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Shifts in the electronic transitions for the complexes of phenylacetylene with ammonia, methylamine, and
triethylamine clearly indicate the variation in the intermolecular structures of the three complexes. The infrared
spectrum of phenylacetylene in the acetylenic C-H stretching region shows Fermi resonance bands, which
act as a sensitive tool to probe the intermolecular structures. The IR-UV double resonance spectra of the
three complexes are disparate and signify the formation of distinct structures. The formation of C–H · · ·N
hydrogen-bonded complex with ammonia and two distinct types of π complexes with methylamine and
triethylamine can be inferred from the analysis of electronic and vibrational spectra in combination with ab
initio calculations. These complexes clearly point out the fact that marginal changes in the interacting partner
can significantly alter the intermolecular structure.

Introduction

Phenylacetylene is an interesting molecule to investigate
competitive hydrogen bonding as it has two hydrogen bond
acceptor groups in the form of π electron densities of the
benzene ring and an acetylenic C≡C bond. On the other hand,
the relatively acidic acetylenic C-H group can also act as a
hydrogen bond donor. It is now well-established that in the case
of the benzene-ammonia complex the N-H group of ammonia
interacts with π electron density of the benzene ring, resulting
in the formation of a N–H · · · ·π hydrogen bond,1 whereas the
acetylene-ammonia complex is characterized by a linear
C–H · · · ·N “σ” hydrogen bond.2 The structure of the phenyl-
acetylene-ammonia complex will be an outcome of the balance
of energies between the two sets of interactions. Castleman’s
group has reported the REMPI and ion-dip spectra of the phenyl-
acetylene-ammonia complex.3,4 On the basis of the shift in the
origin band of the complex in the REMPI spectrum and in
comparison with complexes of ammonia with benzene5 and
phenol,6 it was proposed that the ammonia is located between
the benzene ring and the C≡C bond region of phenylacetylene.
However, no conclusive experimental proof was offered to
substantiate such an assignment. In the light of these observa-
tions, we have carried out vibrational spectroscopic investigation
using a IR-UV double resonance spectroscopic technique to
determine the structure of the phenylacetylene-ammonia com-
plex. Further, we have also investigated the complexes of
phenylacetylene with methylamine and triethylamine. The
rationale for such an investigation was two fold: first, to
understand the effect of increased basicity and second, to
understand the effect of methyl group substitution on the
intermolecular structure and the energetics.

Experimental and Theoretical Methods

Helium buffer gas at 4 atm is bubbled through a mixture of
phenylacetylene (Aldrich) and amines kept at room temperature
and expanded through a 0.5 mm diameter pulsed nozzle (Series
9, Iota One; General Valve Corporation). The electronic

excitation of phenylacetylene and its amine clusters was
achieved using a frequency doubled output of a tunable dye
laser (Narrow Scan GR; Radiant Dyes; operating with
Rhodamine-19 dye) pumped with the second harmonic of a Nd:
YAG laser (Surelite I-10; Continuum). For the phenylacetylene
monomer and its ammonia complex, one color resonant two
photon ionization (1C-R2PI) technique was used, whereas a laser
induced fluorescence (LIF) technique was used for complexes
of phenylacetylene with methylamine and triethylamine, to
observe the electronic excitation spectra. The LIF spectrum was
recorded by monitoring the total fluorescence with a photomul-
tiplier tube (9780SB + 1252–5F; Electron Tubes Limited) and
a filter (BG3 + WG-305) combination, and the 1C-R2PI spectra
were recorded by monitoring the appropriate mass signal with
a time-of-flight mass spectrometer using a channeltron (KBL-
25RS; Sjuts) detector, while scanning UV laser frequency. The
choice of either 1C-R2PI or LIF was based on obtaining a better
S/N ratio. The IR spectra were obtained either using fluorescence
dip infrared (FDIR) or ion dip infrared (IDIR) spectroscopic
methods. 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).7 The typical bandwidth of both
the UV and IR lasers is about 1 cm-1. The energy obtained by
IR OPO was typically about ∼2 mJ/pulse in the range scanned,
with an exception of the ∼3450–3490 cm-1 region where the
OPO oscillation diminishes due to an intense IR absorption of
the LiNbO3 crystal. Therefore, the transitions in the N-H
stretching region could not be probed.

To get further insights into experimental results, ab initio
calculations were carried out using the Gaussian-03 suit of
programs.8 The equilibrium structures of the monomers and
various complexes were calculated at the MP2(FC)/aug-cc-
pVDZ level of theory for the ammonia and methylamine
complexes. The nature of the stationary points obtained
were verified by calculating the vibrational frequencies at the
same level of theory. The calculated vibrational frequencies were
scaled for the monomers to match with the experimental values,
and the same scaling factor was used for the corresponding
complexes. The stabilization energies were calculated and in* E-mail: naresh@chem.iitb.ac.in.
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each case were corrected for the zero point vibrational energy
(ZPVE) and 50% basis set superposition error (BSSE). Accord-
ing to Kim et al., 100% of BSSE correction often underestimates
the interaction energy, and 50% correction is a good empirical
approximation; therefore, 50% BSSE corrected binding energies
are reported here.9

Results and Discussion

Figure 1A shows one color resonant two photon ionization
(1C-R2PI) spectrum of phenylacetylene, recorded by monitoring
the 102 amu peak. In this spectrum the intense peak at 35 876
cm-1, marked with an asterisk, corresponds to band-origin of
the S1 r S0 transition, which is in good agreement with the
value reported in the literature.10 Figure 1B shows the 1C-R2PI
excitation spectrum of the phenylacetylene-ammonia complex,
recorded by mass gating at 119 amu, corresponding to the binary
cluster. This spectrum shows several transitions, and the
transition at 35 796 cm-1, marked “a”, is the origin band of the
binary complex, which is good agreement with that reported
by Castleman’s group.3 This band-origin transition of the
phenylacetylene-ammonia complex is shifted by -80 cm-1

relative to the bare phenylacetylene. Further, the transition at
35 890 cm-1 (+14 cm-1, relative to bare phenylacetylene) was
also assigned to the band origin of an isomeric structure, whereas
transition at 35 931 cm-1 (+55 cm-1) was assigned to a vibronic
band.3 In the present spectrum the broad transition peaking
around 35 870 cm-1 can be assigned to that arising out of
fragmentation of the higher complexes of ammonia and leading
to the formation of binary complex. The LIF spectra of
phenylacetylene in the presence of methylamine and triethy-
lamine are depicted in Figure 1, panels C and D, respectively.
The transition at 35 864 cm-1, marked “b”, in Figure 1C and
the transition at 35 820 cm-1, marked “c”, in Figure 1D are the
band origin transitions of methylamine and triethylamine
complexes, respectively. The band origin transitions of the
phenylacetylene complexes with ammonia, methylamine, and
triethylamine are shifted by -80, -12, and -56 cm-1,
respectively, relative to the bare phenylacetylene. The trend in
the gas phase proton affinities of ammonia, methylamine, and

triethylamine are in increasing order. If the structures of all the
three complexes are similar, then a correlation between the shifts
in the band origin transitions and proton affinities is expected,
similar that observed in the case of phenol complexes.11

However, no such correlation can be obtained for the present
three complexes, which strongly indicates that the binding modes
of phenylacetylene with ammonia and the two amines are
different.

Figure 2A depicts the IDIR spectrum of bare phenylacetylene,
which shows several transitions. Sterns and Zwier have assigned
the two strong transitions at 3325 and 3343 cm-1 to the Fermi
resonance bands between C–H stretching vibration and a
combination of one quantum of C≡C stretch and two quanta
of C≡C–H out-of-plane bend and other weak features to the
transitions arising out of higher order coupling terms.12 The
stretching frequency of an unperturbed acetylenic C-H group
can be estimated as 3334 cm-1 using the deperturbation
analysis.13,14 The IDIR spectrum of the phenylacetylene-ammonia
complex depicted in Figure 2B shows a single transition at 3231
cm-1, which can be assigned to the acetylenic C–H stretching
vibration of the complex. The C–H stretching vibration of the
complex shows a substantial shift of 103 cm-1 to a lower
frequency relative to the phenylacetylene monomer, which
clearly indicates the formation of C–H · · ·N “σ” hydrogen-
bonded complex between phenylacetylene and ammonia. The
strong interaction between the acetylenic C–H group and the
ammonia perturbs the Fermi resonance condition, thereby
leading to a single transition.

The FDIR spectrum of the methylamine complex, depicted
in Figure 2C, surprisingly shows a single transition at 3333
cm-1. The lone transition can be assigned to the C–H stretching
vibration of the phenylacetylene-methylamine complex, which
is shifted to a lower frequency by 1 cm-1, relative to the bare
phenylacetylene.14 Further, this spectrum indicates that the
methylamine is interacting with the acetylenic moiety of
phenylacetylene, thereby perturbing the Fermi resonance condi-
tion, which leads to appearance of a single transition. Because
the shift in the C–H stretching vibration is very marginal, it
can be expected that the N–H group of methylamine interacting
with π electron density of either the benzene ring or the

Figure 1. 1C-R2PI spectra of phenylacetylene (trace A) and pheny-
lacetylene-ammonia complex (trace B). LIF spectra of phenylacetylene-
methylamine (trace C) and phenylacetylene-triethylamine (trace D)
complexes. The peaks marked with “*” are band-origin transition of
the phenylacetylene monomer, whereas those marked with “a”, “b”,
and “c” are the band-origin transitions for the ammonia, methylamine,
and triethylamine complexes, respectively.

Figure 2. IDIR spectra of phenylacetylene (trace A) and the
phenylacetylene-ammonia complex (trace B). FDIR spectra of
phenylacetylene-methylamine (trace C) and phenylacetylene-
triethylamine (trace D) complexes. The arrow in trace A indicates the
position of the unperturbed acetylenic C–H stretching frequency at 3334
cm-1.
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acetylenic C≡C bond or both. Figure 2D depicts the FDIR
spectrum of the triethylamine complex, which shows two
transitions at 3315 and 3337 cm-1. Prima-facie it appears that
the interaction of triethylamine with phenylacetylene marginally
alters the zero-order (unperturbed) frequencies and the coupling,
which leads to minor changes in the frequencies of the observed
bands and redistribution of intensities of the Fermi resonance
bands. This situation is very much unlike the interaction of
phenylacetylene with ammonia and methylamine. One would
expect such a situation in the event of triethylamine interacting
exclusively with the benzene π electron density. The IR spectra
clearly signify that the mode of binding of the three solvent
molecules with phenylacetylene is different.

Breen et al. had earlier reported the R2PI spectrum of the
phenylacetylene-ammonia complex, wherein the bands shifted
by -80 and +14 cm-1, relative to the band-origin of bare
phenylacetylene at 35 876 cm-1, were assigned to be originating
from two different isomers.3 However, hole-burning spectros-
copy was not carried out to substantiate these assignments. We
have carried out IR-UV hole burning spectroscopy to investigate
the origin of these two bands and the results are presented in
the Figure 3. Trace A, shows the 1C-R2PI spectrum of the
phenylacetylene-ammonia complex. Trace B is the IR-UV hole-
burnt spectrum, which was recorded by tuning the IR laser to
pump the C–H vibrational transition at 3231 cm-1 (see Figure
2B), 50 ns prior to the R2PI-UV pulse, while scanning the
UV laser. The hole-burnt spectrum shows diminished intensities
for all three bands appearing at -80, +14, and +55 cm-1, which
implies that all the three observed bands in the R2PI spectrum
are originating from a single isomer. The present results, both
in terms of number of isomers and the mode of interaction, are
completely in contrast to the observations made by Breene et
al.3

To supplement the experimental observations and to enhance
the understanding of modes of intermolecular interaction, ab
initio calculations were carried out. The complexes of ammonia
and methylamine were investigated at the MP2/aug-cc-pVDZ
level. However, due to limitation in our computational resources,
the triethylamine complex was left out. For the complexes of

phenylacetylene with ammonia and methylamine, the calcula-
tions were carried out using about a dozen variants in the initial
geometries in each case. However, only three true minima were
identified on both the cases. The optimized structures of the
binary complexes of phenylacetylene with ammonia and me-
thylamine are shown in Figure 4. The first phenylacetylene-
ammonia complex is a linear C–H · · ·N σ hydrogen-bonded
complex (Figure 4A) wherein the acetylenic C–H group of
phenylacetylene is a hydrogen bond donor to the lone pair on
ammonia. The second structure (Figure 4B) is a N–H · · ·π
hydrogen-bonded complex, wherein the benzene ring of the
phenylacetylene moiety acts as hydrogen bond acceptor. The
third complex (Figure 4C) is a quasiplanar cyclic structure with
both phenylacetylene and ammonia acting as donors and
acceptors. In this case the N–H group of the ammonia moiety
is interacting with the acetylenic C≡C bond, and the lone pair
of ammonia is interacting with the benzene C–H group in the
ortho position. Methylamine also yields a linear C–H · · ·N σ
hydrogen-bonded complex, depicted in Figure 4D. The second
complex of methylamine is a N–H · · ·π hydrogen-bonded
complex with a peripheral interaction between the methyl C–H
group and the acetylenic C≡C bond (Figure 4E). The third
complex has a cyclic structure (Figure 4F), wherein the N–H
group of methylamine interacts with the acetylenic C≡C bond
and the C–H group of benzene in the ortho position is interacting
with the nitrogen lone-pair. The structure of this complex is
very similar to the cyclic ammonia complex (Figure 4C), but
with the methyl group pointing out of the plane. The binding
energies, listed in Table 1, indicate that the C–H · · ·N σ
hydrogen-bonded ammonia complex (Figure 4A) is marginally
more stable than the other two isomers. In the case of
methylamine, the N–H · · ·π hydrogen-bonded complex (Figure
4E) is relatively more stable, which is in sharp contrast with
the ammonia complex.

Infrared spectroscopy has been a major tool to investigate
the structure and dynamics of hydrogen-bonded complexes,
especially in the hydride (X–H; X ) O, N, C) stretching region.
This is due to the fact that these stretching frequencies are very
sensitive to hydrogen-bonded structures, because they are
directly involved in the hydrogen bond formation and show a
characteristic shift to a lower frequency upon hydrogen bond-
ing.15 On the basis of the shifts in the vibrational transitions
one can assign the possible intermolecular structure of the
complex. Table 1 also lists the calculated vibrational frequencies
that were scaled by a factor of 0.958 so as to match the
unperturbed experimental acetylenic C–H frequency of the
phenylacetylene monomer, and the same scaling factor was used
throughout. The C–H · · ·N σ hydrogen-bonded complexes of
both ammonia and methylamine show a very large shift (in
excess of 100 cm-1) towards lower frequency in the acetylenic
C–H stretching vibration. However, only the IR spectrum of
the ammonia complex (Figure 2B) shows a substantial (103
cm-1) shift in the C–H stretching frequency, which is in good
agreement with the calculated shift of 134 cm-1. Therefore, the
ammonia complex can be unambiguously assigned to the linear
C–H · · ·N “σ” hydrogen-bonded complex. This assignment is
in complete contrast with the structure proposed by Breene et
al. wherein the ammonia is located between the benzene ring
and the acetylenic C≡C bond region.3

On the basis of the observed IR spectrum for the methylamine
complex (Figure 2C) the C–H · · ·N σ hydrogen-bonded complex
can be completely ruled out. The most important and interesting
feature of the FDIR spectrum of the phenylacetylene-
methylamine complex is the disappearance of Fermi resonance

Figure 3. 1C-R2PI spectrum of the phenylacetylene-ammonia
complex (trace A) and the IR-UV hole-burnt spectrum of the
phenylacetylene-ammonia complex, which was recorded by pumping
the C–H stretching vibration of the complex with an IR laser fixed at
3231 cm-1 prior to the ionizing (1C-R2PI) UV laser (trace B). The
arrows point the bands with reduced intensities in the hole-burnt
spectrum.
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bands in the acetylenic C–H region, leading to a single transition.
Because the Fermi resonance in the phenylacetylene monomer
involves a C–H stretching vibration and a combination of one
quantum of C≡C stretch and two quanta of C≡C–H out-of-
plane bend, the disappearance of the Fermi resonance indicates
that methylamine is either interacting with the C–H oscillator
or the C≡C oscillator or both. The FDIR spectrum of the
methylamine complex rules out the possibility of interacting
with the C–H oscillator, therefore the disappearance of the Fermi
resonance can be attributed to the interaction of methylamine
with the π electron density of the acetylenic C≡C bond. Both

structures shown in Figure 4, panels E and F, account for such
an interaction. However, the binding energies clearly indicates
that the N–H · · ·π hydrogen-bonded complex with a peripheral
interaction between the methyl C–H group and the acetylenic
C≡C bond (Figure 4E) is marginally favored (0.8 kJ mol-1)
over the cyclic complex (Figure 4F). The IR spectrum of the
phenylacetylene-methylamine complex is almost identical
similar to the phenylacetylene-water complex, which has cyclic
structure similar to 4F.16 However, the shift in the electronic
transitions of the two complexes are quite opposite in nature.
In the case of methylamine complex, the electronic transition
is shifted by -12 cm-1, whereas in the case of water the
corresponding transition is shifted by +14 cm-1.16 Comparison
with the water cluster and the higher binding energy clearly
supports the formation of a N–H · · ·π hydrogen-bonded
phenylacetylene-methylamine complex, shown in Figure 4E.

The FDIR spectrum of the triethylamine complex (Figure 2D)
clearly shows the presence of Fermi resonance, albeit with some
intensity redistribution. The observed peak positions once again
clearly rule out the possibility of a linear C–H · · ·N σ hydrogen-
bonded complex. Further, the presence of Fermi resonance bands
also indicates the absence of interaction with the π electron
density of the acetylenic C≡C bond. Additionally, the shift in
the origin band of the electronic transition of triethylamine
complex (-56 cm-1) is lower than ammonia complex (-80
cm-1), is higher than the methylamine complex (-12 cm-1),
and is comparable to the argon complex (-30 cm-1).10 On the
basis of the shift in the electronic transition and the observed

Figure 4. Calculated structures of phenylacetylene complexes with ammonia (A-C) and methylamine (D-F) at the MP2/aug-cc-pVDZ level. The
distances are shown in Å, and the binding energy (kJ mol-1) for each complex is given in parenthesis.

TABLE 1: Binding Energies (kJ mol-1), Scaled Vibrational
Frequencies (cm-1), and Their Shifts for the Phenylacetylene
Complexes with Ammonia and Methylamine Calculated at
the MP2/aug-cc-pVDZ Level of Theory

∆E νC-H ∆νC-H νN-Ha ∆νN-H

PHA 3334
NH3 3484 (as), 3335 (s)
NH2Me 3458 (as), 3364 (s)
PHA- NH3 (A) 11.3 3200 -134 3474 (as), 3328 (s) -10, -7
PHA- NH3 (B) 10.5 3330 -4 3463 (hb), 3318 (f) -21, -17
PHA- NH3 (C) 10.4 3332 -2 3469 (hb), 3325 (f) -15, -10
PHA-NH2Me (D) 15.6 3163 -171 3453 (as), 3360 (s) -5, -4
PHA-NH2Me (E) 18.1 3332 -2 3447 (hb), 3355(f) -11, -9
PHA-NH2Me (F) 17.3 3330 -4 3448 (hb), 3351 (f) -10, -13

a For the O–H vibrations “s”, “as”, “hb”, and “f” indicate
symmetric, anti-symmetric, hydrogen-bonded, and free stretching
frequencies, respectively.
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structure in the FDIR spectrum, the triethylamine can be
envisaged to be bound to the benzene π electron density of
phenylacetylene, predominantly through dispersion interaction.

The absence of IR spectra in the N–H stretching region for
the ammonia and methylamine complexes are perhaps the
missing pieces of evidence in the assignment of the intermo-
lecular structures. However, it can be argued that the large shift
in the acetylenic C–H stretching frequency in the ammonia
complex can only be attributed to the formation of the linear
C–H · · ·N σ hydrogen-bonded complex, and thus the assignment
is unambiguous. In the case of the methylamine complex, the
marginal shift of 1 cm-1 in the acetylenic C–H stretching
frequency unambiguously rules out the possibility of a linear
C–H · · ·N σ hydrogen-bonded complex. For the remaining two
structures (Figure 4, panels E and F) the differences in the
frequencies of the N–H stretching vibrations are very marginal
(see Table 1). Therefore, one would fall back on the arguments
used earlier to arrive at the intermolecular structure. This,
however, does not completely justify the absence of the IR
spectra in the N–H stretching region, which could not be
obtained due to the hole in the tuning range of our OPO in the
∼3450–3490 cm-1 region. On the other hand, the Fermi
resonance bands, their appearance and disappearance, are
sensitive enough to probe the nature of intermolecular interaction
in the phenylacetylene complexes, which in the present case,
and along with the shifts in the electronic transitions, make up
for the lack of spectra in the N–H stretching region.

The infrared spectrum of the phenylacetylene-ammonia
complex (Figure 2B) in the acetylenic C–H stretching frequency
shows a red shift of 103 cm-1, relative to bare phenylacetylene.
This clearly and unambiguously illustrates the formation of a
linear C–H · · ·N σ hydrogen-bonded complex. The substitution
of alkyl groups on ammonia increases the basicity, which in
turn is expected to enhance the σ hydrogen-bonded interaction.
For instance, in the case of hydrogen-bonded complexes of
phenol, the lowering of the O–H stretching frequency increases
with the increase in basicity of the interacting amine.17 A similar
consideration for the hydrogen-bonded complexes of pheny-
lacetylene would indicate that the acetylenic C–H stretching
frequency should be further lowered when interacting with
methylamine and triethylamine, relative to the ammonia com-
plex. However, the observed shifts in the C–H stretching
frequency for the methylamine (Figure 2C) and triethylamine
(Figure 2D) complexes are marginal and rule out the formation
of C–H · · ·N σ hydrogen-bonded complexes. Substitution by a
single methyl group on ammonia leads to formation of a
N–H · · ·π (benzene π) hydrogen-bonded complex, which is
indicative of substantial change in the binding mode relative to
ammonia. The analysis of spectral shifts both in the electronic
and vibrational transitions in combination with the ab-initio
calculations also suggest the involvement of secondary interac-
tion in the form of C–H · · ·π (acetylene π) hydrogen bond. In
the case of the ammonia complex, the electrostatic contribution
to the binding energy dominates leading to the formation of a
C–H · · ·N σ hydrogen bond. On the other hand, in the case of
the methylamine complex, both the N–H · · ·π and the C–H · · ·π
interactions, which are primarily dispersive in nature, dominate.
The change in the intermolecular structure is perhaps due to
the domination of the two dispersive interactions in the
methylamine complex, which cooperatively stabilize each other,
over the electrostatic interaction. The trend continues with the
triethylamine complex in which dispersive interactions com-
pletely take over. The hydrogen bonding in phenylacetylene can
be viewed as a subtle balance between the electrostatic and

dispersion forces, unlike the case of phenol wherein electrostatic
forces dominate.

Conclusions

The shifts in the electronic transitions of the phenylacetylene
complexes with ammonia (-80 cm-1), methylamine (-12
cm-1), and triethylamine (-56 cm-1), which lack in any trend,
are the primary indication of variation in the intermolecular
structure of these three complexes. A large shift of 103 cm-1

to a lower frequency in the acetylenic C–H stretching vibration
in the ammonia complex provides an unambiguous evidence
for the formation of the linear C–H · · ·N σ hydrogen-bonded
complex. This structure of the ammonia complex is in contra-
diction to that reported earlier in the literature. Small shifts in
the electronic transition accompanied by disappearance of Fermi
resonance bands substantiate the formation of N–H · · ·π hydrogen-
bonded complex with methylamine, which accompanies a
peripheral interaction of methyl C-H with the acetylenic C≡C
bond. The triethylamine binds to the π electron cloud of benzene
ring primary through dispersion interactions. The redistribution
of intensities in the Fermi resonance bands supports formation
of such a structure. The basicity of ammonia, methylamine, and
triethylamine increases in that order; however, the formation
of C–H · · ·N hydrogen-bonded complexes is not favored. These
present complexes clearly demonstrate that the intermolecular
structure can drastically change by replacing a single hydrogen
atom with a methyl group.
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