Resonant ion-dip infrared spectroscopy of benzene—H ,O and benzene—HOD
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Resonant ion-dip infrared spectra oftz—H,O and GHs—HOD have been recorded in the OH
stretch fundamental region. The spectra provide further evidence for the unique, large-amplitude
motions present in thesehydrogen-bonded complexes. Igkz—H,O, transitions out of the lowest
ortho(IT) and para3) ground state levels are observed. A transition at 3634'dmassigned as an
unresolved pair of parallel transition&—3 and II—II) involving the symmetric stretch
fundamentalat 3657 cm* in free H,0). In the antisymmetric stretch region, transitions at 3713,
3748, and 3774 cit are assigned d3—3, S—1I, andII—A transitions, respectively. The spacing

of the transitions is consistent with nearly free internal rotation g ldbout 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 ofGHon benzene. Surprisingly, ing8s—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 thg ©8) and OH¢=1)
torsional potentials which reproduce the qualitative features of the spectrum are slightly asymmetric,
double-minimum potentials with large-amplitude excursions for HOD over nearly 1801995
American Institute of Physics.

I. INTRODUCTION The matrix isolation study of Engdahl and Nelarider

The interaction between benzene and water has receivatiovided the first evidence for nonrigidity in the complex,
much attentioh'°as a prototype for ther hydrogen bond, concluding that the gHs—H,O complex has effectiveC,
i.e., the “hydrogen bond” formed when water’s hydrogen Symmetry and that the two hydrogens of(Hare equivalent.
are donated to the delocalizeticloud of benzene. Spectro- In the gas phase complex, resonant two-photon ionization
scopic studies of the gas phasgHg—H,O comple® ®have  (R2P) spectrd of CgHg—H,0O and GHg—D,O established
recently added new insight to these interactions. Among th¢hat the vibrationally averaged position for the water mol-
more important conclusions of these studies is that thecule is on benzene’s sixfold axis with a center-of-mass
C¢Hs—H,0 intermolecular potential supports large-amplitudeseparation of 3.320.07 A. Consistent with the matrix iso-
tumbling of water about benzene’s surface already at the zedation data, vibronic symmetry arguments and the molecule’s
point level?>=* This ability of water to reorient on the aro- S,—S, rotational band contour have shown that the water
matic 7 cloud with little cost in energy is qualitatively dif- molecule is capable of internal rotation whi@h retains an
ferent than the more traditional, linear-YH-X hydrogen effective sixfold symmetry for the complex arid) occurs
bond with a localized electron pair. via exchange of water’'s hydrogens. The analysis of the

Since the H-X stretching mode vibrates directly againstspectré was carried out in the framework of th®,, mo-
the hydrogen bond, its infrared absorption provides a sensiecular symmetry group in which H—H exchange ogCHs
tive probe of the hydrogen bort#t!2 Typical effects of the feasible.
hydrogen bond include a red-shift in the H—X stretch fre-  The fourier transform microwave spectra of Suzuki
quency, an increase in the H-X absorption strength, and @t al2 and Gutowskyet al* confirm and sharpen this picture.
broadening of its absorption. In the present paper, O—HRotational transitions out of the lowest energy levels of
stretch infrared spectra of thegds—H,O and GHg—HOD CeHs—H,0O and GHg—D,0 (m=0, 3 and m=1, II) are
complexes are reported and analyzed with the intent of furthose of a symmetric top, for which internal rotation about
ther probing this prototypicadr hydrogen bond. We will see penzene’s sixfold axiéangular coordinatey) must be free or
that the large-amplitude motions of,@ on benzene have pnearly free. The best-fit rotational constants provide a much
profound effects on the OH stretch infrared spectra. Figure Jyore accurate center-of-mass separation betweehy énd
presents a reference configuration for thgHg-H,O com- H,0 (3.329 A. It was determined that the hydrogens of wa-
plex in which the relevant internal rotation/torsion angularie; are oriented preferentially toward the ring, i.e., inra

coordinates ¢, p, and y) of H,O are defined. hydrogen-bonding configuration.
Computational studies of thegBg—H,O complex repro-
dAuthor to whom correspondence should be addressed. duce the nearly free one-dimensional internal rotation of the
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FIG. 1. Reference configuration for thetz—H,O and GH—HOD com-
plexes with the three internal rotation/torsional angular coordinates defined.
¢ is the internal rotation angle about the sixfold axis of benzenis. the YAG Output
rotation of HO (HOD) about itsc axis with p=0 defined as the symmetric Coupler
configuration in which theC, axis of H,O coincides with theCg axis of
benzeney is the out-of-plane torsional angle of the® molecule about an OPO 50% Output
axis perpendicular to the axis of H,O (HOD). Coupler

1.06 um Beam
Dump

Ly OPO Output: 1.7-4.0 um

water moleculé:”® In addition, they predict a potential for FIG. 2. Schematic diagram of the LiNg©ptical parametric oscillator used
torsion in the plane of the water moleculangular coordi- ™ e present study.
nate p) which is nearly flat over orientational changes of

o : S - &13 _ :
+50°. The highest levedb initio calcul_atloné and calcu-  the OH stretch fundamental, a highly unusual occurrence in
lations employing molecular mechanics on clus@MIC)  infrared spectroscopy. Our analysis points to two LAMs of
(Ref. § predict a global minimum for the complex in which  gjgnificant consequence in the complexes; internal rotation

one hydrogen is preferentially pointing toward benzene’s ,pq .t the sixfold axis of benzerie) and torsion along.
cloud (p=25°-509. The double minimum potential then

possesses a small barri@0—50 cm't) at thep=0° orienta-

S - , . . Il. EXPERIMENT

tion in which water’s hydrogens point symmetrically toward

the ring. The other torsional coordindtg is predicted to be Resonant ion-dip infrared spectra in the OH stretch re-
much stiffer, with the most recertb initio calculationd®®  gion are recorded using methods described previdigR,.
predicting a vibrational frequency of 260 ¢t Details of the optical parametric oscillatg©OPO), which

Despite these detailed studies, quantitative experimentddave not been provided elsewhere, are given here. Briefly,
determination of the gHg—H,O intermolecular potential is cold, gas-phase &Elg—H,O and GHg—HOD complexes are
still lacking because the absolute energies of the intermoformed in a pulsed supersonic expansion. The complexes are
lecular vibrations and internal rotations of the complex areinterrogated in the ion-source region of a time-of-flight mass
not known. Equally unsettling, the recent microwave dataspectrometer(TOFMS), approximately 15 cm from the
and analysis of Gutowsket al* for several isotopes of pulsed nozzle. The complex of interest is singled out for
CgHg—H,O has reopened the possibility that the best first-study using resonant two-photon ionizati@R2Pl) through
order model of water’'s motion on benzene may be a threeits S,—S; 65 transition. The ultraviolet lasef0.1-0.5 mJ/
dimensional free internal rotor rather than the one-pulse used for R2PI traverses twice through the ion source
dimensional internal rotor inferred by the earlier studids. region of the TOFMS in a collimated beam of 1 mm diam.

Recently, we reported resonant ion-dip infrared spectrdhe ions from the two passes are born at slightly different
(RIDIRS) of CgHg—(H,0), with n=1-7 in the OH stretch potentials in the ion source, and arrive at the microchannel
region!*1° At that time, only the general features of the plate ion detector as two ion packets separated by about 200
CeHg—H,O spectrum were described, and no assignmentss. The arrival times of the ion mass of interéSgHg—H,O
were given. The present paper provides a more detailed set CsH—HOD) are monitored with a digital oscilloscope.
of data on GHg—H,O, extends that data to include A LiNbOj infrared optical parametric oscillat¢©PO),
C¢Hg—HOD, and presents a semiquantitative analysis of thahown schematically in Fig. 2, is used to produce the pulsed,
spectra. The large-amplitude motioflcAMs) present in  tunable infrared radiation for the experiment. The fundamen-
these complexes produce a number of transitions whickal output(1.064 um) of an unseeded Nd:YAG laser is prop-
would be negligibly weak in the absence of LAM. We will agated to the far field20 m) and collimated to a beam di-
see that in gHg—HOD, the normally weak OH stretch/ ameter of 6 mm before entry into the OPO. Typical 1,06
torsion combination band actually exceeds the intensity ofnput powers at the OPO are 250 mJ/pulse in a 12 ns
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pulse (achieved by delaying the Nd:YA®-switch). The
YAG fundamental is single-passed through ax@x50

mm LiNbO; crystal mounted in an optical cavity which reso-
nates the signal bearfi.45-2.1um). An infrared grating
(600 lines/mm blazed at 1.6m) and ZnSe beam expander
(X5) achieve~1.5 cmi ! resolution as measured in a photo-
acoustic spectrum of methane op® Total output powers
are typically 10-25 mJ/pulse, split approximately 3:1 be-
tween signal and idler beams. Wavelength scans are achieve
by computer control of rotation stages on which the LiNbO
crystal and infrared grating are mounted. A calibration file
for the OPO is generated over the wavelength range of inter-
est using an infrared photodiode to view a reflection from the
idler beam. Over the wavelength range of interest here, the
absolute OPO wavelength is determined against known tran-
sitions in the infrared spectrum of water vapor, recorded us-
ing the photoacoustic signal produced by water vapor in the
air.
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The OPO output is collimated and loosely focused to the
center of the ion source region of the TOFMS, where it is
overlapped with one of the two passes of the ultraviolet laser
used for R2PIl. The OPO laser pulse typically precedes the
R2PI laser by 100-500 ns. When an infrared absorption oc-
curs out of the same ground-state level as that monitored in
R2PI, a decrease in ion signal from the overlapped R2PI
beam is observed. With normalization of the two ion signals,
the percent depletion in ion signal is monitored as a function
of OPO wavelength. The dual-beam method removes a ma-
jor source of noise in the depletion experiment arising from
shot-to-shot power fluctuations in the R2PI laser.
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FIG. 3. (a) Resonant ion-dip infrared spectrum of thgHg—H,O complex

. in the OH stretch region(b) R2PI spectrum of the $Htransition of
CeHe—H,O complexes are formed from a gas mixture CgHe—H,0. In recording the RIDIR spectrum, the parent ion mass is moni-

containing 0.1% benzene and 0.2%-0.4%0Hh helium ata  tored with the resonant two-photon ionization laser tuned to the peak of the
backing pressure of 4 bargB;—HOD complexes were made partially overlappedI-II 65 transition in GHs—H,O shown by an arrow.

from a 50-50 HO/D,O mixture.

lll. RESULTS levels could be recorded free from interference from one
The RIDIR spectrum of gHg—H,O in the OH stretch another. This is one of the potential strengths of RIDIR spec-
region is shown in Fig. @). The nonrigidity of the complex troscopy; namely, its ability to record infrared spectra of dif-
is immediately obvious from the spectrum. In a rigid com-ferent conformers or vibrational levels of the same mass.
plex with a single, well-defined structure, the OH stretchHowever, the R2PI laser power required to obtain adequate
infrared spectrum should be comprised of two transitiondgon signal for the RIDIR spectra leads to power broadening
rather than the seven or more transitions observed. of the R2PI transitions. When combined with the partial
The spectrum of Fig. &) was recorded by monitoring overlap of the bands, it has not been possible to record in-
the parent ion mass with the R2PI laser tuned to the peaftared spectra from thE andIl ground state levels free from
maximum of the § transition of the complex, shown in Fig. interference. However, Figs(@ and 4b) show two spectra
3(b). We have shown previouslythat this band of recorded with R2P!I laser tuned to the maximum of thes,
Ce¢Heg—H,0 is comprised of two partially overlappedm=0 andII-II 6} transitions, respectively. A comparison of these
transitions out of then=0(X) andm=1(II) levels of inter-  spectra indicates that the transitions labdlgdand=., arise
nally rotating GHg—H,O. Due to the different nuclear spin out of thell(m=1) andX(m=0) ground state levels, re-
symmetries of HO in these levelgpara and ortho, respec- spectively. At the present signal to noise, the other transitions
tively), collisional cooling in the expansiénloes not convert are less clearly assigned in this way.
between these lowest two levels, so thaHg-H,O com- Figure Fa) displays the RIDIR spectra of8;—HOD in
plexes are present in the expansion in bbtandII ground  the OH stretch region while monitoring the complex$ 6
state levels, giving rise to the partially resolved transitions intransition in R2P[[shown in Fig. Bb)]. The isotopic substi-
the R2PI spectrum. As a result, the RIDIR spectrum of Figtution removes the nuclear spin distinction betwees0
3(a) also contains transitions out of bolh and IT ground andm=1 levels, allowing cooling between them. In the free
state levels of the complex. HOD molecule, the OH stretch region of the infrared con-
If the 3—3 and IT-II transitions were completely re- tains a single transition at 3707 ¢ This vibration is es-
solved in R2PI, RIDIR spectra out of the two ground statesentially a local mode stretch along the OH bond. By con-
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in the OH stretch region(b) R2PI spectrum of the {6transition of
CgHg—HOD. In recording the RIDIR spectrum, the parent ion mass is moni-

FIG. 4. RIDIR spectra of gHe—H,0 with R2P1 laser tuned to the peak of oo\ i the R2PI laser tuned to the peak of tRarénsition.

the (@ -2 and (b) II-II 6} transitions of the complex. Power saturation
and partial overlap of the bands prevents complete separation of the two
spectra. However, a comparison of the two spectra provides an assignment
of the labeled transitions as arising from tHeground state.

assign to the symmetric stretch of®l in the complex. This
trast, the OH stretch region ofg8s—HOD is composed of IS quite reasonable given the small frequency stid cm )

five transitions spread over 50 ¢ Initially, it was thought ~ from the symmetric stretch in free,8. None of the transi-
that some of these transitions might be due to hot banddons observed above 3700 chin the infrared are detected

which were unresolved in the R2PI transition being moni-in the Raman spectrum due to the much weaker Raman ac-

tored. However, the RIDIR spectrum is unchanged withtivity of the asymmetric stretch. This argues for treatment of
changing position in the R2PI band contour or by drastidhe OH stretch transitions as symmetric and antisymmetric
changes in the cooling in the expansion. In fact, at the lowesttretch rather than as local mode OH stretches. As we will
backing pressures, a hot band grew in the R2PI spectrun$€e; analysis based on symmetric and antisymmetric stretch
The RIDIR spectrum out of the ground state level responmodes predictsf at about 3731 cm, giving a frequency
sible for this R2PI hot band was indistinguishable from thedifference of 97 cm* between symmetric and antisymmetric
65 transition. We conclude that the structure observed in thétrétches, i.e., within a few wave numbers of that in fre®H
CgHs—HOD RIDIR spectrum arises entirely from the zero (99 cm ). The transitions can therefore be regarded as
point level of the complex. Low frequency combination Nominally symmetric and antisymmetric stretch transitions,
bands built on the OH stretch must then be responsible fofince even a modest force constant difference between the
the additional transitions observed, and these are much mof@0 OH bonds in GHs—H,O would produce a frequency

intense than the fundamental. difference significantly greater than 100 cht® For in-
stance, in the water diméf,the free OH and H-bonded OH
IV. ANALYSIS of the donor HO molecule have a frequency difference of
' 176 cm %,

The transitions observed forgB¢—H,O span the fre-
quency range from 3634 to 3782 ¢ These fall generally
into two clumps; a single transition at 3634 chand a set
of transitions with center-of-gravity about 3740 chFelker In considering the most appropriate model for analyzing
and co-worker$ have recently recorded ionization loss the spectra of gHg—H,O and GHg—HOD, it is worth setting
stimulated Raman spectra ofld;—H,O in the OH stretch down the predictions of various limiting cases, restricting our
region. They find a single transition at 3634 chwhich they  attention for the moment to @Eg—H,0.

A. The nature of the large-amplitude motions in
CgHg—H,0 and C¢Hg—HOD
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1. H,0 rigidly held to C 4Hg

If CgHg—H,O were a rigid complex, only two transitions
should be observed in the OH stretch regi@ym/asym
stretch or freedr H-bond OB, counter to observation. A rigid
complex is also at odds with the R2PI and microwave data
which show GHg—H,O to be a symmetric top.*

30+

B(p) (cm™)

2. Nearly free three-dimensional (3D) internal rotation
of H,0

At the other extreme from a rigid complex is one in
which water undergoes nearly free three-dimensional internal
rotation about its equilibrium position on benzene. This is the
possibility raised by Gutowsket al? for CsHs—H,O based T ! T : j ' '
primarily on the nuclear spin hyperfine splittings observed p(radians)
for m=0 andm=1.

Th.e S'gEHZO complex is a protoprg for this FIG. 6. Internal rotation constant, in wave numbers, for motiopifi.e.,
behavior: Not unexpectedly, the small binding energy of apout the sixfold axis of benzenas a function of angle. —, CgHg—H,O;
argon to HO produces only weak perturbations on free wa----, CgHg—HOD.
ter's rotational levels and wave functions. In Ar,® the
small anisotropy in the potential breaks thg {21)-fold de- ) o1
generacy of an internally rotating,8 in levelj, 4., butthe 8 calculations of @Hg—H,0. In the MMC pqtemlaﬁ the
center-of-gravity of the split levels is near to that of the cor-2nisotropy in the potentigH down vs O dowhis calculated
responding level of free 0. The Q level of free HO is tq be about 200 cm, supporting the 'Freatment of 'the Iowest
nondegenerate and has para nuclear spin symmetry. The lofiindered rotor levels along and x (Fig. 1) as torsional vi-
est ortho level of Ar—HO correlates with J;, which splits bratpns. The 1D m_ternal rotatlo_n, on the other hand, is es-
into 3(1y,) andII(1,,) levels. The lower of these in Ar—j@ sentially f[eie wlth internal rotation constant calculated as
is 3(1,,), and transitions are observed primarily out of theB~16 cm ™ (Fig. 6. o o
lowest para and ortho levels of the complék0y) and The r_ecent h|gh—levedib_|n|t|o results_of Suzuket al:
(1), respectively. Lascola and NesBftthave recorded a_Iso predl_cts both_ frge_ 1D mtgrnal rotqtlon abou_t benz_ene’s
fully rotationally resolved spectra of four transitions in the Sixfold axis and significant anisotropy in other dimensions.
antisymmetric stretch region. No transitions have been relorsional vibrational frequencies alongand x are calcu-

ported in the symmetric stretch region due to its weaker inlatéd to be 47 and 260 cm, respectively.
tensity. In order to assess the major features of the OH stretch

The prediction of this model for §i—H,0, irrespective infrare_d spectrum predicted l_)y this moqlel, the rqvibrational
of the relative ordering oE(1y;) andII(1yy), is that the sym- se_lect|on rule¥ for symmet_rlc and antlsymmetrlc §tretch
metric stretch region(ike the asymmetric stretch regipn Wil be those of a symmetric top undergoing free internal
should be comprised of several transitions of similar intenfOtation about the top axis. As a parallel band, the symmetric
sity rather than the single transition observed in both R§marstretch will have
and infrared spectréFig. 3). This suggests that a nearly free Av,=+*1, AK=0, andAm=0, (D)

3D rotation of HO in the complex is not the most appropri- ) ) ) ) )
wherev is the vibrational quantum numbé, is the projec-

ate first-order picture for water’s internal motion on benzene.’ )
tion of the total angular momentum along the top axis, snd

is the internal rotation quantum number. Similarly, the asym-

metric stretch, as a perpendicular band, will have

In this mod’el,.the wat(_ar molecule can internall_y r.o.tate Avs=+1, AK==1, andAm==+1, @)
about benzene’s sixfold axis nearly freely, but has significant
anisotropy for rotation about axes perpendicular to the six-  The lowest para and ortho levels of the complex are the
fold axis. Here, the 1D internal rotor levels will have ener-m=0 (%) andm=1 (II) internal rotor levels, respectively,
gies given by and infrared transitions should be present out of both of
these. Thus, in the limit of free 1D internal rotation, the
symmetric stretch transition should be composed of two par-
At the same time, if the energy difference between hydro-allel subbands at the indicated frequencies
gens down and oxygen down is large enough, the energy S-S at 0
levels for the other hindered internal rotations at low ener- 1
gies can be approximated as torsional vibrations. and

Both R2PI(Ref. 2 and microwavé* spectra show that
CeHg—H,0 is a symmetric top, consistent with free internal
rotation of HO relative to benzene. Confirmation for this whereBy is the internal rotor constant for the=1 level of
model can be drawn from receab initio***and MMC (Ref.  the symmetric stretch. If, as expecte®,(— B”) is small,

3. Free one-dimensional (1D) internal rotation of H  ,0O

E=B-m?, where m=0,+1,+2,... .

-1 at »9+(B,—B"),
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the two bands will be unresolved, and a single transitiorinitio calculations, it is reasonable to suggest that the in-

should appear in the symmetric stretch region. plane torsion be large-amplitude, since bath initio® and
For the asymmetric stretch, three perpendicular transiMMC (Ref. 13 calculations on gHg—H,O have predicted a
tions should appear: broad, flat potential for KD tumbling alongp over angular

changes oft50° or more, possibly with a small barrier
present atp=0°. Furthermore, torsion along will change
-3 at 13-B", the orientation of the OH bonds, thereby inducing intensity
in OH stretch/torsion combination bands.
In the next two sections, we will develop this model,

I-A at v3+4B;— B”, apply it to GHg—HOD first, before returning to &lg—H,O
for a final look at the model's consequences there. In
X : , - C¢Hg—HOD, the goal of the modeling is to account for the
the antisymmetric stretch. B, = B”, the three transitions yregence of five resolved transitions out of a single ground
will be equally spaced with separatio2 _ state in which combination bands significantly exceed the

Comparison of the experimental spectrum with thes€,ensity of the fundamental. 8—H,O will serve as a con-
predictions is encouraging. We assign the 3634 tiransi- sistency check, and provide some added insight to the sub-

tion as the unresolvel—% andII-II parallel bands of the  gantia| differences between the spectra of the symmetric and
symmetric stretch. The three dominant transitions in th‘%\symmetric isotopes.

asymmetric stretch region are at 3713, 3748, and 3774'cm
which we assign as thel-3, 311, and_ I1-A transitions, B. A 2D (p,) LAM model of the OH stretch IR
respectively. Of course, these transitions are not equallg
L . . . pectrum

spaced. Within the confines of a free 1D internal rotation
model, we would need to conjecture unequal internal rotatiord. The model Hamiltonian

constants in the ground and vibrationally excited states, i.e.,  The form of the model Hamiltonian ip and ¢ is
B"~20 cm ' andB} ~ 15 cm * However, other features

S-I at v¥3+B],

and

whereB;, is the internal rotor constant for the=1 level of

2 2 2
of the spectra call for the need for refinement of the 1D __h ( d (
H=———|—=|—F(p)| —=3| +V(p), 3
where the coordinatgsand ¢ are defined in Fig. 1. The first
4. 2D large-amplitude motion along ¢ and p term is the kinetic energy for motion along(the ¢ axis of

) waten, the second term that for internal rotation about the
While the general features of the spectrum gHE-H,0  gjyfold axis of benzendthe z axis) with internal rotation

are accounted for by 1D free internal rotation ojGHon constanF(p)=—[ﬁ2/2|z(p)], andV(p) is the intermolecu-

benzendalong ), other aspects of the spectra of Figs. 3 andiyr potential alongp assumingV(¢)=0. The Hamiltonian
5 suggest the need for some modifications of the 1D modejy, ;s focuses attention on internal rotation of thgOHor

First, the model does not account for the several weak tranyop molecule in the potential produced by the benzene
sitions present in the asymmetric stretch region of

i molecule. The angle is not to be confused with either the
CeHe—H,O, most notably at 3733, 3739, and 3782 spherical coordinate or the Euler anglén that it takes on

‘Second, the gHg—HOD spectrum of Fig. 5 is composed o positive and negative valuésther than a value in the
of five transitions out of a single ground stétee %(m=0)  (ange 0 tom). Such a definition is useful for treatment of

statd, yet only two of these can be assigned via free 1Dmqtion alongp as a torsional vibration rather than a hindered
internal rotation alone. As stated before, the OH stretch trangiernal rotation. Coupling to the torsion jp the intermo-

sition in HOD is essentially a local-mode stretch along thejecar bends or the intermolecular stretching modes is also
OH bond. The vibrationally-averaged orientation of th'signored.
bond in GHg—HOD will produce a paralle(3-3) and a

) » ) This simple Hamiltonian is solved for the torsion/
perpendiculafz—II) transition; i.e.,

internal rotation energy levels using a product basis of har-
-3 at vl monic oscillator functions along and free internal rotor

functions in ¢,
S-I1 at v3,+ By,

5
where B, is the internal rotation constant for HOD in the zﬂ\,m(y,¢)={ > a N Hq(y)exp —y2/2) |exp(—ime),
OH(v=1) excited state. As experiment has sha&ec. IlI), n=0

the corresponding transitions out of theground state are @)

not present because nuclear spin restrictions on cooling frowhere

IT to 2 have been removed by the isotopic substitution. Fur- %o\ 12

thermore, even if they were present, the relative positions y=2x - Qtors (5
. o h

and intensities of the bands cannot be accounted for even

qualitatively by their incorporation. and 7, is the harmonic torsional vib. freq. in ¢rh

Instead, the 1D model must be refined to include a sec-  For HOD, Q,,,~(my+mp)¥% op. With p in radians and
ond large-amplitude motion; namely, the in-plane torsion ofy; in wave numbersy=0.286v1'%p for HOD. For H0,
the water molecule along angje(Fig. 1). Based on th@b Q. ~(2m,)Y%ryp so thaty=0.233v/%p.
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2. The form of the effective potential towsky et al# in which the vibrationally-averaged orienta-
tion for HOD is rotated 18° toward the D down
configuration. One significant contribution {®dependent
zero point effects arises from the,®l and HOD OHD) in-
Vo(P)=%kP2- tramolecular stretch vibrations themselves. One would ex-

pect that, as kD rotates along, the strength of interaction

However, the effective potential can have deviations fromy; 4 given O—H bond with the benzene ring will change
this form arising from several sources; anharmonicity in thethereby modifying the O—H stretch frequencies in é

intermolecular potential, kinetic coupling to internal rotation , jenendent fashion. Experimental evidence for this fact can
about ¢, anq p—dgpendent ad|§1bat|c zero point correctionspe found in the larger Ee—(H,0), clusterd®!® with
from other vibrational modes, i.e., n=3-5 which possess a characteristic absorption dug to
- 2 hydrogen-bonded OH which is red-shifted from the free OH
Voer P)=Viu(p) +F(p)m+ Vzelp)- © stretch by about 60 ciit. On the other hand, using the
phenol-HO complex® as a guidgwhere the HO molecule
accepts a hydrogen bonahe OH stretch vibrational fre-
quencies should be changed only slightty5 cm™1) by the

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

a. Anharmonicity. The anharmonicity in the intermo-
lecular potential is anticipated based on it initio® and

MMC (Ref. 13 calculations, which predict a double mini- . i . ; .
mum well with small barrier ap=0°. The excited state po- interaction with benzene in the oxygen dog=1807) ori-
entation.

tential might also be expected to differ somewhat from the
ground state potential due to the increased polarizability of In CeHg~HOD, the OH and OD stretches are local mode

the vibrationally excited state. yibrations. The adiabatic correction from the OH/OD stretch-
b. Kinetic coupling to internal rotation inp. Kinetic ing modes is then

coupling to internal rotation aboup is an obvious conse-

guence of the sensitive dependence of the internal rotation

constant= on the orientatiorp of HOD. The assumption of in the ground state, while in the OH and OD stretch excited

free internal rotation aboup for all anglesp insures that the state, it becomes

¢ dependence of the wave function is given by expfi¢).

The Hamiltonian then block-diagonalizes infb(m=0), 3vou(p)+3vop(p)

I[I(m==x1), A(m==*2),... states and the effective potential

in p has added to it a centrifugal barrier tefffp)m?. If

torsion in p were small-amplitude about anglg, the cen-

trifugal barrier term would be a constarft (p,)m?] and the

Hamiltonian would be separable nand ¢. respectively. One expects that the maximum effect of ben-
For larger-amplitude motions along the varying inter-  zene on the OFOD) stretch should occur gt= —52%(+529),
nal rotation constanf(p) modulates the free internal rotor with OH (OD) pointing directly toward the ring. The
energy levels as shown in Fig. 6. The effect on the, dependent correction should be negligibly small near
p-dependent potential is significant, modulatifigstate po-  ,=180° (oxygen down while at p=0° it will be somewhere
tentials in GHe—HOD by 14 cm™* (between 9.1 and 23.5 i petween. Due to the compensating effects of OH and OD
cmY) and A states by 4 times this. Note th&(p) is @  stretch modes, the ground state should have little additional
symmetric function op in H,O, but is distinctly asymmetric - asymmetry from these zero point corrections. However, the
in HOD. This asymmetry arises from the rotation of the in-OH stretch contribution t&/(p) will favor OH(OD) down
ertial axes in HOD by 21° relative tozﬂ), with the “a” axis orientations in the OfOD) (V: 1) excited states.
rotated toward the OD bond. Thus, ings—HOD, the In CHg—H,0, the nominally symmetric and asymmetric
p-dependent potential for the states with~0 (i.e., ILA,..)  stretch modes are delocalized over both OH bonds. However,
has this asymmetric component favoring the H down conjyst as with OH and OD stretches inl@;—HOD, the sym-
figurations over those with D down. InHs—H,O, the  metric and asymmetric stretch vibrations may have different
F(p)-m? term steepens the walls of thedependent poten- , dependencies. In the ground state, the zero point correction
tial aboutp=0°. is
If vibration in p and internal rotation irp occur on very
different time scales, adiabatic separation of the two motions ~ z¥1(p) + zv3(p)
would be possible. In the present case, the close proximity O\I\/
the bands in the gHs—HOD spectrum indicate that the two
time scales are similar. We thus include {hdependence of
the internal rotation constait(p) explicitly in Vq(p). 3p1(p)+ 3va(p)
c. Zero point corrections from other vibrationg-inally,
the form of the effectivep-dependent potential is also influ- and
enced by adiabatic zero point corrections from other vibra-
tional coordinates. In §Hg—HOD, such adiabatic corrections
to the intermolecular potential are responsible for the asymrespectively. It is important to note that these correction
metry in the ground state HOD potential reported by Gu-terms will likely be different than those in HOD. Thus, the

3von(p)+3vop(p)

and

3von(p)+3vop(p),

hich in the symmetric and asymmetric stretch excited states
become

sv1(p)+ 3vs(p),
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form of Vx(p) cannot be expected to transfer without change
between @Hg—HOD, GHg—H,O symmetric stretch, and
Ce¢Hg—H,O asymmetric stretch.

o~

Thus, the contributions tW,.{p) are from anharmonici- 0.8 a(p)
ties in the intermolecular potential, thedependent zero
point level effects from other vibrations, and the centrifugal 0.6
term due to internal rotation abouf. In the modeling,
Vperdp) incorporates a double minimum well centered on 0.4 B

p=0° which goes asymptotically to zero at=+180°. The
height and width of the barrier a=0° can be varied, either
with (HOD) or without (H,O) asymmetry.

Q;-Q; Mixing Coefficients
Y
1

o
o
|

3. Q1/ Q3 mixing in C zHg—H,0 as a function of p 0.2+

In Sec. IV A 3, the 1D internal rotation model led to the
deduction that the OH stretch modes igHg—H,O were T T T T ! T T
nominally symmetric and asymmetric stretch based on p(radians)
(13—19)~100 cnil. However, in recognizing the need for
refinement of this model to include large-amplitude motionFIG. 7. The general functional form fai(p) and3(p), the symmetric stretch
alongp, one must also admit the possibility that some degreéQ1)-asymmetric stretch@s) mixing coefficients defined in Eq¢9) and
of dynamical localization of the OH stretch vibrations may (10 In the text
occur. As the HO molecule executes large-amplitude motion
away from the symmetrip=0° position, the two OH bonds

-0.4

become inequivalent by virtue of the different strength of for Qu: |exd={a(p)|10)+B(p)|0L)}|vyyy), (12)
their interaction with the benzene cloud. In the limit of a .
very strong hydrogen bond at thg==+52° orientations, for Qs: |Yexo ={—B(p)|10)+ Of(P)|01>}|Vtor>,(12)

the symmetric and asymmetric stretch modes would be
turned into local mode OH stretches on thehydrogen  where |ij) is the unperturbed eigenstate with vibrational
bonded and free OH’s. Put another way, the interaction witlquantum numbers(Q,)=i, v(Qz)=j.
benzene could lead to some mixing of the symmet€g)( From a restricted normal coordinate analysis of the OH
and asymmetric stretclf);) modes as a function gf. Given  stretching modes, one can deduce the general forme(gf
the close proximity of thes=1 OH stretch modessplit by  andS(p) via the expected effect of the interaction with ben-
100 cm'Y), the major effect of such mixing will be on the zene on the force constants for the two O—H bonds. Since
vibrationally excited states. the force constant difference changes sign under reflection
This mixing gains importance from the fact that the throughp, 8(p) is odd inp while a(p) is even. Furthermore,
asymmetric stretch is twenty times more intense than thes(p) will approach zero at large angles. The general form of
symmetric stretcR*?°>Consequently, even a small amount of these functions is shown in Fig. 7. The obvious consequence
Q.1/Q3 mixing can have significant effects on intensities of of this mixing is that not only the direction, but also the
combination bands, especially in tlgg region. On the other magnitude of the dipole moment derivatives for the OH
hand, in GHs—HOD, the corresponding modes are localstretch modes changes with angle
mode OH and OD stretches split by 1000 chwhich will
thereby be negligibly mixed as a function of angle
The effect 0fQ,/Q5 mixing in CGgHg—H,O can be mod- 4. Calculation of positions and intensities of the OH
eled as follows. The unperturbed symmetric and asymmetrigtretch infrared bands

stretch modes are of the form . . L .
To compare with experiment, torsion/internal rotation

symmetric stretch:Q2:(1/2)1’2(Sa+ S), (7) energy levels are calculated by diagonalizing the model
_ ~0_ 12 Hamiltonian of ground and OH vibrationally excited states
asymmetric stretch:Q3=(1/2)"(~Sa+S), ®  for various assumed forms of the effectipaiependent po-

whereS, andS, are the internal Ofland OH, coordinates. tential. Variables at hand are the harmonic frequency, the
The p-dependent mixing gives rise to normal coordinatesdepth of the double minimum well, the height and width of

which depend o, the barrier aipp=0°, and in GHgz—HOD, its asymmetry.
0 0 Calculation of the infrared intensities of the band re-
Qi(p)=a(p)Qr+A(p)Qs, 9 quires an analysis of the effects of the large-amplitude mo-
Qs(p)=— B(p)Q%+ a(p)QS, (100  tions on the OH stretch band intensities. The inteASiny an

electric dipole-allowed infrared transition of frequencype-
wherea(p) andB(p) are the normalizegy-dependent mixing  tween Pgs @Nd Py is equal to
coefficients.
In the vibrationally excited states, the wave functions are
also p-dependent,

2
I=c , (13

(Yod 2 (j—&)orlwexa
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Wherec=(87r3/3hc)Ngsv and is taken as a constant for all
bands in what follows.

If the z axis is taken as the symmetric top axsg. 1),
then

( aQ,) Q Jiod| (14)
and
Iy Iy 2
(TQ)QHF (a—Q) Q| ¥exo (15)
a. GHg—H,0O. In C4Hg—H,0, the intensity of an infra-

red transition in the OH stretch region is given by

o]

whereQ; and Q5 have been defined in Eg®) and (10). It
can readily be shown by use of Eq9) and(10) that

(16)

g
60 36 o gt ggles
so that Eq(16) is more conveniently expressed as
2
I=c ( ) Qi+ (ﬂQ )Qs |exo)| - (18

The dipole moment derivatives in E¢L8) are vector

guantities. In a rigid molecule or complex, the direction of
these vectors is constant. However, in the present case,

where large-amplitude motion along bgitand ¢ can occur,

one must explicitly take into account the dependence of the

dipole moment derivative vectors gnand ¢. In H,O these
vectors point at anglg (for Q) and perpendicular to itfor
Q9. Thus, the Cartesian components are given by

((9_“)_((9_“ (sin p cos ¢,sin p sin ¢,cosp)
7% " aqq) (Sinp cos.sinp sin g.cosp
and 19

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

|||=C

J
( {9_(,;(2) O< 'ﬂgd| Qg Cin)| wex&

2
- a—“) (1hod Q2 SIN(p)] Yexo (20
&Qg o g 3 ex
and
I, =2c &Q1)0<l//gd|Q1 Slmp)w/ex&
07Q <‘/’gd|Q3 Cin)| ’pexc) (22)

539

where the factor of 2 in Eq21) relates the integrated inten-
sity of a perpendicular transition to that of a parallel transi-
tion of same (/dQ), magnitude’®

For free HO, we know that the integrated intensity of
the asymmetric stretch is 20 times that of the symmetric
stretch. Given the factor of 2 in EQR0), this means that the
dipole moment derivatives are approximately related by

[ _ g
900 =410 900 (22)

0 0

Plugging Egs.(11), (12), and(22) into Egs.(20) and (21),
and noting that

(00/Q9|10)~(00|Q3|01)y=¢ (23)
while
(00/Q9]01)=(00|Q3|10)=0, (24)

the following expressions are obtained for the parallel and
perpendicular transitions in th®, and Q; regions of the
infrared includingQ%/QJ mixing:

H(Ql) c §2|<Vt0r—0|[a(p)COSp

an) 0
+ \/E,B(P)Sin p]l V{or>|25m”m’ )

2

an 0§2|<Vtor O[[a(p)sin p

+ \/E,B(P)COSP“ Vt,or>|25m”,m”t1a

(29

1, (Q1)=2¢| —=5

(26)

1(Qa)=c &[(vi=0l[— B(p)cosp

&Ql)o

10a(p)sin P]th,or>|25m”,m’ , 27

and

69Q ) §2|< tor_0|[_:8(p)smp

10a(p)COSp]| Vt,or>|25m”,m”t1 .

1,(Qs)= 20(

(28)

Herem” andm’ are the internal rotation quantum numbers
along ¢ 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(p) is even inp and B(p) is odd, parallel
bands are allowed in th®, region with Av,, even, while
perpendicular bands will havav,,, odd. In theQ5 (asym-
metric stretch region, the reverse is true; perpendicular
bands are allowed withAv,,, even while parallel bands re-
quire Av,,, odd. As expected, the/10 weighting of theg
coefficient in theQ, expression$Egs.(25) and(26)] means
that even small mixing of); with Q, can give significant
changes to the intensities of a giv€n combination band.

It is instructive to look at the conditions under which OH
stretch/torsion combination bands are weak and what condi-
tions gives them significant intensity.
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TABLE 1. Selection rules for internal rotation/torsion combination bands and
built on the OH stretch vibrations of8s—H,O and GHg—HOD.

Ok o) [sin(p—52°
Band type Aviy, Am 9Q0p/ | ¥Qop O[sm(P_ )Cos ¢,
CeHe—H,O . o °
Symmetric stretch region Parallel even 0 sin(p—52°)sin ¢, cogp—52°)]. (34)
_ _ Perpendicularodd 1 As before, after integrating over the angle the band-
Asymmetric stretch region Parallel odd o . . " .
Perpendicular  even +1 integrated intensities of the parallel and perpendicular tran-
CeHg—HOD sitions in the OH stretch region are given by
OH stretch region Parallel no restriction 0 |
Perpendicular  no restriction +1 1(Qow)
OD stretch region Parallel no restriction 0 I 2
i icti 2 1 o
Perpendicular no restriction +1 :C( W) §OH|<V{or:0|COE(P+52 )|Vt’or>|25m",m’
OH/ g
(35
(1) When Q,/Q, mixing is negligible[i.e., whena(p)=1, 2and
B(p)=0] expressiong25)—(28) reduce to 1, (Qon)
_ a“ 2 2 "o o__ ' 2 (?/J/ 2 2 " . ) ! 2
I||(Q1)_C F f |<Vtor_0|COSP|Vtor>| 5m”,m’a (29) =2c o"_ gOH|<Vtor:0|S|n(P+52 )|Vtor>|
1/ g Qo 0
>< 5m/1’m!/t1 . (36)

aw\% L,
lL(Ql):ZC ~~0 f |<Vt0r:O|S|n p|Vt0r>| 5m”,m”11:

69Q(1) 0 The analogous expressions for the OD stretch transitions
(30 substitute(p—52°) for (p+52°).
o \2 Note that 'in GHg—HOD therg is no defi_nite parity to the
I”(Q3):loc(ﬁ_Q°) 52|(V{’0r:o|sin ply{0r>|2§m,,'m, , p—deper?d'en't integrand andv,,, is n'ot restricted to even or
o odd as it is in the HO case. In particular, bothv,,=0 and
(31) 1 are allowed and may be strong. Furthermore, we anticipate
and that both parallel and perpendicular transitions out of the
g2 (vipr = 0, m”"=0) level will carry significant intensity.
(@)= 20| 2| (11 =01c0p | P
0

(32) C. The comparison with experiment

Note that the selection rules fav,,, are the same in the
absence 0fQ,/Q; mixing as when it is present. Conse-
guently, the major effect of th®,/Q; mixing is to change
the intensities of the combination bands.

1. CgHg—HOD

Our goal in modeling the g;—HOD spectrum is to
account for the highly unusual intensity profile of the OH
- . . stretch transitions in which combination bands are signifi-
2 TWO further restrictions are reqwred_ to remove Compma_cantly more intense than the OH stretch fundamental. Figure

t!on pands from the specFra. First, if the torsional V'pra'S(b) presents a calculated fit to the experimental spectrum of

tion is smaII-amphtude, sip and cos can be approx- CsHg—HOD [Fig. 8@)] which is representative of the quality
mated by their V"?"“es aﬂ?:po and pulled outside .the of fit possible with this model. As can be seen from the
integral. Second, if therg is no coupling Qf the t_orsmn tofigure, the 2D LAM model is capable of correctly reproduc-
the OH streich, the torsmngl wave functions will be ur?'ing the experimental intensity profile. Thedependent po-
g??ﬁgigg/og; i’\tlra?;[ghfjr)](ggg::gnv‘vi-ﬂh“ergi:ht?a%r;z?ognosn?gt%entials associated with the calculated spectrum are shown in
those withAv,, =0, i.e., only OH stretch fundamentals Fig. 9. Given the number of parameters in the modsé

Il appear in the spectrum. This is the tvpical ridid mol- height, width, and asymmetry in both ground and excited
will appear in the spectrum. This | yp! 'l state$, the precise form of the potential cannot be deduced
ecule, harmonic oscillator result.

. . . . . uniquely from the present data. However, certain features of
b. GHe—HOD. The situation is very different in auely P

the potentials are present in all satisfactory fits.
CeHe—HOD. Here the OH and OD stretches are local mode (1) To correctly reproduce the relative intensities in the

tS[:rEtgh:S |ndw(hjlgh éheglpole mont1_en|t deg_vatw;:ﬁ p0|r}t along, o +rum, it is necessary to assign the transitions as shown in
e an onds, respectively. Liven he reterence, figure; namely, with thex(0)-2(1) transition below

configuration of Fig. 1, the Cartesian components of thes%e S(0)-TI(0) transition. Here the transition labels are

vectors are M (Viod =’ (V).

(2) In order to obtain a 10 cht torsion fundamental, a
harmonic torsional frequency of about 20 chis required,
and a small barrier of about 20—30 thmeeds to be placed
in the potential ap=0°. This results in a broad, flat torsional

dw |\ [ du . .
(&QOH) _(3Q0H> O[S|mp+52 )cos &,
sin(p+52°)sin ¢, cogp+52°)] (33
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potential in which the binding energy of the HOD molecule
with the benzene ring changed by less than 50 tover
changes irp from —90 to +90 deg.

(3) The spacing betweex(0)—(0) and 2(0)-II(0)
transitions is fixed by the-dependent potential and the as-

20-2(1) sumption of free internal rotation about and is not a free
20)-20) parameter. Its typical value is 14 ¢t compared to 20 cit

I 2(:»"2(2) 2O in the experimental spectrum. This is perhaps the weakest

Tt aspect of the fit with this model, and likely points to the need

for future refinement of the model.
a) Experiment (4) The qualitative experimental intensity profile can be
reproduced even without any asymmetry \ihx(p). How-
ever, the best match-ups with experiment occurred when a
small asymmetry was added to the ground state potential
favoring D down. The ground state potential in Figa)8
gives (p)=+17 deg, a value in agreement with that deter-
X mined for the ground state ofgB;—HOD (18 deg by Gu-

Z(0)-TK(1)
Z(0)-TI0) b) Calculated fit

T T
0 10 20 30 40 50 60

o 10 2 30 4 50 6 towsky et al* from their microwave data. This value fép)
Relative Frequency (cm1) was used as a further parameter in constraining the “best fit”
Veir(p).

FIG. 8. (a) The experimental gHz—HOD RIDIR spectrum in the OH stretch

region andb) a calculated fit using the 2[p,¢) model described in the text 2. C4Hg—H,O

which is representative of the quality of fit possible with this model. The

assignments for the transitions are of the fofm”(vy) — m’'(vy)], Given the broad, flat potential inderived from the fit to

where m is the in_ternal rotor quantum number i¢‘(m=0_<—»2 and experiment for GHs—HOD, it is important to check the ef-
m=1<1I) andvy, is the vibrational quantum number in torsion algng fects of a similarly broad torsional potential on the
CeHe—H,0 spectrum. One must keep in mind that, due to
p-dependent zero-point effects of the OH stretch vibrations
and of the other intermolecular mod&ec. IV C 2, Vpen(p)
may be different for HO than for HOD and for symmetric
stretch HO than for asymmetric stretch,B.
As we have already seen, the dominant features of the
/ spectra of GHg—H,O are well-fit simply by assuming 1D
free internal rotation along. In fact, the OH stretch infrared
spectra of GHg—H,O hold little promise for providing de-
tailed information about the torsional potential, since e
/ region shows only weak combination bands, while no addi-
/ tional structure is detectable in tlg; region. The goal of
applying the 2D model to gHg—H,0 is then to account in a
20 e —_ | consistent way for thpresenceof the small additional tran-
*/(iy/\ AR sitions in the asymmetric stretch region and #iesenceof
\\/ such transitions in the symmetric stretch region.
05 10 15 20 25 Figure 10 displays a stick diagram of the experimental
and a calculated spectrum in the asymmetric stretch region.
The several small transitions not explained by the 1D free
50 b) internal rotation model are qualitatively accounted for within
the 2D (p,») model as combination bands involving the tor-
L~ 60 sion. If a harmonic frequency consistent with the
fé C¢Hg—HOD potential is retained, an excited state barrier of
5240_ <p>=+17° 20 cmi 't at p=0° is required to bring the combination bands
into the region where they are observed experimentally. The
20— form of the potentials associated with the calculated spec-
trum is shown in Figs. 1& and 11b). A small amount of
Q1/Q3 mixing is included in the calculated spectrum, to be
510 15 20 25 consistent with the results on th@, region which follow.
However, little change in the asymmetric stretch spectrum is
induced by changes in the amount@f/Q; mixing or even
FIG. 9. Plots ofV(p) for the voy=0 = ground state, theo,=1 3 state,

and thevoy=1, II state of GHg—HOD which produce the calculated OH Its complete negl?Ct' . . . .
stretch infrared spectrum in Fig(t. The first few energy levels and,,=0 The symmetric stretch region is more interesting. Here

wave functions are also shown. no combination bands are observed in the spec{figs. 3

100 —

80

T
25 20 -15  -1.0  -05

T
25 20 L5 -0 -0

.5 0.0 0..
p(radians)
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TI0)-Z(0)

0)-X(1)

a) Calculated asymmetric stretch spectrum of CgHg-HyO

TI(0)-A(0)
Z(0)-T1(0)
T0)-T1(1)
TH(0)-X(2)
N I\I I/ 2(0)-T1(2)
1 1 1 L II

T
20 30 40 50 60 70 80

b) Experimental:

I I + ‘ I Il 1 } I 1
{ — T y
20 30 40 50

Relative Frequency (cm'l)

FIG. 10. Stick diagrams of th@) experimental an¢b) calculated spectra in
the asymmetric stretch region ofglds—H,O using the potentials in Figs.

11(a) and 11b).
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FIG. 11. V(p) in the (a) ground,(b) symmetric stretch, ant) asymmetric
stretch vibrationally excited states in the calculated spectra of Figk) 10

and 12b)-12f).

—————— Perp. bands

a) b) Parallel bands

c) d)

. '
1 I 1 1 ||I| 1 i 1} 1 I I | |||.
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FIG. 12. Stick diagrams of th@) experimental an¢b)—(f) calculated spec-
tra in the symmetric stretch region ofgld;—H,O using the potentials in
Figs. 11a) and 11c). The calculated spectra ¢)—(f) useQ;—Q3 mixing
coefficientsa(p) and B(p) of the general form shown in Fig. 7, whefle)
ﬁ=0, i.e., no Q1/Q3 mixing, (C) B(Pmax)=0-251 pmax=30°r (d)
BlPpma)=0.25, ppa=30°, ()  Blpma=0.50, ppax=52°, and (f)
Bpma=0.50, pmax=52°. The most effective suppression of combination

bands occurs for the conditions @).

and 1Za)]. Admittedly, the lower inherent strength of the
symmetric stretch transition may hinder the observation of
the combination bands in the present experiment. However,
the saturation present in the experimental spectrum suggests
that they should be observable if present. More importantly,
calculations employing a flat, broad torsional potential with-
out Q,/Q5 mixing predict strong symmetric stretch/torsion
combination bands such as those shown in Figb)1lZhis is
true for all reasonable forms &f.(p). Thus, to account for
the qualitative appearance of the spectrum in this region con-
sistently with the GHg—HOD results, one must invoke some
degree 0fQ;/Q5 mixing (Sec. IV C 3.

Figures 12c)-12f) show the computed symmetric
stretch spectrum for several representative forms3@.
The effect of this mixing on the appearance of the spectrum
is dramatic. As the magnitude and width Bfp) changes,
intensity is given preferentially either to parallalv,=2
transitions or perpendicularv,,=1 transitions. Of the8(p)
functional forms searched, that used in calculating the spec-
trum in Fig. 1Zc) most effectively suppresses both these
types of combination bands relative to the mainY and
IT-II transitions. The explicit form oB(p) for this case is
shown in Fig. 7. In the calculated spectra of Figs(h)2
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12(f), the single set of potentials shown in Figs(dland

11(c) are used. Based on the present data, the precise form of
the V4(p) can be chosen with some degree of latitude. The
potentials of Fig. 11 are simply a consistent set whose shape
contributes to the strong suppression of combination bands
in the symmetric stretch region shown in Fig.(@2 A cal-
culation using th&), potential of Fig. 11b) on theQ region

gives combination bands about twice the size shown in Fig. Symumetric stretch, asymmetric stretch
12(c). 31/8Q1 || 5 axis, SwdQz _|_ C, axis
The maximum value of8 used in calculating Fig. 12) B(p) strongly p-dependent, symmetric about p=0.
is Bmax=0.25, corresponding to 5%%/95% QY mixture in Qu/Q3 mixing possible
Q; at pmax- As stated previously, a mixing this small has
CgHg-HOD

such a dramatic effect o®, due to the much stronger ab-

sorption strength ofQ3 relative to Q9. From a physical

standpoint, this mixing rotates the orientation &fu{ 5Q-) D @
away from HO's C,, axis. As HO rocks away from the O

symmetric p=0 position to either side, mixing witQ3 < ST [ o < | S
causes the dipole derivative vector to remain oriented close

to benzene’s sixfold axis over a significant rangeppthus Local mode OH/OD stretches

minimizing the perpendicular transitions in the spectrum. Put /50 along bonds

another way, the partial local mode character induced by the B(p) strongly p-dependent, asymmetric about p=0.
mixing swings the dipole derivative vector toward the OH No mixing

bond pointing toward the ring.

FIG. 13. Summary of the fundamental differences betwegd bhd HOD
which influence the appearance of the OH stretch infrared spectra of
V. DISCUSSION AND CONCLUSIONS Ce¢He—H,0 and GHg—HOD complexes undergoing 2D LAM ip and ¢.

The intent of the present study has been to use the OH
stretch infrared spectrum as a probe of theydrogen bond
between HO (HOD) and GHg. These spectra show sensi- (2) the direction of the dipole moment derivatives from par-

tivity to perhaps the most striking feature of thishydrogen allel and perpendicular to th@é,, axis of HO to along

bond; namely, the facile, large-amplitude tumbling ofCH the OH and OD bonds in HOD;

and HOD on benzene’s surface. (3) the form of thep-dependent internal rotation constant
The observable consequences of the LAMs on the spec- F(p) from symmetric aboup=0° in H,O to distinctly

tra change dramatically from J& symmetric stretch to asymmetric in HOD;

asymmetric stretch and from,B to HOD. In fact, the three (4) the degree op-dependent mixing between the hydride

spectral regions span an interesting range of possibilities: stretch modes from significant in,B to insignificant in

(1) In the GHg—H,O symmetric stretch region, no combina- HOD.

tion bands are observed in the spectrum. When combined with the large-amplitude motionspin

(2) In the GHe—H,O asymmetric stretch region, at least six and ¢, these changes lead to the observed differences in the
bands are observed. The three dominant bands apectra. The modeling of the infrared spectra including large-
readily assigned as perpendicular bands of an internallgmplitude motions irp and ¢ successfully accounts for the
rotating symmetric top while the three weak transitionsqualitative features of the spectrum oftfz—HOD, including
appear to be OH stretch/torsion/internal rotation combi-the unusual intensity profile and approximate positions of the
nation bands. observed bands.

(3) In the GHs—HOD OH stretch region, five transitions are The p-dependent potential so derived is indeed remark-
observed out of the zero point level of the ground stateably broad, with the HOD molecule undergoing oriental
with OH stretch/torsion/internal rotation combination changes fronp=—90° to +90° even at the zero point level
bands dominating the spectrum, with intensities severafFig. 9.
times that of the fundamental. While the present level of analysis seems appropriate to

the data available in this study, it also points out the need for

(H,O to HOD) is a direct consequence of the fundamentalfurther study before. a qugntltatlvely accurat@-l@—'HZO n-
termolecular potential is in hand. On the experimental side,

change in the form of the O~(B) stretching modes accom- similar spectra in the OD stretch region ofHG—HOD

't)oa;)ri]zlZgbtztei}ttilijfr?tgﬁggg.egs summarized in Fig. 13, the 'S%would provide an excellent testing ground for further refine-

ment ofV «(p). Second, rotationally resolved spectra, if life-

(1) the form of the normal coordinates from modes delocaltime broadening is not too great, would provide crucial fur-
ized over both bonds in @ to localized in a single bond ther tests. Third, far infrared spectra which sample other
in HOD; intermolecular degrees of freedom are needed. Fourth, an

The sensitivity of the spectra to isotopic substitution
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still not available. and G. A. Blake, Science57, 942(1992.
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evance to water molecule’s physisorption on grapkéted Francisco, 1960
even metal Surfa(?es also deserve fl-!rth_er explora.tion. 25ee, for example, J. G. C. M. van Duijneveldt-van de Rijdt and F. B. van
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