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The water complexes of 4-fluorophenylacetylene and 2-fluorophenylacetylene were investigated using IR-
UV double resonance spectroscopy. Both 4-fluoro- and 2-fluorophenylacetylenes form a cyclic complex with
water incorporating C—H-+++O and O—H-<zr hydrogen bonds. These structures are similar to the
phenylacetylene—water complex, implying that the fluorine substitution on phenylacetylene does not alter
the intermolecular structure. Further, the presence of fluorine enhances the interaction of water with the
acetylenic 7 electron density. This behavior of fluorophenylacetylenes is dramatically different from that of
fluorobenzene and fluorostyrene. A second water complex was also observed in the case of 2-fluoropheny-
lacetylene in which water interacts with fluorine atom and acetylenic C—C triple bond in a double-donor
fashion. Additionally, two distinct 2-fluorophenylacetylene—(water), complexes were also observed. The first
is a cyclic complex in which two water molecules bridge the hydrogen bond donor and acceptor sites present
in 2-fluorophenylacetylene. The second is a kinetically trapped higher energy structure in which one water

molecule acts as a double-acceptor.

1. Introduction

The majority of hydrogen bonding observed in both the gas
and the condensed phases can be summarized using Etter rules.'
In addition, on the basis of the geometries of several mixed
dimers obtained using rotationally resolved spectroscopy, Legon
and Millen laid down rules for formation of X—H-*++B hydrogen
bonding.? Both the Etter and the Legon—Millen rules govern
the hierarchy of hydrogen bond formation. The Etter rules, in
particular, have been consistently used to predict the formation
of supramolecular synthons and thus form guidelines for crystal
engineering. However, exceptions to Etter rules have been
reported, and these exceptions mostly pertain to hydrogen-
bonding patterns observed in multifunctional molecules.’ One
of the major challenges that needs to be addressed in hydrogen
bonding is to know, a priori, how the individual functional
groups in multifunctional molecules will behave when they are
made to interact with suitable hydrogen-bonding partners. In
multifunctional molecules, the exact hydrogen bonding pattern
will be a result of subtle competition between various possibili-
ties. Toward the goal of comprehending the hydrogen-bonding
behavior of multifunctional molecules, we had earlier investi-
gated hydrogen-bonded complexes of phenylacetylene with
various solvent molecules such as water, methanol, ethanol,
ammonia, alcohols, and amines.* The hydrogen-bonded com-
plexes of phenylacetylene form a wide variety of intermolecular
structures, which stem out of a subtle balance of intermolecular
forces in various possible intermolecular structures. For instance,
phenylacetylene forms a cyclic complex with water incorporat-
ing O—H-++*zr and C—H**+O hydrogen bonds, the structure of
whichis different from both the benzene—water and acetylene—water
complexes, even though phenylacetylene incorporated the
features of both benzene and acetylene.** Because phenylacety-
lene consists of only m-bonding electrons (benzene ring and
acetylenic C—C triple bond), the hierarchy of hydrogen bond
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accepting sites cannot be determined on the basis of either Etter
or Legon—Millen rules. Further, it was also observed that even
minimal changes in the interacting partners, such as substitution
by a ubiquitous methyl group, can result in dramatic change in
the intermolecular structure.*

Substitution of fluorine on the benzene ring of phenylacety-
lene increases the number of possible hydrogen-bonding sites.
Singly fluoro-substituted phenylacetylenes have four hydrogen-
bonding sites in the form of benzene ring and the acetylene
moiety, which can act as 7 acceptors, fluorine as a o acceptor,
and the relatively acidic acetylenic C—H group, which can act
as a o donor. Apart from addition of an extra hydrogen-bond
acceptor site in the form of lone pair electrons of fluorine atom,
substitution with fluorine atom also will lead to changes in the
7t electron densities of benzene ring and acetylenic C—C triple
bond and also can affect the acidity of the acetylenic C—H
group.’ Thus, the substitution with fluorine is expected to alter
the binding energies along various minima on the intermolecular
potential and therefore will lead to the modification of relative
hydrogen-bonding affinities of various sites. In this article, we
present the spectroscopic and ab initio investigations carried
out on water complexes of 4-fluorophenylacetylene (4FPHA)
and 2-fluorophenylacetylene (2FPHA). The primary motivation
for this investigation was to determine the effect of substitution
with fluorine on phenylacetylene (PHA) on the intermolecular
structure upon interaction with water. We address here whether
the water will switch from 7z hydrogen binding at the acetylenic
C—C triple bond site to o hydrogen bonding at the fluorine site.
This can be viewed as a test case for the Legon—Millen rules,?
wherein the relative affinity of hydrogen bonding of ;v and o
acceptors can be evaluated, a factor that was missing in
phenylacetylene. Further, it is also an interesting exercise to
probe the effect of the position of fluorine relative to that of
the acetylenic moiety on the intermolecular structures in water
complexes.
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2. Methods

A. Experimental. The details of the experimental setup have
been described elsewhere.® Briefly, helium buffer gas at 4 atm
was bubbled through a mixture of 4FPHA (Aldrich)/2FPHA
(Aldrich) and water kept at room temperature and expanded
through a 0.5-mm-diameter pulsed nozzle (Series 9, Iota One;
General Valve Corporation). The electronic excitation was
achieved using a frequency-doubled output of a tunable dye
laser (Narrow Scan GR; Radiant Dyes) pumped with second
harmonic of a Nd:YAG laser (Surelite I-10; Continuum). The
fluorescence excitation spectra were recorded by monitoring the
total fluorescence with a photomultiplier tube (9780SB+1252-
5F; Electron Tubes Limited) and a filter (WG-320) combination,
while scanning UV laser frequency. The IR spectrum of the
complex was obtained using fluorescence dip infrared (FDIR)
spectroscopic method.” In this method, the population of a target
species was monitored by the fluorescence intensity following
its electronic excitation to the S; <= Sy origin band with a UV
laser pulse. A tunable IR laser pulse was introduced 100 ns
before the UV laser pulse. When the IR frequency was resonant
with the vibrational transition of the target species, the ground-
state population decreased, resulting in the depletion of the
fluorescence signal. Further, to separate out the transitions
belonging to various species present in the LIF excitation
spectrum, IR-UV hole-burning spectroscopy was also carried
out. In this technique, a LIF excitation spectrum was recorded
for the region of interest. Next, an IR pulse was tuned to a
vibrational transition of a specific species of interest, while a
delayed tunable UV laser probed the S; < S, transition region.
In the event of the UV laser being resonant with the transition
of the same species to which the IR pulse was tuned to, the
fluorescence intensity decreased in comparison with the first
spectrum. The lowering of the intensity in the second spectrum
relative to that of the first one allowed identification of relevant
transitions. In our experiments, the source of tunable IR light
was an idler component of a LiNbO3; OPO (Custom IR OPO;
Euroscan Instruments) pumped with an injection-seeded Nd:
YAG laser (Briliant-B; Quantel). The IR OPO was calibrated
by recording the photoacoustic spectrum of ambient water vapor.
The typical bandwidth of both UV and IR lasers was about 1
cm™!, and the absolute frequency calibration was within 42
cm L
B. Computational. To supplement the experimental obser-
vations, we carried out ab initio calculations using the Gaussian
03 package.® The equilibrium structures of the monomers and
various binary complexes were calculated at MP2(FC) and DFT-
MPW3LYP methods using the aug-cc-pVDZ basis set. The
nature of the stationary points obtained was verified by
calculating the vibrational frequencies at the same level of
theory. The stabilization energies were corrected for the zero
point vibrational energy (ZPVE). One hundred percent of BSSE
correction is believed to often underestimate the interaction
energy, and 50% correction is a good empirical approximation.
Therefore, we report the stabilization energies with 0, 50, and
100% BSSE correction.” The calculated symmetric and anti-
symmetric O—H stretching frequencies of water molecule at
the MP2(FC)/aug-cc-pVDZ level were 3805 and 3940 cm ™',
respectively. However, the corresponding experimental values
were 3657 and 3756 cm™!. The scaling factor of 0.957 was
devised by taking the ratio of the average experimental
frequencies (3706 cm™!) to the average calculated frequencies
(3873 cm™").!% Similarly, for the MPW3LYP/aug-cc-pVDZ level
of theory a scaling factor of 0.9625 was devised. For a given
method the same scaling factor was used for both C—H and
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Figure 1. Fluorescence excitation spectrum of (A) 4FPHA and (B)
2FPHA in the presence of water. The peaks marked with “a” and “b”
correspond to the band origin transitions 4FPHA and 2FPHA mono-
mers, respectively. The transitions marked 1—5 are due to various water
complexes. Both the spectra were recorded under identical experimental
conditions.

O—H stretching frequencies for all the complexes reported here.
The scaling factor was intended to correct for the basis set
truncation, partial neglect of the electron correlation, and
harmonic approximation. The calculated and scaled vibrational
frequencies were then compared with the experimentally
observed values.

3. Results

A. Spectra. The fluorescence excitation spectra of 4FPHA
and 2FPHA in the presence of water are shown in Figure 1.
There are no previous reports on the electronic spectra of both
4FPHA and 2FPHA, and in each case the most intense band
can be assigned to the band origin of the S; < S electronic
excitation. The band origin transitions for 4FPHA and 2FPHA
appear at 35601 and 35588 cm™!, respectively, while the
corresponding transition for PHA is at 35 876 cm™'.# The band
origin transitions of 4FPHA and 2FPHA are shifted to the red
by 275 and 288 cm™!, respectively, relative to PHA. Further, it
was also found that that 4FPHA contained trace impurity of
2FPHA, which results in the weak transition observed in the
fluorescence excitation spectrum of 4FPHA. The fluorescence
excitation spectrum of 4FPHA (Figure 1A) shows few transi-
tions in the region 35 600—35 800 cm™'. On the other hand,
the fluorescence excitation spectrum of 2FPHA (Figure 1B)
shows several transitions in the same energy region. The
transitions marked 1—5 in the two spectra correspond to various
water complexes (vide infra). The transition marked “1” in
Figure 1A corresponds to the 4FPHA—H,0 complex, which is
shifted by +177 cm™, relative to bare 4FPHA. In sharp contrast,
the transitions marked with “2” and “3” correspond to two
different 2FPHA —H,0O complexes, which are shifted by —8 and
+75 cm™!, relative to bare 2FPHA. Comparison of the shifts
in the electronic transitions for the binary complexes of 4FPHA
and 2FPHA with water indicates that the intermolecular
structures might be different in each case. Further, the peaks
marked with “4” and “5” in Figure 1B correspond to
2FPHA—(H,0), complexes (vide infra). These two transitions
are shifted by +92 and +107 cm™!, relative to bare 2FPHA.

The IR spectra of 4FPHA, 2FPHA, and their water complexes
were recorded in the acetylenic C—H and the O—H stretching
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Figure 2. FDIR spectrum of (A) 4FPHA and (B) 4FPHA—H,0 (band-
1) in the acetylenic C—H stretching region. In each spectrum, the arrow
indicates the position of the centroid of observed transitions.

regions using the FDIR method by monitoring the fluorescence
following excitation at their corresponding bands observed in
the fluorescence excitation spectra while scanning the IR laser
frequency. Figure 2A shows the FDIR spectrum of bare 4FPHA
in the acetylenic C—H stretching region, in which three
prominent bands appear at 3323, 3332, and 3347 cm™!. The
appearance of this spectrum is very similar to the corresponding
spectrum of PHA and is indicative of the presence of Fermi
resonance.*!! The FDIR spectrum of 4FPHA—H,O complex,
depicted in Figure 2B, consists of two transitions at 3315 and
3339 cm™!. The appearance of this spectrum in terms of number
of bands, band positions, and relative intensities is different from
that of bare 4FPHA (Figure 2A). The difference in the two
spectra clearly indicates the changes in the Fermi resonance
couplings induced by interaction of H,O with 4FPHA. To
understand the nature of the interaction of water with 4FPHA,
the FDIR spectrum of 4FPHA—H,0 complex was also recorded
in the O—H stretching region, and the results are presented in
Figure 3. The two strong bands appearing at 3614 and 3704
cm™! arise because of the two O—H oscillators of the water
moiety. Apart from two strong transitions, three weak transitions
at 3681, 3713, and 3752 cm™' were also observed in the
spectrum. These three transitions can be assigned to the
combination bands of intermolecular modes over the O—H
stretching vibrations. Such combination bands have also been
reported for several other binary complexes.!? The FDIR
spectrum of 4FPHA was also recorded in the O—H stretching
region, which as expected did not show any transitions.

The fluorescence excitation spectrum of 4FPHA in the
presence of water shows quite a few numbers of transitions.
To assign the origin of these transitions and to check for the
possibility of existence of isomers, IR-UV hole-burning spec-
troscopy was carried out, and the results are presented in Figure
4. Trace A shows the fluorescence excitation spectrum of
4FPHA in the presence of water, which is identical to the
spectrum shown in Figure 1A. Trace B is the IR-UV hole-burnt
spectrum, which was recorded by tuning the IR laser to pump
the C—H vibrational transition of 4FPHA at 3347 cm™! (Figure
2B), 100 ns before the exciting UV pulse, while scanning the
UV laser. The IR-UV hole-burnt spectrum shows dips for all
the observed transitions in the fluorescence excitation spectrum;
however, the transitions marked “b”” and “1” are the exceptions.
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Figure 3. FDIR spectrum of the 4FPHA—H,0O complex in the O—H
stretching region. The arrows indicate the positions of symmetric (3657
cm™') and antisymmetric (3756 cm™") stretching frequencies of the bare
water molecule. Also presented are the simulated vibrational spectra
for complexes AdFW—D4FW.
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Figure 4. (A) Fluorescence excitation of 4FPHA in the presence of
water. (B) IR-UV hole-burnt spectrum 4FPHA, which was recorded
by pumping the acetylenic C—H stretching vibration with an IR laser
fixed at 3347 cm™! before the exciting UV laser. The arrows point to
the bands with reduced intensities in the hole-burnt spectrum. The peaks
marked with “a”, “b”, and “1” correspond to the band origin transitions
of 4FPHA, 2FPHA, and 4FPHA—H,0, respectively.

As discussed earlier, the transition marked with “b” is the band
origin of 2FPHA, which appears because of trace impurity of
2FPHA in 4FPHA."3 This leaves the lone transition “1”, which
is due to 4FPHA—H,0O and confirms the presence of a single
isomer of complex between 4FPHA and water.

The FDIR spectra of 2FPHA and 2FPHA—H,0 complexes
in the acetylenic C—H stretching region are shown in Figure 5.
The FDIR spectrum of 2FPHA shows an intense transition at
3334 ¢cm™!, accompanied by two weak transitions at 3318 and
3341 cm™!. This observed spectrum is quite in contrast to the
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Figure 5. FDIR spectrum of (A) 2FPHA, (B) 2FPHA—H,0 (band-
2), and (C) 2FPHA—H,0 (band-3) in the acetylenic C—H stretching
region. The arrows indicate the position of the centroid of observed
transitions.

corresponding spectra of PHA and 4FPHA, which indicate
weakening of the Fermi mixing in 2FPHA. It is therefore
reasonable to assume that the strong transition observed at 3334
cm™! predominantly has the C—H stretching character and
therefore can be assigned to the C—H stretching frequency of
the acetylenic moiety. Figure 5B shows the FDIR spectrum of
band-2 (Figure 1B), which is shifted by —8 cm™! relative to
the bare 2FPHA. This spectrum was recorded on the red edge
of this band to minimize the interference from the bare 2FPHA,
resulting in lower signal-to-noise ratio. Surprisingly, three
intense transitions at 3316, 3330, and 3338 cm ™! were observed
in this case. Similarly, the FDIR spectrum of band-3, which is
depicted in Figure 5C, also shows three bands at 3317, 3330,
and 3340 cm™!. The appearance of three strong transitions in
the FDIR spectra of 2FPHA—H,0 complexes (Figure 5B, C)
can be assigned to the reappearance of Fermi resonance bands
in 2FPHA due to interaction with water. Further, a careful
inspection of all three spectra depicted in Figure 5 reveals that
the weak satellite bands observed for the 2FPHA monomer gain
intensity because of interaction with water, albeit with marginal
changes in the peak positions. Because it is now fairly well
established for phenylacetylene that the observed bands in the
acetylenic C—H stretching region are due to Fermi resonance,*®!!
we assigned the bands observed in the FDIR spectra of
2FPHA—H,0 complexes in the acetylenic C—H region to be
originating from Fermi resonance interaction. The FDIR spectra
of the two 2FPHA—H,0O complexes in the O—H stretching
region are depicted in Figure 6. The FDIR spectrum of band-2
is shown in Figure 6A, which consist of two transitions at 3618
and 3705 cm™L. The appearance of this spectrum is very similar,
in terms of both band positions and intensities, to that observed
for the 4FPHA—H,0 complex (Figure 3). On the other hand,
the FDIR spectrum of band-3, which is shown in Figure 6B,
has two transitions appearing at 3636 and 3710 cm™".

IR-UV hole-burning spectroscopy was carried out, once again,
to ascertain the origin of several transitions appearing in the
2FPHA—water system. Figure 7A shows the fluorescence
excitation spectrum of 2FPHA in the presence of water, which
is identical to the spectrum shown in Figure 1B. Figure 7B
shows the IR-UV hole-burnt spectrum, which was recorded by
tuning the IR laser to pump the acetylenic C—H vibrational
transition of bare 2FPHA at 3334 cm™!. The transitions arising
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Figure 6. FDIR spectra of 2FPHA—H,0 complexes (A) band-2 and
(B) band-3 in the O—H stretching region. The arrows indicate the
positions of symmetric (3657 cm™!) and antisymmetric (3756 cm™!)
stretching frequencies of the bare water molecule. Also presented are
the simulated vibrational spectra for complexes A2FW—E2FW.
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Figure 7. (A) Fluorescence excitation spectrum of 4FPHA in the
presence of water. (B) IR-UV hole-burnt spectrum band-b, recorded
by pumping the acetylenic C—H stretching vibration with an IR laser
fixed at 3334 cm™'. (C) IR-UV hole-burnt spectrum band-2, recorded
by pumping the acetylenic C—H stretching vibration with an IR laser
fixed at 3338 cm™'. (D) IR-UV hole-burnt spectrum band-3, recorded
by pumping the O—H stretching vibration with an IR laser fixed at
3710 cm™!. The arrows in each case point to the dips corresponding to
the transitions.

out of bare 2FPHA show diminished intensities, which are
indicated by arrows. Shown in Figure 7C is the IR-UV hole-
burnt spectrum of band-2 recorded by tuning the IR laser to its
acetylenic C—H vibrational transition at 3338 cm™'. Apart from
lowering of the intensity of band-2, this spectrum also shows
decrease in the intensity of band-3. This is because the IR spectra
of band-2 and band-3 have an overlapping transition at 3338
cm™!. To clearly separate transitions, the IR-UV hole-burnt
spectrum of band-3 was recorded by pumping its O—H
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Figure 8. FDIR spectrum of (A) 2FPHA, (B) 2FPHA—(H,0), (band-
4), and (C) 2FPHA—(H,0), (band-5) in the acetylenic C—H stretching
region. In (B), the enhancement at 3334 cm™' is due to the 2FPHA
monomer.

stretching vibration at 3710 cm™', which is shown in Figure

7D. With these three IR-UV hole-burnt spectra, all but three
transitions marked with “x”, “4” and “5” have been accounted
for. The transitions “4” and “5” arise out of two different isomers
of 2FPHA —(H,0), and will be discussed below.'*> On the other
hand, the band “x” does not show a transition either in the
acetylenic C—H region or in the O—H stretching region, and
therefore can be ruled out as a transition arising out of either
bare 2FPHA or its water complex.

The FDIR spectra of bands “4” and “5” (Figure 1B) were
recorded in the acetylenic C—H stretching region, and the results
are presented in Figure 8. Also shown in Figure 8 is the FDIR
spectrum of 2FPHA (trace A) for comparison. The FDIR
spectrum of band-4, depicted in Figure 8B, shows an intense
transition at 3195 cm™!, along with a weak band at 3220 cm™".
On the other hand, the FDIR spectrum of band-5 (Figure 8B)
shows an intense transition at 3262 cm™! along with a very weak
band at 3281 cm™'. In both cases, the stronger transitions can
be assigned to the acetylenic C—H stretching vibrations of the
complex and the weaker transition to a combination band of an
intermolecular mode on the C—H stretching vibration. The
acetylenic C—H stretching vibrations of bands “4” and “5” are
shifted to a lower frequency by 139 and 72 cm™', respectively,
relative to bare 2FPHA. This observation clearly indicates the
formation of a C—H-*++O hydrogen-bonded complex, wherein
the terminal acetylenic C—H group of 2FPHA interacts with
the oxygen atom of a water molecule. The FDIR spectra in O—H
stretching region for the bands “4” and ““5” are shown in Figure
9. The FDIR spectrum of band-4 (Figure 9A) shows an intense
transition at 3460 cm™' along with three strong transitions at
3583, 3692, and 3696 cm ™! and a weak transition at 3535 cm ™.
The intensity of transition at 3460 cm™! is much weaker than
expected as the IR laser power is about one-fourth at this
frequency in comparison with the rest of the tuning range in
the O—H stretching region. The appearance of a transition at
3460 cm™! is indicative of a strong water—water hydrogen
bond.'* This transition is accompanied by a combination band
at 3535 cm™!. The FDIR spectrum of band-5 (Figure 9B) shows
an intense transition at 3541 c¢cm™!, which is indicative of a
water—water hydrogen bond. The transitions at 3617, 3703, and
3739 cm™! can be assigned to the remaining three O—H
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Figure 9. (A) FDIR spectrum of 2FPHA —(H,0), (band-4) presented
along with the simulated vibrational spectrum of the A2FW2 complex.
(B) FDIR spectrum of 2FPHA—(H,0), (band-5) presented along with
the simulated vibrational spectrum of the B2ZFW2 complex.

oscillators, while the band at 3688 cm™! can be assigned to a
combination band on the basis of the comparison between the
observed and the calculated spectra (vide infra). The appearance
of an O—H stretching transition at 3739 cm™! implies that the
hydrogen bonding in one of the water molecules is either
extremely weak or nonexistent.

B. Structures. To begin, water complexes of 4FPHA and
2FPHA were optimized starting from the corresponding
PHA—H,0 complexes. Further, several initial structures were
generated by randomly placing the water molecule in the vicinity
of the fluorine followed by geometry optimization. The MP2/
aug-cc-pVDZ level calculations gave four minima on the
potential energy hypersurface of 4FPHA—H,0; these structures
are depicted in Figure 10. Table 1 lists the ZPE- and BSSE-
corrected stabilization energies. The first structure (A4FW) is
a C—H-++-O “0” hydrogen-bonded complex, wherein the lone
pair on water acts as a hydrogen bond acceptor to the terminal
acetylenic C—H group of 4FPHA, the structure of which is
similar to the acetylene—water complex.'® The ZPE- and 50%
BSSE-corrected stabilization energy of this complex is 13.4 kJ
mol . In the second structure (B4FW) the O—H group of water
molecule interacts with the s electron density of the benzene
ring, leading to the formation of an O—H+++ s hydrogen-bonded
complex, similar to the benzene—water complex.!” The stabi-
lization energy of B4FW is 13.8 kJ mol ™. In the third structure
(C4FW), both 4FPHA and water molecules act as donor and
acceptor, leading to the formation of a quasi-planar cyclic
complex. In this case, one of the O—H groups of water molecule
is hydrogen-bonded to the 7t electron density of acetylenic C—C
triple bond and the C—H group of the benzene ring in the ortho
position is hydrogen-bonded to the oxygen atom of the water
moiety. The structure of this complex is similar to that of the
PHA—water complex and has the stabilization energy of 17.2
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Figure 10. Structures of 4FPHA—H,0 complexes calculated at the
MP2/aug-cc-pVDZ level. Distances are given in angstroms, and the
50% BSSE-corrected stabilization energies (kJ mol™') are shown in
parentheses.

TABLE 1: ZPVE-Corrected Stabilization Energies (kJ
mol ) for the Water Complexes of 4FPHA and 2FPHA
Calculated at the MP2/aug-cc-pVDZ Level of Theory

AE* AE* AE°
A4FW 15.7 13.4 11.1
B4FW 18.5 13.8 9.1
C4FW 20.5 17.2 13.9
D4FW 18.8 16.1 13.4
A2FW 16.0 13.7 11.4
B2FW 19.3 14.4 10.4
C2FW 20.3 17.0 13.7
D2FW 19.1 16.5 13.8
E2FW 19.6 16.2 12.7

“No BSSE correction. *50% BSSE correction. ¢ 100% BSSE
correction.

TABLE 2: Scaled Vibrational Frequencies and Their Shifts
for 4FPHA—H,0 Complexes Calculated at the MP2/
aug-cc-pVDZ Level of Theory*

VYcH A’VCH 41 V3 AV] AV} ZAv
4FPHA 3331 (79)
H,O 3642 (4) 3771 (67)
A4FW 3270 (343) —61 3639(11) 3766 (80) —3 —5 -8
B4FW 3329 (81) —2  3616(53) 3742(122) —26 —29 —55
C4FW 3324 (90) =7 3586(93) 3734(140) —56 —37 —93
D4FW 3331 (80) 0 3621(29) 3754(126) —21 —17 —38

@ The calculated intensities (km mol™!) are shown in parentheses.

kJ mol™!.* The last structure (D4FW) comprises C—H+++O and
C—H-++F hydrogen bonds, leading to formation of a six-
membered cyclic complex, similar to the fluorobenzene—water
and fluorostyrene—water complexes.'®!* The D4FW complex
has a stabilization energy of 16.1 kJ mol~!. Surprisingly, the
A4FW and B4FW complexes have lower stability in compari-
son with the two in-plane complexes, C4FW and D4FW with
cyclic structures, with C4FW being the global minimum.
Further, the C—H and O—H stretching vibrational frequencies
of 4FPHA, H,0, and various 4FPHA—H,0 complexes were
also examined, and the values are listed in Table 2 along with
their shifts.

A total of five stable minima were found for the 2FPHA—H,O
system, the structures of which are shown in Figure 11, and
their stabilization energies are also listed in Table 1. The first
four structures A2FW—D2FW have intermolecular structures
similar to those of the corresponding 4FPHA—H,0 complexes.
The stabilization energies of 2FPHA—H,O complexes are
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Figure 11. Structures of 2FPHA—H,0 complexes calculated at the
MP2/aug-cc-pVDZ level. Distances are given in angstroms, and the
50% BSSE-corrected stabilization energies (kJ mol™') are shown in
parentheses.

TABLE 3: Scaled Vibrational Frequencies and Their Shifts
for 2FPHA —H,0 Complexes Calculated at the MP2/
aug-cc-pVDZ Level of Theory*

VYcH A’VCH 31 V3 AV] A’V} ZAv
2FPHA 3332 (77)
H,O 3642 (4) 3771 (67)
A2FW 3261 (358) —71 3637(12) 3762 (719) —5 —9 —l4
B2FW 3330 (80) —2  3615(49) 3737 (85) —27 —34 —o6l
C2FW 3326 (87) —6  3588(91) 3736(143) —54 —35 —8&9
D2FW 3332 (78) 0 3621(33) 3754(126) —21 —17 —38
E2FW 3327 (88) -5 3621(53) 3734 (53) —21 —37 —58

@ The calculated intensities (km mol™') are shown in parentheses.

marginally (about 0.3—0.6 kJ mol ') higher than those of the
corresponding 4FPHA —H,0O complexes, with the exception of
C2FW, which is about 0.2 kJ mol~! lower than the correspond-
ing C4FW complex. This lowering can be attributed to the
proximity of the fluorine to the acetylene moiety. The fifth
2FPHA—H,0 complex (E2FW) has a unique structure, wherein
the water molecule forms a double-donor hydrogen-bonded
structure. In E2FW, the two O—H groups of water molecule
are hydrogen-bonded to fluorine atom and s electron density
of C—C triple bond. This structure is a consequence of spatial
proximity of the two functional groups. The stabilization energy
of E2FW is 16.2 kJ mol ™!, marginally lower than that of C2FW
and D2FW, but higher than that of A2FW and B2FW. Table
3 lists the calculated and scaled C—H and O—H stretching
vibrational frequencies of 2FPHA and its water complexes along
with their shifts.

Because of limitations in our computational resources, we
calculated the structures of 2FPHA—(H,0), complexes using
the DFT-MPW3LYP/aug-cc-pVDZ level of theory. To set the
confidence limit for this level of theory, we recalculated all the
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Figure 12. Structures of 2FPHA—(H,0), complexes calculated at the
MPW3LYP/aug-cc-pVDZ level. Distances are given in angstroms, and
the 50% BSSE-corrected stabilization energies (kJ mol™!) are shown
in parentheses.

structures and vibrational frequencies of 4FPHA—H,0O and
2FPHA—H,0 complexes. The results are presented and dis-
cussed in the Supporting Information. With the exception of
O—H-+++zr hydrogen-bonded complexes, wherein the O—H
group of water molecule interacts with the 7t electron density,
the stabilization energies calculated using the MPW3LYP/aug-
cc-pVDZ level are comparable to those calculated using the
MP2/aug-cc-pVDZ level of theory. For the complexes involving
O—H- -+ interaction, the MPW3LYP/aug-cc-pVDZ level grossly
underestimates the stabilization energies relative to the MP2/
aug-cc-pVDZ level. This can be attributed to the large contribu-
tion of dispersion interaction to the stabilization energy. The
FDIR spectra of 2FPHA—(H,0), complexes in the acetylenic
C—H stretching region show substantial shifts to a lower
frequency in the acetylenic C—H stretching vibration (Figure
8), which clearly indicates that these complexes involve
hydrogen bonding between the acetylenic C—H group and
oxygen atom on the water molecule. For this mode of interac-
tion, calculations using the MPW3LYP/aug-cc-pVDZ level of
theory yield stabilization energies comparable to those of the
MP2/aug-cc-pVDZ level of theory. A large number of structural
isomers can be expected for 2FPHA —(H,0), complexes. The
FDIR spectra of both the 2FPHA—(H,0), complexes (bands
“4” and “5”) indicate the presence of linear C—H-+++O hydrogen
bonding along with the H,O—H,O interaction. Starting with the
A2FW structure, a second water molecule was added in various
orientations and several initial structures were generated. The
initial structures were then optimized using the MPW3LYP/
aug-cc-pVDZ level of theory followed by vibrational frequency
calculation. These optimization calculations converged onto two
different minima; these structures are depicted in Figure 12.
The stabilization energies are listed in Table 4, and the vibration
frequencies along with their shifts are listed in Table 5. The
first structure (A2FW2) is a cyclic complex incorporating four
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TABLE 4: ZPVE-Corrected Stabilization Energies (kJ
mol ) for the 2FPHA —(H,0), Complexes Calculated at the
MPW3LYP/aug-cc-pVDZ Level of Theory

AE* AEb AE*
A2FW2 51.7 49.9 48.0
B2FW2 33.7 31.9 30.2

“No BSSE correction. *50% BSSE correction. ¢ 100% BSSE
correction.

hydrogen bonds with stabilization energy of 49.9 kJ mol™!. In
A2FW?2, the first water molecule apart from being a hydrogen
bond acceptor to the acetylenic C—H group also acts as a
hydrogen bond donor to the second water molecule. The second
water molecule acts as hydrogen bond acceptor for the first water
molecule. Additionally, one of the O—H groups of the second
water molecule forms a bifurcated hydrogen bond with fluorine
atom and 7t electron density of acetylenic C—C triple bond.?
The structural motif of this complex is quite common and has
been observed in several instances.?’ The second complex
(B2FW?2) has an unusual structure in which one water molecule
adapts a double-acceptor structure forming hydrogen bonds with
the acetylenic C—H group and O—H group second water
molecule. With only two hydrogen bonds the stabilization
energy of B2FW2 is 31.9 kJ mol™!, substantially lower than
that of A2FW2.

4. Discussion

A. Structural Assignment. The vibrational spectra in the
O—H stretching region were simulated for all the calculated
complexes by convoluting a Lorentzian function of width
(fwhm) 2 cm™!. The agreement between the simulated and
observed vibrational frequencies served as a benchmark for the
structural assignment of various complexes. In the case of the
water monomer, the experimentally observed two O—H stretch-
ing frequencies of the water molecule are at 3657 and 3756
cm™!, corresponding to symmetric (v;) and antisymmetric (v3)
stretching vibrations, respectively. In the event of hydrogen bond
formation to one of the O—H groups of the water moiety, the
two frequencies will now correspond to the hydrogen-bonded
and free O—H stretching vibrations. Though only one of the
O—H groups is involved in hydrogen bond formation, both
stretching frequencies are lowered because of partial decoupling
of the two O—H oscillators. The vibrational frequencies
corresponding to the hydrogen-bonded and free O—H stretching
vibrations are lower than those of the symmetric and antisym-
metric stretching vibrations, respectively. Since both O—H
stretching frequencies are lowered because of hydrogen bond
formation, we used the total shift in the O—H stretching
frequencies [Z(Av) = (Av, + Av3)] as a tool to assign the
intermolecular structures. "

The FDIR spectrum of 4FPHA in the acetylenic C—H
stretching region, depicted in Figure 2A, is very similar to that
observed for PHA and shows three prominent bands at 3323,
3332, and 3347 cm™'.*"" Even in the case of PHA, three
prominent transitions were observed at 3318, 3325, and 3343
cm™!, of which the two higher energy transitions were assigned
to be originating out of Fermi resonance between the acetylenic
C—H oscillator with one quantum of C=C stretch and two
quanta of C—H out-of-plane bend, while the other weaker bands
were assigned to the transitions arising out of higher order
coupling terms.!! We had earlier reported deperturbation analysis
for PHA using a two-state Fermi resonance model for the two
strong transitions observed at 3325 and 3347 cm™'.*® However,
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TABLE 5: Scaled Vibrational Frequencies and Their Shifts for 2FPHA —(H,0), Complexes Calculated at the MPW3LYP/

aug-cc-pVDZ Level of Theory*

VcH Aven Vi V2 V3 V4
2FPHA 3351 (100)
H,O 3654 (4) 3760 (62)
A2FW2 3255 (323) —96 3458 (410) 3602 (157) 3728 (136) 3729 (78)
B2FW2 3295 (350) —56 3564 (247) 3647 (22) 3727 (81) 3747 (92)

@ The calculated intensities (km mol~!) are shown in parentheses.

in view of the observed complexity of the FDIR spectrum of
4FPHA, the two-state Fermi resonance model may not be
completely appropriate. Since the primary goal of this work is
to elucidate the structures of the water complexes on the basis
of spectral signatures observed in the IR spectra, we used a
relatively simple weighted-average model to analyze the IR
spectra in the acetylenic C—H stretching region.? In the case
of 4FPHA, the three transitions at 3323, 3332, and 3347 cm ™!,
with relative intensities of 0.41, 0.63, and 1.0, respectively, give
raise to centroid at 3338 cm™!. Therefore, the unperturbed
acetylenic C—H oscillator can be tentatively assigned to be
occurring at 3338 cm™!. The uncertainty in the band positions
was less than 1 cm™!, while the uncertainty in the band
intensities was about 9—12%. We carried out the weighted
average for several spectra, and the position of the centroid was
found to be within 1 cm™'. The FDIR spectrum of 4FPHA—H,0
complex, shown in Figure 2B, consists of two transitions at 3315
and 3339 cm™!. The change in the appearance of this spectrum
is indicative of changes in the Fermi resonance coupling in
4FPHA upon interaction with water. It is interesting to note
that the FDIR spectrum of the 4FPHA—H,O complex once again
very is similar to the corresponding spectrum of the PHA—H,0
complex.* The centroid of the two transitions observed in the
4FPHA—H,0 complex can be estimated to be at 3332 cm™.
This indicates that the acetylenic C—H stretching vibration of
4FPHA shifts by 6 cm™! to a lower frequency upon interaction
with H,O. Since the appearance of Fermi resonance bands in
4FPHA involves C=C and C—H oscillators, any perturbation
of these two oscillators will lead to changes in the characteristics
of the IR spectrum in the acetylenic C—H stretching region.
Out of the four possible structures of the 4FPHA—H,0 complex,
only two structures (A4FW and C4FW) incorporate the
interaction between the water molecule and C=C and/or C—H
oscillators. However, the vibrational frequency calculations for
the A4FW structure predict that the acetylenic C—H stretching
vibration shifts by 61 cm™! to a lower frequency because of
the presence of C—H*++O hydrogen-bonded interaction (Table
2), which is much larger in comparison with the experimentally
observed shift of 6 cm™!. Hence, this structure can be ruled
out. Further, the calculated shift of 7 cm™! in the C—H stretching
frequency for the C4FW structure is in very good agreement
with the experimentally estimated shift of 6 cm™!. The FDIR
spectrum of the 4FPHA—H,0 complex in the O—H stretching
region is presented in Figure 3 along with the simulated spectra
for various isomers of the 4FPHA—H,0 complex, and Table 2
lists all the vibrational frequencies along with their shifts. At
first glance, it appears that the calculated spectra of the B4FW,
C4FW, and D4FW structures are in reasonable agreement with
the experimental spectrum. However, a closer inspection reveals
that the simulated spectrum corresponding to C4FW matches
well in terms of both band positions and intensities. Further,
the two transitions in the FDIR spectrum appear at 3614 and
3704 cm™!, representing a total shift in the O—H stretching
frequencies [Z(Av)] of 95 cm™!. From Table 2, it can be seen
that the C4FW structure shows X(Av) = 93 cm™!, which is in

excellent agreement with the experimental value. Additionally
the C4FW structure is the global minimum for the 4FPHA—H,0
complex. Thus, the IR spectra in the acetylenic C—H stretching
region and in the O—H stretching region and the stabilization
energy clearly favor the formation of a quasi-planar cyclic
complex C4FW, which is characterized by the presence of
hydrogen bonding between the O—H group of water molecule
with the 7 electron density of acetylenic C—C triple bond along
with the hydrogen bond between the C—H group of benzene
ring in the ortho position with the oxygen of the water moiety.
The intermolecular structure of the 4FPHA—H,0 complex is
similar to that of the PHA—H,0 complex.*

The FDIR spectrum of 2FPHA in the C—H stretching region,
shown in Figure 5A, surprisingly is dominated by single intense
transition at 3334 cm™!, suggesting the weakening of the Fermi
resonance coupling relative to PHA and 4FPHA. Therefore, the
intense transition is assigned to the acetylenic C—H stretching
vibration. Surprisingly, both the 2FPHA—H,O complexes,
depicted in Figure 5B, C, show a marked increase in the Fermi
resonance coupling. This behavior is a reversal to that observed
in the case of PHA and 4FPHA, wherein interaction with water
leads to diminishing of Fermi resonance coupling. The centroid
of the three observed transitions in both the 2FPHA—H,0
complexes can be estimated to be at ~3330 cm™!, thereby
shifting the C—H stretching vibration by —4 cm™!, relative to
the bare 2FPHA. As discussed earlier, in phenylacetylenes the
appearance of Fermi resonance bands in the acetylenic C—H
stretching region is due to the coupling of the C—H and C=C
oscillators. In the case of 2FPHA—H,0 complexes, the strength-
ening of Fermi resonance coupling, relative to bare 2FPHA,
can be interpreted as the interaction of water molecule with the
acetylenic moiety of 2FPHA. The structures of various
2FPHA—H,0 complexes are shown in Figure 11, and the two
complexes C2FW and E2FW account for such an interaction.
Figure 6 shows the comparison between the experimental and
the simulated spectra of 2FPHA—H,0O complexes in the O—H
stretching region. The FDIR spectrum of band-2 (Figure 6A)
shows two transitions at 3618 and 3705 cm ™!, which is almost
identical to the FDIR spectrum of the 4FPHA—H,0 complex
shown in Figure 3, with minor changes in peak positions. The
experimentally observed Z(Av) of 90 cm™' is in excellent
agreement with the calculated value of 89 cm™! for the C2FW
structure. Further, with C2FW being the global minimum, the
band-2 can be unambiguously assigned to this structure. The
FDIR spectrum of band-3 (Figure 6B) shows two transitions in
the O—H stretching region at 3636 and 3710 cm™!, with an
effective Z(Av) of 67 cm™!. The comparison of calculated and
experimental 2(Av) values (Table 3) suggests that B2FW and
E2FW are two possible structures. On the other hand, com-
parison of stabilization energies (Table 1) suggests that D2FW
and E2FW are the two possible structures. However, the
simulated spectrum of E2FW is in excellent agreement with
the experimental spectrum in terms of both band positions and
intensities. Moreover, from the FDIR spectrum of band-3 in
the acetylenic C—H stretching region (Figure 5C), it is very
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clear that water molecule interacts with the acetylenic moiety
of 2FPHA, which is present only in E2FW. Therefore, band-3
can be unambiguously assigned to the E2FW structure.

The bands “4” and “5” observed in the fluorescence excitation
spectrum of 2FPHA (Figure 1B) show a large shift in the
acetylenic C—H stretching frequency of 139 and 72 ¢cm™!,
respectively, relative to bare 2FPHA. This implies, in a
straightforward manner, that these two complexes incorporate
C—H-+--0 hydrogen bonding, through the interaction of oxygen
atom on one of the water molecule with the acetylenic C—H
group. Comparison of experimental and simulated spectra for
the two 2FPHA—(H,0), complexes in the O—H stretching
region is presented in Figure 9. In both cases, the agreement
between the calculated and the experimental spectra is reason-
able.'* Hence, the structures of the two observed 2FPHA—H,0
complexes were assigned to A2FW2 (band-4) and B2FW2
(band-5), respectively. Further, the appearance of 3739 cm™!
in the O—H stretching region of band-5 (Figure 9B) supports
the assignment of band-5 to the B2FW2 structure, since this
transition can be assigned to the antisymmetric stretching
vibration of the double-acceptor water moiety.?? It must be
pointed out here that the MPW3LYP/aug-cc-PVDZ calculations,
for both the 2FPHA—(H,0), complexes, underestimate the
C—H-+-0 and H,O—H,O0 interactions.

B. Structural Implications. The structures of water com-
plexes of 4FPHA and 2FPHA are very similar to that of the
PHA—H,0 complex,* wherein one of the O—H groups of water
molecule interacts with the C—C triple bond of acetylenic
moiety, resulting in formation of an O—H-+s hydrogen bond.
This 7 hydrogen bond is reinforced by the C—H+*« <O hydrogen
bonding between the C—H group of benzene in the ortho
position and the oxygen of water molecule. Interestingly, unlike
benzene—fluorobenzene and styrene—fluorostyrene pairs,'®!
substitution of fluorine atom on PHA does not lead to change
structure. If we consider the energy contribution due to the
interaction of oxygen atom of the water moiety with the C—H
group of benzene ring in the ortho position to be very similar
in the C4FW and D4FW (and also in C2FW and D2FW)
structures, then in the case of fluorophenylacetylenes the
experimental observed water complexes clearly indicate that
formation of O—H-**+x (7 electron density of acetylenic C—C
triple bond) hydrogen bond is favored over the formation of
O—H-**F hydrogen bonding. This implies that the present
finding conflicts with the Legon—Millen rules, since formation
of a o hydrogen bond is preferred over a ¢ hydrogen bond.?
Further, it was also found that substitution of fluorine on benzene
ring enhances the binding of water. The experimental Z(Av)
values for the O—H stretching vibrations in the water complexes
of PHA, 4FPHA, and 2FPHA complexes are 60, 95, and 90
cm™!, respectively. These values are consistent with the
calculated stabilization energies of 11.3, 17.3, and 17.0 kJ mol ™
for the corresponding complexes. This is indeed surprising as
both the total shift in the O—H stretching frequencies and the
binding energies for the fluorinated PHAs are about one-and-
a-half times that of the unsubstituted PHA. These results are in
contrast to benzene—fluorobenzene and styrene—fluorostyrene
complexes, wherein the difference in the binding energy of water
to the unsubstituted and fluorinated molecule is only marginal >'$!°
The present experimental and theoretical results clearly indicate
that substitution of fluorine atom reinforces the binding of water
molecule to the 7t electron density of the acetylenic C—C triple
bond instead of switching.

An interesting observation can be made for the shifts in the
electronic transitions for the 4FPHA—H,0 (C4FW) and
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2FPHA—H,O (C2FW) complexes. In the case of the
4FPHA—H,0 complex, the electronic transition shift is by +177
cm™!, while the corresponding value for the 2FPHA—H,0
complex is —8 cm~!. These two water complexes show
markedly different behavior in their electronic shifts even though
their intermolecular structures are almost identical. Similar
observations were made for the complexes of phenol with formic
acid and acetic acid. Even though the intermolecular structures
of both the complexes are almost identical, the electronic
transitions of the phenol—formic acid complexes shift to the
blue, while the corresponding transitions for the phenol—acetic
acid complexes shift to the red.?* Similarly, in the case of
dihydrogen-bonded complexes of phenol with borane—dimethylamine
and borane—trimethylamine the shifts in the electronic transi-
tions do not directly correlate with the shifts in the O—H
stretching frequencies of phenol and the resulting intermolecular
structures.”® These results clearly indicate that comparison of
shifts in the electronic transitions of complexes involving two
different chromophoric molecules may not be a good spectro-
scopic tool to deduce the similarities/dissimilarities in the
intermolecular structures.

The second 2FPHA —H,0 complex (E2FW) has the double-
donor structure, in which both the O—H groups of water act as
hydrogen bond donors to fluorine atom and acetylene C—C triple
bond. The existence of double-donor water molecules has been
reported in large water clusters, which include (H,0)s, (H,0)7,
and K*(C4Hg),(H,0), complexes.?>*’” However, in smaller
clusters such observations are extremely sparse. This, however,
is a possibility when two hydrogen bond accepting functional-
ities lie in the proximity and 2FPHA provides the opportunity
for the water molecule to interact in a double-donor fashion.

The proximity of the two functional groups also plays a
guiding role in the formation of the two observed
2FPHA—(H,0), complexes. A network of hydrogen bonds that
bridges a donor site with an acceptor site, within a molecule,
using more than one water molecules is a well-established
binding motif. The structure A2FW2 incorporates the recogniz-
able binding motif adopted by bridging water molecules.?' On
the other hand, the B2FW?2 structure is rather unique in which
one of the water molecule acts as a double-acceptor. The
existence of a double-acceptor water moiety has been reported
in large water cluster anions,?® but in smaller water clusters
appearance of a double-acceptor is almost nonexistent. There-
fore, it is rather surprising to observe the double-acceptor
B2FW?2 structure, even though its stabilization energy is about
18 kJ mol ! higher in energy than that of the A2FW2 structure.
With the much lower binding energy, the B2ZFW?2 is expected
to be thermodynamically unfavorable over A2FW2, and at
temperatures lower than 300 K, the population of B2FW2
should be negligibly low. However, the observed intensity of
the electronic transition corresponding to the B2ZFW2 structure
(band-5) in the fluorescence excitation spectrum (Figure 1B) is
much higher than the transition corresponding to the A2FW2
structure (band-4). The B2FW2 structure is a stable minimum
and forms during the initial phase of supersonic expansion.
However, if the barrier for its interconversion to the most stable
minimum A2FW?2 is sufficiently high then the 2FPHA—(H,0),
complex is trapped in the higher energy minimum, which in
the present case is B2FW2.?° The observation of higher-energy
B2FW2 in the present experimental conditions can therefore
be attributed to the kinetic trapping.

Conclusions

We investigated water complexes of 4FPHA and 2FPHA
using IR-UV double resonance spectroscopic technique. The
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band origin transitions for the S| < S electronic excitation of
4FPHA and 2FPHA occur at 35 601 and 35 588 cm ™!, respec-
tively. The interaction of water with 4FPHA and 2PHA is very
similar to that with PHA, which incorporates O—H«++7 and
C—H-++0 interactions leading to the formation of a quasi-planar
cyclic complex. The shifts in the O—H stretching frequencies
and the stabilization energies point out that the binding of water
to 4FPHA and 2FPHA is about 1.5 times stronger in comparison
with that of PHA, even though the intermolecular structures
are very similar. In the case of phenylacetylene, substitution of
fluorine reinforces the interaction of water to the acetylenic C—C
triple bond instead of switching to the fluorine site. Additionally,
a second 2FPHA—H,0 complex was found, wherein the water
forms a double-donor structure with the two O—H groups
hydrogen-bonded to the 7 electron density of the C—C triple
bond and the fluorine atom. This structure is a consequence of
proximity of two acceptor functional groups. Two
2FPHA—(H,0), complexes were also observed, both of which
incorporate C—H+++O hydrogen bonding involving a terminal
acetylenic C—H group. The global minimum for the
2FPHA—(H,0), complex is a structure in which a linear water
dimer bridges the hydrogen bond donor and acceptor sites within
2FPHA. The second 2FPHA—(H,0), complex possesses an
unusual structure with one of the water molecule acting as a
double-acceptor. The appearance of this structure in our
experiments is most likely due to the kinetic trapping.
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