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Abstract. We present the vibrational sum frequency gener-ganic aerosol particles. If the isoprene concentration dom-
ation spectra of organic particles collected in a boreal foresinates the chemical composition of organic compounds in
in Finland and a tropical forest in Brazil. These spectra areforest air, then the hydrocarbon component of secondary or-
compared to those of secondary organic material producedanic material in the submicron size range is not simply well-
in the Harvard Environmental Chamber. By comparing co-represented by that of isoprene-derived model secondary or-
herent vibrational spectra of a variety of terpene and olefinganic aerosol particles but is more complex. Throughout the
reference compounds, along with the secondary organic maclimate-relevant size range of the fine mode, however, we
terial synthesized in the environmental chamber, we showfind that the chemical composition of the secondary organic
that submicron aerosol particles sampled in Southern Finlangbarticle material from such air is invariant with size, sug-
during HUMPPA-COPEC-2010 are composed to a large de-gesting that the particle growth does not change the chemical
gree of material similar in chemical composition to synthetic composition of the hydrocarbon component of the particles
a-pinene-derived material. For material collected in Brazil in a significant way.
as part of AMAZE-08, the organic component is found to
be chemically complex in the coarse mode but highly uni-
form in the fine mode. When combined with histogram anal- .
yses of the isoprene and monoterpene abundance record&d Introduction
during the HUMPPA-COPEC-2010 and AMAZE-08 cam- Plants in b | and tropical f ¢ it oi :
paigns, the findings presented here indicate that if air is rich ants In boreal and fropical forests emit pinene, 1Soprene,
nd related terpenes, and these volatile compounds undergo

in monoterpenes, submicron-sized secondary aerosol partfj—l ! L . . A
cles that form under normal OH ands@oncentration lev- atmospheric oxidation reactions. A portion of the oxidation

els can be described in terms of their hydrocarbon contenf rOQUcts pa_rtitions into the particle phase as sgcondary or-
as being similar tax-pinene-derived model secondary or- ganic material. In general, isoprene is the main gas phase
emission found in tropical forests, wheraagpinene is of-

ten the most abundant biogenic volatile organic compound
in boreal forests. These two types of forest were the focus

Correspondence td=. M. Geiger of two recent field campaigns, namely HUMPPA-COPEC-
BY (geigerf@chem.northwestern.edu) 2010, which was conducted in Southern Finland (Williams
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et al., 2011), and AMAZE-08, which was conducted in the ble 1). The particles from the central Amazon basin were
central Amazon basin (Martin et al., 2010). Here, we showcollected following AMAZE-08, from 9 April 2008 to 17
how the chemical identity of the aerosol particle phase samApril 2008, principally at research tower TT34, which is lo-
pled in forest air can be evaluated directly, and without thecated approximately 60 km NNW of Manaus, Brazil. The air
need for solid phase extraction or other sample manipulasampled during the campaign was pristine, as the work was
tion, with a table-top laser spectroscopic method that probesarried out during the wet season and outside of appreciable
sub-nanogram amounts of particle material collected on im-influence of biomass burning events or inputs from African
pactor and filter samples. Specifically, we use the coherdust (Martin et al., 2010). The temperature at the top of the
ent second-order nonlinear vibrational spectroscopy sum freresearch tower ranged from 22-32, while the relative hu-
quency generation (SFG) (Zhu et al., 1986; Guyot-Sionnesmidity ranged from as low as 60 % at night time to 100 % dur-
et al., 1987a) to study organic aerosol particles from a bo-ing the day. The NO concentrations during AMAZE-08 were
real and a tropical forest and compare the results to SFGn the 0.1 ppb range, and the O/C ratio, as determined by the
responses obtained from synthetic organic aerosol particleslarvard AMS, was 0.4 0.1 for the entire campaign. With
prepared in an environmental chamber. SFG is forbidderconcentrations of up to 8 ppb, isoprene was the dominant ter-
in centrosymmetric media, which means that it is a surfacepene in the gas phase during AMAZE-08, whélepinene
specific technique for achiral systems. We also present virepresented, on average, half of the remaining terpene bud-
brational SFG spectra of hydrocarbon reference compoundget (see Table 1). Three other studies provide evidence that
relevant for the study of biogenic volatile organic compoundsleads us to conclude that OH concentrations are generally
and their conversion to secondary organic aerosol particles.high enough to dominate the oxidative chemistry of the ter-

SFG has become a popular method for addressing scierpenes (Karl et al., 2007; Lelieveld et al., 2008). The negligi-
tific questions regarding heterogeneous atmospheric chenble anthropogenic contributions make the AMAZE-08 mea-
istry in laboratory model systems consisting of surfaces ofsurements relevant for benchmarking the HUMPPA-COPEC
flat oxide solids functionalized with atmospherically relevant field measurements against the production of nearly pure bio-
molecules (Konek et al., 2004; Voges et al., 2005a, 2007bgenic aerosol particles under preindustrial conditions in a
Geiger, 2009; Stokes et al., 2009a, b, c), and of liquids, no{ropical forest. In addition, the extensive datasets available
tably water (Allen et al., 1999; Liu et al., 2004; Mucha et for the particle and the gas phases of atmospheric aerosol
al., 2005; Gopalakrishnan et al., 2006; Tarbuck et al., 2006 sampled at the two locations provide key fundamental in-
\oss et al., 2007). Hallmarks of the method are an exquisiteormation for introducing coherent vibrational laser spectro-
sensitivity to molecular structure within complex environ- scopic methods to atmospheric chemistry and physics with
ments, a very high selectivity for environments where sym-the goal of deepening our understanding of the formation,
metry is broken, and intrinsic heterodyne detection of weakmicrophysics, and fate of aerosol particles in tropical vs. bo-
vibrational responses, which allows for the analysis of nano-eal forests.
and sub-nanogram amounts of sample. SFG should therefore
be an appropriate method of choice for studying the chem-
ical composition of natural and synthetic terpene-derived2 Measurements
aerosol particles, which we test here on organic aerosol parti-
cles sampled in Southern Finland and in the central Amazor2.1 Particle sampling
basin.

The particles from Southern Finland were collected duringThe HUMPPA-COPEC-2010 filters studied in the work pre-
HUMPPA-COPEC measurements, which were conductedsented here were loaded and exposed to ambient air from
from 12 July 2010 to 12 August 2010 at the Boreal forest re-an inlet for a period of 24 h starting around 06:00a.m. LT
search station near Hygla, Finland. The measurement pe- on 17, 21 and 23 July 2010. Conditions during those three
riod was characterized by anomalously high temperature (tewlays at the site were characterized by clear weather, negli-
days between 25 and 3€). The relative humidity ranged gible precipitation, and an absence of biomass burning trac-
from 30—60 % during the night and from 80 % to 100 % dur- ers. NOAA HYSPLIT model calculations of 72 h back tra-
ing daytime, while NO concentrations were in the 0.1 ppbjectories indicate that the sampled air masses originated pre-
range. The O/C ratio, as determined by FTIR and aerosotiominantly from the North to Northwest, i.e. Northwestern
mass spectrometry (AMS), ranged between 0.5 and 0.7 fo6candinavia, for 17 and 23 July, but from the SW, i.e. North-
the duration of the campaign. The presence of Scots pinewestern Europe, for 21 July 2010. In order to collect par-
Norway spruce, birch, conifers, willows, and aspen make theticulate matter smaller than 1 um, a cyclone was used, after
site representative of the Boreal forest ecosystem, with thevhich the particles were sent through a dryer and collected
sum ofa- andg-pinene and carene concentrations exceedingonto Teflon air sampling membranes (PTFE, VWR, 37 mm,
isoprene concentrations in 287 out of 341 measurements. OH pm pores, catalog number: 28150-400) using a controlled
concentrations ranged from 0.2 to<3L0° cc! and ozone  flow of 16.7 SLPM. This resulted in organic mass loadings,
concentrations were high, ranging from 20 to 70 ppb (see Tadetermined by FTIR spectroscopy, of 21.8, 19.5, and 2.5 ug
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Table 1. Range of concentrations of temperature, relative humidity, Ofly&ious monoterpenes, and O/C ratio relevant in Southern
Finland and the central Amazon Basin.

Species Southern Finland Central Amazon basin
TemperatureqC] 25 (night) to 32 (day) 22 (night) to 32 (day)
RH [%] 30-60 (night) to 80 %—-100% (day) 60 (night) to 100 (day)
OH [10° cm 3] 0.2-3.0 1-3* and 5**

NO [ppb] 0.1 0.1

O3 [ppb] 20-70 1-20

Isoprene [ppb] 0.01-0.70 1-9
a—pinene [ppb] 0.01-1.0 0.01-0.40
B—pinene [ppb] 0.01-0.20 0.008-0.080
Limonene [ppb] n.a. 0.008-0.080*

O/C ratio 0.5t00.7 0.4 +-0.1

* Data for the same location studied during AMAZE-08 from Karl etal. (2007)
** Data for the tropical forest boundary layer from Lelieveld et al. (2008)

for the three filters studied here. The first two filters were April. It is therefore reasonable to assume that the gas phase
collected during a time when the sum of the gas phase coneoncentration and speciation conditions determined during
centrations of isoprene;- ands-pinene, and carene were as AMAZE-08, during which isoprene concentrations reached
high as 1.55 ppb and 0.36 ppb, respectively. Specifically forup to 8 ppb, whilex- and 8-pinene, d-limonene, cymene,
the day of the first filter (17 July 2010), sawmill activity near camphene, sabinene, ocimene, cymenene, myrcene, tricyc-
the sampling site resulted in monoterpene concentrations silene, carene, and phellandrene were present at five to ten
times larger than background. In contrast, the last filter wagdimes lower concentrations, are applicable to the time of
collected during a time when the terpene concentration wadMOUDI sampling. The 50 % aerodynamic-diameter cutoff
near 0.05 ppb, the lowest during the campaign, with all avail-points for the various MOUDI stages are, after an 18-micron
able data suggesting that the last filter sampled air duringcut-point inlet, 10.0, 5.6, 3.2, 1.8, 1.0, 0.6, 0.3, 0.2 and
a nucleation event. In all cases, the sunxefind-pinene 0.1 um, followed by an after-filter that collects the remaining
concentrations exceeded that of isoprene and carene by a faniaterial. The MOUDI samples contained 1.016, 0.257, and
tor of up to two. We note that noteworthy anthropogenic 0.150 mg of material for the 3.2, 1.0, and 0.3 um size ranges,
events did not occur (Williams et al., 2011) on the days ofwhich are the ones investigated in this work. The mass load-
filter collection relevant for this current manuscript (17, 21, ings of the MOUDI samples from AMAZE-08 are more than
and 23 July 2010) except for the sawmill event on 17 July. an order of magnitude larger than those of the filters collected
The aerosol particles collected in the central Amazon basinOluring HUMPPA-COPEC-ZOlO/(qu supra. Th‘.a fraption of
were sampled using a micro-orifice uniform-deposit im- elementa(l)carbon, a marker for biomass burning, is 63.0, 3.2,
pactor (MOUDI) (Marple et al., 1991) loaded with Whatman ?hnodsii'ig e/or :r]: 522 izléz(:c?t?vgsss on each MOUDI stage for
Nucleopore filters having 0.4 um pore size. The MOUDI ' '

samples studied in this work were collected one month af- ) ) )

ter the conclusion of AMAZE-08 during a time of 8 days (9 2-2 Synthesis of secondary organic aerosol particle

April 2008 to 17 April 2008). Conditions during the time of model compounds frome-pinene and isoprene

MOUDI sampling were characterized by daily cloud cover

and regular thunderstorms, with northeasterly winds domi-As a point of comparison to the natural samples from the
nating. NOAA HYSPLIT backtrajectory calculations indi- Central Amazon Basin and Southern Finland, we prepared
cate the air samples during AMAZE-08 originated mainly synthetic model SOA material from the oxidation of isoprene
out of the NE, covering roughly 2000 km of pristine tropi- (Air Liquide, 2-methyl-1, 3-butadiene, 50 ppm5 %, N,

cal forest prior to arrival at tower TT34 (Martin et al., 2010). balanced) and-pinene (Aldrich, (+)e-pinene, 98 % enan-
There was minimal input from biomass burning or African tiomeric excess and 98.5% to 99.7 % chemical purity) in
dust during this time (Martin et al., 2010). The analysis the Harvard Environmental Chamber (Shilling et al., 2008).
of aerosol particles sampled during measurements that folThe chamber was operated as a continuous-flow tank re-
lowed the AMAZE-08 campaign indicates that the chemi- actor using inorganic seed particles that were produced by
cal composition of the aerosol particle phase across the fineebulizing an ammonium sulfate solution (Sigma TraceS-
and the coarse modes was consistent during the 2008 w&LECT, 99.9999 %) with an atomizer (TSI, Model 3076).
season, which includes the months of February, March, and’he polydisperse aerosol produced by the atomizer was

www.atmos-chem-phys.net/11/10317/2011/ Atmos. Chem. Phys., 11, 103329-2011
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first diffusion-dried to<10% relative humidity to dry the ometric standard deviation of 1.23 nm during a period of at
particles and then size selected by a differential mobility an-least 24 h, given that properties of chamber-generated aerosol
alyzer (DMA; TSI, Model 3070). The temperature was kept particles differ markedly from ambient particles if not left
constant at 25.2C+ 0.2°C. to process for a such an amount of time (Holzinger et al.,
For the preparation of isoprene-derived organic aerosoR010). The organic particle mass concentration was 16 mg
particle models, monodisperse seed particles of 30 nm, 50 nrm~—3. The particles were collected for 48 h on Teflon fil-
or 70 nm were injected into the chamber, followed by injec- ters (Sartorius, PTFE, part # 11807-47-N, 200 nm pore size),
tion of hydrogen peroxide (}0O2) as an OH precursor by from the continuous outflow of the chamber at a sampling
bubbling Nitrogen (Airgas, Ultra High Purity Grade (5.0)) flow of 6 SLPM. For control samples, particles were removed
through a gas-washing bottle filled with a 50% hydrogen prior to sampling by the use of a HEPA filter (Pall HEPA cap-
peroxide solution (Sigma-Aldrich, 50 wt. % in®). (CAU- sule, part # 12144). Studies using filter blanks were carried
TION: hydrogen peroxide can be explosive. Care needs to beut as well.
taken as outlined in the MSDS when working with this com-
pound) An ozone monitor was used to estimate theO 2.3 SFG theory
concentration. BHO> shows a small absorption at the oper- . . L
ation wavelength of the ozone monitor (254 nm). By using SUfaces or interfaces are noncentrosymmetric media in
the absorption cross-section 0p® ~ (sh,0, = —6.7¢20 which two. |nC|dent e!ectrlc fields (E-fields) can gen_erate
254 nm, 298 K; (Sander et al., 2011)) the®3 concentration & NeW E-flgld oscnl_atlng a_t the sum pf the frequencies of
can be calculated. For an apparent ozone concentration dpe two |nC|_dent E-fields W|tho_ut contribution from the cen-
76.4 ppht 13.9 ppb (standard deviation) the resultingQy trosymmetn_c bulk. ph.ases adjacent to the surface or inter-
concentration is around 13.1ppm. Under the experimentaface under investigation. SFG resonance enhancement oc-

conditions, the fraction of ozone produced as a byproducfUrs when the oscillators of interest are asgociated with a fre-
in the chamber is small compared to the®3 concentra-  duéncy that matches any of the frequencies of the three E-
tion in the gas phase. Under the experimental conditions, thd€!ds. Vibrational SFG spectra are obtained by overlapping
fraction of 0zone produced as a byproduct in the chamber i¥1SiPI€ (typically 800 nm) and infrared laser pulses at a sam-
small compared to the #D, concentration in the gas phase. ple of interest in space and time and recording the SFG signal

The experimental runs were initiated once the concentrationdt€Nsity, which, depending on the wavelength of thg mfrared
of H,0,, terpene, seed particles, and the relative humiditylasejr pgl;e, occurs petween 609 and 700 nm. Polarization se-
were in steady state by turning on an array of UV lights in lection is important in the experiments, and our current work

the chamber (BL350 OSRAM having 350 nm peak output) US€S & polarizati_on c_ombinatior! i_n Whi_ch we sample the com-
to begin the production of OH radicals £710° cm~3, Chen pqnent of the vibrational transition dipole moments that is
et al., 2011) from HO; photolysis. The resultant photoox- ahgned_ along the surface norme}l (Esenturk et gl., 2004b) _be—
idation of isoprene led to reaction cascades that led to th&2USe it provided the greatest signal-to-noise in the acquired
formation of organic mass on the seed particles. After reachSPectra. Equation (1) is relevant for determining the magni-
ing steady state with respect to particle formation, conditionsiude Of the SFG response in our experiments:
in the chamber were kept stable for several days, allowing
sampling of filters for up 96 h with a flow rate of approxi- jqrgoc
mately 8 SLPM. During this time period the humidity inside
the chamber was 40.0%0.8 %, and the temperature was

kept constant at 2X041°C. NO and NQ concentrations are the intensities of the visible and IR light fields, respec-

were below the detection limit of 1 ppb (Teledyne Nana- tively. The square modulus contains the sum of non-resonant

lyzer) at _aII times. The |soprene-der|ved_partlcles WETE PO~ and resonant contributions to the second-order susceptibility,
duced with an initial isoprene concentration of 200 ppb, and @

more than half of the isoprene reacted as verified by GC-FIDANR and Xrv » respectively, the.Iatter of which is summed
measurements. This experiment used 50 nm seed particle yer all V|brat!onal mgdes;, while y represents the phase
and the geometric mean diameter of the particles exiting th actors associated with both the non-resonant background

. . 2) .
chamber was around 130 nm, with an organic particle mas&nd the vibrational modes. In gener_g}av is modeled as the
concentration of (28.2 3.7) pg nt 3. product of the number of oscillators in the noncentrosymmet-

The a-pinene-derived particles were produced from i€ €nvironment that yields signaNags and the molecular
the oxidation of 23t 2ppb a-pinene sterecisomers and hyperpolarlzabl_llty,ﬁv, averaged over all molecular orienta-
300+ 15 ppb of 0zone at 258 0.1°C, 40+ 1 % relative hu-  tions of the oscillators (Eq. 2):
midity, and low NQ (<1 ppb). The particles grew to a ge- (2 _ Nads(Bo) @)
ometric mean diameter of 93 nm with a geometric standard v ads\Pv
deviation of 1.57 nm on ammonium sulfate seed particles thafAs discussed in the previous paragraph, the value of the
had an initial geometric mean diameter of 50 nm with a ge-molecular hyperpolarizability increases when the frequency

2

n
2) i 2) i
X[EjéelmR“‘ZX;(gv)elyv LisIir (1)
v=1

Here,Isrgis the intensity of the SFG signal ailgs andI|r
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of the incoming IR pulse matches a vibrational transition

intrinsic to the molecular species of interest. The orienta- e

tional averaging is important because it shows that the SFG S

response of oscillators with a non-zero molecular hyperpo- ggSiI Notch filter, ===

larizability can be zero if they are randomly oriented in three Isohnogrf;;sssfrﬁf;’r -

dimensions, such as the bulk of a gas or an isotropic liquid. | f£—N )

At the interface between two such environments, symmetry Half- el

is broken, molecules may have a net orientation, and non- waveplate & polarizer

linear optical signals can be generated. The distribution of ﬁ‘.};?“"passsm  Fused siica

molecular orientations of a given set of oscillators, for ex- s00mm N — Wms::;)us: gggee'
. . nm N -

ample those at the SOA particle surface, can be readily de- groadband IR ,\\ —\H‘a”_waveplate

termined using SFG (Esenturk et al., 2004b; Wang et al., - &lens

2005; Weeraman et al., 2006; Chen et al., 2007; Tyrode et al., B oo C 800 nm -

2008). Achiral molecules in centrosymmetric environments, SFG

be they liquid or solid, do not contribute to the SFG response. Tunable R
SFG responses obtained from such molecules therefore orig-

inate from the aerosol particle surface. Chiral molecules do . Sample filter
not possess a center of inversion, and, using the proper polar- [ Oraanic vapor | Microscope slide
ization combination, their SFG responses can be nonzero anc Inlet g vent O

originate from the surface and the bulk of the aerosol parti-
cle, depending on symmetry. Details regarding the role of
chirality in SOA particles are discussed in our recently pub-Fig. 1. (A) Schematic of the optical layout used for the vibrational
lished work (Ebben et al., 2011; Martinez et al., 2011). WeSum frequency generation (SFG) experime(#. Top view of the
emphasize that the present work is carried out using the SSFEample cell used for collecting vibrational SFG spectra from the
polarization combination, which is insensitive to molecular ©Ptical window/organic vapor interfac¢C) Top view of the sam-
chirality and yields SFG signals from the CH oscillators that ple cell used for collecting vibrational SFG spectra from the fused
. ilica/fil le interface.
are located at the surface of the aerosol particles as opposécllllca/ lter sample Interface

to those that are located in the bulk.

2.4 Laser system and data acquisition and sample cells  Of the output SFG beam is selected by a Glan laser polarizer
(GL15, Thorlabs), and a half-waveplate (MWPAA2-12-400-
As shown in Fig. 1a, we use a broadband infrared source fo 00, Karl Lambrecht Corp.) rotates the SFG polarization
our SFG experiments (Voges et al., 2005b, 2007b; Hayes dh order to maximize the signal at the detector. A 600nm
al., 2009; Stokes et al., 2009a, c). Briefly, a regenerativel))ong'pass filter, a short-pass filter and an 800 nm notch filter
amplified Ti:sapphire laser (Spitfire Pro, Spectra Physics)(Notch Plus Filter, Kaiser Optical Systems, Inc.) are used
produces~120 fsec pulses of 800 nm wavelength at a 1 kHz {0 remove output light resulting from processes other than
repetition rate. The beam is passed through a 50/50 beaFG- A spectrograph (Acton Research) coupled to a liquid
splitter, and half is used to pump an optical parametric ampli-nitrogen cooled, back-thinned, charge coupled device cam-
fier (OPA-800CF, difference-frequency mixing option, Spec- €ra (Roper Scientific, 1340100 pixels) is used to detect
tra Physics) in order to generate a broadband40 cntt the SFG signal. We account for the optical scatter of the
FWHM) IR pulse centered at3.4pm, which is used to 800 nm upconverter by blocking the IR input and collect-
probe the C-H stretching region. The IR beam is focusedng background spectra, which are subtracted from the SFG
onto the sample by a BaRens (ISP Optics). The remain- SPectra. All SFG spectra are normalized to the non-resonant
ing 800 nm beam passes through a home-built delay stage t8FG spectrum of a gold-coated IR grade fused silica win-
ensure it is temporally overlapped with the IR pulse when itdow, using a hybrid broadband-scanning method (Esenturk
reaches the sample. The 800 nm beam then passes throu§hal., 2004b) to account for the line shape of the incident
a narrow band-pass filter (F1.1-800.0-UNBLK-1.00, CVI roadband IR pulse. Spectra are calibrated using the SFG
Melles Griot), which spectrally narrows the 800 nm pulses SPectrum of a 70 um thick polystyrene film, which is placed
to allow for a spectral resolution of around 10chand  in front of the IR beam.
an achromatic half-waveplate (MWPAA2-12-700-1000, Karl SFG experiments probing the reference hydrocarbon gas
Lambrecht Corp.), which is used to rotate the plane of polar-species at the surfaces of oxide substrates were performed
ization before reaching the sample. The S-polarized 800 nnusing a custom-built chamber consisting of a fused silica or
beam and P-polarized IR beam are incident on the sample-alumina window (ISP Optics, IR grade) clamped upon a
interface at angles of 4nd 60 from normal and pulse en- Teflon cell holding pl amounts of liquid hydrocarbon with
ergies of 0.1-2.0uJ and 1 pJ, respectively. The polarizatiora void space above it which fills with the equilibrium vapor

www.atmos-chem-phys.net/11/10317/2011/ Atmos. Chem. Phys., 11, 103329-2011



10322 C. J. Ebben et al.: Contrasting organic aerosol particles from boreal and tropical forests

pressure of the hydrocarbon molecules of interest (Fig. 1b)we present the first vibrational SFG spectra of atmospher-
The SFG studies probing individual impactor samples fromically relevant terpenes and secondary organic aerosol ma-
the central Amazon and filter samples from Southern Fin-terial formed from them, which we assign by combining the
land and the Harvard Environmental Chamber were carriecexisting literature data with the general practice that symmet-
out by clamping them between a fused silica window (ISPric stretches and Fermi resonances are 8@ of phase with
Optics, IR grade) and a microscope slide for backside suprespect to their corresponding asymmetric stretches when
port (Fig. 1c). Prior to each experiment the optical windows they are probed using the SSP polarization (Lu et al., 2004;
were cleaned by rinsing with methanol and by sonication inMoad et al., 2004). The following section provides a brief
methanol for 3 min, followed by rinsing with Millipore wa- overview of the theoretical background of our spectroscopic
ter and sonication in Millipore water for 5min. The windows measurement technique.
were then dried in a 100 oven for at least 30 min and sub-  Figure 2 shows the SSP-polarized vibrational SFG spec-
jected to 15 min of plasma cleaning (Harrick Plasma, Plasmdra of fused silica windows in contact with the equilibrium
Cleaner PDC-32G) in 300-500 m Torr of air prior to begin- vapor pressure over a drop of («}pinene, (+)B-pinene,
ning an SFG experiment. Following plasma cleaning and(—)-limonene, isoprene, cis-2-pentene, n-hexene, n-pentene,
cooling to room temperature, the window was placed atopcyclohexene, and cyclopentene maintained at room temper-
the filter of interest, which was stored in a freezer-40°C ature, respectively. Using this polarization combination,
until the beginning of the SFG experiments. SFG spectra ofwhich does not probe for chirality, there is a negligible differ-
Teflon filters containing synthetie-pinene-derived aerosol ence between the spectra obtained from the enantiomers of
particles, prepared as described in the experimental sectiomeat«a-pinene,S-pinene, and limonene. The SSP polariza-
are invariant in the frequency positions of the vibrational res-tion combination probes the components of the vibrational
onances but show a 10 to 25 % reduction in signal strength imodes that are oriented perpendicularly to the surface. We
the CH stretching region. We conclude from this result thatfind the SFG spectra of the cyclic terpenes to be dominated
the chemical composition of the samples, as determined byy an intense peak in the asymmetric methyl CH stretching
SFG, is qualitatively the same after several months of storregion above 2900 crt. This finding is consistent with the
age under these conditions. Given the 30 um spot size of oufact that the three methyl groups are tightly interlocked in the
laser beams and the average mass on the filters, we calcbridged six-membered ring structure. Given the rigid struc-
late that there is less than one nanogram of material sampletlire of «-pinene, the relative position of the oscillators is
in each of the SFG experiments. In general, we found thaquite inflexible, and the SFG response is a result of strongly
shorter sample collection times resulted in less material thatoupled coherences, which is consistent with the fact that
was visibly present on the filters, and those filters yieldedwe obtain a higher signal-to-noise for the terpenes than for
higher SFG signal intensity, consistent with negligible self- more flexible systems such as hexane, pentane, cyclohex-
absorption of the visible SFG signals by colored material onane, or cyclopentane (Buchbinder et al., 2010b), which have
the filter (vide infra). similar vapor pressures at room temperature and, given their
general hydrophobic nature, thus most likely a similar sur-
face coverage. Figure 2 also shows that the CH stretches

3 Results of the two methyne and methylene CH stretches, which
should occur at 2900 cnt and 2920 and 2850 cm, re-
3.1 Vibrational responses of reference compounds spectively, are not resolved in thepinene spectrum shown.

Other polarization combinations show negligible signal in-
Vibrational SFG spectra of aliphatic hydrocarbons can showtensity in those frequency ranges as well. We conclude from
up to five peaks in the CH stretching region, and the assignthese results that the SFG spectrum of ¢+)inene exhibits
ment of the vibrational resonances is very well establishedust the asymmetric and symmetric methyl CH stretches at
(Dollish et al., 1974; Bellamy, 1975; Guyot-Sionnest et al., 2960 cnt! and 2880 cm? as well as a methyl Fermi reso-
1987b; Roeges, 1994; Sefler et al., 1995; Nanjundiah et alnance at 2940 cnt, which dominates the spectral response.
2005; Esenturk et al., 2006; Voges et al., 2007a). Specifidin a-andB-pinene, the methylene asymmetric stretch of the
cally important for this work, methyl CH stretches are iden- CH, on the four-membered ring may be shifted to higher
tified as follows: asymmetric Ciistretching modes gener- frequencies (2950-2990 crh) due to ring strain, and con-
ally appear in the 2945 cni to 2975 cn! range, symmetric  tribute to the signal observed in this range (Galabov et al.,
CHz stretching modes appear between 2870 and 2898cm 1972; Durig et al., 1990, 2008; Ball, 1997; Buchbinder et al.,
and CHy Fermi resonances are located between 2915 an@010a).
2945 cnt!. Conversely, methylene CH stretching modes can  The frequencies of the methyl CH stretches of ¢+)-
appear in vibrational SFG spectra at the following frequen-pinene, (+)g-pinene, and-¢)-limonene are indicative of the
cies: asymmetric Chistretching modes appear in the range substitution pattern in the six-membered ring: the asymmet-
2920-2940 cm! and symmetric CHi stretching modes ap- ric methyl CH stretch forg-pinene occurs at 2940 crh,
pear between 2840 and 2870Th In this present work, whereas it occurs at 2954 crh for limonene, and at
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2938 cnv! for w-pinene. This finding indicates that the pres- et al., 2009) in pinene-derived secondary organic material.
ence of the two methyl groups bound to the four-membered\e note that there are no other volatile organic compounds
ring of - andg-pinene, whose four carbon atoms are afk-sp  injected besides-pinene in the environmental chamber dur-
hybridized, can be clearly identified separately of the methyling the aerosol particle synthesis.
groups in limonene, which are connected té-hgbridizied Figure 3 shows that the vibrational SFG spectrunwof
carbon atoms. The asymmetric and symmetric methyl CHpinene-derived secondary organic material matches almost
stretching modes of limonene occur at frequencies that are iguantitatively the vibrational SFG spectrum of PML1 filter
good agreement with those reported by Belkin et al. (2007)samples collected in Southern Finland (spectrum c). This
showing vibrational SFG in chiral bulk liquids (Belkin et al., latter spectrum is the average of ten SFG spectra recorded
2000), including (+)- and-£)-limonene. In the next section, of individual filter samples collected on the dates mentioned
the use of vibrational SFG to study secondary aerosol parpreviously (17 July 2010, 21 July 2010, and 23 July 2010),
ticles derived from isoprene angpinene is presented to which show little variation in the particular polarization com-
demonstrate how synthetic aerosol particles can be readilpination (SSP) used here. While the SFG spectra ofrthe
analyzed for their chemical composition and structural as-pinene-derived secondary organic material agrees very well
pects by SFG. with the vibrational SFG spectrum of PM1 filter samples col-
While the olefinic CH stretches, which occur above lected in Southern Finland, we cannot conclude at this time
3000cnt! due to the sphybridization state of the car- that the hydrocarbon component of the material collected in
bon atoms involved, are absent in the SFG spectra of théhe submicron size range on the filters is dominatedrby
cyclic terpenes, they are clearly observed for the case opinene-derived secondary organic aerosol particles, mainly
cyclopentene and isoprene, the latter of which also showdecausegs-pinene was also present in the gas phase during
the well-known asymmetric and symmetric CH stretches bethe time of the HUMPPA-COPEC-2010 campaign (Table 1).
tween 2950 cm® and 2850 cml, respectively. The vibra- Figure 3 also shows the SSP-polarized vibrational SFG
tional SFG spectra of cis-2-pentene, n-hexene, n-pentenepectra of a fused silica window in contact with the equi-
cyclohexene, and cyclopentene vapor in contact with arlibrium vapor pressure over a drop of isoprene maintained at
a-alumina optical window, which have been analyzed, as-room temperature (spectrum d) along with the SFG spectrum
signed, and discussed in our previous work (Buchbinder epf a Teflon filter containing secondary organic aerosol parti-
al., 2010b), show substantial signal intensity in the symmet-cles prepared from isoprene as discussed above (spectrum
ric CH stretching region below 2900 cth, and this unique €). This latter spectrum shows the presence of the methyl
response distinguishes those compounds from the terpenesasymmetric and symmetric CH stretching modes character-
istic of aliphatic linear and branched hydrocarbons (Esen-
3.2 Vibrational responses of model and natural turk et al., 2004a; Fourkas et al., 2007), which suggests
secondary aerosol particles that the isoprene-derived secondary organic material con-
sists of oligomeric or polymeric organic material in which
Figure 3 shows the SSP-polarized vibrational SFG spectrahe methyl groups are not nearly as rigidly arranged as in
of a fused silica window in contact with the equilibrium va- thea-pinene-derived model secondary organic aerosol parti-
por pressure over a drop of (#Hpinene maintained at room cles. Shown next is the vibrational SFG spectrum that is ob-
temperature (spectrum a) along with the SFG spectrum ofained from MOUDI impactor substrates containing aerosol
a Teflon filter containing secondary organic aerosol parti-particles with aerodynamic diameters of 1.0 um and below
cles prepared from (+g-pinene as discussed above (spec-that were collected in the central Amazon Basin (spectrum
trum b). Like thea-pinene SFG spectrum, the SFG re- f). The spectrum shows clear asymmetric CH stretching
sponse is dominated by one peak, which now occurs amodes above 2900 cm and little signal in the symmetric
2950 cnt!, while the SFG signal contribution at 2880t CH stretching region below 2900 crth  The spectrum is
is not shifted from that of unreacteg-pinene. In addi- distinctly different from thex-pinene and isoprene-derived
tion, the SFG spectrum of the-pinene-derived secondary model secondary organic aerosol material prepared in the
organic aerosol particles on the filter exhibits some signalenvironmental chamber, and it shows no immediate resem-
contribution at 2920 cmt, which is characteristic of methy- blance to the SFG spectra of the hydrocarbon species shown
lene asymmetric CH stretches in alkyl chains (Voges et al.jn Fig. 2. Given that the gas phase at the sampling site con-
2004; Buchbinder et al., 2010b). Given the strong asymmettains many hydrocarbon species during the wet season, in-
ric CH stretching contributions observed for thepinene-  cluding B-pinene and limonene, which were speciated dur-
derived secondary organic aerosol particles, we conclude thahg AMAZE-08 (Table 1), we conclude from the SFG spec-
the chemical composition of the particles is related to thattrum of the 1 um sized secondary organic aerosol particles
of «-pinene in the sense that it contains rigidly arrangedthat none of the reference compounds whose SFG spectra
methyl groups. This result is consistent with reports show-are shown in Fig. 2 dominate the chemical composition of
ing the presence of four-membered ring motifs (Tolocka etthe natural particles from the tropical forest. However, we
al., 2004; Docherty et al., 2005; Kroll et al., 2008; Heaton note that the synthetic isoprene-derived SOA particles were
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take place during the summertime (Kulmala et al., 2004; So-
gacheva et al., 2005). On 23 July 2010, back-trajectories
indicated that air masses arriving at Hyé originated from

the Arctic Ocean. Consequently the submicron aerosol num-
ber concentration decreased to a campaign minimum at 06:00
a.m. LT (Fig. 4a) (Williams et al., 2011). Although the num-
ber concentration was due to the freshly formed nanoparti-
cles, the mass, while small, was due to the few accumulation
mode particles. Due to low mass loading, the Teflon filter
collected on 23 July, during the probable nucleation event,
resulted in infrared absorbances, as determined by FTIR, be-
low detection limit <1 x 10~%) in the CH stretching region.
However, during the 6 h of particle collection, which sam-
pled 2.85m of air, enough particles were deposited on the
filter that SFG spectra could be recorded in the CH stretching
region. In fact, Fig. 4b shows that the SSP-polarized vibra-
tional SFG spectrum obtained from the filter collected dur-
ing the first 6 h of the nucleation event, while less intense as
expected from the smaller number density of aerosol parti-
cles sampled, is spectrally similar to that of the particles col-
lected between roughly 06:00 a.m. 21 July 2010 and 06:00
a.m. 22 July 2010, for which transmission FTIR spectra show
absorbances around 19 These results indicate that vibra-
tional SFG spectroscopy can be qualitatively useful at the
very low loadings associated with nucleation events.

SFG Intensity [arb. units]

04

3200 3100 3000 2900 2800 2700 3.4 Size-dependence of vibrational response
wavenumber [cm ']

To further investigate the progression of chemical complexity
Fig. 2. SSP-Polarized vibrational SFG spectra of an optical win- in the aerosol partiples collected in the central Amazon pasin
dow in contact with the equilibrium organic vapor at room tem- W€ recorded vibrational SFG spectra of super- and submicron
perature of (top to bottomy)-pinene -pinene, limonene, isoprene, Sized particle fractions (Fig. 5). These spectra show strong
cis-2-pentene, n-hexene, n-pentene, cyclohexene, and cyclopenter@FG signal contributions in the aromatic CH stretching re-
All spectra normalized to the highest peak intensity, and offset forgion above 3000 cmt and in the symmetric CH stretching
clarity. The vertical dashed line at 2900th dissects the fre-  region below 2900 cm' for the supermicron size range, and
quency location of asymmetric and symmetric CH stretching modesemarkably uniform spectral responses in the asymmetric CH
qf aliphatic hydrocarbon species to the left and right of it, respec-stretching region above 2900 cthfor the submicron range.
tively. From this result and the results presented in the previous sec-

tion, we conclude that while the chemical composition of the

. . submicron size fraction is not simply isoprene-, pinene-, or

prepared at 40 % RH, i.e. below the deliquescence RH of thgimonene-like in terms of the methyl CH stretching signal
ammonium sulfate seed particles. Given that the formationgontriputions to the vibrational SFG signals, it is invariant
of isoprene SOA particles on deliquesced vs. “dry” seeds iSyith particle diameter in the climate-relevant submicron size
expected to be mechanistically different since most isoprengange, at least for the aerodynamic diameters studied here
oxidation products are volatile but water-soluble, the differ- ; e 5094 cutoff diameters of 330 nm to 1.0 um). The new
ent RH conditions could contribute to the observed differ- spectral features obtained from the supermicron particles,
ences in the SFG spectra of the submicron Amazon aerosolgnen compared to the SFG spectra obtained from the sub-

as compared to the lab aerosols. micron particles, are attributed to the presence of chemically
complex primary biological material in the supermicron size
3.3 Nucleation event range.

As mentioned in the introduction, 23 July 2010 was charac-
terized by an apparent nucleation event. Although a max-
imum likelihood of nucleation event occurrence is during

spring with a secondary peak in the fall, some events also
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of the HUMPPA-COPEC-2010 campaign. The dashed boxes in-
dicate the start and stop times for Teflon sampling filters FIN134
— 23 July 2010 (top) and FIN126 — 21 July 2010 (bottom), which
Fig. 3. SSP-Polarized vibrational SFG spectra of an optical win- sampled ambient air before (bottom) and during (top) a nucleation
dow in contact with(a) the equilibrium organic vapor at room event. (Right) SSP-Polarized vibrational SFG spectra of a fused
temperature ofr-pinene; (b) secondary organic particle material silica window pressed against filter FIN134 (top) and FIN126 (bot-
produced froma-pinene in the Harvard Environmental Chamber tom). The SFG spectra are normalized to the same signal to noise
(HEC); (c) a Teflon filter containing aerosol particles with diame- ratio in the nonresonant frequency region to show the change in sig-
ters below 1 um collected in Southern Finland during the HUMPPA- nal yield from the filter with the lower particle mass.

COPEC-2010 field intensiveéd) the equilibrium organic vapor at

room temperature of isoprenée) isoprene-derived secondary or-

ganic aerosol particle material produced at the HEf-a fused  haye evaluated how the chemical identity of the aerosol par-
silica window which had been pressed against impactor substrate

f:ontaining aerosol particle; with. diameters below 1 pum coIIectedfirglr?sp?:;%ga;}zll)e/gég fjvi\:zc\:ﬁ/ryogIfifr?\f;;tgrezﬂrbzeggels?(;? d
in the central Amazon Basin during the 2008 wet season;(g@nd .. . ) . .
of a Teflon filter placed after a HEPA filter during the outflow of filter materials, W'thO_Ut th(:_" need for 50"‘? phase extraction
a-pinene-derived secondary organic aerosol particles produced &' Other sample manipulation. The technique presented here
the HEC. All spectra normalized to the highest peak intensityl andeXhibitS sensitivities to nanogram amounts of material that
offset for clarity. The vertical dashed line at 2900¢hdissects  offers off-line spectroscopic analysis at a time resolution that
the frequency location of asymmetric and symmetric CH stretchingwould enable greater insight into the temporal evolution of
modes of aliphatic hydrocarbon species to the left and right of it, atmospheric processes, including events associated with par-
respectively. ticle nucleation, for which particle concentrations are pro-
hibitively low for more traditional particle analysis methods.
We note that the SFG spectra presented here are not reported
4 Conclusions for quantitative analysis, but future work will expand this
method for the quantification of calibrated mass.
In conclusion, we have presented vibrational sum frequency By comparing coherent vibrational spectra of a vari-
generation spectra of atmospherically relevant monoterpenesty of terpene and olefin reference compounds as well
and isoprene and secondary organic aerosol material formeds model secondary aerosol particle materials synthe-
from them in an environmental chamber as well as in thesized in an environmental chamber, we show that submi-
natural environment of a boreal and a tropical forest. Wecron aerosol particles sampled in Southern Finland during

-1
wavenumber [cm 7]
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Fig. 6. Normalized histograms of the isoprene and monoterpene
Fig. 5. SSP-Polarized vibrational SFG spectra of an optical window concentrations recorded in Southern Finland during the HUMPPA-
in contact with impactor substrates containing aerosol particles hav€COPEC-2010 field intensive (top) and in the central Amazon basin
ing (top to bottom) aerodynamic diameters of 3.2, 1.0, and 0.33 pnduring the 2008 wet season (bottom). Isoprene data offset for clarity
that were collected in the central Amazon basin during the 2008 wein each histogram.
season. All spectra normalized to the highest peak intensity, and
offset for clarity. The vertical dashed line at 2900¢hdissects
the frequency location of asymmetric and symmetric CH stretchinglow as 0.33 microns, indicating that their chemical composi-
modes of aliphatic hydrocarbon species to the left and right of it,tion also changes little in the submicron size range.

respectively. These results regarding the chemical composition of or-
ganic aerosol particles formed in monoterpene- and isoprene-
rich air, respectively, are consistent with histogram analy-
HUMPPA-COPEC-2010 are composed to a large degree ofes of the isoprene and monoterpene abundance recorded
material whose hydrocarbon content, as identified in theduring the HUMPPA-COPEC-2010 and AMAZE-08 cam-
CH stretching region, is consistent with that of synthetic  paigns (Fig. 6). We conclude that if air is rich in monoter-
pinene-derived material. Furthermore, we find that the fil- penes, includinge- and 8-pinene, secondary aerosol parti-
ter sample collected during a nucleation event during thecles that form under normal OH and; @oncentration lev-
campaign exhibits a coherent vibrational spectral responsels can be described in terms of their hydrocarbon content
that is comparable to the one obtained from particles col-as being similar tax-pinene-derived model secondary or-
lected in the entire submicron size fraction. Consistent withganic aerosol particles in the submicron size range. Iso-
work by Riipinen et al. (2011), this finding suggests that theprene, on the other hand, undergoes reaction pathways for
condensable vapors associated with the growth of the nuclewhich OH radical chemistry is very important (Atkinson et
ation and Aitken modes, rather than continued aerosol phasal., 1998), and if the isoprene concentration dominates the
chemical reactions, are involved in processes that lead to thehemical composition of air in a forest environment, the hy-
mass increase of the particles that goes along with the indrocarbon component of secondary organic material in the
creases in aerodynamic size. Given that the SSP-polarizegubmicron size range is not simply well-represented by that
SFG spectra report on CH oscillators located at the surfacef isoprene-derived model secondary organic aerosol parti-
of the aerosol particles as opposed to those that are locatezles but is more complex. Throughout the climate-relevant
in the bulk, we conclude that these growth processes introaerodynamic size range of the fine mode, however, we find
duce little or no changes in the chemical composition of thethat the chemical composition of the secondary organic par-
particle’s surface region. While aerosol particles from theticle material from such air is remarkably invariant with size,
Central Amazon Basin were found to be chemically complexeven given the log-normal aerodynamic size distributions of
in the coarse mode, they exhibited similar vibrational SFGa MOUDI (Marple et al., 1991), suggesting that the parti-
responses in the fine mode down to aerodynamic diameter ade growth does not change the chemical composition of the
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