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Resonant ion-dip infrared spectra of C6H6–H2O and C6H6–HOD have been recorded in the OH
stretch fundamental region. The spectra provide further evidence for the unique, large-amplitude
motions present in thesep hydrogen-bonded complexes. In C6H6–H2O, transitions out of the lowest
ortho~P! and para~S! ground state levels are observed. A transition at 3634 cm21 is assigned as an
unresolved pair of parallel transitions~S→S and P→P! involving the symmetric stretch
fundamental~at 3657 cm21 in free H2O!. In the antisymmetric stretch region, transitions at 3713,
3748, and 3774 cm21 are assigned asP→S, S→P, andP→D transitions, respectively. The spacing
of the transitions is consistent with nearly free internal rotation of H2O about benzene’s sixfold axis
in both ground and vibrationally excited states. The intensities of combination bands depends
critically on the mixing of some local mode character into the symmetric and antisymmetric
stretches at asymmetric positions of H2O on benzene. Surprisingly, in C6H6–HOD, five transitions
are observed in the OH stretch region, all arising from the ground state zero point level. Even more
unusual, the higher-energy combination bands are many times stronger than the OH stretch
fundamental. The local mode OH stretch has components both parallel and perpendicular to
benzene’s sixfold axis, leading to strong parallel and perpendicular transitions in the spectrum. A
two-dimensional model involving free internal rotation and torsion of HOD in its plane is used to
account for the qualitative appearance of the spectrum. The form of the OH(v50) and OH(v51)
torsional potentials which reproduce the qualitative features of the spectrum are slightly asymmetric,
double-minimum potentials with large-amplitude excursions for HOD over nearly 180°. ©1995
American Institute of Physics.
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I. INTRODUCTION

The interaction between benzene and water has rece
much attention1–10 as a prototype for thep hydrogen bond,
i.e., the ‘‘hydrogen bond’’ formed when water’s hydrogen~s!
are donated to the delocalizedp cloud of benzene. Spectro
scopic studies of the gas phase C6H6–H2O complex2–6 have
recently added new insight to these interactions. Among
more important conclusions of these studies is that
C6H6–H2O intermolecular potential supports large-amplitud
tumbling of water about benzene’s surface already at the z
point level.2–4 This ability of water to reorient on the aro
matic p cloud with little cost in energy is qualitatively dif-
ferent than the more traditional, linear Y•••H–X hydrogen
bond with a localized electron pair.

Since the H–X stretching mode vibrates directly again
the hydrogen bond, its infrared absorption provides a se
tive probe of the hydrogen bond.11,12 Typical effects of the
hydrogen bond include a red-shift in the H–X stretch fr
quency, an increase in the H–X absorption strength, an
broadening of its absorption. In the present paper, O
stretch infrared spectra of the C6H6–H2O and C6H6–HOD
complexes are reported and analyzed with the intent of f
ther probing this prototypicalp hydrogen bond. We will see
that the large-amplitude motions of H2O on benzene have
profound effects on the OH stretch infrared spectra. Figur
presents a reference configuration for the C6H6–H2O com-
plex in which the relevant internal rotation/torsion angul
coordinates~f, r, andx! of H2O are defined.

a!Author to whom correspondence should be addressed.
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The matrix isolation study of Engdahl and Nelande1

provided the first evidence for nonrigidity in the complex
concluding that the C6H6–H2O complex has effectiveC6

symmetry and that the two hydrogens of H2O are equivalent.
In the gas phase complex, resonant two-photon ionizati
~R2PI! spectra2 of C6H6–H2O and C6H6–D2O established
that the vibrationally averaged position for the water mo
ecule is on benzene’s sixfold axis with a center-of-ma
separation of 3.3260.07 Å. Consistent with the matrix iso-
lation data, vibronic symmetry arguments and the molecule
S0–S1 rotational band contour have shown that the wat
molecule is capable of internal rotation which~i! retains an
effective sixfold symmetry for the complex and~ii ! occurs
via exchange of water’s hydrogens. The analysis of t
spectra2 was carried out in the framework of theG24 mo-
lecular symmetry group in which H–H exchange on H2O is
feasible.

The fourier transform microwave spectra of Suzuk
et al.3 and Gutowskyet al.4 confirm and sharpen this picture
Rotational transitions out of the lowest energy levels
C6H6–H2O and C6H6–D2O ~m50, S and m51, P! are
those of a symmetric top, for which internal rotation abou
benzene’s sixfold axis~angular coordinatef! must be free or
nearly free. The best-fit rotational constants provide a mu
more accurate center-of-mass separation between C6H6 and
H2O ~3.329 Å!. It was determined that the hydrogens of wa
ter are oriented preferentially toward the ring, i.e., in ap
hydrogen-bonding configuration.

Computational studies of the C6H6–H2O complex repro-
duce the nearly free one-dimensional internal rotation of t
531/14/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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532 Pribble et al.: Spectroscopy of benzene–H2O
water molecule.3,7,8 In addition, they predict a potential fo
torsion in the plane of the water molecule~angular coordi-
nate r! which is nearly flat over orientational changes
650°. The highest levelab initio calculations3,13 and calcu-
lations employing molecular mechanics on clusters~MMC!
~Ref. 8! predict a global minimum for the complex in which
one hydrogen is preferentially pointing toward benzene’sp
cloud ~r525°–50°!. The double minimum potential then
possesses a small barrier~20–50 cm21! at ther50° orienta-
tion in which water’s hydrogens point symmetrically towar
the ring. The other torsional coordinate~x! is predicted to be
much stiffer, with the most recentab initio calculations3,13

predicting a vibrational frequency of 260 cm21.
Despite these detailed studies, quantitative experime

determination of the C6H6–H2O intermolecular potential is
still lacking because the absolute energies of the interm
lecular vibrations and internal rotations of the complex a
not known. Equally unsettling, the recent microwave da
and analysis of Gutowskyet al.4 for several isotopes of
C6H6–H2O has reopened the possibility that the best fir
order model of water’s motion on benzene may be a thr
dimensional free internal rotor rather than the on
dimensional internal rotor inferred by the earlier studies.2,3

Recently, we reported resonant ion-dip infrared spec
~RIDIRS! of C6H6–~H2O!n with n51–7 in the OH stretch
region.14,15 At that time, only the general features of th
C6H6–H2O spectrum were described, and no assignme
were given. The present paper provides a more detailed
of data on C6H6–H2O, extends that data to includ
C6H6–HOD, and presents a semiquantitative analysis of
spectra. The large-amplitude motions~LAMs! present in
these complexes produce a number of transitions wh
would be negligibly weak in the absence of LAM. We wi
see that in C6H6–HOD, the normally weak OH stretch
torsion combination band actually exceeds the intensity

FIG. 1. Reference configuration for the C6H6–H2O and C6H6–HOD com-
plexes with the three internal rotation/torsional angular coordinates defin
f is the internal rotation angle about the sixfold axis of benzene.r is the
rotation of H2O ~HOD! about itsc axis withr50 defined as the symmetric
configuration in which theC2 axis of H2O coincides with theC6 axis of
benzene.x is the out-of-plane torsional angle of the H2O molecule about an
axis perpendicular to thec axis of H2O ~HOD!.
J. Chem. Phys., Vol. 103Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subjec
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the OH stretch fundamental, a highly unusual occurrence
infrared spectroscopy. Our analysis points to two LAMs
significant consequence in the complexes; internal rotat
about the sixfold axis of benzene~f! and torsion alongr.

II. EXPERIMENT

Resonant ion-dip infrared spectra in the OH stretch
gion are recorded using methods described previously.14,15

Details of the optical parametric oscillator~OPO!, which
have not been provided elsewhere, are given here. Brie
cold, gas-phase C6H6–H2O and C6H6–HOD complexes are
formed in a pulsed supersonic expansion. The complexes
interrogated in the ion-source region of a time-of-flight ma
spectrometer~TOFMS!, approximately 15 cm from the
pulsed nozzle. The complex of interest is singled out f
study using resonant two-photon ionization~R2PI! through
its S0–S1 60

1 transition. The ultraviolet laser~0.1–0.5 mJ/
pulse! used for R2PI traverses twice through the ion sour
region of the TOFMS in a collimated beam of 1 mm diam
The ions from the two passes are born at slightly differe
potentials in the ion source, and arrive at the microchan
plate ion detector as two ion packets separated by about
ns. The arrival times of the ion mass of interest~C6H6–H2O
or C6H6–HOD! are monitored with a digital oscilloscope.

A LiNbO3 infrared optical parametric oscillator~OPO!,
shown schematically in Fig. 2, is used to produce the puls
tunable infrared radiation for the experiment. The fundame
tal output~1.064mm! of an unseeded Nd:YAG laser is prop
agated to the far field~20 m! and collimated to a beam di-
ameter of 6 mm before entry into the OPO. Typical 1.06mm
input powers at the OPO are 250 mJ/pulse in a 12

d.

FIG. 2. Schematic diagram of the LiNbO3 optical parametric oscillator used
in the present study.
, No. 2, 8 July 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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533Pribble et al.: Spectroscopy of benzene–H2O
pulse ~achieved by delaying the Nd:YAGQ-switch!. The
YAG fundamental is single-passed through a 10310350
mm LiNbO3 crystal mounted in an optical cavity which reso
nates the signal beam~1.45–2.1mm!. An infrared grating
~600 lines/mm blazed at 1.6mm! and ZnSe beam expande
~X5! achieve;1.5 cm21 resolution as measured in a photo
acoustic spectrum of methane or H2O. Total output powers
are typically 10–25 mJ/pulse, split approximately 3:1 be
tween signal and idler beams. Wavelength scans are achie
by computer control of rotation stages on which the LiNbO3
crystal and infrared grating are mounted. A calibration fil
for the OPO is generated over the wavelength range of int
est using an infrared photodiode to view a reflection from th
idler beam. Over the wavelength range of interest here, t
absolute OPO wavelength is determined against known tra
sitions in the infrared spectrum of water vapor, recorded u
ing the photoacoustic signal produced by water vapor in t
air.

The OPO output is collimated and loosely focused to th
center of the ion source region of the TOFMS, where it
overlapped with one of the two passes of the ultraviolet las
used for R2PI. The OPO laser pulse typically precedes t
R2PI laser by 100–500 ns. When an infrared absorption o
curs out of the same ground-state level as that monitored
R2PI, a decrease in ion signal from the overlapped R2
beam is observed. With normalization of the two ion signal
the percent depletion in ion signal is monitored as a functio
of OPO wavelength. The dual-beam method removes a m
jor source of noise in the depletion experiment arising fro
shot-to-shot power fluctuations in the R2PI laser.

C6H6–H2O complexes are formed from a gas mixtur
containing 0.1% benzene and 0.2%–0.4% H2O in helium at a
backing pressure of 4 bar. C6H6–HOD complexes were made
from a 50–50 H2O/D2O mixture.

III. RESULTS

The RIDIR spectrum of C6H6–H2O in the OH stretch
region is shown in Fig. 3~a!. The nonrigidity of the complex
is immediately obvious from the spectrum. In a rigid com
plex with a single, well-defined structure, the OH stretc
infrared spectrum should be comprised of two transition
rather than the seven or more transitions observed.

The spectrum of Fig. 3~a! was recorded by monitoring
the parent ion mass with the R2PI laser tuned to the pe
maximum of the 60

1 transition of the complex, shown in Fig.
3~b!. We have shown previously2 that this band of
C6H6–H2O is comprised of two partially overlappedDm50
transitions out of them50(S) andm51(P) levels of inter-
nally rotating C6H6–H2O. Due to the different nuclear spin
symmetries of H2O in these levels~para and ortho, respec-
tively!, collisional cooling in the expansion2 does not convert
between these lowest two levels, so that C6H6–H2O com-
plexes are present in the expansion in bothS andP ground
state levels, giving rise to the partially resolved transitions
the R2PI spectrum. As a result, the RIDIR spectrum of Fi
3~a! also contains transitions out of bothS andP ground
state levels of the complex.

If the S–S and P–P transitions were completely re-
solved in R2PI, RIDIR spectra out of the two ground sta
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
-
ved

e
r-
e
he
n-
s-
e

e
s
er
he
c-
in
PI
,
n
a-

-
h
s

ak

n
.

e

levels could be recorded free from interference from o
another. This is one of the potential strengths of RIDIR spe
troscopy; namely, its ability to record infrared spectra of d
ferent conformers or vibrational levels of the same ma
However, the R2PI laser power required to obtain adequ
ion signal for the RIDIR spectra leads to power broadeni
of the R2PI transitions. When combined with the parti
overlap of the bands, it has not been possible to record
frared spectra from theS andP ground state levels free from
interference. However, Figs. 4~a! and 4~b! show two spectra
recorded with R2PI laser tuned to the maximum of theS–S
andP–P 60

1 transitions, respectively. A comparison of thes
spectra indicates that the transitions labeledPgs andSgs arise
out of theP(m51) andS(m50) ground state levels, re-
spectively. At the present signal to noise, the other transitio
are less clearly assigned in this way.

Figure 5~a! displays the RIDIR spectra of C6H6–HOD in
the OH stretch region while monitoring the complex’s 60

1

transition in R2PI@shown in Fig. 5~b!#. The isotopic substi-
tution removes the nuclear spin distinction betweenm50
andm51 levels, allowing cooling between them. In the fre
HOD molecule, the OH stretch region of the infrared co
tains a single transition at 3707 cm21. This vibration is es-
sentially a local mode stretch along the OH bond. By co

FIG. 3. ~a! Resonant ion-dip infrared spectrum of the C6H6–H2O complex
in the OH stretch region.~b! R2PI spectrum of the 60

1 transition of
C6H6–H2O. In recording the RIDIR spectrum, the parent ion mass is mo
tored with the resonant two-photon ionization laser tuned to the peak of
partially overlappedP–P 60

1 transition in C6H6–H2O shown by an arrow.
3, No. 2, 8 July 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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534 Pribble et al.: Spectroscopy of benzene–H2O
trast, the OH stretch region of C6H6–HOD is composed of
five transitions spread over 50 cm21. Initially, it was thought
that some of these transitions might be due to hot ba
which were unresolved in the R2PI transition being mo
tored. However, the RIDIR spectrum is unchanged w
changing position in the R2PI band contour or by dras
changes in the cooling in the expansion. In fact, at the low
backing pressures, a hot band grew in the R2PI spectr
The RIDIR spectrum out of the ground state level resp
sible for this R2PI hot band was indistinguishable from t
60
1 transition. We conclude that the structure observed in
C6H6–HOD RIDIR spectrum arises entirely from the ze
point level of the complex. Low frequency combinatio
bands built on the OH stretch must then be responsible
the additional transitions observed, and these are much m
intense than the fundamental.

IV. ANALYSIS

The transitions observed for C6H6–H2O span the fre-
quency range from 3634 to 3782 cm21. These fall generally
into two clumps; a single transition at 3634 cm21, and a set
of transitions with center-of-gravity about 3740 cm21. Felker
and co-workers6 have recently recorded ionization los
stimulated Raman spectra of C6H6–H2O in the OH stretch
region. They find a single transition at 3634 cm21 which they

FIG. 4. RIDIR spectra of C6H6–H2O with R2PI laser tuned to the peak o
the ~a! S–S and ~b! P–P 60

1 transitions of the complex. Power saturatio
and partial overlap of the bands prevents complete separation of the
spectra. However, a comparison of the two spectra provides an assign
of the labeled transitions as arising from theP ground state.
J. Chem. Phys., Vol. 1Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subj
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assign to the symmetric stretch of H2O in the complex. This
is quite reasonable given the small frequency shift~23 cm21!
from the symmetric stretch in free H2O. None of the transi-
tions observed above 3700 cm21 in the infrared are detected
in the Raman spectrum due to the much weaker Raman
tivity of the asymmetric stretch. This argues for treatment
the OH stretch transitions as symmetric and antisymme
stretch rather than as local mode OH stretches. As we w
see, analysis based on symmetric and antisymmetric str
modes predictsn3

0 at about 3731 cm21, giving a frequency
difference of 97 cm21 between symmetric and antisymmetri
stretches, i.e., within a few wave numbers of that in free H2O
~99 cm21!. The transitions can therefore be regarded
nominally symmetric and antisymmetric stretch transition
since even a modest force constant difference between
two OH bonds in C6H6–H2O would produce a frequency
difference significantly greater than 100 cm21.16 For in-
stance, in the water dimer,17 the free OH and H-bonded OH
of the donor H2O molecule have a frequency difference o
176 cm21.

A. The nature of the large-amplitude motions in
C6H6–H2O and C6H6–HOD

In considering the most appropriate model for analyzi
the spectra of C6H6–H2O and C6H6–HOD, it is worth setting
down the predictions of various limiting cases, restricting o
attention for the moment to C6H6–H2O.

f
n
two
ment

FIG. 5. ~a! Resonant ion-dip infrared spectrum of the C6H6–HOD complex
in the OH stretch region.~b! R2PI spectrum of the 60

1 transition of
C6H6–HOD. In recording the RIDIR spectrum, the parent ion mass is mo
tored with the R2PI laser tuned to the peak of the 60

1 transition.
03, No. 2, 8 July 1995ect¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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535Pribble et al.: Spectroscopy of benzene–H2O
1. H2O rigidly held to C 6H6

If C6H6–H2O were a rigid complex, only two transition
should be observed in the OH stretch region~sym/asym
stretch or free/p H-bond OH!, counter to observation. A rigid
complex is also at odds with the R2PI and microwave d
which show C6H6–H2O to be a symmetric top.2–4

2. Nearly free three-dimensional (3D) internal rotation
of H2O

At the other extreme from a rigid complex is one
which water undergoes nearly free three-dimensional inte
rotation about its equilibrium position on benzene. This is
possibility raised by Gutowskyet al.4 for C6H6–H2O based
primarily on the nuclear spin hyperfine splittings observ
for m50 andm51.

The Ar–H2O complex is a prototype for this
behavior.18–20Not unexpectedly, the small binding energy
argon to H2O produces only weak perturbations on free w
ter’s rotational levels and wave functions. In Ar–H2O, the
small anisotropy in the potential breaks the (2j11)-fold de-
generacy of an internally rotating H2O in level j kakc, but the
center-of-gravity of the split levels is near to that of the c
responding level of free H2O. The 000 level of free H2O is
nondegenerate and has para nuclear spin symmetry. The
est ortho level of Ar–H2O correlates with 101, which splits
into S~101! andP~101! levels. The lower of these in Ar–H2O
is S~101!, and transitions are observed primarily out of t
lowest para and ortho levels of the complex,S~000! and
S~101!, respectively. Lascola and Nesbitt20 have recorded
fully rotationally resolved spectra of four transitions in th
antisymmetric stretch region. No transitions have been
ported in the symmetric stretch region due to its weaker
tensity.

The prediction of this model for C6H6–H2O, irrespective
of the relative ordering ofS~101! andP~101!, is that the sym-
metric stretch region~like the asymmetric stretch region!
should be comprised of several transitions of similar int
sity rather than the single transition observed in both Ram6

and infrared spectra~Fig. 3!. This suggests that a nearly fre
3D rotation of H2O in the complex is not the most appropr
ate first-order picture for water’s internal motion on benze

3. Free one-dimensional (1D) internal rotation of H 2O

In this model, the water molecule can internally rota
about benzene’s sixfold axis nearly freely, but has signific
anisotropy for rotation about axes perpendicular to the
fold axis. Here, the 1D internal rotor levels will have ene
gies given by

E5B•m2, where m50,61,62,... .

At the same time, if the energy difference between hyd
gens down and oxygen down is large enough, the ene
levels for the other hindered internal rotations at low en
gies can be approximated as torsional vibrations.

Both R2PI~Ref. 2! and microwave3,4 spectra show tha
C6H6–H2O is a symmetric top, consistent with free intern
rotation of H2O relative to benzene. Confirmation for th
model can be drawn from recentab initio3,13and MMC~Ref.
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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8! calculations of C6H6–H2O. In the MMC potential,21 the
anisotropy in the potential~H down vs O down! is calculated
to be about 200 cm21, supporting the treatment of the lowes
hindered rotor levels alongr andx ~Fig. 1! as torsional vi-
brations. The 1D internal rotation, on the other hand, is
sentially free with internal rotation constant calculated
B;16 cm21 ~Fig. 6!.

The recent high-levelab initio results of Suzukiet al.3

also predicts both free 1D internal rotation about benzen
sixfold axis and significant anisotropy in other dimension
Torsional vibrational frequencies alongr and x are calcu-
lated to be 47 and 260 cm21, respectively.

In order to assess the major features of the OH stre
infrared spectrum predicted by this model, the rovibration
selection rules22 for symmetric and antisymmetric stretc
will be those of a symmetric top undergoing free intern
rotation about the top axis. As a parallel band, the symme
stretch will have

Dv1561, DK50, andDm50, ~1!

wherev is the vibrational quantum number,K is the projec-
tion of the total angular momentum along the top axis, andm
is the internal rotation quantum number. Similarly, the asy
metric stretch, as a perpendicular band, will have

Dv3561, DK561, andDm561. ~2!

The lowest para and ortho levels of the complex are t
m50 ~S! andm51 ~P! internal rotor levels, respectively
and infrared transitions should be present out of both
these. Thus, in the limit of free 1D internal rotation, th
symmetric stretch transition should be composed of two p
allel subbands at the indicated frequencies

S–S at n1
0

and

P–P at n1
01~Bs82B9!,

whereBs8 is the internal rotor constant for thev51 level of
the symmetric stretch. If, as expected, (Bs8 2 B9) is small,

FIG. 6. Internal rotation constant, in wave numbers, for motion inf ~i.e.,
about the sixfold axis of benzene! as a function of angler. —, C6H6–H2O;
---, C6H6–HOD.
3, No. 2, 8 July 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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536 Pribble et al.: Spectroscopy of benzene–H2O
the two bands will be unresolved, and a single transit
should appear in the symmetric stretch region.

For the asymmetric stretch, three perpendicular tra
tions should appear:

S–P at n3
01Ba8 ,

P–S at n3
02B9,

and

P–D at n3
014Ba82B9,

whereBa8 is the internal rotor constant for thev51 level of
the antisymmetric stretch. IfBa8 5 B9, the three transitions
will be equally spaced with separation 2B9.

Comparison of the experimental spectrum with the
predictions is encouraging. We assign the 3634 cm21 transi-
tion as the unresolvedS–S andP–P parallel bands of the
symmetric stretch. The three dominant transitions in
asymmetric stretch region are at 3713, 3748, and 3774 cm21,
which we assign as theP–S, S–P, andP–D transitions,
respectively. Of course, these transitions are not equ
spaced. Within the confines of a free 1D internal rotat
model, we would need to conjecture unequal internal rota
constants in the ground and vibrationally excited states,
B9'20 cm21 andBa8 ' 15 cm21. However, other feature
of the spectra call for the need for refinement of the
model.

4. 2D large-amplitude motion along f and r

While the general features of the spectrum of C6H6–H2O
are accounted for by 1D free internal rotation of H2O on
benzene~alongf!, other aspects of the spectra of Figs. 3 a
5 suggest the need for some modifications of the 1D mo
First, the model does not account for the several weak t
sitions present in the asymmetric stretch region
C6H6–H2O, most notably at 3733, 3739, and 3782 cm21.

Second, the C6H6–HOD spectrum of Fig. 5 is compose
of five transitions out of a single ground state@theS(m50)
state#, yet only two of these can be assigned via free
internal rotation alone. As stated before, the OH stretch tr
sition in HOD is essentially a local-mode stretch along
OH bond. The vibrationally-averaged orientation of th
bond in C6H6–HOD will produce a parallel~S–S! and a
perpendicular~S–P! transition; i.e.,

S–S at nOH
0 ,

S–P at nOH
0 1BOH8 ,

whereBOH8 is the internal rotation constant for HOD in th
OH(v51) excited state. As experiment has shown~Sec. III!,
the corresponding transitions out of theP ground state are
not present because nuclear spin restrictions on cooling f
P to S have been removed by the isotopic substitution. F
thermore, even if they were present, the relative positi
and intensities of the bands cannot be accounted for e
qualitatively by their incorporation.

Instead, the 1D model must be refined to include a s
ond large-amplitude motion; namely, the in-plane torsion
the water molecule along angler ~Fig. 1!. Based on theab
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initio calculations, it is reasonable to suggest that the in
plane torsion be large-amplitude, since bothab initio3 and
MMC ~Ref. 13! calculations on C6H6–H2O have predicted a
broad, flat potential for H2O tumbling alongr over angular
changes of650° or more, possibly with a small barrier
present atr50°. Furthermore, torsion alongr will change
the orientation of the OH bonds, thereby inducing intensit
in OH stretch/torsion combination bands.

In the next two sections, we will develop this model,
apply it to C6H6–HOD first, before returning to C6H6–H2O
for a final look at the model’s consequences there. I
C6H6–HOD, the goal of the modeling is to account for the
presence of five resolved transitions out of a single groun
state in which combination bands significantly exceed th
intensity of the fundamental. C6H6–H2O will serve as a con-
sistency check, and provide some added insight to the su
stantial differences between the spectra of the symmetric a
asymmetric isotopes.

B. A 2D (r,f) LAM model of the OH stretch IR
spectrum

1. The model Hamiltonian

The form of the model Hamiltonian inr andf is

H52
\2

2I c
S ]2

]r2D2F~r!S ]2

]f2D1V~r!, ~3!

where the coordinatesr andf are defined in Fig. 1. The first
term is the kinetic energy for motion alongr ~the c axis of
water!, the second term that for internal rotation about the
sixfold axis of benzene~the z axis! with internal rotation
constantF(r)52[\2/2I z(r)], andV(r) is the intermolecu-
lar potential alongr assumingV(f)50. The Hamiltonian
thus focuses attention on internal rotation of the H2O or
HOD molecule in the potential produced by the benzen
molecule. The angler is not to be confused with either the
spherical coordinate or the Euler angleu in that it takes on
both positive and negative values~rather than a value in the
range 0 top!. Such a definition is useful for treatment of
motion alongr as a torsional vibration rather than a hindered
internal rotation. Coupling to the torsion inx, the intermo-
lecular bends or the intermolecular stretching modes is als
ignored.

This simple Hamiltonian is solved for the torsion/
internal rotation energy levels using a product basis of ha
monic oscillator functions alongr and free internal rotor
functions inf,

cvm~y,f!5F (
n50

5

anNnHn~y!exp~2y2/2!Gexp~2 imf!,

~4!

where

y52pS ñ ic

h D 1/2Qtor , ~5!

and ñi is the harmonic torsional vib. freq. in cm21.
For HOD,Qtor'~mH1mD!1/2r 0r. With r in radians and

ñi in wave numbers,y50.286n i
1/2r for HOD. For H2O,

Qtor'~2mH!1/2r 0r so thaty50.233n i
1/2r.
03, No. 2, 8 July 1995ect¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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537Pribble et al.: Spectroscopy of benzene–H2O
2. The form of the effective potential

The zeroth order form of the torsional potential is as
sumed to be harmonic,

V0~r!5 1
2kr2.

However, the effective potential can have deviations fro
this form arising from several sources; anharmonicity in th
intermolecular potential, kinetic coupling to internal rotatio
aboutf, and r-dependent adiabatic zero point correction
from other vibrational modes, i.e.,

Vpert~r!5VIM~r!1F~r!m21VZP~r!. ~6!

a. Anharmonicity. The anharmonicity in the intermo-
lecular potential is anticipated based on theab initio3 and
MMC ~Ref. 13! calculations, which predict a double mini-
mum well with small barrier atr50°. The excited state po-
tential might also be expected to differ somewhat from th
ground state potential due to the increased polarizability
the vibrationally excited state.

b. Kinetic coupling to internal rotation inf. Kinetic
coupling to internal rotation aboutf is an obvious conse-
quence of the sensitive dependence of the internal rotat
constantF on the orientationr of HOD. The assumption of
free internal rotation aboutf for all anglesr insures that the
f dependence of the wave function is given by exp(2 imf).
The Hamiltonian then block-diagonalizes intoS(m50),
P(m561), D(m562),... states and the effective potentia
in r has added to it a centrifugal barrier termF(r)m2. If
torsion in r were small-amplitude about angler0, the cen-
trifugal barrier term would be a constant [F(r0)m

2] and the
Hamiltonian would be separable inr andf.

For larger-amplitude motions alongr, the varying inter-
nal rotation constantF(r) modulates the free internal rotor
energy levels as shown in Fig. 6. The effect on th
r-dependent potential is significant, modulatingP state po-
tentials in C6H6–HOD by 14 cm21 ~between 9.1 and 23.5
cm21! and D states by 4 times this. Note thatF(r) is a
symmetric function ofr in H2O, but is distinctly asymmetric
in HOD. This asymmetry arises from the rotation of the in
ertial axes in HOD by 21° relative to H2O, with the ‘‘a’’ axis
rotated toward the OD bond. Thus, in C6H6–HOD, the
r-dependent potential for the states withm.0 ~i.e.,P,D,...!
has this asymmetric component favoring the H down co
figurations over those with D down. In C6H6–H2O, the
F(r)•m2 term steepens the walls of ther-dependent poten-
tial aboutr50°.

If vibration in r and internal rotation inf occur on very
different time scales, adiabatic separation of the two motio
would be possible. In the present case, the close proximity
the bands in the C6H6–HOD spectrum indicate that the two
time scales are similar. We thus include ther dependence of
the internal rotation constantF(r) explicitly in Veff~r!.

c. Zero point corrections from other vibrations.Finally,
the form of the effectiver-dependent potential is also influ-
enced by adiabatic zero point corrections from other vibr
tional coordinates. In C6H6–HOD, such adiabatic corrections
to the intermolecular potential are responsible for the asy
metry in the ground state HOD potential reported by Gu
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towsky et al.4 in which the vibrationally-averaged orienta-
tion for HOD is rotated 18° toward the D down
configuration. One significant contribution tor-dependent
zero point effects arises from the H2O and HOD OH~D! in-
tramolecular stretch vibrations themselves. One would ex
pect that, as H2O rotates alongr, the strength of interaction
of a given O–H bond with the benzene ring will change
thereby modifying the O–H stretch frequencies in a
r-dependent fashion. Experimental evidence for this fact ca
be found in the larger C6H6–~H2O!n clusters14,15 with
n53–5 which possess a characteristic absorption due top
hydrogen-bonded OH which is red-shifted from the free OH
stretch by about 60 cm21. On the other hand, using the
phenol–H2O complex23 as a guide~where the H2O molecule
accepts a hydrogen bond!, the OH stretch vibrational fre-
quencies should be changed only slightly~;5 cm21! by the
interaction with benzene in the oxygen down~r5180°! ori-
entation.

In C6H6–HOD, the OH and OD stretches are local mode
vibrations. The adiabatic correction from the OH/OD stretch
ing modes is then

1
2nOH~r!11

2nOD~r!

in the ground state, while in the OH and OD stretch excite
state, it becomes

3
2nOH~r!11

2nOD~r!

and

1
2nOH~r!13

2nOD~r!,

respectively. One expects that the maximum effect of ben
zene on the OH~OD! stretch should occur atr5252°~152°!,
with OH ~OD! pointing directly toward the ring. The
r-dependent correction should be negligibly small nea
r5180° ~oxygen down! while atr50° it will be somewhere
in between. Due to the compensating effects of OH and O
stretch modes, the ground state should have little addition
asymmetry from these zero point corrections. However, th
OH stretch contribution toVeff~r! will favor OH~OD! down
orientations in the OH~OD! (v51) excited states.

In C6H6–H2O, the nominally symmetric and asymmetric
stretch modes are delocalized over both OH bonds. Howeve
just as with OH and OD stretches in C6H6–HOD, the sym-
metric and asymmetric stretch vibrations may have differen
r dependencies. In the ground state, the zero point correcti
is

1
2n1~r!1 1

2n3~r!

which in the symmetric and asymmetric stretch excited state
become

3
2n1~r!1 1

2n3~r!

and

1
2n1~r!1 3

2n3~r!,

respectively. It is important to note that these correctio
terms will likely be different than those in HOD. Thus, the
3, No. 2, 8 July 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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538 Pribble et al.: Spectroscopy of benzene–H2O
form ofVeff~r! cannot be expected to transfer without chan
between C6H6–HOD, C6H6–H2O symmetric stretch, and
C6H6–H2O asymmetric stretch.

Thus, the contributions toVpert~r! are from anharmonici-
ties in the intermolecular potential, ther-dependent zero
point level effects from other vibrations, and the centrifug
term due to internal rotation aboutf. In the modeling,
Vpert~r! incorporates a double minimum well centered
r50° which goes asymptotically to zero atr56180°. The
height and width of the barrier atr50° can be varied, eithe
with ~HOD! or without ~H2O! asymmetry.

3. Q1/Q3 mixing in C 6H6–H2O as a function of r

In Sec. IV A 3, the 1D internal rotation model led to th
deduction that the OH stretch modes in C6H6–H2O were
nominally symmetric and asymmetric stretch based
~n3

02n1
0!'100 cm21. However, in recognizing the need fo

refinement of this model to include large-amplitude moti
alongr, one must also admit the possibility that some deg
of dynamical localization of the OH stretch vibrations m
occur. As the H2O molecule executes large-amplitude moti
away from the symmetricr50° position, the two OH bonds
become inequivalent by virtue of the different strength
their interaction with the benzenep cloud. In the limit of a
very strongp hydrogen bond at ther5652° orientations,
the symmetric and asymmetric stretch modes would
turned into local mode OH stretches on thep hydrogen
bonded and free OH’s. Put another way, the interaction w
benzene could lead to some mixing of the symmetric (Q1)
and asymmetric stretch (Q3) modes as a function ofr. Given
the close proximity of thev51 OH stretch modes~split by
100 cm21!, the major effect of such mixing will be on th
vibrationally excited states.

This mixing gains importance from the fact that th
asymmetric stretch is twenty times more intense than
symmetric stretch.24,25Consequently, even a small amount
Q1/Q3 mixing can have significant effects on intensities
combination bands, especially in theQ1 region. On the other
hand, in C6H6–HOD, the corresponding modes are loc
mode OH and OD stretches split by 1000 cm21 which will
thereby be negligibly mixed as a function of angler.

The effect ofQ1/Q3 mixing in C6H6–H2O can be mod-
eled as follows. The unperturbed symmetric and asymme
stretch modes are of the form

symmetric stretch:Q1
05~1/2!1/2~Sa1Sb!, ~7!

asymmetric stretch:Q3
05~1/2!1/2~2Sa1Sb!, ~8!

whereSa andSb are the internal OHa and OHb coordinates.
Ther-dependent mixing gives rise to normal coordina

which depend onr,

Q1~r!5a~r!Q1
01b~r!Q3

0, ~9!

Q3~r!52b~r!Q1
01a~r!Q3

0, ~10!

wherea~r! andb~r! are the normalized,r-dependent mixing
coefficients.

In the vibrationally excited states, the wave functions
alsor-dependent,
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for Q1 : ucexc&5$a~r!u10&1b~r!u01&%uv tor8 &, ~11!

for Q3 : ucexc&5$2b~r!u10&1a~r!u01&%uv tor8 &,
~12!

where u i j & is the unperturbed eigenstate with vibrationa
quantum numbersv(Q1)5 i , v(Q3)5 j .

From a restricted normal coordinate analysis of the O
stretching modes, one can deduce the general form ofa~r!
andb~r! via the expected effect of the interaction with ben
zene on the force constants for the two O–H bonds. Sin
the force constant difference changes sign under reflecti
throughr, b~r! is odd inr while a~r! is even. Furthermore,
b~r! will approach zero at large angles. The general form o
these functions is shown in Fig. 7. The obvious consequen
of this mixing is that not only the direction, but also the
magnitude of the dipole moment derivatives for the OH
stretch modes changes with angler.

4. Calculation of positions and intensities of the OH
stretch infrared bands

To compare with experiment, torsion/internal rotation
energy levels are calculated by diagonalizing the mod
Hamiltonian of ground and OH vibrationally excited state
for various assumed forms of the effectiver-dependent po-
tential. Variables at hand are the harmonic frequency, th
depth of the double minimum well, the height and width o
the barrier atr50°, and in C6H6–HOD, its asymmetry.

Calculation of the infrared intensities of the band re
quires an analysis of the effects of the large-amplitude m
tions on the OH stretch band intensities. The intensity26 of an
electric dipole-allowed infrared transition of frequencyn be-
tweencgs andcexc is equal to

I5cU^cgsu(
r

S ]m

]Qr
DQr ucexc&U2, ~13!

FIG. 7. The general functional form fora~r! andb~r!, the symmetric stretch
(Q1)-asymmetric stretch (Q3) mixing coefficients defined in Eqs.~9! and
~10! in the text.
3, No. 2, 8 July 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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539Pribble et al.: Spectroscopy of benzene–H2O
wherec5(8p3/3hc)Ngsn and is taken as a constant for a
bands in what follows.

If the z axis is taken as the symmetric top axis~Fig. 1!,
then

I i5cU^cgsu(
r

S ]mz

]Qr
D
0

Qr ucexc&U2 ~14!

and

I'5cU^cgsu(
r

S ]mx

]Qr
DQr1S ]my

]Qr
DQr ucexc&U2. ~15!

a. C6H6–H2O. In C6H6–H2O, the intensity of an infra-
red transition in the OH stretch region is given by

I5cU^cgduF S ]m

]Q1
DQ11S ]m

]Q3
DQ3G ucexc&U2, ~16!

whereQ1 andQ3 have been defined in Eqs.~9! and ~10!. It
can readily be shown by use of Eqs.~9! and ~10! that

S ]m

]Q1
DQ11S ]m

]Q3
DQ35S ]m

]Q1
0DQ1

01S ]m

]Q3
0DQ3

0, ~17!

so that Eq.~16! is more conveniently expressed as

I5cU^cgduF S ]m

]Q1
0DQ1

01S ]m

]Q3
0DQ3

0G ucexc&U2. ~18!

The dipole moment derivatives in Eq.~18! are vector
quantities. In a rigid molecule or complex, the direction
these vectors is constant. However, in the present c
where large-amplitude motion along bothr andf can occur,
one must explicitly take into account the dependence of
dipole moment derivative vectors onr andf. In H2O these
vectors point at angler ~for Q1

0! and perpendicular to it~for
Q3
0!. Thus, the Cartesian components are given by

S ]m

]Q1
0D 5S ]m

]Q1
0D

0

~sin r cosf,sin r sin f,cosr!

and ~19!

S ]m

]Q3
0D 5S ]m

]Q3
0D

0

~cosr cosf,cosr sin f,sin r!.

After integrating over the anglef, the band-integrated inten
sities of the parallel and perpendicular transitions are the

I i5cUS ]m

]Q1
0D

0

^cgduQ1
0 cos~r!ucexc&

1S ]m

]Q3
0D

0

^cgduQ3
0 sin~r!ucexc&U2 ~20!

and

I'52cUS ]m

]Q1
0D

0

^cgduQ1
0 sin~r!ucexc&

1S ]m

]Q3
0D

0

^cgduQ3
0 cos~r!ucexc&U2, ~21!
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where the factor of 2 in Eq.~21! relates the integrated inten-
sity of a perpendicular transition to that of a parallel transi-
tion of same (dm/dQ)0 magnitude.

26

For free H2O, we know that the integrated intensity of
the asymmetric stretch is 20 times that of the symmetric
stretch. Given the factor of 2 in Eq.~20!, this means that the
dipole moment derivatives are approximately related by

S ]m

]Q3
0D

0

5A10S ]m

]Q1
0D

0

. ~22!

Plugging Eqs.~11!, ~12!, and ~22! into Eqs.~20! and ~21!,
and noting that

^00uQ1
0u10&'^00uQ3

0u01&[j ~23!

while

^00uQ1
0u01&5^00uQ3

0u10&50, ~24!

the following expressions are obtained for the parallel and
perpendicular transitions in theQ1 andQ3 regions of the
infrared includingQ1

0/Q3
0 mixing:

I i~Q1!5cS ]m

]Q1
0D

0

2

j2u^n tor9 50u@a~r!cosr

1A10b~r!sin r#un tor8 &u2dm9m8 , ~25!

I'~Q1!52cS ]m

]Q1
0D

0

2

j2u^n tor9 50u@a~r!sin r

1A10b~r!cosr#un tor8 &u2dm9,m961 , ~26!

I i~Q3!5cS ]m

]Q1
0D

0

2

j2u^n tor9 50u@2b~r!cosr

1A10a~r!sin r#un tor8 &u2dm9,m8 , ~27!

and

I'~Q3!52cS ]m

]Q1
0D

0

2

j2u^n tor9 50u@2b~r!sin r

1A10a~r!cosr#un tor8 &u2dm9,m961 . ~28!

Herem9 andm8 are the internal rotation quantum numbers
alongf in ground and excited states, respectively. Expres
sions ~25!–~28! predict the selection rules for combination
bands involving torsion/internal rotation levels shown in
Table I. Sincea~r! is even inr and b~r! is odd, parallel
bands are allowed in theQ1 region withDv tor even, while
perpendicular bands will haveDv tor odd. In theQ3 ~asym-
metric stretch! region, the reverse is true; perpendicular
bands are allowed withDv tor even while parallel bands re-
quire Dv tor odd. As expected, theA10 weighting of theb
coefficient in theQ1 expressions@Eqs.~25! and~26!# means
that even small mixing ofQ3 with Q1 can give significant
changes to the intensities of a givenQ1 combination band.

It is instructive to look at the conditions under which OH
stretch/torsion combination bands are weak and what cond
tions gives them significant intensity.
3, No. 2, 8 July 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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540 Pribble et al.: Spectroscopy of benzene–H2O
~1! WhenQ1/Q3 mixing is negligible@i.e., whena~r!51,
b~r!50# expressions~25!–~28! reduce to

I i~Q1!5cS ]m

]Q1
0D

0

2

j2u^n tor9 50ucosrun tor8 &u2dm9,m8 , ~29!

I'~Q1!52cS ]m

]Q1
0D

0

2

j2u^n tor9 50usin run tor8 &u2dm9,m961 ,

~30!

I i~Q3!510cS ]m

]Q1
0D

0

2

j2u^n tor9 50usin run tor8 &u2dm9,m8 ,

~31!

and

I'~Q3!520cS ]m

]Q1
0D

0

2

j2u^n tor9 50ucosrun tor8 &u2dm9,m961 .

~32!

Note that the selection rules forDv tor are the same in the
absence ofQ1/Q3 mixing as when it is present. Conse
quently, the major effect of theQ1/Q3 mixing is to change
the intensities of the combination bands.

~2! Two further restrictions are required to remove combin
tion bands from the spectra. First, if the torsional vibra
tion is small-amplitude, sinr and cosr can be approxi-
mated by their values atr5r0 and pulled outside the
integral. Second, if there is no coupling of the torsion t
the OH stretch, the torsional wave functions will be un
changed by OH stretch excitation. Then the orthogonali
of the torsional wave functions will limit transitions to
those withDv tor50, i.e., only OH stretch fundamentals
will appear in the spectrum. This is the typical rigid mol
ecule, harmonic oscillator result.
b. C6H6–HOD. The situation is very different in

C6H6–HOD. Here the OH and OD stretches are local mod
stretches in which the dipole moment derivatives point alon
the OH and OD bonds, respectively. Given the referen
configuration of Fig. 1, the Cartesian components of the
vectors are

S ]m

]QOH
D5S ]m

]QOH
D
0

@sin~r152°!cosf,

sin~r152°!sin f, cos~r152°!# ~33!

TABLE I. Selection rules for internal rotation/torsion combination band
built on the OH stretch vibrations of C6H6–H2O and C6H6–HOD.

Band type Dv tor Dm

C6H6–H2O
Symmetric stretch region Parallel even 0

Perpendicular odd 61
Asymmetric stretch region Parallel odd 0

Perpendicular even 61
C6H6–HOD
OH stretch region Parallel no restriction 0

Perpendicular no restriction 61
OD stretch region Parallel no restriction 0

Perpendicular no restriction 61
J. Chem. Phys., Vol. 10Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subje
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S ]m

]QOD
D5S ]m

]QOD
D
0

@sin~r252°!cosf,

sin~r252°!sin f, cos~r252°!#. ~34!

As before, after integrating over the anglef, the band-
integrated intensities of the parallel and perpendicular tran
sitions in the OH stretch region are given by

I i~QOH!

5cS ]m

]QOH
D
0

2

jOH
2 u^v tor9 50ucos~r152°!uv tor8 &u2dm9,m8

~35!

and

I'~QOH!

52cS ]m

]QOH
D
0

2

jOH
2 u^v tor9 50usin~r152°!uv tor8 &u2

3dm9,m961 . ~36!

The analogous expressions for the OD stretch transition
substitute~r252°! for ~r152°!.

Note that in C6H6–HOD there is no definite parity to the
r-dependent integrand andDv tor is not restricted to even or
odd as it is in the H2O case. In particular, bothDv tor50 and
1 are allowed and may be strong. Furthermore, we anticipa
that both parallel and perpendicular transitions out of th
~v tor9 5 0, m950! level will carry significant intensity.

C. The comparison with experiment

1. C6H6–HOD

Our goal in modeling the C6H6–HOD spectrum is to
account for the highly unusual intensity profile of the OH
stretch transitions in which combination bands are signifi
cantly more intense than the OH stretch fundamental. Figu
8~b! presents a calculated fit to the experimental spectrum
C6H6–HOD @Fig. 8~a!# which is representative of the quality
of fit possible with this model. As can be seen from the
figure, the 2D LAM model is capable of correctly reproduc-
ing the experimental intensity profile. Ther-dependent po-
tentials associated with the calculated spectrum are shown
Fig. 9. Given the number of parameters in the model~the
height, width, and asymmetry in both ground and excite
states!, the precise form of the potential cannot be deduce
uniquely from the present data. However, certain features
the potentials are present in all satisfactory fits.

~1! To correctly reproduce the relative intensities in the
spectrum, it is necessary to assign the transitions as shown
the figure; namely, with theS~0!–S~1! transition below
the S~0!–P~0! transition. Here the transition labels are
m9(v tor9 )→m8(v tor8 ).

~2! In order to obtain a 10 cm21 torsion fundamental, a
harmonic torsional frequency of about 20 cm21 is required,
and a small barrier of about 20–30 cm21 needs to be placed
in the potential atr50°. This results in a broad, flat torsional
3, No. 2, 8 July 1995ct¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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541Pribble et al.: Spectroscopy of benzene–H2O
FIG. 8. ~a! The experimental C6H6–HOD RIDIR spectrum in the OH stretch
region and~b! a calculated fit using the 2D~r,f! model described in the tex
which is representative of the quality of fit possible with this model. T
assignments for the transitions are of the form@m9(v tor9 ) 2 m8(v tor8 )#,
where m is the internal rotor quantum number inf ~m50↔S and
m51↔P! andv tor is the vibrational quantum number in torsion alongr.

FIG. 9. Plots ofVeff~r! for the vOH50 S ground state, thevOH51 S state,
and thevOH51, P state of C6H6–HOD which produce the calculated OH
stretch infrared spectrum in Fig. 8~b!. The first few energy levels andv tor50
wave functions are also shown.
J. Chem. Phys., Vol. 1Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬subj
potential in which the binding energy of the HOD molecul
with the benzene ring changed by less than 50 cm21 over
changes inr from 290 to190 deg.

~3! The spacing betweenS~0!–S~0! and S~0!–P~0!
transitions is fixed by ther-dependent potential and the as
sumption of free internal rotation aboutf, and is not a free
parameter. Its typical value is 14 cm21, compared to 20 cm21

in the experimental spectrum. This is perhaps the weak
aspect of the fit with this model, and likely points to the nee
for future refinement of the model.

~4! The qualitative experimental intensity profile can b
reproduced even without any asymmetry inVeff~r!. How-
ever, the best match-ups with experiment occurred when
small asymmetry was added to the ground state poten
favoring D down. The ground state potential in Fig. 8~a!
gives ^r&5117 deg, a value in agreement with that dete
mined for the ground state of C6H6–HOD ~18 deg! by Gu-
towskyet al.4 from their microwave data. This value for^r&
was used as a further parameter in constraining the ‘‘best fi
Veff~r!.

2. C6H6–H2O

Given the broad, flat potential inr derived from the fit to
experiment for C6H6–HOD, it is important to check the ef-
fects of a similarly broad torsional potential on th
C6H6–H2O spectrum. One must keep in mind that, due
r-dependent zero-point effects of the OH stretch vibratio
and of the other intermolecular modes~Sec. IV C 2!, Vpert~r!
may be different for H2O than for HOD and for symmetric
stretch H2O than for asymmetric stretch H2O.

As we have already seen, the dominant features of t
spectra of C6H6–H2O are well-fit simply by assuming 1D
free internal rotation alongf. In fact, the OH stretch infrared
spectra of C6H6–H2O hold little promise for providing de-
tailed information about the torsional potential, since theQ3
region shows only weak combination bands, while no add
tional structure is detectable in theQ1 region. The goal of
applying the 2D model to C6H6–H2O is then to account in a
consistent way for thepresenceof the small additional tran-
sitions in the asymmetric stretch region and theabsenceof
such transitions in the symmetric stretch region.

Figure 10 displays a stick diagram of the experiment
and a calculated spectrum in the asymmetric stretch regi
The several small transitions not explained by the 1D fr
internal rotation model are qualitatively accounted for withi
the 2D ~r,f! model as combination bands involving the tor
sion. If a harmonic frequency consistent with th
C6H6–HOD potential is retained, an excited state barrier
20 cm21 at r50° is required to bring the combination band
into the region where they are observed experimentally. T
form of the potentials associated with the calculated spe
trum is shown in Figs. 11~a! and 11~b!. A small amount of
Q1/Q3 mixing is included in the calculated spectrum, to b
consistent with the results on theQ1 region which follow.
However, little change in the asymmetric stretch spectrum
induced by changes in the amount ofQ1/Q3 mixing or even
its complete neglect.

The symmetric stretch region is more interesting. He
no combination bands are observed in the spectrum@Figs. 3

he
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542 Pribble et al.: Spectroscopy of benzene–H2O
FIG. 10. Stick diagrams of the~a! experimental and~b! calculated spectra in
the asymmetric stretch region of C6H6–H2O using the potentials in Figs
11~a! and 11~b!.

FIG. 11.Veff~r! in the ~a! ground,~b! symmetric stretch, and~c! asymmetric
stretch vibrationally excited states in the calculated spectra of Figs. 1~b!
and 12~b!–12~f!.
J. Chem. Phys., Vol. 1Downloaded¬21¬Aug¬2003¬to¬128.210.142.204.¬Redistribution¬sub
and 12~a!#. Admittedly, the lower inherent strength of the
symmetric stretch transition may hinder the observation
the combination bands in the present experiment. Howev
the saturation present in the experimental spectrum sugg
that they should be observable if present. More important
calculations employing a flat, broad torsional potential with
out Q1/Q3 mixing predict strong symmetric stretch/torsion
combination bands such as those shown in Fig. 12~b!. This is
true for all reasonable forms ofVeff~r!. Thus, to account for
the qualitative appearance of the spectrum in this region co
sistently with the C6H6–HOD results, one must invoke some
degree ofQ1/Q3 mixing ~Sec. IV C 3!.

Figures 12~c!–12~f! show the computed symmetric
stretch spectrum for several representative forms ofb~r!.
The effect of this mixing on the appearance of the spectru
is dramatic. As the magnitude and width ofb~r! changes,
intensity is given preferentially either to parallelDv tor52
transitions or perpendicularDv tor51 transitions. Of theb~r!
functional forms searched, that used in calculating the sp
trum in Fig. 12~c! most effectively suppresses both thes
types of combination bands relative to the mainS–S and
P–P transitions. The explicit form ofb~r! for this case is
shown in Fig. 7. In the calculated spectra of Figs. 12~b!–

.

0

FIG. 12. Stick diagrams of the~a! experimental and~b!–~f! calculated spec-
tra in the symmetric stretch region of C6H6–H2O using the potentials in
Figs. 11~a! and 11~c!. The calculated spectra of~b!–~f! useQ1–Q3 mixing
coefficientsa~r! andb~r! of the general form shown in Fig. 7, where~b!
b50, i.e., no Q1/Q3 mixing, ~c! b~rmax!50.25, rmax530°, ~d!
b~rmax!50.25, rmax530°, ~e! b~rmax!50.50, rmax552°, and ~f!
b~rmax!50.50, rmax552°. The most effective suppression of combinatio
bands occurs for the conditions of~c!.
03, No. 2, 8 July 1995ject¬to¬AIP¬license¬or¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp
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543Pribble et al.: Spectroscopy of benzene–H2O
12~f!, the single set of potentials shown in Figs. 11~a! and
11~c! are used. Based on the present data, the precise fo
theVeff~r! can be chosen with some degree of latitude.
potentials of Fig. 11 are simply a consistent set whose s
contributes to the strong suppression of combination ba
in the symmetric stretch region shown in Fig. 12~c!. A cal-
culation using theQ3 potential of Fig. 11~b! on theQ1 region
gives combination bands about twice the size shown in
12~c!.

The maximum value ofb used in calculating Fig. 12~c!
is bmax50.25, corresponding to 5%Q3

0/95% Q1
0 mixture in

Q1 at rmax. As stated previously, a mixing this small h
such a dramatic effect onQ1 due to the much stronger a
sorption strength ofQ3

0 relative to Q1
0. From a physica

standpoint, this mixing rotates the orientation of (dm/dQ1)
away from H2O’s C2v axis. As H2O rocks away from the
symmetric r50 position to either side, mixing withQ3

0

causes the dipole derivative vector to remain oriented c
to benzene’s sixfold axis over a significant range ofr, thus
minimizing the perpendicular transitions in the spectrum.
another way, the partial local mode character induced by
mixing swings the dipole derivative vector toward the O
bond pointing toward the ring.

V. DISCUSSION AND CONCLUSIONS

The intent of the present study has been to use the
stretch infrared spectrum as a probe of thep hydrogen bond
between H2O ~HOD! and C6H6. These spectra show sen
tivity to perhaps the most striking feature of thisp hydrogen
bond; namely, the facile, large-amplitude tumbling of H2O
and HOD on benzene’s surface.

The observable consequences of the LAMs on the s
tra change dramatically from H2O symmetric stretch to
asymmetric stretch and from H2O to HOD. In fact, the three
spectral regions span an interesting range of possibilitie

~1! In the C6H6–H2O symmetric stretch region, no combin
tion bands are observed in the spectrum.

~2! In the C6H6–H2O asymmetric stretch region, at least
bands are observed. The three dominant bands
readily assigned as perpendicular bands of an intern
rotating symmetric top while the three weak transitio
appear to be OH stretch/torsion/internal rotation com
nation bands.

~3! In the C6H6–HOD OH stretch region, five transitions a
observed out of the zero point level of the ground st
with OH stretch/torsion/internal rotation combinati
bands dominating the spectrum, with intensities sev
times that of the fundamental.

The sensitivity of the spectra to isotopic substitut
~H2O to HOD! is a direct consequence of the fundamen
change in the form of the O–H~D! stretching modes accom
panying the substitution. As summarized in Fig. 13, the
topic substitution changes

~1! the form of the normal coordinates from modes deloc
ized over both bonds in H2O to localized in a single bon
in HOD;
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~2! the direction of the dipole moment derivatives from par
allel and perpendicular to theC2v axis of H2O to along
the OH and OD bonds in HOD;

~3! the form of ther-dependent internal rotation constan
F(r) from symmetric aboutr50° in H2O to distinctly
asymmetric in HOD;

~4! the degree ofr-dependent mixing between the hydride
stretch modes from significant in H2O to insignificant in
HOD.

When combined with the large-amplitude motions inr
andf, these changes lead to the observed differences in t
spectra. The modeling of the infrared spectra including larg
amplitude motions inr andf successfully accounts for the
qualitative features of the spectrum of C6H6–HOD, including
the unusual intensity profile and approximate positions of th
observed bands.

The r-dependent potential so derived is indeed remar
ably broad, with the HOD molecule undergoing orienta
changes fromr5290° to190° even at the zero point level
~Fig. 9!.

While the present level of analysis seems appropriate
the data available in this study, it also points out the need f
further study before a quantitatively accurate C6H6–H2O in-
termolecular potential is in hand. On the experimental sid
similar spectra in the OD stretch region of C6H6–HOD
would provide an excellent testing ground for further refine
ment ofVeff~r!. Second, rotationally resolved spectra, if life-
time broadening is not too great, would provide crucial fur
ther tests. Third, far infrared spectra which sample oth
intermolecular degrees of freedom are needed. Fourth,

FIG. 13. Summary of the fundamental differences between H2O and HOD
which influence the appearance of the OH stretch infrared spectra
C6H6–H2O and C6H6–HOD complexes undergoing 2D LAM inr andf.
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e

io
n

e
h
e
t
r

o
t
s
h
o

tr
n

c

Z
o
5
d
fr

III,

c.

n

re-
ay
ly

.

A.

s.

is a

544 Pribble et al.: Spectroscopy of benzene–H2O
accurate measurement of the C6H6–H2O binding energy is
still not available.

From a theoretical viewpoint, modeling which includ
other intermolecular degrees of freedom is needed; most
tably, the third internal rotation coordinatex and the bending
modes. It is the authors’ opinion that the in-plane tors
along r may be strongly coupled to the in-plane bendi
mode, as suggested by recent MMC~Ref. 8! andab initio3,10

calculations. Such coupling is not included in the pres
analysis. Finally, a more thorough analysis of t
r-dependentQ1/Q3 mixing may shed additional light on th
unique dynamical processes involved the tumbling of wa
on an aromatic surface. The present results and their
evance to water molecule’s physisorption on graphite~and
even metal! surfaces also deserve further exploration.

Note added in proof.Recentab initio calculations on
C6H6–H2O at the MP2 level predict that, in the presence
benzene, the intensities of the asymmetric and symme
stretches are in the ratioI asym/I sym51.5 rather than 20, as it i
in free H2O. This intensity change, not incorporated in t
present analysis, is consistent with the intensity ratio
served in the experimental spectrum of Fig. 3~a!. The physi-
cal reason for the remarkable sensitivity of the symme
and asymmetric stretch intensities to external perturbatio
currently being explored.
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