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Structure of the Phenylacetylene-Water Complex as Revealed by Infrared-Ultraviolet
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The structure of the phenylacetyleneater complex has been elucidated based on spectral shifts in electronic
and vibrational transitions. Phenylacetylene forms a cyclic complex with water incorporatihig- @ and

O—H---r hydrogen bonds, which is different from both the benzemater and acetylerewater complexes,

even though phenylacetylene combines the features of both benzene and acetylene. Formation of such a
complex can be rationalized on the basis of cooperativity between the two sets of hydrogen bonds.

Introduction of the fluorescence signal. In our experiments the source of
tunable IR light is an idler component of a LiNBGDPO
f (Custom IR OPO; Euroscan Instruments) pumped with an
injection-seeded Nd:YAG laser (Briliant-B; Quantel)The
typical energies used were about 100pulse for the UV laser
and about 2 mJ/pulse for the IR laser and the bandwidth of
both the UV and IR lasers is about 1 th Typically 50%
depletion was observed for € stretching vibration of
phenylacetylene, while 8890% depletion was observed for
both C-H and O-H vibrations of the complex.

It is now well-established that water interacts with the
electron density of the benzene ring resulting in formation o
O—H---7 hydrogen bond,whereas the acetylersvater com-
plex is characterized by a linear-&i---O hydrogen bond.This
implies that the role of water is reversed from donor to acceptor
when the hydrogen-bonding partner is switched from benzene
to acetylene. In the light of these observations, an interesting
question arose: How would water interact with phenylacetylene,
which incorporates features of both benzene and acetylene. In
other words, the question that we address is whether water
prefers to be a donor (similar to benzerveater) or an acceptor
(similar to acetylenewater) when made to interact with Figure 1A shows the fluorescence excitation spectrum of
phenylacetylene. We report here the vibrational spectroscopicphenylacetylene, and the intense peak at 35 876 cmarked
evidence for determination of the structure of the phenylacety- with asterisk, corresponds to band origin of the S &
lene-water complex using IR-UV double-resonance spectros- transition, which is in good agreement with the value reported

Results and Discussion

copy3 in the literatureé® Figure 1B shows the fluorescence excitation
spectrum in the presence of water and the transition at 35 890
Experiment cm, marked with “4” is due to the complex. This transition

The details of the experimental setup have been described'S Présent even without addition of water, presumably due to
elsewherd. Briefly, helium buffer gas at 4 atm is bubbled residual water in the gas lines; however, it gains intensity upon
through a mixture of phenylacetylene (Aldrich) and water kept add't'?n qf Wzt.?tr.dTge bandﬁgrlglnhof Slhenylalce.tylemw:)er
at room temperature and expanded through a 0.5 mm diametercﬁmp lex IS IS Itted by ldc _LO; € biue, crje ;l& to bare
pulsed nozzle (Series 9, lota One; General Valve Corporation). Phenylacetylene, consistent with the reported vat{eompari-

The electronic excitation of phenylacetylene and its water cluster son With the pgnzgﬁe/\{ater complex, for which the ga
was achieved using a frequency-doubled output of a tunable electron[c transition is shifted to the blue by 50 ¢ suggests
dye laser (Narrow Scan GR; Radiant Dyes; Coumarin-540A dye) that_, unhke_the b_enzenfwater complex,_ the water may be not
pumped with third harmonic of a Nd:YAG laser (Surelite 1-10; be interacting with ther electron density of benzene ring in
Continuum). The fluorescence excitation spectra were recordedpherr:ylacetylene. ¢ ohenvl | d phenvi

by monitoring the total fluorescence with a photomultiplier tube The FDIR spectra of phenylacetylene and phenylacetylene

(9780SBF1252-5F; Electron Tubes Limited) and a filter (WG- water were recorded by monitoring the fluorescence following
320) combination While scanning the UV laser frequency. The excitation at their corresponding band origin transitions at 35 876
IR spectra were obtained using the fluorescence dip infrared and 35890 cm’, respectively, and scanning the IR laser

(FDIR) spectroscopic method. In this method, the population frequency. Figure ZA depicts the FDIR spectrum of bare
of a target species is monitored by fluorescence intensity phgny:]acetylen_e, Wh'ﬁh shows several transitions. Stems and
following its electronic excitation to the;S— S, origin band Zwier have assigned the two strong transitions at 3325 and 3343

1 : )
with a UV laser pulse. A tunable IR laser pulse is introduced grg to the I;erm| rest())'nan.ce bafnds between thd;lésct:retchmg
100 ns prior to the UV laser pulse. When the IR frequency is V' (;atlon and a C?m Ination o fonle qugnttijm q ;tretc K
resonant with the vibrational transition of the target species, 21d o quanta of €C—H out-of-plane bend and other wea

the ground-state population decreases, resulting in the depletio €atures to the transitions arising out of higher order coupling
terms? Surprisingly, the FDIR spectrum of phenylacetylene

*To whom correspondence should be addressed. E-mail: naresh@Water, depicted in Figure 2B, has a single transition at 3331
chem.iitb.ac.in. cm~L. From this spectrum one can infer that addition of a water
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Figure 1. Fluorescence excitation spectrum of (A) phenylacetylene
and (B) phenylacetylene in the presence of water. In both the traces
the peaks marked with “*” and+" are band-origin transitions for
phenylacetylene and phenylacetyletveater, respectively.
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Figure 2. FDIR spectrum of (A) phenylacetylene and (B) pheny-

lacetylene-water in the acetylenic €H stretching region. In part A,
the arrow indicates the position of unperturbed ke oscillator.

molecule perturbs the Fermi resonance condition, leading to a
single transition, which can be assigned to the acetyleritiC
stretching vibration of the complex. The FDIR spectrum of
phenylacetylenewater complex in the ©H stretching region

is presented in Figure 3. This spectrum consists of a sharp
transition at 3724 cm' and relatively broad band at 3629 thn

In several hydrogen-bonded complexes involving water as the
hydrogen-bond donor, the free—M stretching vibration is
known to occur around 3725 crhand the hydrogen-bonded
O—H stretching to a further lower frequency depending upon
the strength of the hydrogen boh@omparison with the present
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Figure 3. FDIR spectrum of phenylacetylengvater in the G-H
stretching region. Also shown are the calculated vibrational (stick)
spectra for the complexes B (open bars) and C (solid bars) for
comparison.
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Figure 4. Calculated structures of phenylacetylemeater complexes

case leads to a straightforward assignment of the sharp transitiorft the MP2/aug-cc-pVDZ level. Distances are shown in angstroms.

at 3724 cm? and relatively broad band at 3629 chto free
and hydrogen-bonded €H stretching vibrations of water
molecule, respectively.

To elucidate the structure of phenylacetylemeater complex
we carried out ab initio calculations at MP2/aug-cc-pVDZ level
of theory using Gaussian 98These calculations converge on

to three different minima, structures of which are shown in
Figure 4. The first structure (A; Figure 4) is a—€i---O “0”
hydrogen-bonded complex with phenylacetylene acting as a
hydrogen bond donor to the water molecule, a structure similar
to the acetylenewater compleX The second structure (B;
Figure 4) is a G-H--- hydrogen-bonded complex, wherein
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TABLE 1: Binding Energies (kJ mol~1) and Scaled
Vibrational Frequencies (cn1) and Their Shifts for the

Three Phenylacetylene-Water Complexes Calculated at the
MP2/aug-cc-PVDZ Level of Theory

of the water moiety in complexes B and C are red-shifted.
However, the observed shift for both the—® vibrations is
marginally higher than the predicted for “B” and less than those
predicted for “C”. In the case of benzenwaterszr hydrogen-

AE  ven Avew vo-+ (S, @s) Avon bonded complex, Zwier and co-workers have observed at least
PHA 3335 six transitions in the ©&H stretching region which arise as a
water 3644 (s), 3772 (as) consequence of large-amplitude tumbling motion of water
A 87 3274 —61  3641(s),3769(as) —3,-3 moleculel® In the present case the FDIR spectrum in thetD
B 11.2 3333 -2 3621 (hb), 3744 () —23,—28 . . - C .
c 113 3328 -7 3587 (hb). 3735 (f) —57.—37 stretching region (Figure 3) shows two distinct transitions

corresponding to the hydrogen-bonded and the freeHO
vibrations, which implies that unlike the benzengater case
the water molecule is rigidly bound to phenylacetylene. The
cyclic complex, structure C, has the water molecule rigidly
bound to phenylacetylene with hydrogen-bonded and free O
the benzene ring of the phenylacetylene moiety acts as hydrogerH groups, and therefore is the probable structure. Further, the
bond acceptor, similar to the benzerveater compleX. Interest- interaction of G-H group with thex electron density of
ingly, the calculations also yield a third structure (C; Figure 4) acetylenic group perturbs the=& triple bond sufficiently to

in which both the phenylacetylene and water molecules act aseliminate the Fermi mixing, resulting in single transition in the
donor and acceptor leading the formation of a quasiplanar cyclic C—H stretching region (see Figure 2B). Additionally, as noted
complex. In this case the-€H of water molecule is hydrogen  earlier, a relatively small blue shift of 14 cthin the band origin
bonded to ther electron density of acetylenic=€C triple bond transition of the phenylacetylengvater complex in comparison
and the C-H group of benzene ring in the ortho position is  with the 50 cm! blue shift for the benzerewater complex
hydrogen bonded to oxygen of the water moiety. Table 1 lists suggests the water molecule may not be interacting with the
the zero point vibrational energy (ZPVE) and basis set super- benzene ringr electron density of phenylacetylene. On the other
position error (BSSE) corrected binding energies. According hand, interaction of the water-€H group with 7 electron

to Kim et al., 100% of BSSE correction often underestimates density of acetylenic €C triple bond in the plane of the
the interaction energy, and 50% correction is a good empirical molecule would minimally perturb the electronic transition

aFor the O-H vibrations “s”, “as”, “hb”, and “f” indicate symmetric,
antisymmetric, hydrogen-bonded, and free stretching frequencies,
respectively.

approximatiort® Therefore we report binding energies with 50%
BSSE correction. Though it is conceived that the acetylenic
O—H is fairly acidic in phenylacetylene, the-H:--:O “o”
hydrogen-bonded compleA] is least stable. On the other hand
both the G-H---r (B) and the cyclic (C) hydrogen-bonded
complexes have almost identical binding energies.

It has been long realized that the IR spectroscopy eHX
stretching vibrations, such as-®, N—H, and even €&H

leading to a smaller shift. Shifts in both the electronic and the

vibrational transitions thus provide overwhelming evidence for

assigning the cyclic structure, C, to the observed phenylacety-
lene—water complex.

The observed structure of the phenylacetytewater com-
plex, C, is similar to the structure of the benzonitrilwater
complex!4 Ishikawa et al. have reported the FDIR spectrum of
the benzonitrile-water complex, which shows two transitions

groups, is an important spectroscopic tool for the identification iy the O-H stretching region at 3614 and 3727 thncorre-

of hydrogen bonding” This is due to the fact that these groups sponding to the hydrogen-bonded and freelD vibrations,
being involved directly are very sensitive to hydrogen-bonded yegpectively:*2Comparison of the shifts in the-€H stretching
structures, and show a characteristic shift to a Iower_ frequencyfrequencies of the water complexes with phenylacetylene and
upon hydrogen bonding. On the basis of the shifts in the penzonitrile suggests that the stability of the phenylacetylene
vibrational transitions one can assign the possible intermolecularyater complex is lower than the benzonitril@ater complex.
structure of the complex. The calculated and scaled vibrational This is can be rationalized on the basis of lower proton affinity
frequencies of the two monomers (phenylacetylene and water) of HCc=CH (641.4 kJ mot?) in comparison with HEN (772.3

and the three complexes at MP2/aug-cc-pVDZ level are also kg mol2).15 It is interesting to note that the calculations predict
listed in Table 1, along with the frequency shifts. The scaling the binding energies of complexes B and C to be almost equal;
factor of 0.958 was chosen so as to match the experimentalpowever, only the cyclic complex, C, was observed experimen-

vibrational frequencies of the monomers and the same scalingtally. This can be rationalized as follows: The ab initio

factor was used for the complexes. For theydrogen-bonded
complex (A) the acetylenic €H stretching vibration shows a
substantial shift of 61 cri to a lower frequency. On the other
hand for ther hydrogen-bonded (B) and cyclic (C) complexes
the corresponding shift is marginal. From Figure 2 the frequency
corresponding to the unperturbed acetylenieHCgroup can

be estimated as 3334 ci?13which implies that the shift in
the acetylenic €H stretching vibration of phenylacetylene upon
interaction with water is-3 cnrX. On the basis of very small
shift in the acetylenic €H stretching vibration the ¢”

calculations yield two minima for the benzenwater and
acetylene-water complexes. The -©H---z hydrogen-bonded
benzene-water and €-H---O hydrogen-bonded acetylene
water complex are the global minima and are observed
experimentally:? Additionally, higher-energy local minima
consisting of a &H---O hydrogen-bonded benzenwater
complex and a ©H--- hydrogen-bonded complex in the case
of acetylene-water system are also predicted by ab initio
calculations. The two higher-energy local minima of benzene
water and acetylerewater complexes cooperatively combine

hydrogen-bonded complex (A) can be ruled out as the possibletg stapilize the cyclic phenylacetylerevater complex.

structure.

Figure 3 also shows the comparison between the experimental~ g ~jusions

and calculated (stick) vibrational spectrum in the-B stretch-
ing region. It appears that the vibrational frequencies ofithe

In summary, a very small shift of14 cnmtin the electronic

hydrogen-bonded complex (B) and the intensities of the cyclic transition implies that the water does not perturb the benzene
complex (C) are in agreement with the experimental spectrum. sz system, significantly. The disappearance of the Fermi
The calculations predict that the-€H stretching frequencies  resonance transition in the acetylenie-B stretching region
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with a very marginal shift of—3 cni?, implies that water 1993 215 347. (e) Fuijii, A.; Patwari, G. N.; Ebata, T.; Mikami, Mt. J.

; ; ; ; Mass. Spectronm2002 220, 289.
interacts with ther electron density of the £C triple bond. (4) Singh, P. C. Patwari, G. NChem. Phys2008.

The IR spectra in the ©H stretching region clearly indicate (5) The IR OPO was calibrated by measuring the photo-acoustic
the presence of free and hydrogen-bondeeHgroups. These  spectrum of ambient water vapor. The absolute frequency calibration is

spectral features clearly establish the formation of cyclic Withég)ié)c%lg G. W So, S. RJ. Mol. Spectrosc1071, 37, 543, (b)
complex between phenylacetylene and water. The structure ofDaO’ P-D.: Morg’an;S.;"Cast'len'qan"A. W.. Chem. Phys. Letl984 111

this complex neither resembles benzene-water nor acetylene=s,
water complexes, even though phenylacetylene combines the (7) Steamns, J. A.; Zwier, T. Sl. Phys. Chem. 2003 107, 10717.

features of benzene and acetylene. Formation of such a structur%3g§8)(b()al): rhg:ttssdﬁ'-iigggﬂgg{é; '\lﬂiké‘mk r’;'r']gtgﬁmc' 'j{‘_yglfhﬁg plpj"e%b ach

can be rationalized on the basis of cooperative interaction p: zwier, T. S.; Jordan, K. DJ. Chem. PhysL996 105, 2605.
between G-H---O and G-H---w hydrogen bonds. (9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
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Arunan and COW(l)rke(;S C.O”g”.“ ﬂ;]? StrUCtkure of the phenylacetyl M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
ene-water complex derived In this work. Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
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