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ABSTRACT

Vibrational spectra in the acetylenic and aromatic C-H stretching region of
phenylacetylene and fluorophenylacetylenes viz., 2-fluorophenylacetylene, 3-
fluorophenylacetylene and 4-fluorophenylacetylene, were measured using IR-UV double
resonance spectroscopic method. The spectra, in both acetylenic and aromatic C-H
stretching regions, were complex exhibiting multiple bands. Ab-initio anharmonic
calculations with quartic potential
(QP) wusing B97D3/6-311++G(d,p)

and  vibrational  configuration
interaction (VCI) were able to
capture all important spectral
features, in both the regions of the
experimentally observed spectra for
all four molecules considered in the
present work. Interestingly, for
phenylacetylene, the spectrum in the
acetylenic C-H stretching region
emerges due to anharmonic coupling
of mode localized on the acetylenic
moiety along with the other ring
modes  which  also  involve
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displacements on the acetylenic group, which is in contrast to what has been proposed
and propagated in the literature. In general, this coupling scheme is invariant to the
fluorine atom substitution. For the aromatic C-H stretching region the observed
spectrum emerges due to the coupling of the C-H stretching with C-C stretching and C-H
in-plane bending modes.



INTRODUCTION

Infrared spectroscopy of the X-H groups has long been used as a spectroscopic tool to
investigate the intermolecular interactions, as the IR spectra of the X-H stretching
vibration show characteristic frequency shifts which can be related to the intermolecular
structures.12 However, in some instances the IR spectra of the X-H stretching vibration,
especially the spectra corresponding to the C-H and the N-H oscillators are complicated
due to anharmonic coupling.3#4 For instance, the IR spectrum in the acetylenic C-H
stretching region of phenylacetylene (PHA) shows two strong bands accompanied by
several weaker bands. In this case, the two strong transitions have been assigned to arise
from Fermi resonance coupling between the acetylenic C-H stretching vibration with the
combination mode of one quantum of the C=C stretching mode and two quanta of the
C=C-H out-of-plane bending mode, based on the comparative study of infrared spectra
of various molecules containing the acetylenic groups.>-7 On the other hand, several
weaker bands have been attributed to the higher order couplings which gain intensity
due to “partial saturation inherent to depletion spectroscopy”,” which is one of the
techniques used to record the IR spectra. The spectra in the acetylenic C-H stretching
region have been interpreted to arrive at the intermolecular structures of several
hydrogen-bonded and m-stacked structures of phenylacetylene.8° Similarly in the case of
fluorophenylacetylenes, once again, the IR spectra in the acetylenic C-H stretching region
also show multiple bands due to anharmonic coupling, and once again have been
interpreted to understand various intermolecular structures.1011 Further, the
intermolecular interactions present in gas phase clusters of phenylacetylenel? and
fluorophenylacetylenes3 up to four monomeric units have also been investigated, and
the IR spectral features in the acetylenic C-H stretching region of the clusters are very
similar to the corresponding monomers. On the other hand, the spectral features in the
aromatic C-H stretching region were marginally different than the corresponding
monomers, based on the extent of their involvement in the intermolecular interactions in
gas-phase clusters. Similarly, in the case of methylamine and its clusters, the IR spectra
in the alkyl C-H stretching region also show complicated features due to anharmonic
coupling.14* Moreover, complex IR spectra have been used as an important spectroscopic
probe to distinguish and determine conformations of various complex molecular

systems.1516



Theoretical attempts to comprehend the intricate spectral features resulting from
Fermi resonance and other anharmonic coupling have been put forth in the past
decade.16-2> However, the theoretical treatment of Fermi resonance coupling in
acetylenic C-H stretching region are sparse. An effective computational approach based
on the ab-initio method for the treatment of FR coupling is the use of the quartic
potential-vibrational configurational interaction (QP-VCI) method, wherein all the cubic
and part of the quartic terms are included in the potential energy surface (PES) operator
and the corresponding eigenvalue problem is solved by the vibrational configurational
interaction (VCI) method.17:26 In this work, vibrational spectra of phenylacetylene (PHA)
and singly fluorine substituted phenylacetylenes, 2-fluorophenylacetylne (2FPHA), 3-
fluorophenylacetylne (3FPHA) and 4-fluorophenylacetylne (4FPHA), depicted in Figure
1, in the acetylenic C-H ({Ac}C-H) stretching region is investigated using ab-initio
anharmonic QP-VCI method and compared with the experimentally observed spectra.

Further, the vibrational spectra in the aromatic C-H ({Ar}C-H) are also calculated.
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Figure 1. Structures of phenylacetylene and fluorophenylacetylenes considered in the
present work.

METHODOLOGY

The IR spectra of phenylacetylene and fluorophenylacetylenes in the acetylenic and
aromatic C-H stretching region were recorded using the fluorescence dip infrared (FDIR)
spectroscopic method.27.28 For this purpose, a seeded supersonic free-jet was produced

by the co-expansion of desired reagents in helium buffer gas held at high pressure
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(typically 2 atm) through a 500um diameter pulsed nozzle (series 9; General Valve
Corporation), driven by a pulsed valve driver (Iota One; General Valve Corporation) into
a high vacuum chamber. The supersonically expanded molecules were excited by a UV
laser and the ensuing fluorescence was detected using a PMT (Photomultiplier
tube)/filter (WG305) combination.2® For recording the FDIR spectrum, an IR laser was
introduced 100 ns prior to the UV laser, and the depletion in the population of the ground
state induced by resonant vibrational transition lowers the fluorescence signal due to the
UV laser. This depletion in the fluorescence signal as a function of IR laser frequency
yields the FDIR spectrum. In the present set of experiments, the tunable UV laser is a
frequency-doubled output of a dye laser (Narrow scan GR; Radiant Dyes) pumped by the
second harmonic of a Q-switched Nd:YAG laser (Brilliant B; Quantel) and the tunable IR
laser is an idler component of an optical parametric oscillator (custom LiNbO3 OPO;
Euroscan Instruments) pumped with the fundamental (1064 nm) of an injection seeded
Nd:YAG laser (Brilliant B: Quantel). The typical bandwidth of both UV and IR lasers is
aboutl cm-1, and the absolute frequency calibration is within #2 cm-1. In a typical
experiment the power of the UV and IR pulses are about 100 pyJ and 2 m], respectively.
Further, the timing of the opening of the pulse valve, and the firing of the IR and UV laser
pulses is controlled by a Digital Delay Generator (555-4C; Berkley Nucleonics

Corporation).

To compare with experimental spectra in the {Ac}C-H and {Ar}C-H stretching
regions, the structures of the four monomers, PHA, 2FPHA, 3FPHA and 4FPHA, were
optimized at B97D3/6-311++G(d,p) level using Gaussian 16 suit of programs.3® Normal
modes were evaluated from the Hessian matrix at the same level as the starting point for
the theoretical treatment. Quartic potential (QP) was constructed from the Hessian
matrices evaluated at the same DFT level with a finite difference method from minima
along the normal modes selected. Instead of using second-order vibrational perturbation
theory,31 the approximate vibrational Hamiltonian was constructed using the direct
product of either harmonic wavefunctions or eigenfunctions of one-dimensional QP as
basis sets. Direct diagonalization of the vibrational Hamiltonian, known as vibrational
configuration interaction (VCI), was used to solve eigenvalue problems. The details of our
implementations of QP+VCI can be found elsewhere,?> and only a brief summary is
provided here. In this work, QP along selected normal modes and VCI including 4 body

interactions and up to 5 quanta excitation in the modes were considered for the spectral
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simulations. The assignment is based on projecting the final eigenfunction to the solution
of one-dimensional solutions with QP. Even with the above-mentioned setting, the
application of our VCI implementation is limited to about 25 dimensions when many low-
frequency (< 1000 cm1) modes were included.32 The IR spectra in the {Ac}C-H stretching
regions considered eleven modes in the simulation for all the monomers, which includes
some ring modes that have displacements of the C-C=C moiety along with C=C and
{Ac}C-H stretching and {Ac}C-H bending modes (see the supporting information). On the
other hand, the spectral simulation in the {Ar}C-H stretching region includes all the
aromatic C-H stretching modes along with all the C-C stretching and in-plane aromatic

C-H bending modes greater than 1000 cm-! (see the supporting information).

RESULTS AND DISCUSSION

The FDIR spectra of the PHA, 4FPHA, 2FPHA, and 3FPHA monomers in the {Ac}C-H
stretching region are shown in Figure 2. Complex spectral features consisting of multiple
bands were observed for PHA, which is indicative of the presence of higher-order
anharmonic coupling among the different vibrational modes of the system. Comparison
of the experimental IR spectra in the {Ac}C-H regions suggests the similarity between the
PHA and 4FPHA spectra, which can be rationalized based on the symmetry of the
molecule (C2v). In the case of PHA (Figure 2I), the two intense bands at 3325 (b) and 3341
cm-! (e) were attributed to be arising out of Fermi resonance coupling between the
{Ac}C-H stretch and the combination band arising out of one quantum of C=C stretch and
two quanta of C=C-H out-of-plane bend,%? while the weaker bands at 3317 (a), 3330 (c),
3333 (d), and 3353 (f) cm™! are originating from other higher-order couplings.33 This
essentially implies that the Fermi resonance coupling in PHA is localized on the acetylenic
moiety. However, considering only the four fundamental modes localized on the
acetylenic moiety viz., the {Ac}C-H stretch, C=C stretch and C=C-H bends (both in-plane
and out-of-plane) the ab-initio anharmonic calculation yields the spectrum with only one
band (Figure S1, see the supporting information), which suggests that the two intense
bands in the experimentally observed spectrum are not due to Fermi resonance coupling
of vibrational modes localized on the acetylenic moiety. Similarly in the case of 4FPHA
(Figure 2II), the IR spectrum consists of two intense bands at 3323 (b) and 3341 (d) cm-

L accompanied by a few weaker bands and once again the anharmonic calculation based



on the vibrational modes localized on the acetylenic group does not yield the desired
spectrum (Figure S1, see the supporting information). On the other hand, fluorine
substitution in the ortho and meta positions in the case of 2FPHA and 3FPHA leads to
changes in the symmetry (Cs), thereby resulting in only one strong band accompanied by
a few weaker bands was observed. However, even in this case, the anharmonic coupling
of four vibrational modes localized on the acetylenic moiety does not yield the desired
spectral pattern (Figure S1, see the supporting information). In order to faithfully capture
the details of the experimentally observed spectra, several other additional ring- based
normal modes which also involve displacements on the acetylenic group (Table S1 and

Figures S2-S5, see the supporting information) were considered leading to an 11-D
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Figure 2. FDIR and simulated IR spectra of (I) PHA, (II) 4FPHA, (III) 2FPHA and (IV)
3FPHA in the {Ac}C-H stretching region. In each panel, traces (a) and (b) represent
experimental and simulated spectra, respectively. The experimental spectra were
fitted to the Gaussian line shape function to yield peak positions. All the simulated
spectra are broadened with a Gaussian function of 2 cm-! FWHM centered on
calculated frequencies.




simulation, and the results are presented in Figure 2. In all four cases, the peak positions
and relative intensities compare well with the corresponding experimental spectra. The
comparison of the peak positions between the experimental and simulated spectra is
listed in Table S2 (see the supporting information) and importantly, the maximum
deviation in all the cases is less than 20 cm-1. Table 1 lists all the prominent peaks
observed in the simulated spectra in the {Ac}C-H stretching for PHA along with their
corresponding intensities and projections over the eleven normal modes contributing to
over 80% of the individual peak intensities. In the case of PHA, the band ‘b’ and ‘e’ at 3333
and 3347 cm-1, respectively, correspond to the most intense transitions at 3325 and 3341
cm-! in the experimental spectrum, show the major contributions from the {Ac}C-H
stretching mode (v36) along with the combination band arising out of one quantum of C=C
TABLE 1: List of all the prominent peak positions (cm-1) observed in the simulated
{Ac}C-H stretching region of PHA with their intensity (km mol-1) and projections

(%) over the fundamental, overtones and combination bands contributing about
80% of individual peak intensity.

3330 3333 3338 3347 3352 3363

Band = @ ® @ (@ (e 0)

Intensity — 11.6 24.1 5.1 20.4 2.4 2.4
Mode | Projections

V36 17.1 32.6 7.4 24.2 0.0 3.2

V30 0.0 0.0 0.0 0.0 0.0 0.0

V1o 0.0 0.0 0.0 0.0 0.0 0.0

Vs 0.0 0.0 0.0 0.0 0.0 0.0

V22 + V30 56.8 21.5 13.9 0.0 0.0 0.0

V23 + V30 17.8 4.4 15.6 49.2 0.0 0.0
V7 + Vg + V3o 0.0 21.7 28.1 0.0 13.35 0.0
Ve + V10 + V30 0.0 0.0 0.0 0.0 0.0 50.0
V7 + V8 + V13 + V22 0.0 3.0 12.11 8.8 68.1 0.0
V7 + V8 + V13 + V23 0.0 7.4 15.7 0.0 5.5 0.0
V6 + V10 + V13 + V22 0.0 0.0 0.0 0.0 0.0 12.7
V6 + V10 + V13 + V23 0.0 0.0 0.0 0.0 0.0 25.1
2vsg + V13 + V22 0.0 0.0 0.0 0.0 3.2 0.0




stretch (vso0) and one quantum of ring modes v22 and v23. In addition, band ‘b’ also shows
some contribution from a combination band that involves one quantum of C=C-H out-of-
plane bend (vs) along with one quantum of ring modes v7 and v3o. Further, the weaker
transitions observed in the spectrum typically comprise of combination bands that are
predominantly contributed by the ring modes, in addition to the C=C stretching mode,
and marginal contribution from the C=C-H bending modes. Similar observation can be
made for the IR spectrum of 4FPHA in the {Ac}C-H stretching region (see Table S3 for
projections). In the case of 2FPHA and 3FPHA, wherein only one intense peak was
observed in the experimental spectra (see Figure 2), which is indicative of lowering of
Fermi resonance coupling, the simulated spectra reveal maximum contribution from the
{Ac}C-H mode (v36), followed by a combination band comprising of one quantum of C=C
stretch (vs31) and the ring modes (v22 and v23) (see Tables S4 and S5 for the projections;
supporting information). On the other hand, the weaker transitions identified in the
spectra can be reproduced with the involvement of C=C-H bending motions. Thus, the
above results indicate the significant contribution of the aromatic ring modes that have
displacement along the acetylenic group to reproduce the observed spectral features. The
agreement between the simulated and experimental spectra indicates the present set of
results are in contrast with the earlier reports that the Fermi resonance coupling of
modes localized on the acetylenic moiety,®’ but due to extensive vibrational coupling
between the aromatic ring modes other than the modes localized on the acetylenic group
results in the complex spectral pattern in {Ac}C-H stretching region of phenylacetylene

and fluorophenylacetylenes.

The IR spectra in the aromatic C-H stretching region were also recorded and are
presented in Figure 3. The FDIR spectrum of PHA in {Ar}C-H stretching region (see Figure
31) consists of several bands in the 3020 - 3120 cm-1 region and cannot be solely assigned
to fundamental modes of the five aromatic CH oscillators. This complex spectral feature
of PHA is attributed to anharmonic coupling of aromatic C-H fundamentals with other
overtones and/or combination bands, similar to the other substituted benzene
derivatives.283435 The IR spectra of 2FPHA, 3FPHA, and 4FPHA in the {Ar}C-H stretching
region also show several bands, similar to PHA. The IR spectra of phenylacetylene and

fluorophenylacetylenes in the {Ar}C-H stretching region were computed considering all
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Figure 3. FDIR and simulated IR spectra of (I) PHA, (II) 4FPHA, (III) 2FPHA and (IV)
3FPHA in the acetylenic C-H stretching region. In each panel, traces (a) and (b)
represent experimental and simulated spectra, respectively. The experimental spectra
were fitted to the Gaussian line shape function to yield peak positions. The trace (b), in
all four panels. is broadened with a Gaussian function of 2 cm~1 FWHM centered on
calculated frequencies.

the aromatic C-H stretching modes along with the C-C stretching modes and in-plane
aromatic C-H and bending modes greater than 1000 cm-! (see Table S6 and the Figures
S6-S9, supporting information), depicted in Figure 3, illustrates, in general, excellent
agreement between the experimental and simulated spectra. However, in the case of PHA
few bands are missing when the C-H bending modes greater with frequencies greater
than 1000 cm-1 were considered. Therefore, five more in-plane bending modes (Figure
S10, see the supporting information) were incorporated in the anharmonic calculations
and the resulting spectrum, also depicted in Figure 3, shows a marked improvement.

These results suggest that the complex spectral characteristics exhibited by PHA,
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particularly in the {Ar}C-H stretching region, can be attributed to the involvement of high
quanta states of lower frequency modes. The comparison of the peak positions between
the experimental and simulated spectra is listed in Table S7 (see the supporting
information) and for the {Ar}C-H spectra the deviations are relatively larger up to 50 cm-
1, Additionally, Tables S8-S11 (see the supporting information) list all the prominent
peaks observed in the simulated spectra in the {Ar}C-H stretching for the four molecules
considered in the present work along with their corresponding intensities and
projections over all the normal modes contributing to over 80% of the individual peak
intensities. The projections listed in Tables S8-S11 reveal that the prominent peaks
observed in the {Ar}C-H stretching region for all the four molecules contain substantial
contributions from {Ar}C-H stretching fundamental with overtones and/or combination
bands that originate arising out of two quanta of aromatic C-C stretching modes and/or
in-plane aromatic C-H bending modes. These observations are in accord with the earlier
findings based on anharmonic couplings of aromatic C-H modes in other aromatic

molecules.2832,34,36

CONCLUSIONS

The observed vibrational spectra of phenylacetylene and fluorophenylacetylene in the
acetylenic and aromatic C-H stretching regions were analyzed using ab-initio
anharmonic calculations using the QP-VCI method. The IR spectrum of phenylacetylene
in the acetylenic C-H stretching region shows two intense bands which have been
attributed to be arising out of Fermi resonance coupling involving mode localized on the
acetylenic moiety viz., the acetylenic C-H stretch, the C=C stretch and C=C-H out-of-
plane bend. However, spectral simulation reveals that several ring modes that involve C-
C=C displacements are vital and must be included to reproduce all the features of the
experimentally observed spectra. These results are in contrast to the earlier reports and
indicate the delocalization of vibrational coupling to the aromatic ring in the case of
{Ac}C-H stretching region. Further, the complex spectral features observed in the case
of {Ar}C-H stretching region were captured with the inclusion of multiple aromatic C-H
stretching and bending modes along with the aromatic C-C stretching mode in the
spectral simulation. The results indicate that the anharmonic coupling among the

bending and stretching motions of {Ar}C-H oscillators is responsible for the complex
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spectral feature, similar to the other aromatic molecules. The reasonable agreement of
the simulated spectra with the observed spectral features in both cases validates the
reliability of the QP-VCI method in capturing the anharmonic coupling of complex

molecular systems.
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