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Abstract 
 

Non-covalent Interactions: 
Effects on Gas-phase Ion Structure and Reactivity 

 
by 
 

James Stephen Prell 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Evan R. Williams, Chair 
 
 Experiments investigating the role of non-covalent interactions in the structure, 
properties, and reactivity of gas-phase ion-biomolecule, ion-water, and water-biomolecule 
complexes in the gas phase are presented and discussed in this dissertation.  Ions generated using 
electrospray ionization and trapped using Fourier transform ion cyclotron resonance mass 
spectrometers at the University of California, Berkeley, and the FOM Institute for Plasma 
Physics Rijnhuizen in Nieuwegein, The Netherlands, are probed using infrared 
photodissociation/infrared multiple photon dissociation (IRPD/IRMPD) spectroscopy and 
kinetics and electron capture dissociation.  IRMPD spectra of alkali metal cationized dipeptides, 
protonated dipeptides, and trivalent lanthanide cationized polypeptides reported here reveal the 
role of ion size, formal charge site geometry, peptide sequence, gas-phase basicity, and 
competition between carbonyl groups and aromatic groups in the structures of these complexes.  
IRPD spectra of hydrated hydrophobic ions in the gas phase reveal a hydrogen bonding motif 
that contrasts strongly with those typically seen for more strongly hydrated ions.  The role of ion 
charge state and size in the structures of gas-phase “nanodrops” is discussed based on their IRPD 
spectra and a computationally inexpensive point-charge model, as well as the dependence of 
these spectra on the electric field of the ion.  These results show that ions can intrinsically affect 
the hydrogen bond structure of the water network out to three or more solvation shells, in 
contrast to many recent reports that only the first solvation shell is affected for ions in bulk 
solution.  A new method using IRPD/IRMPD kinetics is demonstrated for directly measuring 
relative populations of spectroscopically distinguishable ion isomers, and a method for extending 
IRPD spectroscopic techniques to extensively hydrated ions that dissociate quickly is illustrated.  
This photodissociation kinetic method is demonstrated for several ion-biomolecule complexes 
and hydrated biomolecular ions, and relative Gibbs free energies, entropies, and enthalpies for 
nearly isoenergetic thermal ion populations are obtained with unprecedented precision.  Ion 
nanocalorimetry is used to measure appearance energies for products of the exothermic reaction 
of a hydrated, doubly protonated dipeptide in the gas phase with a low-energy free electron, and 
nearly complete quenching of peptide fragmentation is achieved with a very small number of 
water molecules in the precursor ion complex. 
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Chapter 1 
 

Introduction 
 
 
 
 

1.1 Synopsis 
 
 Much of the chemistry of life—biomolecule folding, function, regulation, and even 
denaturation and destruction—involves a complex set of non-covalent interactions between small 
organic and inorganic ions, biomolecules, and the water molecules that solvate them, as well as a 
plethora of competing intramolecular interactions.  The strength of these non-covalent 
interactions and the structural changes induced by them are crucial in many biological processes.  
Detailed study of individual non-covalent interactions in the condensed phase can be challenging 
for a variety of reasons, including signal contributions from bulk solvent, counter-ions, and 
contaminants, and the high concentrations of ions necessary for many techniques.  In contrast, 
non-covalent ion complexes of known composition can be generated in the gas phase, where 
they can be isolated and studied with the aid of a mass spectrometer.  A number of gas-phase 
techniques can be used to measure the strength of specific non-covalent interactions, eliminating 
many of the ambiguities that complicate interaction energy measurements in the condensed 
phase.  Ion structure can be subsequently elucidated using many different techniques, including 
collisionally activated dissociation, electron capture dissociation, blackbody infrared radiative 
dissociation, infrared multiple photon dissociation (IRMPD) spectroscopy, photoelectron 
spectroscopy, and many others. 
 Two central questions in the study of gas-phase complexes of biological relevance are 
how closely gas-phase structures, energetics, and reactivity resemble those in solution, and how, 
in detail, any differences arise.  Although, in principle, gross effects of solvent can be inferred by 
comparing gas- and solution-phase results, investigating hydrated gas-phase complexes as a 
function of the number of water molecules in the complex offers the opportunity for a much 
more detailed understanding of the solvation process.  Recently, the ability to form a variety of 
extensively hydrated ions with tens or hundreds of attached water molecules1-6 has made possible 
experiments aiming to bridge the gap between gas- and condensed-phase chemistry.  Major goals 
of this “cluster” approach include determining at what cluster size gas-phase properties give way 
to solution properties and how ions affect the structure of water in the absence of co-solutes.  
Recent results from ion nanocalorimetry,3, 7-11 in which the number of water molecules lost from 
a hydrated ion cluster upon absorption of a photon or capture of an electron is used to measure 
reaction energetics, and from spectroscopy2, 12-20 indicate that hydrated ions may exhibit bulk-
like properties with a surprisingly small number water molecules (fewer than 100), and the 
influence of the ion on the properties of the water network may propagate to three or more 
solvation shells.15 
 Here, the role of non-covalent interactions in structure and reactivity for gas-phase ion-
biomolecule, ion-water, and water-biomolecule complexes are studied using IRMPD 
spectroscopy (and a closely-related technique, infrared photodissociation spectroscopy, or IRPD 
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spectroscopy), ion nanocalorimetry, and computational theory.  For the ion-biomolecule 
complexes, the role of gas-phase basicity, peptide sequence, ion charge state and size, as well as 
cation-aromatic group interactions in biomolecule structure is studied.  Hydration of a number of 
inorganic and small organic ions is investigated, and a new method is introduced that improves 
the signal-to-noise ratio in IRPD spectroscopy of extensively solvated ions.  This method is used 
to probe the development of a bulk-like hydrogen bond network in the clusters as well as the 
extent to which the influence of the ion can be understood in terms of simple electrostatic effects 
with the aid of a computationally inexpensive point-charge model.  A new method using 
IR(M)PD kinetics is also introduced to measure relative populations and thermodynamics of 
energetically competitive gas-phase isomers, and this method is demonstrated for several ion-
biomolecule and hydrated biomolecule complexes.  Finally, the energetics of exothermic 
reactions upon electron capture for a hydrated, gas-phase peptide complex and the role of water 
molecules in quenching various reaction pathways are studied using ion nanocalorimetry. 
 
1.2 The Hofmeister Series 
 
 1.2.1 Description of the Phenomenon.  In 1888, Franz Hofmeister observed that various 
metal salts had different propensities to precipitate hen-egg albumin from aqueous solution, and 
the same ordering of ions based on this “salting-out” property was found to be reproducible for a 
variety of other biomolecules.21, 22  Generally, anions exhibit a greater range of Hofmeister series 
behavior than cations, with strongly hydrated anions, such as sulfate and fluoride, tending to salt 
out biomolecules and weakly hydrated anions, such as iodide and thiocyanate, having the 
opposite effect.21-29  A series for cations has also been established, with more weakly hydrated 
cations, such as cesium and ammonium, having a lesser tendency to salt in biomolecules than 
strongly hydrated ions like magnesium.  Typical behavior for these anion and cation Hofmeister 
series is shown below: 
 
 Scheme 1.1.  Typical Hofmeister Ion Series. 
 

 
 

Over the last 122 years, the Hofmeister series of ions has been extensively studied with a 
variety of techniques in order to establish the origin of this largely reproducible ordering, 
including for ion interactions with non-biological organic macromolecules, such as surfactants30 
and Sephadex gels.24, 29  It should be noted that, despite wide-spread conceptual acceptance of 
the Hofmeister series, some discrepancies exist in the precise ordering of the series depending on 
the type of experiment and the salts and biomolecules used.  Furthermore, the traditional 
ordering of the Hofmeister series typically applies to proteins at solution pH above their 
isoelectric point (pI), whereas “reverse” Hofmeister series31 are often observed in solutions 
where pH < pI, such that, for example, thiocyanate precipitates the protein, and chloride 
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solubilizes it.  Explaining this pH-dependent behavior, as well as the dependence of protein 
solubility on salt concentration, is a major challenge for theoretical models. 

Two principal schools of thought have developed to explain the physical origins of the 
series: one, proposed by Hofmeister himself, emphasizing the effect of ions on the structure of 
the bulk water hydrogen bond network and the other favoring direct interactions between 
biomolecules and ions as the source of the phenomenon.    
 
 1.2.2 Structure “Makers” and “Breakers.”  High concentrations of many salts can be 
dissolved in water without drastically increasing the volume of the solution.  For example, a 
saturated (5.9 M) aqueous sodium chloride solution has a density of about 1.2 g/mL at room 
temperature, indicating a 5% increase in solution volume despite a 20% increase in density and 
the 2.2 times higher density of solid sodium chloride as compared to water.  Thus, water 
accommodates the volume of many dissolved ions by reducing the average effective volume 
occupied by individual water molecules.  Some efforts at explaining the Hofmeister series have 
aimed to characterize the strength of ion-water interactions and to determine whether ions have 
the ability to distort the water network significantly.  It has been hypothesized that some ions 
strengthen water-water interactions (structure “makers”), whereas other ions disrupt the bulk 
water network and weaken water-water interactions (structure “breakers”), resulting in changes 
in the fraction of water molecules “available” to solvate the protein.21, 22, 32   

One measure of the interaction strength between water molecules and ions in solution is 
the residence time of a bound water molecule, i.e., the average time a water molecule remains 
bound directly to an ion before escaping into bulk solution.  Results from NMR spectroscopy and 
x-ray and neutron diffraction indicate that residence times are higher for more highly charged 
ions and can span many orders of magnitude, from hundreds of picoseconds for some mono- and 
divalent cations to years or longer for some trivalent metals.33  In general, di- and trivalent metal 
cations are reported to have longer water molecule residence times than anions and monovalent 
cations.  Residence times for solvation shell water molecules at further distances are much harder 
to probe.34  These experiments must often be performed at approximately molar concentrations 
of ions, much higher than are relevant in vivo.  Solvation free energies of ionic salts are another 
measure of the strength of water-ion interactions, but, due to electroneutrality, solvation free 
energies for individual ions cannot be measured directly in the solution-phase and must instead 
be referenced to an arbitrary zero or computed using theoretical models.11, 35  In addition, 
solvation free energies measure the net effect of dissolved salts on the hydrogen bond network 
and provide little information about which water molecules are affected by a given ion and to 
what extent.  Coordination numbers have been reported for a variety of ions based on neutron 
and x-ray diffraction, NMR, and infrared spectroscopy, but these values are often inconsistent 
and do not probe effects of the ion on the water network beyond the first solvation shell. 

Although water molecule residence times, solvation free energies, and a number of other 
properties of salts solutions,29 including Dole-Jones viscosity B coefficients,36 nonionic 
surfactant solubility,37 ion hydrodynamic radii,29 and surface tension,38 have been found to 
correlate with the Hofmeister series, the precise connection between these values and structure 
“making” or “breaking” remains unclear.  Recent theoretical work indicates that various criteria 
for determining whether a hydrogen bond between two water molecules exists, such as 
interatomic distances, angles, and electron densities, can be inconsistent with each other while 
still providing the same statistics for the number and types of hydrogen bonds in bulk water.39  
Electrostatic models of sodium halide solutions that closely reproduce experimental Raman 
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spectra indicate that the water hydrogen bond network around halide ions is remarkably 
“resilient,” such that hydrogen bond criteria outside the first solvation shell of these ions are 
virtually identical to those in bulk, despite the large excluded volume of these ions.40  Thus, it 
seems unlikely that commonly used hydrogen bonding criteria will reveal substantial structure 
“making” or “breaking” in salt solutions outside the first solvation shell on the scale of 
individual water-water interactions.  However, measurements of hydration forces between 
macromolecular polyphosphate groups, such as those in DNA, that exhibit a high degree of 
charge transfer to solvent indicate that the layer of water molecules whose behavior is 
determined by the solute can be up to 5–6 water molecules thick (~15 Å).41 
 
 1.2.3 Direct Ion-Biomolecule Interactions.  Biomolecules must acquire a net neutral 
charge in order to precipitate from solution, and ions, such as sodium, potassium, and sulfate, are 
often observed in crystal structures of proteins.  Numerous strong hydrogen bonds to solvent 
water molecules, as well as salt-bridges at the protein surface involving small ions, are thought to 
be important factors in solubilizing large biomolecules.  Because the air-water interface involves 
a change in dielectric constant similar to that at the protein-water interface, differences in air-
water surface activities among Hofmeister ions suggest that some ions may be drawn to the 
protein-water interface more strongly than others.  Some researchers have further postulated that 
direct ion-biomolecule interactions42 are the source of Hofmeister series phenomena, rather than 
ion-induced bulk water structure “making” and “breaking.” 

Collins and co-workers have proposed a “Law of Matching Water Affinities” whereby 
some ions form much stronger interactions with the charged functional groups in biomolecules 
than do others.24, 29, 43  The basis of this theory is the observation that binary inorganic salts are 
least soluble (i.e., have the greatest tendency to form net neutral ion pairs and precipitate from 
solution) when the cation and anion have equal affinity for water.  Matching water affinities 
result when both ions are “small,” such that their Coulomb attraction out-competes ion-dipole 
interactions with a full solvation shell of water molecules, or when both ions are “large,” in 
which case Coulomb attraction is relatively weak but ion-water interactions are not strong 
enough to out-compete the excluded volume forces driving the ions together.  In the two other 
cases (large cation plus small anion, small cation plus large anion), neutral ion pair formation 
and precipitation is less favorable.  The same Law is used to explain protein solubilization by 
treating the three dominant types of ionic functional groups at the protein surface (ammonium, 
guanidinium, and carboxylate groups) as potential partners in ion-pairs with counter-ions in 
solution.  Ammonium24 and guanidinium44 are weakly hydrated, whereas carboxylate groups are 
strongly hydrated,24 thus, it is supposed that weakly hydrated anions (such as thiocyanate44 and 
nitrate) and strongly hydrated cations (such as lithium and multivalent cations) bind to proteins 
more efficiently than do other ions.  This mechanism has been especially successful in 
explaining “reverse” Hofmeister series observed for some proteins.  Lysozyme, for example, is a 
basic protein (pI ≈ 11) that requires binding at least four anions in order to precipitate from a pH 
4.5 solution at 18 °C, and sodium thiocyanate solutions are much more effective at inducing 
precipitation of this protein than are sodium chloride solutions, in contrast to “direct” Hofmeister 
series behavior.45 

Much additional evidence for direct ion-protein interactions as the primary source of 
Hofmeister series phenomena has been reported in recent years.  Results from x-ray absorption 
spectroscopy of aqueous solutions containing sodium or potassium acetate indicate that sodium 
binds to the carboxylate group more strongly than does potassium, supporting Collins’ Law of 
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Matching Water Affinities.46  However, the binding preference was found to be much smaller 
using formate instead of acetate, and cation-carboxylate interactions are thought to be much less 
important in protein Hofmeister effects than protein interactions with anions or cation 
interactions with protein amide groups.  Disturbances in the water hydrogen bond network near 
surfactant monolayers on aqueous salt solutions used to model the water-protein interface have 
been measured that correlate with Hofmeister series behavior, indicating that differing energy 
costs for partial desolvation of ions interacting with the surfactant surface may be responsible for 
this Hofmeister phenomenon.26  Correlations between the surface activity of some ions at the air-
water interface with the Hofmeister series based on molecular dynamics simulations have also 
been reported.27  Although the reliability of modeling the protein-water interface with other 
aqueous interfaces has been recently called into question47 and despite major difficulties in 
reproducing and interpreting SFG spectra of aqueous solutions,48-50 these correspondences are 
nevertheless striking. 

Femtosecond anisotropy decay experiments, in which the correlation in the alignment of 
water molecules with a given OH stretch frequency is probed as a function of delay time, 
indicate that some motion(s) of water molecules outside the first solvation shell of sulfate in 
solution with alkali metal cations is not strongly affected by the presence of this strongly 
hydrated ion.51, 52  These results were reported to be strong evidence of the “negligible” effect of 
ions on the structure of bulk water, favoring direct ion-biomolecule interactions as the source of 
Hofmeister effects.51  However, similar experiments with alkaline earth metal sulfate solutions 
indicate that water molecules outside the first solvation shell can be strongly affected by the 
presence of sulfate, and this result was attributed to water molecule bridging between sulfate and 
nearby cations.53  These conflicting experiments were both conducted with very high ionic 
strengths (1–6 M in sulfate) where water molecules outside the first solvation shell of the large 
sulfate ion are relatively scarce, thus it is not clear to what extent these results are relevant in 
explaining typical Hofmeister phenomena. 

 
1.3 Ion-Neutral Interaction Strengths in the Gas Phase 
 
 Binding energies for non-covalent interactions between gas-phase ions and neutral 
molecules are a measure of the strength of these interactions and have been studied using a 
variety of methods.  Guided ion beam mass spectrometry (GIBMS)54 and blackbody infrared 
radiative dissociation (BIRD)55 have been used to determine the binding energies of many 
monatomic cations and anions to small biomolecules, including amino acids.56-63  These values 
are typically higher for ions with higher charge states, and, among different ions with the same 
charge state, larger ions typically have lower binding energies.  These results suggest that 
electrostatic—most importantly, ion-dipole—interactions largely determine binding energies for 
many gas-phase ion-molecule complexes. 
 Binding energies for shared-proton interactions,64 in which a hydrogen bond is formed 
between a protonated functional group and an electron-rich atom or functional group, exhibit 
interesting trends that highlight the importance of quantum chemical effects in many gas-phase 
ion-molecule complexes.  Binding energy values for complexes involving protonated amines, or 
protonated alcohols (A) and neutral amines, alcohols, or water molecules (B) span a remarkably 
broad range (~11–32 kcal/mol), with the strongest interactions occurring in homodimers 
(complexes of the form A–H+–A).  This behavior has been explained as a result of the unusually 
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deep and broad potential energy well (thus, small vibrational energy level spacing) for the shared 
proton where the shared proton bond is highly symmetrical, as for homodimers.65 
 Binding energies of varying numbers of water molecules to both inorganic and 
biomolecular ions have been studied using GIBMS,66-69 BIRD,60, 70 and high-pressure mass 
spectrometry.71  These results indicate that ions with a higher charge state generally have higher 
water binding energies for clusters with a given number of water molecules, and that, for 
monatomic ions, binding energies are lower for larger ions.  As for ion-biomolecule complexes, 
these trends can be explained largely in terms of ion-dipole interactions and charge transfer 
effects.  Sequential water binding energies (ΔG and ΔH for dissociation of one water molecule 
from a cluster) generally decrease as a function of the number of water molecules in the cluster,72 
although deviations from monotonicity are often observed for the first few water molecules.  For 
clusters with more than about 10 water molecules, sequential water binding enthalpies approach 
the bulk vaporization enthalpy of water (~10.5 kcal/mol).  In contrast to results for neutral water 
clusters with tens or hundreds of water molecules, for which evidence of amorphous ice-like and 
liquid-like components have been reported,73-75 these sequential water binding energies for gas-
phase hydrated ions suggest that the water in the clusters can be essentially similar to bulk liquid 
water, even at cold temperatures (~130 K).  This result is supported by heat capacity 
measurements for hydrated electron clusters (H2O)48

− and (H2O)118
−, which exhibit a substantial 

freezing point depression (Tfusion ≈  93 and 118 K, respectively) due to the presence of the ion.76 
 Binding energies can in some cases provide evidence of ion-specific structural features 
for gas-phase ion-molecule complexes, but this information can be misleading or ambiguous 
without more direct structural probes or strong evidence from computational chemistry.  For 
example, binding energies have been used to investigate the role of ion identity in inducing gas-
phase amino acids to adopt a zwitterionic form (such as those observed in aqueous solution for 
all common amino acids at neutral pH) versus nonzwitterionic form (which is the most stable 
gas-phase form for all neutral amino acids).60, 77  Experimental and calculated differences78 in the 
relative energies of the two isomers can be very small, and more direct analyses using 
spectroscopy (vide infra) indicate that structural assignments based on binding energies alone 
can be misleading. 
 
1.4 Gas-Phase Techniques Used Here and Their Advantages 
 
 1.4.1 Electrospray Ionization.  The ions investigated in all of the experiments conducted 
here were generated with the use of electrospray ionization (ESI).  Aqueous solutions containing 
the biomolecules and/or ions of interest at mM concentrations are transferred to the gas phase 
through a small opening that is held at a large potential difference (electric field amplitude 
typically ~105 V/cm) with respect to the entrance of the mass spectrometer.  This results in the 
formation of a Taylor cone from which electrically-charged, sub-micron-sized droplets 
containing many ions are ejected.  These droplets are unstable in ambient atmosphere and 
evaporate solvent molecules until the surface tension of the droplet can no longer support the net 
charge at the droplet surface.  At this point jets of much smaller droplets are ejected from the 
large droplet, and this “Rayleigh fission” process continues in competition with condensation of 
ambient water molecules onto the droplet until ions with zero to several hundred water molecules 
are produced and trapped in the instrument. 

The ESI process is much “gentler” than many other ionization methods, such as matrix-
assisted laser desorption ionization, electron impact, or corona discharge, and ample evidence 
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has been reported that ions formed using ESI can under some conditions retain their solution-
phase structures.  Bare sulfate dianion is unstable in the gas phase and undergoes spontaneous 
ejection of one electron to form SO4

−•, and if hydrated this ion will undergo charge separation if 
it is not solvated by at least four water molecules.79  Hydrated sulfate dianion clusters have been 
detected in high abundance in mass spectrometers using ESI,15, 80 indicating that the ion remains 
solvated the entire way from the ESI source to the mass spectrometer.  Hydrated La3+ nanodrops 
undergo spontaneous charge-separation and Coulomb explosion to form La2+OH(H2O)n and 
protonated water clusters if the initial La3+ cluster contains fewer than 18 water molecules.1  
Broad distributions of La3+(H2O)n and La2+OH(H2O)n clusters have been formed using the 
Berkeley 2.75 T Fourier-transform ion cyclotron resonance (FT/ICR) mass spectrometer, and the 
relative abundances of the two distributions can be altered dramatically using different ion 
source parameters.1  These results indicate that the minimum cluster size for hydrated ions 
generated using ESI can be finely tuned, with both “hard” and “soft” ionization conditions under 
which predominantly La2+OH(H2O)n or La3+(H2O)n clusters are formed, respectively. 
 For both small81, 82 and large83-85 ions generated using ESI, kinetic trapping of ion 
structures not representative of gas-phase Boltzmann distributions due to high isomer 
interconversion barriers has been reported.  However, high interconversion barriers do not 
necessarily prevent the formation of Boltzmann distributions, because annealing can occur 
during the desolvation process or due to collisional activation by trapping gas used in the mass 
spectrometer.  Here, a technique using infrared photodissociation kinetics at photon energies 
resonant with only a portion of the isomers is developed to measure relative isomer populations, 
and this technique should be very useful in determining what ESI conditions can lead to kinetic 
trapping versus Boltzmann distributions for isomers that are spectroscopically distinguishable. 
 
 1.4.2 Fourier Transform Ion Cyclotron Resonance Mass Spectrometry.  In a uniform 
magnetic field directed along the z-axis, ions with a non-zero velocity component along the x- or 
y-axes will be confined in an orbit about the z-axis due to the Lorentz force of the magnetic field.  
The frequency of this orbit (“cyclotron” motion) is inversely proportional to the mass-to-charge 
ratio (m/z) of the ion and directly proportional to the magnetic field strength.  In FT/ICR mass 
spectrometry,86 ions are trapped in ultra-high vacuum in an electrostatic potential well along the 
z-axis, where they can be stored in this “ion cell.”  This trapping can be enhanced by a brief 
pulse of gas (often nitrogen), which is subsequently pumped out of the ion cell to return it to 
ultra-high vacuum conditions.  In order to measure the m/z and abundance of trapped ions, an 
electrostatic waveform is applied to a set of opposing plates parallel to the z-axis in order to 
excite coherently the cyclotron motion of the ions until an image current can be measured on 
another set of opposing plates parallel to the z-axis.  The transient signal of this image current is 
Fourier-transformed to yield the m/z and abundance of the trapped ions.  Ions of a given m/z can 
also be selectively ejected from the ion cell by exciting their cyclotron motion until their 
cyclotron radius exceeds the dimensions of the ion cell.  Using these techniques, ions can be m/z-
selected and stored in an FT/ICR mass spectrometer for long periods of time (up to several 
weeks) before detection or ejection from the ion cell. 
 FT/ICR mass spectrometry has a number of advantages for studying gas-phase ion 
energetics and structure.  The sensitivity and mass accuracy of FT/ICR both increase with 
increasing magnetic field strength, enabling ultrahigh precision measurements of ion m/z and 
highly sensitive detection.  Tandem sequences of ion isolation, activation, excitation, and 
detection events can be performed relatively easily, making FT/ICR highly advantageous for 
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gas-phase experiments with many steps.  The use of pulse gas for trapping and/or long 
equilibration times for the ions with the blackbody radiation field of the ion cell in many cases 
makes thermalization of the ion population possible, so that the temperature of the ions needed 
for thermodynamics experiments is well-defined and known.  In contrast to many experiments in 
time-of-flight mass spectrometers, ion reactions conducted in FT/ICR mass spectrometers can 
often reach completion before ion detection, obviating extensive corrections to reaction rates and 
thermodynamics necessary when above-threshold excitation energies are needed for reactions, or 
when products are destructively detected before the reaction is complete.69 
 The Berkeley 2.75 T FT/ICR1, 70 is equipped with an ion cell that is surrounded by a 
bulky copper jacket through which a regulated flow of liquid nitrogen can be pulsed.70  The 
temperature of the copper jacket is measured using a thermocouple and is used to drive a 
controller that adjusts liquid nitrogen flow until a pre-set temperature is achieved.  Ion cell 
temperatures between 77 K and room temperature can be achieved using this method.  In order 
to ensure a thermal blackbody field inside the ion cell, the copper jacket is equilibrated to the 
desired temperature for at least 8 hours prior to experiments.  In this manner, experiments can be 
repeated over a range of temperatures in order to obtain information about enthalpies and 
entropies of various processes. 
 
 1.4.3 Infrared Photodissociation Spectroscopy and Infrared Multiple Photon 
Dissociation Spectroscopy.  Infrared absorption spectra of ions and molecules often provide 
valuable direct information about vibrational resonances that can be used to infer structural 
details, because the frequency and intensity of many infrared-active modes are highly-sensitive 
to minor structural differences.  Infrared absorption spectroscopy of ions is not typically possible 
under laboratory conditions, because the Coulomb repulsions between identical ions prohibits the 
number densities necessary for a measurable absorption signal with current detection 
technologies.  (Ions in the medium surrounding stars can under certain circumstances absorb 
sufficient light to produce measurable absorption signals due to their sheer number, but this is 
hardly reproducible in laboratories.)  However, if ions absorb enough photons to cause 
dissociation on a timescale faster than the photons can be re-emitted,87 measurable 
photodissociation can result.  The rate of photodissociation is typically faster when the photons 
absorbed are resonant with ro-vibrational transitions of the ion.  Control of the photon energy can 
be achieved with tunable infrared lasers.  If the power of the laser is low enough that 
simultaneous absorption of two or more photons is improbable, photons may be absorbed 
sequentially, with statistical redistribution of each photon’s energy among the ro-vibrational 
modes of the ion prior to the absorption of the next photon, i.e., the ion is slowly heated. 

For many ions, the absorption of the first photon is the rate-limiting step in the 
photodissociation process under these conditions, and the resulting photodissociation rate 
increases linearly with laser power.  For ions whose absorption spectrum does not change 
substantially upon heating, the spectrum obtained by plotting the extent or rate of 
photodissociation versus the energy of the absorbed photon(s) can be similar to an infrared 
absorption spectrum.  This technique is usually called “infrared photodissociation (IRPD) 
spectroscopy” when the absorption of a single photon causes a substantial increase in the 
photodissociation rate, and “infrared multiple photon dissociation (IRMPD) spectroscopy” if the 
absorption of multiple photons is typically necessary to produce measurable photodissociation. 
 Two principal types of tunable infrared laser are ordinarily used for IR(M)PD 
spectroscopy.  Table-top lasers with optical parametric oscillators and amplifiers (OPO/OPA) 



 9

tunable in the mid-infrared range (~1000–4000 cm−1)18, 88-93 are relatively inexpensive and 
practical for most laboratories.  These lasers typically produce low power (< 50 mW) and are 
best suited for dissociating ions with low dissociation barriers and/or high initial internal 
energies.  The Berkeley 2.75 T FT/ICR mass spectrometer is coupled to a table-top OPO/OPA 
laser system that produces ~10–40 mW over the ~2500–4000 cm−1 range,88 where CH, NH, and 
OH stretch bands are typically observed.  Free electron lasers, such as the Free Electron Laser for 
Infrared eXperiments (FELIX)94 at the FOM Institute for Plasma Physics Rijnhuizen in the 
Netherlands and the free electron laser at the Centre Laser Infrarouge d’Orsay (CLIO)95 in 
France, produce much higher laser powers (> 100 mW) which facilitate the photodissociation of 
tightly bound ions over a broad spectral range (~100–2500 cm−1).  For experiments conducted 
here with an FEL, FELIX is used in the ~1000–1800 cm−1 range, where CH, NH, and OH 
bending bands, as well as carbonyl and carboxylate stretch bands, among others, are typically 
observed. 
 
 1.4.4 Ion Nanocalorimetry.  The thermodynamics of many endothermic reactions of 
ions in the gas phase can be measured using mass spectrometric techniques with relative ease, 
because known quantities of energy can be added in a controlled manner with photons or 
collisions until dissociation is observed.  Thermodynamics of exothermic reactions of ions can be 
much more challenging to measure, because the observables—the abundances and identities of 
reaction product ions—do not inherently provide any information as to the energy given off in 
the reaction.  In bulk, thermodynamics for exothermic reactions are often measured using 
calorimetry, wherein the heat given off by the reaction is measured indirectly by using it to drive 
a well-characterized endothermic process, such as the heating of a water bath.  Recently, a gas-
phase analog of this technique has been developed,3, 7-11, 96, 97 in which a hydrated ion undergoes 
a reaction, such as capture of a free electron7-11, 96, 97 or absorption of a photon,3 and water 
molecules are subsequently evaporated from the ion until the energy of the reaction has been 
dissipated.  The energy removed by the evaporated water molecules is used to measure the 
thermodynamics of the reaction and can be calibrated directly using photons of known energy as 
reactants or indirectly using binding energy measurements or models. 
 Ion nanocalorimetry, as this technique is known, has been used to measure water 
molecule binding energies,3 changes in ultraviolet absorption efficiencies with hydration state,98 
and recombination energies upon electron capture dissociation for a variety of ions.7-11, 96, 97  
These measurements have been used to obtain thermodynamic information previously not 
thought experimentally possible, such as the value of the absolute standard hydrogen electrode 
potential9-11, 99 and proton absolute solvation free energy and enthalpy,8, 11 illustrating some 
advantages of gas-phase measurements where complications due to bulk electrodes, counter-
ions, and contaminants can be eliminated.  This technique has also been used to measure 
solvatochromic shifts of hydrated, UV-active dyes and metal ions as well as quantum yields and 
branching ratios for internal conversion and fluorescence.98  These experiments indicate that 
bulk-solution-like behavior can be observed with a remarkably small number of attached water 
molecules, even for electronic excitations, for which the effect of solvating water molecules can 
be much more dramatic than for vibrational excitations. 
 Ion nanocalorimetry is used here to investigate the thermodynamics of exothermic 
reaction pathways for a hydrated, doubly protonated gas-phase peptide upon capture of a free 
electron.  Electron capture dissociation (ECD) is an important tool in the analysis of protein 
structure using mass spectrometry, because ECD often preserves post-translational modifications 
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and can provide extensive sequence coverage.100-102  Low-energy electrons are generated from a 
heated dispenser cathode within the ion cell and are allowed to react with the trapped precursor 
ions for hundreds of ms.  Experiments with ion storage rings indicate that capture of electrons 
with zero velocity relative to the ion is many orders of magnitude more favorable than capture of 
high-energy electrons.103  The fragmentation of peptides upon ECD typically occurs at N–Cα 
bonds, but the energetics of this process are poorly understood.  Some researchers have proposed 
that ECD is “non-ergodic,” such that statistical redistribution of the energy gained upon electron 
capture does not occur before the reduced peptide fragments.104  Others have proposed that 
electron capture occurs near the N–Cα bonds, which subsequently become very weak in the 
resulting radical species, and that ECD does indeed involve statistical energy redistribution.105 

Crucial to understanding and controlling the ECD process for future improvements in 
peptide structural analysis is measurement of ECD energetics.  Here, ion nanocalorimetry is used 
to probe the exothermic reaction pathways of ECD directly.  Effects of extensive hydration, 
which largely prevents peptide fragmentation, are also investigated.  These results may provide 
valuable information about the reactivity of biomolecules with free electrons in vivo. 
 
1.5 Elucidating Gas-Phase Ion Structures with IR(M)PD Spectroscopy 
 
 The vibrational resonances of many functional groups measured with IR(M)PD 
spectroscopy can be highly sensitive to their chemical environment.  Hydrogen stretch (in 
particular, OH and NH), bending vibrations (OH, NH, and CH), and carboxylic acid carbonyl 
and carboxylate stretch vibrations have proved especially useful in elucidating gas-phase ion 
structures.  OH and NH stretch vibrations typically occur at high energies (~3600–3750 and 
~3300–3450 cm−1, respectively) when these groups are not hydrogen bond donors, whereas they 
can be dramatically shifted to lower energies, as low as ~840 cm−1 when a shared proton bond is 
present.  More subtle red-shifting occurs when the heteroatom in these functional groups is 
bonded to a cation due to Stark shifting and possibly partial charge transfer.  OH and NH 
bending vibrations can likewise shift when participating in hydrogen bonds or solvating charge, 
and the hydroxyl group frequency for a carboxylic acid occurs in spectroscopically distinct 
regions depending on whether the acid group is in its endo or exo conformation.  The two C–O 
stretch modes for a carboxylic acid are only weakly coupled due to the double bond in the 
carbonyl group, and this carbonyl stretch occurs at higher energy (typically > 1700 cm−1) than 
either the symmetric (~1450 cm−1) or antisymmetric (~1600–1650 cm−1) carbonyl stretch modes 
for a carboxylate.  This is especially useful in identifying zwitterionic versus nonzwitterionic 
forms of amino acids and peptides in gas-phase complexes.88, 106-110  Using these and other 
structurally sensitive vibrational modes, detailed structural information about gas-phase ion-
biomolecule, ion-water, and water-biomolecule complexes has been obtained, revealing the 
structural importance of non-covalent interactions, gas-phase basicity and acidity, peptide 
sequence, ion charge state and size, and many other properties. 
 
 1.5.1 Ion-Biomolecule Structures.   Large biomolecules in vivo interact non-covalently 
with many different kinds of ions and molecules that are often crucial for their proper folding, 
function, and regulation.  These interactions span a wide range of specificity.  For example, some 
potassium channels are lined with carbonyl groups spaced so as to interact very specifically with 
this ion, making it highly selective for potassium.111  Salt bridges important in high-order 
structure have been found in the interior of many proteins with x-ray crystallography and NMR 
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spectroscopy, such as those between protonated arginine side chain (guanidinium) or ammonium 
groups and carboxylate groups from glutamic or aspartic acid side chains.112, 113  “Structural” 
water molecules are sometimes found in the interior of proteins and can be vital to protein 
function,114-118 but surface water molecules often interact only weakly with the protein (vide 
infra).115, 116  Detailed study of the interaction strengths and structural effects of non-covalent 
interactions can be challenging in solution, where many adjacent functional groups compete and 
cooperate.  Complexes of known composition can be isolated in the gas phase and used as 
models with which to understand the effects of non-covalent interactions between a limited 
number of ions and functional groups. 
 Charged groups in proteins, such as ammonium, guanidinium, and carboxylate groups, 
are very common, and all 20 common amino acids are zwitterionic in solution at physiological 
pH.  In contrast, the most stable form of all amino acids is nonzwitterionic in the gas phase,119 
indicating that interactions with solvent water molecules or cosolutes are essential to the stability 
of the zwitterionic form.  The difference in energy between the two forms is very high for 
aliphatic amino acids, such as glycine, for which the zwitterion is not even a local minimum on 
its potential energy surface in the gas phase.120  The energy difference can be much smaller for 
amino acids that more effectively stabilize charge, such as arginine with its highly basic 
guanidinium side chain, for which the difference in the gas-phase zwitterionic and non-
zwitterionic forms is only ~15 kJ/mol, based on computational evidence.121 

These and other subtle effects of solvation and charge stabilization have prompted many 
gas-phase investigations of the structural role of non-covalent interactions, and IR(M)PD has 
become a widely-used tool for elucidating ion-biomolecule complex structure.  Confirming more 
indirect results from binding energy measurements and computations, evidence from IRMPD 
spectra of alkali cationized arginine88, 122 showed unambiguously that these complexes contain 
non-zwitterionic arginine for Li+ and zwitterionic arginine for K+, Rb+, and Cs+, whereas 
sodiated arginine contains a mixture of both forms at ambient temperature122 and at 404 K.88  
Upon addition of a single water molecule, the sodiated arginine is entirely zwitterionic.107  The 
role of gas-phase basicity (−ΔG° for protonation) of the amino acid in the stability of the 
zwitterionic form has also been studied with IRMPD spectroscopy for proline,123, 124 lysine,125 
glutamine,126 and their N-methyl derivatives, for which greater basicity typically corresponds to 
greater zwitterion stability.  Effects of gas-phase acidity,127 peptide length and sequence,128, 129 
and ion charge state127, 128, 130, 131 have also been investigated, and it has been reported that gas-
phase acidity plays less of a role in zwitterion stabilization than does basicity, and ions of higher 
charge density (i.e., smaller and of a higher charge state) typically stabilize the zwitterionic form 
more effectively than ions of lower charge density.  Structural differences for amino acids 
complexed with ions of a given charge state are typically more dramatic among cations than 
anions, and only arginine has been observed to adopt a zwitterionic structure when complexed 
with an anion.132  The geometric arrangement of the formal charge sites in salt bridge complexes 
has also been found to be crucial for preferential zwitterion stabilization, with a linear 
arrangement being most favorable due to the electrostatic repulsion between formal charges of 
the same polarity.129  These IRMPD spectroscopy results illustrate the subtle structural effects 
that can result from the sorts of ion-biomolecule interactions that compete and cooperate in 
solution. 

For ion-biomolecule complexes that adopt a mixture of structures, measurement of the 
relative populations of these competing isomers is highly desirable for understanding their 
thermodynamics.  A novel technique is demonstrated here in which IRMPD at photon energies 
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resonant with one isomer population is used to obtain relative isomer populations directly.  This 
technique illustrates major caveats regarding the interpretation of IRMPD spectra of mixed 
isomer populations and also reveals isomer interconversion dynamics not directly observable by 
other methods.  These results provide stringent benchmarks for improving computational theory. 

 
1.5.2 Structures of Hydrated Ion Clusters.  IR(M)PD spectroscopy has proved to be a 

powerful tool in identifying many structural features of a wide variety of hydrated gas-phase 
ions.2, 8, 12-17, 19, 20, 80, 87, 107, 133-148  Especially useful in elucidating hydrated ion structures is the 
OH stretch spectral region (~2500–4000 cm−1), because OH stretch frequencies are often very 
sensitive to the number and type of hydrogen bonds donated and accepted by a given water 
molecule139 as well as its direct interaction with a cation or anion.  Using IR(M)PD spectra, 
coordination numbers2, 16, 17, 135, 141, 144, 146  and even water H–O–H angles (for singly-hydrated 
ions) have been measured.  These results indicate that the oxygen atoms of water molecules in 
the first solvation shell typically interact directly with the ion, whereas only one of the two 
hydrogen atoms of a first solvation shell water molecule interact with an anion.  Cations of 
higher charge state typically exhibit a higher degree of charge transfer with solvating water 
molecules than do cations of lower charge state. 

Only recently has the generation of extensively hydrated, multivalent ions with tens or 
hundreds of attached water molecules become possible.1, 2, 8, 15, 143  These clusters have 
dimensions on the order of a nanometer, and are often referred to as “nanodrops,” although a 
principal question in studying these clusters is whether they do, in fact, have bulk water drop-like 
characteristics.  IR(M)PD spectra of hydrated Ca2+ with up to 69 attached become more similar 
to the infrared absorption spectra of bulk liquid water as the number of attached water molecules 
increases, indicating that water molecules on the interior of these clusters resembles the bulk 
hydrogen bond network of liquid water.2  These spectra also show that the coordination number 
of the ion increases from 6 to 8 upon the development of a partial second solvation shell.  This 
larger coordination number is in agreement with values reported for bulk aqueous Ca2+ and 
illustrates the development of solution-like ion properties in the gas phase with increasing 
hydration state.  For clusters with partially filled second solvation shells, Cu2+ has been shown to 
induce Jahn-Teller distortion,16 and several trivalent lanthanide cations have been shown to have 
properties that correlate better with solution-phase hydrolysis than with gas-phase ionization 
energies,13 suggesting that remarkably few water molecules are necessary to form true 
“nanodrops.”  Here, a new hydration motif is demonstrated for ions known to be hydrophobic in 
bulk solution (tetramethyl- and phenyltrimethylammonium), where it is seen that these ions 
exhibit hydrophobic properties even when solvated by just two water molecules. 

IR(M)PD spectroscopy of hydrated gas-phase ions promises to answer a number of 
questions concerning effects of ion solvation on the structure of bulk water, potentially shedding 
light on the origins of Hofmeister effects.  For example, the propensity of an ion’s electric field 
to organize water molecules in its vicinity is difficult to study in solution, where water molecules 
often undergo concerted rearrangements and effects of cosolutes are difficult to eliminate.  In the 
present study, it is demonstrated that electric field effects of both anions and cations propagate to 
the nanodrop surface, even when three or more solvation shells surround the ion.  This result 
contrasts strongly with results from femtosecond anisotropy decay experiments for bulk salt 
solutions at high ionic strength, which have been interpreted as evidence that ions have a 
negligible effect on water molecules outside the first solvation shell.  The surface of nanodrops is 
highly curved, thus the surface constraint is expected to be much greater than that for bulk water, 
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and we demonstrate here that this surface constraint is not the source of these ion-dependent 
nanodrop structures, but rather the electrostatic field of the ion.  These results represent the 
utility of studying isolated, extensively hydrated ions in understanding bulk solution. 

 
1.5.3 Structures of Hydrated Biomolecular Ions.  Results from NMR spectroscopy 

indicate that water molecules interact only weakly with the surface of many proteins and other 
large biomolecules, even though these interactions are clearly essential for biomolecule 
solvation.  Solvation can also induce major structural changes in many biomolecules, for 
example, stabilization of the zwitterionic form of amino acids and peptides that is not the lowest-
energy form in the gas phase.  Identifying the preferred sites of water molecule attachment to the 
functional groups found in biomolecules can be very challenging in solution due to cooperation 
and competition from nearby functional groups.  Computational chemistry has been used to 
investigate biomolecule hydration,87, 92, 120, 142, 149, 150 but results can be highly inconsistent even 
at high levels of theory for small biomolecules and biomolecular ions. 

IRPD spectroscopy has been shown to be highly sensitive to the binding site of water 
molecules on protonated and metal cationized amino acids in the gas phase.  Contrary to intuition 
based on electrostatics, computational chemistry predicts that a single water molecule will bind 
more favorably to the hydroxyl group of the C-terminus of some aliphatic and aromatic amino 
acids than to an NH group at the N-terminus, which bears the formal charge.87, 92, 142, 149, 150  
However, IRPD spectroscopy clearly indicates that the first water molecule binds to the N-
terminus of protonated valine.92  Here, we demonstrate that the protonated N-terminus is also the 
preferred hydration site for protonated phenylalanine and its N-methylated derivatives, but the C-
terminus is only slightly less favorable.  Using a novel technique whereby relative hydration 
isomer populations are measured using IRPD kinetics resonant with only one isomer population, 
it is shown that favored hydration site on protonated proline is temperature-dependent, with the 
C-terminal site enthalpically favored due to an especially strong hydrogen bond and the 
protonated N-terminus entropically favored due to free rotation of the water molecule attached at 
this site.  These results indicate that neutral hydrogen bonding functional groups in biomolecules 
may in some cases be more strongly solvated than ionic groups in solution, where rotation of 
water molecules is hindered.  Furthermore, these results provide insight into effects of 
temperature on biomolecule solvation and may have strong implications in understanding 
Hofmeister phenomena. 
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Chapter 2 
 

The Role of Sequence in Salt-Bridge Formation 
for Alkali Metal Cationized ArgGly and GlyArg 

Investigated with IRMPD Spectroscopy and Theory 
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2.1 Introduction 
 

Electrostatic interactions and hydrogen bonding are important in molecular structure and 
reactivity.  Ionic interactions, whether from charged functional groups, metal ions, or counter 
ions, can either stabilize or destabilize protein conformations and play a major role in protein-
substrate1 and protein-protein2 interactions.  Metal ion specific noncovalent interactions have 
been implicated in the selectivity of ion channels,3 and metal ions are required for the activity of 
many proteins.4  Solvent can significantly influence electrostatic interactions as well as 
intramolecular hydrogen bonding.5  Information about the intrinsic effects of hydrogen bonding 
and electrostatic interactions on biomolecule structure can be obtained from gas-phase 
experiments, and, in principle, the role solvent plays in hydrogen bonding and electrostatic 
interactions can be inferred from these studies. 
 Structures of protonated and cationized amino acids have been extensively investigated 
using a variety of gas-phase methods,6-50 and these studies provide excellent comparisons to 
those done in the condensed phase.  For example, the nonzwitterionic forms of the twenty 
common α-amino acids are more stable in the gas phase than their zwitterionic forms.  However, 
gas-phase complexes of amino acids with metal cations can exist in either charge-solvated (CS) 
forms, where the metal is chelated by formally neutral heteroatoms, or salt-bridge (SB) forms in 
which the metal ion is coordinated to the zwitterionic form of the amino acid.  For cationized 
aliphatic amino acids, the CS form is more stable, but the stability of the SB form increases with 
increasing proton affinity.6, 7  In contrast, this relationship is much less direct for amino acids 
with sidechains containing heteroatoms.16-23  Arginine, the most basic of the common α-amino 
acids, is particularly interesting because the stabilities of the SB and CS forms are similar, and 
which form is lower in energy depends on cation size.21, 22, 33-35  The CS form is more stable 
when lithiated, but the SB form is more stable for potassium and larger cations.  For sodium, the 
SB form is more stable, but a small fraction of CS population is also observed,21, 22 indicating 
that these two forms of the complex are very similar in energy. 

Infrared multiple photon dissociation (IRMPD) spectroscopy has emerged as a powerful 
method that can provide detailed information about structures of gas-phase ions.  Radiation from 
either free electron lasers or from tabletop OPO/OPA lasers has been used to investigate the 
structures of many cationized amino acids in the spectral range from 500–200010-21 and 2500–
4000 cm−1,22-25 respectively.  From these studies, it was found that the SB form of sodiated 
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proline is more stable than the CS form,12 but CS forms of alkali metal cationized glycine,12 
tryptophan,13 phenylalanine,14, 24 lysine,16 glutamic and aspartic acid,17 glutamine,18 serine,19 and 
threonine20 are more stable.  Evidence for a minor population of SB structures for cesiated serine 
has been reported.19  Results from these studies indicate that for metal cationized amino acids 
with heteroatom-containing sidechains, solvation of the charge by several polar functional 
groups in the CS form can effectively compete with the strong dipole stabilization possible in the 
SB form.  Hydrogen bonding can contribute to the stability of either form. 

In contrast to studies of individual amino acids, very few IRMPD studies have been 
conducted on metal cationized peptides,14, 51 for which effects of charge solvation by the peptide 
backbone, sequence, or conformational effects may be significant.  IRMPD studies of potassiated 
AlaPhe and PheAla show that these ions exist in a CS form where the amide carbonyl oxygen 
atom coordinates to the metal cation, and both the carboxylic acid carbonyl oxygen and the N-
terminal nitrogen compete to solvate the charge.51  As observed for potassiated phenylalanine,14 
the aromatic ring participates in solvating the metal cation in these two dipeptides.  The IRMPD 
spectrum of potassiated Leu-enkephalin (Tyr-Gly-Gly-Phe-Leu), a pentapeptide with no basic 
residues, indicates that it forms a CS complex in which the charge is solvated primarily by amide 
carbonyl oxygen atoms.14  The phenylalanine sidechain does not interact with the charge due to 
steric hindrance.  By comparison, potassiated bradykinin fragment 1–5 (Arg-Pro-Pro-Gly-Phe) 
exists as a SB complex in which the charge is solvated primarily by the amide carbonyl oxygen 
atoms, and the protonated sidechain of the N-terminal arginine residue interacts with the C-
terminal carboxylate group.14  These and other studies,9, 52-67 including IRMPD of protonated 
peptides,56-61 clearly show that charge solvation by amide groups, as well as the identity and 
location along the peptide backbone of constituent amino acid residues, are important factors in 
the structures of cationized peptides. 

Because the CS and SB forms of metal cationized arginine are close in energy, and the 
lowest-energy form depends on metal ion size, arginine-containing dipeptides are particularly 
interesting to investigate to determine how sequence and higher-order structure influence the 
relative importance of electrostatic interactions and hydrogen bonding.  Attachment of just a 
single water molecule to lithiated arginine, which has a CS structure,21, 22 can result in the SB 
form being more stable,23 illustrating the delicate balance between the stabilities of these two 
forms of arginine.  Here, results both from IRMPD spectroscopy over the spectral range 900–
1800 cm−1 and from computational chemistry of neutral, protonated, and alkali metal cationized 
ArgGly and GlyArg are presented.  These results show that the order of the two amino acids in 
these dipeptides has a significant influence on whether the CS or SB form of the cationized 
species is most stable and demonstrate that molecular geometry plays a critical role in stabilizing 
SB structures. 
 
2.2 Experimental 
 
 2.2.1 IRMPD Spectroscopy.  IRMPD spectra were obtained using a 4.7 T Fourier-
transform ion cyclotron resonance mass spectrometer coupled with a free electron laser (FELIX), 
which generates tunable IR radiation.  A detailed description of the instrument68 and 
experimental methods15 can be found elsewhere.  60/40 water/methanol solutions containing 
GlyArg or ArgGly (Bachem Distribution Services, GmbH, Weil am Rhein, Germany; ArgGly 
obtained as a hydrochloride salt) were prepared at a concentration of 2 mM.   Acetic acid was 
added (2.5 mM) to generate the protonated dipeptides, and metal hydroxide (for lithium, sodium, 
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and potassium) or chloride (for cesium) was aded (2–4 mM) to generate the corresponding metal 
cationized dipeptides.  Ions were introduced into the mass spectrometer using electrospray at an 
infusion rate of 10–15 μL/min.  Stored waveform inverse Fourier transforms were used to isolate 
precursor ions, which were then irradiated for 2–4 s with tunable radiation from FELIX.  The 
same irradiation time was used for each precursor complex, and the irradiation times were 
optimized to produce extensive but not complete fragmentation of the precursor at the frequency 
of maximum absorption.  For ArgGly•Cs+, the region ~1450–1800 cm−1 was re-scanned with the 
laser attenuated by 3 dB to reduce peak broadening in this region due to saturation effects. 
 
 2.2.2 Computations.  Low-energy structures for isolated and M+-complexed GlyArg and 
ArgGly were generated with Monte Carlo conformational searching using the MMFFs force field 
as implemented in Macromodel 9.1 (Schrödinger, Inc., Portland, OR).  In order to ensure that 
many possible combinations of arginine sidechain, amide bond, and carboxylic acid 
conformations were sampled, separate Monte Carlo searches beginning with different 
combinations of these conformations were performed, resulting in at least 40,000 structures for 
charge-solvated (CS) and salt bridge (SB) forms of each of the neutral, protonated, lithiated, and 
potassiated dipeptides.  The resulting low-energy structures were separated into families based 
on similarities in metal ion binding motif and dipeptide conformation.  The geometries of 
representative structures from each of these families were optimized at the B3LYP/LACVP* 
level of theory (Schrödinger, Inc., Portland, OR).  LACVP* is identical to the 6-31G* basis set 
for all elements used in these computations except cesium, for which an effective core potential 
is used.  Sodium and cesium cations were substituted into the representative lithiated and 
potassiated starting structures, respectively, and geometries of the resulting sodiated and cesiated 
starting structures were optimized using B3LYP/LACVP*. 

All B3LYP/LACVP* optimized structures were then optimized further in Q-Chem v. 
3.069 using B3LYP/6-31+G(d,p) for all elements except cesium, for which the CRENBL 
effective core potential and basis set were used.  To determine the gas-phase proton affinities and 
basicities of the dipeptides, single point energies were obtained using the B3LYP/6-31+G(d,p) 
optimized structures and B3LYP/6-311++G(2d,2p) and RI-LMP2/6-311++G(2d,2p)/aug-cc-
PVTZ.  RI-LMP2, or local Møller-Plesset second order perturbation theory using the “resolution 
of the identity” approximation, has been found to give electronic energies for peptides typically 
within 2 kJ/mol of full MP2.70  Vibrational frequencies and intensities were calculated using the 
double harmonic approximation and the analytical (for neutral, protonated, lithiated, sodiated, 
and potassiated species) or numerical Hessian (for cesiated species) of the B3LYP/6-
31+G(d,p)/CRENBL optimized structures.   

Temperature and entropy corrections to the electronic energies of the complexes were 
determined using the unscaled B3LYP/6-31+G(d,p)/CRENBL vibrational frequencies.  These 
frequencies are scaled by 0.975 in the calculated spectra.  This scaling factor has been found 
previously to give good agreement with experimental data for this and similar levels of theory.10, 

16-20, 51  Peak shapes are approximated in calculated spectra by convolution with a 30 cm−1 
FWHM Lorentzian distribution. 

Absolute gas-phase proton affinities (PA298 = −∆H for protonation) and basicities at 298 
K (GB298 = −∆G for protonation)71 were calculated for the lowest-energy B3LYP/6-31+G(d,p) 
structure of GlyArg and all three lowest-energy structures of ArgGly.  These values were 
obtained at the B3LYP/6-31+G(d,p), B3LYP/6-311++G(2d,2p)//6-31+G(d,p), and RI-LMP2/6-
311++G(2d,2p)/aug-cc-PVTZ//B3LYP/6-31+G(d,p) levels of theory.  The zero point energies, 
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enthalpy, and temperature corrections used for these values were obtained using unscaled 
B3LYP/6-31+G(d,p) calculated frequencies. 
 
2.3 Results and Discussion 
 

2.3.1 IRMPD Spectra.  IRMPD spectra were obtained for ArgGly•M+ (M = H, Li, Na, 
K, and Cs) and GlyArg•M+ (M = H, Li, Na, and Cs) over the range ~900–1800 cm−1. An IRMPD 
yield was determined from the precursor (Ip) intensity and the sum of the fragment ion intensities 
(If) after laser irradiation at each frequency: 

 
IRMPD yield = (∑ If) / (Ip + ∑ If) 

 
and this was normalized linearly with laser power to roughly account for the change in laser 
power as a function of photon energy.15  The resulting IRMPD spectra are shown in Figure 2.1, 
and major fragment ions (>15% of the fragment ion population) are listed in Table 2.1.   
 The IRMPD spectrum of GlyArg•H+ is very similar to the previously reported spectrum 
of Arg•H+.21  Specifically, bands similar in position and relative intensity to those assigned for 
Arg•H+ to a free endo hydroxyl in-plane bend, overlapping NH bends, and a carboxylic acid 
carbonyl are present in the experimental spectrum of GlyArg•H+ at 1100–1150 cm−1, 1600–1700 
cm−1, and 1750–1780 cm−1, respectively.  Two additional bands, a weak, broad feature from 
1300–1400 cm−1 and a sharp feature at ~1530 cm−1, are observed for GlyArg•H+ that are not 
present in the spectrum of Arg•H+.  The sharp feature at 1530 cm−1 is consistent with the strong 
amide NH in-plane bend as observed for gas-phase N-methylacetamide,72 which serves as a 
model for the carbonyl stretch and NH in-plane bend of an amide group in a dipeptide.  
Additionally, the intense band from 1600–1700 cm−1 in the spectrum of GlyArg•H+ is somewhat 
broader than its counterpart for Arg•H+, consistent with the added intensity of an amide carbonyl 
stretch in this region for GlyArg•H+.  These results indicate that GlyArg•H+ is protonated on the 
arginine sidechain, and the C- and N-termini are formally neutral. 

The spectra of ArgGly•H+ and GlyArg•H+ are very similar, suggesting that the major 
spectroscopic features identified above for GlyArg•H+ depend little on the order of the residues 
in the dipeptide.  Both an endo in-plane hydroxyl bend and a carboxylic acid carbonyl stretch, 
diagnostic of a nonzwitterionic structure, are clearly present in the spectrum of ArgGly•H+, 
although the carboxylic acid carbonyl stretch is relatively weak compared to that in the spectrum 
of GlyArg•H+.  This difference may be due to a low-energy structure of ArgGly•H+ that differs 
from the ground state primarily in the chemical environment of the carbonyl, e.g., an exo vs. 
endo hydroxyl orientation for the carboxylic acid group.  Absorption of a few photons could 
populate this transient structure, shifting the carbonyl stretch mode out of resonance with the 
laser and leading to a lower photodissociation yield at this frequency. 
 The spectra of GlyArg•M+, for M = Li, Na, and Cs, differ significantly from that of 
GlyArg•H+ in that they contain neither a strong hydroxyl band near 1150 cm−1 (or, indeed, any 
strong bands below 1300 cm−1) nor a carboxylic acid carbonyl stretch above 1700 cm−1.  Instead, 
much more relative photodissociation is observed for M = Li, Na, and Cs near 1600 cm−1 and 
from 1300–1400 cm−1.  The strong similarity of the spectra of the lithiated, sodiated, and cesiated 
forms of GlyArg suggests that these three complexes adopt nearly the same structure.   The clear 
absence of carboxylic acid carbonyl stretches and hydroxyl in-plane bends as observed for 
GlyArg•H+ indicates that GlyArg•M+, M = Li, Na, and Cs, form SB structures.  Carboxylic acid 



 23

carbonyl stretch bands have not been observed below 1700 cm−1 in IRMPD spectra of other 
alkali metal cationized amino acids or dipeptides.  The carboxylate asymmetric stretching mode 
in metal cationized amino acids and peptides falls below 1700 cm−1 and presumably contributes 
to the relatively intense photodissociation near 1600 cm−1. 

The spectra of lithiated and sodiated ArgGly contain a strong band in the same region as 
that of the endo hydroxyl in-plane bend of ArgGly•H+ as well as a sharp, diagnostic carboxylic 
acid carbonyl stretch peak at 1740 and 1748 cm−1, respectively, for Li and Na.  These results 
indicate the presence of CS forms of both ArgGly•Li+ and ArgGly•Na+.  The carboxylic acid 
carbonyl band for these two species is noticeably red-shifted from that of protonated ArgGly and 
is consistent with significant solvation of the metal ion by the carboxylic acid group, which 
should reduce the effective bond order of the carbonyl bond, thereby lowering the frequency of 
the associated carbonyl stretch.  The charge density of the lithium cation is greater than that of 
the sodium cation, resulting in greater charge transfer to the solvating carboxylic acid carbonyl 
and a corresponding greater shift in this band position for the lithiated species.  A shoulder band 
at ~1780 cm−1 is also present in the spectrum of ArgGly•Li+, suggesting the presence of a small 
population of conformers in which the carboxylic acid carbonyl does not solvate the charge and 
therefore has a stretching mode that is not significantly red-shifted.  The spectra of both lithiated 
and sodiated ArgGly contain a much stronger amide NH in-plane bend feature than is observed 
for ArgGly•H+, as well as strong bands at ~1200 cm−1 and  ~1380 cm−1, neither of which is 
present in the spectrum of ArgGly•H+.  These two new bands can be attributed to the symmetric 
and asymmetric coupling of two NH bending modes associated with a neutral guanidino group 
(vide infra). 

The IRMPD spectra of ArgGly•K+ and ArgGly•Cs+ are strikingly similar to each other 
but differ significantly from those of ArgGly•H+ and ArgGly•Li+.  The absence of strong bands 
for both a hydroxyl in-plane bend and a carboxylic acid carbonyl stretch indicate that potassiated 
and cesiated ArgGly form SB structures, consistent with increased intensity around 1650 cm−1 
compared to ArgGly•Li+ attributable to a carboxylate asymmetric stretch.  Weak, broad 
photodissociation between 1100 and 1200 cm−1 is evident in the spectra of ArgGly•K+ and 
ArgGly•Cs+, but is attributable to many overlapping CH2 bending modes as well as CC and CN 
stretching modes.  Such a weak, broad feature is visible as a tail to the blue of the OH in-plane 
bend in the spectrum of ArgGly•H+ and is likely buried beneath the much stronger features in the 
spectra of ArgGly•Li+ and ArgGly•Na+ in this region. 

The features below 1300 and above 1700 cm−1 in the spectrum of ArgGly•Na+ are 
relatively less intense than for ArgGly•Li+, and the remaining bands correspond very well to the 
only intense features in the spectra of ArgGly•K+ and ArgGly•Cs+ over the region measured.  
Because the lesser degree of charge transfer to the carboxylic acid group from Na+ as compared 
to Li+ in an otherwise identical structure would be expected to result in an increased relative 
intensity of the hydroxyl in-plane bend and carboxylic acid carbonyl stretch, it seems likely that 
a significant population of a second conformation of ArgGly•Na+ must be present in order to 
explain the appearance of the spectrum.  This second ion population is likely similar to the SB 
form of ArgGly•K+ and ArgGly•Cs+.  A crude deconvolution of the ArgGly•Na+ experimental 
spectrum (Figure 2.2), obtained as a linear combination of the experimental spectra of 
ArgGly•Li+ (representing a CS complex of ArgGly•M+) and ArgGly•K+ (representing a SB 
complex of ArgGly•M+), normalized to their highest peak intensities, indicates that the 
ArgGly•Na+ spectrum may possibly represent as much as a ~40–60 % population of SB 
conformers, as a very rough approximation.  Because of different fragmentation efficiencies, the 
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potential for interconversion between different structures, and other factors, it must be 
emphasized that such a deconvolution is only an approximation of the relative population of both 
structures.  Interestingly, Arg•Na+ was previously assigned to a roughly 90:10 mixture of 
structures similar to those identified for Arg•K+ and Arg•Li+,22 suggesting that the addition of a 
C-terminal glycyl group lessens the degree of preferential stabilization of the SB form of 
ArgGly•M+ over the CS form compared to Arg•M+.  Thus, despite the greater flexibility of 
ArgGly compared to Arg, which could potentially facilitate the formation of SB structures as 
appears to be the case for GlyArg, the strongly charge-solvating amide carbonyl group27, 28, 51 
competitively stabilizes the CS form of ArgGly. 
 
 2.3.2 Dissociation by Loss of Small Neutral Molecules.  Fast heating of ions using UV 
radiation or slow heating by multiple consecutive collisions with gas-phase molecules or by 
multiple absorptions of infrared photons often leads to the loss of small molecules, such as H2O 
or NH3, from protonated or metal cationized amino acids or peptides.  Loss of such molecules 
has often been used to infer information about ionic structures.  For example, loss of CO2 upon 
activation of protonated peptides by 157 nm photodissociation was used to infer the presence or 
absence of the SB form for peptides.73  In our IRMPD experiments, loss of H2O but not NH3 is 
observed for ArgGly•M+ and GlyArg•M+, M = Li and Na (Table 2.1).  GlyArg•M+, M = Li and 
Na, form SB structures, whereas ArgGly•Li+ is a CS structure and ArgGly•Na+ is a mixture of 
both forms.  Thus, there is no direct relationship between the loss of a water molecule and 
whether the SB or CS form of these ions is more stable.  Loss of H2O from the SB form of 
GlyArg•M+, M = Li and Na, requires that a proton and a hydrogen atom be transferred to the 
carboxylate group prior to dissociation.  These results strongly indicate that the CS form is an 
intermediate in the dissociation pathway for loss of H2O from these two complexes, even though 
it is not populated in the ground state. 
 Similar results were obtained for Arg•M+, where the ratio of H2O loss to NH3 loss 
changes as a function of metal cation size; H2O loss occurs exclusively for M = Li, whereas NH3 
loss but not H2O loss occurs for M = Rb and Cs.21, 22, 33  This change in dissociation pathway 
with increasing cation size follows the trend in SB stability, but for Arg•Na+, the SB form is 
more stable, despite the predominant loss of H2O observed in both collisional activation 
experiments and IRMPD spectroscopy experiments in both the 800–1900 cm−1 and 2600–3800 
cm−1 regions, indicating a CS form intermediate in both the collisional dissociation and IRMPD 
pathways. 
 Absorption of multiple photons is required to observe dissociation under the conditions of 
the experiments reported here, and precursor ions are irradiated by multiple macropulses from 
FELIX for 2–4 s.  Thus, ion heating and dissociation can occur either within a single macropulse 
or more slowly over several macropulses in these experiments.  An important question is the 
effect of slow heating on the observed IRMPD spectra, i.e., whether these spectra reflect the 
ground state structures of a thermal population of ions at the start of the experiment, or whether 
higher-energy structures populated upon laser heating contribute.  Because no absorption by the 
carboxylic acid carbonyl stretch is observed for SB structures of GlyArg•M+, M = Li and Na, 
despite loss of H2O, the higher energy CS intermediate does not contribute to the observed 
spectra.  Previous studies have shown that band positions and intensities in IRMPD spectra can 
be quite similar to IR absorption spectra.74  Although attendant uncertainties exist in comparing 
IRMPD spectra of a species with its linear IR absorption spectrum, the kinetic bottleneck in the 
IRMPD process is believed in most cases to be the absorption of the first few photons, so 
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IRMPD spectra should often reflect the absorption spectra of the precursor species.75  The 
IRMPD spectra of these dipeptide complexes support photon absorption from the ground state as 
being the rate-limiting step in dissociation and hence reflect the ground-state conformations.  
Less fidelity of the IRMPD spectrum to the absorption spectrum may potentially occur when 
minor rearrangement to transiently stable structures can occur early in the IRMPD process and 
shift vibrational modes significantly out of resonance with those of the ground state, as may be 
the case for the carboxylic acid carbonyl stretch of ArgGly•H+. 

 
2.3.3 Calculated Energies.  Because many different combinations are possible for the 

conformations of the peptide bond, N- and C-terminus, and arginine sidechain, the 
conformational space for the monocationized dipeptides is very large and contains many local 
minima.  Low-energy conformers with similar structures are grouped into structural families to 
simplify the identification of energetically competitive structure types that might contribute to 
the experimental spectra.  The lowest-energy CS and SB structure families for each dipeptide 
complex, along with relative Gibbs free energies at 0 and 298 K, are shown in Figure 2.3.  RG 
and GR designate ArgGly or GlyArg, respectively; M = H, Li, Na, K, or Cs; and CSn or SBn 
indicates “charge-solvated” or “salt bridge”, where n identifies the particular structural family.  
An asterisk indicates that the structure differs slightly from other structures with a similar 
alphanumeric designation. 

A plot of the difference in Gibbs free energy at 0 and 298 K between the lowest-energy 
calculated CS and SB structures for each complex, ∆GSB−CS (Table 2.2), as a function of metal 
ionic radius76 is shown in Figure 2.4.  The difference in ∆GSB−CS between ArgGly and GlyArg 
complexes of the same metal cation is greatest for lithium, where this value is ~20 kJ/mol, and is 
smallest for cesium (≤3 kJ/mol), indicating that relative stabilization of the SB form of these 
complexes over the CS form depends increasingly less on the order of the peptide residues with 
increasing metal ion size. 

The B3LYP/6-31+G(d,p) energies are consistent with the assignments of the complexes 
as CS or SB structures based on the IRMPD spectra.  For ArgGly•Na+, the lowest-energy CS 
structure is only 4 kJ/mol higher in Gibbs free energy at 298 K than the lowest-energy SB 
structure, so a significant proportion of CS structures would be expected in a Boltzmann 
population of ArgGly•Na+ ions at room temperature.   

 
2.3.4 Low-energy Calculated CS Structures.  The metal ion in the lowest-energy CS 

structures (CS1) for both dipeptides with Li, Na, and K is tri-coordinate to the peptide carbonyl 
oxygen, carboxylic acid carbonyl oxygen, and sidechain imine η-nitrogen.  In these structures, 
the C-terminal carboxylic acid is in its endo orientation, and the hydroxyl group does not 
participate in solvating the charge, as reported for potassiated PheAla and AlaPhe.51  In general, 
a C-terminal hydroxyl group in an exo conformation is approximately 25 kJ/mol higher in energy 
for these complexes, in agreement with calculations for other cationized amino acid and peptide 
complexes.19, 20, 51  The lone pair of the N-terminal nitrogen is oriented toward the amide NH 
group and participates in a weak hydrogen bond.  This metal ion binding motif is analogous to 
that calculated previously for lithiated arginine,22 except that coordination of the metal cation 
with the N-terminal nitrogen of arginine is substituted with coordination to the amide carbonyl of 
the dipeptide.  The steric constraints of the peptide backbone render simultaneous coordination to 
both of these groups unfavorable, thereby making tetracoordination of the metal cation, reported 
to be lowest-energy for singly hydrated metal monocationized arginine,23 unfavorable.  Charge-
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solvation by the amide carbonyl oxygen atom is more effective than solvation by amine groups 
and carboxylic acid carbonyl oxygens.27, 28, 51  Slightly different lowest-energy CS structures 
were found for ArgGly•Cs+ and GlyArg•Cs+; a discussion of these and the lowest-energy 
protonated structures can be found in Appendix A. 

 
2.3.5 Low-energy Calculated SB Structures.  All candidate SB structures identified for 

GlyArg•H+ underwent proton transfer to give formally neutral N- and C-termini upon geometry 
optimization.  In contrast, a stable SB structure, RGH-SB1, with a cis-amide bond was found for 
ArgGly•H+, but this structure is very high in energy (91 kJ/mol above RGH-CS1).  The lowest-
energy SB structures (SB2) for all of the alkali metal cationized peptides are remarkably similar 
to each other in how they coordinate to the metal cation, but the order of the peptide residues 
induces a geometric constraint that has important energetic consequences.  In the SB2 structures, 
the amide bond is in a trans conformation, and the metal ion is coordinated to the amide carbonyl 
oxygen and one carboxylate oxygen.  For ArgGly•M+, the angle subtended by the formal charge 
carriers (the metal cation, the carboxylate carbon, and the central carbon of the guanidinium 
group) increases with metal ion size from 100° for Li to 112° for Cs.  For GlyArg•M+, this angle 
is much larger and decreases with metal ion size from 173° for Li to 155° for Cs.  Because the 
calculated lowest-energy CS structures for alkali metal cationized ArgGly and GlyArg are 
similar, the greater relative stabilization of the lowest-energy SB structures for GlyArg versus 
ArgGly can be attributed primarily to the more favorable linear orientation of charge sites in the 
GlyArg SB complexes.  The decreased dependence of ∆GSB−CS on peptide residue order with 
increasing metal cation size (vide supra) follows the convergence of the charge-site angle as a 
function of metal cation size, further underlining the importance of charge-site geometry on the 
stability of SB forms of these complexes.  Further discussion of low-energy SB structures can be 
found in Appendix A. 

 
2.3.6 General Spectral Features.  Based on an analysis of the calculated spectra of the 

low-energy conformers identified for each complex, the spectral regions in which various group 
frequencies are expected to occur can be established (Figure 2.5).  It should be noted that the 
carboxylate asymmetric stretch, which couples strongly to protonated arginine sidechain NH 
bending modes between 1580 and 1640 cm−1 in these calculations, is not expected to be easily 
identifiable as a single peak.  Although SB or CS structures can be readily identified directly 
from the IRMPD spectra, comparisons between the measured spectra of these complexes and 
computed spectra provide more detailed structural information about the complexes.  For each of 
the protonated and alkali metal cationized complexes investigated, several low-energy structural 
families within 50 kJ/mol Gibbs free energy of the global minimum structure were identified.  
The most salient features in comparing experiment to theory are discussed below; all calculated 
structures, energies, and spectra are provided in Appendix A. 

 
2.3.7 GlyArg•H+ and ArgGly•H+.  Figure 2.6 shows the experimental spectrum of 

GlyArg•H+ along with three of the lowest-energy structures for this complex and their calculated 
spectra.  The global minimum-energy structure, GRH-CS4, is a good fit to the experimental 
spectrum.  Notably, the band predicted between 1300 and 1400 cm−1 corresponds well to the 
experimental band in the same region and is attributable primarily to a CH bending mode of the 
arginyl α-carbon (coupled to the carboxylic acid OH in-plane bend) and the CH2 wag of the 
glycyl residue.  The spectrum of structure GRH-CS6 is nearly identical to that of GRH-CS4, so 
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both structures may contribute to the measured IRMPD spectrum.  In contrast, the spectrum of 
structure GRH-CS7 has no band at ~1150 cm−1, and the charge-solvating carboxylic acid 
carbonyl stretch lies far to the red (1719 cm−1) of the experimental carboxylic acid carbonyl 
stretch at 1779 cm−1.  It is therefore unlikely that GRH-CS7 contributes significantly to the 
measured IRMPD spectrum. 

The calculated spectrum of the global minimum-energy structure RGH-CS1* for 
ArgGly•H+ fits the experimental spectrum quite well (Figure 2.6), differing primarily in the 
predicted intensity of the carboxylic acid carbonyl stretch.  Another low-energy structure, RGH-
CS6*, is similar to GRH-CS6, except that the sites on the arginine sidechain to which the N-
terminal nitrogen and amide carbonyl oxygen are hydrogen-bonded are reversed.  The calculated 
spectrum of this structure is also a reasonable spectroscopic fit to experiment, albeit not as good 
as that of RGH-CS1*.  A strong peak at ~1600 cm−1 due to N-terminal amine and η-NH2 
scissoring modes is predicted for this structure but clearly has no counterpart in the experimental 
spectrum.  A band at ~1020 cm−1 due to the ε-NH out-of-plane bend of the arginyl sidechain is 
predicted for RGH-CS6* but does not appear in the experimental spectrum, although the 
hydrogen atom in this group participates in a strong hydrogen bond to the N-terminus, so that the 
calculated band position may not be reliable.  Structures with an exo carboxylic acid hydroxyl 
group, such as RGH-CS7, are predicted to have hydroxyl in-plane bend modes far to the blue 
(>1250 cm−1) of the one observed in the experimental spectrum and do not represent a 
substantial fraction of the experimental ion population.  The calculated spectrum of RGH-SB1 is 
a very poor spectroscopic match to the experimental spectrum, and this structure likely does not 
contribute significantly to the measured IRMPD spectrum. 

 
2.3.8 GlyArg•M+.  The spectra of GlyArg•M+, M = Li, K, and Cs, are very similar to 

each other, although there are some subtle differences.  Spectra for the three lowest-energy SB 
structures and the lowest-energy CS structure for M = Li and Cs are shown in Figure 2.7.  Data 
for M = Na are very similar to those for Li (see Appendix A).  The three strong bands calculated 
for GRLi-CS1 at 1160 cm−1 (OH in-plane bend), 1214 cm−1 (imine η-NH in-plane bend), and 
1746 cm−1 (carboxylic acid CO stretch) are clearly absent in the experimental spectra, indicating 
that this structure does not contribute significantly to the IRMPD spectrum of GlyArg•Li+ (or 
GlyArg•Na+).  The lowest-energy cesiated CS conformer, GRCs-CS3, can also be eliminated 
based on the intense calculated carboxylic acid carbonyl (1734 cm−1) and OH in-plane bend 
(~1140 cm−1) that do not appear in the experimental spectrum. 

The calculated band positions for the spectrum of the lowest-energy lithiated SB 
structure, GRLi-SB2, are a close match to the experimental spectrum, although the calculated 
relative intensities are different from those observed.  In addition to the already identified trans-
amide NH in-plane bend at ~1540 cm−1 in the experimental spectrum, the calculated spectrum 
exhibits several dominant features close to major peaks in the experimental spectrum that aid in 
their identification.  A carboxylate symmetric stretch is calculated to appear at ~1390 cm−1, in 
good agreement with the experimental bands in this region, and two closely-spaced bands from 
the carboxylate asymmetric stretch coupled with η-NH2 scissoring motions calculated at ~1620 
and ~1630 cm−1 match well the experimental bands from 1610–1630 cm−1.  A strong amide 
carbonyl stretch at ~1655 cm−1 and a weaker ε-NH in-plane bend at ~1710 cm−1 are predicted for 
GRLi-SB2 and are in satisfactory agreement with the observed intensity between 1650 and 1700 
cm−1 that peaks near 1670 cm−1 for both complexes.  Thus, SB2 is likely the dominant structure 
contributing to the experimental spectra of GlyArg•Li+ and GlyArg•Na+. 
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Interestingly, the imine ε-NH in-plane bend is predicted to be a weak band above 1700 
cm−1 in the spectra of GRM-SB2, M = Li, Na, and Cs, whereas virtually no photodissociation 
occurs in this spectral region.  The strong, ionic hydrogen bond shared between this imine NH 
and the carboxylate group may result in significant anharmonicity in this mode, which is not 
accounted for by the double harmonic approximation used in these calculations.  A similar 
discrepancy is present for the spectra of structures GRM-SB4, which otherwise match 
experiment quite well and may contribute to the ion population.  It is possible that other 
structures not identified in the conformational search contribute to the experimental spectra.  The 
higher-energy SB structures GRM-SB5, in which a cis-amide group is present and the N-
terminal nitrogen coordinates the metal cation instead of the amide carbonyl, have no bands near 
~1540 cm−1, where a strong band is observed in the experimental spectra.   GRM-SB5 is 
therefore unlikely to form a significant portion of the experimental ion population for any of the 
metal cations studied. 

 
2.3.9 ArgGly•M+.  The experimental spectra of ArgGly•M+, M = Li, Na, K, and Cs, 

clearly indicate a change from a CS structure to a SB structure with increasing metal ion size.  
The spectrum of the lowest-energy structure of ArgGly•Li+, RGLi-CS1, is a good fit to the 
experimental spectrum (Figure 2.8).  The arginine α-CH bending mode at ~1315 cm−1 calculated 
for these structures is not observed as a distinct peak in the experimental spectra, but 
photodissociation does occur in this region.  In the sodiated complex, the carboxylic acid 
carbonyl stretch is red-shifted by 8 and 6 cm−1 in the measured and calculated CS1 structure, 
respectively.  Sharp bands are calculated near 1200 cm−1 and 1400 cm−1 for the symmetric and 
asymmetric coupling of the ε-NH and imine η-NH in-plane bending modes of the arginyl 
sidechain, and these correspond well in position and intensity to the experimental peaks in these 
regions for both ArgGly•Li+ and ArgGly•Na+.  Only one band is predicted in the 1150–1200 
cm−1 region for the similar RGLi-CS2 structure, and no peaks are predicted between 1550 and 
1600 cm−1, indicating that the CS2 structure does not contribute significantly to the measured 
spectra of ArgGly•Li+ and ArgGly•Na+.  The carbonyl stretch of the exo carboxylic acid group in 
structure RGLi-CS5 is calculated to appear at 1766 cm−1, much closer to the small peak at 1779 
cm−1 in the experimental spectrum than the predicted 1737 cm−1 peak for the CS1 structure.  
Thus, structures with an exo carboxylic acid group may be present. 

The spectrum of the lowest-energy SB structure calculated for ArgGly•Li+, RGLi-SB2, 
which is energetically competitive with the CS1 structure, contains bands corresponding to those 
in the experimental spectrum between 1350 and 1700 cm−1.  The relative peak intensities match 
better for the sodiated species (see Appendix A).  Thus, it is possible that a small population of 
SB2 could be present for ArgGly•Li+, and a larger population could be present for ArgGly•Na+. 

The match between the IRMPD spectra of ArgGly•K+ and ArgGly•Cs+ and calculated 
spectra of their lowest-energy SB structures (RGK-SB2 and RGCs-SB2) is much better than that 
for any of the SB structures of GlyArg•M+, and these spectra are an excellent fit to the 
corresponding IRMPD spectra (data for ArgGly•K+ shown in Figure 2.8).  The only other low-
energy structure family that matches well the experimental peaks at ~1375 cm−1, ~1530 cm−1, 
and 1550–1700 cm−1 for both complexes is SB5, which is structurally very similar to SB2 and 
may also contribute to the experimental spectra.  The calculated spectrum of the much higher-
energy SB structure RGCs-SB3 for ArgGly•Cs+ (see Appendix A), is a reasonable fit to 
experiment, although the relative intensity observed between 1550 and 1650 cm−1 in the IRMPD 
spectrum is predicted better by structures SB2 and SB5. 
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2.3.10 Effects of Gas-phase Proton Affinity and Basicity.  The basicity of an amino 
acid can influence the relative energies of its CS and SB forms, but this relationship for amino 
acids with sidechain heteroatoms can be indirect.16-23  To determine whether the intrinsic basicity 
of these two dipeptides is a factor in the relative stabilization of the SB form, the gas-phase 
proton affinities and basicities of these two dipeptides were calculated using several levels of 
theory (Table 2.3).  The lowest-energy forms of neutral ArgGly and GlyArg are nonzwitterionic 
in their ground state at 0 and 298 K (Figure 2.9).  The structure of GlyArg is similar to that of 
GlyArg•H+.  For ArgGly, two structures are essentially isoenergetic with the global minimum 
structure, including a zwitterionic structure that resembles the lowest-energy form RGH-CS1 of 
ArgGly•H+. 

The gas-phase proton affinity and basicity of ArgGly are consistently higher than those of 
GlyArg for all three levels of theory by >10 kJ/mol and 2–6 kJ/mol, respectively.  In contrast, 
experimental results for ValXxx and XxxVal, indicate that the gas-phase basicity is often slightly 
higher when the more basic residue is C-terminal.77  Results from the IRMPD spectroscopy 
experiments clearly indicate that alkali metal cationized GlyArg has a greater tendency to adopt a 
SB structure than does ArgGly.  Thus, the calculated proton affinity and basicity values are 
weakly anticorrelated to stabilization of the SB complexes.  This indicates that, instead of 
dipeptide basicity, the dominant factor in the greater stability of GlyArg•M+ SB complexes over 
those of ArgGly•M+ is the ability of the GlyArg•M+ SB complexes to adopt a more 
electrostatically favorable quasi-linear arrangement of formal charge sites than is possible for 
ArgGly•M+ SB complexes. 
 
2.4 Conclusions 
 

Results from IRMPD spectroscopy clearly show that the sequence of the dipeptides 
containing Arg and Gly is important in the relative stabilities of the CS and SB forms when 
cationized by an alkali metal ion.  ArgGly•Li+ forms a CS structure, whereas ArgGly•M+, M = K 
and Cs, and GlyArg•M+, M = Li, Na, and Cs, form SB structures.  For ArgGly•Na+, a roughly 
equal mixture of CS and SB structures is present.  Based on these results, GlyArg•M+, M = K 
and Rb, and ArgGly•Rb+ are expected to adopt SB structures.  By comparison to previous results 
for Arg•M+, GlyArg•M+ has a greater propensity to form SB structures, whereas that for 
ArgGly•M+ is slightly lower.  The difference in SB stabilities between these two dipeptides can 
be directly related to a conformational effect where GlyArg•M+ can adopt a more linear 
arrangement of formal charge sites in the SB form.  ArgGly is calculated to be slightly more 
basic than GlyArg, indicating that the intrinsic basicity of the peptide does not influence the 
stability of the SB form.  These results suggest that SB structures should be common in larger 
protonated and metal cationized peptides containing arginine, which are able to fold to form an 
optimal, quasi-linear arrangement of formal charge sites that favors the SB form.  Additional 
studies on larger arginine-containing peptides will be useful for determining the role of the amide 
carbonyl oxygen atoms in competitively stabilizing the CS form.  Results from computational 
chemistry of different structures show spectral regions where characteristic frequencies occur 
and should be useful for deducing structural information from the IRMPD spectra of much larger 
peptides where detailed comparisons to calculated spectra will be more difficult. 
 For several of the complexes that adopt SB structures, loss of a neutral water molecule is 
observed upon IRMPD.  Loss of a water molecule from these ions must come about from a 
rearrangement involving a CS intermediate.  The absence of a carboxylic acid carbonyl stretch in 
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these spectra clearly indicates that the CS intermediate does not contribute to the IRMPD 
spectra.  This shows that these spectra reflect the ground state structures of these ions despite the 
multiple photon absorption required to observe fragmentation.  These results also demonstrate 
that structural information about stable SB or CS structures inferred solely from observations of 
the loss of small neutral molecules can be misleading.
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Table 2.1.  Precursor and major product ion m/z ratios and ion identifications where 
possible.*   

 
Complex 
studied 

Product 
ion m/z 

Assignment 

   
ArgGly•H+  157 loss of glycine 
(m/z 232) 172 loss of 60 Da† 
 215 − NH3 
   
ArgGly•Li+ 178 loss of 60 Da†  
(m/z 238) 220 − H2O 
   
ArgGly•Na+ 179 loss of glycine 
(m/z 254) 194 loss of 60 Da† 
 236 − H2O 
   
ArgGly•K+  39/41 K+ 
(m/z 270)   
   
ArgGly•Cs+ 

(m/z 364) 
133 Cs+ 

Complex 
studied 

Product 
ion m/z 

Assignment 

   
GlyArg•H+  157 loss of glycine 
(m/z 232) 158 loss of 74 Da† 
 172 loss of 60 Da† 
 214 − H2O 
 215 − NH3 
   
GlyArg•Li+  178 loss of 60 Da† 
(m/z 238) 220 − H2O 
   
GlyArg•Na+ 194 loss of 60 Da† 
(m/z 254) 236 − H2O 
 
 

  

GlyArg•Cs+ 133 Cs+ 
(m/z 364)   

 
*Major product ions constitute at least 15% of the observed product ion population for a given 
complex.  †Fragmentation products corresponding to the loss of 60 and 74 Da have been reported 
in collisionally induced dissociation mass spectra for cationized GlyArg and ArgGly and are 
discussed elsewhere.78
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Table 2.2.  Gibbs free energy differences in kJ/mol between the lowest energy SB and 
CS forms of GlyArg•M+ and ArgGly•M+, M = H, Li, Na, K, and Cs, at 0 K / 298 K, obtained 
from B3LYP/6-31+G(d,p)/CRENBL calculations; positive ∆GSB−CS values indicate that the 
lowest-energy CS form is more stable than the lowest-energy SB form. 
 

M GlyArg•M+ ∆GSB−CS ArgGly•M+ ∆GSB−CS 
   

H --/--* +86 / +91 
Li −14 / −18 +6 / +5 
Na −22 / −22 −8 / −4 
K −28 / −32 −29 / −24 
Cs −37 / −37 −38 / −34 

 
*∆GSB−CS was not calculated for GlyArg•H+, because no stable low-energy SB structure was 
identified for this complex. 
 
 
 
 
 
 
 
 
 
 

Table 2.3.  Gas-phase proton affinities (PA298) and basicities (GB298) in kJ/mol at 298 K 
calculated for GlyArg and ArgGly; enthalpy and entropy corrections to the electronic energies 
were obtained from B3LYP/6-31+G(d,p) frequency calculations for all levels of theory. 
 

 Level of theory/basis set PA298 GB298 
    
GlyArg B3LYP/6-31+G(d,p) 1052 1029 
 B3LYP/6-311++G(2d,2p) 1049 1027 
 RI-LMP2/6-311++G(2d,2p)/ 

     aug-cc-PVTZ 
1037 1014 

    
ArgGly B3LYP/6-31+G(d,p) 1067 1036 
 B3LYP/6-311++G(2d,2p) 1066 1033 
 RI-LMP2/6-311++G(2d,2p)/ 

     aug-cc-PVTZ 
1047 1016 
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Figure 2.1.  IRMPD spectra of protonated and alkali metal cationized GlyArg and 
ArgGly.  The dotted trace in the spectrum of ArgGly•Cs+ is the relative IRMPD yield obtained 
with 3 dB attenuation of the laser. 
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Figure 2.2.  Deconvolution of the IRMPD spectrum of ArgGly•Na+ using a 40:60 ratio of 
the IRMPD spectra of ArgGly•Li+:ArgGly•K+, normalized to their highest IRMPD yield. 
 
 

 
 

Figure 2.3.  Low-energy structures and relative Gibbs free energies (kJ/mol) at 0/298 K 
for GlyArg•M+ and ArgGly•M+.  Stuctures for M = Na are shown except for GRM-CS4, RGM-
CS1*, and RGM-SB1, for which the protonated structure is shown, and GRM-CS3 and RGM-
SB3, for which M = Cs is shown. 
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Figure 2.4.  ∆GSB−CS for the lowest-energy SB and CS conformers of GlyArg•M+ and 
ArgGly•M+ at 0/298 K as a function of effective metal ionic radius.  ∆GSB−CS was not calculated 
for GlyArg•H+, because no stable low-energy SB structure was identified for this complex.  
Effective M+ ionic radii are from ref. 76. 
 
 
 
 
 
 

 
 

Figure 2.5.  Expected regions of IR absorption for various conformations of strongly IR-
active functional groups in GlyArg•M+ and ArgGly•M+ based on low-energy structures and 
frequencies calculated at the B3LYP/6-31+G(d,p)/CRENBL level of theory.  All frequencies 
have been scaled by 0.975, which provides a reasonable fit to experimental data for these and 
similar complexes. 
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Figure 2.6.  IRMPD spectra and low-energy structures and calculated spectra of 
GlyArg•H+ and ArgGly•H+.  Relative Gibbs free energies (kJ/mol) are reported at 0/298 K. 
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Figure 2.7.  IRMPD spectra and low-energy structures and calculated spectra of 
GlyArg•Li+ and GlyArg•Cs+.  Relative Gibbs free energies (kJ/mol) are reported at 0/298 K. 
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Figure 2.8.  IRMPD spectra and low-energy structures and calculated spectra of 
ArgGly•Li+ and ArgGly•K+.  Relative Gibbs free energies (kJ/mol) are reported at 0/298 K. 
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Figure 2.9.  Lowest-energy structures and relative Gibbs free energies (kJ/mol) at 0/298 
K calculated for GlyArg and ArgGly, using electronic energies calculated at the B3LYP and RI-
LMP2 levels of theory using the 6-31+G(d,p) (“small”) and 6-311++G(2d,2p) (“large”) basis 
sets.  aug-cc-PVTZ was the auxiliary basis for the RI-LMP2 calculations, and entropy and 
enthalpy corrections for all calculations were obtained from B3LYP/6-31+G(d,p) frequency 
calculations. 
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Chapter 3 
 

Structures of Protonated Dipeptides: 
The Role of Arginine in Stabilizing Salt Bridges 

 
This chapter is reproduced with permission from 

Prell, J.S.; O’Brien, J.T.; Steill, J.D.; Oomens, J.; Williams, E.R. 
“Structures of Protonated Dipeptides: The Role of Arginine in Stabilizing Salt Bridges” 

Journal of the American Chemical Society 2009, 131, 11442-11449 
© 2009 American Chemical Society 

 
3.1 Introduction 
 
 Ionic interactions play a central role in the chemistry of amino acids, peptides and 
proteins.  Amino acids are zwitterionic in aqueous solution and in peptides and proteins, basic 
and acidic residues can form salt bridges in which the protonated side chain of a basic residue 
interacts with a deprotonated side chain of an acidic residue.  Salt bridge formation can either 
stabilize or destabilize the folded structure of proteins1-6 and often occurs in protein-protein 
interfaces.7-10  While common in aqueous solution, salt bridges can also occur in the absence of 
solvent.  Although the naturally occurring amino acids are nonzwitterionic in isolation, 
attachment of a metal cation,11-33 an electron,34, 35 or water molecules36-38 can make the 
zwitterionic forms of some amino acids more stable.  Intramolecular salt bridges have also been 
implicated in the structures of gaseous peptides and proteins,39-42 as well as in their 
dissociation,42-46 and H/D exchange reactivity.47-49 

Because of the important role that salt bridges play in the reactivity and structures of 
peptides and proteins both in solution and in the gas phase, much effort has gone into 
investigating various factors that contribute to salt-bridge stability, including gas-phase basicity 
of the proton accepting site,15, 21, 24-27, 50-54 gas-phase acidity of the deprotonation site,29 molecular 
orientation,55 and charge solvation.25-33, 36, 55-57  Structural information about cationized amino 
acids has been inferred from various dissociation energy,18, 54, 58, 59 ion mobility,15, 21 and H/D 
exchange60 measurements.  Because arginine is the most basic amino acid, its propensity to form 
salt bridges is especially important to understand.  Attachment of an electron,34, 35 a larger metal 
cation (Na, K, or Cs, but not Li or Ag),11, 24, 25 divalent metal cations (Ba or Sr),28 other arginine 
molecules,61 or a protonated arginine cation41, 58 can result in the zwitterionic form of arginine 
being most stable.  Because zwitterions typically have large dipole moments, they can be 
stabilized by an electric field from a nearby charge.  The nonzwitterionic forms can also be 
stabilized in charge-solvated structures in which heteroatoms interact with and donate electron 
density to the nearby charge. 

Despite a significant and growing body of evidence that salt-bridge structures can be 
stable in complexes without any solvent, evidence for the role of stable salt bridges in the 
structures and reactivities of protonated peptides and proteins is indirect.  Salt-bridge 
intermediates have been proposed to explain backbone cleavages at acidic residues,46, 62 
intermolecular proton transfer,50, 51 and in the H/D exchange reactivity at acidic sites in peptides 
and proteins.47, 48  A stable salt-bridge structure for singly protonated bradykinin, a nonapeptide 
with arginine residues at each terminus, has been inferred based on blackbody infrared radiative 



 44

dissociation (BIRD),42 H/D exchange,49, 63, 64 ion mobility measurements,65 loss of small 
molecules in ultraviolet photodissociation experiments,66 and theory.41, 67  A stable salt-bridge 
structure for higher charge states of multiply protonated ubiquitin is indicated from BIRD 
measurements to explain facile and entropically favored cleavage of the backbone amide bond 
near acidic residues.62 

Because IRMPD spectroscopy has provided some of the most detailed information about 
salt-bridge formation in a variety of ionic clusters with attached cations,22-30, 36, 55, 56, 68-72 its use 
for investigating salt bridges in protonated peptides, for which only indirect evidence has been 
reported, appears to be particularly promising.  IRMPD spectroscopy using light generated by a 
free electron laser was used to study the protonated pentapeptide leucine enkephalin and its 
dissociation products to elucidate the role of mobile protons.73  Several small, singly protonated 
peptides have also been investigated with IRMPD spectroscopy74-78 and IR-UV double-
resonance spectroscopy.79-83  No evidence for zwitterionic or salt-bridge structures was found for 
any of these ions. 

Previous IRMPD results55 with ArgGly•M+ and GlyArg•M+, M = Li, Na, K, and Cs, 
indicate that the sequence of the amino acids in these two dipeptides is important for the relative 
stabilities of the salt-bridge structures.  The propensity of ArgGly•M+ to form a salt-bridge 
structure is lower than that of the corresponding Arg•M+, whereas that for GlyArg•M+ is greater.  
This was attributed to a more favorable linear orientation of formal charge sites in the salt-bridge 
form possible for the latter and not to differences in gas-phase basicity.  Here, we investigate the 
propensity of the protonated dipeptides XxxArg•H+, Xxx = Gly, Val, Pro, Lys, His, and Arg, to 
form salt-bridge structures where a favorable quasi-linear arrangement of formal charge sites is 
possible.  These results show that salt-bridge stability is related to the basicity of the N-terminal 
amino acid and provide unambiguous evidence that the most stable form of ArgArg•H+ is a salt-
bridge structure in which both arginine residues are protonated and the C-terminus is 
deprotonated.  This is the first direct evidence for a salt bridge in a protonated peptide and it is 
also the smallest protonated peptide for which a stable salt-bridge form has been reported.  These 
results strongly indicate that stable salt-bridges should be common in larger protonated peptides 
and proteins containing multiple arginine residues. 
 
3.2 Experimental 
 
 3.2.1 IRMPD Spectroscopy.  A 4.7 Tesla Fourier-transform ion cyclotron resonance 
mass spectrometer coupled with a free electron laser (FELIX), which produces tunable infrared 
radiation, was used to collect IRMPD spectra.  Detailed descriptions of the instrument84 and 
experimental methods85 can be found elsewhere.  60/40 water/methanol solutions containing 
XxxArg, Xxx = Val, Pro, Lys, His, or Arg (BaChem Distribution Services GmbH, Weil am 
Rhein, Germany; ProArg, LysArg, and ArgArg obtained as acetate salts), were prepared at a 2 
mM concentration.  Acetic acid (2.5 mM) was added to solutions used to generate protonated 
dipeptides.  Ions were introduced into the mass spectrometer using electrospray ionization at an 
infusion rate of 10–15 μL/min.  Precursor ions were isolated using stored waveform inverse 
Fourier transforms and subsequently irradiated for 3 s with tunable radiation from FELIX at a 
macropulse repetition rate of 5 Hz.  The same irradiation time was used over the full frequency 
range scanned for each IRMPD spectrum, and irradiation times were optimized to produce 
extensive, but not complete fragmentation of the precursor ion at the frequency of maximum 
absorption.  Fragmentation of ArgArg•H+ in the region ~1350–1700 cm−1 was very extensive, so 
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this spectrum was re-acquired with 5 dB attenuation of the laser power to reduce peak 
broadening in this region due to saturation effects. 
 
 3.2.2 Computations.  A detailed description of GlyArgH+ calculated structures, energies, 
and absorption spectra were reported previously.55  Low-energy structures for XxxArg•H+, Xxx 
= Val, Pro, Lys, His, Arg, were generated with Monte Carlo conformational searching using the 
MMFFs force field as implemented in Macromodel 9.1 (Schrödinger, Inc., Portland, OR) in 
combination with chemical intuition.  At least 30,000 structures were identified for the single 
charge site (SCS) and salt bridge (SB) forms of each of these protonated dipeptides.  The 
resulting low-energy structures were separated into families based on similarities in 
conformation.  Geometries of representative structures from these families were optimized at the 
B3LYP/6-31G* level of theory in Jaguar v. 7.5 (Schrödinger, Inc., Portland, OR).  All B3LYP/6-
31G* structures were then further optimized and harmonic oscillator vibrational frequencies and 
intensities calculated at the B3LYP/6-31+G(d,p) level of theory in Q-Chem v. 3.1.86  All 
B3LYP/6-31+G(d,p) structures were found to have all real vibrational frequencies, indicating 
that they are minima on the potential energy surface.  Zero-point and temperature corrections at 
298 K to electronic energies as well as entropies were calculated using unscaled vibrational 
frequencies, and Gibbs free energies at 298 K were obtained from these 298 K enthalpies and 
entropies.  All calculated spectra are plotted with frequencies scaled by 0.975 (a scaling factor 
found previously to give reasonable agreement with experimental spectra in similar systems26, 27, 

29, 30, 55, 57, 87), and peak shapes are approximated by convolution with a 30 cm−1 fwhm Lorentzian 
profile. 
 
3.3 Results and Discussion 

 
3.3.1 IRMPD Spectroscopy.  IRMPD of XxxArg•H+, Xxx = Gly,55 Val, Pro, Lys, His, 

and Arg results in the formation of a variety of product ions, and the major IRMPD product ions 
(>10% of the total observed product ion population) are listed in Table 3.1.  Loss of a water 
molecule was observed for all of the protonated dipeptides investigated and was the dominant 
product ion for Xxx = Pro, His, and Arg.  Major products for Xxx = Val were largely analogous 
to those previously reported for Xxx = Gly.55  Loss of the amino acid Xxx was observed for Xxx 
= Gly, Val, and Pro, and the y1 ion (formed by cleavage of the amide C-N bond) was a major 
product for Xxx = Val, Pro, Lys, and His.   

An IRMPD yield was determined from the precursor (Ip) intensity and the sum of the 
fragment ion intensities (If) after laser irradiation at each frequency: 

 
IRMPD yield = (∑ If) / (Ip + ∑ If) 

 
and this was normalized linearly with laser power to roughly account for the change in laser 
power as a function of photon energy. IRMPD spectra were obtained for XxxArg•H+, Xxx = 
Gly,55 Val, Pro, Lys, His, and Arg, and (YyyArg•H2)2+, Yyy = His and Arg, over the range 
~900–1850 cm−1, and these data are shown in Figures 3.1–3.3. 

The singly protonated dipeptides can adopt structures in which there is a single formal 
charge site (SCS) where protonation occurs, or they can adopt a salt-bridge structure (SB) in 
which the C-terminus is deprotonated and two basic sites are protonated.  These two structures 
are illustrated schematically below for ArgArg•H+ (Scheme 3.1): 
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Scheme 3.1. 
 

 
 
Because the arginine side chain is significantly more basic than other basic functional groups in 
all of the dipeptides investigated, protonation likely occurs on the arginine side chain in both the 
SCS and SB structures.  
  

3.3.2 IRMPD spectra of XxxArg•H+, Xxx = Gly, Val, Pro, and Lys.  The IRMPD 
spectra of XxxArg•H+, Xxx = Gly, Val, Pro, and Lys (Figure 3.1) are remarkably similar to each 
other over the region investigated (950–1800 cm−1).   Each spectrum has intense bands centered 
around 1150 and 1780 cm−1, which are attributed to the hydroxyl in-plane bend and carbonyl 
stretch of an endo carboxylic acid group, respectively, based on previous results for other 
protonated and cationized amino acids24, 26, 29, 30, 57 and dipeptides.55, 87  These two bands 
unambiguously show that these four protonated dipeptides adopt SCS structures. 

The most intense feature in these spectra occurs from 1600–1700 cm−1, a region 
associated with arginine side chain NH bends, a trans amide carbonyl, and amine group NH 
bends, all of which can be strong IR chromophores.22, 26, 27, 29, 55, 87, 88  Because of the spectral 
congestion, assigning contributions of individual modes to this broad band is challenging.  
Strong photodissociation also occurs around 1530 cm−1 and is assigned to the in-plane NH bend 
of a trans amide group.  A weaker feature between 1300 and 1400 cm−1 previously attributed55 to 
α-CH bending modes for GlyArg•H+ is observed for each of these dipeptides. 
 The IRMPD spectra of XxxArg•H+, Xxx = Gly, Val, Pro, and Lys, are nearly the same 
even though the C-terminal amino acids in these ions have significantly different structures.  
Because the spectral resolution obtained is insufficient to distinguish these ions, a detailed 
structural analysis of the conformation of the Xxx side chains based on these IRMPD spectra is 
not highly informative.  There are, however, some minor differences between these spectra.  
Notably, the relative intensities of the in-plane hydroxyl bend (~1150 cm−1) and the carboxylic 
acid carbonyl stretch (~1780 cm−1) differ.  This variation is especially surprising between 
GlyArg•H+ and ValArg•H+, because these two protonated dipeptides differ only by an aliphatic 
side chain, which is unlikely to couple strongly to carboxylic acid vibrational modes.  The ~1150 
cm−1 band is also blue-shifted by ~15 cm−1 for LysArg•H+ relative to that in XxxArg•H+, Xxx = 
Gly, Val, and Pro, but the carboxylic acid carbonyl group does not blue-shift, suggesting that the 
geometry or chemical environment of the carboxylic acid group in LysArg•H+ is slightly 
different from that of the other three protonated peptides. A band at ~1600 cm−1 corresponding to 
lysine side chain NH bending modes, as observed for Lys•H+ and protonated ε-N-methyllysine,26 
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is not present as a distinct feature in the spectrum of LysArg•H+ and is likely buried beneath the 
very intense feature from 1600–1700 cm−1 (vide supra).  Although an intense, sharp feature at 
1656 cm−1 corresponding to the NH2 scissoring mode has been reported for the SB form of 
sodiated proline22 (although not for potassiated proline,68 which has a similar structure), no 
sharp, resolved features attributable to the proline ring NH bending modes are observed from 
1600–1700 cm−1 for ProArg•H+. 
  

3.3.3 IRMPD Spectra of HisArg•H+ and (HisArg•H2)2+.  As is the case for Gly, Val, 
Pro and Lys C-terminal to Arg, the intense endo carboxylic acid carbonyl stretch (1788 cm−1) 
and in-plane hydroxyl bend (~1150 cm−1) in the IRMPD spectrum of HisArg•H+ clearly indicate 
that this protonated dipeptide adopts a SCS structure.  A strikingly sharp feature at 1080 cm−1 is 
too low in frequency to be the hydroxyl in-plane bend of a second conformer.  This region of the 
infrared spectrum of condensed-phase imidazole,89 an analog for the histidine side chain, 
contains bands due to CN stretches and in-plane CH and NH bends.  This similarity and the 
narrowness of the 1080 cm−1 band suggest that it arises from a histidine side chain bending or 
stretching mode, which is much less “floppy” than those in the side chains of the other dipeptides 
due to the rigid, planar structure of the aromatic ring. 

Further support for the assignment of the 1080 cm−1 band as a signature of the histidine 
side chain comes in comparing this spectrum to the IRMPD spectrum of (HisArg•H2)2+ (Figure 
3.2), where this band is substantially weaker.  Because 5-methylimidazole, a model of the 
histidine side chain, has a substantially higher gas-phase basicity (~920 kJ/mol) than glycine 
(848 kJ/mol),90 it is very likely that the histidine side chain of (HisArg•H2)2+ is protonated, which 
should alter the frequencies and intensities of the histidine side chain CN stretches and in-plane 
CH and NH bends from those of neutral histidine side chain.  The carboxylic acid carbonyl 
stretch is red-shifted in this spectrum to 1746 cm−1, likely due to hydrogen bonding to one of the 
protonated side chains.  This is consistent with the electrostatic repulsion between the protonated 
arginine and histidine side chains, which should make interaction of either side chain with the 
carboxylic acid carbonyl oxygen more favorable than direct interaction between the two side 
chains. 

 
3.3.4 IRMPD Spectra of ArgArg•H+ and (ArgArg•H2)2+.  In striking contrast to the 

other singly protonated dipeptides, there are no bands corresponding to a carboxylic acid 
carbonyl stretch or in-plane hydroxyl bend in the spectrum of ArgArg•H+ (Figure 3.1). A band at 
1553 cm−1 in the spectrum of ArgArg•H+ is not present in the spectra of the other singly 
protonated peptides investigated.  Photodissociation in this region is consistent with a 
carboxylate asymmetric stretch.24, 26, 30, 55  These results strongly indicate that ArgArg•H+ adopts 
a SB structure in which both arginine side chains are protonated and the C-terminus is 
deprotonated. 

The assignment of a SB structure for ArgArg•H+ is supported by comparison to the 
IRMPD spectrum of (ArgArg•H2)2+.  In contrast to ArgArg•H+, the presence of a carboxylic acid 
carbonyl stretch band at ~1740 cm−1 and an intense in-plane hydroxyl bend at ~1150 cm−1 in the 
spectrum of (ArgArg•H2)2+ (Figure 3.3), as well as the absence of the band at 1553 cm−1 in the 
spectrum (ArgArg•H2)2+, indicate that the C-terminus is not deprotonated in the doubly 
protonated peptide.  Because the guanidino group of arginine is substantially more basic (>90 
kJ/mol) than glycine, a model system for protonation of the N-terminus, both side chains of 
(ArgArg•H2)2+ are likely to be protonated, as in the SB form of ArgArg•H+.  The significant 
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differences in the relative intensities of the two features between 1600 and 1700 cm−1 in the 
IRMPD spectra of ArgArg•H+ and (ArgArg•H2)2+ may be due to a difference in hydrogen-
bonding structure between the arginine side chains and the C-terminal oxygen atom in these two 
ions. 

 
3.3.5 Neutral Water Molecule Loss.  One of the major fragmentation pathways for all 

the protonated dipeptides upon IRMPD is the loss of a neutral water molecule (Table 3.1).  This 
is the dominant fragmentation pathway observed for ArgArg•H+ (~45%), despite the clear 
indication from the IRMPD spectra that ArgArg•H+ adopts a SB structure.  For the loss of a 
neutral water molecule from a SB structure to occur, a proton and a hydrogen atom must be 
transferred to the carboxylate group.  Thus, a SCS structure must be an intermediate in this 
fragmentation pathway.  The absence of a carboxylic acid carbonyl stretch in the spectrum of 
ArgArg•H+ indicates that this intermediate structure is not reflected in the IRMPD spectrum, i.e., 
the IRMPD spectrum must more closely resemble the absorption spectrum of the ground state 
SB structure.  These results are consistent with previous IRMPD spectroscopy experiments on 
alkali metal cationized ArgGly and GlyArg, for which SB structures were found to dissociate by 
loss of a water molecule as a major fragmentation pathway as well.55  Loss of water has also 
been observed for lithiated azetidine-2-carboxylic acid (a proline analog) even though binding 
energy measurements and theory indicate a zwitterionic structure.59  These results provide 
further evidence that the loss of small neutral molecules upon ion activation, which has been 
used to infer structural information,11, 66, 91 is not a reliable indicator of the presence of salt 
bridges. 

 
3.3.6 Calculated SCS and SB structures.  Lowest-energy B3LYP/6-31+G(d,p) 

structures of the SCS and SB forms of XxxArg•H+, Xxx = Val, Pro, Lys, His, and Arg, are 
shown in Figure 3.4.  The conformational space for each of the protonated dipeptides 
investigated is very large, so it is possible that there are even lower-energy conformers that were 
not identified in this search.  The only candidate SB structure for GlyArg•H+ identified at the 
B3LYP/6-31G* level of theory minimized to a SCS structure at the B3LYP/6-31+G(d,p) level of 
theory.  In the lowest-energy SCS structures for each of these protonated dipeptides, solvation of 
the protonated arginine side chain by the amide carbonyl oxygen occurs.  An endo conformation 
of the carboxylic acid is most stable for the SCS structure for all but HisArg•H+, for which the 
lowest-energy exo structure (Figure 3.3) is calculated to be 19 kJ/mol more stable than the 
lowest-energy endo conformation.  Stability is gained for this exo SCS structure of HisArg•H+ by 
the donation of a hydrogen bond from the hydroxyl group to the histidine side chain and from the 
arginine side chain to the hydroxyl oxygen.  Such an exo structure is less favorable for 
LysArg•H+ and ArgArg•H+ likely due to their longer side chains, which create less strain than 
the shorter histidine side chain when interacting directly with the charge site. 

The lowest-energy SB structures calculated for these ions also share some common 
features.  Each of the two protonation sites in these SB structures interacts primarily with one 
carboxylate oxygen to form a quasi-linear arrangement of formal charge sites.  The only 
exception is LysArg•H+, for which the protonated lysine side chain donates a second ionic 
hydrogen bond to the amide carbonyl oxygen, resulting in a somewhat less linear arrangement of 
formal charge sites.  Solvation of positive charge by an amide carbonyl oxygen, which is present 
for metal cationized glutamine27 and dipeptides55, 87 as well as all of the lowest-energy SCS 
forms of the singly protonated dipeptides investigated here, occurs only for the lowest-energy SB 
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structure of LysArg•H+.  In each of these SB structure, interaction of the Xxx protonation site 
with the carboxylate group induces ring strain.  Unlike Pro and His, in which the protonation 
sites are comparatively much closer to the carboxylate group, the longer, floppier Lys side chain 
can accommodate the additional ring strain induced upon charge solvation by the amide carbonyl 
oxygen. 

 
3.3.7 Comparison to Calculated Spectra.  A detailed analysis of GlyArg•H+ comparing 

its experimental IRPD spectrum and calculated IR absorption spectra was reported elsewhere.55  
Figure 3.5 shows the experimental spectra of ProArg•H+ and LysArg•H+ along with the IR 
absorption spectra calculated for the lowest-energy SCS and SB structures discussed above, as 
well as a second low-energy single-charge-site structure (SCS*).  The experimental spectra of 
both of these dipeptides are remarkably similar to each other and to that of GlyArg•H+, 
indicating that the extent of structural information that can be gained by detailed comparisons to 
calculated spectra is limited.  The calculated spectrum of the SCS structure for ProArg•H+ is 
consistent with all of the major features in the experimental spectrum, indicating that this or 
similar structures are likely dominant in the experimental ion population.  The SCS* structure for 
ProArg•H+ differs from the lowest-energy SCS structure in that the carboxylic acid carbonyl 
oxygen is hydrogen-bonded to the Arg side chain and the hydroxyl hydrogen is hydrogen-
bonded to the amide oxygen.  These two structural differences are reflected in the calculated 
spectra, where the carboxylic acid carbonyl stretch is substantially red-shifted from that of the 
SCS structure and the in-plane hydroxyl bend is considerably weaker.  This suggests that 
structures with hydrogen-bonded carboxylic acid oxygen atoms do not contribute substantially to 
the ion population.  The calculated spectrum of the SB structure for ProArg•H+ is clearly a poor 
match to experiment, having no band from 1750–1800 cm−1 nor any strong features from 1100–
1150 cm−1. 

For LysArg•H+, the SCS* structure differs from the SCS structure (Figure 3.5) in that 
different Arg side chain NH groups are coordinated to the amide oxygen and Lys side chain 
nitrogen atom.  This structure is calculated to be slightly higher in energy (by 1.8 kJ/mol) than 
the SB structure described above, but this energy difference is likely within the uncertainy of the 
calculations.  Although some minor differences in the spectra of these two structures are 
calculated, both the SCS and SCS* structures are consistent with the experimental spectrum.  
Thus, substantial populations of both structures, or other similar structures, may be present in the 
experimental ion population.  The SB structure for LysArg•H+ can clearly be eliminated based 
on the absence of calculated absorption features for these structures from 1750–1800 cm−1 and 
1100–1150 cm−1. 

Figure 3.6 shows the experimental spectrum of ArgArg•H+ along with the calculated 
lowest-energy SCS and SB structures (described above), as well as a somewhat higher-energy 
salt-bridge structure (SB*) and its calculated spectrum.  The SCS structure can be eliminated as a 
major component of the experimental ion population based on the predicted carboxylic acid 
carbonyl stretch feature at ~1780 cm−1, which is clearly absent in the experimental spectrum.  
The calculated spectra of both the SB and SB* structures are consistent with the experimental 
spectrum.  Both of these structures, as well as other similar structures, therefore likely contribute 
to the ion population. 

These comparisons illustrate that the lowest-energy structures calculated for these 
protonated dipeptides are consistent with experiment and with structural assignments based on 
previous results for amino acids and peptides.  In particular, the calculated spectra clearly show 



 50

differences between SCS and SB structures and between different conformations of carboxylic 
acid groups, which can aid in the assignment of experimental spectra.  Although other spectral 
differences due to alternative side chain conformations are calculated for these ions, the 
experimental spectra can be consistent with several different structures, so that more detailed 
structural assignment based on these data alone is difficult. 

 
3.3.8 Effects of Gas-Phase Basicity.  The differences in Gibbs free energy at 298 K 

between the SCS and SB forms of XxxArg•H+, Xxx = Val, Pro, Lys, His, and Arg, as a function 
of the basicity differences between the N-terminal amino acid are shown in Figure 3.7.  Only for 
ArgArg•H+ is the SB form calculated to be more stable, although the difference in energy for the 
SCS and SB forms of LysArg•H+ is only 1.4 (3.6) kJ/mol at 0 (298) K.  The computational 
results are in good agreement with the experimental results which show that only ArgArg•H+ 
adopts a SB structure.  This is consistent with calculations that predict a ground state SB 
structure for a related ion, protonated arginine with a guanidino group in place of an N-terminal 
amine group.52  There is a general trend between the stability of the SB form and the basicity of 
the N-terminal amino acid although this relationship is clearly not direct.  The apparently 
unusual relative stability of the SB form of LysArg•H+ compared to that of ProArg•H+ and 
HisArg•H+ may be attributable in part to solvation of the Lys side chain protonation site by the 
amide carbonyl oxygen, which does not occur for ProArg•H+ and HisArg•H+ likely due to their 
shorter side chains (vide supra). 

The lowest-energy SB forms for XxxArg•H+, Xxx = Val, Pro, His, and Arg all have a 
nearly linear arrangement of formal charge sites.  Previous results with GlyArg•M+ and 
ArgGly•M+, M = H, Li, Na, K, and Cs, showed that GlyArg•M+ has a greater propensity to form 
stable SB structures despite the fact that these two peptides have essentially identical gas-phase 
basicities, a result attributed to a more linear orientation of formal charge sites possible in the SB 
form of GlyArg•M+.55  Because a C-terminal arginine makes possible a quasi-linear formal 
charge site geometry in the SB structure of all these dipeptides, the change in the relative 
stability of the SB and SCS structures is most directly related to the gas-phase basicity of the N-
terminal residue. 
 
3.4 Conclusions 
  

The role of the N-terminal amino acid in stabilizing the salt-bridge form of protonated 
dipeptides, XxxArg•H+, Xxx = Gly,55 Val, Pro, Lys, His, and Arg, was investigated with IRMPD 
spectroscopy and hybrid density functional theory.  The spectra for Xxx = Gly, Val, Pro, Lys and 
His clearly indicate that these ions form structures in which protonation occurs at a single site.  
The spectra for Xxx = Gly, Val, Pro, and Lys differ only slightly, but a signature peak due to a 
neutral histidine side chain was identified for HisArg•H+ at 1080 cm−1 and confirmed by 
comparison to the spectrum of (HisArg•H2)2+.  In contrast to the sharp NH2 scissoring mode 
reported for the protonated pyrrolidine ring in sodiated proline22 (which is not observed for 
potassiated proline despite its nearly identical structure68), this intense, unusually narrow feature 
due to the histidine side chain occurs in a less congested region of the spectrum and may prove 
useful in the analysis of IRMPD spectra of other histidine-containing peptides. 

In striking contrast, the IRMPD spectrum of ArgArg•H+ clearly indicates that this ion 
adopts a salt-bridge structure in which two basic sites are protonated and the C-terminus is 
deprotonated, a result that is in agreement with theory.  There is a general trend in increasing 
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stability of the SB form with increasing gas-phase basicity of the N-terminal amino acid although 
this trend is not direct.  Calculations indicate that the dipeptides with histidine and lysine 
residues are not sufficiently basic to stabilize the SB form preferentially, in agreement with the 
experimental data.  These results are the first direct experimental evidence for a stable salt-bridge 
structure in a protonated peptide, and ArgArg•H+ is the smallest peptide for which a salt bridge 
has been reported.  These results indicate that salt-bridge structures should be common in larger 
protonated peptides that have at least two arginine residues and a carboxylic acid group.  Such 
structures may also be common for larger peptides containing just a single arginine residue and a 
basic residue, such as Lys or His, where significant charge solvation of the formal charge sites 
can occur.  Investigation of larger peptides should provide useful information about the role of 
salt-bridges in the structures and reactivity of gas-phase ions as well as the role of intramolecular 
solvation in salt-bridge stability that may provide useful insights into the stability of salt-bridges 
in the interior of proteins and at protein-protein interfaces in solution. 
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Table 3.1.  Precursor and Major Product Ions† from IRMPD Spectroscopy. 
 

Complex 
studied 

Product 
ion m/z 

Assignment 

   
GlyArg•H+ 
(m/z 232) 

   157 Loss of 
glycine 

    158 Loss of 
glycinamide 

    172 Loss of 60 Da 
    214 − H2O 
    215 − NH3 
   
ValArg•H+     157 Loss of valine 
(m/z 274)    158 Loss of 

valinamide 
    175 y1 
    256 − H2O 
    257 − NH3 
   
ProArg•H+    70 C4H8N+ 
(m/z 272)    157 Loss of 

proline 
    175 y1 
    254* − H2O 
 

† Major products are defined as those that constitute at least 10% of the observed product ion 
population for a given complex. 
* Indicates product ions that form at least 40% of the observed product ion population. 

Complex 
studied 

Product 
ion m/z 

Assignment 

   
LysArg•H+    175* y1 
(m/z 303)    273 − CH2O 
    285 − H2O 
   
HisArg•H+    175 y1 
(m/z 312)    294* − H2O 
   
ArgArg•H+ 

(m/z 331) 
   253 Loss of 60 Da 

and H2O 
    271 Loss of 60 Da 
    313* − H2O 
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Figure 3.1.  IRMPD spectra of protonated peptides at 298 K. 
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Figure 3.2.  IRMPD spectra of singly and doubly protonated HisArg at 298 K. 
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Figure 3.3.  IRMPD spectra of singly and doubly protonated ArgArg at 298 K. 
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Figure 3.4.  Lowest-energy B3LYP/6-31+G(d,p) single charge site (SCS) and salt-bridge 
(SB) structures at 298 K for singly protonated dipeptides.  No stable SB form was identified at 
this level of theory for GlyArg•H+. 
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Figure 3.5.  IRMPD spectra and calculated low-energy structures and spectra of ProArg•H+ and 
LysArg•H+, with relative 298 K Gibbs free energies (kJ/mol) calculated at the B3LYP/6-
31+G(d,p) level of theory. 
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Figure 3.6.  IRMPD spectra and calculated low-energy structures and spectra of 
ArgArg•H+, with relative 298 K Gibbs free energies (kJ/mol) calculated at the B3LYP/6-
31+G(d,p) level of theory. 
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Figure 3.7.  Differences in Gibbs free energy at 298 K (kJ/mol) between the lowest-
energy salt-bridge (SB) and single charge site (SCS) forms of singly protonated dipeptides 
XxxArg•H+ as a function of the gas-phase basicity of the amino acid Xxx relative to that of Val.  
Positive values of ∆GSB−SCS correspond to a SCS ground state, and positive values of ∆GBXxx−Val 
correspond to Xxx being more basic than Val. 
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Chapter 4 
 

Coordination of Trivalent Metal Cations to Peptides: 
Results from IRMPD Spectroscopy and Theory 

 
This chapter is reproduced with permission from 

Prell, J.S.; Flick, T.G.; Oomens, J.; Berden, G.; Williams E.R. 
“Coordination of Trivalent Metal Cations to Peptides: Results from IRMPD Spectroscopy and Theory“ 

Journal of Physical Chemistry A 2009, 114, 854-860 
© 2009 American Chemical Society 

 
4.1 Introduction 
 
 Many metal cations interact with a wide range of biomolecules and play important roles 
in a variety of biological processes.  Coordination of metal cations with biomolecules can be 
highly specific, such as in potassium ion channels lined with carbonyl oxygen atoms spaced so as 
to solvate potassium much more efficiently than sodium, resulting in a dramatic selectivity for 
potassium conduction.1  Planar arrangements of carbonyl oxygen atoms from partially unwound 
helices have been identified as part of a key motif in Ca2+ binding sites in some calcium pump-
ATPases.2 

The coordination of trivalent lanthanide metal cations to peptides and proteins is 
beginning to receive attention, as both the toxicity and potential therapeutic uses of these cations 
are being investigated.3  Trivalent lanthanide metal cations can interfere with Ca2+ activity in 
vivo, blocking Ca2+-channels and disrupting Ca2+-dependent enzymatic function.3  X-ray 
crystallography structures of proteins in which La3+ substitutes for Ca2+ indicate coordination of 
La3+ by an average of 7.2 carbonyl oxygen atoms, whereas Ca2+ is typically 6-coordinate, and 
La3+ appears to have a greater tendency to form bidentate interactions with carboxylate groups 
than does Ca2+.4  

Despite the growing body of research concerning interactions of trivalent lanthanide 
cations with biomolecules,3-13 detailed information about the coordination motifs of these ions 
and their preference for different functional groups is limited.  Because electron-rich 
heteroatoms, such as nitrogen and oxygen, and aromatic groups can solvate charge, the structure 
of an ion-biomolecule complex and the mode of charge stabilization can be very sensitive to the 
identity of the charge carrier and biomolecule.  Infrared multiple photon dissociation (IRMPD) 
spectroscopy is a powerful tool for investigating the structures of both isolated and hydrated ion-
biomolecule complexes in the gas phase.14  Using this technique, the relative stabilities of salt-
bridge and charge-solvated structures of metal cationized or protonated amino acids and small 
peptides as a function of gas-phase basicity15-21 and acidity,22 peptide sequence,19, 23 hydration 
state,24 and metal ion size or charge state15-19, 23-34 have been studied for a variety of complexes. 

The frequencies of vibrational modes for certain functional groups bound to metal cations 
often shift in a predictable manner due to the change in electron density and geometry of the 
functional group resulting from this interaction, and these frequency shifts can often be used to 
determine the binding motif of the metal cation.  Carbonyl stretch frequencies are especially 
sensitive to metal cation binding or hydrogen bonding.16-19, 22, 26-30, 33, 35  In complexes of di- and 
tripeptides with monovalent alkali and divalent alkaline earth metal cations, the amide carbonyl 
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oxygen and carboxylate oxygen atoms (in salt-bridge structures) often interact strongly with the 
metal cation, which can result in substantial frequency shifts for carbonyl stretch modes that 
correlate with metal ion charge state and size.19, 23 

For larger protonated and alkali metal or alkaline earth metal cationized peptides, on 
which only a few IRMPD spectroscopy studies in the carbonyl stretch region have been 
published,23, 31, 36-43 the amide carbonyl stretch region can become congested as the length of the 
peptide increases, making detailed interpretation of this region much more difficult.  In solution, 
nearby amide carbonyl groups in peptides and proteins can couple together via through-bond and 
through-space interactions to yield carbonyl stretch vibrational signatures that can sometimes be 
used to identify secondary structures, such as helices, sheets, and turns.44-47  Distinct bands 
associated with these vibrational signatures have yet to be reported for IRMPD spectra of 
cationized peptide complexes, although evidence for helical structures has been reported for 
protonated peptides based on IR-UV double resonance spectra in the hydrogen-stretch region.48-

50 
We report here the IRMPD spectra of divalent lanthanide metal-peptide complexes 

(La•Alan − H)2+, n = 2–5, (Ho•Ala5 − H)2+, and (M•Tyr-Gly-Gly-Phe-Leu − H)2+, M = La and 
Eu, in the spectral region 900–1850 cm−1.  With the aid of hybrid density functional theory, 
metal cation coordination as a function of peptide length and metal cation size is investigated, as 
well as the role of aromatic side chains in coordinating trivalent metal cations. 
 
4.2 Experimental 
 
 4.2.1 IRMPD spectroscopy.  IRMPD spectra were acquired using a 4.7 Tesla Fourier-
transform ion cyclotron resonance mass spectrometer coupled with a free electron laser (FELIX) 
that produces tunable infrared radiation.  The instrument51 and experimental methods52 are 
discussed in detail elsewhere.  Ions were produced by electrospray ionization from 
water/methanol solutions of Alan, n = 2–5, or Leu-enk (Tyr-Gly-Gly-Phe-Leu), and LaCl3, 
Ho(acetate)3, or EuCl3 in the concentrations listed in Table 4.1.  A solution infusion rate of 15 
μL/min was used.  All chemicals were obtained from Sigma-Aldrich, Steinheim, Germany, 
except Ala4, which was synthesized at the University of Nijmegen.  Stored waveform inverse 
Fourier transforms were used to isolate precursor ions, which were then irradiated for 4.5 s with 
tunable radiation from FELIX at a macropulse repetition rate of 5 Hz to produce extensive, but 
not complete, fragmentation of the precursor. 
 
 4.2.2 Computations.  The La3+ ion is not implemented in available Monte Carlo 
molecular mechanics software, thus low-energy structures of (La•Alan − H)2+ were generated 
using the MMFFs force field as implemented in Macromodel 9.6 (Schrödinger, Inc., Portland, 
OR, USA) and chemical intuition by first modeling (Ca•Alan − H)1+.  At least 10,000 structures 
were identified for each complex.  Low-energy conformers were then divided into families with 
similar structures, and representative structures from each family were prepared for quantum 
mechanical geometry optimization in QChem v. 3.153 by direct substitution of La3+ for Ca2+.  
Geometries of the resulting (La•Alan − H)2+ structures were optimized with singlet electronic 
states at the B3LYP/6-31G* level of theory, using the CRENBL basis set and effective core 
potential for La.  B3LYP/6-31G*/CRENBL structures for (La•Tyr-Gly-Gly-Phe-Leu − H)2+ were 
obtained in an analogous method.  Further geometry optimization of (La•Alan − H)2+ structures 
was undertaken at the B3LYP/6-31+G(d,p)/CRENBL level of theory. 
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Each of the resulting (La•Alan − H)2+ structures was found to have all real harmonic 
vibrational frequencies at this level of theory, indicating that they are local minima on the 
potential energy surface.  Zero-point and 298 K enthalpies and entropies were calculated using 
unscaled harmonic vibrational frequencies, and 298 K Gibbs free energies were calculated using 
these enthalpies and entropies.  Calculated infrared absorption spectra are plotted with 
frequencies scaled by 0.975, a scaling factor found to give reasonable agreement with 
experiment at this level of theory in many other studies,16, 17, 19, 20, 22, 26, 31, 35, 54 and intensities are 
convolved with a 10 cm−1 Lorentzian profile to approximate experimental peak shapes. 
 
4.3 Results and Discussion 
 
 4.3.1 IRMPD Spectra of (La•Alan − H)2+, n = 2–5.  For the La3+-polyalanine complexes 
investigated, (La•Alan − H)2+ were the only metal-peptide ions observed in the electrospray 
ionization mass spectra.  Formation of triply-charged complexes of lanthanum with arginine-
containing peptides of this size has been reported, where these ions are deprotonated at an acidic 
site and protonated at a basic site.55  However, other studies suggest that as many as ~21 residues 
may be necessary to form triply-charged lanthanum-peptide complexes in the absence of 
arginine.56  Displacement of a proton from a functional group other than a carboxylic acid has 
been reported by Pu et al. for singly-charged Cr3+-peptide complexes, though these authors 
conclude that deprotonation of the C-terminus is substantially more favorable.57  It is therefore 
very likely that the C-terminus is deprotonated in these (La•Alan − H)2+ complexes and that the 
trivalent metal cation interacts directly with the carboxylate group. 

An IRMPD yield for each precursor was calculated from the intensities of the precursor 
(Iprec) and product (Iprod) ions measured after laser-induced fragmentation, corrected for the 
frequency-dependent laser power P(ω): 

 
IRMPD yield (ω) = (P(ω)) −1 (Σ Iprod) / (Iprec + Σ Iprod) 

 
This IRMPD yield is plotted as a function of the laser frequency (ω) and normalized to the 
intensity of the most intense peak in order to obtain IRMPD spectra of the precursor species, 
which are shown in Figure 4.1.  Due to the difficulty in forming (La•Ala2 − H)2+ and the limited 
FELIX time available, only a partial IRMPD spectrum of this ion was obtained.  The bands in 
these spectra are considerably narrower than those reported for alkali metal and alkaline earth 
metal cationized polyalanine peptides.23, 36 
 Many of the bands in these IRMPD spectra can be assigned by comparison to condensed-
phase IR spectra of polyalanine peptides as well as to IRMPD spectra of protonated or metallated 
Ala-containing peptides.  In the region below 1500 cm−1, a number of features are common to 
these spectra, suggesting that the functional groups contributing to these features are relatively 
insensitive to chemical environment, or that their chemical environment changes little with the 
increasing length of the peptide.  The sharp bands at ~1455 cm−1 in the spectra of (La•Alan − 
H)2+, n = 3–5, and the photodissociation observed there for (La•Ala2 − H)2+ are consistent with 
Ala side chain methyl CH bending modes, as observed in condensed-phase spectra of Ala-
containing peptides44 and IRMPD spectra of cationized Ala-containing peptides.36, 40, 54, 58  These 
modes in particular are rather insensitive to chemical environment, because they do not 
participate strongly in non-covalent interactions.  The features observed near 1250 and 1330 
cm−1 for (La•Alan − H)2+, n = 3 and 5, are consistent with bending motions of α-carbon CH 
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bonds, which have been reported to occur in this region for many other Ala-containing 
peptides.36, 44  The absence or weakness of the ~1030 and ~1130 cm−1 modes in the spectrum of 
(La•Ala4 − H)2+ indicates that this ion has a different structural motif than those with n = 3 and 5, 
for which these bands are stronger. 

There is a sharp band at ~1405 cm−1 for n = 3–5, where carboxylate symmetric stretch 
modes have been observed for many other complexes containing carboxylate groups.27, 28, 32  
This is consistent with deprotonation of the C-terminus for the complexes studied here, in which 
the resulting carboxylate group is expected to interact strongly with the metal cation.  The 
frequency of the carboxylate symmetric stretch (s.s.) occurs very close to that of other amino 
acid-metal cation complexes in their salt-bridge forms.  In addition, the frequency of this mode 
does not vary substantially with increasing peptide chain length, even though coordination of 
additional carbonyl oxygen atoms to the metal in these complexes should result in partial charge 
transfer and thus a lower effective charge state of the metal ion.  The insensitivity of the 
carboxylate s.s. frequency to chain length and interaction with a trivalent metal cation in these 
complexes is consistent with the previous observation that this frequency depends little on metal 
ion charge state.27 
 The region from 1500–1700 cm−1 contains several features that evolve with increasing 
peptide length.  These features are considerably narrower than those observed in previously 
reported ambient temperature IRMPD spectra of alkali metal cationized or protonated 
polypeptides, likely due to stronger binding of the trivalent lanthanum cation to the carboxylate 
group, which limits the conformational space accessible at the temperature of the experiment.  
The sharp, intense band at ~1525 cm−1 in the spectrum of (La•Ala2 − H)2+ that gradually 
blueshifts to ~1550 cm−1 for n = 3–5 is consistent with the amide II (primarily NH in-plane bend) 
mode observed for trans-peptide moieties in condensed-phase IR spectra of polyalanine 
peptides44 as well as IRMPD spectra of small polypeptide-metal cation complexes.19, 20, 31, 36-38, 40, 

41, 54  The carboxylate asymmetric stretch may also contribute intensity to this region. 
A band at ~1585 cm−1 in the spectrum of (La•Ala2 − H)2+ gains in relative intensity and 

blueshifts gradually to ~1600 cm−1 for n = 3–5 and can be attributed to the carboxylate 
asymmetric stretch or trans-amide I (primarily CO stretch) modes, which appear near this region 
for many peptide-metal cation complexes.19, 31, 36, 54, 59  This feature is significantly redshifted 
relative to the amide I feature observed in alkali metal cationized peptides, consistent with 
stronger coordination of carbonyl oxygen atoms to the trivalent metal cation, resulting in greater 
partial charge transfer.60, 61  The blueshift of this mode with increasing peptide length is 
consistent with decreasing effective charge of the metal cation with increasing solvation by 
additional carbonyl oxygen atoms.  Because the number of amide I and amide II modes is always 
equal for a given peptide length and increases with n, the roughly equal intensity of the two 
modes for n = 3–5 suggests that the unusually strong feature at 1520 cm−1 for n = 2 may be 
attributed in part to the carboxylate a.s., whose relative intensity in either the amide I or amide II 
region decreases with increasing peptide length. 
 The bands observed above ~1625 cm−1 in these spectra appear to be the most sensitive to 
peptide chain length, and their relatively high frequency indicates that they are due to carbonyl 
stretch or possibly N-terminal NH2 scissor modes.  These bands are assigned below based on 
comparison to computed spectra and solution-phase IR spectroscopy of peptides. 
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 4.3.2 Calculated structures for (La•Alan − H)2+, n = 2–5.  Representative low-energy 
structures calculated for (La•Alan−H)2+, n = 2–5, are shown in Figures 4.2–4.5, respectively, 
along with their calculated spectra and relative 0/298 K Gibbs free energies at the B3LYP/6-
31+G(d,p)/CRENBL level of theory.  Because the potential energy surface of each of these 
complexes is very large, only structures which significantly differ in their carbonyl-metal cation 
binding and peptide backbone dihedral motifs were investigated.  No structures with cis peptide 
conformations were investigated, because such conformations should be sterically unfavorable 
for coordination of the metal cation to multiple amide groups in peptides of this size.  Stable 
structures were found for each complex with the N-terminal nitrogen either stabilized by a 
hydrogen bond to an adjacent amide NH group (designated An) or solvating the metal cation 
(designated AnN), and, for n = 3, two structures differing primarily in their peptide backbone 
dihedral angles were identified (A3N and A3N*).   

In all of these structures, all oxygen atoms are found to coordinate the metal cation, 
consistent with a reported peptide carbonyl oxygen coordination number of ~8 for La3+.56  These 
structures also resemble those found to be low in energy for sodiated di- and trialanine36 and 
bariated trialanine.23  Starting structures with amide oxygen atoms not interacting with the metal 
cation minimized to fully coordinated structures at the B3LYP/6-31G*/CRENBL level of theory.  
Numerous studies indicate that solvation of the metal cation by multiple heteroatoms in metal 
cationized peptides can result in greater stabilization compared to structures where charge 
solvation is less extensive, including some strongly dipole-stabilized salt-bridge structures.19, 23, 

31, 36, 54, 62-67  Carboxylate and amide carbonyl oxygen atoms, as well as amine nitrogen atoms, 
can be particularly effective at solvating charge in such complexes. 
 The energy difference between structures An and AnN increases with increasing length 
of the peptide chain.  For n = 2, these structures are nearly isoenergetic, whereas for n = 5, the 
structure with the nitrogen solvating the metal cation is ~26/28 kJ/mol more stable at 0/298 K 
than the alternative structure in which this interaction does not occur.  This trend is likely due to 
the less strained geometry of the peptide backbone possible for the larger complexes, which 
facilitates solvation of the metal by the N-terminal nitrogen atom.  Binding of the N-terminal 
nitrogen and all carbonyl oxygen atoms to the metal is consistent with computational results for 
Co2+-bound59 and Cu2+-bound67 oligoglycines.  
  Based on the dihedral angles of the peptide backbone in each of the structures identified, 
it is clear that coordination of the metal cation to all of the carbonyl oxygen atoms results in a 
peptide structure that is rather different from hairpin turns, helices, and sheet structures 
commonly observed in proteins.  The dihedral angle pairs (φ,ψ) for these structures, where φ is 
the C’-N-Cα-C’ angle and ψ is the N-Cα-C’-N angle for a given residue, are approximately (55°, 
−170°) and (−55°, 170°), resulting in oxygen-oxygen distances that are much closer than those 
typical of α-, β-, γ-, and π-turns.  This indicates that coordination of La3+ stabilizes 
conformations of the peptide that are otherwise unfavorable in the absence of the metal cation44 
or in protonated polyalanine and polyglycine peptides of comparable size.39, 40, 42  For all 
structures identified, the peptide backbone Cα and N atoms lie roughly in a plane.  The values of 
φ and ψ alternate in sign from one residue to the next in all but one structure (A3N*), so that the 
oxygen atoms coordinate the metal cation alternatingly from above and below this plane for all 
structures except A3N*.  In structure A3N*, both amide carbonyl oxygen atoms coordinate the 
metal from the same side of this plane, which results in a ~13/15 kJ/mol higher energy at 0/298 
K over the otherwise very similar structure A3N. 
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 4.3.3 Comparison of experimental and calculated spectra.  The spectra of the lowest-
energy structures identified for each complex provide reasonable agreement with the 
experimental spectra (Figures 4.2–4.5), suggesting that these or similar structures contribute 
substantially to the experimental ion population.  In particular, the above assignments of spectral 
peaks to local modes are well-supported by the calculated spectra, which also aid in the 
assignment of other experimentally observed bands.  No stable structures with free carbonyl 
oxygen atoms were identified for any of these complexes, thus it is unlikely that any of the bands 
in the experimental spectra originate from free amide carbonyl groups.  For structure A2, the 
frequencies of the amine NH2 scissor and amide I modes are considerably higher than in 
structure A2N.  The experimental band at ~1585 cm−1 is thus attributable to a substantial ion 
population with the N-terminal nitrogen coordinated to the metal cation, and the band at ~1650 
cm−1 to a second large population without this coordination.  The presence of both types of 
structures in the experimental ion population is in agreement with their similar calculated 
energies.  For the larger peptide complexes studied, coordination of the metal cation to the N-
terminal nitrogen is not calculated to result in as dramatic a frequency shift for the NH2 scissor 
mode, thus the presence or absence of a strong band above ~1625 cm−1 is likely attributable to 
other structural features.  It is therefore also difficult to assess, based on this feature alone, 
whether the N-terminal nitrogen is coordinated to the metal cation for n = 3–5, although 
calculated energies suggest this coordination occurs for all species investigated (vide supra).  The 
band at ~1030 cm−1 for n = 3–5, discussed below, provides additional support for coordination of 
the N-terminal nitrogen. 

It is known from condensed-phase studies of peptides and proteins and from IRMPD 
spectra of small protonated and alkali metal cationized peptides that nearby amide I modes can 
couple to each other via both through-space and through-bond interactions, resulting in a 
symmetry-induced splitting of the amide I band into high- and low-energy regions.31, 44-47  Owing 
to their similar chemical environments and orientations toward the metal cation, the stretching 
motions of the amide carbonyl groups in all of these calculated structures (with n = 3–5) are 
indeed strongly coupled.  The amide I mode in which all of the amide carbonyl groups stretch in-
phase is calculated to have a significantly higher frequency than the other (n − 1) amide I modes, 
and the frequency of this totally in-phase mode increases with n from ~1630 to ~1655 cm−1 for n 
= 3 to 5, in reasonable agreement with the experimental band that shifts from ~1590 to 1655 
cm−1 for n = 3 to 5.  As reported for other complexes,36 this type of mode is very intense due to 
its large transition dipole moment.  Both the frequency trend with n and the relative intensities 
calculated for this mode are in excellent agreement with the experimental spectra.  The other 
coupled amide I modes are calculated to occur between 1580 and 1630 cm−1, and the amide II 
and carboxylate asymmetric stretch modes occur between 1525 and 1575 cm−1, also consistent 
with experiment. 

Many very weak bands related to the N-terminal NH2 rocking and wagging motions, CH 
bends, and other skeletal modes are calculated to occur below 1200 cm−1, and these modes often 
couple strongly to each other.  Of these modes, the strongest is associated with a nearly isolated 
NH2 wag in the AnN structures, calculated to occur near 1030 cm−1.  The relatively high 
frequency of this mode, compared to free N-terminal NH2 wag modes observed for other peptide 
complexes, can be attributed to its coordination to the metal cation, which increases the p-
character of the nitrogen atom and hence the energy of this mode.  There are some discrepancies 
in the intensities of the measured and calculated bands at frequencies below ~1200 cm−1.  
Differences in relative intensities between IRMPD spectra and calculated absorption spectra can 
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occur for a variety of reasons including inaccuracies in calculated spectra and excitation-induced 
structural changes of the complex during the IRMPD process.19, 22, 31 

These computational results and the experimental spectra strongly indicate that all 
oxygen atoms coordinate the metal cation in these complexes.  Stable salt-bridge structures of 
divalent alkaline earth metal cationized dialanine were recently reported based on IRMPD 
spectroscopy results, whereas potassiated dialanine was found to adopt a nonzwitterionic 
structure.23  In the salt-bridge structures, which are stabilized in part due to the higher charge 
state of the metal ion, the amide carbonyl group was not bound to the metal cation, but instead 
hydrogen-bonded to the protonated N-terminus.  It is likely that, for (La•Alan − H)2+, n = 2–5, 
which do not have a protonated N-terminus, structures without complete carbonyl oxygen 
coordination to the metal cation do not participate in compensatory hydrogen bonding, and such 
structures are therefore not observed. 

 
4.3.4 Comparison of (La•Ala5 − H)2+ and (Ho•Ala5 − H)2+ IRMPD spectra.  The 

IRMPD spectra of (La•Ala5 − H)2+ and (Ho•Ala5 − H)2+ are shown in Figure 4.6.  All of the 
strong spectral features described above for (La•Ala5 − H)2+ are also present when the La3+ cation 
is substituted with the smaller Ho3+ cation.  However, for the Ho3+ complex, the lower- and 
higher-energy amide I bands are noticeably red-shifted by ~20 cm−1 (to 1580 and 1630 cm−1, 
respectively), and the higher-energy amide I band is much weaker.  These results are consistent 
with the smaller ionic radius of Ho3+ as opposed to La3+ (0.901 vs. 1.032 Å),68 the former ion 
having a greater charge density and therefore causing a larger red-shift in the stretch frequencies 
of attached carbonyls due to greater charge transfer.60, 61  This difference in metal ion size should 
enable the peptide to wrap further around Ho3+, so that the transition dipole moments of the 
outermost amide carbonyl groups more directly oppose each other, resulting in the observed 
weaker intensity of the higher-energy amide I mode and stronger intensity for the lower-energy 
amide I modes compared to those for the La3+ complex.  The absence of a band near 1030 cm−1 
and weakened intensity at 1630 cm−1 for the Ho3+ complex may also indicate that the N-terminal 
nitrogen does not coordinate the metal, consistent with a slightly more strained structure for the 
peptide in this complex. 

 
 4.3.5 IRMPD spectra of (La•Leu-enk − H)2+ and (Eu•Leu-enk − H)2+.  IRMPD 
spectra obtained for divalent complexes of the pentapeptide leucine-enkephalin (Tyr-Gly-Gly-
Phe-Leu, “Leu-enk”) with either La3+ or Eu3+ are shown in Figure 4.7.  In contrast to the IRMPD 
spectrum reported for potassiated Leu-enk,31 these spectra have many well-resolved bands.  The 
1500–1700 cm−1 region of these spectra is remarkably similar to those of (La•Ala4,5 − H)2+, and 
no side chain groups of Leu-enk are expected to have strong bands in this region.  The bands at 
~1530 and 1580 cm−1 are thus attributable primarily to the amide II and lower-energy metal-
bound amide I bands.  The 1620 cm−1 band is likely the higher-energy metal-bound amide I band 
due to in-phase stretching of carbonyl groups, and is more similar in frequency and relative 
intensity to that of (La•Ala4 − H)2+ rather than (La•Ala5 − H)2+ (vide supra).  Thus, the effective 
charge of the metal cation is likely reduced relative to the pentaalanine complex, suggesting that 
fewer carbonyl groups solvate the metal cation in these Leu-enk complexes.  Accordingly, the 
new band appearing at ~1660 cm−1 for both Leu-enk complexes is too high in frequency to be the 
stretch of a carbonyl group strongly bound to the metal cation, and is instead consistent with the 
stretch of one or more free carbonyl groups.69 
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 The π-electron system of aromatic side chain groups can interact strongly with metal 
cations in the gas phase, as observed for alkali and alkaline earth metal-cationized amino acids 
and small peptides.23, 29, 31, 34, 52, 54  The presence of free carbonyl groups in these two complexes 
likely results from the binding of an aromatic group or the Tyr side chain hydroxyl group to Eu3+ 
or La3+.  Two possible motifs for metal ion coordination by aromatic groups are shown in Figure 
4.8, in which the Tyr and/or Phe side chain rings of Leu-enk effectively block several of the 
metal cation coordination sites and consequently displace carbonyl groups. 
 
4.4 Conclusions 
 
 IRMPD spectroscopy is a powerful tool for understanding the coordination of metal 
cations to peptides.  Attachment of trivalent metal ions to small peptides results in formation of 
deprotonated, doubly charged ions by ESI, where the metal cation displaces a proton at an acidic 
site.  Investigating the structure of these ions has the advantage that these complexes have a salt 
bridge structure with a more limited conformational space than charge-solvated complexes in 
which the peptide itself is uncharged.  The IRMPD spectra of these complexes contain many 
remarkably narrow bands due to the structural rigidity and limited conformational space of the 
complexes.  For polyalanine complexes, spectral bands due to bending motions of the alanine 
side chains are found to be insensitive to peptide length, and the frequency of the carboxylate 
symmetric stretch mode is insensitive to both peptide length and effective charge of the metal 
cation.  Experiment and computations both indicate that all carbonyl oxygen atoms coordinate to 
the metal ion for the polyalanine complexes, and that the carbonyl groups couple to yield distinct 
higher-energy and lower-energy amide I bands separated by as much as 50 cm−1.  Coordination 
of the N-terminal amine nitrogen to the metal cation is found to be energetically favorable in 
each case.  Changing the size of the lanthanide metal cation has only a mild spectroscopic effect 
for polyalanine complexes, consistent with a very minor change in structure.  For Leu-enk, 
which contains two aromatic groups, the majority of the carbonyl oxygen atoms coordinate the 
metal cation, but at least one carbonyl group is displaced by an aromatic group coordinated to the 
metal cation, as suggested by low-energy calculated structures.  Coupling of metal-bound amide 
carbonyl stretch modes is also observed for these Leu-enk complexes, again with a splitting of 
~50 cm−1. 

These are the first IRMPD spectroscopy results for trivalent metal-cationized peptide 
complexes and the first evidence of well-resolved low- and high-energy metal-bound amide I 
bands resulting from carbonyl coupling.  By measuring the IRMPD spectra of other complexes, 
it should be possible to determine spectroscopically the maximum carbonyl oxygen coordination 
number of trivalent lanthanide metal cations and to assess more thoroughly the competition 
between various functional groups to solvate the trivalent metal cation. 
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Table 4.1.  Electrospray Ionization Solution Conditions Used to Produce Precursor Ions. 
 

Precursor Ion H2O/MeOH
Ratio 

Metal Salt
(mM) 

Peptide 
(mM) 

    
(La•Ala2 − H)2+ 20/80 2.0 1.0 
(La•Ala3 − H)2+ 20/80 2.0 1.0 
(La•Ala4 − H)2+ 20/80 0.5 0.1 
(La•Ala5 − H)2+ 50/50 1.0 saturated 
(Ho•Ala5 − H)2+ 50/50 0.5 saturated 

(La•Leu-enk − H)2+ 50/50 0.5 0.1 
(Eu•Leu-enk − H)2+ 50/50 0.5 0.1 
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Figure 4.1.  IRMPD spectra of (La•Alan − H)2+, n = 2–5. 
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Figure 4.2.  Experimental IRMPD spectrum and calculated structures and spectra with 
relative Gibbs free energies (kJ/mol) at 0/298 K for (La•Ala2 − H)2+. 
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Figure 4.3.  Experimental IRMPD spectrum and calculated structures and spectra with 
relative Gibbs free energies (kJ/mol) at 0/298 K for (La•Ala3 − H)2+. 
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Figure 4.4.  Experimental IRMPD spectrum and calculated structures and spectra with 
relative Gibbs free energies (kJ/mol) at 0/298 K for (La•Ala4 − H)2+. 
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Figure 4.5.  Experimental IRMPD spectrum and calculated structures and spectra with 

relative Gibbs free energies (kJ/mol) at 0/298 K for (La•Ala5 − H)2+. 
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Figure 4.6.  IRMPD spectra of (La•Ala5 − H)2+ and (Ho•Ala5 − H)2+. 

 
 
 

 
 

Figure 4.7.  IRMPD spectra of (La•Leu-enk − H)2+ and (Eu•Leu-enk − H)2+, where Leu-
enk = Tyr-Gly-Gly-Phe-Leu.  The dotted line indicates the spectrum of (Eu•Leu-enk − H)2+ 
obtained with 3 dB attenuation of the laser power. 
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Figure 4.8.  Representative low-energy B3LYP/6-31G*/CRENBL structures of (La•Leu-

enk − H)2+ in which aromatic side chains interact with the metal cation. 
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Chapter 5 
 

IRPD Spectroscopy and Ensemble Measurements: 
Effects of Different Data Acquisition and Analysis Methods 

 
This chapter is reproduced with permission from 

Prell, J.S.; O’Brien, J.T.; Williams, E.R. 
“IRPD Spectroscopy and Ensemble Measurements: Effects of Different Data Acquisition and Analysis Methods” 

Journal of the American Society for Mass Spectrometry 2010, 21, 800-809 
© 2010 American Society for Mass Spectrometry 

 
5.1 Introduction 
 
 In infrared photodissociation (IRPD) spectroscopy, an “action” spectrum of an ion is 
often obtained by measuring the extent of dissociation after exposure to laser radiation as a 
function of photon energy.  Intense, tunable radiation in the mid-IR region (~100–2500 cm−1) 
can be generated at the free electron laser facilities, FELIX1 and CLIO,2 which facilitates 
application of this method to large or very stable ions.  Lower-intensity tunable radiation in the 
~600–4100 cm−1 range from tabletop laser systems has also been used in IRPD spectroscopy as 
well as related conformer-selective spectroscopies, and these systems have the advantage that 
they are relatively inexpensive, making them accessible to many laboratories.3-21  Interest in 
IRPD spectroscopy has increased significantly in the last several years, and over 50 peer-
reviewed papers were published in 2008.  Typical instrumentation, chemical systems studied, 
and the variety of structural information obtained using IRPD spectroscopy have been recently 
reviewed.3, 22-24 

Depending on the initial internal energy of the precursor ion and the dissociation energy, 
the absorption of multiple photons may be necessary to induce dissociation of the precursor ion 
on the timescale of the experiment.  Under conditions where the initial ion internal energy is 
much lower than that necessary to produce fragmentation on the timescale of the experiment, the 
absorption of several photons is necessary to preheat the ion before observable photodissociation 
occurs,24-28 resulting in a power-dependent “induction period” in the photodissociation 
kinetics,25, 26 as illustrated schematically in Figure 5.1.  For such ions, photodissociation occurs 
as a consequence of many sequential (“multiple photon”) or simultaneous (“multiphoton”) 
absorption events, although multiple photon dissociation is usually much more favorable.3  The 
IR(M)PD spectra obtained for such ions can exhibit substantial differences from calculated 
absorption spectra, including frequency shifts and discrepant intensities.4, 24, 29-32  When the 
initial ion internal energy is sufficient for dissociation to occur, or for small ions with low 
threshold dissociation energies, absorption of ambient blackbody photons can induce 
dissociation.33, 34  The absorption of even a single infrared photon can increase the rate of 
dissociation for such ions.  Under these conditions, there will be no induction period (Figure 
5.1), so that IRPD spectra will more closely resemble true linear absorption spectra.  For ions 
that have two (or more) conformers that do not interconvert on the time scale of the experiment 
but have unique IRPD spectra, the dissociation kinetics can be bi- (or multi-) exponential.  The 
individual spectrum of each conformer can, in principle, be obtained from the individual rate 
constants obtained from fitting the kinetic data. 
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Three primary methods have been used to determine a dissociation intensity to be used in 
plotting the IRPD spectrum from the fragment and/or precursor abundances.  One of the most 
commonly used methods to determine an IRPD intensity is to calculate a “photodissociation 
yield” (PDY), defined by 

 
PDY(tirr, ħω) = [Σ Afrag(tirr, ħω)] / [Aprec(tirr, ħω) + Σ Afrag(tirr, ħω)] 

 
where Σ Afrag is the sum of all detected fragment abundances and Aprec is the precursor abundance 
measured after photodissociation for a time tirr with photons of energy ħω.  Because the PDY 
depends on a ratio of correlated abundances, it does not depend on fluctuations in initial 
precursor population from scan to scan.  This is the method currently used for the majority of 
IRPD spectra obtained using FELIX,31, 32, 35-40 including many tightly-bound complexes for 
which the absorption of many mid-infrared photons is typically necessary to induce 
fragmentation. 
 An action spectrum can also be obtained by measuring the extent of depletion of the 
precursor ion or appearance of a fragment ion.  This is typically done when fragment and 
precursor abundances cannot be measured simultaneously, as for experiments without 
multichannel detection,8, 41 or where fragment abundances have very poor signal-to-noise (S/N) 
due to the presence of many competitive dissociation channels.42, 43  In such cases, a “depletion 
spectrum” or “appearance spectrum” can be measured with respect to a reference value in the 
absence of laser irradiation (A*

prec/frag): 
 

depletion/appearance (tirr, ħω) = A*
prec/frag − Aprec/frag (tirr, ħω) 

 
A significant disadvantage of this method is that the spectrum can be source-noise limited due to 
the potentially poor reproducibility of A*

prec/frag.  This effect can often be reduced by re-
measuring A*

prec/frag frequently and/or by signal averaging if the fluctuations in A*
prec/frag are 

random. 
  An alternative to these methods is to use the photodissociation rate constant of the 
precursor ion as the IRPD intensity.  Laser-induced photodissociation of precursor complexes 
often follows first-order kinetics, if laser power is not so high as to favor multi-photon processes, 
although this first-order kinetic behavior may be preceded by an induction period during which 
the ions are preheated without producing observable fragmentation.24-26  If photodissociation is 
rapid, single photon absorption becomes the rate-limiting step in the IRPD process, resulting in 
first-order laser photodissociation rate constants, klaser(ħω), after the induction period that can be 
proportional to the linear absorption cross section of the precursor.  When the initial ion internal 
energy is high, or for small ions with low threshold dissociation energies, BIRD may be 
observed on the timescale of the experiment, and laser photodissociation kinetics do not show an 
induction period.44  In this case, BIRD occurs with a fixed rate constant, kBIRD, independent of 
laser photon energy, so that the observed first-order dissociation rate constant kIRPD is a sum of 
klaser(ħω) and kBIRD.  The value of kBIRD is thus found by measuring the IRPD rate constant 
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in the absence of laser irradiation, and klaser(ħω) is simply kIRPD(ħω) − kBIRD.   
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This klaser method has the advantage that the IRPD spectra are more directly comparable 
to calculated linear absorption spectra than the PDY and depletion/appearance methods.  The 
klaser method has been implemented to determine IRPD intensities for many hydrated ion 
complexes44-49 as well as metal-cationized or protonated biomolecules4 and protonated 
biomolecule dimers50 in the hydrogen-stretch region (~2500–3800 cm−1) and for a variety of ions 
in the ~1000–2200 cm−1 region using the free electron laser CLIO.28, 51-55  Note that kIRPD(ħω) 
itself is a one-to-one but nonlinear function of the PDY(tirr, ħω) after any induction period.  
Thus, spectra plotted using either kIRPD(ħω) or PDY(tirr, ħω) contain, in principle, exactly the 
same information if the induction period is properly taken into account.  PDY and 
depletion/appearance intensities depend on irradiation time, which cannot be adjusted over the 
course of the experiment without assuming a kinetic model for photodissociation.  In contrast, 
the IRPD rate constant is independent of irradiation time under conditions where there is no 
induction period or for times after an induction period, so that irradiation times and consequently 
the extent of precursor depletion can be adjusted as the spectra are acquired in order to optimize 
the S/N of the IRPD spectrum over all spectral regions.  Because IRPD spectra are often 
compared to calculated15, 20, 28, 35, 39, 41, 49, 53, 56-65 or even experimental66 linear absorption spectra, 
this method offers a distinct advantage over the PDY and depletion methods under these 
conditions. 

All of the above methods have been used to investigate a wide range of ion structures, 
including closely related isomers, such as charge-solvated vs. salt-bridge structures4, 30, 31, 35, 43, 45, 

56, 60, 61, 67-76 or even ions whose gas-phase deprotonation site depends on the solvent from which 
the ions are formed.77  Here, the utility of the above methods in obtaining IRPD spectra is 
compared for large hydrated ions, for which no induction period is observed in the 
photodissociation kinetics and for which kBIRD can be of the same order as klaser(ħω) at the laser 
power available in common table-top OPO/OPA systems.  A new method for obtaining IRPD 
intensities of isolated ensembles of hydrated ions of similar size that is equivalent to the 
klaser(ħω) method for a single precursor is demonstrated.  With this new method, IRPD spectra of 
large complexes can be acquired with better S/N than by other methods in the same acquisition 
time, and “average” spectra for complexes of a given size range provide information about 
structural trends. 
 
5.2 Experimental 
 
 IRPD spectra of hydrated La3+(H2O)36 and La3+(H2O)35–37 were acquired using a 2.75 
Tesla Fourier transform ion cyclotron resonance mass spectrometer coupled to a tunable 
OPO/OPA laser system.4  These hydrated ions are formed by nanoelectrospray ionization using 
borosilicate capillaries that are pulled to an inner diameter of ~1 μm and are filled with a 5 mM 
aqueous solution of LaCl3.  A platinum wire is inserted into the capillary and held in direct 
contact with the solution at a potential of ~600 V relative to the heated metal capillary of the 
electrospray interface.  Ions are injected into the ion cell of the instrument through five stages of 
differential pumping using a series of electrostatic lenses.  A copper block, cooled to 133 K by a 
temperature-regulated flow of liquid nitrogen, surrounds the ion cell and is equilibrated for at 
least 8 hours prior to all experiments.78  Trapping and thermalization of ions is enhanced with a 
~5 s pulse of dry nitrogen (~10−6 Torr) and a ~12 s pumpdown to a pressure of ~10−8 Torr.  
Precursor clusters are isolated using stored inverse Fourier transform waveforms. 
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 Photodissociation is achieved by irradiating the isolated precursor ions with tunable light 
in the hydrogen-stretch region (~2500–3800 cm−1) from a table-top OPO/OPA laser system 
(LaserVision, Bellevue, Washington, U.S.A.) pumped by the 1064 cm−1 fundamental of a 
Nd:YAG laser (Continuum Surelight I-10, Santa Clara, California, U.S.A.) at a 10 Hz repetition 
rate.  An irradiation time of 1.5 s is used in order to produce substantial but not complete 
fragmentation of the precursor ions on resonance with the laser irradiation.  Precursor 
fragmentation due to blackbody infrared radiative dissociation (BIRD) in the absence of laser 
irradiaton is re-measured every ~15 minutes to monitor variability in precursor ion abundances.  
For each laser frequency used and for each BIRD measurement in IRPD spectroscopy 
experiments, five consecutive measurements are signal-averaged to obtain precursor and product 
ion abundances.  For BIRD and laser kinetics experiments, ten consecutive measurements are 
signal-averaged for each irradiation time. 
 
5.3 Results and Discussion 
 

5.3.1 IRPD Spectra of Individual Precursors.  Both BIRD and laser irradiation with 
photon energies between 2900 and 3800 cm−1 result exclusively in the sequential loss of water 
molecules from the precursor ions in these experiments.  Exposure of La3+(H2O)36 to the 133 K 
blackbody field of the ion cell results in ~16% dissociation after 1.5 seconds (Figure 5.2, top 
middle).  Irradiating these ions with 3694 cm−1 light for this same time period results in loss of 
up to four water molecules, corresponding to ~77% dissociation due to BIRD and laser 
irradiation (Figure 5.2, top right).  Laser-induced photodissociation for all precursor ions 
investigated follows first-order kinetics to at least ~95% depletion of the precursor, indicating 
that the vast majority of precursor ions have orbits that intersect the laser beam.  At the laser 
photon energy corresponding to the most extensive dissociation observed in the IRPD 
spectroscopy experiments (3432 cm−1), loss of up to 5 water molecules from La3+(H2O)36 after 
the 1.5 s irradiation period is observed, and ~90% of the precursor population is dissociated due 
to BIRD and laser irradiation. 

IRPD spectra of La3+(H2O)36 at 133 K with intensities calculated using the PDY, 
depletion, and klaser methods described in the Introduction are shown in Figure 5.3.  In order to 
make the comparison between IRPD intensity calculation methods more transparent, corrections 
to IRPD abundances due to variations in laser power as a function of frequency are not included.  
Values of A*

prec used in calculating the depletion correspond to the abundance of La3+(H2O)36 
after 1.5 s of BIRD in the absence of laser irradiation, and this value is re-measured every ~15 
minutes.  The resulting updated value of A*

prec is used to calculate the depletion until the next 
A*

prec is measured.  The value of kBIRD is obtained from these data and used to calculate klaser. 
For very stable ions that do not dissociate without laser irradiation on the timescale of the 

experiment, preheating of the ion by the laser light prior to observable dissociation can occur24, 25 
which results in an “induction period” in the dissociation kinetics.25  Photodissociation of ions 
under such conditions follows first-order kinetics only after the induction period (Figure 5.1).  
IRPD spectra obtained using klaser that do not take into account this induction period will not be 
directly comparable to linear absorption spectra.  In contrast, for ions that dissociate readily due 
to BIRD, such as La3+(H2O)36 at 133 K, absorption of even a single photon can be sufficient to 
increase the rate of dissociation, although absorption of more than one photon prior to 
dissociation may also occur.  Dissociation kinetics for La3+(H2O)36 at 133 K in the absence of 
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laser irradiation and with a laser photon energy of 3149 (off-resonance) or 3415 cm−1 (on-
resonance) do not show an induction period (Figure 5.4). 

It is clear from these IRPD spectra that both the PDY and depletion methods for 
calculating IRPD intensities introduce a substantial spectral band flattening from ~3300 to 3500 
cm−1 and from ~3650 to 3710 cm−1 (Figure 5.3).  These bands correspond to hydrogen-bonded 
and dangling OH oscillators, respectively.79  Whereas two distinct bands have been reported 
between 3650 and 3710 cm−1 for hydrates of La3+ with between 17 and 20 water molecules,47 
only a single feature is observed for La3+(H2O)36 using these methods.  The IRPD spectrum 
derived from the precursor depletion is remarkably similar to the PDY due to the highly 
reproducible precursor abundance of La3+(H2O)36, which varied by less that 7% over the course 
of data acquisition.  In the case that the precursor abundance does not vary at all and all ionic 
products have the same charge state as the precursor and are detected, the depletion should be 
essentially proportional to the PDY.  In experiments where the ion abundance from the source 
fluctuates more dramatically, the spectra can be source-noise limited, and the agreement between 
the depletion and PDY or klaser IRPD spectra would be much worse. 

The width of a spectral band in an ideal gas-phase linear absorption spectrum (where the 
absorption cross section is plotted against photon frequency) is largely related to physical 
attributes of the analyte, including rotational temperature and excited state lifetime.  The FWHM 
for the hydrogen-bonded OH band is ~50% greater using the PDY and depletion methods than 
for klaser and ~40% greater for the dangling OH band.  For the PDY, this phenomenon is an 
artifact of the relationship between kIRPD and the PDY: 

 
PDY(tirr, ħω) = 1 − exp(−kIRPD × tirr) 

 
whereby the PDY increases nonlinearly with kIRPD by ever smaller amounts.  Because the 
spectral band widths increase with band intensity for the PDY method, this method cannot be 
used to obtain information about spectral band widths for intense features that is directly 
comparable to that from linear absorption spectroscopy.  The broadening near the peak of intense 
features also unnecessarily decreases the apparent resolution in IRPD spectra with intense, 
overlapping spectral features relative to that obtained using klaser(ħω). 
 

5.3.2 Weighted-Average Ensemble IRPD Spectroscopy.  The better comparability of 
klaser(ħω) to linear absorption spectra under conditions where precursor ions dissociate readily 
and the ability to adjust tirr in real time to optimize S/N are major advantages of the logarithm-
based klaser(ħω) in IRPD spectroscopy of hydrated clusters.   However, extending this or other 
methods to very large clusters for which the ion lifetime is short and the S/N is low can be 
challenging.  BIRD rates generally increase with cluster size, so that photodissociation due to 
BIRD even at short irradiation times can be substantial for large clusters.  For example, kBIRD for 
La3+(H2O)76 is 0.51 ± 0.07 s−1 at 133 K (Figure 5.5), which corresponds to ~40% depletion of the 
precursor ion in 1 s.  Many ions or complexes absorb infrared laser radiation weakly enough that 
high laser power or multiple pulses (> 1 second) of laser irradiation are required to induce 
significant photodissociation on the timescale of the experiment.  If the BIRD rate is very high in 
such cases, the S/N of the IRPD spectra can be very poor.  Signal averaging can improve the 
quality of IRPD spectra, but the S/N gain scales with the square root of the number of scans.  In 
contrast, by simultaneously photodissociating multiple precursors of similar size, the S/N gain in 
an “average” IRPD spectrum should more directly scale with the number of precursors, i.e., S/N 
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gain can be achieved without increasing spectrum acquisition time.  A new technique for 
acquiring and analyzing IRPD spectra of large ensembles of hydrated clusters that exploits this 
advantage is described below. 

The BIRD rate at a fixed temperature for large hydrated ion clusters typically increases 
approximately linearly as a function of the number of water molecules in the cluster, with minor 
deviations from linearity due to variations in water molecule binding energy or dissociation 
entropy or structural effects with cluster size.  For a suitably narrow range of cluster sizes, the 
variation in the BIRD rate constants over that size range will be small compared to the average 
of their BIRD rates, i.e., kBIRD will be essentially constant over a narrow size range.  This effect 
for La3+(H2O)n, n between 29 and 76, is shown in Figure 5.5, in which kBIRD at 133 K is plotted 
as a function of cluster size.  For example, the range of kBIRD values for n between 34 and 37 is 
±22% of the mean value of kBIRD in this size range, and the average percent deviation of kBIRD 
from a least-squares fit to the data decreases with increasing n to less than 12% for n ≥ 51.  
Similarly, the linear absorption spectrum of sufficiently large hydrated ions should change little 
with cluster size, as has been observed for large neutral and protonated water clusters80 and large 
hydrates of Ca2+,48 and trivalent metal cations.47  Thus, klaser (as well as kIRPD) should be nearly 
constant over a suitably narrow range of cluster sizes.   

The nearly constant values of klaser and kBIRD for large hydrated ions of similar cluster 
sizes motivate the introduction of a new method for calculating IRPD intensities that gives 
essentially the same result as the klaser method when a single precursor is isolated.  In the 
following, we omit the subscript for the total first-order dissociation rate constant kIRPD (with or 
without laser irradiation) and hold the laser photon energy ħω fixed for clarity.  Suppose an 
ensemble of (N + 1) consecutive hydration states of an ion A is isolated, with cluster sizes 
between (nMAX − N) and nMAX.  Let Am(t) be the abundance of the cluster with (nMAX − m) water 
molecules after a BIRD/laser irradiation time t, i.e., for the precursor ensemble La3+(H2O)35,36,37, 
A0(t) refers to the abundance at time t of La3+(H2O)37, and Am(t) to the abundance of the 
La3+(H2O)37 − m cluster.  Because each cluster dissociates by first-order kinetics with 
approximately the same rate constant by loss of one water molecule, we have the following 
system of kinetic equations: 
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This model accounts explicitly for the depletion of a given cluster due to BIRD and/or laser-
induced photodissociation as well as its appearance as a product from the next largest cluster.  
Note that the abundances of clusters with m = 0 through N have (m + 1) terms, and clusters with 
m > N have (N + 1) terms.  As long as the abundances Am(t) for large values of m are very small, 
each row of this system of equations can be weighted by m, and their sum approximated by 
summing from m = 0 to ∞: 
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Collecting terms involving kt and dividing both sides of this equation by the total abundance of 
all precursor and product ions (= A0(0) + … + AN(0)), we obtain 
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Thus, the initial abundance-weighted average BIRD rate constant kBIRD for an ensemble with an 
average of (nMAX − 〈m(0)〉) water molecules is obtained as (〈m(t)〉 − 〈m(0)〉) / t in the absence of 
laser irradiation, kIRPD for the laser-irradiated ensemble is obtained as (〈m(tirr)〉 − 〈m(0)〉) / tirr, and 
the ensemble klaser is simply (kIRPD − kBIRD).  Ensemble IRPD spectra thus obtained represent a 
mass-selected range of precursor sizes of known relative abundance, in contrast to experiments 
on large neutral water clusters where the distribution of precursor sizes is poorly characterized.81

 

It is readily seen that this result reduces to the logarithm-based klaser described in the 
Introduction when N = 0, i.e., when the precursor ensemble consists of a single cluster size.  To 
illustrate this method, the “weighted-average” (WA) IRPD spectrum of isolated La3+(H2O)36 
calculated using the same data as for the PDY, depletion, and (logarithm-based) klaser methods is 
shown in Figure 5.3.  The IRPD intensities calculated using the WA method are substantially 
more similar to those using the logarithm-based klaser method than for the PDY or depletion 
methods, with essentially identical values for the FWHM of the spectral bands.  Indeed, the WA 
intensities are typically ~90 ± 10% of the logarithm-based intensities.  It is not surprising that the 
WA intensities are slightly too low, because the BIRD rate constants of La3+(H2O)n, n ≤ 35, are 
typically lower than that for La3+(H2O)36, but this error can be reduced by shortening the 
irradiation time so as to reduce the range of product cluster sizes.  Another feature attributable to 
the contribution of La3+(H2O)n, n  ≤ 35, to the WA spectrum is the appearance of a discernable 
shoulder at ~3694 cm−1, which is not observed as a distinct feature in any of the other IRPD 
spectra of isolated La3+(H2O)36 but might be expected based on previously reported IRPD spectra 
of La3+(H2O)n, n  ≤ 17–20.47  This band is likely present in the IRPD spectra of clusters with n = 
34 or 35, which contribute substantially to the calculation of klaser using the WA method. 
 To illustrate the results obtained by the WA method with an ensemble of isolated 
precursor clusters (the “ensemble IRPD” method), we measured the ensemble IRPD spectrum of 
the La3+(H2O)n, n = 35–37, which is shown in Figure 5.3.  Representative mass spectra of the 
ensemble La3+(H2O)35,36,37 after initial isolation, 1.5 s of BIRD, and 1.5 s of 3694 cm−1 laser-
induced photodissociation are shown in Figure 5.2 (bottom).  As with the data for the IRPD 
spectra discussed above, kBIRD in the absence of laser irradiation was re-measured every ~15 
minutes so as to characterize the variability in 〈m(0)〉 over the course of spectral acquisition.  The 
average number of water molecules in the precursor ensemble after 1.5 s of exposure to the 133 
K blackbody field was remarkably constant (35.94 ± 0.01 water molecules), based on 14 
measurements made over the course of spectrum acquisition.  The resulting ensemble IRPD 
spectrum is very similar in shape to the logarithm- and WA-based klaser spectra for La3+(H2O)36, 
with very similar FWHMs (within < 10%) for the two bands, and the intensity is typically ~85% 
of that for the logarithm-based klaser.  Because the mass spectral S/N was different for the 
La3+(H2O)n precursor clusters on the days when the La3+(H2O)36 and La3+(H2O)35–37 ensemble 
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IRPD spectra were measured (see Figure 5.2), the S/N of the corresponding IRPD spectra are not 
directly comparable. 

All of the complexes initially isolated in the ensemble IRPD method contribute to the 
resulting spectrum, as do the product ions.  The resulting ensemble spectrum should therefore 
reflect the “average” structure of ions within this size range.  Thus, structural information 
deduced from ensemble IRPD spectra as a function of precursor cluster size may better represent 
general size-related structural trends than IRPD spectra sampling a few individual precursor 
cluster sizes out of a large range, as has been reported for large protonated water clusters80 and 
hydrated Ca2+ clusters.48  As described above, each of the IRPD spectra for isolated La3+(H2O)36 
has a single band from ~3650 –3710 cm−1, whereas two distinct features are observed in this 
spectral range for La3+(H2O)17–20 at 133 K.  The free OH feature at ~3650 –3710 cm−1 in the 
ensemble IRPD spectrum is resolved into two features (centered at 3684 and 3694 cm−1), 
consistent with the previously reported bands due to double hydrogen-bond acceptor/single 
donor and single acceptor/single donor water molecules observed in hydrated clusters of trivalent 
lanthanide metal cations with between 17 and 20 water molecules.47  Evidently, sampling only 
La3+(H2O)36 to represent structures with ~36 water molecules could obscure the fact that both 
types of water molecules are present in other clusters in this size range.   
 
5.4 Conclusions 
 
 Several different methods are commonly used to obtain experimental intensities for IRPD 
spectra, including the photodissociation yield, the depletion/appearance of a precursor/fragment 
ion, and the first-order laser-induced photodissociation rate constant.  For experiments in which 
multiphoton dissociation is not a major process and for which no induction period occurs in 
dissociation kinetics, klaser(ħω) is preferred because it is the most directly comparable of these 
values to a linear absorption cross-section and is independent of the irradiation time.  An 
additional advantage is that non-interconverting conformers with unique IRPD spectra can be 
resolved based on their different dissociation rate constants.  We have introduced a new method 
for obtaining klaser(ħω) for ensembles of sufficiently large clusters that reproduces results for 
klaser(ħω) in the case that the ensemble consists of a single precursor cluster size.  This method 
offers additional advantages over other commonly used methods to study the IRPD spectra of 
large hydrated clusters in that the S/N can be improved without significantly increasing 
acquisition time, and ensemble IRPD spectra represent typical structures for cluster ions of a 
well-defined cluster size range and distribution.  In a series of forthcoming papers, we will use 
ensemble IRPD spectroscopy to examine structural trends of much larger hydrated clusters for a 
variety of ions and cluster sizes. 
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Figure 5.1.  Illustration of laser-induced photodissociation kinetics for a precursor ion 
with initial internal energy much lower than that necessary to produce fragmentation on the 
timescale of the experiment, resulting in an induction period; and a small precursor ion with a 
low threshold dissociation energy or an ion for which the initial internal energy is sufficient for 
dissociation to occur with no induction period.
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Figure 5.2.  Mass spectra of La3+(H2O)36 (top) and the ensemble La3+(H2O)35–37 (bottom) 

at 133 K after initial isolation (left), after 1.5 s of BIRD (middle), and after 1.5 s irradiation with 
3694 cm−1 light from a tunable OPO/OPA tabletop laser system (right).  The asterisk indicates an 
instrumental noise peak.  La(OH)2+(H2O)22,23 were not ejected in order to avoid exciting the 
La3+(H2O)35–37 ensemble.  The higher S/N ratio for the ensemble mass spectra can be attributed 
to a variety of factors, including day-to-day variations in humidity, source conditions, etc. 
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Figure 5.3.  IRPD spectra of La3+(H2O)36 at 133 K obtained by calculating the extent of 

depletion, photodissociation yield (PDY), and first-order dissociation rate constant due to laser 
irradiation (klaser; baselines offset for clarity) based on the logarithm of the fraction of precursor 
population remaining or the weighted-average method using the same photodissociation data.  
Also shown is the ensemble IRPD spectrum of La3+(H2O)35–37 at 133 K. 
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Figure 5.4.  Dissociation kinetics for La3+(H2O)36 at 133 K due to blackbody infrared 
radiative dissociation (BIRD) alone (open circles) and with laser irradiation at photon energies of 
3149 cm−1 (filled squares) and 3415 cm−1 (open squares). 
 
 
 
 

 
 
 Figure 5.5.  First-order blackbody infrared radiative dissociation (BIRD) rate constants at 
133 K for La3+(H2O)n, n between 29 and 76, and a least-squares fit to the data. 
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Chapter 6 
 

Isomer Population Analysis of Gaseous Ions 
from Infrared Multiple Photon Dissociation Kinetics 

 
 
6.1 Introduction 
 
 Infrared multiple photon dissociation (IRMPD) and the very similar infrared 
photodissociation (IRPD) spectroscopies, in which photofragmentation of gas-phase ions or 
molecules induced by infrared laser radiation is measured as a function of photon energy, have 
become widely used methods for ion structure elucidation in the last decade.1, 2  For small ions 
with high initial internal energies or with low dissociation barriers, fragmentation can be 
increased substantially upon absorption of even a single photon, making it possible to perform 
these experiments using a mass spectrometer coupled to a low-power table-top laser system.1, 3-17  
For ions with low initial internal energies or high dissociation barriers, absorption of multiple 
infrared photons is often required to produce measurable fragmentation, making higher laser 
power, such as that readily available with free electron lasers (FELs)1, 2, 18, 19 including CLIO 
(Centre Laser Infrared d’Orsay)18 and FELIX (Free Electron Laser for Infrared eXperiments),19 
advantageous.  The IR(M)PD spectra resulting from these experiments provide information 
about vibrational resonances of the ion of interest, and under some conditions,20 these spectra can 
be very similar to IR absorption spectra.  Because the vibrational spectra of many ions can be 
highly sensitive to structural differences, including hydrogen bonding, neutral versus salt-bridge 
structures, and cation or anion coordination, these methods are applicable to a wide range of 
ions. 

The initial ion population in IR(M)PD spectroscopy experiments can consist of a thermal 
distribution of structures, or some higher-energy structures may be kinetically trapped, 
depending on how the ions are formed.   Evidence for kinetic trapping of both small21, 22 and 
large ions23-25 formed by electrospray ionization has been reported.  For experiments where a 
thermal population of ions is formed, measuring the relative isomer populations can be especially 
valuable because it exposes the thermally accessible conformational landscape and indicates that 
the isomer families lie within a few kT of each other.  Accurate measurement of these 
competitive isomer populations (and, hence, thermodynamic information such as relative Gibbs 
free energies, enthalpies, and entropies) also provide benchmarks that are desirable for 
improving computational chemistry. 

Matching measured spectra to linear superpositions of calculated harmonic absorption 
spectra or IR(M)PD spectra of “model” ions or molecules of known structure have been used to 
obtain estimates of isomer populations.5, 26, 27  As has been demonstrated for many ions, 
calculated relative band intensities can be poor predictors of experimental intensities,5, 27-33 
resulting in significant uncertainty with the former method of estimating relative isomer 
populations.  In addition, many IRMPD spectra are reported as a photodissociation yield which 
does not vary linearly with absorption.20  The use of model ions can also be problematic due to 
the dependence of IR(M)PD band intensities on ion dissociation energy, which can differ 
substantially between various isomers.  If photodissociation kinetics are biexponential due to the 
presence of two spectroscopically distinguishable isomers, as has been demonstrated recently for 



 99

some hydrated, protonated amino acids,34, 35 relative IR(M)PD spectral band intensities will 
depend on irradiation time, and spectra measured at just a single irradiation time will not provide 
meaningful information about relative isomer populations. 

Several experimental gas-phase techniques have been introduced that have begun to 
address some of these challenges.  Isomer-selection of cold, argon-tagged ions and subsequent 
measurement of single-isomer infrared photodissociation spectra has been demonstrated,36, 37 and 
measurement of isomerization barriers in neutral molecules has been achieved.38, 39  IR/UV ion-
dip spectroscopy, in which changes in isomer-specific ultraviolet laser-induced photodissociation 
are measured after irradiation with tunable infrared radiation, has also been used to obtain 
isomer-specific vibrational spectra of ions,40, 41 but isomer populations are not typically obtained 
using this method.  We recently showed that IRPD kinetics measured using a simple table-top 
laser system coupled to a Fourier transform ion cyclotron resonance (FT/ICR) mass spectrometer 
can be used to probe the relative populations of ion isomers at photon energies resonant with 
only one isomer population.34, 35  For ions with two spectroscopically distinguishable ion 
populations, resonant and non-resonant ion populations dissociate with different first-order rate 
constants, resulting in biexponential kinetics that can be fitted to obtain relative isomer 
populations from the pre-exponential factors.  This method is analogous to the simultaneous 
acquisition of individual dissociation mass spectra of isomers from blackbody infrared radiative 
dissociation kinetics demonstrated previously.42  Using this method, the preferences for water 
binding to the four acidic proton sites in protonated phenylalanine were measured, and Gibbs 
free energy differences for binding to these sites were obtained.34  This technique was also used 
to measure the temperature-dependence of water molecule binding to the positively charged N-
terminal ammonium group versus neutral carboxylic acid group in protonated proline, where it 
was thereby determined that entropy drives an attached water molecule from the C-terminus to 
the N-terminus with increasing temperature.35  This technique should be widely applicable for a 
variety of ions with isomer populations that do not interconvert on timescales faster than 
photodissociation. 

Here, we report IRMPD kinetics obtained using FELIX for several ions26-28 for which 
previously published IRMPD spectra using this FEL indicate multiple spectroscopically 
distinguishable isomer populations at 298 K.  These results show that this method for directly 
measuring relative isomer populations and probing isomerization dynamics can be extended to 
IRMPD kinetics measured using a FEL.  These results also illustrate some of the limitations of 
interpreting IR(M)PD spectra acquired using just a single irradiation time, as has been done in 
most previous gas-phase ion spectroscopy applications in which FELs are used. 
 
6.2 Experimental Methods 
 

All data were obtained using a 4.7 T Fourier-transform ion cyclotron resonance mass 
spectrometer.19  Samples were prepared from Arg (Fluka, Buchs, Switzerland), ArgGly 
(Bachem, Weil am Rhein, Germany; obtained as a hydrochloride salt), Ser (Aldrich), aniline, and 
benzoic acid as a 2–3 mM 4/1 methanol/water solution.  LiCl, NaCl, KCl or CsCl (1–3 mM) 
were added to the Arg, Ser, and ArgGly solutions.  Electrospray ionization was used to produce 
the ions from solution with a flow rate of ~10 µL/min.  Precursor ions were isolated with stored 
waveform inverse Fourier-transforms prior to irradiation.  The pressure measured above a 
turbomolecular pump that is ~1 m from the ion cell is ~2–3 × 10−8 Torr. 
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 A free electron laser (FELIX) operating at 5 Hz was used to induce dissociation of the 
precursor ions.  A detailed description of the instrument and the FEL is given elsewhere.19, 43  
The laser energy entering the mass spectrometer was 18–25 mJ per 6 μs macropulse, and the 
laser intensity was attenuated by 50% when irradiating Ser•Cs+ due to its especially fast on-
resonance photodissociation, but the laser was not attenuated when dissociating the other 
samples.  The ions were irradiated at photon energies corresponding to photodissociation 
maxima found by scanning the laser photon energy near the spectral band of interest.  At least 10 
different irradiation times were used for each ion, including at least one data point where >90% 
depletion of the precursor ion was observed.  Where applicable, mono- and biexponential fits 
were obtained using Igor v. 4.07 (Wavemetrics, Portland, OR, USA). 
 
6.3 Results and Discussion 
 
 6.3.1 Overlap of Laser Light with the Trapped Ions.  In an ideal IRMPD kinetics 
experiment, there should be complete overlap of the laser light with the ion population, so that 
complete dissociation of the precursor population is possible and kinetics are first-order when 
only a single isomer population is present.  The irradiation geometry and ion cell design can 
affect the fraction of ions that strongly overlap with the laser radiation, and a high degree of 
overlap is advantageous for simplifying interpretation of photodissociation kinetics and IRMPD 
spectral data.  Nearly complete overlap is possible using an irradiation geometry where the laser 
beam is on axis with the ion cell, and >96% photodissociation with first-order, monoexponential 
kinetics has been demonstrated in spectroscopy experiments.35 

In order to establish what fraction of the ion population overlaps the laser beam in the 
FT/ICR ion cell coupled to FELIX, where an off-axis, multi-pass geometry is used,1 benzoate 
anion and anilinium (protonated aniline) were photodissociated on resonance.  These ions are 
monoisomeric at room temperature, and IRMPD should result in first-order, monoexponential 
photodissociation.  Photodissociation kinetics of these two ions at the carboxylate antisymmetric 
stretch (1630 cm−1) for benzoate and NH umbrella motion (1447 cm−1) for anilinium are shown 
in Figure 6.1, and product ions for these and all other ions investigated are listed in Table 6.1.  
Irradiation of benzoate induces loss of CO2 to produce phenide anion (m/z 77), the abundance of 
which increases until ~12 s irradiation time.  At longer irradiation times, the abundance of 
phenide anion decreases, and methoxide (m/z 31) is observed.  Background neutral methanol 
originating from the electrospray plume is present in the ion cell, and these results are consistent 
with formation of methoxide by proton transfer from neutral methanol inside the ion trap to 
phenide anion, which is significantly more basic than methanol.  Benzoate radical has an electron 
affinity of ~3.75 eV at room temperature,44 thus spontaneous neutralization of benzoate anion by 
ejection of an electron is unlikely to occur in these experiments unless the ion has absorbed laser 
radiation and therefore constitutes one photodissociation pathway for this precursor.  Methoxide 
is significantly more basic than benzoate anion in the gas phase,44 thus neutralization of benzoate 
by proton transfer from neutral methanol is also unlikely.  Because the products of laser-induced 
electron ejection of benzoate anion cannot be detected directly in these experiments, the extent of 
laser-induced dissociation of this precursor ion was calculated as the precursor abundance after 
irradiation divided by the precursor abundance measured with 0 seconds irradiation, in order to 
account for this reaction as well as the phenide and methoxide ion formation described above.  
Anilinium dissociates primarily by loss of NH3, but minor products corresponding to the 
aromatic ion series at m/z = 66, 65, 51, and 39 were also observed.  For this and all other ions, 



 101

the percent undissociated precursor was determined from the precursor abundance and the sum 
of the abundances of all fragment ions. 

No induction period is observed for either benzoate anion or anilinium, indicating that 
these ions heat quickly and dissociate promptly at the photon energies and laser power used.  The 
kinetics for both ions are first-order, monoexponential to ~93% depletion of the precursor ion, 
indicating that ~7% of the ion population overlaps poorly with the laser beam.  Precursor ions 
with similar m/z are expected to have similar overlap with the laser beam when using similar 
instrumental conditions, and this value of 93% is used in the analysis of the data described 
below. 

 
6.3.2 Separating Ion Populations with Slow Isomer Interconversion: ArgGly•Na+.  

ArgGly•Na+ adopts a mixture of salt-bridge (SB) and charge-solvated (CS) structures at 298 K.27  
In the SB structure, the C-terminus of ArgGly is deprotonated and the side chain is protonated.  
In the CS structure, the C-terminus and side chain are formally neutral.  These populations are 
distinguished spectroscopically by the presence of both a strong C-terminal hydroxyl in-plane 
bend at 1149 cm−1 and C-terminal carbonyl stretch at 1748 cm−1 for the CS structures, whereas 
strong bands are absent in these regions for the SB structure.27  Photodissociation kinetics of 
ArgGly•Na+ at these two photon energies are shown in Figure 6.2.  Irradiation at these two 
frequencies resonantly excites CS isomers, resulting in prompt dissociation, whereas the 
remaining SB population dissociates much more slowly due to off-resonance absorption or slow 
interconversion to CS isomers. 

A direct measurement of the CS isomer population without multiexponential fitting of 
these kinetic data is possible due to the presence of an inflection point that occurs when the 
photodissociation rate decreases substantially before increasing again at longer irradiation times.  
This inflection point at ~63% (1149 cm−1) and ~80% (1748 cm−1) depletion of the precursor ion 
reflects the time at which nearly complete dissociation of the initial CS population has occurred 
and the slow-heating induction period for dissociation of the SB population has come to an end.  
Because up to ~7% of the ion population has poor overlap with the laser beam, these results 
indicate that ~63–86% (= 63/100 to 80/93) of the precursor adopts a CS structure, and the 
remaining ~14–37% adopts a SB structure.  These populations are somewhat different from 
those (~40% CS and ~60% SB) estimated by fitting the IRMPD spectrum of ArgGly•Na+ with 
superimposed, normalized spectra of ArgGly•Li+ and ArgGly•K+ as models for the spectra of 
pure CS and SB populations, respectively.27  These results also indicate that relative IRMPD 
band intensities for ArgGly•Na+ acquired using a single irradiation time are time-dependent, thus 
relative populations obtained from superimposing model spectra may not be unique and may 
depend on the choice of irradiation time.  The discrepancy between the populations derived from 
IRMPD kinetics versus model spectrum superposition illustrates the potential inaccuracy of the 
latter method. 

Loss of H2O is the dominant dissociation channel at all irradiation times and can occur 
from a SB structure via an ion intermediate with a CS structure.27  The H2O loss channel and the 
return to faster dissociation at longer irradiation times are consistent with slow interconversion of 
the weakly resonant SB population to a strongly resonant CS isomer(s), as opposed to more 
direct, off-resonant fragmentation of SB structures.  This distinction highlights the utility of 
measuring photodissociation as a function of time, because such dynamical information can be 
obscured in IRMPD experiments when just a single irradiation time is used.   
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6.3.3 Rapid Isomer Interconversion: ArgGly•Li+.  Previous experiments indicate that 
ArgGly•Li+ adopts a mixture of two spectroscopically distinguishable CS isomer families with a 
C-terminal carbonyl stretch band at 1739 and 1776 cm−1, respectively.27  The former population 
was identified as isomers with an endo carboxylic acid group, whereas the latter population has 
an exo carboxylic acid group.  Irradiation at these two frequencies results in the 
photodissociation kinetics shown in Figure 6.3.  The kinetics at the lower photon energy are first-
order, monoexponential to over 90% depletion of the precursor.  Kinetics at the higher photon 
energy exhibit an induction period20, 45-47 that lasts until ~5 s, after which first-order, 
monoexponential kinetics to ~90% depletion of the precursor is observed.  The induction period 
is due to slow heating of the ion population until a steady state dissociating population is 
achieved.20, 45-47  The first-order rate constant obtained from fitting the 1739 cm−1 data is ~1.6 
times as fast as that for the 1776 cm−1 after the induction period.  Thus, the lack of an induction 
period at the lower photon energy could be the result of more rapid absorption of energy at 1739 
cm−1 and/or a significantly higher barrier to dissociation for the population resonant at 1776 
cm−1.  The first-order, monoexponential kinetics measured at both laser photon energies indicate 
that the two CS isomer populations can rapidly interconvert on a time-scale faster than 
photodissociation.  It is consequently not possible to determine the relative isomer populations 
from these kinetic data.   

These results are especially significant in light of “missing” bands and lowest-energy 
population assignments reported in the IR(M)PD spectroscopy literature.  The presence or 
absence of an ion isomer family is often reported in the IR(M)PD spectroscopy literature based 
on the presence or absence of spectroscopically unique bands associated with that isomer 
family.8, 21, 26-29, 31-33, 48-65  For ions with significant photodissociation induction periods at such 
bands, irradiation for times shorter than the induction period will lead to the erroneous 
conclusion that the relevant isomer is not present, and failure to account for the induction period 
properly will lead to IRMPD spectra where relative peak intensities can vary substantially as a 
function of irradiation time!  For example, the ratio of the “apparent” first-order rate constants, 
kapp, corresponding to the band maxima at 1739 and 1776 cm−1,  with kapp defined as 
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would be >14:1 at tirr = 3 s, whereas if the induction period is properly taken into account, this 
ratio is ~1.6:1.  Thus, the band at 1739 cm−1 in an IRMPD spectrum measured with a 3 s 
irradiation time would have a relative intensity that is artificially 8.8 (= 14/1.6) times too large! 

With ions for which the lowest-energy structure has a high barrier to dissociation, 
signature bands indicating the presence of this lowest-energy structure may not be measurable at 
irradiation times on the order of the induction period, even though dissociation of higher-energy 
structures with lower dissociation barriers at other photon energies is observed.  This could lead 
to the erroneous conclusion that this lowest-energy structure is not present, when in fact it is an 
artifact of how these data are typically acquired.  Because induction periods should be longer on 
the tails of a spectral peak, improper treatment of induction periods can also result in misleading 
apparent linewidths.  These results indicate that measuring IRMPD kinetics out to irradiation 
times where extensive depletion of the precursor occurs can be very useful in removing such 
potential ambiguities. 
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6.3.4 Complementary Resonance Analysis: Ser•Cs+ and Arg•Na+.  Previous IRMPD 
spectroscopy experiments by Armentrout and co-workers indicate that Ser•Cs+ adopts a mixture 
of CS and SB isomers at 298 K.28  These two populations are distinguished spectroscopically by 
the presence of a carboxylic acid carbonyl stretch at 1747 cm−1 for the CS isomer family and a 
carboxylate antisymmetric stretch at 1672 cm−1 for the SB isomer family.  In the reported 
IRMPD spectrum of this ion, the band at 1747 cm−1 is much more intense than that at 1672 cm−1, 
and it was concluded that the CS isomer family makes up most of the ion population.28  IRMPD 
kinetics of this ion at these two photon energies are shown in Figure 6.4.  Biexponential kinetics 
at both photon energies with no induction period are observed.  Fits to these data indicate that 
about ~3–7% of the ion population cannot be dissociated on the time-scale of these experiments.  
Interestingly, the fast rate constants associated with the resonant populations at these two photon 
energies are nearly identical, and an IRMPD spectrum that takes into account the nonlinear 
kinetics observed here would have spectral bands of nearly equal intensity at these two 
frequencies, rather than the rather disparate intensities previously reported using a single 
irradiation time.28 

Taking the non-dissociable population into account, the 1747 cm−1 data indicate that 
~64–75% of the dissociable ion population comprises CS isomers (fast rate constant = ~1.0 s−1), 
and the remaining ~25–36% are SB isomers (slow rate constant = ~0.1 s−1).  Fits to the 1672 
cm−1 data are also consistent with a slightly larger CS population, indicating ~15–21% of the 
dissociable ions are SB isomers (fast rate constant = ~0.9 s−1), and ~79–85% are CS isomers 
(slow rate constant = ~0.03 s−1).  The small difference in the fitted populations obtained at these 
two photon energies is likely a result of the significant overlap of the two spectral bands or 
uncertainty of fitting double exponential kinetics that have experimental noise,42 but it is clear 
that CS isomers make up the majority (~64–85%) of the ion population.  For an initial ion 
population that is thermal, this corresponds to a Gibbs free energy difference of ~1.4–4.3 kJ/mol 
between the CS and SB isomers at 298 K, a much smaller difference than those previously 
reported based on theoretical computations.28  This energy range is remarkably narrow and 
serves as a stringent benchmark for theory. 

A similar complementary resonance analysis was performed for Arg•Na+, which was 
previously reported to consist of ~90% SB structures and ~10% CS structures based on IRMPD 
spectroscopy experiments with a fixed irradiation time.5  Here, the ions were irradiated at the 
carboxylate antisymmetric stretch (1669 cm−1), resonant with SB structures, or the carboxylic 
acid carbonyl stretch (1773 cm−1), resonant with CS structures.26  The resulting IRMPD kinetics 
are shown in Figure 6.5.  Similar to that for ArgGly•Na+ (vide supra), there is an inflection point 
at ~15 s irradiation time in the 1669 cm−1 kinetics that indicates interconversion of the CS 
population to SB isomers occurs on a timescale much slower than resonant photodissociation of 
the initial SB population.  This inflection point corresponds to ~82% depletion of the initial ion 
population corresponding to the SB isomer.  Irradiation at 1733 cm−1 results in slower 
photodissociation kinetics, and ~11% of the ion population is not depleted on the timescale of 
these experiments.  Biexponential fitting of the 1733 cm−1 data indicates that ~7–24% of the ion 
population are CS structures, and ~76–93% are SB structures, when the ~11% non-dissociable 
population is taken into account.  These results are in good agreement with the complementary 
data at 1669 cm−1.  For an initial ion population that is thermal, these relative populations 
indicate that the Gibbs free energy of the SB isomer is ~2.9–6.4 kJ/mol lower than that of the CS 
isomers at 298 K. 
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6.4 Conclusions 
 
 IRMPD kinetics of ions with one or more isomer populations were measured using 
radiation from a free electron laser (FELIX).  For ions with just one isomer (anilinium and 
benzoate), first-order, monoexponential kinetics were observed to ~93% depletion of the initial 
ion population, indicating that as much as ~7% of the trapped ions in all these experiments can 
have poor overlap with the laser beam.  For ions with two spectroscopically distinguishable 
isomer populations, three forms of IRMPD kinetic behaviors were observed when the ions were 
irradiated at photon energies resonant with only one isomer population: 1) depletion of the ion 
population up to an inflection point, indicating slow interconversion of the off-resonant isomer to 
the resonant isomer, 2) monoexponential kinetics indicative of rapid isomer interconversion, 
with or without a slow-heating induction period, or 3) biexponential kinetics indicative of isomer 
interconversion without a significant induction period.  For cases 1 and 3, isomer populations 
and, hence, relative Gibbs free energies can be readily obtained, as for ArgGly•Na+ and Arg•Na+, 
where complementary resonance experiments were performed that yielded consistent isomer 
populations and remarkably narrow ranges for relative Gibbs free energies.  For ArgGly•Li+, 
which exhibited type 2 behavior in these experiments, relative ion populations could not be 
obtained, indicating that the interconversion barrier for the two isomer families of this ion is 
relatively low. 

These results illustrate the advantage of combining IRMPD kinetics measured at select 
photon energies with IRMPD spectroscopy for measuring isomer populations.  Evidence for 
kinetic trapping of high-energy structures of some ions generated from electrospray has been 
reported.21, 22  Although a high isomerization barrier observed for some of the ions here is 
necessary for kinetic trapping, the presence of a high isomerization barrier by itself does not 
necessarily indicate kinetic trapping has occurred, because annealing into a thermal distribution 
can occur.  For thermal ion populations, the relative energies of isomers obtained from IRMPD 
kinetic data serve as a stringent benchmark for theory.  Also elucidated in these experiments are 
some dangers of interpreting IRMPD (or, indeed, IRPD) spectra measured at just a single 
irradiation time, because IR(M)PD can often include significant induction periods or kinetics that 
are not monoexponential, in which case relative IR(M)PD spectra and band linewidths derived 
from single irradiation times may vary with the choice of irradiation time and could even lead to 
the erroneous conclusion that a slow-heating, lowest-energy isomer population is not present. 
 In IR(M)PD kinetics experiments, deviations from first-order, monoexponential kinetics 
are often apparent only after a significant fraction, sometimes ~80–90%, of the initial precursor 
ion population has been dissociated.  Overlap of as much of the ion population as possible with 
the laser beam is therefore necessary to obtain a high degree of precision in population analyses.  
Although >96% overlap has been previously demonstrated with an on-axis ion irradiation 
geometry,34, 35 and ~93% overlap is achieved in these experiments in which an off-axis multi-
pass ion irradiation geometry is used,1 it would be highly advantageous in future instrument 
designs to achieve a yet greater extent of overlap between the laser beam and ion cloud, within 
the competing constraints of ion space-charge limits and high laser fluence necessary to 
dissociate stable ions. 
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Table 6.1.  Photodissociation Product Ions Detected for Benzoate Anion, Anilinium, 

ArgGly•Na+, ArgGly•Li+, Arg•Na+, and Ser•Cs+. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aFragmentation products corresponding to the loss of 60 Da have been reported in 

collisionally induced dissociation mass spectra for Arg-containing ions and are discussed 
elsewhere (Forbes, M.W.; Jockusch, R.A.; Young, A.B.; Harrison, A.G. J. Am. Soc. Mass 
Spectrom. 2007, 18, 1959-1966). 

Precursor ion Product ion 
m/z 

Assignment 

benzoate anion 77 C6H5
− 

(m/z 121) 31 methoxide 
   
Anilinium 77 − NH3 
(m/z 94) 66, 65, 51, 39 aromatic ion 

series 
   
ArgGly•Na+ 236 – H2O 
(m/z 254) 194 loss of 60 Daa 
 179 loss of glycine 
 137 (unassigned) 
 23 Na+ 
   
ArgGly•Li+  220 – H2O 
(m/z 238) 178 loss of 60 Daa 
 163 loss of glycine 
 135, 121, 118 (unassigned) 
   
Ser•Cs+ 133 Cs+ 
(m/z 238)   
   
Arg•Na+ 180 − NH3 
(m/z 197) 179 – H2O 
 137 Loss of 60 Daa 
 23 Na+ 
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Figure 6.1.  IRMPD kinetics for benzoate anion (filled squares) and anilinium (open 
circles) at 1630 and 1447 cm−1, respectively, with monoexponential fits (lines).  The same data 
with a logarthmic y-axis are inset to make the fraction of non-dissociable ions clearer.  Arrows in 
representative structures indicate the vibrational modes excited at photon energies used. 
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Figure 6.2.  IRMPD kinetics for ArgGly•Na+ at 1149 (filled squares) and 1748 cm−1 

(open circles), with dashed lines indicating the y-value of the inflection point in the 1149 (upper) 
and 1748 cm−1 (lower) data.  The same data with a logarithmic y-axis are inset to make relative 
instantaneous first-order rate constants clearer.  Arrows in representative CS structure indicate 
the vibrational modes excited at the photon energies used. 
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Figure 6.3.  IRMPD kinetics for ArgGly•Li+ at 1739 (open circles) and 1776 cm−1 (filled 

squares).  The same data with a logarithmic y-axis are inset to make the first-order, 
monoexponential kinetic behavior and induction period (for the 1776 cm−1 data) clearer.  Arrows 
in representative structures indicate the vibrational modes excited at photon energies used. 



 112

 

 
 
Figure 6.4.  IRMPD kinetics for Ser•Cs+ at 1747 (filled squares) and 1672 cm−1 (open 

circles) with biexponential fits (lines).  The same data with a logarithmic y-axis are inset to make 
the biexponential kinetic behavior clearer.  Arrows in representative CS and SB structures 
indicate the vibrational modes excited at the photon energies used. 
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Figure 6.5.  IRMPD kinetics for Arg•Na+ at 1669 (open circles) and 1773 cm−1 (filled 

squares) with dashed line indicating the y-value of the inflection point for the 1669 cm−1 data and 
solid line indicating a biexponential fit for the 1773 cm−1 data.  The same data with a logarithmic 
y-axis are inset to make the inflection point and biexponential kinetic behavior clearer.  Arrows 
in representative CS and SB structures indicate the vibrational modes excited at the photon 
energies used. 
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Chapter 7 
 

Structures of Thermal, Mass-Selected Water Clusters 
Probed with Hydrophobic Ion Tags and Infrared 

Photodissociation Spectroscopy 
 

This chapter is reproduced with permission from 
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“Structures of Thermal, Mass-Selected Water Clusters Probed with Hydrophobic Ion Tags 
and Infrared Photodissociation Spectroscopy” 

Journal of the American Chemical Society 2009, 131, 4110-4119 
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7.1 Introduction 
 
 The hydrogen-bonding structure of liquid water and perturbation of this structure due to 
solvation of hydrophilic and hydrophobic ions and molecules are of key interest in understanding 
chemistry in aqueous solutions.  Competitive and cooperative interactions between water 
molecules and with solutes that affect the tetrahedral network of water-water hydrogen bonds 
have been implicated in Hofmeister series effects,1 solute aggregation, protein folding, and the 
solvent shell structure of ions.  Detailed study of the hydrogen bonding network of bulk aqueous 
solutions at biologically relevant concentrations is difficult, because hydrogen bonds can be 
formed and broken on extremely short (picosecond) timescales, and because water molecules 
outside the first few solvent shells often give very intense, broad background signal for a variety 
of spectroscopic methods.  Isolated water oligomers and small hydrates of ions can serve as 
model systems for understanding these interactions, and small clusters can often be practically 
studied with high-level ab initio calculations. 
 The structures of isolated oligomers consisting of up to ~9 water molecules and of 
oligomers attached to benzene or in gas matrices have been examined in a number of studies 
using infrared spectroscopy and computational chemistry.2-23  These studies show that the 
frequency of the OH stretch of a water molecule is a highly sensitive probe of its hydrogen-
bonding environment.  For example, distinct OH stretch bands corresponding to subtly different 
hydrogen bond lengths and angles have been observed in infrared spectra of water vapor samples 
containing oligomer sizes from the monomer through (at least) the hexamer.2-8  Two 
experimental methods have proved particularly successful in assigning spectral bands to definite 
oligomer sizes.  In one of these, the appearance of new features in OH stretch absorption spectra 
is correlated with increasing pressure of the water vapor in expansions that forms the oligomers, 
hence, with oligomer size.4, 5  In the second method, the maximal scattering angles of a 
collimated water oligomer beam through a collision cell as a function of oligomer size is 
exploited to yield size-selected infrared action spectra.6-8  These techniques, in combination with 
calculated oligomer structures and spectra, have enabled the assignment of many OH stretch 
bands to specific hydrogen-bonding structures.  However, unambiguous assignment of some 
bands to specific cluster sizes is complicated by the difficulty in mass-selecting oligomers of a 
known size.  Even in action spectroscopy studies where maximal scattering angles for different 
oligomer sizes are well-separated, contributions to the spectrum assigned to oligomers as small 
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as the hexamer from larger and smaller oligomers cannot be completely eliminated.6, 7  
Composite OH stretch spectra of broad distributions of neutral water oligomers containing 
between tens and thousands of water molecules indicate that, across this size range, most spectral 
bands vary little in position and intensity and are attributable to contributions from both 
“crystalline” and amorphous hydrogen bonding networks.24-26 
 In contrast to neutral clusters, ionic clusters can be readily m/z selected, so that bands in 
infrared action spectra of the resulting mass-selected clusters can then be unambiguously 
assigned to a population of ions of known cluster size.  This technique has been used to study 
many hydrated ions, including e−,27 H+,28-31 alkali metal cations,32-41 multivalent metal cations,42-

46 halide anions,47-51 ammonium,52-54 and numerous other ions.42, 55-66  Tagging these clusters 
with noble gas atoms that separate from the clusters easily upon laser irradiation35-39, 42, 56, 57 can 
result in distinct, narrow spectral bands.  OH stretch spectra of these clusters often display trends 
that can be used to identify the gas-phase coordination number of the ion as well as preferred 
solvation shell geometries.  Water-water hydrogen bonding has been observed for many of these 
systems, and in spectra of large metal cation ion-water clusters, features very similar to that of 
bulk liquid water have been observed,43-45 suggesting that the hydrogen-bond network in such 
clusters is liquid-like. 

Spectra of hydrated alkali metal cations with and without the use of Ar tags have been 
recently reported and these results indicate that the cluster size at which water-water hydrogen 
bonding is first observed decreases with increasing size of the metal cation.34  Extensive water-
water hydrogen bonding is observed for Cs+•(H2O)4•Ar,35 which has a structure resembling that 
of neutral water tetramer, although such a structure is not observed for Cs+•(H2O)4.34  Such a 
strong similarity between the spectra and structure of hydrated ions and those of neutral water 
clusters has not been reported for any other ions at this small a cluster size.  This similarity is 
likely due to the weak interaction of Cs+ with water molecules.35 
 Tetramethylammonium (TMA+) is a monocation with a highly shielded charge that is at 
one extreme end of the Hofmeister series1 and is known to have hydrophobic properties.67-75  
Neutron diffraction71, 72 and molecular dynamics73-75 simulation studies indicate that water 
molecules in the first solvation shell of TMA+ form a clathrate-like structure around TMA+ with 
minimal distortion of the bulk water tetrahedral hydrogen-bonding network.  Ammonium and 
alkali metal cations are thought to organize vicinal water molecules more strongly.1  Because 
TMA+ is a hydrophobic ion, it is intriguing to consider whether sequential solvation of TMA+ 
will more closely resemble that of other monocations, such as alkali metal cations or ammonium, 
or whether water-water hydrogen bonding like that of neutral water oligomers will instead be 
observed.  In order to address this question, we present here infrared action spectra of 
TMA+•(H2O)1–8 and of the closely related phenyltrimethylammonium•(H2O)1–8 at 133 K as well 
as computational results for the smaller clusters. 
 
7.2 Experimental 
 
 7.2.1 IRPD Spectroscopy.  IRPD spectra of TMA+•(H2O)n and PTMA+•(H2O)n, n = 1–8, 
were acquired using a 2.75 Tesla Fourier transform ion cyclotron resonance mass spectrometer 
coupled to a tunable OPO/OPA laser system.43, 76-78  Hydrated ions are formed by 
nanoelectrospray ionization using borosilicate capillaries with tips pulled to an inner diameter of 
~1 μm that are filled with 1 mM aqueous solutions of tetramethylammonium bromide (Aldrich 
Chemical Co., Milwaukee, WI, USA) or phenyltrimethylammonium chloride (Sigma-Aldrich 
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GmbH, Steinheim, Germany).  A platinum wire inserted into the capillary is in direct contact 
with the solution and is held at ~600 V relative to the heated metal capillary of the electrospray 
interface.  Ions are guided to the ion cell through five stages of differential pumping using a 
series of electrostatic lenses.  Surrounding the cell is a copper block which is cooled by a 
temperature-regulated flow of liquid nitrogen78 to 133 K for at least 8 h prior to all experiments.  
Ion trapping and thermalization is enhanced with a ~5 s pulse of dry nitrogen gas (~10−6 Torr) 
and a ~6 s pumpdown to a pressure of ~10−8 Torr.  Precursor clusters are isolated using stored 
waveform inverse Fourier transforms. 
 Photodissociation of mass-selected clusters is achieved by irradiating the ions with 
tunable infrared light in the OH stretch region (~3000–3900 cm−1) from an OPO/OPA 
(LaserVision, Bellevue, WA, USA) pumped by the 1064 nm fundamental of a Nd:YAG laser 
(Continuum Surelight I-10, Santa Clara, CA, USA) at a 10 Hz repetition rate.76   Irradiation times 
of 3 to 30 s are used in order to produce substantial but not complete fragmentation of the 
precursor clusters.  First-order photodissociation rate constants are obtained as a function of laser 
frequency from the precursor and product ion abundances after irradiation and are corrected for 
variations in laser power over the frequency range studied as well as blackbody infrared radiative 
dissociation (BIRD), which occurs as a result of absorption of blackbody photons from the 133 K 
ion cell and cell jacket.  First-order BIRD rate constants at 133 K are obtained from the 
abundances of precursor and product ions using up to 30 s of exposure to blackbody photons 
without laser irradiation.  A MIDAS data system79 is used to acquire all mass spectra. 
 
 7.2.2 Computational Chemistry.  A limited number of initial structures for 
TMA+•(H2O)0–4 were generated in Macromodel 8.1 (Schrödinger, Inc., Portland, OR, USA).  For 
structures in which water-water hydrogen bonds exist, water clusters were built manually and 
positioned ~6 Å from the TMA+ nitrogen atom in order to allow geometry relaxation during 
initial optimization.  Initial structures were then optimized using the B3LYP/6-31G* level of 
theory in Jaguar v. 6.5 (Schrödinger, Inc., Portland, OR, USA).  Geometries were further 
optimized and harmonic oscillator vibrational frequencies and intensities were calculated using 
the MP2/6-31++G(d,p) level of theory in Q-Chem v. 3.1.80  Vibrational frequencies in the 
calculated absorption spectra were scaled by 0.94.  Calculated intensities for TMA•(H2O)2,3 were 
convolved with a 15 and 30 cm−1 FWHM Lorentzian for the 3680–3900 and 3000–3680 cm−1 
regions, respectively.  For TMA+•(H2O)4, 15 and 70 cm−1 FWHM Lorentzians were used for 
these two regions.  Zero point energies as well as enthalpy and entropy corrections were 
calculated using unscaled frequencies.  The structure and energetics of an isolated water 
molecule and of water dimer were calculated similarly from MP2/6-31++G(d,p) optimized 
structures. 
 
7.3 Results 
 
 7.3.1 Calculated Structures.  Candidate low-energy structures identified for 
TMA+•(H2O)1–4 are shown along with their relative Gibbs free energies at 0 / 133 / 298 K in 
Figure 7.1.  Only one stable structure (1) was found for TMA+•(H2O)1.  This structure has a CS 
geometry in which the oxygen atom of the water molecule accepts a weak methyl hydrogen bond 
from each of three methyl groups (H•••O bond lengths 2.4–2.6 Å) and coordinates to a “face” of 
the tetrahedron formed by the four TMA+ methyl groups.  Initial structures in which the water 
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molecule is at a “vertex” or along an “edge” of the TMA+ tetrahedron either minimized to this 
structure or did not converge. 
 Two stable structures were identified for TMA+•(H2O)2.  In one structure (2nhb), the two 
water molecules are bound to two “faces” of the TMA+ tetrahedon and do not hydrogen bond to 
each other.  In the second structure (2hb), one water molecule accepts one methyl hydrogen 
bond (2.3 Å) from each of two methyl groups and donates a hydrogen bond to the second water 
molecule, which accepts a methyl hydrogen bond (2.6 Å) from a third methyl group.  The O–
H•••O angle is 159°, as compared to 175° for an isolated water dimer at the same level of theory, 
and the O•••O distance measures 2.81 Å, indicating a strong, slightly perturbed water-water 
hydrogen bond.  Structure 2hb is more stable than structure 2nhb at low temperature, but 2nhb 
is more stable at 298 K, analogous to results reported for Cs+(H2O)2.36  
 Five stable structures within ~10 kJ/mol of each other were identified for TMA+•(H2O)3, 
although additional structures likely exist.  Structure 3dc, in which the water molecules are 
hydrogen-bound in a “daisy-chain,” is lowest in energy and has a similar geometry for the two 
water molecules closest to the TMA+ to that of structure 2hb.  The third water molecule in 3dc 
lies 4.4 Å away from the nearest methyl hydrogen, clearly occupying an outer solvent shell, and 
accepts a strong, essentially ideal hydrogen bond (O•••O distance 2.80 Å, O–H•••O bond angle 
177°).  In structure 3ring, each water molecule accepts and donates one hydrogen bond to form a 
ring-like structure bound to a face of the TMA+ tetrahedron.  Each of the water-water hydrogen 
bonds measure 2.78 Å and 139°, indicating strong but highly perturbed hydrogen bonding 
compared to isolated water dimer.  Structure 3DD is very similar to 3dc, except that the outer-
shell water molecule accepts a hydrogen bond from the edge-bound water molecule, yielding a 
structure with a central donor-donor water molecule.  Structure 3AA has two inner-shell water 
molecules and one outer-shell water molecule, which accepts a nearly ideal hydrogen bond (2.92 
Å and ~170°) from each of the inner shell water molecules and lies 4.4 Å from the nearest 
methyl hydrogens.  Structure 3nhb, analogous to 2nhb, with the three water molecules bound to 
three different faces of the TMA+ tetrahedron, was found to be similar in energy to 3AA at 0 and 
133 K and nearly isoenergetic with 3dc at room temperature. 
 Two structures were calculated for TMA+•(H2O)4: 4(3+1), in which one water molecule 
in a structure similar to 3ring donates a nearly ideal hydrogen bond to an outer-shell water 
molecule, and 4ring, in which the water molecules each accept and donate one hydrogen bond to 
another water molecule.  In structure 4ring, one of the water molecules is not directly associated 
with any methyl hydrogens.  A similar structure, in which the 4-member ring is bound to an edge 
of the TMA+ tetrahedron with each oxygen atom coordinated to one methyl hydrogen, did not 
converge upon initial geometry optimization and was not pursued at the MP2 level of theory.  
The water-water hydrogen bond lengths and angles in 4ring all measure 2.75 Å and between 
154° and 158°, indicative of stronger, more ideal hydrogen bonds than those in either 3ring or 
4(3+1).  Structure 4ring is significantly more stable than 4(3+1).  No other structures with 
single-acceptor water molecules were investigated, because no corresponding band at ~3640 
cm−1 was observed in the experimental spectrum. 
 

7.3.2 ESI Mass Spectra and Cluster Stability.  Hydrated ions can be readily formed by 
electrospray ionization (ESI),81, 82 and the extent of hydration can be changed by varying a 
number of parameters.77  Typical ESI mass spectra of TMA+- and PTMA+-water clusters 
measured under identical conditions are shown in Figure 7.2.  The most significant difference in 
the hydration of these two ions is the unusually low abundance of PTMA+•(H2O)3 compared to 
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the abundance of the adjacent clusters.  TMA+•(H2O)11 is unusually abundant under a wide range 
of conditions. 

Because “magic numbers” in cluster mass spectra can occur either because a cluster is 
especially stable, or because an adjacent cluster is especially unstable, the cluster stabilities were 
investigated using BIRD.78, 83, 84  The 133 K BIRD unimolecular rate constants for 
TMA+•(H2O)1–8 and PTMA+•(H2O)1–8 are shown in Figure 7.3.  These rate constants increase 
monotonically for TMA+•(H2O)1–8 with increasing cluster size, consistent with the absence of 
any magic numbers for these cluster sizes.  In contrast, both PTMA+•(H2O)4 and PTMA+•(H2O)7 
are more stable than adjacent clusters.  Direct comparison in these rate constants for TMA+ 
versus PTMA+ is complicated by the different number of vibrational modes that can exchange 
radiation with the blackbody field83, 84 for these ions.  The small differences in the BIRD rate 
constant trends for TMA+•(H2O)1–8 and PTMA+•(H2O)1–8 indicate that the sequential water 
binding energies for these two ions differ slightly, due to interaction of water molecules with the 
phenyl ring of PTMA+ or partial diffusion of the positive charge onto the phenyl ring. 

 
7.3.4 Sequential Water Binding Energies and Photodissociation.  Sequential water 

binding energies for TMA+•(H2O) 0–4 were calculated from the lowest-energy structures for 
TMA+•(H2O)0–4 (Table 7.1).  There is no significant trend in water binding energy with cluster 
size.  The 298 K binding energies calculated for the first and fourth water molecule are 44 and 54 
kJ/mol, respectively.  These results are consistent with the measured 298 K binding energy of 38 
kJ/mol and estimated value of 39 kJ/mol for the first and second water molecules, respectively.85  
By comparison, sequential binding energies at 298 K of one through four water molecules are 
142, 109, 88, and 67 kJ/mol for Li+, respectively, and 59, 50, 46, and 44 kJ/mol for Cs+.86  
Sequential binding energies also decrease with cluster size for Me3NH+, from 61 to 42 kJ/mol for 
the first and third water molecule.87  The lower values for TMA+•(H2O)1–3 are consistent with the 
greater extent of charge shielding expected for the large, non-polar TMA+ ion than for metal 
cations or Me3NH+.  The binding energies for TMA+•(H2O)1–4 are all similar to the condensation 
energy of bulk water (44 kJ/mol).88  The high fourth water binding energy for TMA+ can be 
attributed to the especially strong, cooperative water-water hydrogen bonds in the 4ring 
structure, two of which must be broken for water molecule loss to occur.  This increase in 
binding energy between TMA+•(H2O)3 and TMA+•(H2O)4 is consistent with a similar increase 
for neutral water clusters, for which the third and fourth sequential binding energies are 
calculated to be 34 and 40 kJ/mol, respectively, at 298 K.12 

Because the sequential water binding energies to TMA+ and PTMA+ are so low, 
absorption of just one photon (~36–47 kJ/mol for the range 3000–3900 cm−1) can result in a 
significant increase in dissociation for these small clusters.  Thus, the IRPD spectra may more 
closely reflect true absorption spectra as well as calculated spectra that include anharmonicity 
corrections than action spectra where absorption of many photons is required to produce 
measurable dissociation. 

 
7.3.5 Infrared Action Spectra.  Experimental spectra of TMA+•(H2O)1-8 and 

PTMA+•(H2O)1-8 in the OH stretch region (3000–3900 cm−1) are shown in Figure 7.4, and peak 
assignments for these spectra are summarized in Table 7.2.  The potential energy surface of a 
hydrogen bond can be very anharmonic, leading to difficulties in accurately calculating the 
absorption spectra of both water clusters and hydrated ions using a harmonic approximation.89  
CH stretch bands for all structures calculated here are extremely weak and occur at ~3100 cm−1, 
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substantially lower in frequency than all of the peaks observed in the experimental spectra.  The 
similarity of the TMA+ and PTMA+ spectra for each hydration state is striking and indicates that 
hydration of these two ions is also similar.  Because the phenyl group of PTMA+ should prevent 
water molecules from completely surrounding this ion, the similar spectra of the hydrated 
PTMA+ and TMA+ even at n = 5–8 indicate that water does not isotropically solvate either ion at 
these cluster sizes.  No strong perturbation due to the phenyl ring is evident, indicating that 
hydration of both ions up to this extent occurs on one “side” of the ion.  Furthermore, the 
disappearance of acceptor-only (A-only) water symmetric stretch peaks near 3640 cm−1 for both 
ions with n ≥ 4 suggests that hydration is contiguous and “closed,” that is, all water molecules in 
clusters of these sizes donate at least one hydrogen bond to another water molecule, forming a 
single network of hydrogen-bonded water molecules.  This situation is very different from 
hydration of metal ions, for which more “open” structures favoring peripheral A-only water 
molecules appear to dominate at small cluster sizes.33, 34, 41, 43, 46, 58 

A more detailed analysis of hydration of TMA+ and PTMA+ is possible from changes in 
these spectra as a function of the number of attached water molecules.  Because precursor 
clusters are mass-selected, assignment of spectral bands in these spectra to distinct cluster sizes 
is unambiguous.   Comparison of these spectra to those of other hydrated ions and neutral water 
clusters as well as computed spectra aids in the assignment of spectral bands. 

 
7.4 Discussion 
 

7.4.1 TMA+•(H2O)1.  The spectrum of TMA+•(H2O)1 has two primary bands: an 
asymmetric stretch (a.s.) at 3700–3750 cm−1, divided into two subbands, and a symmetric stretch 
(s.s.) at 3634 cm−1.  The splitting between the two a.s. subbands is 28 cm−1 and may be 
attributable to two different water-binding structures for the complex or to rotational structure 
due to the weakly hindered motion of the water molecule with respect to the TMA+ ion.  Because 
no other stable structures were identified for this complex other than 1 (vide supra), the latter 
seems more likely.  A band origin for the a.s. is estimated to be ~3718 cm−1 from the average of 
these two frequencies.  This is in good agreement with the a.s. band of PTMA+•(H2O)1, which 
occurs as a singlet at 3721 cm−1.  Several factors contribute to the broadening of the 
TMA+•(H2O)1 a.s., including the linewidth of the laser (~3 cm−1), finite temperature effects, the 
small axial rotational constant of the complex, a low barrier for rotation of the water molecule 
about the N–O axis, and possibly lifetime broadening due to rapid predissociation.  Similar 
broadening of an a.s. has been observed for singly hydrated alkali metal cations36-40 as well as 
NH4

+•H2O.54  The sideband at 3815 cm−1 which overlaps with the a.s. is consistent with a 
combination band58 arising from simultaneous excitation of the water a.s. and a low-frequency 
mode of the same symmetry in which, among other possibilities, the water molecule oscillates in 
the mirror plane of the complex and perpendicular to the N–O axis (~65 cm−1 at the MP2/6-
31++G(d,p) level of theory). 

The OH a.s. of TMA+•(H2O)1 (3718 cm−1) is slightly red-shifted relative to that of an 
isolated water molecule (3756 cm−1).  By comparison, the a.s. band origin of M+•(H2O)1•Ar, M = 
Li, Na, K, and Cs is at 3696, 3707.0, 3710.0, and 3711.5 cm−1, respectively.35, 37-39  The smaller 
shift for TMA+•(H2O)1 compared to M+•(H2O)1•Ar indicates that the magnitude of charge 
transfer from the water molecule to the ion is significantly less for TMA+•(H2O)1 than for the 
alkali metal ions.  This is consistent with the substantially higher water binding energies at 298 K 
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of M+•(H2O)1, which are greater than that of TMA+•(H2O)1 by 98 and 4 kJ/mol, for Li+ and Cs+, 
respectively.86 

The s.s. band of TMA+•(H2O)1 at 3634 cm−1 is also red-shifted relative to that an of 
isolated water molecule (3657 cm−1).  A similar ~22 cm−1 red-shift of the s.s. occurs for 
M+•(H2O)1•Ar, M = Li, Na, K, and Cs, where the correlation between the red-shift of the s.s. 
band and water binding energy as a function of metal ion size is very weak or absent.37-39  Such a 
shift is notably smaller than that for singly-hydrated ammonium, for which the s.s. band appears 
at 3610 cm−1, likely due to the strong ionic hydrogen bond.54  The frequencies of both the a.s. 
and s.s. for TMA+•(H2O)1 are quite close to those of the water molecule in the spectrum of singly 
hydrated, protonated valine (3725 and 3640 cm−1, respectively), where the water molecule is 
attached to the ammonium group, whose effective charge is lowered due to solvation by the 
carboxylic acid carbonyl oxygen.60 

 
7.4.2 TMA+•(H2O)2.  The OH stretch spectrum of TMA+•(H2O)2 has bands at 3480, 

3644, 3696, and 3732 cm−1.  The 3644 and 3732 cm−1 bands are consistent with the stretch 
modes of an A-only water molecule and are significantly blue-shifted from the corresponding 
bands of TMA+•(H2O)1, consistent with reduced charge transfer for this more extensively 
hydrated ion.  Water molecule a.s. fundamentals at lower frequencies have been observed in ion-
water clusters even for A-only water molecules outside the first solvation shell of the ion,33-35, 40, 

46, 53 indicating a greater degree of charge transfer for such species.  Thus, it is very likely this A-
only water molecule in TMA+•(H2O)2 does not interact strongly with the TMA+ ion.  The 3480 
cm−1 and 3696 cm−1 bands in the TMA+•(H2O)2 spectrum are both too red-shifted to be A-only 
water molecule stretches and are instead attributable to acceptor-donor (AD) hydrogen-bonded 
(HB) and free OH stretches, respectively. 

The spectra clearly show that the two water molecules in TMA+•(H2O)2 interact via a 
single hydrogen bond for a majority of the ion population, i.e., water-water bonding is favorable 
over direct solvation of TMA+ by two A-only water molecules.  A contribution from a structure 
with no water-water hydrogen bonding, such as 2nhb (Figure 7.5), cannot be ruled out, because 
the a.s. and s.s. bands of the two water molecules are expected to fall in the same regions as 
those observed in the experimental spectrum.  However, the intense HB band at 3480 cm−1 
indicates that any contribution from such a structure must be small.  This result is consistent with 
the calculations that indicate structure 2hb is slightly lower in energy than 2nhb at 133 K. 

In comparison, water molecules bind on opposite sides of the alkali metal cation in 
M+•(H2O)2 with and without an Ar tag.34, 35  Notably, the AD hydrogen-bound OH stretch of 
TMA+•(H2O)2 lies further to the red than that of the HB stretch band in the spectrum of 
Cs+•(H2O)3•Ar, which was assigned to a structure with a cyclic water trimer in which all of the 
water molecules are AD.35  This indicates that the hydrogen bond between the two water 
molecules in TMA+•(H2O)2 is stronger than those in Cs+•(H2O)3•Ar, in agreement with the 
nearly ideal water-water hydrogen bond length and angle calculated for structure 2hb.  There is 
also a broad combination band at 3820 cm−1. 

It has been suggested that the “onset of water-water hydrogen bonding is a clear 
indication of the cation coordination number,” by which definition the coordination number of 
Li+, Na+, and K+ has been determined to be 4, and that of Cs+ is 3.34  The clear preference for 
structure 2hb over 2nhb observed here for TMA+ indicates that, by this definition, the gas-phase 
coordination number of TMA+ is one at 133 K. 
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7.4.3 TMA+•(H2O)3.  The spectrum of TMA+•(H2O)3 has a broad, flat band between 
3350 and ~3500 cm−1, superimposed with a sharp peak at 3488, and there are three more bands at 
3644, 3701, and 3732 cm−1.  The 3644 and 3732 cm−1 bands are consistent with an A-only s.s. 
and a.s., respectively, and are essentially identical in frequency and relative intensity to the A-
only peaks of TMA+•(H2O)2.  These bands indicate that the water molecules exist in three 
significantly different hydrogen bonding environments.  The intensity of the 3701 cm−1 peak 
relative to that at 3732 cm−1 is roughly double that of the AD free OH stretch to the A-only a.s. 
in the spectrum of TMA+•(H2O)2, suggesting that the 3701 cm−1 peak may be a superposition of 
two or more closely spaced peaks.  The intensity of the peak at 3488 cm−1 relative to that at 3732 
cm−1 is also nearly identical to that of the AD bound OH stretch versus the A-only a.s. in the 
TMA+•(H2O)2 spectrum, suggesting that one of the superimposed peaks underlying the 3701 
cm−1 feature is due to the free OH stretch of an AD water molecule in nearly the same hydrogen-
bonding environment as that in TMA+•(H2O)2.  The more red-shifted, broad band between 3350 
and ~3500 cm−1 and the remaining constituent peak underlying the 3701 cm−1 feature are 
assigned as the HB and free OH stretches of water molecules that donate more linear hydrogen 
bonds. 

Spectra of the candidate low-energy structures (Figure 7.1) are compared to the IRPD 
spectrum in Figure 7.6.  The A-only bands in the TMA+•(H2O)3 spectrum indicate the presence 
of a chain-like structure, such as 3AA and 3dc, which both have A-only and AD water 
molecules.  The calculated spectrum for structure 3dc is consistent with experiment, especially in 
the s.s. region.  The HB stretches of the two AD water molecules are strongly coupled, and the 
floppiness of structure 3dc may contribute to the observed s.s. broadening from 3350 to ~3500 
cm−1 in which the two HB stretches are indistinguishable.  For structure 3AA, the small 
frequency difference for the two AD symmetric and asymmetric stretches is attributable to the 
slight asymmetry in the way the two AD molecules bind to the methyl groups of the TMA+ ion.  
This structure has no bands below 3500 cm−1, and the A-only s.s. at 3600 cm−1 is a poor match to 
experiment.  Thus, it is unlikely that this structure contributes substantially to the ion population.  
The calculated spectrum of structure 3ring is consistent with a HB stretch occurring near 3500 
cm−1 and a strong free OH stretch near 3700 cm−1.  Thus, although the frequency of the 
prominent HB feature for 3ring is blue-shifted by ~22 cm−1 from the experimental peak 3488 
cm−1, these results suggest that this structure is also present.  Added IRPD intensities of 3ring 
and 3dc account for the band intensities in the measured spectrum, consistent with the presence 
of significant populations of both structures.  A small population of structure 3nhb could also be 
present. 

In comparison, an extensive computational study by Mó et al. of neutral water trimers 
indicates that the “homodromic” cyclic form, in which each water molecule accepts and donates 
one hydrogen bond, is most stable.90  Several low-energy neutral water trimer conformations 
were found that include one or more double-donor water molecules.  Because double-donor 
stretches observed in spectra of both neutral water and hydrated ionic species consistently appear 
blue-shifted relative to AD HB stretch peaks, it is unlikely that TMA+•(H2O)3 conformers 
analogous to these neutral water trimer conformers, such as 3DD, contribute substantially to the 
experimental spectrum.   

For M+•(H2O)3•Ar, M = Li, Na, and K, structures with no hydrogen bonding are most 
stable, and a homodromic, cyclic structure dominates for M = Cs.35  In the spectra of these 
complexes without Ar tags, this cyclic structure occurs only for M = Cs, where its OH stretches 
are dominated in intensity by structures with fewer water-water hydrogen bonds.34  No structures 
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analogous to 3dc are observed for these triply hydrated alkali metal cations, with or without Ar 
tags.34, 35  Although the relatively small red-shifts in the A-only OH stretches for TMA+•(H2O)1–3 
strongly indicate that interaction of the water molecules with the ion in these complexes is 
significantly weaker than for M+•(H2O)1–3•Ar, M = Li, Na, and K, and for M+•(H2O)1–3, M = Li, 
Na, K, and Cs, the interaction of the water molecules with TMA+ is strong enough to stabilize a 
chain-like water trimer over the cyclic form favored for neutral water trimer.  This chain-like 
water trimer has a large dipole moment and is calculated to be more stable than the homodromic, 
cyclic structure, in a weak electric field.91  The greater propensity for TMA+ to stabilize the 
chain-like structure compared to alkali metal cations may be attributed to the weaker interaction 
of the water molecules with TMA+, enabling the water molecules to begin populating an outer 
solvation shell even in the TMA+•(H2O)3 complex. 

 
7.4.4 TMA+•(H2O)4.  Experimental and calculated spectra for TMA+•(H2O)4 are shown 

in Figure 7.7.  The spectrum of TMA+•(H2O)4 is greatly simplified and has only two features: a 
nearly symmetrical, broad (FWHM ~100 cm−1) band centered at ~3430 cm−1 and a sharp, narrow 
(FWHM ~15 cm−1) band at 3704 cm−1, consistent with the HB and free OH stretches, 
respectively, of four nearly identical AD water molecules.  No A-only water stretch peaks are 
observed, which rules out many potential structures.  The presence of four AD water molecules 
can be explained only by a TMA+•(H2O)4 structure in which water molecules are arranged in a 
homodromic, cyclic arrangement, as in structure 4ring.  Interestingly, the global minimum 
structure for neutral water tetramer is a homodromic, cyclic structure with dangling OH bonds 
pointing alternatingly above and below the plane of the ring (“udud”).12, 15, 16, 92  The HB stretch 
for this structure has been observed experimentally at 3416 cm−1,2, 7 remarkably close to that of 
TMA+•(H2O)4 (3430 cm−1).  For TMA+•(H2O)4, these dangling OH bonds all point away from 
the TMA+ ion (“uuuu”) or lie in the plane of the ring (“pppp”), such that the hydrogen bonds are 
slightly perturbed from the udud structure of neutral water tetramer, and their HB stretches 
appear mildly blue-shifted.  The uuuu and pppp structures for neutral water tetramer are expected 
to lie only ~9 and 12 kJ/mol above the udud structure,16 respectively, and such structures can be 
preferentially stabilized by a weak electric field perpendicular to the water molecule ring.91  
Thus, a re-ordering of energies by as little as 9 kJ/mol occurs for water tetramer in the presence 
of TMA+ versus in isolation. 

A similar uuuu structure analogous to 4ring was deduced by Lisy and co-workers for 
Cs+•(H2O)4•Ar,35 which has a HB stretch feature centered at 3503.5 cm−1.  This band is 
significantly more blue-shifted from the HB stretch of neutral water tetramer (3416 cm−1) than is 
the 3430 cm−1 band for TMA+•(H2O)4.  The homodromic, cyclic structure for Cs+•(H2O)4•Ar is 
somewhat perturbed from that of neutral water tetramer, in agreement with its large observed HB 
stretch blue shift.  For TMA+•(H2O)4 structure 4ring, the angles between the free OH bonds and 
the oxygen atom ring measure between 25° and 38°, very close to the calculated value (39.5°) for 
the uuuu structure of water tetramer.16  These angles and the small observed HB stretch blue-
shift indicate that the overall structure of the water molecule network in TMA+•(H2O)4 is much 
closer to that of neutral water tetramer than to Cs+•(H2O)4•Ar.  By comparison, the cyclic water 
tetramer structure of Cs+•(H2O)4 without an Ar tag is not stable.34 

The presence of the neutral water tetramer-like structure for TMA+•(H2O)4 indicates that, 
although the interaction of the bound water molecules with TMA+ is strong enough to perturb the 
structure of TMA+•(H2O)3 relative to neutral water trimer, this perturbation is significantly less 
for TMA+•(H2O)4.  The greater ring-strain energy of the cyclic structure in the trimer versus the 
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tetramer results in a greater stabilization of the cyclic structure relative to a chain-like structure 
in the tetramer than in the trimer.  This is also reflected in the large stabilization of structure 
4ring over structure 4(3+1).  The latter structure does not make up a significant portion of the 
ion population, based on the absence of any A-only stretches in the experimental spectrum.   

 
7.4.5 TMA+•(H2O)5–8.  As for TMA+•(H2O)4, no peaks are observed between 3600 and 

3657 cm−1 or above 3710 cm−1, indicating that there is not a significant population of ions with 
A-only water molecules.  Instead, a free OH band occurs at 3704 cm−1, very close to that of 
neutral water tetramer and pentamer (both ~3714 cm−1), which have homodromic, cyclic 
structures.7  Significant photodissociation due to HB stretches occurs between 3300 cm−1 and 
3550 cm−1, overlapping the region where AD HB stretches for neutral water pentamer have been 
observed (~3360 cm−1, FWHM ~35 cm−1).7  Comparison of this spectrum to that of 
TMA+•(H2O)2 suggests that much of the photodissociation between ~3470 cm−1 and 3550 cm−1 
is due to the slightly perturbed HB stretch of one or more AD water molecules.  
Photodissociation between 3300 and 3470 cm−1 can be assigned to the HB stretches of more 
ideally and strongly hydrogen-bound AD water molecules.  The spectra of TMA+•(H2O)5,6 thus 
indicate substantial populations of slightly perturbed homodromic, cyclic water pentamer and 
hexamer structures, respectively, and similarly hydrogen-bonded water molecules are present for 
TMA+•(H2O)7,8.  The HB stretch peak of isolated cyclic water hexamer has not yet been 
identified experimentally, but the striking similarity of TMA+•(H2O)5,6 suggests that this peak 
may not be substantially red-shifted from that of the pentamer, in agreement with results for 
cyclic water hexamer in liquid helium droplets.21 

Significant contributions from water network structures other than homodromic, cyclic 
pentamer and hexamer are also apparent from the spectra.  The broader peak shape in both 
spectra compared to that observed for TMA+•(H2O)4 suggests that the AD water molecules in at 
least some of the TMA+•(H2O)5–8 population exist in a less symmetrical environment than the 
cyclic water tetramer in TMA+•(H2O)4.  Along with the low-intensity peak at ~3230 cm−1, 
consistent with the HB stretch of a water molecule that donates one and accepts two hydrogen 
bonds (AAD), the presence of non-equivalent AD water molecules indicates that substantial 
populations of these clusters have water molecules that are involved in more than two hydrogen 
bonds.  Such structures indicate a transition from a quasi-planar arrangement of oxygen atoms in 
TMA+•(H2O)4 to more three-dimensional structures.  This agrees well with calculations for 
isolated water oligomers, which suggest this transition takes place around n = 6.12, 14, 92 

Low-energy three-dimensional water oligomer structures with no A-only water molecules 
include at least one ADD and one AAD water molecule.  The OH stretches of an ADD water 
molecule should appear above 3500 cm−1, based on assignments for large neutral water clusters.6, 

8, 24, 26  No peaks are apparent in this region for TMA+•(H2O)5,6, although they are present for 
TMA+•(H2O)7,8.  Unfortunately, a direct comparison with water hexamer cannot be made, 
because techniques previously used to obtain OH stretch spectra of isolated water hexamer are 
not sufficiently mass-selective to assign bands unambiguously to individual clusters.4, 7, 21  The 
absence of HB stretches above 3500 cm−1 for TMA+•(H2O)5,6 may indicate a misassignment of 
neutral water oligomer spectra, or this mode may be unusually weak.  In contrast, a band at 
~3220–3230 cm−1 has been attributed in studies of neutral water oligomers to the HB stretch of 
AAD water molecules in an octahedral “cage” hexamer,2-4, 19, 21 consistent with the peak at 
~3230 cm−1 in the TMA+•(H2O)5–8 spectra.  Photodissociation in this region may also be 
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attributable to water bending overtones, as suggested for other hydrated cations and anions,27, 45, 

47, 93 although such overtone bands are expected to be weak. 
The spectra of water pentamer and hexamer in the presence of TMA+ differ somewhat 

from the inferred experimental spectra of isolated water pentamer and hexamer.  This may be 
due to structures similar to, but not identical to, those of the neutral oligomers, or it may be due 
to misassignment of the neutral spectra to specific cluster sizes.  The more extensive 
photodissociation below 3250 cm−1 as well as the HB stretch bands between 3500 and 3550 cm−1 
observed for TMA+•(H2O)7,8 are consistent with three-dimensional, contiguous water networks 
with no A-only water molecules and perhaps several ADD and AAD water molecules.  The 
TMA+•(H2O)7 spectrum is consistent with the reported spectrum of water heptamer,6 albeit with 
much broader features and relatively less intensity for the ADD water molecules.  Thus, 
TMA+•(H2O)7 may have a structure like that of neutral water heptamer, which has been assigned 
a quasi-prismatic structure,6 and TMA+•(H2O)8 may be very similar.  

 
7.4.6 PTMA+•(H2O)1–8.  Whereas previous studies have shown that hydrogen-bonding of 

a water molecule to the π-system of an aromatic ring significantly perturbs the frequency of the 
π-bound OH stretching mode,23 the single water molecule hydrates of TMA+ and PTMA+ are 
nearly identical, suggesting that the water molecule in PTMA+•(H2O)1 does not interact strongly 
with the phenyl ring.  The coalescence of the two bands observed for the a.s. of TMA+•(H2O)1 
into a single band at 3721 cm−1 for PTMA+•(H2O)1 supports the assigned a.s. band origin of 
~3718 cm−1 for TMA+•(H2O)1.  That the bands at ~3815 and ~3820 cm−1 observed for 
TMA+•(H2O)1,2, respectively, are also present for PTMA+•(H2O)1,2 confirms their assignment as 
vibrational combination bands rather than rotational features and shows that any perturbation 
caused by the phenyl ring is minor. 

For neutral water dimer, the s.s. band of the acceptor water molecule has yet to be 
observed experimentally, although its position has been extrapolated from matrix data to be 
~3660 cm−1,6 relatively close to the peak clearly observed in both the TMA+•(H2O)2 and 
PTMA+•(H2O)2 spectra.  The inability to observe this band for neutral water dimer has been 
attributed to low signal-to-noise in combination with the calculated 7–19× lower intensity of this 
mode relative to that of the HB stretch mode.94  For TMA+•(H2O)2 and PTMA+•(H2O)2, the ratio 
of the integrated relative intensities for the corresponding bands are ~4.8:1 and ~5.7:1, 
respectively, in reasonable agreement with the ratio calculated for water dimer. 

Whereas the HB and A-only s.s. and a.s. bands for TMA+•(H2O)3 and PTMA+•(H2O)3 are 
essentially identical, the spectrum of PTMA+•(H2O)3 has two distinct bands at 3685 and 3708 
cm−1 instead of a single band at ~3701 cm−1 as for TMA+•(H2O)3.  These bands are attributed to 
AD free OH stretches.  This difference suggests a greater disparity in the chemical environments 
of the two AD water molecules in PTMA+•(H2O)3 than in TMA+•(H2O)3.  This may be due to the 
lower effective charge of the PTMA+ ion, so that only the water molecule directly attached to the 
PTMA+ ion experiences appreciable charge transfer, resulting in less red-shifting of the free OH 
stretch in the “middle” water molecule as compared to that of an AD molecule in a neutral water 
oligomer.  Alternatively, it may be due to a very weak interaction with the phenyl ring that 
slightly perturbs the water hydrogen-bonding structure. 
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7.5 Conclusions 
 
 Because OH stretch modes of water molecules depend strongly on both hydrogen-
bonding environment and electric fields, infrared photodissociation spectroscopy of both neutral 
and ionic water-containing complexes in the spectral region from 3000–3900 cm−1 is a highly 
sensitive probe of structure.  IRPD spectra of TMA+•(H2O)n and PTMA+•(H2O)n, n = 1–8, show 
that these hydrophobic ions perturb the orientation of water molecules somewhat compared to 
that for neutral water molecule clusters for n ≤ 3, but for complexes with n ≥ 4, the structure of 
water in these ionic complexes is strikingly similar to that in neutral water clusters.  Neutral 
water trimer forms a cyclic structure, whereas both a cyclic and a chain-like structure are 
observed for TMA+•(H2O)3 and PTMA+•(H2O)3.  The chain structure has a larger dipole moment 
than a cyclic structure that is stabilized by the electric field of the ion.  In contrast, a cyclic 
structure similar to that of neutral water tetramer is formed for complexes with four water 
molecules. 

The OH stretch bands in these ionic clusters are only minimally shifted from those of 
neutral water molecule clusters and change only slightly with increasing cluster size.  By 
comparison, these bands for hydrated alkali metal ions are considerable shifted from those of 
neutral water clusters at small cluster size.  Spectra for n ≥ 4 bear marked resemblance to those 
of the corresponding neutral water clusters and indicate that these ions are effectively excluded 
from the developing water cluster.  These results strongly suggest that the disruption of the 
hydrogen bond network in neutral water clusters by these hydrophobic ions is minimal in these 
larger clusters. 
 “Tagging” ions with noble gas atoms in IRPD spectroscopy can facilitate dissociation and 
can have a relatively small effect on ion structure.  Using this technique, sharp spectral features 
can be obtained even for ions which would require the absorption of many photons to dissociate 
without the noble gas tag.95  In our experiments, TMA+ and PTMA+ act as hydrophobic ion tags 
that minimally perturb the structures of water clusters at large sizes.  Because ions can be readily 
stored, thermalized, and mass-selected, these results suggest that structures of sequentially larger 
water clusters could be obtained by “tagging” these clusters with hydrophobic ions, such as 
TMA+ or PTMA+.  In contrast to clusters formed by some other methods where kinetic trapping 
of higher-energy structures may occur, ions in these experiments are equilibrated to the 
temperature of the ion cell over several seconds so that effects of temperature on water structure 
could be measured.  Hydrophobic ion tagging may be particularly useful to obtain information 
about much larger water clusters, such as clathrates, for which precise mass selection of neutral 
clusters is not possible by other methods.  In combination with noble gas atom tags, much higher 
resolution spectra of larger water clusters could be obtained.  Such studies could also provide 
useful information about how water organizes around hydrophobic residues in proteins.  
Similarly, hydrophobic ion tags may be useful to obtain mass selective IRPD spectroscopy of 
other minimally perturbed neutral molecules or oligomers with unambiguous assignment of 
spectral bands to a given oligomer size. 
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Table 7.1.  Calculated binding energies (∆HT, kJ/mol) for the reaction TMA+•(H2O)n → 

TMA+•(H2O)n−1 + H2O at temperature T (K). 
 

n  \  T 0 133 298 
1 44 45 44 
2 43 44 35 
3 41 42 46 
4 51 54 54 

 
 
 
 
 Table 7.2.  Observed OH stretching vibrations for TMA+•(H2O)n and PTMA+•(H2O)n and 
assignments. 
 

TMA+•(H2O)n PTMA+•(H2O)n 
n frequency 

(cm−1) 
mode n frequency 

(cm−1) 
mode 

1 3815 comb. band 1 3815 comb. band 
 3718 asym  3721 asym 
 3634 sym  3634 sym 
2 3820 comb. band 2 3822 comb. band 
 3732 asym  3732 asym 
 3696 free, AD  3696 free, AD 
 3644 sym  3644 sym 
 3480 HB, AD  3488 HB, AD 
3 3732 asym 3 3735 asym 
 3701 free, chain AD or 

cyclic AD 
 3708, 3685 free, chain AD 

or cyclic AD 
 3644 sym  3644 sym 
 3480 HB, cyclic AD  3488 HB, cyclic AD 
 ~3350–3500 HB, chain AD  ~3350–3500 HB, chain AD 
4 3704 free, cyclic AD 4 3701 free, cyclic AD 
 3430 HB, cyclic AD  3438 HB, cyclic AD 
5,6 3704 free, AD 5,6 3704 free, AD 
 ~3300–3550 HB, AD  ~3300–3550 HB, AD 
 3230 HB, AAD or 

bend overtone 
 3228 HB, AAD or 

bend overtone 
7,8 3704 free, AD 7,8 3704 free, AD 
 ~3500–3550 free/HB, ADD  ~3500–3550 free/HB, ADD 
 ~3300–3500 HB, AD  ~3300–3500 HB, AD 
 <3250 HB, AAD or 

bend overtone 
 <3250 HB, AAD or 

bend overtone 
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Figure 7.1.  Candidate low-energy structures for TMA+•(H2O)1–4 and relative Gibbs free 
energies (kJ/mol) at 0 / 133 / 298 K calculated at the MP2/6-31++G(d,p) level of theory. 
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Figure 7.2.  Electrospray ionization spectra of TMA+ and PTMA+ from aqueous solution.  
Circles (°) above peaks indicate harmonics, and the asterisk (*) denotes a noise peak. 
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Figure 7.3.  BIRD rate constants for TMA+•(H2O)n and PTMA+•(H2O)n at 133 K as a 

function of n.  Error bars correspond to one standard deviation in the rate constant values. 
 
 
 

 

 
 
Figure 7.4.  IRPD spectra of TMA+•(H2O)1–8 and PTMA+•(H2O)1–8 in the OH stretch 

region at 133 K. 
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Figure 7.5.  IRPD spectrum and MP2/6-31++G(d,p) calculated spectra for candidate 
structures of TMA+•(H2O)2 in the OH stretch region. 
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 Figure 7.6.  IRPD spectrum and MP2/6-31++G(d,p) calculated spectra for candidate 
structures of TMA+•(H2O)3 in the OH stretch region. 
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 Figure 7.7.  IRPD spectrum and MP2/6-31++G(d,p) calculated spectra for candidate 
structures of TMA+•(H2O)4 in the OH stretch region. 
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Chapter 8 
 

Long-Range Patterning and Electric Field Effects of Ions 
in Aqueous Nanodrops 

 
 
8.1 Introduction 
 

Over 120 years ago, Franz Hofmeister observed that many ions can be ordered by their 
tendency to precipitate various proteins in aqueous salt solutions.1  This “Hofmeister series” of 
ions has been shown to be remarkably reproducible for a variety of chemical properties, from 
aqueous salt solubilities2 to cloud points of non-ionic surfactants3 and transport through ion 
channels,4 yet the physical origin of the Hofmeister series is still debated.2, 5-14  In recent years, 
many studies have challenged traditional explanations of the Hofmeister series as originating 
from long-range effects of ions on the hydrogen-bonding network of bulk water, suggesting 
instead that this effect originates predominantly from direct ion-cosolute interactions.2, 8, 12  
Results from static vibrational spectroscopy,11, 13 femtosecond infrared spectroscopy (including 
spectral diffusion13 and measurements of water molecule reorientation times15-17), and molecular 
dynamics simulations11, 13 indicate that ions do not strongly affect the hydrogen-bond network of 
water beyond the first solvation shell in salt solutions at high ionic strengths.  Bakker and co-
workers reported that sulfate dianion,15 an ion at one extreme end of the Hofmeister series 
traditionally associated with strong “structure-breaking” effects, as well as chloride, bromide, 
and iodide,16, 17 do not significantly affect the reorientation times of water molecules outside the 
first solvation shell at high ion concentrations.  However, more recent results from the same 
group indicate that cooperative solvation of nearby counterions can lead to longer-ranged 
patterning of the water network.18 

The aqueous surface activity of ions has also been linked to Hofmeister effects due to the 
large difference in dielectric constants at both the liquid-vapor interface and water-protein 
interface.10  Linear spectroscopies are poor probes of the structure of the condensed-phase water 
surface due to the overwhelmingly stronger signal of the bulk, but sum-frequency generation 
(SFG) spectroscopy, a second-order optical technique, is more sensitive to and has been used to 
study the structure of the first few layers of water molecules in pure water19-23 and ionic 
solutions.23-26  Results from SFG spectroscopy,27 electrospray ionization,14 and molecular 
dynamics simulations28 suggest that some ions, including bromide and iodide,27, 28 are highly 
surface-active, whereas other ions, notably chloride27 and sulfate,26 have lower surface activity, 
in correlation with the Hofmeister behavior of these ions. 

Studying gas-phase hydrated ions offers the advantages that effects of counterions, which 
can complicate the interpretation of condensed-phase studies, can be eliminated, and intrinsic 
effects of a single ion or an electron on water can be studied as a function of hydration extent for 
as many as several hundred attached water molecules.29, 30  Using infrared photodissociation 
(IRPD) spectroscopy, the structures of many hydrogen-bonded gas-phase ions and complexes, 
including protonated,31-38 metal cationized,31, 39-51 and halidated52 amino acids and peptides, as 
well as hydrates of small ions,30, 53-78 have been investigated.  The hydrogen-stretch region 
(~2300–4000 cm−1) has proved especially useful, because the frequencies of heteroatom-
hydrogen stretching modes are often very sensitive to their hydrogen-bonding environment.  
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Because the proportion of water molecules at the surface of clusters or nanodrops is relatively 
large, water molecules in which one or both hydrogen atoms do not participate in hydrogen 
bonds (“free OH” groups), similar to those at the bulk water surface identified in SFG 
experiments,7, 19-26, 79-82 can be studied with IRPD spectroscopy simultaneously with hydrogen-
bonded interior water molecules of the same ion-water cluster.  IRPD spectroscopy also has the 
advantage that it provides information similar to linear absorption spectroscopy for such weakly 
bound systems and can be more directly compared to calculated absorption spectra.  Recent 
results from IRPD spectroscopy indicate that sulfate dianion strongly patterns water molecules 
beyond the second solvation shell at effective concentrations below 1 M,75 in contrast to 
conclusions from condensed-phase femtosecond spectroscopy results obtained at higher 
concentrations.15  Other results indicate that, for hydrated ions with water molecules in the 
second or higher solvation shells, the ion can exhibit properties very similar to those in bulk, 
such as coordination number,55, 58, 65 hydrolysis reactivity,57, 83 and redox properties.30, 84 

Here, we present results from IRPD spectroscopy in the hydrogen stretch region for a 
total of 17 hydrated anions and cations with charge states between –1 and +3 at fixed cluster size 
(35−37 attached water molecules), where water molecules are expected to populate the first, 
second, and third solvation shells.  These spectra indicate a strong influence of the ion on the 
hydrogen-bond network in these nanodrops and a clear dependence of the surface free-OH 
stretch frequency on ion charge state and size.  These results are compared to infrared spectra 
calculated using two local electric field molecular dynamics models as well as to previously 
reported gas- and condensed-phase results. 
 
8.2 Experimental Methods 
 

All IRPD spectra were measured using a 2.75 Tesla Fourier-transform ion cyclotron 
resonance mass spectrometer coupled to a tunable OPO/OPA laser system.  The instrument and 
experimental set-up are described in detail elsewhere.31  Briefly, hydrated ions are generated 
from 1–5 mM aqueous solutions using nanoelectrospray ionization.  Borosilicate capillaries are 
pulled to an inner tip diameter of ~1 μm, filled with the solution of interest, and a platinum wire 
is inserted into the capillary, where it is held in direct contact with the solution at approximately 
±600 V relative to the entrance of the instrument.  Hydrated ions are guided with electrostatic 
lenses through five stages of differential pumping into the cell of the mass spectrometer, which is 
surrounded by a temperature-regulated copper jacket85 equilibrated to 133 K for at least 8 hours 
prior to each experiment.  Ions are trapped and thermalized with the aid of a pulse of dry 
nitrogen at ~10–6 Torr, and after a 5–12 s delay, the ion cell returns to a pressure of < 10–8 Torr.   

IRPD spectra were measured using the ensemble average method, which results in 
spectra directly comparable to those measured for ions of a single cluster size with improved 
signal-to-noise ratio.66  Spectra obtained using this method represent average structural features 
for the range of cluster sizes investigated, reducing the importance of potentially atypical 
structures associated with “magic number” clusters.  Ensembles of hydrated ions containing 35–
37 water molecules are isolated using stored waveform inverse Fourier transforms, then 
irradiated with tunable light between 2950 and 3800 cm–1 for 0.85–2.05 s.  Background 
dissociation due to blackbody infrared radiative dissociation (BIRD) and changes in the initial 
ion ensemble mass spectral distribution are re-measured approximately every 10 min.  BIRD rate 

constants are obtained in the absence of laser radiation as 
t

ntnkBIRD
〉〈−〉〈

=
)0()( , where 〉〈 )(tn  
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is the abundance-weighted average number of water molecules in the ensemble after exposure to 
the 133 K blackbody field for a time t.  Laser-induced photodissociation rate constants are 

obtained as BIRD
irr

irr
irrlas k

t
ntntk −

〉〈−〉〈
=

)0(),(),( ωω h
h , where tirr is the laser irradiation time, 

and ωh  is the laser photon energy.  All ensemble IRPD spectra are corrected for frequency-
dependent variations in laser power. 

High-level quantum chemical computations exploring a large conformational space are at 
present impractical for complexes of this size.  Thus, infrared free-OH absorption spectra of 
M(H2O)36, M = I−, Cs+, Co2+, and Mo3+, as well as Mo3+(H2O)160 and (H2O)1000, were modeled 
using two different methods developed to calculate the spectrum of bulk water.86, 87  After an 
initial geometry relaxation with molecular mechanics, canonical ensemble molecular dynamics is 
used to generate 1000 structures at 133 K for each hydrated ion using Impact 5.6 (Schrödinger, 
LLC, Portland, OR, USA).  Each hydrogen/oxygen atom is assigned an electrostatic charge of 
+0.41/−0.82 e, and the ion is assigned its full formal charge.  The projection Ei of the local 
electric field at a given hydrogen atom Hi due the ion and the hydrogen and oxygen atoms of all 
other water molecules onto a unit vector in the OHi bond direction is calculated. 

OH stretch spectra are calculated from the cluster geometries and Ei values.  In one 
model,11, 86 the frequency fi (in cm−1) of the vibrationally uncoupled OHi stretch is calculated as fi 
= 3745 − 8249 × Ei, where Ei is measured in atomic units and the slope and intercept of fi(Ei) are 
empirical parameters obtained by fitting bulk Raman spectra.  The distribution of absorption 
frequencies is then obtained as a histogram of fi values for all 1000 structures.  Non-Condon 
effects (which cause the transition dipole moment to vary with frequency) and both 
intramolecular and intermolecular vibrational coupling are ignored in this method.  In the second 
model,87 local OH stretch frequencies are obtained as fi = 3762 − 5060 × Ei – 86225 × Ei

2, where 
the coefficients are empirical parameters obtained by fitting frequencies from ab initio 
computations.  Coupling constants for mixing of the two OH stretch local modes in each water 
molecule are then obtained using these uncoupled mode frequencies as prescribed in ref. 87.  
Relative infrared intensities for the coupled-OH model are calculated as the square magnitude of 
the transition dipole moment according to ref. 87.  Although this second spectral model includes 
intramolecular OH stretch coupling and frequency-dependent absorption intensities, it does not 
explicitly include intramolecular coupling of the H2O bend or coupling between different water 
molecules. 
 
8.3 Results and Discussion 
 
 8.3.1 General IRPD OH Stretch Spectral Features.  Ensemble IRPD spectra between 
2950 and 3800 cm−1 measured at 133 K for M(H2O)35–37, M = I−, tetrabutylammonium (TBA+), 
Cs+, Li+, Co2+, and La3+, are shown in Figure 8.1.  For nanodrops of this size, the fraction of 
water molecules located at the surface and, consequently, the surface curvature are very high 
compared to bulk water.  The relatively high free energy cost associated with such a highly 
curved surface can potentially cause the hydrogen bonds in the nanodrops to differ from those at 
the surface and in the interior of bulk water in a number of ways, including typical hydrogen 
bond strengths, distances, and angles.  These differences from bulk neutral water are further 
affected by the excluded volume, anisotropy, and inhomogeneity of the water network 
introduced by the ions.  We refer to ion-induced structural effects not attributable to excluded 
volume as ion-induced “patterning.”  The very broad feature extending from ~2950–3650 cm−1 
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in each of these spectra is assigned to hydrogen-bonded (HB) OH oscillators, and the sharper 
features above 3650 cm−1 are assigned to free-OH oscillators.  For each of these ions, the 
centroid of the HB band is ~3420 ± 10 cm−1, and this band has a fwhm of ~250–300 cm−1.  The 
similarity of this feature to the OH stretch infrared spectrum of bulk water (HB band maximum 
~3400 cm−1)88 suggests that the water molecules in these hydrated ions form an extensive, 
largely bulk-like hydrogen bond network, despite the greater importance of the surface constraint 
in these clusters versus in bulk solution.  The intensity of the HB feature is similar for each of 
these ions, consistent with experimental and theoretical evidence that water molecule binding 
energies for clusters of this size are nearly independent of charge state.89, 90 
 Ensemble IRPD spectra of the free-OH region (~3640–3760 cm−1) for M(H2O)35–37, M = 
I−; Cl−; HCO3

−; OH−; TBA+, TPA+, and TMA+ (= tetrabutyl-, tetrapropyl-, and 
tetramethylammonium, respectively); Cs+; Na+; Li+; H+; Ba2+; Ca2+; Co2+; Mg2+; La3+; and Tm3+; 
are shown in Figure 8.2.  There is no free-OH band for (SO4)(H2O)n

2− for n < ~47, indicating that 
essentially all water molecules in smaller clusters with this ion donate two hydrogen bonds.75  
Dissociation in this region is very weak for the monoanions investigated, consistent with an 
extensive hydrogen bond network in which most OH groups are hydrogen-bonded.  Based on 
comparison to smaller halide hydrates, the feature at ~3710 cm−1 for the anions can be assigned 
to the free-OH stretch of water molecules that accept two hydrogen bonds and donate a single 
hydrogen bond (AAD).  The AAD band occurs as the dominant free-OH feature at ~3700 cm−1 
for the monovalent cations, with a shoulder at ~3720 cm−1 attributable to water molecules that 
donate and accept a single hydrogen bond (AD).  This AAD feature for the monoanions and 
monocations is very close to that identified in the SFG spectra of bulk water (~3700–3705 
cm−1).20, 23, 82  Intense AAD and weaker AD bands are present for the di-/trivalent cations at 
~3690/3681 cm−1 and ~3710/3702 cm−1, respectively, and there are weak acceptor-only water 
molecule symmetric and antisymmetric stretch bands at ~3646 and 3733 cm−1 for the trivalent 
cations only. 
 In aqueous solution91 as well as in nanodrops generated with electrospray,14 ions of 
differing size and polarizability have been reported to have different affinities for the water 
surface.  Because the air-water interface involves a change in dielectric constant similar to that at 
the protein-water interface, these surface affinity differences have sometimes been associated 
with Hofmeister series effects.14  IRPD spectroscopy of small ion hydrates have indicated that 
some ions, such as TMA+,67 and Cs+,64 tend to favor water-water hydrogen bonding over ion-
water interactions, but other ions, such as Li+,64 and Ca2+,77 are more isotropically solvated.  The 
IRPD spectra of M(H2O)35–37, M = Li+ and TBA+ (Figure 8.1), are quite similar even though the 
small Li+ ion might be expected to reside close to the center of the nanodrop and the much larger 
TBA+, closer to the surface.  Thus, it is difficult to ascertain from these IRPD spectra of 
nanodrops of this size whether the ions investigated are located at the surface versus the interior. 
 

8.3.2 Stark Shifting of Free-OH Bands for M(H2O)35–37.  The AAD free-OH stretch is 
highest in frequency for the monoanions and redshifts with increasing charge state for the 
cations.  As shown in Figure 8.3, where the fitted centroids of the AAD free-OH bands are 
plotted as a function of ion charge state, the frequency of these bands varies nearly linearly with 
the charge state of the ion, consistent with Stark shifting of the water AAD free-OH band in 
quasi-spherical clusters as a result of the ions’ Coulomb field.  Least-squares fits of the data 
indicate that the cation AAD free-OH bands follow a more linear relationship with charge than 
does the entire data set that includes the anions.  Similarly, the AAD free-OH frequency for 
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(SO4)(H2O)47
2−, the smallest cluster size at which a free-OH band is observed for this ion,75 is 

somewhat less blue-shifted (at ~3710 cm−1) than would be predicted from the trend fitting the 
cation data.  This mild, but significant, difference in AAD free-OH stretch frequencies for anions 
versus cations suggests that the structures of these nanodrops differ more between anions and 
cations than among cations of different charge states.  This effect may be due a different 
orientation of the free-OH groups at the surface of nanodrops with anions compared to cations.  
Interestingly, the data for H+ and OH− fall near those of the other monatomic ions, despite the 
potential for H+ to promote clathrate-like cluster structures70, 78 and for both ions, in principle, to 
“jump” to different locations in the hydrates via a Grotthuss-type mechanism.92  Although these 
nanodrops are cold, they have sufficient initial internal energy to lose a water molecule, which 
requires more energy than proton transfer between water molecules.  The data for TBA+, TPA+ 
and TMA+ fit the trend of the other cations, even though these hydrophobic ions might be 
suspected to reside at the “surface” of the water hydrogen bond network, as with small hydrates 
of TMA+.67  Thus, for all of the hydrated ions investigated, ion charge state is the single most 
important factor in determining the frequency of the AAD free-OH band at this cluster size. 

An extrapolation of these 133 K data to “zero-charge” results in a frequency of 3704.9 
cm−1 for the AAD free-OH band of a similar-sized neutral water cluster.  This value should be 
close to that for water molecules at the bulk aqueous surface.  A fit to the cation data alone 
clearly overestimates the observed monoanion AAD free-OH band frequencies.  Thus, an upper 
bound of ~3709.7 cm−1 for the bulk water AAD free-OH frequency can be estimated from a fit to 
the cation data.  These results are consistent with, although slightly higher than, several reported 
bulk water free-OH band frequencies from SFG experiments at room temperature.20, 23, 82  These 
values also agree with the AAD free-OH frequency measured for large protonated water 
clusters93 as well as for large neutral water clusters generated in supersonic expansions.94  The 
Raman86 and infrared95 spectrum of bulk water are temperature-dependent, thus it may be 
expected that the 133 K and room temperature free-OH frequency of the bulk water surface may 
not be identical.  However, the free-OH band in SFG is typically much broader than the OH 
bands measured here, and its frequency and lineshape vary with the polarization and angle of 
incidence of the incoming beams of light due to the dependence of the SFG process on the 
hyperpolarizability tensor of the surface water molecules.21  The estimated value (3704.9–3709.7 
cm−1) obtained from our IRPD experiments is the first reported experimental frequency of the 
bulk water free-OH stretch from a thermal, mass-selected cluster population using a linear 
optical technique akin to absorption spectroscopy. 

 
8.3.3 Effects of Ion Size on Free-OH Ensemble IRPD Spectra.  Weak effects of ion 

size for the monatomic ions are observed.  For monatomic ions of a given charge state, a larger 
ionic radius generally results in a smaller shift from the “zero-charge” free-OH frequency 
(3704.9 cm−1).  This is consistent with the slightly greater distance from the ion at which surface 
water molecules are located in ion hydrates with a larger ion, resulting in a smaller Stark shift of 
the OH stretch frequency.  For the trivalent cations investigated, ion identity appears to have a 
much greater effect on the free-OH spectra than for the other ions.  In particular, La3+(H2O)35–37 
has a substantial shoulder at 3694 cm−1 that is not present for Tm3+(H2O)35–37, although the 
integrated band intensities from 3660 to 3705 cm−1 are similar for both ions.  The 3694 cm−1 
band, which appears between the AAD and AD free-OH bands, may be analogous to a similar 
band appearing in the IRPD spectrum of Ca2+(H2O)25 that decreases in relative intensity or 
coalesces with the AAD free-OH band for larger hydrates.58  The absence of such a band for 



 142

Tm3+(H2O)35–37 suggests a slightly different patterning of surface water molecules by La3+ (ionic 
radius 103.2 pm) versus the slightly smaller Tm3+ (88 pm).  These two ions have similar IRPD 
spectra with 20 attached water molecules, despite having different solution-phase coordination 
numbers (CN = 9 for La3+, 8 for Tm3+) and gas-phase charge-separation reactivity.57  However, 
the ensemble IRPD spectra measured here clearly indicate a type of hydrogen-bonding 
environment for surface water molecules in La3+(H2O)35–37 that is not present to such an extent in 
Tm3+(H2O)35–37 and may be due to a difference in first solvent shell structure that propagates 
through the hydrogen bond network out to the surface water molecules.  These ensemble IRPD 
spectra reflect the structures of at least three adjacent cluster sizes and should have a lesser 
tendency to represent atypical “magic-number” cluster structures than IRPD spectra of any one 
cluster size within this range.66  Thus, it is possible that Tm3+(H2O)20 and La3+(H2O)20 have 
similar IRPD spectra and structures though clusters of slightly different size do not. 

 
8.3.4 Modeling Ensemble IRPD Spectra.  Simulated infrared spectra for M(H2O)36, M 

= I−, Cs+, Co2+, and Mo3+, are shown in Figure 8.4, plotted with the corresponding IRPD spectra.  
Mo3+, which has an ionic radius ~80% of that of Tm3+, was used for the hydrated trivalent metal 
cation cluster, because lanthanides were not implemented in the software used for the MD 
simulations at the time they were performed.  To our knowledge, this is the first reported 
application of these electrostatic models, originally parametrized for bonded-OH spectra in 
condensed-phase systems with periodic boundary conditions,86, 87 to simulate the spectra of 
isolated hydrated ions in the gas phase.  Representative nanodrop structures from the simulations 
are shown in Figure 8.5.  In the structures generated in the simulations, the ions in these quasi-
spherical nanodrops typically have complete or nearly complete first solvation shells with the 
more highly charged ions closer to the nanodrop center (water network center of mass to ion 
distance = 48 ± 27, 121 ± 39, 195 ± 143, and 131 ± 67 pm for Mo3+, Co2+, Cs+, and I−, 
respectively). 

Qualitatively, the simulated spectra for both the uncoupled and coupled OH oscillators 
reproduce the division of the experimental spectra into an intense, broad HB OH stretch region at 
energies below ~3550 cm−1 and a sharp, narrow band close to ~3700 cm−1.  Because the 
uncoupled-OH model does not include frequency-dependent transition dipole moments for 
individual oscillators, which decrease monotonically with increasing frequency in the coupled-
OH model, the uncoupled-OH model generally predicts much greater relative intensity of the 
free-OH band than does the coupled-OH model.  The free-OH bands predicted in the uncoupled-
OH model occur at lower frequencies than those in the coupled-OH model, and only the coupled-
OH model results in discernable splitting of the free-OH region into subbands (most noticeably 
for Mo3+(H2O)36). 

Investigation of the frequencies calculated for individual water molecules from the 
clusters used in these coupled-OH simulations reveals that the water hydrogen bonding states 
associated with the free-OH region are ordered energetically in the same way as has been 
determined for many smaller hydrates of gas-phase ions.  That is, the symmetric stretch of A-
only water molecules is lowest in energy, and the AAD and AD free-OH stretches, as well as A-
only antisymmetric stretch, occur at progressively higher energies.  Although the total breadth of 
the calculated free-OH region is considerably larger (by ~70%) for Mo3+(H2O)36 than for the 
IRPD spectrum of either La3+(H2O)35–37 or Tm3+(H2O)35–37, this model does remarkably well in 
reproducing this peak series for surface water molecules in gas-phase clusters, given that it is 
parametrized for bonded-OH stretches in the condensed phase.  The free-OH region in these 
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simulations cannot easily be subdivided into hydrogen bonding states for the uncoupled-OH 
model, indicating that the experimentally observed splitting arises primarily from intramolecular 
coupling. 

Agreement with the IRPD spectra is especially strong for the I−(H2O)36 and Cs+(H2O)36 
simulations.  Both models resemble the experimental spectra progressively less well with 
increasing ion charge state (and decreasing ionic radius), predicting a division of the bonded-OH 
band into a two broad sub-features for the divalent and trivalent cation spectra.  The coupled-OH 
simulations reproduce qualitatively the experimental decrease in the HB OH:free-OH intensity 
ratio as function of increasing charge state, but the HB OH regions in these simulations are red-
shifted from and significantly broader than those observed experimentally for the di- and 
trivalent cations. 

Comparison of the simulated frequencies of the AAD free-OH bands, plotted with the 
experimental data in Figure 8.3, confirms that the electric field of the ion plays a dominant role 
in the trend in the frequencies with charge state.  The uncoupled-OH data are red-shifted 
considerably from the experimental data, as is the AAD free-OH frequency predicted using this 
model for a neutral (H2O)1000 cluster (Figure 8.3, bottom: 3667 cm−1), which is greatly red-
shifted from the range of AAD free-OH frequencies measured for hydrated gas-phase ions using 
IRPD spectroscopy and the bulk water and ice surfaces using SFG spectroscopy.  This band 
occurs at 3710 cm−1 for the coupled-OH model (Figure 8.3, bottom), in excellent agreement with 
both the extrapolated zero-charge value from these experimental data (vide supra) and SFG 
experiments.20, 23, 82  The coupled-OH model predicts a similar slope in the AAD frequency as a 
function of ion charge state (−15.3 cm−1 per elementary charge) to the uncoupled-OH model 
(−13.1).  Both of these are larger in magnitude than the experimental value (−9.3 for the cation 
data), although the coupled-OH model is much closer in absolute frequency to the experimental 
data.  This model predicts a frequency of 3692 cm−1 for the AAD free-OH band of La3+(H2O)154–

159, in excellent agreement with the experimental value of 3694.9 cm−1 (Figure 8.3, bottom), and 
a gentler slope (−6 cm−1 per elementary charge) is predicted for clusters of this size, consistent 
with a weaker effect of the ion’s electric field on surface water molecules as the droplet radius 
increases. 

These results indicate that, as for the condensed phase,11, 13, 86, 87 the local electric field 
experienced by the hydrogen atoms in these clusters largely accounts for the stretching 
frequencies of their associated OH groups, and that intramolecular coupling87 likely plays a large 
role in the splitting observed for the free-OH region.  This is consistent with the Stark-shifting of 
surface water molecule free-OH frequencies observed in the IRPD data.  Despite the limitations 
inherent in a point charge model using structures obtained by molecular dynamics, neither of 
which includes polarizability, the resulting effect of the electric field at each H atom on the OH 
stretch frequency appears to account for the effect of ion charge and screening by water, at least 
for the singly-charged ions.  However, although these models qualitatively reproduce some of 
the features of the experimental hydrated ion spectra, they do not resemble experiment closely 
enough for detailed spectral analysis.  In particular, it should be emphasized that the use of the 
full ion charge state for multivalent monatomic ions is likely inappropriate in these models for 
ions with ~3−4 hydration shells due to polarization of first-shell solvent molecules and/or charge 
transfer effects, which reduce the electric field contribution of these ions to the Stark shift of 
surrounding water molecules.  Polarization of the ions themselves likely occurs to some extent, 
especially for Cs+ and I−, which may affect the structure and spectra of the experimental 
nanodrops but is not included in these models.  These discrepancies are likely mitigated for 
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larger clusters, where a greater fraction of the water molecules are located far from the central 
ion and first solvation shell.  Furthermore, because the initial internal energy of the clusters 
investigated is much higher than the barrier for loss of a water molecule, the IRPD intensities in 
the experimental spectra should resemble linear absorption spectra, although the correspondence 
may not be exact for a variety of reasons.  Thus, the poor match in relative intensities of the HB 
and free-OH regions in comparison to experiment for either model suggests that a more 
sophisticated model of the frequency-dependence of transition dipole moments87 is necessary to 
accurately model these relative intensities. 

 
8.3.5 Excluded Volume Effects and Ion-Induced Patterning of the Cluster Surface.  

IRPD spectra in the free-OH region for M(H2O)35–37, M = Na+, Ca2+, and La3+, are shown in 
Figure 8.6.  These ions have nearly identical ionic radii (102, 100, and 103 pm, respectively), 
thus the excluded volume in the nanodrops introduced by these ions should be nearly identical, 
although they do have slightly different coordination numbers (~6–9).58, 96, 97  Thus, differences 
in the structures of these nanodrops cannot be attributed to excluded volume effects and must 
instead be a result of ion-induced patterning of the water network.  Such patterning, represented 
in Scheme 8.1 for ions with different charge states, has been reported for many small hydrated 
ions with partial first and second solvation shells.55, 64, 65, 75-77, 98, 99  All three ions have strong 
AAD free-OH bands, which are Stark-shifted by different amounts due to the different charge 
states of these three ions.  The spectra for Na+ and Ca2+ also have strong, Stark-shifted AD free-
OH bands, although no strong band is observed for La3+ despite the presence of a strong band for 
Tm3+ (ionic radius 88 pm) at 3702 cm−1 (vide supra).  The spectrum for La3+ has a band at 3694 
cm−1 between the AAD band and the expected AD free-OH frequency (~3702 cm−1).  Because 
charge state plays a larger role in the frequencies of free-OH bands for different hydrogen-
bonding motifs in these nanodrops than does ion size (vide supra), this 3694 cm−1 band cannot 
represent the same type of AD free-OH group observed for Na+, Ca2+, and Tm3+.  These results 
indicate that a significant number of water molecules at the surface of the La3+-containing 
nanodrops exist in a hydrogen-bonding environment not observed for Na+ or Ca2+.  Thus, La3+ 
affects distant surface water molecules several solvation shells away from the ion in a manner 
that is not attributable solely to the surface constraint of the nanodrops or excluded volume of the 
ion. 

 
8.3.6 Further Evidence for Ion-Induced Patterning of the Nanodrop Surface.  The 

IRPD spectra of the other ions investigated as well as the modeled structures provide additional 
evidence that ion-induced patterning occurs in nanodrops of this size for many ions.  Perhaps 
most dramatic is the much lower intensity of the free-OH band (~3710 cm−1) for I−(H2O)35–37 
than for the positively charged clusters.  The integrated free-OH band intensity for I− makes up 
about 2% of the total integrated intensity of the entire OH stretch spectrum, whereas it is much 
larger (~6–10%) for the monatomic cations investigated.  Because free-OH band intensities in 
the IRPD spectra are a function of both the number of free-OH oscillators with a given frequency 
as well as electric field effects on transition dipole moments, these differences in integrated free-
OH intensities cannot be attributed to either of these factors exclusively, but the modeled 
structures indicate that there are significantly fewer free-OH groups at the nanodrop surface for 
anions.  The modeled structures indicate that ~9% of the OH groups in the nanodrops with I− are 
free-OH groups, whereas this number is ~22%, 30%, and 40% for Cs+, Co2+, and Mo3+, 
respectively.  Although the differences in these values from the simulation may be exaggerated 
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due to the lack of ion and water molecule polarizability in the model, this trend suggests that the 
low relative intensity for the experimental free-OH band of I−(H2O)35–37 can be predominantly 
attributed to a significantly smaller number of surface free-OH groups than for the cations 
investigated. 

The increase in the number of free-OH groups at the surface of the modeled nanodrops 
with increasing ion charge state is consistent with stronger patterning of water for more highly 
charged ions.  Divalent metal cations with partial first and second solvation shells tend to adopt 
structures with relatively few water-water hydrogen bonds,55, 65, 77, 100 but Cs+,64 and other large 
monocations, such as ammonium78, 101 and tetramethylammonium (TMA+),67 have been shown to 
have a much weaker patterning effect, favoring water-water hydrogen bonding over water-ion 
interactions even for small clusters.  Hydrogen bonding between first solvation shell water 
molecules is also very common for small halide hydrate clusters.53, 59, 69 

Further evidence for ion-induced water patterning is apparent within the hydrogen-
bonded feature in these spectra.  The ensemble IRPD spectra of M(H2O)35–37, M = I−, TBA+, Cs+, 
and Li+, each have significantly greater relative intensity between 3500 and 3600 cm−1 than do 
the spectra for M = Co2+ and La3+ (Figure 8.1).  Recent computational models of infrared87 and 
Raman86 spectra of bulk water indicate that this spectral region is associated with water 
molecules that are less strongly hydrogen bonded than OH oscillators at lower frequencies.  The 
more highly charged Co2+ and La3+ ions induce a greater polarization of inner-shell water 
molecules, so it is likely that these ions also strengthen hydrogen bonds at a greater distance 
from the ion than do M = I−, TBA+, Cs+, and Li+, shifting intensity from the 3500–3600 cm−1 
region to lower energy.  (Intensity in this region has also been attributed to the HB OH stretch of 
AD water molecules in five-member rings, as reported for small, protonated water clusters102 and 
Ni+(H2O)n, 11 ≤ n ≤ 21.71)  Ion-induced patterning of the water hydrogen bond network beyond 
the second solvation shell has recently been reported based on ensemble IRPD spectra of 
(SO4

2−)(H2O)n,75 and these results suggest that such patterning is intrinsic to many ions of 
various charge states, where it may be in part responsible for bulk ionic solution properties such 
as Hofmeister effects. 
 
8.4 Conclusions 
 
 IRPD ensemble spectra in the OH stretch region for M(H2O)35–37, M = I−; Cl−; HCO3

−; 
OH−; tetrabutyl-, tetrapropyl-, and tetramethylammonium; Cs+; Na+; Li+; H+; Ba2+; Ca2+; Co2+; 
Mg2+; La3+; and Tm3+; measured at an ion cell temperature of 133 K reveal that these clusters all 
have extensive bulk-like hydrogen-bond networks with surface structures that depend on the 
charge-state, and, to a lesser extent, the size, of the ion.  Water molecules accepting two and 
donating two hydrogen bonds (AAD) are significantly more abundant at the surface of these ions 
than AD water molecules, and evidence of A-only water molecules is observed only for the 
trivalent metal cations.  The frequency of the AAD free-OH feature shifts nearly linearly with 
ion charge state, consistent with a Stark shift induced by the electrostatic field of the ion.  The 
similarity of the hydrogen-bonded OH feature in these spectra to the infrared spectrum of liquid 
water as opposed to ice I95 suggests that the water network in clusters of this size is liquid-like or 
is poorly described by either condensed-phase structure, because the ion and inner solvation 
shell(s) prevent the development of an extensive pseudo-crystalline water network for hydrates 
of this size.  This result is consistent with a melting point depression, such as that for (H2O)n

−, n 
= 48 and 118, for which melting point transitions at 93 and 118 K, respectively, were recently 
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reported,103 and with water binding energies for hydrated divalent metal cations that are closer to 
the bulk heat of vaporization of water than of ice for n > ~40.89  Because these clusters are 
formed by solvent evaporation from electrospray droplets initially at room temperature, rapid 
evaporative cooling may kinetically trap these clusters into structures that are more like bulk 
liquid than ice.  Ion-induced patterning of the water molecule network that is not attributable to 
excluded volume effects propagates from the first solvation shell to the surface of these clusters 
and is more dramatic for ions of higher charge state, as reported previously for large hydrated 
sulfate dianion clusters75 and is consistent with reported halide ion-induced patterning in bulk 
ionic solutions that is not reflected strongly in OH-stretch Raman spectra.11  These results 
contrast with reports based on femtosecond OH vibrational anisotropy decay experiments that 
ion-induced patterning of the bulk water network is “negligible” beyond the first solvation 
shell15, 16 and indicate that cooperative solvation of nearby strongly-hydrated, multivalent 
counterions18 is not a necessary condition for such patterning in solution. 
 These results also serve as a stringent benchmark for theoretical modeling of hydrated ion 
and bulk solution properties.  Spectra for these ions modeled using two combined MD and 
electrostatic approaches originally designed for bulk solutions reproduce the division of the 
spectrum into a broad bonded-OH feature and a narrow free-OH feature, both of which red-shift 
with increasing charge state of the ion.  In particular, Stark-shifting of surface water molecule 
free-OH bands is predicted by both models, and splitting of the free-OH region into bands 
associated with different hydrogen-bonding motifs is qualitatively reproduced in the coupled-OH 
model.  Neither set of modeled spectra resembles the IRPD spectra consistently for all ions, 
although agreement is better for the monoanions and monocations than for the di- or trivalent 
cations.  These results suggest that electrostatic models that include vibrational coupling and that 
further account for polarizing and/or charge transfer effects of highly charged ions in clusters of 
this size must be used to accurately model IRPD spectra.  Such models could obviate the need 
for computationally expensive ab initio calculations and facilitate interpretation of hydrated ion 
IRPD spectra as well as improve the accuracy of modeling the effects of ions in solution. 
 
. 
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Scheme 8.1.  Ion-induced patterning motifs for water molecules in the inner solvation 
shell of gas-phase sulfate, calcium, and tetramethylammonium ions. 
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Figure 8.1.  Ensemble IRPD spectra of M(H2O)35–37 at 133 K (TBA+ = 
tetrabutylammonium).  Infrared absorption maximum for bulk pure water indicated by dash-dot 
line. 
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Figure 8.2.  Ensemble IRPD spectra in the free-OH region for M(H2O)35–37 at 133 K 
(TBA+, TPA+, TMA+ = tetrabutyl-, tetrapropyl-, and tetramethylammonium, respectively). 
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Figure 8.3.  Experimental free-OH stretch frequencies of AAD water molecules for 
M(H2O)35–37 at 133 K (top; ion labels arranged vertically in correspondence with observed 
frequencies) and La3+(H2O)154–159 (filled circle).  Also shown (bottom) are AAD free-OH 
frequencies for M(H2O)36 simulations without (squares) and with (triangles) intramolecular OH 
stretch coupling (see text), as well as for La3+(H2O)160 (filled triangle, coupled-OH model) and 
(H2O)1000 (plotted for charge state 0; blue/red × indicates coupled/uncoupled-OH model). 
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Figure 8.4.  Ensemble IRPD spectra of M(H2O)35–37 and simulated spectra of M(H2O)36 
at 133 K, where M is the ion indicated.  Thin blue traces represent simulations without 
vibrational coupling or frequency-dependent transition dipole moments, and dashed red traces 
represent simulations with intramolecular OH stretch coupling and frequency-dependent 
transition dipole moments.  All spectra are normalized to have the same maximum intensity.  
Note that Mo3+ was used to model La3+ because La3+ is not implemented in the MD software 
used for these simulations (see text). 
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Figure 8.5.  Representative structures for M(H2O)36, M = I−, Cs+, Co2+, and Mo3+, from 
MD simulations used to model ensemble IRPD OH stretch spectra. 
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Figure 8.6.  Ensemble IRPD spectra in the free-OH region for M(H2O)35–37, M = Li+ 
(black), Ca2+ (brown), and La3+ (magenta).  Dashed lines connecting the maxima of free-OH 
bands corresponding to different hydrogen-bonding motifs illustrate the effect of ion charge state 
on band frequencies (i.e., the Stark shift). 
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Chapter 9 
 

Hydration Isomers of Protonated Phenylalanine and 
Derivatives: 

Relative Stabilities from Infrared Photodissociation 
 

This chapter is reproduced with permission from 
Prell, J.S.; Chang, T.M.; O’Brien, J.T.; Williams, E.R. 

“Hydration Isomers of Protonated Phenylalanine and Derivatives: 
Relative Stabilities from Infrared Photodissociation” 

Journal of the American Chemical Society 2010, 132, 7811-7819 
© 2010 American Chemical Society 

 
9.1 Introduction 
 

Water plays a key role in the structure and function of biomolecules and is common in 
interfaces between molecules in macromolecular complexes.  Insight into how water interacts 
with peptides and proteins, affects their dynamical motion, and stabilizes intra- and 
intermolecular interactions, such as salt bridges, can provide a better understanding of factors 
that contribute to protein structure and function.  Water-protein interactions have been 
investigated in solution using a number of different techniques, such as NMR,1-3 x-ray and 
neutron diffraction,4 and femtosecond spectroscopy.5  Rotation of water molecules in the first 
hydration shell of proteins can be ~2–5 times slower compared to bulk water molecules,2, 6 and 
residence times of buried water molecules can be orders of magnitude longer than those at the 
protein surface.1, 2, 6  Specific water molecules are often observed in crystal structures, which can 
be a result of trapping or tight binding.7  Due to the large number of interactions that cooperate 
or compete in water-protein binding, it can be difficult to determine the relative contributions of 
proximal functional groups and surrounding solvent molecules to observed hydration behavior. 
 Water interactions with a variety of biomolecules have also been investigated in the gas 
phase, where effects of individual functional groups on hydration can be more clearly 
distinguished, and effects of surrounding solvent can in principle be inferred by comparisons to 
condensed-phase results.  Hydration equilibrium,8-12 blackbody infrared radiative dissociation 
(BIRD),13-18 high pressure mass spectrometry,19-25 and guided ion beam experiments26 have been 
used to measure enthalpies and/or entropies for hydration of metal cationized or protonated 
amino acids and peptides by a discrete number of water molecules.  These studies reveal that the 
binding energy of the first water molecule to a protonated aliphatic or aromatic amino acid is 
~14–19 kcal/mol, and binding energies of subsequent water molecules decrease to values near 
the vaporization enthalpy of water (10.5 kcal/mol).12  For ions with only one low-energy 
hydration isomer, these values are direct measurements of the hydration thermodynamics of the 
associated hydration site.  However, even for protonated amino acids, interpretation of sequential 
binding energies in terms of individual hydration sites can be more challenging.  Computational 
chemistry indicates that neutral polar groups in these ions, such as carboxylic acid and hydroxyl 
groups, can compete with charge sites for hydration, thus it is often possible that multiple 
hydration isomers exist in a hydrated ion population, even for singly-hydrated ions.9, 27-29 
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 Infrared photodissociation (IRPD) spectroscopy is a powerful structural tool that has been 
used to elucidate detailed information about the structures of gas-phase organic ions and their 
hydrates,27, 30-63 including ions for which more than one structure is present.31, 32, 34, 36, 39, 44, 46, 53, 

54, 59-61, 64  The hydrogen stretch region (~2500–3800 cm−1) can be used to determine whether 
amino acids adopt a zwitterionic or nonzwitterionic form in such complexes,30, 32, 33, 46, 62, 63 as 
well as how water molecules hydrate ions.33, 53, 65-75  IRPD spectroscopy experiments show that 
the addition of a single water molecule to lithiated arginine induces a change from the 
nonzwitterionic to the zwitterionic form of the amino acid.33  Results for hydrated, potassiated 
tryptamine indicate that temperature can have a strong influence on ion hydration, and isomers 
calculated to be ~20 kJ/mol higher in energy than the lowest-energy structure were found to 
contribute substantially to the ~50–150 K IRPD spectrum of this ion, indicating kinetic trapping 
of high-energy structures or substantial uncertainties in calculated energies.76 

Pioneering IRPD spectroscopy studies by Rizzo and co-workers of ValH+(H2O)1–4 are 
consistent with addition of the first three water molecules to the protonated N-terminus before 
the uncharged C-terminus is hydrated based on the presence of a spectral band associated with a 
bare carboxylic acid group.27  However, the absence of bands attributable to a hydrated C-
terminus in these spectra does not eliminate the possibility that some C-terminally hydrated 
isomers are present in the ion population, and computational results at the B3LYP/6-31++G** 
level of theory favor C-terminal hydration upon addition of the second water molecule.27  More 
recent results from computational chemistry suggest that the binding energy of a single water 
molecule to the C-terminus and N-terminus is similar (within 1 kcal/mol) for protonated Val, 
Phe, Tyr, and Trp.8  For these and other ions with competitive hydration isomers, it can be 
challenging to assess isomer populations using IRPD spectra of isomer ensembles, even with the 
aid of theory, and ensemble average hydration thermodynamics measurements do not probe 
individual sites but are instead an average over all isomers present in the ion population.  
Relative energies from computational chemistry can also be highly dependent on the level of 
theory and basis set used, further complicating structural interpretation based on ensemble 
hydration energies and IRPD spectra alone. 
 Because ensemble average hydration energies often provide limited, indirect information 
about competition between individual hydration sites, a more direct, experimental probe of 
relative isomer populations is desirable.  In principle, the relative contributions of hydration 
isomers that do not rapidly interconvert to an ion population can be determined from an IRPD 
spectrum if reference spectra for the isolated isomers are known.  IRPD spectra can closely 
resemble linear absorption spectra, so that calculated absorption spectra of single isomers can in 
some cases be used as reference spectra.  Alternatively, IRPD spectra of monoisomeric analog 
complexes can be used as reference spectra.32, 54  The accuracy of these approaches is difficult to 
assess, because there can be differences in spectral intensities and frequencies between IRPD 
spectra of analog complexes and between IRPD and calculated linear absorption spectra.  
Elegant infrared hole-burning66, 77 and IR/UV ion-dip59, 64, 78 spectroscopy experiments have 
yielded isomer-specific vibrational spectra of a variety of gas-phase ions, although experimental 
relative ion populations based on these isomer-specific spectra have not been reported.  Here, we 
present the spectra of hydrated, protonated Phe and its derivatives in order to assign IRPD 
spectral bands unambiguously to various hydration isomers.  IRPD kinetics at bands unique to 
the IRPD spectra of individual hydration isomers are probed in order to determine relative 
populations and energetics of hydration at each competitive hydration site for these ions.  These 
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are the first reported experimental relative binding energies of water to different binding sites of 
gas-phase ions. 
 
9.2 Experimental 
 

9.2.1 IRPD Spectroscopy.  IRPD spectra of hydrated, protonated L-phenylalanine (Phe), 
N-methyl-L-phenylalanine (N-MePhe), N,N-dimethyl-L-phenylalanine (N,N-Me2Phe), and L-
phenylalanine methyl ester (PheOMe) are measured using a 2.75 T Fourier transform ion 
cyclotron resonance mass spectrometer along with a tunable OPO/OPA laser system.32  Phe and 
N-MePhe and the hydrochloride salts of N,N-Me2Phe and PheOMe (Sigma-Aldrich, St. Louis, 
MO, U.S.A.) are prepared as 1 mM aqueous solutions.  Borosilicate capillaries are pulled to an 
inner tip diameter of ~1 µm and filled with the solution of interest.  Electrospray is initiated by 
applying a ~600 V potential relative to the heated metal capillary of the nanoelectrospray 
interface to a platinum filament in the filled capillary.  Ions are directed through five stages of 
differential pumping into the cell of the instrument using electrostatic lenses.  A copper block 
that surrounds the cell is cooled to 133 K for at least 8 h with a regulated flow of liquid nitrogen 
before all experiments.79  A ~3.7 s pulse of dry nitrogen gas (~10-6 Torr) is used to improve ion 
trapping and thermalization, and this is followed by a ~7 s pumpdown to reduce the cell pressure 
to < 10-8 Torr.  Precursor clusters are selected using stored waveform inverse Fourier transforms. 
 Mass-selected clusters are photodissociated using an OPO/OPA (LaserVision, Bellevue, 
WA, U.S.A) pumped by the 1064 nm fundamental of a Nd:YAG laser (Continuum Surelight I-
10, Santa Clara, CA, U.S.A) at a 10 Hz repetition rate.  Irradiation times between 5 and 60 s are 
used to produce substantial, but not complete, fragmentation of the isolated cluster.  First-order 
photodissociation rate constants are determined from the precursor and product ion abundances 
after irradiation as a function of laser frequency and are corrected for frequency-dependent 
variations in laser power as well as BIRD, which occurs as a result of absorption of blackbody 
photons from the 133 K ion cell and cell jacket. 
 
 9.2.2 Computational Chemistry.  A Monte Carlo conformational search for PheH+ with 
between 1 and 4 water molecules was performed with Macromodel 9.1 (Schrödinger, Inc., 
Portland, OR, U.S.A) to generate at least 5000 geometries.  Additional conformational searches 
for hydrated N-MePheH+, N,N-Me2PheH+, and PheOMeH+ were performed after replacing 
hydrogen atoms in the initial PheH+ structures with methyl groups.  Low-energy structures 
representing different isomers and water binding sites were selected for geometry optimization at 
the B3LYP/6-31G* level of theory in Q-Chem 3.180 (Q-Chem, Inc., Pittsburgh, PA, U.S.A.).  
Further optimization at the B3LYP/6-31+G** or MP2(full)/6-31+G** level of theory was done 
prior to calculating harmonic oscillator vibrational frequencies and intensities at the same level 
of theory.  Additional single-point energy calculations were performed at B3LYP/6-311++G** 
or MP2/6-311++G** using the optimized B3LYP/6-31+G** geometries.  Vibrational 
frequencies were scaled by 0.955 and convolved with a 100 and 15 cm−1 fwhm Lorentzian for 
the 2900–3100 cm−1 and 3100–3900 cm−1 regions, respectively, to simulate experimental line 
widths.  Zero-point energies, enthalpy, and entropy corrections at 0, 133, and 298 K were 
calculated using unscaled B3LYP/6-31+G** (respectively, MP2(full/6-31+G**)) harmonic 
oscillator vibrational frequencies. 
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9.3 Results and Discussion 
 

9.3.1 Computational Results.  Protonated Phe has four sites where a strong hydrogen 
bond to water can form: three hydrogen atoms at the protonated N-terminus and one hydrogen 
atom at the neutral C-terminus.  Four low-energy conformers were identified for PheH+(H2O) at 
the B3LYP/6-31+G** level of theory, all of which have a single favorable geometric framework, 
shown in Figure 9.1.  In this geometry, one N-terminal hydrogen is close to the π-system of the 
phenyl ring, another N-terminal hydrogen is close to the carbonyl oxygen atom, and the phenyl 
ring and the carboxylic acid do not directly interact.  This arrangement of the amino acid side 
chain, N-terminus, and C-terminus persists among all the low-energy structures identified at this 
level of theory for the hydrated ions investigated.  This amino acid configuration is the same as 
that identified by Gao et al. for hydrated, protonated Phe and Tyr.8  However, new low-energy 
structures in which a water molecule interrupts the N-terminal hydrogen bond to the side chain 
π-system are identified, analogous to the Trp1_C structure described by Kamariotou, et al., for 
TrpH+(H2O).81  The water molecule in these structures accepts a hydrogen bond from the N-
terminus and donates a hydrogen bond to the π-system and has distinct spectroscopic properties 
due to the water-π hydrogen bond (vide infra).  For the N-methyl derivatives of PheH+, structures 
in which a methyl group, rather than an N-terminal hydrogen atom, interacts with the π-system 
of the amino acid side chain were found to be at least 10-20 kJ/mol higher in Gibbs free energy 
at 133 K than the lowest-energy structure.  Structures with water-water hydrogen bonding were 
also found to be energetically unfavorable for all of these ions by at least 15 kJ/mol, and no 
evidence of water-water hydrogen bonding was observed in the IRPD spectra of PheH+ with up 
to four water molecules (vide infra). 
 Calculated structures and relative B3LYP/6-31+G** Gibbs free energies at 0/133/298 K 
for PheH+(H2O) and PheH+(H2O)4 are shown in Figures 9.2 and 9.3, respectively.  Additional 
structures and energies for these and the other ions investigated are in Appendix B.  In the 
following, we refer to the four acidic hydrogen sites by the numbering shown in Figure 9.1.  
Isomers are labeled according to the sites to which a water molecule or molecules are attached, 
e.g., in the Phe2 isomer, the water molecule occupies site 2 (Figure 9.2) of PheH+(H2O), and in 
Phe1234, water molecules occupy each of the four acidic hydrogen sites of PheH+(H2O)4 (Figure 
9.3). 

The relative energies of the low-energy structures of all of the ions investigated were 
found to depend on the basis set and level of theory.  For PheH+(H2O), Phe4 is more stable than 
Phe1, Phe2, and Phe3 by at least 1.6 kJ/mol with B3LYP/6-31+G**, whereas Phe1 is more 
stable by at least 2.8 kJ/mol with B3LYP/6-311++G**//6-31+G**.  MP2/6-
311++G**//B3LYP/6-31+G** calculations favor Phe2 by at least 1.1 kJ/mol.  Even at 133 K, a 
small difference in the relative energy of an isomer in a thermal ion population can correspond to 
a large change in the population of that isomer.  For instance, these B3LYP/6-311++G**//6-
31+G** calculated energies correspond to a 133 K ion population that is ~90% Phe1, whereas 
for MP2/6-311++G**//B3LYP/6-31+G**, less than 1% of the ion population is Phe1.  The 
range in relative energies in these calculations (Table 9.1) thus corresponds to a wide range of 
compositions of a thermal 133 K ion population, and no clear trend in relative energies among 
these four low-energy structures is predicted.  Thus, determining relative water binding affinities 
for the four water binding sites in PheH+ based on levels of theory typically used for these types 
of ions8, 33, 59 cannot be done with confidence.  Relative energies for isomers of all other ions 
investigated are included in Appendix B. 
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 Comparisons of calculated absorption spectra of low-energy isomers can be useful in 
interpreting experimental IRPD spectra and determining which isomers likely contribute to the 
experimental ion population, but this proved difficult for many of these ions.  Even for 
PheH+(H2O)1,4, where comparisons are more straightforward, there are still ambiguities.  The 
IRPD spectrum of PheH+(H2O)1 (Figure 9.2) has a very intense band at 3557 cm−1, closely 
matching the frequency of the carboxylic acid OH (COO-H) stretch calculated for structures 
Phe2, Phe3, and Phe4, at 3552, 3554, and 3555 cm−1 respectively.  Thus, one or more of these 
structures contribute substantially to the experimental ion population.  However, the relative 
intensity of the COO-H stretch band in the IRPD spectrum is significantly higher than in those in 
the calculated spectra.  The experimental band at 3634 cm−1 is matched in frequency most 
closely by the water OH symmetric stretch (s.s.) calculated for Phe1 at 3640 cm−1, and the water 
OH asymmetric stretch (a.s.) band predicted for Phe1 at 3749 cm−1 overlaps with the broad 
experimental feature between 3697 and 3730 cm−1, a range which includes the frequencies 
calculated for the water a.s. for Phe2, Phe3, and Phe4.  Thus, based solely on a comparison of 
calculated spectra of low-energy isomers with the IRPD spectrum, it is difficult to assess whether 
a structure similar to Phe1 is present in the ion population, and in what proportion, as well as 
which of structures Phe2, Phe3, and Phe4 contribute. 
 There are no bands indicative of water-water hydrogen bonding in the experimental 
spectrum of PheH+(H2O)4 (Figure 9.3, expected at ~3450 cm−1 for this ion), indicating that each 
of the four hydration sites is bound to a water molecule.  This result is consistent with the lowest-
energy calculated structure for PheH+(H2O)4 (Phe1234), which is 14.5 (30.9) kJ/mol lower in 
Gibbs free energy at 133 K at the B3LYP/6-31+G** (B3LYP/6-311++G**//6-31+G**) level of 
theory than the next-lowest-energy structure, in which water-water hydrogen bonding occurs 
(Phe234O).  These structures are very similar to low-energy structures reported for PheH+(H2O)4 
and TyrH+(H2O)4,8 Trp H+(H2O)4,8, 81 and ValH+(H2O)4.27  Although the calculated spectrum of 
Phe1234 more closely resembles the measured spectrum, it does not reproduce the distinctive 
pattern of peaks observed between 3570 and 3650 cm−1, indicating that the 133 K ion population 
is dominated by isomers that were not identified, or that uncertainties in calculated harmonic 
frequencies and intensities are too great to provide detailed insight into the structural significance 
of the observed peak pattern. 
 

9.3.2 IRPD Spectral Signatures for Water Molecules at Sites 1 and 2.  In order to 
unambiguously assign the spectral bands for PheH+(H2O)1–4, IRPD spectra of hydrated, 
protonated phenylalanine derivatives between ~2650 and 3850 cm−1 were measured (Figure 9.4).  
Substituting methyl groups for one or more of the four water binding sites of PheH+ reduces the 
number of available sites for direct water molecule attachment and also the number of possible 
conformers.  For example, water can bind to the hydrogen atom at either the N- or C-terminus in 
N,N-Me2PheH+, making it possible to readily assign the IRPD spectral bands for this ion.  These 
assignments can be used to assign bands for hydrates of N-MePheH+ and, in turn, PheOMeH+ 
and PheH+. 

The spectra of N,N-Me2PheH+(H2O)1,2 are nearly identical in the higher-frequency 
region, except for a unique band at 3557 cm−1 for the singly hydrated species that is absent for 
the doubly hydrated species.  There is no band at 3557 cm−1 in the spectra of PheOMeH+(H2O)1–

3, N-MePheH+ (H2O)3 and PheH+(H2O)4.  PheOMeH+ does not have a carboxylic acid group, and 
the number of attached water molecules is equal to the number of acidic hydrogen atoms in the 
other two ions.  These results confirm that this band is the free COO-H stretch.  The presence of 
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this feature for N,N-Me2PheH+(H2O), N-MePheH+(H2O)1,2, and PheH+(H2O)1–3, in which the 
number of acidic hydrogen atoms exceeds the number of water molecules, indicates that a 
substantial population of ions with no water molecules attached to the carboxylic acid group 
exists for these ions, in contrast to recent computational results, which suggest that site 1 is fully 
hydrated for PheH+(H2O)2,3.8  The very broad band between 2800 and 3200 cm−1 in each of these 
spectra is consistent with hydrogen bonded COO-H and NH stretch modes and gains in relative 
intensity with increasing hydration. 

The IRPD spectra of N,N-Me2PheH+(H2O)1,2 also contain four bands consistent with 
symmetric and asymmetric water OH stretches to the blue of the carboxylic acid stretch band.  
The lowest-energy of these four bands (3580 cm−1) is considerably red-shifted from the s.s. of a 
water molecule attached to ammonium (3610 cm−1),82 although not to the extent that would 
indicate donation of a strong hydrogen bond by this water molecule, which should shift it below 
3500 cm−1.  This is consistent with a water molecule attached to site 2 that is stabilized by 
donating a weak hydrogen bond to the π-system of the phenylalanine side chain, indicating the 
methyl groups are at sites 3 and 4.  A similar red-shift for a water s.s. has been observed for 
TrpH+(H2O), where it was assigned to a water molecule bound between the protonated N-
terminus and the π-system of the Trp side chain.81  A band at this frequency is also observed for 
N-MePheH+(H2O)1–3, PheOMeH+(H2O)1–3, and PheH+(H2O)2–4, indicating that structures with a 
similar π-bound water molecule at site 2 are present for these ions.  Interestingly, no strong 
feature is observed at this frequency for PheH+(H2O), which suggests that such a structure is not 
present in significant abundance for this ion and that methylation of the N-terminus or carboxylic 
acid group makes site 2 more competitive for attachment of the first water molecule. 

The other water OH s.s. of N,N-Me2PheH+(H2O)1,2 (3646 cm−1) is very close to that of a 
neutral water molecule (3657 cm−1) and is consistent with a water molecule attached to site 1, 
which carries no formal charge and causes little red-shifting of the water s.s. band.  There is no 
band at this frequency for PheOMeH+(H2O)1–3 (the band at 3630 cm−1 corresponds to a water 
molecule at site 4), further confirming this assignment.  The a.s. frequencies associated with 
water molecules at sites 1 and 2 can be determined by noting that the a.s. band at 3735 cm−1 in 
the spectra of N,N-Me2PheH+(H2O)1,2 is absent for PheOMeH+(H2O)1–3, whereas strong bands 
near 3697 cm−1 are present for all of these species.  Thus the 3735 cm−1 band is assigned to the 
a.s. of a water molecule at site 1 and the 3697 cm−1 band, to the a.s. of the π-bound water 
molecule at site 2. 

 
9.3.3 IRPD Spectral Signatures for Water Molecules at Sites 3 and 4.  Because bands 

corresponding to water-water hydrogen bonding are not observed for any of the ions except 
PheOMeH+(H2O)4, where these occur between ~3350 and 3550 cm−1, all bands between 3580 
cm−1 and 3735 cm−1 not assigned to the above two types of water molecule must correspond to 
water molecules attached to sites 3 and/or 4.  In the spectra of N-MePheH+(H2O)1–3, an 
additional water OH s.s. feature appears at ~3626 cm−1 for the singly and doubly hydrated ion 
that abruptly red-shifts to 3610 cm−1 for the triply hydrated species.  Likewise, for PheH+(H2O)1–

4, a new water OH s.s. band appears at 3620 cm−1 for the fully-hydrated species that replaces a 
higher-frequency band at 3630 cm−1 for PheH+(H2O)1–3.  The similar frequencies of these 
3626/3620 cm−1 bands for N-MePheH+(H2O)1,2/ PheH+(H2O)4 suggest that they correspond to 
water molecules bound to the same type of hydration site.  The s.s. band of a water molecule in a 
fourth type of binding geometry appears in the spectra of PheH+(H2O)3,4 at 3639 cm−1.  This 
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band overlaps considerably with the 3646 cm−1 band for these ions, and it is not clear to what 
extent it is present for PheH+(H2O)1,2, where the s.s. feature in this region is weak. 

Because all acidic hydrogen atoms are hydrated in PheH+(H2O)4, the difference in s.s. 
frequency between the water molecules associated with the 3620 and 3639 cm−1 bands for this 
ion can be attributed to a slight, but significant, difference in the strength of their interaction with 
the N-terminus or the nearby carbonyl oxygen atom.  Indeed, B3LYP/6-31+G** calculations 
predict that the water molecules bound at these two sites are located at different distances from 
the carbonyl oxygen atom, with the nearest hydrogen atom of the site 3 water molecule ~0.5 Å 
closer (H-bond distance 2.2 Å) than that of the site 4 water molecule.  This results in a calculated 
red-shift of ~30 cm−1 for the site 3 water molecule relative to 4, in satisfactory agreement with 
the experimental value of 19 cm−1, whereas calculations indicate that the Phe3 water molecule 
s.s. band should nearly coincide with the s.s. band of Phe2 (Figure 9.2).  Thus, the 3626/3620 
cm−1 bands for N-MePheH+(H2O)1,2/ PheH+(H2O)4 are attributed to water molecules at site 3, and 
the 3639 cm−1 band is attributed to a water molecule at site 4.  The discrepancy in the 
experimental and calculated red-shifts for these bands may be due to anharmonicity of the OH 
stretches that is not accounted for in the calculated harmonic frequencies or to minor differences 
between calculated structures and the structure present in the experimental ion population, such 
as a 180° rotation of the C-terminus about the C′-Cα axis. 

Because the other water OH s.s. features for N-MePheH+(H2O)1–3 and PheH+(H2O)1–3 do 
not shift substantially with increasing hydration state, the red-shifts observed for the s.s. of the 
water molecule at site 3 with increasing hydration suggest that a small, localized change in the 
binding geometry of the water molecule at site 3 occurs without disrupting the hydrogen bond 
donated by the bridging water molecule at site 2.  One possibility, consistent with calculated 
structures (see Appendix B), is that the optimal torsion angle of the N-terminus with respect to 
the amino acid backbone for binding a water molecule at site 3 is different from that for the π-
bound water molecule at site 2, leading to frustration of the site 3 water molecule when both sites 
are hydrated and a corresponding frequency shift for this mode.  Because the frequency shift for 
this mode is not observed until the third water molecule is added to the ion, these results suggest 
that binding a water molecule to either site 2 or 3 hinders binding an additional water molecule 
to the other site, whereas binding a water molecule to site 1 (the distant carboxylic acid hydrogen 
atom) does not. 

Additional strong, often broad, bands occur below 3400 cm−1 in all of these spectra that 
support the above analysis but are less useful for detailed structural determination.  Bands 
between 3150 and 3350 cm−1 occur for all of the ions investigated when the number of acidic 
hydrogen atoms exceeds the number of attached water molecules.  These bands are much too low 
in energy to be assigned a free COO-H stretch and are instead consistent with free NH stretch 
modes, in agreement with IRPD spectra of other hydrated, protonated Val27 and Trp.81  Bands 
below 3100 cm−1 in these spectra are associated with amino acid backbone and side chain CH 
stretch modes, which are typically very weak in IRPD spectra, and hydrogen-bonded COO-H 
and NH stretch modes, which can often be very intense and broad.  In general, the broad feature 
in this region gains substantially in relative intensity with increasing hydration state for a given 
ion, indicating that the feature is predominantly attributed to water-bound COO-H and NH 
stretches.  The shape of this feature changes little for N,N-Me2PheH+(H2O)1,2, consistent with 
significant populations of both C-terminally and N-terminally hydrated isomers for the singly 
hydrated species.  For the other ions investigated, this feature blue-shifts with increasing 
hydration state, consistent with less charge transfer from the protonated N-terminus to attached 
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water molecules as additional water molecules are added.  There does appear to be some 
structure to this feature for some of the ions investigated, but the poor resolution of these 
subbands makes more detailed assignments challenging. 

 
9.3.4 Isomer Populations from Photodissociation Kinetics.  In principle, the relative 

populations of the two different isomers of N,N-Me2PheH+(H2O) (water attached to either site 1 
or 2) that contribute to the measured IRPD spectrum could be obtained from a linear 
superposition of the spectra of the individual species, if the spectrum for each species was 
accurately known.  Calculated relative intensities do not always correspond closely to relative 
IRPD intensities, and IRPD spectral intensities may not reflect linear absorption intensities,54, 71, 

83 making it difficult to obtain meaningful quantitative data from comparisons of measured to 
calculated spectra.  However, if the ion isomers do not interconvert rapidly on the time scale of 
the experiment and each has a unique spectrum, then the contributions of each isomer can be 
obtained from dissociation kinetic data at wavelengths unique to each isomer.  Kinetic data for 
N,N-Me2PheH+(H2O) measured at three different frequencies are shown in Figure 9.5.  This ion 
does not dissociate measurably at 133 K due to BIRD on the timescale of these experiments (120 
s).  The photodissociation kinetics are clearly biexponential at each of these wavelengths.  To 
confirm that the biexponential data is due to two isomers with different absorption cross sections 
and not due to an artifact of partial overlap of the ion cloud with the laser beam, 
photodissociation kinetics of N,N-Me2PheH+(H2O)3 at 3715 cm−1 (water OH a.s.) were 
measured.  These data are monoexponential to greater than 95% depletion of the precursor ion 
population, consistent with previous measurements of other extensively hydrated ions measured 
with this apparatus.71, 84 

The isomer with the water molecule at site 2 has a free COO-H stretch band at 3557 cm−1 
and a water OH a.s. band at 3697 cm−1 whereas the isomer with the water bound to site 1 does 
not have a free carboxylic acid OH band and its water OH a.s. band is at 3740 cm−1.  The former 
structure is depleted rapidly by the on-resonance radiation at both 3557 and 3697 cm−1, whereas 
the latter structure dissociates more slowly due to off-resonant absorption or slow 
interconversion to the resonant isomer.  A biexponential fit to the 3557 cm−1 data yields a 
relative population of 39% associated with the water molecule at site 2 (0.197 s−1) and 61% for 
the water molecule at site 1 (0.014 s−1).  The 3697 cm−1 data yield nearly identical results: a 35% 
relative population of the resonant (site 2-bound) isomer (0.193 s−1), and 65% for the non-
resonant isomer (0.017 s−1).  Results for the weaker band at 3740 cm−1 yield slightly different 
populations (49% for the site 1-bound isomer), but some population of the non-resonant, site 2-
bound isomer likely absorbs at this frequency due to the high-energy tail of its much stronger OH 
a.s. band centered at 3697 cm−1, which is apparent in the experimental spectrum (Figure 9.5).  
These results indicate that ~35 ± 4% of the N,N-Me2PheH+(H2O) ion population has a site 2-
bound water molecule and ~65 ± 4% at site 1. 

Similar experiments probing the free COO-H stretch at 3557 cm−1 (Figure 9.5) for N-
MePheH+(H2O) indicate a ~23% population with the water molecule at sites 2 or 3 (0.086 s−1), 
and a ~77% population with the water molecule at site 1 (0.010 s−1).  Probing this band for 
PheH+(H2O) indicates a 74% population for sites 2, 3, or 4 (0.209 s−1) and a 26% population for 
site 1 (0.015 s−1).  These results for PheH+(H2O), N-MePheH+ (H2O), and N,N-Me2PheH+(H2O), 
which are summarized in Table 9.2, are the first reported determinations of isomer populations 
from IRPD kinetic data.  The substantially greater population of N-terminally bound water 
molecules for PheH+(H2O) in comparison to the other two ions indicates that the N-terminus is a 
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much more favorable site without methylation and that site 4 is the most favorable hydration site 
in PheH+(H2O).  The similarly large population of site 1-bound isomers for N-MePheH+(H2O) 
and N,N-Me2PheH+(H2O) indicates that attachment of the water molecule to this site is greatly 
preferred over attachment to the sites 2 or 3.  An equal preference for sites 2 and 3 in N-
MePheH+(H2O) would result in a site 1-bound population fraction for N-MePheH+(H2O) that is 
exactly half that for N,N-Me2PheH+(H2O).  Instead, the fraction of site 1-bound isomers is nearly 
the same for both ions, thus, site 2 must be more favorable than site 3.  In summary, the kinetics 
of these ions indicate that the four water binding sites in PheH+(H2O) are ordered as follows in 
terms of decreasing affinity for the water molecule: 4  > 1  > 2  > 3.  This same ordering applies 
to the available hydration sites in N-MePheH+(H2O) and N,N-Me2PheH+(H2O).  These results are 
consistent with crude relative ion population estimates based on peak heights and integrated peak 
areas for the experimental IRPD spectra of these ions and their higher hydrates.  Somewhat 
ironically, this is the same order obtained from the computationally least expensive calculations 
(B3LYP/6-31+G**) but not from the MP2 calculations or those with a larger basis set (6-
311++G**). 

The slower rate constants in the biexponential photodissociation kinetics either 
correspond to dissociation of a water molecule from the non-resonant isomer or to 
interconversion of the non-resonant and resonant isomers.  Thus, the longer lifetime is a lower 
bound for the interconversion lifetime between isomers.  For N,N-Me2PheH+(H2O), the lifetime 
for moving the water molecule from site 1 to site 2 must be > 71 s at 133 K.  This long 
equilibration lifetime indicates a high barrier for interconversion, which is consistent with the 
~180° rotation of the water molecule and passage around a bulky methyl group necessary for 
interconversion between these two isomers.  A lower limit of ~36 kJ/mol for the 133 K Gibbs 
free energy barrier to move a water molecule from site 1 to 2 can be determined using this 
lifetime and the Eyring equation.  Interestingly, interconversion between structures with 
carboxylic acid hydrogen-bound and NH-bound water molecules for PheH+(H2O) may have an 
even longer lifetime (at least ~98 s), indicating that detachment from the N- or C-terminus and 
rotation of the water molecule, i.e., not simply passage around the N-terminal methyl groups, 
contribute substantially to the interconversion barrier for both this ion and N,N-Me2PheH+(H2O).  
Because these lifetimes are so long, these isomers could potentially be kinetically trapped in a 
supersonic expansion if they are not allowed substantial equilibration time after formation.  
Differences in these kinetics with varying ion equilibration times on the order of 100’s of 
seconds before laser irradiation could confirm whether kinetic trapping has occurred in such 
instances. 

 
9.3.5 Relative Water Affinities from Isomer Populations.  For a thermal population of 

ions at a temperature T, the difference in Gibbs free energy, ΔGT (m − n), between non-
degenerate isomers m and n is related to their relative population sizes pm and pn by the equation 
ΔGT (m − n) = −kBT ln (pm / pn), where kB is Boltzmann’s constant.  Thus, the relative binding 
energies to sites 1, 2, 3, and 4 for these ions can be obtained from the measured relative 
populations (Table 9.2).  For N,N-Me2PheH+(H2O), binding a water molecule is more favorable 
at site 1 than at site 2 by 0.7 ± 0.2 kJ/mol at 133 K. 

Upper and lower bounds for the energy difference between isomers with water molecules 
at sites 1 and 2 in N-MePheH+(H2O) can be obtained by first noting that site 3 is the least 
favorable of these sites for water attachment.  Thus, in the limit that no ion population has the 
water molecule attached to site 3, the populations at sites 1 and 2 are 77% and 23%, respectively.  
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This corresponds to a lower bound of 1.3 kJ/mol for the energy difference between site 1- and 
site 2-bound isomers.  In the opposite limit where sites 2 and 3 are equally favorable, ½×23% = 
11.5% of the ion population is associated with each of these two sites, and 77% with site 1, 
corresponding to an energy difference of 2.1 kJ/mol between site 2/3 and site 1.  The smaller 
fraction of site 1-bound isomers in N,N-Me2PheH+(H2O) relative to N-MePheH+(H2O) indicates 
that solvation of the N-terminal charge by the carbonyl oxygen atom in N-MePheH+(H2O) that 
does not occur for N,N-Me2PheH+(H2O) makes the N-terminus a less attractive hydration site 
despite the somewhat lower gas-phase basicity of N-MePheH+. 

A lower bound for the difference in energy between site 4- and site 1-bound isomers of 
PheH+(H2O) can also be obtained from the relative populations in Table 9.2 in combination with 
the above thermodynamic information.  The substantially higher fraction of N-terminally bound 
water molecules for PheH+(H2O) indicates that site 4 is the major water binding site.  Thus, in 
the limit that site 2 is just 1.3 kJ/mol less favorable than site 1 for PheH+(H2O), the total 
population fraction at sites 2 and/or 3 should be (23 / 77) × 26% = 8%.  The remainder, (74% − 
8%) = 66%, of N-terminally bound isomers must have the water molecule at site 4.  This 
corresponds to a ≥ 1.0 kJ/mol preference for site 4 over site 1 in PheH+(H2O).  An upper bound is 
obtained by assuming instead that all 74% of the N-terminally bound isomers have a water 
molecule at site 4, corresponding to a preference of 1.2 kJ/mol over site 1.  These results, 
summarized in Table 9.3, are the first reported relative energies of ion isomers derived entirely 
from IRPD kinetics.  The uncertainties in these values are significantly lower than those from 
calculations at levels of theory typically used for systems of this size, and these experimental 
values should provide a stringent benchmark for theory. 
 
9.4 Conclusions 
 
 The sites of water binding to protonated Phe with up to four water molecules and the 
relative binding energies of these closely competitive sites can be obtained from IRPD 
spectroscopy and photodissociation kinetics of this ion and its protonated, methyl-substituted 
derivatives, which make it possible to systematically assign bands in congested spectra where 
multiple hydration isomers contribute substantially to the ion population.  The population of each 
isomer can be obtained by fitting the kinetic data measured at unique frequencies at which each 
isomer absorbs, and the relative Gibbs free energies of the isomers are obtained from these 
populations.  Results clearly show that one specific hydrogen atom at the N-terminus of PheH+ is 
the preferred water binding site at 133 K, followed by the carboxylic acid hydrogen, an N-
terminal hydrogen where the attached water molecule donates a hydrogen bond to the side chain 
π-system, and finally the remaining N-terminal hydrogen atom.  For N,N-Me2PheH+(H2O), the 
carboxylic acid-bound isomer is 0.7 ± 0.2 kJ/mol more stable than the competing N-terminally 
bound structure.  This value increases slightly (to 1.3–2.1 kJ/mol) for N-MePheH+(H2O) due to 
the partial solvation of the N-terminal charge by the carbonyl oxygen atom.  For PheH+(H2O), 
the most favorable N-terminal water-binding site is 1.0–1.2 kJ/mol more favorable than the 
carboxylic acid site.  The relative binding energies of water to various sites in these molecules 
are obtained entirely from experimental data, and these results are not consistently predicted by 
either hybrid density functional theory or MP2 calculations at levels typically used for systems of 
this size.  These IRPD methods can be especially useful when calculations do not yield 
consistent thermochemical values or when calculated absorption spectra do not sufficiently 
reproduce the experimentally measured spectra. 
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More detailed thermochemical data could be obtained by measuring the dissociation 
kinetics as a function of temperature to determine the relative enthalpies and entropies of the 
different isomers.  These results, in combination with techniques that measure ensemble average 
binding energies, such as high pressure mass spectrometry or blackbody infrared radiative 
dissociation, can be used to obtain isomer-specific absolute binding energies.  This IRPD kinetic 
method has the advantage over conventional two-laser “hole-burning” experiments in that only a 
single laser is required, but this method is only applicable when interconversion barriers between 
isomers are high. 
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Table 9.1.  Relative Calculated Energies for Structure of PheH+(H2O) at 0/133/298 K in 
kJ/mol. 
 
 Phe1 Phe2 Phe3 Phe4 
     
B3LYP/6-31+G** +2.7/1.6/0 +3.6/3.0/2.7 +3.9/3.3/3.4 +0/0/1.5 
B3LYP/6-311++G**// 
   6-31+G** 

+3.8/0/0 +3.7/3.9/1.7 +4.0/6.3/2.4 +0/2.8/1.5 

MP2/6-31+G**// 
   B3LYP/6-31+G** 

+11.5/8.3/6.2 +1.4/0/0 +7.2/6.2/7.9 +0/1.1/1.2 

MP2(full)/6-31+G** +10.7/10.4/9.3 0/0/0 +2.9/2.7/2.6 +2.7/1.8/0.3 
 
 

 
 
 
 
Table 9.2.  Relative Conformer Populations for N,N-Me2PheH+(H2O), N-

MePheH+(H2O), and PheH+(H2O) at 133 K Based on Biexponential Fits to 3557 cm−1 
Photodissociation Data. 
 
water binding site 1 2 3 4 
     
N,N-Me2PheH+(H2O) 65 ± 4% 35 ± 4% N/A N/A 
N-MePheH+(H2O) 77% ←     23%     → N/A 
PheH+(H2O) 26% ←              74%            → 
 
 

 
 
 
 
Table 9.3.  Relative Energies (kJ/mol) of Conformers of N,N-Me2PheH+(H2O), N-

MePheH+(H2O), and PheH+(H2O) at 133 K Based on Experimental Conformer Populations. 
 
water binding site 1 2 3 4 
 
N,N-Me2PheH+(H2O) 

 
0 

 
+0.7 ± 0.2 

 
N/A 

 
N/A 

N-MePheH+(H2O) 0 +1.3–2.1 > +2.1 N/A 
PheH+(H2O) +1.0–1.2 > +2.3 > +2.3 0 
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Figure 9.1.  Schematic of amino acid geometry for B3LYP/6-31+G** low-energy 
structures calculated for PheH+ and its methylated derivatives.  Acidic hydrogen atoms 
corresponding to the water binding sites at the carboxylic acid and N-terminal ammonium group 
are indicated with numbers. 
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Figure 9.2.  IRPD spectrum and low-energy structures and calculated spectra of 
PheH+(H2O).  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 0/133/298 
K. 
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Figure 9.3.  IRPD spectrum and low-energy structures and calculated spectra for 
PheH+(H2O)4.  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 
0/133/298 K. 
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Figure 9.4.  IRPD spectra of hydrated, protonated Phe; N-MePhe; N,N-Me2Phe; and 
PheOMe at 133 K. 
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Figure 9.5.  Laser photodissociation kinetics at 133 K for N,N-Me2PheH+(H2O), N-
MePheH+(H2O), and PheH+(H2O) at laser frequencies 3557 (circles), 3697 (crosses), and 3740 
cm−1 (squares), with partial IRPD spectra inset (see Figure 9.4).  Lines represent a least-squares 
biexponential fit to the data.  Note that the y-axis is logarithmic to make clear the biexponential 
kinetic behavior. 
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10.1 Introduction 
 

Interactions with water molecules are crucial in regulating the function of many 
biomolecules, including proteins.  A number of techniques, including NMR,1 x-ray and neutron 
diffraction,2 and femtosecond spectroscopy,3 indicate that some water molecules may be vital to 
protein structure and activity, whereas others, especially those at the protein surface, interact 
with the protein only slightly more strongly than with other solvent water molecules.  
Understanding these hydration interactions is thus vital in unraveling the complexities of protein 
folding, structure, and function.  Because a large variety of adjacent functional groups in a 
protein can cooperate or compete to bind the same water molecule, it can be very challenging to 
determine their intrinsic water binding affinities.  In the gas phase, the competitive hydration of 
various functional groups can be studied in detail using mass-selected model ions of known 
structure. 

Infrared photodissociation spectroscopy results for singly hydrated, protonated valine 
indicate that the water molecule is attached at the N-terminus, which carries the formal charge.4  
In contrast, results for singly hydrated, protonated phenylalanine and its N-methyl derivatives 
indicate that a substantial population of these ions have a water molecule attached at the formally 
neutral C-terminus.5  Competition between the charge site and the C-terminus for hydration is 
supported by calculations,5, 6 and the attractiveness of the C-terminus has been attributed to the 
favorable orientation of the attached water molecule’s dipole moment with the N-terminal formal 
charge,6 although this charge-dipole interaction is yet more favorable when the water molecule 
binds to the N-terminus itself. 

We recently introduced an IRPD kinetic method to determine the relative thermal 
populations of hydration isomers of ions with high isomerization barriers.5  Briefly, isolated 
hydrated ions are irradiated with IR photons resonant with only one isomer, which dissociates 
substantially faster than the other isomer.  Slow dissociation of the latter isomer reflects off-
resonance absorption or gradual conversion to the resonant isomer, resulting in overall 
biexponential dissociation kinetics.  The relative isomer populations and, hence, relative Gibbs 
free energies are obtained from the biexponential kinetic data.  Whereas the other protonated 
aliphatic and aromatic amino acids can have three or more competitive hydration sites, 
potentially complicating direct comparison of individual hydration isomer populations, ProH+ 
has only two strongly competitive hydration sites, making it an ideal target for studying the 
temperature-dependence of the isomer populations. 
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10.2 Experimental Methods 
 

Here, IRPD spectra and kinetics of ProH+(H2O) are measured as a function of 
temperature, and the role of enthalpy and entropy in C-terminal versus N-terminal hydration is 
discussed.  All experimental data are acquired using a 2.75 T Fourier transform ion cyclotron 
resonance mass spectrometer coupled to a tunable 10 Hz OPO/OPA laser system that generates 
light in the ~2500–4000 cm−1 range.7  Ions are generated with nanoelectrospray from ~2.5 mM 
solutions of Pro adjusted to a pH of ~5 with HCl.  The ion cell is surrounded by a copper jacket 
with an adjustable temperature regulated by a controlled flow of liquid nitrogen.8  Computational 
chemistry was performed using MacroModel 9.7 to generate initial low-energy structures using 
the MMFFs force field, and final structures were optimized using Q-Chem 3.29 or Gaussian 09.10  
Thermochemical values for these computed structures were obtained using un-scaled vibrational 
frequencies. 
 
10.3 Results and Conclusions 
 

Two hydrogen atoms of ProH+ compete for the attachment of a water molecule (Figure 
10.1, inset): the carboxylic acid hydrogen atom (site 1) and one hydrogen atom at the protonated 
N-terminus (site 2).  The other hydrogen atom at the N-terminus is less competitive because it 
interacts strongly with the C-terminal carbonyl oxygen atom, analogously to results reported for 
other protonated amino acids.4-6  All bands in the IRPD spectrum of ProH+(H2O) can be assigned 
based on prior results and the IRPD spectrum of singly hydrated, protonated proline methyl ester 
(spectra at 238 K shown in Figure 10.1).4, 5  The spectrum of ProH+(H2O) indicates two 
hydration isomer populations with water binding to either site.  The free NH stretch at 3340 cm−1 
corresponds to a water molecule binding to site 1, and the strong free carboxylic acid stretch 
band at 3557 cm−1 corresponds to a water molecule binding to site 2.  These assignments are 
confirmed by the disappearance of both of these isomer-specific bands in the spectrum of 
ProOMeH+(H2O), where water binds to site 2 and the absence of a free-NH band rules out a 
second competitive binding site at the N-terminus.  Because IRPD band intensities can depend 
nonlinearly on one-photon absorption cross-sections, and because experimental spectra for the 
isolated isomers have not been measured, the intensities of these two bands are an unreliable 
measure of relative isomer populations.  Instead, the pre-exponential factors from biexponential 
IRPD kinetics at 3557 cm−1 (on resonance with structures hydrated at the N-terminus) are used to 
obtain isomer populations, as illustrated in Figure 10.2 (top) for data acquired at 133 K and 203 
K.  Poor overlap of the ion cloud with the laser beam can be eliminated as the source of the 
biexponential kinetics, because IRPD kinetic experiments at 3557 cm−1 for Li+(H2O)5 and 
Cs+(H2O)4, for which multiple isomers with low interconversion barriers are present11 and which 
bracket the mass of and have comparable binding energies12, 13 to ProH+(H2O), dissociate with 
linear kinetics (R2 > 0.998) to > 96% depletion of the precursor population under these 
conditions (see Appendix C).  Equilibrium constants, Keq, are obtained from these populations as 
a function of temperature, and the resulting van’t Hoff analysis (Figure 10.2, bottom) provides 
the differences in enthalpy and entropy for a water molecule binding to the two sites in ProH+.  
Although there is significant scatter in these data owing to the well-known difficulty of 
accurately fitting biexponential data, the values for ΔH° and ΔS° fall within a remarkably narrow 
range: binding at the C-terminus is favored enthalpically by 4.2–6.4 kJ/mol and entropically at 
the N-terminus by 31–43 J/mol K. 
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The relative Gibbs free energy difference between these two hydration isomers is 
calculated to be small over a wide temperature range (< 7 kJ/mol from 0 to 300 K for all levels of 
theory used here), but site 1 is enthalpically favored by 0.9 (0.04) kJ/mol at the B3LYP/6-
31+G** (6-311++G(2d,2p)) level, whereas site 2 is favored enthalpically by 4.2 (3.7) kJ/mol at 
the MP2(full)/6-31+G** (6-311++G(2d,2p)) level.  Water binding to the N-terminus is favored 
entropically by between 3.3 and 9.8 J/mol K depending on the level of theory.  Better qualitative 
agreement is observed between experiment and the B3LYP results, and these experimental 
values should serve as a stringent benchmark for theory. 

Why, then, is water molecule adduction at the formally neutral C-terminus enthalpically 
favored, whereas it is entropically favored at the protonated N-terminus, which carries the formal 
charge?  The nearly planar configuration of the water molecule and the C-terminus in structure 1 
suggests that there may be a very weak second hydrogen bond with the carbonyl oxygen atom.  
Natural bond order (NBO) analysis of the MP2/6-311++G(2d,2p) structures indicates a 
significantly greater (158 vs. 88 kJ/mol) stabilization energy due to the hydrogen bond between 
the water molecule oxygen atom and the C-terminal hydroxyl group as compared to that at the 
N-terminus.  Evidently, the greater charge-dipole attraction in structure 2 only partially 
compensates for its weaker hydrogen bond. MP2/6-311++G(2d,2p) transition state calculations 
indicate that there is a slightly higher barrier for rotation of the water molecule at site 1 (2.2 
kJ/mol at 0 K) than at site 2 (0.1 kJ/mol at 0 K), consistent with NBO results that indicate that 
the hydrogen bond strength is lowered by rotation of the water molecule at site 1 but not at site 2.  
The greater stability of the hydrogen bond at site 1 results in the enthalpic preference of the C-
terminal binding site, making this the most favorable site below ~142 K, and the lower barrier 
for rotation of the N-terminally bound water molecule at site 2 makes this site more favorable at 
higher temperature.  These results indicate that interactions of water molecules with protonated 
biomolecules, as occur in H/D exchange experiments used to infer information about gaseous 
protein conformation, can be favorable at sites other than those carrying formal charge.  These 
results also indicate that water molecules may interact as strongly with uncharged acidic residues 
as with charged residues in solution, where entropic effects should be less significant due to 
interactions with other water molecules. 
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 Figure 10.1  IRPD spectra of ProH+(H2O) and ProOMeH+(H2O) measured at 238 K. 
Band assignments are indicated on the spectra. Inset: schematic structures for two low-energy 
isomers of ProH+(H2O), where the water molecule can attach to the hydroxyl group at the neutral 
C-terminus (site 1) or to the free NH group at the charged N-terminus (site 2). The interaction 
between the other NH group and the carbonyl oxygen atom, which makes this site less favorable 
for water molecule binding, is indicated by a dashed line. 
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Figure 10.2  (Top) Representative IRPD kinetic data measured at 3557 cm−1 for 
ProH+(H2O) (circles), corresponding to the free carboxylic acid stretch (resonant for water 
molecule binding at site 2), with biexponential fits (lines). Note that the y-axis is logarithmic to 
make clear the biexponential character of the kinetic data. (Bottom) van’t Hoff plot for 
ProH+(H2O) at 3557 cm−1 at ion cell temperatures between 133 and 238 K, where Keq is defined 
as the ratio of the ion population with a C-terminally bound water molecule to that with an N-
terminally bound water molecule, with least-squares fit line. 
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11.1 Introduction 
 
 Upon capture of an electron, gaseous multiply charged peptides or proteins can dissociate 
via many different pathways, producing a rich fragmentation spectrum from which extensive 
sequence information and locations of posttranslational modifications can be determined.  The 
captured electron can be originally free (ECD),1-4 or can be transferred by collisions with atoms 
(ECID)5, 6 or anions (ETD).7, 8  These three methods produce similar fragments from multiply 
charged peptides and proteins, and have found application in “top-down” proteomics where an 
entire protein or a substantial fraction of a protein is directly sequenced by tandem mass 
spectrometry.4 
 Many other mass spectrometry based sequencing methods activate protonated peptides or 
proteins by collisions either with gases, surfaces, or photons, and typically cleave amide 
backbone bonds to form “b” and “y” type ions.9  In contrast, electron capture (EC) based 
methods typically cleave N-Cα backbone bonds to form “c” and “z” type ions,2 although “b” and 
“y” type ions can be produced as well.10, 11  The mechanisms for b and y type ions formed by 
activating protonated peptides and proteins have been extensively studied using a wide variety of 
different methods, including thermochemical12-14 and spectroscopic methods,15, 16 and are 
thought to be relatively well understood.9, 17-20  In contrast, mechanisms for formation of “c” and 
“z” type ions by ECD have been more controversial and are still the subject of heated debate.1-3, 

21-32  Among the proposed mechanisms are capture of the electron by a protonated nitrogen 
followed by hydrogen-atom transfer to a nearby carbonyl oxygen and subsequent nonergodic 
cleavage;22 capture of the electron at an amide group and abstraction by the resulting amide 
“superbase” of H+ from a nearby protonated moiety, followed by facile N–Cα cleavage;26 and a 
“radical cascade” mechanism in which electron capture at a protonation site leads to initial H-
atom transfer, which is followed by iterative loss of neutral fragments.3  ECD spectra can change 
with initial ion temperature, suggesting that ion conformation can influence the observed 
products,33, 34 consistent with recent results which showed that ECD spectra of different ubiquitin 
conformers with the same charge state, separated by differential ion mobility, differ.35  

One of the most important factors that affect observed ion fragmentation is the energy 
deposited by a particular ion activation technique.  It has been estimated that the recombination 
energy (RE) when a free electron combines with a multiply protonated peptide or protein is 
roughly 4–7 eV.1, 2, 36  Some or all of this energy may be deposited into internal modes of the 
peptide or protein ion to form the resulting fragment ions.  An important advantage of ECD is 
that large proteins can be fragmented even though the RE is relatively small compared to the 
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thermal energy of a large protein at room temperature.  This phenomenon has been attributed to 
nonergodic dissociation in which the RE is localized and contributes to bond cleavage before 
energy randomization occurs.1, 22  It has also been attributed to very low activation barriers for 
formation of product ions from the reduced precursor so that statistical dissociation is prompt 
even at room temperature.27  Data from many experiments and quantum chemical calculations 
have been obtained that support one or the other mechanism.1-3, 21-30  
 A significant obstacle to better understanding how ions are formed in ECD is the 
difficulty in obtaining thermochemical information about these reactions.  Experimental 
methods, such as blackbody infrared radiative dissociation (BIRD),12-14 high-pressure drift cell 
experiments,37 energy resolved surface induced dissociation,38, 39 or guided ion beam mass 
spectrometry,40, 41 have been used to measure activation energies for biomolecule dissociation 
reactions that are endothermic and have provided important information about the mechanisms 
by which many endothermic reactions occur.   However, these methods cannot be applied 
directly to exothermic reactions, such as ECD.  Some dissociation experiments on intact reduced 
precursors have been performed,22, 42, 43 but no thermochemical information has been obtained.  
An alternative approach to investigating ion thermochemistry is to use quantum chemical 
calculations, which have been done on small model systems and provide useful insights into 
ECD dissociation.21, 23-29  However, high-level quantum chemical calculations have not been 
applied to multiply protonated peptides or proteins investigated by experimental methods owing 
to the large size of these molecules. 
 Recent ion nanocalorimetry experiments have been used to measure the RE when an 
aqueous nanodrop containing a metal ion is reduced by a thermally generated electron in the gas 
phase.44-48  In brief, when an electron is captured by a charged nanodrop, the RE can be 
deposited into internal modes of the nanodrop resulting in the evaporation of water molecules.  
The value of the RE can be obtained from the sum of the threshold dissociation energies for the 
maximum number of water molecules that are lost from the cluster.  A more accurate measure 
can be obtained from the average number of water molecules lost combined with estimates of the 
translational, rotational, and vibrational energy partitioned into the evaporated water molecules.46  
This method has recently been used to measure absolute reduction energies of gaseous 
nanodrops that contain different redox active species.46, 47  These measured values can be related 
to bulk solution to obtain absolute reduction potentials.  By comparing these absolute reduction 
potentials obtained from gas-phase measurements to relative electrochemical potentials 
measured in aqueous solution, an absolute potential for the standard hydrogen electrode of 4.2 ± 
0.4 V was obtained.46 
 Here, this nanocalorimetry approach is used to obtain thermochemical information, 
including appearance energies and relative entropies for fragment ions formed by ECD of the 
diprotonated peptide Lys-Tyr-Lys (KYK) and of this ion with up to 25 water molecules attached.  
These experiments provide the first experimental measure of the RE for electron capture by a 
diprotonated peptide and also provide a novel route to establishing appearance energies of 
different fragments, including b, y, c, and z type ions, as well as loss of an H atom from this 
peptide, despite the fact that EC by the unsolvated peptide ion is exothermic.  Finally, the 
reactivity of the peptide is influenced by the water molecules through a “caging” effect, which 
increases survival of the intact molecule and significantly reduces H-atom loss, but makes loss of 
an ammonia molecule a competitive process. 
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11.2 Experimental 
 

ECD experiments are performed using a 2.75 Tesla FT/ICR mass spectrometer equipped 
with a nanoelectrospray ion source and a temperature-controlled ion cell.  This instrument is 
described in detail elsewhere.48-50  A copper jacket that can be cooled using a regulated flow of 
liquid nitrogen surrounds the ion cell and is equilibrated to a temperature of −140.0 °C for at 
least 8 hours prior to experiments.  Ions are generated by nanoelectrospray using borosilicate 
capillaries that are pulled to ~1 μm inner diameter at the tip and filled with a 10 μM aqueous 
solution of Lys-Tyr-Lys (99%, Sigma Chemical Co., St. Louis, MO), into which a platinum 
electrode is inserted.  Ions are accumulated for 3 to 10 s in the ion cell during which time 
nitrogen gas is pulsed into the vacuum chamber to a pressure of ~10−6 Torr to enhance trapping 
and thermalization of the ions.  Trapping plate potentials are 9.2 and 10.0 V (source side and far 
side, respectively) and are lowered to 2.0 V for ion excitation and detection.  These trapping 
conditions were found to maximize total ion abundance following ECD in this instrument.48  The 
trapped ions are allowed to thermalize during a 5 to 12 s period, during which time the ion cell 
pressure returns to < 5 × 10−9 Torr.  Ions of interest are isolated using stored waveform inverse 
Fourier transform (SWIFT) techniques. 

Electrons are thermally generated using a 1.0 cm diameter barium-scandate impregnated 
cathode (HeatWave Laboratories, Watsonville, CA) mounted axially 20 cm away from the cell 
center.  The cathode is heated to a temperature of ~950 °C using a 3 A direct current.  Following 
a 50 ms delay after ion isolation, electrons are introduced into the cell by pulsing the cathode 
housing potential from +10.0 to −1.5 V for 120 ms.  In BIRD experiments, the cathode housing 
potential was maintained at +10.0 V to prevent electrons from entering the cell.  In all 
experiments, a potential of +9.0 V was applied to a copper wire mesh mounted 0.5 cm in front of 
the cathode.  All potentials are referenced to instrumental ground.  For both ECD and BIRD 
experiments, a 500 μs delay precedes ion excitation and detection. 

Sustained off-resonance irradiation collisionally activated dissociation (SORI-CAD) 
experiments are performed using a 9.4 Tesla FT/ICR mass spectrometer with a nanoelectrospray 
ion source.51   Singly protonated KYK is generated directly by nanoelectrospray as described 
above.  Ions are accumulated in a hexapole trap for 0.5 s, injected into the ion cell, where 
trapping is enhanced by pulsing in nitrogen gas for 0.2 s.  (KYK + H)+ is then isolated using 
SWIFT techniques and excited using a single frequency waveform (4.0 V peak-to-peak, −1500 
to −1700 Hz offset, 0.1 s duration), which results in maximum laboratory-frame translational 
energies of 2.1 to 2.7 eV.  Nitrogen gas is pulsed into the cell during the excitation and is 
followed by a 2.7 s delay before ion excitation and detection. 

Ion abundances were obtained by subtracting the average noise in a ~30 m/z signal-free 
region near the precursor.  In ECD experiments, the average number of water molecules lost 
from the reduced precursor was calculated as the weighted average of reduced product cluster 
abundances (including abundances of the reduced precursor that has lost both small neutral 
species and water molecules).  A correction for background dissociation due to BIRD resulting 
from radiative emission from the surrounding copper jacket and from the heated cathode was 
estimated as the water loss observed from the precursor ion when no electrons are introduced 
into the cell;45 this correction (~0.1 water molecules) was subtracted from the average water 
molecule loss. 

Molecular mechanics was used to identify candidate low-energy structures of (KYK + 
2H)2+, (KYK + 2H)(H2O)10

2+, and (KYK + 2H)(H2O)25
2+ using conformational searching with 
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MacroModel 8.1 (Schrödinger, Inc., Portland, OR).  Two separate 10,000-conformer Monte 
Carlo searches were performed for each ion with either the MMFFs or OPLS force field using 
unconstrained geometries.  Calculations with each force field resulted in at least 1,000 structures 
within 50 kJ/mol of the lowest-energy structure. 
 
11.3 Results and Discussion 
 
 11.3.1 Formation of Hydrated Ions.  With electrospray ionization, hydrated ions can be 
formed by evaporation of water molecules from even more extensively hydrated ions or by 
condensation of water molecules onto bare or minimally solvated ions in the supersonic 
expansion that takes place in the ESI interface.52  A typical electrospray mass spectrum of KYK 
formed from aqueous solution and introduced into the mass spectrometer under conditions where 
the peptide ion should remain hydrated49 is shown in Figure 11.1a.  The distribution of solvated 
ions, (KYK + 2H)(H2O)n

2+ depends on a number of experimental parameters, including the 
temperature of the heated metal inlet capillary and voltages applied to the skimmers and lens 
elements in the ESI interface.  The distribution of ions can be shifted to lower or higher 
hydration extents by changing these parameters (Figure 11.1b).  Because the ions are stored for 5 
to 12 s prior to ion isolation and subsequent ECD experiments, the precursor ions should achieve 
a steady state internal energy distribution determined by the temperature of the copper jacket that 
surrounds the ion cell.  This process occurs both by radiative absorption and emission, as well as 
by evaporative cooling in the cell.50, 53, 54  
 

11.3.2 Fragmentation Pathways.  Many different ions are formed upon ECD of 
hydrated (KYK + 2H)2+, and fragment ion identities are assigned based on known peptide 
fragmentation pathways and logical neutral loss pathways.  The observed dissociation pathways 
are summarized in Scheme 11.1.  In detail, for the diprotonated molecular ion of KYK, ECD 
results in formation of b2

+ with a 65 % abundance normalized to the total ECD product ion 
abundance, (b2 − NH3)+ (7 %), (a2 − NH3)+ (10 %), y2

+ (8 %), and (z2
• − COOH)+ (11 %).  The 

abundances of these ions decrease with increasing precursor hydration, and new ions appear 
(Figure 11.2, data for n = 1 and 8 shown).  For example, ECD of (KYK + 2H)(H2O)4

2+ results in 
formation of (KYK + 2H)+• (m/z 439, 2 %), (KYK + 2H − NH3)+• (2 %), (KYK + H)+ (21 %), 
(KYK + H − H2O)+ (3 %), (KYK + 2H − tyrosine sidechain − H)+• (m/z 331, 9 %), c2

+ (52 %), 
and z2

+• (8 %), and (z2
• − COOH)+ (3 %).  No hydrated species are observed upon EC of 

precursor ions with fewer than 10 water molecules attached, indicating that all water molecules 
are lost either from the reduced precursor itself or from the product ions.  Loss of water from the 
reduced precursor should occur with a negligible reverse activation barrier and should occur via 
a “loose” transition state, making it an entropically favored process. 

The change in fragmentation behavior with increasing hydration can be largely attributed 
to a smaller fraction of the RE that is available for forming peptide fragment ions due to the 
energy necessary to evaporate the water molecules, i.e., energy that goes into evaporating water 
molecules from the reduced precursor ion is not available to form fragment ions that have 
significant activation barriers.  With increasing hydration, the RE upon EC should decrease 
owing to increased charge solvation.  These combined effects result in decreased internal energy 
available to fragment the reduced precursor as the extent of hydration increases.  Changes in 
structure induced by hydration may also contribute to the changing fragmentation, including 
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solvent “caging” effects,55 which appear to be significant for the larger clusters and influence the 
fragmentation (vide infra). 

Fragment ions resulting from the EC process can be formed directly from the reduced 
precursor or by one or more consecutive reactions.  Whether some ions formed by EC of (KYK 
+ 2H)2+ occur from consecutive dissociation can be established from the abundances of these 
ions as a function of hydration extent (Figure 11.3).  For example, the abundances of the m/z 
438, 420, and 364 ions as a function of n are shown in Figure 11.3a.  The abundances of the m/z 
420 and 364 ions are larger at small n but decrease with a concomitant increase in the abundance 
of the m/z 438 ion.  This suggests that the m/z 420 and 364 ions are formed from the m/z 438 ion, 
consistent with assignment of these three ions as (KYK + H − H2O)+, (KYK + H − lysine 
sidechain − H)+, and (KYK + H)+, respectively.  Products of subsequent dissociation of (KYK + 
H)+ are preferentially formed at lower n, corresponding to higher internal energies.  Similar 
results are obtained for the m/z 439, 422, and 331 ions, and these ions are assigned as (KYK + 
2H)+•,  (KYK + 2H − NH3)+•, and (KYK + 2H − tyrosine sidechain − H)+•, respectively (Figure 
11.3b), although the possibility that the m/z 331 ion comes from (KYK + H)+ cannot be 
completely ruled out from this analysis.  However, collisional dissociation of (KYK + H)+ (vide 
infra) does not result in the formation of m/z 331 ions, strongly suggesting that it is formed 
instead from (KYK + 2H)+•.  The m/z 249 ion appears at lower n than the m/z 294 ion, consistent 
with loss of COOH from z2

+• (Figure 11.3c).  From similar analysis of each fragment ion, the 
ECD reaction pathways (Scheme 11.1) are established for (KYK + 2H)2+: 

 

 
 
Scheme 11.1.  Fragmentation pathways for (KYK + 2H)2+ upon electron capture. 
 
11.3.3 Energy Resolved Primary Fragmentation.  The abundances of fragment ions 

produced by EC of (KYK + 2H)(H2O)n
2+ normalized to total ECD product ion signal as a 

function of n are shown in Figure 11.4.  In this Figure, the abundances of product ions formed by 
consecutive dissociation (Scheme 11.1) are added to the abundance of the respective 
intermediate fragment to make more clear the primary reaction pathways originating either from 
the intact reduced precursor, (KYK + 2H)+•, or the reduced precursor that has lost an H atom, 
(KYK + H)+.56  These data show clear trends in the appearance and disappearance of fragment 
ions with increasing cluster size. Both b2

+ and y2
+ decrease with a concomitant increase in (KYK 

+ H)+ with increasing n.  The (KYK + H)+ ion reaches a maximum around n = 2 or 3 but is not 
observed at n ≥ 11.  The abundance of z2

+• initially increases and then decreases with increasing 
n, reaching a maximum at n = 2, and it is not observed at n ≥ 7.  The c2

+ ion is observed between 
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n = 2 and 10, reaching a maximum in relative intensity around n = 6.  Note that the high 
normalized abundance of the c2

+ ion over this region contributes to the asymmetry of the (KYK 
+ H)+, z2

+•, and (KYK + 2H)+• normalized abundance curves.  The trend in ion formation as a 
function of hydration extent can be directly related to formation energies; ions formed at lower n 
have higher barriers to formation than those preferentially formed at higher n. 

A b type ion can be readily formed from activated (KYK + H)+, but it could also 
potentially be formed by subsequent dissociation of a corresponding c ion by loss of NH3.  
However, the decrease in b2

+ abundance before significant increase in c2
+ abundance with 

increasing n indicates that b2
+ is not formed by dissociation of c2

+.  To provide additional 
evidence that the b2

+ is formed by dissociation of (KYK + H)+, singly protonated molecular ions 
were formed directly by ESI and dissociated using SORI-CAD at two different maximum 
collision energies (Figure 11.5).  The ratio of b2

+ and y2
+ formed by SORI-CAD is comparable at 

both energies and is similar to that observed in our ECD experiments of (KYK + 2H)2+ and this 
ion with one water molecule.  However, the abundances of these ions increase relative to that of 
(KYK + H − H2O)+ with increasing collision energies, indicating that the b2

+ and y2
+ ions have 

higher formation energies but their formation is entropically favored over loss of a water 
molecule.  These results are entirely consistent with the ECD experiments where water molecule 
loss from the (KYK + H)+ occurs preferentially over b2

+ and y2
+ formation at higher n, 

corresponding to lower internal energies (see Figures 11.3 and 11.4). 
 
 11.3.4 Recombination Energy.  A measure of the internal energy deposited into a 

hydrated ion can be obtained from the number of water molecules lost from the reduced 
precursor ion.44-48  Water molecule retention by b, y, c, or z type fragment ions (or any of their 
subsequent dissociation products) is not observed for any of the precursors in this study, and no 
fragment ions with water molecules attached are observed for n < 10.  However, one or more 
water molecules are retained by the reduced precursor or reduced precursor that has lost a 
hydrogen atom for n ≥ 10.  The distribution of hydrated ions is quite narrow. For example, 
product ions resulting from EC of (KYK + 2H)(H2O)n

2+, n = 20 and 25, are shown in Figure 
11.6a and 11.6b, respectively.  Predominantly loss of 10, 11, and 12 water molecules occurs 
from these reduced precursors.  The width of this product ion distribution can be attributed to 
partitioning of the recombination energy resulting from electron capture into rotational and 
translational energy of the departing water molecules, as observed in previous ion 
nanocalorimetry studies.46  Minor product ions corresponding to both hydrogen atom and 
ammonia loss, both accompanied by water loss, are observed.  These minor dissociation channels 
can be attributed to a water caging effect and will be discussed in more detail subsequently.  The 
weighted average of the number of water molecules determined from the abundances of these 
product ions is 10.9 and 10.8 for n = 20 and 25, respectively. 

From the distribution of ions that retain one or more water molecules, the average 
number of water molecules lost from the reduce precursor or the average number of water 
molecules retained by the reduced precursor can be obtained as a function of n.  The abundances 
of hydrated precursor ions that have lost NH3 or H are included in this analysis.  These data are 
shown in Figure 11.7.  For n = 10, the combined abundance of the solvated ions is only 4 % of 
the total ECD product ion signal, whereas solvated ions are 74 % of the overall ECD product ion 
signal for n = 12, and only hydrated ions are observed for n ≥ 14.  The average number of lost 
water molecules increases with n and reaches a plateau of ~10.8 for n ≥ 12 (Figure 11.7).  The 
average number of water molecules retained by the reduced precursor (including reduced 
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precursor that has lost NH3 or H) is zero for n < 10 but increases linearly with size for n ≥ ~11.  
Fitting these data to a straight line (R2 = 0.999) results in an x-intercept value of 10.7, consistent 
with the observed plateau in the average number of water molecules lost upon EC (10.8).  This 
value of 10.7 corresponds to the cluster size at which the energy of evaporative cooling of an 
equivalent number of water molecules is equal to the RE that is deposited into these ions. 

Recent experiments done on this instrument indicate that the internal energy deposited 
into hydrated ions upon EC depends on neither the cathode voltage nor electron irradiation time 
under the conditions used in these experiments, although some ion activation as a result of 
inelastic ion-electron collisions does occur at longer irradiation times.48  Ion excitation can occur 
with higher energy electrons or in some instruments employing multi-pass setups.57-59  BIRD 
also occurs in these experiments as a result of radiative emission from the surrounding copper 
jacket and from the heated cathode, but the results are corrected for this effect using data 
obtained when electrons are not introduced into the cell.  EC is most efficient when the relative 
velocity between an ion and an electron is zero.  For example, the EC cross section for D+(D2O)2 
increases by about 3 orders of magnitude when the ion-electron center-of-mass-frame kinetic 
energy decreases from 0.01 to 0.001 eV.60  The spread of electron velocities in these 
nanocalorimetry experiments is broad, owing both to effects of varying electrostatic potentials 
inside the cell and to electron-electron repulsion resulting from the high electron currents used in 
these experiments.  In addition, inelastic ion-electron collisions that do not result in electron 
capture can result in lower electron kinetic energies.  These factors could result in a small 
fraction of electrons with near-zero kinetic energy inside the ion cell, and these electrons should 
be the ones most efficiently captured in these experiments. 

In order to obtain an estimate of the internal energy deposition from the number of water 
molecules lost from the reduced precursor ions, the threshold dissociation energies for loss of 
each water molecule must be known.  These values have not been measured, but estimates of 
these values can be obtained from water binding enthalpy measurements for similar small 
protonated peptides.  For example, Bowers and coworkers have measured the individual water 
binding enthalpies of up to four water molecules to different protonated peptides and analogous 
molecules.61, 62  They found that these values are lower when the protonation site is involved in 
intramolecular hydrogen bonding,61, 62 as should be the case for the reduced precursor in this 
study.  From these measurements, we estimate that the water binding energies to the singly 
charged reduced precursor in our experiments are roughly 9.5 and 8.5 kcal/mol for the first and 
second water molecule, and 7.5 kcal/mol for all additional water molecules.  By comparison, the 
binding energy of a water molecule to a neutral water cluster is calculated to be 7.5 to 8.2 
kcal/mol for n = 10 to 25 using a discrete implementation of the Thomson liquid drop model for 
an uncharged cluster.63  The threshold dissociation energies are lower than the binding 
enthalpies, but some energy also partitions into translational and rotational modes of the 
evaporating water molecules.46  In sum, we estimate that the energy removed from the reduced 
precursor by an evaporating water molecule is ~1.5 kcal/mol higher than the binding energies in 
these experiments based on calculations for similar size hydrated metal ion clusters,46 i.e., the 
energy removed is approximately 11 kcal/mol for the last water molecule, 10 kcal/mol for the 
second to last, and 9 kcal/mol for each additional water molecule.  Sequential loss of individual 
water molecules is entropically favored over loss of water clusters, although we cannot eliminate 
the possibility that the latter occurs.  However, both the narrow hydrated product ion distribution 
and the excellent agreement between results from nanocalorimetry experiments with redox active 
species and reduction potentials in solution46 indicate that water loss occurs sequentially.  
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Using these binding energies combined with estimates of energy partitioning, the RE 
determined from the equivalent of 10.7 water molecules is 11 + 10 + 9 × 8.7 ≈ 99 kcal/mol (4.3 
eV).  Because solvent and molecular reorganization occur on a timescale much faster than these 
experiments, the measured RE reflects the reorganization energy and is an adiabatic value.46, 47  
This value is within the range of values between 4 and 7 eV that have been estimated 
previously,1, 2, 36 but this value has neither been measured nor calculated for multiply protonated 
peptides or proteins.  The RE obtained from these measurements is for hydrated precursor ions 
with between 10 and 25 water molecules and is remarkably constant over this range in cluster 
size, indicating that significant charge solvation occurs for even smaller clusters.  The RE is 
expected to be somewhat larger for precursor ions with fewer water molecules owing to the 
effects of charge solvation by the water molecules, so the value of 4.3 eV represents a lower 
limit to the RE of the unsolvated precursor.  These results do show that the vast majority of the 
RE is deposited into internal modes of the reduced precursor, consistent with EC results obtained 
from extensively hydrated calcium dications.45 

The RE of the diprotonated peptide is equal to the ionization energy of a hydrogen atom 
plus the hydrogen atom affinity of the singly protonated peptide, less the proton affinity of the 
singly protonated peptide.  The protonation sites and the surrounding molecular environments in 
the diprotonated peptide differ, and these two protonation sites may be expected to have slightly 
different intrinsic proton affinities.  The distribution of hydrated ions with n ≥ 12 resulting from 
EC indicates that the energy deposition is very narrow, and the width of this distribution can be 
largely accounted for by the distribution of kinetic and rotational energy of the evaporating water 
molecules, indicating a single RE value despite the presence of two different protonation sites.  
The presence of 12 or more water molecules on the diprotonated peptide reduces the 
intramolecular solvation of the charge compared to the unsolvated ion (vide infra) and may make 
both proton sites more equivalent. 

 
 11.3.5 Fragment Formation Energies and Entropies.  Breakdown curves, in which 
fragment ion abundances are plotted as a function of a measure of internal energy deposition, 
e.g., center-of-mass collision energies in collisional activation experiments, are useful for 
determining information about activation energies for endothermic reactions.38, 39, 64  In contrast, 
EC reactions are exothermic by a value corresponding to the difference in the recombination 
energy and the stabilities of the products.  Owing in part to the fact that the recombination energy 
is often greater than any activation barriers for product formation, no experimental 
measurements have been made on the barriers for ECD product ion formation for reduced 
peptides. 

From the EC data of the unsolvated and hydrated precursor ions as a function of n, 
estimates of appearance energies (AE) and relative entropies for forming various ECD product 
ions can be obtained in an analogous manner to more conventional energy resolved experiments 
for endothermic reactions.  The evaporation enthalpies for the loss of water molecules can be 
used to establish an energy scale.  The “zero” on this scale corresponds to the cluster size where 
the energy required to evaporate all of the water molecules equals the recombination energy.  
This cluster size can be obtained by extrapolating the average number of water molecules lost 
from more highly solvated ions that retain water molecules to zero water retention.  As described 
above, extrapolating these data for n ≥ 11 results in a value of 10.7 water molecules. 

With a “zero” energy on the breakdown curve established for n = 10.7 (Figure 11.7), the 
internal energy of the reduced precursor increases with decreasing n, with the difference in 
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internal energy determined by the energy taken away by evaporating each water molecule from 
the cluster.  This energy scale, which is superimposed on Figure 11.4, makes it possible to 
establish an AE for forming each product ion.  For example, c2

+ is observed even at n = 10, for 
which cluster size some (KYK + 2H)(H2O)+ is also observed.  This places the appearance energy 
for forming c2

+ as competitive with the energy required for evaporating this last water molecule 
from the reduced precursor.  Because loss of a water molecule occurs with a “loose” transition 
state, it is entropically favored over rearrangement reactions.  This establishes an approximate 
energy for formation of the c2

+ ion as 11 kcal/mol (0.5 eV), the energy required to evaporate the 
last water molecule.  An upper limit to the formation of this and other ions can be calculated 
using equation 1: 

 
AE = RE − ∑ Ew    (1) 

 
where ∑ Ew is the total energy removed by lost water molecules.  This establishes an upper limit 
to the energy for formation of the c2

+ ion of about (99 − [10 + 9 × 8]) = 17 kcal/mol (0.7 eV).  
Similarly, z2

+• ions are observed for n = 6 but not 7 placing the minimum energy required for 
formation of the z2

+• ion as comparable to the difference of the RE and the energy taken away by 
the loss of 6 water molecules, or (99 − [11 + 10 + 9 × 4]) = 42 kcal/mol (1.8 eV).  The 
preferential formation of z2

+• ions over c2
+ ions at higher internal energy despite its higher 

appearance energy indicates that formation of the z2
+• is entropically favored over formation of 

c2
+.  Moreover, the fact that formation of these ions depends on available internal energy is 

consistent with these ions being formed by a statistical process.  Quantum calculations for 
cleavage of the N–Cα backbone bond of a model reduced peptide, Nα-glycylglycine amide 
radical cation, indicate formation energies for competing c and z type ions of 16 and 29 kcal/mol, 
respectively.27  The agreement between these quantum chemical values and the measured 
appearance energies for formation of c2

+ and z2
+• from KYK is very good, given the uncertainty 

in the measured values (±1 water molecule or ~9 kcal/mol) and likely structural effects due to the 
different ions investigated. 
 Formation of the b2

+ ion appears 8 water molecules above the “zero” corresponding to an 
appearance energy of (99 − [11 + 10]) = 78 kcal/mol (3.4 eV), making it a significantly higher 
energy dissociation process than formation of either c2

+ or z2
+•.  This energy is higher than 

typical threshold dissociation energies to form many b ions from other protonated peptides and 
proteins.12-14, 38, 39  The abundance of y2

+ tracks that of b2
+ indicating its appearance energy is 

only slightly higher (88 kcal/mol), but its formation entropy is similar.  In addition, the 
recombination energy of an unsolvated ion should be higher than that with 10 water molecules 
attached so this value should be a lower limit to the appearance energy.  The high appearance 
energy may be due to significant stability of the intermediate (KYK + H)+ ion, the low initial 
internal energy of the cold ions in this experiment, or it could be that the H atom that is lost from 
the bare or minimally solvated reduced precursor carries away a significant amount of the 
available RE.  The process for H atom formation and temperature effects are currently under 
investigation.  The energetic information deduced from these nanocalorimetry experiments for 
ECD of (KYK + 2H)(H2O)n

2+ is summarized in Figure 11.8. 
 

11.3.6 Solvent Caging.  Internal hydrogen bonding has been implicated in the formation 
of c and z ions in ECD spectra.1, 30, 33, 65  Recent ECID results on small di- and tripeptides 
indicate that retention of the H atom by the reduced precursor ion increases with molecular size 
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suggesting that intramolecular solvation plays a role in reducing H-atom loss, consistent with 
results for ions with methanol molecules attached that also result in increased abundance of the 
intact reduced precursor.55  No correlation between H-atom loss and formation of c or z ions was 
observed in the ECID experiments suggesting that ionic hydrogen bonding and charge solvation 
does not play a role in forming these ions. 

To determine the extent to which the protonation sites in the unsolvated (KYK + 2H)2+ 
form intermolecular hydrogen bonds to other polarizable atoms, conformational searching using 
both the MMFFs and OPLS force fields was performed.  Many low-energy structures were 
identified (at least 1,000 within 50 kJ/mol of the lowest-energy structure for each ion) and a 
representative low-energy structure identified in this search is shown in Figure 11.9 (top).  In 
almost all the low-energy structures found for the bare ion, the protonated amines each form one 
or more hydrogen bonds to polarizable atoms in the peptide, either the N-terminus (not 
protonated in these calculations, but similar binding motifs are possible if protonated), a carbonyl 
oxygen of the backbone, or the hydroxyl oxygen or phenyl ring of tyrosine.  Of the 280 
structures identified within 30 kJ/mol of the lowest-energy structure, only 7 exhibit a lysine 
sidechain not involved in hydrogen bonding, and all 7 of these structures are at least 26 kJ/mol 
higher in energy than the lowest-energy structure.  These results strongly indicate that both 
protonation sites in the diprotonated peptide participate in intramolecular hydrogen bonding at 
the temperature of the ECD experiments (−140 °C). 

Low-energy structures for the diprotonated peptide with 10 and 25 water molecules are 
shown in Figure 11.9 (middle and bottom, respectively).  These structures are representative of 
the types of structures that may be present in this experiment and provide insights into how water 
organizes around this ion.  In the structure with 10 water molecules, 6 water molecules attach 
directly to the protonated nitrogens, completely solvating both charge sites.  The remaining 4 
water molecules hydrogen bond to other water molecules or form hydrogen-bond networks to 
other heteroatoms in the peptide.  With 25 water molecules, the charge sites are extensively 
solvated by the water molecules, which bridge the two charge sites and also form hydrogen 
bonds to the peptide.  These results show that the attachment of water molecules can influence 
the structure of the diprotonated peptide by directly solvating the protonation sites and reducing 
intrinsic intramolecular solvation of these sites. 

The normalized relative abundances of (KYK + 2H)+• and (KYK + H)+, corrected for the 
loss of NH3 and H2O and water retention by these respective ions, as a function of n are shown in 
Figure 11.10.  Data for n = 0 are not shown because these ions do not survive.  Formation of 
(KYK + H)+ is dominant at small n whereas formation of (KYK + 2H)+• is dominant at large n.  
A transition between formation of (KYK + H)+ and (KYK + 2H)+• occurs at n ≈ 5.  At this 
cluster size, these two ions are formed with nearly equal abundance. 

The transition between loss of hydrogen from the reduced precursor to survival of the 
reduced precursor appears to correlate with the extent of hydrogen bonding of the protonation 
sites, i.e., H-atom loss becomes increasingly unlikely when all of the H atoms at the protonation 
site are involved in hydrogen bonds.  Loss of an H atom continues for clusters as large as n = 10, 
although a small amount of H-atom loss in competition with water loss is also observed for the 
much larger clusters.  Upon EC of (KYK + 2H)(H2O)10

2+, nearly all water molecules are lost and 
the dominant ions are the intact reduced precursor and reduced precursor that has lost an 
ammonia molecule. 

These results indicate that the water molecules effectively act as a “cage” that traps the H 
atom in the reduced precursor.  The intact reduced precursor either survives, because the 
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majority of the recombination energy goes into evaporating the water molecules, or it dissociates 
by loss of an ammonia molecule or a hydrogen atom, which for an unsolvated hypervalent 
ethylammonium radical is expected to occur with barriers of about 0.4 and 0.2 eV, respectively.66 

There appears to be a relationship between retention of the hydrogen atom and c and z ion 
formation for (KYK + 2H)2+, based on their relative abundances as a function of hydration extent 
(Figure 11.4).  Although some (z2

• − COOH)+ is formed even at n = 0 (~11%), both b2
+ (~82%) 

and y2
+ (~8%) are significantly more abundant and are almost certainly formed by excited (KYK 

+ H)+, consistent with the SORI-CAD data of this same ion formed directly by ESI (Figure 11.5), 
and the breakdown curves (Figure 11.4).  The small abundance of (z2

• − COOH)+ can be 
attributed to dissociation of excited (KYK + 2H)+•.  The increase in z2

+• and subsequently c2
+ 

with increasing n appears to be related to the decreased propensity for H-atom loss from the 
reduced precursor.  These results strongly indicate that both z2

+• and c2
+ require the retention of a 

hydrogen atom for their formation and that their abundance is directly related to the extent of 
hydrogen bonding or solvent caging that occurs in these ions.  Changes to the peptide 
conformation or even zwitterion formation as a result of increasing hydration can occur, and 
these effects may also influence the fragment ions observed. 

 
 11.3.7 Effects of Hydration on Molecular Survival.  It is clear from these data that 
water molecules can protect the reduced precursor from dissociating by removing a large portion 
of the recombination energy when these water molecules evaporate from the cluster.  For clusters 
with n ≥ 10, some water molecules remain attached to the reduced precursor ions, and for n ≥ 14, 
all product ions are hydrated.  For these larger hydrated precursor ions, the majority of the ion 
signal corresponds to (KYK + 2H)(H2O)n

+•, but minor ions corresponding to these ions that have 
either lost an H atom or an ammonia molecule are also observed (Figure 11.6).  Interestingly, 
these latter ions have slightly different distributions of water molecules attached.  For example, 
EC of (KYK + 2H)(H2O)25

2+ results in loss of 10, 11, and 12 water molecules from the intact 
reduced precursor, corresponding to an average of 10.8 water molecules lost.  An ion 
corresponding to (KYK + H)(H2O)15

+ is also observed.  The one less water molecule that is lost 
from this ion compared to the average number lost from the intact reduced precursor indicates 
that the energy required for the loss of an H atom from these clusters is about that required for 
the loss of a single water molecule, or roughly 9 kcal/mol (0.4 eV).  Formation of (KYK + 2H − 
NH3)(H2O)13

+• is more surprising because no (KYK + 2H − NH3)(H2O)14
+• is observed (Figure 

11.6).  Because loss of NH3 should not be significantly exothermic, the accompanying net loss of 
12 water molecules from the intact reduced precursor suggests that ammonia leaves with one or 
two water molecules attached, i.e., a hydrated cluster of ammonia is lost. 
 The comparable abundance for the loss of ammonia and loss of an H atom from (KYK + 
2H)(H2O)25

+• indicates that these processes are competitive.  Loss of an H atom is significantly 
favored for the unsolvated ion despite having only a slightly lower dissociation barrier than that 
for loss of ammonia.  The competitive loss for the more highly solvated ions indicates that water 
molecules form an effective cage that significantly reduces direct H-atom loss.  Because the 
CH2–NH3 bond is also very weak, cleavage of this bond is nearly as probable as cleavage of the 
CH2NH2–H bond in the solvated ion. 
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11.4 Conclusions 
 
 The recombination energy of an electron captured by a multiply protonated peptide ion 
can be determined using ion nanocalorimetry by measuring ECD spectra as a function of the 
number of water molecules in a hydrated peptide ion.  For (KYK + 2H)(H2O)n

2+, the RE is equal 
to the energy that is taken away by evaporating the equivalent of 10.7 water molecules from the 
reduced clusters, or about 4.3 eV.  This value does not change significantly for hydrated ions 
with between 11 and 25 water molecules, indicating that the charge sites in the protonated 
dipeptide are significantly solvated in even smaller clusters, consistent with results from 
molecular mechanics calculations.  Because water molecules should stabilize these gaseous ions, 
the RE value obtained from this experiment represents a lower limit to the RE of the unsolvated 
precursor.  These results show that the majority of the available RE is deposited into internal 
modes of the peptide ion. 
 An important feature of these experiments is the ability to measure appearance energies 
and obtain information about relative entropies of fragment formation, even though these 
processes can be highly exothermic in ECD of the bare ion.  Energy taken away by evaporating 
water molecules is not available for fragment ion formation, so that a breakdown curve of 
fragment ion abundance with an energy scale determined by the energy removed by each water 
molecule can be used to establish appearance energies.  Information about dissociation pathways 
and relative entropies can then be deduced.  Ion nanocalorimetry is a general method that could 
readily be applied to other exothermic processes that are inaccessible to direct investigation by 
more conventional thermochemical methods. 
 Water molecules influence the conformation of the peptide primarily by replacing 
intramolecular interactions at protonation sites with more favorable interactions with water 
molecules, which also form hydrogen bonding networks to polarizable atoms in the peptide.  
Water also acts as a “cage” that significantly reduces H-atom loss compared to the unsolvated 
peptide and makes loss of an ammonia molecule from highly solvated ions a competitive 
process.  Hydrated ions will also have different electronic properties than the unsolvated ion, 
which can affect how electron capture and subsequent dissociation occur.  By investigating other 
peptides and even proteins using this nanocalorimetry approach, thermochemical data can be 
obtained that may provide significant new insights into the role of sequence, hydration, and even 
conformation on the ECD fragmentation process.  This may prove useful for improving 
automated algorithms aimed at extracting structural information from large databases of ECD 
spectra.  The appearance energy for formation of c2

+ from (KYK + 2H)+• (~11 kcal/mol) is ~88 
kcal/mol less than the recombination energy.  Thus, formation of this fragment ion should be 
prompt and likely occurs on a timescale substantially shorter than H/D scrambling, making ECD 
a potentially attractive method to elucidate protein conformations from solution-phase H/D 
exchange rates.  Recent ECD results for a selectively labeled peptide suggest that the extent of 
scrambling can be minimal for small peptides.67  The role of electrons in DNA damage, which 
can occur as a result of ionizing radiation in vivo, could be investigated using this ion 
nanocalorimetry method, and information about how water molecules or other molecules may 
mitigate DNA damage could be obtained from such experiments. 
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Figure 11.1.  Electrospray ionization mass spectra of KYK from aqueous solution 
showing hydrated ions of the doubly protonated peptide, (KYK + 2H)(H2O)n

2+, and a minor 
distribution of the singly protonated peptide, (KYK + H)(H2O)n

+, with the temperature of the 
copper block that surrounds the interface capillary at a) ~95 °C and b) ~80 °C. 
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Figure 11.2.  Representative electron capture dissociation mass spectra for a) (KYK + 
2H)(H2O)2+ and b) (KYK + 2H)(H2O)8

2+.  Insets are × 20 and × 6 expansions of the spectral 
regions indicated in a) and b), respectively; asterisks (*) indicate noise peaks. 
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Figure 11.3.  Fragment abundances for major ECD product ions of (KYK + 2H)(H2O)n
2+ 

and suspect fragment ions formed by consecutive reactions of these ions, plotted as a function of 
n. 
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Figure 11.4.  Normalized abundances of dissociation products from intact reduced (KYK 
+ 2H)(H2O)n

2+ and reduced ions that have lost a hydrogen atom, plotted as a function of n.  Each 
curve is the sum of the indicated major product ion and its subsequent neutral losses (Scheme 
11.1).  The internal energy deposition scale, determined from the number of water molecules lost 
in ECD of these ions (see text), is used to establish an energy resolved breakdown curve for 
fragment ion formation; note that this scale is nonlinear above 78 kcal/mol. 
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Figure 11.5.  SORI-CAD spectra of (KYK + H)+ formed directly by nanoelectrospray 
ionization with two different excitation conditions corresponding to maximum translational 
energies in the laboratory frame, Emax

trans, of 2.2 eV (top) and 2.6 eV (bottom). 
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Figure 11.6.  ECD spectra of a) (KYK + 2H)(H2O)20
2+ and b) (KYK + 2H)(H2O)25

2+.  
Numbers, n, above ECD product ion peaks indicate major products (KYK + 2H)(H2O)n

+•.  Insets 
are × 7 expansions of the relative abundances of the spectral regions indicated; asterisks (*) 
indicate noise peaks. 
 

 
 

Figure 11.7.  Average number of water molecule lost (open circles) and retained (filled 
squares) upon ECD of (KYK + 2H)(H2O)n

2+, plotted as a function of n.  The line represents a 
least-squares fit to the water molecule retention data for n ≥ 11. 
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Figure 11.8.  Thermochemistry for electron capture by (KYK + 2H)(H2O)n
2+ deduced 

from ion nanocalorimetry experiments, where the recombination energy is determined from the 
number of water molecules lost from the reduced precursor (see text).  Appearance energies 
(kcal/mol) relative to the reduced precursor are indicated in parentheses. 
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Figure 11.9.  Representative low-energy structures of (KYK + 2H)2+, (KYK + 
2H)(H2O)10

2+, and (KYK + 2H)(H2O)25
2+ obtained from 10,000 conformer Monte Carlo searches 

using the MMFFs force field (similar structures were identified using the OPLS force field), with 
the amino groups of both lysine sidechains protonated; these groups are circled for ease of 
identification. 
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Figure 11.10.  Normalized abundances of (KYK + 2H)+• (including water retention) and 
(KYK + H)+ formed by EC of (KYK + 2H)(H2O)n

2+ as a function precursor ion size, n.  The 
abundances of ions formed by subsequent loss of ammonia from (KYK + 2H)+• or water from 
(KYK + H)+ have been included in the normalized abundance of their respective precursors. 
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Chapter 12 
 

Summary and Future Prospects 
 
 
 
 

 The foregoing research explores the role of non-covalent interactions in the structure and 
thermodynamics of ion-biomolecule, ion-water, and water-biomolecule complexes.  In Chapter 
2, it was found that peptide sequence can influence the geometry of formal charge sites for salt-
bridge structures in complexes of the dipeptides ArgGly and GlyArg with alkali metal cations, in 
turn affecting the stability of these structures.  As for alkali metal cationized arginine, small 
cations were observed to favor charge-solvated structures, and large cations favor salt-bridge 
structures.  The high propensity of GlyArg to form salt-bridge structures was further investigated 
in Chapter 3, where protonated GlyArg was compared to other protonated dipeptides XxxArg•H+ 
as a function of the gas-phase basicity of the Xxx residue.  It was found that gas-phase basicity 
plays a similar role for these dipeptides as for amino acids, and the stable salt-bridge structure 
found for ArgArg•H+ suggests that salt-bridge structures may be very common in protonated 
gas-phase peptides with at least two arginine residues.  In Chapter 4, binding of gas-phase 
peptides to trivalent lanthanide ions was investigated, and it was found that carbonyl oxygen 
atoms and aromatic groups bind strongly to the ion, with carbonyl stretch mode coupling in 
IRMPD spectra that is similar to that observed in condensed-phase protein infrared spectroscopy.  
These results represent a step forward in the complexity of ion-biomolecule complexes studied 
with IRMPD spectroscopy and provide new information about the role of peptide sequence, gas-
phase basicity, and ion charge state in ion-biomolecule structure. 
 In Chapters 5 and 6, caveats regarding the interpretation of IR(M)PD spectral data were 
discussed, and two new techniques were introduced for measuring IRPD spectra of extensively 
hydrated ions with fast background dissociation rates and for measuring relative populations of 
energetically competitive ions using IRMPD kinetics at photon energies resonant with one 
isomer population.  These results open the door to study the structure of a variety of ions 
hydrated with tens or hundreds of water molecules and to measuring directly relative Gibbs free 
energies, enthalpies, and entropies of competitive ion isomers.  Hydration of hydrophobic ions 
was investigated in Chapter 7, and a new motif for ion hydration was identified in which water 
molecules prefer to interact with each other early in the solvation process rather than strongly 
solvating the ion.  These results provide clues as to how other hydrophobic groups found in 
biomolecules, such as alkyl chains and aromatic groups, are solvated in bulk solution.  The role 
of the electric field of a variety of ions on the structure of aqueous nanodrops was discussed in 
Chapter 8.  The free-OH groups at the surface of the nanodrops exhibit a Stark shift due to the 
ion’s electric field, as supported by a computationally inexpensive point-charge model, and the 
ions were found to be capable of patterning the hydrogen bond network to a distance of three or 
more solvation shells.  These results provide crucial evidence that ions can indeed affect the 
behavior and properties of water molecules at long distance, supporting explanations of the 
Hofmeister series as arising in part from ion patterning of bulk water. 
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 Using the kinetic technique introduced in Chapter 6, hydration of protonated amino acids 
was investigated in Chapters 9 and 10.  It was found that carboxylic acid hydrogen atoms and 
ammonium hydrogen atoms are highly competitive water molecule binding sites, the former due 
to stronger hydrogen bonding and the latter due to the entropic benefit of less hindered water 
molecule rotation (in the absence of other interactions with the water molecule).  These results 
illustrate the power of combined IR(M)PD spectroscopy and on-resonance kinetics experiments 
in understanding very subtle effects of non-covalent interactions on hydrated biomolecule 
structure, providing a stringent benchmark for improving computational theory. 
 In Chapter 11, effects of hydration on electron capture dissociation pathways for a doubly 
protonated gas-phase ion were discussed.  Using ion nanocalorimetry, the appearance energies 
for these exothermic reactions were measured, and the ability of the water molecule network to 
quench these reactions and even prevent peptide fragmentation was illustrated.  Such hydration 
effects may be important in understanding reactions of biomolecules with free electrons in vivo, 
where fragmentation may lead to various mutations and pathologies. 
 Together, these experiments demonstrate many of the advantages of FT/ICR mass 
spectrometry and IR(M)PD spectroscopy and kinetics experiments in studying non-covalent 
interactions, often providing tantalizing clues as to the role of ions and water molecules in 
biomolecule structure and reactivity in solution.  Future work in this area will undoubtedly target 
larger and more complex systems, further bridging the gap between gas-phase and condensed-
phase structure, energetics, and reactivity.  With the generation of yet more extensively hydrated 
ions, investigation of ion pairs in truly solution-like nanodrops may be possible, presenting the 
opportunity to assess the origin of Hofmeister phenomena with unprecedented specificity and 
precision. 
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Appendix A 

 
Additional Calculated Structures, Energies, and Infrared 

Spectra for Alkali Metal Cationized or Protonated ArgGly 
and GlyArg 

 
This appendix is reproduced with permission from 

Prell, J.S.; Demireva, M.; Oomens, J.; Williams, E.R. 
“Role of Sequence in Salt-Bridge Formation for Alkali Metal Cationized ArgGly and GlyArg 

Investigated with IRMPD Spectroscopy and Theory”  
 Journal of the American Chemical Society 2009, 131, 1232-1242 

© 2009 American Chemical Society 
 

All citations in this appendix refer to those in Chapter 2 
 

A.1 Additional Low-Energy CS Structures.  The lowest-energy CS conformer (CS2) 
for ArgGly•Cs+ differs only subtly from CS1.  In the CS2 structure, an alternative tautomer of 
the sidechain is present, in which the ε-N of the sidechain is an imine nitrogen (and both η-
nitrogens are part of primary amine groups) and solvates the charge, rather than an η-NH2 group.  
The Gibbs free energy difference between structures CS1 and CS2 decreases from +13 kJ/mol to 
−1 kJ/mol from ArgGly•Li+ to ArgGly•Cs+, consistent with increasing strain for metal ion 
chelation by an imine η-N nitrogen with increasing cation size.  For complexes of GlyArg, this 
energy difference between CS1 and CS2 structures similarly decreases from +24 kJ/mol for Li to 
−2 kJ/mol for Cs.   

For GlyArg•Cs+, structure CS3, in which coordination of the metal cation to the η-imine 
nitrogen of structure CS1 is substituted for coordination to the N-terminal nitrogen and a new 
hydrogen bond between the amide NH and the η-imine nitrogen is gained, is marginally lower in 
energy than CS2.  No similar low-energy structures were identified for ArgGly•M+ complexes, 
presumably due to the much more relaxed, planar chelation geometries afforded by RGM-CS1 
and RGM-CS2 as opposed to their GlyArg counterparts, which would increase the relative 
energy of a RGM-CS3-type structure. 
 The lowest-energy structure of ArgGly•H+ (RGH-CS1*) is similar to that of the lowest-
energy alkali metal cationized CS1 complexes, where both the amide carbonyl and the 
carboxylic acid carbonyl of ArgGly•H+ form hydrogen bonds to the protonated arginine 
sidechain.  The lowest energy structure for GlyArg•H+ (GRH-CS4) differs significantly in that 
the carboxylic acid carbonyl group hydrogen bonds to the protonated arginine sidechain and the 
hydroxyl group hydrogen-bonds to the amide NH.  This arrangement likely avoids the strain that 
would be present in a structure like RGH-CS1* due to the carboxylic acid carbonyl interaction 
with the protonated arginine sidechain. 

 
A.2 Additional Low-Energy SB Structures.  As with the CS structures, metal cation 

coordination to the amide carbonyl oxygen in the SB structures is also important.  Structure SB3, 
in which the metal ion coordinates exclusively to the oxygen atoms of the carboxylate group and 
not to the amide carbonyl oxygen, is 31 kJ/mol less stable than SB2 for ArgGly•Cs+, and no SB3 
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structures of GlyArg•M+ were identified within 70 kJ/mol for any alkali metal cation.  These 
results contrast with those for many metal cationized amino acids, in which bidentate chelation 
of the metal cation by the carboxylate group has been shown to be a common feature of lowest-
energy SB structures,18-22 including aspartic acid and glutamic acid, where additional charge 
solvation is provided by a carboxylic acid carbonyl oxygen.17  Lithiated lysine is a notable 
exception in that its lowest-energy SB structure also exhibits monodentate chelation of the metal 
ion to the carboxylate group.16  Thus, in alkali metal cationized complexes of these two 
dipeptides, strong hydrogen-bonding of one of the carboxylate oxygen atoms to the protonated 
arginine sidechain coupled with solvation of the metal ion charge by the amide carbonyl oxygen 
provides greater stability than bidentate coordination of the metal cation to the carboxylate 
group. 
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Figure A.1.  IRMPD spectrum and low-energy structures and calculated spectra of 
GlyArg•H+.  Relative Gibbs free energies (kJ/mol) are reported at 0/298 K. 
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Figure A.2.  IRMPD spectrum and low-energy structures and calculated spectra of 
ArgGly•H+.  Relative Gibbs free energies (kJ/mol) are reported at 0/298 K. 
 



 215

 
Figure A.3.  IRMPD spectrum and low-energy structures and calculated spectra of 

GlyArg•Li+ and GlyArg•Na+.  Relative Gibbs free energies (kJ/mol) are reported for the lithiated 
(upper) and sodiated (lower) complexes at 0/298 K.  Dashes (--/--) indicate that no stable, low-
energy structure was identified for the complex. 
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Figure A.4.  IRMPD spectrum and low-energy structures and calculated spectra of 
GlyArg•K+ and GlyArg•Cs+.  Relative Gibbs free energies (kJ/mol) are reported for the 
potassiated (upper) and cesiated (lower) complexes at 0/298 K.  Dashes (--/--) indicate that no 
stable, low-energy structure was identified for the complex. 
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Figure A.5.  IRMPD spectrum and low-energy structures and calculated spectra of 

ArgGly•Li+ and ArgGly•Na+.  Relative Gibbs free energies (kJ/mol) are reported for the lithiated 
(upper) and sodiated (lower) complexes at 0/298 K.  Dashes (--/--) indicate that no stable, low-
energy structure was identified for the complex. 
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Figure A.6.  IRMPD spectrum and low-energy structures and calculated spectra of 
ArgGly•K+ and ArgGly•Cs+.  Relative Gibbs free energies (kJ/mol) are reported for the 
potassiated (upper) and cesiated (lower) complexes at 0/298 K.  Dashes (--/--) indicate that no 
stable, low-energy structure was identified for the complex. 
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Figure A.7.  Low-energy structures for GlyArg and ArgGly.  Relative Gibbs free 
energies (kJ/mol) at the B3LYP/6-31+G(d,p) level of theory are reported at 0/298 K. 
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Appendix B 
 

Additional Calculated Structures, Energies, and Infrared 
Spectra for Hydrated, Protonated Phenylalanine and 

Derivatives 
 

This appendix is reproduced with permission from 
Prell, J.S.; Chang, T.M.; O’Brien, J.T.; Williams, E.R. 

“Hydration Isomers of Protonated Phenylalanine and Derivatives: 
Relative Stabilities from Infrared Photodissociation” 

Journal of the American Chemical Society 2010, 132, 7811-7819 
© 2010 American Chemical Society 

 
 

 
 

Figure B.1.  IRPD spectra and low-energy structures and calculated spectra for 
PheH+(H2O)2.  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 
0/133/298 K. 
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Figure B.2.  IRPD spectra and low-energy structures and calculated spectra for 
PheH+(H2O)3.  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 
0/133/298 K. 
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Figure B.3.  IRPD spectra and low-energy structures and calculated spectra for N-
MePheH+(H2O)1.  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 
0/133/298 K. 
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Figure B.4.  IRPD spectra and low-energy structures and calculated spectra for N,N-
Me2PheH+(H2O)1.  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 
0/133/298 K. 
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Figure B.5.  IRPD spectra and low-energy structures and calculated spectra for 
PheOMeH+(H2O)1.  Relative B3LYP/6-31+G** Gibbs free energies (kJ/mol) are reported at 
0/133/298 K. 
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Appendix C 
 

Measuring Isomer Populations from Infrared 
Photodissociation Kinetics 

 
This appendix is reproduced with permission from 

Prell, J.S.; Correra, T.C.; Chang, T.M.; Biles, J.A.; Williams, E.R. 
“Entropy Drives an Attached Water Molecules from the C- to N-Terminus on Protonated Proline” 

Journal of the American Chemical Society 2010, 132, 14733-14735 
© 2010 American Chemical Society 

 
Upon irradiation with laser photons of energy ħω resonant with a ro-vibrational mode, an 

ion with a sufficiently high initial internal energy, low dissociation barrier, and relatively slow 
rate constant for radiative emission can absorb a photon into the resonant mode, redistribute the 
energy, and dissociate on the timescale of our experiments.  Photodissociation due to the 
absorption of photons from the temperature-dependent blackbody field of the ion cell may also 
occur.  If the ion population consists of a single isomer, the observed IRPD kinetics at that 
frequency are typically pseudo-first order, monoexponential, with a rate constant k equal to the 
sum of the BIRD rate constant kBIRD and the laser-induced photodissociation rate constant, 
klaser(ħω).  Ions with lower initial internal energies, high dissociation barriers, or relatively fast 
radiative emission rate constants may instead not dissociate measurably on the timescale of our 
experiments, when irradiated with resonant photons where klaser(ħω) is sufficiently slow.   

For an ion with two isomers (A and B) that have distinct IRPD spectra, the dissociation 
kinetics observed upon irradiation of the entire ion population at a frequency where the 
temperature-dependent IRPD rate constants, kA and kB, of the two isomers differ can depend on 
the relative population (pA and pB) of each isomer at a given temperature T.  In the absence of 
laser irradiation, the energetic barrier between these two isomers determines the rate at which A 
and B interconvert.  In the case that A and B are very close in energy, kBIRD is essentially 
identical for both isomers.  IRPD of the precursor population will follow kinetics according to 
one of the three following cases. 

1.  Suppose that the entire ion population is irradiated at a photon energy resonant with 
isomer A, but not with isomer B, i.e., kA is much faster than kB.  If interconversion between the 
isomers is yet faster than kA, isomer B will replenish isomer A as it is depleted by the laser field, 
resulting in pseudo-first order, monoexponential IRPD kinetics with rate constant kA  = {kBIRD + 
klaser(ħω, A)} on the timescale of our experiments.  Note that this behavior is likely to occur for 
ions that require slow heating, i.e., the absorption of several resonant photons, before measurable 
dissociation occurs, if the barrier for isomer interconversion is relatively low. 

2.  If, at the other extreme, interconversion between the isomers does not occur, pseudo-
first order, monoexponential dissociation of isomer A will occur, and isomer B will dissociate 
more slowly (kB = kBIRD here), resulting in overall biexponential photodissociation kinetics 
according to the following equation: 

 
[Precursor (t)]/[Precursor (t = 0)] = pA exp(−kAt) + pB exp(−kBt) 
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3.  More generally, isomer B may absorb weakly at this photon energy and/or the isomers 
may interconvert to some extent.  This results in biexponential kinetics where the observed rate 
constants kA and kB each reflect BIRD, laser-induced photodissociation of the respective isomer, 
and isomer interconversion.  Because kB cannot be slower than the rate constant for 
interconversion of isomer B to isomer A, it can be used to obtain a lower bound for the 
interconversion barrier between the isomers. 

In case 1, relative isomer populations cannot be derived from the kinetic data, whereas in 
cases 2 and 3, pA and pB are obtained by fitting the data with a biexponential function.  To show 
that biexponential kinetic data are not an experimental artifact due to incomplete overlap of the 
laser field with the ion cloud, it is necessary to demonstrate that monoexponential kinetics can 
indeed be observed where case 1 is expected.  To verify this, Li+(H2O)5 and Cs+(H2O)4 were 
chosen as precursor ions.  The IRPD spectra of these ions clearly show the presence of multiple 
isomers over a wide range of temperatures,9 and the barrier for interconversion between the 
isomers is expected to be relatively low due to the presence of extensive water-water hydrogen 
bonding.  These ions both have strong isomer-specific resonances at the same photon energy 
(3557 cm−1) at which we irradiated ProH+(H2O), and the resulting IRPD kinetic data (Figure C.1) 
are clearly pseudo-first order, monoexponential.  Note that the ion trapping conditions, isolation 
waveforms, and excitation and detection parameters were very similar for these ions and 
ProH+(H2O).  Because Li+(H2O)5 and Cs+(H2O)4 ions closely bracket the mass of ProH+(H2O), 
m/z-dependent variations in ion detection efficiency or cell position can be eliminated as a source 
of the biexponential kinetics for ProH+(H2O).  The water molecule binding energy of Li+(H2O)5 
(14 kcal/mol)10 is very close to that of ProH+(H2O) (14.8 kcal/mol),11 indicating that the 
observation of case 1 for Li+(H2O)5 and Cs+(H2O)4 and case 2 or 3 for ProH+(H2O)  is not an 
effect of binding energy. 

Competition between laser-induced photodissociation and radiative emission can have 
important consequences for the interpretation of IRPD spectra, as illustrated in Figure C.2, where 
irradiation resonant with the free NH stretch (3340 cm−1) does not result in measurable 
dissociation at 133 K and the entire hydrogen-bonded NH and OH stretch region is significantly 
weaker relative to the higher-energy portion of the spectrum at 133 K than at 238 K.  The 
absence of the free-NH stretch at low temperature indicates that absorption of more than one 
photon is necessary to observe photodissociation at this frequency and temperature.  The use of 
IRPD kinetics at stronger photon resonances, such as the carboxylic acid OH stretch, can 
therefore probe energetically competitive isomers which might otherwise be overlooked based 
on IRPD spectra alone. 
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Figure C.1.  IRPD kinetics at 3557 cm−1 of Li+(H2O)5 and Cs+(H2O)4 at 133 K. 

 

 

 

Figure C.2.  IRPD spectra of ProH+(H2O) at 133 and 238 K. 
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