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ABSTRACT: Intramolecular vibrational energy relaxation (IVR) is fundamentally important to
chemical dynamics. We show that externally applied electric fields affect IVR and vibrational line
widths by changing the anharmonic couplings and frequency detunings between modes. We
demonstrate this effect in benzonitrile for which prior experimental results show a decrease in
vibrational line width as a function of applied electric field. We identify three major channels for
IVR that depend on electric field. In the dominant channel, the electric field affects the
frequency detuning, while in the other two channels, variation of anharmonic couplings as a
function of field is the underlying mechanism. Consistent with experimental results, we show
that the combination of all channels gives rise to reduced line widths with increasing electric
field in benzonitrile. Our results are relevant for controlling IVR with external or internal fields ‘—E

Linewidth

N
=

>
Electric Field +E

and for gaining a more complete interpretation of line widths of vibrational Stark probes.

he importance of electric fields and electrostatic

interactions at the molecular length scales in influencing
the thermodynamics and kinetics of reactions can not be
overstated. The role of electric fields in enzyme catalysis,"”
electrocatalysis,”* and thermocatalysis™ is becoming more
prominent with new experimental and computational evidence.”
Control over fields at interfaces and microenvironments for
enhanced reactivity is a major research frontier.>”

A critical tool for measuring electric fields on the molecular
scale is vibrational Stark shift spectroscopy.'’~"* A well-defined
localized vibration in a probe molecule is first calibrated in
electric fields and reference environments. The frequency shift
of the reporter molecule is often linearly related to the local
electric field. Even though specific interactions of such
molecules, such as hydrogen bonding, are more complicated
and must be accounted for, they remain valuable reporters of
chemical microenvironments such as enzyme cavities'~ and near
electrochemical interfaces." "'

Benzonitrile is a useful Stark probe because it is relatively
unreactive and its nitrile stretch frequency near 2230 cm™ is
isolated from other common vibrations of organic molecules.
Frequency shift of nitrile has been used by us and others for
understanding a variety of problems ranging from electrostatic
fields within proteins,'®'” dielectric solvation'® and ionic
structure near interfaces.'*

A natural issue in interpretation of nitrile stretch spectra is
understanding their line widths. One may envisage at least two
sources contributing to the line width. First, the molecule
reports on the fluctuations and inhomogeneities of the
environment as an antenna, and thereby encodes the environ-
mental variations in its line width. Second, the Stark-active
vibration is often coupled to other low frequency modes within
the same molecule and can dissipate energy into those modes

© XXXX American Chemical Society

WACS Publications

7818

thereby contributing to the line width.'””” When the second
mechanism is operative, interpreting the line widths as merely a
representation of the environmental fluctuations via an antenna
effect becomes problematic. In this work, we show that not only
there is a significant intramolecular source of line broadening in
the benzonitrile Stark probe molecule, but also that such
intramolecular pathways of energy dissipation change as a
function of applied electric field. The second observation is the
main point of our work and helps with isolating intra- and
intermolecular effects when interpreting Stark shift spectroscopy
line widths. In the broader context of intramolecular vibrational
energy relaxation, our work emphasizes that such relaxation
pathways can be altered by external electric fields, either applied
by an electrode or due to a nearby ionic structure. Therefore,
these results are applicable when considering reactive pathways
that depend on intramolecular vibrational relaxation.

The line width of nitriles has been discussed in the literature
previously. It is well-known that not only the nitrile frequency
but also the line width is altered by the solvent”'~** and
temperature.””” Gai and co-workers on studying nitrile
derivatized amino acids have reported red-shift and narrowing
in tetrahydrofuran and blue-shift and broadening in water.
Temperature-dependent FTIR measurements show narrower
line width with increase in temperature and have been attributed
to more homogeneous environment at higher temperatures.”'
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Figure 1. Vibrational sum frequency generation (SFG) spectroscopy data of surface tethered benzonitrile as a function of applied potential. (a) Nitrile-
stretch spectra and (b) line widths of nitriles. Adapted from reference 44 Copyright 2019 American Chemical Society.

Several decades ago, work on ortho-, meta-, and para-substituted
acetophenone by Mueller and co-workers revealed that steric
and inductive effects of the substituents play an important role in
determining the line widths of the carbonyl.”

Recent experimental and theoretical studies have shown that
the nitrile frequency-shift changes the nitrile vibrational lifetime
due to intramolecular coupling with other low frequency modes
present in the molecule. This is due to alteration of the
vibrational energy transfer rate from nitrile to other overtones of
the low frequency modes.”” This intramolecular energy
dissipation phenomena for the CN mode has been observed
in isotopically substituted nitriles. Here, the perturbing factor
that changes the intramolecular relaxation is mass. IR pump—
probe measurements of isotopically substituted p-cyanopheny-
lalanine (Phe-CN) by Rodgers et al. revealed a nonmonotonic
lifetime trend with respect to reduced mass.'” As the electronic
potential of the molecule does not change due to isotopic
substitution, the contributing factor to the nitrile lifetime was
due to the intramolecular vibrational relaxation.”® 2D IR
experiments by Tucker et al. showed that by tuning the
intramolecular coupling it is possible to tune the vibrational
energy flow in p-azidobenzonitrile (PAB) and p-(azidomethyl)-
benzonitrile (PAMB).*

Outside of the context of Stark shift spectroscopy, long-lived
vibrations are important in mediating chemical reactions in gas
and condensed phase and in biomolecules.”” ~*’ There is interest
in vibrational energy and thermal transport through molecules
and molecular junctions,’®~** including hydrocarbon chains and
polyethylene glycol oligomers, in some studies with the aim of
designing molecular systems that rectify vibrational energy”*™*’
and thermal transport.”' =" The nature and rate of energy and
thermal transport in molecular systems are influenced by
vibrational energy relaxation.

Recently, we have identified a systematic line width change in
the nitrile stretch of benzonitrile with application of an
electrochemical potential.** Sum frequency generation experi-
ments on tethered 4-mercaptobenzonitrile show line-narrowing
with oxidative potentials and line-broadening with reductive
potentials (Figure 1, parts a and b). One may suspect that such
changes are due to changes in the fluctuations or structure of
ions near the electrode. However, no a priori reason suggests
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that in the mentioned experiment either sign of the electric field
should result into reduced or enhanced fluctuations or
inhomogeneities.

We have also reported a similar trend as a function of the
electron-donation strength of a number of neutral substituents.
The more electron donating groups (emulating a negatively
biased electrode), in general, cause line—broadening.44 The
above experimental results led us to hypothesize that an
intramolecular source of line-broadening, especially one that is
sensitive to the externally applied field, is likely the reason for
these observations.

In this work we seek to test the hypothesis of electric field-
dependent vibrational energy transfer. To our knowledge,
intramolecular effects in line broadening from the perspective of
a continuously variable external electric field has not been
explored before. Two factors govern dissipation of energy from
nitrile to lower frequency modes: anharmonic couplings, and
resonances between the nitrile and combinations and overtones
of lower frequency modes. Correspondingly, we compute how
these factors change as the applied electric field on a molecule is
varied. Using a standard energy transfer formalism, we show that
the combination of these two factors predicts line-narrowing for
positive fields and line-broadening for negative fields, consistent
with the experimental observations.

To compute the molecular vibrations and anharmonicities in
the presence of an electric field, we use a previously reported
method.” In brief, two meshes of point charges are created to
mimic positive and negative sides of a capacitor. The size of the
capacitor and the mesh is selected such that the field is uniform
along the body of the molecule. Geometry optimization and
frequency calculations were carried out by placing a benzonitrile
molecule centered between the two capacitor plates (Figure 2).
Density functional theory methods were used for geometry
optimization and frequency calculation with the B3LYP
functional and the 6-311G(d) basis set using the Q-chem
package.46 IQMol was used as visualization software. All the
computations were performed in vacuum. For anharmonic
frequencies of benzonitrile, VCI(2) (vibrational configuration
interaction theory) was used. We have reported the effect of
electric fields ranging from —50 to +50 MV/cm.

https://doi.org/10.1021/acs.jpclett.1c02238
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Figure 2. Cartoon of the computational setup used in this study.
Adapted with permission from ref 45 Copyright 2018 American
Chemical Society.

Third order anharmonic couplings are calculated for
geometry optimized structures. These cubic anharmonicities
and resonance conditions (or their detuning from CN mode)
are crucial in determining the intramolecular effects in the line
width of nitrile stretch. To third order in the anharmonic
coupling, the rate of energy relaxation from the nitrile, W, is
given by the sum of two terms, W =W, + W, where"’

2
h Z Dy 1°(1 + 15 + 1)

Wyw,) =
16w, 5 Wy,
y (I, +T;+T)
(@, — w5 — a)],)2 + (L + T, + Fy)2/4
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D, [*(n, — n,)
I/Vc(a)a) - i aﬂy /} 2
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(0, + 0 — ) + ([T, +T,+ L) /4
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In the above, the subscript a refers to the nitrile vibration,
while  and y refer to the modes that accept energy from nitrile.

The coefficients of the cubic terms in the expansion of the
interatomic potential in normal coordinates is ®,4,. The
detuning between donor and acceptor modes is Aw = w, —
@y — @,. The broadening of each mode involved in the transfer is
I', while the thermal population in the relevant modes is n =
(exp(hw/ksT)—1)"".

Relaxation of the nitrile stretch into two vibrational quanta,
either into two different modes or into one mode, is given by eq
1, and is referred to as decay with rate given by W, Equation 2
corresponds to the combination of a quantum of the nitrile
stretch with a vibrational quantum of a second mode to yield a
quantum of vibration in a third mode, with a rate given by W..
This second process makes negligible contribution to the total
rate, W, and thus to the line width of the nitrile. The frequency of
the nitrile stretching mode, roughly 2300 cm™, lies well below
the next group of vibrational frequencies, which start above 3000
cm™". To reach beyond 3000 cm™ a vibrational quantum of
greater than 700 cm™" is required, and such modes have a low
probability to be populated at 300 K. Furthermore, the CH
stretch vibrations above 3000 cm™" tend to be fairly localized
and couple only very weakly to the nitrile stretch. We thereby
only consider eq 1 in the calculation of the line width, so that W
~ W,. The lifetime contribution to the line width of the nitrile is
given by Wh/2.

The rate of energy relaxation, W, is given by the product of the
square of the coupling and the local density of states coupled via
cubic anharmonic interactions to the nitrile stretch. The density
of states depends on the broadening of all the locally coupled
states, represented by I'; for mode j. The value of the broadening
depends on relaxation rates for all modes due to coupling to
other modes and to the solvent. We do not know the solvent
contribution, and we have taken the sum of I'; in eq 1 to be 24
cm™! for all the calculations that we report. The rate increases
somewhat when we select larger values of this sum, but we are
interested here in how the line width varies with the strength of
the field, and what gives rise to that variation. Changes in the
sum to a different value, e.g,, 20 or S0 cm™’, do not affect the
trend.

Of course, higher order anharmonic coupling terms may
contribute to the rate of relaxation of the nitrile and thus to the
line width. In past work, calculation of the nitrile lifetimes of four
isotopomers of cyanophenylalanine in solution that incorpo-
rated only cubic anharmonic interactions yielded results* that
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Figure 3. (a) Cubic coupling in the absence of electric field between the CN stretch and combinations of modes § and y. (b) Third order Fermi
resonance (TFR) in the absence of field, which is a scaled version of panel a to account for resonance (eq 3). Since the quantities are symmetric, only

half of the coupling and TFR matrices are shown for ease of visualization.
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Figure 4. (a) Vibrational manifold of benzonitrile. (b) Variation of several representative modes with electric field. The Stark shift of the CN stretch
and the lower frequency modes will affect the resonance condition for energy transfer. (c) Third order Fermi resonance (TFR) for the three important

channels of vibrational relaxation as a function of electric field.
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Figure S. (a) Variation of coupling and resonance for energy relaxation from the CN stretch to the combination of modes 10 and 25. The motion of the
atoms in the respective modes are shown below. The detuning increases significantly with more positive fields, giving rise to narrower line widths. (b)
Variation of coupling and resonance for energy relaxation from the CN stretch to two quanta of mode 20. The motion of the atoms in the respective
modes are shown below. There is an significant decrease in coupling with more positive field, giving rise to narrower line widths. (c) Variation of
coupling and resonance for energy relaxation from the CN stretch to two quanta of mode 21. The motion of the atoms in the respective modes are
shown below. The coupling increases significantly with more positive field.

compared well with experimental measurements carried out by
Gai and co-workers.'” Not only did the rates of energy relaxation
compare well but also trends in the rates with isotopic
substitution reproduced the trends found in the experiments.
In general, we expect that the anharmonic contribution to rates
of energy relaxation in molecules of moderate size, or larger as

7821

considered in this study and in the earlier study of
cyanophenylalanine, is on average dominated by cubic
terms.”® We carried out calculations of the rate of energy
transfer from the nitrile, and thereby the line width, using the
mode frequencies and cubic anharmonic coupling at nine
different field strengths.

https://doi.org/10.1021/acs.jpclett.1c02238
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experimental results, the line width narrows with a more positive field.

As shown in eq 1, two factors determine energy transfer from
nitrile to lower frequency modes: anharmonic couplings and
resonance between the coupled modes. We will begin by
discussing the third order anharmonic couplings between the
nitrile vibration (mode 28) and lower frequency modes (modes
3 to 27) without an external field. Figure 3a shows the magnitude
of coupling |®y 4.l as a function of mode number 5 and y. The
two lowest frequency modes are not included because coupling
to them could not be calculated by the electronic structure
method used by us. This is not significantly prohibitive since
these modes are largely off resonant.

The couplings shown in Figure 3a alone are not enough to
determine energy transfer rates. The resonance condition Aw =
@cy — wy — @, must also be considered. For that reason, we
evaluated an effective dimensionless third order Fermi
resonance (TFR) parameter™ that accounts for both coupling
and resonance as defined below:

|D, |
TER = CN,B,y

()

Figure 3b shows a plot of this parameter, and exhibits a few
combinations that dominate energy transfer to low frequency
modes. The first of these combinations involves energy transfer
from nitrile to one quantum of mode 10 and one quantum of
mode 25 (w,y = 776 cm™" and @, = 1517 cm™). The second
dominant contribution is energy transfer to two quanta of mode
21 (w,; = 1218 cm™"). Beyond that, there are a few other modes
with similar TFR, however, some of them did not show
significant variation with electric field. One channel with
moderate TFR involves energy transfer to two quanta of mode
20 (w,y = 1206 cm™), which as we will show later does have
dependence on electric field.

When the electric field is turned on, the couplings and
resonances discussed above are expected to change. Several of
the low frequency modes exhibit Stark shifts as a function of
field, which can affect their resonance with the nitrile. To exhibit
this point, some of the Stark shifting modes are presented in
parts a and b of Figure 4. The couplings are also expected to vary.

@
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To understand the combined effect of coupling and resonance in
the presence of electric field, we have analyzed the TFRs for the
above-mentioned three dominant channels (Figure 4c), and we
have noticed that these channels remain dominant for all fields.
However, their contributions to energy transfer varies as the
electric field is changed either due to change in resonance or the
coupling.

For the first channel (mode 10, 25) the coupling does not
change significantly as a function of electric field (Figure Sa).
However, the resonance condition A varies significantly from
the negative electric field (8.6 cm™" at —50 MV/cm) to positive
field (40.4 cm™" at +50 MV/cm). As this channel becomes more
off-resonant with increasing field values, energy transfer
becomes less favorable, and consequently its contribution to
line width decreases. This is consistent with experimental
observation as will be discussed in detail shortly.

For the second channel (mode 20) there is no considerable
change in resonance condition as a function of field (Figure Sb).
However, the coupling decreases significantly from the negative
field (29.3 cm™ at —50 MV/cm) to positive field (3.0 cm™ at
+50 MV/cm). This observation is also consistent with decreased
line width with increasing field.

In contrast to the second channel, for the third channel (mode
21) the resonance condition does not change much as a function
of field (Figure Sc). However, there is an appreciable increase in
coupling from the negative field (37.2 cm™" at =50 MV/cm) to
positive field (55.8 cm™ at +50 MV/cm). This third channel if
evaluated separately would result in larger line widths with
increasing field, which is inconsistent with the experimental
observations. However, its contribution is largely overwhelmed
by the other two channels described above.

To identify the contributions of all combinations, including
the above three channels, to the line width we evaluated eq 1.
Our results are presented in Figure 6. The figure shows that the
line width decreases monotonically from negative to positive
fields, consistent with experimental observations. The figure also
shows that the contribution of the first channel (coupling to
modes 10 and 25) by far is the largest and dominates the trend.

https://doi.org/10.1021/acs.jpclett.1c02238
J. Phys. Chem. Lett. 2021, 12, 7818—7825
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The contribution to the line width from the second and third
dominant channels (mode 20, mode 21) are far smaller and not
shown.

Note that the span of electric fields studied computationally is
larger than the experimentally achievable range. The control-
lable parameter in the experimental results shown in Figure 1 is
the applied potential, which ranges from —1.2 to +0.6 V with
respect to Ag/AgCl. As explained in detail in the literature, ** this
range corresponds to effective field values spanning ~25 MV/
cm. Therefore, within the range of fields that are achieved in the
experiments, the computational results (Figure 6) show a nearly
linear decrease in line width consistent with the experimental
observations (Figure 1b). We note that the computed line width
at zero electric field is comparable to the line width at zero
applied potential (Figure 1) and the previously reported
homogeneous line width for benzonitrile derivatives as
determined by 2D IR spectroscopy. ™

Given that the choice of the solvent contribution to line
widths in eq 1 (I';, [ and I',) can influence the total predicted
line width, we do not anticipate quantitatively matching the line
widths between computation and experiments. Our goal is to
demonstrate that the experimental trend in line widths is
reproduced computationally.

For channel 2 and channel 3, the anharmonic coupling is
largely varying with electric fields and they show opposite trends.
To explain how the electric field influences the coupling between
the CN stretch and the modes in these channels, we propose that
the motion of the shared carbon atom (C1, shown in Figure 7)
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Figure 7. Relative amplitude of the displacement of the shared carbon
atom C; as a function of electric field.

must be influenced by the electric field. This atom serves as a
bridge connecting nitrile to benzene ring. As seen in Figure 7,
the amplitude of the C1 atom in the nitrile stretch is small, but
remains nearly constant across all fields. However, the amplitude
of C1 atom in mode 20 decreases, while in mode 21, it increases
with positive field. This justifies the change in coupling shown in
Figure S, parts b and c.

In conclusion, our major finding is demonstrating that IVR
and line width can depend on the local electric field felt by the
molecule. The electric field affects IVR via changing the
anharmonic couplings and/or the resonances between high
and low frequency modes. This finding is important for
interpreting the vibrational line width of molecules that are
used as Stark shift probes. It may be convenient to assign
changes in line width of such molecules to fluctuations and
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variations of electric field in their environments, as has been
reported.”' ~>* Here we point out that intramolecular sources of
line broadening, and more importantly, their electric-field
dependence should not be ignored. Of course, the trend of
decreasing line width with increasing field is a consequence of
the resonances and couplings for this particular molecule. It
should not be generalized to systems that are very different from
benzonitrile. For other molecules, such effects may be present;
however, they need to be studied separately.

Our work is also relevant to the area of controlling vibrational
energy relaxation, and other phenomena that are influenced by
vibrational resonances. Note that the source of electric field that
influences molecular phenomena need not arise from an
electrode. Molecular scale electric fields can also be controllably
exerted by the choice of nearby ions'**’ and solvents. The
influence of field on tuning vibrations must be evaluated to
understand a broad range of chemical phenomena. A few
examples include the role of bridging groups in transferring
vibrational energy,so’51 electrons,”” and protons.SI In such cases,
one may use electric fields to tune the frequency and couplings
of vibrations that control these processes.
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