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Abstract 

 The structure of a prototype CH⋯π system, benzene⋯acetylene, has been determined in 

the gas phase using Fourier-transform microwave spectroscopy.  The spectrum is consistent with 

an effective C6v structure with an H⋯π distance of 2.4921(1) Å.  The HCCH subunit likely tilts 

by ~5º from the benzene symmetry axis.  The dipole moment was determined to be 0.438(11) D 

from Stark effect measurements.  The observed intermolecular distance is longer than in similar 

benzene⋯HX complexes and than the distances observed in the benzene⋯HCCH cocrystal and 

predicted by many high level ab initio calculations; however, the experimentally estimated 

binding energy of 7.1(7) kJ mol–1 is similar to previously studied benzene⋯HX complexes.  

Several additional sets of transitions were observed in the rotational spectrum, likely 

corresponding to excited states arising from low energy intermolecular vibrational modes of the 

dimer.   

 

Introduction 

 The dimer between benzene (BZ) and acetylene (HCCH) is a prototype system for the 

study of weak CH⋯π interactions, where the π electrons are part of an aromatic system.  These 

interactions have been known for many years to be important in a wide range of chemical 

circumstances, and they were first noted as long ago as 1952, with Tamres’s calorimetric 

measurements in solutions of chloroform with aromatic compounds.1  Experimentally, most 

examples of aromatic CH⋯π interactions have been identified in crystal structures or by IR or 

NMR spectroscopy2, 3, 4 (although some gas phase studies are also available2, 3, 5-19) with the most 

often studied interactions involving an alkyl hydrogen atom oriented towards the center of an 

aromatic ring.20  Most spectroscopic investigations have not attained sufficient resolution to 
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obtain detailed structural information about the clusters,4-9, 12, 15, 19 although high resolution 

(rotational spectroscopy) studies of fluorobenzene⋯HCCH18, BZ⋯HCF3,
13, 14 and benzene 

dimer16, 17 are available.  These provide structural information on the isolated weak CH⋯π 

contact without the possible influence and constraints of crystal packing.  In addition to the BZ 

and fluorobenzene complexes listed above,13, 14, 16-19 aromatic XH⋯π contacts to benzene have 

been observed by gas phase rotational spectroscopy in the complexes of BZ with HBr,21 HCl,22 

HF,23 HCN,24 H2S,25 and H2O,26, 27 providing numerous examples of XH⋯π interactions with 

which CH⋯π interactions may be compared. 

BZ⋯HCCH provides an interesting intermediate step between typical CH⋯π interactions 

with an alkyl hydrogen atom and the stronger XH⋯π interactions that have been the primary 

focus of many previous microwave spectroscopic studies.21-27  The hydrogen atoms of HCCH are 

relatively acidic, with a pKa of ~25,28 so that the hydrogen atom of HCCH is activated compared 

with an alkyl hydrogen atom.  Thus, it is expected that the interaction between HCCH and BZ 

may be stronger than the interactions observed in typical (not activated) CH⋯π complexes.  This 

has been confirmed by Shibasaki, et al. using two-color multiphoton ionization spectroscopy, 

where it was shown that the binding energy of BZ⋯HCCH is significantly larger (D0 = 11(1) kJ 

mol–1)11 than that observed for BZ⋯CH4 (D0 = 4.5(2) kJ mol–1).10  (By way of comparison, 

fitting rotational spectroscopic data to an intermolecular potential gives D0 ≈ 4.7 kJ mol–1 for 

BZ⋯Ar,29 similar to the value for CH4.)  Binding energies of D0 ~ 6 – 22 kJ mol–1 have been 

observed for other activated CH donors such as chloroform and other haloalkanes.6, 20, 30  López 

used rotational spectroscopic results to estimate a binding energy for BZ⋯HCF3
13 of 8.4 kJ  

mol–1, within a few kJ mol–1 of Shibasaki’s value for BZ⋯HCCH.11, 20  The similarity of pKa 

values for HCCH and HCF3 might suggest that the two benzene complexes should be similar 
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energetically.28, 31  Tsuzuki20 also analyzed the nature of the noncovalent interactions in a series 

of benzene CH⋯π complexes and found that, while typical CH⋯π interactions are primarily 

driven by dispersion forces, activated CH⋯π interactions also have a significant electrostatic 

contribution.  Although dispersion is still the largest contributor to the interaction energy for the 

activated complexes, the increased electrostatic contribution relative to typical CH⋯π 

interactions leads to stronger and more directional CH⋯π contacts.  In addition, most CH⋯π 

interactions investigated by Tsuzuki displayed a small red-shift in the CH stretch frequency upon 

complexation, consistent with the expected low frequency shift upon formation of a, typically 

much stronger, hydrogen bonding interaction (and in contrast to “improper” CH⋯X interactions 

that typically exhibit a blue-shifted CH stretch).20
 

A large body of theoretical data consistently predicts that the most stable structure of 

BZ⋯HCCH will have HCCH aligned more or less along the C6 axis of BZ, with a possible small 

tilt of the HCCH axis away from the BZ symmetry axis.11, 30, 32-38   Estimates of the H⋯π distance 

range from 2.20 to 2.61 Å,35, 36 with high level CCSD(T)/aug-cc-pVTZ calculations predicting a 

distance of ~2.50 Å.35  Much recent theoretical work has focused on testing various density 

functional theory (DFT) methods for optimization and energy calculations of BZ⋯HCCH.34, 37, 39  

The best DFT results, as judged by comparison of interaction energies with estimated 

CCSD(T)/CBS calculations, have been obtained using the M05-2X, M06-2X and ωB97X-D 

functionals, with an M06-2X/6-311+G(d,p) calculation giving an H⋯π distance of 2.393 Å and a 

binding energy of 12.2 kJ mol–1.39  No previous gas-phase structure determinations exist; 

however, a BZ⋯HCCH cocrystal has been studied by X-ray diffraction.40  That study confirms 

the alignment of HCCH along the benzene C6 axis and gives an H⋯π distance of 2.447 Å at 123 

K (and 2.462 Å at 201 K),40 in reasonable agreement with the theoretical calculations.  The 
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crystal structure also indicates that HCCH likely tilts away from an axis connecting adjacent BZ 

molecules by ~15 – 24º.  Gas phase studies of BZ⋯HCCH utilizing UV spectroscopy have 

shown evidence of a second isomer for the dimer, consistent with a structure in which the HCCH 

axis is parallel to and above the BZ plane, aligned along a C–C bond of BZ, with the whole 

complex maintaining Cs symmetry;5 however, no evidence was found in the co-crystal or the 

present study for the formation of this second structure.  The only crystallographic evidence for a 

role reversal, with BZ acting as a proton donor to an acetylenic π acceptor, is of co-crystals of 

BZ with much larger substituted acetylenes in which the acidic acetylenic protons have been 

replaced by either trimethyl(silyl) groups or phenyl groups.41  Microwave spectroscopic studies 

also show that in BZ dimer the BZ acts as both CH donor and acceptor, with the dimer taking on 

a T-shaped configuration.16, 17 

In the present work we undertake a chirped-pulse Fourier-transform microwave (CP-

FTMW) spectroscopic study of the BZ⋯HCCH complex, in order to precisely determine the 

gas-phase structure of the dimer, as well as making new experimental estimates of the binding 

energy and intermolecular stretching frequency.  A predicted dipole moment of ~0.5 D indicates 

that the dimer is sufficiently polar to observe using the CP-FTMW spectrometer at the University 

of Virginia (UVa).42, 43  It is hoped that these results will provide fundamental information for 

comparison with future computational studies of this prototype for aromatic CH⋯π interactions, 

as well as increasing the body of experimental data on these very weakly bound species. 

 

Experimental 

 Chirped-pulse Fourier-transform microwave (CP-FTMW) spectroscopy was used to 

record the rotational spectrum of the BZ⋯HCCH weakly bound complex in the 6 – 20 GHz 
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range.  The spectrum was recorded using the CP-FTMW spectrometer at the University of 

Virginia (UVa).  The instrument has been described elsewhere, 42, 43 so only relevant 

experimental details are presented here.  The sample consisted of 0.1% BZ (Aldrich) and 0.2% 

HCCH (Praxair) diluted to about 1.7 atm total pressure with Ne.  Five nozzles were fired 

simultaneously, at a repetition rate of 3.3 Hz.  For each gas pulse, 8 free induction decays (FID) 

were recorded, each corresponding to excitation from a single 2 µs chirp broadcast into the 

vacuum chamber.  The final spectrum was an average of 520,000 FIDs, corresponding to a total 

recording time of ~4.5 hours.  In addition, a second broadband scan using a sample of C6H5D 

(99%, Aldrich; 400,000 FIDs; 3.0 atm) was recorded to allow analysis of the C6H5D⋯HCCH 

spectrum.  Finally, measurements of the two BZ⋯ H13C12CH isotopologues were recorded using 

an enriched sample (99.2% 13C, CDN Isotopes) with the resonant cavity FTMW spectrometer at 

Eastern Illinois University (EIU).44, 45  For measurements made using the resonant cavity 

instrument, the sample consisted of 0.5% each of BZ and H13C12CH diluted to a total pressure of 

~2.8 atm in He/Ne.  A single nozzle was aligned perpendicular to the direction of microwave 

propagation, with a nozzle repetition rate of 10 Hz, and one FID recorded per gas pulse.  The 

cavity FTMW instrument was also used to measure Stark effects, leading to a dipole moment 

determination for the BZ⋯HCCH complex.  For the Stark effect measurements, potentials of up 

to ±5 kV were applied to a pair of parallel steel mesh plates, separated by ~31 cm and straddling 

the Fabry-Perot cavity of the spectrometer.  The electric field was aligned parallel to the 

microwave antennas so only ∆M = 0 Stark effects would be observed.  The field was calibrated 

using the J = 1 ← 0 transition of OCS, assuming a dipole moment of 0.71519(3) D.46 
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 Ab initio optimizations were performed using Gaussian 0947 at the MP2/6-

311++G(2d,2p) level with the CALCALL and VERYTIGHT options, and constrained to C6v 

symmetry. 

 

Results and Discussion 

Ab Initio Calculations 

 Based on recent results for fluorobenzene⋯HCCH18 and for other benzene complexes,21-

24, 48 it was assumed that the structure of BZ⋯HCCH would have C6v or effective C6v symmetry, 

with the HCCH oriented perpendicular to the center of the aromatic ring.  An initial optimization 

at the MP2/6-311++G(2d,2p) level, assuming C6v symmetry, provided an initial estimate of the 

rotational constants of the dimer (Table 1) and predicted a dipole moment of about 0.48 D, which 

is sufficiently large that the rotational spectrum should be readily observed using the UVa CP-

FTMW spectrometer.     

 

Spectra 

The spectrum of a symmetric top with rotational constants consistent with ab initio 

predictions for BZ⋯HCCH was easily identified and assigned from the broadband scan (Figure 

1).  The observed intensities were consistent, at low K, with the expected 10:22:18:28:18:22:20 

intensity ratio (for K = 0 – 6) in a C6v symmetric top, with exchange of six equivalent hydrogen 

atoms;49 however, at higher K, intensities dropped off much more rapidly than expected, likely 

due to low population of the higher K levels in the cold molecular expansion.  The signal-to-

noise ratio (S/N) of the most abundant isotopologue (~400 – 500 for the strongest transitions) 

was sufficient that the 13C12C5H6⋯HCCH species was also observed and assigned from the 
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broadband scan (Figure 1, S/N ~20 – 30 for the strongest transitions).  The intensity of the 13C 

species was about 6% of the main isotopologue, consistent with all six benzene carbon atoms 

being equivalent in the dimer structure.  The 13C12C5H6 isotopologue spectrum was that of a very 

near prolate asymmetric top (κ = –0.9940), as expected when the symmetry of the parent species 

is broken by isotopic substitution.  In addition, a few transitions that appeared to be consistent 

with the two 12C6H6⋯H13C12CH isotopologues (1% abundance) were identified in the broadband 

scan.  These were confirmed and the assignment of these two additional 13C species was 

completed using an enriched H13C12CH sample and the resonant cavity FTMW spectrometer at 

EIU.  A second broadband scan performed at UVa using C6H5D led to assignment of the 

C6H5D⋯HCCH isotopologue.  The S/N of this scan was not sufficient to observe 13C 

substitutions on the benzene ring; since the deuterium breaks the symmetry of the parent species, 

the aromatic carbon atoms are no longer equivalent, leading to transitions too weak to observe.  

Unresolved splitting of the rotational transitions due to the quadrupolar deuterium nucleus leads 

to additional loss of intensity in these spectra.  Spectroscopic constants for all isotopologues are 

reported in Table 1, and fitted transition frequencies are given in Tables 2 and 3.  Asymmetric 

top isotopologues were fitted with an S-reduction Watson Hamiltonian in the Ir representation.50
 

In addition to the assigned spectrum, several sets of much weaker transitions were 

observed (Figure 1), falling to the low frequency side of the BZ⋯HCCH symmetric top lines.  

For each J + 1 ← J level of the ground state spectrum, three clusters, each consisting of ~3 – 5 

additional lines, spread over several megahertz, were observed (Table 4).  Although the splitting 

patterns do not match those of a ground state symmetric top, the center frequencies of each 

cluster scale with J similarly to the ground state transitions.  It is believed that these transitions 

belong to excited states of the low energy intermolecular vibrational modes of the dimer.  These 
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would originate from two doubly degenerate “bending” modes and a singly degenerate stretching 

mode, corresponding to the two rotational and three translational degrees of freedom of free 

HCCH.   Böning, et al
15 used dispersed fluorescence to determine intermolecular vibrational 

frequencies for BZ⋯HCCH of 62.4 cm–1, 94 cm–1 and 131.7 cm–1, for degenerate hindered 

rotation of HCCH relative to BZ, degenerate translation of HCCH relative to BZ, and non-

degenerate translation of HCCH perpendicular to BZ, respectively; however, their results did not 

agree well with harmonic frequency calculations.  In the present study, anharmonic frequency 

calculations aimed at aiding assignment and analysis of these excited state transitions have 

proven challenging.  A future publication will further explore the theoretical prediction and 

analysis of this spectrum, as well as including a more detailed analysis of the excited state 

transitions. 

 

Dipole moment 

 The dipole moment of BZ⋯HCCH was determined by fitting nineteen Stark shifted 

frequencies from four M components of three rotational transitions.  Kisiel’s QSTARK 

program51 allows fitting and prediction of mixed first and second order Stark shifts, although 

only second order shifts (for K = 0 and/or M = 0 transitions) were fitted, since first order Stark 

shifts were too fast to measure reliably using the EIU resonant cavity FTMW instrument.  The 

results are summarized in Table 5, with details of the fitted transitions provided as Electronic 

Supplementary Information.  The fitted dipole moment is 0.438(11) D, in reasonable agreement 

with the MP2/6-311++G(2d,2p) value of 0.48 D.  The minimal structural distortion of the two 

monomer subunits within the dimer in the MP2 calculation accounts only for ~0.02 D.  The 

remainder of the dimer dipole moment must therefore be due to monomer electronic charge 
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redistribution.  Further computational work exploring the dipoles induced in each monomer as 

they approach each other should yield insight into the charge rearrangement within the complex, 

although this is beyond the scope of the current work.  The ab initio optimization of BZ⋯HCCH 

also indicates that the negative end of the dipole lies towards the acetylene molecule, likely 

arising from polarization of the BZ π electrons towards the slight positive charge of the 

acetylenic hydrogen atom.  This is in agreement with the induced dipole observed in recent work 

on fluorobenzene⋯HCCH.18  The ability of the relatively acidic HCCH to polarize the BZ 

electrons is confirmed by noting that the dipole moments of BZ⋯Ar and BZ⋯Kr are 

considerably smaller (0.12(4) D52 and 0.136(2) D53, respectively), although the direction of these 

induced dipoles is not known.     

 

Structure 

 The structure of the BZ⋯HCCH dimer has been determined using both Kraitchman’s 

single substitution equations via the KRA program54, 55,  (assuming C6v symmetry), and with an 

inertial fit via the STRFITQ program.56  For the inertial fit, the structure was determined first 

assuming C6v symmetry, and then again by allowing the HCCH, BZ, or both to tip slightly away 

from the C6 axis of BZ (Figure 2).  The resulting structural parameters are summarized in Table 

6, and a comparison of principal axis coordinates from the different fits is shown in Table 7.  

Monomer structures were assumed to be unchanged from literature values and are given for 

reference in Table 8.57, 58  In all tabulated r0 structures, only Ib from the five isotopic species was 

fitted.  Fits that additionally included Ia for asymmetric top isotopologues, were also attempted, 

and these gave consistent structural parameters but had large uncertainties due to the poorly 

determined A rotational constants (Table 1).  Finally, assuming a C6v structure, it was also 
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possible to calculate the intermolecular distance using Ib from each isotopologue individually.  

Although not included in Table 6, these Rcm distances range from 4.1542 Å – 4.1548 Å, in 

excellent agreement with the least-squares fits.  Although the fit that allows both acetylene and 

benzene to tilt relative to the symmetry axis has the lowest standard deviation, that is also a fit of 

five moments of inertia to three structural parameters and, thus, is not as over-determined as the 

other structure fits that were attempted, possibly giving an artificially low uncertainty, and also 

showing indications that the fitted angles may not be totally independent.  In addition, the 

uncertainties in the fitted angles are of similar order of magnitude to the angles themselves.  The 

center-of-mass (Rcm) and H⋯π distances derived from the C6v structure and from the structure 

where both monomers are allowed to tip agree to within the experimental uncertainties; thus, the 

C6v structure will be used for comparison with other species (see below), since the observed 

spectrum was that of a symmetric top, indicating effective C6v symmetry.  This does not preclude 

the likelihood that the two subunits oscillate around the equilibrium structure with small nonzero 

angles; however, these angles are not accurately determinable from the experimental data.  The 

likely existence of low energy intermolecular vibrations is further confirmed by the multiple 

excited state spectra that have been observed (see Spectra section, above). 

 Kraitchman substitution coordinates (Table 7) were also obtained for the three unique 

carbon atoms (assuming a symmetric top) and one hydrogen atom on the benzene ring. These 

coordinates agree very well with the principal axis coordinates derived from the various inertial 

fits.  The rs intermolecular parameters are included in Table 6 for comparison with the r0 values.  

The substitution parameters are slightly smaller than the values from the inertial fit, consistent 

with the fact that substitution parameters typically lie between average and equilibrium values.59  

In addition, a tilt angle for HCCH may be derived by assuming that the monomer is unchanged 
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from the literature structure,57 and that the C-C distance derived from the rs coordinates is 

actually a projection of the C≡C bond onto the a-axis.  This gives a tilt (θ, Figure 2) of about 4.9º 

from an axis connecting the centers of mass of the two monomers.  For benzene, the tilt of the 

benzene plane away from a line perpendicular to the axis connecting the centers of mass of the 

two monomers may be estimated from the difference in hydrogen and carbon rs a-coordinates, 

again with the assumption that the monomer structure is unchanged from the literature value.58  

This gives an angle (ϕ, Figure 2) of about 1.3º.  Both of these results are in reasonable agreement 

with inertial fits, which indicate an acetylene tilt of 5 – 7º and a benzene tilt of less than 1º (Table 

6).     

 Finally, the BZ monomer structure and the C≡C distance of HCCH monomer may be 

calculated from the rs coordinates.  This gives an HCCH C≡C distance of 1.1986(7) Å, BZ C��C 

distance of 1.4043(12) Å, and BZ C–H distance of 1.0853(12) Å.  These are all in reasonable 

agreement with literature values (Table 8). 

 

Binding Energy and Comparison with Related Species 

 The intermolecular stretching force constant and the binding energy of the dimer may be 

estimated assuming a pseudo-diatomic approximation and a Lennard-Jones potential, as shown 

in equations (1) and (2).60, 61  Although the absolute values of these binding energies may differ 

by several kJ mol–1 from experimental values determined by other methods, comparisons to 

values for related complexes determined using a similar approach should reasonably well 

reproduce trends in binding energy.   

( ) [ ]
J

cm

s
hD

BR
k

424 816 µπ
=

     (1) 
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                                                             (2)
 

These give ks = 4.9(5) N m–1 and EB = 7.1(7) kJ mol–1.  This binding energy is in the middle of 

the range (~6 – 9 kJ mol–1) observed for other benzene complexes having effective C6v symmetry 

and XH⋯π interactions (see Table 9), although the force constant is significantly smaller than 

observed for those complexes.  In addition, the majority of previously studied benzene 

complexes (with more acidic partners) have XH⋯π distances of ~2.35 – 2.38 Å,13, 14, 21-24 while 

the observed distance for BZ⋯HCCH is significantly longer, at 2.4921(1) Å.  The pKa values of 

HCCH (pKa = 25)28 and HCF3 (pKa = 25.5)31 are nearly identical; hence, the closest comparison 

should be made between these two prototypical activated CH⋯π complexes.  Again, it is 

interesting to note that EB is similar for the two systems (7.1(7) kJ mol–1 for BZ⋯HCCH vs. 8.4 

kJ mol–1 for BZ⋯HCF3), but the CH⋯π distance is significantly longer in the HCCH complex 

(2.4921(1) Å in BZ⋯HCCH vs. 2.366(2) Å in BZ⋯HCF3).  This lengthening is consistent with 

the smaller force constant also observed for BZ⋯HCCH.  It is possible that the increased length 

in BZ⋯HCCH is due to the different nature of the electrostatic interactions in that complex, 

which must be driven by quadrupole-quadrupole interactions between BZ and HCCH, while in 

BZ⋯HCF3 existence of dipole-quadrupole interactions may draw the two monomers closer 

together.  The balance between smaller ks and larger Rcm in BZ⋯HCCH leads to the similar 

estimates of binding energy for the two dimers.  A separate study by Shibasaki, et al.11 gave a 

slightly higher binding energy of 11.3(8) kJ mol–1 for BZ⋯HCCH; however, this is not directly 

comparable to the estimate made in the current work, due to the different approximations 

required for the present result.  Calculations by Tsuzuki give an interaction energy for 

BZ⋯HCCH that is about 68% of the value for BZ⋯HCF3, roughly consistent with the present 
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experimental results.62  Tsuzuki’s value is broken down into electrostatic, repulsive and 

dispersion terms which indicate that, although the electrostatic interaction is similar in the two 

complexes, the dispersion interaction is significantly stronger in the HCF3 complex, consistent 

with the fact that HCF3 is considerably more electron rich than HCCH.62  This could be a cause 

both for the shorter CH⋯π distance and the higher binding energy of BZ⋯HCF3. 

 Finally, comparison may also be made between BZ⋯HCCH and 

fluorobenzene⋯HCCH.18  In the latter complex, the force constant (ks = 2.8(6) N m–1) and 

binding energy (4.1(8) kJ mol–1) are both significantly smaller than in BZ⋯HCCH.  This is 

likely due to the electrostatic effects of ring fluorination, as discussed in ref. 18.  On the other 

hand, the observed CH⋯π distance is nearly identical in the two complexes.  This again points to 

the intermolecular distance being determined by the fact that the binding partner with the 

aromatic molecule is nonpolar, and is also consistent with the similar observed distance in BZ 

dimer.16, 17  It would be interesting to pursue investigations of difluorobenzenes with HCCH to 

further evaluate the effects of ring fluorination on CH⋯π interactions, and experimental and 

theoretical studies of o-difluorobenzene⋯HCCH are currently in progress.63 

 

Conclusions 

 High resolution FTMW spectroscopy experiments have confirmed that the prototype 

CH⋯π complex BZ⋯HCCH has effective C6v symmetry, with the HCCH axis lying nearly 

perpendicular to the plane of the aromatic ring.  This complex provides an example of an 

activated CH⋯π interaction, similar to that observed by López in BZ⋯HCF3 (where the two 

proton donors have similar acidities).  The acidic nature of acetylene is indicated by the 

relatively large induced dipole in BZ⋯HCCH of 0.438(11) D.  Both r0 and rs structure 
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determinations suggest that at equilibrium there is likely a tilt of about 5º of the HCCH axis away 

from the BZ C6 axis, although the large uncertainty in this angle prevents its accurate 

determination.  This is consistent with previously observed structures of other complexes of BZ 

with strong and weak acids (HX, with X = F,23 Cl,22 Br,21 CN,24 CF3
13, 14) and linear molecules 

(such as OCS48).   

The observed binding energy for BZ⋯HCCH is similar to those determined by the same 

method for other BZ⋯HX complexes; however, the H⋯π distance is significantly longer than for 

any of the previously studied species.  In addition, the observed H⋯π distance is longer than the 

BZ⋯HCCH cocrystal.40  The differences could partially be a result of low frequency vibrational 

motions within the gas phase complex, leading to the observation of an average structure.  In 

addition, the crystal packing is likely to constrain the structure somewhat.  Evidence of structural 

averaging comes from the observation of a symmetric top spectrum despite the fact that the 

observed rotational constants are more consistent with a structure in which HCCH tilts slightly 

away from the symmetry axis of BZ.  Also, observation of three additional sets of weaker 

transitions, corresponding to slightly smaller rotational constants, but following roughly a 

symmetric top or near symmetric top spacing between adjacent J values, appears to be consistent 

with low energy intermolecular vibrational modes of the dimer.  These unique excited state 

spectra will be analyzed in detail in a future publication. 

 

Acknowledgements 

 This research was supported by the National Science Foundation, RUI grant CHE-

1214070 (EIU) and MRI-R2 grant CHE-0960074 (UVa). 

 

Page 15 of 30 Physical Chemistry Chemical Physics



3/20/2014 10:13:21 AM 

16 

 

Tables 

Table 1. Experimental and ab initio spectroscopic constants for BZ⋯HCCH, including the four isotopically substituted species. 
 Ab Initio a C6H6⋯HCCH C6H6⋯H13C12CH b C6H6⋯H12C13CH c 13C12C5H6⋯HCCH C6H5D⋯HCCH 

A / MHz 2846 – – – 2837(13) 2764.1(7) 

B / MHz 1199 1148.89656(25) 1132.7251(4) 1114.2052(3) 1146.1883(4) 1146.2664(3) 

C / MHz 1199 – – – 1141.1364(4) 1130.4918(3) 

DJ / kHz – 1.207(3) 1.200(7) 1.151(6) 1.194(5) 1.179(3) 

DJK / kHz – 19.977(11) 19.36(4) 19.36(3) 19.81(4) 19.347(12) 

RMS / kHz d – 2.2 1.8 1.4 3.7 6.0 

N
 e – 22 13 15 21 25 

a For the parent species. 
b 13C closest to the benzene ring. 
c 13C furthest from the benzene ring. 

d RMS = �∑�	
��	�����
�

� �
�
�
 

e 
N = number of transitions in fit. 
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Table 2.  Fitted transition frequencies for the normal and symmetric top isotopologues of 
BZ⋯HCCH.  All frequencies are in MHz. 

    “Normal” C6H6⋯H13C12CH a C6H6⋯H12C13CH b 

J' K' J" K" νobserved ∆ν
 c 

νobserved ∆ν
 

νobserved ∆ν
 

3 2 2 2 6892.7673 -0.0022 – – 6684.6391 -0.0032 

3 1 2 1 6893.1278 -0.0013 6796.1074 0.0023 6684.9912 0.0004 

3 0 2 0 – – 6796.2209 -0.0004 6685.1088 0.0019 

4 3 3 3 9189.4248 -0.0004 9060.0970 -0.0034 8911.9522 -0.0008 

4 2 3 2 9190.2261 0.0018 9060.8764 0.0018 8912.7296 0.0022 

4 1 3 1 9190.7057 0.0020 9061.3389 -0.0002 8913.1923 0.0002 

4 0 3 0 9190.8614 -0.0022 9061.4936 -0.0004 8913.3461 -0.0009 

5 4 4 4 11485.1672 0.0013 – – – – 

5 3 4 3 11486.5656 0.0013 11324.9096 0.0000 11139.7325 -0.0015 

5 2 4 2 11487.5649 0.0017 11325.8792 0.0019 11140.7026 0.0006 

5 1 4 1 11488.1638 0.0013 11326.4573 -0.0007 11141.2834 0.0006 

5 0 4 0 11488.3628 0.0005 11326.6508 -0.0007 11141.4768 0.0004 

6 5 5 5 13779.7179 -0.0052 – – – – 

6 4 5 4 13781.8821 0.0015 – – – – 

6 3 5 3 13783.5568 -0.0018 – – 13367.3779 0.0011 

6 2 5 2 13784.7565 -0.0008 13590.7379 0.0019 13368.5391 0.0007 

6 1 5 1 13785.4767 0.0002 13591.4343 0.0015 13369.2356 0.0002 

6 0 5 0 13785.7163 0.0001 13591.6619 -0.0032 13369.4656 -0.0022 

7 4 6 4 16078.4250 0.0035 – – – – 

7 3 6 3 16080.3835 0.0043 – – – – 
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7 2 6 2 16081.7742 -0.0034 – – – – 

7 1 6 1 16082.6154 -0.0012 – – – – 

7 0 6 0 16082.8947 -0.0016 – – – – 

a 13C closest to the benzene ring. 
b13C furthest from the benzene ring. 
c Observed minus calculated transition frequency. 
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Table 3.  Fitted transition frequencies for asymmetric top isotopologues of BZ⋯HCCH.  All 
frequencies are in MHz. 

      
13C12C5H6⋯HCCH C6H5D⋯HCCH 

J' Ka' Kc' J" Ka" Kc" νobserved ∆ν
 a 

νobserved ∆ν
 

3 1 3 2 1 2 6854.1393 -0.0023 6806.2903 -0.0073 

3 0 3 2 0 2 6861.7986 -0.0015 6829.6897 0.0019 

3 1 2 2 1 1 6869.2979 0.0007 6853.6249 0.0041 

4 1 4 3 1 3 9138.7070 -0.0016 9074.7912 -0.0074 

4 3 1 3 3 0 9147.5966 0.0068 – – 

4 2 3 3 2 2 9148.3513 0.0007 9106.0193 -0.0029 

4 2 2 3 2 1 9148.4701 0.0064 9107.1700 -0.0001 

4 0 4 3 0 3 9148.8783 -0.0019 9105.5801 -0.0026 

4 1 3 3 1 2 9158.9136 -0.0022 9137.8993 0.0056 

5 1 5 4 1 4 11423.1479 -0.0018 11343.0693 -0.0048 

5 4 1 4 4 0 – – 11380.3648 0.0041 

5 3 2 4 3 1 11434.2786 -0.0045 – – 

5 2 4 4 2 3 11435.2152 0.0060 11382.1725 0.0006 

5 2 3 4 2 2 11435.4339 -0.0016 11384.4662 -0.0007 

5 0 5 4 0 4 11435.7961 -0.0044 11380.9074 0.0015 

5 1 4 4 1 3 11448.4077 -0.0009 11421.9426 0.0067 

6 1 6 5 1 5 13707.4388 0.0052 13611.0676 -0.0019 

6 5 1 5 5 0 – – 13654.0081 -0.0048 

6 4 2 5 4 1 – – 13656.2090 0.0032 

6 3 3 5 3 2 13720.8352 -0.0052 – – 
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6 2 5 5 2 4 13721.9194 0.0042 – – 

6 2 4 5 2 3 13722.3078 -0.0034 13662.0961 -0.0018 

6 0 6 5 0 5 13722.5190 -0.0020 13655.5180 0.0019 

6 1 5 5 1 4 13737.7472 0.0034 13705.6943 0.0066 

7 1 7 6 1 6 – – 15878.7439 0.0122 

7 0 7 6 0 6 – – 15929.2680 -0.0066 

7 2 6 6 2 5 – – 15933.7219 0.0101 

7 2 5 6 2 4 – – 15940.1223 -0.0035 

7 1 6 6 1 5 – – 15989.0723 -0.0155 

a Observed minus calculated transition frequency. 

 

 

Table 4.  Approximate frequencies for excited state transitions of BZ⋯HCCH (MHz).  
Tabulated frequencies correspond to the approximate center of each group of lines.  See Figure 1 
for an example of the full J = 4 ← 3 region of the spectrum. 

J' ← J" Ground State 

(K = 0) 

Excited State 1 Excited State 2 Excited State 3 

3 ← 2 6893.3 6599 6437 6273 

4 ← 3 9190.9 8809 8577 8367 

5 ← 4 11488.3 11012 10712 10451 

6 ← 5 13785.8 13214 12840 12534 

7 ← 6 16083.0 15412 14961 14616 
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Table 5.  Stark effect data for BZ⋯HCCH.a   
JK' ← JK" |M| Number of 

electric fields 

30 ← 20 1 6 

 2 3 

31 ← 21 0 6 

40 ← 30 3 4 

 RMS: 5.8 kHz 

 µ: 0.438(11) D 

a The full list of measured transition frequencies for the Stark effects at each electric field value 
is available as Electronic Supplementary Information. 
 

 

 

 

Table 6.  Derived and fitted structural parameters for BZ⋯HCCH, allowing different 
combinations of parameters to vary (see Figure 2 for angle definitions).  For r0 structures, Ib only 
was fitted from all five isotopologues.  See text for discussion. 
 r0 (Rcm) a 

r0 (Rcm, θ) r0 (Rcm, ϕ) r0 (Rcm, θ, ϕ) rs Ab Initio b 

Rcm / Å 4.1546(1) 4.1560(8) 4.1547(1) 4.1554(5) 4.1320(15) 4.0387 

θ / º – 7.4(2.2) – 5.6(1.9) –  

ϕ / º – – 1.0(4) 0.8(2) –  

RCH⋯π / Å
 c 2.4921(1) 2.5073(14) 2.4922(1) 2.5008(89) 2.4717(7) d 2.3694 

σ / u Å2 e 0.038 0.025 0.017 0.015 –  

a Assuming C6v symmetry.  
b MP2/6-311++G(2d,2p). 
c Perpendicular distance from H atom to the benzene plane (derived from fitted parameters Rcm, 
θ, and ϕ).  
d Derived assuming acetylenic C–H distance equal to literature value of 1.061 Å. 
e Standard deviation of fitted moments of inertia. 
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Table 7.  Principal axis coordinates (Å) for rs structure, as well as r0 structures either constrained 
to C6v symmetry, or allowing both θ and ϕ to vary (see Figure 2 for angle definitions).a  Ab initio 
principal axis coordinates (re) are included for comparison.  Full sets of principal axis 
coordinates for the re and all r0 structures are available as Electronic Supplementary Information. 

C nearest to BZ a-coordinate b-coordinate 

|rs|   2.5138(6) 0 

r0 (C6v) –2.5144 0 

r0 (angles varied, Cs) –2.5179 –0.0596 

re (C6v) –2.4225 0 

C farthest from BZ   

|rs|   3.7124(4) 0 

r0 (C6v) –3.7174 0 

r0 (angles varied, Cs) –3.7152 0.0575 

re (C6v) –3.6352 0 

C on BZ   

|rs| 1.0189(15) 1.4043(11) 

r0 (C6v) 1.0386 ±1.3969 

r0 (angles varied, Cs)
 b 1.0190, 1.0587 –1.3963, 1.3971 

re (C6v) 1.0099 ±1.3967 

H on BZ   

|rs| 0.9945(15) 2.4893(6) 

r0 (C6v) 1.0386 ±2.4784 

r0 (angles varied, Cs)
 b 1.0036, 1.0741 –2.4777, 2.4785 

re (C6v) 1.0059 ±2.4775 

a Reported uncertainties in rs coordinates are the Costain errors, as implemented in the KRA 
program.54, 55  Based on observed uncertainties in the structural parameters reported in Table 6, 
maximum uncertainties in r0 coordinates are estimated to be ±0.0002 Å for the C6v structure and 
±0.010 Å for the structure where angles were varied. 
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b When HCCH and BZ are allowed to tip away from the BZ C6 axis, the BZ carbon and hydrogen 
atoms lying along the positive and negative b-axis are no longer equivalent; thus, the first set of 
coordinates given corresponds to the BZ carbon atom nearest to the HCCH H atom, and the 
second set of coordinates corresponds to the BZ carbon atom that is tipped away from HCCH.  
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Table 8.  Literature structures for HCCH57 and BZ58 monomers. 
 HCCH BZ 

RC–C / Å 1.203 1.3969 

RC–H / Å 1.061 1.0815 

 
 
 
Table 9.  Force constants and binding energies for XH⋯π benzene complexes. 

 ks / N m–1 a 
EB / kJ mol–1 a H⋯π distance / Å b 

BZ⋯HF23 7.3 6.0 2.25(2) 

BZ⋯HCl22 8.0 8.6 2.35(2) 

BZ⋯HBr21 7.65 9.1 2.36(2) 

BZ⋯HCF3
13, 14

 6.8 8.4 2.366(2) 

BZ⋯HCN24 6.6 8.9 2.38(2) 

BZ⋯HCCH c 4.9(5) 7.1(7) 2.4921(1) 

a 
ks and EB values based on approximations, as described in eqn. (1) and (2) in the text. 

b Perpendicular distance from the H atom to the ring plane. 
c This work. 
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Figure Captions 

Figure 1. The J = 4 ← 3 region of the broadband spectrum of BZ⋯HCCH.  The ground state 

(red) corresponds to the transitions around 9190 MHz, the 13CC5H6 isotopologue (green) is 

around 9150 MHz, and the remaining three clusters of lines to lower frequency (blue) are excited 

states. 

Figure 2.  Structural definition for BZ⋯HCCH.  The average structure has C6v symmetry – see 

text. 
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Figures 

Figure 1.  
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Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Graphical Table of Contents Entry 

The benzene⋯acetylene dimer is a symmetric top with µ = 0.438(11) D and H⋯π = 2.4921(1) Å. 
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