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Molecular interactions play subtle roles in regulating reactivity and three-dimensional
molecular structure in catalytic and biological processes. By more fully understanding these weak
interactions, they can be used to help finely tune chemical reactivity and structure. However, an
in-depth analysis of these effects is often difficult to obtain, due to the simultaneous combination
of various forces (dispersion, electrostatic, H-bonding, charge transfer, etc.) between multiple
species (solute, solvent, surface). Furthermore, the transient nature of the species involved in such
molecular embraces further complicates the study of these interactions. This body of work presents
gas-phase vibrational spectroscopy techniques that were developed in order to isolate and
characterize the weak molecular interactions present in a variety of systems.

First, the prototypical [Ru(bpy)(tpy)(H20)]** (bpy=2,2'-bipyridine, tpy=2,2":6"2"-
terpyridine) water oxidation catalyst is used to demonstrate the ability to form short-lived species.

The resting catalyst and two of its intermediates, [Ru(bpy)(tpy)(OH)]?* and [Ru(bpy)(tpy)(0)]**



are accessed via an electrochemical flow cell and are confirmed via mass spectrometry. The
[Ru(bpy)(tpy)(H20)]?>* and [Ru(bpy)(tpy)(OH)]** complexes are additionally probed with IR
predissociation spectroscopy and the vibrational frequencies are used to help rationalize the e /H"
loss. These results demonstrate that upon oxidation, the electron loss is mostly shared between the
Ru®* center and the OH" ligand.

Second, the Na*(glucose) system is used to develop and test a conformation-specific
experimental IR-IR approach. The conformational landscape of the Na*(glucose) complex is
rationalized with IR-IR spectroscopy via ion-dip or isomer-burning schemes. By collecting
numerous double resonance spectra, the presence of eight unique Na*(glucose) structures is
confirmed. The data suggest the overall gas-phase o/B-glucose ratio closely matches that of the
solution-phase value. Probing the structural landscape in such a manner demonstrates the ability
to understand conformationally complex systems with many species present at a single mass-to-
charge ratio.

Third, the double resonance approach is extended to the simple protonated peptide,
triglycine, which serves to model intramolecular interactions present in protein backbones. The
results reveal the presence of two GlysH" structures in our experiment, protonated at either the
terminal amine or amide oxygen. The conformer-specific spectra allow H-bonding strengths of
individual N-H and O-H groups to be experimentally estimated, which is in turn used to rationalize
the stabilities of the two structures.

Fourth, a scheme for forming solvated complexes inside a cryogenic ion trap is presented
to highlight the delicate interplay of solute-solvent and solvent-solvent interactions in
[bmim]*-(H20)x clusters. Predissociation spectra show that the water molecules solvate the C2-H

moiety of the imidazolium ring for the small n = 1 and 2 clusters. This solvation motif is attributed



to electrostatic and dispersion forces between the water and C2-H. For larger cluster complexes,
the cooperative water-water interactions are found to drive the formation of solvent networks on
top of the imidazolium ring.

Finally, a new experimental scheme for solvating ions is presented. In these experiments,
D20 was clustered around the prototypical glycine ion, GlyH*. When the D20 cluster spectra are
compared with their H.O counterparts, it is easy to distinguish the vibrational features related to
the ion core and the solvation network. Trends relating to the completion of solvation shells and

solvent-solute and solvent-solvent interaction strengths are highlighted with this technique.
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1.1  Overview

Molecular interactions play subtle yet important roles that help dictate reactivity and three-
dimensional structure in catalytic and biological systems. For example, charge transfer, ion-
mediated, electrostatic, and hydrogen-bonding forces are known to help facilitate catalysis'= and
govern biological function.*® The potential to finely tune chemical reactivity as well as higher
order structure has, not surprisingly, led to a great effort to understand these types of interactions
at the molecular level. However, a detailed characterization of these effects is often difficult to
obtain, due to the complex combination of various forces between multiple species (solute, solvent,
and surface).

Computational chemistry has been used extensively to model molecular forces, but its
application to study such effects in many systems is still limited. For example, reliable interaction
energies may be found for very simple systems using a coupled-cluster technique, but such an
approach is computationally expensive and often impractical when considering < 30 atoms.” On
the other hand, sufficiently complex systems necessitate the use of less expensive theoretical
methods, which routinely fail to accurately characterize non-covalent interactions.® Furthermore,
catalytic systems can be difficult to address computationally due to the open shell nature of metal
atoms, which can cause significant errors through spin contamination. As such, theoretical
predictions are often not enough on their own and there is a need to experimentally probe non-
covalent effects.

Experimental efforts to understand non-bonding effects include UV/VIS,%% infrared (IR)/
Raman,'** and electron paramagnetic resonance (EPR)/ nuclear magnetic resonance (NMR).1>18
The drawback of these techniques is that they lack selectivity, yielding measurements which are

representative of an ensemble of aqueous species experiencing unique chemical environments. For
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example, multiple three-dimensional structures may simultaneously exist for a biological molecule
in solution. Similarly, a reaction mixture may contain a multitude of transient intermediate
complexes at any given time. Additionally, important information involving the nature of
molecular interactions may be masked by the solution itself. There is a clear challenge in gaining
direct insights about specific non-covalent forces with conventional experimental techniques.
Thus, another method capable of selectively preparing, preserving, and probing molecular species
must be used.

Mass spectrometry has been widely used to selectively prepare and isolate catalytic and
biological ions directly from solution. In addition to providing information about the overall
molecular weight of a complex, it is capable of describing the direct connectivity of molecular ions
via collision-induced dissociation (CID),**?° surface-induced dissociation (SID),??? electron
transfer dissociation (ETD),%2* or ultra-violet photodissociation (UVPD).?>%* Due to the high
vacuum environment inside mass spectrometers, these instruments are very well suited to preserve
highly reactive aqueous complexes and delicate molecular embraces. While mass spectrometry
has been used to provide information about reactivity, non-covalent interactions, and higher order
structures when coupled to methods such as hydrogen/deuterium exchange (HDX),?"?® ion
mobility spectrometry,?=3° chemical cross linking,3*2 such studies do not provide sufficiently rich
details about non-bonding forces.

While the isolated environment afforded by mass spectrometers make these instruments an
ideal platform in which to study non-covalent interactions, the low number density of ions inside
them prevents the use of direct absorption spectroscopy in such systems. While the intensity of
light absorbed cannot be used to collect a spectrum, a number of schemes involving

photodissociation of molecular ions have been employed to gather UV/VIS®33 and 1R3¢ spectra
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in the gas-phase. During photodissociation, chemical bonds or molecular clusters are decomposed
as the result of resonant absorption of photons. Since a change in molecular weight upon
photoexcitation is easily detectable with mass spectrometry, spectral information can be gathered
by monitoring changes of mass as the energy of the incident light is varied.

Since the frequency of infrared light absorbed is highly dependent on bonding type and
local environment, this spectroscopic method is a very attractive option to study non-covalent
interactions of isolated ions inside a mass spectrometer. However, the energy of a single infrared
photon is typically insufficient to induce bond fragmentation. For example, breaking a water O-H
bond (bond dissociation energy = 41,550 cm™)®” would take 11 photons resonant with the
asymmetric water stretching mode (v3 = 3755 cm™) or 26 photons at the energy of the fundamental
water bending mode (v1 = 1595 cm™).3® Such experiments require the extremely high photon fluxes
of free-electron lasers or synchrotron light sources, which are very expensive and are not readily
accessible. Additionally, multiple photon absorption yields inherently non-linear spectra, which
are difficult to compare with harmonic vibrational spectra.*

Another method used recently couples absorption of a single IR photon with ionizing or
photodissociating UV/VIS photons.**#? Such experimental techniques provide a more
straightforward approach to obtain a linear photofragmentation spectra. Additionally, the “pump-
probe” laser approach provides the ability to distinguish between molecular conformers, which are
common for large and floppy biomolecules. The drawback of this approach requires that an
appropriate chromophore be embedded in the molecule being studied and is therefore not
applicable to many systems.

Another approach that can be widely applied to overcome these experimental difficulties

is predissociation spectroscopy. In this spectroscopic scheme, a weakly bound “messenger” adduct
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is lost from the species being probed when even just a single photon is absorbed. Ar and CO> have
been used to “tag” molecules that experience rapid cooling in a supersonic expansion.*344
However, many systems of interest are generated via electrospray ionization and cannot be tagged
through supersonic expansion. To solve this, ions can be trapped and cooled at cryogenic
temperatures in order to form adduct species for predissociation spectroscopy.®* The low
binding energy of these tags (~100’s of cm™) allows molecular ions to be probed as low as the “IR
fingerprint” region. Such spectra can be compared directly to theoretical calculations.

Although cryogenic ion vibrational spectroscopy is capable of routinely collecting high
resolution IR spectra of isolated molecular ions, it still suffers from a number of technological
setbacks. For example, it is necessary to develop suitable methods for generating transient reaction
species, selectively probing conformational populations, reliably forming solvated complexes, and
disentangling solute-solvent spectral features in order to more fully realize the power of
predissociation spectroscopy. Such methodology improvements are the subject of this thesis and
are presented in detail in Chapters 3-7.

Chapter 3 presents an electrochemical technique for generating short-lived catalytic
reaction intermediates. The experimental technique was optimized using the prototypical
[Ru(bpy)(tpy)(H20)]?* (bpy=2,2'-bipyridine,  tpy=2,2":6',2-terpyridine) ~ water  oxidation
catalyst.*”*® The resting catalyst and two of its intermediates, [Ru(bpy)(tpy)(OH)]** and
[Ru(bpy)(tpy)(0)]?** are accessed by varying the potential of an in-line electrochemical cell and
are confirmed via mass spectrometry. The [Ru(bpy)(tpy)(H20)]** and [Ru(bpy)(tpy)(OH)]**
complexes are probed with IR predissociation spectroscopy and the vibrational frequencies are
used to help rationalize the e /H" loss. The IR spectra demonstrate that upon oxidation, the electron

loss is mostly shared between the Ru®* center and the OH" ligand. This study represents the ability
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to generate and selectively probe transient aqueous reaction intermediates, which should be
applicable to other systems.

In Chapter 4, the Na*(glucose) system is used to develop an IR-IR double resonance
technique capable of exploring diverse conformational landscapes. This approach involves only
minimal modifications to the traditional IR predissociation setup, which allows conformation-
specific experiments to be carried out via ion-dip or isomer-burning schemes. By collecting
numerous double resonance spectra, the presence of eight unique Na*(glucose) structures (three a-
and five B-conformers) are confirmed. The overall gas-phase o/f ratio of glucose closely matches
that of the solution-phase value. The ability to dissect conformational complexities in such a
manner can be widely applied to complexes such as glycans, which decorate the surfaces of
biomolecules and are difficult to understand with MS alone.

In Chapter 5, the double resonance technique is extended to the simple protonated peptide,
triglycine, in order to understand the delicate balance of intramolecular interactions that lead to
peptide stabilization. The results reveal the presence of two GlysH™ structures, protonated at either
the terminal amine or amide oxygen. Conformer specific spectra allow H-bonding strengths of
individual N-H and O-H groups to be experimentally estimated, which is in turn used to rationalize
the stabilities of the two structures.

Chapter 6 presents a robust method for forming relatively large solvated complexes using
the ionic liquid cation butyl methyl imidazolium (BMIM™). The technique relies on a liquid
nitrogen cooled octopole ion trap to generate [BMIM]*-(H20),, n = 1-8, species which are probed
with predissociation spectroscopy. The spectra show that the water molecules solvate the C2-H
moiety of the imidazolium ring for the small n = 1 and 2 clusters. This solvation motif is attributed

to electrostatic and dispersion forces between the water and C2-H. For larger cluster complexes,



18

the cooperative water-water interactions is found to drive the formation of solvent networks on top
of the imidazolium ring.

In Chapter 7, a new experimental scheme for separating solute-solvent spectral features is
presented. In these experiments, D>O was clustered around the prototypical glycine ion, GlyH".
When the D20 cluster spectra are compared with their H>O counterparts, it is easy to distinguish
the vibrational features related to the ion core and the solvation network. Trends relating to the
completion of solvation shells and solvent-solute and solvent-solvent interaction strengths are
highlighted by this technique.

In Chapter 8, preliminary data is presented that demonstrates the ability to extract insights
about H/D exchange reaction barriers and mechanisms. These carefully executed CIVS
experiments perhaps foreshadow the types of gas-phase methods that may be employed in the near

future to obtain an even deeper understanding of the role of molecular interactions in reactions.
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1.2 Mass Spectrometry

Mass spectrometry is an extremely powerful analytical technique that uses mass-to-charge
ratio (m/z) as well as isotopic patterns to ascertain molecular mass and composition. Mass
spectrometry operates under high vacuum conditions, where mean free paths are significantly
increased as compared to ambient pressures. Due to the decreased number of collisions with
background gas, ionized complexes are easily manipulated with electric fields. A mass
spectrometer thus serves as an ideal environment to isolate and study molecular ions as well as

charged clusters that exhibit weakly interacting moieties.

1.2.1 Electrospray lonization

In the 1980’s, the Nobel laureate John Fenn showed that solution phase species could be
easily introduced into a mass spectrometer via electrospray ionization (ESI).**-! This “soft”
ionization technique quickly became the preferred method to gently transfer biological molecules
to the gas phase without bond fragmentation occurring. In ESI, a dilute solution is flowed through
a small (um) metal or glass capillary and is directed towards a mass spectrometer entrance. The
large electrical potential difference between the ESI capillary (kV) and the mass spectrometer inlet
(V) creates a large electric field around the solution emerging from the ESI tip. This field induces
charges on the solution surface, and with sufficiently high capillary potentials, the surface tension
can be overcome by repulsive forces. With the breakdown of surface tension, a Taylor cone is
formed. Small droplets are created on the tip of the Taylor cone, which subsequently undergo
Coulombic explosion.®

As droplets in the ESI plume explode and evaporate, solute species are transferred to the

gas phase. Several mechanisms, such as the ion ejection model (IEM),%3%* the charged residue
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model (CRM),> and the chain ejection model (CEM),>"*® have been proposed to explain the
formation of isolated gaseous ions. In the IEM, small ions are displaced from the droplet surface
by the repulsive forces present due to other like charges on the droplet exterior. The CRM is used
to describe how globular species, such as proteins embedded within a droplet, are ionized during
ESI. In the CRM, evaporation of solvent occurs from the droplet surface until only a single analyte
is contained in the droplet, until the remaining solvent is removed and a bare ion remains. Finally,
the CEM explains how long chains, like unfolded proteins or polymers, are sequentially expelled

through the surface of the droplet.
1.2.2 Time-of-Flight Mass Spectrometry

Linear time-of-flight (TOF) mass spectrometry was first used by Wiley and McLaren*® to
determine mass-to-charge ratio by measuring the time it takes an ion to travel a known distance.

This setup relies on the principle that ions of different masses (m) will travel at different velocities

(v) when given the same initial kinetic energy (Ex). This relationship is expressed as
Eyx = ;mv? (eq. 1.2.1)

Since velocity is defined as distance traveled per unit time, this equation is rewritten as

Ey = ~m (—)2 (eq. 1.2.2)
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where L is the flight path length and t is time. Potential energy (Ep) is given to an ion with an
electric charge (q) by the application of an electric field (U). The potential energy is converted to
kinetic energy as ion acceleration occurs, which is written as

The electric charge (q) of an ion is the product of the charge number (z) and the elementary charge

constant (e) by
q = ze (eq. 1.2.4)

and mass, time-of-flight, and charge are related by
Im (5)2 = zeU (eq. 1.2.5)
2 t) g.1.2.

Rearrangement of this equation shows that the mass-to-charge ratio of an ion is proportional to the
square of the time-of-flight multiplied by a constant, given by

m 2eU

S = (L_Z) t? (eq 126)
Since e, U, and L are constant during an experiment, m/z is determined by measuring ion flight

time. Eqg. 1.2.6 shows that flight time is directly proportional to ion mass and inversely related to

charge. Thus, it is possible for ions of different mass and charge to have the same mass-to-charge
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ratio. In such a case, the spacing of isotopic peaks can be used in order to determine the overall
molecular weights of the individual species.

Due to slight variations of initial ion energies, differences in ion positions in the
acceleration region, as well as subtle fluctuations in U, ions of the same m/z will arrive at the
detector at different times, causing decreased mass resolution. To alleviate the spread of kinetic
energies, a reflectron®® can be used to apply an electric field (Er) to slow, stop, and turn ions in a
focused packet towards the detector. The reflectron electric field is equivalent to the applied
electric potential (Ur) divided by the length of the reflectron (D). The depth (d) that ions travel

into the reflectron before being stopped depends on their kinetic energy, and can be described by

_ Ex _ qu _ UubD
qErR  qUR/D  Ug

(eq. 1.2.7)

At this depth, ions are redirected and have stopped moving. Thus, their average velocity is half

their initial velocity (vi) and the time (to) taken to reach d is given by

== (eq. 1.2.8)

Since the path of ions through the reflectron is symmetric, the total time ions spend being reflected

(tr) s twice to Or

tp = 2( d ) = (eq. 1.2.9)
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The distances traveled by the ions before (L1) and after (L>) the reflectron allow the time spent in

the time of flight tube (twne) to be found by

teuve = = (eq. 1.2.10)
The total time (ttwt) it takes ions to reach the detector is then given by

Li+Ly+4d
ttor = teupe +tp = ———— (eq. 1.2.11)

Vi

By rearranging eq. 1.2.6, vi is found by

v; = /zi:U (eq. 1.2.12)

By substitution of eq. 1.2.12 into eq. 1.2.11, it can be shown that m/z in a reflectron TOF mass

spectrometer is determined by

m 2eU
Z [(L1+L2+4d)2] ttot (eqg. 1.2.13)
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1.3 Infrared Spectroscopy

Infrared spectroscopy is routinely used to study molecular structure through vibrational
motion of atoms within a molecule. Molecular vibrations occur when an oscillating
electromagnetic field of appropriate energy interacts with the transition dipole of vibrating atoms.
That is, absorption occurs when the frequency of an IR photon is resonant with a molecular
vibration. Since vibrational transitions occur at discrete energies, the frequency of the absorbed
photon gives information about the bond type as well as the local chemical environment around
the vibrating atoms. The unique set of photon energies necessary to induce vibrational motions
therefore serves as a basis to distinguish different molecular groups present in a system and can be
thought of as a “fingerprint” used to identify a molecule.

In conventional IR spectroscopy, the absorbance (a) is found by measuring the intensity of

light before (lo) and after (I) a sample
A =log (,L) (eq. 1.3.2)

Absorbance is also proportional to the product of the sample’s extinction coefficient (&), the
pathlength of the sample (l), and the sample concentration (C), summarized by the Beer-Lambert

Law,
A=¢lC (eq. 1.3.2)

The extinction coefficient is related to the vibrational absorption cross section (o(v)) as well as the

number density (o) of molecules in the sample. Thus, the Beer-Lambert Law can be written as
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A =log (%) =a)lp (eqg. 1.3.3)

In a concentrated solution, this product is typically sufficiently large to cause a measurable
difference between the incident and transmitted light.

Obtaining an infrared spectrum directly by traditional methods is not feasible for gas-phase
ions, which have drastically lower number densities in a mass spectrometer. Due to electrostatic
repulsion, an ion trap is capable of storing only 10* — 108 ions at a time. However, a single laser
pulse may contain 104 — 10 photons. The large contrast in magnitudes results in an immeasurable
difference between the incident and transmitted light. Therefore a different approach is needed to

acquire an IR spectrum of molecular ions inside a mass spectrometer.
1.3.1 Principles of Infrared Predissociation Spectroscopy

In order to overcome the low density of ions in a mass spectrometer, action spectroscopy
is used. In action spectroscopy, the mass change of molecules affected by incident
light (N(v)/No) is used to obtain infrared spectra. Instead of using the typical form of Beer’s Law,
given by
I(v) = [,e=°@p (eq 1.3.4)

we use

N(v) = N,e~?@e®) (eq. 1.3.5)
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where &(v) is the photon fluence on the sample. For experiments with pulsed lasers, the photon
fluence is sufficiently large to cause the exponential product to approach 1, which leads to a
measureable number of affected molecules.®® In such experiments, ions are cooled to cryogenic
temperatures and “tagged” with a weakly bound and minimally perturbative D2 molecule. When
an IR photon is absorbed by a tagged complex, the energy dissipates via intramolecular vibrational
redistribution (IVR), resulting in the loss of the D2 molecule.®? Figure 1.1 shows a schematic
depiction of the I\VVR process upon absorption of an IR photon. The loss of the tag occurs on the

order of picoseconds to nanoseconds, which occurs long before the photofragment reaches the

reflectron, where it is separated from the tag.

Figure 1.1 Schematic of internal vibrational redistribution (IVR) process.
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The loss of D2in such a case can be modeled by Ramsberger-Rice-Kassel-Marcus
(RRKM) theory,®? where the energy dependent rate constant for unimolecular dissociation (k(E*))

IS given by

oW*(E—Ep)

K(E) ==&

(eq. 1.3.6)

where ¢ is the reaction path degeneracy, W’ (E — Eo) is the density of states between energy E and
Eo (i.e. the barrier height of the reaction), h is Planck’s constant, and p(E) is the density of states
at energy E. If the vibrational energy levels of the system are known, the W*(E - Eo) and p(E) terms
can be found using the Beyer and Swinehart algorithm.%® For the present case, the barrier height
for reaction is assumed to be the binding energy of the D, tag.

Calculated unimolecular reaction rates for the protonated triglycine complex, GlysH"-Dx,
were obtained using RRKM theory and are shown in Figure 1.1. The reaction rates are represented
as half-lives of GlysH*-D2 upon excitation and are dependent on the internal energy of the ion upon
vibration i.e. the energy of the photon absorbed. The harmonic vibrational frequencies of the
tagged triglycine structure, optimized at the cam-B3LYP/def2tzvpp level of theory, were used to
estimate the densities of states alone the reaction path coordinate. This level of theory was also
used to find the binding energy of D2 in this complex, which is found to be only ~150 cm™. The
rate of photodissociation corresponding to this binding energy is shown in green in Figure 1.1. It’s
apparent that even with photons of modest energy (500 cm?), the excited complex dissociates on
a timescale that is much faster (< ns) than the ion flight time (~10’s of ps). Furthermore, even tags

with higher binding energies are predicted to photodissociate at a rate that is compatible with the
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TOF experiment. This is crucial for considering experiments that monitor direct loss of H>O, which

has a much higher binding energy, from a clustered complex.

Figure 1.2 Results of RRKM calculations for the lifetimes of GlysH*-D> as a function of internal

ion energy and different binding energies of the D, tag. The two dotted lines correspond to the

typical range ion times-of-flight in the present work.
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1.3.2 The Harmonic Oscillator Model and Vibrational Selection Rules
To help interpret experimental spectra, energies of molecular vibrations can be calculated.
To simplify this process, atoms bonded together are viewed as masses connected by a spring. The

internuclear potential energy therefore has the form
V() = 2k(r—1)? +2y(r— 1) + - (eq. 1.34)

where k and yare force constants and (r-re) is the change in bond length from the equilibrium bond
length (re). If the vibrations under consideration have small nuclear displacements, i.e. are
fundamental modes, then the higher order terms become negligible. Thus, the potential energy

depends on only the quadratic (harmonic) term and can be written as
V(r) = k(r—1,)? (eq. 1.3.5)
This potential term can be substituted into the Schrodinger equation,

(L2 4 k(= 1)?) W) = E¥ () (eq. 1.3.6)
2u0rz 2 € - q. 1.2
Where 7 is Planck’s constant divided by 2z and u is the reduced mass of the bonded atoms given
by

mim,

U=——- (eq. 1.3.7)

mqi+m,
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Rearrangement of eq 1.3.6 gives
62
W) + ;—“(E — ~k(r - re)z) W(r) =0 (eq. 1.3.8)

Solving this second order differential equation works only for quantized values and gives

vibrational energy levels described by

E, = (—)1/2 (v+3) v=0,1,2, (eq. 1.3.9)

E,=hv (v + —) (eq. 1.3.10)

where v is the oscillator frequency. The energy associated with a transition from a fundamental

vibrational levels corresponds to the absorbed photon by

K\ 1/2
Mgy =1 (5) " = huphoton (e 1.3.11)

Therefore the frequency (in wavenumbers!) of the observed photon is

_ k 1/2
Tphoton = — (—) (eq. 1.3.12)

2me \u
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Within the framework of the harmonic oscillator, selection rules required for a vibrational

transition can be derived. The intensity of absorption is related to the transition dipole moment

() by
ty = (W W) (eg. 1.3.13)

Where i is the molecular dipole moment, which can be expanded in terms of the (r-re) coordinates

as

ALy %y,
Ur = Uy, + (air) (r—r)+ (aTMZ) r—nr)%+-- (eqg. 1.3.14)
The vibrational wavefunctions have the form

—Juk(r-re)?
2h

Y, = N,Hye (eqg. 1.3.15)
Where Ny is a normalization constant and Hy is a Hermite polynomial. By substituting these
wavefunctions into eg. 1.3.13, it can be shown that the transition dipole moment, s, is non-zero
only when Av = + 1. Furthermore, as a result of the (du/ or)re term in eq. 1.3.14, absorptions only
occur for vibrations which change the molecular dipole moment.

Since the harmonic oscillator has been used to model vibrations, any anharmonic modes
such as overtones or combinations bands, are not predicted.®*%® This is especially prevelant in

strongly H-bonded systems, such as water clusters.®® The deviation of the harmonic and Morse
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potentials at high vibrational quanta or large internuclear separations are demonstrated in Figure

1.3.

Figure 1.3 The harmonic and Morse potentials with selected vibrational levels.
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2.1  Overview

The experimental apparatus, which is shown in Figure 2.1, was built in the spring of 2013
and is based on the design of the photofragment spectrometer in the lab of Mark Johnson.? Since
being built, the apparatus has undergone several modifications, which have increased the quality
of data and have enabled more sophisticated experiments to be performed. First, the instrument
was upgraded with a longer time-of-flight tube, which increased the resolution of the mass
spectrometer. Second, an additional variable temperature ion trap was incorporated before the
primary 10 K cold trap.? This additional trap is capable of forming solvated clusters and mediating
gas-phase reactions. Finally, isomer-specific spectroscopy has been enabled through introduction
of a second laser through the center ring electrode of the primary ion trap.*

All molecular ions discussed in later chapters were generated through electrospray
ionization®” of dilute solutions containing relevant precursor species. lons were transferred into
the instrument through a ~0.3 mm ID stainless steel capillary and were guided through three
differentially pumped stages. In the third stage, ions were stored in an octopole trap mounted on
the cold head of a liquid nitrogen cryostat. The ions were then extracted to into a 3D quadrupole
(Paul) ion trap, which was held at 10 K by a closed-cycle helium cryocooler. A buffer gas
consisting of helium and D> was pulsed into the trap in a short burst, which collisionally cooled
ions and formed M*(D2), adducts. lons were extracted from this trap at 10 Hz into the time-of-
flight region, where M*(D2)n species were mass-selected with a gated deflector. After mass gating,
the ions were intersected with the output of a tunable OPO/OPA infrared laser, which induced
photofragmentation and loss of D,. The photofragment ions were separated in a two-stage
reflectron and were directed to a multi-channel plate (MCP) detector. Monitoring the

photofragment intensity as a function of laser wavelength yielded linear IR spectra.
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Figure 2.1 Diagram of the homebuilt cryogenic ion infrared photofragment spectrometer. (A)
Overhead view of the apparatus, with key components of the time-of-flight region labeled. (B) A
close-up side view of the region outlined in green from panel A. Panel B shows the reaction and
main trap regions in greater detail and also gives typical experimental operating pressures.
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2.2 lon Source

The ions studied in this thesis were generated by electrospray ionization of dilute solutions
containing the relevant molecular precursors. The solutions were made with solvents including
HPLC grade water, methanol, ethanol, or acetonitrile. The solutions were placed in a syringe
(Hamilton) and were pushed through a 30 um fused silica capillary (New Objective) at a rate of
~1-4 uL/min. The ions enter the instrument through a 10 cm stainless steel capillary (inner
diameter of 0.3 mm), which is held in place by a compression fitting. This allows the entrance
capillary to be easily removed and cleaned without venting the instrument. In the first vacuum
region, the ions arrive at and pass through a 0.75 mm biased skimmer. Once through the skimmer,
ions enter a second chamber and travel through hexapole ion guides powered by radio frequency
(RF) supplies based on the design of O’Connor and coworkers.®® The first and second chambers

are pumped by 15 L/s mechanical pumps and have operating pressures of ~3 Torr and ~200 mTorr.

2.3 Reaction Trap Region

After passing through a floated aperture, the ions arrive in the reaction trap region. This
stage is pumped by a 300 L/s turbomolecular pump and has a typical operating pressure of 2x10
Torr. In this region, ions are transferred through another hexapole guide and are collected and
stored in a 2 cm long linear octopole ion trap powered by the same type of RF oscillator used for
the other ion guides. Two 3.8 mm copper apertures provide entrance and exit potentials for the
trap. A static DC voltage is applied to the entrance aperture while the exit aperture switches
between high and low potentials to either stop or extract ions. The entire trap assembly is mounted
to a liquid nitrogen cryostat (VPF-100, Janis Research Company) and is capable of reaching

temperatures from 77-300 K. The trap is electrically isolated by a 1 mm thick piece of thermally
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conductive ceramic (Precision Ceramics). The trap temperature is controlled with a 50 W cartridge
heater and is monitored with a silicon diode.

A solenoid pulsed valve is connected to the reaction trap by a short polytetrafluoroethylene
(PTFE) tube and introduces short bursts of buffer gas (helium or nitrogen), which helps to slow
down and collisionally cool ions. When a few drops of solvent are seeded into the gas line,
sufficient solvent vapor is introduced to the trap to cause clustering around trapped ions as they
thermalize. Experimental parameters such as applied electric potentials, reaction trap timings,
buffer gas pressure, and buffer gas pulse duration can be adjusted to control the extent clustering.
Care must be taken when introducing solvent in this manner as the trap is prone to icing. An

example of solvation of protonated diglycine by water is shown in Figure 2.2.

2.4  Tagging Trap Region

When released from the reaction trap, ions travel through a set of hexapole guides and are
focused by a set of cylindrical einzel lenses into a 3D quadrupole “tagging” trap (Jordan TOF).
The trap design is based upon the work of Kamrath? and Wang.%° This region of the instrument
has an operating pressure of 1x10® Torr and is pumped by an 800 L/s turbomolecular pump. The
trap is mounted to the second stage of a closed-cycle helium cryocooler (Janis Research Company)
and has 1.5 W of cooling power at 4.2 K. The trap is capable of being heated from 4-300 K by a
50 W cartridge and the temperature is monitored by a silicon diode. The cryocooler is attached to
the vacuum chamber by a linear translation stage (McAllister Technical Services), which allows
the trap height to be changed as thermal expansion occurs. The entire trap assembly is housed
within an aluminum radiation shield to ensure maximum cooling is achieved. A solenoid pulsed

valve is attached to the trap by PTFE tubing, which introduces short bursts of 10% D3 in helium
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Figure 2.2 Mass spectra of GlyGlyH™ with water seeded in a He buffer gas with the reaction trap
at 300 K (A) and 80 K (B-E). As the pressure of the buffer gas increases, the number of water
adducts formed also increases.
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to the trap. When the trap is held at 10 K, ions are sufficiently and quickly cooled and form weakly
bound D»-tagged complexes, which serve as the parent species for predissociation spectroscopy.
Figure 2.3 shows a mass spectrum that demonstrates D> tagging of protonated glycine.

The 3D quadrupole trap is chosen since it can be simply coupled to a time-of-flight mass
spectrometer. After tagging has occurred, the trap RF voltages are turned off and the two trap end
cap voltages are pulsed, acting as Wiley-McLaren type plates.!! This quickly and effectively

extracts ions from the trap and accelerates them into the TOF region.

2.5  Time-of-Flight Region

After leaving the trap, the ions move through a grid electrode held at the TOF liner voltage
(~1950 V) as well as a 3 mm aperture. This stage of the instrument is pumped by a 300 L/s
turbomolecular pump and has an operating pressure of 1x107 Torr. The first section of the TOF
region is ~1m long and contains einzel lenses and deflectors at both ends. The deflectors at the
back end are pulsed and act to mass select D»-tagged ions at specific m/z for vibrational
predissociation spectroscopy. Shortly after being mass selected, tagged ions are intersected with
the output from a tunable OPO/OPA laser system pumped by 1064 nm light from a Nd:YAG laser.
Vibrational energy is transferred to the D, molecule on a short enough timescale that
photofragmentation occurs prior to the dual-stage reflectron (Jordan TOF). In the reflectron,?
photofragments are separated from any remaining tagged complexes and are directed to a pair of
microchannel plates (MCPs). Monitoring the photofragment peak intensity as a function of laser
wavelength yields a linear IR spectrum. Figure 2.4 shows mass-selected tagged ions with and
without resonant IR absorption. Figure 2.5 illustrates the type of spectrum that is gathered by

monitoring the amount of photofragmentation as the laser frequency is varied.
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Figure 2.3 Mass spectra of protonated glycine ions, GlyH", at 10 K in the absence (top) and
presence (bottom) of D> gas.
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Figure 2.4 Mass spectra of GlyH™(D>) without resonant IR absorption (top) and with IR resonance
(bottom) showing formation of the GlyH* photofragment.
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Figure 2.5 IR predissociation spectrum of GlyH™(D2) obtained by monitoring GlyH"
photofragment as laser is scanned between 1400 — 2000 cm™ and 2800 — 3800 cm™.

o

1400 1600 1800 2800 3000 3200 3400 3600 3800
Photon Energy (cm™)



48

Figure 2.6 (A) Harmonic potentials for molecular oscillators, vi and v.. Absorbed energy is
transferred to the tag via internal vibrational redistribution. The dashed line designates the
minimum amount of energy necessary for D2 loss to occur. (B) Double resonance IR-IR spectrum.
(C) Mass spectra showing photofragment enhancement from resonant probe laser (black trace) and
dipped signal from resonant pump laser (grey). It’s apparent the photofragment intensity from only
the probe laser corresponds to the baseline of the IR-IR spectrum.
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2.6 IR-IR Double-Resonance

Double-resonance depletion spectroscopy is used to obtain conformation specific IR
spectra.*1*16 A schematic for this spectroscopic process is given in Figure 2.6. The TOF probe
laser is fixed to a specific IR transition and the energy absorbed is redistributed such that the
complex exceeds the minimum threshold for D> dissociation. The pump laser is pulsed into the
main trap before the ions are released into the TOF region. When the pump laser is resonant with
a transition belonging to the same structure as the probed transition, internal vibrational
redistribution occurs within the trap and the Do tag is lost prior to ion ejection. The loss of tagged
species causes a depletion in the monitored TOF photofragment signal. The resulting dip

spectrum directly yields the IR transitions of the structure(s) giving rise to the probed transition.

2.7 Laser System

The IR light used to photodissociate ions in the tagging trap and TOF region is generated
by two identical laser systems. Each is comprised of a Continuum Powerlite neodymium:yttrium
aluminum garnet (Nd:YAG) laser and a LaserVision optical parametric oscillator and optical
parametric amplifier (OPO/OPA). The Nd:YAG laser pumps 1064 nm light at 10 Hz into the
OPO/OPA, which generates IR light tunable from 600 cm™ to 4500 cm™.

The output of each laser system is guided through an N2-purged enclosure, which
minimizes power losses due to ambient CO2 and H20 absorption. The output from the “probe”
laser system is focused by a set of spherical mirrors and is directed towards the TOF region by a
periscope. Just before entering the instrument through a KBr window, it is reflected by a third
spherical mirror that focuses the beam for maximum overlap with the ion beam path. The output

from the “pump” laser system is guided through a periscope towards the tagging trap chamber. It
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is carefully focused into a KBr window and passes through the middle RF electrode of the 3D
quadrupole trap to intersect tagged ions. The OPO/OPA generates light by splitting the 1064 nm
(o) light from the Nd:YAG laser into two beams. One of the beams passes through a A/4
waveplate into a -barium borate (BBO) crystal where second harmonic generation (SHG) occurs,
producing 532 nm (2wo) light. The 532 nm light is directed into an OPO stage comprised of two
potassium titanyl phosphate (KTP) crystals in an optical cavity. In the OPO, the 532 nm functions
as the pump frequency (wp) and by second-order nonlinear optical processes is converted into two

lower energy waves described by

wy, = ws + w; (eqg. 2.1)

where os and ; are the signal and idler frequencies, respectively. The signal, which is higher in
frequency, ranges anywhere from 710 — 880 nm, while the idler ranges from 1350 — 2120 nm. The
signal frequency is recombined with the remaining 1064 nm light in the OPA stage, which consists
of four KTP crystals. Here, the signal ws and the 1064 nm light undergo a difference-frequency

generation (DFG) process described by

Wmpig = Wg — Wy (eq 2-2)

where omig is 2000 — 4500 cm™®. When only mid IR light is desired, the residual 1064 nm light is

dumped from the beam and the idler frequency is removed by a polarized filter. Power in this

region is measured at 3900 cm™ and is typically around 30 mJ/pulse.
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Figure 2.7 Pump laser and OPO/OPA setup
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In order to access the far IR region, from 600 cm™ to 2400 cm™, removal of the polarized
filter just after the OPA stage is required. With this filter removed, the idler light is mixed with

the omig In an additional AgGaSe crystal to create far IR light by the DFG process

Wfar = Wi — Wmid (eq. 2.3)

Unwanted residual light from this mixing process is removed directly after the AgGaSe; crystal
with either a ZnSe filter for the 1400 cm™ to 2400 cm™ range or a 5.5 micron filter for the 600
cm* to 1800 cm™ range. Power for these spectral regions is significantly lower than that of the
mid IR range, with typical powers at 1594 cm™ of 2.0 mJ/pulse and 1.5 mJ/pulse for the ZnSe or
5.5 micron filter, respectively. It should be noted that since there is no compensator crystal after
the AgGaSe; crystal, the beam moves substantially in space at the highest and lowest

wavelengths of this region.

2.8  Data Acquisition

The signal (photofragment intensity versus time-of-flight) from the MCP detector is
amplified and measured by a 100 MHz digital oscilloscope (PicoScope), which is capable of
recording mass spectra at the 10 Hz experimental timescale. From the oscilloscope, the signal is
routed to a computer where it is displayed and recorded by a homemade LabView (National
Instruments) data acquisition (DAQ) program, which was written by Brett M. Marsh (PhD 2015)
and later modified by Steven J. Kregel. This program allows the incoming signal from the digital
oscilloscope to be adjusted to reflect the data displayed on the stand-alone oscilloscope

(Tetronix) and is capable of recording MS or IR data.
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For recording mass spectral data, a file path must first be designated with the MS mode
enabled. After an integer value is chosen for the number of MS traces to be recorded, the program
is then run. Once running, the trigger delay (us), sample window width (us), and range (V) can be
adjusted. Once the desired settings are achieved, the data is collected by clicking the acquire
button. Once all of the MS traces are recorded, the program automatically stops running.

For recording infrared predissociation spectra, a file path must be designated, the IR mode
must be enabled, and the number of desired scans should be set. In order to communicate correctly
with the OPO/OPA software, the IR range to be collected must be designated (mid or far). It is
also necessary to specify the starting and ending wavelengths (in near-IR wavenumbers).

Conversion from the near IR to mid and far IR is found by

Vimid = Vnear — 9394 cm™1 (eq. 2.4)

Tar = 28182 cm™ + 204, (eq. 2.5)

It is also necessary to specify the scan rate for the laser system. Typical scan rates for the mid and
far regions are 3 cm™/sec and 0.75 cm™/sec, respectively. When all of this information is entered,
the program can be run. Once running, the trigger delay, sample window, and range can be adjusted
as desired. Once the acquire button is pressed, the DAQ program communicates with the
OPO/OPA computer system, which automatically scans the specified frequency range. During the
scan, the DAQ program records mass spectra as a function of laser wavelength. Additionally, an
on-the-fly spectrum is generated by monitoring the photofragment intensity associated with

vibrational excitation. At the end of a scan, the OPO/OPA computer brings the laser system back
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to the starting position. If the number of scans collected is less than that initially requested, a new

file is created and another scan begins.

2.9 Data Processing

The files generated by the DAQ program can be processed with a separate LabView
processing program (also written by Brett M. Marsh). For MS data, the program combines the
designated amount of scans and creates an averaged mass spectrum (ion intensity versus time-of-
flight). The data processing program saves the composite spectrum as a “.dat” file.

In order to generate an IR spectrum, a few additional settings in the processing program
must be specified. The start and end wavelengths (near IR), an interpolation value (usually 1/10
the laser scan rate), a value for shots-per-point, the integration range corresponding to the
photofragment, and the display frequency (near, mid, far) are selected. Once the program is run, a
plot of photofragment intensity versus laser frequency is generated.

Some spectral features are not adequately resolved given the signal-to-noise ratio of a
single IR scan. Therefore, it is often appropriate to average multiple scans together using the data
processing program. The program interpolates scans on an individual basis, prompting the user to
select files to be analyzed and averaged together. Anywhere from 10-30 scans are typically

necessary to achieve satisfactory signal-to-noise ratios in the mid and far-IR regions.

2.10 Experimental Timings
In order to carry out successful predissociation experiments, which occur at 10 Hz, it is
necessary to coordinate precise pulse valve, ion extraction, and laser timings. The experimental

timing scheme is outlined below in Figure 2.8. The sequence begins when the pulse valve of the
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main tagging trap is triggered by the To output of a delay generator (DG1). All other experimental
timings are referenced to To from DG1, and the following triggering scheme is discussed in an
order that corresponds to the ion path through the instrument.

The reaction trap timings are controlled by a second delay generator (DG2), which sets the
timings for the pulse valve and trap exit apertures (high and low voltages). The duration of time
ions spend in the main trap (typically around 95 ms) is determined by channel A of DG1. At this
time, the RF voltages in the main trap are turned off, which causes the RF power supply to send a
TTL signal to a third delay generator (DG3). DG3 controls the timings of the main trap end caps
(Wiley McLaren 1 and 2), the mass gate, and the TOF laser Q-switch. The mass gate timings are
adjusted to select the desired tagged species. The Q-switch timing is set to give the best temporal
overlap with tagged complexes, which typically occurs 0.4-1.5 us after the mass gate trigger.
Furthermore, it is important to note that the flashlamps’ timing is adjusted to ensure no more than
6 W of power is output from the YAG pump laser.

In an IR-IR double resonance experiment, another laser is focused into the tagging trap.
The triggers for the flashlamps and Q-switch occur ~5 ms before the main trap RF voltages are
turned off and ions are extracted. The ~90 ms before the laser pulse allows ample time for removal
of the buffer gas from the trap volume prior to ion—laser interactions, ensuring no additional

cooling and formation of D2-adducts is possible afterwards.
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Figure 2.8 Schematic of experimental times for an IR-IR double resonance experiment in positive
ion mode.
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Table 2.1 Sample timings for IR-IR double resonance / dual trap experiment.

Delay Generator 1 (DG1) Channel Timing
Main Trap Pulse Valve To -
Main Trap RF A To+95ms
Laser 1 Flash Lamps Delay A—263 s
Laser 1 Flash Lamps Width D C+10ups
DG2 (Triggered by To) Channel Timing
Reaction Trap High A 7.0 ms
Reaction Trap Low B A +0.900 ms
Reaction Trap Pulse Valve C 25.0 ms
DG3 (Triggered by Main Trap RF) Channel Timing
Wiley-McLaren (WMC) 1 (Low) A 0 + 500 ns
WMC 1 (High) B A +500 ns
WMC 2 (Low) C 0+ 500 ns
WMC 2 (High) D C +500 ns
Mass Gate (High) E 0+29.24 us
Mass Gate (Low) F E + 200 ps
Laser 1 Q-Switch (Delay) G 0+29.77 ps
Laser 1 Q-Switch (Width) H G+ 10 ps
DG4 (Triggered by To) Channel Timing
Laser 2 Q-Switch Delay A To+94 ms
Laser 2 Q-Switch Width B A+10 ps
Laser 2 Flashlamp Delay Cc A—284 ps
Laser 2 Flashlamp Width D C+10 ps

S7
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2.11 Voltage Settings

The voltages applied to the various stages of the instrument generally decrease in
magnitude from the capillary entrance to the main tagging trap. The voltages in various regions
are used to achieve different experimental techniques. For example, the RF1 bias voltage can be
increased to induced ion fragmentation in the early high-pressure stages of the instrument. On the
other hand, reaction trap biases can be lowered to “soften” trapping conditions for the formation
of large solvated clusters. Likewise, the main trap voltages can be used to vary the amount of
tagging. These experimental voltages change subtly on a daily basis, and may change considerably

depending on the species being studied. Typical voltages used are show in Table 2.2.
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Table 2.2 Table of adjustable voltages supplied to the instrument during operation for positive
ions. Items in bold italics correspond to voltages in the TOF region.

Power Supply Applied Voltage Power Supply Applied Voltage
ESI +25kV RF 3 Amplitude +3.88V
Capillary +111.7V RF 4 Amplitude +3.98V
Skimmer +1118V RT RF Amplitude +4.02V
RF1 +736V Main Trap Amplitude +0.60V
Aperture 1 +67.1V
RF2 +66.5V MCP -45kVv
RT Entrance +653V wMC 1 +56V
RT Bias +58.5V WMC 2 -351V
RT Exit High +728V Liner - 1900 V
RT Exit Low +375V Focus 1 ov
RF3 Bias +50.1V Deflector L/R 1 -1950 V
Aperture 2 +150.0V Deflector U/D 1 -1570 vV
RF 4 Bias +375V Focus 2 -492V
Einzel 1&3 -229V Deflector L/R 2 - 1900 V
Einzel 2 +40.8V Mass Gate 1 - 2000 V
Main Trap Bias +39.6V Mass Gate 2 -580V
RF 1 Amplitude +457V Reflectron 1 -1181V
RF 2 Amplitute +448V Reflectron 2 + 140V




2.12

10.

11.

12.

13.

14.

15.

16.

60

References

M.Z. Kamrath, E. Garand, P.A. Jordan, C.M. Leavitt, A.B. Wolk, M.J. Van Stipdonk, S.J.
Miller and M.A. Johnson, Journal of the American Chemical Society, 2011, 133, 6440-
6448.

M.Z. Kamrath, R.A. Relph, T.L. Guasco, C.M. Leavitt and M.A. Johnson International
Journal of Mass Spectrometry, 2011, 300, 91-98.

B.M. Marsh, J.M. Voss, E. Garand, J. Chem. Phys., 2015, 143, 204201.

J.M. Voss, S.J. Kregel, K.C. Fischer, E. Garand, Journal of The American Society for Mass
Spectrometry, 2018, 29, 42-50.

M. Yamashita, J.B. Fenn, J. Phys. Chem., 1984, 88, 4451-4459.

M. Yamashita, J.B. Fenn, J. Phys. Chem., 1984, 88, 4671-4675.

J.B. Fenn, N. Mann, C.K. Meng, S.F. Wong, C.M. Whitehouse, Science, 1989, 246, 64-71.
P.O’Connor, C. Costello, W. Earle, J. Am. Soc. Spectrom., 2002, 13, 1370-1375.

R. Mathur, P.B. O’Connor, Review of Scientific Instruments, 2006, 77.

X.-B. Wang, L.-S. Wang, Review of Scientific Instruments, 2008, 79.

W.C. Wiley, I.H. McLaren, Rev. Sci. Instrum., 1955, 26, 1150-1157.

B.A. Mamyrin, V.l. Karataev, D.V. Shmikk, V.A. Zagulin, Zhurnal Eksperimentalnoi |
Teoreticheskoi Fiziki, 1973, 64, 82-89

E.G. Buchanan, W.H. James Ill, S.H. Choi, L. Guo, S.H. Gellman, C.W. Mdller, T.S.
Zwier. J. Chem. Phys. 2012, 137, 09430

J.C. Dean, E.G. Buchanan, T.S. Zwier. J. Am. Chem. Soc. 2012, 134, 17186-17201,
N.S. Nagornova, T.R. Rizzo, O.V. Boyarkin. Angew. Chem., Int. Ed. 2013, 52, 6002-6005

J.M. Voss, K.C. Fischer, E. Garand, Journal of Molecular Spectroscopy, 2018, 347, 28 -
34 (2018).



61

CHAPTER 3

Mass Spectrometric and Vibrational Characterization of
Reaction Intermediates in [Ru(bpy)(tpy)(H.0)]** Catalyzed
Water Oxidation



62

Published: J.M. Voss, E.M. Duffy, B.M. Marsh, and E. Garand. ChemPlusChem, 82, 691-694

(2017)

Abstract

Mass spectrometry coupled with an in-line electrochemical electrospray ionization source is used
to capture some of the reaction intermediates formed in the [Ru(bpy)(tpy)(H20)]** (bpy=2,2’-
bipyridine, tpy=2,2":6’,2“-terpyridine) catalyzed water oxidation reaction. By controlling the
applied electrochemical potential, we identified the parent complex, as well as the first two
oxidation complexes, identified as [Ru(bpy)(tpy)(OH)]?>* and [Ru(bpy)(tpy)(0)]?**. The structures
of the parent and first oxidation complexes are probed directly in the mass spectrometer by using
infrared predissociation spectroscopy of D»-tagged ions. Comparisons between experimental
vibrational spectra and density functional theory calculations confirmed the identity and structure
of these two complexes. Moreover, the frequency of the O-H stretching mode in
[Ru(bpy)(tpy)(OH)]?* shows that this complex features a Ru—OH interaction that is more covalent

than ionic.

Author Contributions
JMV optimized the flow cell source; EMD synthesized the catalyst; JMV, EMD, and BMM
acquired experimental spectra; EMD and EG performed theoretical calculations; JMV and EG

performed data analyses; JMV, EMD, and EG wrote the manuscript.
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3.1 Introduction

Studying reaction intermediates can provide fundamental insight into the mechanism of a
chemical reaction. However, such key reaction species are typically present in only minor
concentrations, necessitating a sensitive and selective probe, such as electrospray ionization mass
spectrometry (ESI-MS).1® MS identifies ions by their mass-to-charge (m/z) ratio, and with
additional characterization tools such as collision-induced dissociation, can also provide some
structural information. Coupling spectroscopic characterization with MS, by schemes such as
infrared multiple photon dissociation (IRMPD),° UV+IR resonant photodissociation,® and
cryogenic ion vibrational predissociation (CIVP),!! can further provide rich and detailed structural
information as well as benchmarks for theoretical methods used to characterize reaction processes.
ESI can be easily adapted to directly probe different types of analytes.>1” Particularly, an in-line
electrochemical (EC) cell can be coupled to an ESI source, such that intermediates and products
formed under specific EC potentials can be sampled. Several examples of such EC-ESI
experiments have been previously demonstrated.'8-2

Herein, we present the application of an EC-ESI source to study the intermediates present
in the electrochemical water oxidation reaction catalyzed by the mononuclear ruthenium
complex?®2* [Ru(bpy)(tpy)(H20)]%* (hereafter denoted as [Ru(H20)]%*; bpy=2,2’-bipyridine,
tpy=2,2":6’,2“-terpyridine). This family of ruthenium complexes serves as a prototypical single-
metal-center homogeneous water oxidation catalyst, and has been the subject of numerous
studies.* > 22 2539 e show that we can selectively detect the first two oxidized complexes in the
proposed catalytic cycle, shown in Figure 3.1, by controlling the applied EC potential. We further
probed the structures of these mass-selected species directly in the mass spectrometer by CIVP.

This combination of approaches allows us to directly capture and characterize complexes formed
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Figure 3.1 (Top) Water oxidation involving the [Ru(bpy)(tpy)(H20)]?* complex. (Bottom) The
structure of the [Ru(bpy)(tpy)(H20)]** species. The hydrogen atoms on the bipyridine and
terpyridine ligands have been omitted.
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during the electrocatalytic process. Our results provide clear identification of the reaction species
present as well as structural information of these complexes without any interference from

unreacted catalysts, solvents, counterions, or temperature-related effects.

3.2  Experimental and Theoretical Details

Our homebuilt source is shown in Figure 3.2 and involves a commercial low volume EC
flow cell (BASI) that is floated at the ESI voltage (~1 kV), similar to those by Johnson and van
Berkel.'®2° The EC potential applied is referenced to the ESI voltage, and is continuously
adjustable between 0-2 V. For the [Ru(H20)]** experiment, a millimolar aqueous solution of
[Ru(H20)](Cl0a4) (synthesized according to literature methods?33!) with a phosphate buffer at pH
7 was pushed through the EC cell using a syringe pump. Glassy carbon served as the working
electrode and the stainless steel block served as the counter electrode and a pseudo-reference
electrode. A short electrospray silica tip at the output of the flow cell couples the EC cell to the
time-of-flight mass spectrometer where charged species are isolated and identified via their mass-
to-charge (m/z) ratio.

To obtain the IR spectra of ruthenium complexes inside the mass spectrometer, tagged [Ru-
(L)]**+(D2)n complexes were formed inside an ion trap held at 10 K by collisions with buffer gas
containing 10% D> in helium. The tagged complexes were then mass-selected in the time-of-flight
mass spectrometer and irradiated with the output of a tunable IR OPO/OPA laser system
(Laservision). Resonant absorption of a single photon induced the evaporation of the weakly bound
D> tags. Integration of the resulting photofragment signal as a function of laser wavelength yielded

the IR spectrum. Due to experimental settings, such as tagging efficiency and mass-gating, the
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Figure 3.2 Electrochemical ESI source used to generate [Ru(H20)]?* and intermediates. A key for
the various components of the cell is given below.

1. Electrochemical reservoir 8. Tubing from syringe
2. Glassy carbon working electrode 9. Outlet union

3. Stainless steel housing (counter electrode) 10. ESI capillary sleeve
4. Reference electrode reservoir 11. ESI capillary tip

5. Working electrode lead (to 2 V supply) 12. MS inlet

6. Counter electrode lead (floated at ESI voltage) 13. Cell mounting

7. Inlet union
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doubly tagged [Ru(H20)]?*-(D2)2 and singly tagged[Ru(OH)]?*-(D2) complexes were probed with
IR spectroscopy.

The geometry optimization and vibrational calculation of the [Ru(H20)]**-(D2). and
[Ru(OH)]?**-(D2) complexes are carried out using ORCA?? at the B3LYP level with the def2-TZVP
basis set for all atoms and an ECP treatment for Ru. The RIJCOSX approximation was used in the
calculations, with the def2-TZVP/J auxiliary basis set. The vibrational frequency was calculated
numerically. The vibrational frequencies were scaled by 0.98 in the 700-1700 cm™ region and
0.96 in the 2800-3800 cm! region. The experimental spectra are normalized to the most intense

peak in the two spectral regions, and the calculated spectra show the calculated IR intensities.

3.3  Results, Analysis, and Discussion

Figure 3.3 shows a plot of current versus working electrode potential for a millimolar
aqueous solution of [Ru(H20)](ClO4)> with phosphate buffer (pH 7) flowed through the
electrochemical cell. The increased current readings at 0.8 VV and 1.2 V is in general agreement
with previous studies.* 3! Figure 3.4 shows the mass spectra obtained at four different EC
potentials (VEC), applied across the glassy carbon working electrode and the stainless-steel
counter electrode. All other experimental parameters were kept constant, that is, any differences
observed in the mass spectra are direct results of the applied VEC. At 0 V, the mass spectrum
displays a series of peaks between m/z=251.5-256.5, which are readily assigned to the initial
[Ru(H20)]?* state of the catalyst. The observed relative intensities correspond to the expected
natural isotopic abundances shown as red sticks in Figure 3.4A. With VEC increased to +0.8 V, a

new feature appears at m/z=251 (highlighted in green), and the relative intensities of the higher
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Figure 3.3 Plot of current (I) versus working electrode potential (Eworking Electrode) for a millimolar
aqueous solution of [Ru(H20)](ClO4)> with phosphate buffer (pH 7) flowed through
electrochemical cell.
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Figure 3.4. Mass spectra acquired at different applied EC potentials (VEC). The stick spectra
indicate the deconvoluted relative populations of [Ru(H20)]?" (red), [Ru(OH)]** (green), and

[RU(O)2* (blue).
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m/z peaks change slightly. This new species is assigned to the [Ru(OH)]?* complex, the formation
of which corresponds to the 1e/1H" oxidation of [Ru(H20)]**.* A third species appears with
VEC=+1.2 V, as evident from the presence of a peak at m/z= 250.5 (highlighted in blue). It is
assigned to the [Ru(0)]** complex, resulting from the second 1e/1H* oxidation step.* No new
species are observed at VEC above +1.2 V, but the relative intensities of the observed features
continue to vary as shown in Figure 3.4D.

The series of m/z features in Figure 3.4A have well-defined isotopic ratios, with the lowest
mass at m/z = 251.5 corresponding to the [Ru(H20)]?*complex containing *Ru and *C. The m/z
= 251 feature that arises in Figure 3.4B corresponds to [Ru(OH)]?* containing ®*Ru and C. Based
on the fitted Gaussian of this feature and the isotopic abundance ratios from Figure 3.4A, we can
estimate the intensities of the higher mass isotope features of [Ru(OH)]?*. This is shown by the
green stick spectrum in Figure 3.4B. The m/z = 251.5 feature now contains contributions from
both [Ru(H20)]?" and [Ru(OH)]?*. The contribution from [Ru(OH)]?* can be calculated from the
m/z = 251 feature, and the rest can be attributed to [Ru(H20)]?*. The intensity of the m/z = 251.5
feature due solely to [Ru(H20)]?* is then used to estimate the intensities of the higher mass isotope
features of [Ru(H20)]?". This is shown as the red stick spectrum in Figure 3.4B. The sum of these
two estimated isotope patterns, shown as the total height of the stick spectrum, corresponds very
well with the overall intensity pattern in Figure 3.4B. This process is repeated for Figure 3.4C,D,
with the inclusion of [Ru(0)]?* and the m/z = 250.5 feature (blue stick spectrum), as well as for
each mass spectrum acquired at 0.2 VV VEC steps to generate the data shown in Figure 3.4 and 3.5.

The deconvolution process outlined above allows us to obtain the individual relative
intensities of these three complexes despite their overlapping masses. The Gaussian peaks used in

the fitting process are used for subsequent analysis. Standard deviation error analysis reported from
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the Gaussian peak fits (Origin) are used to estimate errors in the deconvolution process. These are
the error bars included in Figure 3.5. Also note that there can be some minor detector saturation
for the highest intensity feature(s) in the mass spectrum, which shows up in the Gaussian peak fit
(the fitted Gaussian has a higher peak height than the experimental feature).

The individual relative intensities of these three complexes are plotted as a function of the
applied EC potential in Figure 3.5. The relative abundance of the [Ru(H20)]?*" and [Ru(O)]**
complexes can be fitted to sigmoidal curves, shown as solid traces in Figure 3.5. The dashed trace
in Figure 3.5 corresponds to the residual of these two complexes (i.e., 1 — [Ru(H20)]** 1 —
[Ru(0)]*"), and is in excellent agreement with the observed population of [Ru(OH)]%*. The relative
appearance of the potentials of the [Ru(OH)]** and [Ru(O)]?** species agree with previous
studies.*3! Interestingly, we did not detect any other oxidation products at VEC above 1.2 V.
Notably, no significant amount of [Ru(0)]**, [Ru(OOH)]?*, or [Ru(O2)]** was observed. It is
possible that these species are too fragile or reactive to survive the ESI process. Another possibility
is that oxidation of [Ru(O)]?* is the kinetic bottleneck in the catalytic cycle and the subsequent
steps occur very rapidly, preventing these species from building sufficient concentrations.® In the
case of [Ru(O)]**, it may be thermodynamically inaccessible at our experimental conditions.

Although the reaction complexes have overlapping masses, the [Ru(OH)]?* complex can
nonetheless be isolated in the mass spectrometer. To do this, the EC potential was held at +1.0 V.
At this potential, the most intense peaks in the mass spectrum have contributions from both
[Ru(H20)]?" and [Ru(OH)]?*. A pure beam of [Ru(OH)]** was obtained by controlled ion
activation in the high pressure region of the ion source, which fragmented the more weakly bound

[Ru(H20)]?" ions to yield [Ru]?*, allowing the [Ru(OH)]?* to be isolated in the mass spectrometer.
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Figure 3.5 Relative abundances of the three catalytic species, deconvoluted from mass spectra
acquired at 0.2 VEC potential steps. The [Ru(H20)]?* (squares) and [Ru(O)]?* (triangles) data are
fitted to a sigmoidal function (solid line), and the residual (dashed line) fits the [Ru(OH)]?* (circles)
data nicely.
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Figure 3.6 (A) At VEC = +0.8 V, both [Ru(H20)]?* and [Ru(OH)]?* are formed. (B) By increasing
the RF voltages, the [Ru(H20)]%" ions are fragmented and are no longer present in this mass range.
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Figure 3.6 shows the mass spectrum with and without controlled ion activation, which shows the
loss of the [Ru(H20)]?* signal in this mass range. This selective fragmentation can be carried out
in part because the binding energies of H20 and OH to the ruthenium complex are calculated to be
quite different. The calculated binding energy of H.0 in [Ru(H20)]** is 1.16 eV, significantly
lower than the calculated binding energy of 2.77 eV for OH in [Ru(OH)]?*. These values are
calculated at wh97xd/def2tzvp/sdd level, for isolated complexes.

The identity of some of the observed catalytic complexes were confirmed by their
vibrational spectra by use of using IR predissociation of cold D.-tagged ions.!** The IR
predissociation spectrum of [Ru(H20)]%*(D2)2 acquired at VEC=0 V is shown in Figure 3.7B. The
calculated harmonic IR spectrum at the B3LYP/def2-TZVP level of theory using ORCA®* is
shown in Figure 3.7A. The excellent agreement between calculation and experiment provides
straightforward assignment for the experimentally observed features. The pair of well-resolved
peaks at 3576 and 3654 cm™ are assigned to the symmetric and antisymmetric OH stretches of the
water ligand, respectively, and have been discussed previously.*® The H.0 bending mode is within
the broad 1610 cm™ feature, not resolved from the ring deformation modes of the pyridine ligands.
The features between 700 cm™ and 1500 cm™ are assigned to the vibrational modes of the
terpyridine and bipyridine ligands, with major peaks noted in Figure 3.7A.

Figure 3.7C shows the experimental IR predissociation spectrum of [Ru(OH)]**(Dy),
acquired at VEC=+1.0 V. Complete disappearance of the H>O ligand symmetric and
antisymmetric stretch peaks confirms [Ru(H20)]%" does not contribute to this spectrum. Despite
the open-shell nature of this complex, the experimental spectrum is in excellent agreement with
the calculated spectrum, shown in Figure 3.7D. The calculated result points to two characteristic

vibrations of the [Ru(OH)]** complex, namely the OH stretch at 3564 cm™ and the Ru-OH bend
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Figure 3.7 Experimental (B/C) and calculated (A/D) IR spectra of [Ru(H20)]?*(D2). and
[Ru(OH)]?*(D2). The calculated spectra are scaled by 0.98 in the 700-1700 cm region and 0.96
in the 28003800 cm™ region. The experimental spectra are normalized to the most intense peak
in the two spectral regions, and the calculated spectra show the calculated IR intensities.
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at 908 cm™*. Comparisons of the experimental IR spectra (Figure 3.7B,C) show that the terpyridine
and bipyridine vibrational modes remain at similar frequencies despite these two complexes
having nominally different Ru oxidation states. The biggest difference is the increased intensity
for the pyridine ring breathing modes at 1026 cm™ in the [Ru(OH)]?* spectrum, which is likely
due to coupling with the nearby Ru-OH bending mode.

The experimental frequency of the OH ligand contains additional information regarding
the Ru-OH interaction. Our previous study on [MOH]" systems showed that the vibrational
frequency of the OH stretch can serve as an in situ probe of the M-OH bond polarity owing to a
strong vibrational Stark effect.®3" Specifically, the OH stretch has a frequency above 3800 cm™
in an ionic system, that is, M?*-OH", and redshifts as the system goes to a more covalent M*-OH
configuration. The experimental OH stretch at 3564 cm™ in [Ru(OH)]?* indicates that the Ru-OH
interaction is likely more covalent than ionic. This is supported by natural population analysis®
(NPA), which yielded a charge of -0.34 for the OH, +0.94 for the Ru center, and a total combined
charge of +1.40 for the bipyridine and terpyridine ligands. Additionally, the OH frequency here
conforms to the frequency versus charge transfer trend discussed in reference 36. If we compare
the NPA charges to those of the [Ru(H20)]** complex, which has a +0.66 charge on Ru, a +0.15
charge on H-O, and a total charge of +1.17 on the bipyridine and terpyridine, we see that the
electron loss upon oxidation is mostly shared between the Ru center and the OH ligand.
Furthermore, the minimal change in the bipyridine and terpyridine charge is consistent with their
very similar IR frequencies in the spectra of [Ru(H20)]*" and [Ru(OH)]%". It is interesting to note
that the pyridine modes in the 700-1700 cm™ region remain at similar frequencies for the

[Ru(02)1?* complex,® which is formed after two additional oxidation steps.
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Unfortunately, the [Ru(O)]** complex could not be separated from the more abundant
[Ru(OH)]J?*, and an IR spectrum corresponding to only [Ru(O)]?* could not be acquired to confirm
the mass spectral assignment. However, given the changes in the mass spectral features as a
function of VEC, as discussed above, the identity of the m/z=250.5 feature is most likely
[Ru(O)]?*. Synthesis of the [Ru(H20)]?* catalyst from isotopically pure ruthenium should allow

for such separation and enable the characterization of this species.

3.4  Conclusion

Our results here show that coupling EC-ESI with mass spectrometry and CIVP
spectroscopy is a powerful method for in situ characterization of homogeneous electrocatalytic
reaction intermediates. The control afforded by the EC cell provides a means to study each reaction
complex individually, and the concurrent mass spectral and structural analysis leads to
unambiguous identification of reaction complexes. Moreover, our instrument is capable of
controlled solvation of ionic species with the use of an additional reaction trap,*° such that solvent-
related effects such as structural changes upon hydrogen bonding with water solvents can also be
studied.® There are some limitations to our current EC-ESI approach. The cell design causes a
delay of a few seconds between the EC electrode and ESI, making it difficult to capture short-lived
species. A faster flow rate through the cell would shorten the delay, but the amount of reaction
solution used is too large for stable ESI conditions. Future EC flow cells will incorporate a

microfluidic approach to overcome these limitations.
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CHAPTER 4

IR-IR Conformation Specific Spectroscopy of Na*(Glucose)
Adducts



82

Published: J.M. Voss, S.J. Kregel, K.C. Fischer, and E. Garand. Journal of the American Society

for Mass Spectrometry, 29, 42-50 (2018)

Abstract

We report an IR-IR double resonance study of the structural landscape present in the Na*(glucose)
complex. Our experimental approach involves minimal modifications to a typical IR
predissociation setup, and can be carried out via ion-dip or isomer-burning methods, providing
additional flexibility to suit different experimental needs. In the current study, the single-laser IR
predissociation spectrum of Na*(glucose), which clearly indicates contributions from multiple
structures, was experimentally disentangled to reveal the presence of three a-conformers and five
-conformers. Comparisons with calculations show that these eight conformations correspond to

the lowest energy gas-phase structures with distinctive Na* coordination.
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4.1 Introduction

Carbohydrates are ubiquitous in biology, and play a vital role in many biological functions,
from energy storage to recognition processes. They are rich in structural variation due to the
presence of numerous stereocenters as well as linkage diversity in polysaccharides. Mass
spectrometry, with its high sensitivity and ability to analyze complex mixtures, has been applied
to the characterization of carbohydrates.! Uncharged monosaccharides are usually brought into the
gas-phase by complexation with a metal ion. Such interactions between carbohydrates and ionic
species have also recently been found to play a role in the transformation of biomass into chemical
feedstock.2* However, the diversity of metal ion binding sites adds to the overall structural
richness. This isomeric complexity poses a distinct challenge for mass spectrometric techniques,
requiring additional structural characterization tools. In a very recent study by Masellis et al.,> ion
mobility separation and cryogenic vibrational predissociation spectroscopy were applied to
glycans and the results showed that different isomers of glycans have unique vibrational signatures
in the OH stretching region. However, the spectroscopy itself is still hampered by the presence of
multiple isomers, which are not separated by ion mobility, leading to increased spectral congestion
and difficulties in spectral interpretation. Here, we focus on the relatively simple mass-selected
Na*(glucose) adducts and show that an IR-IR double-resonance scheme can be used to isolate the
spectral signatures of individual saccharide conformations and metal ion binding sites.

As shown in Figure 4.1, the pyranose form of D-glucose is characterized by five carbon
stereocenters, with C(2) and C(5) being R, C(3), and C(4) being S, and the C(1) stereochemistry
defining the o and  anomers. Mutarotation occurs via a ring opening transition state with a barrier
of 90-110 kJ/mol in an aqueous environment, and the a:p equilibrium of 36:64 is reached on the

order of hours in a room temperature solution.®® Additional structural diversity involves numerous
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conformations resulting from rotations of the C(5)-C(6) and C—OH bonds, as well as the boat and
chair conformations of the pyranose ring. Extensive density functional theory (DFT) calculations®
12 have shown that a very rich conformational landscape is expected, especially when coordinated

with a metal ion.

Figure 4.1 General structure of a-D-glucose and -D-glucose, showing conventional carbon and
oxXygen numbering.

OH 6 OH

HO™ 32 ““OH

H 3 OH
a-D-glucose [-D-glucose

Action spectroscopy has proven to be a powerful tool in providing detailed structural
information on mass-selected ions.**” When combined with electrospray ionization (ESI), it is
especially well-suited for studying the structures of relatively large complexes found in biological
and catalytic processes.*®? Furthermore, the application of two-laser resonance schemes can be
particularly useful in achieving conformationally specific spectroscopy. The most common two-
laser approach uses a UV-UV or UV-IR double resonance scheme, taking advantage of the high
sensitivity of a chromophore’s electronic absorption to its immediate chemical
environment.'81%2627 \When the molecule under study does not possess a suitable chromophore, a
more general IR-IR double resonance approach, in conjunction with messenger-tagged complexes,

can be used.28-34
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In the current study, we employ an IR-IR double resonance approach to study the rich
vibrational spectrum of the D,-tagged Na*(glucose) complex. The different conformations of
Na*(glucose) vary in their intramolecular O-H---O hydrogen-bond (H-bond) configuration, making
vibrational spectroscopy in the OH stretching region potentially conformationally specific due to
the sensitivity of the OH stretch frequency to H-bonding.®3" Our results revealed and
characterized eight different conformers that significantly contribute to the overall spectrum, and
showed that IR spectroscopy can be used to distinguish o/ anomers as well as the interaction

motif of the sodium ion.

4.2  Experimental Details

The infrared predissociation spectra of Na*(glucose)(D2) were acquired using a home-built
instrument, described in detail previously.®® Briefly, Na‘(glucose) ions were formed by
electrospray ionization of ~1 mM aqueous solution of NaCl and a-D-glucose that was allowed to
equilibrate for more than 24 h. The Na*(glucose) complexes were transferred through several
differentially-pumped regions via a series of ion guides and biased apertures into a cryogenic 3D
quadrupole ion trap held at 10 K by a closed-cycle helium refrigerator. A pulsed solenoid valve
introduced a short burst (~1 ms) of buffer gas consisting of 10% D> in He into the ion trap to
thermalize the trapped ions and form weakly bound D, tagged adducts.

The output of a Nd:YAG pumped tunable OPO/OPA laser (Laservision), referred to as
“pump laser” hereafter, was focused by a spherical mirror (F.L. =30 cm) into the ion trap via a 2
mm hole in the middle RF electrode. The pump laser was fired ~90 ms after the introduction of
buffer gas and intersected all the trapped ions, allowing for resonant photofragmentation of

Na*(glucose)(D>) ions. The ~90 ms window provided ample time for removal of the buffer gas
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from the trap volume prior to ion—laser interactions, ensuring no additional cooling and formation
of D>-adducts was possible afterwards. A similar 2 mm hole on the opposite side of the ion trap
allowed the exit of the pump laser beam. Careful laser alignment to minimize light scattering inside
the ion trap was important to avoid nonresonant depletion of D.-adducts.

Approximately 5 ms after the laser pulse, all trapped ions were extracted from the ion trap
into a time-of-flight mass spectrometer, where the remaining Na*(glucose)(D2) adducts were
isolated with a mass gate and intersected with the output of a second Nd:YAG pumped tunable
OPO/OPA laser (Laservision), referred to as “probe laser” hereafter. A two-stage reflectron was
used as a secondary mass-selection stage to separate the Na*(glucose) photofragments produced
by the probe laser from the parent Na*(glucose)(D2) ions. The intensity of the probe laser
photofragment was monitored on an MCP detector and recorded by a digital oscilloscope. A
schematic depiction of our IR-IR setup is shown in Figure 4.2E.

Unlike previous IR-IR double resonance experiments,?® 3 our approach does not require a
third mass-selection stage or extensive modification to our one-laser IR photodissociation setup.
The main limitation here is the possibility of the pump-laser photofragments overlapping in mass
with the target of the probe laser. An obvious example in the present case would be a larger
Na*(glucose)(D2)n>1 Cluster that may produce a Na*(glucose)(D2) photofragment upon the
absorption of a photon inside the ion trap. To avoid this problem, the ion trap buffer gas pressure
was optimized for the formation of Na*(glucose)(D2) while minimizing larger Na*(glucose)(D2)n>1

clusters to less than 10%.
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Figure 4.2 (A) One-laser IR predissociation spectrum of Na*(Glucose)(D2). (B) IR-IR spectrum
employing the ion-dip method. (C) IR-IR spectrum employing the isomer-burning method. (D)
Spectrum generated by subtracting the spectrum in (C) from the spectrumin (A). (E) An illustration
of the IR-IR setup with the spheres representing each type of species. Blue: Na*(Glucose)(D>).

Yellow: Na*(Glucose). Red: Na*(Glucose) photofragment formed by pump-laser. Green:
Na*(Glucose) photofragment formed by probe-laser.
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Our IR-IR double resonance scheme provides two means of obtaining structure-specific IR
spectra, as shown in Figure 4.2A-D. Note that in all situations, the photofragment from the probe
laser is the monitored signal. Figure 4.2A presents a normalized 15-scan averaged IR
predissociation spectrum of Na*(glucose)(D>), obtained using only the probe laser and monitoring
the formation of the Na*(glucose) photofragment as a function of wavelength. The first IR-IR
method uses a pump-probe ion-dip scheme similar to previously reported IR-IR studies.?®3 In
this method, the probe laser is fixed to a specific transition (3384 cm™ in this case) and the
wavelength of the pump laser is scanned. When the pump laser is resonant with a transition
belonging to the same structure as the probed transition, the depletion of Na*(glucose)(D>) in the
trap causes a dip in the monitored photofragment signal. The resulting dip spectrum, shown in
Figure 4.2B, directly yields the IR transitions of the structure(s) giving rise to the probed transition.
The dip spectrum is very sensitive to shot-to-shot fluctuations in the overall ion signal and thus
yields poorer signal-to-noise ratio (s/n), as exemplified by Figure 4.2B. This normalized 15-scan
averaged IR-IR ion-dip spectrum has a s/n of 26 using the 3420-3510 cm! region as the baseline.
The one-laser spectrum, shown in Figure 4.2A, has a s/n of 74, approximately three times better
than the ion-dip spectrum.

The second IR-IR method uses an isomer-burning scheme. In this method, the pump laser
is fixed to a specific IR transition (3384 cm™ in this case), removing the structure(s) that has this
particular transition from the Na*(glucose)(D2) population in the trap. The probe laser is then
scanned, utilized in essentially the same manner as the conventional single laser IR predissociation
experiment. The resulting 15-scan averaged spectrum is shown in Figure 4.2C. The complete
disappearance of the ~3380 cm™ feature confirms that nearly 100% of the Na*(glucose)(D.)

structures possessing this feature have been depleted. This uniform depletion efficiency is due to
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the tight confinement of the translationally cooled ions inside the Paul trap, which provides a very
favorable spatial overlap with the focused pump laser beam. The main advantage of the isomer
burning method is its “background-free” nature that leads to higher s/n spectra compared to the
ion-dip method. For example, the spectrum in Figure 4.2C has a s/n of 70, comparable to the one-
laser spectrum shown in Figure 4.2A. However, the resulting spectrum contains all other structures
not possessing the ~3380 cm vibration, and is not particularly useful in the present case where
numerous conformations are present. The subtraction of spectrum 4.2C from 4.2A, shown in
Figure 4.2D, reveals the spectrum of the structure(s) that was depleted, i.e., possessing the ~3380
cm vibration. Comparison of Figure 4.2B and 4.2D shows that the two methods yield comparable
spectra with similar s/n of 26 and 30, respectively. The main drawback of the isomer-burning
method is that the subtraction requires a good reference spectrum. This can be difficult to obtain
if some experimental fluctuations are present. For the current Na*(glucose) experiments, where
conformational populations are difficult to reproduce exactly day-to-day, we utilized the ion-dip
method. Nevertheless, in simpler cases with fewer isomers, or for quick population assessment,

the isomer-burning scheme presents some definite advantages.

4.3  Computational Details

Analysis of the experimental spectra was assisted by DFT and MP2 calculations carried
out using Gaussian 09.% Based on previous computational studies®!° and chemical intuition, a
series of initial geometries with Na* located around glucose were optimized at the cam-B3LYP/3-
21+G level. These ~110 geometries resulted in ~60 unique structures, which were further
optimized at the cam-B3LYP/6-311+G(d,p) level. The 9 and 10 lowest energy structures for the a

and B anomers, respectively, were further optimized using several methods and basis sets. Their
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relative energetics are summarized in Table 4.1 These results are generally in agreement with each
other and to previous studies.® 12 Note that the naming scheme used here relates to the binding site
of Na*. For example, a34a refers to an o anomer with the Na™ interacting with O(3) and O(4). For
each Na* binding motif, several conformations involving the rotations of OH groups are possible
and are alphabetized in order of their relative energies. Calculations on selected structures showed
that the D- tag preferentially binds to the charged Na* site and causes negligible perturbation to
the glucose vibrations (see Figure 4.3). Therefore, we used the calculated spectra of the bare
Na*(glucose) complexes for our analysis. We chose the harmonic frequencies calculated at the
cam-B3LYP/def2-TZVP level for comparison with the experimental spectra based on their
generally better agreement with a selected subset of conformers. These harmonic frequencies are
scaled by 0.953 and the spectra are Gaussian convoluted with the Gaussian area corresponding to
the calculated intensity. All vibrations are convoluted with a 7 cm™* width except for OH stretches

below 3540 cm, which are convoluted with a 15 cm™ width.

44  Results

The one-laser IR predissociation spectrum of Na*(glucose)(D2) in the 3250-3750 cm™ OH
stretching region is shown in the top panel of Figure 4.4. The glucose molecule has five individual
OH stretching vibrations, but there are more than 12 fully and partially resolved features present
here. This clearly indicates the presence of multiple structures with varying degrees of
intramolecular H-bonding. A free OH group, i.e., one that is not donating an H-bond, would have
a stretch frequency around 3680 cm™. For example, methanol has an OH stretch of 3681 cm™.4° A
donor H-bond interaction redshifts the frequency to an extent that is roughly proportional to the

square of the strength of that H-bond interaction.®>-3" Therefore, the redshifted OH stretch is quite
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Table 4.1. Relative energies (kJ/mol) of the lowest energy structures found. Each structure is
optimized at the specified level and basis set, with corresponding frequency calculation and
unscaled ZPE correction. The experimentally observed structures are highlighted in bold italics.

el Y Car/“'BB"YP ©BI7XD/d | BaLyp/ | BSLYP- 1 iy

aug-cc D3/

/6311 | def2TzVP |  pVvTZ ef2TZVP | def2TZVP | yotorzyp | UEF2TZVP
B4a | 00 0.0 0.0 0.0 0.0 0.0 0.0
a3db | 85 8.3 7.9 9.0 8.1 8.7 8.0
od56a | 8.6 8.7 72 5.7 8.3 5.6 10.7
2232 | 88 8.7 8.7 7.9 8.5 9.1 8.2
al56b | 8.9 9.0 78 6.6 8.4 5.8 10.9
a356a | 95 125 12.7 71 141 45 128
al56c | 154 14.0 12.8 9.4 131 9.6 151
3560 | 19.1 20.8 211 14.2 213 116 215
wdba | 20.0 19.3 195 195 17.9 18.6 20.9
B4a | 60 5.1 47 5.7 46 6.4 6.3

B356a | 4.4 7.0 75 26 8.4 11 113
B1356b | 9.9 11.1 117 6.4 125 25 15.7
Bls6a | 123 12.6 117 8.8 12.0 9.7 16.2
B3 | 137 12.8 12.6 13.2 122 143 128
B56b | 14.3 14.6 135 105 13.3 13.4 16.2
B156c | 225 212 203 15.6 192 187 221
B156d | 22.6 212 20.7 16.0 19.9 17.0 24.0

Ba6a | 256 24.2 23.6 257 22.0 24.6 27.0
B12a | 258 253 248 241 24.4 271 256
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Figure 4.3. camB3LYP/def2TZVP calculated results for the perturbation of D> tag on the IR
spectrum. The D2 binds to Na* in both structures.
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sensitive to the exact nature of the intramolecular H-bonding, and by extension, the overall glucose
conformation.

Using the ion-dip method described above, we selectively acquired the IR-IR spectra
associated with features at 3384 cm™, 3534 cm™?, 3555 cm ™, 3565 cm?, 3572 cm %, 3585 cm ™,
3596 cm?, 3606 cm™, 3625 cm™, and 3635 cm?, as shown in Figure 4.4a-j, respectively.
Cursory inspection of the calculated spectra indicates that many conformations have vibrations
above 3635 cm2, representing the free or very weakly H-bonded OH groups. The IR-IR spectra,
all showing similar features in this region, further support this. Hence, the higher frequency
features were not probed.

The 10 IR-IR spectra have distinctive appearances, but many show more than five OH
stretch features, implying the presence of more than one structure. For example, the IR-IR
spectrum associated with feature A displays seven peaks at 3380 cm?, 3573 cm™, 3583 cm,
3595 cm™, 3641 cm™, 3653 cm, and 3683 cm™, indicating that at least two structures
contribute to the intensity at 3380 cm. This is supported by comparing the IR-IR spectra
associated with features F and G. Both of these spectra contain the 3380 cm™ peak, but the other
four major peaks all have different frequencies. Therefore, the five most intense peaks in
spectrum f and spectrum g likely represent the signatures of the two structures contributing to
spectrum a. Unfortunately, spectrum f and spectrum g each has a series of weaker features due
to minor contributions from other structures that have absorption at 3585 or 3596 cm™. This
demonstrates a situation where a single IR-IR spectrum is insufficient to obtain conformer
specific information. Note that due to the intrinsic widths (>7 cm™) associated with the
experimental features, the vibrational frequencies of two different structures do not have to be

perfectly overlapping for both to contribute to an IR-IR spectrum.
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Figure 4.4 (top) One-laser IR predissociation spectrum of Na*(glucose)(D2). (a—j) correspond to
the IR-IR ion-dip spectrum with the probe laser fixed at the frequency indicated by the dotted
lines. a: 3384 cm™, b: 3534 cm™, ¢: 3555 cm?, d: 3565 cm?, e: 3572 cm, f: 3585 cm?, g:
3596 cm™, h: 3606 cm™, i: 3625 cm?, j: 3635 cm™!
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The following section details the processing of the IR-IR spectra to extract conformer
specific spectra, the results of which are displayed in Figure 4.5 together with the corresponding
calculated spectra. The structures of the assigned conformers are shown in Figure 4.6 and
specific peak assignments are summarized in Table 4.2.

We begin with the two simplest IR-IR spectra that can readily be assigned to a single
conformation. Spectrum h is assigned to f1356a. This B-conformer has Na* binding to O(1),
0(3), O(5), and O(6), with the pyranose ring in a boat conformation. It has a single
intramolecular H-bond, which leads to O(4)-H having a stretch frequency at 3606 cm™. All the
other OH groups are free and contribute to the broad feature centered at ~3670 cm™2. Similarly,
spectrum i can be assigned to the B156b conformer, in which the Na* is binding to O(1), O(5),
and O(6). The experimental 3625 cm™! feature is assigned to the stretch of O(1)—H, which has a
weak H-bond donation to O(2), exhibiting a slight redshift.

Next, we consider subtractions of two IR-IR spectra to yield a conformer-specific
spectrum. Feature F in the one-laser spectrum is a partially resolved shoulder on the more intense
feature E, and the probe laser frequency for spectrum f is only 13 cm™ away from that for
spectrum e. Therefore, a scaled spectrum e (see Figure 4.7) was subtracted from spectrum f to
remove the minor features. The resulting spectrum agrees well with the calculated spectrum of
conformer B34a. The redshifted 3379 cm™ feature is assigned to the stretch of O(4)—H, which
has a relatively strong H-bond with O(6). The strength of this H-bond is likely enhanced by the
coordination of Na* to O(4), resulting in this ~300 cm™ redshifted stretch. Spectrum ¢ shows
similar minor contributions from secondary structures. Again we see the weaker feature C is

near the more strongly absorbing feature D. The probe laser frequency for spectrum c is only 10


https://link.springer.com/article/10.1007%2Fs13361-017-1813-x#Fig4
https://link.springer.com/article/10.1007%2Fs13361-017-1813-x#Fig5
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Figure 4.5 Experimental (black) and calculated (red) spectra corresponding to individual
conformations. The calculated geometries and energies are shown in Figure 4.6.
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Figure 4.6 Calculated, at cam-B3LYP/def2TZVP with unscaled ZPE correction, structures and
relative energies of Na*(glucose) conformations relating to Figure 4.5. The relative energy of
MP2 optimized geometries is included in parentheses. The energy of 34a is 5.1 (6.3) kJ/mol
higher than a34a.

@
a34a a156a a23a
0 kJ/mol 8.7 (10.7) kd/mol 8.7 (10.7) kJ/mol
B34a B1356a B156a
0 kJ/mol 1.8 (5.0) kd/mol 7.5 (9.9) kd/mol

o
@

B23a B156b
7.7 (6.6) kd/mol 9.4 (10.0) kd/mol
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Table 4.2 Assignment of experimental OH stretch features from Figure 4.5. The experimental
frequencies are listed in cm™.

O()H O@)H OG3)H O(4)H O(6)H
a34a 3653 3595 3573 3380 3683
al56a 3570 3647 3668/3678  3668/3678  3668/3678
a23a 3647 3554 3575 3533 3682
B34a 3654 3640 3582 3379 3683
B1356a 3662 3681 3671 3606 3681
B156a 3634 3646 3678 3646 3678
B23a 3649 3597 3571 3537 3685

B156b 3625 3646 3677 3646 3677
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cm! from that of spectrum d. Subtraction (Figure 4.8) of a scaled spectrum d from spectrum ¢
yielded a spectrum that is in good agreement with the calculated spectrum of a23a. The
experimental 3533 cm™* feature is assigned to the stretch of O(4)-H, H-bonded to O(6). The H-
bond here is weaker compared to f34a because Na™ is not directly interacting with O(4).

Next we utilize the spectra of conformers isolated thus far. As discussed above, at least
two structures give rise to feature A, one being conformer B34a, which has already been
identified. Subtraction of the f34a spectrum from spectrum a yields an experimental spectrum
(Figure 4.9) that agrees very well with the calculated spectrum for a34a. The spectra of a34a
and P34a show that both structures indeed have a ~3380 cm™ vibrational mode. Similar
subtraction of the a23a spectrum from spectrum b yielded an experimental spectrum (Figure
4.10) that agrees well with the calculated spectrum for f23a. The spectra of a23a and f23a show

that both conformers have a vibrational mode near the 3534 cm™* probe frequency.

The remaining structures require a more complex subtraction process. Spectrum d is an
IR-IR spectrum with the probe laser fixed on the low frequency side of feature E. Nonetheless,
spectrum d is quite distinctive from spectrum e, and exhibits the dominant presence of one
conformation. Subtraction of spectrum e from d yields a spectrum with minor contributions that
can be traced to p23a, the presence of which is expected due to its vibration at 3571 cm™*. The
result obtained by subtracting scaled spectra e and f23a from spectrum d (Figure 4.11) is in good
agreement with the calculated spectrum of al56a. Finally, spectrum j was acquired with the
probe laser fixed at 3635 cm . Both B34a and al56a conformers have some intensity at that
frequency and subtraction of scaled spectra of these two conformers from spectrum j (Figure

4.12) results in a spectrum in good agreement with the calculated spectrum of $156a. This
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Figure 4.7 (Top) Subtraction of spectrum e from spectrum f to yield (Bottom) spectrum of
conformer 34a.
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Figure 4.8 (Top) Subtraction of spectrum d from spectrum c to yield (Bottom) spectrum of
conformer a23a.
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Figure 4.9 (Top) Subtraction of B34a spectrum from spectrum a to yield (Bottom) spectrum of
conformer a34a.
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Figure 4.10 (Top) Subtraction of a23a spectrum from spectrum b to yield (Bottom) spectrum of
conformer f23a.
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Figure 4.11 (Top) Subtraction of spectra e and f23a from spectrum d to yield (Bottom) spectrum
of conformer a156a.
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Figure 4.12 (Top) Subtraction of spectra f34a and al56a from spectrum j to yield (Bottom)
spectrum of conformer B156a
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conformer is similar to B156b, differing mainly in the location of Na* relative to the pyranose

ring.

45  Discussion

The analysis outlined above allowed us to identify and isolate the spectral signatures of
eight distinct conformations of Na*(glucose) contributing to the one-laser spectrum.
Figure 4.13 shows a fit of the one-laser spectrum using the individual conformer-specific spectra
displayed in Figure 4.5. We can see that all experimental features are well accounted for, and no
conformer with significant contribution is missing.

The observed three a-anomers and five B-anomers (Figure 4.6) are among the lowest
energy structures found in the calculations and are all within ~10 kJ/mol of the lowest energy
conformer for each anomer. However, there are some low-energy conformers that are not
observed experimentally here. For example, a34b is calculated to be 8.3 kJ/mol above a34a, and
has the same Na* binding motif, differing mostly in the rotation of the O(2)H group. The barrier
for isomerization to a34a involves a rotation of O(2)H that breaks the relatively weak H-bond to
O(1). Therefore, a34b is not likely to survive the collisional cooling inside the cryogenic trap.
Similarly, B1356b differs from f1356a by the orientation of the O(2)H and O(4)H groups, and
is calculated to be 4.1 kJ/mol higher in energy. Again, isomerization, involving rotation of these
OH groups, is likely relatively easy and we do not observe any significant contribution from
B1356b in the experimental spectrum. In general, the experimentally observed conformers
correspond to the lowest energy structure for a distinct anomer-specific Na* binding motif.
Conversion between these conformers would require breaking at least one Na*-O interaction

(~100 kJ/mol at the cam-B3LYP/def2-tzvp level of theory), which is unlikely. The one exception
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Figure 4.13 Fit of the one-laser spectrum using the individual conformer-specific spectra
displayed in Figure 4.5.
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here is B156b, which differs from B156a mainly in the location of Na™ relative to O(5) and
associated rotations of O(6)H and O(1)H, and the barrier between these two conformations
would not break any Na*™—O interactions. The presence of B156b can be explained by its energy,
which is calculated to be only 2 kJ/mol higher than f156a at cam-B3LYP/def2TZVP and equal
in energy at MP2/def2TZVP levels. Therefore, both conformations are expected to be present
under the experimental conditions.

Due to the large barrier associated with the a-3 mutarotation in the gas phase, we expect
the a:P ratio to be close to the solution phase ratio of 36:64. However, the gas phase relative
stabilities of these structures likely differ, and the more fragile conformers might be
preferentially lost during transport or cooling. Moreover, because the absolute IR absorption
cross-section cannot be readily determined experimentally, it is difficult to provide an exact
experimental value of the relative population of each structure. One possible approach is to use
laser-induced population transfer to determine the relative fractional population®!:42 but the large
number of conformers present in this situation, as well as their overlapping spectral features,
make its application extremely complicated. Therefore, we approximate the relative populations
in the one-laser IR spectrum in Figure 4.4 using calculated IR intensities. The fit shown in
Figure 4.13 provides an estimate of relative contributions from the eight conformer-specific
spectra. Individual conformer contributions are obtained by using fitted peak areas and scaling
them by their calculated IR intensities. This provides five estimates of population for each
conformation, one from each OH stretch, allowing us to obtain an averaged value and associated
standard deviation. See Table 4.3 for further details. This analysis gave a relative abundance of
034a (15 + 3%), al56a (21 + 5%), a23a (6 + 1%), B34a (13 + 2%), P1356a (20 + 9%), B156a (6

+0.3%), B23a (8 £ 2%), and B156b (11 = 1%). Summing these relative abundance values, the



Table 4.3 Derivation of the relative populations of Na*(glucose) conformers.
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Exp. Exp. Calc. cale. Int Norm. Global Peak Ave. %
Freq.? AreaP Freq.2 7 Cale. Int. fit Contrib.? | (stdev) | pop
3380 | 1812 | 3386 | 48376  4.306 159
3573 | 4.76 3576 | 13142 1170 154 155 | o1z
a34a | 3595 281 3600 | 75.62 0673 | 0379 188 o oo
3653 253 3654 | 110.68 = 0.985 0.97
3683 282 3677 | 11234 1.000 1.07
3570 10.6 3572 | 15491 1379 1.94
3647 9.6 3644 | 100.3 0.893 2.70 ss | oat
alS6a | 3668 3668 0252 | 158 | o4l e
3678 17.9 3671 | 31958 2.845 158
3678 3672 158
3533 | 1112 = 3534 | 2953 2,629 0.30
3554 7.61 3555 | 1319 1.174 0.47
«23a | 3575 | 7.98 3579 | 11226 = 0999 | 0072 058 (822) (8:8%
3647 8.87 3649 112 0.997 0.64
3682 8.26 3678 | 101.03 = 0.899 0.66
Total o population 0.42
3379 | 2114 | 3383 | 48771 | 4341 0.91
3582 7.71 3585 | 12004 1157 1.25
B34h | 3640 | 644 | 3644 | 10073 0897 | 0188 135 (ézig) (8:(1)3)
3654 6.76 3652 | 11123 0.990 1.28
3683 6.48 3676 | 11274 1004 121
3606 1173 = 3611 | 88.23 0.785 3.33
3662 3662 141
179 | 020
B1356a = 3671 3668 0223 | 141
sl 2614 oo 4639 4.129 a0 (009)
3681 3676 141
3634 3633 0.59
3646 | 1754 3644 | 31313 | 2787 0.59
Bl56a | 3646 3650 0094 = 059 0.57 | 006
(0.03) | (0.00)
678 1903 0T 3560 | 2098 0-54
3678 ' 3683 ' ' 0.54
3537 | 1646 = 3537 | 29371 @ 2614 0.60
3571 | 1008 = 3576 | 12144 | 1081 0.89
B23a | 3507 | 478 3509 | 11722 1043 | 0096  0.44 (8:%) (8:83)
3649 8.15 3647 | 1124 1.001 0.78
3685 8.39 3677 | 10209 = 0.909 0.88
3625 9.23 3625 | 13921 | 1239 1.06
3646 3645 0.99
siser a5 | 1090 ggs | 11655 | 1572 | g oo 096 | 0.1
(0.07) | (0.01)
677 1986 015 3563 | 2007 087
3677 3684 0.87
Total B population 0.58

2in cm?

b Area of Gaussian peak fit of the IR-IR spectra in Fig. 4.5
¢ Ratios that yielded the best fit to the one-laser spectrum

d “Global fit” * “Exp. Area” / “Norm. Calc. Int.”
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one-laser spectrum in Figure 4.4 has an experimental o:f ratio of 42+9 : 58+13. The solution
phase anomeric ratio is within the error bars, which indicates that the transfer to the gas phase
may be indifferent to anomeric forms, despite their differences in gas-phase energetics. Note that
while the observed conformations are among the lowest energy structures in the gas phase, their
observed relative abundances are not reflective of their calculated gas-phase stabilities. Even
without o/ isomerization in the gas phase, a Boltzmann distribution based on the calculated
Gibb’s free energy at 298 K would heavily favor a34a and B34a structures. Moreover, the
presence of these eight structures is in general agreement with their relative calculated energies
in solution® where they have smaller energy differences. This points to the experimental
observation, to some degree, of kinetically trapped conformations derived from solution
structures, although the preservation of these structures may be somewhat dependent on their
gas-phase stabilities.

Lastly, we note that the OH stretch frequencies are indeed quite indicative of the local
H-bonding environment. For example, in the present structures, O(6)H is either accepting an H-
bond or coordinating with Na*, with the hydrogen pointing away from the molecule.
Correspondingly, the O(6)H stretch frequency is near the free OH stretch frequency in all
conformers. In another example, comparing a34a and p34a, as well as a23a and f23a, we can
see that the difference lies mainly in the stereocenter at C(1). In both pairs, the a-anomers exhibit
a lower frequency for the O(2)H stretch, relating to the shorter O(2)H---O(1) induced by the
axial position of the O(1)H group. The difference between a34a and B34a is 0.33 A (2.258 A
versus 2.584 A), resulting in a 45 cm™! shift, while the difference between 023a and p23a is 0.22
A (2.100 A versus 2.320 A), resulting in a 43 cm™! shift. The relative shift is larger in the latter

pair, likely due to Na* interaction with O(2). Figure 4.14 summarizes the consistent redshift
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behaviors of the OH stretch, where the experimental frequencies exhibit an exponential
dependence®* 44 on the OH---O distance, relating to the strength of the H-bond. Coordination
with Na* induces a further redshift, such that the H-bond is stronger at any given OH---O
distance, and the asymptotic OH stretch frequency is 3677 cm~! with Na* and 3686 cm™* without.
This well behaved in-situ probe can be a valuable tool to enable fast structural assignments in

other similarly sodiated carbohydrate complexes.

Figure 4.14 Experimental OH stretch frequency as a function of OH-:--O distance. The fit to the
function y = yo — Ae ® is shown; (black trace: y = 3686 — 8666¢ 2°%%; red trace: y = 3677 —
24822¢248%)
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4.6  Conclusion

We have used a two-laser IR-IR double resonance approach to probe structurally complex
Na*(glucose) adducts. The current setup requires minimal modification to a typical cryogenic
ion vibrational predissociation spectrometer, and the double resonance experiments can be
carried out via either ion-dip or isomer-burning methods. The ion-dip study of the Na*(glucose)
complex revealed the presence of eight conformations in the one-laser IR predissociation
spectrum. Calculations reveal that these three a-anomers and five -anomers are among the
lowest energy geometries with distinctive Na® binding sites. The difference in the C(1)
stereocenter leads to more diversity in f-anomer conformations, but the general structures of
these complexes are quite similar between the a- and B-anomers. Furthermore, the overall ratio
between the two anomers is similar to the solution phase value, with 3-anomers having a higher
presence despite their higher gas-phase energies. The results also reveal that collisional cooling
removes conformations that are connected by lower barriers, i.e., those involving relatively weak
intramolecular H-bonds, while higher barriers allow high-energy structures to be preserved.
Comparisons between experimental spectra and calculated geometries show the experimental
OH stretch frequencies can directly provide structural information relating to intramolecular H-
bonding. Lastly, in applications to larger polysaccharide systems, the increased structural
diversity and metal ion binding sites can potentially lead to an increased number of
conformations. However, the number of observed kinetically trapped structures is ultimately
determined by the size of the barriers connecting them. To obtain conformer-specific information
for more complex species, it is likely necessary to extend our approach to include the fingerprint
region (600—-1500 cm™). Ultimately, one would want to collect a full 2D correlated IR map and

use covariance analysis to tackle systems with large numbers of conformations.
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CHAPTER 5

Revealing the Structure of Isolated Peptides: IR-IR
Predissociation Spectroscopy of Protonated Triglycine
Isomers
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Abstract

We report an isomer specific IR-IR double resonance study of the mass-selected protonated
triglycine peptide. Comparison of experimental spectra with calculations reveals the presence of
two isomers, with protonation occurring at either the terminal amine site or one of the amide
oxygen sites. The amine protonated isomer identified in our experiment contains an
atypical cis amide configuration as well as a more typical trans amide. The amide protonated
peptide, on the other hand, contains two trans amide moieties. Both isomers are found to be the
lowest energy structures for their respective protonation site, but it is unclear, from experiments
and calculations, which one is the global minimum. The presence of both in our experiments likely
points to Kinetic trapping of a higher energy structure. Finally, the observed frequencies of the N-
H and O-H stretch vibrations are used to estimate the hydrogen-bond strengths present in each

isomer, accounting for the relative stabilities of these structures.
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5.1 Introduction

With multiple amide linkages connecting the amine and carboxyl terminals, there are a
myriad of intramolecular interactions, such as hydrogen-bonding, present in a peptide. Various
combinations of these interactions govern the relative stabilities of different structures, providing
the flexibility that allows a peptide to structurally adapt to different environments. Studying these
interactions at the molecular level can therefore reveal how three-dimensional structures and
functionalities are regulated in larger species in specific environments. For instance, one of the
simplest model peptides, protonated triglycine (GlysH"), exhibits some interesting competing
stability factors in the gas phase. Observations of protonation at either the amine nitrogen N* or
amide oxygen O! site (see Figure 5.1) have been reported.>? The latter is surprising for this small
peptide because the gas phase proton affinity of an amide is ~23 kJ/mol less than that of an amine,®
indicating that an amine protonated GlysH™" structure should be considerably more stable. The
observation of an O-protonated isomer therefore points to the presence of stronger intramolecular
interactions that make this structure energetically competitive. Numerous isomers are possible
even for this small peptide, and inaccuracies associated with calculating non-covalent
interactions make it difficult to predict the exact energetic ordering.* Therefore, experimentally
probing the precise structure of each isomer can provide valuable insights into their relative
stabilities and the strengths of the related intramolecular interactions.

Mass spectrometry (MS) is often used to characterize higher order structures in biological
systems, especially in combination with other methods such as ion mobility,>’
hydrogen/deuterium exchange,®1° or chemical cross-linking.**? In such experiments, electrospray
ionization (ES1)!31 s generally employed to gently transfer the species of interest to the gas phase.

Moreover, by combining vibrational spectroscopy with MS, it is possible to probe the structures
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and specific non-covalent interactions present in a peptide. Such studies have been carried out via
infrared multiple photon dissociation (IRMPD) spectroscopy,>%® UV-IR double resonance
spectroscopy,?®2® and cryogenic ion vibrational predissociation spectroscopy (CIVS).242" In
previous studies’? of the GlysH* system via IRMPD in the 1050-1900 cm region, the results
indicated the presence of at least two isomers, one with a bent N-protonated structure and another
linear structure with protonation occurring between adjacent amide C=0 groups.

Here, we present the isomer-specific IR-IR double resonance CIVS spectroscopy of
protonated triglycine. The IR-IR approach is an extension of CIVS that allows for isomer selective
spectroscopy of any mass-selected ions.?*?8 Moreover, the use of a cryogenic ion trap and weakly-
bound D as messenger tags ensure low internal energies in the GlysH" ions, minimizing spectral
broadening and congestion, as well as reducing the number of isomers present. The resulting
isomer-specific vibrational spectrain a broad 1000-3800 cm ! spectral window provide
unambiguous identification of the structures present. We further characterize the N-H and O-H
(hydrogen-bond donor) stretch vibrations to reveal the strength of the intramolecular interactions

present in each isomer.

Figure 5.1 An example of a neutral triglycine molecule showing the numbering scheme of N and
O groups starting from the amine terminal.

O
O3

N2
N3

N %
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5.2 Experimental Details

The infrared spectra of GlysH" were obtained using our homebuilt cryogenic ion
vibrational spectrometer described in detail previously.?® Briefly, ESI of a ~1 mM solution of
triglycine in methanol with a trace amount of formic acid was used to generate the GlysH" ions.
The ions were transferred through several differentially pumped regions by a series of hexapole
ion guides and biased apertures into a 3D quadrupole ion trap held at 10K by a closed-
cycle helium cryocooler. A pulsed solenoid valve introduced a ~1 ms burst of helium buffer gas,
seeded with 10% Dy, into the trap volume, which thermalized the trapped ions and formed weakly
bound D,-tagged adducts. To acquire the one-laser IR predissociation spectrum, the GlysH"(D2)
complexes were ejected into the time-of-flight (TOF) mass spectrometer, mass selected via a gated
deflector, and intersected with the output of a Nd:Y AG pumped tunable OPO/OPA laser. Resonant
absorption of a single photon was sufficient to induce the dissociation of the D,tag. The
GlysH" photofragments were separated from GlysH*(D2) in a two-stage reflectron, and
photofragment intensity was monitored as a function of photon wavelength to yield the IR
spectrum. The intensities in each spectral region, i.e. the 1000-2300cm !and 2800-
3800 cm ! regions, are normalized to the most intense feature in the respective region.

To acquire isomer-specific IR-IR ion-dip spectra, detailed in Reference 28, the output of
another Nd:YAG pumped tunable OPO/OPA laser, i.e. the “pump laser”, intersected the trapped
ions at the center of the 10K 3D ion trap. The pump laser was triggered ~90 ms after the
introduction of the buffer gas to ensure no new tagged adducts could form after
photofragmentation, and all trapped ions were ejected into the TOF region ~5 ms after the pump
laser. In these experiments, the “probe laser”, i.e. the laser intersecting the D»-tagged ions inside

the TOF region, was fixed at a frequency resonant with a specific vibration while the pump laser
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was scanned. When the pump laser frequency was resonant with a vibration belonging to the same
structure as the probed transition, the depletion of that structure inside the ion trap led to a dip in
the probed photofragment signal. This ion-dip as a function of pump laser frequency yielded

the isomer specific spectra.

5.3  Computational Details

The ten lowest-energy structures found by Mookherjee et al.* via an extensive search,
which also included structures found by Wu and McMahon? and Li et al.,*® were re-optimized with
various DFT methods and MP2 using several different basis sets. All calculations were carried out
using Gaussian 16.%! For clarity, we will name the structures according to the protonation site and
configuration of the amide groups. The O'and N'isomers have protonation at the amide (C=0%)
or amine (N?) site, respectively, with both amides in trans configuration, while the N¢ isomers are
protonated at N* and have one amide in cis configuration. Within each series, the structures are
alphabetized according to their relative energies. All the DFT calculations resulted in O'A as the
lowest energy isomer, while MP2 predicts N°A as the lowest in energy. Despite this disagreement,
the various levels of theory point to the same six structures as the lowest energy isomers
(see Figure 5.2 and Table 5.1). We will focus on these structures as we make spectral assignments.

Based on the general good agreement in the cam-B3LYP/def2TZVPP harmonic spectra
(see Figures 5.3 and 5.4) they are used for comparison with experimental IR spectra in the
following discussions. Calculations further show that the D, tag has only minor perturbations on
the GlysH" vibrational spectrum, as shown in Figures 5.5 and 5.6. For simplicity, the bare
GlysH* harmonic spectra are used in our analyses. To scale the harmonic spectra, we compared

the calculated frequencies of the O'A isomer carboxyl group OH and CO stretches to those found
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Figure 5.2 Six lowest energy GlysH™ structures along with cam-B3LYP/def2TZVPP relative
energies (in kJ/mol, unscaled ZPE corrected). MP2/def2TZVPP energies (in kJ/mol, unscaled ZPE
corrected) are included in parentheses.

OtA 0.0 (4.1)

OB 9.3 (10.3)

" NCA 17.4(0.0) N<B 17.8 (34)

NeC 21.1(12.6)
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Table 5.1 Relative energies (kJ/mol) of the ten lowest energy GlysH" structures found. The
structures are optimized at the specified levels, and the energies include unscaled ZPE correction.

Mookherjee B3LYP cam-B3LYP wB97XD MP2 MP2 CCSD

structures? /def2TZVPP /def2TZVPP /def2TZVPP 6-311+g® | /def2TZVPP | /6-31++g°
O'A | [OY]-ctgttttt 0.0 0.0 0.0 13.6 4.1 10.6
OB | [OY]-ctgttgtt 9.3 9.3 7.8 16.4 10.3 13.0
N°A | [NY]-gcgttgtt 20.2 17.4 3.8 0.0 0.0 0.0
NB | [NY-tcgctgtt 19.6 17.8 3.7 6.4 3.4 7.4
NeC | [NY-gegttttt 19.6 21.1 13.2 15.2 12.6 -
N°D | [NY]-gcgttgtc 39.0 36.3 21.6 19.7 17.9 -
N'A | [N']-ttggtgtt 21.0 20.0 8.5 6.2 6.1 6.0
N'B | [NY-ttggtgtc 315 30.4 17.8 16.7 15.6 -
NIC | [NY-ttgetgtt 33.5 32.7 21.6 20.3 19.1 -
N'DD | [NY-gtgttttt 28.2 28.6 21.2 20.0 18.8 -

& Nomenclatures from Reference 4
b \/alues from Reference 30
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Figure 5.3 Comparison of the experimental ion-dip spectrum associated with the 3480 cm™ feature
and harmonic spectra of the bare N°A GlysH" structure calculated at different levels of theory. The
methods used are given in each panel, with lower and upper frequency range scaling given in
parentheses, respectively. To scale the harmonic spectra, we compared the calculated frequencies
of the O'A isomer carboxyl group OH and CO stretches to those found experimentally.
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Figure 5.4 Comparison of the experimental ion-dip spectrum associated with the 3200 cm™ feature
and harmonic spectra of the bare O'A GlysH* structure calculated at different levels of theory. The
methods used are given in each panel, with lower and upper frequency range scaling given in
parentheses, respectively. To scale the harmonic spectra, we compared the calculated frequencies
of the O'A isomer carboxyl group OH and CO stretches to those found experimentally.
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Figure 5.5 Comparison of the experimental ion-dip spectrum associated with the 3480 cm™ feature
and harmonic spectra of the bare and D>-tagged N°A GlysH™ structures. Harmonic spectra are
calculated at the cam-B3LYP/def2TZVPP level of theory and are scaled by 0.947 and 0.968 in the
upper and lower frequency regions, respectively.
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Figure 5.6 Comparison of the experimental ion-dip spectrum associated with the 3200 cm™ feature
and harmonic spectra of the bare and D-tagged O'A GlysH* structures. Harmonic spectra are
calculated at the cam-B3LYP/def2TZVPP level of theory and are scaled by 0.947 and 0.968 in the
upper and lower frequency regions, respectively.
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experimentally. For the cam-B3LYP/def2TZVPP harmonic spectra, this yielded a scaling factor

of 0.968 in the 10002300 cm™* range and 0.947 in the 28003800 cm * range.

54  Results

The one-laser IR predissociation spectrum of GlysH"(D2) is shown in Figure 5.7A. It
contains spectral features relating to the O-H and N-H stretches (2800-3600 cm™2), the amide |
modes (mostly C=0 stretches, 1600-1800 cm ™), and the amide 1l modes (combination of C=N
stretches and N-H bends, 1500-1600 cm ™). Additionally, there is an extremely broad feature that
extends from ~1300cmtall the way to ~2200 cm™, and is most noticeable by the sloping
baseline in the 18002200 cm™! region. In the 3000-3600 cm™* region, a single GlysH"* structure
is expected to have up to six distinct features arising from the six O-H and N-H bonds present in
the molecule. Figure 5.7A shows nine distinct features in that region. Furthermore, it also shows
five overlapping and partially resolved peaks in the 1600-1800 cm ™ region, where only three
transitions, corresponding to the three C=0 moieties, are expected. These observations suggest
multiple structures of GlysH" are contributing to the one-laser spectrum, similar to the IRMPD
studies.!2

The two isomer-specific IR-IR spectra, shown in Figure 5.7B and C, were acquired with
the probe laser wavelength fixed at 3480 cm™* and 3200 cm 2, respectively. Spectrum B has six N-
H and O-H stretch features at 3035cm™, 3246cm ™, 3347 cm ™%, 3438 cm ™, 3481 cm™?, and
3578 em*. The 3035 cm™* feature is significantly broader than the others, indicating that it is
associated with an N-H or O-H that is involved in a strong hydrogen-bond. The amide | region
shows three narrow features at 1698 cm ™, 1746 cm™* and 1770 cm ™%, consistent with the dominant

presence of a single isomer. Spectrum C is quite distinctive from spectrum B. The N-H and O-H
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Figure 5.7 (A) One-laser IR predissociation spectrum of GlysH*(D2). The IRMPD spectrum from
Reference 2 is shown in grey. (B) and (C) IR-IR ion-dip spectra with probe laser fixed at
3480 cm * and 3200 cm ™, respectively, as indicated by dotted lines. The two spectral regions in
each spectrum are normalized independently.

IRMPD

One-laser

A LI J ¥ l LI J ¥
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stretch region has five peaks at 3205 cm ™2, 3358 cm ™2, 3397 cm 2, 3457 cm %, 3572 cm L. Again,
the lowest frequency feature is broader than the others, although it is 170 cm™ bluer than the
similar feature in spectrum B. The C=O stretch region is dominated by two features at
1684 cm™* and 1790 cm™2, which are both surprisingly broad. Additionally, spectrum C contains
the very broad feature that was noted earlier in the one-laser spectrum, as it also shows a sloping

baseline in the 1800-2200 cm™! region.

55  Analysis and Discussion

We begin our analysis with the IR-IR spectrum in Figure 5.7B, shown again in Figure
5.8A. Cursory inspection of the calculated spectra revealed that the broad and intense feature at
3035cmtis characteristic of the N-H stretch of the terminal —NHs* group, redshifted and
broadened due to hydrogen-bond interactions with C=0 group(s). This motif eliminates the two
O' structures. The calculated harmonic spectra of the four remaining N and N° isomers are shown
in Figure 5.8B-E. In addition to the 3035 cm* feature, these structures all exhibit a vibration at
3578 cm* that corresponds to the carboxylic acid O-H stretch.3? The four remaining peaks
between 3200 and 3500 cm* are due to the other four N-H stretches, and exhibit conformation
specific frequencies that allow us to assign the experimental IR-IR spectrum to the N°A isomer.
Its calculated spectrum also has the best agreement with the experimental spectrum in the amide |
and amide Il regions. While there may be minor contributions to the experimental spectrum from
N°B and N'A, the dominant features in the IR-IR spectrum can all be assigned to those of the N°A
isomer, and the assignments are listed in Table 5.2.

The folded NCA structure (see Figure 5.2) has the protonated amine N*-H donating a

hydrogen-bond to the trans amide C=0?, leading to the redshifted N*-H stretch at 3035 cm™. The
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Figure 5.8 (A) lon-dip spectrum with probe laser fixed at 3480 cm ™. (B—E) Calculated harmonic
spectra, see Figure 5.2 and Table 5.1 for structures and relative energies. The harmonic intensities
for the two spectral regions are normalized independently.
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3481 cm ! feature is assigned to the trans amide N3-H stretch, while the 3438 cm™ feature is
assigned to the cis amide N2-H stretch. In the C=0 stretch region, the 1770 cm™* feature is assigned
to the C=03 stretch, slightly redshifted compared to a free carboxylic acid (e.g., that of acetic
acid is at 1788 cm1)32 due to a weak interaction with -NH3z*. The 1746 cm ™ feature is assigned to
the cis amide C=0O?stretch (i.e., amide 1), and the amide | mode of the hydrogen-bond
accepting trans amide is at 1698 cm™*. The 1610 cm™* and 1560 cm ™ features are assigned to the
symmetric and asymmetric scissoring modes of the hydrogen-bond donating NHs* group. The
feature at 1536 cm ! is assigned to the trans amide 11 mode, while the cis amide Il mode is more
extensively coupled with -NHz and -CH, modes in the 1400-1470 cm ! region. Finally, the
1149 cm ™ feature is assigned to the C-O-H bending of the carboxyl group. Some of these peak

assignments are summarized in Table 5.2.

Table 5.2 Assignment of experimental features of N°A and O'A. Experimental frequencies are
givenincm™.

OLH | O%Hca | NHzay. | NHzgym | NL-H | N-H [ N:-H | C=0! | C=0? | C=0%a
NCA - 3578 3347 3246 | 3035 | 3438 | 3481 | 1746 | 1698 | 1770
X 1300-
OA | oy | 3572 3457 3397 3205 | 3358 1684 | 1790

Figure 5.9A shows again the other IR-IR spectrum, acquired with the probe laser fixed at
3200 cm*. In our calculated spectra of the ten lowest energy structures, the presence of a -
NHs* group is associated with intense features near ~3000 cm ™ (for example, see those in Figure

5.8). The lack of such features near ~3000 cm ! in this spectrum eliminates amine-protonated
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structures, hence the calculated harmonic spectra of the two O' isomers are shown in Figure 5.9B,C
for comparison. The spectrum of the lower energy O'A isomer shows an excellent agreement with
the overall experimental spectrum. The O'B isomer, on the other hand, cannot account for all the
experimentally observed features. The rotation of the carboxyl group breaks the hydrogen-bond to
N3-H, blueshifting the calculated N3-H stretch by ~90 cm™ compared to that in O'A, overlapping
it with the NH2 asymmetric stretch. However, the presence of the O'B conformation in our
experiment cannot be completely ruled out because all the other vibrations are at very similar
frequencies as those in O'A. The O'B structure is calculated to be 2.4-9.3 kJ/mol higher in energy
than O'A at all levels of theory listed in Table 5.1, and the calculated barrier for carboxyl rotation
is less than 1kJ/mol (cam-B3LYP/def2TZVVPP). This low barrier makes it quite unlikely for
significant O' populations to be in the O'B conformation after collisional cooling in the 10 K ion
trap. Therefore, we assign the major features in the experimental IR-IR spectrum to those of the
O'A isomer.

The features at 3397 cm ! and 3457 cm™ are assigned to the symmetric and asymmetric
NH: stretches of the terminal amine, which is slightly blueshifted compared to a free amine (e.g.
that of the methylamine is 3361 cm tand 3427 cm™).32 This blueshift is likely due to the
hydrogen-bond accepting interaction with the nearby N2-H, whose stretch is observed at
3205 cm *. The feature at 3358 cm ™! is assigned to the N3-H stretch, which has a weaker interaction
with the nearby C=03. In the lower frequency region, the feature at 1790 cm™ is assigned to the
C=03 stretch while the feature at 1684 cm ™ is assigned to the amide | modes. The intense feature
at 1572 cm ™ corresponds to the amide 11 modes. The notably broad 1300-2200 cm ™ feature is

assigned to the protonated O*-H stretch, which is involved in a strong hydrogen-bonding
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Figure 5.9 (A) lon-dip spectrum with probe laser fixed at 3200 cm . (B,C) Calculated harmonic
spectra, see Figure 5.2 and Table 5.1 for structures and relative energies. The harmonic intensities
for the two spectral regions are normalized independently.
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interaction with C=02, where the H---O? distance is only 1.391 A. This strong interaction leads to
the very broad experimental feature associated with significant anharmonicity. This O-H stretch is
coupled to numerous vibrational modes, including the amide | and Il modes, giving rise to the
broader appearance of the vibrational features in this region, especially compared to those in the
NCA spectrum. It is also coupled to the -CH2 modes in the 1350-1450 cm™* region, giving these
features additional intensities. This anharmonic coupling likely accounts for some of the minor
experimental features that are not present in the harmonic spectrum.

The IR-IR spectra therefore reveal the dominant presence of two distinct GlysH" isomers
in our experimental conditions, with protonation occurring either at N* or O. The relative energy
of the N°A and O'A isomers are difficult to pin down, as the calculated values are highly dependent
on the level of theory used. Nonetheless, all the calculations agree that each isomer is the lowest
energy structure of their respective protonation site. The interconversion between them would
involve breaking at least one strong hydrogen-bond, as well as an amide cis-trans isomerization,
a combination of which likely gives rise to a significant barrier. For example, Li et al.*° calculated
a free energy barrier of 67 kJ/mol for the proton transfer between the O* and N* site. It is therefore
not too surprising to find both isomers in our experimental spectra, even if the energy difference
between them is large enough that a Boltzmann distribution at 10-30 K233 would yield all the
population in one structure. Given that one of the structures is likely kinetically trapped, it would
be interesting to estimate the relative populations of the two isomers. While this is difficult to
determine directly from the one-laser spectrum because the absolute absorption cross-sections of
these transitions are not known, we can provide a rough estimate using the relative peak intensities
in the experimental IR-IR spectra and the calculated IR intensities. We used only the N-H and O-

H stretch features in the 2800—-3800 cm ™ region for this analysis because the O'A isomer appears
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to have significantly more anharmonicity in the lower frequency region than N°A, making the
harmonic intensities less useful there. See Table 5.3 and Figure 5.10 for details of this analysis,
which yielded a relative population of N°A (35 +3%) and O'A (65 + 18%). As discussed above,
these values are not expected to be representative of the 0 K gas-phase relative energies, and
therefore cannot conclusively determine which structure is lower in energy. This observed relative
population more likely represents the populations of various isomers at 300 K, originating from
the ESI conditions where these ions are formed, that then funnel into either of these two minima
as the ions are collisionally cooled down.

The presence of two major contributors in the one-laser spectrum and the presence of the
O'A isomer is consistent with the conclusions of Wu and McMahon? based on the analysis of their
IRPMD spectra in the 1050-1900 cm™* region. However, our IR-IR spectrum points to the
presence of the NCA isomer instead of the N'A isomer as the other contributor. As noted by Li et
al.,®® this is likely due to the omission of structures containing a cis amide group in the
computational search by Wu and McMahon.! The analysis of only the 1050-1900 cm™* region, as
well as the congestion due to the simultaneous presence of multiple isomers, would make
differentiating between N°A and N'A quite difficult. In our experiments, cryogenic temperatures
and single photon predissociation processes result in experimental IR features with narrow
FWHM, except for strongly anharmonic features, across the 1000-3800 cm* range. Furthermore,
when an IR-IR scheme is employed, we can easily distinguish the presence of each isomer, making
spectral and structural assignments more straightforward and less ambiguous.

The relatively significant stability of the O'A isomer is quite interesting since it has an
atypical protonation site. For reference, the gas phase proton affinity of n-methylacetamide is

888.5 kJ/mol while that of ethylamine is 912.0 kJ/mol.® Therefore, other interactions must play an
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Table 5.3 Derivation of the relative populations of the two observed isomers using their
experimental and calculated (cam-b3lyp/def2TZVPP) vibrational modes.

Expe1 Exp. Calca1 Calc. Norm. Glo_bal Peal_< ) Avg. Rel. Pop
Freq. Area Freq. Int. Calc. Int. Fit Contrib. (std dev)
3033 26.32 3043.31 312.39 1.87 4.93
3246 9.19 3261.90 105.08 0.63 5.12

o | 3347 | 1071 | 334287 | 10892 0.65 035 5.75 5.05 0.35
3438 | 8.87 | 342449 | 8754 0.52 5.93 (0.48) (0.03)
3481 6.26 3459.61 73.88 0.44 4.96
3578 11.53 3577.97 140.86 0.84 4.79
3204 26.98 3225.51 290.57 1.74 10.09
3358 20.22 3362.06 187.22 1.12 11.73

O'A | 3397 181 3388.16 31.06 0.19 0.65 6.33 (222) (8(22)
3457 4.80 3457.22 42.04 0.25 12.41
3572 11.34 3572.00 167.15 1.00 7.37

2incm?

b Area of Gaussian peak fit of the IR-IR spectra in Fig 3B and 3C.

¢ Ratios that yielded the best fit to the one-laser spectrum, as show in Figure 5.10
d“Global Fit” * “Exp. Area” / “Norm. Calc. Int."
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Figure 5.10 Sum of isomer specific IR-IR spectra (red) to reproduce the one-laser spectrum
(black).
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important role in stabilizing the O'A structure. Decomposing the overall energy into specific
interactions is not straightforward, but rough estimates of the hydrogen-bonding strengths can be
made using the observed experimental vibrational frequencies. Previous studies have shown that
the interaction enthalpy (—AH) and the redshift (Av) of an A-H oscillator stretch frequency upon
hydrogen-bonding roughly follows a —AH = 1.3(Av)Y? empirical relationship.3*-3¢ Hence, we can
compare our experimental frequencies with literature values®?3’ for non-interacting oscillators to
estimate the magnitude of the hydrogen-bond association enthalpies. Another way to estimate
these hydrogen-bond interaction enthalpies is to use the calculated hydrogen-bond length (r) which
has been shown to follow an empirical —AH =0.134r 3% relationship.® Table 5.4 shows the
calculated hydrogen-bond lengths, experimental redshifts, and the derived hydrogen-bond
interaction strengths involving the different hydrogen-bond donor groups in the N°A and O'A
isomers. As expected, shorter calculated AH---B distances correspond to larger spectral redshifts
and stronger interaction strengths. In the N°A isomer, all three hydrogen-bond donors involve the
terminal NHs* group. The strongest hydrogen-bond, at ~24 kJ/mol, is between N*H and C=0?,
while the other two are weaker at ~10 kJ/mol. Overall, the protonation at the terminal amine
involves an additional ~47 kJ/mol of stabilizing intramolecular interactions. The strengths of these
interactions further show how protonation may increase the cisamide characteristics in
a peptide.® On the other hand, the total estimated hydrogen-bond interactions in O'A is almost
twice as large at ~88 kJ/mol, which helps to explain why it is energetically competitive with N°A
despite its nominally lower proton affinity. The bulk of the stabilizing interactions come from the
strong ~53 kJ/mol hydrogen-bond that exists between O!H and the neighboring amide C=0?,
highlighting the stabilization of the proton by both amides. Furthermore, the excess charge is also

distributed via additional hydrogen-bond donating interactions of both amide N-H’s. The above
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Table 5.4 Calculated hydrogen-bon lengths (cam-B3LYP/def2TZVPP), vibrational frequency
shifts, and hydrogen-bond interaction strengths.

o | ey | ey | Avem?) (kglAr:{)rl)e (&rﬁébf
N'Hymy. | 02500 | 34273 3347 80 9 12
NA | NiHam | 02427 | 33610 3246 115 10 14
NH 01816 | 3304 3035 359 24 25
N°H 02108 | 3498 3358 140 16 15
oA | N 02035 | 3498 3205 203 17 22
O'H 01391 | 3583 2080¢ 1503 55 50

& Methylamine, values from Reference.? The average of sym and asym mode is used

for NIH.

b n-methylacetamide, values from Reference 37.

¢ Acetic acid, values from Reference 32.

4 The cam-B3LYP/def2TZVPP calculated frequency is used to estimate the frequency
of this very broad feature.

® —AHr=0.134r73%
F—AHa, = 1.3(Av)Y?
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discussion is of course only looking at one aspect of the overall stabilities without considering
other factors such as angle strains and energy differences between cis and trans amides.
Nonetheless, it provides useful insights into the relative stabilities of these two considerably

different structures.

56  Conclusion

The structures of the protonated triglycine peptide is investigated using an IR-IR double
resonance method. Comparisons of the IR-IR isomer-specific spectra and calculations revealed the
presence of two GlysH" isomersin our experiment. The main isomer found is the
same amide O? protonated structure identified by Wu and McMahon via IRMPD.%? The other
isomer exhibits protonation at the N*site and contains a cis amide group, differing from the
structure assigned by Wu and McMahon. Our assignment is consistent with recent computational
surveys*® that identified this structure as the lowest energy conformation for the N* protonation
site. Although calculations show that the two isomers studied here are the lowest energy isomer of
their respective protonation site, their relative energies are very sensitive to the computational
method used. Moreover, even though we observe higher population of the O'A isomer in our
experimental spectra, the significant barriers that exist between the two structures make it difficult
to extract relative energy information from this result alone. Analysis of the N-H and O-H stretch
frequencies provides a quantitative look at the hydrogen-bond strengths present in each isomer,

accounting for the relative stabilities of these structures.
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CHAPTER 6

Interaction between ionic liquid cation and water: infrared
predissociation study of [omim]*-(H2O), clusters
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Abstract

The infrared predissociation spectra of [bmim]*-(H20), n = 1-8, in the 2800-3800 cm* region are
presented and analyzed with the help of electronic structure calculations. The results show that the water
molecules solvate [bmim]* by predominately interacting with the imidazolium C2-H moiety for the
small n=1 and 2 clusters. This is characterized by a redshifted and relatively intense C2—H stretch.
For n > 4 clusters, hydrogen-bond interactions between the water molecules drive the formation of ring
isomers which interact on top of the imidazolium ring without any direct interaction with the C2—H.
The water arrangement in [omim]*-(H20)s is similar to the low energy isomers of neutral water clusters
up to the n= 6 cluster. This is not the case for the n= 8 cluster, which has the imidazolium ring
disrupting the otherwise preferred cubic water structure. The evolution of the solvation network around

[bmim]" illustrates the competing [bmim]*~water and water—water interactions.
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6.1 Introduction

The ubiquitous presence of water within ionic liquids, both as an impurity and a co-solvent,
makes their interactions with each other topics of active investigations.** While the anionic half of the
ionic liquid often plays a major role in determining the extent of water sorption and hydrophobicity, the
cations can also contribute to interactions with water molecules.>® Salts containing imidazolium cations,
such as 1-butyl-3-methylimidazolium ([bmim]*) shown in Figure 6.1, are a class of widely used and
studied room temperature ionic liquids. Owing to the electron deficiency of the N-C—N moiety, the C2—
H group can actively participate in hydrogen-bond like interactions in addition to electrostatic
interactions.”® Raman, IR, NMR, and crystallography studies have shown that the C2—H of [bmim]" is
capable of forming hydrogen-bonds with various anions.1>*’ Although the dominant interaction is
likely electrostatic,'® the presence of these hydrogen-bonds can have a significant effect on the
properties of these ionic liquids.® When water is added to [omim]*[X]" ionic liquids, experimental and
theoretical results point to the water molecules individually coordinating with the anions and cations at
low concentrations, but forming water clusters and swelling the ionic liquid at higher water
concentrations.?®?? These results highlight the competition between water—water, cation—anion, and
water—ionic liquid interactions.

Here, we present the infrared predissociation spectroscopy of mass selected
[bmim]*-(H20)x clusters to provide a molecular level look at the interactions between the imidazolium
cation and water molecules. The isolated cluster approach allows us to look at the intermolecular
interactions individually, providing a better understanding of the forces responsible for the observed
bulk behaviors. Similar gas phase spectroscopic studies of ionic liquid clusters have revealed detailed
information on their molecular properties and provided valuable benchmark data for theoretical

calculations.?®>?° Additionally, the [bmim]*—water interaction itself is of interest because it is unclear
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how strongly the C2—H group can hydrogen-bond with a water molecule and whether that interaction
competes with the overall electrostatic interactions.

In this study, we use the OH and CH stretch vibrations, with the aid of electronic structure
calculations, to follow the evolution of both the [bmim]*—water interaction and structure of the water
network as a function of cluster size. We find that the solvation geometry is driven mostly by water—
water hydrogen-bonds as well as a subtle balance between the C2—H-water interaction and [bmim]*—
water electrostatic and dispersion interactions. The small clusters consisting of one to three water
molecules do exhibit a weak hydrogen-bond like interaction between the C2—H and water, redshifting
the frequency and increasing the intensity of the C2—H stretching vibration. However, for larger clusters,
hydrogen-bond interactions between the water molecules drive the formation of ring isomers which
interact primarily with the delocalized charge over the top of the imidazolium ring, similar to those

found in solvated hydrophobic cations.*

Figure 6.1 Optimized structure of [bmim]* calculated at MP2/def2TZVP level. The electrostatic
potential of [bmim]" mapped onto the density surface (iso = 0.02) is shown. Atom labelling is also
indicated.
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6.2 Experimental and Computational Details

The infrared predissociation spectra of the [bmim]*-(H20). complexes were acquired using a
homebuilt dual trap cryogenic ion vibrational spectrometer, described in detail previously.®! Briefly,
[bmim]* ions were generated via electrospray ionization of ~1 mM aqueous solution of [bmim][CI],
and were brought into a cryogenic linear octopole ion trap cooled to 80 K by liquid nitrogen. Inside this
trap, the [bmim]* ions were exposed to helium buffer gas seeded with water vapor, resulting in the
formation of [bmim]*-(H.0)x clusters.®! These clusters were then gently transferred into a cryogenic 3D
quadrupole ion trap held at 10 K. Collisions with buffer gas consisting of 10% D> in He further cooled
the ions. The clusters were size-selected inside the mass spectrometer prior to being mass gated and
intersected with the output of a Nd:YAG pumped tunable OPO/OPA laser system (Laservision). When
the IR photon energy was resonant with a vibrational transition, the absorption of a single photon was
sufficient to induce the evaporation of one water molecule. Photofragment ions were then separated
from the parent ions by a two-stage reflectron. Infrared predissociation spectra were generated by
integrating the intensity of the water loss photofragment peak as a function of laser wavelength. The use
of water as messenger tag means that the clusters studied here were likely to have higher internal
energies compared to D> tagging due to higher binding energies. Unfortunately, the delocalized charge
on [bmim]* made it difficult to form significant amount of D, adducts.

To aid the analysis of the experimental spectra, electronic structure calculations were performed
using the Gaussian 09 computational package.*> Geometry optimizations and harmonic frequency
calculations were carried out at the MP2/def2TZV/P level for n = 1-3 clusters and wB97XD/def2TZVP
level for the larger clusters. The def2TZVP**3* basis is used for its relatively low computational cost
and relatively high accuracy. We have previously used this basis set to reproduce the experimental IR

spectra of solvated metal clusters.® Comparisons between MP2 and wB97XD results were made for
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the n = 3 and 4 clusters to ensure that both methods arrived at similar structures and IR spectra. For the
MP2 harmonic frequencies, a scaling factor of 0.957 was applied for comparison to experimental
spectra. For the DFT harmonic frequencies, a constant 0.96 scaling factor was applied to the CH
stretches while a linear scaling factor® of 0.688x + 989 was applied to the OH stretches. Such a linear
scaling factor is useful for the larger clusters because their OH stretches span a wider frequency range

where a constant scaling factor is no longer sufficient.

6.3 Results and Analysis

An overview of the experimental IR predissociation spectra of [bmim]*:(H20)n, n = 1-8, in the
2800-3800 cm* region is shown in Figure 6.2. These spectra are dominated by features in the OH
stretch region, and general assignments can be made based on characteristic frequencies. The vibrational
features above 3600 cm™*are comparably narrow and correspond to the stretches of free OH
groups, i.e. those not involved in a donor hydrogen-bond interaction. These features can be separated
into two distinct categories. First, peaks appearing around 3640 cm ™ and 3730 cm™ can be assigned to
the symmetric and antisymmetric OH stretches of water with two free OH groups. Second, peaks
appearing near 3700 cm™* can be assigned to the free OH stretch of a water involved in a single donor
hydrogen-bond interaction. The vibrational features in the 3200-3600 cm region are generally
broader, more intense, and gradually redshift with increasing cluster size. These features correspond to
the stretches of hydrogen-bond donating OH groups with the interaction strength proportional to the
size of the redshift. Note that additional features at 35003600 cm™* appear for n > 6 clusters, indicating
a change in the hydrogen-bond network that leads to weaker hydrogen-bonds. Lastly, there is a distinct

feature at a fairly constant frequency around 3225 cm™ for the n = 5-8 clusters.
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Figure 6.2 Experimental IR predissociation spectra of [omim]*-(H20)s, n = 1-8.
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The CH stretches of the [omim]* ion, appearing in the 2900-3200 cm™* region, are very weak
compared to the OH stretches. These features have been studied in detail for the isolated
[emim]* ion,2*?> as well as in neat [bmim]*[X]" liquid.}*> The three imidazolium ring C—H stretches
generally appears around 3150 cm™* while the aliphatic C—H stretches of the methyl and butyl groups
appear around 2950 cm™. In the spectrum of the n = 1 cluster, there is a notable broad feature at 3080
cm?, which gradually redshifts to 3045 cm™ and 3020 cm™ in the spectra of the n = 2 and 3 clusters.

Besides this feature, the C—H stretch region shows no solvation-dependent changes.

6.3.1 [bmim]*-(H20)1

The experimental and calculated IR spectra of [bmim]*-(H20): are shown in Figure 6.3. The
peaks at 3638 cm* and 3723 cm* are readily assigned to the symmetric and antisymmetric stretches
of a water molecule having two free OH groups. These values are slightly redshifted (19 cm™ and 33
cm™? respectively) compared to the OH stretches of an isolated water molecule, but are typical of a water
molecule interacting with a positively charged ion.3"® The positive charge on [bmim]* is delocalized
over the imidazolium ring, as shown in Figure. 6.1, giving rise to several possible interaction sites for
the water molecule. The two isoenergetic lowest energy isomers have the water molecule mainly
interacting with the imidazolium C2-H, on either the butyl C6—H (Figure. 6.3B) or the methyl C10-H
(Figure 6.3C) side. The transition state between these two structures has a linear C2—H---OH> geometry
and is calculated to lie only 15 cm™ above the minima. Therefore these geometries likely represent a
single structure in which the water undergoes large amplitude motion between C6-H and C10-H. The
calculated IR spectra of these two isomers are essentially the same and have an intense and redshifted
C2-H at 3105 and 3108 cm™2. This calculated frequency agrees well with the experimentally observed

broad feature at 3080 cm™2, but the calculated intensity is much larger than the experimental observation.
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Figure 6.3 Experimental (A) and MP2/def2TZVP calculated (B-G) IR spectra of [bmim]*-(H20)1. The
relative energies of each isomer, including ZPE correction, are listed. The imidazolium C—-H stretches
and symmetric and antisymmetric H2O stretches are labelled in (B).
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The interaction with the C6-H/C10-H is too weak to induce any noticeable change in their vibrational
frequencies. It should be noted that the C2—H stretch is calculated to be further redshifted to 3074 cm™ at
the transition state between the two minima. Therefore, the motion of the water from one minima to the
other likely explains the broad appearance to the C2—H feature in the experimental spectrum.

Two other isomers in which the water is mainly interacting with C4—H or C5-H are found to
lie 290 cm™*and 405 cm* higher in energy, and are shown in Figure. 6.3D,E. The weaker water
interaction leads to a slightly redshifted C4-H/C5-H at 3130 cm™*. Additionally, an isomer in which
the water is located on top of the imidazolium ring (Figure. 6.3F) is found to be 637 cm™ higher in
energy. This isomer has no redshifted C—H and all the imidazolium C—H stretches appear near 3160
cmL. Finally, an isomer with the water situated between C4-H and C5-H is found to lie 669 cm™
higher (Figure 6.3G), with minimally perturbed C—H stretches. The presence of small amounts of these
higher lying isomers, particularly those shown in Figure 6.3D,E, may contribute to the broad appearance

of the spectrum between 3100 cm™ and 3200 cm™.

6.3.2 [bmim]*-(H20)2

The experimental and calculated IR spectra of [bmim]*-(H20); are shown in Figure 6.4.
Compared to the n = 1 spectrum, the addition of the second water molecule gives rise to two new peaks
at 3700 cm* and 3476 cm™%, characteristic of a water having one free OH and donating one hydrogen-
bond. Features corresponding to the symmetric and antisymmetric stretch of a water having two free
OH are still present but slightly blueshifted to 3647 cm™ and 3735 cm™. This peak pattern points to a
structure in which the two water molecules are hydrogen-bonded to each other. The two isoenergetic
lowest energy isomers are found with such a structure, in which the first water is interacting with C2—

H on either the C6-H or C10-H side. Both isomers are calculated to have a slightly more redshifted
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C2-H stretch than the n = 1 clusters at 3066 and 3069 cm™?, in agreement with the observed feature at
3045 cm™L. This indicates that the water—water hydrogen-bonding leads to a stronger C2—H-water
interaction. Again, both isomers show a strong relative intensity for the calculated C2—H stretch that is
not reflected in the experimental spectrum. Rotation of the water chain into the imidazolium ring plane
leads to low lying isomers (29 cm™* and 129 cm™) in which the water molecules are also interacting
with the alkyl groups. The energies of these isomers point to a very loose and flexible binding motif
between the water dimer and [bmim]*, which likely contributes to the observed broadening of the C2—

H and OH features.

6.3.3 [bmim]*-(H20)3

The number of features in the OH stretch region in the experimental IR spectrum of
[bmim]*-(H20)s, shown in Figure 6.5A, suggests that there are more than one distinct isomer present.
The lowest energy isomer found has a linear chain of water molecules interacting with C2—H and C6—
H (Figure 6.5B), a continuation of the structure of the n = 2 cluster. This isomer gives rise to the
observed H,O symmetric and antisymmetric features at 3646 cmtand 3736 cm™, as well as the
hydrogen-bonded features around 3390 and 3430 cm™2. The cooperative hydrogen-bonding interaction
in the water chain leads to an intense and redshifted C2—H stretch calculated at 3046 cm™2, in agreement
with the observed broad feature around 3020 cm™2. Similarly to the n = 2 cluster, the linear water chain
is fairly free to rotate, and additional isomers, such as that shown in Figure 6.5D, are energetically
accessible. The presence of these isomers also likely contributes to the broad appearance of the C2—H

and associated OH stretches.



156

Figure 6.4 Experimental (A) and MP2/def2TZV/P calculated (B-E) IR spectra of [bmim]*-(H20).. The
relative energies of each isomer, including ZPE correction, are listed. The imidazolium C2-H and
symmetric and antisymmetric H.O stretches are labelled in (B).
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Figure 6.5 Experimental (A) and MP2/def2TZVP calculated (B-D) IR spectra of [bmim]*-(H20)s. The
relative energies of each isomer, including ZPE correction, are listed. The imidazolium C2-H and
symmetric and antisymmetric H.O stretches are labelled in (B).
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Figure 6.6 Comparison of the n = 3 isomer with the water ring, calculated with various methods
with the def2TZVP basis set. The MP2 calculation is the same as that shown in Fig. 6.5C. The
calculated IR spectrum is scaled by 0.957 (MP2), 0.941 (wB97XD), and 0.955 (cam-B3LYP and
cam-B3LYP/GD3BJ). The DFT optimizations are started from the MP2 optimized geometry. The
inclusion of dispersion correction is necessary for reproducing the minimum geometry. Also note
that for the DFT calculations, the CH stretches requires a different scaling factor than the OH
stretches, especially for wB97XD.
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A different isomer, with a three-membered water ring situated on top of the imidazolium ring
(Figure 6.5C), is found to be nearly isoenergetic with the lowest energy structure, lying only 38
cm higher in energy. The water network in this isomer corresponds to the lowest energy structure of
the neutral water cluster,3**! where all three water molecules are involved in a similar single-donor—
single-acceptor hydrogen-bonding environment, leading to a single peak at 3700 cm ™ in the free OH
region. Additionally, there is no direct C2—H-water interaction, and all the imidazolium CH have
frequencies near 3160 cm™. This isomer can account for the strong peak at 3700 cm™ as well as the
two higher frequency hydrogen-bonded feature at 3480 cm™ and 3540 cm™. It should be noted that no
stable structures were found for a 3-membered water ring interacting more directly with C2—H at the
MP2 level of theory, which differs from DFT calculations. The wB97XD functional yielded a similar
structure as MP2, but the water ring is tilted more towards the C2—H, resulting in a shorter C2-H:--O
distance. The cam-B3LYP functional, on the other hand, gives a structure in which the water ring is
mostly interacting with the C2—H and is almost perpendicular to the plane of the imidazolium ring.
Upon inclusion of the GD3BJ empirical dispersion, the structure is again similar to the MP2 result.
These results (Figure 6.6) indicate that the exact location of the water ring involves subtle competition
between the two binding sites and requires accurate treatment of long-range interactions. The
importance of including dispersion correction in DFT is similar to theoretical treatment of pure ionic

liquids.#243

6.3.4 [bmim]*-(H20)s and [bmim]*-(H20)s

The experimental IR spectra of the [bmim]*-(H20)sand [bmim]*-(H20)s clusters, shown
in Figure 6.7, are simpler than the smaller clusters. The presence of a single free OH feature at 3700
cm ™t indicates that all water molecules are involved in a hydrogen-bond donor interaction. Additionally,

a single dominant broad feature centered at 3430 cm* indicates that all the water molecules are in a
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fairly similar hydrogen-bonding environment. These observations are consistent with the 4- and 5-
membered ring structures of the isolated neutral water clusters.®®“! We find that the lowest energy
isomer for both clusters has such a water ring located on top of the imidazolium ring. The resulting
calculated IR spectra show a good agreement with the experiment for both species. It should be noted
that there are multiple isomers with this general structure, i.e. the water ring can sit nearer to C2-H or
C4—H/C5-H. In particular, MP2 calculations give the isomer shown in Figure 6.7B as the lowest energy
isomer for n = 4 cluster, while wB97XD calculations show the isomer with the water ring sitting closer
to C2—H to be 17 cm™ lower. This points to a very flexible interaction between the water network and
the top of the imidazolium ring, similar to the interaction with the C2—H. For the n =5 cluster, we also
considered isomers with a more cage like water network involving a 4-membered ring, but the
calculated IR spectrum contained additional vibrational features near 3600 cm™, which is not observed
experimentally. The 3220 cm™ feature in the experimental spectrum of the n= 5 cluster is not
reproduced in the calculation. We attribute this feature to the Fermi resonance between the overtone of
the H20 bend and the most redshifted OH stretch. This coupling, in which the overtone band borrows
intensity from the OH stretch, has been described in detail in the case of benzene-water clusters.34
Lastly, the larger and more flexible water ring in the n = 5 cluster allows for some C2-H-water
interaction, as indicated by a redshifted calculated C2—H stretch. However, with increasing number of
water molecules, the OH stretches dominate the experimental spectrum and redshift into the CH spectral

region, making C—H stretch assignments difficult.
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Figure 6.7 Experimental (A and C) and wB97XD/def2TZVP calculated (B and D) IR spectra of
[bmim]*-(H20)s and [bmim]*-(H20)s.
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6.3.5 [bmim]*-(H20)s

The experimental IR spectrum of [bmim]*-(H20)s, shown in Figure 6.8A, has a broad
distribution of peaks in the hydrogen-bonded region, but again only one feature in the free OH region,
indicating that all water molecules are hydrogen-bond donors. The corresponding isolated neutral water
cluster has five energetically close-lying isomers, namely the “ring”, “bag”, “book”, “cage”, and
“prism” isomers, which have been the subject of numerous studies.***“® We considered solvation
geometries where these water clusters are interacting with the imidazolium ring in various
configurations. The lowest energy isomer found, shown in Figure 6.8B, has the water molecules
arranged in the “book” geometry, draped on top and onto the C2—H side of the imidazolium ring. This
structure involves a stable water cluster geometry that overlaps with the two strongest binding sites on
the imidazolium. The calculated IR spectrum shows that it is sufficient to account for all the observed
experimental features if the peak at 3225 cm ™ is again assigned to a Fermi resonance involving the H20
bend overtone. Note that the transition away from a ring structure results in a higher frequency OH
stretch, at around 3585 cmL, corresponding to one of the OH stretch of the water molecule that is a
double hydrogen-bond donor. The next isomer, calculated to be 206 cm™ higher in energy, involves a
6-membered water ring (Figure 6.8C), and may also contribute to the experimental spectrum. These
two isomers have water network that maximizes direct interaction with the charged imidazolium, in
contrast to the more three-dimensional structures such the bag (Figure 6.8D), cage or prism isomers,

which all lie higher in energy.
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6.3.6 [bmim]*-(H20)7 and [bmim]*-(H20)s

A comprehensive isomer search for the n= 7 and 8 clusters is not feasible here, but the
geometries determined so far can be used to extrapolate plausible structures. We know a more open
arrangement of the water molecules that can wrap around the imidazolium ring is energetically
favorable, and the water molecules favor four-membered and five-membered rings. Additionally, the
spectrum for the n= 7 and 8 clusters are very similar to that of the n= 6 cluster, supporting the
assignment to similar structures. Therefore, we considered the extension of the n = 6 “book” water
network, leading to the 5 + 2 “book” arrangement for the n= 7 cluster and the 4 + 4 “open-u”
arrangement for the n = 8 cluster, as shown in Figure 6.9B and D. The calculated IR spectra show
similar features as the experimental spectra, suggesting that these isomers are reasonable candidates.
The arrangement of the water molecules in the n = 7 cluster is similar to one of the low energy neutral
water isomers.*® However, the n = 8 isomer is different than the corresponding isolated water cluster
which distinctly favors a cubic geometry. We do not think such an isomer has a major presence in our
experiment because a cubic water arrangement situated on top of the imidazolium ring would result in
half of the water molecules not interacting with [bmim]*. Additionally, this type of water clusters would
lead to stronger hydrogen-bonds and lower frequency OH stretches,*’ which are not observed in the n =

8 spectrum.
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Figure 6.8 Experimental (A) and wB97XD/def2TZVP calculated (B-D) IR spectra of
[bmim]*-(H20)e. The relative energies of each isomer, including ZPE correction, are listed.
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Figure 6.9 Experimental (A and C) and wB97XD/def2TZVP calculated (B and D) IR spectra of
[bmim]*-(H20)7 and [bmim]*-(H20)s
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6.4  Discussions

IR predissociation spectroscopy of the isolated [bmim]*-(H2O)x clusters allow us to examine in
detail the competing long range interactions present here. The calculated structures show that the water
arrangement in [bmim]*-(H20)x is similar to those found for neutral water clusters for n = 1-5. For the
smallest n =1 and n =2 clusters, the preferred water binding site is centered on the C2—H group. The n =
3 cluster represents the tipping point in which the water molecules form a ring and the interaction site
switches to the top of the imidazolium ring. For clusters with n > 6, the water network evolves in such
a manner that the interaction with the delocalized charge on the imidazolium is maximized. This leads
to water arrangements with a more open structure than the isolated water clusters.

The interaction between water and C2-H has been described as a hydrogen-bonding
interaction.”?! Our experimental spectra and calculation results show that this interaction has some
hydrogen-bonding character. Notably, interaction with the first water molecule redshifts the C2—H
frequency from 3160 cm™' to 3080 cm™'. The formation of a water chain in n = 2 and 3 clusters further
redshifts the C2—H frequency to 3045 cm'and 3020 cm ™, respectively. The calculated structures show
that the C2—H bond lengthens slightly from 1.078 A in the bare [omim]* ion to 1.082 Aiinn=1, 1.085
A'inn=2and 1.086 A for the n = 3 water chain isomer. This relatively small bond length change is the
only notable change in the geometry of [bmim]* upon solvation, and points to a weak hydrogen-bonding
interaction. A weak hydrogen-bond is also consistent with the lack of directionality observed for the
C2—H-water interaction. Hydrogen-bonds usually have a linear X—H---A geometry while the C2-H---O
angle is calculated to be about 150° with a very flat double-well potential. However, these weak
hydrogen-bond characteristics are not consistent with the substantial 9.8 kcal mol™ binding energy
calculated for the water in the n = 1 clusters. Therefore, electrostatic and dispersion interactions with

the overall positively charged imidazolium are the main contributions to the overall binding energy.
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This is evidenced by the n = 1 isomer shown in Figure. 6.3F, in which the water is located on top the
imidazolium ring and not interacting with any C—H group. The binding energy for this isomer is only
reduced by 1.8 kcal mol™!. Additionally, the binding energy of a water molecule to the hydrophobic
tetramethylammonium cation is calculated to be at a similar value of 10.5 kcal mol .

A typical mass spectrum showing the distribution of solvated [bmim]* clusters formed in the
cold ion trap was published inref. 31 and is shown in Figure 6.10. It shows a distinct intensity
distribution which indicates that the sixth water should have a comparably lower binding energy while
the fourth water should have a distinctively higher binding energy. This is confirmed by the calculated
binding energy of each subsequent additional water molecule, listed inTable 6.1. The
wB97XD/def2TZ VP calculations predict a 9.9 kcal mol™! binding energy for the sixth water molecule.
This is noticeably smaller than the 12.5 kcal mol™! binding energy calculated for the fourth water, as
well as the consistent 10.4-10.5 kcal mol™! binding energies of the fifth, seventh, and eighth water
molecule.

The [bmim]*-(H20)x results presented here can be compared to those of a similar solvated
cluster, benzene-(H.0)n, studied by Zwier and coworkers.**#"# For the n = 1-6 clusters, we find that
the water network adopts very similar structures in both cases and the vibrational spectra in the OH
stretch region are remarkably similar. The main difference is that in the benzene-(H20)x clusters, one
water always has an OH pointed towards the electron density above the benzene ring, leading to an OH
stretch feature at ~3650 cm ™ for all clusters. In the case of [bmim]*-(H20)x, the positive charge on the
[bmim]* forces the water to interact via the oxygen end with the OH pointing outward. Interestingly,
the IR spectra of the two systems differ significantly for the n = 8 cluster. The weak interaction between
benzene and water leads to the formation of a cubic water network situated on top of benzene, which

gives rise to a group of OH stretches below 3200 cm™ and a group of OH stretches above 3400 cm ™.
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Figure 6.10 Mass spectrum of solvated [bmim]* clusters.
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Table 6.1 The calculated binding energy (BE, in kcal mol™), corresponding to [bmim]*-(H20).—
[bmim]*-(H20)»-1-H20, at the MP2/def2TZVP and wB97XD/def2TZ\V/P levels

[bmim]*-(H20)n
n BE (MP2) BE (WB97XD)
1 9.76 9.89
2 9.07 9.36
3 9.23 9.67
4 13.14 12.54
5 - 10.43
6 - 9.92
7 - 10.48
8 - 10.42
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The [bmim]*-(H20)s cluster, on the other hand, has a water network wrapped around [bmim]™, giving
rise to OH stretches extending the range between 3200 cm ™ and 3600 cm™. This difference highlights
the effect of the delocalized charge on the solvation structure. We also note that the IR predissociation
spectra of [bmim]*-(H20)», especially the smaller clusters, are also very similar to those of
[tetramethylammonium]*(H20)», a solvated hydrophobic system.*

Finally, it is of interest to compare our results to what is known about the interaction of water
in bulk [bmim]*[BF4] " ionic liquid. The cation—anion, cation—water and anion—water interactions have
been studied by NMR using nuclear Overhauser enhancement measurements?® and analyzed by
molecular dynamics simulations.?! The NMR data showed two distinct hydration regimes as the water
concentration increased. At low concentrations, the water molecules were found to disrupt the short
range network of the neat ionic liquid by interacting mainly with the imidazolium C-H groups, with
preferential interaction with the C2-H. Additionally, the H2 NMR shift was found to be linearly
correlated with those of the H6 and H10. This is consistent with our results for then=1andn =2
clusters, which show that the water interaction is centered on C2—H but is loose and flexible enough to
also interact with C6-H and C10-H. At higher water concentrations, the ionic liquid network is
perturbed by the insertion of whole water clusters, and the interaction between [bmim]*and water
becomes non-selective with respect to the various C—H groups. This is again consistent with the picture
emerging from the work presented here, in which the dominant electrostatic and dispersion interactions
and comparably stronger water-water hydrogen-bonds lead to water clusters located on top of the

imidazolium ring for the n > 3 clusters.
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6.5  Conclusion

The intermolecular interactions between water molecules and imidazolium cation are revealed
by the IR predissociation spectra of [bmim]*-(H20).¢ in the CH and OH stretch region. The
experimental and calculated results show that the imidazolium C2—H can form a weak hydrogen-bond
type interaction with a water molecule, but the solvation is energetically dominated by electrostatic and
dispersion interactions. For the small n = 1-3 clusters, water molecules solvate the [bmim]* by
predominately interacting with the C2—H moiety, and the linear chain water arrangement strengthens
the C2—H-water interaction. For the larger clusters, water—water hydrogen-bonds dominate and drive
the formation of water ring isomers, which preferentially interact with the delocalized positive charge
by situating on top of the imidazolium ring. The geometry of the water arrangement in
[bmim]*-(H20). mirrors the low energy isomers of neutral water clusters for the n = 1-6 cluster sizes,
while the larger clusters adopt a more open arrangement that envelops the positively charged
imidazolium ring rather than developing a tight water—water network. The observed solvation behavior
reported here is in agreement with solution phase studies that showed concentration-dependent solvation

effects in ionic liquid—water mixtures.
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CHAPTER 7

Accessing the Vibrational Signatures of Amino Acid lIons
Embedded in Water Clusters
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Abstract

We present an infrared predissociation (IRPD) study of microsolvated GlyH*-(H20), and
GlyH"-(D20)n clusters, formed inside of a cryogenic ion trap via condensation of H20 or D20 onto
the protonated glycine ions. The resulting IRPD spectra, showing characteristic O—H and O—D
stretches, indicate that H/D exchange reactions are quenched when the ion trap is held at 80 K,
minimizing the presence of isotopomers. Comparisons of GlyH"-(H20), and GlyH"-(D20)» spectra
clearly highlight and distinguish the vibrational signatures of the water solvent molecules from
those of the core GlyH" ion, allowing for quick assessment of solvation structures. Without the aid
of calculations, we can already infer solvation motifs and the presence of multiple conformations.
The use of a cryogenic ion trap to cluster solvent molecules around ions of interest and control
H/D exchange reactions is broadly applicable and should be extendable to studies of more complex

peptidic ions in large solvated clusters.

Author Contributions
JMV and KCF acquired experimental spectra; JMV, KCF, and EG performed theoretical

calculations; JMV and EG performed data analyses and wrote the manuscript.
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7.1 Introduction

Gas-phase action spectroscopy is a powerful tool for revealing the intricate details of
noncovalent interactions, where well-resolved vibrational spectra of cold mass-selected clusters
can selectively probe the chemical environment around each individual oscillator.! Methods such
as infrared multiple photon dissociation (IRMPD),>> UV-IR double resonance,’® and infrared
predissociation (IRPD) of tagged species’ '?are well-established approaches to vibrationally
characterize mass-selected ions and clusters. We recently demonstrated that a liquid-nitrogen-
cooled ion trap is well-suited for clustering solvent molecules around any ion generated via
electrospray ionization (ESI).X® This affords the possibility to study a wide variety of large
molecules, e.g., biologically relevant peptides or ligand-coordinated catalysts, in a well-controlled
microsolvated environment, providing insights into the microscopic solvation structures and
interactions of these species in bulk environments.

However, even at low (<50K) temperatures, inherent spectral congestion makes obtaining
precise structural information from the IR spectrum increasingly difficult with increasing cluster
sizes. For example, when studying peptides, the frequencies of the characteristic vibrational modes
relating to the amide, amine, and carboxyl groups directly overlap with those of the solvent water
bending and stretching modes. Hence, in larger solvated clusters, the peptide spectral signatures
are difficult to disentangle from those of the solvent. Coupled with the possible presence of
multiple solvation isomers and peptide conformations, extensive theoretical efforts are required to
digest the rich experimental vibrational spectrum. To partially circumvent this issue, solution-
phase IR spectroscopy of peptides is alternatively carried out in D20 solvent**!® because the D—
O-D bending modes (~1180 cm™?) do not overlap with the characteristic amide 1 and 11 modes.

However, peptidic N-H and O-H groups undergo rapid H/D exchange with D20 in solution, such
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that the analyte and solvent vibrations still overlap in the X—H/X-D stretching region. This
unfortunately makes studying these N-H and O-H stretches, which are quite informative about
the local solvation environment and strengths of hydrogen bonds,®%1" more difficult.

In this Letter, using the simple protonated glycine (GlyH") amino acid as an example, we
demonstrate that the formation of solvated clusters can be achieved with minimal solvent—peptide
H/D exchange under the proper conditions in a cryogenic ion trap. Mass spectral and IRPD data
show that it is possible to controllably access solvated clusters in which an all-hydrogen GlyH™ is
surrounded by D20 molecules, such that the characteristic ion core vibrations are clearly
distinguished from those of the solvent. Furthermore, comparisons of the H,O- and D>0O-solvated
cluster IRPD spectra in the 2600-3800 cm region are presented to illustrate the structural
information accessible with this approach, allowing for direct assignments of spectral features.
The approach outlined here is related to previous H2O/D>0 cluster isotopologue studies by Johnson
and co-workers,*®° with increased capabilities that can solvate ESI ions under temperature-
controlled conditions, making it more generally applicable and extendable to larger ions such as

protonated peptides.

7.2 Experimental

The experiments presented here were performed in a dual cryogenic ion trap spectrometer,
which has been described in detail previously.'® Briefly, a ~1 mM solution of glycine in methanol
with trace formic acid was used to generate the all-hydrogen GlyH" ions using an ESI source. The
ions were transferred into a linear octupole reaction trap, which is mounted to a liquid nitrogen
cryostat that can maintain temperatures of 80-300 K. Collisions with helium or nitrogen buffer

gas, seeded with either D>O or H>O vapor, thermalized the trapped ions and condensed the solvent
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molecules onto GlyH*. The products formed inside of the reaction trap were analyzed using a time-
of-flight mass spectrometer that is situated after a second ion trap held at 10 K, which further
thermalized the ions prior to IRPD.

To acquire the IRPD spectra, the solvated clusters from the reaction trap were further
thermalized inside of the 10 K tagging trap via collisions with buffer gas comprised of 10% D> in
helium. In the process, weakly bound D> adducts were formed for clusters with n < 4 solvent
molecules. These clusters were extracted into the time-of-flight mass spectrometer, mass-selected,
and intersected with the output of a Nd:YAG pumped OPO/OPA. Resonant absorption of a single
photon resulted in loss of the D> tag for the smaller clusters (n = 0-3) and loss of a H.O or D.O
molecule for the larger ones (n = 4-8). The photofragments were separated from the parent clusters
inside of a two-stage reflectron, and the yield was monitored as a function of laser wavelength to

produce the IRPD spectra.

7.3  Results and Analysis

Mass analyses of the products formed from the all-hydrogen GlyH" reacting with D-O
inside of the reaction trap at different temperatures are presented in Figure 7.1. At a trap
temperature of 210 K, two dominant peaks at m/z = 76 and 77 are observed, as well as weaker
features at m/z = 78, 79, and 80. The m/z = 76 feature corresponds to the all-hydrogen GlyH™,
which we will designate as Do-GlyH" hereafter. The m/z = 77 feature therefore corresponds to
GlyH" that has undergone one H/D exchange event, increasing its mass by 1 amu, i.e., D1-GlyH".
The dominance of the Di-GlyH" species at >200 K is consistent with previous studies? that
showed this species as the main product of the room-temperature gas-phase reaction between

GlyH" and D20. Small amounts of GlyH" are observed to undergo multiple sequential H/D
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exchanges, leading to the peaks at m/z = 78, 79, and 80. With decreasing trap temperature, the
presence of partially deuterated species decreases rapidly, as shown in Figure 7.1B—-E. At 170 K,
only a small fraction of GlyH" undergoes H/D exchange. At 80 K, the lowest temperature
attainable with a liquid nitrogen cryostat and the typical condition in which the clustering
experiments are performed, about 6% of the GlyH™ ions undergo H/D exchange. This estimate
accounts for the 2% natural abundance of $3C-containing Do-GlyH*. The residual D1 species at 80
K is likely the result of the fact that collisional thermalization and H/D exchange occur
simultaneously inside of the reaction trap, allowing a small fraction of ions to react with DO
before they are completely cooled.

Figure 7.1F presents a typical mass spectrum observed when clustering DO onto Do-
GlyH" within the 80 K reaction trap, with the dominant clusters corresponding to Do-
GlyH"-(D20)r. We note the presence of minor satellite peaks on either side of each Do-
GlyH"-(D20), feature. The +1 m/z species are due to clustering of D20 onto the small fraction of
D:-GlyH" that is present. The —1 m/z peaks are due to the presence of HDO impurities that lead to
the formation of Do-GlyH"*-(HDO)(D20)s-1, and the relative percentage of clusters containing at
least one HDO expectedly increases with increasing cluster size. Mass selection ensures that
neither of these isotopologues contribute to the IRPD spectra. However, possible isotopomers of
the Do-GlyH™-(D20)s clusters, such as D1-GlyH*-(HDO)(D20)n-1, cannot be separated by mass.
These species can form via H/D exchange within the cluster or through condensation of HDO onto
the small fraction of D;1-GlyH" ions. The IRPD spectra presented below will conclusively show

that these isotopomers have a negligible contribution.
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Figure 7.1 (A—E) Mass spectra of products formed when GlyH" ions are exposed to D20 inside
of the reaction trap held at various temperatures, as indicated, in the mass region around GlyH".
(F) Broader range mass spectrum with the reaction trap held at 80 K, showing D»O clustering
around the ion. The * indicates a methylated GlyH™ impurity and its D2O clusters.
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Figure 7.2 compares the IRPD spectrum of the unsolvated Do-GlyH"-(D>) ion with those
of the Do-GlyH*-(H20)s and Do-GlyH"-(D20)s clusters in the 2600-3800 cm! region. The Do-
GlyH*-(D.) spectrum contains four distinct features at 3551, 3351, 3298, and 2966 cm™, which
can readily be assigned to the free carboxyl O-H stretch, the asymmetric and symmetric
NH: stretches, and the internally hydrogen-bonded (H-bonded) N-H stretch, respectively. In
comparison, the Do-GlyH™-(H20)e spectrum in Figure 7.2B is more congested, with six distinct
features in the 3000-3600 cm* region, a broad distribution of intensity spanning the 2700-3200
cm~ region, as well as a partially resolved triplet near 3700 cm™. The features above 3600 cm™
! can safely be assigned to the H,O free O—H stretches as they have higher frequencies than any of
the GlyH" vibrations. On the other hand, the rest of the features can be attributed to either
GlyH" (N-H or O-H groups) or H-bonded O-H stretches of H,O molecules, and they are not
readily assignable based only on the spectrum in Figure 7.2B.

The assignments are much clearer when comparisons are made with the IRPD spectrum of
Do-GlyH"-(D20)s, and we can directly identify all of the observed features as either belonging to
the GlyH" core ion or to the water solvent molecules. The spectra in Figure 2B,C contain the same
broad distribution of intensity spanning the 2700-3200 cm! range as well as the 3060 and 3130
cm* peaks. These features common to both isotopologues must originate from the Do-GlyH* ion
and are assigned to H-bonded N—-H and O—H stretches of GlyH™. The features at 3341, 3481, 3511,
and 3539 cm that are present only in the Do-GlyH*-(H20)s spectrum are due to H-bonded O—H
stretches of H20. Similarly, the 3706, 3717, and 3730 cm™ features are due to free O—H stretches
of H,0. Lastly, two features centered at 2750 and 2772 cm™, present only in the Do-
GlyH"-(D20)s spectrum, are readily assigned to the free O-D stretches of the D,O molecules. In

principle, the H-bonded O-D stretches of D,O should be observable below 2600 cm. However,
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Figure 7.2 IRPD spectra of (A) Do-GlyH*(D2), (B) Do-GlyH"(H20)s, and (C) Do-GlyH"(D20)s.
The structure of GlyH™ is shown in panel (A). General assignments of observed features are noted

and color coded: GlyH™ (purple), H20 (blue), and D20 (red).
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the lower intensity of these features combined with lower laser power in this region make their
observation quite challenging. Finally, we note that the absence of features above 3200 cm™? in the
Do-GlyH"-(D20)s spectrum provides conclusive proof that minimal H/D exchange has occurred
within the cluster. Substituting a single hydrogen in Do-GlyH" for a deuterium would create an
HDO molecule whose O—H stretch would appear near the H.O modes that are present in the Do-
GlyH"-(H20)6 spectrum. Hence, the dominant species contributing to the observed IRPD spectrum
is indeed Do-GlyH™-(D20)s.

Figure 7.3 shows a series of IRPD spectra corresponding to GlyH™ clusters solvated
with n = 0-8 water molecules. Here, the spectra of the isotopologues for each cluster size are
plotted on top of each other, with GlyH"-(H20), in blue and GlyH"-(D20)x in red, such that the
features that are common to both appear in purple. Displaying the data in this fashion highlights
the vibrational signatures corresponding to the H2O (blue) or D.O (red) solvent molecules and
those of the core GlyH" ion (purple). Typically, the analysis of such IRPD spectra requires
comparison to calculations of many possible isomers, necessitating extensive considerations of
energetic accuracies and validity of the harmonic frequencies. Such comparisons would certainly
yield deeper insights and will be the subject of a subsequent and more detailed paper. Here, we
will focus on highlighting the usefulness of this experimental approach in providing direct
structural insights, which also reduces the number of possible solvation structures that need to be
explored computationally.

For example, the GlyH* features in the 3200-3600 cm™! region, i.e., the free N-H and free
carboxyl O—H stretches, are present only in the n = 0-3 clusters, promptly disappearing in the n =
4 spectrum. On the other hand, the spectra of n = 1-4 clusters display H.O O-H stretches in only

the free O—H region between 3600 and 3800 cm™2. It is therefore immediately apparent that the
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Figure 7.3 IRPD spectra of Do-GlyH"-(H20) (blue) and Do-GlyH™-(D20)n (red). The purple area
corresponds to features that are common to both isotopologues. Each H>O spectrum is normalized
independently to its most intense feature. Each D,O spectrum is normalized to its corresponding
H>0 spectrum by comparing the overlapped regions. General designations of the spectral regions

are noted on top.
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first four water molecules do not act as H-bond donors, quickly eliminating any potential structures
with water—water interactions. Moreover, this observation essentially points to a single possible
structure for GlyH"-(H20)s where the four water molecules are in a single H-bond acceptor
configuration interacting with the four N-H and O—H groups in the GlyH" ion. For the n = 0-4
clusters, each addition of a water molecule redshifts one more of the GlyH" free N-H or O-H
stretches to the H-bonded spectral region (2800-3200 cm™?). However, the number of features in
the 3200-3600 cm! region does not decrease gradually with the increasing number of water
molecules. This is indicative of the presence of multiple energetically competitive isomers for
the n = 1-3 clusters, providing a starting point for computational explorations.

The H-bonded O—H stretches of H>O appear clearly in the n = 5 spectrum at around 3500
cm?, evidence that the fifth water molecule H-bonds with another water molecule, starting the
formation of the second solvation shell. None of the free N-H and O-H features reappear
above n = 4, which indicates that the first solvation shell remains essentially intact in larger
clusters. In the 3600-3800 cm™ region, the H.O symmetric and asymmetric stretches gradually
give way to a cluster of features near 3700 cm™, indicating that each water molecule is donating
at least one H-bond in the larger (n = 6-8) clusters.?! The number of possible structures fulfilling
these criteria is still large and will require computational searches for conclusive assignments.
However, interesting trends can already be extracted from the rough assignments to either the ion
core or the water solvents. For example, the 2800-3200 cm™ region contains the H-bonded
GlyH" N-H and O-H stretches (purple), which are lowest in frequency in the n = 1 spectrum. As
solvation increases, these features shift to higher frequencies. On the other hand, the H-bonded O—
H stretches of H>O molecules (blue) in the 3200-3600 cm region gradually redshift with

increasing solvation from n = 5 to 8. Empirically, the strength of an H-bond interaction involving
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an X-—H group is proportional to the square root of the frequency shift from the free X-H
modes.?>* Therefore, the observed trends highlight how the cooperative strengthening of the
water—water H-bonded network around GlyH™ has an anticooperative effect on the ion—water
interactions. They also suggest that larger clusters are needed to reach the regime that would fully
represent the interaction strength present in bulk solvation. In principle, the H.O/D>0 substitution
approach outlined here can allow for such spectroscopic characterization in much larger clusters
approaching the bulk limit. Furthermore, the assignment of the ion core features can be further
refined by using *°N isotopically labeled glycine to differentiate the N-H and O—H stretches.
Finally, we take a closer look at the IRPD spectra of the n = 1 cluster in the GlyH™ free N-
H/O—H region, shown in Figure 7.4, which illustrates another layer of information that we can
obtain from the experimental data. Because any single Do-GlyH"-(H20); structure can only have
a maximum of three distinct features in this region, the observation of four peaks indicates that
there are at least two isomers contributing to the experimental spectrum. The H,O/D0 substitution
indicates that these four features indeed belong to the GlyH*ion core. However, the Do-
GlyH"-(H20)1 and Do-GlyH"-(D20)1 spectra do not perfectly overlap, as highlighted
in Figure 7.4A by the presence of small residual red and blue regions. This indicates that the
relative populations of the isomers are different in the Do-GlyH" (H20)1and Do-
GlyH"-(D20);: clusters. On the basis of the spectral differences, we can discern which features are
common to a single isomer. One isomer contains features at 3277 and 3357 cm™* and the high-
frequency part of the 3560 cm™ feature, while another isomer has the 3339 cm™ feature and the
lower-frequency part of the 3560 cm™ feature. Because both isomers have the ~3560 cm™
! carboxyl free O—H stretch, the water molecule must be solvating the protonated amine in two

different configurations. Computations indeed reveal the two conformers, shown in Figure 7.4B,C,
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Figure 7.4 (A) Overlapped IRPD spectra of Do-GlyH"-(H20)1 (blue) and Do-GlyH™-(D20):1 (red).
(B,C) Calculated harmonic spectra and structures of Do-GlyH"-(H20)1. The calculations were
carried out at the B2PLYPD3/def2-TZVPP level and scaled by 0.954.
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and their calculated harmonic spectra show good agreement with the experiment. The barrier for
the internal rotation connecting these two structures is calculated to be very small (~100 cm™);
therefore, these conformers are not likely to be kinetically trapped and we can relate the observed
changes in the relative conformer populations to the small difference in zero-point energy change
upon isotopic substitution. Specifically, a AAZPE of ~18 cm, favoring the conformer shown
in Figure 7.4B in the Do-GlyH"-(D20)1 complex, is obtained using the calculated harmonic

frequencies of both structures.

7.4  Conclusion

Overall, using the solvated GlyH* complexes as an illustrative example, we show that it is
possible to minimize ion—-water H/D exchange inside of the 80 K reaction trap, allowing for
selective formation of clusters containing D2O solvating an all-hydrogen GlyH" ion. Such a
capability provides a means to selectively shift solvent water vibrations independent of those of
the ion core, allowing access to the solvation-sensitive N-H and O-H stretches. Moreover,
comparisons of isotopologue spectra can clearly distinguish vibrational signatures of the solvent
and solute molecules, allowing for quick assessment of solvation structures and aiding
computational searches. It is certainly possible to further explore the amide I and Il ranges using
this approach as the H.O and D>O bend modes should yield similar behaviors. We believe that this
approach should facilitate the spectroscopic characterization of more complex peptide ions
embedded in large water clusters approaching the bulk solvation limit. Some of the inherent
challenges involved with the spectroscopy of large and flexible molecules, such as spectral
congestion and the presence of multiple conformations, will not be alleviated by the method

outlined here. However, when focusing solely on the structure of the embedded peptide, the
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H>0/D>0 substitution approach will reduce the complexity of the spectral analysis of the ion core
itself. Moreover, it can easily be combined with other established tools, such as site-
selective 13C/*°N labeling®?® and conformer-selective IR-IR spectroscopy,'®?’?8 to provide
additional information necessary for definitive structural characterization. Lastly, we note that
improved experimental control over the H/D exchange reactions can potentially be achieved by
incorporating an additional cryogenic trap such that the cooling and clustering steps occur in
sequence. This should remove the minor presence of isotopomers, which may be necessary for

species that have lower barriers for H/D exchange with solvent molecules.
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CHAPTER 8

Future Directions
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8.1 Introduction

The experiments presented in Chapters 3-7 showcase the versatility of cryogenic ion
vibrational spectroscopy to study catalytic reactions, conformational populations, and solvation
effects. These experiments should provide a firm foundation on which to carry out far more
sophisticated and informative studies in the future. This Chapter presents preliminary data that
demonstrates even more information that can be gathered with carefully crafted CIVS experiments.
This data perhaps foreshadows the types of gas-phase experiments that will be routinely achieved

in coming years.

8.2  Finding H/D Exchange Reaction Barriers

The previous Chapter outlined an experimental approach for controlling H/D exchange by
varying the ion reaction trap temperature. Quenching the H/D reaction completely is obviously
useful for disentangling IR spectra of solvated biomolecules, which can be very spectrally
congested. However, the trap temperature and the magnitude of reaction can be used to
experimentally estimate the activation energy (Ea) of the H/D exchange process as well.

Figure 8.1 shows mass spectra of the products formed from glycine betaine (GB*) reacting
with D20 inside of the reaction trap at different temperatures. At a trap temperature of 209 K
(Figure 8.1A), two dominant peaks at m/z = 118 and 119 are observed. The m/z = 118 feature
corresponds to the hydrogen-containing GB*, which is designated as Do-GB™ hereafter. The m/z =

119 feature therefore corresponds to GB* that has undergone one H/D exchange event inside the
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Figure 8.1 (A-C) Temperature dependent mass spectra showing progressive quenching of H/D
exchange. (D) Reaction coordinate showing H/D exchange between glycine betaine and D20.
Deuterium is designated in green.
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reaction trap, hereafter referred to as D1-GB™. It should be noted that because of the methylated
amine group, only a single H/D exchange event at the carboxylic acid is expected. With decreasing
trap temperature, the presence of D1-GB™ decreases as expected (Figure 8.1B,C). Figure 8.1D
shows the reaction coordinate for the H/D exchange process between DO and GB®, where
deuterium is highlighted in green.

A few simple steps can be taken to experimentally determine the reaction barrier height
shown in Figure 8.1D. First, since D20 is much more abundant than Do-GB™, we can assume the
reaction is pseudo first-order with respect to Do-GB*, i.e., the reaction is overwhelmingly

dependent on Do-GB™. The reaction is then described by the differential for of the rate law by
Rate = =1 = k[A] (eq. 8.2.1)
Upon integration of eq. 8.2.1 we find that

In[A] — In[A], = —kt (eq. 8.2.2)
Which can be rearranged to give

n (21) = —kt (eq. 8.2.3)

In the present case, [A]o and [A]: correspond to the Do-GB* and D1-GB* features at m/z =
118 and 119, respectively. Given our experimental approach, there’s an important caveat to note

regarding equation eq. 8.2.3: we aren’t varying time in order to make our measurements.
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Therefore, it’s not important how long the reaction takes place, as long as it’s constant at each
temperature measurement. Thus, we can compare the H/D exchange reaction of Do-GB™ at two

different temperatures T and T by

ln(%)n:—klt

ln(ﬂ)h:—kzt

(eq. 8.2.4)
[Alo

As outlined above, the time of reaction is the same in both case and therefore cancels to yield

[A]t)
In\—=
[4lo k
" h_ X (eq. 8.2.5)
(@) K
[A]o T

The ratio ki/kz is important, as it can be inserted into the integrated Arrhenius Equation.

in (:_:) = %A (T_lz - Tll) (eq. 8.2.6)

Eq. 8.2.6 shows that the activation energy (Ea) can be found from the slope of an integrated
Arrhenius plot, as shown in Figure 8.2. In this manner, the barrier for reaction between D>0 and

Do-GB* is determined to be 18.8 + 0.9 kJ/mol (1570 + 75 cm™Y).
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Figure 8.2 Integrated Arrhenius plot for H/D exchange between glycine betaine and D>O from
188 — 209 K. The slope of the line is used to find the activation energy for the reaction, which is
estimated to be 18.8 + 0.9 kJ/mol (1570 + 75 cm™).
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8.3 Pinpointing H/D Reaction Sites

The process outlined in section 8.2 is straightforward for species containing a single
exchangeable hydrogen, e.g. glycine betaine. However, the situation becomes much more
complicated when there are multiple available H/D exchange sites in a molecular ion. This is
exemplified by the mass analyses of products formed from protonated diglycine, Gly,H", and D,O
inside of the reaction trap at different temperatures, as shown in Figure 8.3. Figure 8.3A shows the
presence of a large feature at m/z = 133 (purple), which corresponds to the all-hydrogen Gly,H",
denoted as Do-Gly,H" hereafter. The small feature present at m/z = 134 corresponds to the *C
feature of Do-Gly2H". Figure 8.3B-F show that as the temperature of the reaction trap is gradually
raised, multiple H/D exchange events occur, with m/z =134, 135, 136, 137, and 138 corresponding
to D1-Gly:H" (blue), Do-Gly,H* (green), D3-Gly:H" (orange), D4-Gly.H" (red), and Ds-Gly,*
(pink), respectively. Though there are five exchangeable hydrogens, there is surprisingly little
intensity at m/z = 138, even at temperatures above 200 K. These mass spectra were chosen as they

correspond to the temperatures where each isotopologue first appears.

In spite of the overlapping mass features due to **C, the relative populations of reaction
products (D1-Gly2H", D2-Gly>H", etc.) can be easily found by the analysis procedure described in
Chapter 3.3. Briefly, the analysis involves fitting the experimental features with Gaussian peaks
and deducing interferences by natural isotope intensities. The relative populations can then be
plotted as a function of temperature, as shown in Figure 8.4A. For comparison, previously
published data for Gly.H" reacting with D20 in a Fourier transform ion cyclotron resonance mass
spectrometer is given in Figure 8.4B and shows striking similarity to the temperature-dependent

exchange data presented here.
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Figure 8.3 Temperature-dependent mass spectra showing gas-phase H/D exchange when Gly,H*
and D20 collide in reaction trap. The selected mass spectra represent the temperatures at which
each isotopologue first appears. The highlighted peaks correspond to Do-Gly-H" (purple), D:-
GlyH" (blue), D2-Gly.H* (green), D3-Gly.H* (orange), Ds-Gly>H" (red), and Ds-Gly>" (pink).
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Figure 8.4 (A) Plots showing H/D exchange product relative abundances of Gly,H" with D20 as
a function of reaction trap temperature. (B) Time plots of the H/D exchange products of Gly,H*
and D20 in Fourier transform ion cyclotron mass spectrometer reproduced from Reference 1.
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Although the diglycine isotopologue populations at each temperature are readily found, the
location of deuteration in each case isn’t immediately clear. For example, there are five labile
hydrogens capable of incorporating deuterium into Gly.H" during the first exchange event. In order
to probe the site of reaction, the infrared predissociation spectra of the different H/D reaction

products were acquired, which are shown in Figure 8.5.

Figure 8.5A shows the IRPD spectrum of the Do-Gly.H" species acquired with the reaction
trap held at 80 K (purple spectrum). The 3571 cm™ feature (highlighted in blue) corresponds to
the free O-H stretch of the carboxylic acid group. The 3378 cm™ and 3322 cm'® peaks (highlighted
in red) are due to asymmetric and symmetric NH> stretching of the protonated amine group.
Finally, the large feature centered at 3363 cm™ (highlighted in green) corresponds to N-H

stretching of the amide group.

Figure 8.5B shows the IRPD spectrum (blue) of the D1-Gly>H" complex acquired at 120
K. The intensities of the carboxylic acid O-H stretch and the amide N-H stretch remain relatively
unchanged in this spectrum. However, the two peaks associated with the asymmetric and
symmetric NH> stretching of the amine group have decreased significantly, as compared with the
Do-Gly-H" species. The decreased intensity of the 3378 cm™ and 3322 cm™ peaks is the result of

deuteration at the NH3 group, which redshifts these features to the lower part of the spectrum.

Figure 8.5C shows the IRPD spectrum (green) of the Do-Gly,H" species acquired with the
reaction trap held at 140 K. Again, the features related to the carboxylic acid O-H stretch and the
amide N-H stretch are unaffected by the second H/D exchange event. Instead, we see that the
amine stretching features have decreased even more, and that the 3378 cm™ peak has disappeared

entirely. This means that the first two deuteration events occur primarily within the NHs™ moiety.
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Figure 8.5 IRPD spectra of H/D exchange products of Gly.H" and D0 at (A) 80 K , (B) 120 K,
(C) 140K, (D) 160 K, and (E) 180 K. The spectral features highlighted by the blue, red, and green
rectangles correspond to stretching of the carboxylic acid, amine, and amide groups, respectively.
The structure of Gly>H" is also given in top of Figure 8.5A.
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Figure 8.5D shows the spectrum (orange) of the protonated diglycine species which has
been deuterated three times at 160 K (Ds-Gly2H") . The carboxylic acid O-H stretch at 3571 cm™
is the most intense feature of the spectrum. While the 3378 cm™ stretching feature is not observed,
a free N-H stretch of the amine group is still present at 3334 cm™. Furthermore, it’s apparent that
the amide N-H feature in the Ds-Gly,H" species has decreased somewhat in intensity. The
deuteration is therefore being shared between the amine and amide groups. Furthermore, it should
be noted that the strong H-bonding between the NHs group and neighboring amide C=0 likely

prevents all of the amine hydrogens from being readily exchanged in three sequential reactions.

Figure 8.5E shows the Ds-Gly>H" complex formed in the 180 K reaction trap environment.
The vibrational features related to the amine and amide N-H stretching are notably diminished,
while the carboxylic acid O-H feature persists. It’s clear from this spectrum that the carboxylic

group contains the least exchangeable hydrogen.

8.4  H/D Exchange in Solvated Clusters

Finally, it is possible to form and probe solvated clusters that have undergone internal H/D
exchange. For example, Da-Gly2H™ products can be minimized at 80 K and Gly,H" can be clustered
with D20O. Figure 8.6A shows the experimental IRPD spectrum of the Gly.H"(+D20); species.
Previous work? shows the water bridges the amine and carboxyl groups and this structure can be
used to help interpret the experimental spectrum in Figure 8.6A. The 3572 cm™, 3481 cm™, 3353
cm?, and 3138 cm features correspond to the carboxylic O-H, amide N-H, and asymmetric and
symmetric NH: stretching of the amine, respectively. Previous experiments demonstrate that the

broad feature at ~2730 cm™ is representative of a solvated N-H group resulting from a strong H-
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bond interaction with water. The peaks at 3703 cm™ and 3442 cm™ occur in regimes characteristic
of a water molecule in an acceptor-donor configuration, and correspond to the free and H-bonded

O-H stretching, respectively.

The harmonic spectrum given in Figure 8.6B contains many of the features observed
experimentally. For example, it displays peaks at 3572 cm™, 3461 cm™, 3356 cm™, 3210 cm™, and
2772 cm™* related to the carboxylic O-H, amide N-H, NH; stretching of the amine, and the solvated
N-H group of the amine, respectively. It also contains features at 2701 cm™ and 2485 cm™, which
are the result free and bound O-D stretching, respectively. The corresponding structure (also given
in 8.6B) shows a DO molecule solvating the all hydrogen Gly:H", i.e. the Do-Gly:H*(D20)1
species. Such a structure represents a population of Gly.H" ions which are thermalized and

solvated before H/D exchange can take place.

The calculated spectrum in Figure 8.6C contains all of the same spectral features related to
the free stretches of the peptide from Figure 8.6B. This spectrum, however, displays a few distinct
differences from spectrum 6.8B. First, there is no strongly redshifted N-H stretch in the lower
spectral region. Second, there is an intense feature present at 3437 cm™. The structure given in
6.8C shows that these peaks are the result of a cluster where H/D exchange has taken place between
the DO and Gly;H*, i.e. a D1-Gly,H"(HDO): complex. Here, the deuterium has migrated to the
amine portion of the peptide, thus leading to a strongly solvated N-D group, which is redshifted
below the spectral window presented here. The hydrogen from the amine group creates a HDO
molecule, with the O-H group donating a H-bond to the COOH group of the peptide. This H-

bonding peak of the water agrees very well with the experimentally observed 3443 cm feature.
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Figure 8.6 (A) Experimental IRPD spectrum of Gly,H"(+D20)1-D.. Harmonic spectra
corresponding to (B) Do-Gly2H*(D20)1, (C) D1-Gly.H*(HDO): with a free O-D group, and (D)
D1-Gly,H"(HDO): with a donor O-D group. The spectral features relating to O-D and O-H water
groups are colored in green and blue, respectively. Furthermore, deuterium is highlighted in green
in each structure.
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Figure 8.6D shows a calculated spectrum corresponding to another D;-Gly.H"(HDO)1
structure. Like the previous structure, it displays all of the peaks related to the free groups of the
peptide and like the species in 8.6C, it does not have the ~2730 cm™ feature of the solvated N-H
amine group. However, it has an intense peak at 3697 cm™, close to that of the experimental peak
at 3703 cm™. The D1-Gly,H*(HDO); structure in 8.6D shows that these motifs are well-produced

with a solvated N-D group and the exchanged O-H group positioned away from the peptide.

These experiments are certainly not exhaustive and this system should be investigated with
a double resonance IR-IR approach in order to disentangle and confirm the presence of these
reaction products. Nonetheless, the formation of non-exchanged and exchanged solvated clusters,
in addition to the previous experiments outlined in this chapter, open up the possibility to map out

reaction pathways in new and exciting ways.
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