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Hydroquinone is one of the molecules that forms organic inclusion compounds, which have a wide range of
commercial and technological applications. A lot of work has been done on this important molecule in the

solid phase, but so far no work has been reported on its homoclusters in the gas phase. We report here the

spectroscopic study of the hydroquinone dimer carried out under the jet-cooled conditions using the resonantly
enhanced multiphoton ionization (REMPI) technique. The REMPI spectrum was quite rich in terms of the
low-frequency transitions indicative of substantial geometry change upon excitation. The number of possible
conformers formed in the jet was identified using the hole-burning spectroscopy. Ab initio calculations at the
Hartree-Fock, density functional theory level using B3LYP functional and MP2 level for the ground state
and the CIS level for the first excited state were carried out to understand the Fi@o&on activity in the
spectrum as well as the number of possible stable conformers.

Introduction reported that both isomers form the water complex with similar

In last two decades, spectroscopic as well as dynamics studie$ ropensity. Therefore, a priori, at least four H-bonded conform-
» SP P y ers of the dimer could be anticipated, in addition to several other

of weakly bound _comple>§es have_ beCO”.‘e an acn_vely IC)ursuedT-type or sandwich structures. However, only two distinct
area of research in chemical physics. This has mainly been due

o . . .—conformers were identified using the hole-burning (HB) spec-
to the ability of forming such complexes using the supersonic troscopy
jet expansion and probing them using a variety of mass selective There.have been reports in the literature about the homo-
spectroscopic techniques. The typical issues that are addresseg. 16 hC a7 .

) ) o imers of phendf~16 and its derivatived! In the case of dimer
are solvatior, reaction dynamics,ntramolecular phenomefa .

. L S the two monomer moieties are bound to each other by means
such as intramolecular vibrational redistribution (IVR) or of H bonding similar to the phenewater complex. except that
vibrational predissociation at low energies, H-bonded structures, 9 P piex, P

catalysis} and so forth. The common motivation behind such one of the monomers acts as the.proton donor and the other
R . . - . acts as an acceptor. However, unlike the resonantly enhanced
studies is to acquire microscopic information about the weak

interactions between the molecules which eventually may lead multiphoton ionization (REMPI) spectrum of its water complex,

0.2 beter undersanding o the bulk pheromer. The bpcal i SPECuof e Fomadmer = marked by s i regar
problems addressed are the following: What is the smallest q y PP prog )

number of molecules needed before the gaseous cluster Ofmdlcates a large change in the equilibrium geometry of the

molecules displays a condensed phaselike behavior? What aré:omplex upon the electronic excitation. We have carried out

the types of intermolecular forces that pack the substance in agéfsr;tsyl\;ﬁnSgoérgr'%e%?lc?g)a;?)nznﬁ '\t/lhpez :;32;33 féot rdt(l (HEFt)é
particular crystal structure? The latter question is apparently of y ’

great signfcance in the context of“orystal ergneerig, 2191 €15 cacualon for he exe sat o inderstand e
aimed at designing novel supramolecular assemblies andbzen able to identify a number (F))f differént stable e ,uilibrium
crystalline structures with desired properties. q

In this work, we report the spectroscopic studies on hydro- structures of the hydroquinone dimer (HQD) at these levels of

quinone (HQ) homogeneous complexes. HQ is a crystalline solid calculations for the ground state.
at room temperature with a very high melting point (X13.
This is not surprising because it has the ability to form a large
H-bonding network as a result of the existence of the two OH  The experimental setup consisted of two 10-in. diameter
groups in the para position. In the solid phase, this molecular differentially pumped stainless steel chambers separated by a
system has been studied in great detail due to its ability to form 2-mm skimmer. A 50Q¢:m pulsed nozzle (General valve, series
clathrates, a type of organic inclusion compodr&blid HQ is 9) opened into one chamber, and the skimmed molecular beam
known to exist in three different polymorph©ut of these three,  was taken into the second chamber, which housed the time-of-
B-hydroguinone forms a cagelike structifdclathrate host  flight mass spectrometer (TOFMS). The TOFMS was of the
structure) which is a property desirable for the organic inclusion Wiley—McLaren desigH with a 0.5-m flight tube. The ions
compounds. To date, however, no data is available for its were extracted by pulsed electric fields using high voltage fast
homoclusters in the gas phase. The spectroscopy of HQtransistor switches (Behlke Electronics, Germany) and detected
monomet! has been reported earlier, and it has been shown using a 10-mm channeltron (Phillips X919AL). The output of
that HQ exists as trans and cis isomers in the gas phase. Thahe channeltron was sent to a digitizing storage oscilloscope
water complex of H& has also been studied, and it has been (Lecroy 9450).

Experimental Details
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For REMPI experiments, a 10-Hz nanosecond®NdAG
laser (Quantel YG781C) was used to pump two dye lasers
(Quantel TDL70 and Molectron DL18P) to provide the tunable
S—S; excitation and §-Dg ionization beams, respectively. The
excitation laser was scanned from 288 to 302 nm using the
frequency doubled output of two sets of dyes, namely,
R610+R640 and R59%R610 (Exciton, Inc.). The line width
of the Quantel dye laser was 0.08 thand that of the Molectron
was 0.3 cml. Care was taken so that the total two-photon
energy was just sufficient to ionize the clusters or slightly higher
to prevent fragmentation. The excitation and the ionization laser
beams were spatially and temporally overlapped. The typical
pulse energies were100 «J for the excitation laser ang1
mJ for the ionization laser.

For the HB spectroscop, the YG781C YAG pumped
TDL70 dye laser was used as the pump laser to scangth&;S
transitions, while the Quantel Brilliant YAG/Molectron DL18P
dye laser combination was used as the probe beam. The probe
beam was electronically delayed with respect to the pump beam
by 250-300 ns. The typical pulse energies for the probe and
the pump were-1004J and~1 mJ, respectively. The problem
of slow detector recovery following its saturation due to the
huge ion flux generated by the pump beam was eliminated by Figure 1. Definition of various geometrical parameters describing the
using a special pulse sequence for the extraction grids. relative positions of the constituent monomers in the H-bond donor-

HQ is a solid at room temperature and was heatet160 fixed reference Cartesian coordinate system.
°C to generate enough vapor pressure to record spectra with a
reasonable S/N ratio. HQ was purchased from S.D. Fine
Chemicals, Ltd., and used without further purification. The
helium buffer gas was from the local commercial sources and
was used without further purification. The typical stagnation
pressure was 1 atm. The typical working pressure in the source:
chamber was-1 x 10~ Torr, and in the TOFMS chamber it
was~1 x 1076 Torr.

a)

Computational Details

Intensity (arb. units)

To get more insight into the experimental results, the
optimized structures and vibrational modes of the ground
electronic state (§ were calculated using ab initio methods at
the HF, DFT (with B3LYP functional), and post HF MP2 levels
using the 6-31G* basis set. These calculations were carried out
using the Gaussian 98 packagd.o obtain all possible stable Wavenumber
structures corresponding to various local minima initially Figure 2. Two-color two-photon REMPI spectrum of (a) HQD and
semiempirical calculations were done to save time and effort. (0) HQ monomer recorded under the following expansion conditions.
A number of configurations were generated, and each of such ?Jﬁgré?gfulgi%%’ff} 1%;"}&‘;%%?:33‘2??&? 532;‘?&”;%'1‘9 286
Configurqtions was optimized S(.amiempirically using the PM3 cm‘rl). Spectra a and.b are corrected for the Iag}alr power. The lowest
Hamiltonian. This was accomplished using a small progfam  gnergy transitions of the dimer that is, 33 197-émand that of the
developed using the Chemical Developer’s Kit of the Hyper- monomer at 33 508 cm are aligned as the zero of thexis for better
Chem (version 5.11) suif8.The few configurations on which ~ comparison of the two spectra.
the semiempirical calculations converged were then subjected ) o o
to the ab initio calculations. No symmetry restrictions were Centered on the acceptor moiety after translating its origin to
applied during geometry optimization. In addition, the CIS (for the reference origin) with theaxis and that by th& axis with

the first excited state) calculations were also carried out for the thex axis (after aligning the’ axis with thez axis) are defined
two lowest energy conformers, vide infra. as,; and ¢y, respectively. The,; gives the dihedral angle
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The geometries of the optimized structures obtained from the
ab initio calculations are presented with respect to the Cartesian
coordinate system centered on the donor moiety of the complex
(Figure 1). The center of mass (c.m.) of the donor moiety was
placed at the origin with its aromatic ring coplanar with the
x—Yy plane and the CO bonds along thexis. The distance
Rc.m. depicts the c.m. distance between the two monomers, and
Ocm. and d. . give the angles made by th&. m. vector with
the z axis and the projection d®. . in thex—y plane with the
X axis, respectively. The other angles (not shown in the figure),
namely, the angle made by theaxis (of the coordinate system

between the two aromatic rings. The binding energies (BEs)
and the intermolecular vibrational modes of the optimized

H-bonded conformers of the dimers were also calculated and
are presented in the results section.

Experimental Results

Figure 2a shows the two-color two-photon REMPI spectrum
of HQD where mass 220 au was monitored. The spectrum was
quite rich in regard to the number of low-frequency transitions
and comprised of clusters of such transitions superimposed on
top of a small broad continuum. The lowest energy transition
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) TABLE 1: Observed Transitions in the REMPI Spectrum of
HBS (33230 em™) HQD and Their Assignments
AE (cm™? AE (cm™?
with respect with respect
2 to the BO at to the BO at
s HBS (33197 cm™) 33197 cm?) assignment 33 230 cnT}) assignment
g 0 BO 0 BO
& 12 BO + 12t 15 BO+ 15
= 24 BO+ 122 23 BO+ 23
£1a) REMPI 39 BO+ 24+ 15 30 BO+ 1%
=] 55 BO+ 24+ 1% 38 BO+ 23+ 15
- 45 BO+ 15
52 BO+ 23+ 1%
60 BO+ 15*
67 BO+ 23+ 15
33100 33200 33300 33400 33500 33600 33700 33800 116 H-bond stretcho() 114 H-bond stretch)()
Wavenumber 128 o+ 11 126 o+11
Figure 3. HB spectra of HQD in the BO region. Trace a is the REMPI 131 o+15 138 o+ 117
spectrum, trace b is the HB spectrum probed for the 33 197:cm 139 o+ 112 149 o+ 118
transition, and trace ¢ is the HB spectrum with probe at the 33 230 143 o+ 15412 163 o+49
et 150 o+ 18 178 o+ 49+ 15
155 o+ 15+ 12 193 o+ 49+ 1%
was observed at 33 197 cr Figure 2b shows the REMPI 364 164 360 164
spectrum of HQ monomer. In the figure, the lowest energy 379 163+ 15 375 168+ 15!
transitions of the monomer (33 508 cHhand the dimer (33 197 394 168 + 1% 390 168+ 1%
cmY) are aligned as the zero of the energy scale to facilitate 435 64 438 64
the comparison. The HQ monomer spectrum mainly consists 448 6a+ 12 454 6&+ 15
of a progression in the 6a mode and combinations of 6a with 463 6d + 12" + 15 462 6 + 23
other totally symmetric modes, namely, 1 and 7a. It is also seen 479 6a+12'+1% 469 6a+ 1%
7 I, 477 6a+ 23+ 15
that band origin (BO) as well as every other transition appears 484 64+ 15°
in a pair, because of the presence of both trans and cis isomers
in the jet. The separation between the BOs of the two isomers gg% gg i o " 549 6a+o "
o+ 12 561 6a&d+ o+ 12
was 39 cml, where the lower energy one corresponded to that 567 64+ o+ 15
of the trans isome¥! The dimer spectrum (Figure 2a) shows 574 64 +o+ 12
some resemblance with that of the monomer; that is, the clusters 579 6&+ o+ 1%
of peaks appeared at the positions exactly where the mode 6a 820 e 823 7
and mode 1 transitions appear in the monomer spectrum. In 825 X 836 9B
addition, the similar pattern of the cluster transitions appeared 833 I+12 847 T+23
with their onset at the energy spacing of 116, 364, and 552 838 918 873 64
_q . . 845 L4122 889 6&+ 15
cm~t (marked as A, B, and C in Figure 2a) from the lowest 847 L4124 15
energy transition at 33 197 crh Besides the discrete transitions 850 98 + 12
two broad peaks were observed centered22 900 and 34 330 859 T+ 12+15
cm™ L. Apparently there are no analogous transitions in the 869 6d
REMPI spectrum of the monomer. 882 6§+ 12
In the case of weakly bound complexes such as the dimer, ggg % ++012+ 15

the REMPI spectrum consists of transitions due to the low-
frequency intermolecular vibrations, and in addition there is a explained as the progressions, vide infra, of the low-frequency
possibility of transitions due to various distinct conformers. intermolecular modes in combination with (1) an intermolecular
Because HQ monomer exists as trans and cis isomers, in themode at 116 (114) cm, (2) the intramolecular 6a mode at 435
HQD one expects at least four different H-bonded structures, (438) cnt?, (3) the combination band of the 6a and the
namely, the trans(donot)rans(acceptor)trans(donor)-cis- intermolecular mode at 552 (549) cfy and (4) the ring
(acceptor), cis(dono#)cis(acceptor), and cis(donor)-trans- breathing mode 1 at 820 (823) cfy where the numbers in
(acceptor), in addition to perhaps other less stable sandwich/parentheses refer to conformer B. In addition, a small progres-
T-shaped structures. To identify the number of different sion also appeared in combination with the intramoleculaf 16a
conformers present in the jet each transition in the neighborhoodmode at 364 (360) cr.
of the 33 197 cm! feature in the REMPI spectrum was probed Figure 4 shows an expanded view of the REMPI spectrum
using HB spectroscopy. Figure 3b,c shows the representativein the BO region. The transitions due to each of the conformers
HB spectra for the 33 197 and 33 230 chexcitations. The are separated with the help of the HB spectrum for the sake of
HB spectra clearly show only two mutually exclusive sets of clarity. The REMPI spectra of conformer A (Figure 4a) and
transitions indicating the presence of only two distinct isomers. conformer B (Figure 4b) show many interesting features. The
The lowest energy transitions, namely, 33 197 and 33 230,cm  observed progressions are indicated by the markers indicating
were assigned to the BOs of the two conformers of HQD. The the spacing between the successive members it.cinfour-
separation between the two BOs was 33&m member progression was observed on the BO conformer A. The
All observed transitions are tabulated in Table 1 as two spacing between the first two members wak? cnt! whereas
different sets corresponding to the two conformers, that is, one that between the next two wasl5 cntt. For conformer B, a
set with its origin at 33 197 cmt (conformer A) and the other  four member progression with an equal spacing of 15%owas
at 33 230 cm! (conformer B). The entire spectrum can be observed on the BO as well as on a transition at 23dimtom
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Figure 4. Expanded region of the REMPI spectrum of the dimer near
the BO. The transitions due to the two conformers are separated with
the help of the HB spectrum. The horizontal scales with numbers
indicate various progressions, indicating the spacing between the
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Structure 11 : B.E. = 1163 em™!

Structure | : B.E. = 1174 em™

Structure 111 : B.E. = 1134 cm”! Structure IV : B.E. = 1127 cm”!

successive members. The transition marked with an asterisk is the hot

band.

the BO. The absence of the 23 thiransition in conformer A

Figure 5. H-bonded structures of the HQD optimized at the HF level
using the 6-31G* basis set. The number for the each structure indicates
its BE (see text and Table 2 for further details).

and the irregular spacing between the members of the observed-ag| £ 2: BEs in cm~* Corrected for the BSSE

progression can be explained if it is assumed that the transition
corresponding to the 23 crh transition in conformer B is
overlapped by the 24 cm transition (second member of the
12 cnt! progression) and the next two members are actually
the members of the 15 crh progression based on this
overlapped transition. Thus, for conformer A three vibrational
modes, that is, 12, 15, and 24 ci were observed. For
conformer B only one progression was observed with a 15tcm
spacing on the BO and on a 23 cthmode. Apart from these
low-frequency modes a strong transition (almost as strong as
the BO) was observed at 116 chfrom the BO of conformer

A and at 114 cm? from that of conformer B. The low-frequency
progressions were also observed in combination with these two
transitions, but the pattern of the progressions for the two
conformers was completely different from that observed for the
respective BOs. For conformer A two progressions were
observed; one with 11 cm spacing on the BO and the other
with 12 cnt! spacing in combination with a transition at 15
cm™! from the 116 cm?! transition. For the other conformer
only the 11 cm? progression was observed (this progression
was not observed in conjunction with its BO for this conformer).
A weak transition was also observed at 49¢émwith a weak
progression of 15 cmt based on it. A weak progression with
the spacing of 11 cm was also observed based on a transition
at 16 cn! (marked by an asterisk in the figure) to the red side
of the lowest energy BO. The 16 crhtransition was assigned

(Counterpoise Method) and theAZPE and the Deformation
Energy (DE) for the Four H-bonded Conformers Calculated
at the HF and MP2 Levels Using the 6-31G* Basis Set

structure | structure Il structure Il structure IV

HF MP2 HF MP2 HF MP2 HF MP2
BE 1174 1649 1163 1643 1134 1600 1127 1591
BSSE 489 1390 499 1384 480 1363 492 1370
AZPE 360 381 363 373 349 360 354 359
DE 72 72 67 73 69 72 64 71

the post-HF method, vide infra. The coplanar structure was the
most weakly bound structure (BE 175 cnt?), followed by

the T-type structure (VII; BE= 263 cnt?). For the other two
T-type structures and the sandwich-type structure the BE was
in the 400-500 cnt? range. All these structures, however, were
considerably weaker compared to the H-bonded structures
(I-1V). The HF BEs of the H-bonded structures were 1174,
1163, 1134, and 1127 crh respectively. These were inclusive
of the basis set superposition error (BS®E@nd the zero point
energy differenceAZPE), as well as the deformation energy
(the energy difference between the isolated equilibrium geometry
of the monomer and the geometry of the monomer in the
complex), the details of which are given in Table 2. TXi#gPE

for all of them was roughly the same, that4s360 cnt?, which

is about~23% of the BE. The cis(d)trans(a) dimer (structure

I, Figure 5) was found to be the most stable, followed by the

to a hot band on the basis of the intensity dependence on theyang trans dimer (structure 1) which was less stable by 11

expansion conditions.

Computational Results

The HF and DFT calculations converged to four stable
geometry-optimized H-bonded structures-iV as shown in
Figure 5) in addition to three T-type structures<{VIl), one

cm~L. The trans(d)-cis(a) and the ciscis pairs (Ill and IV)
were less stable by-40 cnT! compared to the most stable
structure.

It is known that although HF or DFT calculations do not
recover the full electron correlation energies, the geometry is
predicted very well at these levels, at least for the cases that do

sandwich-type structure (VIII), and one coplanar structure (1X; not include the van der Waals interactions. However, in the case
Figure 5S, Supporting Information). To get a rough estimate of of phenol dimer for which extensive experimental data &xi&,

the stability order of these conformers, the BEs for all the itwas found that the HF/DFT structures did not agree well with
optimized structures were calculated at the HF level. For weakly the experiments but the MP2 calculations at the 6-31G* level
bound complexes, although the HF/6-31G* level calculation did an excellent joB® This suggests that both electrostatic and
does not give reliable BEs, it does a fair job of giving the relative dispersive interactions are at play in these cases. In the present
stabilities and is much faster. For the four most stable H-bonded case also we carried out the MP2 level calculation using 6-31G*
conformers (structures-lV) the BEs were further refined using  basis set for all four H-bonded conformers. Their BEs for the
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TABLE 3: Geometric Parameters for the cis(d)-trans(a) [Structure I] and trans(d) —trans(a) [Structure II]] H-Bonded Dimers
Optimized Using the 6-31G* Basis Set at the MP2, HF, and DFT(B3LYP) Levels for the SState and at the CIS Level for the
S, State?

calculation level

MP2 HF DFT CIs

parameters | 1l | 1l | 1] | 1]
Rem. 5.534 5.576 6.682 6.711 6.572 6.587 6.402 6.410
OOc¢.m. 56.3 57.8 67.8 68.8 66.1 66.6 63.3 63.7
Odcm. 46.5 46.8 31.7 31.6 29.2 29.3 36.7 37.3
06,; 73.3 74.1 73.7 72.2 70.6 69.9 77.3 75.7
Oux 47.2 52.9 28.7 27.8 17.3 17.7 62.3 64.7
0C;—04,— 04/ —C/ 67.7 68.8 107.5 109.4 110.8 111.3 87.6 86.7
0C,—C1—011— 01/ -9.1 =75 —-2.4 -1.4 —-4.4 —-4.0 —-7.3 —-7.2
0C)—Cy{—04/—011 —-14.4 —14.3 3.2 3.4 6.2 5.7 36.2 36.7
Olinear deviation of the H bond 15.5 14.8 10.8 10.6 12.2 12.2 7.0 6.7
01— 04/ 2.874 2.871 2.952 2.952 2.859 2.857 2.904 2.902
H-bond length 1.919 1.913 2.013 2.012 1.897 1.894 1.954 1.952
C;—Oyy(donor) 1.374 1.374 1.353 1.354 1.369 1.369 1.322 1.323
C1'—0a1'(acceptor) 1.390 1.390 1.368 1.368 1.388 1.387 1.370 1.370
O1,—H(donor) 0.979 0.980 0.951 0.951 0.977 0.977 0.955 0.955
O11/'—H(acceptor) 0.974 0.974 0.948 0.947 0.969 0.969 0.948 0.948

a All the distances are in angstroms, and the angles are in degrees.

Comparison between the geometries of Confomer I calculated at various levels

MP26-31G* HF/%6-31G* CIS/6-31G*

Figure 6. Side view (top row) and the top view (bottom row) of the HQD equilibrium structure | calculated at the MP2, HF, and CIS levels.

structures +IV improved to 1649, 1643, 1600, and 1591 ¢cn 5.534 and 5.576 A, respectively, for the two conformers. This
respectively (see Table 2 for details). The BSSE corrections decrease, however, is not along the H-bonding coordinate but
even at this level are of the order 61390 cnt?, which are due to the decrease in the dihedral ang@0;;—011'C;’ from
quite large. It has been shown in the case of the analogous~108 to ~68°. In other words in the equilibrium structure
phenol dimet” that to obtain the best value of the BE, it was calculated at the MP2 level the acceptor ring folds back onto
necessary to invoke basis sets with higher order polarizationthe donor ring thereby bringing the two c.m.’s closer to each
functions. However, such calculations are beyond our resources.other. With the result the angt®.m. also decreased from68

All the four conformers belong to the lowe€i symmetry to ~56°. The H-bond length and the-@D distance for structure
group. For the sake of brevity the optimized structural param- | at the HF (DFT) level were 2.013 (1.897) and 2.952 (2.859)
eters for only the two lowest energy conformers in thestate A, respectively, as opposed to 1.919 and 2.874 at the MP2 level
at the HF/DFT/MP2 level and the, State at the CIS level are  indicating very little change in the geometry along this
given in Table 3. Figure 6 shows the side and the top view of coordinate. The hydrogen bonds in both the conformers deviate
the equilibrium structures calculated at the MP2, HF, and the from linearity by 16-12° out of the donor plane and the acceptor
CIS level for structure | to clearly bring out the differences oxygen atom (@) is shifted out of the plane{C,C1011011")
graphically. By and large, both the structures were V-shaped by about—1 to —2° (HF) and —4.0 to —4.4° (DFT). These
with the intermolecularR. ) distances of 6.682 (6.572) and deviations were larger for the MP2 level calculations. The
6.711 (6.587) A, respectively, at the HF (DFT) level of dihedral angle between the acceptor aromatic plane and the plane
calculations. At the MP2 level thB. . distance decreased to containing the H bond, that i§]C,'Cy'O11'0O11, was 3-6° in
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the case of HF and DFT structures; however, this increased toconformer the frequencies were also computed for the excited
~14° in the case MP2 level calculated structures. state. These were 17, 22, 30, 61, 66, and 111'craspectively.
The intramolecular OH distances for the donor and acceptor For the H-bonded complexes it has been shéiimat the large
counterparts were 0.951 and 0.948 A for the structure | and amplitude low-frequency intermolecular modes—<vs in this
0.951 and 0.948 A for the structure II, respectively. The bond case) that are derived from the rotational motion of the fragments
distances for the nonparticipating OH oscillators were between are highly anharmonic in nature and their frequencies could in
0.947 and 0.948 A for both the structures. This is consistent 9eneral be quite different (lower) than those computed based
with the fact that the proton donating-® bond that participates ~ ©n the quadratic_ po?entials used ir_1 the calculations. Further,
in the H bonding suffers elongation. This is also reflected in because the equilibrium structures in both theSwell as $
the intramolecular ©H stretching frequencies. The vibrational ~States belong to th€, point group there are no symmetry
frequencies scaled by a factor of 0.9 for the donor and aCCeptorrestn'cpons for any of the low-frequency intermolecular vibronic
moieties were 3648 1 and 3706+ 1 cm! for both the  transitions.
structures, respectively. The<© bond distances for the moiety
acting & a H donor varied from 1.353 to 1.354 A (HF) and Discussion
1.369 A (DFT), and for the one acting as the H-acceptor, it
was around 1.368 A (HF) and 1.387.388 A (DFT). At the
MP2 level also this trend was confirmed, and the CO bond
distances were in better agreement with the DFT numbers than
with the HF numbers. The €0 bond lengths of the HQ
monomer (cis and trans monomers have similarGCbond

The two conformers of HQD are 33 crhapart, whereas in
the monomer, the separation between the trans and cis isomers
was 39 cnil, with the trans isomer being lower in energy. The
character of the REMPI spectrum is also quite similar to that
of the monomer in regard to the pairwise appearance of each

. transition. If one draws a one-to-one correspondence, then the
lengths) as obtained from HF and DFT were 1.358 and 1.373 lowest energy BO can be assigned te-a* transition centered

A, respectively. This indicates that, in the dimer, the@bond on the transHQ and the other one to theisHQ species

distance of the acceptor moiety increases and that in the donorinvolved in the dimer. The red shifts with respect to HQ are

decreases slight_ly compared to the monomer. Also the inCI_rease311 and 317 crmi for the two conformers of HQD, respectively.
for the acceptor is much larger compared to the decrease in thery,;q magnitude of the red shift in the BO transitions is typical

donor. This _is consistent with the incr(_aased charge density_on of the H-bonded complexes of phenol and its derivatives. In all
the O atom in the donor as expected in the H-bonded species pege cases the phenol acts as a proton donor. Therefore, we
Table 3 also gives the geometrical parameters for the excitedassign the two observed conformers to the two most stable
state calculated at the CIS level. In Figure 6 the equilibrium H-ponded structures calculated at the HF/DFT/MP2 level,
structure in the excited state is compared with those for the namely, the cis(dytrans(a) and trans(etfrans(a) pairs (struc-
ground state (MP2/HF) to bring out the dramatic change upon tures | and Il, respectively). Further, the lowest energy transition
excitation. It is quite instructive to note the changes in the key at 33 197 cm? (conformer A) was assigned to the trans{d)
parameters. In the following, the CIS values are compared with trans(a), that is, structure I, and the 33 230 értransition
only the HF values because it will be inappropriate to compare (conformer B) was assigned to the cistddans(a), that is,
with the MP2 values. For example, the torsional angle structure I, on the basis of the relative intensities (peak heights
(0C1011011Cy) changes from 107.5 to 87.€side view in Figure  as well as peak areas) of the two BO transitions. It is known
6), and the dihedral angle between the acceptor ring and thethat for the monomer the trans isomer is more stable in the
plane containing the H bond changes from 3.2 to 3t@p ground state relative to the cis isonéTherefore, the relative
view). Similar changes also take place in the case of structure population of the trans monomer will be higher in the jet than
Il (also see Table 3). The changes in these two angles werethat of the cis monomer no matter at which point during the
quite large and certainly reflect in the appearance of the REMPI expansion they freeze. Therefore, on the basis of simple
spectrum, vide infra. Th&®m, distance decreases from 6.682 stoichiometric arguments it can be shown that the number
to 6.402 A. The donor ©H bond elongates to 0.955 A from  density of the trans(d)trans(a) conformer ought to be higher
0.951 A in the $ state consistent with the fact that the in the jet than that of the cis(effrans(a) conformer.
substituted phenols are much stronger acids in the excited state, |t is known from the previous studies on the phenol difiéf
which causes substantial strengthening of the H bond andthat in such homodimers the two monomer units are no longer
weakening of the intramolecular OH bond in the donor moiety equivalent; that is, one of them is the proton donor and the other
in the excited state. one is the proton acceptor. The donor BO is typically red shifted
Six intermolecular normal coordinates are required to fully by ~300 cnt?, and the acceptor BO is blue shifted by about
characterize the dimer. These intermolecular coordinates arethe same amount. In the present context the broad feature
usually observed as the low-frequency vibrations-() of the observed at-33 900 cnt?! is blue shifted from the monomer
dimer. For all the structures, these intermolecular vibrational BO by ~390 cnt® and there is no other analogous transition
frequencies were calculated and were nonnegative (at all levelsin the monomer spectrum. Therefore, it has been attributed to
of calculations), confirming that all the structures indeed the BO transition of the acceptor moiety. The separation between
correspond to local minima and not to saddle points. For the the maxima of the two broad features was 430 &nThis
most stable structure (1), the frequencies calculated at the HF/matches exactly with the 6a frequency of the monomer as well
6-31G* level were 9, 23, 24, 51, 53, and 106 ¢nand those as that of donor moiety in the dimer. Therefore, the 34 330'cm
from the DFT/6-31G* calculations were 12, 28, 30, 55, 64, and band was assigned to the 6a mode of this acceptor moiety. The
122 cntl. The vibrational frequencies for the other structures lack of structure in these two features may be due to other
(1—1V) were within 1 or 2 cn? of those of structure I. These  photophysical processes such as IVR, intersystem crossing, or

frequencies were assigned to the butterfly or torsiap, Eut- internal conversion. Similar observations have also been reported
of-plane rocking or cogwheel motionj, in-plane rocking¥s), in the case ofp-cresol dime#?
in-plane bendsfs), out-of-plane bendg), and H-bond stretching The dimer formation does not affect the intramolecular modes

(ve) modes in the increasing order of energy. For the most stableof the donor moiety significantly. In HQ monomer, thel6a



9080 J. Phys. Chem. A, Vol. 108, No. 42, 2004 Biswas et al.

complexes of phenols or their derivative®henol and its
derivatives become strong acids in the excited state, and, hence,
the H-bonding strength in the excited state is relatively much
stronger than that in the ground state. As a the result, the H-bond
stretching frequency blue shifts significantly in the excited state.
In the present context, although the H-bond length change is
= e consistent with the relative strength of the H-bond, the stretching
Buttertly (sommion) v, ow-of:plang rock vz frequency is not. This apparent anomaly can be reconciled if
one takes into account the stretching normal mode description

g N
_ v, oal i in the § as well as the Sstates as shown in Figure 7. It can be
.{QP'}" W seen that in the Sstate certain ring carbon atoms on the donor
/ . . e .
L moiety have a significant out-of-plane amplitude as opposed to
, o
e

that in the g state. This indicates that this mode is severely
mixed with a low-frequency ring deformation mode located on
the donor ring. Because the electronic excitation to thst&e
- S involves asx—s* transition in the donor moiety, the-bond
order of the donor ring decreases considerably. During the
s H-bond stretching vibration due to the bulky acceptor moiety,
W the donor ring may suffer out-of-plane deformation along the
: low-frequency intramolecular ring deformation mode. This may
explain why the stretching frequency in the excited state does
not show as much blue shift as is in other cases, because it is
_Figure 7. Norr_nal mode qescriptions forthe_&cited state; also given no longer a pure mode.
is the H-bonding stretching mode description for thestte. . .
The pattern of the low-frequency progressions observed in
vibrations of the trans and cis conformers appear at 441 andcombination with the H-bond stretching mode was distinctly
440 cnt, respectively, while in the dimer these were observed gitferent than that based on the BO and other intramolecular
at 435 cnt for the conformer A and 438 cm for the other  modes. For example, an 11 chprogression was observed only
one. Also the mode 1 frequencies in the monomer were 824 j, combination with the H-bonding stretching mode. There could

and 826 cm* for the trans and cis, respectively, whereas in pe two possibilities. First, the 11 crhis another intermolecular
the dimer these were 820 and 823 ¢mApart from these two  mode that is FranckCondon active only in combination with

intramolecular transitions for conformer A the intermolecular the stretching mode. The other is that there is a strong
modes were observed at 11, 12, 15, 24, and 116'emhereas anharmonic Coup”ng between the 12 dmmode and the
for conformelr B the observed modes were at 11, 15, 23, 49, stretching mode with the result that whenever it appears in
and 114 cm™. _ . combination with the stretching mode its frequency separation

The 12 and 15 cm' modes appeared in progressions on the is 11 cntL, The second possibility is much more likely because
BOs as well as in combination with the intramolecular 6a and the 11 cnt? progression is not observed anywhere else in the
16a modes and the H-bonding stretching mode for conformer entire spectrum except in combination with the H-bond stretch-
A whereas for conformer B only the 15 cfprogression was ing mode.

observed. In addition, an 11 cthprogression was observed ginajly it is interesting to note that the V-shaped structure
for both the conformers only in combination with the 116/114 ¢ the dimer in the gas phase is similar to that observed in the
cm™* transition. The appearance of strong progressions in the 4qig phase. In the case gthydroquinone clathrate, stacks of
REMPI spectrum indicates a large change in the geometry alonggix-membered H-bonded-eH:+-O rings form cagelike struc-

the corresponding normal modes. Figure 7 shows the first four y;res_ The six HQ molecules are oriented alternately above and
intermolecular normal modes for the State of one of the below the plane of the ring, forming the top and bottom of the
conformers. It can be seen that thenormal mode samples  caqe due to the V shape of the dimer in which a guest molecule
the geometry along the dihedralC,0,,—01:C, whereas the g5 trapped. In the jet-cooled beam the higher members of the
v3 normal mode is along the dihedralCy/'Cy'011'O11. As HQ clusters were observed up to lj@owever, their respective
mentioned earlier, the equilibrium geometry in the Sate  REMP) spectra were a broad band continuum void of any sharp
undergoes a large change in these two angles. Hence, we assigfpatyres. This is an obvious result because there are a number
the observed 12 and 15 crh progressions tovy and vs, of ways a third monomer and fourth monomer could attach to
respectively. These assignments are based purely on theyq, and HQ, respectively giving rise to helical or sheetlike

comparison of computed normal modes with the changes in the gy ctures analogous to they-hydroquinone clathrates, leading
geometry upon excitation relative to thesSate rather thanany 4 4 congestion in the REMPI spectrum.

numerical agreement between the computed normal modes and
the observed transitions. The 116/114¢éntransitions were
assigned to the H-bonding stretching frequency for the two
conformers on the basis of the calculations. For the excited state HQD was studied in the jet-cooled molecular beam using
the largest frequency for the intermolecular modes was com- two-color two-photon REMPI spectroscopy. With HB spec-
puted as 111 crt and its mode description indicated that it is  troscopy, only two distinct conformers were identified with BOs
indeed the H-bond stretching mode (Figure 7). Interestingly, at 33 197 and 33 230 crh These have been assigned to the
although the H-bond length decreased in the excited state fromtrans-trans and cis(d}trans(a) configurations, respectively, on
2.013 to 1.954 A (the HF vs CIS values) the stretching modes the basis of ab initio calculations at the HF, DFT(B3LYP), and
computed for the §(106 cnt?) and the $ states (111 crmi) MP2 levels using the 6-31G* basis set. The observed discrete
are quite comparable to each other contrary to the observationdransitions, the onset of which was red shifted by 311 (317)
(both theoretical and experimental) in the case of H-bonded cm™! relative to the monomer BO transitions, were assigned to

in-plane rock v, in-plane bend v,

H-bond stretching in the S; state H-bond stretching in the 8 state

Conclusions
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the donor moieties of the respective conformer. The broad band
transition observed in HQD shifted by 390 cfrto the blue (6) Desiraju, G. RAngew. Chem., Int. Ed. Englo95 34, 2311.
side of the HQ monomer was attributed to the BO of the (7) Miller, A.; Reuter, H.; Dillinger, SAngew. Chem., Int. Ed. Engl.
acceptor moiety; discrete transitions due to the corresponding1995 34, 2328. ‘ ‘
acceptor moiety were not observed. The BO transitions of the D(8)E'gg'{Jiggdzormgplirgﬂnﬁ\goggéi \L/'{)Efgles' J. E. D., MacNicol,
two dimers were accompanied b_y progressions in several Ipw- " (9) Evans, D. F.; Richards, R. B. Chem. Soc1952 1952 3932.
frequency intermolecular bending modes. The H-bonding (10) Hermansson, KJ. Chem. Phys200Q 112, 835.
stretching vibrations of HQD were observed~at15 cnt?in géél)ZSF;atéNari, G. N.; Doraiswamy, S.; WategaonkaCBem. Phys. Lett.
bc_)th conformers. These observatlons were in close a_lgreemeniL (12) Meenakshi, P. S.: Biswas, N.: WategaonkaPIsys. Chem. Chem.
with those reported for the phenol dimer apdresol dimer. Phys 2003 5, 294.

(13) Connell, L. L.; Ohline, S. M.; Joireman, P. W.; Corcoran, T. C.;
Felker, P. M.J. Chem. Physl992 96, 2585.

(14) Dopfer, O.; Lembach, G.; Wright, T. G.; Mer-Dethlefs, K.J.

(5) Castleman, A. W., Jr.; Keesee, R.Ahnu. Re. Phys. Chen1986
37, 525.

Supporting Information Available: Figure depicting the
H _ *
structures ~XI of the dimer palculated at the HF/§ 31G Ie.vel. Chem. Phys1093 98, 1933,
with the relevant geometrical parameters. This material is (15) Schmitt, M.; Henrichs, U.; Mier, H.; Kleinermanns, KJ. Chem.

available free of charge via the Internet at http://pubs.acs.org. Phys.1995 103 9918.
(16) Weichert, A.; Riehn, C.; Brutschy, B. Phys. Chem. 2001, 105
5679.
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