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Abstract

The C=0/C=N stretching vibration arising from a carbonyl/nitrile functional group in various
molecular systems has been frequently used to assess, for example, local hydrogen-bonding
interactions, among other applications. However, in practice it is not always easy to ascertain
whether the carbonyl or nitrile group in question is engaged in such interactions. Herein, we use 4-
cyanoindole and cyclopentanone as models to show that, when a fundamental C=0 or C=N
stretching mode is involved in Fermi resonance, the underlying vibrational coupling constant (1)
is a convenient reporter of the hydrogen-bonding status of the corresponding carbony! or nitrile
group. Specifically, we find that for both groups a W value of 7.7 cm™1 or greater is indicative of
their involvement in hydrogen-bonding interactions. Furthermore, we find that, as observed in
similar studies, the Fermi resonance coupling leads to quantum beats in the two-dimensional
infrared spectra of 4-cyanoindole in isopropanol, with a period of about 1.9 ps.
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INTRODUCTION

Small chemical groups that can be added to an amino acid sidechain have been increasingly
used as site-specific infrared (IR) probes of the structure and dynamics of biological
molecules.1=3 The most effective probes exhibit a strong, environmentally sensitive, and
simple vibrational transition with a frequency located in a uncongested region of the IR
spectrum of proteins. Examples include, but are not limited to, -CN, —OCN, —SCN, —-SeCN,
-N3, —CO, and -COOCH3.4-12 A large body of literature exists, showing how an unnatural
amino acid that bears such a vibrational probe can be employed to interrogate a wide range
of biochemical and biophysical questions, ranging from protein hydration dynamics!3 to
electric field changes at the active site of enzymes.1# While several factors can affect the
vibrational frequency of these IR probes, a distinct one is hydrogen-bond (HB) formation
between the probe in question and its immediate environment. However, in practice it is not
always easy and straightforward, or even possible, to tell whether an IR probe is engaged in
any hydrogen-bonding (H-bonding) interactions based on its frequency alone.1®-17 Herein,
we show, using 4-cyanoindole (4-Cl) and cyclopentanone (CP) as examples, that for an
oscillator exhibiting Fermi resonance, the underlying vibrational coupling constant is a
robust and convenient indicator of its H-bonding status.

Fermi resonancel®19 is frequently observed in the vibrational spectra of polyatomic
molecules. In contrast to vibrational coupling between two spectrally active fundamental
modes, a defining characteristic of Fermi resonance is the sharing of vibrational excitation
energy between a (bright) fundamental transition and an overtone or combination mode,
which is otherwise dark or has a negligible absorption cross section. According to the
treatment of Bertran et a/20 as well as Devendorf et a/2! the frequency gap (A) between an
observed Fermi resonance doublet is related to the corresponding unperturbed frequency
spacing (4g) and the anharmonic coupling strength (14) by the equation:

A=/ A02+4W2. (1)

Furthermore, the coupling strength W/ may be calculated from the experimentally
determined spectrum via the following relationship:

L A+ /AT—IWY)
I A= /(A>=4W?)" ()

R=

where /, and 4 are the observed peak intensities (or integrated peak areas) of the Fermi
resonance doublet. A previous study?2 has shown that H-bonding interactions can enhance
the coupling strength underlying a Fermi resonance. Specifically, Greve et al. found that,
upon increasing the mole fraction of dimethyl sulfoxide (DMSO) in a binary solvent mixture
of DMSO and CCly, the intensity of the (previously dark) NH, bending overtone mode of
as-aniline, which is coupled to the fundamental N-H symmetric and asymmetric stretching
modes of the molecule via Fermi resonance, is increased. They attributed this increase to H-
bonding interactions between the amine group of gs-aniline and DMSO. This finding
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suggests that an oscillator’s Fermi resonance coupling constant (14) could be a useful metric
to determine its H-bonding status.

As shown (Figure 1), both 4-Cl and CP in isopropanol exhibit two IR bands near the
frequency where the respective C=N or C=0 stretching vibrational transition is expected to
occur. Previous studies have provided strong evidence indicating that the two IR bands of CP
arise from Fermi resonance, due to coupling between the carbonyl stretching fundamental
mode and the combination transition of a C-H stretching mode and a ring stretching mode.23
As shown below, the frequencies and relative intensities of the two IR bands of 4-Cl are
dependent on the choice of solvent, as observed for CP. In addition, two-dimensional IR (2D
IR) measurements confirm that these two bands are coupled. Therefore, we conclude that the
two IR bands observed in the C=N stretching vibrational frequency region of 4-Cl also
result from Fermi resonance. Further evidence supporting this notion comes from ab initio
calculations of 4-Cl, which show that while there is only one fundamental mode in the nitrile
stretching frequency region, this mode (i.e. the nitrile stretching vibration) is likely to be
coupled to the overtone transition of a low-frequency mode involving N-H wagging and ring
breathing. To test whether Fermi resonance can be used to determine the H-bonding status of
a nitrile or carbonyl oscillator, we determine the Wvalues of 4-Cl and CP in a series of
protic and aprotic solvents. Indeed, we find that for both 4-Cl and CP, a W value greater than
7.7 cm™Lis indicative of H-bonding interactions.

EXPERIMENTAL DETAILS

Materials and Sample Preparation

All chemicals were used without further purification: 4-cyanoindole (Aldrich, 97%),
cyclopentanone (Acros, 99+%), dimethyl sulfoxide (DMSO, Fisher, 99.9%), N, A-
dimethylformamide (DMF, Acros, 99.8%), pyridine (Aldrich, 99+%), tetrahydrofuran (THF,
Fisher, 99.9%), toluene (Acros, 99.8%), 1,4-dioxane (Acros, 99%), dichloromethane (DCM,
Fisher, 99.9%), methanol (Acros, 99.8%), ethanol (Decon Labs, 200 proof), isopropanol
(Acros, 99.8%), butanol (EMD Millipore, 99.0%), 2,2,2-trifluoroethanol (TFE, Chem-
Impex, 99%), acetic acid (Fisher, glacial), deuterated methanol (Cambridge Isotope, 99 atom
% D), and 2,2,2-trifluoroethanol-d; (Aldrich, 99 atom % D). For FTIR measurements, the
solute concentration was about 20 mM, whereas for time-resolved IR experiments the
concentration was increased to approximately 300 mM. For all IR measurements, the sample
was placed between two 2 mm thick CaF, windows separated by a 56 um Teflon spacer.

Static and Time-Resolved IR Measurements

FTIR spectra were collected on a Nicolet iS50 FTIR spectrometer at a resolution of 1 cm™1,
For each spectrum, a solvent background was first subtracted and then the resultant data (in
the C=0 or C=N stretching frequency region) were fit to two pseudo-\Voigt functions, each
with a fixed mixing parameter of 0.5. The fitting parameters (i.e., peak frequency and band
area) were used to determine A and R, which were further used to calculate Ag and Wvia
Egs. (1) and (2). 2D IR spectra were collected on a photon-echo setup with a boxcar
geometry, the details of which have been described in detail elsewhere.?* IR transient
kinetics were obtained on a home-built, 1 kHz pump-probe apparatus, where the pump pulse
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(3 W) and probe pulse (0.2 pJ) were derived from the same mid-IR pulse (~120 fs and ~150
cm~1 bandwidth) with a center frequency of 2230 cm™1 (1740 cm™1) for 4-CI (CP). After
spatial overlap of the pump and probe pulses in the sample, the relative time delay between
which was controlled by an optical delay line, the probe beam was directed to a
monochromator and dispersed onto a 32 channel mercury cadmium telluride (MCT) array
detector (Infrared Systems Development, Winter Park, FL).

Computational Methods

Anharmonic vibrational frequencies for 4-cyanoindole were calculated using Gaussian 09 at
the using the hybrid density functional B3LYP and 6-31+(d,p) orbital basis set.2>

RESULTS AND DISCUSSION

Dependence of the Fermi resonance doublet of CP on solvent

As observed in isopropanol (Figure 1), the FTIR spectra of CP in other solvents also exhibit
two peaks in the carbonyl stretching frequency region (Figure S1 in Sl). Several previous
studies?3-26:27 have argued that this IR doublet is a result of Fermi resonance. In support of
this assessment, our 2D IR measurements (see Figure S2 in Sl) show that these two peaks
are indeed coupled. Therefore, we directly applied Egs. (1) and (2) to extract the underlying
Fermi resonance parameters Ag and W/ for every solvent. As indicated (Table 1), consistent
with the study of Greve et al.,?2 the coupling constant I//obtained in protic solvents is larger
than that in aprotic solvents, which signifies the effect of H-bonding interactions between
the carbonyl group and solvent molecules. To facilitate a better visualization of this H-
bonding effect, we plot Was a function of y, where y = 7* + a with 7* and a being the
Kamlet-Taft parameters8 that manifest a solvent’s polarizability and HB donating ability,
respectively. As indicated (Figure 2), the resultant plot clearly shows that there is a distinct
separation between the effects of protic and aprotic solvents, with all protic solvent grouped
above a threshold of W~ 7.7 cm™L. This result suggests that the Fermi resonance coupling
constant is a convenient metric to directly assess the H-bonding status of the carbonyl group
in CP. In addition, the calculated unperturbed frequency spacing (4p) exhibits a V-shaped
dependence on the intensity ratio (/) with minimum at /=1 (Figure 3); this is in agreement
with the result of Bertran et a/20 and indicative of a crossover in frequency (between the
fundamental and overtone modes) as the carbonyl fundamental mode is red-shifted due to H-
bonding interactions.

Dependence of the Fermi resonance doublet of 4-Cl on solvent

To verify the notion that Wis indeed a sensitive metric for the H-bonding status of an
oscillator involved in Fermi resonance, we extended our study to 4-Cl. As shown (Table 2
and Figure S3 in Sl), in all the solvents used 4-Cl gives rise to two peaks near 2230 cm™1,
where the C=N stretching vibrational band is expected to be located. However, a normal
mode analysis using Gaussian?® predicts that only one vibrational mode (i.e., the C=N
stretching mode) should be present in this spectral region. Therefore, these two observed
peaks most likely arise from Fermi resonance. Further evidence supporting this assignment
comes from 2D IR measurements (see below) and also the fact that a close analog of 4-Cl,
5-cyanoindole (5-Cl), only exhibits one peak in the expected C=N stretching frequency
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region.2? To this end, we proceeded with the calculation of Aq and W. As seen with CP, it is
evident from the results (Table 2) that in protic solvents the Fermi resonance coupling
interaction is enhanced, resulting in a greater W/ compared to that obtained in aprotic
solvents. Similar to what was done with CP, we seek to use an empirical solvent parameter
to help illustrate the dependence of W/ on the H-bonding status of the nitrile group in 4-CI. A
previous study by Zhang et a/30 indicated that the C=N stretching frequency of 5-ClI
exhibits a linear correlation with the empirical solvent parameter o= * + 8- a, where g,
like 7> and a, is a Kamlet-Taft parameter that characterizes a solvent’s HB accepting
ability.28 Because of the structural similarity between 4-Cl and 5-Cl, we therefore chose oto
distinguish between different solvents. As shown (Figure 4), there is a clear grouping of
points in the Wversus o plot, with the W/values obtained in protic/aprotic solvents being
greater/smaller than 7.7 cm™L. Furthermore, the data obtained in aprotic solvents, where a is
either zero or close to zero, show reasonable linearity between Wand o, indicating that a
solvent’s specific and non-specific interactions with the indole ring affect the Fermi
resonance coupling interaction in question. Similarly, as shown (Figure S4 in Sl), the W/
values obtained in these solvents also exhibit a modest linear dependence on their dielectric
constants. Moreover, as observed for CP, the A values also exhibit a V-shaped dependence
on Rfor 4-Cl (Figure 3), providing further corroborating evidence that the two peaks near
the C=N stretching frequency region arise from Fermi resonance. It is worth noting that,
because H-bonding interactions shift the C=N (C=0) stretching frequency to a higher
(lower) wavenumber, the Ag versus R plot of 4-Cl appears to be a mirror image of that of CP.
However, taken together the current results obtained with CP and 4-CI suggest that the
Fermi resonance coupling constant constitutes a sensitive indicator of the H-bonding status
of a functional group that can be used to assess its local solvation environment via simple
FTIR experiments.

Verification of the Fermi resonance of 4-Cl via 2D IR spectroscopy

To verify that the two observed bands of 4-Cl indeed arise from a coupling interaction, we
carried out 2D IR measurements. It is well known that 2D IR spectroscopy is able to reveal
the underlying relationship between vibrational modes observed in a FTIR spectrum, among
other applications.3! For example, for two vibrational transitions that are coupled, a cross
peak between these two modes would develop immediately (i.e., at 7= 0), whereas for an
energy transfer process, the cross peak would grow in as a function of 7. As shown (Figure
5), the absorptive 2D IR spectra of 4-Cl in isopropanol exhibit complex features. First, there
are two positive diagonal peaks at 2230 and 2215 cm™1, respectively, corresponding to the
vibrational transitions (i.e., 0—1 transitions) observed in the linear IR spectrum, which are
accompanied by two negative peaks at 2215 and 2205 cm™1 due to the respective 1—2
transitions. These results indicate that the anharmonicity for the high (low) frequency mode
is ~25 cm™1 (~10 cm™1), similar to the value of 23 cm™1 previously reported by Fang et a/.
for a nitrile stretching mode.32 Second, positive signals are observed off the diagonal at {c.,
wi} = {2230, 2215} cm™1 and {2215, 2230} cm™1, respectively. These cross peaks appear at
early waiting times, hence indicating that the two corresponding peaks in the FTIR spectrum
arise from two coupled vibrational modes, rather than due to energy transfer or distinct
species. Third, there is an apparent beating between the positive, off-diagonal peaks as the
waiting time is increased, as expected for a pair of coupled oscillators and as observed in
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similar 2D IR studies.?2:33-35 A more evident manifestation of this beating feature is
revealed by the pump-probe kinetics measured at 2205 cm™! (Figure 6), which, when fit
together with a single-exponential term arising from excited-state population decay, gives
rise to a oscillatory trace that can be fit to a damped sine function with a period of 1.9 + 0.1
ps and a damping time constant of 0.5 + 0.1 ps. This period of beating is consistent with the
analytical value (2 ps) calculated based on the frequency gap (i.e., 16.6 cm™1) between the
two vibrational transitions.

Taken together, these 2D IR results corroborate the idea that the two IR peaks observed in
the C=N stretching region of 4-ClI likely result from Fermi resonance. While it is evident
that the fundamental and bright mode involved is the C=N stretching vibration, it is less
straightforward to discern the nature of the dark mode involved. To this end, we attempted to
look for a potential candidate in the 1000-1200 cm™2 region of the FTIR spectrum of 4-Cl
for every solvent. However, all the solvents used in this study, except cyclopentanone and
dichloromethane, have strong absorption in this lower frequency region and hence prevent
the observation of any 4-CI modes for this purpose. As shown (Figure S5 in Sl), in
cyclopentanone 4-Cl exhibits an IR band centered at 1113.7 cm~! with a width of 13.7
cm~1, whereas in dichloromethane this band is shifted to 1108.9 cm™1 and has a narrower
width (5.1 cm™1). Based on the Gaussian frequency analysis, this mode likely consists of
indole ring breathing as well as C-H and N-H wagging in the plane of the ring. Therefore,
the observed spectral shift and broadening upon changing the solvent from dichloromethane
to cyclopentanone could be attributed to the fact that the latter can interact with the indole
N-H group in 4-Cl via HB formation. Furthermore, the energy of the overtone transition of
this mode is close to the vibrational energy of the fundamental C=N stretching motion and,
hence, is likely the one that participates in the aforementioned Fermi resonance. To provide
further credence to this assignment, we collected the IR spectrum of N-deuterated 4-
cyanoindole (ND-4-Cl) in deuterated methanol (MeOD). ND-4-Cl was prepared by
dissolving 4-ClI in deuterated trifluoroethanol (2,2,2-trifluoroethanol-d,), followed by
lyophyilization (twice). As indicated (Figure S6 in Sl), the IR spectrum of ND-4-Cl in
MeOD in the nitrile stretching frequency region is dominated by a band centered at 2228
cm™1, thus supporting the notion that the low-frequency mode involved in the Fermi
resonance contains contribution from the N-H wagging motion as deuteration of this group
will likely change its frequency. However, to yield more insight into the nature of the low-
frequency overtone mode involved, further polarization-dependent 2D IR measurements, as
those done in the study of Greve et a/.,22 are required.

To support the above assignment of the observed 2D IR spectral features, we employed a
simple transition dipole coupling model and a simulation protocol based on that of Hamm
and Zanni36 to generate 2D IR spectra for comparison, based on the anharmonic IR
frequencies and transition dipole vectors calculated using Gaussian ‘09.25 While it is
straightforward to calculate the anharmonic frequencies for the states |1 0>, |2 0>, and |0 2>,
Gaussian is unable to calculate the anharmonicities for the 3rd overtone of the ring mode |0
4> or the mixed mode |1 2> as it does not consider more than 2 quanta in the anharmonicity
calculations. Therefore, in the simulation we simply included a value of 10 cm™1 for the |0
4> anharmonicity, which is a reasonable estimate based on other studies.® As indicated
(Figure 7, top panel), in the absence of coupling between the two modes, a pair of diagonal
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peaks is observed, however, as shown (Figure 7, bottom panel) when the additional
parameter of 8 cm™1 anharmonicity (i.e., coupling) for the |1 2> mixed state is included, a
pair of off-diagonal peaks appears. On the upper left side, the negative band is engulfed with
the large negative diagonal peak, and a positive band occurs between this large negative peak
and the positive peak on the diagonal. These features are in qualitative agreement with the
observed experimental spectra collected at early waiting times, thus supporting the
assignment of a Fermi resonance interaction between the nitrile stretching vibration and the
first overtone of a low-frequency ring mode.

CONCLUSIONS

Various small diatomic or triatomic functional groups, such as C=0 and C=N, that possess a
distinct, strong, and environmentally sensitive IR band, have become increasingly popular as
site-specific IR reporters for investigating a wide range of chemical, physical, and biological
questions. However, in many cases, it is difficult, if not impossible, to directly determine the
H-bonding status of the IR probe in question. Herein, we hypothesize that in cases where the
fundamental IR transition of interest is involved in Fermi resonance, the underlying coupling
constant (W) could be a useful indicator of the H-bonding status of the respective functional
group. To test this hypothesis, we examined two model systems, cyclopentanone and 4-
cyanoindole, both of which give rise two IR bands in the vicinity of the stretching
vibrational frequency of the corresponding functional group (i.e., C=0 and C=N). Based on
previous studies as well as 2D IR measurements, these doublet bands can be attributed to
Fermi resonance. In support of our hypothesis, we found that, for both functional groups, the
Fermi resonance coupling constants obtained in a series of solvents show distinct clustering
into two regions, with those obtained in protic solvents being greater than 7.7 cm~2. Since
both groups are expected to engage in H-bonding interactions with protic solvents, this result
shows that W could be used as a convenient metric to assess their H-bonding status. In this
regard, it would be interesting to find out, in future works, whether the current finding is
valid for other systems.
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Highlight

This study shows that the Fermi resonance coupling constant (W) is indicative of the
hydrogen-bonding status of a C=0 or C=N functional group.
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Figure 1.
FTIR spectra of CP (pink) and 4-CI (green) in isopropanol, showing the respective

vibrational transitions in the C=0 and C=N stretching frequency region.
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Dependence of the Fermi resonance coupling constant (14) of CP on the empirical solvent
parameter y = 7* + a, showing separation of W/values obtained in protic (red) and aprotic

(blue) solvents.
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Figure 3.
Dependence of Ag on Rfor CP (left) and 4-Cl (right) obtained in protic (red) and aprotic

(blue) solvents. The V-shaped dependence is a characteristic of Fermi resonance.
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Figure 4.
Dependence of the Fermi resonance coupling constant () of 4-Cl on the empirical solvent

parameter o= * + - a, showing separation of W values obtained in protic (red) and
aprotic (blue) solvents. The blue line represents the linear regression of the data obtained in
aprotic solvents.
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Figure 5.
2D IR spectra of 4-Cl in isopropanol at representative waiting times, as indicated.
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Figure 6.
Excited-state decay kinetics of 4-ClI in isopropanol, measured at 2205 cm~. The smooth

line represents the best fit of these data to a function consisting of an exponential decay
component with a lifetime of 1.6 + 0.2 ps and a damped oscillatory component with an
exponential damping time constant of 0.5 £ 0.1 ps and a period of 1.9 £ 0.2 ps.
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Figure 7.
Simulated 2D IR spectra using the transition dipole model discussed in the main text and the

energy levels in the right panel. Top: 2D IR spectrum calculated with a nitrile stretching
mode and a ring overtone mode, without coupling. Bottom: 2D IR spectrum calculated with
the same vibrational modes, with a 8 cm~1 anharmonic coupling, showing the resultant cross
peak.
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