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In the environment, aerosol particles can affect climate directly though 

scattering and absorbing radiation and indirectly by influencing cloud formation, 

albedo, and lifetime. Beyond the environment, aerosols are commonly used as a 

delivery mechanism for a variety of products, such as inhalers and spray paints. 

Chemically characterizing aerosols is a difficult endeavor, and relatively few 

instrumental methods are capable of doing so. A unique subset of instrumentation and 

techniques exist to measure aerosol chemical and physical properties. Among these, 

the aerosol time-of-flight mass spectrometer (ATOFMS) can measure single particle 

chemistry and size in real time.  The ATOFMS was developed for the study 

atmospheric aerosols, and data acquired by the ATOFMS over the years since its 
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creation has provided significant insight into many atmospheric phenomena; however, 

the application of this technique into disciplines other than atmospheric chemistry has 

been relatively unexplored.   

In this dissertation the ATOFMS is used in a conventional sense, to provide 

insight into atmospheric particle chemistry through two field studies in California, but 

also in an unconventional way by using the ATOFMS to answer outstanding questions 

in other disciplines, including nanomaterials and biochemistry. Often the chemistry of 

a single unit, rather than of the bulk, is needed in these disciplines, and the ATOFMS 

is uniquely suited to provide this information.   

The ATOFMS was used to chemically characterize single particles of a unique 

class of nanomaterials, called metal organic frameworks (MOFs), comprised of 

functionalized organic linkers and metal ions or metal ion clusters. ATOFMS data was 

able to show the presence of MOFs with mixed functionality, and show the exchange 

of functional groups between materials. Cell processes can be monitored by measuring 

small molecules that are part of cell metabolism, which can provide insight into cell 

functions, environment, and disease. Using an ATOFMS with a modified aerodynamic 

lens inlet, single microalgae cells 4-10 µm in diameter of various types have been be 

characterized. Compared to other single cell mass spectrometry techniques, the 

modified ATOFMS has unprecedented throughput, up to 50 Hz. Time-resolved 

measurements of cells undergoing nitrogen deprivation further highlight the abilities 

of the technique for single cell analysis.   
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Chapter 1. Introduction 

1.1 Aerosol background and measurement 

 An aerosol can be simply defined as ‘any solid or liquid suspended in a gas’.  

This definition is purposefully broad, and for good reason, as aerosols can consist of 

nearly anything. In atmospheric chemistry ‘aerosol’ is a term used to define naturally 

existing or anthropogenic particulates, such as dust (in this case the solid) suspended 

in air (the gas). There are millions of aerosol particles in the air that we breathe. In 

contrast, common household spray cans, such as spray paint, emit aerosols comprised 

of synthetic materials; in this example paint (a liquid) is suspended in compressed 

petroleum (a gas). Both examples demonstrate the broad range of what an aerosol can 

be. Conceptually, anything solid or liquid can become an aerosol, so long as a method 

is devised to suspend it in a gas. In this dissertation, the term ‘aerosol’ applies to many 

things, ranging from naturally existing atmospheric aerosols to experimentally created 

aerosols comprised of nanomaterials or biological cells. Often the term ‘particle’ is 

used synonymously with ‘aerosol’ as many aerosols are studied in air, rather than a 

unique carrier gas (like pressurized petroleum).  

 A unique subset of instrumentation and techniques exist to measure aerosol 

chemical and physical properties, a selection of which is described below.  Many of 

these techniques were developed for the study atmospheric aerosols; however these 

methods can be used to characterize aerosols independent of how the aerosol was 

made. This enables these aerosol techniques to be applicable towards many disciplines 



2 
 

 

other than atmospheric chemistry, provided that aerosols of the analyte can be 

generated.  

 In this dissertation, aerosols are used to provide insight into a variety of 

phenomena in disciplines ranging from nanomaterial characterization, to atmospheric 

chemistry, and finally to biochemistry. The primary technique utilized throughout this 

dissertation is the aerosol time-of-flight mass spectrometer (ATOFMS), a unique 

instrument capable of measuring single aerosol particle size and chemistry. A brief 

introduction into each field of research is given, followed by a description of some of 

the instrumental techniques utilized. 

1.1.1 Metal Organic Frameworks (MOFs) 

Unique classes of materials, called metal organic frameworks (MOFs), have 

been developed over the last decade to become one of the most highly researched 

topics in inorganic chemistry.  These nanomaterials, comprised of functionalized 

organic linkers and metal ions or metal ion clusters, have unusually high surface areas 

and porosity than other crystalline nanomaterials while also remaining thermally 

stable [Cohen, 2010]. This allows MOFs to be utilized for a variety of potential 

applications such as gas absorption [Chavan et al., 2012; Suh, 2012; Suh et al., 2012], 

catalysis [Ranocchiari and van Bokhoven, 2011; Yoon et al., 2012], chemical sensors 

[Kreno et al., 2012], and drug delivery [Horcajada et al., 2012; Horcajada et al., 

2006].  

The properties of each MOF can be selectively tuned by incorporating different 

functional groups, different metal ions, and different crystal structures into the 
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material [Deng et al., 2010].  For example, in many MOFs amine functionalization of 

the organic linker can result in increased CO2 gas adsorption over the non-

functionalized parent material [Arstad et al., 2008; Sumida et al., 2012]. The synthesis 

of MOFs containing multiple metal ions or functional groups within the same material, 

also known as mixed-MOFs, is increasingly being investigated for improved MOF 

capability and specificity.  The concept is that multiple functional groups on the same 

material could have a synergistic effect, allowing for the utilization of the beneficial 

properties of a functionalization (e.g. chemical selectivity) without loss of other 

beneficial properties (e.g. capacity). These materials present a unique analytical 

challenge, as typical bulk measurements would not be able to resolve whether 

materials are composed of a physical mixture of two mono-functionalized materials or 

if the material is in fact multi-functionalized.   

MOFs are typically light powders, and thus can be aerosolized readily by 

agitation with a carrier gas flow.  Many MOFs also have single particle sizes in the 

range of common aerosol instrumentation. This allows for the characterization of these 

materials using aerosol instrumentation and, by using the ATOFMS specifically, the 

chemistry of single MOF particles can be measured (see Chapters 2-5). 

1.1.2 Atmospheric Aerosols 

Aerosols are a ubiquitous component of the troposphere, and are responsible 

for numerous direct and indirect effects on climate, health, and visibility. Depending 

on the chemistry, morphology, and size of the particulate, single aerosol particles can 

absorb/scatter light, become cloud nuclei, or undergo heterogeneous reactions in the 
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atmosphere [Jacobson et al., 2000; Poschl, 2005; Seinfeld and Pandis, 2012].  Despite 

rigorous scientific study the quantitative effects of aerosols on climate remains elusive 

and is still the most uncertain factor in our understanding of climate change [IPCC, 

2013; Myhre, 2013].  

Part of the difficulty in determining the effects of aerosols on climate is due to 

the incredible range of chemistry that can be found in atmospheric aerosols.  Primary 

aerosols are typically comprised of salts, dusts, elemental carbon, and organic carbon. 

Secondary aerosols, formed after emission of primary gases and aerosol particles, can 

contain organic carbon, nitrate, sulfate, and many other species that through oxidation 

have become lower in volatility, and can condense onto existing particles or form new 

particles. Complicating measurements further, aerosol composition is highly dynamic, 

acquiring coatings, undergoing coagulation with other particles, undergoing 

heterogeneous reactions, and undergoing ‘aging’ processes (i.e. becoming more 

oxidized by reaction with the hydroxyl or other radicals) [George et al., 2007; Kessler 

et al., 2012; Riemer et al., 2010; Zaveri et al., 2010].  These compositional changes 

occur immediately after emission and continue until the aerosol is finally lost through 

coagulation with other particles or through wet and dry deposition.  Typical aerosol 

lifetimes range from days to weeks depending on atmospheric conditions [Seinfeld and 

Pandis, 2012]. 

For these reasons, a range of instrumental techniques to measure meteorology 

and chemistry are employed simultaneously either at a ground-based field site or in 

aircraft to attempt to capture all of the relevant influencing parameters. In this work, 
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aircraft field campaigns were utilized to measure the properties of carbonaceous 

aerosols over much of California in 2010 (Chapter 6). 

1.1.3 Single cell metabolomics 

Cell processes can be monitored by measuring small molecules that are part of 

cell metabolism, the study of which is known as metabolomics. These molecules can 

provide insight into cell functions, environment, and disease. To date, the vast 

majority of metabolomics studies have been conducted by measuring cell bulk 

properties; however, cells are known to be heterogeneous. Individual cell phenotypes 

are determined by a number of factors, such as local environment, genetics, and 

developmental differences. Bulk measurements result in an average picture of cell 

populations, where in some cases multiple and unique cell populations may exist; 

hence, there is a need to measure chemistry on a single cell level [Amantonico et al., 

2010; Heinemann and Zenobi, 2011; Wang and Bodovitz, 2010; Zenobi, 2013]. 

Single cell metabolomics presents a difficult analytical challenge. 

Concentrations of metabolites in a single cell are relatively low (attomoles), isolating a 

single cell can be difficult, and high throughput is needed to obtain accurate statistics 

on cell populations.  Techniques that have developed single cell resolution include 

capillary electrophoresis [Cohen et al., 2008; Hu et al., 2004; Huang et al., 2008; 

Kennedy et al., 1989; Krylov et al., 2000; Krylov et al., 1999; Lapainis et al., 2009; 

Woods and Ewing, 2003; Woods et al., 2004], fluorescence [Cohen et al., 2008; 

Fagerer et al., 2013; Huang et al., 2007; Urban et al., 2011a], electrospray ionization 

mass spectrometry [Lapainis et al., 2009; Mizuno et al., 2008; Shrestha and Vertes, 
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2009; Tejedor et al., 2012; Tsuyama et al., 2008], and matrix-assisted laser desorption 

ionization mass spectrometry (MALDI-MS) [Amantonico et al., 2008; Fagerer et al., 

2013; Ibanez et al., 2013; Lanni et al., 2012; Urban et al., 2010; Urban et al., 2011b]. 

Of these techniques mass spectrometry has shown the greatest potential for single cell 

analytics. Mass spectrometry has the potential for high sensitivity, high throughput, 

and generates broad chemical information. MALDI-MS in particular has shown great 

promise and in fact has been used for many years to create spectral images of large 

cells and even whole tissues [McDonnell and Heeren, 2007; Minerva et al., 2012].  

The major limitation of the technique is that cells have to be deposited on a plate and 

coated with a matrix prior to analysis, often a time consuming process. Recently, 

microarray platforms have been used to increase the throughput of these systems to as 

fast as 2 Hz [Urban et al., 2010]; however, further improvement is still warranted. 

Thousands of cells need to be sampled in order to statistically resolve differences in 

cell distributions. Even at 2 Hz, total sampling time and cell preparation time remains 

high.  

Single cells can span a wide range of sizes from a few µm to hundreds of µm 

in diameter.  Smaller cells (<10 µm) are of interest to this dissertation as they are more 

amenable to nebulization. In fact, small cells like most bacteria, algae, and mammalian 

red blood cells can be aerosolized quite easily by standard nebulization with relatively 

minimal loss in cell viability [Roberts et al., 2005]. This enables the potential of using 

aerosol instrumentation for the analysis of single cells.   
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1.2 Aerosol Instrumentation 

1.2.1 Aerosol time of flight mass spectrometer (ATOFMS) 

The ATOFMS was designed to measure aerosol chemical composition and size 

in real time [Gard et al., 1997; Pratt et al., 2009; Su et al., 2004].  Uniquely the 

ATOFMS can measure these properties on a single particle basis rather than a bulk 

average of many particles. The ATOFMS consists of three stages, a particle 

transmission stage, particle sizing stage, and mass spectrometry stage as shown in 

Figure 1.1.   

 

Figure 1.1: Schematic representation of the typical ATOFMS (top) and aircraft-
ATOFMS (bottom, curtesy of Pratt et al. [2009]) used in this dissertation 
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The particle transmission stage serves to introduce aerosols into the ATOFMS 

and then focus those aerosols into a collimated beam to be transmitted throughout the 

rest of the instrument. Depending on the size range of interest, different inlet 

configurations are used.  For sizes between 0.2-3 µm, a converging nozzle, consisting 

of a tapered orifice, can be used [Gard et al., 1997]. The converging nozzle crudely 

focuses particles into a beam, and typically has transmission efficiencies <1%.  For 

greater transmission efficiencies an aerodynamic lens can be used [Liu et al., 1995a; 

Liu et al., 1995b].  An aerodynamic lens consists of precisely spaced orifices (termed 

‘lenses’) which create a series of pressure gradients to guide particles towards the 

center axis of the inlet.  This method creates a highly collimated particle beam with 

transmission efficiencies close to unity in most cases. The lenses can be adjusted to 

focus particles across a wide range of sizes, from as small as 100 nm to as high as 10 

µm in the ATOFMS. More detail on aerodynamic lenses is discussed in Chapter 6. 

Aerodynamic lenses for the ATOFMS have been created to transmit 0.1-1.0, 0.2-3, 

and 3-10 µm particles (Chapter 6) [Gard et al., 1997; Pratt et al., 2009; Su et al., 

2004]. 

After particles are focused into a collimated beam, they pass through either one 

or two skimmers and enter the first vacuum region (~10-2 Torr), undergo supersonic 

expansion, and are accelerated to their terminal aerodynamic velocity that depends on 

each particle’s aerodynamic diameter. The aerodynamic diameter simply reflects the 

ability of a particle to flow through the system. Factors like particle shape and density 

will cause deviations between the aerodynamic and real particle diameter in known 

ways. Once in the vacuum region, particles pass through two continuous wave lasers 
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at 532 nm spaced 6 cm apart. The scattered light is collected and used to calculate the 

terminal velocity of the particle. Using polystyrene latex spheres (PSLs) of known 

size, a calibration curve can be generated relating particle velocity with particle size.  

This region of the instrument is commonly referred to as the particle sizing region. 

Once the particles have been sized they then enter the mass spectrometer.  

The mass spectrometer is the heart of the ATOFMS.  Particles enter high 

vacuum (~10-7 Torr) and are desorbed and ionized in one step using a pulsed 

ultraviolet laser (though this method can be modified, see Appendix 1 and 2). The 

resulting positive and negative ions are collected using two time-of-flight mass 

spectrometers, yielding a dual polarity mass spectrum for each particle sampled. The 

mass spectra provide a wealth of insight into the particulate chemistry, with usually 

10’s-100’s of peaks being resolved for each particle. In the case of the aircraft-

ATOFMS, a unique Z-time-of-flight configuration is used (Figure 1.1) [Pratt et al., 

2009].  The aircraft-ATOFMS has the greatest resolution and sensitivity of all the 

ATOFMS instruments.   

The single most defining feature of the ATOFMS is its ability to measure the 

chemistry of single particles. Most techniques measure the average chemical 

composition of groups of particles which may not accurately reflect any one particle 

[Pratt and Prather, 2012a; Pratt and Prather, 2012b]. ATOFMS mass spectra contain 

a wealth of qualitative chemical information about a single particle; however, 

obtaining quantitative information from mass spectra can be difficult for a number of 

reasons. Since laser desorption/ionization is a destructive process, replicate 

measurements of the same particle to limit instrumental variability cannot be acquired. 
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Laser power fluctuations in particular are a major source of instrument variability 

[Wenzel and Prather, 2004]. Methods to minimize instrumental variability are critical 

to obtaining quantitative results. Additionally, the presence and intensities of specific 

ions in a mass spectrum depend upon the concentration of the chemical species, 

ionization laser intensity, and the presence of all chemical components in the particle, 

known as matrix effects [Gross et al., 2000; Qin et al., 2006]. Matrix effects can 

suppress or enhance certain peaks based on the electron affinities or ionization 

potentials of molecules for negative and positive ions, respectively.  Relative mass 

spectral peak intensities (i.e. fractional intensities) help to mitigate variance caused by 

matrix effects. Ion intensities in ATOFMS mass spectra qualitatively represent the 

concentration in the particle but, with proper calibration of matrix effects and 

variations in laser power, can become quantitative [Bhave et al., 2002; Gross et al., 

2000; Qin et al., 2006; Spencer and Prather, 2006]. Methods are available to reduce 

these the variance in mass spectra caused by matrix effects and laser power variation, 

some of which are discussed in this dissertation (Appendix 1 and 2). 

1.2.2 Particle Sizing Instrumentation 

Particle sizing methods are typically run in parallel with the ATOFMS to 

calibrate ATOFMS measurements, resulting in quantitative particle sizing and number 

concentrations. There are many particle sizing methods available but the instruments 

used in this dissertation are the aerodynamic particle sizer (APS) and the scanning 

mobility particle sizer (SMPS) since these techniques span the entire size range of the 

ATOFMS.  
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The APS measures number concentrations of particles 0.5-20 µm in diameter 

(TSI model 3321). In an APS, particles are focused through a converging nozzle and 

particle acceleration is measured by the difference in time between two light scattering 

signals. The APS measures the aerodynamic particle diameter and thus is directly 

comparable to ATOFMS measured particle diameters. A key difference between 

ATOFMS and APS is that the APS operates at higher pressures than the ATOFMS 

which is under high vacuum. This difference becomes important when measuring 

single cells. 

The SMPS can measure particles between 2.5 – 1000 nm in diameter (TSI 

model 3936). In an SMPS particles of a certain size are selected using a differential 

mobility analyzer (DMA) and then counted using a condensation particle counter 

(CPC). The DMA scans across many sizes by varying the electric field the particle 

experiences to yield the size range of the SMPS. Unlike the ATOFMS and APS, the 

SMPS measures a particle’s electric mobility diameter. The electric mobility diameter 

is the ability of a particle to move in response to an electric field.  The electric 

mobility diameter is related to aerodynamic diameter by the particle’s shape and 

density as discussed in Seinfeld and Pandis [2012]. 

1.3    Synopsis of Dissertation 

The broad objective of this dissertation is to explore the potential of single 

particle mass spectrometry in relatively unexplored disciplines. In addition, novel 

techniques to improve ATOFMS data analysis and instrumentation are explored. 

Chapters 2-5 use ATOFMS for characterization of MOFs. Chapter 2 demonstrates for 
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the first time the ability of the ATOFMS to characterize MOFs and confirmed that 

multi-functional MOFs can be synthesized using postsynthetic modification. The 

unique benefits of single particle mass spectrometry were used to uncover a MOF 

exchange phenomenon, discussed in chapter 3. This phenomenon, termed 

postsynthetic exchange can be used to functionalize MOFs that were thought to be 

relatively ‘inert’. Chapter 4 probes this phenomenon even further, and demonstrates its 

wide applicability to a variety of different MOFs. Additionally, cation exchange is 

demonstrated to occur readily between MOFs. Another unique ability of the ATOFMS 

is its ability to ‘depth profile’ single particles by simply varying laser power. This was 

used in chapter 5 to characterize the core-shell nature of select MOFs. 

 Chapter 6 is an examination of single particle chemistry measured throughout 

California using aircraft-ATOFMS measurements during two aircraft studies in 2010. 

Chemical differences were observed between northern and southern California 

aerosol. In chapter 7 the development of a unique high pressure aerodynamic lens to 

transmit particles 4 – 10 µm in diameter is presented. This should enable the 

transmission of small eukaryotic cells into the ATOFMS for the first time. Chapters 8 

and 9 demonstrate the applicability of the ATOFMS towards single cell analysis.  The 

single cell mass spectrometer (SCMS) is introduced in chapter 8 and the potential of 

the SCMS is demonstrated by measuring a variety of single algae and cyanobacteria 

cells with unprecedented throughput of up to 50 Hz. Chapter 9 investigate differences 

in microalgae cell populations as a function of nutrient deprivation and time. This 

demonstrates the ability of the SCMS to resolve biological information using single 

cell data, something that only a few techniques have been able to demonstrate thus far. 
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In chapter 10 the use of the SCMS for mammalian cells is investigated.  Methods to 

improve the vacuum tolerance of mammalian cells are explored in order to reduce 

fragmentation of these cells within the SCMS.  

The appendices summarize various instrumental and technique improvements 

for the ATOFMS and present some preliminary analysis of ATOFMS datasets. 

Appendix 1 explores using a 2940 nm laser for two-step ionization, a potentially softer 

and more quantitative ionization method than laser desorption/ionization. Appendix 2 

summarizes various laser homogenization methods, their applications, and potential 

towards reducing the variability in the ATOFMS effective laser power. ATOFMS data 

analysis methods are described in detail and improvements to these methods are given 

in appendix 3. Appendix 4 summarizes experiments to use cell lysates to chemically 

differentiate cell types using the ATOFMS. Lastly, appendix 5 attempts to use aircraft-

ATOFMS data for the characterization of particle aging happening during the CARES 

study.  
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Chapter 2. Postsynthetic modification at orthogonal 

reactive sites on mixed bifunctional metal-organic 

frameworks 

Reproduced by permission of The Royal Society of Chemistry 

2.1 Abstract 

A series of mixed, bifunctional metal–organic frameworks were synthesized 

and subsequent postsynthetic modification was demonstrated on the two, orthogonal 

functional sites. The use of differentially ‘tagged’ ligands combined with postsynthetic 

modification provides a facile route to a large number of functionally diverse 

materials. 

2.2 Introduction 

Metal–organic frameworks (MOFs) are porous materials comprised of various 

organic linkers and inorganic connecting nodes. Their unique properties make them 

ideal candidates for gas storage [Murray et al., 2009], gas separation [Li et al., 2009], 

catalysis [Lee et al., 2009; Ma et al., 2009], and other applications [McKinlay et al., 

2010]. 

Postsynthetic modification (PSM) is a useful method for extending the breadth 

of functional groups that can be incorporated into MOFs. Using PSM, various 

functional groups have been introduced into the MOF pores via a variety of organic 

transformations [Cohen, 2010; Tanabe and Cohen, 2011; Wang and Cohen, 2009]. 

Recent studies on PSM in more chemically stable microcrystalline MOFs have 
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expanded the scope of reactions that can be performed on these materials while 

preserving crystallinity and porosity. For example, acidic nitration and subsequent 

reduction were performed on the Cr-based MIL-101(Cr) MOF [Bernt et al., 2011], and 

microwave-mediated cyanation was executed on the Zr-based UiO-66-Br MOF system 

[Kim et al., 2011]. 

Historically, MOFs have been synthesized using a single organic ligand and a 

single metal salt. Many recent studies have focused on realizing new topologies and 

tuning pore structure by using mixed ligand systems [Dybtsev et al., 2004; Gadzikwa 

et al., 2009; Koh et al., 2008]. Notably, multivariate MOFs (MTVMOFs) have been 

produced by combining several different types of 1,4-benzenedicarboxylate (BDC) 

ligands into a single framework [Burrows, 2011; Burrows et al., 2011; Burrows et al., 

2008; Deng et al., 2010; Kleist et al., 2009; Marx et al., 2010; Taylor-Pashow et al., 

2009]. Here, we describe the first example of a mixed ligand, Zr(IV)-based UiO-66 

MOF by controlling the ratio of amino- and bromo-functionalized BDC ligands used 

in the synthesis of the MOF. Furthermore, these ‘orthogonal’ functional groups in the 

MOF can undergo separate PSM reactions to generate a wide variety of functionalized 

MOF materials. 
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Scheme 2.1: Synthesis of UiO-66-Br, UiO-66-NH2, and UiO-66-(Br)(NH2) 

 

Figure 2.1:Powder X-ray diffraction spectra of UiO-66-Br, UiO-66-NH2, and UiO-66-
(Br)(NH2) 
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2.3 Results 

Bifunctional UiO-66-(Br)(NH2) was obtained by combining 2-amino-1,4-

benzenedicarboxylic acid (NH2-BDC) and 2-bromo-1,4-benzenedicarboxylic acid (Br-

BDC) with ZrCl4 in DMF and heating the mixture to 120°C for 24 h (Scheme 2.1). 

The isolated microcrystalline powder was shown to possess the same structure as other 

UiO-66 materials as evidenced by powder X-ray diffraction (PXRD). The PXRD 

pattern for the mixed UiO-66-(Br)(NH2) is identical to the previously reported UiO-

66-Br and UiO-66-NH2 (Figure 2.1). To confirm the porosity of the material, the 

surface area of UiO-66-(Br)(NH2) was measured by dinitrogen gas sorption (77 K, 

three independent samples). The Brunauer-Emmett-Teller (BET) data for UiO-66-Br 

and UiO-66-NH2 is comparable to that of the mixed UiO-66-(Br)(NH2) (in the range 

of B900 m2 g-1, Table 2.1). Also, UiO-66-(Br)(NH2) displays similar thermal stability 

to UiO-66-Br and UiO-66-NH2 as confirmed by thermogravimetric analysis (TGA) 

(Figure 2.5). 1H NMR spectra and electrospray-ionization mass spectrometry (ESI-

MS) indicate that both ligands were present in UiO-66-(Br)(NH2) (Figure 2.6 and 

Figure 2.7).  

Although 1H NMR and ESI-MS data showed both ligands present in UiO-66-

(Br)(NH2), these methods cannot reveal whether both ligands are contained within a 

single MOF crystal. That is, there is the possibility that the solvothermal synthesis 

produces a conglomerate, a mechanical mixture of phase separated UiO-66-NH2 and 

UiO-66-Br. To distinguish between the formation of UiO-66-(Br)(NH2) and a 

conglomerate of UiO-66-NH2 and UiO-66-Br, we employed aerosol time-of- flight 

mass spectrometry (ATOFMS), which has been widely used in atmospheric chemistry 
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[Bahadur et al., 2010; Gard et al., 1997; Spencer et al., 2008; Su et al., 2005], to 

analyze individual MOF particles. As a control, ATOFMS revealed bromine ions (m/z 

= -79 and -81) and nitrogen ions (carbon–nitrogen ion, m/z = -26) for UiO-66-Br and 

UiO-66-NH2, respectively (Figure 2.8 and Figure 2.9). When the separately 

synthesized UiO-66-NH2 and UiO-66-Br were physically mixed together and analyzed 

by ATOFMS, particles showed only bromine ions or nitrogen ions proving that 

particle aggregation or ligand exchange did not occur during the ATOFMS 

measurement. Analysis of UiO-66-(Br)(NH2) produced bromine and nitrogen ions 

from every particle (Figure 2.2 and Figure 2.10), confirming that both Br-BDC and 

NH2-BDC are incorporated into each individual MOF crystallite of this material. 

By modulating the percentage of each ligand added to the reaction mixture, the 

relative ratio of each functional group in the resulting UiO-66 could be controlled. 

This is consistent with similar reports on mixed-ligand IRMOF systems [Burrows et 

al., 2011; Deng et al., 2010]. Experiments confirmed that the ligand ratio used in the 

solvothermal preparation of the UiO-66 materials was generally preserved in the 

resulting UiO product (Figure 2.3, Figure 2.6, and Table 2.2) and PXRD analysis 

indicated that the ratio of the two ligands did not alter the quality of the UiO-66 lattice 

structure (Figure 2.11). 
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Figure 2.2: Positive (left) and negative (right) ATOFMS spectra of mixed UiO-66-
(Br)(NH2), 

 

 

Figure 2.3: 1H NMR of ratio-controlled UiO-66-(Br)(NH2), upon framework digestion 
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Scheme 2.2: Postsynthetic modification route of mixed UiO-66-(Br)(NH2) to UiO-66-
(CN)(AM1) 

 

 

Figure 2.4: 1H NMR of bifunctional UiO-66 series produced via PSM routes 
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Using PSM, bifunctional MOFs could be modified through independent and 

orthogonal acylation of the amino group and cyanation of the bromo group. The PSM 

reactions can be performed in different orders to produce the same twice- modified 

MOF product, albeit with different yields (Scheme 2.2). UiO-66-(Br)(AM1) (AM1 = 

acetamide) was synthesized from UiO-66-(Br)(NH2) by acylation with acetic 

anhydride with essentially quantitative conversion (as determined by 1H NMR of the 

digested product), consistent with previous reports [Garibay and Cohen, 2010]. In the 

second PSM reaction, cyanation was performed on UiO-66-(Br)(AM1) with CuCN 

under microwave irradiation conditions to form UiO-66-(CN)(AM1) (Figure 2.4 and 

Figure 2.12), also in essentially quantitative yield. Alternatively, UiO-66-(CN)(NH2) 

could be produced from UiO-66-(Br)(NH2) with 495% conversion [Kim et al., 2011]. 

PSM amidation could then be performed on UiO-66-(CN)(NH2) to obtain UiO-66-

(CN)(AM1), but with a lower 75 ± 6% conversion for the acylation reaction. 

Therefore, more than one PSM route can lead to the same MOF product, although it 

appears that the first route results in better overall conversions to the desired product. 

All of the MOFs shown in Scheme 2.2 display high crystallinity based on their 

PXRD analysis (Figure 2.13). TGA displayed similar thermal stabilities for all three 

modified UiO-66 series produced by the two synthetic routes (Figure 2.14). BET 

surface area values for the modified MOFs were found to be comparable to the parent 

UiO-66-Br, UiO-66-NH2, UiO-66-CN, and UiO-66-AM1 materials (Table 2.1) 

confirming their microporosity. Therefore, a variety of new, hetero- bifunctional 

MOFs were obtained without loss of crystallinity or porosity. Importantly, direct 

solvothermal synthesis of UiO-66-(Br)(AM1), UiO-66-(CN)(NH2), and UiO-66-
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(CN)(AM1) from the ligands Br-BDC, NH2-BDC, CN-BDC, and/or AM1-BDC 

revealed that PSM was a superior synthetic route. The 1H NMR spectra of the 

materials, particularly for UiO-66-(CN)(NH2) and UiO-66-(CN)(AM1), produced by 

direct solvothermal synthesis showed several peaks associated with unidentified 

impurities. In addition, the ratio of each functionalized ligand obtained in the MOF 

product did not correlate well with the ratio of starting materials (Figure 2.15) [Deng 

et al., 2010]. 

The quality and particle size of the materials prepared by direct solvothermal 

synthesis versus PSM were compared by using PXRD, scanning electron microscopy 

(SEM), and dynamic light scattering (DLS). PXRD, PSM, and DLS (Figure 2.16, 

Figure 2.17, and Figure 2.18) data for UiO-66-(Br)(AM1) indicated that materials 

produced by either method gave crystallites of comparable size and quality. However, 

for the materials containing the CN-BDC ligand, the PXRD and SEM data indicated 

that the material produced by direct solvothermal synthesis was of poorer quality with 

a smaller crystallite size when compared to the same MOFs produced by PSM (Figure 

2.16, Figure 2.17, and Figure 2.18). The poorer quality of the PXRD patterns for 

solvothermally generated UiO-66-(CN)(NH2) and UiO-66-(CN)(AM1) may be due in 

part to the smaller particle size, but the SEM images indicate poorer overall crystal 

quality as well. These findings suggest that PSM may be a preferable approach to 

synthesize some mixed, heterobifuntional UiO-66 MOFs when compared to direct 

solvothermal methods. 

In conclusion, we have reported the synthesis of a bifunctional MOF and 

confirmed the incorporation of both functional groups in each lattice by ATOFMS. 
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Also, we have controlled the ratio of ligands in the MOF by controlling the initial 

ratios utilized in the solvothermal synthesis. Importantly, the first examples of 

orthogonal PSM reactions were described to obtain three different types of modified 

heterobifunctional MOFs. By combining different tagged ligands with PSM 

methodologies one can rapidly generate a series of structurally related, but 

functionally diverse MOFs.  
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2.5 Supporting information 

 

Figure 2.5: Thermogravimetric analysis of activated (after BET analysis) UiO-66-Br, 
UiO-66-NH2, and UiO-66-(Br)(NH2) 

 

 
Table 2.1: BET surface areas of UiO-66 series; reference numbers of mono-

functionalized UiO-66 values (left) [Garibay and Cohen, 2010; Kim et al., 2011], and 
bifunctionaliz0ed UiO-66 values (right). 

 

Monofunctionalized MOF BET (m2/g) Bifunctionalized MOF BET (m2/g) 

UiO-66-Br 851 UiO-66-(Br)(NH2) 923±22 

UiO-66-NH2 1112 UiO-66-(Br)(AM1) 763±28 

UiO-66-CN 661 UiO-66-(CN)(NH2) 984±55 

UiO-66-AM1 818 UiO-66-(CN)(AM1) 827±21 
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Figure 2.6: 1H NMR spectra of ratio-controlled UiO-66-(Br)x(NH2)y after digestion. 50 
μL of DMSO-d6 was employed during NMR sample preparation for better peak 

separation. 

 

Table 2.2: Ratio of ligands used in the synthesis of mixed UiO-66 materials compared 
to the ratio of ligands found in the crystalline products as determined by 1H NMR 

analysis upon digestion. 

 



32 
 

 

 

Figure 2.7: ESI-MS analysis of digested UiO-66-(Br)(NH2). 
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Figure 2.8: ATOFMS positive ion (top) and negative ion (bottom) mass spectra of 
UiO-66-NH2 
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Figure 2.9: ATOFMS positive ion (top) and negative ion (bottom) mass spectra of 
UiO-66-Br 
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Figure 2.10: ATOFMS positive ion (top) and negative ion (bottom) mass spectra of 

mixed UiO-66- (Br)(NH2) 
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Figure 2.11: Powder X-ray diffraction spectra of ratio-controlled UiO-66-(Br)x(NH2)y 

 

Figure 2.12: Full range 1H NMR spectra of UiO-66-(Br)(NH2), UiO-66-(Br)(AM1), 
UiO-66-(CN)(NH2), and UiO-66-(CN)(AM1) 
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Figure 2.13: Powder X-ray diffraction spectra of MOFs after PSM 

 

Figure 2.14: Thermogravimetric analysis of activated (after BET analysis) UiO-66-
(Br)(NH2), UiO-66- (Br)(AM1), UiO-66-(CN)(NH2), and UiO-66-(CN)(AM1). 
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Figure 2.15: 1H NMR spectra of direction synthesized UiO-66-(Br)(AM1) (red), UiO-
66-(CN)(NH2) (blue), and UiO-66-(CN)(NH2) (green) 

 

Figure 2.16: Power X-ray diffraction patterns of direct synthesized UiO-66-(Br)(AM1) 
(red), UiO-66-(CN)(NH2) (blue), and UiO-66-(CN)(AM1) (green) 
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Figure 2.17: Scanning electron microscope (SEM) of a) UiO-66- (Br)(AM1) from 
PSM, b) UiO-66-(Br)(AM1) from direct synthesis, c) UiO-66-(CN)(NH2) from PSM, 

d) UiO-66-(CN)(NH2) from direct synthesis, e) UiO-66-(CN)(AM1) from PSM, f) 
UiO-66-(CN)(AM1) from direct synthesis 
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Figure 2.18: Dynamic light scattering (DLS) size distribution of bifunctional UiO-66 
prepared via PSM route (solid lines) versus direct solvothermal syntheses (dotted 

lines) 

2.5.1 General Methods for Metal-Organic Frameworks Experiments. 

Starting materials and solvents were purchased and used without further 

purification from commercial suppliers (Sigma-Aldrich, Alfa Aesar, EMD, TCI, 

Cambridge Isotope Laboratories, Inc., and others). Proton nuclear magnetic resonance 

spectra (1H NMR and 13C NMR) were recorded by a Varian FT- NMR spectrometer 

(400 MHz for 1H/ 100 MHz for 13C).   Carbon nuclear magnetic resonance 

spectroscopy was fully decoupled by broad band decoupling.   Chemical shifts were 

quoted in parts per million (ppm) referenced to the appropriate solvent peak or 0 ppm 

for TMS.   The following abbreviations were used to describe peak patterns when 

appropriate: br = broad, s = singlet, d= doublet, t = triplet, q = quartet, and m = 

multiplet.   Coupling constants, J, were reported in Hertz (Hz). 

2.5.2 General Methods for Aerosol Time-of-Flight Mass Spectrometry 

Experiments. 
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Dry UiO materials were aerosolized using sonication and were drawn into an 

ATOFMS where they were accelerated to their terminal aerodynamic velocity.   The 

particles pass through two continuous wave diode pumped 532 nm lasers beams 

(Crystal Laser, Reno, NV) whose positions are 6 cm apart. The time between the  two 

scattering signals and the  known distance are  used to  calculate the particle’s  

velocity,  which  were  converted  to  aerodynamic size  using  a  calibration  curve.    

The particle’s velocity is also used to time the firing of a 266 nm laser desorption 

ionization laser pulse (Nd:YAG, Quantel, Newbury, UK, Ultra CFR) at ~1 mJ (~108  

W/cm2).   The pulse ablates the particle and ions are detected using a dual polarity 

reflection time of flight mass spectrometer.[Gard et al., 1997] 

Rates of particle sampling were reported in Hz. ATOFMS sizes were 

calibrated using polystyrene latex spheres, sizes 0.23, 0.27, 0.33, 0.42, 0.61, 0.72, 

0.81, 0.99, 1.50, 1.70, and 2.4 µm (Invitrogen). UiO-66 classifications were assigned 

by identifying the presence of the ions CN-, Br-, or both in the negative ion spectrum 

of the particle.   Typical spectra of UiO-66-NH2, UiO-66-Br, and UiO-66- (Br)(NH2) 

are given in Figure 2.5, Figure 2.6, and Figure 2.7, respectively.   Particles with no 

negative ion spectra were removed from this analysis. 

2.5.3 Experimental Procedure for Dry Aerosol Generation. 

Approximately 100 mg of dry UiO material was placed in a 1 L volumetric 

flask. Aerosol was generated by constant sonication using a Bransonic 3510R-MTH 

sonicator. ~1-2 lpm of dry N2 flowed into the volumetric flask carrying the MOF into 

a dilution chamber (~7900 cm3). A constant 1 lpm was brought into the ATOFMS for 
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analysis at ~10-12 Hz.   Between sample runs the dilution chamber was purged with 

dry N2 until no aerosol particles were observed (<0.001Hz). 

2.5.4 Experimental Procedures for MOFs Synthesis. 

UiO-66-NH2, UiO-66-Br Synthesis: UiO-66-NH2, and UiO-66-Br were 

prepared and activated as previously described.[Garibay and Cohen, 2010] 

Mixed  UiO-66-(Br)(NH2) Synthesis: 2-Amino-1,4-benzenedicarboxylic acid  

(NH2-BDC,  32  mg, 0.175 mmol), 2-bromo-1,4-benzenedicarboxylic acid (Br-BDC, 

43 mg, 0.175 mmol), ZrCl4  (82 mg, 0.35 mmol) and DMF (4 mL) were placed in a 

Teflon lined autoclave and heated at 120 °C for 24 h. The microcrystalline powders 

were then isolated by centrifugation.   The solids were washed three times with 10 mL 

of MeOH, and after the last wash, the material was transferred to a clean vial 

containing 10 mL of MeOH and was left to soak in MeOH overnight. The solid 

material was then rinsed with 10 mL of MeOH and left to soak for 3 days with fresh 

MeOH exchanged every 24 h. After 3 days of soaking, the solid was isolated by 

centrifugation, air dried, and then dried at 120 °C in an oven. 

2.5.5 Experimental Procedures for Postsynthetic Modification 

Acylation on UiO-66-(Br)(NH2) or UiO-66-(CN)(NH2) [Garibay and Cohen, 

2010]. Fully dried UiO-66-(Br)(NH2) or UiO-66-(CN)(NH2) (64 mg or 61 mg, 0.1 

mmol of NH2) was treated with 1 mL solution of CHCl3 containing acetic  anhydride 

(11  mg,  0.11  mmol)  and  heated  at  55  °C  for  24  h.    After  cooling  to  room 

temperature, the  sample  was  washed  with  10  mL  of  CHCl3   by  centrifugation, 

and  dried  in  a isothermal oven at 120 °C for 6 h.   The cycle of exposure to acetic 
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anhydride, centrifugation, and drying was repeated a total of three times to achieve full 

conversion to the amide. 

Yield for UiO-66-(Br)(NH2) to UiO-66-(Br)(AM1):  >95% by 1H NMR from 

three independent samples. 

Yield for UiO-66-(CN)(NH2) to UiO-66-(CN)(AM1):   75±6% by 1H NMR from 

three independent samples. 

Cyanation on UiO-66-(Br)(NH2) or UiO-66-(Br)(AM1) [Kim et al., 2011]. 

Fully dried UiO-66-(Br)(NH2) or UiO-66-(Br)(AM1) (51 mg or 48 mg, 0.075 mmol of 

Br) and copper cyanide (9 mg, 0.0975 mmol) were suspended in 1 mL of NMP in a 

microwave tube.   The mixture was heated in a microwave reactor at 170 °C for 10 

min without stirring (Maximum power = 200 W).   After cooling to room temperature, 

the suspension was diluted with 10 mL of DMF and the solids were isolated by 

centrifugation.   After centrifugation, 10 mL of 0.01 M KCN was added to remove 

remaining copper and the solids were isolated by centrifugation again.   The solids 

were washed three times with 10 mL of MeOH, and after the last wash, the material 

was transferred to a clean vial containing 10 mL of MeOH and was left to soak in 

MeOH overnight.   The solid material was then rinsed with 10 mL of MeOH and left 

to soak for 3 days with fresh MeOH exchanged every 24 h. After 3 days of soaking, 

the solid was isolated by centrifugation, air dried, and then dried at 120 °C in an oven. 

Yield for UiO-66-(Br)(NH2) to UiO-66-(CN)(NH2):   >95% by 1H NMR from 

three independent samples. 

Yield for UiO-66-(Br)(AM1) to UiO-66-(CN)(AM1):   >95% by 1H NMR from 

three independent samples. 
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Digestion and Analysis by 1H NMR.   Approximately 10 mg of UiO-66 

material was dried under vacuum at 100 °C and digested with sonication in 580 µL of 

CD3OD and 20 µL of HF (48% aqueous solution). 

Mass Spectrometry Analysis. Electrospray ionization mass spectrometry (ESI-

MS) was performed using  a  ThermoFinnigan LCQ-DECA  mass  spectrometer  and  

the  data  was  analyzed  using  the Xcalibur software suite.   Approximately 5 mg of 

the sample was digested with sonication in 1 mL of MeOH and 10 µL of HF (48% 

aqueous solution). 

Thermal Analysis.   Approximately 10-15 mg of exchanged UiO-66 series was 

used for TGA measurements.   Samples were analyzed under a stream of N2 using a 

TA Instrument Q600 SDT running from room temperature to 800 °C with a scan rate 

of 5 °C/min. 

PXRD Analysis.   Approximately 20-30 mg of UiO-66 series was dried at 120 

°C prior to PXRD analysis.   PXRD data was collected at ambient temperature on a 

Bruker D8 Advance diffractometer at 40 kV, 40 mA for Cu Ka (l = 1.5418 Å), with a 

scan speed of 1 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 5-55°. 

BET Surface Area Analysis. Approximately 50 mg of UiO-66 series was 

evacuated on a vacuum line overnight at room temperature. The sample was then 

transferred to a pre-weighed sample tube and degassed at room temperature on an 

Micromeritics ASAP 2020 Adsorption Analyzer for a minimum of 12 h or until the 

outgas rate was <5 mmHg. The sample tube was re-weighed to obtain a consistent 

mass for the degassed UiO-66 series. BET surface area (m2/g) measurements were 

collected at 77 K by N2 on a Micromeritics ASAP 2020 Adsorption Analyzer using a 
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volumetric technique. 

Scanning Electron Microscopy.    Approximately 5 mg  of  UiO-66  material  

was  evacuated on  a vacuum line overnight at room temperature.   Half of the sample 

was then transferred to carbon black on a sample holder disk.   The sample was coated 

using a Cr-sputter coating to preventing the image from being too bright.   A Philips 

XL30 ESEM instrument was used for acquiring images using a 5 kV-30 kV energy 

source under vacuum.   Around 18000× scale images were collected. 

Dynamic Light Scattering.   Dynamic Light Scattering (DLS) size distribution 

was performed using a Zeta Sizer from Malvern.   Approximately 5 mg of UiO-66 

material was placed in 995 µL of water (0.5 wt% water solution) and the sample was 

sonicated for 1 min.   Approximately 100 µL of sample solution was transferred to 

disposable cuvette cell to acquire the measurements. 
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Chapter 3. Postsynthetic ligand exchange as a route to 

functionalization of ‘inert’ metal-organic frameworks 

Reproduced by permission of The Royal Society of Chemistry 

3.1 Abstract 

Herein, we report that the exchange of ligands from an intact metal–organic 

framework (MOF) can be exploited as a means to introduce functionalized ligands 

into MOFs under mild conditions. It is shown that ligand exchange can occur with 

‘inert’ Zr(IV)-based UiO-66 MOFs in a solvent dependent manner. We call this 

process postsynthetic exchange (PSE) and show that it provides access to MOFs that 

are not readily prepared in high quality by solvothermal methods. It was found that 

ligand exchange can occur between UiO-66 MOFs as monitored by aerosol time-of-

flight mass spectrometry (ATOFMS). ATOFMS was used to analyze the chemical 

composition of microcrystalline MOFs on the single particle level, providing 

information not available through bulk analysis. PSE is an important postsynthetic 

approach to the modification of MOFs, and the ligand exchange revealed by ATOFMS 

requires a re-evaluation of the assumed ‘stability’ of even the most robust MOFs. 

3.2 Introduction 

Metal–organic frameworks (MOFs) are hybrid materials that are constructed 

from the assembly of organic ligands and metal ions or metal ion clusters. MOFs are 

highly porous, crystalline solids that have garnered substantial attention for use in gas 

adsorption [Murray et al., 2009], separations [Li et al., 2009a], and catalysis [Lee et 
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al., 2009; Ma et al., 2009]. MOFs have attractive features when compared to other 

crystalline solids including exceptional chemical tunability, high porosity, and good 

thermal stability. Recent advancements have focused on making MOFs that are more 

chemically stable, particularly with respect to water, which would be present in many 

of the industrial applications for which MOFs may be used. Water-stable MOFs have 

been achieved by a variety of strategies, including the use of more oxophilic, high 

oxidation state metal ions (e.g. Zr(IV) in UiO-66) [Cavka et al., 2008], incorporation 

of kinetically inert metal ions (e.g. Cr (III) in MIL-101) [Férey et al., 2005], or by 

changing both the metals and ligands to obtain more robust compositions (e.g. ZIFs) 

[Banerjee et al., 2008]. Most of the aforementioned materials are obtained largely as 

microcrystalline powders (with some exceptions, see Behrens et al.) [Schaate et al., 

2011] that have been reported to be stable in and unaffected by water and other polar 

solvents (even in the presence of acids) based on powder X-ray diffraction (PXRD) 

data. Despite their structural robustness, herein we report ligand exchange between 

MOFs in both particle-to-particle and solution-to-particle fashions and show that 

ligand exchange can be readily achieved on an inert MOF. Using derivatives of the 

Zr(IV)-based UiO-66 microcrystalline MOF, we used aerosol time-of-flight mass 

spectrometry (ATOFMS) [Gard et al., 1997] to uncover an otherwise unknown ligand 

exchange process that occurs in polar solvents, including water. This exchange process 

occurs without any apparent loss in crystallinity or structural fidelity of the material, 

as gauged by PXRD and gas sorption experiments. These findings demonstrate that 

ATOFMS is a powerful tool for the analysis of microcrystalline materials revealing an 

underlying lability in an otherwise inert framework material, and thereby has 
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significant implications for how MOF stability is defined and verified. Furthermore, 

the realization that even highly stable MOFs undergo ligand exchange under select 

solvent conditions led us to exploit this exchange process for the preparation of 

unprecedented, functionalized MOFs. In a process termed ‘postsynthetic exchange’ 

(PSE), unfunctionalized ligands in a MOF crystallite can be readily replaced with 

highly functionalized ligands without the loss of MOF crystallinity or porosity [Kondo 

et al., 2010; Park et al., 2010; Seo et al., 2011]. This process is analogous and 

complimentary to a previous report showing metal ion exchange in MOFs is possible 

in a single-crystal-to-single crystal (SCSC) fashion [Das et al., 2009]. Conceptually, 

PSE has some resemblance to dynamic, covalent scrambling reported in porous 

organic molecular frameworks [Jiang et al., 2011]. Recently, Choe and co-workers 

published an example of PSE by replacing bipyridine-based ligands within a MOF 

[Burnett et al., 2011]. They confirmed complete replacement of these ligands in a 

SCSC manner by X-ray structure determination. Precedent for the findings of Choe 

was provided by several earlier studies that demonstrated the lability of pyridine-based 

ligands in metal–organic structures [Li et al., 2009b; Yuan et al., 2010]. The 

carboxylate exchange process described here is perhaps a more surprising finding, due 

to the greater stability and inertness of the Zr(IV)– carboxylate bond, but is consistent 

with reports of carboxylate- capped Fe(III) and Zr(IV) clusters being used as synthons 

for Zr(IV)-based MOFs [Guillerm et al., 2010; Horcajada et al., 2009], as well as 

carboxylate exchange in Cu(II)-based metal–organic polyhedral [Li and Zhou, 2010]. 

We demonstrate that PSE provides a powerful postsynthetic method for the 
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functionalization of MOFs and thereby the realization of novel MOF materials under 

mild synthetic conditions.  

 

 

Figure 3.1: Scheme for the synthesis of UiO-66-NH2 and UiO-66-Br (left) and ligand 
exchange conditions (right) 

3.3 Results and Discussion 

3.3.1 ATOFMS on microcrystalline MOFs  

UiO-66 (UiO = University of Oslo) MOFs were examined because they are 

formed as microcrystalline powders and are reported to be thermally and chemically 

stable/inert [Kandiah et al., 2010]. Specifically, UiO-66-NH2 and UiO-66-Br were 

utilized due to their distinct chemical compositions that can be readily distinguished 

by ATOFMS. UiO-66-NH2 and UiO-66-Br were synthesized under solvothermal 

conditions by combining ZrCl4 with either 2-amino-1,4-benzenedicarboxylate (NH2-

BDC) or 2-bromo-1,4-benzenedicarboxylate (Br-BDC), as previously reported (Figure 

3.1) [Garibay and Cohen, 2010]. UiO-66-NH2 and UiO-66-Br have identical 

topologies and similar physical characteristics as confirmed by using PXRD, 
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Brunauer–Emmett–Teller (BET) surface area measurements, and thermogravimetric 

analysis (TGA) [Garibay and Cohen, 2010]. 

 

Figure 3.2: Representative ATOFMS positive ion (a) and negative ion (b) mass spectra 
of UiO-66-NH2 particles; positive ion (c) and negative ion (d) mass spectra of UiO-66-
Br particles; positive ion (e) and negative ion (f) mass spectra of exchanged UiO-66-

(Br)(NH2) 

ATOFMS was used to differentiate between microcrystalline particles of the 

two MOF materials. ATOFMS provides single particle size and composition 

information that has been widely applied in environmental [Bahadur et al., 2010], 

health [Su et al., 2005], and biological research [Spencer et al., 2008]. Recently, we 

showed that ATOFMS could be used to confirm the presence of two different ligands 

in a single particle of microcrystalline UiO-66 [Kim et al., 2011]. An aerosol of UiO-

66-NH2 and UiO-66-Br was readily produced by sonication of dried samples, and a 

dilution chamber was used to control the aerosol-flow of UiO particles into the mass 

spectrometer. Each individual particle mass spectrum was analyzed for the presence of 

zirconium, bromine, and nitrogen. In the positive ion mass spectra, zirconium 

produced strong signals at m/z 90–94 and 106–108 for Zr+ and ZrO+, respectively. As 
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expected, the zirconium peaks were observed in all particles of both UiO-66-NH2 and 

UiO-66-Br. In the negative ion mass spectra, UiO-66-NH2 shows a fragment ion 

containing carbon and nitrogen at m/z = -26, while UiO-66-Br displays the bromine 

isotope fragment at m/z = -79 and -81 (Figure 3.2, Figure 3.5, and Figure 3.6) [Kim et 

al., 2011]. 

3.3.2 Ligand exchange between UiO-66-NH2 and UiO-66-Br 

With ATOFMS available as a tool to examine the chemical composition of 

MOFs at the single-particle level, we sought to examine the chemical stability of these 

particles. When solid samples of UiO-66-NH2 and UiO-66-Br were physically mixed 

in the absence of solvent (Figure 3.1), no ligand exchange was observed by ATOFMS. 

That is, the mass spectrum of any individual particle showed either the presence of Br 

or CN (as found with the parent MOFs), but not both negative ions (Figure 3.2, Figure 

3.5, and Figure 3.6). However, a mixture of UiO-66-NH2 and UiO-66-Br particles 

suspended in water for 5 days (Figure 3.1) showed that the majority of particles 

underwent ligand exchange (Table 3.1, entry 8). ATOFMS analysis of these samples 

showed that >50% of the MOF particles contained both Br and CN ion fragments 

(Figure 3.2 and Figure 3.7), indicating that more than half of the UiO-66 particles had 

undergone ligand exchange. At an elevated temperature (85 °C) in water nearly all of 

the particles underwent ligand exchange (Table 3.1, entry 10). 

Complete characterization of the exchanged UiO-66-(Br) (NH2) particles 

(Table 3.1, entry 10) confirmed that the structural stability of the material was not 

compromised by the ligand exchange process. PXRD showed that the crystallinity of 
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exchanged UiO-66-(Br)(NH2) is retained (Figure 3.3) and TGA analysis indicates that 

the material has a similar thermal stability to other UiO-66 MOFs (Figure 3.8). These 

results indicate that even ‘inert’ MOFs can undergo ligand exchange while 

maintaining bulk crystallinity. This detail could only be uncovered by a single-particle 

analysis method (i.e. ATOFMS) and is not revealed by bulk analysis methods such as 

PXRD. Although ATOFMS was used to unambiguously determine whether a particle 

contains NH2-BDC, Br-BDC, or both ligands, it is important to note that the ATOFMS 

method is unable to quantify the ratio of Br-BDC/NH2-BDC in any given particle. 

Because of fluctuations in laser intensity [Wenzel and Prather, 2004] and matrix 

effects [Gross et al., 1999], the ratio of Br-BDC/NH2-BDC ion signal intensities 

cannot be accurately determined. Therefore, ATOFMS was used to determine the 

number of particles that underwent ligand exchange (e.g. >50% in water for 5 days), 

but not the fraction of ligands exchanged per particle. However, our experiments 

utilizing postsynthetic ligand exchange (see below) indicate that a substantial fraction 

of the ligands in a single particle can be replaced via this process. 

Chloroform, methanol, N,N-dimethylformamide (DMF), and water were used 

to examine the effect of the solvent on particle- to-particle ligand exchange. These 

solvents were selected because they are often used for the synthesis, activation, and 

postsynthetic modification (PSM) of MOFs [Garibay and Cohen, 2010]. Spectra from 

~2000 single particles were grouped into clusters using a hierarchical clustering 

algorithm; clusters were manually classified into one of the three categories (see the 

Supporting Information for details) [Murphy et al., 2003]. Error analysis was solved 

assuming Poisson statistics. The exchange ratio strongly correlated with solvent 
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polarity, with water having the highest exchange ratio followed by DMF, methanol, 

and finally chloroform having the lowest exchange ratio (Table 3.1). 

The size distribution of the particles could also be determined by ATOFMS 

(dva, Figure 3.9), which shows that the particle size is not changing during the 

incubation period. The invariant particle size indicates that the mixing of ligands 

observed in these experiments is due to ligand exchange and not particle growth. 

Overall, the ATOFMS experiments provide new insight into the stability in this 

important class of purportedly inert materials. The robust UiO-66 MOFs are 

structurally stable, but can be labile with respect to ligand exchange/composition, in 

the presence of polar solvents such as water. This observation has significant 

repercussions in the context of some of the proposed industrial applications of MOFs, 

where chronic moisture exposure is likely. 

 

  



56 
  

 

 

Ta
bl

e 
3.

1:
 S

ol
ve

nt
 a

nd
 te

m
pe

ra
tu

re
 e

ff
ec

ts
 in

 p
ar

tic
le

-to
-p

ar
tic

le
 P

SE
 

 

 



57 
  

 

 

Figure 3.3: PXRD patterns of UiO-66-Br, UiO-66-NH2, and exchanged UiO-66-
(Br)(NH2). The exchanged UiO-66-(Br)(NH2) sample was produced in water at 85 °C 

after 5 days 

 

Table 3.2: Solution-to-particle PSE with UiO-66-Br and NH2-BDC as determined by 
1H NMR. Reagents: UiO-66-Br (0.2 mmol), NH2-BDC (0.2 mmol) 
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3.3.3 Postsynthetic ligand exchange from the liquid phase 

To further explore and exploit the observed exchange process, we performed 

biphasic (solid-liquid) ligand exchange experiments. UiO-66-Br was suspended in a 

solution of NH2-BDC in water and incubated for 5 days at several different 

temperatures. The NH2-BDC solution and solid UiO-66-Br material were then 

separated and analyzed by 1H NMR (the UiO-66-Br solid was dissolved with HF 

before analysis, see Supporting Information). Consistent with our previous findings, 

both Br-BDC and NH2-BDC were found in the aqueous solution and in the solid UiO-

66 MOF (Table 3.2). The extent of replacement of NH2-BDC for Br-BDC in the UiO-

66 material was temperature dependent. For example, at room temperature the amount 

of NH2-BDC incorporated into UiO-66-Br (~9%) was identical to the amount of Br-

BDC found leached into to liquid phase (~9%), consistent with a ligand exchange 

process (Table 3.2). It is important to note that the NH2-BDC ligand had to be 

administered in a deprotonated form in order to observe ligand exchange (see 

Supporting Information). At 55 °C and 85 °C, 63% and 76% of the Br-BDC ligands, 

respectively, in the original framework had been replaced by NH2-BDC as determined 

by 1H NMR (Table 3.2). Interestingly, exchange of Br-BDC into UiO-66-NH2 

proceeded to a somewhat lesser degree (43% at 85 °C, Figure 3.10). In the light of this 

observation, experiments were performed comparing exchange of either NH2-BDC or 

Br-BDC with unfunctionalized UiO-66 (Figure 3.11). Consistent with the observations 

above, NH2-BDC showed a higher degree of exchange than Br-BDC. Br-BDC was 

found to be ~48% incorporated into UiO-66, while NH2-BDC was ~67% exchanged 

into the material (r.t., 5 days). The difference in exchange ability is likely due to a 
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combination of factors including differences in donor ability, sterics, and solubility of 

the NH2-BDC versus Br-BDC ligand. Overall, these observations clearly show that 

PSE has a remarkable capacity to extensively modify the MOF, demonstrating far 

more than just superficial (i.e. surface) changes to the crystalline material. These 

results demonstrate that we can obtain mixed, bifunctional MOFs via PSE, using 

temperature and time to modulate the degree of ligand replacement. 

Several observations and experiments confirmed that this PSE truly involves 

ligand exchange and not a particle growth process. First, in these experiments only the 

ligand was added (NH2- BDC), but no additional Zr(IV) source that would permit 

particle growth. Second, both scanning electron microscopy (SEM) and dynamic light 

scattering (DLS) experiments confirmed that the particle size remains unchanged 

during ligand exchange, as no significant particle size increase or decrease was 

observed via either technique (Figure 3.12 and Figure 3.13). Lastly, we found that 

UiO-66 frameworks could not be synthesized de novo under the conditions employed 

for the exchange reaction (r.t., 55 °C, 85 °C) with BDC ligands and Zr(IV) sources. 

Even the seeding of these reactions with UiO-66 (~1 mg) did not produce framework 

crystallites under the exchange reaction conditions. All of these experiments support 

the idea that PSE is occurring in a SCSC (or single particle-to-particle) fashion and not 

through a framework growth or dissolution-reassembly mechanism. 
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Figure 3.4: PSE of UiO-66 to azido, hydroxyl, and dihydroxyl functionalized UiO-66 
materials 

3.3.4 Postsynthetic exchange functionalization 

Having demonstrated that these MOFs could undergo ligand exchange in a 

phase separated (solid-liquid) fashion, we explored PSE as an approach to introduce 

useful functional groups into the MOF (Figure 3.4). At first, we focused our efforts on 

azide- substituted ligands, which are thermally unstable and could be dangerous to 

use, under standard solvothermal conditions. Azides are attractive groups to include in 

MOFs because of their use in ‘click’ chemistry [Gadzikwa et al., 2009; Goto et al., 

2008; Kolb et al., 2001] and their photoreactivity [Sato et al., 2010]. A recent report 

describes the introduction of azides into amine-bearing MOFs in a PSM fashion 

[Savonnet et al., 2010]. To utilize PSE, UiO-66 was exposed to an aqueous solution of 

2-azido-1,4-benzenedicarboxylate (N3-BDC) under ambient conditions (Figure 3.4). 

After separating the solids by centrifugation and washing with methanol, the presence 

of the azide moiety in the MOF particles was confirmed by 1H NMR, ESI-MS, and 
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FT-IR (Figure 3.16). The degree of PSE was time dependent: ~9% after 1 day, ~22% 

after 2 days, and ~50% after 5 days, respectively (Figure 3.17). The crystallinity of 

UiO-66 was completely retained after exchange, as confirmed by PXRD and BET 

surface area values (Figure 3.18 and Table 3.3). To further explore the scope of PSE 

we employed several hydroxyl BDC ligands in these reactions. Due to the metal 

binding affinity of the phenol group, MOFs containing free hydroxyl groups are rather 

uncommon [Tanabe et al., 2010]. UiO-66 was treated with one equivalent of either 2-

hydroxy-1,4-benzendicarboxylate (OH-BDC) or 2,5- dihydroxy-1,4-

benzenedicarboxylate (2,5-(OH)2-BDC) under the aforementioned PSE conditions. 1H 

NMR and ESI-MS (Figure 3.4, Figure 3.19, and Figure 3.20) showed that 48 ± 3% of 

OH-BDC was incorporated into the UiO-66 framework. The 2,5-(OH)2-BDC ligand 

gave a much lower degree of incorporation ( ~15%) than either N3-BDC or OH-BDC. 

However, increasing the amount of 2,5-(OH)2-BDC to 10 equivalents gave a material 

with 42 ± 1% incorporation of 2,5-(OH)2-BDC into the UiO-66 framework. The 

crystallinity and porosity of 48% exchanged UiO-66-OH and 42% exchanged UiO-66-

2,5-(OH)2 were confirmed by PXRD and BET surface area measurements (Figure 

3.18and Table 3.3). Importantly, UiO-66-OH and UiO-66-2,5-(OH)2 could not be 

synthesized directly under standard solvothermal conditions in DMF from OH-BDC 

and 2,5-(OH)2-BDC (Figure 3.21). Using N,N-diethylformamide (DEF) as a solvent at 

120 °C, we could obtain solid materials for both OH-BDC and 2,5-(OH)2-BDC; 

however, the material prepared directly by solvothermal synthesis was of much poorer 

crystallinity than that obtained via the PSE route (Figure 3.18 and Figure 3.21). 

Overall, this study demonstrates that ligand exchange, under ambient conditions, even 
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with relatively inert MOFs, represents a viable strategy for modification of these 

materials. These findings show that PSE is a new route to obtain functional MOFs, 

which will serve to compliment other recently reported approaches to mixed, multi- 

functional MOFs [Burrows, 2011; Deng et al., 2010; Kim et al., 2011]. Although the 

degree of functionalization achieved by PSE (i.e. percent conversion) is perhaps less 

than that reported by PSM methods, the experiments reported here show PSE can 

introduce functional groups not readily obtained by PSM. PSM is generally limited to 

the organic transformations that can be performed on the functional group ‘tags’ 

present in the parent MOF (e.g., amine to amide, halo to cyano, etc.). In contrast, PSE 

is not bound by this limitation, that is, in principle any functionalized ligand can be 

directly introduced into an existing framework. Furthermore, our findings show the 

usefulness of PSE with even inert metal-carboxylate bonds; ongoing studies will be 

required to determine the overall applicability of PSE to different MOFs. 

3.4 Conclusions 

We have developed a new, postsynthetic functionalization method for MOFs 

under ambient conditions by using ligand exchange. The ligand exchange 

phenomenon between intact UiO-66 microcrystals was first detected by using 

ATOFMS, a powerful tool for examining the composition of MOF particles at the 

single-particle level. The ability to interrogate individual particles uncovered that even 

highly robust MOFs, like the UiO-66 series, are dynamic under certain conditions. 

Although the bulk material remains crystalline, in polar solvents these materials 

readily undergo ligand exchange. Building on these observations, we were able to 



63 
  

 

show that PSE could be used to directly functionalize MOFs under mild reaction 

conditions. PSE was effective for introducing azide- and hydroxyl-functionalized 

ligand into UiO-66, which could not be readily prepared with similar quality by direct 

solvothermal methods. The quantification of ligand exchange was determined and 

showed that ligand exchange was substantial, with exchange yields of >40% being 

routinely achieved. Several mechanistic clues indicate that this process does occur by 

ligand exchange, and not a crystal growth process. The discovery of extensive ligand 

exchange in the inert MOF UiO-66 opens up a new synthetic approach for 

multifunctional MOFs, as well as providing important insight into the stability of 

MOFs, showing that the considerations of crystallinity and compositional stability 

must be addressed separately [Kim et al., 2011]. 
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3.6 Supporting information 

 

Figure 3.5: Aerosol time-of-flight mass spectrometry positive ion (top) and negative 
ion (bottom) mass spectra of UiO-66-NH2 
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Figure 3.6: Aerosol time-of-flight mass spectrometry positive ion (top) and negative 
ion (bottom) mass spectra of UiO-66-Br 
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Figure 3.7: Aerosol time-of-flight mass spectrometry positive ion (top) and negative 
ion (bottom) mass spectra of exchanged UiO-66-(Br)(NH2) 
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Figure 3.8: Thermogravimetric analysis of activated (100 °C for 2 h under vacuum 
line) UiO-66-NH2, UiO-66-Br, and exchanged UiO-66-(Br)(NH2) (sample was 

exchanged at 85 °C in water for 5 days) 

 

 

Figure 3.9: ATOFMS size distributions of all UiO-66 variants grouped by solvent 
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Figure 3.10: Postsynthetic exchange (PSE) of UiO‐66‐Br with NH2‐BDC (top) and 
UiO‐66‐ NH2 with Br‐BDC (bottom). The solid phase samples were digested with HF 

and analyzed by 1H NMR to obtain the ligand exchange ratio (percentages listed 
reflect percent of newly incorporated ligand). 
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Figure 3.11: Postsynthetic exchange (PSE) of UiO‐66 with NH2‐BDC and Br‐BDC for 
comparison. 
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Figure 3.12: SEM images of exchanged UiO-66- (Br)(NH2) in solid-liquid system; a) 
room temperature incubation, b) 55°C incubation, c) 85°C incubation 
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Figure 3.13: Dynamic light scattering (DLS) size distribution of exchanged UiO-66- 
(Br)(NH2) in solid-liquid system 
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Figure 3.14: 1H NMR (top) and HR-MS (bottom) analysis of 2-azido-1,4-
benzenedicarboxylic acid (N3-BDC) 
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Figure 3.15: 1H NMR analysis and ESI-MS spectrum of exchanged UiO-66-N3 after 
digestion 
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Figure 3.16: Infrared spectrum (ATR-FTIR) of BDC ligand, N3-BDC ligand, non-
functionalized UiO-66 and exchanged UiO-66-N3 

 

Figure 3.17: 1H NMR spectra of time dependent N3-exchanged UiO-66 

  



75 
  

 

3.6.1 General Methods for Metal-Organic Frameworks Experiments. 

Starting materials and solvents were purchased and used without further 

purification from commercial suppliers (Sigma-Aldrich, Alfa Aesar, EMD, TCI, 

Cambridge Isotope Laboratories, Inc., and others). Proton nuclear magnetic resonance 

spectra (1H NMR and 13C NMR) were recorded by a Varian FT-NMR spectrometer 

(400 MHz for 1H/ 100 MHz for 13C). Carbon nuclear magnetic resonance spectroscopy 

was fully decoupled by broad band decoupling. Chemical shifts were quoted in parts 

per million (ppm) referenced to the appropriate solvent peak or 0 ppm for TMS. The 

following abbreviations were used to describe peak patterns when appropriate: br = 

broad, s = singlet, d= doublet, t = triplet, q = quartet, and m = multiplet. Coupling 

constants, J, were reported in Hertz unit (Hz). 

3.6.2 General Methods for Aerosol Time-of-Flight Mass Spectrometry 

Experiments.  

Dry UiO materials were aerosolized using sonication and were drawn into an 

ATOFMS where they were accelerated to their terminal aerodynamic velocity [Gard 

et al., 1997]. The particles pass through two continuous-wave diode pumped 532 nm 

lasers beams (Crystal Laser, Reno, NV) positioned 6 cm apart. By measuring the time 

difference between the scatter pulses from these two lasers, the velocity of the 

particles can be determined. The characteristic speed and the known distance of the 

two scattering lasers are used to determine the aerodynamic diameter of each particle 

using a calibration curve generated by know-size polystyrene latex sphere particles 

(PSL, Inviterogen), as well as set the time for firing a pulsed 266 nm Nd:YAG 
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desorption/ionization laser (Nd:YAG, Quantel, Newbury, UK, Ultra CFR ) at ~1 mJ 

(~108 W/cm2). The laser pulse ablates the particle and generated ions are detected 

using a dual polarity reflection time of flight mass spectrometer, and mass spectra of 

the positive and negative ions along with the individual particle size information are 

saved for data analysis [Gard et al., 1997]. UiO-66 classifications were assigned by 

identifying the presence of the ions CN- (m/z -26), Br- (m/z -79 and -81), or both in the 

negative ion spectrum of the particle. Typical spectra of UiO-66-NH2, UiO-66-Br, and 

UiO-66-(Br)(NH2) are given in Figure 3.5, Figure 3.6, and Figure 3.7, respectively.  

Particles with no negative ion spectra were removed from this analysis. Rates of 

ATOFMS particle sampling were reported in Hz, and mass spectra of approximately 

2000 particles were collected for each UiO-66 variant. The hierarchical clustering 

(HC) algorithm was used to cluster and group the mass spectra which were then 

classified manually [Murphy et al., 2003]. 

3.6.3 Experimental Procedures for Ligands Synthesis. 

Caution! Organic azides are potentially explosive materials – proper safety 

precautions should be employed. 

Dimethyl 2-azidoterephthalate. A solution of sodium nitrite (285 mg, 4.1 

mmol) in H2O (5 mL) was added dropwise to a solution of dimethyl 2-

aminoterephthalate (356 mg, 1.7 mmol), H2O (5 mL), and conc. HCl (5 mL) at 0 °C. 

After stirring for 30 min, the mixture was then added dropwise to a stirred solution of 

sodium azide (130 mg, 10 mmol) in H2O (5 mL) at 0 °C. After the addition was 

complete, the reaction mixture was warmed to room temperature and stirred overnight. 
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The resulting precipitate was collected by vacuum filtration, washed with cold water, 

and dried under reduced pressure to yield dimethyl 2-azidoterephthalate (271 mg, 

68%). 1H NMR (CDCl3, 400 MHz) 7.89-7.87 (2H, m), 7.81 (1H, dd, J = 8.1 and 1.4 

Hz), 3.96 (s, 3H), 3.93 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 165.6, 165.4, 140.5, 

134.6, 132.0, 126.4, 125.5, 121.0, 53.0, 52.9. HR-ESI-TOFMS m/z calcd. for 

C10H9N3NaO4[M+Na]+: 258.0485, found [M+Na]+: 258.0486. 

2-Azido-1,4-benzenedicarboxlyic acid. Dimethyl 2-azidoterephthalate (118 mg, 

0.5 mmol) was dissolved in 3 mL of THF and 3 mL of a 4% KOH aqueous solution 

was added dropwise. The mixture was stirred at room temperature overnight. Once 

conversion was complete (by TLC), THF was removed by evaporation and the 

mixture was acidified with 1.0 M HCl aqueous solution at 0 °C. The precipitate was 

collected by filtration, and washed with water and hexane. The desired compound was 

obtained by air drying (76 mg, 73%). 1H NMR (400 MHz, DMSO-d6) δ 7.83 (1H, d, J 

= 8.3 Hz), 7.76-7.74 (2H, m); 13C NMR (100 MHz, DMSO-d6) δ 166.8, 166.6, 139.5, 

135.2, 131.8, 126.0, 121.8, 121.7. HR-ESI-TOFMS m/z calcd. for C8H4N3O4 [M-H]-

:206.0207, found [M-H]-: 206.0209. 

Dimethyl 2-hydroxyterephthalate [Tanabe et al., 2010]. A solution of sodium 

nitrite (670 mg, 9.7 mmol) in H2O (6.2 mL) was added dropwise to a solution of 

dimethyl 2-aminoterephthalate (1.34 g, 6.4 mmol), H2O (6.2 mL), acetic acid (12.4 

mL) and conc. HCl (1.5 mL) at 0 °C. After stirring for 30 min, the reaction mixture 

was warmed to room temperature and stirred 30 min more. Urea (150 mg) was added 

for quenching the remained sodium nitrite. The reaction mixture was added dropwise 
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to 40 mL of 10% H2SO4 aqueous solution. And the mixture was stirred at 100 °C for 1 

h. After removing solvent by evaporation, the mixture was cooling with ice bath. The 

resulting precipitate was collected by vacuum filtration, washed with cold water, and 

dried under reduced pressure to yield dimethyl 2-azidoterephthalate (600 mg, 22%). 

1H NMR (CDCl3, 400 MHz) 7.87 (2H, d, J = 8.3 Hz), 7.60 (1H, s), 7.49 (2H, d, J = 8.3 

Hz), 3.96 (s, 3H), 3.91 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 169.9, 165.9, 161.2, 

136.3, 130.0, 119.6, 118.8, 115.6, 52.6, 52.4. 

2-hydroxy-1,4-benzenedicarboxlyic acid [Himsl et al., 2009]. Dimethyl 2-

hydroxyterephthalate (105 mg, 0.5 mmol) was dissolved in 3 mL of THF and 3 mL of 

a 4% KOH aqueous solution was added dropwise. The mixture was stirred at room 

temperature overnight. Once conversion was complete (by TLC), THF was removed 

by evaporation and the mixture was acidified with 1.0 M HCl aqueous solution at 0 

°C. The precipitate was collected by filtration, and washed with water and hexane. The 

desired compound was obtained by air drying (73 mg, 80%). 1H NMR (400 MHz, 

DMSO-d6) δ 7.85 (1H, d, J = 8.1 Hz), 7.42 (1H, d, J = 8.1 Hz), 7.41 (1H, s); 13C NMR 

(100 MHz, DMSO-d6) δ 171.8, 167.0, 161.2, 137.5, 131.3, 120.3, 120.2, 118.4, 117.4. 

2,5-Dihydroxy-1,4-benzenedicarboxlyic acid [Devic et al., 2009]. Diethyl 2,5-

dihydroxyterephthalate (1.5 g, 5.9 mmol) was poured in 45 mL of water and NaOH 

(0.65 g, 16.3 mmol) was added to solution. The mixture was stirred at 85 °C for 

overnight. Once conversion was complete (by TLC), the solution was acidified with 

conc. HCl to pH 1. The precipitate was collected by filtration, and washed with water. 

The desired compound was obtained by air drying (1.1 g, 94%). 1H NMR (400 MHz, 
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DMSO-d6) δ 7.25 (2H, s); 13C NMR (100 MHz, DMSO-d6) δ 171.0, 152.7, 120.0, 

118.0. 

3.6.4 Experimental Procedures for MOFs Exchange. 

UiO-66, UiO-66-NH2, UiO-66-Br Synthesis. UiO-66, UiO-66-NH2, and UiO-

66-Br were prepared and activated previously described [Garibay and Cohen, 2010]. 

Exchange Experiment between UiO-66-NH2 and UiO-66-Br. UiO-66-NH2 (ca. 

29 mg, 0.1 mmol equiv. of –NH2) and UiO-66-Br (ca. 35 mg, 0.1 mmol equiv. of –Br) 

were placed in a dram vial either without solvent or with 2 mL of solvent (CHCl3, 

MeOH, DMF, or H2O). The mixture was incubated for 5 days. After cooling down (if 

the sample was incubated above room temperature), the mixture was centrifuged and 

the solvent decanted. The solid was washed with 3×10 mL of MeOH, isolated by 

centrifugation, and dried under vacuum for at least 6 hours before ATOFMS analysis. 

Solid-Liquid Exchange Experiment between UiO-66-Br and NH2-BDC. 

Dimethyl 2-aminoterephathalate (42 mg, 0.2 mmol) was dissolved in THF (2 mL) and 

aqueous 4% KOH solution (2 mL). The solution was stirred at room temperature 

overnight. The THF was removed by evaporation and the remaining aqueous phase 

was neutralized to pH 7 with 1 M HCl. This solution was added to UiO-66-Br (ca. 70 

mg, 0.2 mmol equiv. of –Br) and the mixture was incubated in a pre-heated oven 

(room temperature, 55 °C, or 85 °C) for 5 days. After cooling down, the mixture was 

centrifuged and the aqueous phase decanted. The solids were suspended in 10 mL of 

MeOH. After 24 h, the solid was centrifuged and the MeOH was decanted and 

combined with the original aqueous phase. This MeOH soaking step was repeated two 
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more times (24 h each). The solid phase was finally dried under vacuum for 6 h at 100 

°C, digested with a 48% HF, and used for 1H NMR analysis. The mixed of 

aqueous/methanol solution was evaporated to dryness and the remaining residue was 

taken up in minimum volume of 1 M HCl. The acidified solution produced a solid that 

was collected by filtration and used for 1H NMR analysis. 

Solid-Liquid Postsynthetic Exchange Experiment between UiO-66-Br and 

NH2-BDC. Dimethyl 2‐aminoterephathalate  (42 mg, 0.2 mmol) was dissolved in THF 

(2 mL) and aqueous 4% KOH solution (2 mL).   The solution was stirred at room 

temperature overnight.  The THF was removed by evaporation and the remaining 

aqueous phase was neutralized to pH 7 with 1 M HCl.  This solution was added to 

UiO‐66‐Br (ca. 70 mg, 0.2 mmol equiv. of –Br) and the mixture was incubated in a 

pre--‐heated oven (room temperature, 55 °C, or 85 °C) for 5 days.  After cooling 

down, the mixture was centrifuged and the aqueous phase decanted.  The solids were 

suspended in 10 mL of MeOH.  After 24 h, the solid was centrifuged and the MeOH 

was decanted and combined with the original aqueous phase.  This MeOH soaking 

step was repeated two more times (24 h each).  The solid phase was finally dried under 

vacuum for 6 h at 100 °C, digested with a 48% HF, and used for 1H NMR analysis.  

The mixed of aqueous/methanol solution was evaporated to dryness and the remaining 

residue was taken up in minimum volume of 1 M HCl.  The acidified solution 

produced a solid that was collected by filtration and used for 1H NMR analysis. 

Solid-Liquid Postsynthetic Exchange Experiment between UiO-66-NH2 and 

Br-BDC.  2‐ Bromoterephthalic acid (50 mg, 0.2 mmol) was dissolved in 4% KOH 
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aqueous solution (2 mL). The solution was neutralized to pH 7 with minimum amount 

of 1 M HCl aqeous solution.  This solution was added to UiO‐66‐NH2  (ca. 57 mg, 0.2 

mmol equiv. of –NH2) and the mixture was incubated in a pre‐heated oven (room 

temperature, 55 °C, or 85 °C) for 5 days. The mixture was centrifuged and the aqueous 

phase decanted.   The solids were washed with 3×10 mL of MeOH, after which the 

solid was left to soak in 10 mL of MeOH.  The solids were left to soak in MeOH for 3 

days, and the solution was exchanged with fresh MeOH (10 mL) every 24 h. After 3 

days of soaking, the solids were centrifuged and dried under vacuum. 

Solid-Liquid Exchange Comparison Experiment between UiO-66, NH2-BDC 

and Br-BDC. 2‐Aminoterephathalic acid or 2‐bromoterephthalic acid (18 mg or 25 

mg, 0.1 mmol) was dissolved in 4% KOH aqueous solution (2 mL).  The solution was 

neutralized to pH 7 with minimum amount of 1 M HCl aqeous solution.  This solution 

was added to UiO‐66 (ca. 28 mg, 0.1 mmol equiv. of benzene ring) and the mixture 

was incubated at room temparature for 12h, 1 day, 2 days or 5 days. The mixture was 

centrifuged and the aqueous phase decanted.  The solids were washed with 3×10 mL 

of MeOH, after which the solid was left to soak in 10 mL of MeOH.  The solids were 

left to soak in MeOH for 3 days, and the solution was exchanged with fresh MeOH 

(10 mL) every 24 h. After 3 days of soaking, the solids were centrifuged and dried 

under vacuum. 

Exchanged UiO-66-N3 and UiO-66-OH Synthesis. Dimethyl 2-

azidoterephathalate (47 mg, 0.2 mmol) or dimethyl 2-hydroxyterephathalate (42 mg, 

0.2 mmol) was dissolved in THF (0.1 M, 2 mL) and aqueous 4% KOH (2 mL). The 
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solution was stirred at room temperature overnight, after which the THF was removed 

by evaporation. The aqueous phase was neutralized to pH 7 with minimum amount of 

1 M HCl. UiO-66 (ca. 57 mg, 0.2 mmol) was placed in the aqueous solution. The 

mixture was incubated at room temperature for 1, 2, or 5 days. The mixture was 

centrifuged and the solvent decanted. The solids were washed with 3×10 mL of 

MeOH, after which the solid was left to soak in 10 mL of MeOH. The solids were left 

to soak in MeOH for 3 days, and the solution was exchanged with fresh MeOH (10 

mL) every 24 h. After 3 days of soaking, the solids were centrifuged and dried under 

vacuum. 

Hydrolysis of Diethyl 2,5-Dihydoxyterephathalte (2,5-(OH)2-BDC). Diethyl 

2,5-dihyroxyterephathalate (2.5 g, 10 mmol) was dissolved in THF (50 mL) and 

aqueous 4% KOH (50 mL). The solution was stirred at room temperature overnight, 

and the light brown solid was collect by filtration. The solid was washed 5 mL of ice 

water and 10 mL of THF. The desired dicarboxylated form was obtained by air drying 

(1.6 g, 82%). 

Exchanged UiO-66-2,5-(OH)2 Synthesis. 2,5-dihydroxyterephathalate (392 mg, 

2 mmol) was dissolved in water (16 mL) and neutralized to pH 7 with minimum 

amount of 1 M HCl. UiO-66 (ca. 57 mg, 0.2 mmol) was poured in the aqueous 

solution. The mixture was incubated at room temperature for 5 days. The mixture was 

centrifuged and the solvent decanted. The solids were washed with 3×10 mL of 

MeOH, after which the solid was left to soak in 10 mL of MeOH. The solids were left 

to soak in MeOH for 3 days, and the solution was exchanged with fresh MeOH (10 
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mL) every 24 h. After 3 days of soaking, the solids were centrifuged and dried under 

vacuum. 

UiO-66 room temperature synthesis and seeding effect. Terephthalic acid or 2- 

aminoterephthalic acid or 2-bromoterephthalic acid (0.1 mmol) was added to 3 mL of 

sat. NaHCO3 solution. And the solution was neutralized to around pH 7 with 

minimum amount of 1M HCl. After adding ZrCl4 (0.1 mmol, 23 mg) to solution, the 

mixture was sonicated for 5 minutes. The solution was incubated at room temperature 

for 5 days. The solid was washed with MeOH (10 mL) three times and dried under 

vacuum. For test seeding effect, 1 mg of UiO-66 was added to solution after 

sonication. Other procedure was same with room temperature synthesis. 

UiO-66-OH and UiO-66-2,5-(OH)2 direct synthesis. 2-Hydroxyterephthalic 

acid or 2,5- dihydroxyterephthalic acid (0.175 mmol), ZrCl4 (0.175 mmol, 41 mg), and 

DMF (4 mL) was placed in a Teflon lined autoclave and heated at oven (85 °C, 100 

°C, 120 °C, and 150 °C) for 24h. The solid was then isolated by centrifugation and 

washed with MeOH (10 mL) for three times. After washing, the solids were 

centrifuged and dried under vacuum. 

Digestion and Analysis by 1H NMR. Approximately 10 mg of UiO-66 material 

was dried under vacuum at 100 °C and digested with sonication in 580 µL of CD3OD 

or DMSO-d6 and 20 µL of HF (48% aqueous solution). For the exchanged UiO-66-N3, 

the sample was dried under vacuum at room temperature. 
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Mass Spectrometry Analysis. Electrospray ionization mass spectrometry (ESI-

MS) was performed using a ThermoFinnigan LCQ-DECA mass spectrometer and the 

data was analyzed using the Xcalibur software suite. Approximately 5 mg of the 

sample was digested with sonication in 1 mL of MeOH and 10 μL of HF (48% 

aqueous solution). 

Thermal Analysis. Approximately 10-15 mg of exchanged UiO-66 series was 

used for TGA measurements, after BET analysis (activated). Samples were analyzed 

under a stream of N2 using a TA Instrument Q600 SDT running from room 

temperature to 800 °C with a scan rate of 5 °C/min. For samples containing N3-BDC, 

a smaller sample size (4 mg) was used and the instrument was placed behind a safety 

shield. 

PXRD Analysis. Approximately 20-30 mg of UiO-66 series was dried at 120 

°C prior to PXRD analysis. PXRD data was collected at ambient temperature on a 

Bruker D8 Advance diffractometer at 40 kV, 40 mA for Cu Ka (l = 1.5418 Å), with a 

scan speed of 3 sec/step, a step size of 0.02o in 2θ, and a 2θ range of 5-55o. For the 

N3- functionalized UiO-66 case, the sample was dried under vacuum at room 

temperature. 

BET Surface Area Analysis. Approximately 50 mg of exchanged UiO-66 was 

evacuated on a vacuum line for overnight at room temperature. The sample was then 

transferred to a pre-weighed sample tube and degassed at room temperature on an 

Micromeritics ASAP 2020 Adsorption Analyzer for a minimum of 12 h or until the 

outgas rate was <5 mmHg. The sample tube was re-weighed to obtain a consistent 
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mass for the degassed exchanged UiO-66. BET surface area (m2/g) measurements 

were collected at 77 K by N2 on a Micromeritics ASAP 2020 Adsorption Analyzer 

using volumetric technique. 

Scanning Electron Microscopy. Approximately 5 mg of UiO-66 material was 

evacuated on a vacuum line overnight at room temperature. Half of the sample was 

then transferred to carbon black on a sample holder disk. The sample was coated using 

a Cr-sputter coating to preventing the image from being too bright. A Philips XL30 

ESEM instrument was used for acquiring images using a 5 kV-30 kV energy source 

under vacuum. Around 18000× scale images were collected. 

Dynamic Light Scattering. Dynamic Light Scattering (DLS) size distribution 

was performed using a Zeta Sizer from Malvern. 5 mg of UiO-66 material was placed 

in 995 µL of water (0.5 wt% water solution) and the sample was sonicated for 1 min. 

Approximately 100 µL of sample solution was transferred to disposable cuvette cell to 

acquire the measurements. 

3.6.5 Experimental Procedure for Dry Aerosol Generation. 

Approximately 100 mg of dry UiO material was placed in a 1 L volumetric 

flask. Aerosol was generated by constant sonication using a Bransonic 3150RMTH 

sonicator. ~12 lpm of dry N2 flowed into the volumetric flask carrying the MOF into a 

dilution chamber (~7900 cm3). A constant 1 lpm was brought into the ATOFMS for 

analysis at ~10-12 Hz. Between sample runs the dilution chamber was purged with dry 

N2 until no aerosol particles were observed (<0.001Hz). 
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3.6.6 Hierarchical Clustering (HC) Analysis 

Clustering is used to reduce the volume of data into a much more manageable 

size. HC analysis groups similar mass spectra into clusters. Clusters are formed based 

on manual identification of the cluster’s average mass spectrum and the dot product of 

all spectra in the cluster. Clusters were finalized once further divisions of clusters had 

no significant impact on the average spectrum (i.e. all spectra in the cluster were 

identical). The final clusters were identified as described above into UiO-66 

containing CN-, Br or both [Murphy et al., 2003]. 

3.6.7 ATOFMS Size Distributions 

The ATOFMS measured aerodynamic diameter (dva) can provide useful 

complimentary information on the UiO-66 particle types. The ATOFMS size 

distributions were found to be similar across all UiO-66 variants. This suggests that 

the exchange of ligands did not significantly vary the size of a single particle, which 

ranged from 1.3 – 4.0 µm with an average mode at 1.94 ± 0.04 µm (Figure 3.9). Using 

scanning electron microscopy (SEM), the UiO particles have been estimated to be 

~100 nm [Vermoortele et al., 2011], and by PXRD and the Debey-Scherrer equation, 

to be ~400 nm [Guillerm et al., 2010]. It should be noted that the measurement of dva 

by ATOFMS assumes a spherical particle shape, which is not the case for UiO-66 

(square bipyramidal) and may account for the notable difference in particle size 

determined by ATOFMS. 
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Figure 3.18: Powder x-ray diffraction pattern of Exchanged UiO-66-N3, Exchanged 
UiO-66-OH, and Exchanged UiO-66-2,5-(OH)2 

 

Table 3.3: BET surface area of exchanged UiO-66 
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Figure 3.19: 1H NMR of OH-BDC, Exchanged UiO-66-OH, 2,5-(OH)2-BDC and 
Exchanged UiO-66-2,5-(OH)2. Mixed solvent of CD3OD (400 µL) and DMSO-d6 (200 

µL) was used, and MOF were digested with extra 20 µL of HF solution 

 



89 
  

 

 

Figure 3.20: ESI-MS of UiO-66-50%-OH (top) and UiO-66-40%-2,5-(OH)2 (bottom) 
after digestion 
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Figure 3.21: Powder x-ray diffraction pattern of UiO-66-OH (top), and UiO-66-2,5-
(OH)2 (bottom) from direct synthesis 
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Figure 3.22: Thermogravimetric analysis of activated non-functionalized UiO-66 and 
Exchanged UiO-66-OH/2,5-(OH)2/N3. Heating of azido containing MOF should be 

done with caution – this TGA analysis was performed on a small scale (4 mg) with a 
safety shield 
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Chapter 4. Postsynthetic Ligand and Ion Exchange in 

Robust Metal−Organic Frameworks 

Reprinted with permission from the American Chemical Society 

4.1 Abstract 

Postsynthetic ligand and metal ion exchange (PSE) processes are shown to 

readily occur in several ‘inert’ metal−organic frameworks (MOFs), including zeolitic 

imidazolate frameworks (ZIFs).  Ligand exchange can occur between solid samples, as 

was demonstrated under relatively mild conditions with two robust, topologically 

distinct MOFs, MIL-53(Al) and MIL-68(In) (MIL = Materials of the Institut 

Lavoisier).  Interestingly, ligand PSE is not observed with MIL-101(Cr), which is 

attributed to the kinetic inertness of the Cr(III) ion.  In addition to ligand exchange, 

metal ion (cation) PSE was also studied between intact MOF microcrystalline particle.  

Metal ion transfer between MIL-53(Al) and MIL-53(Fe) was readily observed.  These 

PSE reactions were monitored and the products characterized by a number of 

techniques, including aerosol time-of-flight mass spectrometry (ATOFMS), which 

permits single-particle compositional analysis.  To show the potential synthetic utility 

of this approach, the PSE process was used to prepare the first Ti(IV) analogue of the 

robust UiO-66(Zr) (UiO-66 = University of Oslo) framework.  Finally, experiments to 

rule out mechanisms other than PSE (i.e., aggregation, dissolution/recrystallization) 

were performed.  The results demonstrate that PSE, of either ligands or cations, is 

common even with highly robust MOFs such as UiO-66(Zr), MILs, and ZIFs.  
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Furthermore, it is shown that PSE is useful in preparing novel materials that cannot be 

obtained via other synthetic methods. 

4.2 Introduction 

Metal−organic frameworks (MOFs, also referred to porous coordination 

polymers, PCPs) are crystalline materials with high porosity that have garnered 

substantial attention for use in gas storage [Suh et al., 2012; Sumida et al., 2012], 

separation [Li et al., 2012], molecular shuttling [Horcajada et al., 2012], sensing 

[Kreno et al., 2012], and catalysis [Yoon et al., 2012].  Unlike other porous materials 

such as zeolites, active carbons, and mesoporous silicas, the organic linker/ligand 

component of MOFs can be easily functionalized allowing for great structural and 

functional diversity.  A variety of functional groups can be introduced on the organic 

ligand through direct solvothermal synthesis [Eddaoudi et al., 2002] or through 

postsynthetic approaches [Cohen, 2012], such as postsynthetic modification (PSM) 

[Tanabe and Cohen, 2011; Wang and Cohen, 2009] and postsynthetic deprotection 

(PSD) [Allen and Cohen, 2012; Deshpande et al., 2010; Deshpande et al., 2012; 

Gadzikwa et al., 2009; Tanabe et al., 2010]. 

Recently the metathesis of metal ions or ligands from intact MOFs has been 

reported.  This has important implications for the stability of these materials, but can 

also be viewed as a type of post-functionalization method, which we recently termed 

postsynthetic exchange (PSE) [Kim et al., 2012].  Analogous cation and anion 

exchange reactions have been observed with nanoparticles[Son et al., 2004] and other 

inorganic materials [Fei et al., 2011; Fei et al., 2012; Zhao et al., 2008], but 
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observation of this phenomena in MOFs is relatively recent.  For example, the 

exchange of metal cations from MOF crystals was reported with several systems 

[Brozek and Dinca, 2012; Das et al., 2009; Mukherjee and Biradha, 2012; Prasad et 

al., 2010; Yao et al., 2012; Zhang et al., 2012], where MOFs exposed to solutions 

containing metal ions were found to exchange the secondary-building unit (SBU) 

metals with those from the solution without significant changes in the framework 

structure.  Similarly, ligand exchange between a MOF and a ‘competing’ ligand in 

solution has also been recently studied.  For example, neutral, pyridine-based, pillaring 

ligands in a MOF could be fully exchanged with a different pyridine-based ligand to 

achieve ‘stepwise’ MOF synthesis [Burnett et al., 2011; Burnett and Choe, 2012; Park 

et al., 2010].  In these cases, ligand and metal ion exchange in MOFs was observed in 

less chemically robust MOF materials where the metal-ligand bonding can be 

considered somewhat labile. 

The complete exchange of anionic carboxylate ligands has been utilized in the 

stepwise synthesis of MOFs from metal-acid clusters [Serre et al., 2004], and has been 

observed during the surface modification of MOFs [Kondo et al., 2010], as well as 

observed in metal-organic polyhedra (MOP) [Li and Zhou, 2010].  However, only very 

recently was it reported that anionic, carboxylate ligand exchange was observed (from 

both solution and between two, intact solids) in MOF materials [Kim et al., 2012].  

Surprisingly, carboxylate ligand exchange was observed with a microcrystalline MOF 

that is considered to possess high chemical stability namely, UiO-66(Zr) (UiO, 

University of Oslo, Zr(IV)-based MOF).  UiO-66(Zr) is prepared from ZrCl4 and 1,4-



99 
 

 

benzenedicarboxylic acid (BDC) producing a material reported to be inert and robust 

under a variety of chemical conditions [Cavka et al., 2008].  Despite the structural 

stability of UiO-66(Zr), ligand PSE was observed in a solid-solid reaction between 

microcrystals suspended in solvent, and also in a solid-liquid ligand exchange with 

free, anionic ligand from solution (Scheme 4.1).  PSE from ligand in solution proved 

to be a useful synthetic approach for modifying the UiO-66(Zr) framework with 

functionalized ligands (e.g., azide- and hydroxyl-functionalized BDC ligands).  

Overall, PSE appeared promising as a post-functionalization method for MOFs, as 

well as an important phenomenon when considering the assumed stability of robust 

MOFs [Kim et al., 2012]. 

Herein, it is established that ligand and metal ion PSE can occur in a variety of 

the most chemically robust MOFs, including ZIFs.  Aerosol time-of-flight mass 

spectrometry (ATOFMS) was used to monitor ligand or metal ion PSE processes in 

MOFs on a single-particle basis.  It is also demonstrated that new MOFs, unavailable 

by other synthetic methods, can be accessed via metal ion PSE.  Finally, mechanistic 

experiments support the hypothesis that the data obtained are best explained by a PSE 

process, allowing us to rule out other processes such as particle aggregation or bulk 

dissolution/recrystallization.  These findings are important for understanding the 

stability and dynamics of MOFs, as well as providing new routes to the synthesis of 

unprecedented, mixed-component MOF materials. 
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Scheme 4.1: Two PSE scenarios: solid-solid PSE (left) and solid-liquid PSE (right). 

 

4.3 Results and Discussion 

4.3.1 Ligand PSE with Robust MOFs.   

Given the intriguing results from previously PSE reports, an attempt to 

determine if PSE was a widespread phenomenon was undertaken.  Several, reportedly 

water-stable, MOFs were examined for ligand exchange.  Water stability is essential 

for the technological use of MOFs and many robust MOFs have been reported to have 

good moisture stability [Low et al., 2009].  Water-resistant MOFs such as the MIL 

series (MIL = Materials of the Institut Lavoisier) [Ferey and Serre, 2009] and ZIF 

series (ZIF = Zeolitic Imidazolate Framework) [Phan et al., 2010] form very stable, 

but generally microcrystalline materials (not large single crystals).  MIL-53 was 

developed by the Ferey group, and exhibits high thermal and chemical stability [Ferey 

and Serre, 2009].  For example, the stability aluminum-based MIL-53(Al) was 

successfully used for PSM experiments involving caustic phosgene reagents without 

loss of the framework structure [Volkringer and Cohen, 2010]. 

MIL-53(Al)-NH2 and MIL-53(Al)-Br were prepared from the combination of 

2-amino-1,4-benzendicarboxylic acid (NH2-BDC) or 2-bromo-1,4-benzendicarboxylic 
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acid (Br-BDC) with an aluminum salt and water at 150 °C [Ahnfeldt et al., 2009; 

Biswas et al., 2011].  After isolation, the two MOFs were mixed together (as dry 

powders), suspended in water, and incubated for 5 d at 85 °C (well below the 

temperature required for solvothermal synthesis of the material, Scheme 4.1).  The 

solid was then collected by centrifugation and washed with methanol.  As expected, 

powder X-ray diffraction (PXRD) confirmed that the structure of the MIL-53(Al) 

frameworks was unchanged (Figure 4.1).  However, ATOFMS analysis verified that 

the chemical composition of the MOF had changed, revealing that ligand-based PSE 

had occurred in these MIL-53(Al) derivatives.  The dynamic exchange of ligand 

between solid MOFs while maintaining bulk crystallinity recapitulated that observed 

with UiO-66(Zr) (Scheme 4.2).  The positive ion ATOFMS spectra showed Al and 

Al2O ions from the SBUs.  More importantly, the negative ion ATOFMS spectra 

showed both bromide (m/z = -79 and -81) and nitrogen-containing ions (m/z = -26) in 

a single particle (Figure 4.5) indicative of PSE.  Approximately 56% of single 

particles among the ~500 particles analyzed contained both a bromide ion and a 

nitrogen-containing ion (Table 4.2); that is, PSE occurred between more than half of 

the particles.  
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Scheme 4.2: Postsynthetic ligand and cation exchange in MIL materials. 

Ligand-based PSE was also examined in MIL-68(In).  MIL-68(In) has a 

Kagome-like lattice with infinite chains of metal clusters linked through a BDC ligand 

[Volkringer et al., 2008].  MIL-68(In)-NH2 and MIL-68(In)-Br were synthesized by 

modifying a previously reported method [Volkringer et al., 2008], and similar to other 

PSE experiments, the two solids were mixed together as dry powders and incubated in 

N,N-dimethylformamide (DMF) for 5 days at 55 °C (Scheme 4.2).  Because the 

solvothermal synthesis of MIL-68(In) requires a lower temperature (100 °C) than the 

MIL-53(Al) series, the PSE incubation temperature was decreased to avoid MOF 

dissolution/recrystallization.  Also, DMF was used as the reaction medium, instead of 

water, due to the instability of MIL-68(In) in water at elevated temperatures.  
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Consistent with the other systems, PXRD shows that the crystallinity of the mixed 

MIL-68(In) powder is retained (Figure 4.1), but the negative ion ATOFMS spectra 

shows both bromide- and nitrogen-containing ions in a single particle clearly 

indicating that PSE has occurred.  The positive ion ATOFMS spectra showed the 

expected In ion from the SBUs (Figure 4.6).  Around 42% of particles contain both 

bromide and nitrogen-containing ions in negative mode, unambiguously 

demonstrating that PSE occurs for MIL-68(In) in DMF solvent (Table 4.2).  These 

findings highlight that many MOFs that are considered highly robust and ‘inert’, 

including MIL-53(Al), MIL-68(In), and UiO-66(Zr), can undergo PSE in water or 

DMF.  Although the degree of PSE in the MIL series are slightly lower than found 

with UiO-66(Zr) under the same conditions, the results demonstrate that PSE is a 

phenomenon relevant to many MOFs. 
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Figure 4.1: PXRD patterns of MIL materials examined in this study. 

Another chemically robust MOFs, MIL-101(Cr), was examined with respect to 

ligand PSE [Ferey et al., 2005].  PSE for MIL-101(Cr) could be very valuable as a 

functionalization method, as there are few reported methods for functionalizing this 

material and derivatives are difficult to synthesize directly due to the high temperature 

required for preparing this MOF (>220 °C) [Bernt et al., 2011].  Biphasic (solid-

liquid, Scheme 4.1) PSE was attempted with activated MIL-101(Cr) incubated in a 

water solution of 2-bromo-benzenedicarboxylate at 85 °C for 5 days.  After 

centrifugation and washing with water, the green MIL-101(Cr) solid was recovered.  

The crystallinity of MIL-101(Cr) was totally retained as evidenced by PXRD (Figure 
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4.7); however, no ligand PSE was detected, as Br-BDC was not detected in 1H NMR 

spectrum after base digestion of MIL-101(Cr).  This is in contrast to the other robust 

MOFs studied, which do show ligand-based PSE.  With respect to PSE, MIL-101(Cr) 

appears to be more inert compared to the other robust MOFs investigated.  This 

finding is consistent with the very low ligand exchanges rates of Cr(III) [Burrows et 

al., 2012; Plane and Hunt, 1957], and suggests that the kinetic lability and/or inertness 

of a metal ion may play a significant role in the chemical stability of MOFs.  This is 

consistent with the solvothermal conditions under which MOFs are synthesized; the 

ability to obtain crystalline or microcrystalline materials is dependent on the inherit 

reversibility of coordinate covalent bonds. 

In order to examine other anion, but non-carboxylate-based stable MOFs, we 

chose to examine PSE in the highly robust ZIFs.  Dichloro-substituted Zn(II)-based, 

RHO-type ZIF-71 was synthesized as previously reported [Lively et al., 2011] and 

exposed to a MeOH solution of 4-bromo-1H-imidazole.  4-Bromo-1H-imidazole was 

selected as a model system for PSE because there are no ZIFs reported with this 

ligand.  The solid-liquid mixture was incubated at 55 °C for 5 days and separated by 

centrifugation, and washed with MeOH.  The bulk stability of the material was 

verified by PXRD, which confirmed that the crystallinity was retained after exchange.  

However, 1H NMR spectra of digested samples showed that 4-bromo-1H-imidazole 

was incorporated into the ZIF by PSE (Figure 4.2 and Figure 4.8).  Approximately 

30% of the ZIF was comprised of 4-bromo-1H-imidazole after the PSE reaction.  

Hence, again it was found that ligand PSE could be performed on a canonical ‘inert’ 



106 
 

 

MOF, in this case based on imidazolate ligands, resulting in the formation of a new 

material that could not be obtained by conventional solvothermal or other 

postsynthetic methods. 

 

 

Figure 4.2: PXRD patterns of ZIF-71 and exchanged ZIF-71-(Br)(Cl2). 

 

4.3.2 Metal Ion PSE with Robust MOFs.   

Cation exchange (i.e., metal ion PSE) in MOFs has become a growing area of 

interest with several papers now published [Brozek and Dinca, 2012; Das et al., 2009; 

Mukherjee and Biradha, 2012; Prasad et al., 2010; Yao et al., 2012; Zhang et al., 

2012]; however, these studies have focused largely on MOFs that are not considered 

highly robust.  In addition, metal cation exchange has only been reported based on 
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exchange between the MOF framework and a metal salt in solution (solid-liquid, 

Scheme 4.1) and never between two MOF solids [Kim et al., 2012].  It might be 

expected that robust MOFs would not readily exchange their structural metal ions in 

either a solid-liquid or solid-solid PSE process.  To test this hypothesis, metal ion PSE 

of several robust, microcrystalline MOFs was examined and monitored by using 

positive ion ATOFMS spectra. 

MIL-53 is a versatile material that has been synthesized with several metal 

salts including Fe(III), Al(III), and Cr(III) [Hamon et al., 2009].  As described earlier, 

MIL-53(Al)-Br and MIL-53(Fe)-Br could be synthesized and activated as previously 

reported [Biswas et al., 2011; Devic et al., 2010].  The purity and homogeneity of the 

materials was confirmed by the ATOFMS positive ion spectra of pristine MIL-53(Al)-

Br, which showed only Al and Al2O ions (m/z = 27 and 70).  Similarly, the ATOFMS 

positive ion spectra of MIL-53(Fe)-Br showed only Fe isotopes (m/z = 54 and 56, 

Figure 4.9).  MIL-53(Al)-Br and MIL-53(Fe)-Br were mixed as dry solids and then 

incubated in water for 5 days at 85 °C (Scheme 4.2).  After incubation, the solid was 

collected by centrifugation and PXRD confirmed that the crystallinity of the MOFs 

was unchanged (Figure 4.1).  However, positive ion ATOFMS spectra of the resulting 

solid showed that many particles contain both Fe and Al ions.  Approximately 40% of 

the particles were shown to contain both metal ions (i.e., MIL-53(Al/Fe), Table 4.3).  

As expected, all negative ion spectra showed bromide ions (m/z = -79 and -81, Figure 

4.9) consistent with the presence of the Br-BDC ligand.  These experiments provided 

direct evidence of metal ion PSE between two, intact MOF solids. In addition, 
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scanning electron microscopy and energy-dispersed X-ray spectroscopy (SEM-

EDAX) confirmed the presence of both Fe and Al in exchanged MIL-53(Al/Fe)-Br 

particles (Figure 4.10). These experiments provided direct evidence of metal ion PSE 

between two intact MOF solids. Importantly, sizing analysis of the particles by 

ATOFMS confirmed no change in particle size, ruling out particle aggregation as the 

source of these results (Figure 4.11). 

Having observed that metal ion PSE could occur between two MOF solids, we 

sought to explore whether deliberate cationic exchange could be used to prepare new, 

mixed-metal materials that were inaccessible by other synthetic methods.  

Specifically, the Ti(IV) analog of the UiO-66(Zr) MOF has been elusive, as Ti(IV) is 

not known to form the SBU metal cluster found in UiO-66(Zr) (M6O4(OH)4(CO2)12).  

In contrast, the heavier Hf(IV) analogue, which is known to make such a cluster, has 

been recently described (UiO-66(Hf)) [deKrafft et al., 2012].  Ti(IV) would be 

attractive as a lighter, highly oxophilic metal that should impart a lower density with 

improved stability, as well as unique photochemical properties [Greenwood and 

Earnshaw, 1997].  Few Ti-based MOFs have been reported, and most show high 

reactivity with water and oxygen [Dan-Hardi et al., 2009; Fu et al., 2012].  Therefore, 

the introduction of the Ti(IV) cation into the UiO-66 MOF was an attractive target and 

substantial challenge (Scheme 4.3). 
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Scheme 4.3: Postsynthetic cation exchange of UiO-66.  

UiO-66(Zr) was prepared, isolated, and then exposed to DMF solutions of 

Ti(IV) salts, such as TiCp2Cl2, TiCl4(THF)2, or TiBr4 (Cp = η5-cyclopentadienyl, THF 

= tetrahydrofuran), for 5 days at 85 °C .  After separating the solid by centrifugation 

and washing with fresh DMF, the presence of the Ti(IV) ion in the MOF was 

confirmed by positive ion ATOFMS spectra (Figure 4.3).  The number of particles 

containing Ti(IV) is dependent on the metal salt used in the PSE reaction (Table 4.4).  

TiBr4 showed the lowest level of PSE via ATOFMS when compared with TiCp2Cl2 

and TiCl4(THF)2, which was likely due to the reactivity and instability of TiBr4, 

making it more difficult to handle.  The amount of incorporated Ti(IV) was quantified 

by inductively coupled plasma mass spectrometry (ICP-MS, Table 4.1).  The best 

incorporation was achieved with TiCl4(THF)4, which resulted in >90% of the 

microcrystalline MOF particles incorporating Ti(IV), with Ti(IV) constituting ~38 

wt% of the metal ion present in the whole sample (Table 4.1, entry 4).  Importantly, 

the crystallinity of exchanged UiO-66(Zr/Ti) was retained as evidenced by PXRD, and 
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thermogravimetric analysis (TGA) showed a similar thermal decomposition 

temperature to that of UiO-66(Zr) (>400 °C, Figure 4.12 and Figure 4.13).  A 

Brunauer−Emmett−Teller (BET) surface area of ~1200 m2/g was obtained using 

dinitrogen, which supports the argument that the Ti(IV) metal was incorporated into 

the SBU clusters and that no Ti ions or particles are blocking the pores (Table 4.1).  

As further evidence of SBU inclusion, UiO-66(Zr/Ti) was colorless, while 

TiCl4(THF)2 is a pale yellow solid, suggesting that the Ti(IV) found in the MOF is not 

trapped starting material.  Similar experiments were performed with HfCl4, which 

showed very little PSE at room temperature, with only ~20% of the particles 

incorporating Hf(IV) even at elevated temperatures (Table 4.1 and Table 4.4).  

Nonetheless, by using metal ion PSE, we have discovered a synthetic route to the 

long-sought Ti(IV)-containing analogue of UiO-66, and found that the MOF shows 

excellent stability, crystallinity, and porosity. 
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Figure 4.3: ATOFMS positive ion spectra for the PSE products:  a) UiO-66(Zr/Ti) and 
b) UiO-66(Zr/Hf). 
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Table 4.1: Postsynthetic cation exchange of titanium and hafnium in UiO-66(Zr).a 

 

4.3.3 Exploring PSE in Rigorously Separated Samples.   

In our previous PSE studies [Kim et al., 2012], the ligand PSE process occurs 

with two, solid MOF samples that are physically mixed together and incubated in a 

solution (as described above).  ATOFMS data showed both ligands in a single particle, 

which we attribute to PSE between the solid samples; however, we sought to provide 

additional evidence to rule out other phenomena that might explain these observations.  

Other plausible mechanisms might include dissolving/reforming of the framework or 

particle aggregation.  MOF dissolving/reforming was ruled out, because UiO-66(Zr) 

cannot be directly synthesized under the exchange conditions utilized.  In addition, 

particle size analysis by ATOFMS, Scanning Electron Microscope (SEM), and 

Dynamic Light Scattering (DLS) before and after the PSE reaction shows no change in 

crystallite size, which argues against particle aggregation [Kim et al., 2012].  
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Nonetheless, to further clarify the details of the PSE process, experiments were 

performed where the microcrystalline MOFs were not physically mixed (i.e., never 

place in direct physical contact).  A small (2 mL) vial containing UiO-66(Zr)-Br was 

placed into a larger (20 mL) vial containing UiO-66(Zr) and water (Scheme 4.4 and 

Figure 4.14).  After incubation, the two vials were separated and analyzed by 1H NMR 

and ATOFMS to determine whether PSE had occurred (see Supporting Information 

for experimental details).  Under these conditions, a much larger volume of water (~22 

mL vs. ~2 mL) was used in order to fill the two vials, and no PSE was observed [Kim 

et al., 2012].  We attribute this observation, in part, to the much higher dilution and 

lack of stirring/agitation of the samples (which might be required to promote diffusion 

of exchanging ligands). 

Recently, the use of acidic additives has been reported for the synthesis of 

MOFs, including UiO analogs [Schaate et al., 2011; Umemura et al., 2011].  In these 

reports, the organic acid (benzoic or acetic acid) can modulate crystal growth by 

metastasis with the BDC ligand, resulting in better control over the crystallization 

process [Umemura et al., 2011].  We speculated that this equilibrium between the acid 

additive and BDC ligand could promote PSE by exchanging with and labilizing 

ligands in the MOF.  Performing the same, vial-separated experiment described above, 

but with the addition of with 2% AcOH(aq) resulted in PSE between the materials as 

confirmed by 1H NMR and ATOFMS (Table 4.5) with a retention of crystallinity as 

determined by PXRD (Figure 4.15).  After PSE, ~90% of the UiO-66(Zr) particles 

contained a bromide ion as revealed by negative ion ATOFMS, which originates from 
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PSE with the isolated UiO-66(Zr)-Br sample.  Recall that, under these conditions the 

UiO-66(Zr) and UiO-66(Zr)-Br microcrystals are never in physical contact.  1H NMR 

was used to show that the exchanged UiO-66(Zr) sample contained 25% Br-BDC and 

75% BDC after 10 days of incubation.  Kinetic studies confirm that the amount of 

exchanged ligand increases over time (Figure 4.4 and Figure 4.5) and the percentage 

of PSE for each MOF is complementary (that is, the amount of Br-BDC in UiO-66(Zr) 

and the amount of BDC in UiO-66(Zr)-Br are the same), as would be expected 

(determined by 1H NMR, Figure 4.4).  It should be noted that incubation with ≥5% 

AcOH(aq) decreased the crystallinity of UiO-66(Zr) significantly. 

In summary, these experiments strongly suggest that PSE is a true ligand-

exchange mechanism and that particle aggregation is not the origin of the mixed-

ligand particles we observe by ATOFMS.  Furthermore, UiO-66(Zr) cannot be directly 

synthesized under the PSE reaction conditions (i.e., water, 85 °C); thus the mechanism 

of PSE cannot be attributed to a bulk-scale dissolution and recrystallization process of 

the MOF.  Rather, we assert that transfer process is due to the reversible nature of the 

coordination bonds in these materials, resulting in classic ligand-exchange reactions 

between solids or a solid-solution mixture that we refer to as PSE. 
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Figure 4.4: 1H NMR spectra of exchanged UiO-66(Zr)-Br at several time points (left).  
Percentage of particles show ligand PSE (right): percentage of UiO-66(Zr)-Br 

containing BDC (red solid line), and percentage of UiO-66(Zr) containing Br-BDC 
(black dotted line). 

4.4 Conclusion 

The findings presented here show that PSE, of anionic ligands or cationic 

metal ions, is a general phenomenon in even the most ‘inert’ MOFs.  These results, 

combined with other recent exchange/substitution studies strongly suggest PSE is 

nearly universal in MOFs and that the chemical bond between the metal cluster SBUs 

and ligand linkers is reversible.  Of all the systems examined, only MIL-101(Cr) 

appeared to be resistant to PSE, which we attribute to the high kinetic inertness of the 

Cr(III) ion.  Although MOFs are solid-state materials that are thermally, structurally, 

and chemically stable, it appears they can be quite dynamic.  Experiments were 

performed that confirm the data obtained are the result of PSE and not other 

mechanisms. 
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The unique ability of ATOFMS to analyze the chemical composition of a 

single, microcrystalline particle has now been applied to reveal metal cation PSE.  

Metal ion PSE was observed between MIL-53(Al) and MIL-53(Fe).  More 

significantly, biphasic (solid-liquid) PSE was used to produce Ti(IV)-exchanged UiO-

66(Zr/Ti) materials.  This demonstrates the utility of PSE to access materials that 

cannot be obtained by other synthetic methodologies that are currently available.  The 

results presented here with robust MOFs provide important information on MOF 

dynamics important for their technological applications and yet also provide a route to 

new, functional materials. 
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4.6 Supporting information 

4.6.1 General Methods 

Starting materials and solvents were purchased and used without further 

purification from commercial suppliers (Sigma-Aldrich, Alfa Aesar, EMD, TCI, 

Cambridge Isotope Laboratories, Inc., and others).  Proton nuclear magnetic resonance 

spectra (1H NMR) were recorded on a Varian FT-NMR spectrometer (400 MHz for 1H 

NMR).  Chemical shifts were quoted in parts per million (ppm) referenced to the 

appropriate solvent peak or 0 ppm for TMS. 

4.6.2 Aerosol Time-of-Flight Mass Spectrometry (ATOFMS) 

Dry metal−organic framework (MOF) or zeolitic imidazolate framework (ZIF) 

materials were aerosolized using a flow of High-Efficiency Particulate Air (HEPA) 

filtered air and the particles were drawn into an aerosol time-of-flight mass 

spectrometer (ATOFMS) where they were accelerated to their terminal aerodynamic 

velocity [Gard et al., 1997]. Particles pass through two continuous-wave diode 

pumped 532 nm laser beams (Crystal Laser, Reno, NV) positioned 6 cm apart.  The 

time difference between the particle scatters is used to calculate the velocity of the 

particle.  The particle’s aerodynamic diameter is calculated using particle velocities 

and a calibration curve of known-size polystyrene latex spheres (PSL, Inviterogen, 0.2 

– 3µm in diameter).  Particle velocities are also used to time the firing of a pulsed 266-

nm Nd:YAG laser (Nd:YAG, Quantel, Newbury, UK) operating at ~1 mJ (~108 

W/cm2).  The laser pulse desorbs and ionizes the particle and the generated ions are 

collected using a dual polarity reflection time-of-flight where they are detected.  The 
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mass spectra of the positive and negative ions along with the individual particle size 

information are recorded for data analysis.   

Ligand exchange for MIL-53(Al) and MIL-68(In) frameworks were identified 

by the presence of the ions CN- (m/z -26, indicating the NH2-BDC ligand) and Br- (m/z 

-79 and -81, indicating the Br-BDC ligand in the negative ion spectrum of the particle 

as shown in Figure 4.5 and Figure 4.6 for MIL-53(Al) and MIL-68(In), respectively.  

Particles with no negative ion spectra were removed from the data analysis for the 

ligand exchange experiments.  Metal ion exchange between MIL-53(Al) and MIL-

53(Fe) frameworks were identified by the presence of the ions Al+ (m/z 27), Al2O+ 

(m/z 70), and Fe+ (m/z 54 and 56) in the positive ion spectrum as shown in Figure 4.5.  

Metal ion exchange of UiO-66(Zr/Ti) and UiO-66(Zr/Hf) were identified by peaks at 

Zr+ (m/z 90-94), ZrO+ (m/z 106-108), Ti+ (m/z 46-50), and Hf+ (m/z 176-180), 

respectively (Figure 4.5).  As metal ion exchange was identified using positive ions, 

particles with no positive ion spectra were removed from the data analysis for all 

metal ion exchange experiments.  Approximately 250-1000 particles were collected 

for each sample (Table 4.2, Table 4.3, and Table 4.4). 

The hierarchical clustering (HC) algorithm was used to group mass spectra into 

clusters which were then classified manually [Murphy et al., 2003].  Clustering is used 

to reduce the volume of data into a more manageable size.  Clusters were finalized 

once further divisions of clusters had no significant impact on the average spectrum 

(i.e., all spectra in the cluster were identical). 

Dry Aerosol Generation.  Approximately 100 mg of dry MOF material was 
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placed in a 1 L volumetric flask.  Aerosol was generated by constant sonication using 

a Bransonic 3510R-MTH sonicator.  Approximately ~1-2 liters per minute (lpm) of 

dry N2 flowed into the volumetric flask carrying the MOF into a dilution chamber 

(~7900 cm3).  A constant 1.0 lpm was brought into the ATOFMS for analysis at ~10-

12 Hz.  Between sample runs the dilution chamber was purged with dry N2 until no 

aerosol particles were observed (<0.001Hz). Tests were performed to confirm that dry 

aerosol generation was not also causing particle agglomeration. For each sample 

ATOFMS size distributions of exchanged and non-exchanged samples (i.e. dry 

mixtures) were compared. If particle agglomeration was occurring one would expect 

multiple modes to arise in the distributions. Figure 4.11 shows the ATOFMS size 

distributions for dry mixed and exchanged MOF samples. In each sample the size 

distributions were nearly identical, indicating that particle agglomeration was not 

occurring. Further, to account for possible transmission biases by the ATOFMS, size 

distributions were also compared to size distributions provided by an aerodynamic 

particle sizer (APS, TSI 3321), which provides quantitative size distributions for 

particles with aerodynamic diameters > 0.5 μm. APS size distributions confirmed 

measured ATOFMS size distributions (not shown). Additionally, possible particle 

agglomeration was refuted chemically by sampling a physical mixture of two 

chemically different MOFs (e.g. MIL-53(Al)-Br and MIL-53(Al)-NH2). ATOFMS 

mass spectra were able to resolve the different MOFs and essentially no mixing of the 

two was observed. 

Scanning Electron Microscopy-Energy-Dispersed X-ray Spectroscopy (SEM-
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EDAX). Approximately 1 mg of activated MIL-53 material was transferred to 

conductive carbon tape on a sample holder disk. A Philips XL30 ESEM instrument 

was used for acquiring images using a 20 kV energy source under vacuum. Oxford 

EDAX and Inca software were used to determine elemental mapping of particle 

surfaces at a working distance of 10 mm. ~10000× magnification images were 

collected. 

4.6.3 Experimental Procedures for PSE 

General.  MIL-53(Al) [Biswas et al., 2011],  MIL-53(Al)-NH2 [Biswas et al., 

2011], MIL-53(Al)-Br [Ahnfeldt et al., 2009], MIL-68(In) [Volkringer et al., 2008], 

MIL-68(In)-NH2 [Volkringer et al., 2008], MIL-68(In)-Br [Volkringer et al., 2008], 

MIL-53(Fe) [Devic et al., 2010], MIL-53(Fe)-Br [Devic et al., 2010], MIL-101(Cr) 

[Ferey et al., 2005], ZIF-71 [Lively et al., 2011], ZIF-96 [Morris et al., 2010], and 

UiO-66(Zr) [Cavka et al., 2008] were prepared and activated as previously described. 

PSE between MIL-53(Al)-NH2 and MIL-53(Al)-Br.  MIL-53(Al)-NH2 (ca. 22 

mg, 0.1 mmol equiv of –NH2) and MIL-53(Al)-Br (ca. 29 mg, 0.1 mmol equiv of –Br) 

were placed in a vial with 2 mL of water.  The mixture was incubated at 85 °C in a 

pre-heated oven for 5 d.  After cooling, the mixture was centrifuged and the solvent 

decanted.  The solid was washed with 3×10 mL of MeOH, isolated by centrifugation, 

and dried under vacuum for at least 6 h before ATOFMS analysis. 

PSE between MIL-68(In)-NH2 and MIL-68(In)-Br.  MIL-68(In)-NH2 (ca. 31 

mg, 0.1 mmol equiv of –NH2) and MIL-68(In)-Br (ca. 37 mg, 0.1 mmol equiv of –Br) 

were placed in a vial with 2 mL of N,N-dimethylformamide (DMF).  The mixture was 
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incubated at 55 °C in a pre-heated oven for 5 d.  After cooling, the mixture was 

centrifuged and the solvent decanted.  The solid was washed with 3×10 mL of MeOH, 

isolated by centrifugation, and dried under vacuum for at least 6 h before ATOFMS 

analysis. 

PSE between MIL-53(Al)-Br and MIL-53(Fe)-Br.  MIL-53(Al)-Br (ca. 29 mg, 

0.1 mmol equiv of –Br) and MIL-53(Fe)-Br (ca. 32 mg, 0.1 mmol equiv of –Br) were 

placed in a vial with 2 mL of water.  The mixture was incubated at 85 °C in a pre-

heated oven for 5 d.  After cooling, the mixture was centrifuged and the solvent 

decanted.  The solid was washed with 3×10 mL of MeOH, isolated by centrifugation, 

and dried under vacuum for at least 6 h before ATOFMS analysis. 

Solid-Liquid PSE between UiO-66(Zr) and Ti(IV).  Titanium (0.3 mmol, 75 mg 

for TiCp2Cl2; 100 mg for TiCl4(THF)2; 110 mg for TiBr4) was dissolved in DMF (6 

mL).  This solution was added to UiO-66(Zr) (ca. 83 mg, 0.3 mmol equiv of 

benzenedicarboxylate (BDC)) and the mixture was incubated at 85 °C in a pre-heated 

oven for 5 d.  After cooling, the mixture was centrifuged and the solvent decanted.  

The solids were washed with 3×10 mL of DMF and 10 mL of MeOH.  The solids 

were left to soak in MeOH for 3 d, and the solution was exchanged with fresh MeOH 

(10 mL) every 24 h.  After 3 d of soaking, the solids were centrifuged and dried under 

vacuum. 

Solid-Liquid PSE between MIL-101(Cr) and Br-BDC. 2-

Bromobenzenedicarboxylic acid (Br-BDC, 49 mg, 0.2 mmol) was dissolved in a 4% 

KOH aqueous solution (2 mL).  The solution was neutralized to pH 7 with the 



122 
 

 

minimum amount of 1 M HCl aqueous solution.  This solution was added to MIL-

101(Cr) (ca. 38 mg, 0.2 mmol equiv of BDC) and the mixture was incubated at 85 °C 

in a pre-heated oven for 5 d.  The mixture was centrifuged and the aqueous phase 

decanted.  The solids were washed with 3×10 mL of MeOH, after which the solid was 

left to soak in 10 mL of MeOH for 3 d, and the solution was exchanged with fresh 

MeOH (10 mL) every 24 h.  After 3 d of soaking, the solids were centrifuged and 

dried under vacuum. 

Solid-Liquid PSE between UiO-66(Zr) and Hf(IV).  HfCl4 (0.1 mmol, 32 mg) 

was dissolved in DMF (2 mL).  This solution was added to UiO-66(Zr) (ca. 28 mg, 0.1 

mmol equiv of BDC) and the mixture was incubated at 85 °C in a pre-heated oven for 

5 d.  After cooling, the mixture was centrifuged and the solvent decanted.  The solids 

were washed with 3×10 mL of DMF and 10 mL of MeOH last.  The solids were left to 

soak in MeOH for 3 d, and the solution was exchanged with fresh MeOH (10 mL) 

every 24 h.  After 3 d of soaking, the solids were centrifuged and dried under vacuum. 

Solid-Liquid PSE between ZIF-71 and 4-Bromo-1H-imidazole.  4-Bromo-1H-

imidazole (29 mg, 0.2 mmol) was dissolved in MeOH (2 mL).  This solution was 

added to ZIF-71 (ca. 34 mg, 0.1 mmol equiv of –Cl) and the mixture was incubated at 

55 °C in a pre-heated oven for 5 d.  After cooling, the mixture was centrifuged and the 

solids were washed with 3×10 mL of MeOH.  Then the solids were left to soak in 

MeOH for 3 d, and the solution was exchanged with fresh MeOH (10 mL) every 24 h.  

After 3 d of soaking, the solids were centrifuged and dried under vacuum. 

Vial-separated PSE between UiO-66(Zr) and UiO-66(Zr)-Br.  UiO-66(Zr) (ca. 
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28 mg, 0.1 mmol equiv of BDC) was placed in a large vial (20 mL), and UiO-66(Zr)-

Br (ca. 36 mg, 0.1 mmol equiv. of –Br) was placed in a small vial (2 mL).  The 

smaller vial was placed into the larger vial, and the vessel was filled with water 

containing 2% (by volume) AcOH.  The mixture was incubated at 55 °C in a pre-

heated oven for2, 4, 6, 8, and 10 d.  After cooling, the two vials were separated, and 

each mixture was centrifuged and the solids were washed with 3×10 mL of MeOH.  

Then the solids were left to soak in MeOH for 3 d, and the solution was exchanged 

with fresh MeOH (10 mL) every 24 h.  After 3 d of soaking, the solids were 

centrifuged and dried under vacuum. 

PXRD Analysis.  Approximately 20-30 mg of MOF sample was dried at 120 

°C prior to PXRD analysis.  PXRD data was collected at ambient temperature on a 

Bruker D8 Advance diffractometer at 40 kV, 40 mA for Cu Ka (l = 1.5418 Å), with a 

scan speed of 1 sec/step, a step size of 0.02° in 2θ, and a 2θ range of 3-55° (sample 

dependent). 

Digestion and Analysis by 1H NMR.  ZIF: Approximately 10 mg of ZIF 

material was dried under vacuum at 100 °C and digested with sonication in 590 µL 

DMSO-d6 and 10 µL of DCl.  MIL-101(Cr): 1H NMR sample of MIL-101(Cr) was 

prepared as previously described [Bernt et al., 2011].  Approximately 10 mg of MIL-

101(Cr) was digested in 2 mL of 2 M NaOH (aq) solution with sonication for 30 min.  

The solution was acidified to pH 1 using the minimum amount of 1 M HCl (aq) 

solution.  The solid was collected by filtration and dried in air.  The solid was washed 

with 700 µL of DMSO-d6, and the DMSO-d6 solution was used for 1H NMR.  UiO-
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66(Zr): Approximately 10 mg of UiO-66(Zr) material was dried under vacuum at 100° 

C and digested in 580 µL of DMSO-d6 and 20 µL of HF (48% aqueous solution) with 

sonication. 

Thermal Analysis.  Approximately 10-15 mg of MOF sample was used for 

TGA measurements, after BET analysis (activated).  Samples were analyzed under a 

stream of N2 using a TA Instrument Q600 SDT running from room temperature to 800 

°C with a scan rate of 5 °C/min. 

BET Surface Area Analysis.  Approximately 50 mg of MOF sample was 

evacuated on a vacuum line overnight at room temperature.  The sample was then 

transferred to a pre-weighed sample tube and degassed at room temperature on an 

Micromeritics ASAP 2020 Adsorption Analyzer for a minimum of 12 h or until the 

outgas rate was <5 mmHg.  The sample tube was re-weighed to obtain a consistent 

mass for the degassed exchanged MOF.  BET surface area (m2/g) measurements were 

collected at 77 K by N2 on a Micromeritics ASAP 2020 Adsorption Analyzer using 

the volumetric technique. 
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Table 4.2: Number of particles and percentage of exchange after PSE within the MIL 
series. 

 

Table 4.3: Number of particles and percentage of exchange after metal ion PSE within 
the MIL series. 
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Table 4.4: Number of particles and percentage of exchange after metal ion PSE within 
the UiO-66(Zr) series. 

 

Table 4.5: Vial-separated PSE of UiO-66(Zr) and UiO-66(Zr)-Br at different times.  
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Scheme 4.4: Sample separated PSE experiments.  UiO-66(Zr) is placed in the larger 
vial (20 mL) and UiO-66(Zr)-Br is placed in a smaller vial (2 mL) and both vials were 

completely submerged in a water solution containing 2% AcOH (by volume). 



128 
 

 

 

 

Figure 4.5: ATOFMS spectra for the exchange of MIL-53(Al)-NH2 and MIL-53(Al)-
Br. a) positive (left) and negative (right) ions spectra of MIL-53(Al)-NH2; b) positive 

(left) and negative (right) ions spectra of MIL-53(Al)-Br; c) positive (left) and 
negative (right) spectra of exchanged MIL-53(Al)-(Br)(NH2). 
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Figure 4.6: ATOFMS spectra for the exchange of MIL-68(In)-NH2 and MIL-68(In)-
Br. a) positive (left) and negative (right) ions spectra of MIL-68(In)-NH2; b) positive 

(left) and negative (right) ions spectra of MIL-68(In)-Br; c) positive (left) and negative 
(right) spectra of exchanged MIL-68(In)-(Br)(NH2). 
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Figure 4.7: PXRD patterns of MIL-101(Cr) and before and after PSE. 
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Figure 4.8: 1H NMR of exchanged ZIF-71-(Cl2)(Br).  Sample was digested with the 
solution of DMSO (590 μL) and DCl (10 μL).  By integration, approximately ~30% of 

ligand was 4-bromo-1H-imidazole. 
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Figure 4.9: ATOFMS spectra for the exchange of MIL-53(Al)-Br and MIL-53(Fe)-Br. 
a) positive (left) and negative (right) ions spectra of MIL-53(Al)-Br; b) positive (left) 

and negative (right) ions spectra of MIL-53(Fe)-Br; c) positive (left) and negative 
(right) ions spectra of exchanged MIL-53(Al)(Fe)-(Br). 
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Figure 4.10: SEM-EDAX mapping of PSE exchanged MIL-53(Al/Fe)-Br single 
particles. SEM image (top) and the corresponding elemental distributions of Al 

(middle, green) and Fe (bottom, red). Scale bar: 20 µm. 
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Figure 4.11: ATOFMS size distributions for (a) MIL-53(Al)-Br/NH2 (b) MIL-68(In)-
Br/NH2 and (c) cation exchange.  Grey and black lines represent dry mixed MOF 

samples and exchanged samples, respectively. 
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Figure 4.12: PXRD patterns of exchanged UiO-66(Zr) with different Ti(IV) and 
Hf(IV) sources.  The exchanged UiO-66(Zr/Ti or Hf) samples were produced in DMF 

at 85 °C over 5 d. 

 

Figure 4.13: Thermogravimetric analysis of UiO-66(Zr/Ti) generated via PSE.  
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Figure 4.14: Pictures of vial-separated PSE experiment. 

 

Figure 4.15: PXRD patterns of exchanged UiO-66(Zr) and UiO-66(Zr)-Br.  The 
exchanged UiO-66(Zr) sample was obtained from the larger vial and the exchanged 

UiO-66(Zr)-Br sample was produced from the smaller vial (Figure 4.12) 
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Chapter 5. Characterization of core-shell MOF 

particles by depth profiling experiments using on-line 

single particle mass spectrometry 

5.1 Abstract 

Materials with core-shell structures have distinct properties that lend 

themselves to a variety of potential applications.  Characterization of small particle 

core-shell materials presents a unique analytical challenge. Herein, single particles of 

solid-state materials with core-shell structures were measured using on-line aerosol 

time-of-flight mass spectrometry (ATOFMS).  Laser ‘depth profiling’ experiments 

verified the core-shell nature of two known core-shell particle configurations (<2 µm 

diameter) that possessed inverted, complimentary core-shell compositions 

(ZrO2@SiO2 versus SiO2@ZrO2).  The average peak area ratios of Si and Zr ions were 

calculated to definitively show their core-shell composition.  These ratio curves acted 

as a calibrant for an uncharacterized sample – a metal-organic framework (MOF) 

material surround by silica (UiO-66(Zr)@SiO2; UiO = University of Oslo).  ATOFMS 

depth profiling was used to show that these particles did indeed exhibit a core-shell 

architecture. The results presented here show that ATOFMS can provide unique 

insights into core-shell solid-state materials with particle diameters between 0.2-3 µm. 

5.2 Introduction 

Aerosol time-of-flight mass spectrometry (ATOFMS) has been used to 

characterize the chemical composition of small (0.2-3 µm) atmospheric aerosols over 
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the last decade [Nordmeyer and Prather, 1994; Prather et al., 1994].  Recently, 

ATOFMS has been used to characterize other particles beyond only atmospheric 

aerosols [Kim et al., 2012a; Kim et al., 2011; Kim et al., 2012b].  Uniquely, this 

technique uses a combination of lasers to measure the size and chemical composition 

of individual particles.  Because desorption and ionization are laser based, simply 

tuning the power of the ionizing laser can selectively segregate the surface molecules 

of the particle from the core, creating a ‘depth profile’ of the major chemical 

constituents [Pegus et al., 2005; Vaden et al., 2010; Woods et al., 2002; Zelenyuk et 

al., 2008].  Using this ability of ATOFMS, the core-shell nature of small particles can 

be determined, a feat very few techniques can accomplish [Katzenmeyer et al., 2014].  

Depth profiling experiments have been demonstrated on atmospheric aerosols and 

polystyrene nanoparticles using a technique similar to ATOFMS, but these methods 

have not been reported to distinguish core-shell composition on other types of 

particles [Pegus et al., 2005; Vaden et al., 2010; Zelenyuk et al., 2008].  

The development of unique solid-state, core-shell nanomaterials represents an 

active field of research due to their wide variety of potential applications such as gas 

absorption [Hirai et al., 2011], catalysis [Li et al., 2014; Somorjai and Rioux, 2005], 

chemical sensing [He et al., 2013], and drug delivery [Khaletskaya et al., 2013; Rieter 

et al., 2008; Taylor-Pashow et al., 2009].  Through control of the chemical 

composition and thickness of the core and shell components, the physical and 

chemical properties of the material can be tuned to the needs of a particular 

application [Wang and Zeng, 2009].  Silica, for example, offers advantages as a shell 
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component such as high chemical stability [Taylor-Pashow et al., 2009].  Metal-

organic frameworks (MOFs), constructed by joining inorganic secondary building 

units with organic linkers, have incredibly high surface areas and porosity.  MOFs can 

be chemically tuned with functional groups, by varying metal ion composition, 

particle morphology, and guest molecules within the MOF [Cohen, 2010; Deng et al., 

2010; Kim et al., 2012a; Kim et al., 2012b; Wang and Cohen, 2009].  A variety of 

core-shell MOFs have been created [Furukawa et al., 2009; Hirai et al., 2011; Koh et 

al., 2009; Kondo et al., 2010; Song et al., 2012; Taylor-Pashow et al., 2009; Yoo and 

Jeong, 2010], with a smaller number using silica as the shell component [Rieter et al., 

2008; Rieter et al., 2007; Taylor-Pashow et al., 2009]. 

Herein, the core-shell nature of two different nanoparticle structures with 

opposing core-shell composition, (ZrO2@SiO2 versus SiO2@ZrO2) was investigated 

using ATOFMS laser depth profiling experiments.  An unknown, but expected core-

shell MOF, UiO-66(Zr)@SiO2 (UiO = University of Oslo), was verified to in fact be 

core-shell in nature.  These results highlight the potential for this technique to 

investigate the core-shell structure of other nanomaterials, and to be a viable 

alternative characterization approach for core-shell solid-state materials with specified 

particle sizes. 

5.3 Experimental 

5.3.1 ATOFMS  

A detailed discussion of the ATOFMS is available elsewhere [Gard et al., 

1997].  Briefly the ATOFMS is capable of measuring both the size and chemical 
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composition of single nanoparticles (0.2-3 µm in aerodynamic diameter).  Mass 

spectra are generated using a 266 nm Nd:YAG laser to desorb and ionize the particle.  

At high laser powers (>1 mJ) the entire particle is desorbed; however, at lower laser 

powers (<1 mJ) it is unlikely that the whole particle is desorbed, but rather just 

molecules closer to the surface of the particle.  Relative peak areas (RPA) (i.e. the 

fractional intensity of each peak in a mass spectrum) are used throughout this 

manuscript unless otherwise noted.  ATOFMS spectra were processed in Matlab 

(Mathworks, inc.) using the YAADA toolkit (www.yaada.org) [Allen, 2002]. 

5.3.2 Preparation of nanomaterials 

To standardize depth profiling experiments, known morphologies of solid-state 

materials were prepared.  For this reason, Zr and Si were chosen, as core-shell 

nanomaterials ZrO2@SiO2 and SiO2@ZrO2 could be synthesized with sizes similar to 

common UiO-66 particles. 

General methods: Starting materials and solvents were purchased and used 

without further purification from commercial supplies (Sigma-Aldrich, Alfa Aesar, 

EMD, TCI, and others). 

Synthesis of SiO2@ZrO2:  Synthesis of SiO2@ZrO2 core-shell particles was 

prepared as previously described [Kim et al., 2009].   

Synthesis of ZrO2@SiO2:  Synthesis of ZrO2@SiO2 core-shell particles was 

prepared by a sol-gel method, with modification to a previous reported approach 

[Yang et al., 2013].  ZrO2 core particles (ZrO2, powder, 5 µm, 99% trace metals basis) 

http://www.yaada.org/
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were purchased from Sigma-Aldrich.  SiO2 coating of ZrO2 was carried out by 

dispersing 45.9 mg ZrO2 dispersion in 1 mL water.  Then, 0.5 mL ammonia (28-30% 

aqueous solution) and 20 mL isopropanol were added to the ZrO2 dispersion.  After 30 

min, 387 mg TEOS (tetraethoxysilane, Si(OCH2CH3)4) was added with stirring.  The 

mixture was stirred at room temperature for 24 h, and the product was separated via 

centrifugation at 6500 rpm for 15 min, washed with water (3×15 mL), and dried under 

vacuum at 70 °C.   

Synthesis of UiO-66@SiO2:  Synthesis of the core-shell solid-state materials is 

shown in Scheme 5.1 [Kim et al., 2009; Taylor-Pashow et al., 2009; Yang et al., 

2013].  Solvothermal synthesis of UiO-66 was carried out by dissolving ZrCl4 (16 mg, 

0.07 mmol), terephthalic acid (11.6 mg, 0.07 mmol), and acetic acid (210 mg, 3.5 

mmol) in 4 mL DMF in a scintillation vial.  The vial was then transferred to an 

isothermal oven at 120 °C for 24 h.  After cooling, the solids were separated by 

centrifugation, and soaked in MeOH for 3 d before vacuum drying.  Silica coating of 

MOF particles was performed by using a modified version of a reported procedure 

[Taylor-Pashow et al., 2009].  10 mg of UiO-66 nanoparticles were dispersed in 4 mL 

of water.  Sodium silicate (Na2SiO3·5H2O, 47.5 mg, 0.224 mmol) was dissolved into 2 

mL water, and the pH of the silicate solution was adjusted to ~7 using HCl.  The 

silicate solution was added to the UiO-66 suspension, and the reaction was diluted to a 

volume of 20 mL with water.  The suspension was stirred for 3 h at 60 °C.  The 

particles were isolated by centrifugation, washed with water and ethanol, and dried 

under vacuum.  
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Scheme 5.1: Synthesis of SiO2@ZrO2, ZrO2@SiO2, and UiO-66(Zr)@SiO2. 

5.4 Results 

5.4.1 Single Particle Depth Profiling 

To effectively determine the core-shell composition of a material by 

ATOFMS, a number of key instrumental factors must be taken into account, namely:  

(1) ionization laser power [Steele et al., 2005; Wenzel and Prather, 2004], (2) peak ion 

sensitivities [Bhave et al., 2002; Gross et al., 2000], and (3) changing matrix effects as 

a function of laser power [Bhave et al., 2002; Hinz and Spengler, 2007; Qin et al., 

2006],  Laser power is difficult to characterize as the effective laser power the particle 

experiences is dependent on the position of the particle within the Gaussian laser beam 

and laser shot-to-shot fluctuations.  Both create variance in the effective depth 

sampled by ATOFMS.  Peak ion sensitivities and matrix effects are more difficult to 

characterize as both effects could potentially vary with laser power.  This is further 

complicated by the appearance or disappearance of ions at a specific mass/charge 
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(m/z) of interest as a function of laser power.  These problems can be circumvented by 

generating ion peak ratio curves using particles having known and complimentary 

core-shell architectures, which effectively serve as a standard to compare an unknown 

against.  In this way, peak ratio trends of an unknown can be compared against known 

core-shell peak ratio curves and identified [Vaden et al., 2010].  

For depth profiling experiments, laser power was varied from 0.1 mJ – 1.7 mJ 

(4·106 – 6·107 W/cm2).  Laser power was measured to provide a general indication of 

the degree of laser variability, presented as the standard deviation in laser power.  To 

mitigate the uncertainty caused by the position of the particle within the Gaussian 

beam profile, 500-1000 particles were collected at each laser power, with the 

exception of the lowest laser power for which ~100 particles were collected, due to 

being near the threshold of ionization at this laser power.  It should be noted that Si 

and Zr ions are easily distinguishable in the particle mass spectra and that no other 

UiO-66 organic ions overlap with these peaks, which is a necessary requirement for 

successful depth profiling experiments.  

 



149 
 

 

 

Figure 5.1: Mass spectra of SiO2@ZrO2 (a-b) and ZrO2@SiO2 (c-d) at high and low 
laser power. 

 

Figure 5.2: RPA ratios Si/Zr of SiO2@ZrO2 (circles) and ZrO2@SiO2 (triangles). 
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Figure 5.3: Normalized RPA ratios (Si/Zr) of SiO2@ZrO2 (circles) and ZrO2@SiO2 
(triangles). 

5.4.2 Core-Shell ZrO2@SiO2 and SiO2@ZrO2 nanomaterials 

Core-shell ZrO2@SiO2 and SiO2@ZrO2 particles were synthesized using 

previously described methods with slight modifications (see Experimental Section).  

The resulting particles were characterized by scanning and/or transmission electron 

microscopy (Figure 5.4).  Average mass spectra of ZrO2@SiO2 and SiO2@ZrO2 

nanomaterials collected at high and low laser powers are shown in Figure 5.1.  Zr ions 

appear in the positive ion mode at m/z 89-95 (Zr+) and 106-111 (ZrO+), while Si ions 

predominantly appear in the negative ion mode at m/z -60 (SiO2
-) and -75-78 (SiO3

-) 

[Kim et al., 2011; Silva et al., 2000].  The mass spectra qualitatively show the 

expected core-shell nature of the materials.  In the SiO2@ZrO2 particles, Si ions 

increase in intensity as the laser power is increased (Figure 5.1a-b), indicating more Si 

present at the core of the particle.  In contrast, Zr ions increase relative to Si ion 
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between Figure 5.1c-d representing more Zr content at the core of the particle, as 

expected for ZrO2@SiO2. 

 

Figure 5.4: TEM images of ZrO2@SiO2 (top) and SiO2@ZrO2 (bottom). 

To compare total metal ion content, ion peak ratios, taken as the sum of 

average Si RPA for ions (m/z 60, 75-78) divided by the sum of average Zr RPA for 
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peaks (m/z 89-95, 105-111), are shown in Figure 5.2.  As expected the two materials 

have opposing slopes indicating differing core-shell composition.  The minimum laser 

power to generate ions for both materials was 0.2-0.3 mJ.  At 0.2 mJ, ZrO2@SiO2 

begins at a mean peak ratio of 0.043 which steadily decreases to 0.020 by 1.7 mJ.  

SiO2@ZrO2 had a positive slope with a peak ratio starting at 0.153 at 0.3 mJ which 

increased with increasing laser power to 0.257 at 1.5 mJ.  These two ratio curves 

inherently contain ATOFMS peak biases and hence provide a qualitative range of 

peak shapes for which an unknown core-shell material can be compared against.  

It is important to note that the position of the lines in Figure 5.2 (starting at 

highest laser power) represent the overall Si/Zr content difference between the 

materials.  At the highest laser power, the particle is completely desorbed and thus the 

ratio obtained is indicative of all molecules in the particle.  The core/shell nature of the 

material is identified by the trend of these points from their ratio measured at the 

highest laser power.  To make this difference clearer, the overall Si/Zr content 

collected for each set of particles obtained at the highest laser power (>1.5 mJ) was 

normalized to a value of 1.  For reference, a trend with no slope indicates a 

homogeneous mixture of Si/Zr, while a ratio trend towards smaller or larger ratios 

indicates more Zr or Si at the surface of the particle, respectively.  The normalized 

peak ratio trends for ZrO2@SiO2 and SiO2@ZrO2 are given in Figure 5.3.  The 

SiO2@ZrO2 ratio has a shallow slope towards smaller values, indicating a Zr shell.  

The increased ATOFMS sensitivity of Zr over Si likely biases this trend to have a 

relatively small slope.  In contrast, the ZrO2@SiO2 trend sharply deviates towards 
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higher ratios indicating more Si content at lower laser powers and thus more Si 

content at the surface.   

These trends can be understood in another way, by looking at single particle 

RPA distributions. Single RPA distributions for Zr and Si from ZrO2@SiO2 and 

SiO2@ZrO2 are given in Figure 5.5a/b and c/d, respectively.  These figures reflect all 

individually measured single particle RPAs used to calculate the mean ratios shown in 

Figure 5.1.  It can be seen in these figures that the trend of the peak ratio curve is 

predominantly governed by the core component.  For SiO2@ZrO2 the mode of the Zr 

ion distribution stays relatively constant at a RPA of 0.9 for all laser powers. 

Additionally the number fraction of particles containing Zr is high (>0.95) and 

essentially constant across laser power.  Assuming that the entire shell is desorbed at 

all laser powers, true for a relatively thin shell material, the relative ion content of Zr 

in the positive ion spectra would not change as laser power is increased further.  In 

contrast, as laser power is increased the relative contribution of the core material 

increases, which is reflected as an increase in the mode of the Si peak distribution 

towards larger RPA, from 0.13 to 0.25.  The same reasoning can explain ZrO2@SiO2, 

where the shell content (Si) remains relatively constant (0.04-0.05) with laser power 

while the core content (Zr) increases with increasing laser power, in this case reflected 

by an increase in the number fraction of particles containing >70% Zr RPA, from 74-

85% for 0.2 and 1.7 mJ, respectively.   
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Figure 5.5: Si and Zr single particle RPA distributions of SiO2@ZrO2 (a,b) and 
ZrO2@SiO2 (c,d). 

5.4.3 Investigation of an unknown core-shell UiO-66(Zr)-SiO2 

With trends measured for nanomaterials of two opposing core-shell 

compositions, the Zr/Si content of an uncharacterized sample could be investigated.  A 

MOF material encased in silica, hypothesized to be a UiO-66(Zr)@SiO2 core-shell 

material, was synthesized.  Single particle peak ratios collected for this material are 

shown in Figure 5.6a.  The slope of the line is clearly negative and qualitatively 

similar in shape to ZrO2@SiO2 indicating that the UiO-66 contains a Si shell.  At 1.1 

mJ, the average peak ratio was 0.069, but as laser power decreased the peak ratio 

quickly increased to 0.711.  The UiO-66(Zr)@SiO2 ratio trend normalized in the same 

manner as described previously is shown in Figure 5.6b.  For visual reference the 

ZrO2@SiO2 and SiO2@ZrO2 normalized trends are also included.  Here it becomes 

immediately apparent that the UiO-66 peak ratio trend matches much more closely to 
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that obtained with the ZrO2@SiO2 standard.  Note that the range of laser powers used 

for UiO-66 were lower as the ionization threshold of the MOF was lower by ~0.1 mJ 

than in ZrO2@SiO2 and SiO2@ZrO2.  This is likely due to increased laser absorption 

of organic molecules present in the MOF.  If this difference were to be normalized the 

UiO-66(Zr)@SiO2 and ZrO2@SiO2 ratio trends become even more similar.  The ratio 

trend of UiO-66 increases more sharply than ZrO2@SiO2 perhaps indicating a more 

distinct core-shell, though with the current data this cannot be conclusively 

determined.  Single particle RPA distributions were similar to those described for 

ZrO2@SiO2.  

 

Figure 5.6: Si/Zr RPA ratios:  (a) and normalized ratios, (b) of UiO-66(Zr)@SiO2.  
Normalized ratios of SiO2@ZrO2 and ZrO2@SiO2 are shown for reference. 

5.5 Conclusions 

Particles of a core-shell MOF, UiO-66(Zr)@SiO2, were characterized by 

ATOFMS laser depth profiling experiments.  Definitive characterization was 

determined using peak ratio curves of materials with similar chemical compositions to 

UiO-66(Zr)@SiO2 but having known and opposing core-shell composition.  It should 

be noted that all the data presented herein were collected from individual 

nanoparticles, 0.1-3 µm in aerodynamic diameter, rather than from large (>100 µm) 
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crystals typically used to determine the core-shell nature of MOF materials [Furukawa 

et al., 2009; Hirai et al., 2011; Koh et al., 2009; Kondo et al., 2010; Song et al., 2012; 

Yoo and Jeong, 2010]. 

The current limitation of this technique is the need to know instrument 

sensitivity as a function of laser power for a particular matrix composition; i.e. 

knowledge a priori of slopes of opposing core-shell compositions when measured by 

ATOFMS.  The MOFs in this study were selected based on the availability of core-

shell nanomaterials comprised of the same predominant ions present in the unknown 

MOF (Zr and Si) in order to provide context to the ATOFMS depth profile.  As 

demonstrated herein, this limitation can be overcome if materials with known and 

opposing core-shell compositions are available. This technique also has the potential 

for quantitative measurement of shell thickness [Vaden et al., 2010; Zelenyuk et al., 

2008].  Future work will investigate the core-shell nature of other materials including 

a wider array of core-shell MOFs.   
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Chapter 6. The mixing state of carbonaceous aerosol 

particles in northern and southern California 

measured during CARES and CalNex 2010 

Reprinted with permission from Atmospheric Chemistry and Physics 

6.1 Abstract:  

 Carbonaceous aerosols impact climate directly by scattering and absorbing 

radiation, and hence play a major, although highly uncertain, role in global radiative 

forcing. Commonly, ambient carbonaceous aerosols are internally mixed with 

secondary species such as nitrate, sulfate, and ammonium, which influences their 

optical properties, hygroscopicity, and atmospheric lifetime, thus impacting climate 

forcing. Aircraft-aerosol time-of-flight mass spectrometry (A-ATOFMS), which 

measures single-particle mixing state, was used to determine the fraction of organic 

and soot aerosols that are internally mixed and the variability of their mixing state in 

California during the Carbonaceous Aerosols and Radiative Effects Study (CARES) 

and the Research at the Nexus of Air Quality and Climate Change (CalNex) field 

campaigns in the late spring and early summer of 2010.  Nearly 88% of all A-

ATOFMS measured particles (100-1000 nm in diameter) were internally mixed with 

secondary species, with 96% and 75% of particles internally mixed with nitrate and/or 

sulfate in southern and northern California, respectively. Even though atmospheric 

particle composition in both regions was primarily influenced by urban sources, the 

mixing state was found to vary greatly, with nitrate and soot being the dominant 
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species in southern California, and sulfate and organic carbon in northern California.  

Furthermore, mixing state varied temporally in northern California, with soot 

becoming the prevalent particle type towards the end of the study as regional pollution 

levels increased. The results from these studies demonstrate that the majority of 

ambient carbonaceous particles in California are internally mixed and are heavily 

influenced by secondary species that are most prevalent in the particular region. Based 

on these findings, considerations of regionally dominant sources and secondary 

species, as well as temporal variations of aerosol physical and optical properties, will 

be required to obtain more accurate predictions of the climate impacts of aerosol in 

California.  

6.2 Introduction 

Carbonaceous aerosols, comprised of soot and/or organic carbon (OC), affect 

climate directly through scattering and absorbing radiation and indirectly by 

influencing cloud formation, albedo, and lifetime [Ackerman et al., 2000; Poschl, 

2005; Ramanathan et al., 2007; Rosenfeld and Givati, 2006]. Soot, formed by 

incomplete combustion processes, is strongly absorbing and hence plays a key role in 

affecting climate through radiative forcing [Jacobson et al., 2000; Kanakidou et al., 

2005; Ramanathan and Carmichael, 2008; Solomon et al., 2007].  OC from vehicle, 

biogenic, and biomass burning emissions, as well as from secondary aerosol 

formation, can exhibit a wide range of optical properties which depend on the mixing 

state of particles [Hand and Malm, 2007; Jacobson et al., 2000; Kanakidou et al., 

2005; Rudich et al., 2007].  Soot and OC particles can form internal mixtures with one 
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another as well as other secondary species, such as nitrate, sulfate, and ammonium, 

which strongly affects their optical and physical properties [Moffet et al., 2010; 

Prather et al., 2008; Spencer and Prather, 2006].   

Internal mixtures of OC and soot increase the absorption coefficient, leading to 

greater radiative forcing than predicted for either species alone [Moffet and Prather, 

2009; Schnaiter et al., 2005; Schwarz et al., 2008].  For example, Schnaiter et al. 

[2005] measured absorption amplification factors of 1.8 to 2.1 times higher for soot 

with coatings than without and similarly, Moffet and Prather [2009] found an 

absorption enhancement of 1.6 for soot particles coated with OC and secondary 

species over pure soot.  Previous studies determined that water soluble coatings, such 

as sulfuric acid, lead to enhanced absorption over that of externally mixed particles 

[Khalizov et al., 2009; Naoe et al., 2009].  In addition to absorption enhancement, 

coatings can alter particle hygroscopicity, which in turn affects the particle’s optical 

and physical properties, as particles that are more hygroscopic will absorb more water, 

scatter radiation more efficiently, and have a higher potential to become cloud 

condensation nuclei (CCN) [Hand and Malm, 2007; Mochida et al., 2006; Wang et al., 

2010]. Laboratory and field studies show altered hygroscopicity for photochemically 

aged soot, due in part to the condensation of secondary species [Cappa et al., 2011; 

Furutani et al., 2008; Petters et al., 2006; Wang et al., 2010]. For example, Petters et 

al. [2006] observed that as hydrophobic soot particles age they can become 

hydrophilic due to the addition of a sulfate or nitrate coating. Wang et al. [2010] 

determined that nitrate partitioned onto aerosols leads to increased CCN activity.  
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Multiple studies have shown that particles can acquire coatings rapidly, sometimes in 

only a few hours, hence the amount of ambient particles existing as internal mixtures 

may represent a sizable fraction of total ambient aerosols [Jacobson, 2001; Moffet and 

Prather, 2009; Riemer et al., 2010; Wang et al., 2010]. In addition, the aerosol optical 

and CCN activation properties may be sensitive to the degree of internal mixing even 

after 1 to 2 days [Zaveri et al., 2010]. 

Despite the importance of mixing state on particle optical and physical 

properties, atmospheric models generally represent the particle population as an 

external mixture [Koch et al., 2011]. Chung and Seinfeld [2002] found the assumption 

of external mixing state may lead to as much as ~0.4 W/m2 underestimation in 

radiative forcing.  Similarly, Jacobson estimated that global radiative forcing of soot 

increases by a factor of 2.9, when varied from an external to an internal mixture 

[Jacobson, 2001].  Additionally, numerous studies have shown the sensitivity of 

climate to large aerosol perturbations [Kloster et al., 2010; Leibensperger et al., 2012; 

Mickley et al., 2012; Solomon et al., 2007]. The potentially large effect on radiative 

forcing calculations due to mixing state necessitates empirical measurements to 

determine the extent of soot and non-absorbing species, such as OC, present in the 

atmosphere as internal or external mixtures.  

Single particle mixing state is gradually becoming a more prevalent 

measurement in field studies [Brands et al., 2010; Gard et al., 1997; Murphy and 

Thomson, 1995; Zelenyuk and Imre, 2005].  Ground-based measurements have shown 

the large variability in the mixing state of carbonaceous aerosols, even within just 
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California [Chow et al., 2006; Chow et al., 1993]. For example, Qin et al. [2012] 

found carbonaceous aerosols in Riverside, California were internally mixed with 

sulfate from photochemical processing during the summer, while nitrate was the 

dominant secondary species in the fall due to semivolatile partitioning of ammonium 

nitrate.  In Bakersfield, California, carbonaceous aerosols were found to be internally 

mixed with ammonium, nitrate, and sulfate from partitioning of ammonium nitrate and 

ammonium sulfate [Whiteaker et al., 2002]. An inherent limitation in ground-based 

measurements is their susceptibility to local sources. Aircraft sampling can cover large 

areas over short timescales, providing measurements that are indicative of an entire 

region and therefore may be more useful for evaluation of model predictions over 

large areas. Relatively few aircraft studies to date have measured single particle 

mixing state [Murphy et al., 2007; Pratt and Prather, 2010; Zelenyuk et al., 2010]. 

Herein, in situ measurements of carbonaceous aerosol mixing state were determined 

using an aircraft-aerosol time-of-flight mass spectrometer (A-ATOFMS) over two 

major aircraft campaigns in California during the late spring and early summer of 

2010 to elucidate (1) the fraction of carbonaceous particles that are internally and 

externally mixed and (2) differences in mixing state of carbonaceous particles between 

the two regions studied.  

The Research at the Nexus of Air Quality and Climate Change (CalNex) 

campaign sampled aerosols over southern California, with the goal of understanding 

the role of particle composition on air quality and climate change 

(www.esrl.noaa.gov/csd/calnex/).  A large area of northern California was 
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characterized during the Carbonaceous Aerosols and Radiative Effects Study 

(CARES), a study that sought to follow the evolution of soot as particles are 

transported from fresh urban sources in Sacramento into the more remote Sierra 

Nevada foothills (campaign.arm.gov/cares/).  These two studies conducted 

consecutively in May and June 2010 provide an assessment of particle mixing state 

throughout most of California. 

 

Figure 6.1: Operational areas for CARES and CalNex. All flight paths are overlaid on 
each other. Yellow dots represent Sacramento (CARES) and Los Angeles (CalNex) 
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6.3 Experimental  

6.3.1 Aircraft Aerosol Time-of-Flight Mass Spectrometer  

  A description of the A-ATOFMS is given in detail elsewhere [Pratt et al., 

2009]. In brief, the A-ATOFMS measures the vacuum aerodynamic diameter (dva) and 

chemical composition of single particles in real time for particles between ~100 – 

1000 nm, with peak transmission between 200 – 700 nm.  Additional information on 

A-ATOFMS particle transmission within the aircraft is given in the supplementary. 

After passing a Po210 neutralizer and pressure controlled inlet [Bahreini et al., 2008], 

particles are focused through an aerodynamic lens [Liu et al., 1995a; Liu et al., 

1995b], where they are accelerated to their aerodynamic terminal velocity.  The 

particles then pass through two continuous wave 532 nm lasers (JDSU) spaced 6.0 cm 

apart.  The time difference between the scattering signals is used to calculate the 

velocity and size (dva) of the particle.  The velocity is used to queue the firing of a 266 

nm Q-switched Nd:YAG laser (Quantel), operating at 0.5-1.5 mJ, for desorption and 

ionization of the particle.  Dual polarity mass spectra are acquired after ions pass 

through a time-of-flight mass spectrometer (Tofwerk).  The particle source is 

determined using positive spectra, while negative spectra provide information on the 

secondary species and chemical processing that the particle has undergone [Guazzotti 

et al., 2001; Noble and Prather, 1996; Prather et al., 2008]. 

  Single-particle mass spectra were imported into Matlab (The MathWorks, Inc.) 

using the YAADA software toolkit (www.yaada.com).  An adaptive resonance theory-

based clustering algorithm (ART-2a, vigilance factor of 0.80,  learning rate of 0.5, 20 

http://www.yaada.com/
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iterations, and regroup vigilance factor of 0.85) was used to group spectra into clusters 

based on similar mass spectral characteristics [Allen, 2002; Rebotier and Prather, 

2007; Song et al., 1999].  Data from each campaign were grouped and then analyzed 

separately using ART-2a.  Greater than 95% of ART-2a analyzed particles were 

grouped into clusters which were further combined manually into 11 general particle 

types based on characteristic ion markers.  Mass spectral peaks were identified 

according to the most probable ions at a given mass-to-charge (m/z) ratio.  Particle 

source classifications were established based upon characteristic peaks identified in 

previous studies, however these labels do not reflect all of the species present in a 

particle type, i.e. the presence of secondary species such as sulfate or nitrate. 

Calculated standard errors of number fractions were small, <1%, hence were not 

included in this discussion.   

6.3.2 CalNex - Southern California 

  Measurements were taken onboard the Center for Interdisciplinary Remotely-

Piloted Aircraft Studies (CIRPAS) Twin Otter. Flight operations were based out of 

Ontario, CA through the Guardian Jet center, a part of the Los Angeles (LA)/Ontario 

international airport. There were nine flights during the study period of 5 May 2010 – 

18 May 2010, with each flight lasting ~4 hours with a usual start time of ~11 AM local 

time (PDT).  All flight tracks are shown in Figure 6.1 and flight dates can be found in 

Table 6.1. Flights were focused in the LA basin, often making multiple circuits over 

the area. Results from the CalNex campaign are referred to as southern California 

hereafter. Particle concentrations and size from 100 – 3000 nm were measured by a 
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Passive Cavity Aerosol Spectrometer Probe (PCASP), and two Condensation Nuclei 

Counters (CPC, TSI models 3010 and 3025), detecting particles down to 10 and 3 nm 

respectively.  The A-ATOFMS collected data for 8 out of 9 flights, measuring the 

chemical composition and size of 75,969 particles during this study.  

6.3.3 CARES – Northern California 

  Flights were operated out of the McClellan airfield in Sacramento, CA from 2 

June 2010 – 28 June 2010 onboard the Department of Energy Gulfstream-1. This 

study focused on the surrounding urban Sacramento area and Sierra Nevada foothills, 

thus results from this campaign are interchangeably referred to as northern California.  

Usually each sampling day consisted of a flight in the morning, ~8AM local, and in 

the afternoon, ~2 PM local, with most flights lasting ~4 hours. Flight dates are given 

in Table 6.1, while the flight paths for all 22 flights during the study are shown in 

Figure 6.1. More details on the campaign and instrumentation aboard the aircraft can 

be found elsewhere [Zaveri et al., 2012].  Gas-phase concentrations of SO2 and NOx, 

as well as other species were measured in flight. Total condensation nuclei (CN) 

concentrations were measured using the same CPC models used in the CalNex 

campaign (TSI models 3010 and 3025).  Number concentration and size for particles 

with sizes from 55-1000 nm were detected using an Ultra-High Sensitivity Aerosol 

Spectrometer (UHSAS) probe (Droplet Measurement Technologies). For direct 

comparisons of gas-phase species and particle concentrations between CalNex and 

CARES, representative average concentrations were calculated using data from the 

California Air Resources Board (CARB, http://www.arb.ca.gov) ground based 

http://www.arb.ca.gov/
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measurements from North Main Street in LA and from Del Paso Manor in Sacramento 

to represent CalNex and CARES, respectively.  The A-ATOFMS was on-line for 20 of 

22 total flights, chemically analyzing 60,230 particles. 

 

Figure 6.2: Number fractions of A-ATOFMS particle sources, determined by the most 
dominant ions in A-ATOFMS mass spectra, for California (a), southern California (b), 

and northern California (c).   

6.4 Results 

6.4.1 Particle sources throughout California 

  As shown in Figure 6.2a, predominant particle sources by number fraction in 

the boundary/residual layers of both campaigns were identified as biomass burning 

(BB), highly processed (HP), soot mixed with OC (Aged Soot), OC, and soot, which 

represented 28, 22, 21, 16, and 5% of total particle counts measured by the A-

ATOFMS in both studies, respectively.  BB originated from agricultural and 

residential burning, which is most prevalent in the rural regions of northern California. 
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These spectra are characterized by an intense potassium peak at mass/charge (m/z) 

39K+ (Figure 6.3a) in addition to less intense OC and soot peaks at m/z 12C+, 24C2
+, 

27C2H3
+/CHN+

, 
29C2H5

+, 36C3
+, and 43C2H3O+/CHNO+ [Bi et al., 2011; Guazzotti et al., 

2001; Hudson et al., 2004; Silva et al., 1999].  HP are particles for which only 

negative ion spectra were acquired. Since the core, which is shown in the positive ion 

spectra, was not obtained, the source of these particles cannot be identified, but they 

are hypothesized to be carbonaceous particles that have undergone extensive 

processing. Size distributions of these particles are nearly identical to those of Aged 

Soot particles (R2 = 0.98) and to a lesser extent BB and OC particles (R2 = 0.93 and 

0.89, respectively), lending support to the hypothesis that they are most likely heavily 

coated soot particles. Thus, these particles will be included as carbonaceous aerosol in 

subsequent discussions.  

  Aged Soot, formed primarily through fossil fuel combustion and subsequent 

coagulation with or condensation of semivolatile organic species, has intense 

elemental carbon Cn
+ peaks (12C+, 24C2

+, 48C3
+) with weaker OC peaks, m/z 27C2H3

+, 

29C2H5
+,  37C3H+, 39C3H3

+/K+, 43C2H3O+ [Moffet and Prather, 2009; Spencer and 

Prather, 2006] (Figure 6.3b). Peaks at m/z 27C2H3
+/CHN+, 29C2H5

+, 37C3H+, 

39C3H3
+/K+, and 43C2H3O+/CHNO+ are indicative of OC species from vehicle and 

biogenic emissions (Figure 6.3c).   Peaks at m/z 50C4H2/C3N+, 59C3H9N+, and peaks at 

m/z 12C+, 24C2
+, 48C3

+, similar to soot, were occasionally also seen on OC particles but 

at significantly lower relative intensities [Spencer and Prather, 2006]. Figure 6.3d 

shows soot spectra which consist of almost entirely elemental carbon Cn
+ peaks out to 

the high mass range, i.e. m/z 12C+, 24C2
+ … 180C15

+, and Cn
- peaks from m/z 12C-, 24C2

- 
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… 72C6
- in negative spectra. As this particle type doesn’t typically contain secondary 

species it is thought to be relatively fresh. Other carbonaceous and non-carbonaceous 

particle types like vanadium mixed with OC (V-OC) [Ault et al., 2009], high mass OC 

(HMOC) [Silva and Prather, 2000], amine (AM) [Angelino et al., 2001; Pratt and 

Prather, 2010; Sorooshian et al., 2008], biological (BIO) [Fergenson et al., 2004; 

Pratt and Prather, 2010; Russell, 2009], dust (D) [Pratt and Prather, 2010; Silva and 

Prather, 2000], and sea salt (SS) [Gard et al., 1998] each represented <3% of total 

aerosol and are described in detail in the supporting information.  Most particle types 

did not have a strong dependence on size (Figure 6.11), with the one exception of SS 

particles which had a clear dependence towards larger (> 600 nm) sizes. A more 

detailed discussion of the chemical dependence on particle size is given in the 

supplementary. Negative ion spectra were absent in 13% of particles for both studies, 

with the majority of these occurring during the CARES (24%) rather than the CalNex 

campaign (4%). This is dependent on both instrument sensitivities and the amount of 

processing the particle has undergone. A more detailed discussion of only positive ion 

spectra is given in the supporting information.    
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Figure 6.3: A-ATOFMS particle types for (a) biomass burning (BB), (b) soot mixed 
with organic carbon (Aged Soot), (c) organic carbon (OC), and (d) soot. Common 

negative ions are discussed in text and can be found in Figure 6.10. 

 
 
 

 

Figure 6.4: Fraction of particles containing soot and OC RPA > 0.5% in southern 
California (left panel).  Single particle OC:soot peak ion ratio distributions are shown 
in (right panel).  Ratios representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and 

dashed lines, respectively.  
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Figure 6.5: Fraction of particles containing sulfate and nitrate RPA > 0.5% in southern 
California (left panel).  Sulfate:nitrate ion ratio distributions are shown in (right 

panel).  Ratios representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed 
lines respectively.  

6.4.2 Particulate secondary species in California 

  For particles with the same base chemical signature (i.e. biomass, soot, OC, 

etc.), relative peak areas (RPA) qualitatively reflect the amount of a species on a 

particle in relation to other species [Bhave et al., 2002; Gross et al., 2000; Prather et 

al., 2008].  Previous studies in California have shown that the presence of ammonium 

nitrate [Langridge et al., 2012; Sorooshian et al., 2008] and ammonium sulfate [Qin et 

al., 2012] can influence single particle mixing state. During this study, partitioning of 

methanesulfonic acid (MSA) and organosulfate (OS) to particles was likely to occur in 

the vicinity of marine and heavily forested areas where MSA and OS, respectively, 

originate [Gaston et al., 2010; Hatch et al., 2011].  To examine the mixing state of 

particles with biogenic, marine, and anthropogenic species, single particle mixing state 
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was examined by identifying peaks of ammonium (18NH4
+), sulfate (97HSO4

-, 

195H2SO4HSO4
-), nitrate (46NO2

-, 62NO3
-, 125H(NO3)2

-) [Silva and Prather, 2000], MSA 

(95CH3SO3
-) [Gaston et al., 2010], and/or OS (derived from glycolic acid (m/z -155), 

2-methylglyceric acid (m/z -199), and isoprene epoxydiol (m/z -215)) [Hatch et al., 

2011]. Other secondary species were investigated, but no significant trends were seen. 

A particle is considered to contain these species if the RPA for m/z ratios indicative of 

those species exceeds 0.5% of the mass spectrum.  For example, a particle contains 

sulfate if the RPA at m/z -97 or -195 is greater than 0.5% of the ions in the entire mass 

spectrum.   

  Most particles in California were found to be internally mixed with secondary 

species, with nearly 88% of particles by number containing sulfate, nitrate, MSA, OS, 

or ammonium individually or internally mixed together. Commonly, particles 

contained sulfate (82%) or nitrate (82%), and 76% of particles had both, but, as 

discussed below, the magnitude of these species varied greatly between southern and 

northern California.    

6.4.3  Southern California aerosol mixing state 

  In the LA basin, frequently capped by a temperature inversion, a prevailing sea 

breeze transports air to the east toward the outflow pathways for the basin. Most Twin 

Otter flights in southern California were carried out at low altitudes, <700 m, sampling 

within the boundary layer. The number fractions of the main carbonaceous aerosol 

types from southern California differed greatly from those in California as a whole, as 

shown in Figure 6.2b. Particles were generally highly aged, as seen by the high 
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fraction of HP aerosols in the region (33%). Particles are often entrained within the 

basin, where they can undergo significant atmospheric processing [Schultz and 

Warner, 1982; Ulrickson and Mass, 1990]. Aged Soot, BB, OC, and soot were the 

other main particle types present, comprising 21, 18, 13, and 7% of A-ATOFMS total 

particle counts in southern California.  V-OC, AM, HMOC, and BIO represented 3.0, 

0.8, 1.4, and 0.5% of total particles, respectively. Excluding HP particles, nearly 96% 

of submicron particles measured by the A-ATOFMS in southern California contained 

carbonaceous material. Though some variability was seen flight-to-flight during 

CalNex, generally number fractions for the main particle types did not deviate greatly 

from the number fractions reported above. Representative soot (36C3
+, 48C4

+, 60C5
+) 

and OC (27C2H3
+, 29C2H5

+, 37C3H+, 43C2H3O+) ions > 0.5% of the mass spectrum were 

present in 62% and 63% of total particles, respectively (Figure 6.4, left panel) 

[Spencer and Prather, 2006]. Normally soot is emitted at sizes below the detection 

limit of the instrument (100 nm).  The fact that particles with intense soot peaks were 

seen indicates that soot particles had grown into the A-ATOFMS size range.  

Secondary species, such as nitrate, sulfate, and OC, contribute to this growth, but the 

extent each component plays in particle growth is unknown.  OC RPA cannot be 

compared directly to sulfate and nitrate RPA as their ion formation mechanisms are 

different.  However, OC and soot RPAs can be compared to determine the relative 

amount of OC mass on a particle. If the magnitude of OC peaks is low, then other 

species must have contributed to the growth of soot into larger sizes.  To elucidate the 

magnitude of soot with OC in the same particle, a peak ion ratio of OC:soot was 

calculated by dividing the total RPA for each species by the other. These ratios form a 
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distribution of values that represents all of the variance in magnitude of these species 

on particles ranging from pure OC to pure soot. Since these ratios are calculated for a 

single particle, they are not dependent on laser fluence or matrix effects, assuming that 

the entire particle is completely ablated and that matrix effects suppress the selected 

ions equally [Morrical et al., 1998; Wenzel and Prather, 2004].  It should be noted 

that OC particles could contain a soot core that was not ablated fully, which would 

affect these calculations, and that HP particles were not included in this analysis since 

they did not contain positive ions [Morrical et al., 1998; Pratt and Prather, 2009; 

Steele et al., 2003].  

  The OC:soot ion ratio distribution for particles in southern California is shown 

in Figure 6.4, right panel. For visual clarity, the OC:soot ratio has been normalized so 

that ratios < 1 will approach -1 as it proceeds to -∞ (i.e. soot without OC) and a ratio > 

1 will approach 1 as the ratio proceeds to +∞ (i.e. OC without soot). Further details on 

these calculations can be found in the supporting information. It should be emphasized 

that as ratios approach -1 or 1, they are exponentially increasing, while nearing zero 

the RPA of each species is essentially the same. This results in a broader range of 

ratios for bins near -1 or 1, while near 0 bins include a smaller range of ratios. As 

expected, a distribution of OC:soot ratios exists, demonstrating the variability in 

mixing state observed in southern California. As shown in Figure 6.4, right panel, a 

nearly equal number of particles have ratios above and below 0, although pure soot 

has nearly seven times as many particles as pure OC.  On days when OC dominates 

the mass spectra, influences from BB were significant, which is expected since BB is 

composed of nearly 62% OC by mass for smoldering fires [Reid et al., 2005].  Soot 
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likely originated from fossil fuel vehicle emissions in the LA basin [Ying and 

Kleeman, 2006]. 

Most particles in southern California had been processed to some degree, as 

indicated by ~96% of particles producing negative ion spectra with secondary species. 

Similarly, Metcalf et al. [2012] found that most soot particles were present with 

coatings of varying thicknesses during the CalNex study. Nitrate appeared on 95% of 

particles by number, and 90% of particles contained sulfate peaks (Figure 6.5, left 

panel).  Ratios of sulfate:nitrate RPAs, calculated in the same manner as OC:soot 

ratios, for every particle (including HP) are shown in Figure 6.5, right panel.  Most 

particles contain more nitrate than sulfate, but still a significant number of particles 

contain more sulfate than nitrate. This largely corroborates reported findings from 

other measurements during CalNex [Langridge et al., 2012; Metcalf et al., 2012]. To 

see if there is preferential partitioning of nitrate or sulfate to any particular source, the 

ion ratio distribution in Figure 6.5, right panel was split into particle sources.  Most 

particle sources have very similar ion ratio distributions that cover a wide range of 

sulfate:nitrate values, indicating that nitrate and sulfate partitioned to particles 

regardless of the original source/core.  SS and V-OC are the only exception, as both of 

these types are present with ion ratio distributions exclusively favoring nitrate. Nitrate 

is known to heterogeneously replace chloride on SS particles as they age, which may 

explain the preference of nitrate to SS observed in peak ratios [Gard et al., 1998]. Ault 

et al. [2010] measured V-OC particles near to the emission source and hypothesized 

that vanadium acted as a catalyst to produce sulfate from SO2. In the present work 

particles were measured farther from the source and are processed to a higher degree 
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such that nitrate might have replaced sulfate on those particles. This analysis 

demonstrates that ion ratio distributions may be used to identify different processing 

mechanisms when preferential partitioning of species to distinct types is observed.  

Large nitrate fractions can be attributed to high NOx concentrations over Los 

Angeles, an average of 32 ppb for the study period (CARB).  In addition, ammonium 

nitrate originates from animal husbandries surrounding the Los Angeles area near 

Chino, which have been shown to be a large source of ammonia in the region 

[Kleeman and Cass, 1998; Singh et al., 2002; Sorooshian et al., 2008; Ying and 

Kleeman, 2006].  Ammonium was found to be present in 37% of total particles, so the 

high nitrate seen in CalNex could in part be due to the presence of ammonium nitrate.  

Nearly 98% of particles internally mixed with sulfate were also mixed with nitrate, 

whereas only 93% of particles internally mixed with nitrate were mixed with sulfate in 

southern California.  MSA was present on 52% of total particles in southern 

California, indicating that sulfate originating from marine sources was prevalent in the 

region, as expected due to the close proximity of LA to the ocean (~30 km) [Ying and 

Kleeman, 2006].  A small fraction of particles contained organosulfate peaks (28%), 

likely due to smaller biogenic influence in the LA basin.   
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Figure 6.6: Fraction of particles containing soot and OC RPA > 0.5% in northern 
California (left panel).  OC:soot ion ratio distributions are shown in (right panel).  
Ratios representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines 

respectively.  

 

Figure 6.7: Fraction of particles containing sulfate and nitrate RPA > 0.5% in northern 
California (left panel). Sulfate:nitrate ion ratio distributions are shown in (right panel).  

Ratios representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and dashed lines 
respectively.  
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6.4.4 Northern California aerosol mixing state 

The Sacramento region is characterized by consistent southwesterly flow that 

carries air into the Sierra Nevada foothills during the day and recirculates the air back 

towards Sacramento at night, forming a residual layer of aged air the next day [Fast et 

al., 2012; Zaremba and Carroll, 1999]. Most flights sampled at low altitudes, <700 m, 

in either the boundary layer or residual layer. Number fractions of particles in northern 

California are shown in Figure 6.2c.  Unlike in southern California, BB represented a 

more significant fraction of particles (41% by number), due to increased residential 

and agricultural burning in the rural regions in northern California. HP particles did 

not represent as large a fraction in northern California, comprising only 9% of 

particles versus 33% in Southern California. Furthermore, only 76% of particles 

contained negative ion spectra, suggesting that particles in northern California had not 

undergone as much processing as in southern California. Often the lack of negative 

ion spectra is attributed to the presence of water [Neubauer et al., 1997; Neubauer et 

al., 1998], however relative humidity (RH) was lower on average during the CARES 

study (39±14%) compared to CalNex (49±30%), hence the potential impact of water 

on suppressing negative ion spectra should be less relative to CalNex.  

As was observed in southern California, OC and Aged Soot comprised a 

significant fraction of total aerosol in northern California, 21% and 20%, respectively. 

Pure soot was present at lower number fractions (3%) than in southern California 

(7%), though a better representation of soot and OC content can be found through 

peak areas and peak area ratios.  Significant soot and OC peaks were found in 84% 

and 87% of total particles, respectively (Figure 6.6, left panel). The single particle ion 
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ratio distribution of OC:soot (Figure 6.6, right panel), which are directly comparable 

between studies, indicates that OC was more significant in northern California as 

compared to southern California, with nearly 64% of ratios >1, hence having greater 

relative OC content. This fraction is significantly higher than that in southern 

California (48%) and is likely due to the heavily forested Sierra Nevada foothills lying 

to the northeast of Sacramento, which act as a source of biogenically derived OC 

particles. 

In contrast to southern California, most particles in northern California were 

primarily mixed with sulfate rather than with nitrate. Sulfate peaks were internally 

mixed with 72% of particles in northern California (Figure 6.7, left panel). Of those 

particles containing sulfate, 59% contained nitrate, though sulfate markers were 

usually many times more prominent than nitrate markers on the same particle.  Few 

particles contained only nitrate (~3%), while 13% of particles comprised only sulfate. 

Figure 6.7, right panel shows the sulfate:nitrate ion ratio distribution for particles 

containing sulfate or nitrate in northern California.  80% of particles contained more 

sulfate than nitrate and ~51% of those particles had a ratio >10:1. Similar to southern 

California, ratios covered a wide range of values, though in northern California ion 

ratio distributions did not indicate preferential partitioning of sulfate or nitrate to any 

particle type, with the exception of SS which was present with high ratios of nitrate, as 

in southern California. The decreased prevalence of nitrate in northern California can 

be attributed to lower NOx emissions in northern California as compared to southern 

California, with 1 hour averages of 4 and 32 ppb, respectively, from measurements at 

ground sites in Sacramento and LA (CARB).  Ammonium was present in amounts 
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similar to those in southern California, representing nearly 42% of total particles, 

suggesting the presence of ammonium sulfate. Recently published findings from AMS 

measurements at the T1 rural ground site during CARES, near the Sierra Nevada 

foothills, determined that much of particulate sulfate was indeed present as ammonium 

sulfate [Setyan et al., 2012].  

One can gain insight into the source of sulfur species by examining the 

presence of MSA (originating from marine air) and OS (originating from biogenic 

aerosol) on single particles. While OS and MSA peaks were detected on 35% and 50% 

of particles, respectively, sulfate was present on 72% of particles, and usually 

exhibited higher peak intensities. Fast et al. [2012] hypothesized that a significant 

fraction of SO2 present in the CARES region originates from the oil refineries in the 

Carquinez Strait, near San Francisco, as no substantial sources of SO2 exist in the 

Sacramento area. While anthropogenic SO2 from this source is likely responsible for 

the high sulfate present on single particles, some days were observed to have high 

fractions of particles containing OS and MSA, indicating significant contributions 

from natural sources. For example, on June 14, nearly 70% of the particles contained 

OS, and on June 3, 72% of particles contained MSA. These elevated fractions 

occurred toward the beginning of the study and, as will be discussed in the following 

section, particle composition exhibited significant temporal variability during the 

CARES study.  
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Figure 6.8: Number fractions of A-ATOFMS particle types for two periods in the 
CARES campaign, NoCal-1 and NoCal-2. 

 

Figure 6.9: Fraction of particles containing soot and OC with RPA > 0.5% in NoCal-1 
(blue) and NoCal-2 (red) (left panel).  OC:soot ion ratio distribution are shown in 

(right panel).  Ratios representing 1:1, 2:1, and 10:1 are shown by solid, dotted, and 
dashed lines respectively.  
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6.4.5 Temporal differences in northern California aerosol: NoCal-1 and NoCal-2 

  As mentioned previously, the particle sources during CalNex were quite stable 

over the duration of the study.  However, a noticeable shift in particle composition, 

particulate mass, and meteorology occurred during CARES after June 21 (Figure 

6.12). The sources and processes contributing to these two periods were quite 

different. To examine these differences in detail, the CARES study was separated into 

two periods, Northern California-1 (NoCal-1) and Northern California-2 (NoCal-2), 

representing fights from 2 June 2010 – 19 June 2010 and 21 June 2010 – 28 June 

2010, respectively. NoCal-1 was relatively clean compared to NoCal-2, which was 

influenced more by local sources, evidenced by an increase of particulate matter < 2.5 

µm (PM2.5) by 12% measured at the CARB Del Paso Manor site, from 5.7 to 8.0 

µg/m3 for NoCal-1 and NoCal-2, respectively. Mean gas-phase concentrations of SO2 

and NOx measured in flight increased as well from NoCal-1 to NoCal-2 by 23% and 

25%, respectively.  Similarly, Fast el al. described increased O3 and weaker winds 

during the same approximate period as NoCal-2 [Fast et al., 2012]. Mean UF-CPC 

particle concentrations decreased by ~32%, while larger particles measured by the 

UHSAS, which are detected more efficiently by the A-ATOFMS, increased in number 

by 56%.  Correspondingly, A-ATOFMS average particle counts per flight increased 

between the first and second half of CARES by 71%.  

  As shown in Figure 6.12, the relative fractions of particle types for each flight 

during CARES change after 19 June 2010, which coincides with an increase in 

average PM2.5 mass. NoCal-2 exhibited significantly higher fractions of Aged Soot 

and BB than in NoCal-1 (Figure 6.8), an increase of 17 and 19% by number, 
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respectively, and a corresponding decrease in the fraction of OC, suggesting less 

biogenic influence in the region. Interestingly, particulate chemistry in NoCal-2 and 

southern California was remarkably similar, with the exception of the relative 

magnitudes of sulfate and nitrate on particles. Since it is unlikely that a new source of 

soot emerged from Sacramento during NoCal-2, the increased detection of soot-

containing particles resulted from the growth of preexisting soot particles through 

condensation of organic vapors and SO2, manifested as more Aged Soot mixed with 

sulfate in A-ATOFMS data.  The number fractions of particles containing peaks of 

soot, 75% and 90%, and OC, 78% and 93%, for NoCal-1 and NoCal-2 respectively, 

were similar in magnitude during both periods but increase in NoCal-2 (Figure 6.9, 

left panel). However, a comparison of the OC:soot ion ratio distributions from NoCal-

1 to NoCal-2 indicates a shift in the OC:soot ion ratio distribution towards a nearly 

identical distribution as that observed in southern California (Figure 6.4, right panel), 

where nearly half of the ion ratio distribution favored soot (Figure 6.9, right panel). In 

contrast, the OC:soot ion ratio distribution for NoCal-1 (Figure 6.9, right panel) was 

dominated by OC.  Higher UF-CPC concentrations during NoCal-1 indicate that soot 

particles were present over the urban Sacramento region during this first period, but at 

sizes below the A-ATOFMS detection limit (<100 nm). During NoCal-1, OC content 

can primarily be attributed to biogenically derived OC from the surrounding forested 

regions, whereas during NoCal-2 OC primarily existed as a coating on a soot core 

similar to observations in southern California. With higher NOx emissions, soot 

particles in LA exhibit higher number fractions mixed with nitrate observed by the A-

ATOFMS. Similarly to LA, higher SO2 and NOx concentrations during NoCal-2 led to 
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the faster growth of soot, and an increase in the fraction of ratios favoring soot 

measured by the A-ATOFMS. 

  Sulfate:nitrate ion ratio distributions were relatively unchanged between 

NoCal-1 and NoCal-2 (Figure 6.13). However, the fractions of MSA and OS on total 

particles decreased significantly from NoCal-1 to NoCal-2, from 66% to 38% and 

49% to 24% for MSA and OS, respectively.   One concludes that during NoCal-1 

particulate sulfate was heavily influenced by natural sources, while during NoCal-2 

anthropogenic sources dominated.   

6.4.6 Comparison between northern and southern California aerosol mixing state 

  The most striking difference between mixing states in northern and southern 

California is the greater magnitude of single particles mixed with sulfate in the north 

and nitrate in the south. Figure 6.10 shows the difference in RPA from averaged BB, 

OC, and Aged Soot mass spectra obtained in southern (top) and northern (bottom) 

California.  Positive intensities indicate peaks that were more prevalent in southern 

California while negative intensities indicate prevalence in northern California. All 

three particle types clearly indicate more intense sulfate peaks in the north and more 

intense nitrate peaks in the south. Both Langridge et al. [2012] and Metcalf et al. 

[2012] found significant contributions of nitrate and OC to the aerosol in LA as well. 

In contrast, previous ground-based measurements in the LA and port of Long Beach 

areas found higher fractions of sulfate on particles [Pastor et al., 2003; Qin et al., 

2012; Whiteaker et al., 2002], and recent findings during the CalNex ship campaign 

[Gaston et al., 2012] observed a higher abundance of sulfate in southern California 
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than northern California, though the latter is likely more indicative of port regions 

which are known to have large sources of sulfate from ship emissions [Ault et al., 

2009]. 

  The contributions of soot and OC to single particle mixing state were found to 

vary greatly depending upon the region, with soot having a larger influence in the 

south and OC being more prevalent in the north, as shown by measured OC:soot ion 

ratio distribution.  The largest difference in the nature of particles between southern 

California and NoCal-1 occurred when the influence of biogenic OC was the greatest 

in the north.  During this period, the number fraction of OC particles was nearly 18% 

higher in the north than in the south. Both NoCal-2 and southern California aerosol 

exhibited similar chemistry, with most particles containing a soot core with OC, 

sulfate, and nitrate coatings, though the large difference in magnitude between sulfate 

and nitrate peaks in each region is a persistent feature.  Distributions of OC:soot ratios 

during NoCal-2 and southern California (Figure 6.6 and Figure 6.9) correlate very 

well, R2 = 0.92, as compared to NoCal-1 and southern California, R2 = 0.56, 

highlighting the similarity between NoCal-2 and southern California.   
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Figure 6.10: Spectral difference plots of (a) BB, (b) OC, and (c) Aged Soot particles 
from southern (top) and northern (bottom) California. Secondary species show the 

greatest difference between the two regions. 
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6.5 Conclusions 

  Two aircraft field campaigns, CalNex and CARES, provide insight into the 

distribution and mixing state of carbonaceous aerosols in California during the late 

spring and early summer of 2010. Most submicron particles (~97%) in California 

contain carbonaceous material, and nearly 88% of all particles show signs of 

atmospheric aging. Particles are internally mixed with secondary species, including 

sulfate, nitrate, MSA, OS, and ammonium. Most strikingly, nitrate is more prevalent 

on particles in southern California, whereas this is the case for sulfate in northern 

California. This suggests that different sources are impacting particles in the two 

regions.     

  OC:soot ion ratio distributions in southern California show that most particles 

are soot-dominated with an OC coating, whereas OC-dominated particles from 

biogenic sources are more prevalent in northern California. Single-particle 

measurements also show that many particles contain both OC and soot, which will 

lead to increased radiative absorption and scattering [Moffet and Prather, 2009; 

Schnaiter et al., 2005; Schwarz et al., 2008]. A shift in chemistry was observed during 

the latter half of the CARES campaign, from OC-dominant to soot-dominant, as 

particles in northern California became very similar to particles in southern California. 

In addition, total PM2.5 reflected this change in particle composition, as PM2.5 

concentrations increased significantly in the latter half of the study.  This suggests 

similar particle mixing states are present during periods of relatively higher PM2.5 

levels in California. Thus, regionally specific mixing states, as well as temporal 
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changes in mixing state, will need to be taken into account for accurate regional 

aerosol-climate modeling.  
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6.7 Supplementary Information 

6.7.1 A-ATOFMS particle transmission and data processing  

  As stated in the main text the A-ATOFMS can measure sizes between ~100 – 

1000 nm. However, due to the transmission efficiency of the aerodynamic lens peaks 

most particles measured were between 200 – 700 nm, with a mode at ~330nm. The 

Twin Otter aircraft (CalNex) inlet transmitted ~100% of particles up to 3500 nm 

[Hegg et al., 2005], and the Gulfstream-1 (CARES) transmitted near unity up to 5000 

nm [Zaveri et al., 2012].  The Twin Otter inlet is sub-isokinetic while the Gulfstream-

1 inlet is isokinetic (leading to the lower size cutoff compared to the Gulfstream-1). 

However, the transmission of both inlets is near unity within the A-ATOFMS size 

range (100-1000nm). In both aircraft sampling lines were reasonably similar, ~2 m 

long and unheated, so no further corrections are warranted. High sensitivity of the A-

ATOFMS detectors occasionally led to the acquisition of gas phase species ionized by 

a laser pulse. These signals were occasionally counted as particles, and were removed 

from analysis by retroactively raising the peak area threshold above the gas phase 

baseline. During CalNex sampling inlet pressures were changed after 10 May 2010. 

However, there was no significant change in size distributions or particle count with 

the differing inlet pressure.   
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Table 6.1: Mean (± std dev) meteorological data and particle concentrations over all of 
CalNex, CARES, NoCal-1, and NoCal-2  

 
 

6.7.2 Extended particle classifications 

  Particle classifications were established based upon characteristic peaks 

identified in previous lab studies.  The dominant carbonaceous particle types are 

explained in the main text. Vanadium mixed with OC (V-OC), high mass OC 
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(HMOC), amine (AM), biological (BIO), dust (D), and sea salt (SS) represented 2.78, 

0.86, 0.56, 0.30, 0.50, 2.80% of total aerosol measured by the A-ATOFMS, 

respectively. Vanadium mixed with OC (V-OC) emitted from the combustion of ship 

fuels composed ~3% of particles measured by the A-ATOFMS [Ault et al., 2009]. 

This particle type has intense peaks at 51V+ and 67VO+ as well as OC peaks at m/z 

27C2H3
+/CHN+, 29C2H5

+, 37C3H+, 39C3H3
+/K+, and 43C2H3O+/CHNO+ [Ault et al., 2009].  

HMOC consists of OC peaks at m/z 27C2H3
+/CHN+, 37C3H+, 39C3H3

+/K+ as well as 

many intense peaks >100 m/z.  These types likely represent polycyclic aromatic 

hydrocarbons or other oligomers formed through cooking processes [Silva and 

Prather, 2000].  Occasionally this particle type contained peaks similar to OS that may 

lead to an overestimation of OS number fractions, especially during CalNex where 

HMOC was more prevalent (1.42% compared to 0.16% for CalNex and CARES, 

respectively).  However the number fractions of HMOC are significantly smaller than 

the observed number fraction of OS (28 and 35% for CalNex and CARES, 

respectively); hence overestimation of OS number fractions is likely small.  Amines 

are OC particles that contain an intense peak at m/z 56C2HNO+, 

59C3H9N+,86(C2H5)2NCH2
+, and/or 118(C2H5)3NOH+ and originate from agricultural 

processes, animal husbandry, or photochemical processing [Angelino et al., 2001; 

Pratt and Prather, 2010; Sorooshian et al., 2008].  Biological particles contain an 

intense 40Ca+, 56CaO+, and 96Ca2O+ with OC (27C2H3
+/CHN+, 37C3H+, 39C3H3

+/K+), 

soot (12C+, 24C2
+, 48C3

+), and  phosphate (79PO3
-) peaks [Fergenson et al., 2004; Pratt 

and Prather, 2010; Russell, 2009]. Dusts contained a wide variety of metals (Na, K, 

Ti, Ca, and Fe), as well as phosphate (79PO3
-) and silicate (44SiO-

, 
60SiO2

-, and 103Si2O3
-
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).  See salt is characterized by an intense sodium peak (23Na+) and chlorine peaks 

(35Cl- and 37Cl-) as well as clusters of the two (81Na2Cl+) [Gard et al., 1998; Pratt and 

Prather, 2010; Silva and Prather, 2000].  Typically both dust and sea salt particles are 

large (Figure 6.11), hence the low number fractions of SS and D particles can mostly 

be attributed low transmission of the A-ATOFMS for particles of these sizes. Often SS 

was aged significantly, containing significant nitrate, sulfate, and OC peaks. 

6.7.3 Size Dependent Chemistry 

  Figure 6.11 shows size resolved mixing state for southern (a) and northern (b) 

California.  For both regions the size dependent chemistry was remarkably uniform 

across the entire measured size range of the A-ATOFMS, with a few exceptions. In 

both regions most carbonaceous particle types with the lone exception of HP particles 

(i.e. OC, BB, HP, Aged Soot and Soot)  have increased fractions at lower sizes (< 250 

nm), though the confidence in these fractions is weak due to low particle counts within 

this size range. Of all the particle types SS is the only type to have a significant 

dependence on size, with its fraction greatly increasing as size increases; consistent 

with typical supermicron size of SS particles.  This likely contributed to the increased 

prevalence of nitrate on these particles discussed in section 3.3 of the main text.  
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Figure 6.11: Size resolved mixing state for (a) southern and (b) northern California. 

6.7.4 Temporal changes within CARES 

  A distinct change in chemistry, particle concentrations, and meteorological 

variables was seen during the CARES study; hence the study was split into two 

periods, 2 June 2010 – 19 June 2010 (NoCal-1) and 21 June 2010 – 28 June 2010 

(NoCal-2) as can be seen in Table 6.1 and Figure 6.12.  An increase in A-ATOFMS 

Soot-OC and BB fractions was seen during NoCal-2, which coincided with a general 

increase in temperature and particulate matter > 2.5 µm in the region (Figure 6.12).  
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More detail on the differences in chemistry can be found in the main text. It is 

hypothesized that higher SO2 and NOx concentrations during NoCal-2 lead to the 

growth of soot.  Unlike OC:soot ion ratio distributions (Figure 6.9), sulfate:nitrate ion 

ratio distributions remained relatively unchanged between NoCal-1 and NoCal-2 

(Figure 6.13); hence sulfate was still the most common secondary species present on 

particles in northern California.   

 

Figure 6.12: A-ATOFMS relative fractions of particle types and average PM2.5 mass 
concentrations for each morning (a) or afternoon (b) flight during the CARES study.  

 

6.7.5 The absence of negative ion spectra  

  Negative ion spectra were absent in 13% of particles in California. This has 

previously been attributed to significant amounts of water present on the particle 

which inhibits the formation of negative ions [Neubauer et al., 1997; Neubauer et al., 

1998].  However, due to the low average relative humidity (RH) during the studies, 

49±30% and 39±14%, for CalNex and CARES respectively, and typical deliquescent 
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RH thresholds of >60% [Neubauer et al., 1998], it is unlikely that there was 

significant water present on the particles to justify the lack of negative spectra. Similar 

conclusions were deduced from modeling of the CARES study [Fast et al., 2012].  

Further, spectra with only positive ions were less frequent during CalNex (4%) than 

CARES (24%) despite the higher RH during CalNex.  Temporal comparisons of 

positive only spectra with RH do not indicate any correlation between the two. 

Further, significantly higher fractions of particles contain negative ion spectra during 

NoCal-1, 94%, compared to NoCal-2, 62%.  This is despite the higher RH of 41±15% 

compared to 36±12% for NoCal-1 and NoCal-2, respectively.  It is hypothesized that 

for these studies the acquisition of negative ion spectra was dependent on the presence 

of secondary species, like sulfate or nitrate, rather than the amount of water present.  

 

Figure 6.13: Fraction of particles containing sulfate and nitrate with RPA > 0.5% in 
NoCal-1 (red) and NoCal-2 (blue, left panel).  Sulfate:nitrate peak ion ratio 

distributions are shown in (right panel). Ratios representing 1:1, 2:1, and 10:1 are 
shown by solid, dotted, and dashed lines respectively. 
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Chapter 7. Development of a high pressure 

aerodynamic lens for focusing large particles (4-10 

µm) into the aerosol time-of-flight mass spectrometer 

7.1 Abstract 

 A new aerodynamic lens system for an on-line aerosol time-of-flight mass 

spectrometer (ATOFMS) has been designed and constructed to transmit and allow the 

analysis of individual particles in the 4-10 µm size range. Modeling was used to help 

design the lens within the bounds of ATOFMS instrumental constraints. The 

aerodynamic lens operates at a high inlet pressure, 3066 Pa (23 Torr), with a unique 

tapered relaxation region to improve large particle transmission. Every stage of the 

lens was tested empirically using a combination of particle deposition and light 

scattering experiments. The critical orifice was found to significantly impact large 

particle transmission, with orifices < 200 µm in diameter completely suppressing large 

particle transmission. The addition of a virtual impactor allowed for the use of large 

orifices without any loss of functionality in the ATOFMS. The detection efficiency of 

the ATOFMS was >10% for particles from 4-10 µm with a peak efficiency of 74±9% 

for 6 µm particles. With the extended size range provided by this inlet, the ATOFMS 

can now be extended to investigate single cell metabolomics. 

7.2 Introduction 

Single particle mass spectrometry (SPMS) is a powerful technique used to 

measure single particle chemical composition and size with high throughput. The 



209 
 

 

aerosol time-of-flight mass spectrometer (ATOFMS),  one type of single particle mass 

spectrometer, was built and designed for atmospheric research, and has had much 

success in providing insight on particle chemistry and mixing state in the atmosphere 

[Cahill et al., 2012; Cazorla et al., 2013; Gard et al., 1997; Gard et al., 1998; Noble 

and Prather, 1996; Pratt et al., 2011]. Theoretically any sample that can be 

aerosolized can be chemically analyzed by the ATOFMS, meaning that it can have 

much broader impacts than simply within the confines of atmospheric research. One 

potential new area that remains unexplored is using the ATOFMS in biochemistry, for 

example to use SPMS on cell populations and provide insight into cell heterogeneity. 

SPMS has been used for the analysis of small bioaerosols, such as bacteria and spores, 

[Fergenson et al., 2004; Srivastava et al., 2005; Tobias et al., 2006] but to the best of 

our knowledge, this work has not been extended beyond prokaryotes to eukaryotes.  

One limitation to this application is that even small eukaryotes, such as algae, are 

relatively large in diameter (>3 µm) and are difficult to transmit into single particle 

mass spectrometers.   

Aerodynamic lenses, based on the seminal work of Liu et al. (1995a; b), have 

become an essential tool for the focusing of aerosol particles in SPMS and other 

aerosol mass spectrometry techniques [Fergenson et al., 2004; Jayne et al., 2000; 

McMurry, 2000; Pratt et al., 2009; Pratt and Prather, 2012; Su et al., 2004; Zelenyuk 

and Imre, 2005]. An aerodynamic lens consists of a series of precisely spaced 

apertures that by design focus particles toward the center axis. Gases expand and 

contract rapidly between every aperture in the lens; however for a given pressure, 

temperature, and aperture dimension, as particles of a sufficiently large size pass 
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through an aperture, their high inertia causes them to deviate from gas streamlines 

within the lens, resulting in trajectories closer to the center axis. Using multiple lenses 

one can effectively ‘focus’ a range of particle sizes into a tightly collimated beam. 

This provides superior transmission compared to other inlets, such as a converging 

nozzle. The majority of aerodynamic lens systems were designed to focus particles 

with diameters <1 µm [Lee et al., 2008; Lee et al., 2009; Liu et al., 1995a; Liu et al., 

1995b; Schreiner et al., 1998; Su et al., 2004; Wang et al., 2005a; Zhang et al., 2004; 

Zhang et al., 2002], while relatively few lens systems are capable of focusing particles 

>1 µm [Deng et al., 2008; Fergenson et al., 2004; Lee et al., 2013; Schreiner et al., 

1999; Williams et al., 2013; Wu et al., 2009b].  Significant efforts have been made to 

simulate transmission of larger particles [Deng et al., 2008; Lee et al., 2013; Liu et al., 

2007; Schreiner et al., 1999; Williams et al., 2013; Wu et al., 2009b]; however there 

are few reported empirical measurements showing significant transmission of particles 

>3 µm [Deng et al., 2008; Schreiner et al., 1999; Williams et al., 2013; Wu et al., 

2009a].   

  This study presents a newly designed and fabricated aerodynamic lens system 

for the ATOFMS to transmit particles >4 µm in diameter. Key components of the lens 

include an altered inlet utilizing a virtual impactor, a relaxation region, and a high 

pressure aerodynamic lens. The performance of the entire lens system (from orifice to 

nozzle) was modeled by computational fluid dynamics (CFD) and empirically 

determined using a combination of light scattering and particle deposition 

experiments. Particles between 4 and 10 µm were able to be measured with a peak 

detection efficiency of 74±9% for 6 µm particles. The detection efficiency decreases 
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for smaller and larger particles to 20% for 4 and 9 µm particles. The critical orifice 

diameter was found to be essential to particle transmission and may be the reason why 

the detection efficiency was lower than modeled, especially for particles >6 µm. This 

inlet will be used in future experiments examining eukaryotic cells by the ATOFMS.  

7.3 Lens Design 

7.3.1 ATOFMS Instrumental Constraints 

  A brief description of the ATOFMS with relevant instrumental constraints on 

lens design is given here. More detailed information on the ATOFMS is given by Pratt 

et al. [2009]. The ATOFMS measures the vacuum aerodynamic diameter (dva) and 

chemical composition of single particles in real time [Pratt et al., 2009].  Particles <1 

µm are focused through an aerodynamic lens, based on the design of Liu et al. (1995a; 

b)  in a typical ATOFMS. Particles pass through one skimmer and then enter the light 

scattering region where they reach their aerodynamic terminal velocity and pass 

through two continuous wave 532 nm lasers (JDSU) spaced 6.0 cm apart. The time 

difference between the scattering signals is used to calculate the velocity and hence the 

size (dva) of the particle. The particle then enters the mass spectrometer where a 266 

nm Q-switched Nd:YAG laser (Quantel) is fired to desorb the particle and ionize the 

evolved species. The time of flight for each ion is collected to form a dual polarity 

mass spectrum for a single particle. The inlet pressure and flow rate is 187 Pa (1.4 

Torr) and 0.1 Lmin-1 in the typical system.  

The ATOFMS requires a collimated beam to persist ~110 mm after exit from 

the aerodynamic lens for light scattering measurements and ~300 mm for generation 
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of mass spectra. This distance lies approximately in the middle of flight distances from 

other lenses [Huffman et al., 2005].  The desorption/ionization laser is focused to a 

spot within the mass spectrometer ~700 µm in diameter while the continuous wave 

scattering lasers are focused to a spot ~210 µm in diameter. The maximum solid angle 

of detection (limited by the scattering laser) is calculated to be 3.6·10-6 sr 

corresponding to a divergence angle of 1.07 mrad. This maximum angle is on the 

order of many particle beam diameters reported for other lens systems [Huffman et al., 

2005].  Another consideration is the operating pressure of the instrument, which has to 

remain <10-3 Pa (<10-5 Torr) for operation of the mass spectrometer, while still 

achieving high pressure in the aerodynamic lens. This requirement restricts the 

possible sizes of the critical orifice and exit nozzle with the present configuration.  

7.3.2 Modeling Theory 

  A brief overview of the modeling efforts are summarized here. For complete 

detailed explanations of all the factors that govern aerodynamic focusing, please refer 

to the extensive library of literature on the subject [Lee et al., 2013; Lee et al., 2008; 

Liu et al., 1995a; Liu et al., 2007; Mora and Riesco-Chueca, 1988; Wang and 

McMurry, 2006; Wang et al., 2005b; Wu et al., 2009b; Zhang et al., 2004; Zhang et 

al., 2002]. Particle focusing is primarily dependent on the Stokes number (St). The 

Stokes number is the ratio of particle inertia to drag force, given in equation 1: 

𝑆𝑡 = 𝜌𝑝𝑑𝑝2𝐶𝑐𝑢
18𝜇𝑑𝑎

   (eq. 1) 
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where ρp is the particle density (kgm-3), dp is the particle diameter (m), Cc is the 

Cunningham slip correction factor, 𝑢 is the fluid velocity (ms-1), µ is the fluid 

viscosity (kgm-1s-1), and da is the diameter of the lens aperture (m). The critical Stokes 

(Stc) number for particle focusing is when the drag force is roughly equal to particle 

inertia, i.e. Stc ~1.  In an aerodynamic lens gas and particles are constricted through a 

series of cylindrical tubes. Particle trajectories are compressed towards the center axis 

of the lens when the Stc ~= 1, causing particles within a select size range, dependent 

on Stc, to form a collimated beam along the lens axis. For reference, a St << Stc 

indicates that the particle will follow the gas streamline (i.e. will diverge from the 

center axis) while a St >> Stc indicates that the particle will not be able to react to 

changes in gas flow (i.e. the particles will impact at lens walls).  

The aerodynamic lens pressure plays an important role in particle transmission 

[Schreiner et al., 1999; Wang and McMurry, 2006; Williams et al., 2013].  Typically 

large particles are lost due to their greater inertia relative to smaller particles causing 

impaction within the lens. At higher lens pressures (i.e. >1000 Pa) particle drag force 

increases such to be comparable with particle inertia. Cc decreases with increasing 

pressure, which as shown in eq.1, in turn reduces St of larger particles close to Stc. 

Hence to transmit particles with sizes of interest here, a higher pressure in the lens is 

needed than in the conventional ATOFMS aerodynamic lens.  
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Figure 7.1: Design of the high pressure lens in vertical alignment for the ATOFMS. 
Highlighted regions are the relaxation region (a), aerodynamic lens (b), and adjustable 

dome (c) 

 

7.3.3 Modeled Design 

  Initial designs were calculated using the Wang and McMurry aerodynamic lens 

calculator [Wang and McMurry, 2006]. The design of assembled lens, including a 

relaxation region, aerodynamic lens stack, and adjustable dome housing are shown in 

Figure 7.1. As with other ATOFMS lenses, this lens is operated in vertical alignment. 

When particles first enter the instrument they pass through a small critical orifice 
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(discussed below) which rapidly accelerates particles. Their high velocity can cause 

them to crash on the surfaces of the lens apertures if they are positioned too close to 

the inlet. To rectify this problem a relaxation region (Figure 7.1a) was designed to 

slow down the particles before entry into the aerodynamic lens stack. Previous studies 

have shown that the addition of a relaxation region significantly enhances particle 

transmission [Wang and McMurry, 2006; Williams et al., 2013]. The inner diameter of 

the lens spacers was constrained to ~12 mm to be compatible with the existing 

ATOFMS hardware. To meet the lens constriction ratio (i.e., ratio of diameters of the 

lens apertures to the spacer inner diameter) of ~0.25 [Wang and McMurry, 2006], the 

lens aperture diameters need to be around 3 mm, which can be realized by operating 

the lenses at ~3066 Pa with a flow rate of 0.1 Lmin-1. The length of the relaxation 

chamber was estimated as the larger of the distance needed for the flow downstream 

of the orifice to become fully developed and the distance for the largest particles (12 

µm) of interest to slow down to the gas velocity assuming an initial axial velocity of 

the speed of sound at the reattachment length [Wang and McMurry, 2006].The 

relaxation region was tapered at a half-expansion angle of 7.5° to remove eddies of 

recirculating flow, which can form at corners of the relaxation region and result in 

particle loss [Wang and McMurry, 2006; Williams et al., 2013]. 
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Table 7.1: Particle contraction factor and Stokes number of 4–12 µm particles at each 
of the seven lenses 

dp(µm
) 

Contraction Factor 
(Stokes Number) 

Lens 
#1 

Lens 
#2 

Lens 
#3 

Lens 
#4 

Lens 
#5 

Lens 
#6 

Lens 
#7 Total 

4 0.66 
(0.17) 

0.57 
(0.24) 

0.43 
(0.36) 

0.2 
(0.59) 

0.66 
(0.17) 

0.56 
(0.24) 

0.42 
(0.36) 5·10-3 

6 0.48 
(0.3) 

0.35 
(0.42) 

0.16 
(0.62) 

0.13 
(1.03) 

0.48 
(0.3) 

0.35 
(0.42) 

0.16 
(0.62) 9·10-5 

8 0.3 
(0.46) 

0.15 
(0.64) 

0.08 
(0.95) 

0.43 
(1.58) 

0.3 
(0.46) 

0.14 
(0.64) 

0.08 
(0.96) 5·10-6 

10 0.13 
(0.65) 

0.05 
(0.91) 

0.31 
(1.35) 

0.71 
(2.24) 

0.13 
(0.65) 

0.05 
(0.91) 

0.32 
(1.36) 3·10-6 

12 0.02 
(0.87) 

0.23 
(1.22) 

0.52 
(1.81) 

0.94 
(3.01) 

0.03 
(0.88) 

0.23 
(1.23) 

0.53 
(1.82) 8·10-6 

 

 

  The aerodynamic lens design consists of 7 lenses of varying diameters (Figure 

7.1b). The initial design was aimed to focus particles with an aerodynamic diameter 

range of 1–12 µm, with the flexibility to optimally focus only 4–12 µm. The 

calculated lens aperture diameters to focus 1–12 µm at 3066 Pa were 3.88, 3.47, 3.04, 

2.57, 2.20, 1.60 mm (in flow direction), each of which producing an optimal Stokes 

number of ~0.8 for particle diameters equally spaced between 12 and 1 µm (i.e., 12, 

9.8, 7.6, 5.4, 3.2, and 1.0 µm). Note that larger particles will defocus somewhat in 

smaller lenses (e.g., 12 µm particles have a St of 21.5 at the 1.60 mm lens). To 

enhance the focusing of 4–12 µm particles, the 2.20 and 1.60 mm lenses were 

removed and the 3.88, 3.47, and 3.04 mm were repeated downstream of the 2.57 lens 

to refocus the larger particles. The pressure drop across the seven lenses was <27 Pa. 

Table 7.1 lists the particle contraction factor (the ratio of terminal to initial radial 
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positions of the particles travelling through the lens) and Stokes number of 4–12 µm at 

each of the 7 lenses. The estimated total contraction factor through the lenses ranged 

5×10-3–3×10-6, with 4 µm particles being least focused. Note that the actual 

contraction factor will be larger than this estimation due to extra expansion through 

the lens nozzle and non-ideality in lens dimensions and alignment. The lens tubes 

were made slightly longer than previous ATOFMS lens systems to allow more time 

for large particles to adjust between lenses. The spacer lengths of 50 mm or longer 

were chosen to ensure the flow downstream of the lenses reattaches to the wall. Other 

designs were modeled using the lens calculator [Wang and McMurry, 2006] and 

tested, but this design performed the best for the size range of interest and will be the 

focus of in this manuscript.  

  The aerodynamic lens and relaxation region fit into an adjustable dome 

housing (Figure 7.1c). This housing allows for tuning of the angle of the lens in both 

coordinates. A skimmer (1 mm diameter), positioned ~3 mm from the exit nozzle, 

separates the aerodynamic lens from the entrance of the light scattering region and 

mass spectrometer. Extra gas is pumped away by a mechanical pump to maintain the 

pressure in the relaxation region at 3066 Pa.  

  The fluid flow and particle trajectories through the lens system were simulated 

with computational fluid dynamics (CFD) using commercial software ANSYS Fluent 

following the method in Wang et al. (2005a; b). Particle loss within the lens is 

calculated as the ratio of particles entering the inlet to those exiting the aerodynamic 

lens; i.e. the fraction of particles lost due to impaction within the lens and relaxation 

region. Impaction losses are relatively low for smaller particles; however, for particles 



218 
 

 

>6 µm, particle loss becomes >20%. The high lens pressure helps to keep these losses 

relatively low, but the higher inertia of large particles still results in some losses. Note 

that the CFD simulation does not capture the imperfection in machining and 

alignment. Further, it may not accurately simulate the turbulence dispersion at the lens 

nozzle since laminar model is used (Reynolds number ~220). Therefore, the simulated 

particle losses and divergence may be lower than experimental observations. 

7.4 Experimental Procedure and Results 

7.4.1 Aerosolization Procedure and Transmission Calculations 

Polystyrene latex spheres (PSLs) of known sizes ranging from 1.5-10 µm were 

used to characterize the aerodynamic lens. A syringe of PSL solution is pumped at 0.1 

mLmin-1 into a C-type concentric nebulizer (Precision Glassblowing, CO) and 

nebulized using dry nitrogen. The aerosol passes through a diffusion dryer, which 

removes any water present, and is then measured by an aerodynamic particle sizer 

(APS) and the ATOFMS independently. A stir bar located within the syringe prevents 

the PSLs in solution from settling during experiments. No method was available to 

size-select aerosols in this size range; hence for transmission calculations the sum of 

APS bins around the known PSL size are taken as the total number concentration for 

each sample. At least three, one-minute APS samples are collected for each data point 

yielding an average number concentration (+/- std dev) for each sample. Particle 

concentrations measured by the ATOFMS are obtained from the two sizing lasers after 

the data are filtered in MATLAB (Mathworks, Inc) to yield only those corresponding 

to the known PSL size. The data are split into at least three, one-minute samples to 
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compare with APS values. The rate of particles passing through the sizing lasers is 

calculated as the count of particles of the right size divided by the sampling time, 

while the rate of particles entering the inlet is calculated as the APS concentration 

multiplied by the inlet flow rate of 0.8 Lmin-1. The ATOFMS detection efficiency is 

calculated as the ratio of these two rates. The error bars represent one standard 

deviation of the combined errors of ATOFMS and APS measurements.  

 

Figure 7.2: Particle deposition images of three critical orifices,: 100(left) 300(center) 
and 400 (right) µm collected at 30 torr. All particle sizes can be seen using darkfield, 4 

µm using green fluorescence, and 6 µm using red fluorescence 
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7.4.2 Critical Orifice  

 The initial design uses a 100 µm critical orifice to limit the inlet flow rate to 

0.1 Lmin-1, which is typical for aerodynamic lenses on other aerosol instruments. This 

orifice size has been used in both modeling [Lee et al., 2013; Lee et al., 2008; Liu et 

al., 2007; Wang and McMurry, 2006; Zhang et al., 2004] and actual instrumentation 

(including an ATOFMS) [Jayne et al., 2000; Lee et al., 2008; Liu et al., 2007; Pratt et 

al., 2009], with the assumption that no significant losses occur at this stage. Wang and 

McMurry [2006] cautioned that straight bored critical orifces could lead to large 

particle losses and Lee et al. [2013] also hypothesized particle losses at the critical 

orifice. Our initial experimental results indicated significant losses of particles at the 

critical orifice, in particular for those with diameters above 3 µm.  

 To test the transmission of particles through the critical orifice, a low pressure 

impactor (LPI) of the same design as Fernández de la Mora [1990] was coupled to the 

ATOFMS inlet. A silicon wafer is attached to the end of a vacuum feedthrough and 

positioned ~5 mm away from the exit of the critical orifice. Particles making it 

through the orifice impact onto the silica wafer, which are later imaged using a 

fluorescent microscope. For each orifice, the roughing flow of the LPI was set to 

mimic the overall pumping ability of the ATOFMS (i.e. the pressure below an orifice 

was similar to when connected to the ATOFMS). A solution containing dyed and 

fluorescently tagged PSLs of sizes 3 (blue), 4 (green fluorescent), 5 (red), 6 (red 

fluorescent), and 10 (violet) µm (Polysciences, Duke Standards, Bangs Laboratories) 

is sent through each orifice for one minute.  
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Table 7.2: Pressures, flows, transmission of PSLs through the critical orifice using the 
low pressure impactor 

Orifice Diameter (µm) Flow (LPM) Sizes in Solution Sizes Transmitted 
75 0.046 4, 5, 6, and 10 µm None 
100 0.08 4, 5, 6, and 10 µm None 
135 0.131 4, 5, 6, and 10 µm None 
150 0.18 4, 5, 6, and 10 µm None 
200 0.34 4, 5, 6, and 10 µm <6 µm 
300 0.68 4, 5, 6, and 10 µm <10 µm 
400 1.14 3, 4, 5, 6, and 10 µm <10 µm 

 

 

  Thin plate critical orifices (Structure Probe, Inc.) ranging in size from 75 to 

400 µm were tested, the results of which are summarized in Table 7.2. 3 µm particles 

were transmitted through every orifice size. For visual clarity with larger particle 

sizes, solutions without 3 µm particles were evaluated for 75-300 µm orifices. The 

dark field (all sizes), green fluorescence (4 µm), and red fluorescence (6 µm) particle 

deposition images for 100, 300, and 400 µm orifices are shown in Figure 7.2.  While 

these results are not quantitative, it is clear that essentially no particles between 4 and 

10 µm are transmitted using the 100 µm orifice.  Note that the spot in Figure 7.2a and 

the red seen in Figure 7.2c were due to deposition of water vapor which had leached 

fluorescence from PSLs in solution.  No 5 or 6 µm particles were seen. By 200 µm, a 

small number of 4, 5, and 6 µm particles appear (Table 7.2); however significant 

improvement in large particle transmission was observed after the critical orifice was 

increased to 300 µm (Figure 7.2e-g), and by 400 µm (Figure 7.2h-j) significant 

numbers of all PSL sizes were transmitted. To determine if increased flow rate of the 

orifices biased these results, additional deposition slides with sampling times 
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normalized to the orifice’s respective flow rate were also taken; the results of which 

are the same as described above. Based on these findings a minimum critical orifice of 

300 µm is needed to efficiently transmit aerosol between 4-10 µm into the 

aerodynamic lens system.  

 

Figure 7.3: Design of virtual impactor coupled to the relaxation region 

  

7.4.3 Virtual Impactor 

  The use of a larger orifice presents a number of instrumental difficulties, 

namely that the strain on the turbomolecular pumps and pressures throughout the 

instrument increase dramatically as the orifice size is increased to the point where it 

quickly becomes unfeasible. Instead, a virtual impactor was incorporated at the inlet 

position (Figure 7.3) [Ding and Koutrakis, 2000]. The virtual impactor adds a 
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skimmer immediately after the critical orifice. Additional pumping (IDP-3, Varian) 

removes a significant fraction of the gas flow, while the inertia of the particles allows 

them to pass through the skimmer and into the relaxation region, effectively increasing 

the number of particles introduced into the ATOFMS. The virtual impactor can be 

used with any orifice size without any increased strain to the ATOFMS, provided 

enough roughing flow is available. 

  The distance between the critical orifice and tip of the skimmer was critical to 

particle transmission.  The optimal skimmer/orifice distance was empirically 

determined to be 1.6 mm using a series of particle deposition measurements. 

Subsequent CFD modeling results also confirm these findings. The maximum critical 

orifice size without inducing unmanageable strain on the instrument was 300 µm. 

While ideally a 400 µm or greater orifice should be used for increased transmission of 

particles >6 µm, a 300 µm orifice is sufficient to transmit a significant fraction of 

particles <10 µm. Note that by tuning the outflow of the virtual impactor one can 

effectively tune the pressure of the relaxation region (and instrument) downstream. 

This allows for fine tuning and comparisons of particle transmission through the 

aerodynamic lens stack at different pressures without any design modifications. Using 

a 300 µm orifice and a relaxation region pressure of 3066 Pa (23 Torr), the virtual 

impactor yielded an enrichment of ~8:1.  

7.4.4 Aerodynamic Lens  

  Once large particles (>3 µm) were verified to be transmitted through the inlet 

and into the relaxation region, the remainder of the aerodynamic lens system can be 
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characterized. Lens apertures were fabricated using electrical discharge machining, as 

recommended in Williams et al. [2013]. Both the relaxation region and lens orifices 

were inspected visually for evidence of particle deposition. No particle deposition was 

observed in the relaxation region confirming the modeling results that eddies within 

the relaxation region are removed with the tapered design. Some particle deposition 

was observed at the exit nozzle. The nozzle diameter was increased from 0.68 to 0.81 

mm and thickness was increased from 0.5 to 1 mm to maintain the same pressure 

inside the lens. This approach significantly reduced turbulence and particle deposition 

at the nozzle. 

 

Figure 7.4: Modeled particle beam divergence angle upon exiting from the lens 

  

  Modeled particle divergence angles upon exiting of the aerodynamic lens for 

3-12 µm particles through the whole inlet are shown in Figure 7.4.  Divergence angles 

are near to or less than the maximum collection angle of 1.07 mrad in the ATOFMS 
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for 5-12 µm particles and should be transmitted effectively. 3-4 µm particles were not 

focused well and had a high divergence angle, ~5.2 mrad and 1.4 mrad, respectively, 

and thus detection efficiency is expected to be lower for these particles.  Measured 

particle velocities ranged 131-53 m/s for 1.6-10.0 µm particles, respectively, and 

followed a power law trend with a strong correlation (0.997, Figure 7.5a). The 

detection efficiency of the ATOFMS peaked at 6 µm (74±9%) and then quickly 

decreased at smaller and larger sizes (Figure 7.5b). Between 4-10 µm, the detection 

efficiency is >10%. For reference, the modeled detection efficiency is also given in 

Figure 7.5b. It should be noted that the particle beam exits at a slight angle (<3.3 

mrad), presumably due to imperfections in orifice apertures and the exit nozzle. This 

was corrected for by using the adjustable housing for the aerodynamic lens (Figure 

7.1c).  

 

Figure 7.5: Size calibration curve (a) and transmission efficiency (b) of the 
aerodynamic lens determined experimentally and theoretically 
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  Modeling results indicated that smaller particles <3 µm were expected to be 

highly divergent and thus poorly transmitted through the two sizing lasers. The 

experimental detection efficiency of <1% for particles <3 µm confirms the modeling. 

Further, particle deposition measurements taken at different points within the 

ATOFMS indicate that 3 µm particles have a high divergence, and are predominately 

removed by the skimmer immediately after the exit nozzle. These results also indicate 

a higher than modeled divergence for 4 and 5 µm particles, which are partially 

removed at the skimmer, resulting in lower transmission than predicted. Low 

transmission of large particles, relative to the model, can be partially explained by the 

use of a 300 µm orifice. As discussed previously a 300 µm orifice does not transmit 

100% of particles >6 µm based on particle deposition experiments. The use of a 400 

µm orifice would likely increase particle transmission, but implementation of this 

orifice in the existing instrument is not practical. 
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Figure 7.6: Transmission efficiency as a function of lens pressure 

7.4.5 Effects of Lens Pressure on Detection Efficiency 

  The addition of the virtual impactor allows for the ability to run the 

aerodynamic lens at a variety of different pressures while retaining the same inlet 

dimensions. With the same critical orifice size, the volumetric flow rate and the flow 

velocity through the lenses remain approximately the same with different pressures. 

As mentioned previously, varying pressures will alter Cc values and Stokes numbers, 

allowing the optimal focusing size range to be shifted. A higher pressure will help 

focus larger particles [Wang and McMurry, 2006]. Figure 7.6 shows the detection 

efficiency of 4, 5, 6, and 7 µm PSL particles as a function of inlet pressure. For 

particles >6 µm in diameter, increasing pressure does increase transmission, with a 

positive slope.  The upper limit of 3066 Pa (23Torr) was the maximum pressure that 

could be used without jeopardizing the functions of the rest of the instrument, while 
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1733 Pa (13Torr) was the minimum achievable with the 300 µm orifice and roughing 

pump used. It is possible that operating at an even higher pressure would increase 

transmission further, to the limit of 100%. The slopes for 6 and 7 µm particles 

between 2400 and 3066 Pa are shallower than between 1733 and 2400 Pa, and may 

indicate the transmission plateau has been reached for this lens. For particles <6 µm in 

diameter, increasing the inlet pressure either has minimal effect, as with 5 µm 

particles, or for 4 µm particles actually decreases particle transmission slightly. This is 

also expected as with this lens design, an increased inlet pressure would result in a less 

focused particle beam for smaller sizes. The intended use of this inlet is for 6 µm 

particles so the higher inlet pressure of 3066 Pa is preferred.  

7.4.6 Comparison to Other Lens Systems 

There are only a few reported empirical and modeled studies of large particle 

lenses [Deng et al., 2008; Lee et al., 2013; Schreiner et al., 1999; Williams et al., 

2013; Wu et al., 2009a; Wu et al., 2009b]. The atmospheric pressure lens by Deng et 

al. [2008] achieved high transmission (>40% for 1-10 µm particles); however the 

maximum working distance of this lens was relatively small, ~1 cm. Schreiner et al. 

[1998] developed a lens for  a range of pressures, from 1333-19998 Pa (10-150 Torr), 

and sizes, from 0.34-4 µm. Beam diameters corresponding to 90% transmission were 

measured to be <1 mm with a working distance of 89 mm [Schreiner et al., 1999]. Lee 

et al. [2013] modeled an aerodynamic lens capable of transmitting particles from 0.03-

2.5 µm and 2.5-10 µm with efficiencies >90 and >80% respectively.  A particle beam 

radius of 0.1 and 0.53 mm was calculated for 0.1-2.5 µm and 10 µm particles, 
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respectively, using a working distance of 40 mm. Lee et al. [2013] note that these 

numbers were obtained excluding transmission across the critical orifice (for which a 

100 µm orifice was used) and hypothesize significant losses of large particles at this 

stage. The Deng, Schreiner, and Lee aerodynamic lenses all have a particle beam 

divergence angles that are too high (>1.07 mRad) or a working distance that is too 

small (<300 mm) for use by an ATOFMS.    

A high pressure lens reported by Williams et al. [2013] operates at 1800 Pa 

(13.5 Torr) and has near 100% modeled transmission efficiencies from 0.08-5 µm. At 

5 µm transmission decreases gradually down to 22% by 10 µm. This lens was 

empirically tested out to ~3 µm and agreed very well with modeled efficiencies. The 

lens was reported to have low divergence and thus could also be applied to ATOFMS 

systems. The results in this work showed deviations from CFD modelling for particles 

>6 µm. Williams et al. [2013] use a critical orifice of 100 µm in their system, for 

which significant losses were only seen here when sizes were >3 µm. Since empirical 

measurements were not measured above ~3 µm, it is unclear if these model 

discrepancies exist for their lens. Wu et al. [2009a] feature an adjustable lens operating 

at 1000 Pa (7.5 torr) capable of being tuned to meet specific transmission 

requirements. Modeled transmission efficiencies could be tuned to achieve ~100% 

transmission efficiency for particle sizes between 0.5-10 µm. Empirical measurements 

of the lens resulted in transmission efficiencies smaller than those modeled.  For larger 

particles transmission decreased to 30-35% for 5-10 µm particles.  Interestingly, a 

relaxation region was not utilized for this lens, however this may be compensated by 

the large orifice size used, 400 µm, which reduces particle deposition at the inlet and 
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many of the difficulties encountered in lens presented here. Lastly, the Single Particle 

Aerosol Mass Spectrometer (SPAMS 3.0, Livermore Instruments) reports a size range 

from 0.1-12 µm, but detailed characterization of the transmission efficiency has not 

been published so cannot be directly compared here. 

The lens described herein has empirically determined detection efficiencies 

that peak at 74±9% for 6 µm particles, which decreases to 20% for 4 and 9 µm 

particles. The divergence of this beam is small enough to satisfy the requirements for 

an ATOFMS (<1.07 mRad). As seen in other large particle lens designs some 

deviations from model behavior was observed, especially for sizes >6 µm.  The 

critical orifice diameter was essential to particle transmission.  Increasing the critical 

orifice to 400 µm as was used by Wu et al. [2009a], is expected to improve 

transmission for large particle sizes.   

7.5 Conclusions 

Herein we have presented a newly developed aerodynamic lens capable of 

transmitting >10% of particles between 4 and 10 µm, with a maximum of 74±9% at 6 

µm. Sizes below 4 µm could be observed but had detection efficiencies <1%. Key 

components of the lens include a virtual impactor, a unique tapered relaxation region, 

and a high pressure aerodynamic lens. The entire inlet was modeled and tested 

empirically using a combination of light scattering and particle deposition 

experiments. The size of the critical orifice was essential to large particle transmission. 

Orifices <200 µm result in essentially no particles transmitted above 4 µm, while 

orifices >300 µm allowed some transmission of large particles.. The addition of a 
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virtual impactor allows for the incorporation of larger orifices without jeopardizing 

ATOFMS vacuum requirements. Using the virtual impactor, the lens pressure 

positively correlates with transmission of particles >6 µm, while a negligible and 

slightly negative correlation occurs for 5 and 4 µm particles, respectively. It is hoped 

that these findings will help guide future lens designs to be more efficient for large 

particles. Preliminary work has verified that this current lens system provides the 

efficiency to be useful for a number of biological samples such as cyanobacteria and 

algae. Detailed analysis of biological systems using the newly developed ATOFMS 

inlet is underway and will be presented in future publications.  
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Chapter 8. Single Cell Mass Spectrometry (SCMS) for 

Rapid Analysis of Single Algae and Cyanobacteria 

Cells  

8.1 Abstract 

 Metabolomics studies typically measure entire populations of whole cells 

which provide a representation of the average sample chemistry; however, key 

mechanistic information can become obscured when measuring collections of cells in 

bulk. Investigating the chemistry at the single cell level may yield a more accurate 

representation of the range of compositions in the cell population, but such analyses 

present a difficult analytical challenge. A new technique termed single cell mass 

spectrometry (SCMS) has been used for the first time to generate mass spectra of 

single algae and cyanobacteria cells with throughput (up to 50 Hz) and very little 

sample preparation. SCMS utilizes a unique newly designed high pressure inlet to 

transmit whole cells into an aerosol time-of-flight mass spectrometer (ATOFMS). 

Uniquely, SCMS collects dual polarity mass spectra and size of individual cells. A 

selection of single algal and cyanobacteria cells, with whole cell diameters ranging 

from 1-5 µm, were aerosolized by nebulization and transmitted into the instrument. 

Whole cells were verified through a combination of particle sizing and imaging 

measurements to remain intact within the instrument. Mass spectra of Chlamydomonas 

reinhardtii have many peaks up to 820 m/z and are consistent with mass spectra 

collected by other single cell photoionization techniques. With the current laser 
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system, the SCMS has a maximum throughput of 50 Hz, enabling thousands of single 

cell mass spectra to be obtained with minimal sample preparation.  

8.2 Introduction 

Most metabolomics studies use measurements of whole cell populations to 

elucidate aggregate cell behavior and functions; however the behavior of any one cell 

cannot be determined from these bulk samples. Cell analysis has consistently 

progressed toward finer resolution, with an increasing focus towards single cell 

resolution [Amantonico et al., 2010b; Heinemann and Zenobi, 2011; Wang and 

Bodovitz, 2010; Zenobi, 2013]. Cell populations are inherently heterogeneous; each 

cell may differ in its history, microenvironment, age, health, and genetics. Single cell 

analysis has the potential to provide insight into complicated and dynamic metabolic 

interactions between cells in a bulk population.  

 Single cell analysis presents a significant analytical challenge. Analyte 

concentrations are low in single cells, and high throughput is needed to obtain enough 

data to statistically distinguish differences in cell populations or sub-populations. 

Many techniques have emerged to provide single cell measurements including, 

capillary electrophoresis [Cohen et al., 2008; Hu et al., 2004; Huang et al., 2008; 

Kennedy et al., 1989; Krylov et al., 2000; Krylov et al., 1999; Lapainis et al., 2009; 

Woods and Ewing, 2003; Woods et al., 2004], fluorescence [Cohen et al., 2008; 

Fagerer et al., 2013; Huang et al., 2007; Urban et al., 2011a], electrospray ionization 

mass spectrometry [Lapainis et al., 2009; Mizuno et al., 2008; Shrestha and Vertes, 

2009; Tejedor et al., 2012; Tsuyama et al., 2008], and matrix-assisted laser desorption 
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ionization mass spectrometry (MALDI-MS) [Amantonico et al., 2008; Amantonico et 

al., 2010a; Fagerer et al., 2013; Ibanez et al., 2013; Lanni et al., 2012; Urban et al., 

2011b]. For more information on these techniques and the state of single cell analytics, 

the reader is referred to numerous reviews on the subject [Amantonico et al., 2010b; 

Cannon et al., 2000; Heinemann and Zenobi, 2011; Moco et al., 2009; Rubakhin et al., 

2011; Schmid et al., 2010; Svatos, 2011; Trouillon et al., 2012; Wang and Bodovitz, 

2010; Zenobi, 2013].  

 Mass spectrometry (MS) techniques have the highest potential for single cell 

analysis as these techniques have the potential for both high sensitivity and 

throughput; however, most existing MS techniques don’t have high enough 

throughput to statistically distinguish between different cell populations. The Zenobi 

group has made great progress in single cell analysis using the microarrays for mass 

spectrometry (MAMs) platform, which deposits single cells into individual 

microarrays for subsequent analysis by MALDI-MS [Amantonico et al., 2010a; Ibanez 

et al., 2013; Urban et al., 2010]. The MAMs platform has reported a throughput of 2 

Hz, which is significantly greater than most other single-cell techniques [Urban et al., 

2010]. It has also demonstrated the power of single cell metabolomics by 

distinguishing differences in cell populations of yeast undergoing various stimuli and 

by providing mechanistic information on these processes [Ibanez et al., 2013]. 

 Aerosol time-of-flight mass spectrometry (ATOFMS), primarily used for 

measuring atmospheric aerosol composition [Cahill et al., 2012], and most recently 

for characterization of nanoscale materials [Kim et al., 2012a; Kim et al., 2012b], can 
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measure single aerosol particles in real-time. When analyzing individual aerosol 

particles, this technique requires no sample preparation, can probe aerosols rapidly (as 

fast as 50 Hz depending on the ionization laser used), is highly sensitive (down to 

zeptomoles of analyte) [Russell et al., 2005], and collects dual polarity mass spectra 

and size of each particle. These features together distinguish ATOFMS from other 

techniques being used in single cell analysis by enabling rapid analysis of thousands of 

individual cells in a relatively short time, provided that cells can be aerosolized and 

transmitted into the instrument.  

 Roberts et al.[2005] have shown using fluorescence microscopy that cells can 

be aerosolized quite readily with minor disturbance to the cells themselves.  Thus, 

such dispersal methods could be used to deliver aerosols to the ATOFMS for rapid 

whole cell analysis. Since the ATOFMS does not use matrices, it can look specifically 

at low molecular weight species without interference, such as those encountered in 

typical MALDI experiments. To date there have been limited attempts to use 

ATOFMS to analyze biological samples. Most studies have used ATOFMS to 

measure bioaerosols, which usually consist of various bacteria and spores [Kleefsman 

et al., 2007; Kleefsman et al., 2008; Steele et al., 2008; Stowers et al., 2006; Stowers et 

al., 2000]. To the best of our knowledge, no single particle instrumentation has been 

used to make measurements of kingdoms other than bacteria (or beyond prokaryotes 

to eukaryotes). One limitation is that even small eukaryotic cells are generally >2 µm 

in diameter, which is near the upper transmission region of a typical ATOFMS [Gard 

et al., 1997; Schmid et al., 2010]. 
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 Herein we introduce the single cell mass spectrometer (SCMS) for rapid 

analysis of single cells with aerodynamic diameters ranging from 1-10 µm. This 

technique utilizes a newly developed high pressure aerodynamic lens inlet for 

transmission of large particles coupled to an ATOFMS [Cahill et al., 2014]. Using a 

combination of imaging and sizing measurements, whole cells were verified to be 

transmitted intact within the SCMS. Thousands of single algae and cyanobacteria cells 

were aerosolized and analyzed by the SCMS in relatively little time, demonstrating the 

wide applicability and high throughput nature of this technique.  

 

Figure 8.1: Nebulization setup for single cell experiments. After drying aerosols are 
sent to either the APS or SCMS 

8.3 Experimental 

8.3.1 Cell preparation 

The algal and cyanobacteria strains used were the Chlamydomonas reinhardtii 

(Cr), Chlorella vulgaris (Cv), Dunaliella tertiolecta (Dt), Scenedesmus dimorphus 

(Sd), Porphyridium purpureum (Pp), Anabaena sp. PCC 7120 (Asp), Nannochloropsis 

salina (Ns), and Synechococcus elongates (Se) and are summarized in Table 8.1. 5 mL 

cultures in 15 mL Falcon tubes were started from plates by scraping a portion of the 
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plate and re-suspending in 1 mL of media before addition to the tube. High salt 

medium (HSM) [Sueoka, 1960] was used for the scale-up of all freshwater species, 

with the exception of Asp which was cultured in a modified HSM media [Schoepp et 

al.]. All media was autoclaved prior to use. All liquid cultures were grown on a rotary 

shaker at 140 rpm in a CO2 box under an atmosphere of 1% CO2, at a temperature of 

27.0 ˚C and an irradiance of 80 μmol m-2 s-1. To remove excess salt, cells were 

pelleted and re-suspended twice in MilliQ water before being resuspended in 35% 

EtOH. Solutions were diluted to contain ~2·106 cells/mL measured via 

hemocytometer. At this concentration the SCMS could typically collect ~3000 mass 

spectra in 1-2 hours using ~5-10 mL of solution. It should be stressed that no 

additional fixatives or epoxies were added to the cells before analysis, reducing 

complications in interpretation of mass spectra. 

8.3.2 Single cell mass spectrometer (SCMS) 

The SCMS is a variation of the ATOFMS using a newly developed large 

particle aerodynamic lens for transmission of aerosol particles and whole cells with 

diameters between 1-10 µm [Pratt et al., 2009b]. More detail on the design of the 

aerodynamic lens can be found in Cahill et al. [2014]. The aerodynamic lens is a 

critical feature of the SCMS, as whole cells of eukaryotes are typically >2 µm in 

diameter. After cells have been aerosolized, they enter the instrument and are focused 

into a collimated beam by the aerodynamic lens. The cells then enter a particle sizing 

region where they pass through two continuous wave lasers spaced 6 cm apart. The 

difference in time between scattering signals produced by each laser is used to 



242 
 

 

determine the velocity of the cell within the instrument. After calibration with 

polystyrene latex spheres (PSLs) of known size, the velocity can be converted into 

aerodynamic diameter. The velocity also synchronizes the firing of a 266 nm Nd:YAG 

laser for desorption and ionization of each sized cell. The resulting ions are collected 

in a dual polarity Z-configuration time-of-flight mass spectrometer [Pratt et al., 

2009b]. Thus for each individual cell, both size and dual polarity mass spectra are 

acquired. The SCMS is capable of acquiring data at rates as high as 50 Hz, limited by 

the repetition rate of the desorption/ionization laser. This, in combination of the range 

of chemical data acquired using mass spectrometry, makes the SCMS ideal for single 

cell analysis.  

Table 8.1: Description and sizing analysis of the cells tested in the SCMS 

Species Type Acronym SCMS 
Size (µm) 

APS Size 
(µm) 

Size % 
Error 

Chlamydomonas 
reinhardtii algae Cr 3.1 3.3 6% 

Scenedesmus 
dimorphus algae Sd 3.7 4.1 10% 

Dunaliella 
tertiolecta algae Dt 3.1 2.9 7% 

Nannochloropsis 
salina algae Ns 2.1 2 5% 

Porphyridium 
purpera algae Pp 4.6 4.4 5% 

Chlorella 
vulgaris algae Cv 3.1 2.1 48% 

Anabaena cyanobacteria Asp 3.2 3.3 3% 

Synechocystis 
elongates cyanobacteria Se 1.5 1.1 36% 
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8.3.3 Aerosolization 

Roberts et al. [2005] demonstrated that mammalian cells had better than 70% 

viability after spraying; thus nebulization was used for transporting single cells. A 

syringe containing cell solution was pumped at 0.1 mL/min into a C-type concentric 

nebulizer (Precision Glassblowing, CO) and nebulized using dry nitrogen at 35 psi. 

Other nebulizers and aerosolization methods were tried, such as a collision atomizer, 

but the C-type nebulizer yielded the highest whole cell number concentrations by 

APS, with minimal fragmentation. The experimental setup is shown in Figure 8.1. 

After nebulization the aerosol passes through a heated flow tube and diffusion dryer, 

which removes any water present. The output is then sent to an aerodynamic particle 

sizer (APS) and the SCMS in parallel. A stir bar located within the syringe prevents 

cells in solution from settling during experiments.  

 

Figure 8.2: Comparison of APS and ATOFMS sizing measurements of 
Chlamydomonas reinhardtii. Cells sized by ATOFMS are given in white boxes, and 

those cells that also generated mass spectra are shown in the filled boxes. 
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Figure 8.3: Green fluorescence images showing whole cells of Chlamydomonas 
reinhardtii collected by deposition within the SCMS 

 

8.4 Results and discussion 

8.4.1 Verification of whole cell transmission 

An APS size histogram of Chlamydomonas reinhardtii (Cr) cells is shown in 

Figure 8.2. The mode of the size distribution at 3.3 µm is comparable to cell sizes 

measured via microscopy before aerosolization. Additionally, for comparison, the 

aerosol was deposited on a glass slide after aerosolization and drying. Imaging of this 

slide using dark field and fluorescent microscopy indicates that whole cells are present 

as well as some cell fragments. Note that cell fragmentation is less than ideal, but does 

not limit the information content of the SCMS. The SCMS collects the size of the 

particles in addition to mass spectra; hence data from the SCMS can be filtered to only 

investigate particles of the correct size.  
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Intact cells were verified to exist in the SCMS using two techniques. The most 

straightforward and fastest method involves comparing the size distributions measured 

by the SCMS and APS. Both techniques measure the aerodynamic diameter of 

aerosols and thus should be directly comparable. The SCMS measured size 

distribution of Cr cells, also shown in Figure 8.2, has excellent agreement with APS 

measurements. Further, the hit fraction (solid bars), representing those particles sized 

that also generated mass spectra, also match the APS size distribution. For complete 

validation, particle deposition slides were collected at multiple points throughout the 

SCMS; after the critical orifice, after the aerodynamic lens, and in the particle sizing 

region. An image of whole Cr cells collected in the particle sizing region (the furthest 

into the instrument) is shown in Figure 8.3. Images provide conclusive evidence that 

whole cells are being transmitted through the SCMS and that the measured sizes are 

accurate. 

8.4.2 Single cell mass spectra of an algae cell 

Exemplary positive and negative mass spectra obtained from a single Cr cell 

are shown in Figure 8.4. To the best of the authors’ knowledge, this is the first time 

the ATOFMS technique has been used for the analysis of algae or eukaryotic cells. 

The Cr mass spectra show a wealth of information, with mass/charge (m/z) as high as -

820 in the negative ion mode. The identity of the majority of these peaks are unknown 

at this time, but future experiments will probe peak identities using a combination of 

MS techniques. There were also many peaks that could be identified based upon 

previous studies. A brief discussion of the peaks of interest is given here. 
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Figure 8.4: Exemplary positive (top) and negative (bottom) mass spectra taken from a 
single Chlamydomonas reinhardtii cell. The insets highlight the large m/z peaks 

 

 In the lower mass range (<200 m/z), there is evidence of metals (23Na+ and 

40Ca+) and organic fragment ions (12C+, 15CH3
+, 59NC3H9

+) in the positive ion mode. 

These ions could be present in the cell or were residues from the prepping medium. 

Additionally, there are unknown peaks between m/z 71-122. The dominant feature in 

the negative ion mode is 26CN-, 42CNO-, and 79PO3- ions. These peaks have been 

associated with biological material in atmospheric aerosols, namely bacteria [Pratt et 

al., 2009a]. Other peaks in the negative ion mode are inorganic ions (17OH-, 35/37Cl-, 

45CHOO-, 50C3N/SO-, 59CH3COO/HCNO2
-, 63PO2

-, and 97HSO4/HPO4
-). Additionally 

there are unidentified peaks present from m/z 106 - 197.  

The large mass ions provide some of the more interesting differences. In the 

positive ion mode, there is a broad range of peaks from m/z 143 - 215, 350 - 550, and 
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additional peaks at m/z 617, 670, 696, and 720. The cluster peaks between m/z 350-

550 are separated by m/z 14, probably the result of fragmentation from fatty acids 

[McLafferty and Tureček, 1993]. In the negative ion mode, significant peaks were seen 

out to m/z -820. This peak, in addition to a peak at m/z -794, has been observed in a 

single cell mass spectrum of Cr collected by Zenobi et al. also utilizing laser 

desorption ionization [Urban et al., 2011a]. The two spectra have many similarities 

despite differences in technique and laser wavelength (266 vs 532 nm). Zenobi et al. 

assign peaks -793.6 and -819.6 to a phospholipid species based upon TOF/TOF 

studies and comparison to phospholipid standards. Additionally the negative ion mode 

had a broad range of peaks between m/z -208 - -301 and -423 - -554. The latter also 

exhibited a m/z 14 fragmentation pattern likely originating from fragmentation of fatty 

acid chains as observed in the positive ion mode.  

The SCMS was able to collect thousands of dual polarity mass spectra of 

individual Cr cells in very little time. For a sample scattering at the 

desorption/ionization laser maximum repetition rate (50 Hz), 180,000 cells can be 

sampled in one hour. No additional fixatives, stabilizers, or matrices needed to be 

added to the sample, simplifying both sample preparation and interpretation of mass 

spectra. This demonstrates the unprecedented throughput and ease of use of the SCMS 

for single cell analysis. Further, as demonstrated above, this approach maintains the 

quality of the mass spectra.  
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8.4.3 Investigation of a broad range of cells with the SCMS 

To demonstrate the wide applicability of the SCMS, various algae and 

cyanobacteria cell strains were aerosolized and ablated in the SCMS. The cells and 

their weighted average APS and SCMS particle sizes are given in Table 8.1. A single 

cell mass spectrum for each cell type is given in Figure 8.5. For each sample, 

thousands of mass spectra were acquired in approximately one hour of sampling. As 

can be seen in Table 8.1, APS and SCMS measured cell diameters were in excellent 

agreement with sizing errors typically <10%. Discrepancies usually arose when cells 

were on the smaller end (<3 µm) of the SCMS size range where the inlet transmission 

efficiency is the lowest. It is also possible that these small cells fragmented once inside 

the high vacuum of the SCMS (~10-7 Torr), creating the discrepancy between APS 

size distributions which are collected at a higher pressure.  

A detailed discussion of the mass spectrum for each cell type is beyond the 

scope of this publication; briefly the single cell mass spectra had some similar 

characteristics to those discussed in section 2.1, namely small m/z metal ions and large 

ions between m/z 350-550 with a m/z 14 fragmentation pattern. However, there were 

also many unique spectral characteristics for each cell type, warranting further 

investigation. Figure 8.4 and Figure 8.5 highlight the richness of the mass spectra 

obtained with the SCMS and its applicability for single cell analysis. 
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Figure 8.5: Average mass spectra of various algae and cyanobacteria cells. Full names 
of the cells are given in Table 8.1 
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8.4.4 Susceptibility of cells to high vacuum conditions 

Whole cells have been shown to exist within the SCMS; however it quickly 

became apparent that some cells were fragmenting within the instrument. While not 

ideal, cell fragmentation does not contaminate whole cell signal since the SCMS can 

differentiate the data based on size. Comparison of detection efficiencies, calculated 

by dividing SCMS and APS measured number concentrations, between PSLs and Cr 

cells revealed that Cr cells had significantly lower transmission than PSLs at 4 µm, 

~1% versus 20%, respectively. This is likely due to fragmentation of cells within the 

high vacuum of the instrument (~10-7 Torr); however, many cells are robust enough to 

survive under high vacuum conditions. In contrast, cultured mammalian cells 

fragmented extensively resulting in essentially no transmission of whole cells in the 

SCMS. The presence of a cell wall in algae and cyanobacteria is postulated to provide 

structural support so that they remain intact under high vacuum better than 

mammalian cells. Experimental methods to increase mammalian cell resistance are 

underway, but high vacuum tolerance of the aerosolized sample is an important 

prerequisite for SCMS analysis. 

8.5 Conclusions and future work 

We have demonstrated the application of a new technique, SCMS, to measure 

single cell mass spectra with unprecedented throughput and high quality mass spectra. 

This technique uses a unique large particle aerodynamic lens inlet to transmit whole 

cells, 1-10 µm in diameter, into the instrument. Cells were verified to be delivered 

intact after nebulization using a combination of sizing and imaging measurements, 
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though some fragmentation of cells did occur. Both prokaryotic and eukaryotic 

microorganisms were sampled within the instrument, all of which generated complex 

mass spectra. In cells of C. reinhardtii, select peaks in the high mass range were 

identified to be associated with fatty acid and phospholipid species as found in a 

previous single cell study [Urban et al., 2011a]. Additional studies are needed to 

identify other peaks of interest in the mass spectra acquired here. Again, it must be 

stressed that little sample preparation was required for the analysis of these cells. The 

SCMS has a maximum sampling rate of 50 Hz, significantly higher than most 

alternative single cell MS techniques. Alternate desorption/ionization lasers are 

capable of higher repetition rates, up to kHz, and could be implemented to increase the 

throughput of the SCMS further. 

 The high vacuum of the instrument currently limits analysis to cells with high 

vacuum tolerance, such as those with a cell wall. Additional preparation techniques 

such as fixatives may be needed to sample more fragile organisms reliably. As stated 

in Ibanez et al. [2013], it is critical to isolate instrument variability from cell 

heterogeneity especially with a destructive technique such as mass spectrometry. A 

future publication will examine well-known stimuli in algal cells to isolate specific 

metabolomic activity occurring on the single particle level using the SCMS.  
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Chapter 9. Nitrogen-limitation of Chlamydomonas 

reinhardtii measured with single cell resolution 

9.1 Abstract 

 A major challenge in single cell mass spectrometry involves obtaining single 

cell chemical information with high throughput to resolve differences in cell 

populations due to intrinsic biological variability.  As validation of the ability of the 

recently developed single cell mass spectrometer (SCMS) to measure biological 

information using single cells, the model microalgae Chlamydomonas reinhardtii was 

environmentally perturbed by nutrient deprivation.  Thousands of single cells were 

measured over a period of 4 days for nitrogen-replete and nitrogen-limited conditions. 

Comparison SCMS mass spectra between the two conditions revealed an increase in 

the dipalmitic acid sulfolipid sulfoquinovosyldiacylglycerol (SQDG), a chloroplast 

membrane lipid, under nitrogen-limited conditions. ‘Bulk’ measurements of SQDG by 

SCMS qualitatively agree with 16:0 fatty acid content measured by GC/MS. Single 

cell peak area distributions show changes due to nutrient deprivation using single cell 

resolution and demonstrate the ability of the SCMS to measure biological differences.   

9.2 Introduction 

Single cell mass spectrometry has the potential to shed insight into complicated 

cell processes by segregating metabolic trends occurring in bulk characterization 

methods from trends occurring within a subpopulation of the bulk sample. Recently, 

we have demonstrated a new technique for rapid single cell analysis, the single cell 
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mass spectrometer (SCMS) [Cahill et al., 2014a].  In Chapter 8, the SCMS was shown 

to readily generate mass spectra of a variety of microalgae cells with a maximum 

throughput of 50 Hz. Cells are inherently heterogeneous, due to differences in cell 

environment, age, and other factors, so it is expected that there will be variability in 

ion signal between cells measured by the SCMS. This technique should be able to 

resolve cell-to-cell heterogeneity, however it is a destructive technique meaning that 

instrument variability or measurement uncertainty cannot be assessed directly since 

multiple measurements of the same cell cannot be collected.  

Ibanez et al. [2013] encounter this same problem with their technique for 

single cell analysis, the microwell arrays for matrix-assisted laser desorption 

ionization mass spectrometry (MAMs-MALDI-MS). In MAMs-MALDI-MS single 

cells are captured into individual microwells and then later analyzed by MALDI-MS 

to achieve a high throughput of up to 2 Hz [Urban et al., 2010].  As with any MS 

technique it is destructive and so separating measurement uncertainty from cell-to-cell 

heterogeneity becomes a critical issue.  This problem was overcome by Ibanez et al. 

[2013] by stimulating a known metabolic change in Saccharomyces cerevisiae cells 

and monitoring the change in lipid content by mass spectrometry at both the ‘bulk’ 

and single cell level.  Bulk peak areas measured by MAMs-MALDI-MS were 

consistent with other bulk measurement techniques; however single cell peak area 

histograms of selected metabolites produced multiple, distinctly separate peak area 

distributions indicating the presence of multiple cell sub-populations.  Measurement 

uncertainty would only generate a single distribution of values. Using this approach, 
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Ibanez et al. [2013] proved that cell heterogeneity could be measured by the MAMs-

MALDI-MS platform. 

The same issue of demonstrating the range of measurement uncertainties has to 

be resolved for the SCMS. Herein, SCMS instrument variability is overcome in a 

similar manner to Ibanez et al. [2013] by causing a perturbation to the cell metabolite 

profile, in this case through nutrient deprivation in Chlamymondas Reinhertii (Cr) 

cells, and comparing ‘bulk’ values with single cell measurements. Cr cells were 

deprived of nitrogen which causes cells to initiate the production of triacylglycerides 

(TAGs), lipid droplets, and other fatty acid comprised lipids in response [Barreiro and 

Hairston, 2013; Bolling and Fiehn, 2005; Hu et al., 2008; Klok et al., 2013; 

Korkhovoy and Blume, 2013]. In addition the cells swell in size, which can be 

measured simultaneously in the sizing region of the SCMS.  The peak area 

distributions of SQDG shift towards higher values over time in the nitrogen-limited 

case, more than can be explained due to instrument variability alone, indicating that 

the SCMS can observe biological changes through single cell measurements.  

9.3 Experimental 

9.3.1 Cell preparation 

Aliquots of 5 mL cultures of Chlamydomonas reinhardtii (Cr, CC-1690) in 15 

mL Falcon tubes were started from plates by scraping a portion of the plate and re-

suspending in 1 mL of media before addition to the tube. CC-1690 cells were obtained 

from the Chlamydomonas Resource Center. High salt medium (HSM) [Sueoka, 1960] 

was used for the scale-up. All media was autoclaved prior to use. All liquid cultures 
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were grown on a rotary shaker at 140 rpm in a CO2 box under an atmosphere of 1% 

CO2, at a temperature of 27.0 ˚C and an irradiance of 80 μmol m-2 s-1. To remove 

excess salt, cells were pelleted and re-suspended twice in MilliQ water before being 

re-suspended in 30% EtOH. Solutions were diluted to contain ~2·106 cells/mL 

measured via hemocytometer. Cell counts and auto-fluorescence was taken daily. 

Samples were transesterified in 0.5 mL 1M HCl/MeOH for 1 hour and extracted twice 

with hexanes for analysis by GC/MS. Hexanes were evaporated and re-suspended in 

1.25 mL hexane. The lipid content in a cell sample is based upon total GC/MS peak 

area. Three separate trials were conducted. Cell response was found to vary 

significantly from trial to trial, indicating cell culture variability for Cr. Each trial 

necessitates independent characterization. For clarity, only trial 1 is discussed in the 

main text.  A full description of trial 2 and 3 is given in the supplementary at the end 

of this chapter.  

9.3.2 SCMS 

The SCMS is a variant of the ATOFMS [Pratt et al., 2009] using a newly 

developed large particle aerodynamic lens for transmission of aerosol particles 

(including whole cells) 3-10 µm in diameter. More detail on the design of the 

aerodynamic lens can be found in Cahill et al. [2014b] and Chapter 7. After cells have 

been aerosolized, they enter the instrument and are focused into a collimated beam by 

the aerodynamic lens. The cells then enter a particle sizing region where they pass 

through two continuous wave lasers spaced 6 cm apart. The scattering signal at each 

laser is used to determine the velocity of the cell within the instrument. After 
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calibration with polystyrene latex spheres (PSLs) of known size, the velocity can be 

converted into aerodynamic diameter. The velocity also times the firing of a 266 nm 

Nd:YAG laser for desorption and ionization of the cell. The resulting ions are 

collected in a dual polarity Z-time-of-flight mass spectrometer. Thus for each 

individual cell, both size and dual polarity mass spectra are acquired. The SCMS is 

capable of acquiring data with high throughput, as much as 50 Hz, limited by the 

repetition rate of the ionization laser.  

Cr cells were aerosolized using a syringe containing cell solution pumped at 

0.1 mL/min into a C-type concentric nebulizer (Precision Glassblowing, CO) and 

nebulized using dry nitrogen at 35 psi. After nebulization the aerosol passes through a 

heated flow tube and diffusion dryer, which removes any water present. The output is 

then sent to an aerodynamic particle sizer (APS) and the SCMS in parallel. A stir bar 

located within the syringe prevents cells in solution from settling during experiments. 

The APS was used to quantitatively measure cell size distributions before entering the 

SCMS.  The APS and SCMS both measure aerosol aerodynamic diameter making the 

two techniques directly comparable.  

Data are imported into Matlab (Matlab, Inc.) using the YAADA toolkit 

(www.yaada.com) and filtered to select only whole cell distributions by using a 

combination of size and peak height distributions. This process is discussed in more 

detail in the supplementary section at the end of this chapter. Discrepancies emerging 

between APS and SCMS size distributions provide a clear indicator of cell 

fragmentation occurring within the SCMS [Cahill et al., 2014a]. This was only shown 

to occur in Cr samples after 2 or more days of nitrogen-limited conditions and is likely 

http://www.yaada.com/
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due to weakening of the cell wall when undergoing nutrient deprivation. Despite this, 

there is a clear size mode that is due to whole cells in the SCMS data. 

9.4 Results 

9.4.1 Cell Growth and Size Distributions 

Cell counts, meausured by using a hemocytometer, as a function of day for 

nitrogen-replete and nitrogen-limited conditions are given in Figure 9.1 for trial 1. Cell 

solutions could be seen visually to change in color during the course of the experiment 

for nitrogen-limited conditions becoming light brown in color by day 4 while the color 

of nitrogen-replete samples remained a vibrant green throughout the experiment.  

 

 

Figure 9.1: Cell growth for nitrogen-replete (circles) and nitrogen-limited (squares) 
conditions for trial 1 
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Figure 9.2: APS (blue) and SCMS (black) size distributions for each day of trial 1 for 
nitrogen-replete conditions. (a) Day 1, (b) Day 2, (c) Day 3, and (d) Day 4 

 

Figure 9.3: APS (blue) and SCMS (black) size distributions for each day of trial 1 for 
nitrogen-limited conditions. (a) Day 1, (b) Day 2, (c) Day 3, and (d) Day 4 
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APS and SCMS measured size distributions under nitrogen-replete conditions 

are shown in Figure 9.2.  Cell sizes typically peaked between 4-5 µm for each day of 

the experiment. This is consistent with measurements by microscopy before 

aerosolization. As expected, cells under nitrogen-limited conditions nearly doubled in 

size over the course of the experiment, growing from 4-5 µm to 7-8 µm in 

aerodynamic diameter (Figure 9.3).  This is due to the accumulation various lipids 

under nitrogen-limited conditions. Small particle noise generated during nebulization 

creates the APS mode for particles <3 um. The SCMS conveniently does not transmit 

these particles effectively and thus does not measure these particles. After data 

filtering to remove cell fragments (see supplementary) APS and SCMS size 

distributions had excellent agreement for every sample in every trial.  For trials 2 and 

3 see Figure 9.12and Figure 9.16 in the supplementary.  

9.4.2 Single cell mass spectra under nitrogen-replete and nitrogen-limited 

conditions 

The mass spectra of nitrogen-replete Cr cells have been briefly discussed by 

Cahill et al. [2014a] (Chapter 8) and can be seen in Figure 9.4.  Of interest is the fatty 

acid fragmentation profile that appears in the high m/z of the positive and negative ion 

mass spectra. In the positive ion mode, peaks between m/z 350-550 follow a m/z 14 

fragmentation pattern, likely the result of fragmentation from fatty acids [McLafferty 

and Tureček, 1993].  Peaks at m/z 617, 670, 696, and 720 are hypothesized to be due 

to glycolipids, but cannot be conclusively verified with this dataset. In the negative ion 

mode, peaks between m/z -423 - 554 also exhibited a m/z 14 fragmentation pattern 



265 
 

 

likely originating from fatty acids.  High mass peaks at m/z -820 and -794 are also 

seen frequently in Cr mass spectra.  

 

Figure 9.4: Positive and negative ion average mass spectra for nitrogen-replete 
conditions on day 4 of trial 1  



266 
 

 

 

Figure 9.5: Positive and negative ion average mass spectra for nitrogen-limited 
conditions on day 4 of trial 1  
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Figure 9.6: Positive and negative ion difference mass spectra (Day 4- Day 1) for 
nitrogen-replete (red) nitrogen-limited conditions (black) in trial 1 

 

Average mass spectra for day 4 of trial 1 for nitrogen-replete and nitrogen-

limited conditions are given in Figure 9.4 and Figure 9.5, respectively. A difference 

mass spectrum, calculated as the difference between the average mass spectra from 

day 4 – day 1, highlights the major changes in mass spectra over the course of the 

experiment (Figure 9.6). In the positive ion mode, the nitrogen-replete and nitrogen-

limited conditions had very similar differences in trial 1.  Ions with m/z < 200 were 

generally more intense at the beginning of the experiment while large m/z ions (>200) 

increased in intensity after day 3. Peaks at m/z 617 and 696 had a greater, more 
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positive difference in nitrogen-limited samples. Across all trials these peaks along 

with the fatty acid fragment ions (350-550 m/z) consistently increased in peak height 

in both conditions. Interestingly, nitrogen-replete samples differed considerably for 

trials 2 and 3. This is due to culture variability in the growth of these microalgae. In 

trial 2, essentially no change could be seen for ions >200 m/z (Figure 9.15), while in 

trial 3 (Figure 9.19), all high mass ions decreased in intensity as the days progressed. 

Smaller m/z ions always decreased regardless of the sample condition. 

The negative ion difference mass spectra (Figure 9.6) are much more variable 

than the positive ion spectra.  Smaller m/z ions are typically lower in intensity for 

either growth condition. A sharp contrast is seen for m/z -159, which increases in 

intensity during nitrogen-limited conditions while in nitrogen-replete conditions 

decreases in intensity. However, trials 2 and 3 show either no change in intensity or a 

decreased intensity for both conditions. Unexpectedly, peaks attributed to fatty acid 

fragmentation, m/z -423 – 554, had essentially no change in intensity for all trials. 

However, these peaks responded differently in every trial (Figure 9.15 and Figure 

9.19). Most unique to these spectra is the peak at m/z -794 which increases in intensity 

in all trials only under nitrogen-limited conditions. This difference in this marker ion 

appears strongly in every trial and represents the most unique and defining feature 

differentiating nitrogen-replete from nitrogen-limited sample conditions and will be 

the focus of the remainder of this manuscript. 

To identify the peak at m/z -794, negative ion electrospray ionization (ESI) 

tandem mass spectrometry (MSn) was conducted on nitrogen-limited cells which 

readily generated the same ion (Figure 9.7). Comparison of the ESI-MSn spectra to 
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literature reports indicate the MS2 and MS3 fragmentation profiles are consistent with 

ESI mass spectra of the sulfolipid sulfoquinovosyldiacylglycerol (SQDG) [Plouguerné 

et al., 2013].  Specifically, ions at m/z -794 and -820 are consistent with a SQDG 

structure esterified by two palmitic acids and a palmitic and oleic acid, respectively.  

The fragment ion at m/z -225 was seen in both SCMS and ESI-MS3 spectra, which is 

characteristic of the 6-deoxy-6sulfono-hexoxyl residue of a SQDG [Plouguerné et al., 

2013]. Urban et al. [2011] also collected single cell mass spectra by laser 

desorption/ionization and saw similar peaks at m/z -794 and -820. These were assigned 

as a phospholipid peak based on their tandem MS data; however the tandem MS data 

were not shown for C. reinhardtii cells and so the differences cannot be compared. 

SQDG is one of the four common chloroplast membrane lipids along with 

mono- and digalatosyldiacylglycerol (MGDG and DGDG) and phosphoglycerol (PG).  

SQDG has been studied for its potential role in photosynthetic membranes and 

pigment-protein complexes [Moellering et al., 2010]. Riekhof et al. [2003] found that 

phosphate-limitation resulted in a doubling of SQDG in wild-type cells. In contrast, 

sulfur-limitation results in a reduction of SQDG levels. Interestingly the effects of 

nitrogen-limitation on SQDG levels in C. reinhardtii cells have not been studied. The 

data here indicate an increase in the dipalmitic acid SQDG with nitrogen-limitation.  
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Figure 9.7: ESI-MS (a), MS2 (b), and MS3 (c) of nitrogen-limited cells on day 4 

 

 



271 
 

 

 

Figure 9.8: (a) GC/MS 16:0 fatty acid peak area and (b) SCMS average peak area of -
794 for nitrogen-replete (circles) and nitrogen-limited (squares) conditions 

 

Figure 9.9: SCMS peak area distributions for m/z -794 under nitrogen-replete (a) and 
nitrogen-limited (b) conditions 
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9.4.3  Bulk GC/MS and SCMS SQDG profiles 

Direct quantitative measurements of m/z -794 SQDG has proven to be difficult 

by GC/MS and are currently not available. A quantitative measure of the 16:0 fatty 

acid content in the cell samples, which should have a relationship with m/z -794 

SQDG, can be measured using GC/MS and is shown in Figure 9.8a for nitrogen-

replete and nitrogen-limited conditions.  Interestingly total peak areas increase over 

time for both conditions, though the nitrogen-limited condition clearly generates more 

fatty acids over time.  In the nitrogen-replete condition fatty acid content increased, 

but less than in the nitrogen-limited case; however, the GC/MS data varied 

considerably between trials (Figure 9.13 and Figure 9.17). The one consistent feature 

is that nitrogen-limited conditions generated higher fatty acid peak areas than in 

nitrogen-replete conditions. This is in agreement with other studies indicating 

increased TAG content in Cr cells with nitrogen-limitation [Barreiro and Hairston, 

2013; Bolling and Fiehn, 2005; Hu et al., 2008; Klok et al., 2013; Korkhovoy and 

Blume, 2013]. 

Figure 9.8b shows average SCMS peak areas for the dipalmitic acid SQDG 

peak at m/z -794 for nitrogen-replete and nitrogen-limited conditions. Clearly, peak 

areas increase over time under nitrogen-limited conditions, consistent with an increase 

in 16:0 fatty acid content within cells. In contrast, nitrogen-replete conditions 

remained similar for the course of the study.  Comparisons of SCMS peak area 

measurements with other techniques are difficult, as the two techniques utilize 

different methods of generating ions and numerous artifacts, such as matrix effects, 

exist in SCMS laser/desorption ionization [Gross et al., 2000; Qin et al., 2006]. 
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Nevertheless, the discrepancies between GC/MS and SCMS peak areas can partially 

be explained on the basis of instrument sensitivity.    

Across all days, only 30-40% of cells measured by SCMS had measurable 

peaks at m/z -794 in the nitrogen-replete condition. The low fraction of cells 

containing m/z -794 is probably due to being near the SCMS instrument sensitivity for 

this ion.  For nitrogen-limited samples, day 1 had a similar fraction of particles 

containing m/z -794, 52%, which increased to 70% by day 2 and to 100% by day 3. 

The major change in SCMS peak areas occurred between days 2 and 3, when GC/MS 

peak areas ranged from 2.8·107-3.9·107.  Assuming the SCMS sensitivity lies 

somewhere within this range of GC/MS peak areas it is then reasonable to expect no 

change in SCMS peak area for the nitrogen-replete condition which never had GC/MS 

peak areas >2.0·107. Average m/z -794 peak area for trials 2 and 3 had similar trends 

to trial 1 (Figure 9.13 and Figure 9.17) 

9.4.4 Single cell SQDG profiles 

The main purpose of the SCMS is to investigate peaks at the single cell level 

rather than a bulk average.  Single cell SQDG peak area histograms are shown in 

Figure 9.9 for nitrogen-replete and nitrogen-limited conditions. Under nitrogen-replete 

conditions, peak heights form a logarithmic Gaussian distribution around the mean 

peak height of ~250.  These distributions remain similar over every day of the 

experiment.  The distributions of values are in part due to cell-to-cell heterogeneity 

and instrument variability. The same Gaussian distribution is seen on day 1 for 

nitrogen-limited conditions, but as the days progress the distribution shifts towards 
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higher peak areas consistent with the average peak areas shown in Figure 9.8b. The 

shift in peak distributions is clearly beyond instrument variability. Cell fragments 

when compared to whole cells resulted in a unique distribution within the same sample 

also exemplifying that the SCMS can resolve differences between cell distributions 

(see supplementary). It should be noted that thousands of cells were used to generate 

these distributions resulting in high resolution peak area distributions, which is made 

possible by the unprecedented throughput of the SCMS for single cell analysis. The 

high throughput is a critical feature in order to statistically resolve differences in cell 

populations [Traller and Hildebrand, 2013]. 

9.5 Conclusions 

The microalgae Chlamydomonas reinhardtii was examined under nitrogen-

replete and nitrogen-limited conditions with the newly developed SCMS. This 

represents the first reported time-resolved single cell mass spectral measurements of 

nutrient deprivation in green microalgae. Thousands of single cells were measured 

over a period of 4 days for nitrogen-replete and nitrogen-limited conditions. 

Comparison of SCMS mass spectra between the two conditions revealed an increase 

in the dipalmitic acid sulfolipid sulfoquinovosyldiacylglycerol (SQDG), a chloroplast 

membrane lipid, under nitrogen-limited conditions. ‘Bulk’ measurements of SQDG by 

SCMS qualitatively agree with 16:0 fatty acid content measured by GC/MS. Single 

cell peak area distributions show the same biological information as ‘bulk’ values and 

demonstrate the ability of the SCMS to measure biological differences in cells 

undergoing an environmental stress. Future work will focus on improving the 



275 
 

 

sensitivity of the SCMS towards other common lipids found in algae cells, such as 

TAGs. Efforts to improve the quantitative nature of the mass spectra are also essential 

to future studies of single cell lipid content. 
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9.7 Supplementary Information 

9.7.1 Data filtering method to segregate whole cells from cell fragments 

As Cr cells undergo starvation their cell wall weakens causing increased 

fragmentation due to the high vacuum in the SCMS; however, distributions of whole 

cells still exist and are measured. Size distributions alone, with reference to APS 

measured distributions, are adequate to segregate whole cells from cell fragments 

when the extremes of starvation has been reached (i.e. day 4).  For days 2-3 size 

distributions are not enough to confidently remove the cell fragment population from 

the dataset as the whole cell and cell fragment size distributions overlap significantly.  
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Figure 9.10: Exemplary size resolved peak height (-794) histogram of (-N) cells from 
trial 2, day 4. The threshold values separating cell fragments from whole cells is given 

by the red trace 

 

Figure 9.11: APS and SCMS size distributions for day 4 of trial 1 for nitrogen-limited 
cells. The APS trace is in blue, the dashed black line is uncorrected SCMS, and the 

solid black line is the corrected SCMS size distribution 

 

To isolate whole cells from cell fragments size distributions in combination 

with mass spectral peak height distributions are used. Since the SQDG lipid at m/z -

794 is primarily discussed in this manuscript, its peak height distribution is used to 

isolate whole cells. Figure 9.10 shows an exemplary combined size and peak height 
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distribution for starved Cr cells from trial 1 on day 4.  It can be seen in Figure 9.10 

that the two modes of the SCMS size distribution are more clearly defined when the 

peak height dimension is added. The cutoff for isolating the whole cell distribution is 

given by the red trace in Figure 9.10. The uncorrected and corrected APS and SCMS 

size distributions for the same day can be found in Figure 9.11.  The SCMS size 

distribution agreement with the APS measured size distribution improves dramatically 

after filtering. The filtering size and peak height cutoff was manually determined for 

each day of the trial. For normal growth samples and day 1 of nitrogen starved 

samples where there was no evidence of cell fragmentation, the cutoff was simply set 

to >2 µm to remove small particle noise. 

9.7.2 SCMS peak height trends over multiple trials 

Three separate trials of time-resolved nitrogen-limited measurements were 

conducted to provide an idea of cell culture variability. Many trends in cell size, 

growth, and mass spectral ions were consistent across every trial; however for certain 

features, cell response was found to vary significantly trial to trial and thus each trial 

necessitates independent characterization.  

Size distributions from trial 2 and 3 were very similar to trial 1. Cells increase 

in size under nitrogen-limited conditions while in nitrogen-replete conditions cells 

remain 4-5 µm in diameter over the entire experiment. Growth rates are also similar 

across each trial with nitrogen-replete conditions steadily increasing in cell count and 

nitrogen-limited conditions remaining stunted in growth. SCMS trends in SQDG 

consistently increase in peak area under nitrogen-limited conditions for every trial. 
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Additionally GC/MS 16:0 fatty acid content was is always higher for the nitrogen-

limited condition; however, the daily trend was quite variable.  

 

 

Figure 9.12: APS (blue), SCMS uncorrected (dashed black), and SCMS corrected 
(black) size distributions for each day of trial 2 for nitrogen-replete conditions. (a) Day 

1, (b) Day 2, (c) Day 3, (d) Day 4.  

9.7.2.1 Trial 2 

Trial 2 performed similarly to trial 1 with the exception of day 1 for the 

nitrogen-limited condition which had unusually high SCMS peak are for m/z -794 and 

high 16:0 content by GC/MS. The trial 2 size distributions for nitrogen-limited 

conditions are shown in Figure 9.12. Nitrogen-replete size distributions were very 

similar to those shown in Figure 9.2. In trial 2 cell fragmentation was significantly 

easier to isolate as the two distributions were more clearly separated in size than that 

seen in trial 1. APS and SCMS size distributions of the nitrogen-limited sample from 
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the first day already show signs of cell response, as their cell sizes are increased 

relative to the normal growth reference also taken that day.  The only reasonable 

explanation is that the time between running the samples was enough for the cells to 

respond to the lack of nutrients. In addition, the color of the cell suspension was 

noticeably lighter than the normal growth sample indicating a response from the cells 

to nitrogen-limitation.   

 

Figure 9.13: (a) GC/MS 16:0 fatty acid peak area and (b) SCMS average peak area of -
794 for nitrogen-replete (circles) and nitrogen-limited (squares) conditions in trial 2 

 

With this in mind it is not surprising that the average peak area of SQDG 

between nitrogen-limited and nitrogen-replete conditions disagree on day 1 (Figure 

9.13b).  GC/MS 16:0 fatty acid content had an unusual trend relative to trial 1 and 3 as 

well (Figure 9.13a).  The nitrogen limited condition starts at a high value, decreases, 

and then increases significantly by day 4, while the nitrogen-replete condition 

decreased steadily day by day. At this time it is unclear why there is such significant 

deviation between GC/MS data trial by trial. Despite these differences, the SQDG 

peak area had the same general trend as in trial 1, increasing for nitrogen-limited cells 

and remaining fixed at lower values for the nitrogen-replete condition (Figure 9.13b).  
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Peak area histograms of nitrogen-limited cells shown in Figure 9.14 also show the 

discrepancy already mentioned for day 1 of the trial.  Otherwise, the distribution shifts 

towards higher peak areas over time just like in trial 1. Difference mass spectra 

between day 4 and day 1 show mostly similar trends to trial 1, except that high mass 

(>200 m/z) ions did not increase over time in the nitrogen-replete condition (Figure 

9.15).  

 

Figure 9.14: SCMS peak area distributions for m/z -794 under nitrogen-replete (a) and 
nitrogen-limited (b) conditions in trial 2 
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Figure 9.15: Positive and negative ion difference mass spectra (Day 4- Day 1) for 
nitrogen-replete (red) nitrogen-limited conditions (black) in trial 2 

 

9.7.2.2 Trial 3 

Trial 3 size distributions show increased sizes for nitrogen-limited conditions 

as the days of the experiment increased (Figure 9.16) while nitrogen-replete conditions 

remained the same every day. The cell fragment and whole cell distributions are 

clearly separated, as was the case in trial 2. After data filtering the APS and SCMS 

size distributions have excellent agreement. The cell growth rate was similar to both 

trials. GC/MS 16:0 fatty acid peak areas had characteristics of both trial 1 and trial 2 
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(Figure 9.17a).  Nitrogen-replete conditions had a decreasing trend with day, similar to 

trial 2, while for nitrogen-limited cells peak areas increased over time. Average SCMS 

SQDG peak areas have the same trends seen in trials 1 and 2 (Figure 9.17b). Nitrogen-

limited cells increase in peak area over time while nitrogen-replete cells remain fixed. 

SCMS peak area distributions for nitrogen-limited cells are shown in Figure 9.18. The 

distribution shifts towards higher peak areas over time for nitrogen-limited cells just 

like in trials 1 and 2. Nitrogen-replete conditions have essentially no change in peak 

area over time. Difference mass spectra between day 4 and day 1 have mostly similar 

trends to trial 1 and 2 (Figure 9.19). As with trials 1 and 2 the positive change in m/z   

-794 for nitrogen-limited conditions is the most striking feature.  Unlike in trials 1 and 

2 nitrogen-replete cell fatty acid fragment ions in both the positive and negative ion 

mode decrease over time. This is consistent with the decrease in 16:0 GC/MS peak 

area for the nitrogen-replete condition during this trial (Figure 9.17a).   
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Figure 9.16: APS (blue), SCMS uncorrected (dashed black), and SCMS corrected 
(black) size distributions for each day of trial 3 for nitrogen-replete conditions. (a) Day 

1, (b) Day 2, (c) Day 3, (d) Day 4.  

 

Figure 9.17: (a) GC/MS 16:0 fatty acid peak area and (b) SCMS average peak area of -
794 for nitrogen-replete (circles) and nitrogen-limited (squares) conditions in trial 3 
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Figure 9.18: SCMS peak area distributions for m/z -794 under nitrogen-replete (a) and 
nitrogen-limited (b) conditions in trial 3 
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Figure 9.19: Positive and negative ion difference mass spectra (Day 4- Day 1) for 
nitrogen-replete (red) nitrogen-limited conditions (black) in trial 3 
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Chapter 10. Investigation of methods to improve 

mammalian cell fate within the single cell mass 

spectrometer 

10.1 Abstract 

 Recently a single cell mass spectrometer has been utilized for the rapid 

analysis of single algae cells 4-10 µm in diameter. It was noted that mammalian cells 

are susceptible to fragmentation within the high vacuum of the instrument. Here, 

methods to increase the vacuum resistance of mammalian cells are investigated. The 

methods included removal of water, incorporation of various fixatives and epoxies, 

crosslinking of the cell membrane with silica, and alternate preparation techniques. 

When using multiple ethanol washes cells appeared to resist the stress of high vacuum 

based on sizing measurements; however this method seemed to alter cell constituents 

making the single cell mass spectra nearly identical to each other. Gold nanoparticles, 

added to assist in the generation of ions in both unaltered and treated cells, did not 

help to differentiate between cell types. Additional research to increase the vacuum 

tolerance of mammalian cells without alteration of the cell constituents is needed. 

10.2 Introduction 

Single cell metabolomics has the potential to bring unprecedented insight into 

cell behavior. Single cell resolution can isolate differences in cell sub-populations 

which is crucial for determining cell environment and disease [Zenobi, 2013]. Many 

single cell techniques exist but few have the high throughput needed to statistically 
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separate differences in cell populations [Ibanez et al., 2013]. Recently the single cell 

mass spectrometer (SCMS) has been introduced with the ability to collect single cell 

mass spectra at a throughput of up to 50 Hz [Cahill et al., 2014b]. This technique has 

thus far been used for the chemical characterization of various algae species 

undergoing nutrient deprivation. However, the application of this technique to 

mammalian cells is hampered by the poor vacuum tolerance of these cells causing 

them to fragment extensively in the high vacuum of the SCMS (10-7 Torr).   

The poor vacuum tolerance of mammalian cells has been demonstrated in a 

number of studies [Böttcher, 2001; Feng et al., 2004].  Tissue imaging techniques 

such as matrix assisted laser desorption ionization (MALDI) or transmission electron 

microscopy (TEM) commonly freeze-dry or use resin blocks before introducing 

tissues to the high vacuum of the instrument [Böttcher, 2001; Cazares et al., 2011]. In 

single cell studies using MALDI, cells are typically freeze-dried before analysis as 

with tissue imaging. Fixatives are also employed to strengthen cells prior to analysis. 

Numerous epoxies and fixatives are available and can be employed depending on the 

particular application. 

Applying these epoxy and freeze-drying techniques to the SCMS has unique 

complications. In the SCMS, cells are introduced in aerosol form; thus many hard 

resin techniques are not applicable as a resin block cannot be aerosolized while still 

retaining the desired single cell resolution. Freeze-drying is also not applicable, as the 

entire aerosol path including the instrument would have to be cooled to liquid nitrogen 

temperature to inhibit re-hydration of the cells.  Alternative methods for improving 
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cell robustness are required in order to introduce and maintain intact mammalian cells 

in the SCMS.   

Herein, a wide range of approaches are tested in an effort to improve 

mammalian cell tolerance to high vacuum including cell drying, alternate fixatives, 

epoxies, and cell wall surrogates. Samples treated to form silica shells around the cells 

and those that are washed repeatedly with ethanol appear to withstand the transition to 

high vacuum the best; however mass spectra of these individual cells, including algae, 

appear identical to each other after these procedures. Upon closer examination, it 

seems that these methods extract cell constituents causing mass spectra to appear the 

same. The use of gold nanoparticles to act as a matrix for desorption/ionization was 

investigated; however they do not yield any new, distinguishing features in the 

individual cell mass spectra. Alternate ionization wavelengths tuned for different 

matrix particles could yield distingquishing features in the cell mass spectra.  Further 

research is needed to find a viable method for increasing mammalian cell strength.  

10.3 Experimental 

10.3.1 Single Cell Mass Spectrometer (SCMS) 

The SCMS is described in detail elsewhere [Cahill et al., 2014b] (Chapter 8). 

Briefly, the SCMS uses two continuous wave lasers spaced 6.0 cm apart to measure 

the speed of single particles. Two photomultiplier tubes (PMTs) orthogonal to the 

laser beam collect light scattered by each particle. By measuring the time between the 

two signals and using the known distance between the two lasers, the velocity of the 

particle can be calculated. In addition the velocity is used to calculate the firing of the 
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ionization laser lower in the instrument. Using polystyrene latex spheres (PSLs) of 

known size to calibrate the instrument, the measured velocity can be converted into 

aerodynamic particle diameter.  

An aerodynamic particle sizer (APS) is used to quantitatively measure particle 

number concentrations under near-ambient pressure, unlike the SCMS for which the 

light scattering measurements are taken at ~10-5 Torr. The APS measures the 

aerodynamic diameter of each particle (0.2-20 µm), the same diameter that is 

measured by the SCMS; therefore, the SCMS and APS size profiles for a given sample 

should be very similar with the critical difference between the techniques being the 

pressure in which the particle size is measured. Comparison of APS and SCMS size 

distributions are used to determine the extent of fragmentation within the SCMS. The 

presence of a good whole cell signal by APS is a prerequisite for quality sizing data in 

the SCMS.  

10.3.2 Preparation of Cells 

Hepatocellular carcinoma (HepG2), Human Mammary Fibrocystic (MCF-

10A), Chinese Hamster Ovary (CHO), Human Embryonic Kidney (HEK-293), Human 

Mammary Adenocarcinoma (MDA-MB-468), and Human Mammary Ductal 

Carcinoma (BT-474) mammalian cells are used in subsequent experiments. Cells are 

harvested from T150 Corning or T75 BD Falcon tissue culture flasks by aspirating off 

the media from the adherent cells and rinsing twice with Hank’s balanced salt solution 

(HBSS) or 1X phosphate buffer solution (PBS) and aspirating off to remove excess 

debri. For a cell harvest from a T150 flask, cells are un-adhered by treating with 4 mL 
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of 25% trypsin ethylenediaminetetraacetic acid (EDTA) (1X) for 5-15 minutes 

depending on the cell line. The trypsin is then deactivated by adding 16 mL of the 

designated cell type’s media.  

In the control case, cells are pelleted, re-suspended, and fixed with a 1.6% 

formaldehyde solution in 1X PBS for 30 minutes. To remove the growth medium and 

excess debri, cells are pelleted and re-suspended two times with 35% (v/v) ethanol 

(EtOH) in a 50 mL conical and concentrated to ~2·106 cells/mL measured using a 

hemocytometer. Variations of this procedure are explored in this chapter.  

All cell cultures are maintained in a sterile incubator at 37°C with 5% CO2. 

Roswell Park Memorial Institute (RPMI) media 1640 (1X) is used for the HepG2 and 

MDA-MB-468 cell lines, Dulbecco’s modified eagle’s medium (DMEM) (IX) for the 

BT-474 and HEK cell lines, F-12 (1X) media for CHO cell line, and all media are 

spiked with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin. MCF-10a 

cells are grown in a 50:50 mixture of F-12/DMEM prepped at the 500 mL scale with 

25 mL Horse Serum, 100 µL EGF (1 µg/mL), 250 µL Hydrocortizone (1 mg/mL), 50 

µL CholeraToxin (1mg/mL), 500 µL Insulin (10 mg/mL) and 5 mL penicillin 

streptomycin. 

Chlamydomonas reinhardtii (Cr) cultures are prepared as described in Cahill et 

al. [2014a]. 5 mL cultures in 15 mL Falcon tubes are started from plates by scraping a 

portion of the plate and re-suspending in 1 mL of media before addition to the tube. 

High salt medium (HSM) [Sueoka, 1960] is used for scale-up. All media is autoclaved 

prior to use. All liquid cultures are grown on a rotary shaker at 140 rpm in a CO2 box 
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under an atmosphere of 1% CO2, at a temperature of 27.0˚C and an irradiance of 80 

μmol m-2s-1. To remove excess salt, cells are pelleted and re-suspended twice in 

MilliQ water before being resuspended in 35% EtOH for the control case. Solutions 

are diluted to contain ~2·106 cells/mL measured via hemocytometry. 

10.3.3 Metrics for evaluating cell fate 

10.3.3.1 Qualitative evaluation in solution 

All samples are evaluated in solution by a basic upright tissue culture 

microscope for the degree of agglomeration of cells. The agglomeration state of the 

cells directly correlates to how well the sample performs once aerosolized, and as such 

is an indicator of the sample’s potential delivery efficiency to the APS and SCMS. 

Agglomeration state is evaluated during sample preparation when the cell 

concentration is manually counted. Clumps of three or more cells have been found to 

be too large to be effectively aerosolized. If a considerable amount of the cell solution 

exists in clumps the samples will perform poorly. 

Additional analysis by high power microscopy, normally using dark field 

imaging, is performed for selected samples as a supplementary metric. This system 

has the high resolution needed to measure size changes or see fine morphological 

changes. In some cases, cells are exposed to hypotonic solutions and evaluated for 

swelling by high power microscopy. Resistance to swelling in a hypotonic solution is 

used as an indicator of a cell with enhanced structural properties. 
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10.3.3.2 Efficiency of aerosolization 

Efficient aerosolization of whole cells while minimizing the formation of small 

particle noise is important for reliable sizing measurements by the SCMS. Significant 

numbers of small particle noise can hamper the tracking of whole cell samples in the 

instrument. The APS is used to quantitatively measure particle number concentrations 

and size distributions under near-ambient pressure. In a single APS sample, the data 

due to cells stretch over several size bins ranging from 4-9 µm in aerodynamic particle 

diameter, and the exact distribution differs between cell lines. This is confirmed by 

microscopy for each cell line. The cell concentration (number of particles per cubic 

centimeter or #/cm3) is found by summing the particle size bins containing the mode 

of the cell size distribution. The total particle concentration is found by summing 

particle counts in all size bins. Most of the non-cell signal (i.e. noise) ranges in size 

from <0.523 to 3 µm in diameter. These smaller particles are generated by 

fragmentation of whole cells upon aerosolization or by generation of particles from 

residual media left after washing.  The cell concentration divided by the total particle 

concentration (i.e. the fraction of total particles due to whole cells) is used as the 

metric for efficient cell aerosolization. 

10.3.3.3 SCMS scattering rate and hit rate 

As mentioned previously, small particles present in cell samples are 

detrimental to SCMS analysis. In addition to giving a low whole cell fraction in APS 

data, small particles can saturate the PMT signal at the first scattering laser. With this 

aerodynamic lens system, both small (<3 µm) and large particles can be transmitted 
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through the first scattering laser. By the time they reach the second laser, small 

particles will have diverged from the center axis of the aerodynamic lens enough to be 

removed and not seen by the second laser. This is problematic because the first 

scattering signal initiates the calculation of particle speed and waits for a scattering 

signal from the second laser. In the case of a divergent small particle, a second scatter 

is not seen. At high aerosol loadings, the speed can be miss-calculated due to two 

different particles being present near simultaneously in the two scattering lasers, 

resulting in an infinite speed. These so-called “infinite” speeds are erroneous and are 

not hit by the ionization laser. When such an event occurs, hit rates (HR, defined as 

the fraction of particles scattered that are hit with the ionization laser) are artificially 

low. To some extent this error can be lowered by reducing the gain on the PMTs; 

however, this also reduces the number of whole cells that are identified and reduces 

the throughput of the instrument. In some cases where noise is extremely high, the 

PMT gain must be turned down to obtain accurate particle speeds. 

Cell samples typically contain small particles to various extents, due to sample 

preparation, but additional small particles can be generated within the SCMS if whole 

cells fragment in the transition to high vacuum within the instrument. In cell samples 

that do not survive high vacuum, the SCMS will see abnormally high numbers of 

miscalculated speeds and low hit rates. Indirectly, a lack of this instrumental artifact 

can be utilized as an identifier of successful cell strengthening techniques. A 

successful sample will have the majority of speeds reflective of 4-9 µm particles and 

high hit rates. An accurate hit rate and scatter rate can be calculated even with high 
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noise samples by selecting only particles with speeds indicative of the sizes of interest. 

PSL samples have hit rates of >85% across all sizes; therefore an intact sample will 

have similar hit rates. For high throughput analysis of cells, an ideal sample would 

scatter at >2 Hz for the sizes of interest and have a hit rate approaching 85%. 

 

Figure 10.1: Relationship between APS and SCMS number concentrations for PSLs 
(a) and mammalian cells (b). 
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10.4 Results 

10.4.1 Comparison of Mammalian Cells to PSLs 

Cahill et al. [2014a] briefly described that a discrepancy between the 

performance of whole cells and PSL standards exists for mammalian cells. At similar 

particle number concentrations measured by APS, SCMS scattering rates for 

mammalian cells (~0.1-0.5 Hz) are significantly lower than PSLs (5-20 Hz).  To gain a 

better understanding of the discrepancy in the ability of the SCMS to measure PSL 

and cell solutions, the relationship between SCMS scattering and APS number 

concentration are compared for PSLs and mammalian cells (HepG2, MCF-10A, CHO, 

HEK-293, MDA-MB-468, and BT-474) (Figure 10.1). For PSLs, the SCMS scattering 

rate is linearly related to APS measured number concentration with a very strong 

correlation (R2 = 0.97). In contrast, the relationship between APS number 

concentration and SCMS scattering rates for mammalian cells is less robust (R2 = 

0.79, Figure 10.1b).  Figure 10.1 also highlights the order of magnitude discrepancy 

between PSL and mammalian cell SCMS scattering rates for the same APS number 

concentration.  
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Figure 10.2: Dark field microscopy of MDA-MB-468 cells (left) and 7.2 µm PSLs 
(right). The spread of the MDA-MB-468 cells is ~1350 µm in diameter while the 

PSLs are observed with a diameter of 180 µm. 

 

Particle deposition experiments taken at multiple points along the aerosol path 

indicate a fraction of cells are fragmented during the drying process, and more appear 

to be fragmented as they pass through the critical orifice of the instrument. Despite 

these losses, a significant and sufficient number of whole cells are introduced into the 

instrument. These whole cells are focused into a tight spot by the aerodynamic lens, 

but that focused spot is lost upon entrance into the light scattering region (~10-5 Torr). 

At the light scattering region, the cells are found to be highly divergent from the center 

axis of the aerodynamic lens and fragmented (Figure 10.2, left). For comparison, PSLs 

imaged at the same region are tightly focused (Figure 10.2, right). This explains the 

dramatic difference between PSL and mammalian cell scattering rates and hit rates in 

the SCMS.  

The images indicate that the cells are fragmenting as they transition to high 

vacuum conditions in the SCMS prior to the mass spectrometer. It is known that 

mammalian cells are susceptible to fragmentation through the rapid loss of solvent 
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under vacuum conditions. This problem was thought to be circumvented by drying the 

cells before entry into the SCMS with a diffusion drier, but it is clear that drying has 

not been sufficient to alleviate fragmentation under high vacuum. In contrast to 

mammalian cells, PSLs are hard spheres and hence are not susceptible to 

fragmentation. More robust cell sample such as algae behave more like hard PSLs and 

are more readily detected in the SCMS instrument [Cahill et al., 2014b] (Chapter 8). 

Strengthening the integrity of the mammalian cells, e.g. making a more robust cell, is 

key to subsequent analysis by SCMS. Three approaches are pursued to improve 

mammalian cell robustness: improved drying, improved fixation, and assembly of a 

cell wall surrogate. 

10.4.2 Cell Stabilization: Cell Drying 

The force causing mammalian cells to break apart comes from rapid 

evaporation of solvent inside the cells as they are exposed to high vacuum. This has 

been seen in MALDI imaging of mammalian cells which are usually freeze-dried 

before introduction into the high vacuum of the instrument [Cazares et al., 2011]. One 

approach to address this challenge is a more thorough (but gentle) drying of the 

sample to remove all traces of volatile solvent. In the standard protocol for cell 

harvesting the cells are processed into 35% EtOH. This requires two centrifugation 

spins into 35% EtOH after fixation in 1.6% formaldehyde. The cells then pass through 

a diffusion silica drying column and enter the SCMS. Results from increasing drying 

column length and increased EtOH % are summarized in (Table 10.1).  
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Table 10.1: Summary of increased cell drying experiments. 

 

10.4.2.1 Adding more silica drying columns 

The simplest experiment involves increasing the length of the silica drying 

column. The silica column was tripled for MCF-10a and HepG2 cells (Table 10.1). 

The peak APS size decreases for HepG2 cells with the extended drying column 

indicating further loss of solvent; however no change is observed for MCF-10a cells. 

The addition of more drying columns degrade the quality of the aerosol sample for 

both cell types by reducing the number concentration and fraction of whole of cells 

relative to the control (1 dryer), though in all experiments the SCMS scattering is 

extremely low (<0.1 Hz).  This indicates that cells are fragmenting within the SCMS 

despite increased drying.    

10.4.2.2 Processing cells into 100% EtOH   

An alternative method to improve drying is to process cells in 100% EtOH 

which will evaporate more rapidly than 35% EtOH in the drying column. This requires 

an additional spin to maintain integrity of the cells by gradually increasing the EtOH 

percentage; 35% to 70% to 100%. As shown in Table 10.1, the max APS bin size of 
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the cells size distribution decreases as EtOH percentage is increased. This correlates to 

smaller cells due to the evaporation of water and ethanol. The relative percentage of 

cells (cell/total concentration) also increase in the 100% EtOH sample. This is due to 

both an increase in cell concentration by a factor of 2.5 to 6.5 and a decrease in the 

total number of particles. The APS data show an improvement in aerosol generation. 

Samples have more whole cells, fewer small particle noise, and dryer cells. Despite 

this, there is no improvement in scatter rates by SCMS.  No differences are observed 

between the mass spectra for the two processing methods into EtOH, and both result in 

low scatter rates overall. Processing into 100% EtOH is not sufficient to solve the 

challenges with cell fragmentation within the SCMS. It may be that even 100% EtOH 

is not a volatile enough solvent to be removed completely prior to the instrument.   

Table 10.2: Summary of increased fixation experiments. 

 

 

10.4.3 Cell Stabilization: Improved Fixation 

Another approach to improve cell strength is to adhere a polymer to the surface 

of the cell and then crosslink it to provide the structural properties to mimic a 
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microalgae cell wall. Polymers containing amines are positively charged and facile 

chemistry can be utilized to crosslink these amines. Formaldehyde at 1.6% is 

commonly used as a fixative; however, this has not been sufficient to improve vacuum 

tolerance in cell samples. Formaldehyde concentration was increased to 4% for MCF-

10a and MDA-MB-468 cells (Table 10.2); however, the increased concentration does 

not improve SCMS scattering and hit rates.  

Gentler fixation methods including acetone and methanol are not expected to 

be helpful as they are not effective crosslinking agents. Glutaraldehyde is a more 

highly crosslinking fixative. Preliminary experiments demonstrate increased resistance 

to hypotonic solutions for glutaraldehyde fixed cells when compared to formaldehyde 

fixation. This resistance is thought to correlate to an increase in crosslinking and 

improved cell stability. Cells are fixed in 1.6% gluteraldehyde for 30 min; however, 

testing by APS shows that glutaraldehyde treated cells have a two-fold decrease in 

number relative to formaldehyde fixed cells (Table 10.2). Testing in the SCMS shows 

that they do not have an appreciable scattering rate in the timing region or an 

appreciable hit rate. Glutaraldehyde fixed cells are observed to agglomerate in solution 

quite easily. One potential cause for this agglomeration is unreacted aldehyde groups 

on the cell surface that can cross react with other cells. To test this theory, cells are 

treated with a 1X tris(hydroxymethyl)aminomethane (TRIS) buffer to quench free 

aldehydes present after fixation. Even with TRIS incubation, the glutaraldehyde fixed 

cells perform poorly as determined by APS.  
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10.4.4 Cell Stabilization: Assembly of a Cell Wall Surrogate 

A more involved approach is to build a synthetic cell wall around mammalian 

cells. One approach is to introduce lipids into the cell membrane that can be 

crosslinked or serve as functional handles for crosslinking chemistry (e.g., alkenes and 

azides). Alternatively, a polymer shell can be formed around the cell, for example by 

using ring opening metathesis polymerization (ROMP) [de Vos et al., 2014]. Silica-

based shells have been formed around cells as well [Kaehr et al., 2012]. 

A range of polymers have been screened for adherence and compatibility with 

cells. Several synthetic polymers such as polydiallyldimethylammonium chloride 

(PDADMAC) and branched-polyethyleneimine (BPEI) result in cell lysis even after 

several attempts to create favorable conditions for cell binding while keeping cells 

intact. Naturally occurring polymers are preferred with the expectation that they would 

have improved biocompatibility. Polysaccharides such as alginate, chitosan, and 

hyaluronan are some of the possible naturally occurring polymers. Of these 

possibilities, chitosan has been selected as it is readily available in a variety of lengths 

and consists of a beta linked glucosamine polymer similar to cellulose. The primary 

amine in the polymer serves to promote cell binding and act as a handle for 

crosslinking of the polymer to form a structural shell.  

10.4.4.1 Chitosan 

Initial experiments with chitosan are performed using different polymer 

lengths (1-3) and concentrations (0.1% and 0.5% for 30 min). The effect of fixing cells 

with 1.6% glutaraldehyde prior to chitosan treatment is also studied. It is anticipated 
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that the glutaraldehdye fixed cells will have free aldehyde functional groups that can 

enhance the adherence of the chitosan to the cell surface. Shorter chitosan polymers 

result in a higher percentage of cells surviving the treatment. All treated cells show 

resistance to swelling in hypotonic solutions. Samples that are not fixed prior to 

chitosan polymer binding perform better by APS, but none of the chitosan treated 

samples perform satisfactory by SCMS (Table 10.2). The SCMS is able to get a 

reasonable scatter rate, ~1Hz, but has low hit rates, <20%, for these experiments 

indicating erroneous scatters due to small particle noise. Some samples have 

appreciable noise in the APS as well. The results suggest that a protective crosslinked 

shell is not formed on the cells. This may be due to insufficient polymer binding or 

poor crosslinking. The concentrations tested ranged from 0.1-0.5%.  Higher 

concentrations were found to increase small particle noise significantly. 

10.4.4.2 Epoxy 

A highly crosslinked epoxy shell encapsulating or integrated into a cell should 

provide sufficient mechanical strength to keep the cell intact under high vacuum. The 

concept is to effectively form a plastic polymer shell around the cell while tuning the 

properties of the epoxy polymer (e.g. crosslink density, hardness, etc.) for optimal 

protection of the cell. Epoxy is used as an embedding medium for tissues prior to 

sectioning, and a range of methods are available for infusing tissues with commercial 

epoxy kits. In contrast to an epoxy embedded tissue, the present application requires 

that cells be individually infused or coated with epoxy. Standard embedding methods 

use a solvent to infuse tissues with epoxy and then harden the epoxy to form a solid 
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block. For this application, epoxy needs to be delivered to each cell but cannot form a 

solid polymer in the surrounding medium. Ideally, the cell would serve as a nucleation 

point for the epoxy resin formation. Fine tuning the concentrations of the epoxy 

components is the critical challenge: too much epoxy and the whole mixture will cure 

whereas with too little the cells will not be fortified. An extensive series of epoxy 

treatments have been performed and some illustrative examples are described. 

Initial testing with epoxy is based on a standard TEM embedding method that 

is designed to create a solid block of epoxy embedded tissue. The protocol has been 

modified with the goal of encapsulating or infusing individual cells with epoxy while 

maintaining them as single cells that remain dispersed in solvent. Specifically, the 

cells are harvested, fixed with glutaraldehyde, and dehydrated in alcohol followed by 

acetone. The cells are transferred to a 2:1 propylene oxide:epoxy mixture and 

incubated at ~60°C for 12-24 hours. The epoxy resin for this experiment is a Ted Pella 

Epoxy Kit (Eponate 12 (Glycerol polyglycidyl ether), Araldite 502 (bisphenol A 

epoxy resin (BPA)), dodecenyl succinic anhydride (DDSA), benzyldimethylamine 

(BDMA)) prepared according to the manufacturer. After heat treatment, the cells are 

transferred to 35% EtOH for aerosolization. After this procedure there is still 

significant residual epoxy resin in solution not associated with cells. When measured 

by APS and SCMS, essentially no signal is observed in the size range of cells, and 

there is also significant small particle noise. In short, initial attempts with epoxy are 

not successful by the standard metrics. 
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Table 10.3: Summary of epoxy experiments. 

 

A modified version of the original process gives improved results. This series 

of experiments tests several ratios of solvent to epoxy, improves cell processing, and 

maintains the samples in acetone for aerosolization. The samples treated with lower 

amounts of epoxy result in signal by APS, but all samples perform poorly by SCMS 

due to high noise or low hit rates. Quantitative results from APS and SCMS testing are 

shown in Table 10.3. The 2:1 ratio has a high scattering rate, but extremely low hit 

rate. This is an example of small particle noise influencing SCMS particle sizing. 

Samples with 1:1 and 1:2 ratios have essentially no particle scattering in the sizes of 

interest. Their reasonable hit rates are partially biased by the small number of particles 

accurately sized. This series of experiments did not produce samples that could be 

used to generate mass spectra from single cells. 

Epoxy formulations can be tuned to have a variety of structural properties, 

curing times, crosslinking densities, etc. by varying the ratios and identity of the 

primary components (epoxy resins, hardeners, and accelerators). Several epoxy 

formulations have been tested with the goal of identifying a formulation suitable for 

fortifying individual cells. A range of different hardeners have been tested as well, in 

order to determine the optimal crosslink density as well as to find a suitable cure rate. 
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The amount of the two primary epoxy components (Eponate 12 and Araldite 502) is 

also varied. When all of these samples are tested by APS and SCMS, no particles are 

observed in the size range of cells and there is significant small particle noise. Despite 

screening a wide range of conditions, no improvement in performance is seen with any 

epoxy formulations. The epoxy components themselves generate particle noise that 

could be masking whole cell sizing. Alternatively whole cells could be clumping 

together during or after aerosolization into sizes too large to be measured. Fortifying 

with epoxy has not proven to be a facile route to improve individual cell vacuum 

tolerance. The processing is relatively challenging and leads to high amounts of noise 

in the instrument. 

 

Figure 10.3: Comparison  of  an untreated (left)  and TEOS silica  treated  cell (right)  
using  dark  field microscopy. 

10.4.4.3 Silica Shelling 

Two approaches to add a silica shell the cells have been tested: one using basic 

ethanolic conditions (Stöber conditions) for shell growth and a second one using 

acidic conditions adapted from work by the Brinker group at the University of New 

Mexico to infuse cells with silica [Kaehr et al., 2012]. The first approach is to use 
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conditions commonly utilized for growing silica shells on nanoparticles based on the 

Stöber process. Briefly, cells are fixed with glutaraldehyde and transferred to an 

ethanolic solution of tetraethyl orthosilicate (TEOS) with ammonia for silica shell 

growth overnight at room temperature. Samples are processed by centrifugation to 

remove reactants prior to aerosol testing. The cells are observed by dark field 

microscopy which shows a clear change that is interpreted as the formation of a silica 

shell (Figure 10.3). In addition, cells are heated to 500°C in air to confirm the presence 

of silica shells. Under these conditions, the organic material in the cells is removed but 

the silica shells remain (Figure 10.4). Analysis by TEM also shows a clear change in 

the cells upon silica shelling (Figure 10.5). Despite the confirmation of silica shell 

formation, the samples do not perform very well by APS and the SCMS has a 

scattering rate near to 0 Hz. This is consistent with the observation of some 

agglomerates in solution. 

 

Figure 10.4: Cells after heating at 500°C. Untreated control cells (left) and cells 
treated with basic TEOS to create silica shell (right) after heating at 500°C. After 
heating, cell-shaped silica shells remain (bright white spots) while untreated cells 

appear to have only small residual material remaining. 
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Figure 10.5: TEM images of untreated control cells (left) and cells treated with basic 
TEOS to create a silica shell (right). 

 

An alternative approach to silica treatment based on work by Kaehr et al. 

[2012] has also been attempted. . Briefly, cells are treated in a solution of 100 mM 

tetramethyl orthosilica (TMOS) in 1 mM HCl at 40°C for 16 – 18 hours. These cells 

are confirmed to have silica shells by dark field microscopy. By APS, samples that 

have not been fixed with glutaraldehyde perform better than those that are fixed. 

However, there is no sign of whole cells by the SCMS. Again, agglomerates in 

solution are observed and is thought to be the reason for low transmission in the 

SCMS. 
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To reduce agglomerates in these solutions, cells are either vortexed or vortexed 

and sonicated at each step of the process to minimize agglomeration. For samples 

prepared in this manner, the APS data are very noisy indicating that the samples are 

damaged during processing. However, a detectable scattering rate is observed and 

some mass spectra of cell-sized particles in the SCMS are acquired. While both 

samples are relatively noisy, the sample that is only vortexed has reduced noise in the 

APS. The samples have high noise, but they also measured particle sizes associated 

with whole cell signal in the instrument. 

The silica shelling procedure was further optimized by adding additional 

washes to reduce sample noise, which result in samples that not only are detectable by 

APS but gave the highest concentration of cell-sized particles and highest whole cell 

fractions of any experiments thus far. In solution, the basic TEOS samples have less 

agglomeration than the acidic TMOS samples, and the unfixed cells perform better 

than fixed cells. These trends are consistent with the APS data collected for these 

samples (Table 10.4). Many of the scatters due to noise, based on the relatively low hit 

rates (<35%, Table 10.4, top); however, the hits rates are enough to achieve rapid 

analysis of cells. Figure 10.6a shows the SCMS scattering and hit rates compared with 

APS peak cell sizes for the acidic TMOS samples. For these samples, it is clear that all 

signal collected by the SCMS is the result of small particle noise or cell fragments. 

Figure 10.6b highlights a successful experiment using basic TEOS treatment. In this 

experiment, the SCMS and APS sizing match perfectly demonstrating that the sample 

does not change appreciably once it is introduced into the instrument. Additionally, all 
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particles hit by the ionization laser also lie in the same size mode (~6-8 µm) as 

measured in the sizing region of the instrument. The TEOS experiments typically have 

hit rates >50% and scattering rates of ~1 Hz (Table 10.4), making it a viable sample 

preparation method for mammalian cells. 

Table 10.4: Cell robustness metrics for silica treatment 

 

 

HepG2, BT-474, HEK, CHO, MCF-10a, and MDA-MB-468 cell lines, 

prepared using the unfixed TEOS shelling method, have been sampled by the SCMS 

resulting in several thousand mass spectra. Aerosolization of these samples as 

measured by APS is consistently very good and cell hit rates for these samples are 

higher than obtained using any prior cell preparation methods. This is the first time the 

SCMS has been able to consistently generate large numbers of mass spectra with any 

mammalian cell line.  
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Figure 10.6: SCMS hit and scatter rates compared with APS peak sizes for a typical 
TMOS (a) and TEOS (b) sample 

 

A concern with using TEOS to fortify cells is that the addition of a silica shell 

could possibly overwhelm important mass spectral signals from cells. The average 

positive and negative mass spectra for each cell line are shown in Figure 10.7. The 

spectra collected from all samples are remarkably similar. Only a few peaks in HEK 

and MCF-10a mass spectra differ slightly, but for the most part, the peaks obtained 

from the cells are nearly identical. Cells have also been tested with different silica 
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shell thicknesses which have no significant effect on the spectra obtained. Of concern 

is that there is no sign of silica peaks in these spectra. The reason for the absence of 

silica is unclear, although it may be that the silica ions are being suppressed by the 

other metal ions in the spectra (Na, K, or Ca) or are forming unique Si-polymer ion 

clusters.  

 

Figure 10.7: Average positive (top) and negative (bottom) mass spectra from a variety 
of cell lines prepared with the TEOS silica shelling method. 

To observe the effect of the silica preparation method on a known sample, 

Chlamydomonas reinhardtii (Cr) cells have been processed using the TEOS silica 

shelling methods. The average spectra from algae after silica shelling is very similar to 

those from mammalian cells tested at the same time (Figure 10.8). For comparison, a 

typical Cr mass spectrum is shown in Figure 10.9. Many signature elements of Cr 
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mass spectra are lost upon silica shelling.  Most notably, fatty acid ions (m/z 350 - 550 

and -426 - 554) and high mass lipid ions (m/z 696, 720, -794, and -820) disappear after 

silica shelling [Cahill et al., 2014b]. It is unclear how these signatures are removed but 

the silica shelling method clearly alters the composition of the cells making the 

method infeasible.  

 

Figure 10.8: Average positive (top) and negative (bottom) mass spectra from three cell 
lines prepared with the TEOS silica shelling method. 
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Figure 10.9: Typical positive (top) and negative (bottom) mass spectrum of a single C. 
reinhardtii cell prepared with water washes. 

 

10.4.5 Simplified sample preparation method: Ethanol washes 

It became apparent during the studies with silica shelling that unfixed cells 

performed better than fixed cells in the SCMS. As part of troubleshooting the silica 

shelling methods, unfixed cells have been tested with a series of 5 washes in an EtOH 

water mixture. As is seen with the silica shelled samples, this method gave excellent 

results by both APS and SCMS (Figure 10.10). The cells are reliably delivered to the 

instrument with high scattering rates, and high hit rates. This sample preparation 

method is considerably easier than silica shelling and yields samples that are equally 

suitable for SCMS analysis of whole cells.  
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Figure 10.10: SCMS hit and scatter rates compared with APS peak sizes for a typical 
5X 35% ethanol washed sample. 

 

 

Figure 10.11: Average positive (top) and negative (bottom) mass spectra from a 
variety of cell lines prepared with the ethanol washing method.   
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The average mass spectra of HepG2, BT-474, HEK, CHO, and MDA-MB-468 

cells prepared using the EtOH wash method are shown in Figure 10.11.  As seen with 

the silica shelled samples, the spectra from all cell types analyzed are very similar and 

show essentially no high mass or fatty acid signatures.  Cr cells treated using the 

EtOH wash method became essentially identical to those obtained from other cells and 

the silica shelling method (Figure 10.12). Clearly, when compared to Figure 10.9 the 

spectra of Cr cells changed after EtOH washing, losing characteristic fatty acid and 

high mass peaks, particularly in the positive ion spectrum. Interestingly, the 

characteristic green color of algae is lost gradually after each EtOH wash, though the 

cells remain intact and can be analyzed by the SCMS. This indicates that the EtOH 

wash method alters the sample by removing many of the interesting, high m/z 

molecules.  When Cr cells are washed with water these ions remain intact and no color 

is lost in the sample.  

An initial response to this result is to attempt to test mammalian cells with the 

same sample preparation conditions that yielded high m/z ions for the Cr sample. 

There is a fundamental problem with this approach because the mammalian samples 

are not tolerant of washes with water due to the excess osmotic stress it causes. A 

series of experiments have been attempted to wash with water or with very low 

percentages of EtOH. As expected, the mammalian cell samples resulted in high-

noise, fragmented samples that could not be reliably analyzed by SCMS. The 

challenge with mammalian cell sample preparation is that in order to maintain sample 

integrity, the cells must be washed in either a hypotonic solution or a significant 
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percentage of ethanol. These hypotonic solutions leave residual salt that generates a 

significant amount of aerosol noise and interfere with cell mass spectra. Attempts to 

process samples washed with isotonic solutions such as PBS followed by re-

suspension in an EtOH water mix, analogous to the successful algae cell preparation 

method, have not been successful. The alternative is to wash several times in an EtOH 

water mixture which gives high quality aerosol samples for analysis; however, this 

processing greatly reduces the ability to generate high m/z ions.  

 

Figure 10.12: Average positive (top) and negative (bottom) mass spectra from three 
cell lines prepared with the ethanol washing method. 
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10.4.6 Addition of gold nanoparticles as a matrix for laser desorption/ionization 

Gold nanoparticles (AuNPs) have been used previously in single particle mass 

spectrometers to enhance mass spectral signals. AuNPs work as a matrix by absorbing 

the ionization laser to help generate mass spectral signals from molecules in close 

proximity to the AuNP matrix itself [Spencer et al., 2008]. Using AuNPs new peaks in 

cell mass spectra may become apparent helping with the differentiation between cell 

types. Improved delivery of AuNPs or targeted placement of the AuNPs within cells 

may bring out additional peaks of interest in cell mass spectra. Experiments have been 

conducted using AuNPs as a matrix to enhance signals and target specific cell 

components.  

A series of different AuNPs have been tested: standard 17 nm gold with silica 

shell (Si-AuNP), 17 nm gold with a strongly positively charged silica shell, 18 nm 

citrate capped gold, and 20 nm branched-polyethylenimine (BPEI) positively charged 

gold. These matrices have been tested with cancerous and non-cancerous cells in 

multiple solvents including 35% EtOH, PBS and water. The best AuNP types to 

maximize gold binding to cells are with Si-AuNP as well as positive BPEI-AuNP. The 

positive charge is thought to help with cell surface binding. The PBS and water 

samples perform poorly in all samples tested, and the BPEI samples without EtOH 

result in damaged cells. The most promising matrices from the initial study are the 

standard matrix (17 nm silica Si-AuNP) and the positively charged BPEI-AuNP.  
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Figure 10.13: TEM images showing 17 nm silica shelled gold (left) or 20 nm 
positively charged BPEI AuNP (right) bound to the extracellular matrix of CHO cells. 

Images captured at 5000X (top) and 12,000X (bottom).  

 

Two different methods of incorporating AuNPs with CHO cells have been 

tested, by incubating AuNPs with cells prior to final EtOH washing and by spiking 

AuNPs into the cell sample at the time of analysis.  In the incubated case only AuNPs 

that are bound to cells will remain in the sample after washing. As a clear indication of 

the AuNPs binding to the cells during the incubation period, both samples that are 

incubated with AuNP have cell pellets that are colored by the AuNPs. In addition, the 

AuNPs are confirmed to be on the surface of the cells when analyzed by TEM (Figure 



321 
 

 

10.13). The SCMS collected mass spectra for whole cells with both matrices and 

application methods. Results are plotted as average mass spectra in Figure 10.14, 

Figure 10.15, Figure 10.16, and Figure 10.17. Overall, there are very minor 

differences between the spectra obtained for cells incubated or spiked with Si AuNPs. 

The incubated BPEI-AuNP spectra mostly differ from the spiked sample in peak 

intensities; however the same spectral differences occurred across different cell types 

and are not useful in differentiation between cell types.   

 

Figure 10.14: Average positive and negative mass spectra for CHO cells incubated and 
spiked with 17 nm silica shelled gold matrix (Si-AuNP). 
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Figure 10.15: Average positive and negative mass spectra for CHO cells incubated and 
spiked with BPEI-AuNP. 

 

10.4.6.1 Non-targeted AuNPs 

When comparing the difference between Si-AuNP and BPEI-AuNP in Figure 

10.16 and Figure 10.17, only minor differences can be seen. Additional control 

experiments suggest that the differences are due to the matrix itself and not a result of 

the interaction of the matrix with cells to generate unique, representative signals for 

each cell type. The goal of these studies is to identify a matrix that brings out mass 

spectral peaks from cells that can be used to distinguish between cell types. In Cr 

samples, peaks of high m/z >300 (due in part to fatty acid signal) are observed and are 

a very characteristic feature of that cell type. The addition of AuNP to the mammalian 
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cells brought out no such distinguishing peaks. In fact, other than the peaks that result 

directly from the gold matrix, the mass spectra for mammalian cells with and without 

gold are effectively identical.  

 

Figure 10.16: Average positive and negative mass spectra of CHO cells spiked with 
BPEI gold and Si-AuNP. 

 

10.4.6.2 Targeted AuNPs 

In order to target cancer-specific receptors, AuNPs have been coupled to 

antibodies targeting cell surface receptors. Additional mass spectral information about 

the composition of cells near these surface receptors is anticipated as a result of the 

AuNP matrix at the surface.  Two antibodies have been coupled to 40 nm AuNP: 

Herceptin which targets human epidermal growth factor receptor 2 (HER2) in breast 



324 
 

 

cancer and J591 which targets prostate-specific membrane antigen (PSMA) present in 

prostate cancer.  The targeting ability of the AuNPs is confirmed in both dot blots and 

lateral flow assays prior to testing with cells.  

 

Figure 10.17: Average positive and negative mass spectra of CHO cells incubated with 
BPEI gold and Si-AuNP. 

 

The targeted gold particles (anti-HER2 and anti-PSMA (negative control)) are 

incubated in media with BT-474 cells which are a breast cancer cell line expressing 

HER2.  Cells are washed into PBS for dark field analysis or washed with EtOH.  

Figure 10.18 shows that only the HER2-targeted AuNPs bind and appear to be taken 

up by the cells when viewed by dark field microscopy. The signal from gold is 

extremely bright indicating a large amount of AuNP associated with the cells. In 
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Figure 10.19, TEM images demonstrate the specific binding of the HER2-targeted 

gold to BT474 cells while the PSMA-targeted gold does not bind to the cell surface.  

 

 

Figure 10.18: Dark field microscopy images of BT474 cells incubated with no 
particles (left), PSMA-targeted gold particles (middle), and HER2 (EGFR) – targeted 
AuNP (right) after a 1hour incubation with Ab gold in growth media/conditions and 

rinsed once into 1X PBS. AuNP are yellow-orange. 

 

Figure 10.19: TEM images of BT474 (Her2+) cells with PSMA-targeted AuNPs (left), 
and HER2 (EGFR) – targeted AuNPs (right) after 1 hour incubation in 1X PBS/gold 

solution at room temperature and spun into 35% then 80% ethanol for imaging. 
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A summary of the SCMS analysis is presented in Figure 10.20. As is seen with 

the non-targeted AuNPs, the spectra are not significantly changed by the addition of 

AuNPs. In contrast to what is seen by microscopy, gold is seen even for the sample 

incubated with AuNPs that are not targeted to this cell type. This must be due to a 

small amount of nonspecific binding of the PSMA targeted gold to the cells. This low 

level nonspecific binding is observed by SCMS because the instrument is extremely 

sensitive to gold. The magnitude of the gold signal for the HER2 targeted AuNPs is 3 

times greater than for PSMA targeted AuNPs, and much larger gold cluster ions are 

observed (max of Au2
+ for PSMA vs Au4

+ for HER2).   

While a targeted AuNP has been successfully developed that is specific for a 

surface marker on cancer cells, the addition of the matrix does not enhance mass 

spectra signal as anticipated. This may be due to the matrix itself but due to the 

preparation conditions (EtOH washes) affecting the metabolite profile of the cells.  

Based on these results as well as a comparison of different cell preparation methods, 

the cell sample preparation methods are thought to be largely responsible for the loss 

of the most interesting m/z ions in cell mass spectra. With the development of 

improved cell processing methods that do not remove analytes of interest the AuNPs 

would likely be effective at enhancing differentiating signals between cell types.   
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Figure 10.20: Average positive and negative mass spectra of BT474 cells incubated 
with PSMA (J519) and HER2 (Herceptin) targeted gold nanoparticles.  

 

10.5 Conclusions 

A number of methods have been explored to improve the vacuum tolerance of 

mammalian cells for analysis by SCMS. These methods followed three general routes: 

improved drying, improved fixation, and assembly of a cell wall surrogate. Drying 

methods including increased percentage of EtOH and drying columns has no effect on 

reducing cell fragmentation in the SCMS. Alternate fixatives (formaldehyde and 

guteraldehyde) have been attempted at varying concentrations, which also do not 
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improve cell strength.  A number of methods have been explored to synthesize a 

surrogate cell wall on mammalian cell membranes; however both chitosan 

crosslinking and epoxy resins have no improvement in cell viability.   

The methods that seem to improve cell tolerance are to attach a silica shell 

around the cell or to simply wash unfixed cells in EtOH five times. These methods 

showed the greatest improvements to cell vacuum tolerance determined by nearly 

identical APS and SCMS size distributions; however, the spectra of samples treated 

with these methods looked identical, despite the range of mammalian cells tested.  

When the silica shell and EtOH method are applied towards Cr cells, which have been 

successfully sampled and described in another publication [Cahill et al., 2014b], the 

mass spectra lose many of its key features and become similar to the mammalian cell 

mass spectra. Preparation of mammalian cells in a similar manner to Cr cells (i.e. in 

water) is hampered by the fragmentation of mammalian cells due to osmotic stress.  

Lastly, matrix assisted ionization has been experimented by adding AuNPs to 

cell samples with the goal to enhance otherwise absent distinguishing mass spectral 

signals between cell types. Spectra of different cell types remained similar whether 

AuNPs are incubated with cells, spiked in solution, or targeted to bind with specific 

cell surface receptors. Spectral differences that are seen are not enough to distinguish 

between cell types. Use of alternate ionization wavelengths, such as 337 and 532 nm 

commonly used for biological analysis or two-step ionization may yield distinguishing 

ions between cell types. Alternate matrix particles tuned for these wavelengths may 

have a more noticeable affect on cell mass spectra than seen here. The success of these 
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alternative ionization methods depend on whether methods that increase mammalian 

cell structural integrity without extraction or alteration of the cell composition are 

found. AuNPs may then provide more differences between mass spectra than that seen 

herein.  
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Chapter 11. Conclusions 

11.1 Synopsis 

 The studies presented in this thesis investigated the use of aerosol time-of-

flight mass spectrometry (ATOFMS) across multiple disciplines. Chapters 2-5 

explored the potential of ATOFMS for the characterization of a variety of metal-

organic frameworks at the single particle level. Chapter 6 investigates of single 

particles in the atmospherethroughout California using aircraft-ATOFMS 

measurements during two aircraft campaigns during 2010. Chapter 7 describes the 

development of a unique high pressure aerodynamic lens to transmit particles 4 – 10 

µm in diameter. Chapters 8 & 9 demonstrate the applicability of the newly developed 

single cell mass spectrometer (SCMS) towards single cell analysis by measuring a 

variety of different cell types and observing chemical differences in cells induced by 

an environmental change.  Chapter 10 investigates techniques to increase the tolerance 

of mammalian cells to the high vacuum of the SCMS.   

11.2 Conclusions 

11.2.1 Metal-Organic Frameworks 

The ATOFMS was demonstrated to be a viable tool for the investigation of a 

variety of MOFs and other nanomaterials.  By attaching readily identifiable ligands by 

mass spectrometry, namely amino- and bromo- functionality, to the organic linker 

building blocks of the MOFs, the ATOFMS could conclusively identify whether 

multi-functionalized materials were being synthesized.   
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ATOFMS is able to provide unique insight into exchange phenomena 

occurring in these materials.  MOFs are thought to be relatively inert; however when 

two materials of differing functionality were suspended in solvent and incubated under 

stressful conditions, exchange of the linker functionalities was seen to occur.  In Zr 

(IV)-based UiO-66 (University of Oslo), when –Br and –NH2 functionalized materials 

were suspended in water at 85°C, nearly 100% of the particles experienced exchange 

creating new multi-functionalized materials as a result.  This phenomenon, termed 

post-synthetic exchange (PSE) was investigated across a variety of MOFs, including 

MIL-53 (MIL = Materials of the Institut Lavoisier), MIL-68, UiO-66, MIL-101 and 

zeolitic imidazolate frameworks (ZIFs).  Further, cation exchange was also seen to 

occur readily in these materials.  Hon Lau et al. [2013] show that these multi-cation 

MOFs have increased properties over their single cation counterparts, increasing CO2 

encapsulation by as much as 81% when using a mixed Ti/Zr MOF.  The unique ability 

of the ATOFMS to separate single particles from the bulk samples is one of the only 

methods able to conclusively show that this phenomenon occurred.  

Lastly, using laser depth profiling it was demonstrated that the core-shell 

morphology nanomaterials could be determined using ATOFMS. By varying the laser 

power of the ATOFMS ionization laser, the surface molecules can be selectively 

desorbed over the core molecules of the particle.  A SiO2/ZrO2 nanomaterial with 

known core-shell morphology was used to characterize ATOFMS ion response.  Ion 

ratios create a trend in which an unknown core-shell material can be compared 
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against. This is one of only a few techniques able to characterize the core-shell 

morphology of single particles. 

11.2.2 Atmospheric Aerosols 

An aircraft-ATOFMS was used to characterize atmospheric aerosols over a 

large area of California in two consecutive field studies located in southern (Ontario) 

and northern (Sacramento) California. The two aircraft field campaigns, the Research 

at the Nexus of Air Quality and Climate Change (CalNex) and Carbonaceous Aerosols 

and Radiative Effects Study (CARES), during the late spring and early summer of 

2010 measured particle mixing state in southern and northern California, respectively. 

97% of submicron particles in California contain carbonaceous material, most show 

signs of atmospheric aging (88%) by being predominantly mixed with sulfate and/or 

nitrate. Other secondary species included methanesulfonic acid, organosulfate species, 

and ammonium. Most strikingly, nitrate is more prevalent on particles in southern 

California, whereas sulfate is more prominent in northern California. This suggests 

that different sources are impacting particles in the two regions.     

  Single-particle measurements showed that many particles contain both organic 

carbon (OC) and soot, which will has implications in radiative forcing [Moffet and 

Prather, 2009; Schnaiter et al., 2005; Schwarz et al., 2008]. OC:soot ion ratio 

distributions in southern California indicate that most particles are soot-dominated, 

whereas OC-dominated particles are more prevalent in northern California. In the 

latter half of the CARES campaign, a shift from OC-dominant to soot-dominant 

particle mixing state occurred. In addition, total PM2.5 concentrations increased 
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significantly in the latter half of the study making the chemistry of the region very 

similar to that observed in southern California.  This suggests similar particle mixing 

states are present during periods of relatively high PM2.5 levels in California. Regional 

aerosol-climate modeling should take into account regional specific mixing states and 

temporal changes in mixing state to be accurate as the differences in chemistry could 

result in differences in radiative forcing and cloud activation ability of these aerosols.  

11.2.3 Single Cell Analysis 

A large particle inlet capable of transmitting particles 4-10 µm in diameter was 

developed for integration with the ATOFMS.  This inlet performed very well having a 

maximum transmission efficiency of 74±9% for 6 µm particles. Key to the 

development of this lens was the incorporation of a large critical orifice (300 µm) 

using a virtual impactor.  Smaller critical orifices resulted in essentially no 

transmission of large particles >3 µm through the critical orifice. This is in contrast to 

many modeling studies which use a 100 µm orifice while still modeling near 100% 

transmission efficiency of large particles. The aerodynamic lens operates at high 

pressure (23 Torr) which is essential to reduce deposition of particles within the 

aerodynamic lens.  This new aerodynamic lens now allows the investigation of whole 

cells by the ATOFMS, which together has been termed as the single cell mass 

spectrometer (SCMS) 

The capability of the newly developed SCMS was demonstrated with a variety 

of microalgae cells. Chlamydomonas reinhardtii (Cr), Chlorella vulgaris (Cv), 

Dunaliella tertiolecta (Dt), Scenedesmus dimorphus (Sd), Porphyridium purpureum 
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(Pp), Anabaena sp. PCC 7120 (Asp), Nannochloropsis salina (Ns), and Synechococcus 

elongates (Se) were all examined using the SCMS.  The SCMS has unprecedented 

throughput over other single cell techniques with up to a 50 Hz repetition rate limited 

by the ionization laser used.  Cells were verified to be transmitted throughout the 

SCMS by particle deposition measurements. Mass spectra of these microalgae were 

rich with information, containing peaks out to m/z 820. Fatty acids and other lipid 

likely were the main peaks in these spectra.   

Microalgae proved to be the ideal test analyte as their cell walls allowed high 

vacuum analysis in the SCMS.  In contrast, mammalian cells fragment readily once 

inside the SCMS. Numerous approaches were attempted to increase the vacuum 

tolerance including improved drying, improved fixation, and assembly of a cell wall 

surrogate.  The best involved using five or more washes of EtOH, which reduced 

fragmentation in the SCMS. However, this process appeared to extract or otherwise 

alter the lipid profile of the cells as the mass spectra between cell types became 

essentially identical.  Gold nanoparticles were used as a matrix to help facilitate 

ionization, but no new distinguishing ion patterns were detected. Alternative laser 

wavelengths, two-step ionization, and matrices could help to observe distinguishing 

ion patterns.  

A time-resolved nutrient deprivation experiment demonstrates the ability of the 

SCMS to measure biological changes under environmental stress using single cell 

data.  This is the first time single cell mass spectrometry has been used to study 

nutrient deprivation impacts on single microalgae cells. Cr cells under nitrogen-limited 
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and nitrogen-replete conditions were compared over a 4 day period. Most apparent in 

SCMS mass spectra was the increase in a dipalmitic acid sulfolipid 

sulfoquinovosyldiacylglycerol (SQDG) under nitrogen-limited conditions. GC/MS 

peak area of 16:0 fatty acid qualitatively agreed with ‘bulk’ SCMS peak areas of 

SQDG.  Peak height distributions show a shift towards higher SQDG values under 

nitrogen-limited conditions.  Thousands of cells were sampled to generate each peak 

height distribution, something that could only be achieved with the unprecedented 

throughput of the SCMS.  

11.3 Future Work and Questions 

 A major goal of this dissertation involved testing the potential of single particle 

mass spectrometry and other commonly used aerosol techniques in disciplines other 

than atmospheric chemistry. The work presented herein demonstrates that there are 

rich opportunities to be explored using these on-line techniques. Only two specific 

areas of research were investigated, namely MOFs and single cell mass spectrometry. 

It is very likely that many other research areas would benefit from these techniques 

and future work should continue to investigate interdisciplinary applications with the 

ATOFMS technique.  

 MOFs have only just begun to be explored with the ATOFMS.  Future studies 

should continue to investigate the core-shell morphology in nanoparticles.  Under the 

PSE process the question remains what the resulting core-shell morphology of the 

particles become.  A report by Katzenmeyer et al. [2014] found a mixed-MOF  

(MIL(In)-68) formed by PSE actually had homogeneous morphology. It is anticipated 
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that the PSE process would naturally form core-shell morphology as surface molecules 

would be exchanged before core molecules.  Further research is needed to confirm 

whether or not MOFs with core-shell morphology can be formed through PSE.  

 Systematic quantification of MOF ions from ATOFMS spectra would allow 

for molar/mass closure of exchanged components.  Thus far the ATOFMS has only 

qualitatively shown exchange.  Quantitative analysis could be used to describe in 

detail the mechanism of the exchange process.  Two-step ionization would help 

drastically with MOF spectra, as matrix effects significantly complicate analysis of 

ATOFMS spectra, especially when conducting laser depth profiling experiments. 

Two-step ionization removes matrix effects by using two separate lasers to decouple 

desorption and ionization steps in ion generation.  Two-step ionization would also 

allow for more controlled examination of the core and shell components of the MOF 

independently as the powers of the two lasers can be precisely tuned to remove a 

known amount of material from the particle.  Two-step was investigated in appendix 4 

using a 2940 nm laser but was unsuccessful at desorbing the entire particle.  CO2 

lasers at 10.6 µm have been well studied and can easily be applied to these 

experiments [Morrical et al., 1998; Zelenyuk et al., 2009].   

 Atmospheric studies would also benefit from a more quantitative ATOFMS 

approach.  Here, single particle peak ratios were used to work around the matrix 

effects in particle ionization.  Ion peak ratios could have broader applications than 

those used in this dissertation, and may be used in previously collected studies for 

which atmospheric phenomena may have been masked by matrix effects.   Again, two-
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step would be the ideal component to integrate; however the weight and size of the 

second laser are major factors in aircraft viability and while possible with using a CO2 

laser [Zelenyuk et al., 2009] it would be preferred to use a solid-state laser which can 

be much smaller.  The recently updated baseline and peak finding algorithms may help 

the quantitative ability of the ATOFMS, and warrants re-analysis of peak ratios in 

these atmospheric studies. 

 Transmission of large (>3 µm) particles can be improved by moving to a 

higher inlet pressure and by using a larger critical orifice.  To do this the instrument 

would need to be altered to include more pumping stages.  The use of an orifice >400 

µm would probably yield the greatest improvements to large particle transmission.  

The newly developed aerodynamic lens has applications beyond single cell analysis; 

for example, it could be used to study naturally emitting bio-aerosols in remote 

environments. That being said, the studies of single cells by the SCMS presented 

herein have only just scratched the surface of the potential of the technique.  Much 

future work will involve applying this technique to isolate cells with specific diseases, 

cells undergoing environmental stresses, or monitoring cells as they age. Additionally 

much research is needed to know when cell-to-cell heterogeneity would be expected to 

cause significant deviations from bulk measurements.   

 Microalgae proved to be the ideal analyte for the SCMS as they can remain 

intact in the high vacuum of the instrument.  Cell-to-cell heterogeneity and cell 

response to environmental stresses can be studied with microalgae.  SQDGs could be 

studied in wild type cells and undergoing other types of nutrient deprivation, such as 
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phosphate or sulfur deprivation. Currently the SCMS lacks the sensitivity to many 

common lipids present in microalgae such as mono-, di-, and triacylglycerides which 

are present in higher percent compositions than SQDGs in microalgae and are 

important for biofuel production. Alternate ionization wavelengths, such as 337 or 532 

nm commonly used for biological samples may help to increase sensitivity to these 

molecules.   

The coupling of flow cytometry to the inlet of the SCMS would be a great 

addition for standardization of mass spectral signatures.  A flow cytometer can 

actively select many specific cell types, for instance cancerous versus non-cancerous 

cells. Of course, before this can be done a method to successfully transmit whole 

mammalian cells is needed without altering their metabolic profile. Atmospheric 

pressure ionization techniques, such as electrospray ionization or atmospheric pressure 

photoionization, would intrinsically remove the problem of high vacuum.  Sizing of 

single particles at atmospheric pressure (or near atmospheric) can already be 

accomplished quite easily; however, the focusing of particles into a collimated beam 

over a long distance, like in the SCMS, is difficult at atmospheric pressure.  Another 

challenge lies in the transmission of a small concentration of ions from atmospheric 

pressure to the vacuum of the mass spectrometer.  As atmospheric pressure techniques 

continue to evolve it may become feasible that it can be used for rapid single cell 

analysis. 

More fundamental studies of the SCMS technique are needed as well. Particle 

desorption studies should be conducted to determine the extent and parts of the cell 
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that are desorbed.  For particles > 3 µm, it is highly unlikely that the entire particle is 

being desorbed by the ultraviolet laser. This may be the reason as to why SQDGs are 

as predominant in microalgae mass spectra as they are, even though the percent 

composition of the cells are more dominated by other lipids. Quantitation is always an 

issue in biological samples and will become the natural hurdle in the SCMS technique.  

Methods to improve quantitation or at the very least reduce instrument variability, 

such as laser homogenization and two-step ionization, are essential to the future 

success of the SCMS.  Alternate ionization pathways such as two-step or simply a 

different ionization wavelength could radically change the instrument’s sensitivity to 

some metabolites. Many biological mass spectrometry techniques use a wavelength of 

337 nm from a nitrogen laser since it has increased sensitivity to biological molecules 

and reduced fragmentation.  Depending on the questions to be investigated, this could 

be critical to a successful experiment.  
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Appendix 1. Two-step desorption ionization using a 

mid-IR laser in an aerosol time-of-flight mass 

spectrometer 

A1.1 Objective 

Two-step ionization has been shown to decrease molecular ion fragmentation 

and to increase the quantitative value of single particle mass spectrometers.  To date 

CO2 lasers with a wavelength of 10.6 µm have been used [Morrical et al., 1998; 

Zelenyuk and Imre, 2005].  While easy to work with, these lasers requires periodic 

filling with CO2 gas limiting the field viability of the instrument.  Instead, using a 

solid state mid-IR laser at 2940 nm would accomplish two things: (1) retain the field 

viability of the ATOFMS and (2) utilize water already present in particles to act as a 

matrix for desorption. These results are of preliminary work investigating the 

possibility of using a mid-IR laser for two-step ionization on the ATOFMS. It is hoped 

that these notes and findings help in future developments of this technique. 

A1.2 Materials and Methods 

The laser used in these experiments was the IR-Opolette (Opotek), a solid state 

laser with a tunable wavelength optical parametric oscillator (OPO). The IR-Opolette 

has a wavelength range of 2700-3100 nm, a peak power of 3.1 mJ@2940 nm, 4-5 mm 

beam diameter, and a 6 mrad divergence angle.  For all experiments the IR-Opolette 

was set to a wavelength of 2940 nm, the peak absorption wavelength of water. 2,5-

dihydroxybenzoic acid (DHB), succinic acid, and black carbon (BC) were primarily 
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used to diagnose laser positioning and two-step ionization. Black carbon can be 

ionized directly using just the IR beam and so is used to determine IR beam 

positioning within the mass spectrometer. Both of these analytes absorb IR and UV 

wavelengths well.  

A1.3 Results 

Incorporation of an IR laser onto ATOFMS was done as in Morrical et al. 

[1998] with the UV and IR laser beams aligning on the same axis but on opposing 

sides of the instrument. The IR laser is mounted on the outside of the ATOFMS frame, 

because on that side of the mass spectrometer high voltage vacuum feedthroughs 

restrict the placement of the laser. For reference, the UV laser is mounted directly to 

the mass spectrometer since there are no space conflictions.   Dichroic mirrors were 

used to remove 2940 nm and an absorptive Si window was used to remove 266 nm on 

the opposing side. A 125 mm focusing lens was used for both lasers on either side. 

Without additional magnification this will result in a laser beam spot size of ~750 µm 

and a maximum power density of ~1·108 W/cm2 for the IR beam.  In practice, the high 

beam divergence (6 mrad) of the IR-Opolette resulted in a large beam diameter (~10 

mm) before entrance to the focal lens and loss of power over the relatively long optical 

path. At best ~2 mJ could be obtained going into the mass spectrometer. Unfortunately 

with this power no signal could be seen for black carbon by the IR laser.  

To increase power density additional optics were included to reduce beam 

divergence and the final spot size. Specifically, a Keplerian telescope magnified the 

initial beam diameter by 4x and decreased beam divergence accordingly. Using the 
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telescope the spot size could be reduced to ~187 µm, resulting in a maximum power 

density of ~1.6·109 W/cm2.  When tested on the ATOFMS, BC signal could be 

obtained readily. Additionally IR spectra could be obtained for succinic acid.  

 

Figure A 1.1: ATOFMS hit fraction of BC as a function of focal lens position along 
(a) the x-axis and (b) the y-axis) 

 

Using ATOFMS hit fractions (i.e. the fractions of particles sized that then 

generate mass spectra) the effective IR beam diameter was directly measured within 
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the instrument. Figure A 1.1a shows the ATOFMS hit fraction as a function of focal 

lens positioning along the x-axis.  The data follows a clear Gaussian distribution. The 

Gaussian fit to the data yields a laser spot size of 120 µm. The same measurement was 

made in the y-axis, shown in Figure A 1.1b.  The beam diameter is slightly larger (200 

µm) along this axis giving the spot an elliptical shape. Burn spots also indicate that the 

laser spot size is elliptical and near 200 µm.  Having this beam shape well 

characterized becomes helpful for later two-step experiments.  

In two-step experiments the UV and IR laser beams are separated in time by a 

delay, 0 – 10 µs, allowing for the first IR pulse to desorb the particle into neutral 

molecules and then the second UV pulse to softly ionize the neutrals. Two-step is 

typically confirmed to occur when signal is generated by using both lasers, but with no 

signal being generated when using each laser independently.  2,5-DHB could not be 

ionized directly using the IR laser and for the UV laser doesn’t generate any ions when 

set below 0.6 mJ; however, signal was seen when the two lasers were used in tandem 

with a 1 µs delay.  Particle hit fractions (the fraction of particles sized that also 

generate mass spectra) increased from 0% to ~20% when using both lasers. A delay 

time curve is shown in Figure A 1.2 for DHB.  The highest peak area was seen while 

using a relatively short delay time of 0.3-1.0 µs. In comparison, the delay using by 

Zelenyuk et al is ~10 µs and Morrical et al. [1998] reported a delay time of 0.6-1.0 µs.  
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Figure A 1.2: Delay time curve for 2,5-DHB 

 

Unfortunately, ambient aerosols and most other analytes did not yield two-step 

mass spectra. Additionally water seemed to have no effect on particle desorption. The 

most likely reason for this is hypothesized to be the IR laser power. To investigate 

this, the extent to which particles are being desorbed by the IR laser was investigated 

which can be evaluated using the known velocity of the particle. If the particle is 

completely desorbed and the UV laser is positioned far enough away from the 

desorbed plume no secondary signal will generated. If however the particle remains, it 

will continue traveling at a similar velocity as measured before and can then be 

desorbed and ionized again by the UV laser set in the appropriate position in space. To 

first verify the validity of this technique BC was desorbed and ionized using the UV 

laser (at low laser power, 0.6 mJ) first, followed by the IR laser 15 µs later. As both 

the IR and UV laser have a chance to generate ions it is possible to generate mass 

spectra from UV only, IR only, or both UV/IR if the particle is not completely 
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desorbed.  Mass spectra acquired for all three of these conditions are given in Figure A 

1.3. The different cases can be clearly identified by time of appearance of 23Na+ and 

39K+ peaks. In this case, IR spectra which are delayed by 15 µs appear first at a time 

corresponding to m/z ~200. In contrast, UV spectra appear as normal. Figure A 1.3c 

shows an instance where the particle wasn’t completely desorbed, as both IR and UV 

spectral signatures appear. At 0.6 mJ this happens ~15% of the time (Table A 1.1). As 

the UV laser power is increased the chance of incomplete desorption decreases to ~6% 

consistent with more of the particle being ablated. It should be noted that even at the 

highest laser power there would still be a chance of incomplete desorption by the UV 

laser.  This is due to variation in the positioning of the particle within the Gaussian 

beam profile. If the particle lies on the either tail of the Gaussian distribution the 

effective laser power the particle experiences will be significantly lower than the mean 

laser power. The results summarized in Table A 1.1 clearly demonstrate the ability of 

this experiment to identify incomplete desorption. 

Table A 1.1: Summary of particle desorption experiments. Both spectra appear in 
increased fractions when laser power is reduced 

 

 

1.5 mJ 1.3 mJ 0.8 mJ 0.6 mJ
UV Only 87.9% 68.6% 40.1% 16.6%
IR Only 6.1% 12.7% 40.1% 67.0%
UV/IR 5.7% 17.5% 19.8% 14.9%
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Spectra acquired from the reverse experiment, with IR desorption and 

ionization occurring first and secondary desorption and ionization by a UV laser 15 µs 

later, are shown in Figure A 1.4. As above the delay time and position of the UV beam 

was set to match the particles position within the instrument given its velocity. Figure 

A 1.4c shows a mass spectrum that is clearly a mixture of both IR and UV mass 

spectra. This indicates that the particle remains intact after experiencing the IR laser 

beam. This in comparison to previous experiments indicates that the IR laser is not 

fully desorbing the particle and may explain the lack of 2-step spectra for ambient air 

particles. 
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Figure A 1.3: Mass spectra of DHB by (a) IR only (15 us), (b) UV only (0 us), and (c) 
UV/IR mixed spectra 
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Figure A 1.4: Mass spectra of DHB by (a) IR only (0 us), (b) UV only (15us), and (c) 
IR/UV mixed spectra 
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A1.4 Summary 

The IR laser power can be increased by further reducing the laser beam spot 

size. However, two hurdles must be overcome. First, reduction of the beam size would 

require increased telescope magnification to reduce beam divergence. Greater 

magnification would require 2” inch optics so that laser power isn’t lost along the 

optical path. Incorporation of 2” inch optics would however require modification of 

the mass spectrometer region.  Beyond this another limitation is that the laser beam 

will become smaller than the collimated particle beam, severely reducing the 

throughput of the ATOFMS. The beam diameter of the nozzle ATOFMS was too large 

to be viable when a beam diameter of 200 µm is used.  In an aerodynamic lens the 

particle beam diameter is significantly smaller but still ~500 µm, resulting in many 

particles lost.  This is evidenced by an increase in the hit fraction of BC by the IR laser 

when the beam diameter is increase, from 20% to 50% at 200 and 500 µm 

respectively. Reducing the beam diameter further would quickly make the method no 

longer viable. Therefore, a laser with increased laser power is needed.  
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Appendix 2. Techniques to homogenize the aerosol 

time-of-flight mass spectrometer UV laser beam  

A2.1 Objective 

Aerosol time-of-flight mass spectrometer (ATOFMS) systems are susceptible 

to laser power fluctuations and the position of the particle in the Gaussian beam can 

lead to significantly different laser powers experienced by the particle. This can lead 

to ion intensity fluctuations in ATOFMS spectra of as much as 140% [Wenzel and 

Prather, 2004]. Homogenization of the laser beam profile into a flat top profile has 

been shown to significantly improve signal reproducibility in single particle spectra 

[Steele et al., 2005; Wenzel and Prather, 2004].  However, methods to create a flat top 

profile are either not robust enough for constant use [Wenzel and Prather, 2004] or 

remove a significant amount of laser power which is detrimental to ambient 

measurements [Steele et al., 2005]. The goal of this report is to explore methods to 

homogenize the standard UV laser beam in a typical ATOFMS system.  Methods 

explored must be robust, reliable, and minimize the loss of laser power.  

A2.2 Materials and Methods 

Images were acquired using a Cohu 7552 CCD camera coupled with 

absorptive filters of varying optical densities. Four different methods were explored to 

homogenize the laser beam: simple apertures, fiber optics, diffractive optical elements 

(DOE), and microlens arrays. The ATOFMS ionization laser is a Quantel 20Hz Ultra 

Nd:YAG 266 nm laser.  When using this laser with a 125 mm focal lens normally used 
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in ATOFMS systems, the beam profile forms a distinctly Gaussian shape at the focal 

point (Figure A 2.1a). It should be noted that the newer 50Hz Nd:YAG laser of the 

same type appears to be somewhat homogenized at the focal point without alteration 

(Figure A 2.1b). It is unclear why this is occurring in these systems. The following 

results are applicable to both systems but the 20Hz systems is the most commonly 

used and is the focus of this report.  

 

Figure A 2.1: Focused laser profiles of a 20Hz (a) and 50Hz (b) Ultra ND:YAG laser 
used in ATOFMS systems 

A2.3 Results 

A2.3.1 Apertures 

Pinhole apertures have been used to homogenize laser beams at the cost of a 

significant amount of laser power [Steele et al., 2005]. The precise positioning of the 

optical elements can be calculated using the well-known lens maker’s equations.  An 

example of a homogenized beam using a 1 mm aperture using the typical ATOFMS 

Nd:YAG laser  is shown in Figure A 2.2.  In this case the laser power was cut by 80% 
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when using an aperture.  While manageable for most applications, laser powers of >1 

mJ is typically used in ambient studies, hence another method is required which 

doesn’t reduce laser power as significantly. 

 

Figure A 2.2: Flat-top profile using a 1um aperture 

A2.3.2 Fiber optics 

Fiber optic cables were the first method used for laser homogenization in 

ATOFMS systems, and demonstrated the significant improvements laser 

homogenization provides to spectral quality [Wenzel and Prather, 2004]. However the 

fibers used in that study had very low lifetimes, often burning after a few laser shots.  

Since this study, fibers have improved significantly for UV wavelengths and may now 

have the potential for longer lifetimes. A series of fibers (Polymicro FDP series silica 

UV fiber and OzOptics QMMJ UV/VIS multimode fibers) with core sizes ranging 

from 500-1000 µm were tested, however in all these fibers the tips would still burn 
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after 10-20 laser shots. Despite the advancements in fiber optic technology it is clearly 

still not a viable option for ATOFMS systems. 

A2.3.3 Diffractive optical elements (DOE) 

DOE are a relatively new optical element for laser homogenization and beam 

shaping. A DOE contains a precisely engineered diffraction grating which 

homogenizes the laser beam as it diffracts through the optical element. Since this is 

simply an optic, loss of laser power would be minimized relative to pinhole apertures. 

A DOE (HoloOr Round Diffuser RD-205-W-Y-A) was tested. DOE’s are very 

sensitive to initial beam parameters and alignment conditions.  To fulfill these 

requirements the inputs of this element required an expanded laser beam (10 mm). A 

telescope with 4x magnification of the initial beam diameter (3 mm) was constructed.  

An image of the laser beam after passing through the DOE and refocusing is given in 

Figure A 2.3. Though not perfectly smooth, the profile did flatten the normal Gaussian 

profile. Unfortunately, when investigated on the ATOFMS, no improvement in signal 

reproducibility as done in Wenzel et al.[Wenzel and Prather, 2004] was achieved. This 

could be due to the still slightly inhomogeneous profile or due to the high sensitivity 

to alignment and shot to shot laser fluctuations with this optic. The high alignment 

sensitivity, the increased laser path length, and the optical telescope also limit the field 

viability of the ATOFMS.   
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Figure A 2.3: Pseudo flat-top profile using a diffractive optical element 

A2.3.4 Microlens arrays 

The last method investigated was the use of two microlens arrays.  Microlens 

arrays are typically a square matrix of individual microlenses. The first array causes 

focuses the laser beam into individual focal points. A second microlens array diverge 

these points and re-collimates the beam which can then be imaged into the instrument.  

The many microlenses cause the diverging inhomogeneous laser profile to blend 

together creating a homogenized top hat profile. This system consists of optical 

elements and thus has a high potential to retain laser power throughout the beam 

shaping process.  Two identical microlenses (Edmund Optics 6448 10x10 mm, 500 

µm, 0.25°) were spaced ~70 mm apart.  A 125 mm focal lens is placed after 

collimation to image the homogenized beam into the mass spectrometer. An image of 

the focused spot is shown in Figure A 2.4.  The microlenses result in a homogenized 
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square flat top profile. Along the top of the profile the laser power only deviates by 

4%.  In the normal Gaussian profile only 19% of the laser spot contains 86.5% of the 

laser power. In contrast 54% of the spot area contains 86.5% of the laser power when 

using the microlens arrays.  

The arrays had similar laser power output as in the normal optical path; 

however, the square flat top profile resulted in an increased area compared to the 

normal Gaussian profile.  The 86.5% diameter of the normal optical path results in a 

beam diameter of ~700 µm.  The microarray square profile is ~1400x1400 µm, 

resulting in an overall increased area.  This, of course, reduces the power density of 

the focused beam. In this case the power density is reduced by ~72%. Despite this 

power loss, power >1 mJ can still be achieved.  While still not ideal, this method still 

has potential for applications onto ATOFMS systems.  Further reduction in laser spot 

size, perhaps through incorporation of a telescope after  
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Figure A 2.4: Flat-top profile using a two microlens arrays 

A2.4 Summary 

Out of the methods tested, microlens arrays showed the greatest promise for 

creating a homogenized laser profile without significant loss of laser power. The 

microlens arrays require a small addition to the optical path and are relatively 

insensitive to alignment retaining the field viability of the ATOFMS. 
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Appendix 3. Incorporation of new baseline correction 

and peak finding algorithms for the aerosol time-of-

flight mass spectrometer 

A3.1 Objective 

The aerosol time-of-flight mass spectrometer (ATOFMS) baseline and peak 

finding algorithms were first developed at the techniques creation, and has been used 

for the subsequent 15 years. New techniques have emerged from other mass 

spectrometry techniques to more accurately and reliably calculate spectral baseline, 

noise, and peak properties. Alternate methods for baseline removal and peak finding 

calculations are investigated.  The improved algorithms increase both the reliability 

and accuracy of peaks extracted from ATOFMS data. 

A3.2 Materials and Methods 

Representative datasets were collected for each of the ATOFMS variants: dual 

linear time-of-flight (TOF) and Z-TOF mass spectrometer (MS).  The datasets 

comprise many spectra and encompass the full range of possible spectra the ATOFMS 

currently can acquire.  

A3.3 Results 

A3.3.1  Spectral Characteristics 

The linear-TOFMS, used currently in three ATOFMS systems, is susceptible 

to ringing and cross-talk artifacts.  The Z-TOFMS configuration positions the 
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detectors far away from each other and thus does not have the artifacts present in the 

linear-TOF. The noise and baseline can vary considerably in magnitude and shape in 

both TOFMSs. In addition the noise and baseline can change within a single spectrum. 

This issue prevents a ‘known’ noise and baseline value to be calculated from a section 

of the mass spectrum, something typically done in other baseline calculation 

techniques [Williams et al., 2005; Xian et al., 2012].  

Linear-TOFMS spectra typically set to acquire out to ~350 m/z while the Z-

TOFMS typically acquires out to ~2000 m/z. In both TOFMS the spectral resolution, 

in this case defined as the number of data points acquired per m/z, varies as a function 

of m/z with small m/z having more data points acquired than for high m/z ions. The 

spectral resolution is significant for peak area calculations presented later in this 

report.   

A3.3.2  Baseline Calculation and removal: Z-TOFMS 

The Z-TOFMS spectra look qualitatively similar to matrix-assisted laser 

desorption ionization mass spectrometry (MALDI-MS) spectra in that both can have a 

broad moving baseline throughout the spectrum which in many cases never relaxes 

back to a stable value (see Figure A 3.1a). The baseline algorithm must be able to 

adjust the baseline within a mass spectrum for such spectra while still performing well 

for spectra which remain relatively flat (Figure A 3.2a). The method determined to 

work best for these spectra fits a spline curve to the local minimum of every 25 m/z. 

This algorithm has been employed for MALDI and Fourier ion cyclotron resonance 

MS (FT-ICR-MS) techniques [Williams et al., 2005; Xian et al., 2012].   
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Key to this algorithm is that the m/z bin must contain at least one or more 

points at the baseline of the spectrum. If the bin is set too small, it could lie within a 

single peak (or group of peaks) and set a value within a peak as the minimum. 

Inversely if the bin width is set too large the algorithm will not be able to respond to 

changes in the mass spectrum.  For the Z-TOFMS the ideal bin width was empirically 

determined to be 25 m/z. This value makes the algorithm insensitive to individual 

peaks but still allows it to respond dynamically to changes in the baseline. The 

calculated baseline using this algorithm is shown by the green lines in Figure A 3.1a 

and Figure A 3.2a. Figure A 3.1b and Figure A 3.2b show the same spectra after 

baseline removal. In both spectra the baseline is able to accurately estimate the 

baseline with minimal removal of actual peak information. 
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Figure A 3.1: (a) Z-TOFMS spectrum exemplifying a broad, moving baseline. The 
green line is the calculated baseline. (b) Mass spectrum after baseline removal  



365 
 

 

 

Figure A 3.2: (a) Z-TOFMS spectrum exemplifying a flat baseline. The green line is 
the calculated baseline. (b) Mass spectrum after baseline removal  
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Figure A 3.3: (a) Linear-TOFMS spectra exemplifying low frequency ringing. The 
green line is the calculated baseline. (b) Mass spectrum after baseline removal  
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Figure A 3.4: (a) Linear-TOFMS spectra exemplifying high frequency ringing. The 
green line is the calculated baseline. (b) Mass spectrum after baseline removal  

 

A3.3.3 Baseline Calculation and removal: Linear-TOFMS 

The linear-TOFMS presents the most variability in mass spectra. In addition to 

the broad and moving spectra acquired in the Z-TOFMS the linear-TOFMS suffers 

from ringing and cross-talk artifacts. the ringing artifact itself manifests in two 

different ways a low frequency ring across the whole mass spectrum (Figure A 3.3a) 

and a high frequency ring immediately following an intense peak which subsides after 

5-10 m/z (Figure A 3.4a). Both ringing artifacts are due to oversaturation of the 

detectors. In the case of high frequency ringing values are acquired which lie below 

the true baseline, creating in effect a ‘negative’ peak. The baseline algorithm must be 
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able to respond to these artifacts while still preforming well for spectra that do not 

contain artifacts and those that have baselines which are relatively flat (Figure A 3.5a). 

Initial attempts to filter ringing using Fourier filtering were unsuccessful as peak 

frequencies often overlapped with ringing frequencies. The minimum algorithm 

already presented fails when ringing is present, mostly due to the ‘negative’ data 

points which bias the baseline to be artificially low; hence an alternative method is 

needed for linear-TOFMS spectra.   

The method found to work best for the linear-TOFMS is variation of the local 

minimum algorithm. The spline curve is fitted to the local mode rather than the local 

minimum. In the presence of ringing the data crosses the baseline multiple times and 

thus the mode of the region can accurately represent the baseline. In this case the most 

effective m/z bin width was empirically determined to be 5 m/z. However, the local 

mode algorithm is much more likely to incorporate peaks than when using the local 

minimum and requires additional filtering. After the local mode values are obtained 

they are refined further by limiting values to lie within 1.5 standard deviations of the 

mean of all local modes. This removes points that lie far outside the standard deviation 

(due to incorporation of peak values). Iterating this process three times ensured that all 

peak influenced values are removed.  

The resulting baselines are shown as the green traces in Figure A 3.3a, Figure 

A 3.4a, and Figure A 3.5a.  The baseline algorithm is able to adjust to both low and 

high frequency ringing well while remaining viable for spectra in the absence of these 

artifacts.  The baseline subtracted spectra are shown in Figure A 3.3b, Figure A 3.4b, 

and Figure A 3.5b. Note that this algorithm will fail in the presence of broad peaks 



369 
 

 

present in the high mass, i.e. Figure A 3.1a, since the spectral resolution is low at 

higher masses and the mode cannot accurately reflect the true baseline.  Spectra 

similar to Figure A 3.1a are not typically seen in the linear-TOFMS.  

 

Figure A 3.5: (a) Linear-TOFMS spectra exemplifying low frequency ringing. The 
green line is the calculated baseline. (b) Mass spectrum after baseline removal  

A3.3.4 Noise Calculation 

The critical step in peak finding is determining whether signal lies above or 

below instrument noise. The two mass spectrometers use slightly different baseline 

calculations thus the noise calculations determined for each TOFMS will differ. 

Unlike in MALDI-MS and FT-ICR-MS the noise experienced throughout ATOFMS 

spectrum varies and often there is never a section of the spectrum for which peaks will 

be absent so that the noise of the spectrum can be calculated easily [Williams et al., 
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2005; Xian et al., 2012]. This presents a unique challenge to calculation of the noise in 

each mass spectrum.  

Similar to the baseline algorithms presented above the noise is calculated by 

taking the standard deviation of all points in the baseline corrected spectra over a set 

m/z bin width. To remove the influence of peaks all points >200 are removed. The 

local standard deviations are refined further by limiting the value to lie within one 

standard deviation of the mean of all local standard deviations.  This further removes 

any influence from peaks as with the local mode algorithm. An m/z division of 10 was 

sufficient to calculate the noise effectively. The noise value is used as the intensity 

threshold for which peaks are identified. 

In the linear-TOFMS no further modification is needed; however additional 

refinement is needed for Z-TOFMS spectra using the local minimum algorithm as it 

preserves the full range of noise (i.e. baseline ± deviation). The median of the noise 

range is the ‘true’ baseline from which the noise deviates. The median value is 

calculated along with the standard deviation using local m/z divisions (with same bin 

width). This in addition to the standard deviation yields the intensity threshold for 

peak identification in the Z-TOFMS. Note that for the Z-TOFMS using a local median 

or mode rather than a local minimum as the algorithm for calculating the baseline was 

unsuccessful due the broad m/z peaks that can be seen in Z-TOFMS spectra; hence the 

need for the two-step approach used here.   
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Figure A 3.6: Peaks identified (blue triangles) from the spectrum shown in Figure 5 
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Figure A 3.7: (a) Data resolution bias for the liner-TOFMS (blue) and Z-TOFMS 
(black). (b) Bias in calculated peak areas in real particle due to data resolution.  

A3.3.5 Peak identification and area calculations 

Peaks are identified by scanning the spectrum every 0.25 m/z and finding the 

maximum intensity within those points [Yu et al., 2006]. The maximum value is 

divided by the noise at that point to yield the single/noise (S/N) ratio.  A point is 

considered a peak if the S/N > 3. The true maximum and 10% full width half max 

(FWHM) is then found by scanning ±1 m/z in either direction of the point. An 

exemplary peak finding result from the spectrum shown in Figure A 3.5 is shown in 

Figure A 3.6.  

A 0.25 m/z bin was empirically selected based on the minimum peak width 

acquired in ATOMFS mass spectra. Many peaks are actually broader than 0.25 m/z; 
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hence for the need to scan across a larger m/z width to find the true maximum. At the 

end of the scan duplicate peaks are removed or merged where appropriate. The area of 

the peak can be determined using the 10% FWHM thresholds. The previous algorithm 

calculated the peak area by simply summing all data points acquired within the 10% 

FWHM range; however, this creates an artificial bias since the number of data points 

per m/z decreases with increasing m/z; a product of the m/z calibration curve. The bias 

for the Z-TOFMS and linear-TOFMS are given in Figure A 3.7a. Assuming a peak 

with the same area exists at m/z 23 and 200 in the linear-TOFMS the calculated peak 

area would be biased high by a factor of 2.9 for the peak at m/z 23 relative to m/z 200 

due to the increased number of data points collected, 81 versus 28 points at 23 and 200 

m/z, respectively.   

Here, area is calculated by summing the 10% FWHM data points normalized 

to the effective m/z width per data point (calculated from mass spectral calibration). 

The calculated area is then independent of the number of data points acquired for that 

peak.  A comparison of the two area methods for the black carbon spectrum shown in 

Figure A 3.5 is given in Figure A 3.7. Previous data could be biased significantly, up 

to many orders of magnitude, just based on the mass of the ion.  

A3.4 Summary 

The baseline correction and peak finding algorithm presented here uniquely 

calculates all factors in m/z space whereas the previous algorithm based everything 

within data point space.  As demonstrated with peak area calculations this can often 

lead to biases in peak calculations. Note that this method is inherently empirical. Any 
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changes to acquisition parameters in the ATOFMS spectra would necessitate a 

refinement of the empirical factors discussed here, namely the m/z bin width used in 

baseline, noise, and peak finding calculations. The Matlab code for the linear-TOFMS 

is included in the supplementary below. 
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A3.6 Supplementary 

A3.6.1  Linear-TOFMS Baseline and Peak Finding Matlab Code 

%% Method for baseline removal and peak finding of .ams spectra for 
ATOFMS. 
%% Utilizes spline curves to create smooth lines, peak finding looks 
for 
%% iterative max values. For more information see presentations and 
%% descriptions on the ftp. 
%% NOTE: NOT MEANT FOR NEWER ATOMFS (circa > 2005) 
  
%% Written by Jack Cahill - 3/14/13, Camille and Doug added the 
traveling 
%% mode algorithm 
  
% v1.2: Stupid LVN issues - instituted higher res baseline for small 
mz, 
% refined for negative noise spikes and const for first 5 mz 
% v1.3: BlownScale really changed things, redid how peaks are 
filtered and 
% when areas were calculated. Saving are cals till the end 
% v1.4: Instigated the while loop for peak duplicates. kept mz scan 
at 0.25 
% but put const peak finding range of 1 mz. 
% v2.0: Just added the ability to change the SN threshold 
% v2.1: Changed min() to mode() for bline, added in blowscale 
corrections, 
% and added initial peak corrections 
% v2.1.3: Changed mode() to a binning version of mode using histc() 
% v3+: added traveling mode to first 20 mz 
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% Final_v1: Optimized the code where I could easily, commented most 
of the 
% script and removed unneeded lines - JC 
  
% input: 
% % inData = full spectrum (just peaks) from .ams 
% % IonType = positive or negative, positive = 0, negative = 1 
% % calibIntercept/calibSlope = Calibration parameters (a = slope*(i-
intercept^2)) 
  
  
% output: 
% %             FinalPeakSave(k,1) =  Height 
% %             FinalPeakSave(k,2) =  MZ 
% %             FinalPeakSave(k,3) =  Rel Area 
% %             FinalPeakSave(k,4) =  Final Area 
% %             FinalPeakSave(k,5) =  For area graph, min data 
pointer 
% %             FinalPeakSave(k,6) =  For area graph, max data 
pointer 
  
function [FinalPeakSave Ring inData NoiseStd baseline MZ] = 
PeakList_gen_LVNFinal(inData, IonType, calibIntercept, calibSlope, 
NoiseThresh) 
  
BlowScale = 7500; % actuall around 8000 but after bline removal could 
make it be less 
NumPoints = length(inData); % should be 15000 but in case something 
changes 
  
MZ = zeros(NumPoints,1); 
for i=1:NumPoints 
MZ(i,1) = calibSlope*(i-calibIntercept)^2;  % Calc MZ for reference 
to later 
end 
  
%%%%%%%%%%%%%%%%%% Baseline Calc %%%%%%%%%%%%%%%%%%%%%% 
localMin = zeros(300,2); % preallocate space for localMin, 
overestimate here 
  
% 'traveling' mode for MZ < 20 - just for ringing 
j = 0; % serves as data point counter 
  
Start = calibSlope*(1-calibIntercept)^2; % finds the first mz bias 
End = 20; 
Division = 1; 
Range = 5; 
  
for i=Start:Division:End % For every Division MZ 
j=j+1; 
if i < (Range/2) 
data_pointer(1) = floor(sqrt(1/calibSlope)+calibIntercept); % Finds 
begining MZ, in InData point space 
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data_pointer(2) = 
floor(sqrt((floor(i+(Range/2)))/calibSlope)+calibIntercept); % Finds 
ending MZ, in InData point space 
else 
data_pointer(1) = floor(sqrt((ceil(i-
(Range/2)))/calibSlope)+calibIntercept); % Finds begining MZ, in 
InData point space 
data_pointer(2) = 
floor(sqrt((floor(i+(Range/2)))/calibSlope)+calibIntercept); % Finds 
ending MZ, in InData point space 
end 
if data_pointer(1) < 1 % can't be less than 1, so if it is, just 
start looking at 1 
data_pointer(1) = 1; 
end 
HOLD = inData(data_pointer(1):data_pointer(2)); % grab inData points 
in m/z range 
sizeBin = (max(HOLD)-min(HOLD))/10; % set first (widest) bin 
parameters 
% find mode of points using iterative histogram binning method 
while sizeBin > 1 
BinH = min(HOLD):sizeBin:max(HOLD); % create bins for histogram 
baseFinder = histc(HOLD, BinH); % bin points 
maxBIN = find(baseFinder == max(baseFinder)); % find index of bin 
with most points 
if length(maxBIN) == 1 % check to see if there is one bin with most 
counts 
if maxBIN == length(BinH) % if maxBIN is the last bin then exit loop 
-- ??JC 
break 
end 
minBase = BinH(maxBIN); % find min pointer of the bin with most 
points 
maxBase = BinH(maxBIN+1); % find max pointer of the bin with most 
points 
HOLD = HOLD(HOLD <= maxBase & HOLD >= minBase); % select points only 
in most populous bin 
sizeBin = (max(HOLD)-min(HOLD))/10; 
else % go here if multiple bins have the same number of counts 
minBase = BinH(maxBIN(1)); % find min pointer of the bin with most 
points 
maxBase = BinH(maxBIN(1)+1); % find max pointer of the bin with most 
points 
HOLD = HOLD(HOLD <= maxBase & HOLD >= minBase); % select data points 
only in most populous bin 
sizeBin = (max(HOLD)-min(HOLD))/10; 
end 
end 
localMin(j,1) = mode(HOLD); % find mode of data set 
  
if localMin(j,1) > BlowScale % to refine mode values 
if j == 1 
localMin(j,1) = 0; 
else 
localMin(j,1) = localMin(j-1,1); % set to previous point 
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end 
end 
  
localMin(j,2) = i+Division/2; % middle MZ position 
end 
  
%% RING CHECK %% 
% Check for ring, first data points are the best to find it 
if (1.5*std(localMin(1:j,1))/mean(localMin(1:j,1))) > 0.20 % if std 
dev/mean > 20% it is likely a ring. 20% is empirical 
Ring = 1; 
else 
Ring = 0; 
end 
  
  
% 'stepping' mode for all MZ > 20 
Start = 20; 
Division = 5; 
End = (calibSlope*(NumPoints-calibIntercept)^2); 
  
for i=Start:Division:End % For every Division MZ: First 100 MZ needs 
to be higher resolution than latter MZ 
j=j+1; 
  
data_pointer(1) = floor(sqrt(i/calibSlope)+calibIntercept); % Finds 
begining MZ, in InData point space 
data_pointer(2) = 
floor(sqrt((i+Division)/calibSlope)+calibIntercept); % Finds ending 
MZ, in InData point space 
  
if data_pointer(2) > NumPoints  % can't be greater than NumPoints, 
for last bin will be slightly smaller than normal 
data_pointer(2) = NumPoints; 
end 
HOLD = inData(data_pointer(1):data_pointer(2)); % grab inData points 
in m/z range 
%     sizeBin = (max(HOLD)-min(HOLD)); 
sizeBin = (max(HOLD)-min(HOLD))/10; % find mode of points using 
histogram binning method 
while sizeBin > 1 
BinH = min(HOLD):sizeBin:max(HOLD); % create bins for histogram 
baseFinder = histc(HOLD, BinH); % bin points 
maxBIN = find(baseFinder == max(baseFinder)); % find index of bin 
with most points 
if length(maxBIN) == 1 % check to see if there is one bin with most 
counts 
if maxBIN == length(BinH) % if maxBIN is the last bin then exit loop 
break 
end 
minBase = BinH(maxBIN); % find min of the bin with most points 
maxBase = BinH(maxBIN+1); % find max of the bin with most points 
HOLD = HOLD(HOLD <= maxBase & HOLD >= minBase); % select points only 
in most populous bin 
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sizeBin = (max(HOLD)-min(HOLD))/10; 
else % go here if multiple bins have the same number of counts 
minBase = BinH(maxBIN(1)); % find min of the bin with most points 
maxBase = BinH(maxBIN(1)+1); 
HOLD = HOLD(HOLD <= maxBase & HOLD >= minBase); % select points only 
in most populous bin 
sizeBin = (max(HOLD)-min(HOLD))/10; 
end 
end 
localMin(j,1) = mode(HOLD); % find mode of data set 
if localMin(j,1) > BlowScale % to refine mode values 
if j == 1 
localMin(j,1) = 0; 
else 
localMin(j,1) = localMin(j-1,1); % set to previous point 
end 
end 
localMin(j,2) = i+Division/2; % middle MZ position 
end 
  
%remove empty rows from localMin 
localMin = localMin(1:j,:);  % just used to refine the overestimated 
zeros used in the begining  
  
% Refine further - remove drastic varations from localMin 
for m=1:3  % # of iterations, totally empirical 
% % refine these values a bit 
AvgBline(1,1) = mean(localMin(:,1)); 
AvgBline(1,2) = 1.5*std(localMin(:,1)); 
  
temp = find(localMin(:,1) < (AvgBline(1,1)+AvgBline(1,2))); 
if isempty(temp) == 1 
else 
AvgBline(1,1) = mean(localMin(temp,1)); 
AvgBline(1,2) = 1.5*std(localMin(temp,1)); 
end 
  
for i=1:length(localMin(:,1)) 
if localMin(i,1) > (AvgBline(1,1) + AvgBline(1,2)) % probably in a 
peak, so set to a slightly lower value 
localMin(i,1) = AvgBline(1,1) + AvgBline(1,2); 
end 
end 
end 
  
baseline = spline(localMin(:,2),localMin(:,1),MZ); % fits a smooth 
curve to min points, output baseline of same size as data 
% tempPointer = floor(sqrt((5)/calibSlope)+calibIntercept); % Finds 
ending MZ, in InData point space 
% baseline(1:tempPointer) = localMin(1,1); 
% plot(MZ,inData,'k',MZ,baseline,'r') 
  
baseline = round(baseline); 
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for i=1:NumPoints % can't have a baseline less than 0 
if baseline(i) < 0 
baseline(i) = 0; 
end 
inData(i,1) = inData(i)-baseline(i); % ** corrected data, overwrites 
previous data ** 
if inData(i) < 0 
inData(i,1) = 0; % can't have a negative value (just in case) 
end 
end 
%%%%%%%%%%%%%%%%% End Baseline %%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
%%%%%%%%%%%%%%%%%  Noise Calculation  %%%%%%%%%%%%%%%%%%%% 
NoiseSave = zeros(300,5); 
Start = calibSlope*(1-calibIntercept)^2; % finds the first mz bias 
Division = 10; % Mass division to find noise, Want larger than before 
so that it is less sensitive to peaks 
j = 0; % serves as data point counter 
  
for i=Start:Division:End % For every Division mz 
j=j+1; 
data_pointer(1) = floor(sqrt(i/calibSlope)+calibIntercept); % Finds 
begining MZ 
data_pointer(2) = 
floor(sqrt((i+Division)/calibSlope)+calibIntercept); % Finds ending 
MZ 
if data_pointer(2) > NumPoints  % can't be greater than NumPoints, 
for last bin will be slightly smaller than normal 
data_pointer(2) = NumPoints; 
end 
inNoise = find(inData(data_pointer(1):data_pointer(2)) < 200 ); % 
Noise will never be higher than 200 after Bline correction, Find 
points < this value (empirical) 
inNoise = inNoise+data_pointer(1)-1; % corrects pointer to match true 
data, side effect of using find 
NoiseSave(j,1) = std(inData(inNoise)); % Take std dev of those points 
  
% happens rarely but inNoise could be empty. Prob due to all data 
points being above the 200 threshold 
if isnan(NoiseSave(j,1)) == 1 
if j == 1 
NoiseSave(j,1) = 0; % if first point just say noise/median = 0 It 
will adjust fast afterwards 
else 
NoiseSave(j,1) = NoiseSave((j-1),1); % set to previous point, i.e. 
noise is static 
end 
end 
  
if j == 1 %% this helps out the spline curve fitting at the begining, 
stops it from making crazy curves 
NoiseSave(1:5,1) = NoiseSave(1,1); 
NoiseSave(1,2) = 1; 
NoiseSave(2,2) = 2; 
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NoiseSave(3,2) = 3; 
NoiseSave(4,2) = 4; 
j=j+4; 
end 
  
if j > 1  % Compare values to previous ones, limit the effect of 
peaks biasing the numbers 
if NoiseSave(j,1) > NoiseSave((j-1),1) % if increase, change slowly 
NoiseSave(j,1) = NoiseSave(j,1)*0.1 + NoiseSave((j-1),1)*0.9; 
end   % if lower, will set to that value - rapid decreasing 
end 
NoiseSave(j,2) = i+Division/2; % middle MZ position 
end 
  
%remove empty rows of NoiseSave 
NoiseSave = NoiseSave(1:j,:); 
  
for m=1:3  % # of iterations, totally empirical 
% % refine these values a bit 
AvgBline(1,1) = mean(NoiseSave(:,1)); 
AvgBline(1,2) = std(NoiseSave(:,1));    
temp = find(NoiseSave(:,1) < (AvgBline(1,1)+AvgBline(1,2))); 
if isempty(temp) == 1 
else 
AvgBline(1,1) = mean(NoiseSave(temp,1)); 
AvgBline(1,2) = std(NoiseSave(temp,1)); 
end 
for i=1:length(NoiseSave(:,1)) 
if NoiseSave(i,1) > (AvgBline(1,1) + AvgBline(1,2)) % probably in a 
peak, so set to a slightly lower value 
NoiseSave(i,1) = AvgBline(1,1) + AvgBline(1,2); 
end 
end 
end 
  
NoiseStd = abs(spline(NoiseSave(:,2),NoiseSave(:,1),MZ)); % Makes the 
noise curve based off of std dev. 
% plot(MZ,inData,'k', MZ,Noise,'g') 
NoiseStd = ceil(NoiseStd); % rounds numbers to make them whole 
  
%%%%%%%%%%%%%%%%% End Noise Calc %%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
  
%%%%%%%%%%%%%%% PEAK FINDING %%%%%%%%%%%%%%%%%%%%%%%% 
MZ_Division = 0.25; % Mass division to find peaks 
j = 0; % serves as data point counter 
PeakSave = zeros(length(Start:MZ_Division:End),3); 
  
for i=Start:MZ_Division:(End-(3*MZ_Division)) % For every 1 
(Division) mz, don't look at very end -- very noisy based on 
background calcs 
data_pointer(1) = floor(sqrt(i/calibSlope)+calibIntercept); % Finds 
begining MZ 
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data_pointer(2) = 
floor(sqrt((i+MZ_Division)/calibSlope)+calibIntercept); % Finds 
ending MZ 
  
if data_pointer(2) > NumPoints  % can't be greater than NumPoints 
data_pointer(2) = NumPoints; 
end 
if data_pointer(1) <= 0  % can't be 0 or less 
data_pointer(1) = 1; % set to 1st point 
end 
[localMax(1), localMax(2)] = 
max(inData(data_pointer(1):data_pointer(2))); % find max over those 
points, #2 is index position 
localMax(2) = localMax(2) + data_pointer(1) - 1; % gets true position 
in inData 
if localMax(2) == NumPoints 
localMax(2) = localMax(2) -1; 
end 
  
if (localMax(1)/NoiseStd(localMax(2))) > NoiseThresh % if S/N > 3 
then is a peak (3 is empirically derived), Note: Median is used here 
to estimate the true baseline hence std is added as well to noise in 
the calculation 
if (localMax(2)-1) < 1 % this is just for if a peak occurs right at 
the start of the spectra (ringing), makes it not a peak 
SN_Before = 0; 
else 
SN_Before = inData(localMax(2)-1)/(NoiseStd(localMax(2)-1)); % check 
that points to either side are real too so that blips arn't counted 
end 
SN_After = inData(localMax(2)+1)/(NoiseStd(localMax(2)+1)); 
  
RealPeak = SN_Before < NoiseThresh && SN_After < NoiseThresh; 
RealPeak = RealPeak && localMax(1) < 500; 
if RealPeak == 1 % check that points to either side are real too so 
that blips arn't counted, don't do for points > 500 (assumed to be 
real) 
% Not a peak 
else % Is a peak 
j = j + 1; % peak Counter 
if localMax(1) > BlowScale 
% peak has blown scale, treat slightly different 
tempData = inData(data_pointer(1):data_pointer(2)); 
temp = find(tempData > BlowScale); % finds if there are multiple 
points that are blowing scale 
  
PeakSave(j,3) = floor(mean(temp))-1+data_pointer(1); % pointer 
position, roughly middle of blown peak 
  
% prep peak edge finding, puts lower and upper MZ at the 
% edges of the blown scale peak 
upperPointer = max(temp)-1+data_pointer(1); % pointer in inData space 
lowerPointer = min(temp)-1+data_pointer(1); % pointer in inData space 
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UpperMZ = (calibSlope*(upperPointer-calibIntercept)^2) + MZ_Division; 
% look over the next division from max peak, in this case 1 m/z 
LowerMZ = (calibSlope*(lowerPointer-calibIntercept)^2) - MZ_Division; 
% look over the next division from max peak, in this case 1 m/z 
if LowerMZ <= 0 % Saftey check 
LowerMZ = Start; 
end 
  
elseif localMax(1) <= BlowScale 
% not blown scale 
  
PeakSave(j,3) = localMax(2); 
  
% Refine peak and calc areas - scan peak characteristics over 
% division space 
  
UpperMZ = roundn(MZ(localMax(2)),-2) + MZ_Division; % look over the 
next division from max peak, in this case 1 m/z 
LowerMZ = roundn(MZ(localMax(2)),-2) - MZ_Division; % look over the 
next division from max peak, in this case 1 m/z 
if LowerMZ <= 0 % Saftey check 
LowerMZ = Start; 
end 
lowerPointer = localMax(2)-1; 
upperPointer = localMax(2)+1; 
end 
  
  
UpperMZ = floor(sqrt(UpperMZ/calibSlope)+calibIntercept); % convert 
to pointer 
LowerMZ = floor(sqrt(LowerMZ/calibSlope)+calibIntercept); % convert 
to pointer 
if LowerMZ < 1 % Saftey check 
LowerMZ = 1; 
end 
if UpperMZ > NumPoints % Saftey check 
UpperMZ = NumPoints; 
end 
  
maxChange = 0; % trigger if maximum was changed 
if upperPointer > UpperMZ % this can only happen if the # of points 
per MZ_Division is <3 
PeakSave(j,2) = localMax(2); 
PeakSave(j,3) = localMax(2); 
else 
for k=upperPointer:UpperMZ 
if inData(k) <= 0.1*localMax(1) || inData(k) <= NoiseStd(localMax(2)) 
% stop if below noise or 10% of peak 
PeakSave(j,2) = k+1; % position where peak ends to right 
break 
else 
if inData(k) > localMax(1) 
maxChange = 1; 
PeakSave(j,3) = k; 
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end 
if k == UpperMZ 
PeakSave(j,2) = k; % never found an end, sumed everything 
end 
end 
end 
end 
  
if lowerPointer < LowerMZ  %  this can only happen if the # of points 
per MZ_Division is <3 
PeakSave(j,1) = localMax(2); 
PeakSave(j,3) = localMax(2); 
else 
  
for k=lowerPointer:-1:LowerMZ % Note: localMax(2)-1 so that the peak 
value isn't counted (already added) 
if inData(k) <= 0.1*localMax(1) || inData(k) <= NoiseStd(localMax(2)) 
PeakSave(j,1) = k-1; % position where peak ends to left 
break; % no need to look further 
else 
if inData(k) > localMax(1) 
maxChange = 1; 
PeakSave(j,3) = k; % set new max pointer 
end 
if k == LowerMZ 
PeakSave(j,1) = k; % never found an end, sumed everything 
end 
end 
end 
end 
  
if maxChange == 1 
for k=PeakSave(j,3):-1:PeakSave(j,1) 
if inData(k) <= 0.1*localMax(1) || inData(k) <= NoiseStd(localMax(2)) 
PeakSave(j,1) = k-1; % position where peak ends to right 
break; % no need to look further 
end 
end 
for k=PeakSave(j,3):PeakSave(j,2) 
if inData(k) <= 0.1*localMax(1) || inData(k) <= NoiseStd(localMax(2)) 
% stop if below noise or 10% of peak 
PeakSave(j,2) = k+1; % position where peak ends to left 
break 
end 
end 
end 
end 
else % no peak so don't care 
end 
end 
  
%remove empty rows of peak save 
PeakSave = PeakSave(1:j,:); 
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% Saftey Check 
if isempty(PeakSave) == 1 
else 
for i=1:length(PeakSave(:,1)) 
for j=1:3 
if PeakSave(i,j) == 0 
PeakSave(i,j) = 1; 
elseif PeakSave(i,j) > NumPoints 
PeakSave(i,j) = NumPoints; 
end 
end 
end 
end 
  
  
% Peak filtering - removing dublicates or merging overlaps 
FinalPeakSave = []; 
if isempty(PeakSave) == 1 
% This is if no peaks were found.  I have only found this to happen 
in 
% extremely ringy spectra - where the ring is bigger than any of the 
% actual peaks. In this case there is no way for any peaks to 
overcome 
% the noise threshold 
  
%     FinalPeakSave = []; 
else 
  
% section of code will find duplicates, merge their pointers, and 
% truncate PeakSave to match true peak number 
% it helps to do this code first to greatly reduce the number of 
peaks  
Stop = length(PeakSave(:,1)); 
for i=1:Stop 
if Stop <= i 
break; 
end 
tempNum = find(PeakSave(:,1) <= PeakSave(i,3) & PeakSave(:,2) >= 
PeakSave(i,3)); 
if length(tempNum) == 1 % found itself 
else % overlapping or matching peaks 
i=i-1; 
tempSave = zeros(length(PeakSave(:,1)),1); 
tempSave(tempNum(2:end)) = 1; 
PeakSave(tempNum(1),1) = min(PeakSave(tempNum,1)); 
PeakSave(tempNum(1),2) = max(PeakSave(tempNum,2)); 
PeakSave = PeakSave(~tempSave,:); 
Stop = length(PeakSave(:,1)); 
end 
if Stop <= i 
break; 
end 
end 
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% finds if Max pointer is same as min/max and checks that the peak 
% continues. Then it merges. It will iterate until, the number of 
peaks 
% stops changing 
k = 0; 
while k == 0 
Stop = length(PeakSave(:,1)); 
StopBefore = Stop; % num peaks used for comparision 
  
for i=1:Stop 
if Stop <= i 
break; 
end 
if PeakSave(i,1) == PeakSave(i,3) % max is on left edge 
tempPointer = PeakSave(i,1) - 1; 
if tempPointer > 0 
if inData(tempPointer) > inData(PeakSave(i,1)) 
% Peak continues onward prob not a new peak 
if i > 1 
tempSave = zeros(length(PeakSave(:,1)),1); 
tempSave(i) = 1; 
PeakSave((i-1),2) = PeakSave(i,2); % sets the new max to combine 
PeakSave = PeakSave(~tempSave,:); 
Stop = length(PeakSave(:,1)); % change length 
end 
end 
end 
elseif PeakSave(i,2) == PeakSave(i,3) % max is on right edge 
tempPointer = PeakSave(i,2)+1; 
if tempPointer < NumPoints 
if inData(tempPointer) > inData(PeakSave(i,2)) 
% peak continues 
if i < Stop 
tempSave = zeros(length(PeakSave(:,1)),1); 
tempSave(i) = 1; 
PeakSave((i+1),1) = PeakSave(i,1); % sets the new max to combine 
PeakSave = PeakSave(~tempSave,:); 
Stop = length(PeakSave(:,1)); % change length 
end 
end 
end 
end 
if Stop <= i 
break; 
end 
end 
  
% section of code will find duplicates, merge their pointers, and 
% truncate PeakSave to match true peak number 
Stop = length(PeakSave(:,1)); 
for i=1:Stop 
if Stop <= i 
break; 
end 
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tempNum = find(PeakSave(:,1) <= PeakSave(i,3) & PeakSave(:,2) >= 
PeakSave(i,3)); 
%         tempNum = find(PeakSave(i,1) <= PeakSave(:,2) & 
PeakSave(i,2) >= PeakSave(:,1)); 
if length(tempNum) == 1 % found itself 
else % overlapping or matching peaks 
i=i-1; 
tempSave = zeros(length(PeakSave(:,1)),1); 
tempSave(tempNum(2:end)) = 1; 
PeakSave(tempNum(1),1) = min(PeakSave(tempNum,1)); 
PeakSave(tempNum(1),2) = max(PeakSave(tempNum,2)); 
PeakSave = PeakSave(~tempSave,:); 
Stop = length(PeakSave(:,1)); 
end 
if Stop <= i 
break; 
end 
end 
  
for i=1:length(PeakSave(:,1)) 
[localMax(1) localMax(2)] = max(inData(PeakSave(i,1):PeakSave(i,2))); 
% find max over those points, #2 is index position 
localMax(2) = localMax(2) + PeakSave(i,1) - 1; % gets true position 
in inData 
if localMax(1) > BlowScale 
% peak has blown scale, treat slightly different 
temp = find(inData(PeakSave(i,1):PeakSave(i,2)) > BlowScale); % finds 
if there are multiple points that are blowing scale 
PeakSave(i,3) = floor(mean(temp))-1+PeakSave(i,1); % pointer 
position, roughly middle of blown peak 
  
elseif localMax(1) <= BlowScale 
% not blown scale 
PeakSave(i,3) = localMax(2); 
end 
end 
if Stop == StopBefore % no change, end the loop 
k = 1; 
end 
end 
  
% Now calc areas etc. 
for i=1:length(PeakSave(:,1)) 
tempPeakSave(i,1) = inData(PeakSave(i,3)); % Height 
tempPeakSave(i,2) = MZ(PeakSave(i,3),1); % MZ 
tempPeakSave(i,4) = sum(inData(PeakSave(i,1):PeakSave(i,2))); % Area 
tempPeakSave(i,5:7) = PeakSave(i,:); % pointers 
end 
  
% create final peak save 
tempList = unique(tempPeakSave(:,2),'first'); % finds unique MZ 
values 
NumList = length(tempList); 
k = 0; 
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for i=1:NumList; 
tempNum = find(tempPeakSave(:,2) == tempList(i)); 
if tempList(i) > 5 && max(tempPeakSave(tempNum,6)) <= (NumPoints-100) 
% has to be greater than m/z 5, if last data pointer  == ~End, then 
also false 
if length(tempNum) > 1 
k = k + 1; 
FinalPeakSave(k,1) = max(tempPeakSave(tempNum,1)); % Height 
FinalPeakSave(k,2) = max(tempPeakSave(tempNum,2)); % MZ 
%             FinalPeakSave(k,3) = 
floor(sqrt(FinalPeakSave(k,2)/calibSlope)+calibIntercept); % Finds 
data pointer, Pointer doesn't always match directly because area may 
be skewed to one side or the other 
FinalPeakSave(k,4) = max(tempPeakSave(tempNum,4)); % Final Area 
FinalPeakSave(k,5) = min(tempPeakSave(tempNum,5)); % For area graph, 
min data pointer for area 
FinalPeakSave(k,6) = max(tempPeakSave(tempNum,6)); % For area graph, 
max data pointer for area 
FinalPeakSave(k,7) = max(tempPeakSave(tempNum,7)); % For area graph, 
max data pointer of peak 
else 
k = k + 1; 
FinalPeakSave(k,:) = tempPeakSave(tempNum,:); % no duplicate 
end 
end 
end 
  
if isempty(FinalPeakSave) == 1 
% if no peaks above 5 mz, its empty 
else 
FinalPeakSave(:,3) = FinalPeakSave(:,4)./sum(FinalPeakSave(:,4)); % 
calcs the relative peak area 
if IonType == 1  % if a negative spectrum convert MZ to negative 
values 
FinalPeakSave(:,2) = -FinalPeakSave(:,2); 
end 
end 
end 
% Note: in yaada, you can find the number of peaks in a particle 
% by: [a b c] = intercept(PEAK(:,'peakid'),PID(1)) 
end 
  

 

A3.6.2  Remake .pkl Matlab Code 
 

%% Call file to remake all pkl's in a dataset using new baseline and 
peak 
%% finding algorithms - JC 2014 
% input: Top folder path, Pos/Neg Calibration numbers 
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Data_FilePath = 'C:\Users\Loki\Desktop\Projects\MOF\redoPkl\'; 
PoscalibIntercept = -4.03E+02;  % LVN 
PoscalibSlope = 1.99E-06; 
NegcalibIntercept = -3.90E+02; 
NegcalibSlope = 1.51E-06; 
  
TotalFolders = 0; 
StatusReport =[]; 
  
Top_listing=dir([sprintf('%s*', Data_FilePath)]); % gets all names in 
directory 
if isempty(Top_listing) == 1 
else 
for i=3:length(Top_listing(:,1)) % skip first two in listing 
directory, always '.' and '..' 
if Top_listing(i,1).isdir == 1 % is another folder 
%             disp(sprintf('Date Folder %s',Top_listing(i,1).name)) 
Mid_FilePath = sprintf('%s%s\\', Data_FilePath, 
Top_listing(i,1).name); % this is usually the date folder 
Mid_listing=dir([sprintf('%s*', Mid_FilePath)]); % gets all names in 
directory 
if isempty(Mid_listing) == 1 % No folders inside 
else 
for j=3:length(Mid_listing(:,1)) 
if Mid_listing(j,1).isdir == 1 % is another folder 
%                         disp(sprintf('Data Folder 
%s',Mid_listing(j,1).name)) 
Bot_FilePath = sprintf('%s%s\\', Mid_FilePath, 
Mid_listing(j,1).name); % this is usually the study folder 
Bot_listing=dir([sprintf('%s*', Bot_FilePath)]); % 
if isempty(Bot_listing) == 1 % no folders inside 
else 
for k=3:length(Bot_listing(:,1)) 
if Bot_listing(k,1).isdir == 1 
VeryBot_FilePath = sprintf('%s%s\\', Bot_FilePath, 
Bot_listing(k,1).name); % this is usually the letter folders 
VeryBot_listing=dir([sprintf('%s*', VeryBot_FilePath) '.ams']); % 
find spectra 
if isempty(VeryBot_listing) == 1 
else 
TotalFolders = TotalFolders + 1; 
count = 0; 
%                                         adjcount = 0; 
%                                         both = 0; 
previousHitParticleNumber = -999; 
NumRemoved = 0; 
Ring = 0; 
  
disp(sprintf('Folder %s ',VeryBot_FilePath)) 
disp(sprintf('processing particles 1-100...')) 
tic; 
for m=1:length(VeryBot_listing(:,1)) % 1 here bc '.' and '..' are 
excluded by using '.ams' 
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MS_filename = sprintf('%s%s', VeryBot_FilePath, 
VeryBot_listing(m,1).name); 
[HitParticleCounter, IonType, Speed,TimeStampData, LaserPower, Data] 
= get_spectrumAMS_JC(MS_filename); 
if IonType == 0 
[FinalPeakSave tempRing] = PeakList_gen_LVNFinal(Data, IonType, 
PoscalibIntercept, PoscalibSlope,3); % outputs peak lists and 
baseline corrected data 
else 
[FinalPeakSave tempRing] = PeakList_gen_LVNFinal(Data, IonType, 
NegcalibIntercept, NegcalibSlope,3); % outputs peak lists and 
baseline corrected data 
end 
Ring = Ring + tempRing; % counts the possible spectra with 
significant ringing 
% %             FinalPeakSave(k,1) =  Height 
% %             FinalPeakSave(k,2) =  MZ 
% %             FinalPeakSave(k,3) =  middle Data pointer 
% %             FinalPeakSave(k,4) =  Final Area 
% %             FinalPeakSave(k,5) =  For area graph, min data 
pointer 
% %             FinalPeakSave(k,6) =  For area graph, max data 
pointer          
  
% save the ringing trigger (# 
% peaks < 5) 
if isempty(FinalPeakSave) == 1 
NumRemoved = NumRemoved + 1; 
Ring = Ring + tempRing; 
end 
  
if HitParticleCounter ~= previousHitParticleNumber 
if rem(HitParticleCounter,100) == 0 % Just a status update 
    disp(sprintf('processing particles %d - 
%d...',HitParticleCounter, (HitParticleCounter+100))) 
end 
  
% particles are pos/neg 
count = count+1; % # that are unique 
RealData(count).Pos = []; % initialize so that there is a value 
RealData(count).Neg = []; 
RealData(count).Time = TimeStampData; 
RealData(count).LaserPower = LaserPower; 
RealData(count).Speed = Speed; 
RealData(count).Filename = MS_filename; 
  
previousHitParticleNumber = HitParticleCounter; %HitParticleCounter; 
if IonType == 0 % 0 == positive spectra, 1 = negative 
    RealData(count).Pos = FinalPeakSave; 
else 
    RealData(count).Neg = FinalPeakSave; 
end 
else 
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%                                                 both = both+1; % # 
they are dual polarity 
if IonType == 0  % still use count as this is the true particle 
number 
    RealData(count).Pos = FinalPeakSave; % puts with the same 
particle 
    RealData(count).Filename = MS_filename; % just to match the way 
the old pkl was.  Positive ion filepaths would be first, Matlab 
arranges them second 
else % note: have to re-write old values in case it turns out that 
there is no peaks in the spectrum 
    RealData(count).Neg = FinalPeakSave; 
    RealData(count).Time = TimeStampData; 
end 
end 
end 
% with data compiled correctly, can now write to .pkl 
pklfilename = sprintf('%s%s.pkl', Bot_FilePath, 
Bot_listing(k,1).name); % puts it into the directory above letter 
numbers (for easy access ;) ) 
writeToPkl_JC(pklfilename, RealData); 
StatusReport(TotalFolders).Filename = pklfilename; 
StatusReport(TotalFolders).NumRemoved = NumRemoved; 
StatusReport(TotalFolders).Ring = Ring; 
clear RealData; 
ElapsedTime=toc; 
disp(sprintf('Processed folder in %0.0f seconds. %d spectra 
removed',ElapsedTime, NumRemoved)) 
end 
end 
end 
end 
end 
end 
end 
end 
end 
end 
  
% This is to give some indications of anamolous results from the new 
peak 
% finding algorithm.  It outputs the number of particles in a folder 
with 
% oddly low numbers of peaks (and particles which were removed). 
Typically 
% this is only due to extensive ringing occuring in the mass spectra 
fid = fopen(sprintf('%sStatusReport.txt',Data_FilePath), 'w'); 
for i=1:length(StatusReport(:)) 
tempStr = strrep(StatusReport(1,i).Filename, '\', '\\'); 
fprintf(fid, sprintf('%s, %d, %d', tempStr, 
StatusReport(i).NumRemoved, StatusReport(i).Ring)); 
fprintf(fid, '\n'); 
end 
fclose(fid); 
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Appendix 4. Analysis of single cell lysates using 

aerosol time-of-flight mass spectrometry 

A4.1 Objective 

Metabolome analysis is in need of a rapid identification and 

apportionment process for a variety of cell types. Typical techniques, such as 

matrix-assisted laser desorption ionization (MALDI), suffer from extensive 

sample preparation, noise within the mass range of interest, and low 

throughput. The aerosol time-of-flight mass spectrometer (ATOFMS) is 

uniquely suited for metabolic studies, since its ionization method focuses on 

low molecular weight species, is highly sensitive, and has higher throughput 

than most MS methods. Whole cells are difficult to transmit into a 

conventional ATOFMS due to their large size; however cell lysates can be 

transmitted easily into the ATOFMS.  Cell lysates may have unique mass 

spectral peaks that can distinguish between cell types, despite the intrinsic 

heterogeneity of lysed cells. If true, this would significantly decrease the 

difficulty of investigating cells using single particle mass spectrometry. Herein, 

the potential of rapid identification and differentiation of cell types using cell 

lysates is investigated using the ATOFMS. Various clustering parameters are 

investigated to attempt to create a chemical ‘fingerprint’ of each cell type. This 

is then used to apportion mass spectra of an unknown mixture of cell types to 

determine the level of success in the chemical ‘fingerprint’. The addition of 
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gold nanoparticles to cell samples has also been investigated to potentially improve 

the accuracy of apportionment of cell types. 

A4.2 Materials and Methods 

A4.2.1  Cell preparation 

Hepatocellular carcinoma (HepG-2), Human Mammary Fibrocystic (MCF-

10A), Human Mammary Adenocarcinoma (MDA-MB-468), and Human Mammary 

Ductal Carcinoma (BT-474) mammalian cells were used in subsequent experiments. 

Cells were harvested from T150 Corning or T75 BD Falcon tissue culture flasks by 

aspirating off the media from the adherent cells and rinsing twice with Hank’s 

balanced salt solution (HBSS) or 1X phosphate buffer solution (PBS) and aspirating 

off to remove excess debri. For a cell harvest from a T150 flask, cells were unadhered 

by treating with 4mL of 25% trypsin ethylenediaminetetraacetic acid (EDTA) (1X) for 

5-15 minutes depending on the cell line. The trypsin is then deactivated by adding 

16mL of the designated cell type’s media. After the desired amount of cells is pipetted 

off into a fresh flask for continuing the line the remainder is used for processing. Cells 

were pelleted, re-suspended, and fixed with a 1.6% formaldehyde solution in 1X PBS 

for 30 minutes. To remove the growth medium and excess debri, cells are pelleted and 

re-suspended two times with 35% (v/v) ethanol (EtOH) in a 50ml conical and 

concentrated to ~2·106 cells/mL measured using a hemocytometer. Cells were lysed 

by sonication for a few seconds. 

All cell cultures were maintained in a sterile incubator at 37°C with 5% CO2. 

Roswell Park Memorial Institute (RPMI) media 1640 (1X) was used for the HepG-2 
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and MDA-MB-468 cell line, Dulbecco’s modified eagle’s medium (DMEM) (IX) for 

the BT-474 and HEK cell line, F-12 (1X) media for CHO cell line and all media was 

spiked with 10% fetal bovine serum (FBS) and 1% penicillin streptomycin. MCF-10a 

cells were grown in a 50:50 mixture of F-12/DMEM prepped at the 500ml scale with 

25ml Horse Serum, 100ul EGF (1µg/ml), 250ul Hydrocortizone (1mg/ml), 50ul 

CholeraToxin (1mg/ml), 500ul Insulin (10mg/ml) and 5ml penicillin streptomycin. 

A4.2.2  Aerosol time-of-flight mass spectrometer (ATOFMS) 

 A description of the ATOFMS is given in detail elsewhere [Gard et al., 1997]. 

In brief, the ATOFMS measures the vacuum aerodynamic diameter (dva) and chemical 

composition of single particles in real time.  Particles are focused through a 

converging nozzle inlet, where they are accelerated to their aerodynamic terminal 

velocity.  The particles then pass through two continuous wave 532nm lasers (Crystal 

Laser) spaced 6.0 cm apart.  The time difference between the scattering signals is used 

to calculate the velocity and size of a single particle.  The velocity is used to queue the 

firing of a 266nm Q-switched Nd:YAG laser (Quantel), operating at low power (~0.3 

mJ) and high power (1.2 mJ), for desorption and ionization of the particle.  Dual 

polarity mass spectra are acquired after ions pass through a time-of-flight mass 

spectrometer. The ATOFMS used here measures particles from ~0.2 – 3 µm (dva), 

after calibration using polystyrene latex spheres of known diameters. For analysis, 

spectra were imported into Matlab (Mathworks) using the YAADA toolset [Allen, 

2002] and clustered using and adaptive resonance theory (ART-2a) described in detail 

below.  
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A4.2.3  Cell Aerosolization  

 Roberts et al. [Roberts et al., 2005] demonstrate the feasibility of 

aerosolization of single cells without significantly altering the cell itself.  In this work 

cells were aerosolized using a nebulizer which then passed through a 1 m heated flow 

tube and a diffusion dryer (1/3 m) to remove excess water, which is known to inhibit 

the formation of negative ions in ATOFMS mass spectra [Neubauer et al., 1997; 

Neubauer et al., 1998].   

A4.3 Results and discussion 

 

Figure A 4.1: ATOFMS positive and negative mass spectra for cell lysates 

 

A4.3.1  ATOFMS Cell Mass spectra 

 Typical ATOFMS positive and negative mass spectra of the different cell types 

collected at high laser power (1.2 mJ) are shown in Figure A 4.1.  Approximately 
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4000 spectra have been collected for each cell type, with each sample taking less than 

one hour. Metal ions and ion clusters dominated the mass spectrum for all cell lines. 

23Na+, 39K+, m/z 59+, m/z 70+, 86(C2H5)2NCH2
+, m/z 184+, 26CN-, 42CNO-, and 79PO3

- 

are the most distinguishing ions in the spectra. Organic ions are surprisingly few and 

are present at low intensity.  Organic ions were likely suppressed to some extent by 

metal ions. Overall, the mass spectra look very similar across cell types though there is 

some spectral heterogeneity, meaning that not all spectra contained the same ions and 

ion distributions.  This is expected from the heterogeneous nature of lysed cells. 

Individually characterizing thousands mass spectra is practically infeasible, hence a 

clustering algorithm is used to make ATOFMS analysis more manageable and to 

provide rapid apportionment of mass spectra.   

A4.3.2  ART-2a clustering analysis 

 An adaptive resonance based algorithm (Art-2a) is used to group similar 

spectra, based on dot product calculations, together into a much lower and more 

manageable number of clusters [Song et al., 1999]. This clustering algorithm can be 

used to facilitate the apportionment of spectra to specific cell or disease types. The 

vigilance factor (VF) and regroup factor (RF) are the primary values used to control 

the selectivity of the clustering results; the higher the VF and RF, the greater the 

number of clusters because smaller variations in spectra are considered to be unique.  

Typical parameters used are 0.8 and 0.85 for the VF and RF, respectively. Metal ions 

(Na, K, Fe, etc.) can dominate the mass spectrum, often to the point of suppressing all 

other peaks, making subsequent cluster analysis by Art-2a difficult and misleading, 
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especially for the small intensity organic molecules of interest. Without any alterations 

Art-2a clustering only results in 1-5 clusters indicating that metal ions significantly 

hindered meaningful Art-2a clustering. For this reason all metal ions, specifically Na, 

K, Fe, and Na2Cl, were removed (set to 0) prior to Art-2a clustering. This removes the 

dominance of metal ions on cluster results. Additionally if other than metals there 

were no peaks that contained >100 peak area (the empirically determined threshold for 

noise), the spectra was removed from subsequent analysis. 

 The primary question to be addressed is whether or not ATOFMS spectra from 

differing cell lines can be readily distinguished. To answer this an apportionment 

procedure, similar to that presented in [Steele et al., 2008], was constructed. The 

general schematic of the apportionment procedure is given in Figure A 4.2. First Art-

2a clustering analysis is performed on one half of the dataset, chosen randomly, while 

the other half of the data is set aside for use as the unknown. From the cluster results a 

library of indicative mass spectra (MS) was constructed. A cluster is added to the MS 

library if that cluster was primarily comprised of one cell type (defined as being >85% 

one type).  For example, if the individual spectra grouped into cluster 1 was found to 

be >85% comprised of MCF-10a, the average spectrum of cluster 1 would be added to 

the mass spectral library as an indicator for that type. Unknown individual spectra are 

then compared to the library of MS types by calculating their dot product with each 

entry in the library. If the resulting dot products are small (<0.85) the spectra is 

removed and referred to as ‘unknown’.  If there exists a dot product that is large 

(>0.85), it is considered a match and apportioned to a type. Comparison of the 

fractional composition of cell types by the apportionment procedure to the known 
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fractions of cell types results in a % error, giving a value of the accuracy of 

apportionment. All values reported herein are the average of 5 runs ± one standard 

deviation. Note that because not all cluster results are used in the MS library many 

spectra will result as ‘unknown’. For this application, accuracy of apportionment was 

determined to be of greater importance than the actual fraction of cell lysates 

apportioned. 
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Figure A 4.2: Schematic of the apportionment procedure 
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Table A 4.1: Error in apportionment of cell types for various Art-2a parameters using 
high (top) and low (bottom) laser powers 

    High laser power (1.2 mJ) 
VF RF HepG-2  MCF-10a  MD-AMB-468  BT-474 
0.6 0.65 170 ± 73 - 86 ± 27 - 
0.7 0.75 258 ± 33 - 86 ± 29 - 
0.8 0.85 296 ± 13 - 92 ± 7 - 
0.85 0.9 281 ± 24 88 ± 23 92 ± 8 - 
0.9 0.95 278 ± 18 93 ± 14 87 ± 4 97 ± 5 

            
    Low laser power (0.3 mJ) 

VF RF HepG-2  MCF-10a  MD-AMB-468  BT-474 
0.6 0.65 113 ± 25 - 180 ± 97 - 
0.7 0.75 79 ± 27 - 139 ± 77 - 
0.8 0.85 75 ± 35 - 183 ± 92 81 ± 37 
0.85 0.9 71 ± 37 - 188 ± 100 65 ± 43 
0.9 0.95 92 ± 16 119 ± 39 216 ± 117 83 ± 33 

 

 Results using normal Art-2a parameters (VF=0.8 and RF=0.85) and laser 

power (~1.2mJ) is given in Table A 4.1 top.  The % error for HepG-2 and MD-AMB-

468 was >92%, and in the case of MCF-10a and BT-474 no particles were 

apportioned.  This is obviously unacceptable for use. The high error is hypothesized to 

be due to significant fragmentation of organic molecules by the relatively high laser 

power used.  Excessive fragmentation would be expected to make the MS of different 

types more similar, which was the case here.  Less than 10% of the dataset was 

identified, meaning that many of the Art-2a clusters were not ‘unique’ to a specific 

type. Clearly normal analysis parameters and acquisition is not acceptable.  To attempt 
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to reduce fragmentation, the same samples were run at low laser powers (~0.3 mJ) and 

reanalyzed. The resulting % errors are shown in Table A 4.1 bottom. The error in cell 

types was slight reduced overall, but remained unacceptably high. A variety of 

different Art-2a permutations have been testing to attempt to find some meaningful 

separation between cell types; however error of apportionment remained high no 

matter what clustering parameters are used. Relative, square root, and logarithmic Art-

2a variants performed poorly (not shown) and, in general, performed even worse than 

the normalized variant (Table A 4.1). 

A4.3.3  Gold nanoparticle-assisted ionization 
 

Table A 4.2: Error in apportionment of cell types for various Art-2a parameters using 
high (top) and low (bottom) laser powers 

    High laser power (1.2 mJ) 
VF RF HepG-2  MCF-10a  MD-AMB-468  BT-474 
0.6 0.65 140 ± 68 96 ± 9 75 ± 38 98 ± 4 
0.7 0.75 242 ± 54 92 ± 15 85 ± 20 96 ± 7 
0.8 0.85 293 ± 12 99 ± 1 98 ± 3 98 ± 2 
0.85 0.9 281 ± 18 93 ± 9 95 ± 4 98 ± 1 
0.9 0.95 180 ± 41 33 ± 21 96 ± 1 97 ± 5 

            
    Low laser power (0.3 mJ) 

VF RF HepG-2  MCF-10a  MD-AMB-468  BT-474 
0.6 0.65 - - 193 ± 78 156 ± 127 
0.7 0.75 91 ± 63 - 175 ± 64 44 ± 30 
0.8 0.85 61 ± 50 91 ± 11 67 ± 19 161 ± 70 
0.85 0.9 55 ± 60 87 ± 18 59 ± 17 135 ± 67 
0.9 0.95 104 ± 71 86 ± 17 84 ± 13 21 ± 22 
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 The method of ionization in ATOFMS, laser desorption ionization, can be 

subject to extensive fragmentation, due to the relatively high laser power utilized.  

Spencer et al. [2008] show that upon the addition of gold nanoparticles (AuNPs) to a 

sample, fragmentation reduced significantly via a pseudo-MALDI process.  This was 

tested for these cells by spiking the sample with 0.1% AuNPs by volume before 

introduction into the ATOFMS.  Mass spectral peaks at 195Au+ and 390Au2
+ clearly 

indicate that AuNPs were present on individual cell fragments.  In order to not bias 

cluster results peaks at 195Au+ and 390Au2
+ were removed in addition to the metal ions 

previously listed. Cluster results for these samples are shown in Table A 4.2. AuNPs 

helped to at least identify some cells for each cell type and reduced errors compared to 

without AuNPs, but it still resulted in unacceptably high errors of apportionment.  

A4.4 Summary 

 Attempts at using cell fragment mass spectra to identify the parent cell type 

using ATOFMS mass spectra were largely unsuccessful.  Mass spectra were very 

similar across different cell types. Presumably this is due to the fragmentation and loss 

of distinguishing mass spectral peaks upon cell lysis. Numerous Art-2a permutations 

were explored to attempt to find the uncommon but uniquely identifying mass spectra 

in each cell type. Doing this resulted in high errors of apportionment that are 

unacceptable for use.  The addition of gold nanoparticles reduced errors slightly, but 

not by the magnitude needed in order to be relevant. This work exemplifies the need to 

analyze whole cells and not cell lysates with the ATOFMS.  
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Appendix 5. In situ measurements of single particle 

aging during CARES 2010 

A5.1 Objective 

 Carbonaceous aerosols are an important fraction of aerosol mass and number, 

and can have a wide array of optical and physical properties. After particles are 

emitted they undergo chemical processing, referred to as ‘aging’ that changes the 

particle’s chemical and physical properties, making the particle a more efficient cloud 

condensation nuclei (CCN) or more efficient absorber of solar radiation in some cases.  

Therefore, it is important to understand how carbonaceous particles change over time.  

The aircraft-aerosol time-of- flight mass spectrometer (A-ATOFMS) measures single 

particle mixing state, and, using negative ion mass spectra, can provide information on 

the degree of processing a particle has undergone. Aircraft measurements taken during 

the carbonaceous aerosol and radiative effects study (CARES) on select days, where 

semi-Lagrangian sampling was performed, were used to investigate particle aging 

using the A-ATOFMS.   

A5.2  Experimental  

A5.2.1  Aircraft-Aerosol Time-of-Flight Mass Spectrometer  

  A description of the A-ATOFMS is given in detail elsewhere [Pratt et al., 

2009]. In brief, the A-ATOFMS measures the vacuum aerodynamic diameter (dva) and 

chemical composition of single particles in real time.  Particles are focused through an 

aerodynamic lens [Liu et al., 1995a; Liu et al., 1995b], where they then pass through 
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two continuous wave 532nm lasers (JDSU) spaced 6.0 cm apart, yielding the particle’s 

aerodynamic terminal velocity and size (dva).  The velocity is used to queue the firing 

of a 266nm Q-switched Nd:YAG laser (Quantel), operating at 0.5-1.5 mJ, for 

desorption and ionization of the particle.  Dual polarity mass spectra are acquired after 

ions pass through a time-of-flight mass spectrometer (Tofwerk).  The A-ATOFMS 

measured particles from ~100 – 1000 nm (dva), after calibration using polystyrene 

latex spheres of known diameters (100-1000 nm (dva)).  Gas phase species, 

occasionally counted as particles, were removed from analysis by retroactively raising 

the peak area threshold above the gas phase baseline. An inlet delay of 1 min from 

aircraft sampling to A-ATOFMS sampling was calculated and corrected for in A-

ATOFMS analysis. Single particle mass spectra were imported into Matlab (The 

MathWorks, Inc.) using the YAADA software toolkit (www.yaada.com).  An adaptive 

resonance theory-based clustering algorithm was used to group spectra in the same 

manner as described in Cahill et al 2012 [Allen, 2002; Cahill et al., 2012; Rebotier and 

Prather, 2007; Song et al., 1999].   

A5.2.2 Carbonaceous Aerosol and Radiative Effects Study (CARES 2010) 

  Flights were operated out of the McClellan airfield in Sacramento, CA from 

6/2/10 – 6/28/10 onboard the Department of Energy Gulfstream-1 and were focused 

on the surrounding Sacramento area and Sierra Nevada foothills.  Usually each 

sampling day consisted of a flight in the morning, ~9 AM local, and in the afternoon, 

~2 PM local, with most flights lasting ~4 hours. For the purposes of this report, the 

morning and afternoon flights on the 23rd of June and the flight on June 15th are 

http://www.yaada.com/
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examined in detail.  More comprehensive information on the campaign and 

instruments aboard the aircraft can be found elsewhere [R.A. Zaveri, 2011].  Wind 

direction, wind speed, latitude, longitude, and altitude as well as gas phase 

measurements of CO, O3, SO2, NO, NO2, and NOy (Rosemont Sensors, TEI, custom 

instrumentation) concentrations were all measured in flight. Ratios of NOx/NOy were 

used to estimate the photochemical age of the urban plume during different passes.  

Reactions and rate constants used herein are given in the supporting information.  A 

value of 1.1∙107 molecules/cm3 was assumed to be the OH concentration for the region 

as determined by Dillon et al 2002 for the Sacramento urban plume [Dillon et al., 

2002].  

A5.2.3 Particle Classifications  

  As described in Cahill et al. [2012] (chapter 6), the main carbonaceous 

particles measured during CARES consisted of biomass burning (BB), highly 

processed (HP), soot mixed with OC (Soot-OC), OC, and soot. A-ATOFMS spectra 

simultaneously capture information on the source and chemical aging the particle has 

undergone, using positive and negative spectra, respectively [Guazzotti et al., 2001; 

Noble and Prather, 1996; Prather et al., 2008].  Relative peak areas (RPA), defined as 

the fractional contribution of each peak to the entire mass spectrum, qualitatively 

reflect the amount of a chemical species relative to others on the particle [Bhave et al., 

2002; Gross et al., 2000; Prather et al., 2008].  Since particles accumulate secondary 

species and oxidize as they age, RPA of these species (mostly consisting of sulfate, 

nitrate, and OC during CARES) are expected to grow higher with age.  Hence, single 
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particle spectra should indicate the relative amount of aging the particle has 

undergone.  

  Single particle measurements can often suffer from matrix effects, which alter 

the total ion signal of species within spectra, making interpretation of peak areas 

difficult [Bhave et al., 2002; Gross et al., 2000; Reilly et al., 2000].  RPAs mitigate 

this error as does taking the mean; but matrix effects remain as a significant source of 

error. It should also be noted that most particles have already undergone extensive 

aging in order to have grown to a large enough size to be detected within the A-

ATOFMS size range (100-1000 nm).  

A5.3 Results 

A5.3.1 June 23rd: Semi-Lagrangian sampling of the Sacramento urban plume 

  Two flights were flown on June 23rd in the morning, ~9AM PST, and 

afternoon, ~1PM PST, with very similar flight paths (Figure A 5.1a and b).  The 

meteorology was consistent with previous reports of the flow in the region, where the 

wind was southwesterly driving the Sacramento urban plume towards the Sierra 

Nevada foothills [Dillon et al., 2002; Fast et al., 2012; Zaremba and Carroll, 1999]. A 

detailed description of the meteorology during the CARES study can be found in Fast 

et al. [2012].  

  On this day a strong boundary layer was present in the morning, identifiable by 

a sharp contrast in O3 concentrations, which then dissipated by the afternoon.  Wind 

speeds varied from 3-6 m/s with an average of 3.5 m/s and 4 m/s for the morning and 

afternoon flights, respectively. Temperature measured in flight varied greatly based on 
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altitude.  For qualitative reference, NOAA National Climate Data Center reports an 

average ground temperature in downtown Sacramento of 24.5 and 30.5°C for the time 

period of the morning and afternoon flights, respectively. The flight paths were 

designed to transect the urban plume multiple times as it moved towards the Sierra 

Nevada foothills, enabling possible semi-Lagrangian sampling of the Sacramento 

urban plume.  

  Individual legs were manually selected and classified based on changes in 

NOx/NOy ratios (Figure A 5.1). CO, SO2, and O3 concentrations were also used to help 

select the legs (not shown). Since NOy is formed through reactions with NOx, their 

ratio serves as an indicator for aging.  A ratio near 1 indicates a fresh air mass and a 

ratio near 0 indicates an aged air mass. Of course, for semi-Lagrangian analysis some 

assumptions must be made, namely that (1) there are no significant local sources 

downstream of Sacramento, (2) Sacramento emission rates were constant over the 

sampling period, (3) wind speed and direction were constant, and (4) the Sacramento 

urban plume is uniform within the boundary layer [Ryerson et al., 1998; Zaveri et al., 

2010]. Local sources, such as interstate vehicle emissions, could contaminate ambient 

measurements.  However, contaminated periods were indicated by a sharp spike in 

NOx/NOy ratios and CO concentrations, and were removed from the data. Emission 

rates are variable throughout the day, with a peak during morning traffic. This would 

predominantly affect measurements of the rate of aging, as concentrations of gas phase 

species and particles are increased during rush hour. However, the qualitative 

transformation of aerosol should be relatively unaffected, as the sources of aerosol in 

the region are relatively constant throughout the day. 
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  As previously mentioned, wind speed and direction were essentially constant 

during the course of both flights. World Research and Forecasting (WRF) tracer 

modeling of aircraft flight data qualitatively confirm that the selected legs were 

influenced primarily by air from Sacramento. It should also be noted that for semi-

Lagrangian sampling the timing of each flight leg is not such that we are sampling the 

same section of air mass at each leg, but rather the Sacramento plume existing at 

different points in the aging process. For statistical reasons, periods containing less 

than 100 particles were not included in this analysis. 

Table A 5.1: Times and chemistry for selected periods in the morning and afternoon 
flights on 23rd June. Photochemical age was calculated using NOy concentrations. 

Morning Leg # Time (UTC)* 
NOx/NOy 

Ratio 
Photochemical 

Age (hr) 
  1st  16:54:29 − 17:15:12 0.902 0.331 
  2nd 17:34:27 − 17:50:59 0.623 1.512 
  3rd 18:10:02 − 18:21:58 0.327 3.574 
  3rd 18:42:29 − 18:56:31 0.280 4.068 

Afternoon         
  1st  22:41:30 − 23:05:32 0.454 2.523 
  2nd 23:32:43 − 23:44:56 0.369 3.183 
  3rd 24:03:42 − 24:34:27 0.319 3.650 

 
* Times do not include inlet delay correction for A-ATOFMS sampling. 
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  The selected times, chemistry, mean altitude, mean in flight temperature, and 

photochemical age of the urban plume for each leg are given in Table A 5.1. Leg 1, 

the leg closest to Sacramento, is approximately 16 km southeast of Leg 2, and 

approximately 37 km from Leg 3.  Based on the average wind speed of both flights, 

the travel time of the Sacramento plume from Leg 1 to Leg 2 is ~1-1.25 hours, and 

from Leg 1 to Leg 3 is ~2.5-3 hours. For reference, Leg 1 and 2 pass over the T0 and 

T1 ground sites present during the study. As expected the NOx/NOy ratios decreased 

from Leg 1 to Leg 3, consistent with increasing age of the urban plume and transport 

away from Sacramento. Nitrate and sulfate were the two secondary species present at 

the greatest RPA during the CARES study, hence were looked at in detail. For sulfate, 

the sum of average RPA for peaks at m/z 97HSO4
- and 195H2SO4HSO4

- were used, 

while for nitrate the sum of average RPA for peaks at m/z 46NO2
-, 62NO3

-, 125H(NO3)2
- 

were used.  Since these peaks consist of solely negative ions, only particles with 

negative ion spectra were included for this analysis.  

  Average sulfate and nitrate RPA versus photochemical age are shown in Figure 

A 5.2a and b, respectively, with 95% standard error included. In the morning flight, 

sulfate increased in RPA with a slope of 0.006±0.004, while during the afternoon 

flight a significant decrease in sulfate RPA was observed, with a slope of -

0.0478±0.0008.  Nitrate had almost the opposite trend, decreasing in the morning 

(slope of -0.006±0.002) and increasing with lesser certainty in the afternoon (slope of 

0.006±0.011).   

  OC:Soot ratios have been shown to be a proxy for the relative age of particles 

as organics can condense onto particles over time [Spencer and Prather, 2006]. For 
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this, the sum of average RPAs for OC peaks at m/z 27C2H3
+/CHN+, 37C3H+, and 

43C2H3O+/CHNO+ was divided by the sum of average RPAs for soot peaks at m/z 12C+, 

36C3
+, and 60C5

+ for each period. Particles without positive ion spectra (i.e. HP 

particles) were not included in this analysis. The positive slope indicates that the 

particle’s OC content increases with age, consistent with AMS ‘triangle plots’ which 

in principal work in the same manner as A-ATOFMS OC:Soot ratios [Chhabra et al., 

2011; Heald et al., 2010; Ng et al., 2011].  

  Unfortunately the overall magnitude of change in RPA is quite small for both 

sulfate and nitrate (<5 %) and it is questionable whether this is a significant change. 

The same is true with the overall change in OC:EC ratios which is also very small. 

This data analysis is highly sensitive to the method used to interpret A-ATOMFS peak 

areas. When using absolute areas these plots show no trends whatsoever, as the data 

becomes highly variable and noisy. The standard error used in these figures is 

calculated from the number of particles sampled, which does not take into account 

biases from changing matrix effects or other instrumental artifacts. For these reasons it 

is very difficult to conclusively determine anything from this data alone.  
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Figure A 5.2: A-ATOFMS (a) mean sulfate RPA, (b) mean nitrate RPA and (c) mean 
OC:EC ratio 
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A5.3.2 June 15th, Aged and Fresh Layers 

  On the morning of June 15th, two distinct layers were observed, one belonging 

to the Sacramento urban plume and one belonging to an aged residual layer from the 

day before [R.A. Zaveri, 2011; Zaremba and Carroll, 1999].  Figure A 5.3 shows 

flight altitude and NOx/NOy ratios measured in flight.  Regions highlighted by orange 

and blue boxes were used in subsequent analysis. Since NOy is formed through 

reactions with NOx, their ratio serves as an indicator for aging. A ratio near 1 indicates 

a fresh air mass and a ratio near 0 indicates an aged air mass. NOx/NOy ratios clearly 

indicate a fresh air mass (NOx/NOy = ~1) at low altitudes while at higher altitudes 

NOx/NOy ratios steeply decline (NOx/NOy = ~0.2) indicating an aged residual layer.  

A quick calculation yields the average photochemical age of the residual air mass to 

be ~18 hours, while the fresh air mass was <1 hour aged, hence a separation of A-

ATOFMS particles into these two separate plumes should serve as an indication to 

how aging is reflected in the ATOFMS mass spectra.   

  Number fractions of total carbonaceous counts in each layer for A-ATOFMS 

particles, classified as previously described, were calculated and compared in Figure A 

5.4.  Unfortunately, no or very minor (<5 %) differences in particle types are observed 

between the two air masses, which differ in age by ~18 hours.  OC:EC ratios as well 

as average sulfate and nitrate RPA are also essentially identical between the two air 

masses.  
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Figure A 5.3: NOx/NOy ratios measured on 15th June flight (green line) and altitude 
(black line). Orange boxes indicate periods that were representative of the aged 

residual layer while blue boxes indicate periods containing the fresh urban plume from 
Sacramento. 

 

Figure A 5.4: Number fractions of particle types while sampling in the aged (orange) 
and fresh (blue) plumes.   
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A5.4 Summary 

  Multiple Lagrangian-aircraft flights during the CARES study in 2010 were 

investigated to determine if particle aging could be seen by the single particle 

measurements of the ATOFMS.  Unfortunately differences between aged and fresh air 

masses did not result in significant changes to ATOFMS mass spectra. Changing 

matrix effects and other instrumental artifacts not accounted for in ATOFMS peak 

areas are hypothesized mask many of the chemical changes due to aging in the mass 

spectra.  
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