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ABSTRACT: The heterodimers of propargylbenzene (PrBz) with phenylacetylene

(PHA) and monosubstituted fluorophenylacetylenes (FPHAs) were investigated using

electronic and vibrational spectroscopic methods. The vibrational spectra in the  _
acetylenic C—H stretching region show a marginal shift (0—4 cm™') upon dimer
formation, which suggests minimal perturbation of the acetylenic group. The M06-2X/
aug-cc-pVDZ calculations indicate that the z-stacked structures are the most stable,
followed by other structures. In general, structures incorporating aromatic C—H:--x
interactions are much higher in energy. The appearance of the spectra and the energy
considerations clearly indicate the preference for the z-stacked structures. Furthermore, = »-
the observed trend in the stabilization energies for heterodimers with the three FPHASs
is inversely proportional to the dipole moments of FPHAs. On the other hand, the
absence of any clear trends in the electrostatic component of the interaction energy is

attributed to the presence of the methylene group in PrBz.

1. INTRODUCTION

Much interest has been evinced on the properties of weakly
bound complexes because of their utility in diverse fields.'
The presence of non-covalent interactions in the weakly bound
complexes can be generally classified into two qualitatively
different interaction motifs, viz., the planar hydrogen bonding
and stacking. These interactions are significant, especially in
molecular systems incorporating aromatic units, both in
chemistry and in biology, and control a diverse range of
phenomena such as the packing of aromatic molecules in
crystals,»” tertiary structures of proteins,”’ the vertical base-to-
base interaction in DNA,*”'" and several others. Hydrogen
bonding and its consequences on the vibrational spectra are
well understood.'”'* However, the molecular level under-
standing of factors that influence z-stacking are still a subject of
debate.”® Moreover, the usage of the term “z-stacking” is itself
a subject of debate.'”"> Experimental investigations on gas-
phase 7-stacked dimers provide an excellent opportunity to
address electronic effects and can be compared directly with
the ab initio calculations. However, such reports are
comparatively much sparser in comparison to hydrogen
bonding for both the homo- and heterodimers.'®™*° In this
regard, it is important to recognize the difference between “z-
stacked” and “parallel-displaced” structures. The z-stacked
structures correspond to an interaction between the two
aromatic rings directly placed over one another, such as the
phenylacetylene (PHA) dimer.”® In a recent work, authors
have shown that in the case of homo- and heterodimers of
PHA and fluorophenylacetylenes (FPHAs), the dipole mo-
ment plays a Pivotal role in the formation of the z-stacked
structures,””>' with the anti-parallel 7z-stacked dimeric
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structure being the global minimum, especially in the case of
homodimers.””*® On the other hand, the parallel-displaced
dimers involve the presence of an additional X—H---7w
interaction of the substituents on the ring, as observed in the
case of dimers of propargyl benzene,"” toluene,”® anisole,*
aniline,*! and others. Because PHA and FPHAs form 7-stacked
homodimers®”*® while PrBz forms a C—H---z-assisted anti-
parallel displaced homodimer,"’ the present investigations on
the heterodimers of PrBz with PHA and FPHAs are on
evaluating the balance between n-stacked and parallel-
displaced structures. In this work, electronic and vibrational
spectroscopic techniques in combination with dispersion-
corrected density functional theory (DFT) calculations are
used to probe the heterodimers of PrBz with PHA, 2-
fluorophenylacetylene (2FPHA), 3-fluorophenylacetylene
(3FPHA), and 4-fluorophenylacetylene (4FPHA), the struc-
tures of which are depicted in Figure 1.

2. METHODS

The heterodimers of PrBz with PHA, 2FPHA, 3FPHA, and
4FPHA were synthesized in situ by a supersonic expansion of
the desired reagents (at 298 K) doped in helium gas at a 4 atm
pressure through a 0.5 mm diameter pulsed nozzle (Series 9,
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Figure 1. Structures of propargylbenzene (PrBz), phenylacetylene (PHA), 2-fluorophenylacetylene (2FPHA), 3-fluorophenylacetylene (3FPHA),
and 4-fluorophenylacetylene (4FPHA) used in the present investigation.

Iota One; General Valve Corporation) operating at 10 Hz. The
electronic excitation spectra of the monomers were recorded
using the laser-induced fluorescence (LIF) method by
monitoring the undispersed total fluorescence with a photo-
multiplier tube (9780SB + 1252-5F; Electron Tubes Limited)
and a filter (BG3 + WG-305) combination. On the other hand,
the electronic excitation spectra of the heterodimers were
recorded following the one-color resonant two-photon
ionization (1C-R2PI) method and monitoring the parent
mass ion signal using a two-stage Wiley—McLaren time-of-
flight mass spectrometer’ fitted with a channel electron
multiplier (CEM-KBL-25RS; Sjuts Optotechnik) and a
preamplifier (SR445A; Stanford Research Systems).”> For
recording the spectra, the delay time between the valve
opening and the laser was optimized separately for the
monomer and the dimer to ensure that the signal is maximized.
The LIF and the 1C-R2PI signals were digitized by a digital
storage oscilloscope (TDS-1012; Tektronix) that was inter-
faced to a personal computer using a data acquisition program
written in LabView. To selectively record the IR spectra of the
monomer and the heterodimers in the acetylenic C—H
stretching region, the IR—UV double resonance spectroscopic
method was used’"** using either the fluorescence or the ion-
detection technique. For this purpose, both the IR and UV
lasers focused using a 35 mm plano-convex lens interact with
the supersonic free-jet in a counterpropagating manner, with
the IR laser arriving about 100 ns prior to the UV laser. In our
experiments, the tunable UV laser used was a frequency-
doubled output of a dye laser (Narrow Scan GR; Radiant
Dyes) operating with the rhodamine-19 dye pumped with the
second harmonic of a Nd:YAG laser (Brilliant-B; Quantel).
The tunable IR light was generated by LINbO; OPO (Custom
IR OPO; Euroscan Instruments), as an idler component,
pumped with an injection-seeded Nd:YAG laser (Brilliant-B;
Quantel). The typical bandwidth of both UV and IR lasers is
~1 cm™!, and the absolute frequency calibration is within +2
em™,

A detailed conformational search for various dimers was
performed by carrying out molecular dynamics (MD) sampling
using the MM2 force field*>*” as implemented in the Chem3D
Ultra 19.1 software package. The MM2 force field was used for
the calculation because it was developed mainly for the
conformational analysis of hydrocarbons and other small
organic molecules and thus reproduces the equilibrium
geometry in very good agreement with the experiment.*®
The energy-minimized structure at the same level of theory

17721

was used as a starting geometry for the MM2-MD trajectory.
The trajectories were calculated for 1 ns with a time step of 2 fs
and the intermediate structures were saved at each 10 ps.
Subsequently, the selected structures from the MM2-MD
trajectory sampling were optimized using the M06-2X/aug-cc-
pVDZ level of theory with ultrafine integration grids, followed
by frequency calculations. The stabilization energy was
determined as the difference between the dimer energy and
the sum of monomer energies. The stabilization energies were
corrected for the difference in the vibrational zero-point
energies (AZPE) and the basis—set superposition error
(BSSE) using the counterpoise method,” which was made
after geometry optimization. Further, the stabilization energies
of the heterodimers were also estimated from the single-point
calculation at the MP2/aug-cc-pVDZ level. The justification for
the theoretical methods used in the present work is that the
MO06-2X/aug-cc-pVDZ method is adequate to reliably calculate
the geometries and relative energies of various types of
intermolecular interactions including 7-stacking interaction”’
and to further compare the present set of results with our
earlier work on heterodimers of PHA with FPHA.”' The
analysis of the interaction energies of various structures of
heterodimers was carried out using the symmetry-adapted
perturbation theory (SAPT).*” The simplest of the SAPT
approaches, SAPTO, was performed using the cc-pVTZ basis
set along with the cc-pVTZ-JKFIT basis for the Hartree—Fock
and cc-pVTZ-RI basis for the SAPT procedure.”’ The density-
fitting approach was used to reduce the computational expense.
The perturbative method SAPTO treats the monomers at the
Hartree—Fock level and then applies the second-order
perturbation theory to separate the overall intermolecular
interaction energy into the different components. Geometry
optimization and frequency calculations were carried out using
the Gaussian-16 suite of programs,”” and SAPTO calculations
were carried out using the PSI4 ab initio package.”” The
structures and the vibrations were visualized by and GaussView
5" and Chemcraft.”

3. RESULTS AND DISCUSSION

The electronic spectra of all the monomers (PrBz, PHA,
2FPHA, 3FPHA, and 4FPHA) have been reported earlier and
show sharp bands corresponding to the 0y (band-origin)
excitation of the Sy—S,; transition (Figure S1, see the
Supporting Information)."””" The electronic spectra of the
heterodimers of PrBz with PHA, 2FPHA, 3FPHA, and
4FPHA, recorded using the one color resonant two-photon
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ionization (1C-R2PI) method by monitoring the parent mass
signal, are depicted in Figure 2. The electronic spectra of the
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Figure 2. Electronic (1C-R2PI) spectra of heterodimers of PrBz with
PHA (blue trace), 2FPHA (green trace), 3FPHA (red trace), and
4FPHA (purple trace). For each trace, the color-coded arrow
represents the band-origin transition of the corresponding PHA/
FPHA monomer. The electronic spectra of all the monomers are
shown in Figure S1.

PrBz heterodimers with PHA, 2FPHA, 3FPHA, and 4FPHA
are very generally red-shifted and show broad bands, similar to
the homodimers of PHA and FPHAs, and can be attributed to
several reasons which include (i) excitonic coupling, (ii)

presence of multiple isomers, (iii) distributed Franck—Condon
factors, and combinations thereof.””*°

To probe the structural characteristics of the heterodimers
of PrBz with PHA, 2FPHA, 3FPHA, and 4FPHA, the IR
spectra in the acetylenic C—H stretching region were recorded
using the IR—UV double resonance spectroscopic method and
are depicted in Figure 3. The IR spectrum of PrBZ in the
acetylenic C—H stretching region shows a single band at 3336
cm™". On the other hand, the corresponding spectrum of PHA
shows multiple bands with two primary bands at 3329 and
3344 cm™!, which have been assigned to be originating from
Fermi resonance coupling localized on the acetylenic moiety.*
The IR spectrum of the PrBz-PHA heterodimer appears to be
convoluted with the transitions of the two constituent
monomers and shows two broader bands at 3317 and 3337
cm™!, which appear to be marginally red-shifted relative to
both the monomers. To deconvolute the IR spectrum, the
PHA monomer in the heterodimer was replaced with its
monodeuterated isotopomer (C¢H;CCD, PHAD), wherein the
acetylenic C—H group was substituted with a C—D group. The
resulting IR spectrum of the PrBz-PHAD heterodimer shows a
single band at 3334 cm™' corresponding to the PrBz moiety in
the dimer, which is red-shifted by 2 cm™ from its position in
the monomer. This once again suggests that the formation of
the dimer marginally red-shifts, by 2 cm™, the acetylenic C—H
oscillator. The IR spectra of the PrBz heterodimers with
2FPHA, 3FPHA, and 4FPHA are also shown in Figure 3. The
IR spectra of the heterodimers are convolution of the spectra
of both the constituent monomers and show marginal shifts in
the band positions and intensities, relative to the monomers,
which can be attributed to the changes in the Fermi resonance
conditions. In general, the IR spectra of the heterodimers in
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Figure 3. IR spectra in the acetylenic C—H stretching region. (A) PrBz, PHA, PrBz—PHA, and PrBz—PHAD. (B) PrBz, 2FPHA, and PrBz—
2FPHA. (C) PrBz, 3FPHA, and PrBz—3FPHA. (D) PrBz, 4FPHA, and PrBz—4FPHA.
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Figure 4. Six lowest energy structures of heterodimers of PrBz with PHA (row 1), 2FPHA (row 2), 3FPHA (row 3), and 4FPHA (row 4)
calculated at the M06-2X/aug-cc-pVDZ level of theory. The absolute values of ZPE- and BSSE-corrected stabilization energies (k] mol™") are given
in parenthesis for each structure. The coloring scheme for the two constituent monomers is different. The structure with carbon atoms in yellow is
the PrBz, while the carbon atoms of FPHAs are shown in black and the fluorine atoms in blue.

the acetylenic C—H stretching region show marginal shifts (0—
4 cm™") corresponding to the constituent monomers, which
indicates that the acetylenic groups are minimally perturbed
due to dimer formation. Similar observations were made in the
case of homodimers of PrBz,'* PHA,*® 2FPHA, 3FPHA, and
4FPHA” and heterodimers of PHA with 2FPHA, 3FPHA, and
4FPHA.”'

In an effort to assign the structures responsible for the
observed spectra, DFT calculations were carried out for all four
sets of heterodimers. A structural search followed by geometry
optimization using the M06-2X/aug-cc-pVDZ level of theory
(see the Methods section) resulted in 13, 19, 23, and 14
structures for the heterodimers of PrBz with PHA (Figure S2,
Tables S1), 2FPA (Figure S3, Table S2), 3FPHA (Figure S4,
Table S3), and 4FPHA (Figure SS, Table S4), respectively. In
general, the structures of the heterodimers of PrBZ with PHA
and FPHAs can be categorized into three sets, the 7-stacked
structures, parallel-displaced structures, and non-stacked
structures. In all the cases, the z-stacked structures are the
global minima along with several local minima, within an
energy band of about 10 kJ mol™!, which differ in the
orientation of the two rings in the dimer. On the other hand,
the second set consists of parallel-displaced structures in which
the two ring planes are almost parallel, additionally
incorporating the C—H-7 interaction with the methylene
group of PrBz, and are marginally (about 1—2 kJ mol™") less
stabilized compared to the z-stacked structures. The third set
of structures consist of C—H:--7r interactions involving either
acetylenic C—H or aromatic C—H groups and are at least 6 kJ
mol™! less stabilized compared to the z-stacked global
minimum. Unlike the homo- and heterodimers of FPHAs,
the heterodimer of PrBz with FPHAs did not yield any
structures with C—H---F interactions. The MP2 stabilization
energies, calculated at the M06-2X geometries, are in general

marginally higher than MO06-2X energies consistently for all
structures and show the same energy ordering trend, except in
a few cases. Figure 4 depicts the six lowest energy structures for
the four sets of heterodimers considered in the present work,
all of which are z-stacked structures.

The IR spectra shown in Figure 3 indicate that the acetylenic
C—H oscillator of both the constituent monomers is minimally
perturbed due to dimer formation, with shifts of about 0—4
cm™" that are accompanied by some changes in the intensity
redistribution in the Fermi resonance bands. Based on these
results, the formation of structures that involve acetylenic C—
H:--7/F interactions can be ruled out. On the other hand,
structures that are z-stacked/parallel-displaced and/or those
incorporating aromatic C—H---7/F and interactions would lead
to the observed spectra. However, the stabilization energies
obtained from the electronic structure calculations indicate 7-
stacked structures are energetically favorable over other
possible structural motifs by at least 6 k] mol™". Further, the
broadening of the electronic spectra (see Figure 1) in
combination with marginal red shifts in the acetylenic C—H
stretching vibrations (see Figure 2) have earlier been assigned
to (z-)stacked structures of homo- and heterodimers of PHA
and FPHAs along with the homodimer of PrBz.'’~*"**
Therefore, based on the observed spectra, electronic structure
calculations, and comparison with similar systems, the present
set of heterodimers of PrBz with PHA and FPHAs are assigned
to a set of z-stacked structures within an energy band of 1.5 kJ
mol ™" (the mean error for z-stacking interaction energy at the
MO06-2X level) from the global minima. It must be pointed out
that “z-stacking” in the heterodimer structures is loosely
defined based on the geometrical criterion.' #*!

The stacking of heterodimers is further investigated with the
energy decomposition analysis using the SAPTO method,
which calculates the contribution of various energy compo-
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nents such as the electrostatic (Eg,.), induction (E4),
dispersion (Ep,), and exchange (Eg,,) to the total interaction
energy (Egapro)- The energy components from SAPTO analysis
for all calculated structures of the heterodimers of PrBz are
listed in Tables S1—S4 (see the Supporting Information). For
all the structures (stacked and non-stacked), the dispersion is
the dominant stabilizing component interaction without any
exceptions. The ratio of the electrostatic to dispersion
components for the six most stable structures for each set of
heterodimers, shown in Figure 3, is in the range 0.32—0.46.
The stabilization energies of the most stable heterodimers of
PrBz in each case are in the order PHA (—24.7 k] mol™) <
2FPHA (—26.1 kJ mol™) < 3FPHA (—28.1 k] mol™!) <
4FPHA (—30.4 kJ mol™). The observed trend in the
stabilization energies for the three FPHAs is inversely
proportional to the dipole moments of FPHAs (see the
TOC graphics). This observation is in contrast to the
stabilization energies of homodimers of PHA and FPHAs,
wherein the stabilization energies are directly proportional to
the dipole moments of FPHAs.> Additionally, the stabilization
energies of the present set of PrBz heterodimers are higher
than the homo- and heterodimers of PHA and FPHAs and
lower than the PrBz homodimer. Surprisingly, the interaction
between PrBz and PHA/FPHAs is maximized without
incorporating C—H--7z interactions due to the methylene
group. Further, unlike the case of homo- and heterodimers of
PHA and FPHAs,>**' no clear trends in the stabilization
energy or the electrostatic component of the interaction energy
with the dipole moments of the PHA and FPHAs were
observed for the PrBz heterodimers. This observation is
attributed to the presence of the methylene group in PrBz,
which leads to structural deformation, relative to homo- and
heterodimers of PHA and FPHAs.

4. CONCLUSIONS

In summary, the heterodimers of PrBz with PHA and
monosubstituted FPHAs were investigated using a combina-
tion of electronic and vibrational spectroscopic techniques and
electronic structure calculations. The IR spectra of PHA and
FPHAs in the acetylenic C—H stretching region show the
presence of Fermi resonance bands which get marginally
perturbed in terms of both band positions and intensities due
to their interaction with PrBz. On the other hand, the
acetylenic C—H stretching band of PrBz shows a marginal red
shift of 0—2 cm™". The IR spectra indicate that the formation
of the heterodimers does not involve interaction with the
acetylenic group, which remains almost unperturbed. The
electronic structure calculations indicate that the n-stacked
structures are the most stable and could be assigned to the
observed spectra based on the energy considerations and
circumstantial evidence obtained from the IR spectra.
Interestingly, all of the four heterodimers form n-stacked
structures in the absence of secondary C—H---7 interactions, as
was observed in the case of the PrBz dimer. Finally, the
interaction energy for the three PrBz heterodimers with
FPHAs decreases with an increase in the dipole moment of
FPHA, a trend opposite to that of homodimers of FPHAs.
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