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The ultraviolet and infrared spectra of theHg—(C4H2), complexes witin = 1 and 2 have been formed and
studied in a supersonic expansion using resonant two-photon ionization (R2PI), resonant ion-dip infrared
spectroscopy (RIDIRS), and HUV hole-burning spectroscopy. A T-shaped structure is deduced for the
complex, with the GH, centered, end on, over the benzene ring. ThiHe - H-bond shifts the frequency

of the vibronic transitions of gHs by 161 cni! to the blue. The acetylenic CH stretch fundamental g¢.C

is localized and split by formation of the H-bond. The H-bonded CH stretch fundamental is lowered in
frequency by about 40 cm, increased in intensity by more than a factor of 2, and split by a Fermi resonance
that is turned on by the complexation. TheHg—(C4H). complex has a structure that makes the-S

origin transition weakly allowed and possesses an infrared spectrum that has acetylenic CH stretch absorptions
due to free CH, aromatig-bound CH, and a more weakhrbound CH. Its structure is tentatively assigned

as a cyclic, “pinwheel” structure.

I. Introduction unprecedented detail and with much greater sensitivity than

This article describes the infrared and ultraviolet spectroscopy remote observ_at|ons havg ?‘”OWed to qFétWhlle many of the .
reactions leading to the visible-absorbing haze are gas phase, it

of the GHg—CaH, complex, formed and studied in @ super- - Hi T o1 Minar hotochemistry in aerosols may play an

sonic expansion. There are several motivations for this work. . Y P oty y play

First, GHy-containing clusters bear some relevance for the important role. The photochemistry Of_ gas-phase clusters can

cold atmosphere of Titany(70 K), one of the moons of Saturn. serve as models forl thﬁ aerosql rgacuofns.

One of the intriguing, unsolved mysteries of Titan’s atmosphere Second, structura characterization 0 thg_!-lg:—C4H2 com-

is the molecular source of the visible absorbing haze that plex reported herein can serve as a foundation for future studies
i r #half el . 12 18

enshrouds the modr? Larger conjugated hydrocarbons formed O_f the complex’s _half collision reéctlon dynamié&.i® The

from the photochemical reactions of diacetylene are one likely Pimolecular reaction between &;* and benzene can be

possibility, motivating recent studies of the photochemical compared with a”a'OQOUS .photochemls.try '_n't,'a.t?d within the

reactions of GH, with various hydrocarbons known to be C6H6—C4H2.complex,'|n which the reacﬂon is initiated out of

present in Titan's atmosphetel® The photochemical reactions (e Well-defined starting geometry determined by the complex,

of diacetylene occur out of long-lived triplet states following '€MOving averaging over approach geometries inherent to full-

efficient intersystem crossing from the singlet vibronic levels collision stl.Jdies.. The study. of photochemical .reactions in
accessed by ultraviolet photoexcitatibnSuch studies have ~ cOmMPplexes is typically complicated by uncertainties about the

recently identified the aromatic benzene as a dominant primary St3rting COanOS't'O_n or structlf)re hqf éhe gok;nplhex, since s_pecl}
product in the reaction of {l* with 1.3-butadiend, and  WOSCOPIC characterization can be hindered by the reaction itself.

; However, in the @Hg—C4H, complex, both molecules are UV
phenylacetylene (§sC,H) and phenyldiacetylene 8sCsH) e .
as the dominant primary products in the reaction g with chromophores. One anticipates that thestate of benzene will
benzené: be photochemically unreactive towardsH;. As a result,

structural characterization of thelds—C4H, complex can be
carried out using the (5 S; transition of GHg as a probe,
H,* s — ) . sition ¢
CHY + N t G, M employing resonant two-photon ionization (R2PI) and resonant
ion-dip infrared (RIDIR) spectroscopié$2° The ultraviolet

CH* + @ { Y=-=n + cn, absorptions that form reactive 8, —CgHs could then be
= @ probed and identified using UVUV hole-burning methods with
</ \> = —H +H an unreactive gHg*—C4H, absorption as probe transition,

followed by studies of the photochemical products so formed
once the wavelengths of the.ld* —CgsHs absorptions are
known.
The present report provides the spectroscopic foundation for
*To whom correspondence should be addressed. E-mail: zwier@ such photochemical studies. The combined infrared and ultra-
purdue.edu. violet data lead to a firm assignment of the complex tGsa

T Present address: Department of Chemistry, Johns Hopkins University, ; ; ; ; ;
Baltimore, MD 21218, symmetry structure in which 41, lies on the sixfold axis of

*Present address: Chemir Analytical Services, 2672 Metro Blvd., benz_ene, with one of its CH groups pointing toward the ring,
Maryland Heights, MO 63043. forming a CH hydrogen bond with the cloud of benzene.
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Such aromatics are likely candidates for detection by the
Huygens probe, which will investigate Titan’s atmosphere in
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This structure for the complex, then, provides its own without and one with the IR present. This differential ion signal
motivation for this work. There has been long-standing interest is averaged in the boxcar integrator and recorded by a data
in the notion that CH groups can form weak hydrogen bonds acquisition computer.
with electronegative accepting groups, typically oxygen or
nitrogen?1-22 Among the types of CH hydrogen bonds noted in || calculations
such studies are-€H---7 hydrogen bonds involving aromatic
acceptors. This doubly unconventional hydrogen bond has Possible structures for thegks—CsH, and GHg—(CsH2)2
structural support from the analysis of X-ray crystallographic complexes were tested by carrying out full geometry optimiza-
database&d22but lacks a corresponding spectroscopic founda- tions using Gaussian®Bfor a range of starting geometries
tion. The unusual polarity of the acetylenic CH bond makes it chosen to explore various types of cluster structures. Density
capable of forming some of the strongest CH hydrogen bonds, functional theory (DFT) calculations using the Becke3LYP
and G=C—H:---X hydrogen bonds do possess CH stretch functionaP® and a 6-3%G* basis sett were used as initial
fundamentals that are both shifted to lower frequency and calculations that explored the various possible stable structures
increased in intensity, as is common for traditional XA in an efficient manner. The recent extensive calculations of the
hydrogen bond$® By spectroscopically characterizing the closely analogous gEls—C,H, complex by Tsuzuki et &8 show
CeHs—C4H2 complex, both in the ultraviolet and infrared, we  that DFT calculations do not provide a quantitatively accurate
are afforded a clear view of the spectroscopic consequences ofgescription of the intermolecular binding in cases such as this,
C—H:---z hydrogen bonding in the isolated complex. where dispersive interactions contribute substantially to the total

Finally, the GHe—(C4H2)n clusters are close analogues of binding energy. As a result, the DFT calculations were followed
the GHs—(C2H2)n clusters that have been studied previously by MP2 calculations using the correlation-consistent polarized
in the ultraviolet*2°> Comparison of the two suggests a close double¢ (cc-pVDZ) basis set developed by Dunning and co-

similarity between their structures. worker$233 to obtain optimized structures, energies, and, for
the 1:1 complexes, harmonic vibrational frequencies and zero-
Il. Experimental Section point energy (ZPE) corrections. Computational limitations

. . é)recluded calculation of MP2 frequencies for the 1:2 clusters,
The experimental apparatus used for these experiments ha - i
So DFT results were used. Binding energies for the complexes

been described in detail elsewhefeThe following is a brief were corrected for basis set superposition error (BSSE) usin
description. Gas samples of diacetylene were synthesized in our, perp 9

laboratory following the method of Armitade which is the count'erpoise methéﬂProper scaling .Of the MP2 harmonic
described in detail by Ram@&Pure GH, was collected and frequenqes for Fermi resonance analys_ls was accomplished by
diluted to a 5-7% mixture in helium and storedhia 3 L gas p_erformmg the same level of calcula_ltlon on acetylene_ and
tank or lecture bottle. For studies of theHG—(CaHa)n clusters, dlacetyle_ne and scaling those fre_quenmes to match experimental
gas-phase benzenaM/He mixtures were made up in a gas data. Th|s procedure resu[ted in a scale factor of .0.953 for
manifold and used immediately. Typical gas mixtures o6% acetylenic CH stretches, while a!l other types of vibrations were
benzene and 3% diacetylene in helium at a total pressure of 2Ieft unscaled. The DFT frequencies reported for the 1:2 complex
bar were used. Both ¢ls and GDs-containing clusters were were scaled by 0.957, chosen so the calculated fred 6tretch

studied. Complexes were formed in the supersonic expansionn the 1:1 complex matched experimental data.

produced by a pulsed valve (Jordan, @0 diameter) operating

at 10 Hz. Resonant two-photon ionization spectroscopy is carried!V. Results and Structural Analysis

out using time-of-flight mass analysis. One-color, resonant two- ) .

photon ionization of the clusters is accomplished using either _ A R2P1 Spectroscopy Figure 1a and 1b present overview

the $—S; transition of benzene or theySS; transition of GH, R2PI spectra of the region near the origin and ?0_81

in the complex. The frequency-doubled output of a Nd:YAG (ransitions of benzene, monitoring the ¢f&6—CaH2]" and

pumped, tunable dye laser (ScanMate Ile, Lambda Physik) is _[Cel—_|5]+ mass chan_nels, respectively. _The most intense transition

used for this purpose. Typical pulse energies of-@5 mJ/ in Figure 1a is assigned to thé#ransition of the @Hs—CaH,

pulse are used either unfocused or weakly focused with a 50-COMPplex, occurring 161 cnt above the corresponding's

cm lens placed 30 cm from the ion source region. transition of GHs monomer_(_Flgu_re 1b), \_/vhlch is the_ dominant,
Size-selected infrared spectra ofFG—(CaH2), clusters are V|bron|cally_ allowed trgnsnmn in €Hs in this region. The

recorded using resonant ion-dip infrared spectros@dihe corresponding % transition of the @Ds—CyH, complex is

ground-state population of a given cluster is monitored by fixing shifted another1181. cm to the blue, an amount nearly identical

the wavelength of the ultraviolet laser to the vibronic transition 0 the 180 cm* shift of the 8o transition of GDg monomer

of interest in the R2PI spectrum and gating on the ion signal "elative to GHs monomer (38611 cnt).* This indicates that

due to the cluster size of interest. An infrared beam, produced SOMPplexation of GH, to benzene produces little differential

by a Nd:YAG-pumped infrared parametric converter (Laser- Z€ro-point energy shift upon electronic excitation.

Vision), is spatially overlapped with the UV beam in the ion ~ The electronic frequency shift of benzene’ @ransition

source region of the TOFMS and precedes the UV pulse by induced by GH> (+161 cn1?) is notable both for its magnitude

about 200 ns. When the infrared wavelength is resonant with and sign. As summarized in Table 1, numerous past studies of

an infrared transition due to the cluster whose ion signal is being CéHg***X complexes have noted that molecules that hydrogen

monitored, infrared absorption will remove population from the bond to benzene’s cloud (e.g., HCI, HO, CH;OH, HCCk)

ground state, producing a depletion in the neutral ground-stateproduce a blueshift in benzene’s-S5, transition, while those

population that is reflected in a decrease in the ion signal that interact with benzene via dispersive interactions (e.g.,

produced by the UV source. Operation of the IR source at 5 benzene, CG) typically produce a redshiff By such a

Hz and the UV source at 10 Hz allows data to be collected in measure, ¢H, appears to be forming a hydrogen bond with

active baseline subtraction mode. This mode records thebenzene. Furthermore, the frequency shift is substantially larger

difference in ion signal between successive UV laser shots, onethan that of many good hydrogen-bond donors, including all
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Figure 1. One-color resonant two-photon ionization spectra monitoring
the (a, c) (GHs—CsH2)™, (b) GHe", and (d) GH,™ mass channels,

Ramos et al.

in [CsHe—C4H2]* because of loss of a singleyid; molecule
from the cluster following photoionization. The transitions
assigned to the gElg—(C4Hy)2 cluster (hereafter the 1:2 cluster)
are strikingly similar to the corresponding bands in
CsHe—(C2H2)2,2* which also appear in the 1:1 mass channel
slightly redshifted from the bands due to the 1:1 complex.
Further evidence for the assignment will come from the infrared
spectroscopy and HRRUV hole-burning spectroscopy (Section
IV.B, C).

The overview R2PI scan of Figure 1a also encompasses the
So—S1 origin region. Because thE(*A19)—A(*By,) transition
of benzene monomer is dipole-forbidden, it gains intensity by
vibronic coupling to the strongly allowed,; fstate of benzene
via vibrations of g; symmetry.vg is an gq vibration, and the
6% band forms a false origin 521 crh above the dipole-
forbidden @ transition at 38 090 cri. Symmetry arguments
show that complexation of a molecule X will produce a weakly
allowed origin transition if the sixfold symmetry of benzene is
reduced to lower than threefold symmetric in theHg—X
complex3® Arguments of this type have been used in the past
to constrain the geometries of several benzene-containing
complexes? In all cases studied to date, tg excited-state
frequency (521 cmt) is unchanged by complexation, because
the complexed molecule typically sits in an out-of-plane position
where it does not perturb the vibration, an in-plane deforma-

respectively. The scans of the complex used the room-temperature vapotion of the aromatic ring. An arrow in Figure la indicates the

pressure of benzene and a 3%gin helium gas mixture at a backing
pressure of 2 bar, expanded through an 860nozzle. (a, b) The’s
transition of the @Hs—C4H, complex, marked with an asterisk, is
shifted+161 cn1? relative to the corresponding transition in theHe
monomer. The transition tentatively assigned as therénsition of
CeHe—(C4H2)2 is marked with a #, appearing in this mass channel by
fragmentation following photoionization. The anticipated positions of
the 0 transitions of the 1:1 and 1:2 complexes are shown in (a), 521
cm below the 6, bands. (c, d) The g6 S—S; transition of the
CsHs—C4H, complex is shifted—151 cn1! from the corresponding
transition in the GH, monomer.

TABLE 1: Electronic Frequency Shifts of CeHe—Xp
Complexes withn =1, 2

electronic shift (cm?)

X n=1 n=2

H-bond donors HCI +125

CHCl; +178

H,O +49 +75

CHsOH +41 +80

CzHz +136 +116H-125

C4H, +161 +124
nonpolar GHs —41

CCly —68

those listed in the table except CHCIt is also somewhat
greater than that observed iRk—C;H,, with its +136 cnt?!
shift.24

Surrounding the % transition of the GHs—C4H, complex
are a broad background ion signal that peaks near‘gleafid
of the complex and a short Franeondon progression
involving a 50 cnt? intermolecular vibration. IRUV hole-

expected position of the origin transition of theHg—C4H>
complex, 521 cm! below the observedgtransition. No origin
transition is observed, with an upper limit on the origin intensity
of 1% of the 6 transition. On this basis alone, one can surmise
that the GH, molecule sits on the sixfold axis of benzefle.
Two possible orientations of4, are possible, either (i) forming

a T-shaped complex in whichs8; sits on the sixfold axis with
one of its CH groups pointing in toward the ring, or (ii) taking
up an off-axis orientation (e.g., lying down on one face of the
aromatic ring), but undergoing internal rotation relative to
benzene to produce abrationally averagedstructure which

is still sixfold symmetric. Note that a weak origin transition is
observed in the gHs—C4H," mass channel at 38 223 cin
(Figure 1a). This transition is 521 crhbelow the transition at
38 744 cn1l, which we have already tentatively assigned to
the 1:2 cluster.

Figure 1c and 1d present one-color R2PI scans in i@
region of the $—S; transition of GH,, monitoring the GHg—
C4H,™ and GH,™ mass channels, respectively. This electronic
transition in GH, (*Zg"—A) is dipole-forbidden in Ly but
gains intensity through vibronic coupling with thH, state via
7y vibrations, of whichwve is the most prominerit.—3° The
vibronic structure of GH, is dominated by a long progression
in v, the symmetric &C stretch, built off of the & transition.
The intense band in the s8," mass channel is thel®ly
transition of the GH, monomer, which has been used in
previous photochemical studies ofH; to initiate bimolecular
photochemistry. This transition is inherently broael@ cnr?!
fwhm), even under expansion cooling, consistent with its fast

burning scans (Section IV.C) confirmed that the peaks in this intersystem crossing to the triplet manifold. With benzene in
progession are indeed from the same ground state as the maifhe expansion, a weak, broad transition is observed in the

6% transition and thus also belong to theHg—C,4H, complex.
The other transitions arise from fragmentation of larger
(CeHe)n—(C4H2)m clusters following photoionization, a common
occurrence in gHg—Xp clusters in whichz H-bonds are
involved?® In particular, the band at 38744 crnis tentatively
assigned to the g8s—(C4H>) cluster. This band also appears
very weakly in the [GHe—C4H2]* mass channel and is present

[CeHs—CsH2]™ mass channel, shifted 151 cidown in
wavenumber position from the monomer transition. This transi-
tion is tentatively assigned to thesl@s—CsH, complex.

B. RIDIR Spectroscopy.Figure 2b presents a resonant ion-
dip infrared scan of the ¢lg—C4H, complex over the CH
stretch region, taken while monitoring théy@&ransition of
CeHg—C4H2 marked by an asterisk in Figure la. The corre-
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Figure 2. Resonant ion-dip infrared spectra of thg4emonomer (left- Wavenumbers (em-1)
hand side of trace a) andjid, monomer (right-hand side of trace a) in  Figure 3. IR—UV hole-burning scans with the infrared hole-burn laser
the CH stretch region. (b) and (c): Corresponding RIDIR spectra of fixed at (a) 3300 and (b) 3310 crh corresponding to infrared
the GHe—C4H, and GHe—(CsH2). complexes, monitoring the ion transitions due to §D¢—C4H, and GDs—(C4H2),, respectively. The
signal with the R2PI laser fixed on the bands marked with an * and #, tail on the low-frequency side of the scans is due to largeD{a—
respectively, in Figure 1. (d) RIDIR scan of thelig—(C4H2). complex. CsHz and (GDe)n—(C4Hy). clusters fragmenting into the I:Imass
channel following photoionization.
sponding scans of thesHs monomer and ¢H, monomer taken
while monitoring the GHg 6% transition and the gH, 2%,6% spectrum of the corresponding band assignedsis€(CsH>)2
transitions are shown in Figure 2a for comparison. The three is shown just below it for comparison. A complication of both
transitions observed in the aromatic CH stretch region of the of these spectra is that the ion signal at this UV wavelength
benzene monomer have been thoroughly studied and are a Fermgontains a contribution from a broad background because of
resonance triad involving the single dipole-allowed CH stretch highern:m clusters, appearing in this mass channel because of
fundamental coupling to two combination bands involving CH fragmentation following photoionization. We were never able
bending vibrationd8 These bands retain their frequencies and to remove this background entirely. As a result, the RIDIR scans
relative intensities in the §Els—C4H, complex, indicating that in Figure 2c contain a small contribution from this background.
complexation with GH, has little effect on the anharmonic A RIDIR scan taken while monitoring this background (at 38956
coupling that produces this pattern of bands. cm~1, not shown) shows only weak, broad depletions and gains,
The acetylenic CH stretch region of the#G molecule consistent with the background arising from higher clusters. If
undergoes much more dramatic changes upon complexation tdthis background changes little with ultraviolet wavelength, then
benzene. The £, monomer possesses a single IR-allowed the sharp bands observed in Figure 2c are due to the sharp
antisymmetric CH stretch fundamental (Figure 2a) with a center transition in the R2PI scan.
frequency of 3333 cmt.4? The P- and R-branches anticipated The acetylenic CH stretch region of the 1:2 cluster contains
of a parallel band of linear fEl, are clearly observed. The acomplex set of bands reminiscent of thgHg—CsH, complex
symmetric CH stretch of 5 is known from Raman studies above it. The band at 3334 crhis assigned to the free
to be nearly coincident with the antisymmetric stretch, with the acetylenic CH stretch, while the complicated set of bands in
two bands split by less than one wavenunfer. the 3285-3315 cnt! region must involve some GHx
Surprisingly, in the @Hg—C4H> complex, the acetylenic CH  interaction either with benzene or anotheHg molecule. The
stretch region is composed of not one, but three bands, appearindands in this region appear as doublets, with splittings of about
at 3288, 3300, and 3334 crh A fourth weak band at 3347 is 3 cnm L. The presence of this wealth of bands may arise either
also observed at higher IR laser powers, just above the noisefrom changes in the Fermi resonance mixing presenttiis€
level. The 3334 cm! band is nearly coincident with the band  CsH2, or from the existence of unique environments for the four
in C4H, monomer and is thereby assigned as a “free” acetylenic CH bonds of the two gH, molecules in the cluster. Both the

CH stretch. The two main bands are shifted-b$6 and—34 level of complexity and the closely spaced doublets are less
cm~! from the free GH, stretch and are much more intense evident in the @Ds—(CsH2). spectrum shown in Figure 2d. The
than the band at 3334 crh In traditional XH--Y hydrogen Fermi triad characteristic of benzene is also observed weakly
bonds, both the frequency shift and the intensity increase arein the 3006-3100 cn1? region of GHg—(CsH2)2.

clear signatures of hydrogen bonditigThe presence of these C. IR—UV Hole-Burning Scans.Figure 3a and 3b presents
shifted bands, then, is indicative of formation of a Ctt IR—UV hole-burning scans with the IR hole-burning frequency

hydrogen bond with one of the CH groups. Because of the weak chosen to be resonant with a unique IR transition duesid€
coupling between the two CH bonds intG, frequency shifts C4H2 (3300 cn1t) and GDs—(C4H2)2 (3310 cnTl), respectively.
of this magnitude must be associated with localization of the The hole-burn scan identifies all UV transitions that share an
two CH stretch fundamentals on the two CH groups gfl£ infrared absorption at these wavenumber positions. The spectrum
The fact that there are two bands in thél-bonded C-H stretch in Figure 3a confirms the earlier statement that the bands at
region (3288 and 3300 cm) suggests a Fermi resonance 38 962,39 012, and 39 061 crare all due to the £Dg—C4H>
splitting of thesr H-bonded CH stretch fundamental. We will  complex, forming a FranckCondon progression with 50 crh
return to this point in the discussion section. spacing.

A RIDIR scan taken while monitoring the band at 38744  The 65 transition of the 1:2 complex is shifted38 cnt?!
cmL, tentatively assigned to thegBe—(C4H2). cluster and from the 6, transition of the 1:1 complex. This is closely
marked wih a # inFigure 1a, is shown in Figure 2c. The RIDIR  analogous to the spectroscopy of thgHg—(C,H2), clusters,
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infrared intensities of the acetylenic CH stretch modes of the pictured
Wavenumbers (cm-) structures of the @Hs—(C4H)> complex. The vibrational frequency
Figure 4. (a, b) Calculated harmonic vibrational frequencies and calculations were carried out at the B3LYP/ 6433 level of theory
infrared intensities of the acetylenic CH stretch modes of the (a) flat and scaled by 0.957. (d) Experimental RIDIR spectrum gifi¢s
and (b) upright structures of thess—C4H, complex. The calculated ~ (CsH2).
structures, computed at the MP2/cc-pVDZ level of theory, are shown o )
as insets. The vibrational frequency calculations were carried out at TABLE 2: Calculated Binding Energies for the CeHs—C4Ho
the MP2/cc-pVDZ level of theory. Vibrational frequencies are scaled @nd CeHe—(C4H 1), Clusters with Basis Set Superposition
by 0.953. (c) Experimental RIDIR spectrum for comparison. Error Correction (BSSE) and Zero-Point Energy Correction

(ZPE)ab
where the & transition of the 1:1 complex is shifted from the AE  BSSE  ZPE  AE(corrected)
benzene monomer transition byl36 cnt?l, while those due 1:1 upright 434 —-171 —-057 2.06
to the two 1:2 isomers are shifted back to lower frequency by flat 276 —-181 —0.10 0.85
—10 and—21 cnt! from then = 1 transition?* The spectrum 1z 1 8.38  —3.33 5.05
in Figure 3b is very similar in appearance to that of the 1:1 ::I 2:43,?? :é:j(l) g:gg

complex above it, sharing a short FrardBondon progression
in a 37 cnT! mode, whose first member appears as a shoulder X aAll calgula_tions carried out at the MP2/cc-pVDZ level of theory.
on the 6 band of then = 1 complex. In principle, IRUV All energies in kcal/mol.

hole burning could also confirm whether the band at 38 223
cm1is indeed due to the 1:2 cluster. However, its small size
prevented such a determination.

Both hole-burning scans also possess a broad backgroun
tailing off to the low-frequency side of the correspondinlg 6
transitions. This background is reduced in intensity relative to
the sharp bands as the benzene concentration is lowered. W
thus tentatively assign these low-frequency tails teD@h—
C4H2 and (GDe)n—(C4H>)2 clusters, respectively.

D. Ab Initio Calculations. Computations at the MP2/cc-
pVDZ level of theory indicate the lowest energy configuration

for the benzenediacetylene complex is that shown in Figure A. The C—H-+-x H-Bond in the CgHg—CsH- Complex. The
4b, in which the diacetylene molecule is on end, centered on combined results of the R2PI and RIDIR scans lead to a firm
the benzene ring. The other bound structure identified for the assignment for the structure of thgHg—C4H, complex. The
11 complex, shown in Figure 4a, has the diacetylene molecule lack of an $—S; origin transition points to a structure that
lying flat on benzene in & stacked configuration. The ZPE-  retains the sixfold symmetry of benzene. The electronic fre-
and BSSE-corrected binding energies for the structures in Figurequency shift to the blue by the complex is consistent witH.C
4a and b are 0.85 and 2.06 kcal/mol, respectively. donating a H-bond to benzenetscloud. The infrared spectrum
Three structures were considered for the 1:2 complex, all of shows a “free CH” and ar H-bonded CH stretch (which is
which incorporate a second diacetylene molecule to the mostFermi resonance split), with the latter fundamental both lower
stable 1:1 complex. Structure I, shown in Figure 5a, adds the in frequency and increased in intensity. This is consistent with
second GH> to the opposite side of the benzene ring to form a the calculated harmonic frequencies and infrared intensities for
“doubly upright” structure, retaining the sixfold symmetry of the upright structure, which correctly predict both the frequency
benzene. Structure Il (Figure 5b) also possesses a vibrationallylowering and intensity increase observed experimentally (Figure
averaged sixfold axis once internal rotation of the diacetylene 4). The structure with the diacetylene molecule lying flat on
at the top of the “T” is considered. This structure combines the the ring (Figure 4a) is inconsistent with experiment, since neither
lowest energy structures for the;s—C4H, (“upright”) and CH stretch is significantly redshifted from the free position. We
C4H,—C4H; (T-shaped) complexes. The computed total binding therefore assign the observed transitions to g€ CyH>
energy for this structure is approximately the sum of that for structure in which diacetylene stands upright on the sixfold axis
the two dimers. Structure 11l (Figure 5c¢) is a cyclic or pinwheel of benzene, acting as a hydrogen bond donor in-&HG-x
structure, in which the secondsl@, accepts a hydrogen bond H-bond. This, too, is consistent with the predictions of calcula-

from the benzene CH groups, and is stabilized by a weak inter-
action with the upright ¢H.. It is the analogue of the benzene

r naphthalene trimer structuf&n which two aromatic subunits

ave been replaced by diacetylene. The sixfold symmetry of
benzene is lost in this structure. Binding energies, corrected for
BSSE, were nearly identical for Structures | and Ill, while
Structure Il was about 1.1 kcal/mol less strongly bound. Results
of these calculations are summarized in Table 2.

V. Discussion
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tion, which find the upright structure (Figure 4b) to be the most TABLE 3: Fermi Resonance Analysis for Acetylene,

stable structure for the complex (Table 2). Diacetylene, and the GHe—C4H2 Complext

Given that the complex contains a €Hr H-bond, it is calc combination band CH stretch
worthwhile to comment on its characteristics by c_ompariso_n to C=C str+ 2 CH bend=total  calcd expt
other, more conventional H-bonds. The calculations predict a CoHa 1065+ 560+ 750= 3275 _ 3202 3281, 3205
blndlng energy for this dOUb'y Un(?onventlonaj €hHr H-bond CaH, 2186+ 611+ 597= 3394 3324 3329
of about 720 cm’. The observation of the ¢Elg—CsH, 6% 1998+ 611+ 611= 3220
transition in the parent mass channel is a probable indicator 1998+ 597+ 597= 3192

that the experimental binding energy in the Sate is more CeHe'CaHp 2182+ 594+ 594=3370 3328 3334

1 Thi _ free CH 1995+ 594+ 594 = 3183
than 521 cm®. This places a lower bound on the ground-state CoHe-CaHy 21824 660+ 660— 3502 3301 3288, 3300

binding energy oDg =521+ 161 cnT! = 682 cnT. A binding bound CH 1995+ 660+ 660= 3315
energy of of this magnitude is Somev-\lhat smaller than 16l Pslplcal a2 Frequencies calculated using MP2/cc-pVDZ, unscaled except for
XH---Y hydrogen bond (e.gD¢(HF dimer)= 1062 cntY). q 9 pvbZz, P

the CH stretch, which was scaled 0.98&itp://webbook.nist.got”

However, it is comparable to that found for theHg—H>0O ¢ Present work

complex (810 cmi)*4and is significantly greater than the purely

dispersive interagti‘(ljsn present in the p-difluorobenzene-Ar So while the free CH behaves like diacetylene and shows no
complex (337. cm )_' ) Fermi resonance, the frequency shifts due to hydrogen bonding

_Inour previous discussion, we have assumed that the naturalyring the bound CH stretch into resonance with the combination
direction of shift of the CH stretch fundamental in response to pand of the antisymmetric=€C stretch (1995 cmi) plus two
H-bond formation would be to shift to lower frequency, as the guanta of bound CH bend.

XH stretch fundamental does in a conventional XM C. The R2PI Spectrum through the GH, Chromophore:
hydrogen bond. However, there are many examples ofGH o ndation for Photochemical StudiesSo far, the discussion
hydrog_en bonds that blueshift rather _than redé‘ﬁlﬂ?ecen_t of the GHe—C4H» complex has been primarily based on the
theoretical effort has sought to establish a physical basis for spectroscopy that used the benzene molecule as the electronic

the unusual blueshift. A unified model has been put forward chromophore. However, it is worth commenting briefly on the
by Hermansson whereby the leading prerequisite for a blueshift gopy spectrum in Figure 1c, which involves electronic excitation

upon hydrogen bond formation is the sign of the dipole qf the GH, molecule in the complex. First, it is this region of
derivative for the _donor_ CH bond._ A positive dipole denvatlve_ the spectrum where one anticipates the possibility thit,€
produces a redshift, while a negative derivative has the potential | hapnzene “half-collison” reaction could occiHowever, the
to produce a blueshit. It appears that théound diacetylenic  gact that the R2PI spectrum was recorded while monitoring the
CH group has the “typical” positive dipole derivative, in which ¢y c,H,]* mass channel seems to indicate that reaction, if
the dipole moment is increased as the bond is stretched. it occurs, takes place on a time scale that is long compared to
B. The Fermi Resonance Splitting of ther H-Bonded CH absorption of a second photon to ionize the complex (i.e., within
Stretch Fundamental. We have not yet addressed the nature the 8-ns laser pulse). It is possible that the structure for the
of the Fermi resonance that splits theH-bonded CH stretch  complex, in which GH; resides on the sixfold axis of benzene,
fundamental of ¢H; in the GHe—C4H, complex. This Fermi  discriminates against reaction, which involves attack ¢f£
resonance is intriguing because it is not present either in theat a benzene €H bond. However, the identification of
C4Hz2 monomer or on the free CH stretch of the complex. It absorption features due to the complex is an important first step
would appear then that the formation of the-8 z H-bond in pump-probe experiments designed to detect the product
brings this CH stretch fundamental into Fermi resonance with molecules phenylacetylened) and phenyldiacetylene {§1g).°
the state responsible for mixing. To assign the Fermi resonant Second, the shift of the transition due to theHg—CsH,
state, it is helpful to recall that the, CH stretch fundamental  complex when GH, is electronically excited {151 cnt?,
of acetylene monomer is split by a Fermi resonance withvthe Figure 1c) is equal in magnitude and opposite in sign to the
+ v4 + vs combination band, forming a doublet at 3281.0 and  ghift that occurs when §Els is excited 161 cnTl, Figure 1a).
3294.9 cm.4" The vz, v4, andvs normal modes of acetylene  This indicates that electronic excitation ofH increases the
are the CC triple bond stretch (1974 th therg CH bend  strength of ther H-bond with benzene by 151 crh while

(612 cnt?), and thery, CH bend (730 cm?), respectively. electronic excitation of gHg decreases this bond by a similar
Diacetylene monomer, meanwhile, exhibits no Fermi reso- amount.
nance in this region, with only a single, CH stretch D. The CgHg—(C4H2), Complex. The spectroscopic char-

fundamental observed at 3334 chi(Figure 2a). Three com-  acteristics of the gHs—(CsH2)2 complex are summarized below,
bination bands possess the correct symmetry to mix with the including the deductions that can be drawn on their basis
CH stretch fundamental (Table 3). However, those built off the regarding its structure. As we shall see, the balance of
lower frequency €C stretch are too low in energy to mix with  spectroscopic evidence favors a cyclic or pinwheel structure for
the CH stretch, while the combination involving the higher the GHe—(C4H2), cluster, like that shown in Figure 5c, though
frequency G=C stretch is too high. this assignment is less firm than that fogHg—C4H,.

Fermi resonance is present at the hydrogen bound CH stretch (1) The R2PI transitions assigned to the 1:2 cluster appear
in the GHg—C4H> complex but not at the free CH stretch. This only in the [1:1]" mass channel. The efficient loss of a single
behavior can be understood by examining the calculated C4H, molecule from the cluster occurs following photoioniza-
frequencies, using acetylene and diacetylene as tests of thdion, much as occurs in many othegh—(solvent), clusterst®
accuracy of the calculated vibrational frequencies (Table 3). The This indicates that a large geometry change accompanies
CH & hydrogen bond in the complex decouples the CH groups photoionization, which produces Frare€ondon factors to the
of the GH, molecule, giving a localized hydrogen bound CH ion that favor large internal energy in the cluster, leading to
stretch about 30 cm to the red of the free CH, and a hydrogen fragmentation. We surmise that the neutral 1:2 cluster retains a
bound CH bend shifted 66 crhto the red of the free CH bend.  x H-bonded interaction with one or morgt; molecules, which
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becomes unfavorable when the benzene becomes positivelyaxis of benzene. The acetylenic CH group has an unusually high

charged upon photoionization. polarity for a CH bond, and this manifests itself both in the
(2) The electronic frequency shift of the 1:2 cluster from the choice of structure for the complex, and in the spectroscopic

CesHe monomer transition{124 cnt?) is also consistent with ~ consequences of hydrogen bond formation. TheHS -z

retention of az H-bonded interaction. However, this shift is H-bond localizes the CH stretch modes on théound and

37 cntl less than that in the 1:1 complex, suggesting that the free CH group and shifts the acetylenic CH stretch fundamental

second GH» binds in an inequivalent position relative to the down in frequency by about40 cm ! relative to the free CH

first C4H,. The alternative structure, in which the secongHC stretch. This is a frequency shift comparable in magnitude to

molecule takes up an identical position to the firgHgon the that of the OH stretch of methanol induced by formation of the

opposite side of the benzene ring, would be anticipated to have CHzOH:-++z H-bond in the GHs—CH3OH complex (42 cntY).

an electronic frequency shift roughly twice that of the 1:1 At the same time, the electronic frequency shift induced in

complex. Furthermore, the redshift relative to the 1:1 complex benzene’s &S, transition by complexation with £E1 is larger

is consistent with the £, molecule accepting a hydrogen bond than any other H-bonding solvent so far studied, with the

from benzene, rather than donating a hydrogen bond to theexception of HCG On the basis of this spectroscopic founda-

benzener cloud. tion, future studies which determine the binding energy or the
(3) The presence of the origin transition at 38223 &rim photochemical reactivity of this complex seem warranted.

the R2PI spectrum is consistent only with a structure in which
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