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The accurate interaction energies of the @Hfiteraction in the benzereX clusters (X= ethylene and
acetylene) were experimentally and theoretically determined. Two-color multiphoton ionization spectroscopy
was applied, and the binding energies in the neutral ground state of the clusters were evaluated from the
dissociation threshold measurements of the cluster cations. The experimental binding energies of the clusters
(Do) were 1.4+ 0.2 and 2.7+ 0.2 kcal/mol, respectively. Estimated CCSD(T) interaction energies for the
clusters at the basis set limbD§) were 2.2 and 2.8 kcal/mol, respectively. Calculabedralues (1.7 and 2.4
kcal/mol, respectively) are close to the experimental values. Large electron correlation contribegiprs (

—3.6 and—2.8 kcal/mol, respectively) show that dispersion is the major source of the attraction in both
clusters. The electrostatic interaction in the ethylene cluster is very saaB8 kcal/mol), as in the case of

the benzenemethane cluster, whereas the electrostatic interaction in the acetylene cluster isHarge (
kcal/mol). The shifts of the S-S transition also suggest that the ethylene cluster is a van der Waals-type
cluster, but the acetylene cluster iscahydrogen-bonded cluster. The nature of the £Hiteraction of the
“activated” alkyne C-H bond is significantly different from that of the “nonactivated” (or typical) alkane

and alkene €H bonds.

Introduction like nature, depending on the acidity of the-8 bond. The
acidity of alkyne is higher than that of alkene and alkane (the
pKa value of acetylene is 25; those of ethylene and methane
are 45 and 59, respectivel§)The interaction between a-CH
bond of alkyne andr electrons is strongly enhanced in

The magnitude of an intermolecular interaction energy is the
most fundamental physical quantity to study the intermolecular
interaction. For many weak and unconventional intermolecular
interactions, however, reliable experimental data have not yet ) , e - ,
been reported, and only theoretical estimations are avaflable. COmparison with that of the “typical” SHlz interaction of a
Although recent high-level quantum chemical calculations are ©—H Pond of alkane, and it is often called “activated*@&/x
highly accurate in energy estimation, comparison with experi- interaction®*- High solubility of acetylene in benzene has
mental results is still strongly desired, especially for weak P€en well-knowrt*'#and it has been attributed to the “acti-

intermolecular interactions to confirm their accuracy. vated” C-H/x interaction. Remarkable low-frequency shifts of
To determine accurate intermolecular interaction energies, the C—H stretching vibration are also observed for acetylene
isolated binary clusters in the gas phase are ideal systemsSolved in bulk benzene and an acetylebenzene mixture in
especially for weak interactiod. In the gas-phase clusters, an Ar matrix*>~*" Such a spectral feature in the benzene
competing interactions in the bulk phase are totally elimina- acetylene system has been extensively examined in gas-phase
ted, and various fine spectroscopic techniques are applicable/R studies of the binary clusters, and the cluster structure, where
for the energy determination. Moreover, experimental values the acetylenic €H bond directly interacts with the-electrons
in the gas-phase clusters can be directly compared with of benzene, has been confirm€&d® The remarkable low-
theoretical estimations. frequency shifts of the €H stretch frequency in the benzene
The CH/r interaction is an attractive force between al€ acetylene system suggest tindnydrogen bond character of the
bond and ar electron system, and the role of this interaction “activated” CH/z interaction. The binary cluster study by Fuijii
in various molecular functions, such as molecular recognitions et al. showed that the magnitude of the acetylenieHC
and crystal packing, has been discuss&d’ The CH/r interac- frequency shift depends on theelectron density of the aromatic
tion is a weak intermolecular interaction, and its magnitude is ring.!2 On the other hand, the-€H frequency shift is very small
believed to lie in the gray region between the weakest class of in the benzenemethane clustéf Ab initio calculations show

hydrogen bond and the dispersion interaction. that the contribution of the electrostatic term is as large as that
The nature of the EH/x interaction is not uniform, but  of the dispersion term in benzenacetylene, whereas the
changes from the van der Waals type to #hbBydrogen-bond- dispersion interaction is dominant in benzemeethang?

. . — Although the pKa value of ethylene is substantially larger than
 Corresponding authors. E-mails: (AF.) asukafuji@mail tains.tohoku - hat of acetylene, the difference between the €hiteraction

'ac{l?’oﬁ,oi(tj)jr',i\s,:f;t}',@a'S 90p: of ethylene and that of acetylene has not yet been clearly
*AIST. understood.
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High-level ab initio calculations predicted that the magnitude  The stationary electric fields were used for the extraction and
of the interaction energies with benzene increases in the orderacceleration of the produced ions into the TOF mass spectrom-
of methane, ethylene, and acetyléfén the previous paper, eter. It has been known that field ionization of high Rydberg
we applied mass-analyzed threshold ionization (MATI) spec- states decreases the effective ionization threshold eréfgy.
troscopy to the benzenenethane cluster in the gas phase, which In the present measurements, the field ionization of the Rydberg
can be regarded as a prototype system for therGhiEraction cluster and Rydberg fragment also causes the same effect. It
between a €H bond andxz electrons, and determined the has been well-established that the magnitude of the low-

accurate interaction energy to be 1313 kcal/moF° How- frequency shift of the thresholdE (cm™) is given by
ever, experimental measurements of the binding energies of the

benzene clusters with acetylene and ethylene have not yet been AE = 6VE (1)
reported. o

In the present paper, the-G1/z interaction energies in the  \yhereF is the magnitude of the static electric field (V/cm) for
benzene ethylene and benzer@cetylene clusters (the binding  the ion extractiort223We employed the ion extraction field of
energies of these clusters in the neutral ground state) areigg and 500 V/em for the benzenethylene and benzene
experimentally and theoretically determined. In our previous acetylene experiments, respectively. The resultant low-frequency
study, the interaction energy in benzemaethane was precisely  ghifts of the observed threshold are evaluated to be-60D
measured by MATI spectroscoyThe benzeneethylene and g 135+ 20 cn?, respectively. The uncertainties of these
benzene-acetylene clusters, however, show large structural fie|q correction terms are due to the slightly non-uniform electric
changes upon ionization, and it makes it difficult to apply the fie|q, which comes from the limited size of the ion extraction
MATI technique to these systems because the Fra@zndon electrode and the nearby neutral skimmer.
distribution is extensively scattered into the intermolecular  The penzene sample was purchased from Tokyo Kasei Co.
vibrational levels. Then, we employ a simple mass-selected, two- 31 was used without further purification. The benzene vapor
color, multiphoton ionization technique to determine the dis- \yas seeded in a neetethylene (or-acetylene) gaseous mixture
sociation threshold of the cluster cations. The binding energies yith a total stagnation pressure at-2 atm. The ethylene
of the clusters in thaeutral ground state (EH/x interaction (acetylene) concentration was adjusted to be 2®%, and the
energies) are evaluated by the relation between the dissociatioq,apor pressure of the benzene sample was controlled by the

energy in the cationic state and the ionization potential. The samp|e reservoir temperature for the optimization of the cluster
experimentally determined interaction energies are comparedgigna| intensity.

to estimated CCSD(T) interaction energies at the basis set limit.

Although the estimated CCSD(T) interaction energies for the Theoretical Calculations

benzene-acetylene and benzenethylene clusters were re-

ported, geometries of the two clusters were not optimi2eq. The Gaussian 03 progr&fwas used for ab initio calculations
this study, we fully optimize the geometries and calculate of intermolecular interaction energies in the benzesihylene
vibrational frequencies for evaluating the effects of zero-point and benzeneacetylene clusters. The basis sets implemented
vibrations on the binding energies. In addition, more improved in the program were used. Electron correlation was accounted
basis sets are used for an accurate estimation of the CCSD(TYor at the MP2 (second-order dller—Plesset perturbatioff)*®
interaction energies at the basis set limit. The origin of the and CCSD(T) (coupled cluster calculations with single and
enhanced magnitude of the “activated”8/x interaction is double substitutions with noniterative triple excitations) levéls.

discussed on the basis of the theoretical calculations supported>€ometries of the clusters were optimized at the MP2/cc-pVTZ

by the experimental measurements. level. Vibrational frequencies were calculated at the same level.
Accuracy of the optimized geometries is discussed in the
Experimental Section Supporting Information. Basis set superposition error (BSSE)

was corrected for all calculations with the counterpoise
The dissociation energies of the benzepthylene and method?8:2° The MP2 level interaction energy at the basis set
benzene-acetylene clusters in the cationic state were measured|imit [ Evpzgimiy] Was estimated by Helgaker's method from
by the mass-selected two-color multiphoton ionization under calculated MP2 interaction energidS ) using aug-cc-pVTZ
the molecular beam condition. Details of the experimental setup and aug-cc-pVQZ basis sefsln Helgaker’'s method, thEyp,
have been described elsewhere, and only brief descriptions arecalculated with Dunning’s correlation consistent basis sets were

given here?® fitted to a forma + bX~3 (whereX is 3 for aug-cc-pVTZ and
Clusters prepared in the molecular beam were pumped to the4 for aug-cc-pVQZ). TheEvpogimiy Was then estimated by

S; vibronic level by the first pulsed laser light4), the extrapolation. Helgaker's method was originally proposed for

wavelength of which was fixed to be resonant on the & an estimation of electron correlation contribution at the basis

vibronic band of the cluster. The cluster was successively set limit, but we used this method for an estimatiofEQ@b(imiy,
ionized by the second pulsed laser ligh) ( Produced ions were  since the two basis sets provided nearly the same HF level
mass-selected by a WileyMcLaren-type time-of-flight (TOF) interaction energies. Performance of bond functions proposed
mass spectrometétand were detected by a multichannel plate by Tao and Paft is also discussed in the Supporting Informa-
detector. By monitoring the parent cluster ion and fragment ion tion. The CCSD(T) level interaction energy at the basis set limit
(benzene monomer cation) intensities, thewvavelength was [Eccspmaimin] was calculated as the sum of tEgip2gimiy and
scanned over the dissociation threshold of the cluster cation.the estimated CCSD(T) correction tertdGCSD(T)= Eccspm

The dissociation threshold of the cluster is shown by the rise — Eyp] at the basis set limitACCSD(T)(limit)], which was

of the fragment ion signal along the excess ionization energy. estimated from the difference between the calculated CCSD-
The binding energy of the cluster in the neutral ground state (T) and MP2 level interaction energies using the aug-cc-pvVDZ
was evaluated by the relation among the dissociation energiesbasis set® A detailed estimation procedure of tRe&CCSD(T)-

in the neutral and cationic clusters and the ionization potential (limit) is shown in the Supporting Information. Expected errors
of the benzene monomer molecule. of the estimatedEccsprygimiy are also discussed in the Support-
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Figure 1. One-color, mass-selected, multiphoton ionization spectra Figure 2. Mass-selected, two-color, multiphoton ionization spectra of
of (a) bare benzene, (b) benzerethylene, and (c) benzeracetylene benzene-ethylene via the combination band at 38 631 &89 cnt?t
in the S—S, 6% region. The spectra were obtained by monitoring the from the S—% 6% band; see text). (a) Parent (benzeeéhyleney
bare benzene (benzeneethyleney, and (benzeneacetylene) cat- and (b) fragment benzeheations were detected to measure the spectra,
ions, respectively. Numbers in the parentheses are relative frequenciesespectively. The arrow in the figure shows the observed dissociation
from the 6, band of bare benzene (38 606 ¢in threshold of the cluster cation.

ing Information. Electrostatic energy was calculated using the In aromatic clusters of the van der Waals type, such as
Orient program, version 3Z.The electrostatic energy for a  benzenerare gas atom and benzertetrachloromethane clus-
cluster was obtained from the interactions between distributed ters, the $—S, electronic transition localized in the aromatic
multipoles of monomer&34 Distributed multipoles up to  moiety is generally low-frequency-shifted in comparison with
hexadecapole on all atoms were obtained from the MP2/cc- that of the bare molecuf®:4° The low-frequency shift means
pVTZ wave functions of an isolated molecule using the GDMA  gn enhancement of the binding (interaction) energy of the cluster
program? Distributed multipoles were used only to estimate ypon the electronic excitation, and it is caused by the larger
the electrostatic energy. polarizability of the aromatic moiety in the electronic excited
state. On the other hand, a high-frequency shift is generally seen
in z-hydrogen-bonded clusters such as benzevater?! The

1. S—S Electronic Spectra. Figure 1 shows the mass- high-frequency shift means a decrease of the binding energy in
selected, one-color, multiphoton ionization (MPI) spectra of (a) the electronic excited state. For the electronic excitation localized
bare benzene, (b) benzerethylene, and (c) benzenacetylene in the aromatic moiety, however, the enhancement of the
in the §—S 6% region. To measure these spectra, bare dispersion interaction is expected also in #hkydrogen-bonded
benzeng, (benzeneethyleney, and (benzeneacetylene) clusters. Therefore, it indicates that the contribution of the
cations were detected separately. A part of the spectrum of electrostatic interaction is more important in thehydrogen-
benzene-ethylene is missing because of the interference by the ponded clusters, and the reduction of the electrostatic interaction
much stronger ion signal due to the transition of bare benzene.pon the electronic excitation is dominant over the enhancement

The 6o band of the benzeneethylene cluster appears at  of the dispersion interaction. The low-frequency shift of the

38542 cm*, and it is low-frequency-shifted by 64 crhfrom benzene-ethylene cluster suggests that the dispersion force is
the corresponding band of bare benzene. Theb@nd of still dominant in this cluster, being similar to the case of

benzene-ethylene is accompanied by a long progression of the benzene-methane. This is in contrast with the benzene

C%mﬁ";]a“on kk])ands \.N'tfh an |ntermfolzzcuqlrﬁ;_;]/_lbratlo?dalbmode, acetylene cluster, which shows the high-frequency shift in the
which has a harmonic frequency o c IS wou ea S,—S transition. It reflects the remarkable enhancement of the

bending or torsional motion of the cluster, and the long . L . : .
T electrostatic interaction in the total intermolecular interactions
progression indicates a rearrangement of the cluster structure

along this coordinate in the; State. of benzengacetylene. o o .

The S—So electronic spectrum of benzenacetylene has 2. Experimental Determination of the Binding Energies.
been extensively studied so 4738 In the one-color, multipho- ~ Figure 2 shows the two-color MPI spectra of benzeetaylene.
ton ionization, most of the cluster cations dissociate upon the In these spectra, the laser wavelength was fixed at the vibronic
ionization, and one acetylene molecule evaporates. Then, theband at 38631 cmi (+89 cnt* from the 6o band), and ther,
stronger band at 38730 cthin the spectrum (c) is attributed  laser wavelength was scanned across the dissociation threshold
to the 1:2 cluster, and the weaker band at 38742 dsnassigned of the cluster cation. The abscissa of the spectra is plotted by
to the 1:1 cluster. Both of the cluster bands are high-frequency- the total excitation energy{ + v»). In the spectra, (a) parent
shifted by 124 and 136 cm, respectively, from the corre-  (benzene-ethylenef and (b) fragment benzeheations were
sponding band of bare benzene. monitored. The vibronic band at 38631 cthwas chosen as

Results and Discussion
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e Y T Although both of the spectral signs of the threshold should
- appear at the same excitation energy, the observed spectra of
benzene-ethylene show a small displacement of the rise of the
fragment cation and beginning of the plateau of the parent cation.
Sy’ When the dissociation lifetime of the cluster cation just above
the threshold is long, it makes the threshold unclear because
! vy the cluster ions, which survive the ion extraction region,
So T AL vl contribute to the parent ion channel intensity. Therefore, it is
R S Tl sy reasonable to rely on the rise of the fragment ion intensity in
spectrum “b” to determine the dissociation threshold. Then, we
have the dissociation threshold of (benzesthylene} in the
(X=CpHy or CoHp) range of 74 99Gt 50 cnTl.
Figure 3. Energy scheme to determine the binding energy of the neutral ~ The energy scheme of the dissociation energy of the cluster
cluster in the $state Do(Sy)) (see text). cation and the binding energy in the neutral ground state mea-
sured from the zero-point vibrational levdd{(Sp)) is shown
in Figure 3. As seen in Figure 3, we have the relation between
the total excitation energy at the dissociation threshold of the
cluster cation#; + v2) and the binding energy of the neutral
clusters,

T Py’
V2

.

Benzene + X Benzene - X

(a) (benzene-acetylene)*

IPy + Do(Sp) = v1 + 7, )

where IR is the adiabatic ionization potential of the benzene
monomer (74556 cm).2® In the analysis of the observed
spectra, we need to add the field ionization correction term (1)
as follows:

(b) benzene*

IPy+ Do(S) = v, + v, + AE 3)

From the observed value of + v, at the dissociation threshold
(74 9904 50 cnt?) and the field ionization correction (6@
e e i 10 cnm1), we evaluate the binding energy of the cluster in the
75200 75400 75600 75800 neutral ground statd)o(Sp) = 4904+ 60 cntt (= 1.4+ 0.2
Wavenumber (cm"1) kcal/mol). This value shows a slight enhancement of the
Figure 4. Mass-selected, two-color, multiphoton ionization spectra of interaction energy in benzerethylene in comparison with that
benzene-acetylene via the S-S 6% band (see text). (a) Parent in benzene-methane (1.031.13 kcal/mol)°
(benzene-acetylene) and (b) fragment benzeheations were detected We also carried out a similar measurement for the benzene
tdc? measure t?]e Sﬁe%ra% Thhe ?”OW in the figure shows the observedcatylene cluster. Figure 4 shows the two-color MPI spectra of
Issociation threshold of the cluster cation. benzene-acetylene (1:1) via the;$% level by monitoring (a)
the first excitation step to avoid interference from the nearby parent (benzeneacetylene) and (b) fragment benzeheations.
transitions of bare benzene and higher clusters of benzene In the benzeneacetylene clusters, the rise of the fragment ion
ethylene. signal and the beginning of the plateau of the parent ion signal
Spectrum “a” shows the threshold of the two-color ioniza- coincide well with each other at 75 350 40 cnt*. The field
tion around 74400 cri in the total energy. However, because ionization correction is 135 20 cnmt in this measurement.
of the large structural difference of the cluster between the S Thus, the binding energy in the neutral ground state is evaluated
and cationic states, this would not be an indication of the to beDg(Sp) = 9304+ 60 cnit ( = 2.7 & 0.2 kcal/mol). This
adiabatic ionization potential. It is reasonable to consider that binding energy is twice as large as that in benzemethane,
the rise of the two-color ionization shows the vertical ionization and it clearly demonstrates the remarkable enhancement of the
energy. No clear step structure corresponding to a vibrational CH/z interaction of alkyne.
level of the cluster cation is seen in the spectrum, but the 3. Theoretical Calculations of the Interaction Energies and
spectrum shows a smooth slope structure, which is an ensembleComparison with Experimental Results.Calculated intermo-
of unresolved fine step-structures due to the intermolecular lecular interaction energies for the benzee¢hylene and
vibrations. benzene-acetylene clusters (Figure 5) are summarized in Table
When the total excitation energy of the cluster is beyond the 1. The basis set dependence of HF interaction energy is
dissociation threshold of the cluster cation, the resulting ion of negligible, whereas MP2 interaction energy depends strongly
the two-color ionization becomes the benzefragment. Then, on the basis set, as in the case of the benzemethane cluster.
in the two-color MPI spectrum by monitoring the benzéne The significant basis set dependence of the MP2 interaction
fragment ion (spectrum “b”), a rise is expected at the dissociation energy shows that an estimation of B@p2imiy iS necessary
threshold. The other spectral sign of the dissociation threshold for quantitative evaluation of the interaction energy. The
is a plateau above the threshold in the spectrum by monitoring estimatedEvp2gimiy Values of the benzeneethylene and benzene
the parent cluster cation (spectrum “a@”). The latter sign occurs acetylene clusters are2.82 and—3.50 kcal/mol, respectively.
because all the increase of the Fran€ondon allowed region ~ An augmentation of the bond functions proposed by Tao and
with the total excitation energy only contributes to the fragment Pan does not largely change the calculated interaction energy,
channel above the dissociation threshold. if large aug-cc-pVTZ and aug-cc-pVQZ basis sets are used.




Gas-Phase CH/Interactions in BenzeneX

Figure 5. Optimized structures of benzenethylene and benzene
acetylene clusters at the MP2/cc-pVTZ level.

TABLE 1: Calculated MP2 and CCSD(T) Interaction
Energies for the Benzene-Ethylene and Benzene-Acetylene
Clusters?

method GHG_C2H4 CeHe_Csz
HF/aug-cc-pVDZ 1.401 —0.072
HF/aug-cc-pVTZ 1.413 —0.104
HF/aug-cc-pvVQZ 1.412 —0.100
MP2/aug-cc-pVDZ —2.427 —2.900
MP2/aug-cc-pVTZ —2.744 —-3.313
MP2/aug-cc-pVQZ —2.790 —3.421
CCSD(T)/aug-cc-pVDZ —1.832 —2.279
Envp2(imiy” —2.823 —3.499
ACCSD(T)(limitf 0.658 0.747
Eccspmimity —2.165 —2.752
AZPE 0.431 0.366
Do (calcd) 1.734 2.386
Do (exptl) 14+0.2 27+£0.1

aEnergy in kcal/mol. BSSE was corrected by the counterpoise
method. Geometries are shown in Figure 5. See ¥MP2 interaction
energy at the basis set limBvp2(imiy Was estimated using Helgaker’s
method from the calculated MP2 interaction energies with the aug-cc-
pVTZ and aug-cc-pVQZ basis setSCCSD(T) correction termACCS-
D(T) = Eccspm — Ewmp2) at the basis set limit. See text and the
Supporting Informationd CCSD(T) interaction energy at the basis set
limit. Eccsomyimiy ( = Empagimiy + ACCSD(T)(limit)) corresponds to
—De. ® Change of vibrational zero-point energy by formation of cluster.
fBinding energy of cluster.0o = D — AZPE) 9 This work.

Detailed evaluations of bond functions are shown in the
Supporting Information.
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TABLE 2: Electrostatic and Dispersion Energies for CH/x
Clusterst

Etolalb Eesc Erepd Ecorre
benzene-methané —1.47 —0.19 1.21 —2.50
benzene-ethylene —-2.17 -0.38 1.80 —3.58
benzene-acetylene —2.75 -1.70 1.60 —2.65

aEnergy in kcal/mol. Geometries are shown in Figur& 6CSD(T)
interaction energy at the basis set limit. See telectrostatic energy.
See textd Repulsion energyHep = Ene — Ee9. Enr is HF/aug-cc-
pVQZ interaction energy. See textCorrelation interaction energy
( = Ewotal — Enr). Ecorr is mainly dispersion energy. See teiX&ee ref
20.

are 1.73 and 2.39 kcal/mol, respectively. They are close to the
experimentalD, values (1.44+ 0.2 and 2.7+ 0.2 kcal/mol,
respectively). The good agreement between the experimentally
determined and theoretical values proves the high quantitative
reliability of the present CCSD(T)(limit) level calculatiofis.

4. Electrostatic and Dispersion Energies.Electrostatic
energieskey in the benzeneethylene and benzen@acetylene
clusters are summarized in Table B is the estimated
Eccspmyimity: Ecorr IS the effect of electron correlation on the
calculated total interaction energy, which is the difference
between theE s and Exr. The Enr is the calculated HF level
interaction energy using the aug-cc-pVQZ basis set. The
dispersion interaction is the major contributorBgy. Erep (=
Enr — Ee9 is mainly exchangerepulsion energy, but it also
includes some other terms.

The largeEcor in the benzeneethylene cluster<{3.58 kcal/
mol) shows that dispersion is the major source of the attraction.
The electrostatic contributiorE{s = —0.38 kcal/mol) is very
small, which shows that the-&H bond of ethylene (SpC—H
bond) is not largely activated. These calculations demonstrate
that the interaction between a—@& bond of alkene and
m-electrons should be categorized into the typical £literac-
tion. This is consistent with the low-frequency shift of the-S
S transition of benzeneethylene, which is seen in Figure 1.

The Ecs in the benzeneacetylene cluster<{1.70 kcal/mol)
is considerably larger than those in the benzene clusters with
methane and ethylene. Although tBe, is still larger (more
negative) than th&gs both electrostatic and dispersion interac-
tions are important for the attraction in the benzeaeetylene
cluster. The large electrostatic contribution shows that th&éiC
bond of acetylene (sp-€H bond) is substantially activated, and

The MP2 method overestimates the attraction compared tothe intermolecular interaction is-hydrogen-bond-like. This is

CCSD(T), which shows that electron correlation beyond MP2
is important. The estimateccspm)gimiyy values for the clusters,
which correspond to—De, are —2.17 and—2.75 kcal/mol,
respectively. Estimated errors of tBecsp(r)qimit for the clusters
are 0.08 and 0.14 kcal/mol, respectively. MP2/cc-pVTZ level
optimized geometries were used for the estimation of the
Eccsomyqimit: The error of Eccspemimiy associated with an
inaccuracy of the optimized geometries is very small (probably
<0.04 kcal/mol). Errors of th&ccspryiimiyy for the benzene
ethylene and benzen@cetylene clusters associated with the
estimation are 0.04 and 0.10 kcal/mol, respectively. Detailed
discussions on the errors &ccspmamiy are shown in the
Supporting Information.

Calculated vibrational zero-point energies (ZPE) for the
benzene-ethylene and benzenacetylene clusters and isolated

also consistent with the spectroscopic signs in benzene
acetylene; the high-frequency shift of the-&, transition and
the low-frequency shift ofthe acetylenie-El stretch band?18:36-38
A previously reportedges value (—2.01 kcal/mol) from a HF/
6-311G** calculation is slightly larger than that obtained from
the MP2/cc-pVTZ calculation in this work owing to an
overestimation of the electrostatic energy by the HF metfod.
The nature of the “activated” €H/z interaction in the
benzene-acetylene cluster is completely different from that of
the “nonactivated” or “typical” C-H/x interaction in the
benzene-methane and benzenethylene clusters. In the acti-
vated C-H/x interaction in the benzereacetylene cluster, the
highly orientation-dependent electrostatic interaction contributes
to the attraction substantially. Therefore the @/ interaction
in the benzeneacetylene cluster would exhibit strong orienta-

benzene, ethylene, and acetylene are 95.916, 80.214, 63.19%on dependence, although the dependence would be smaller
32.287, and 16.649 kcal/mol, respectively. Changes of ZPEsthan that in conventional hydrogen bonds, where the electrostatic

by formation of the benzenresthylene and benzen@acetylene
clusters AZPE) are 0.431 and 0.366 kcal/mol, respectively.
Estimated binding energies for the clustdds & D. — AZPE)

interaction is mainly responsible for the attraction. On the other
hand, the electrostatic contribution to the attraction in the
“nonactivated” C-H/x interaction in the benzeremethane and
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benzene-ethylene clusters is very small, which suggests that o ) I‘suzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Fujii, Al.
) . . : wnp. Phys. Chem. 2006 110, 10163.
the. onenEatlon de_penden_ce Of. thilnteralctlon energy lO_f_ r;on (8) Jones, M., JrOrganic Chemistry 2nd ed.; W. W. Norton &
actlvatgd C—H(zt interactions in these clusters is negligible. company: New York, 2000.
The interaction energyEa) Of the benzeneacetylene (9) Philip, D.; Robinson, J. M. AJ. Chem. Soc. Perkin Trans.18§
cluster -2.75 kcal/mol) is about twice as large as that of the 1643.

- (10) Tsuzuki, S.; Honda, K.; Uchimaru, T.; Mikami, M.; Tanabe,X.
benzene-methane cluster<1.47 kcal/mol). The electrostatic ~ , “< .- S0@00Q 122, 3746.
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