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Hydrogen-bonded systems often exhibit very broad and unusually shaped features in their
vibrational spectra. The origin of these features is oftentimes unclear. Consequently,
computational methods are frequently used to model these features in order to better understand
their origin. However, reproducing these features with computational methods is often quite
challenging. Many methods have been developed each of which has its own advantages and
disadvantages. The research presented in this thesis focuses on the development and application
of new computational methods to reproduce the multi-hump (broad peak) vibrational features
found in many hydrogen-bonded dimers. These methods utilize density functional theory to
calculate the potential energy surface and a quantum variational approach to calculate vibrational
spectra from these surfaces. One of the methods developed involves adiabatically separating
lower frequency vibrational modes, which modulate the hydrogen bond length, from higher
frequency modes that contribute to the structure. Another method that was developed uses a
classical molecular dynamics simulation, in place of low-frequency modes, to more accurately
sample configurations. The results of the calculations performed with these methods indicate that
the broadness of these multi-hump features originate from low-frequency modes modulating the
hydrogen bond length, while the multi-hump lineshape is derived from strong Fermi resonances

between the OH stretch and the OH bending modes.
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1. INTRODUCTION

Hydrogen bonds are widely known to have important roles in many different biological
and chemical systems. Because hydrogen bonding gives rise to anharmonic distortions of the
potential energy surface, vibrational spectroscopy is a highly sensitive tool for studying
hydrogen-bonded systems. For example, it is well known that hydrogen bonds lead to a redshift
of the OH/NH stretching frequency, the magnitude of which is determined by the strength of the
hydrogen bond.? It is also well established that the oscillator strength of the transition and width
of the vibrational feature increase with the strength of the hydrogen bond.1** For weak and
medium strength hydrogen bonds, both the frequency shift and width of the OH stretching
vibration can be several hundred wavenumbers, but strong hydrogen bonds can lead to much

broader spectral features with unusual structures.>®

Hydrogen-bonded dimers in nonpolar solvents form ideal model systems for studying the
effect of the hydrogen bonding strength on vibrational modes. A demonstration of how hydrogen
bonding in these model systems leads to unusual vibrational features can be seen in Figure 1.1.
In Figure 1.1, the FTIR spectra of the individual monomers (naphthol and methylimidazole)
dissolved in carbon tetrachloride are plotted in red and blue. In these spectra narrow features are
observed which correspond to the OH and CH stretches of these molecules. However, when both
species are present in the same solution (plotted in green), a hydrogen-bonded dimer forms and a
much broader feature is observed in the FTIR spectrum. This feature spans over 800 cm™ and
has a much larger integrated intensity than the CH and OH stretches of the monomers combined.
This feature is at least partially due to the OH stretch of naphthol since the free (not hydrogen-

bonded) OH stretch peak at 3600 cm™ has decreased substantially when compared to the
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naphthol only spectrum. The broad feature is also lower in frequency than the free OH stretch of
naphthol which indicates the potential energy surface along this vibrational mode has become
more anharmonic. The appearance of this feature also implies that most of the naphthol
molecules in solution have formed hydrogen—bonded dimers and that the OH stretch frequency is

greatly perturbed in the dimer compared to the monomer as is expected upon formation of a

hydrogen bond.

0.35
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Figure 1.1: FTIR spectra of naphthol and methylimidazole. The FTIR spectra of naphthol and
methylimidazole in separate carbon tetrachloride solutions are plotted in red and blue. A solution
containing both species is plotted in green. The two species form a hydrogen-bonded complex
which has a broad vibrational feature that is not observed in either of the monomer spectra.

Naphthol-methylimidazole is certainly not the only example of hydrogen-bonded dimers
that have broad vibrational features. Another example is the 7-azaindole homodimer which
exhibits a vibrational feature that has a full width half maximum of approximately 500 cm™
which corresponds to the NH stretches. This feature can be seen in the top panel of Figure 1.2.

This feature is similar to the vibrational feature of the naphthol-methylimidazole dimer in that it



appears to be one hump (broad peak) with some substructure. Other hydrogen-bonded dimers
have vibrational features that clearly contain multiple humps. Many dimers between carboxylic
acids and nitrogen containing aromatic bases have a two-hump vibrational feature spanning from
1800 to 2700 cm™*.>81-12 An example of this feature can be seen in the spectrum of 7-azaindole-
acetic acid which is plotted in the second panel of Figure 1.2. Yet another class of dimers exhibit
what has been frequently referred to as the Hadzi ABC structure which is a three-hump feature
found in the homodimers of various phosphoric, phosphinic and selenic acids.®”13-1° This
feature is typically quite broad and can span from 1000 to 3500 cm™. As an example the

spectrum of the dimethylphosphinic acid homodimer is shown in the third panel of Figure 1.2.
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c \ N--H—0 |
& 0.3 . OH
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<
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Figure 1.2: FTIR spectra of hydrogen-bonded dimers with broad vibrational features. Features
assigned to the OH are colored pink while features assigned to the NH are colored blue.

It is well known that these features are associated with the hydrogen bonded OH and NH
groups. However, the sources of their broadness and unusual lineshapes are much less clear. To
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understand these sources better, computational methods are often used to calculate the

vibrational features and thereby obtain a better understanding of their origin.

A number of computational methods have surfaced over the past several years to
calculate the vibrational features of hydrogen-bonded systems. Each of these methods has
strengths and limitations. However generally, these methods have shown that the broadness and
unusual shape of these features originate from a couple of sources. One source is the distribution
of geometries present in the system of interest. As the vibrational frequencies of oscillations
involved in hydrogen bonds are very sensitive to the exact geometry of the system, the
distribution of geometries often leads to very broad features. This distribution of geometries can
be accounted for by including zero-point energy or lower frequency modes in the calculation or
by performing molecular dynamics (MD) simulations. Fermi resonance interactions are
frequently responsible for the unusual lineshapes of many of these features. These interactions
arise from quantum mechanical coupling, typically between the bend and stretch modes.
Typically this results in the normally forbidden overtone of the bend acquiring oscillator strength
from the fundamental of the stretch which effectively creates a new transition. Many methods for
calculating these unusual features have been developed which include the range of geometries

inhabited and/or Fermi resonance interactions.

Most of these computational methods rely on electronic structure calculations to compute
the potential energy surface. Since hydrogen bonds give rise to very anharmonic potentials, the
anharmonicity of the potential must be included in the calculation to obtain meaningful
frequencies. Perhaps the most common (but not necessarily the most accurate) method for
calculating anharmonic frequencies is Vibrational second-order Perturbation Theory (VPT2)

which has been incorporated into many commercially available electronic structure packages



such as Gaussian.'” This method relies on a finite difference procedure®® to compute anharmonic
force constants (derivatives of the potential above second order). This is accomplished by
computing harmonic force constants at different geometries along a normal mode and using
those constants to estimate higher order derivatives of the potential. This method computes third
and fourth order derivatives from three second order derivatives along a normal mode.
Consequently, the description of the potential along one dimension relies on three second order
derivatives. Thus although using VPT2 is a vast improvement over a harmonic calculation, three
second order derivatives does not necessarily provide the most accurate description of the

potential which will ultimately determine the vibrational frequencies.

A computationally more intensive but perhaps more robust method for computing the
anharmocity is to calculate the potential energy surface directly by calculating the energy at
various points along the vibrational mode of interest. For one-dimension this is computationally
quite trivial; however as the number of dimensions increases this task becomes more difficult.
For this reason a number of computational studies of the unusual vibrational features of
hydrogen-bonded dimers have relied on a combination of both potential energy surface scans and
finite difference procedures to compute anharmonic force constants. For example, Dreyer
computed the OH and NH features associated with the acetic acid and 7-azaindole
homodimers.'*?° He used polynomial fits to one-dimensional surface scans to obtain anharmonic
force constants along one degree of freedom and a finite difference procedure to obtain
anharmonic force constants that have multiple degrees of freedom. This combined approach
allowed him to include many (10-14) degrees of freedom. Using the computed anharmonic force
constants, he performed a high-dimensional variational calculation to obtain the eigenstates.

These eigenstates were then used to construct a stick spectrum which was in semi-quantitative



agreement with the experimental spectra. He concluded that these features were arising from
coupling between the OH or NH stretch mode, fingerprint modes that include OH and NH

bending, and lower frequency modes that modulate the hydrogen bond length.

Alternatively one can scan the whole potential energy surface of interest. This method
should give a more accurate description of the coupling between vibrational modes, but does
limit the size of the system one can study and/or the number of vibrational modes that can be
included. For example, Rheinecker and Bowman computed the vibrational spectrum of H,O-Cl
in full dimensionality using a full-dimensional description of the potential derived from potential
energy surface scans with up to four dimensions.?* Alternatively, one can examine larger systems
by including fewer dimensions. For example Elsaesser and co-worker examined the coupling
between neighboring hydrogen-bonded stretches by computing two-dimensional potential energy
surfaces along the OH and/or NH stretches.?? Thus although this method should provide a much
more accurate description of the potential, it becomes very difficult to implement for larger

systems or systems in which many dimensions are necessary.

For some systems calculating a potential energy surface that includes all of the
dimensions is impractical. However, in many systems only a few dimensions are responsible for
the transition that contributes to the vibrational structure. Oftentimes, these transitions are
broadened by lower frequency modes. In these types of systems it is generally better to

adiabatically separate lower frequency modes from higher frequency modes.

For calculating the features of low-temperature gas phase measurement where the
distribution of molecular geometries is essentially dictated by the zero-point energy, one requires
a method that can accurately calculate the ground state wavefunctions of high-dimensional

systems. McCoy and co-workers have developed a method that is well designed for calculating

6



these types of spectra.?®?* Their method uses Diffusion Monte Carlo? to obtain an accurate
description of the full-dimensional ground state wavefunction. They then obtain geometries
using Monte Carlo sampling based on the ground state probability distribution. The frequency of
interest for each geometry is then computed using electronic structure calculations. This is a very
powerful method for obtaining vibrational spectra of hydrogen-bonded systems at temperatures
near absolute zero. However, this method breaks down at temperatures where excited states are
populated because Diffusion Monte Carlo can only obtain ground state wavefunctions. Since
hydrogen-bonded systems typically have vibration modes that are near 100 cm, excited states
can be significantly populated at temperatures as low as 40 or 50 Kelvin, limiting the utility of

this approach to very low temperatures.

At higher temperatures, there has been success incorporating thermally populated
geometries using classical molecular dynamics simulations.2¢-2¢ These methods are often
combined with electronic structure calculations. Oftentimes these dual electronic structure and
molecular dynamics methods are applied to large condensed phase systems where a few
vibrational modes of interest do not couple significantly with the other modes in the system.
With these methods, snapshots are taken from classical molecular dynamics simulations. The
vibrational frequencies of interest are then computed using electronic structure methods by
performing a potential energy surface scan along the mode or modes of interest. Oftentimes the
frequencies and transition dipole moments computed can be correlated with parameters that can
be taken from the MD simulation alone such as electric field*??" or bond angles.?® These so-
called “spectral maps” allow for the transition properties of additional geometries, sampled by
the MD simulation, to be computed without additional electronic structure calculations. This

vastly increases the number of geometries that can be used in a calculation of the vibrational



spectra. With these spectra maps, the cost of calculating vibrational frequencies and transition
dipole moments is small enough that the spectra can be calculated using the Fourier transform of
the dipole autocorrelation function instead of just summing the transitions of the sampled

geometries.

Lastly, empirical models have also been developed to better understand these unusual
features. For example, Hanna and co-workers developed an empirical model for calculating the
Hadzi ABC structure.’® Their model demonstrated that this feature could be reproduced by
accounting for Fermi resonances of the OH stretch with the in-plane bend (IPB) and out-of-plane
bend (OPB) as well as letting the OH stretch frequency be linearly dependent upon a lower

frequency mode that modulates the hydrogen bond length.

Although a number of computational methods have been developed for calculating the
vibrational features of hydrogen-bonded systems, the origin of the vibrational features of many
hydrogen-bonded dimers are not well understood. In particular we sought to develop
computational methods that could explain the multi-hump vibrational features found in a variety

of hydrogen-bonded dimers. The results of this work are presented in this thesis.

The rest of this thesis is outlined as follows. Chapter 2 explains the first method that was
developed for computing these feature referred to as the dimer stretch method. This method
works by selecting a low-frequency mode that modulates the hydrogen bond length and
computing how the higher frequency transition properties depend on this mode’s coordinate. In
Chapter 3 this method is applied to explaining the double-hump vibrational feature of the Py-Ac
dimer. The later sections of this chapter investigate how the computed vibrational feature
depends on various parameters of the calculation. Chapter 4 applies the dimer stretch method to

explaining the Hadzi ABC structure. This structure is among the broadest observed in the spectra

8



of hydrogen-bonded dimers. Chapter 5 utilizes the dimer stretch method to calculate the acid and
base strength dependence of the vibrational features of dimers between pyridines and carboxylic
acids. The acid and base strength dependence of these feature gives insight into how these
features depend on the hydrogen bond strength. In Chapter 6, the temperature dependence of
these features is examined using both theory and experiment. The experimental results are
compared to those calculated using the dimer stretch method which predicts changes in the
features due to different population distributions of the eigenstates of the dimer stretch mode. In
Chapter 7 another method for calculating these features is introduced using an MD simulation to
sample different geometries in place of the dimer stretch mode. The final chapter of this thesis

summarizes the results and provides some general conclusions.



2. THE DIMER STRETCH METHOD

2.1 Motivation and Overview

In Dreyer’s studies of the vibrational features of the 7-azaindole and acetic acid
homodimers, it was shown that the vibrational modes responsible for these features could be
divided into three categories. These categories were the OH or NH stretch modes, fingerprint
modes that contain some OH or NH bending character and lower frequency modes that modulate
the hydrogen bond length (dimer stretch modes). This study treated all of these vibrational
modes equivalently. Hanna and co-workers conducted a study of the Hadzi ABC structure and
concluded that the same types of modes contributed to that structure. In their study they
adiabatically separated a dimer stretch mode from the bending and stretching modes in order to
reproduce the feature. The method presented in this chapter combines features of both of these
methods in order to reproduce the multi-hump features found in the spectra of many hydrogen-
bonded dimers. Like Dreyer’s work, ab initio methods are used to compute the potential energy
surface along the relevant vibrational modes. However, unlike Dreyer’s studies, in this work the
dimer stretch modes are adiabatically separated from the higher frequency bending and

stretching modes, similar to Hanna’s approach.

The general approach of the dimer stretch method is outlined in Figure 2.1. In this
method the potential energy and dipole surface of the higher frequency modes are calculated
using density functional theory. Transition frequencies and dipole moments are then computed
from these surfaces. The calculation is repeated at various points along a dimer stretch mode to
effectively map out how these properties depend on the dimer stretch mode. This map is then

used to compute the vibrational spectrum.
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Figure 2.1: Outline of the Dimer Stretch Method.

2.2 Computational Method

All electronic structure calculations were performed at the B3LYP?°/6-311++G(d,p) level
of theory using the Gaussian 09 software package!’ unless stated otherwise. The B3LYP
functional was chosen because Jens Dreyer utilized it to successfully calculate the vibrational
features of the 7-azaindole and acetic acid homodimers.'®>?° The functional dependence will be
examined more closely in a section 3.4. The effect of the non-polar solvent was incorporated at

the dielectric continuum level using the Onsager model.

All structures were optimized and normal modes and harmonic frequencies were
calculated using normal mode analysis in Gaussian 09. Normal mode analysis gives a matrix of
eigenvectors Cy; which relate the mass-weighted Cartesian displacement atomic coordinates (q;)

to the normal mode displacement coordinates (Q,,) as shown in equations 2.1 and 2.2.%° In these
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equations, m is the mass of the atom, Ar is an individual atom’s displacement along a Cartesian

coordinate and N is the number of atoms in the dimer.

q; = ym; Ari (21)
3N

Qr = z Criqi (2.2)
i=1

Next, a potential energy surface was computed using OH stretch and bending normal
modes as coordinates. These surfaces have 15 or 16 points along each dimension. In order to
obtain transition frequencies from the potential energy surface, a variational calculation was
performed using a discrete variable representation3 of the Hamiltonian. The expression for a
one-dimensional Hamiltonian is given by equations 2.3-2.5. It is then extended to two and three
dimensions by equations 2.6 and 2.7. A derivation of the Hamiltonian is given in Appendix A.
In equation 2.3, AQ is the normal mode displacement coordinate spacing between the calculated
points of the potential energy surface, # is Planck’s constant and T is the kinetic energy operator.
In equations 2.4 and 2.5, V(Q,,) are the calculated potential energies, V is the potential energy

operator and H is the Hamiltonian operator.

5 T
A -——, m=n
T — (_q1\ym—-n 3
Tonn = (=1) 2AQ%) 2 (2.3)
) m+n
m-—n
?mn = 6mnV(Qn) (2.4)
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H=T+7V (2.5)

Hyjy = 64T+ 8Ty + 646;V(Q;Q)) (2.6)

Hijklmn = silsjmTkn + 6i16knij + SknajmTil (2.7)

+ 6110jmbinV (Q:, Qj, Qi)

Transition frequencies were calculated from the energy differences between the computed
eigenstates. The transition probabilities were also computed using a discrete variable
representation as shown for one dimension in equations 2.8-2.10. Dipole operators (ig 1y, ) Were
constructed from the dipole surfaces (u,(Q,,)) for each Cartesian coordinate. The transition
dipole moments (i) between initial state i and final state f were calculated from the dipole
operators. The transition probabilities (P ) were taken as being proportional to the magnitude of

the transition dipole moment squared.

Homn = Omnls(Qn) whereo=x,yorz (2.8)
iy = (|l de). (brliy | 90). (s lmec| b)) 29)
Py ig| (2.10)

To incorporate the effect of the dimer stretch mode, the potential energy surface
calculation was repeated at several points along the dimer stretch coordinate. The points along

the dimer stretch coordinate were selected to cover any region significantly inhabited at room
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temperature. The transition frequencies and transition dipole moments squared at different dimer
stretch coordinate values were connected by a cubic spline fit in order to obtain these values as a
smooth function of the dimer stretch coordinate. This treatment results in an effective adiabatic

separation of the OH stretch and bend modes from the order of magnitude lower frequency dimer

stretch mode.

Since most of the dimer stretch modes examined in this work had fundamental frequencies
between 80 and 170 cm™, several excited states of these modes are populated at room
temperature. Therefore the distribution along the dimer stretch coordinate was calculated using a
Boltzmann-weighted sum of the squares of the wavefunctions of the dimer stretch states. This
sum included the ground state and up to the first five excited states which corresponds to the vast

majority of the dimers at room temperature.

In order to calculate the vibrational spectrum, 101 different geometries along the dimer
stretch coordinate were sampled. These geometries were equally spaced and ranged from the
minimum to the maximum computed values of the dimer stretch coordinate. Each geometry was
modeled as contributing a Gaussian or Lorentzian profile to the infrared spectrum (see section
3.7 for a more detailed discussion how these profiles impact the lineshape). The height of each
Gaussian or Lorentzian was determined by the product of the probability of that geometry and
the transition probability. The full-width-half-maximum (FWHM) of each Gaussian or
Lorentzian was adjusted depending on the amount of homogenous broadening desired in the
calculation. A more detailed discussion of how the FWHM impacts the computed lineshape is
also presented in section 3.7. By summing all of the Gaussians or Lorentzians together, the

spectral feature of a transition was calculated.
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3. The Pyridine-Acetic Acid Dimer

3.1 The Out-of-Plane Bend

One of the simplest dimers between carboxylic acids and nitrogen-containing aromatic
bases is the pyridine acetic acid (Py-Ac) dimer. Like many dimers in this class it exhibits a
double-hump feature in its vibrational spectra that spans from 1800 to 2700 cm™. Since it is one
of the simplest dimers that exhibits this unusual feature, it is an ideal system for starting an
investigation into the origin of this feature. By performing the dimer stretch method calculation
outlined in the previous chapter with a variety of fingerprint modes, it was found that the most
important modes for explaining this feature are the OH stretch, the OH out-of-plane bend (OPB)
and the dimer stretch modes. Therefore, the vibrational feature calculated with these modes will
be presented first and how the feature changes when other fingerprint modes are used will be

presented in section 3.2.

The dependence of the transition frequencies and dipole moments on the dimer stretch
mode are shown in Figure 3.1. Negative dimer stretch coordinate values correspond to shorter O
— N distances while positive values correspond to larger O — N distances. The calculation that
only includes the OH stretch in the Hamiltonian is plotted with the dashed black lines. The top
panel of Figure 3.1 shows the frequencies of each transition. When the components of the dimer
are further apart, the OH stretch frequency approaches 2900 cm. However, when they are closer
together the frequency drops to about 2100 cm™. This is a remarkably broad range of frequencies
spanning almost 800 cm™. The middle panel in Figure 3.1 displays the transition probabilities
(the norm squared of the transition dipole moments). The transition probability also changes
drastically as one moves along the dimer stretch coordinate, indicating that a large non-Condon

effect is present. When the components of the dimer are further apart, the transition probability is
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about 0.6 Debye?. However, it more than triples to 2.0 Debye? as the components of the dimer
come together. The bottom panel show the distribution along the OH stretch coordinate for 298
K which is derived from a Boltzmann-weighted sum of the four lowest energy harmonic dimer

stretch state probabilities.
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Figure 3.1: Transition frequencies and probabilities versus dimer stretch coordinate for the Py-Ac
dimer. The dashed black line corresponds to a calculation that only includes the OH stretch. The
solid colored lines correspond to a calculation that includes the OH stretch and OPB. The top panel
shows the frequencies of each transition. The middle panel shows the transition probabilities. The
bottom panel shows the distribution of geometries along the dimer stretch coordinate.

The transitions resulting from a calculation where the OPB is also included in the
Hamiltonian are displayed with the solid red and blue lines in Figure 3.1. The red lines
correspond to the OPB overtone while the blue lines correspond to the OH stretch fundamental.
When the bending mode is included, the OH stretch also spans a very large frequency range from

about 2300 to 2900 cm™. The OPB overtone also changes with the dimer stretch coordinate. This
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transition’s frequency changes significantly less though, spanning from a little less than 1900
cm™ to a little more than 2000 cm™. However, the transition probability changes much more
drastically with the dimer stretch coordinate. When the components of the dimer are closer
together, the frequencies of the OPB overtone and OH stretch fundamental are similar. This
results in a Fermi resonance interaction that can be seen more clearly by examining the transition
probabilities. When the components of the dimer are further apart, the OPB overtone has almost
no transition probability and the OH stretch has similar properties to when it is calculated
without the bending mode. This implies that there is almost no Fermi resonance interaction.
However in geometries where the components of the dimer are closer together, the transition
probability of the OPB overtone rises and eventually overtakes that of the OH stretch. This is due

to the strong Fermi resonance interaction in this region.

All of the information displayed in Figure 3.1 can be used to calculate the vibrational
features associated with these two transitions. The computed spectral features are displayed in
Figure 3.2. The results shown in Figure 3.2 use Lorentzians that have a FWHM of 100 cm™ to
account for homogenous broadening. The dependence of the computed results on these
parameters will be shown in a later section. In Figure 3.2, the dashed blue line shows the results
of a calculation performed without accounting for the OPB overtone. Even this calculation
predicts a remarkably broad vibrational feature extending from approximately 2100 to 2800 cm”
1. However, this feature does not have the same double-hump line shape that is found in the
experimental spectrum. This line shape is reproduced by including the OPB in the calculation.
Including the OPB bend results in two overlapping features which correspond to the OPB
overtone and the OH stretch. The OH stretch (which is plotted with the solid blue line) spans

from roughly 2300 to 2800 cm™ and reproduces the experimental higher frequency hump quite

17



well. The OPB overtone feature is less broad, spanning from roughly 1950 to 2100 cm™, which
corresponds to the frequency range of the low-frequency hump of the experimental spectrum.
The lower frequency hump is calculated to be narrower than is observed experimentally which
indicates that this model is not capturing some aspect of the broadening mechanism of this
feature. Nonetheless, the broadening of the higher frequency hump is captured well by this

model and the overall two-hump shape and frequency range are also well reproduced
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Figure 3.2: Computed spectral features of OH stretch fundamental and OPB overtone of the Py-
Ac dimer. The sharp features in the 3000 to 3100 cm™ region of the FTIR spectra are C-H stretches
coming from the excess of pyridine used to bias the equilibrium to the heterodimer. The identity
of each line is given by the legend.
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3.2 Dependence on the Fingerprint Mode

In the previous section it was shown how including the OPB in the calculation resulted in
a double-hump lineshape. However there are many fingerprint modes that, in principle, could
give rise to Fermi resonance interactions. For example, Jen Dreyer’s studies of the 7-azaindole
and acetic acid heterodimers showed that many fingerprint modes were responsible for the
unusual substructure found in the vibrational features of these dimers. To examine what role
other fingerprint modes have in the two-hump vibrational features, the calculation described in
the previous section was repeated with other fingerprint modes. The fingerprint modes examined
include (a) the OPB which was discussed in the previous section and has a fundamental
harmonic frequency of 1061 cm™, (b) a mode that includes OPB motion and motion of the
carbonyl and methyl groups of the acetic acid at 1067 cm™, (c) a mode that includes in-plane
bend (IPB) motion and motion of the carbonyl and methyl group at 1298 cm™ and (d) the IPB at
1504 cm™. Although the Py-Ac acid dimer has many more fingerprint modes, these four provide
examples of how different modes contribute to the structure. The results of these calculations are

displayed in Figure 3.3.
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Figure 3.3: Computed spectral features of OH stretch fundamental and various overtones of the
Py-Ac dimer. Each row corresponds to a different fingerprint mode included in the calculation as
described in the text. The solid blue and red lines correspond to the calculated spectral features of
the OH stretch and fingerprint mode overtone respectively. The dashed blue line corresponds to
the calculated OH stretch feature when the fingerprint mode is not included in the calculation. The
FTIR spectrum is plotted in black for comparison.

From examining Figure 3.3, it can be seen that by far the strongest Fermi resonance
interaction is with the OPB. The other fingerprint modes examined in this study contribute much
smaller features to the vibrational spectrum. In the case of modes b and c, this is likely due to the
motion of other atoms (in the carbonyl and methyl groups) decreasing the level of coupling
between the fingerprint mode and the OH stretch. These types of modes are likely responsible
for the substructure of the double-hump. In the case of the IPB, the origin of the small resonance
seems to be a little more complex. The frequency of the IPB overtone is about 3000 cm™. Thus
the coupling between the OH stretch and this mode will be strongest when the components of the

dimer are farther apart. The oscillator strength of the OH stretch is relatively small in these
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geometries which limits the amount of oscillator strength that can be obtained by the IPB
overtone. Additionally, the IPB calculated with normal mode analysis includes more motion of

other atoms in the system than the OPB.

Overall, these results indicate that the OPB has the strongest Fermi resonance with the
OH stretch which gives rise to the double-hump lineshape. Other fingerprint modes have Fermi
resonances with the OH stretch but they result in much smaller vibrational features. These
resonances are likely responsible for the substructure of the double-hump but do not contribute to

the general shape.
3.3 Dependence on the Dimer Stretch Mode

In general, there can be multiple low-frequency modes that modulate the hydrogen bond
length. In the case of the Py-Ac dimer, there are two low-frequency modes that modulate the
hydrogen bond length significantly. Both modes have some twisting motion. One of the modes
has a frequency of 119 cm™and involves the pyridine twisting. The other occurs at 165 cm™ and
involves the acetic acid twisting. The calculations shown in the previous sections have been with
the 165 cm™ mode, however, to examine how the calculation is impacted by changing the low-
frequency mode, the calculation was repeated with the 119 cm™ mode. The results of these
calculations are shown in Figure 3.4. These results show that the choice of dimer stretch mode
used in the calculation has a remarkably small impact on the computed lineshape. This indicates
that as long as the mode selected spans a range of O -- N distances, the computed lineshapes will
be very similar. The main difference in the computed spectra is the magnitude of the absorbance.
Although the computed spectra are scaled by an arbitrary amount to match the experimental data,

the same scaling factor can be used for multiple calculations. If the same scaling factor is used

21



and the dimer stretch coordinate space that is scanned corresponds to the same portion of the
potential, the relative intensities of calculated spectra are meaningful. Scanning the same portion
of the dimer stretch potential is accomplished by ensuring that the 101 sampled points along the
dimer stretch coordinate correspond specifically to the bottom 700 cm™ of the harmonic
potential. Thus changing the low-frequency mode seems to have little effect on the computed

lineshape, but does have some impact on the magnitude of the feature.
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Figure 3.4. Computed spectral features of OH stretch fundamental and OPB overtone of the Py-
Ac dimer for different dimer stretch modes. The top panel uses the 119 cm™ dimer stretch mode
while the bottom panel uses the 165 cm™ dimer stretch mode.

3.4Dependence on the Functional

In recent years, Density functional theory has become one of the most popular electronic

structure methods. Many studies of the vibrational features of hydrogen-bonded systems have
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relied on density functional theory to describe their potential surface. In very small system
(typically 10 atoms or less), higher levels of electronic structure have been utilized such as
CCSD(T). However, for systems roughly the size of Py-Ac, density functional theory is
frequently utilized because it provides an excellent compromise between computational cost and
accuracy for systems of this size. However, one of the largest concerns with using density
functional theory is the range of results one can obtain by simply changing the functional.
Sherrill and co-workers have documented how different functionals predict different hydrogen
bonding strengths.3? In order to obtain a better understanding of how the computed vibrational
features depend on the functional used to calculate the potential, the calculation was repeated for

several functionals. The results of these calculations are displayed in Figure 3.5.
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Figure 3.5: Computed spectral features of OH stretch fundamental and OPB overtone of Py-Ac
dimer using different electronic structure methods. The functional used in each calculation is
displayed on the right. The dashed blue line corresponds to the uncoupled OH stretch calculation.
The solid blue and red lines correspond to the features calculated with the bend.
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From examining Figure 3.5, the computed spectral feature can clearly depend on the
functional used in the calculation. However, all of the computed spectral features have a couple
of properties in common. These are all quite broad spanning from about 800 to 1000 cm™* and
contain a double-hump lineshape. However, the exact frequencies that the feature spans depend
significantly on the functional. The three functionals towards the top of the plot (M06-2X,
whb97xD and B3LYP) all have similar frequency ranges. PBE predicts the feature to be at much
lower frequencies. Similar trends are observed for features of other dimer systems that have been
investigated. For example, 7-azaindole-acetic acid is also calculated to have features of different
center frequencies. M06-2X was found to calculate the highest center frequency followed by
B3LYP and PBE. In the case of the dimethylphosphinic acid homodimer (which will be
discussed in more detail in Chapter 4), M06-2X predicts the highest center frequency followed
by wB97XD, B3LYP and PBE. Thus by examining a handful of different systems a pattern
emerges. Each functional calculates a different hydrogen bond strength. Across a handful of
systems, M06-2X tends to have the highest center frequencies, followed by wB97XD, B3LYP
and PBE. Similar trends in how the features change can be observed by examining the
dependence on the acid and base strength of the components of the dimer which will be
examined in Chapter 5. The magnitude of the changes depends on both the system and
functionals being compared. For example Py-Ac, has similar calculated features for M06-2X and
B3LYP, but PBE produces very different features. In the case of 7-azaindole-acetic acid, these

three functional all produce distinct results.

Van der Waals forces are not included in standard density functional theory calculations.

Consequently, empirical corrections have been introduced to account for these forces. One of the
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most popular is Grimme’s D3 correction. To examine how these corrections may influence the
computed features, the features were calculated using the B3LYP functional with D3 correction
(which is plotted in the fourth panel of Figure 3.5). This corrective term resulted in lower OH
stretch frequencies which in turn lead to a larger Fermi resonance with the OPB. Thus it appears
that adding these corrections has a similar effect to strengthening the hydrogen bonding
interaction. Since Van der Waals forces are attractive, it seems intuitive that turning them on

would appear similar to strengthening a hydrogen bond.

MO06-2X, wB97XD, and B3LYP all calculate similar OPB overtone features. They are all
centered at roughly 2050 cm™ and are of approximately the same width. However, the PBE OPB
overtone feature is much broader, lower in frequency and overlaps much more with the OH
stretch only calculated feature. Upon further investigation of this feature, it becomes clear that
unlike all of the other calculations shown thus far, the OPB overtone frequency is not always
lower than the OH stretch frequency. At points along the dimer stretch coordinate, the OH
stretch fundamental is higher in frequency than the OPB overtone and at other points it is lower
in frequency than the OPB overtone. One might think that this means at some dimer stretch
coordinate value, the two transition frequencies must be have identical frequencies. However,
due to the strong coupling between the OPB and OH stretch the transition frequencies of the
eigenstates actually exhibit a very substantial avoided crossing when plotted against the dimer

stretch coordinate. This behavior will be examined in depth in the next section.
3.5The Avoided Crossing

In the previous section, it was mentioned how some functionals calculate the hydrogen

bonding interaction to be stronger than others. In the case of the PBE functional, the OH stretch
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frequencies are calculated to be low enough for the Py-Ac dimer that they fall below those of the
OPB overtone at some points along the dimer stretch coordinate. At other points they are higher
in frequency than the OPB overtone. Because of this, one might expect that the frequencies of
the two transitions will cross at some point when they are plotted against the dimer stretch
coordinate. However, such a crossing is never actually observed. Instead an avoided crossing is
observed due to the strong coupling between the OPB and OH stretch. These avoided crossings

result in the transition frequencies always being separated by at least 250 cm™.
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Figure 3.6: Transition frequencies and probabilities versus dimer stretch coordinate of Py-Ac
dimer calculated with the PBE functional. The dashed black line corresponds to a calculation that
only includes the OH stretch in the Hamiltonian. The solid lines correspond to transitions
calculated using both the OH stretch and out-of-plane bend, the identity of which is given by the
legend. The top panel shows the frequencies of each transition. The middle panel shows the
transition probabilities. The bottom panel shows the distribution of geometries along the dimer
stretch coordinate.
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The avoided crossing observed when using the PBE functional to calculate the spectrum
of the Py-Ac dimer is plotted in Figure 3.6. These avoided crossings result in the identity of each
transition becoming more complex. In the region where the avoided crossing occurs, the
wavefunction is strongly mixed between the OH stretch fundamental and OPB overtone. Due to
this strong mixing, one cannot assign each transition as simply being the OPB overtone or OH
stretch fundamental. When the components of the dimer are far apart (large positive dimer
stretch coordinate values), the OH stretch (plotted in red) is higher in frequency than the OPB
overtone (plotted in blue). When the components of the dimer are close together the OH stretch
is lower in frequency than the OPB overtone. When the dimer is near its equilibrium geometry,
the first excited state of the OH stretch and the second excited state of the OPB bend are heavily
mixed. The transitions in this region are plotted in gray. Thus in systems where the avoided
crossing region is inhabited, each of the transitions correspond to a combination of the OH

stretch fundamental and the OPB bend overtone.

These avoided crossings are not as substantial for weaker Fermi resonances. To
demonstrate this, the 1298 cm™ fingerprint mode presented in section 3.2 will be examined. Like
the OPB calculation with the PBE functional, at larger distances between the components of the
dimer, the OH stretch is higher in frequency than the overtone of this mode and at smaller
distances the overtone is higher in frequency. These transitions come within 26 cm™ of each
other (compared with >250 cm™ for the OPB). Although these states do not actually cross,
whether the states are modeled as crossing is of very little significance for the computed
vibrational features because the avoiding crossing region corresponds to a very small range of
geometries. The next few pages will demonstrate this for weak Fermi resonances and show how

the approximation of having the states cross begins to break down for larger Fermi resonances.
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Figure 3.7: Transition frequencies and probabilities versus dimer stretch coordinate for Py-Ac
using the 1298 cm™ mode without the avoided crossing. The dashed black line corresponds to a
calculation that only includes the OH stretch. The solid lines correspond to transitions calculated
with the OH Stretch and 1298 cm™ mode, the identity of which is given by the legend. The top
panel shows the frequencies of each transition. The middle panel shows the transition probabilities.
The bottom panel shows the distribution of geometries along the dimer stretch coordinate.

Figure 3.7 shows how the transition properties depend on the dimer stretch coordinate in
the case of a weak Fermi resonance (the 1298 cm™ mode) without accounting for the avoided
crossing. In this calculation, the identity of the final state of each of the transitions is determined
by its wavefunction. Although generally speaking these wavefunctions are mixtures of the OH
stretch fundamental and the overtone of the bending mode, oftentimes the identity of the
wavefunction resembles one state much more closely than the other (especially in cases where
the coupling is relatively weak). This makes assigning a meaningful final state possible in most
cases. This method of representing the transitions results in the frequencies crossing as can be

seen in the top panel of Figure 3.7
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Figure 3.8: Transition frequencies and probabilities versus dimer stretch coordinate Py-Ac using
the 1298 cm™ mode with the avoided crossing. The dashed black line corresponds to a calculation
that only includes the OH stretch. The solid lines correspond to transitions produced by a
calculation that includes the OH stretch and 1298 cm™ mode. The top panel shows the frequencies
of each transition. The middle panel shows the transition probabilities. The bottom panel shows
the distribution of geometries along the dimer stretch coordinate.

Figure 3.8 shows how the transition properties depend on the dimer stretch coordinate in
the case of a weak Fermi resonance (the 1298 cm™ mode) with the avoided crossing included.
Accounting for the avoided crossing results in the wavefunction of the final state of each
transition changing substantially with the dimer stretch coordinate. Consequently, the final states
of the transitions are labeled |2> and |3> since they correspond to the second and third excited
states of the Hamiltonian (|1> would be the first excited state of the 1298 cm™ mode). Using this
representation, the |0> to |2> transition has almost all of the oscillator strength at dimer stretch
coordinate values of less than 0 amu*2A while the |0> to [3> transition has almost all of the

oscillator strength when the dimer stretch coordinate is above 0.5 amu?A. For dimer stretch
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coordinate values between 0 and 0.5 amu?A, both transitions have some oscillator strength,

facilitating a smooth transition between the two regions.

Despite Figures 3.7 and 3.8 giving very different descriptions of the two transitions, the
overall calculated spectral features are nearly identical for these weak Fermi resonances. The
features calculated using both representations are displayed in Figure 3.9. In the calculation
without the avoided crossing most of the feature originates from the OH stretch fundamental and
the 1298 cm™ overtone produces a small absorbance at 2600 cm™ as was seen in Figure 3.3. The
sum of these features has a broad single—hump lineshape. If the avoided crossing is included, the
lower frequencies originate from the |0> to |2> transition and the higher frequencies from the |0>
to |3> transition. However, the sum of these features is also a broad single-hump lineshape which

is nearly identical to the sum of the features calculated without the avoided crossing.
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Figure 3.9: Calculated spectra of Py-Ac using 1298 cm™ mode with and without the avoided
crossing. Although the inclusion of the avoided crossing significantly impacts the calculated
spectral features for each transition, the sums of the spectral features are nearly identical.
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Although inclusion of the avoided crossing does not significantly impact the overall
calculated vibrational feature for weaker Fermi resonances, performing a calculation without
including the avoided crossing for stronger Fermi resonances (such as the OPB) gives rise to a
couple of issues. For one, using the final state’s wavefunction to determine which transition it
corresponds to can be difficult and somewhat arbitrary in regions near the avoided crossing
because the states are so heavily mixed. Another problem is that because the states avoid
crossing by such a large frequency gap, modeling them as crossing impacts the calculated
vibrational features. As an example, the calculated spectra with and without an avoided crossing
of Py-Ac using the OPB and PBE functional are displayed in Figure 3.10. In this example, not
including the avoided crossing results in higher absorbance between the two peaks of the overall

feature and a slightly less sharp lineshape around the higher frequency peak.
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Figure 3.10: Calculated spectra of Py-Ac using OPB and PBE functional with and without the
avoided crossing. The sums of the calculated features both have double-hump lineshapes spanning
essentially the same frequency range. The exact lineshape of the sums of the features is different
in the region between the two peaks and near the higher frequency peak.
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Clearly from a standpoint of computing these vibrational features, including the avoided
crossing is more important for stronger Fermi resonances than for weaker ones. The overall
features calculated for weak Fermi resonances have almost no dependence on the inclusion of the
avoided crossing. The features calculated for strong Fermi resonances change more noticeably;
however, even these changes are small and largely quantitative. Thus, even though all of the
Fermi resonances exhibit an avoided crossing, how much the overall spectral features change by

approximating the states as crossing depends on the strength of the Fermi resonance.

These avoided crossings also indicate that conical intersections are present at some points
in the high-dimensional space spanned by all of the low-frequency modes. The presence of these
vibrational conical intersections requires that all frequencies between the two humps be present
for any system with at least two low-frequency modes® (even without accounting for
homogenous broadening which will be examined more closely in section 3.7). However, whether
the geometries corresponding to the conical intersections are significantly inhabited at room

temperature is likely dependent on the system.

3.6 The Solvent Dependence

None of the ab initio calculations presented in this thesis explicitly account for the effects
of the solvent. This is done partially because the work presented here focuses on dimers
dissolved in non-polar solvents (CCls when possible) which are unlikely to be heavily influenced
by the effects of the solvents and partially because explicitly including solvent molecules in ab
initio calculations is computationally very expensive. Instead this work relies on implicitly

modeling the solvent using the Onsager method at the dielectric continuum level. This restricts
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the dimer to a confined cavity and exposes it to an electric field, the strength of which is dictated

by the dielectric constant of the solvent.
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Figure 3.11: Solvent dependence of calculated double-hump feature. The solid blue line
corresponds to the higher frequency transition. The solid red line corresponds to the lower
frequency transition. The dashed blue line corresponds to a calculation that does not include the
OPB. When available, the experimental spectra are plotted in black. The top panel is the gas phase,
followed by carbon tetrachloride, chloroform and acetonitrile solvents.

To better understand the role of the solvent in computing these vibrational features, the
solvent dependence of the computed features was investigated. The results are displayed in
Figure 3.11. They are, in order of dielectric constant, with the gas phase at the top and
increasingly polar solvents as one moves to the bottom of the figure. It can be seen that larger
dielectric constants lead to lower center frequencies. In the gas phase the OH stretch frequencies

are relative high (plotted in blue) and the OPB overtone (plotted in red) is relatively small. As the
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dielectric constant increases, the OH stretch frequencies lower and the magnitude of the OPB
overtones grow. In the case of acetonitrile the avoided crossing region is substantially inhabited
leading to a continuous two-hump feature spanning from 1500 to 2700 cm™. Although using a
dielectric continuum model for acetonitrile is questionable since specific interactions between

these types of dimer and the lone pair on acetonitrile’s nitrogen have been documented.

Overall, the spectral changes observed from changing the solvent are very similar to the
changes observed when functional is changed as was presented in section 3.4. They also have a
lot in common with the changes seen when the acid and/or base strength of the components of

the dimer are changed which will be presented in Chapter 5.
3.7Modeling other sources of Broadening

Although low-frequency modes are the main source of broadening in these vibrational
features, homogenous broadening from the limited lifetime of the vibrational states is also
important. In chapter two, it was mentioned that each of the geometries along the dimer stretch
coordinate were modeled as contributing either a Gaussian or Lorentzian profile to the
vibrational feature. In all of the results presented up until this point, Lorentzians with a FWHM
of 100 cm™ were used to generate the vibrational features. Previous studies of similar features
performed by Jen Dreyer used Gaussians with a FWHM of 30 or 40 cm™ to convert his
computed stick spectra to a line shape. Broadening with a Gaussian line shape is often done in
cases where a limited number of dimensions are included in the calculation and coupling to these
other dimensions is likely to result in broadening that is not included in the calculation.
However, broadening can also occur simply from the finite lifetime of the vibration state. This

broadening gives rise to a Lorentzian line shape. Recent ultrafast experiments have shown that
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the double-hump feature of a similar dimer (the 7-azaindole-acetic acid dimer), has a very short
vibrational excited state lifetime which predicts that the lifetime associated broadening is at least
100 cm™. This is likely the second largest source of broadening in these features after the low-
frequency mode. This section examines how the way in which sources of broadening other than

the low-frequency are modeled impacts the computed spectral features.

Figure 3.12 shows the difference between a Gaussian and Lorentzian profile. Both of the
features plotted here correspond to a single transition at 2500 cm™* with a FWHM of 100 cm™.
The main difference between these profiles is that the Lorentzian does not go to zero as quickly
as one moves away from the center frequency. From a standpoint of modeling broad vibrational
features, this means that Lorentzian profiles will result in broader features that appear more

continuous even if they correspond to different transitions.

Gaussian vs Lorentzian FWHM = 100 cm”’
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Figure 3.12: Comparison of Gaussian and Lorentzian profiles. Both are centered at 2500 cm™ and
have a FWHM of 100 cm™.

From a standpoint of modeling broad vibrational features, this means that Lorentzian
profiles will result in broader features that appear more continuous even if they correspond to
transitions separated by significantly more than the FWHM. This can be seen in the calculated
features shown in Figure 3.13. When Lorentzians are used, the calculated feature appears
continuous (the absorbance does not go to zero between the two humps) as is observed in the
FTIR spectrum. However, if Gaussians are used, the features are not calculated to be continuous

(unless a much larger FWHM is used).
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Figure 3-13: Double-hump feature of the Py-Ac dimer calculated using Lorentzians (top) and
Gaussians (bottom). Both have a FWHM of 100 cm™. The features calculated using the OH stretch
only is given by the dashed blue lines. The solid colored lines correspond to transitions calculated
using both the OPB and OH stretch. The FTIR spectrum is plotted with solid black lines for
comparison.
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Figure 3.14: Double-hump feature of Py-Ac calculated using Gaussians (left) and Lorentzians
(right) with various FWHM. The features calculated using the OH stretch only is given by the

dashed blue lines. The solid colored lines correspond to transitions calculated using both the OPB
and OH stretch. The FTIR spectrum is plotted with solid black lines for comparison.

The FWHM used for these profiles also has a significant impact on the computed features
as is shown in Figure 3.14. Using a FWHM of 40 cm™ as was used by Dreyer in his study of the
acetic acid homodimer results in a very narrow OPB feature. This is because the low-frequency
mode alone does not broaden this feature substantially. Thus the homogenous broadening
assigned to this feature impacts its breadth significantly. Conversely, the low-frequency mode is
the main broadening mechanism for the OH stretch feature which means that the homogenous
broadening does not impact the overall shape as significantly. Lorentzian profiles with larger
FWHM values tend to have the most agreement with experiment since they predict the feature
will be continuous and that the low-frequency hump will not be exceeding narrow. Since
ultrafast experiments have shown that the lifetime alone likely gives rise to a Lorentzian profile

with a FWHM of at least 100 cm™ and those profiles produce good agreement with the FTIR
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spectrum, we have used 100 cm™ broad Lorentzians to model homogenous broadening in all of

the results presented in this thesis.
3.8 Similar Systems

The double-hump vibrational feature of Py-Ac is present in the spectra of numerous
dimers between carboxylic acids and nitrogen-containing aromatic bases.*%!! Some of these
other dimers will be examined in Chapter 5 which presents the acid and base strength
dependence of the OH vibrational feature of dimers of pyridines and carboxylic acids. The
spectrum of the 7-azaindole-acetic acid (7Al-Ac) dimer also has this unusual feature. This
system is particularly interesting because it contains two hydrogen bonds that collectively form a
six-member ring. This makes it very similar in structure to DNA base pairs. The OH stretch and
OPB feature was calculated for this dimer. The results are displayed in Figure 3.15. The
calculated NH feature is also included in this figure. This feature was calculated without

including coupling to any fingerprint modes or the OH modes.

38



1 L L L] | | |

—FTIR
2 SN—H--.
N—H °\ — =OH Stretch without OPB
0.8h — =——=Q0H stretch and OPB £
M \ /N----H— =——=NH Stretch
O6F |

Absorbance
(an]
™~

=

0
1600 1900 2200 2500 2800 3100 3400

Frequency (cm'1)

Figure 3.15: Calculated vibrational features of the 7Al-Ac dimer. The solid and dashed blue lines
correspond to calculations of the OH stretch with and without the out-of-plane bend. The solid red
line corresponds to a calculation of the NH stretch. The OH stretch features use 100 cm™ FWHM
Lorentzians to account for homogenous broadening while the NH feature uses 40 cm™ FWHM
Lorentzians.

Like the Py-Ac dimer, the double-hump structure of this dimer is well reproduced using
the dimer stretch method. The width and location of the sharper NH feature at 3250 cm™ are also
well reproduced. The absorbance in the region between the two features (2700 to 3000 cm™)
likely corresponds to several small Fermi resonances. This dimer has many fingerprint modes
with fundamental frequencies between 1350 and 1500 cm™* which contain OH and/or NH
bending character. These modes are likely to have Fermi resonances with the NH and/or OH

stretch giving rise to absorbance in the 2700 to 3000 cm™ portion of the spectrum.

The coupling between the OH and NH has also been a topic of investigation for this
system. Pump-probe and 2D-IR measurements have found that significant coupling exists
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between the OH and NH stretches in this dimer.3*3® The dimer stretch method was utilized to
examine the coupling between the OH an NH stretches in this system. The results of this
calculation indicate that these oscillators are coupled. This coupling gives rise to a small Fermi
resonance between the NH stretch fundamental and OH stretch overtone. However, like the weak
Fermi resonances presented in section 3.2, this coupling does not have a significant impact on
the FTIR spectrum. However, the calculated results show that it has a larger impact on the
vibrational states higher in the potential. Experimental results show this coupling impacts the
vibrational dynamics as well. Consequently this coupling is more spectrally significant for higher

order experiments (e.g. pump-probe and 2D-IR measurements).
3.9 Conclusion

Py-Ac is one of the simpliest dimers that exhibit the double-hump vibrational feature that
is found in many dimers between carboxylic acids and nitrogen-containing aromatic bases. The
calculations presented in this chapter show that the breadth of this double-hump structure is
largely due to dimer stretch modes modulating the OH stretch frequency. They also indicate that
the double-hump lineshape is derived from a large Fermi resonance with the out-of-plane bend.
The substructure on the double-hump is likely due to less intense Fermi resonances of other
bending modes. In the next chapter an even broader vibrational feature will be examined.
Spanning over 1500 cm it is one of the broadest vibrational features observed in the spectra of

hydrogen-bonded dimers.
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4. The Hadzi ABC Structure

4.1 Introduction

Although dimers with medium and strong hydrogen bonds have vibrational features spanning
several hundred wavenumbers, very strong hydrogen bonds can give rise to even broader
features. Some of the strongest hydrogen-bonded dimers are homodimers of phosphinic,
phosphoric and selenic acids. These dimers exhibit a characteristic three-hump vibrational
feature that spans over 1500 cm™ and is frequently referred to as the Hadzi ABC structure. This
name comes from Prof. Dusan Hadzi who was among the first researchers to extensively
document this feature in the 1950s and 60s.>!3!4 The ABC refers to the original labels for each
of the three peaks. Despite a large amount of experimental work being done on this feature in the
middle of the 20" century, the origin of this feature was still not very well understood. In 2000,
the first theoretical study of this feature was published by Gonzalez, et al.*® In this study density
functional theory was used to obtain optimized geometries and perform normal mode analysis on
the phosphinic acid and dimethylphosphinic acid homodimers. This study showed that the out-
of-plane bend (OPB) and in-plane bend (IPB) modes had fundamental frequencies that
corresponded to roughly half the frequency of the highest and lowest frequency humps of the
structure. This showed that a plausible explanation for the three-hump structure was Fermi
resonances between the OH stretch and two OH bending modes. More recently, Hanna and co-
workers published a study which used an empirical model to calculate the three-hump feature.®
Their model included the OH stretch, both bending modes and a dimer stretch mode that was
adiabatically separated from the other modes. Its contribution was modeled by having the OH
stretch frequency depend linearly on the dimer stretch mode’s coordinate. Using this model they

were able to reproduce the three-hump structure as well as the deuterated isotopologue’s one
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hump structure. Although both of these studies provided some evidence that this feature
originates from the OH stretch, the OH bends and dimer stretch modes, neither of these studies
computed the coupling between these modes from first principles. This chapter presents a study
that reproduces this exceedingly broad feature from first principles using the dimer stretch

method.
4.2 Method

Although many dimers exhibit the Hadzi ABC structure, the vibrational spectrum of the
dimethylphosphinic acid homodimer was the focus of this study. This particular dimer was
selected because it was commercially available for obtaining FTIR spectra and is one of the
simplest dimers that exhibit the Hadzi ABC structure making it computationally practical. One of
the difficulties of calculating this feature is the sheer number of vibrational modes that contribute
to it. Because this dimer has two hydrogen bonds, there are asymmetric and symmetric versions
of each of the bends and the stretches. Combined with a dimer stretch mode, this totals seven

vibrational modes which are displayed in Figure 4.1.

Figure 4.1.Vibrational modes used in calculation of Hadzi ABC structure. (a) dimer stretch (b)
symmetric OPB (c) asymmetric OPB (d) symmetric IPB (e) asymmetric IPB (f) symmetric OH
stretch (g) asymmetric OH stretch. In the harmonic approximation, the fundamental of these
vibrational modes occur at 146, 903, 924, 1247, 1295, 2893 and 2980 cm™ respectively.

42



For a system of this size, computing a seven-dimensional potential energy surface is
computationally impractical. Consequently, the number of dimensions was reduced by focusing
on only one of the hydrogen bonds. Coupling of the vibrations of neighboring hydrogen bonds
(known as Davydov coupling) is eliminated when only one of the hydrogen bonds is considered.
Studies disagree on how important this coupling is in terms of describing the vibrational
feature.”*> Coordinates for vibrations involving just one of the hydrogen bonds were obtained
from linear superpositions of the molecular modes shown in Figure 4.1 using equations 4.1
through 4.3. In these equations symmetric, asymmetric and OH stretch are abbreviated as sym.,

asym. and STR.

Qore = Qsym. orB + Qasym. orB (4.1)
QirB = Qsym. ipB — Qaysm. 1PB (4.2)
Qstr = Qsym. sTR T Qasym. sTR (4.3)

This effectively reduces the number of dimensions to four (the dimer stretch, OPB, IPB,
and OH stretch) at the cost of eliminating the Davydov coupling. Transition frequencies were
calculated using three-dimensional Hamiltonians (OPB, IPB and OH stretch). Six transitions
were found with frequencies in the region associated with the Hadzi ABC structure. Assigning
each of the final states of these transitions to a specific vibrational state is difficult due to several
avoided crossings occurring in this system. From examining the wavefunctions of the final states
of these transitions, it is clear that these states correspond to linear superpositions of the |002>,
|011>, |020>, |100>, |003> and |012> states (using the ket notation | vstr vieg vors > ). With the
three-dimensional Hamiltonian used to calculate these states, the final states of the six transitions

correspond the 3" through 8™ excited states. (The first and second excited states are the first
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excited states of the two bending modes which are too low in frequency to contribute to the

structure).

The spectra of the deuterated isotopologue was calculated using the potential energy
surface of the protonated isotopologue. To account for the increase in the mass of the OH

hydrogen, the coordinate values of the OH modes were weighted by the square root of two.
4.3 The Protonated Isotopologue

How the frequencies and oscillator strengths of the six transitions that contribute to the
Hadzi ABC structure depend on the dimer stretch mode for the protonated isotopologue of the
dimer is displayed in Figure 4.2. The frequencies of these transitions are displayed in the top
panel. Overall the two bending modes give rise to several overtone and combination states. The
OH stretch frequency is heavily dependent on the dimer stretch coordinate. As the OH stretch
frequency comes close to a combination or overtone of a bending mode(s), an avoided crossing
takes place. When the components of the dimer are far apart (1.5 amu'?A) the OH stretch
fundamental is the |0> to |8> transition. This is determined by examining the wavefunction of
state [8>. As the components of the dimer come together, a small avoided crossing occurs around
1.3 amu*2A between the OH stretch and the [012> state. This results in the |0> to |[7> transition

acquiring oscillator strength at the expense of the |0> to |8> transition.
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Figure 4.2: Transition frequencies and probabilities versus the dimer stretch coordinate for the
protonated dimethylphosphinic acid dimer.

As the components of the dimer come even closer together, a small avoided crossing
between the OH stretch and the |003> state and a larger avoided crossing between the OH stretch
and the IPB overtone occur near 0.1 amu?A. This results in the |0> to |[7> transition losing
oscillator strength while the |0> to [5> and |0> to |6> transitions gain oscillator strength. As the
OH stretch continues to move to lower frequencies, the oscillator strength is shifted almost
entirely to the |0> to |5> transition. Near -0.8 amu*?A an avoided crossing of the OH stretch with
the |011> state occurs. At even lower dimer stretch coordinate values, the OH stretch becomes
the |0> to |4> transition. Below -1.0 amu®?A, part of another avoided crossing is observed, this

time between the OH stretch and the OPB overtone.
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Figure 4.3: Calculated OH vibrational feature of the protonated dimethylphosphinic acid dimer.

The numerous avoided crossings give rise to the unusual lineshape of this feature. The
feature calculated from all of these transitions is displayed in Figure 4.3. Like the feature in the
experimental spectrum, the sum of all of the calculated features has a very broad three-hump
structure. The calculated peak locations of the two higher frequency humps agree quite well with
experiment. The peak of the lower frequency hump is calculated to be about 100 cm™ higher in
frequency than is observed experimentally. The experimental feature is significantly broader than
the calculated feature which could result from the dimer stretch not adequately sampling all
possible geometries. This could also be due to underestimating the amount of homogenous
broadening in this dimer (which was modeled using 100 cm™* FWHM Lorentzians). The lower
frequency hump is also calculated to be much smaller in intensity than the other two humps
whereas the experimental spectra show them as being very similar in intensity. This may be due

to the functional. Repeating the calculation with a PBE functional results in lower OH stretch
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frequencies which produce a higher intensity lowest frequency hump and a lower intensity highest
frequency hump. The solvent could also be playing a small role in the discrepancies observed
between theory and experiment. The calculations were performed assuming a carbon tetrachloride
solvent. However due to the limited solubility of this dimer in carbon tetrachloride, the
experimental spectrum of the dimer dissolved in chloroform is plotted. If the calculation were
performed with a chloroform solvent, the OH stretch frequencies may be shifted to lower
frequencies as was observed for the Py-Ac dimer in section 3.6. However, two-dimensional
Hamiltonian calculations (the OH stretch and one of the bends) which were performed with a
chloroform solvent, show that this shift is very small and does not have a significant impact on the
calculated feature. Overall the results of these calculations provide additional evidence that this
unusual feature originates from the OH stretch and bending modes being modulated by lower

frequency modes.
4.4 The Deuterated Isotopologue

Oftentimes upon deuteration, the Hadzi ABC structure not only changes its frequency
range, but also loses its characteristic three-hump structure. The lineshape usually becomes a single
hump. In the case of the dimethylphosphinic acid dimer dissolved in chloroform, this hump is
centered near 2100 cm™. To explore if this behavior was captured by the dimer stretch method, the

calculation was repeated for the deuterated isotopologue.

How the transition properties of this isotopologue depend on the dimer stretch coordinate
is displayed in Figure 4.4. Overall the dependence of the transitions on the dimer stretch coordinate
is very similar to the protonated isotopologue. One difference is that the OH stretch is shifted to

higher frequencies relative to the bending modes. This is likely due to the potential of the OH
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stretch being more anharmonic than that of the bending modes. It also shifts all of the avoided
crossings to lower dimer stretch coordinate values. This results in the avoided crossing with the
OPB overtone (the lowest frequency avoided crossing) being shifted to a dimer stretch coordinate
value that is so sparsely populated that features associated with the [0> to |3> transition will be

even smaller than observed for the protonated isotopologue.
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Figure 4.4: Transition frequencies and probabilities versus the dimer stretch coordinate for the
deuterated dimethylphosphinic acid dimer.

The calculated vibrational feature of the deuterated isotopologue is displayed in Figure
4.5. The calculated sum of all of the transitions shows one broad hump with a small local
minimum of intensity near 1800 cm™. The calculated results also show that the [0> to |3> feature
will be small in intensity and appear near 1300 cm with a slight overlap with the rest of the
feature. Like in the case of the protonated isotopologue, the experimental feature is significantly

broader than the calculated feature. Overall this calculation shows how a three-hump structure
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can transform into a single hump. The lowest frequency hump becomes less intense due to the
OH/QOD stretch frequencies becoming higher relative to the bending overtones and combinations.
The remaining transitions become closer in frequency (since deuteration approximately divides

the OH/OD frequencies by the square root of two) resulting in a feature that appears as one broad

structure.
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Figure 4.5: Calculated OD vibrational feature of the deuterated dimethylphosphinic acid dimer.

The results of this calculation also indicate that Fermi resonance interactions are a
significant part of the origin of this vibrational feature even though it does not have a multi-hump
lineshape. This can be observed by examining Figure 4.4. The middle panel shows that at several
points along the dimer stretch coordinate, multiple transition have significant oscillator strength.
This indicates Fermi resonances (and other forms of coupling) contribute significantly to the
vibrational feature, which contrasts with the results of Hanna’s calculation of this feature which

relied on an empirical model. This demonstrates a potential problem with using empirical models
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to understand the origin of these feature. A single-hump lineshape can be reproduced without
Fermi resonance interactions. However, as the results of this study show, the presence of a
single-hump lineshape does not prove that Fermi resonance interactions do not contribute to the
feature. The presence of transitions to combination states (each with varying degrees of coupling
with the OH stretch fundamental) also makes developing a purely empirical model based off of
the infrared spectrum challenging. Consequently, there are significant advantages to computing

these features from first principles in order to better understand their origin.
4.5 Conclusion

Many homodimers of phosphinic, phosphoric and selenic acids have very strong
hydrogen bonds. These strong hydrogen bonds produce a three-hump vibrational feature often
referred to as the Hadzi ABC structure. This structure spans over 1500 cm™ and is among the
broadest vibrational features observed in the spectra of hydrogen-bonded dimers. Calculating this
feature with the dimer stretch method provided additional insight into its origin. This calculation
demonstrated that the broad three-hump structure originates from the OH stretch and various
combination and overtone bending states being modulated by dimer stretch modes. The same
method was applied to understanding the single-hump vibrational feature found in the deuterated
isotopologues of these systems. With these isotopologues application of this method showed how
Fermi resonances can be contributing to a feature even if its lineshape resembles a single-hump.
Clearly from comparing the results presented in this chapter and the previous one, different
strength hydrogen bonds and different dimers can have very different vibrational features. The
next chapter will present a systematic investigation of how hydrogen bond strength impacts these
types of features by examining how these features change with the acid and base strength of the
components of the dimers.
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5. The Hydrogen Bond Strength Dependence of the Vibrational Features of

Pyridine-Carboxylic Acid Dimers

5.1 Introduction

Not all hydrogen bonds are created equal. The dissociation energy of hydrogen bonds has
been documented to vary by over one and a half orders of magnitude (from 1.0 to 40
kcals/mole).3” A number of properties have been found to correlate with the dissociation energy
including the A -- B distance (of a hydrogen bond A-H -- B), the bond angle, the shift in the X-H
frequency and the oscillator strength.>32"3” As an example of these correlations, the OH

frequency versus the O -- O distance of several hydrogen-bonded systems is plotted in Figure 5.1
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Figure 5.1: Center OH stretch frequency versus O -- O distance for various systems with (O-H —
O hydrogen bonds). This is a modified figure from Reference 2.
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Figure 5.1 shows how the center OH stretch frequency depends on the O — O distance for
various systems with O-H — O hydrogen bonds. The OH stretch frequencies were obtained using
infrared spectroscopy and the O — O distances were obtained using x-ray crystallography. From
examining the curve, the OH stretch frequency is clearly very dependent upon the O — O
distance. Longer O — O distances (which correspond to weak hydrogen bonds) have relatively
high OH stretch frequencies, usually above 3200 cm™. In these systems the hydrogen bond
produces a frequency shift of less than 600 cm™. Medium strength hydrogen bonds have slightly
shorter O — O distances and lower OH stretch frequencies. Strong hydrogen bonds can have O —

O distances below 2.5 A and center OH stretch frequencies of less than 1000 cm™.

One way to systematically tune the strength of a hydrogen bond is to adjust the pKa of
the molecules that form it.8%° In the case of acid-base dimers with the proton bound to the acid,
the strength of the hydrogen bond can be increased by increasing the strength of the acid or the
base. Thus by tuning the acid or base strength, the strength of the hydrogen bond of these
systems can be adjusted systematically. In order to explore how the broad vibrational features of
hydrogen-bonded dimers depend on the hydrogen bond strength, the dimer stretch method was
applied to calculating the OH features of dimers of various carboxylic acids and pyridines of

different acid and base strengths.

In addition to providing insight into how these feature change with hydrogen bond
strength, calculating the acid and base dependence of these features gives much needed insight
into how these types of vibrational features are expected to change during ultrafast pump-probe
measurements of photoacids. These experiments electronically excite a photoacid with a visible
photon which changes the acid’s pKa. This pKa change often leads to the proton transferring to

the other molecule participating in the hydrogen bond. The dynamics of this process can be
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probed with transient UV/visible or infrared spectrscopy.*® Interpreting the results of these
experiments is difficult though because it is not clear if the intermediate spectral features that are
measured originate from an intermediate geometry created by proton transfer or if they simply
are the result of the pKa change before any proton transfer occurs. This has led to controversies
in the literature. By understanding how the features of hydrogen-bonded systems change with
pKa, one can gain better insight into the meaning of the features measured during these

experiments.
5.2 Method

The dimer stretch method was used to calculate the vibrational features of the dimers
formed by carboxylic acid and pyridines of varying acid and base strength. The series of acids
consisted of trifluoroacetic acid (tFAc), chloroacetic acid (CIAc), and acetic acid (Ac). The
pyridines base series consisted of 2-chloropyridine (2CIPy), 3-chloropyridine (3CIPy), pyridine
(Py), 2,4,6-trimethylpyridine (tMePy) and 4-dimethylaminopyridine (dMeAPy). The structures
of each acid and base are displayed in Figure 5.2. The pKa or conjugate acid pKa are displayed
below each structure. These acids and bases were selected to provide a range of acid and base
strengths with minimal changes to the structure of the dimer. All of the combinations of these
three acids and five bases resulted in 15 different dimers. The optimized geometries of all of

these dimers are planar.
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Figure 5.2: Acid and base structures. The top row shows the bases and the bottom row shows the
acids that makeup the acid-base dimers examined in this study. The pKa of each acid and of the
conjugate acid of the each base is displayed below each structure.6-4°

The computational method used to calculate the OH feature of these dimers is almost
identical to that presented in Chapter 2. However since the OH features of these dimers extend to
much lower frequencies than any presented previously, the coordinates of the high-frequency
modes were defined differently. Unlike the previous calculations where the high-frequency
modes’ coordinates were defined by the normal modes, the OH stretch was defined by moving
the hydrogen along the OH bond vector and the OPB was defined by moving the hydrogen
perpendicular to the plane defined by the heavy atoms of the dimer. These definitions were used
in place of the normal modes to keep the coordinates consistent across the dimer series. The
atoms involved in each OH stretch would change if normal mode coordinates were used since

some of the dimers have OH stretch normal modes that include carbonyl motion.

Additionally, it is worth clarifying that this study focused on the OH stretch fundamental
and the OPB overtone. Other transitions are not included in the computed spectra including the
OPB fundamental, the OH stretch overtone and various combination states. These are not
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included due to their small spectral contribution relative to the OH stretch and OPB overtone.
Additionally, the OPB bend overtone was only allowed oscillator strength if it was within 600
cm™ of the OH stretch fundamental frequency. This was done to avoid coupling between the OH
stretch overtone and OPB overtone. This coupling can result in the OPB having a small oscillator
strength even when it is not near the OH stretch fundamental. However, since this interaction
leads to the OPB overtone having a relatively small oscillator strength (compared with when it
couples to the OH stretch fundamental) and is not the focus of this study, this interaction was
eliminated by requiring the OPB to be within 600 cm™ of the OH stretch fundamental for it to

have oscillator strength.
5.3 Calculated Spectra

Figure 5.3 displays the calculated spectra for all of the dimers investigated in this study.
In this figure, the dashed blue lines correspond to spectra calculated using one-dimensional (OH
stretch only) Hamiltonians, while the solid blue lines correspond to the spectra calculated using
two-dimensional (OH stretch and OPB) Hamiltonians. For most of the dimers, the solid red lines
are the experimental FTIR spectra of the dimers dissolved in carbon tetrachloride which are
plotted for comparison. Two of the dimers (CIAc-dMeAPy and tFAc-dMeAPy) are not soluble in
carbon tetrachloride and consequently the red lines correspond to FTIR spectra of these dimers
dissolved in chloroform. They exhibit a large feature centered near 2900 cm™ which corresponds
to the C-H stretch of the solvent. Each pink line corresponds to the FTIR spectra of the base only
which is plotted to show which features correspond to the base. The acid homodimer spectra of
each acid are plotted in cyan at the bottom of each row. Each column corresponds to a different
acid and each row corresponds to a different base. Moving from left to right, the acid strength
increases. Moving from the top to the bottom, the base strength increases.
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Figure 5.3: Calculated and FTIR spectra of dimers as a function of the acid and base strength of
their components. Each column corresponds to a different acid. From left to right they are in order
of increasing strength (Ac, CIAc, tFAc). Each row corresponds to a different base. From top to
second from the bottom they are in order of increasing strength (2CIPy, 3CIPy, Py, tMePy,
dMeAPYy). The bottom row shows spectra of the acid homodimers. The solid and dashed blue lines
are calculated OH features with and without including the OPB in the Hamiltonian respectively.
The solid red lines are experimental FTIR spectra of the dimers plotted for comparison. The solid

pink lines are FTIR spectra of the bases only.

The left column of Figure 5.3 shows the spectra of the Ac dimers. In the case of the

weakest base bound to the weakest acid (top left: 2CIPy-Ac), the OH stretch frequencies are

calculated to be relatively high with a center frequency at about 2800 cm. In this dimer, the

overtone of the OPB near 1800 cm™ is well separated from the OH stretch frequencies. This
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results in a relatively weak Fermi resonance interaction. As the strength of the base bound to Ac
increases, the hydrogen bond strength increases giving rise to lower OH stretch frequencies. As
the OH stretch frequencies become lower, the intensity of the OPB fermi resonance increases
substantially. The Py-Ac, tMePy-Ac and dMeAPy-Ac dimers are calculated to have a continuous
double-hump feature which is in agreement with experiment. These continuous double-hump
features arise from the avoided crossings that occur at points along the dimer stretch coordinate
that are inhabited at room temperature. Unlike 2CIPy-Ac where the humps are well separated,
each of the humps in these systems cannot be interpreted as coming from either the OH stretch or
the OPB bend overtone. Instead each of the humps in the spectra of these dimers are derived
from a combination of the OH stretch fundamental and OPB overtone. As the base strength
increases, the avoided crossing is moved to larger dimer stretch coordinate values resulting in
more geometries where the OH stretch frequency is well below the OPB overtone. This gives

rise to broader lower frequency humps as observed in the spectra of dMeAPy-Ac.

The middle column of Figure 5.3 shows the calculated and experimental spectra for
dimers between CIAc and the pyridine base series. The calculated spectra for the weakest base
(2CIPy) consists of two features connected by a small plateau of absorbance. The higher
frequency hump is centered near 2550 cm™ and corresponds to the fundamental of the OH
stretch. The lower frequency features near 1900 cm™ is much smaller and corresponds to the
OPB overtone. When compared to the 2CIPy-Ac dimer, however, the feature exhibits a larger
OPB overtone peak and lower OH stretch frequencies. This is to be expected since the stronger
acid will give rise to a stronger hydrogen bond. Instead the 2CIPy-CIAc dimer appear similar to
the 3CIPy-Ac dimer and must thus have a similar hydrogen-bond strength. As the hydrogen bond

strength is further increased by moving to stronger bases, these features become continuous two-
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hump structures which can be seen in the calculated spectra of 3CIPy-CIAc and Py-CIAc. Py-
ClAc has an avoided crossing near the equilibrium geometry giving rise to significant broadness
in both humps. In the case of the strongest base (dMeAPYy), the OPB plays very little role in the
feature. The lack of a strong Fermi resonance interaction is due to most of the OH stretch
frequencies being too low to result in an OPB Fermi resonance. The calculated feature arising
from the OH stretch extends from 900 to 1500 cm™ with a single peak near 1100 cm™. CIAc thus
forms dimers where the OH stretch frequency is swept from well above to well below the OPB

overtone, depending on the base strength, causing the Fermi-resonance to increase then decrease.

The spectra of the tFAc dimers are displayed in the right column of Figure 5.3. In the
case of the weakest base (2CIPy), a continuous double-hump feature is calculated spanning from
1500 to 2500 cm™. This dimer has an avoiding crossing near the equilibrium geometry giving
rise to a continuous two-hump feature. Moving to the next strongest base, 3CIPy, the OH stretch
frequencies move lower resulting in an avoided crossing that occurs when the components of the
dimer are further apart. Since most of the geometries result in an OH stretch frequency that is
lower than the overtone of the OPB, the spectra is calculated to have a much larger lower
frequency hump and smaller higher frequency hump. The FTIR spectra show the higher
frequency hump as being much more substantial for this dimer. As one moves to even stronger
bases the OPB overtone continues to have a small role in the computed spectra due to the OH
stretch frequencies becoming too low to strongly couple with it. The lowest frequency feature
calculated in this study comes from the tMePy-tFAc dimer which extends from 600 to 1400 cm™

and has a maximum near 850 cm™.

In all of the dimers discussed above, the proton is bound to the acid. Although the exact

bond length and distance from the nitrogen depends on the dimer and the dimer stretch
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coordinate; the proton is located closer to the oxygen than the nitrogen. A more detailed
examination of the location of the proton will be presented in the section 5.5. However, the
dimer composed of the strongest acid (tFAc) and strongest base (AMeAPy) examined in this
study is calculated to have the proton bound to the base. Therefore, the calculated feature
displayed in Figure 5.3 for this dimer corresponds to the NH stretch and OPB NH overtone. In
all of the previously computed spectra, stronger bases or acids have led to lower frequency
features. However, this feature is calculated to be higher in frequency. Moving to an even
stronger base or weaker acid would likely lead to even higher frequencies since this would

continue to decrease the proton’s affinity for the carboxylate.

The calculated spectra in Figure 5.3 show varying levels of agreement with the
experimental spectra. In general, systems with stronger hydrogen bonds and lower frequency
calculated features tend to have worse agreement with experiment. In many cases (tMePy-CIAc,
dMeAPy-CIAc, 3CIPy-tFAc, Py-tFAc and dMeAPy-tFAc) the calculated spectra show the
disappearance of the higher frequency hump when it is clearly still present in the FTIR spectra.
The FTIR spectra of these dimers include double-humps and broad absorbance throughout the
fingerprint region. Such a broad range of frequencies implies that either the functional is not
capturing the full range of hydrogen bond strengths or that a larger range of geometries is needed
(beyond scanning one low-frequency mode) to more accurately model the vibrational spectra.
Discrepancies in the fingerprint region could also arise from Darling-Dennison (1:1) resonances
between the OH stretch and various fingerprint modes since these forms of coupling are not

included in the calculation.

Overall we see that changing the strength of the acid or base impacts the range of OH

frequencies. The location of the OPB overtone remains rather stable throughout the series,
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usually being centered near 1900 cm™. The strength of the Fermi resonance interaction is
determined by how close the OH stretch frequencies are to the OPB overtone. This study shows
how the OH stretch frequencies change with hydrogen bond strength. In section 3.4 and 3.6,
similar shifts were observed in the OH frequency by changing the functional and the solvent. For
example, the PBE functional has been shown to consistently calculate the OH stretch frequencies
to be lower than B3LYP across a handful of different systems while the M06-2X functional
calculates higher OH stretch frequencies.>® More polar solvents also resulted in lower OH stretch
frequencies. Therefore, changing the functional and/or the solvent used in the calculation
changes the calculated vibrational features in much the same way that altering the acid or base

strength does.

5.4 Spectral Dependence on ApKa and O — N distance

The results of the previous section show a clear correlation between strength of the acid
and base and the OH vibrational frequencies. This is perhaps intuitive. Stronger bases and acids

are likely to result in a more anharmonic potential and a stronger hydrogen bond.

In order to obtain a better understanding of the results presented in the previous section,
we examined how the calculated spectra correlate with parameters like the difference in the
aqueous pKa and the O — N distance. ApKa was defined to be the pKa of the acid minus the
pKa of the conjugate acid of the base. The mean frequency of the OH or NH stretch was
calculated using the feature computed without the OPB. The OPB is neglected in order to avoid
Fermi resonance interactions skewing the mean frequency. The results are plotted in Figure 5.4a.
Overall this plot shows a correlation between ApKa and mean OH stretch frequency. With the

exception of the dimer in which the proton is bonded to the nitrogen (dMeAPy-tFAc), the mean
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OH stretch frequency tends to increase with ApKa. This is to be expected since higher ApKa
values correspond to weaker acids and bases which in turn should give rise to relatively weak
hydrogen bonds. By the same logic, lower ApKa values should give rise to relatively strong
hydrogen bonds. At the lowest ApKa value, the proton transfers over to the nitrogen leading to a

higher frequency and deviating from the trend set by the other dimers.
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Figure 5.4: Plots comparing ApKa, O — N distance and mean OH or NH stretch frequency. The
dMeAPy-tFAc dimer which has the proton bound to the nitrogen is circled and labeled “NH.”
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Although there is a correlation between mean OH frequency and ApKa, the correlation is
not very robust. By examining the trend for different acids in Figure 5.4a, the mean OH stretch
frequency can vary a few hundred wavenumbers depending on the acid. This is likely because
the acid dissociation constants utilized are calculated using the acid or base dissolved in water
while the calculations performed in this study are modeling acid-base dimers dissolved in carbon
tetrachloride. Thus although ApKa can be used to obtain a rough estimate of the OH stretch
frequencies in these systems, it is not the most robust parameter for determining mean OH

stretch frequencies.

A parameter that correlates much better with OH stretch frequency is the O — N distance.
Previous studies have shown the distance between the oxygen and/or nitrogen involved in
hydrogen bonds correlates well with hydrogen bond strength and OH or NH stretch frequency.?
The correlation between mean frequency and equilibrium O — N distance is shown in Figure
5.4b. From this plot, one can see that longer O — N distances lead to higher mean frequencies.
The correlation of mean frequency with O — N distance is much stronger than with ApKa (Figure
5.4a). Even the dimer in which the proton is located on the nitrogen has an NH stretch frequency
that follows the same trend as the OH stretch frequency of the other dimers. The OH stretch
frequency likely has a better correlation with the O — N distance because the O — N distance is
calculated for each dimer and takes into account the correct solvent. On the other hand, the

aqueous pKa values describe how individual acid and base molecules interact with water.

In order to understand this trend better, we examined how the potential energy curves
along the OH stretch changed with the O — N distance. Plots of the OH stretch potential energy
curve of dimers of representative O -- N distances are plotted in Figure 5.5. At portions of the

potential near the equilibrium geometry there is a clear trend between the anharmonicity of the
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surface and the O — N distance. For OH stretch coordinate values between 0 and 0.4 amu®?A, the
potential energy curve increases with O — N distance. This originates from the proton being more
attracted to the nitrogen as the hydrogen bond strength increases. The same trend is not observed
at higher OH stretch coordinate values. At larger coordinate values the dimers with short O — N
distances have higher potential energies. This can be seen by examining the shorter O — N
distance dimers in the top right corner of Figure 5.5. This ordering results from shorter O — N
distances restricting the location of the proton to a smaller space. In the potentials presented in
this figure, this higher OH stretch coordinate effect occurs at energies that are too high to impact
the OH stretch fundamental which results in the OH stretch frequency always increasing with O
— N distance. However, in principle even shorter O — N distances could lead to potential energy
curves where the frequencies decrease with O — N distance due to the small O — N distance
confining the proton. This effect can be seen in our dimer series by examining how the OH

stretch frequency depends on the dimer stretch modes.
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Figure 5.5: Potential energy surfaces along the OH stretch coordinate for dimers of various O — N
distances. The O — N distance of each dimer in angstroms is in parenthesis in the legend.
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To explore how dimer stretch modes impact the OH stretch potential in cases where
equilibrium O — N distance is small, we examined the potential energy surface of tMePy-tFAcC.
This dimer has the smallest equilibrium O — N distance in the series. Therefore exploring how
the dimer stretch impacts its potential provides geometries in which the O — N distance is smaller
than any of the equilibrium structures. These potentials are plotted in Figure 5.6. Each line
corresponds to a different point along the dimer stretch coordinate. The plotted points along the
dimer stretch coordinate correspond to the equilibrium geometry and where the harmonic dimer
stretch potential reaches 175 and 700 cm™. These values were selected to observe the full range
of potential surfaces inhabited at room temperature. The geometries where the O — N distance is
larger than that of the equilibrium structure have higher energy shoulders. The geometries with
smaller O — N distances have a single well which increases in width with the O — N distance. To
examine if these geometries with very short O — N distances have OH stretch frequencies that
decrease with O — N distance, the relationship between the OH stretch frequency and the O — N
distance for all of the computed points along the dimer stretch coordinate was examined. These
data (for several of the dimers) are plotted in Figure 5.7. Each of the lines traces out how the OH
stretch frequency and O — N distance changes with the dimer stretch coordinate for the bottom
700 cm! of the harmonic potential of the dimer stretch mode. This plot shows that at short O --
N distances, the OH stretch frequency decreases with O — N distance. The minimum OH stretch
frequency corresponds to O — N distances between 2.5 and 2.6 angstroms in all of the dimers
examined in this study. At shorter O — N distances, the proton is in a single well potential.
Changing the O — N distance changes the width of this well resulting in an OH stretch frequency
that decreases with O — N distance. At larger O — N distances, the potential consists of a single

well with a larger shoulder (sometimes containing a shallow second minimum). The height of
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this shoulder depends on the O — N distance. Larger O — N distances result in shoulders that are
higher in the potential giving rise to higher OH stretch frequencies. This picture shows that the
commonly used trends between O — O, O — N, and N —N distances and frequencies do not
provide the whole story. Although at larger distances, frequency increases with distance. At
smaller distances the potential becomes a single well resulting in the frequency decreasing with
distance. Accounting for dimer stretch modes is important because theses modes modulate these

distances.
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Figure 5.6: Potential energy curves of the OH stretch coordinate at various points along the dimer
stretch coordinate for the tFAc-tMEPYy dimer. When the dimers are closer together the potential
resembles a single well. When the dimers are further apart a shoulder or shallow second minimum
develops in the potential. The points along the dimer stretch coordinate sampled correspond to the
equilibrium structure and where the harmonic potential reaches 175 and 700 cm™ higher than the
equilibrium structure.
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This picture also explains why the dimers with low-frequency features plotted in Figure
5.3, have relatively narrow and intense features. In these dimers, the point of minimum OH
stretch frequency is near the equilibrium geometry. Since the derivative of the OH stretch
frequency with respect to the dimer stretch coordinate is zero at this point, many geometries

along the OH stretch coordinate have similar OH stretch frequencies.
5.5 Location of the Proton

In the previous section it was mentioned that all but one of the dimers in our study had
the proton bound to the acid. Although there is a large change in geometry when the proton is
transferred over to the base, where the proton is located between the acid and the base changes

gradually even before the proton is transferred. Stronger hydrogen bonds lead to geometries with
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slightly longer OH bond lengths and shorter O — N distances. The optimized geometries where
the proton is bound to the acid have OH bond lengths that vary from 0.997 to 1.075 angstroms
while the O — N distance varies from 2.57 to 2.81 angstroms. However, only examining the
optimized geometry paints a very over-simplified picture. This is because the location of the
proton is not a single point in space but instead described by a wavefunction. Additionally, this
wavefunction will depend on the dimer stretch coordinate. In order to capture all of this
information, contour plots of the square of the ground state wavefunction of the OH stretch
versus the dimer stretch coordinate for several of the dimers examined in this study are displayed
in Figure 5.8. The dimers in Figure 5.8 sample a range of O — N distances and proton locations.
These plots provide a more rigorous picture of the location of the proton relative to the oxygen
and the nitrogen. Since the oxygen, hydrogen and nitrogen have bond angles that are within a
few degree of linear, 0 on the x-axis of this plot corresponds to the location of the oxygen while
1 corresponds to the location of the nitrogen. The top seven dimers in Figure 5.8 show that most
of the proton’s probability density is found closer to the oxygen than to the nitrogen. Moving to
stronger hydrogen bonds results in the proton density moving closer to the midway point
between the oxygen and nitrogen. The bottom panel corresponds to the dMeAPy-tFAc dimer
which has most of its proton density closer to the nitrogen. In the case of all of the dimers, the
value of the dimer stretch coordinate has some impact on the probability density. Lower values
of the dimer stretch coordinate (which correspond to shorter O — N distances) result in the proton
density moving closer to the midway point between the oxygen and nitrogen. Overall these data
show that location of the proton relative to the oxygen and nitrogen changes very little until the
base is strong enough and/or the acid is weak enough for the proton to be transferred over to the

base.
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Figure 5.8: Probability distributions of the proton along the OH stretch coordinate for dimers of
various O — N distances. The dimers were selected to provide a sampling of different equilibrium
O — N distances to demonstrate how the surfaces vary with this distance.

5.6 Conclusion

It has been well documented that there is a strong correlation between the strength of a
hydrogen bond and the vibrational frequency of its OH or NH vibration. The strength of a

hydrogen bond in an acid-base dimer can be systematically tuned by adjusting the strength of the
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acid or base. To examine the hydrogen bond strength dependence of the vibrational features of
dimers of carboxylic acids and pyridines, these features were calculated for dimers with
components of varying acid and base strengths. Changing the acid and base strengths of the
components of these dimer resulted in the OH stretch vibration shifting across a wide range of
frequencies ranging from less than 1000 cm™ to nearly 3000 cm™. This lead to the OH stretch
frequencies ranging from well above to well below the OPB overtone (1900 cm™) which is
responsible for the unusual double-hump lineshape found in the vibrational spectra of many of
these dimers. The results of this study show that the OH stretch frequencies are well correlated
with the O — N distance. At longer O — N distances (> 2.6 angstroms) the OH stretch frequency
increases with O — N distance. At these O — N distances, the potential curves have a shoulder
from the hydrogen bond and the height of this shoulder is altered by the strength of the hydrogen
bond and the dimer stretch coordinate. This results in an OH stretch frequency that increases
with O — N distance. The opposite trend is observed at shorter (< 2.5 Angstroms) O — N
distances. When the O — N distance is shorter, the potential is a single well the width of which is
dictated by the amount of space between the oxygen and nitrogen. Thus in this regime, the OH
stretch frequency decreases with O — N distance. These two effects place a lower limit on the OH
stretch frequency of roughly 700 cm™ which occurs in geometries where the O — N distances are
between 2.5 and 2.6 angstroms. Overall, these calculations provide a more complete
understanding as to the origin of these unusual vibrational features. Additionally, understanding
how these features change with hydrogen bond strength can also provide insight for interpreting

data obtained from ultrafast experiments performed on photoacids.
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6. The Temperature Dependence the Vibrational Features of 7-Azaindole-
Carboxylic Acid Dimers

6.1 Introduction

It was shown in previous chapters that the broadness of the vibrational features of
hydrogen-bonded dimers can be explained by dimer stretch modes modulating the OH stretch
frequency and large Fermi resonance interactions. By adiabatically separating these lower
frequency modes from the OH stretch and bends, properties of these higher frequency transitions
were shown to be very dependent on the lower frequency mode’s coordinate. Consequently, the
probability distribution along the dimer stretch coordinate has a large impact on the lineshape of
the calculated vibrational feature. The dimer stretch method calculates the probability
distribution along this coordinate using a Boltzmann-weighted sum of the harmonic dimer stretch
eigenstates. Since KT is approximately 200 cm™ at room temperature and the dimer stretch
modes typically have frequencies between 80 and 170 cm™, many of the excited states are
heavily populated at room temperature. This can be seen clearly by examining the eigenstates
that make up the Boltzmann-weighted sum. Figure 6.1 shows the eigenstates that make up the
distribution at room temperature (298 K) and at 10 K for the 7-azaindole-hexanoic acid (7Al-
hex) dimer. At 10 K, kT is 7 cm™ resulting in the vast majority of the dimers being in the dimer
stretch ground state. However at 298 K, the first five excited states have significant populations.
To better appreciate how these changing state populations impact the overall distribution along
the dimer stretch coordinate, the overall distributions (the Boltzmann-weighted sums) are
displayed in the bottom panel of Figure 6.2. The population of excited states leads to wider
distributions which result in a larger range of OH stretch frequencies and consequently broader
vibrational features. However, even the ground state spans a large range of geometries which
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results in these features having a remarkably small temperature dependence. At lower
temperatures, the features are expected to be somewhat narrower with higher peak intensities
since all of the dimers are confined to a smaller range of geometries. In order to provide further
evidence that the dimer stretch modes are responsible for the broadness of these features, the
temperature dependence of these features was investigated theoretically using the dimer stretch
method and experimentally by performing FTIR measurements of the dimers suspended in high

density polyethylene (HDPE) at cryogenic temperatures.
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Figure 6.1: Populated dimer stretch states of the 7Al-hex dimer at 298 and 10 K. The squares of
the wavefunctions of each of the states are plotted and the probability of each state is displayed to
the right of square of its wavefunctions.
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Figure 6.2: Transition properties versus dimer stretch coordinate for the 7Al-hex dimer. The top
two panels show the transition frequencies and probabilities. The bottom panel shows how the
distribution along the dimer stretch coordinates changes with temperature.

6.2 The 7-Azaindole Hexanoic Acid Dimer

The first cryogenic FTIR measurements were performed on the 7Al-hex dimer. In order
to obtain FTIR measurements at such low temperatures, the sample containing the dimers needed
to be tolerant of high vacuum and have a homogenous phase across a large temperature range. In
order to accomplish this the dimers were suspended in a film of HDPE. A more detailed
explanation of how the films were made can be found in Appendix B. However, during the
process of making the films, the sample must be raised to the melting point of HDPE (180 °C).
Therefore, the components of the dimer needed to have boiling points above 180 °C making
pyridine and acetic acid unusable. Consequently, the 7Al-hex dimer was utilized since both of

the components of this dimer have boiling points significantly above 180 °C. Furthermore, this
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dimer and the 7Al-Ac dimer have almost identical OH and NH features since the length of the
carbon chain of the carboxylic acid has very little impact on the pKa. Spectra were calculated
and measured at a variety of temperatures from 10 to 300 K. These spectra are displayed in

Figure 6.3.
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Figure 6.3: Calculated and experimental spectra of 7Al-hex dimer as a function of temperature.
The top panel contains the calculated spectra while the bottom panel contains experimental
spectra. The theoretical spectra displayed are calculated as two uncoupled features, one being
from the coupled OH stretch and OPB and the other from the NH stretch. The OH feature is

broadened using 100 cm™* FWHM Lorentzians while the NH feature uses 40 cm™* FWHM
Lorentzians.

From the spectra shown in Figure 6.3 it is clear that broad features remain even at
temperatures approaching absolute zero. This is in agreement with the calculated spectra which
provides further evidence that these broad features originate from the dimer stretch modes.

Although the agreement between experiment and theory is not quantitative across the whole
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spectrum, the changes predicted with temperature are of the same order of magnitude as one
would expect from changes in the populations of dimer stretch states. Some spectral features
even have remarkable agreement. For example, the NH stretch does become narrower and with a
higher peak intensity as the temperature decreases. The higher frequency hump of the OH stretch
does this as well. Some frequencies that are predicted not to change with temperature are also
reproduced such at the region near 2625 cm™ and the region between the two humps. The most
significant disagreement between theory and experiment is in the region of the lower frequency
OH hump. This feature is calculated not to change with temperature, however, the experimental
spectra show it increasing with intensity as the temperature decreases. The experimental spectra
also show that the higher frequency region of the NH peak (around 3350 cm™) actually contains

another peak which becomes clearly visible at lower temperatures.

The sections of the calculated spectra that are temperature independent correspond to
points along the dimer stretch coordinate where the distribution changes very little with
temperature. These points correspond to where all of the temperatures nearly cross in the bottom
panel of Figure 6.2 (approximately -0.5 and 0.5 amu?A). Each of these points correspond to
different frequencies for each transition. At these points the NH has frequencies of 3190 and
3275 cmL. For the higher frequency OH transition these points correspond to frequencies of
2350 and 2625 cm™. Both points correspond to around 2000 cm™ for the lower frequency OH
transition. However, since no transitions occur between 2000 and 2250 cm™ due to the avoided
crossing, the absorbance calculated between 2000 and 2125 cm™ comes largely from Lorentzians
centered near 2000 cm™*. This results in the region from 2000 to 2125 cm™ having very little

temperature dependence.
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Overall, these spectra provide further evidence that low-frequency modes are responsible
for the broadening of these features. As the dimers are cooled down, their features generally
become less broad and have higher peak intensities. However, even at temperatures as low as 10
K, the features retain a remarkable amount of broadness due to the zero-point energy of the low-
frequency modes. Although the level of agreement between experiment and theory varies from
feature to feature, these types of changes indicate that low-frequency modes are likely the
dominant broadening mechanism of these features. Some discrepancy between theory and
experiment should be expected considering the functional dependence of the calculation and the
limited dimensionality of the model. However, inhomogeneous broadening (due to a range of
geometries being present in the film) could be responsible for observing broad vibrational
features at low temperatures as well. In order to provide further evidence that the broadness of
these features originates from low-frequency modes, the reduced mass dependence of these

features as a function of temperature was examined which is presented in the next section.
6.3 The Reduced Mass Dependence of 7-Azaindole - Benzoic Acid Dimers

Although the results displayed in the previous section provide compelling evidence that
low-frequency modes are responsible for the broadening of these features, an argument could be
made that a variety of geometries (unrelated to low-frequency modes) could give rise to broad
features at very low temperatures. Although this seems unlikely to be the dominant broadening
mechanism considering the agreement between theory and experiment in the high frequency OH
hump and the NH feature shown in the previous section, another way to provide further evidence
that low-frequency modes are responsible is to examine the reduced mass dependence of these

features.
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Like changing the temperature, changing the reduced mass of the dimers will impact the
population distribution along the dimer stretch coordinate which will in turn impact the
vibrational feature. Since the energy levels of a harmonic oscillator are proportional to the square
root of the spring constant divided by the reduced mass, the energy levels and wavefunctions of
the dimer stretch state will change with reduced mass. This change has an extremely small
impact on the overall distribution at room temperature because as the energy levels of the states
change, the distribution of excited states changes as well. However, this change is much more
significant at temperatures near absolute zero. Near absolute zero, only the ground state is
populated and its zero-point energy dictates the entire distribution. Smaller reduced masses, will
have higher zero-point energies and consequently broader features while greater reduced masses
will have lower zero-point energies and consequently narrower features. This is demonstrated in
Figure 6.4 which shows the temperature and reduced mass dependence of a vibrational feature

calculated for a toy model.
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Figure 6.4: Toy model calculation of a broad vibrational feature versus temperature and dimer
stretch frequency. The legend gives the dimer stretch frequency (which depends on the reduced
mass) and the temperature.

The toy model shown in Figure 6.4 assumes an OH stretch frequency and transition
probability that depend linearly on the dimer stretch coordinate. In this model, the relationship
between the transition frequency and hydrogen bond length are kept constant. This is equivalent
to requiring the spring constant not to change with reduced mass. Each line in this figure
corresponds to a different temperature and dimer stretch mode frequency. Since the dimer stretch
frequency is proportional to the inverse of the square root of the reduced mass, each of the dimer
stretch frequencies correspond to a different reduced mass. Figure 6.3 demonstrates that at 300
K, the vibrational feature will be the same regardless of the reduced mass, but at 10 K these
features will all be different. This is because at 10K, all of the dimers are in the ground dimer
stretch state and this state’s zero-point energy depends on the reduced mass. Heavier dimers

have lower dimer stretch frequencies and zero-point energies, and therefore, will have narrower
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features. Conversely, lighter dimers have higher dimer stretch frequencies and zero-point

energies which results in broader features.

In order to observe this effect, a series of dimers was needed that would have different
reduced masses but the same vibrational features at room temperature. In order for these dimers
to have similar vibrational features, the components of the dimer needed to have similar acid and
base strengths. This was accomplished using benzoic acids substituted with different halogens.
Specifically, a series consisting of 4-X-benzoic acid (X = CI, Br or I) hydrogen bonded to 7-
azaindole was chosen. These acids have pKas of 4.00, 3.96 and 4.00 respectively.*® The X = F
version was not used because it has a pKa of 4.15. However, since pKa is not always the best
parameter for determining hydrogen bond strength, as was shown in the previous chapter, the O
— N distances of these dimers were also calculated using density functional theory. Using the
parameters described in chapter 2, the O — N distance (for the hydrogen bond with the OH) were
calculated to be 2.702 and 2.701 Angstroms for the X = Cl and Br dimers. The O — N distance of
the X = | dimer was not calculated because iodine is not defined for the 6-311++g(d,p) basis set.
This indicates they should have nearly the same OH vibrational features at room temperature.

This was confirmed experimentally with the spectra displayed in Figure 6.5.
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Figure 6.5: Room temperature FTIR spectra of 7-azainodle-4-X-benzoic acid dimers in HDPE (X
= Cl, Bror I). HDPE absorbs strongly from 2700 to 3100 cm™ and consequently that region of the
spectra has been omitted.

As can be seen in Figure 6.5, this series of dimers have similar OH and NH vibration
features at room temperature. The chlorine and bromine substituted dimers have almost identical
OH and NH features. The iodine substituted dimer has a slightly less intense NH feature and a
slightly smaller absorbance in the region of the lower frequency OH hump. However, overall

these dimers have remarkably similar room temperature FTIR spectra.

The calculated spectra for the OH stretch and bend feature are displayed in Figure 6.6.
The dashed lines correspond to spectra calculated at 300 K and the solid lines correspond to
spectra calculated at 10K. Since the difference between the 10 K spectra is small and slightly
different dimer stretch modes can impact the calculation, these spectra were computed using the
same potential energy surface with the lower frequency mode’s coordinate scaled and the dimer

stretch wavefunctions changed to account for the varying reduced mass. Like the toy model
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presented earlier, the computed spectra for these dimers at 300 K are almost identical. The
differences in the spectra at 10K can be seen most clearly at 2400 cm™* where the iodine
substituted dimer is calculated to be the narrowest feature with the highest peak intensity and the
chlorine substituted dimer is calculated to be the broadest feature with the lowest peak intensity.
The changes in peak intensities in this region correspond to a few percent of the overall intensity.
This is much smaller than observed in the toy model presented earlier because the changes in the
frequency of the dimer stretch mode are much smaller. The toy model uses frequencies of 70,
100 and 130 cm™ whereas the dimer stretch modes used for the benzoic acid dimers have
frequencies of 94.8, 98.3 and 103.4 cm™. A series that could include a larger range of reduced
masses would be ideal; however, since preparing the films requires that the sample be able to
withstand temperatures of up to 180 C, lighter acids and bases with lower boiling points could

not be used in this experiment.
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Figure 6.6: Calculated spectra of 7-azainodle-4-X-benzoic acid dimers in HDPE at 10K and 300K
(X=Cl, Brorl).
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Since the difference in spectra associated with reduced mass is calculated to only be a
few percent, and slight variations in the experimental room temperature spectra are of this order
of magnitude, having a method for obtaining the reduced mass dependence without having to
compare specific spectral features across the dimer series would provide a more robust approach
for observing the reduced mass dependence. This can be accomplished by examining how the
absorbance changes as a function of temperature and reduced mass. It is expected that in the high
temperature regime that the spectra will change with temperature but that these changes will not
be impacted by reduced mass since the dimers are still in a Boltzmann-weighted sum of many
dimer stretch states. However, in the low temperature limit it is expected that the changes from
room temperature will be more substantial for the heavier dimers since they have ground dimer

stretch states that are lower in the potential. An example of this is displayed in Figure 6.7.
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Figure 6.7: Calculated temperature dependence of the OH features of 7-azaindole-4-X-benzoic
acid dimers (X = ClI, Br or I). Left: Calculated temperature dependence of the OH feature of the 7-
azaindole-4-Cl-benzoic acid dimer. Right: Calculated change in absorbance at 2400 cm™ relative
to 300K for 7-azaindole-4-X-benzoic acid dimers.
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Figure 6.7 shows how the change in absorbance of the higher frequency hump of the OH
stretch can be used to show how the reduced mass impacts the vibrational feature. The left panel
shows the calculated temperature dependence of the chloro version of the dimer. This calculation
indicates that the frequency at 2400 cm™* will change substantially with temperature. The right
panel shows how the absorbance will change relative to 300K at 2400 cm™* for each member of
the benzoic acid dimer series. From this plot, it is easy to see that the chloro version of the dimer

will change less than the iodo version due to its smaller reduced mass.

This technique will allow for a more robust method for observing the reduced mass than
simply comparing spectra of the dimers at various temperatures. Because it relies on a change in
absorbance (as opposed to an absolute absorbance), small variations among the room
temperature spectra of the dimers should be less problematic. Additionally, this type of analysis
could be used for any feature that changes with temperature. This analysis will test if the changes
with temperature are due to a redistribution of the populations of the dimer stretch mode
eigenstates. Furthermore, it provides an easy way to compare spectra across the whole
temperature range, making any trend clearer than if one tried to compare individual

temperatures.

Although measurements as a function of temperature have been taken for the benzoic
acid dimer series, the data has not yet been fully analyzed. The spectra without the HDPE

background removed are displayed in Figure 6.8.
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Figure 6.8: Preliminary FTIR spectra of the benzoic acid dimer series. The halogen in the para
position of the benzoic acid is indicated on the left. The temperature dependence of HDPE (the
background) is displayed at the bottom. The background has not yet been subtracted from the
dimer spectra. These data are currently being analyzed.

6.4 Conclusion

The agreement between theory and experiment in the temperature dependent spectra of
the 7-azainodle-hexanoic acid dimer has provided additional evidence that low-frequency modes
are responsible for the broad vibrational features observed in these types of hydrogen -bonded
dimers. Specifically, the temperature dependence of the higher frequency OH hump and the NH
feature are well reproduced by the dimer stretch method. These features broaden and decrease in

peak intensity as temperature increases. Further evidence that low-frequency modes are
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responsible for these features could be provided by examining how the features change as a
function of temperature and reduced mass. Spectra of a reduced mass series of dimers have been
obtained and are currently being analyzed. The next chapter introduces a different method for
calculating the unusual vibrational features. This method relies on a molecular dynamics (MD)
simulation to sample a wider range of geometries than can be obtained from one dimer stretch

mode.
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7. Combined Electronic Structure and Molecular Dynamics Approach to
Computing the OH Vibrational Feature of the Pyridine-Acetic Acid
Dimer

7.1 Introduction

Although the dimer stretch method was fairly successful at reproducing the double-hump
lineshape found in many of the dimers between carboxylic acids and nitrogen-containing
aromatic bases, it relies on the approximation that all potential molecular geometries can be
adequately sampled by scanning a single low-frequency normal mode. This approximation
makes performing these calculations computationally quite feasible. By just performing a
handful of potential energy surface scans at different points along a low-frequency mode, one
can map out how the transition properties depend on the low-frequency mode’s coordinate. This
map can be used to build a spectrum that includes many more geometries than those explicitly
calculated with electronic structure theory. However, when additional low-frequency modes are
added to the calculation, the computation time scales like the number of points sampled along
each low-frequency mode raised to the number of low-frequency modes included. This severely
limits the number of low-frequency modes that can be included in the calculation, making it very
difficult to account for all of the potential molecular geometries. Additionally, even if all of the
low-frequency modes could be included in the calculation, scanning them may not provide an

adequate sampling all of the potential geometries in the condensed phase.

One potential solution to these problems is to rely on a classical MD simulation to sample
molecular geometries rather than scanning all of the low-frequency modes. Because the force
fields used to perform molecular dynamics simulations are generally not of spectroscopic

accuracy, snapshots of the molecular geometries are often used as an input for electronic
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structure calculations. These electronic structure calculations are then used to determine the
spectroscopic properties. These methods have been applied to a number of systems including
water®?52” and ionic liquids®® and are often referred to as “combined electronic structure and
molecular dynamics methods.” Like the dimer stretch method, computing the transition
properties associated with every geometry included in the calculation of the spectral feature is
computationally impractical so oftentimes a “spectral map” is used to increase the number of
geometries that can be included in the calculation of the vibrational feature. These maps are
obtained by taking snapshots of the molecular geometry from an MD simulation and calculating
the spectroscopic properties of these snapshots using electronic structure methods. These
properties are found to correlate with a variable that can be obtained from the MD simulation.
This is usually the electric field of some geometric parameter. Once this relationship is
established, the spectroscopic properties of additional geometries can be obtained using the map
instead of performing additional electronic structure calculations. Like the dimer stretch method,

this method maps the transition properties onto a one-dimensional parameter.

7.2 Method

One acetic acid, one pyridine and 64 carbon tetrachloride molecules were simulated using the
GROMACS.**%2 An OPLSaa> force field was employed to simulate the system in a cubic cell
with 2.2 nm sides. Equilibration was achieved by performing a 1 ns NVT simulation at 298K
using a nose-hoover thermostat with a 0.5 fs time steps. Additional details of these simulations
can be found in Appendix C. Snapshots were collected every 50 ps from 5 ns NVE production
run. Equilibration was verified by the small energy and temperature drifts of 0.02 Hartrees/ns
and 0.1 K/ns during the NVE simulation. Density functional theory calculations were then

performed on each of the snapshots of the pyridine and acetic acid molecules with a dielectric
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continuum model of the carbon tetrachloride solvent in order to obtain the vibrational
frequencies and transition dipole moments. Snapshots with an O — N distance of greater than 0.5
nm (dissociated geometries) were excluded which reduced the number of geometries from 100 to
83. This was done because the dielectric continuum cavity is likely not accurate, if solvent
molecules are between the pyridine and acetic acid. The location of the OH hydrogen was
optimized for each of the snapshots and normal mode analysis was performed using this
hydrogen’s three degrees of freedom. This resulted in two OH bending modes and one OH
stretch mode. These modes defined the coordinates of the potential energy surface scans that
were used to compute the spectroscopic properties of each geometry. The transition frequencies
and probabilities were calculated from these potential energy and dipole surfaces the same way

as they were in the dimer stretch method described in chapter 2.

Once the transition frequencies and probabilities were calculated, a map was created relating
the transition properties to the electric field produced by the pyridine molecule projected onto the
OH bond vector. The electric field was calculated using the partial atomic charges defined by the
OPLSaa force field using equation 7.1.

7.
E = ﬁ-qule

n (7.0)
i=1 Tin

In equation 7.1, 1 is the OH bond vector, n is the number of atoms in pyridine (11), q; are the
partial atomic charges of the pyridine atoms, and &y is the vector from the pyridine atom i to the
hydrogen in the OH of acetic acid. Maps were created relating each of the transition frequencies
and probabilities to the electric field. Then the electric fields of snapshots from every 1 ps of the

MD simulation were calculated (resulting in over 4000 geometries with O — N distances of less
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than 0.5 nm). The electric fields of these geometries were used to compute the transition
properties from the spectral maps. Each transition was modeled as contributing a 100 cm™
FWHM Lorentzian profile centered at the calculated frequency with a height of the calculated
transition probability. The overall spectral features were calculated by summing the Lorentzians
of all of the transitions (either the OH stretch or the OH stretch and one bend overtone) of all of

the geometries.
7.3 Normal Modes

Because of the range of geometries given by the MD simulation, the heavy atoms of the
pyridine and acetic acid are not always in the same plane. This makes the definitions of the OPB
and IPB used in the previous chapters unapplicable to the bending modes in this chapter.
However, from examining the computed normal modes of the snapshots, it is clear that the lower
frequency bending mode always corresponds to a bending mode that is out of the plane defined
by the heavy atoms of the acetic acid, but uncorrelated with the plane defined by the heavy atoms
of the pyridine. Similarly, the higher frequency bending mode corresponds to the hydrogen
moving within the plane defined by the heavy atoms of the acetic acid. Therefore, in this chapter
the bending modes will still be classified as OPB and IPB but the plane being referred to is of the
heavy atoms of the acetic acid, not of the heavy atoms of the whole dimer.

It is also worth clarifying that calculating the normal modes using only the three degrees
of freedom of the OH hydrogen has a noteworthy impact on the definition of the normal and
modes and the spectral features ultimately calculated with them. These changes occur because
the full-dimensional normal modes contain signifcant motion of other atoms. For the OH stertch,
this is mainly the recoil of the oxygen and for the bending mode it is largely the motion of CH
hydrogens. Of the two bending modes, motion of CH hydrogens is more significant for the in-
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plane bend. Consequently, the two modes impacted the most by excluding the other degrees of
freedom from the normal mode analysis are the IPB and the OH stretch.

Using normal modes that only include OH hydrogen motion with the dimer stretch
method leads to vibrational features that are different than those presented in Chapter 3. The
computed feature of the uncoupled OH stretch shifts downward in frequency by approximately
150 cm™. The fundamental of the IPB shifts from 1500 cm™ to 1460 cm™. This results in the
overtone occuring near 2830 cm™. This overtone participates in an avoided crossing with the OH
stretch in which the two transitions come within roughly 250 cm* of each other, sinilar to the
OPB, indicating the OH hydrogen only normal modes calculate stronger coupling between the
OH stretch and IPB. The OPB is not as heavily affected since its full-dimensional normal mode
does not contain much motion of other atoms. However, the OH stretch moving to lower
frequencies does cause the calcuated feature to appear more continuous. In this chapter, the
features calculated with the dimer stretch method will be shown for comparison. These features
are calculated using the OH hydrogen atom only normal modes to facilitate a more direct

comparison of the two methods.

7.4 Spectral Maps

The relationship of transition frequency and probability calculated using only the OH
stretch to the projected electric field is shown in Figure 7.1. The transition probability is defined
as the norm squared of the transition dipole moment. A linear fit was performed with the
frequency data in order to obtain an equation relating the frequency to the electric field which is
displayed as equation 7.2. The transition probability was fit using a second order polynomial.
The results of this fit are given by equation 7.3. The OH stretch frequency decreases with electric

field while the transition probability increases as expected since shorter O — N distances
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generally correspond to larger electric fields. The frequencies span from nearly 2000 to 3500 cm-

L while the transition probabilities span over an order of magnitude from 0.03 to 0.9 Debye?.
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Figure 7.1: Spectral map of transition frequencies and probabilities calculated using only the OH
stretch.
v(E) = 3657 — 31770E (7.2)

|u[2(E) = —0.01856 + 6.644E + 230.9E2 (7.3)

The spectral maps that do not include any bending modes are relatively simple since there
is only one transition. The spectral maps obtained from a calculation that includes the OPB is
shown in Figure 7.2. Linear fits were used for mapping the frequecies of the two transitions.
These are given by equations 7.4 and 7.5. From the data displayed in the top panel of Figure 7.2,

the |0> — |3> transition frequency is decreasing with electric field while the |0> — |2> transition

90



frequency is increasing with electric field. This trend was also observed with the dimer stretch
coordinate in chapter 3. This also indicates that for most of the geometries state |3> resembles
the first excited state of the OH stretch while state |2> resembles the overtone of the OPB. At
electric field values that are higher than those sampled in the MD simulation, there likely exists

an avoided crossing between these two states.
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Figure 7.2: Spectral map of transition frequencies and probabilities calculated with the OH stretch
and OPB.
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The lower panel of Figure 7.2 shows how the transition probabilties change with electric
field. These data are fit with Gaussian functions. The |0> — |3> transition has a probabilty of
0.03 Debye? for small electric fields. As the electric field strength increases so does the transition
probability until it reaches a maximum near 0.039 a.u. The |0> — |2> transition has almost no
oscillator strength at small values of electric field. However, it gains oscillator strength as the
strength of the electric field increases. This is because it is approaching the avoided crossing.
Overall we see that the OPB calculation shows two transitions that have very different
frequencies and transition probabilities for low values of electric field, but begin to exhibit the
symptoms of an avoided crossing at the higher electric field values that are populated by this
system at room temperature.

Unlike the OPB, the IPB calculation demonstrates its avoided crossing clearly, which is
shown in the top panel of Figure 7.3. The crossing occurs near 0.032 a.u., an electric field value
that is heavily sampled at room temperature. To account for the avoided crossing in the fit,
second order polynomials were used to relate the transition frequencies and the electric field
resulting in equations 7.6 and 7.7. As was done with the OPB, the transition probabilites were fit
with Gaussian curves, the result of which are given by equations 7.8 and 7.9. Although the
correlations with electric field are not perfect for any of the transition properties, the correlations
of the transtion probabilites of the IPB calcuation with electric field are the weakest. Especially
when the electric field is large, there is a wide spread of transition probabilites. It could be

interesting to examine the exact reason for this large spread in future studies.
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Figure 7.3: Spectral map of transition frequencies and probabilities calculated with the OH stretch

and IPB.
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Collectively these spectral maps show that both bending modes participate in significant

Fermi resonance interactions. This contrasts with the results presented in Chapter 3 which

utilized the dimer stretch method to calculate the vibrational features of the same system and
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found the OPB to participate in a much stronger Fermi resonance than the IPB. There are likely a
few reasons for this. For one, excluding the motion atoms other than the OH hydrogen from the
normal mode analysis results in an IPB which couples more heavily with the OH stretch since
the motion of other atoms tends to decrease the coupling. Additionally, using the OH hydrogen
only normal modes decreases the fundamental frequency of the IPB from 1500 to 1460 cm™
placing its overtone in a frequency range slightly more susceptible to a Fermi resonance with the
OH stretch. The range of geometries sampled could also contribute to the discrepancy. The dimer
stretch method only accounts for planar geometries while the MD simulation includes non-planar
geometries. The difference in the results of the two methods could be partially explained if non-
planar geometries have stronger couplings between the OH stretch and the IPB than planar

geometries.
7.5 Calculated Spectral Features

The spectral maps shown in the previous section were used to calculate the transition
frequencies and probabilities of over 4000 geometries obtained from snapshots of the MD
simulation. The use of these maps allowed for many more geometries to be included than would
be possible if electronic structure calculations were required to determine the spectroscopic

properties of each geometry.

The calculated feature using the OH stretch only maps is displayed in Figure 7.4. For
comparison, the feature calculated using the dimer stretch method with the OH hydrogen only
OH stretch is also plotted. Neither of these features overlap directly with the higher frequency
OH hump seen in the FTIR. The MD model results in a feature that is higher in frequency,

centered near 2800 cmt, while the dimer stretch method produces a feature lower in frequency,
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centered near 2350 cm™. The higher frequency feature calculated with the MD model also
extends to frequencies above 3100 cm indicating that the absorbance in this region could
originate from high frequencies OH stretches. Part of this shift is likely due to the larger range of
geometries present in the MD simulation. Another possible source is that the OPLSaa force field

biases the geometries to larger O — N distances.
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Figure 7.4: Calculated OH feature of the Py-Ac dimer using the OH stretch only maps.

The calculated feature using the OPB and OH stretch maps is displayed in Figure 7.5. This
feature has two humps that are connected by a small amount of absorbance. The higher
frequency feature is centered near 2800 cm™, similar to the OH stretch only calculated feature,
and corresponds largely to the OH stretch fundamental. The lower frequency hump is centered
near 1800 cm™ and corresponds mostly to the OPB overtone. Compared to the dimer stretch
feature, the lower frequency hump is broader which is in better agreement with experiment.

95



However, it is also much lower in intensity which places it further from the experimental

spectrum.
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Figure 7.5: Calculated OH feature of the Py-Ac dimer using the OPB and OH stretch maps.

The calculated feature using the IPB and OH stretch maps is displayed in Figure 7.6. The
avoided crossing, exhibited in the spectral maps used to calculate this feature, leads to a two-
hump structure with the lower frequency hump centered near 2450 cm™ and the higher frequency
hump centered near 2850 cm™. This indicates that some of the absorbance between 2700 and
3000 cm* could be a third hump originating from a Fermi resonance with the IPB. This
interpretation implies that the origin of OH features of dimers between carboxylic acids and

nitrogen-containing aromatic bases is very similar to the origin of the Hadzi ABC structure.
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Figure 7.6: Calculated OH feature of the Py-Ac dimer using the IPB and OH stretch maps.

By comparison, the dimer stretch method with the OH hydrogen only normal modes
produces a feature with a large hump centered near 2350 cm™ and a smaller hump centered near
2830 cmL. This structure results from the avoided crossing of the IPB overtone and the OH
stretch fundamental. This calculation shows that the two methods produce qualitatively similar
features. The MD method calculates that the two humps will be of about equal intensity while
the dimer stretch method calculates the lower frequency hump will be significantly larger. This is
likely because the OH stretch frequencies sampled by the MD simulation tend to higher than

those sampled by the dimer stretch mode resulting in a stronger Fermi resonance with the IPB.

Overall the similarities in the results of the two methods are quite remarkable. Although
quantitative aspects of the feature change, the qualitative characteristics remain the same.

Furthermore, most of the quantitative differences can be explained by the OH stretch shifting to
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higher frequencies when the MD simulation is used to sample geometries instead of the dimer
stretch mode. This indicates that the dimer stretch method can provide results that qualitatively
similar for a much lower computational cost. The results of these calculations also indicate that
both Fermi resonances are important for describing the OH vibrational feature of Py-Ac.
Consequently, a three-dimensional Hamiltonian would be ideal for calculating these features.

This calculation will be performed in the near future.
7.6 Conclusion

Another method for calculating the vibrational features of hydrogen-bonded systems is a
combined molecular dynamics and electronic structure approach. These methods typically take
snapshots from an MD simulation and use electronic structure calculations to compute the
transition properties of these snapshots. A “spectral map” is then usually developed to relate the
transition properties to some parameter that can be obtained exclusively from the MD simulation.
These maps allow for the transition properties of many more geometries from the MD simulation
to be computed easily. This method was applied to calculating the OH vibrational feature of Py-
Ac. This calculation showed that the double-hump structure originates from a Fermi resonance
between the OPB and OH stretch being broadened by the distribution of thermally inhabited
geometries. The calculation also showed that a Fermi resonance between the IPB and OH stretch
is responsible for some of the absorbance between 2700 and 3000 cm™ which could be thought
of as a third hump. This method provides a more complete picture of the origin of these features
since it is able to include a much larger range of thermally inhabited geometries than the dimer
stretch method. However, the features it calculates are qualitatively similar to those computed
with the dimer stretch method which indicates that the inclusion of additional geometries has a
largely quantitative impact on computed features.
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8. Conclusion and Future Prospects

8.1 Conclusion

Hydrogen-bonded systems often have very broad and unusually shaped vibrational
features. In many cases the origin of these features is unknown. Consequently, computational
methods are often utilized to reproduce these features and thereby obtain insight into their origin.
However, calculating these features can be quite challenging. Numerous methods have been
developed, each with advantages and disadvantages. This thesis focused on developing methods
for calculating the multi-hump features found in many hydrogen-bonded dimers. These methods
were applied to several systems. The results of these calculations showed that the broadness of
these features largely stems from the range of inhabited geometries produced by low-frequency
modes that modulate the hydrogen bond length. These calculations also demonstrated that the
multi-hump lineshape results from strong Fermi resonance interactions between the OH stretch

and bending modes.

For many systems the dimer stretch method has shown how low-frequency mode are
responsible for the broadness of these vibrational features. This method was able to model the
double-hump feature found in dimers of carboxylic acids and nitrogen-containing aromatic bases
and showed that this unusual lineshape comes from a strong Fermi resonance of the OPB. This
method was also able to model the even broader Hadzi ABC structure. This study demonstrated
that several transitions to overtone and combination bending states contribute to this feature. By
changing the acid and base strength of the components of the dimer, the dimer stretch method
was able to show how these features change with the strength of the hydrogen bond. This
allowed for features originating from dimers where the proton is on the acid or the base to be

modeled as well. To further substantiate that dimer stretch modes are largely responsible for the
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broadness of these features, the temperature dependence of these features was also examined. As
the dimer stretch model predicted, these features remain remarkably broad at temperature as low
as 10 K due to the zero-point energy of these modes. Finally, a combined molecular dynamics
and electronic structure method was presented and used to calculate the double-hump feature of
the Py-Ac dimer. This study showed that even with the larger range of geometries sampled by
the MD simulation, the computed features are qualitatively similar to the computationally much
less expensive dimer stretch method. Overall, this work shows that low-frequency modes are the

primary broadening mechanism for the vibrational features of hydrogen-bonded dimers.
8.2 Future Prospects

A number of extensions of this work could be future projects. In particular, the combined
molecular dynamics and electronic structure calculations described in Chapter 7 could be

extended in several directions.

One direction the combined molecular dynamics and electronic structure method could
be taken is the solvent dependence. The dielectric continuum model used in this work likely does
not model more polar solvents well and consequently is unlikely to provide a very accurate
description of the solvent dependence of these features. The dielectric continuum model predicts
these feature will simply shift to lower frequencies when more polar solvents are used; however,
the experimental spectra show the range of frequencies increasing rather than shifting. To
account for the effect more polar solvent will have on the transition properties, this study would
require developing the method to include clusters of solvent molecules in the electronic structure

calculations similar to the approach of Skinner and co-workers.?¢%’

100



Another investigation using the combined molecular dynamics and electronic structure
method could be the acid and base strength dependence. This will be more challenging than the
solvent dependence since no OPLSaa force field exists for many of the bases used in Chapter 5.
Consequently, this study will likely require developing new force fields or performing ab initio
molecular dynamics simulations. Performing this study may give additional insight into why the
dimer stretch method does not capture the full range of frequencies observed in the experimental

spectra of many of the strongly hydrogen-bonded dimers.

Another future topic of investigation using the combined molecular dynamics and
electronic structure approach could be to examine how these features change before and after
proton transfer. This is difficult to do using standard molecular dynamics simulations because
most force fields cannot account for bonds breaking or forming. However, proton transfer could

be simulated using reactive force fields or ab intio molecular dynamics.
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Appendix A: Derivation of the Hamiltonians

In chapter two, the Schrodinger equation is solved variationally to obtain the vibrational
states of the system. This is done using a discrete variable representation of the Hamiltonian.3*

This appendix gives the derivation of these Hamiltonians.

The Hamiltonian ( H ) operator is the sum of the kinetic (T ) and potential energy (V)

operators.

(A1)

)
Il
~)
+
<

The basis functions of the Hamiltonians are delta functions which have the OH stretch and
bending normal modes as coordinates. For one dimension, the elements of the kinetic energy

operator are given by:

—h% 92 (A2)

T = (4] 252

)

where £ is Planck’s constant, Q is the normal mode coordinate and ¢; are the basis set functions.
The second derivative, with respect to the normal mode coordinate, is calculated using the finite

difference approximation.

aZf B (A-3)
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For a function f of which the values are known for a set of 2N + 1 points that are equally
spaced along coordinate @, the second derivative can be approximated as a weighted-sum of
these values. This is shown in equation A.3 where AQ is the spacing between these points. The

weights (A4;) are obtained using Lagrange polynomials. In the limit where N goes to infinity, the

matrix elements of the second derivative operator O can be expressed as:

( (A4)
| —_— m=n
a _ _(_1)m—n 3
mn — AQZ 9
RS

The matrix elements of the kinetic energy operator can then be obtained by adding a constant to

the matrix elements of the second derivative operator.

w2 (A.5)
(—D)™™n? F
T, = ———
mn 2AQ? 2
(m — n)z m +n

Although the potential energy is calculated for a finite number of points, assuming N
goes to infinity is reasonable if the potential energy of the points that are not included is much
higher than the state of interest. Consequently, all of the potential energy surfaces are computed
so the minimum potential energy on the edge of the surface was at least 1000 cm™ greater than
the final state of the transition. Since the potential energy is known for each point from the

potential energy surface scan, the potential energy operator is given by a diagonal matrix:
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which can be added to the kinetic energy to obtain the Hamiltonian (equation A.1). Equations 2.6

and 2.7 show how the Hamiltonians are constructed for two or three dimensions.
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Appendix B: Protocol for Making High-Density Polyethylene Films

1. Suspending Dimers of 7-Azaindole and Hexanoic Acid in High-Density

Polyethylene

60 mg of 7-azaindole and 60 pl of hexanoic acid were dissolved in 10 ml of toluene in a
20 ml glass scintillation vial. 500 mg high-density polyethylene (HDPE) was added to the
solution and placed on a hot plate set to 135 °C for 40 minutes. The vial was then transferred to
water bath maintained at 80 °C to evaporate the remaining solvent. The resulting waxy product

was then melted and pressed into a film.

2. Suspending Dimers of 7-Azaindole and 4-X-Benzoic Acid in High-

Density Polyethylene (X =CI, Bror I)

20 mg of 7-azaindole and the molar equivalent of the benzoic acid were added to 15 ml
of toluene in a 20 ml glass scintillation vial. The vial was then placed on a hot plate set to 135 °C.
After both species dissolved, 500 mg of HDPE was added to the solution. The solution was
maintained at 135 °C for another 40 minutes. The solution was then placed in a petri dish and
boiled until all of the toluene evaporated. The resulting waxy product was then melted and

pressed into a film.
3. Pressing the Suspensions into Films

Two (2” x 2” x 0.25”) aluminum plates were heated in an oven to 180 °C. Approximately
100 mg of the waxy dimer suspension was placed on one of the hot plates along with a piece of
0.010” diameter stainless steel wire bent into a square shape slightly smaller than the aluminum
plates. The plate was then returned to the oven until the suspension was melted (roughly 20
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minutes). The other plate was then used to press the molten sample into a film, the thickness of
which was determined by the thickness of the wire. To separate the film from the plates without
destroying it, the two plates with the film between them were submerged in room temperature

water. Once the plates cooled to room temperate, the film was cleanly separated from the plates.

Since the dimers suspended in HDPE outgas under vacuum, the HDPE films were coated
in a layer of Poly(methyl methacrylate) (PMMA). This was done by placing 500 pl of 2%
PMMA in anisole on top of the film and allowing the solvent to evaporate for three hours. This

was done for both sides of the films.
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Appendix C: Molecular Dynamics Simulation Parameters

This appendix gives the parameters for the GROMACS .mdp files used to perform the
molecular dynamics simulations described in Chapter 7. The definitions of each of these
parameters can be found in the GROMACS user manual. The majority of the parameters were
the same for both the NVT simulation (which equilibrated the system) and the NVE simulation
(which was used to produce the geometries for calculating the spectral features). If a parameter

changed values the NVT parameter value is listed with the NVE value in parenthesis.

integrator =md

dt = 0.0005

nsteps = 2000000 (10000000)
nstxout = 2000

nstvout = 2000

nstlog = 2000

constraints = none
cutoff-scheme = Verlet
verlet-buffer-tolerance =-1

nstlist =10

rlist =1.09

ns_type = grid

coulombtype = pme

vdwtype = cut-off

dispcorr = EnerPres

rcoulomb =0.9

rvdw =09

pbc = Xyz

tcoupl = nose-hoover (no)
tc-grps = System (undefined)
tau_t = 0.3 (undefined)

ref t = 298 (undefined)
pcoupl =no

gen_vel = yes (undefined)
gen_temp = 298 (undefined)
gen_seed = 173529 (undefined)
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