Microwave rotation-tunneling spectroscopy of the water—methanol dimer:
Direct structural proof for the strongest bound conformation
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Rotation-tunnelinga-type spectra of CEDH:---H,O and CHOD---D,0O were recorded between 18

and 60 GHz using direct absorption microwave spectroscopy, and fogOBH H,0,
13CH;0H:--H,0, CH;OH::-DOH, CD;0H:+-H,0, and CHOD---D,0 between 7 and 24 GHz using

a Fourier-transform microwave spectrometer. BecausgOQEHand HO are capable of both
accepting and donating hydrogen bonds, there exists some question as to which donor—acceptor
pairing of the molecules is the lowest energy form. This question is further emphasized by the
ambiguity and variety present in previous experimental and computational results. Transitions
arising from the methyl torsiona state were assigned in each of the studied isotopomers, and for
the A andE states in CHOH:--H,O. While the measured components of the dipole moment for the
parent (H}C'%0) isotopomer—,=7.956+0.03x10 *°Cm (2.385-0.008 D), u,=3.636
+0.02<10 %9 C m (1.09G-0.006 D), u.=0.43+0.47x10 °Cm (0.13-0.14 D), where the
errors correspond to dl uncertainties—are consistent with either conformation, the fit of the
structure to the rotational constants demonstrates unambiguously that the lower-energy
conformation formed in supersonically cooled molecular beams corresponds to a water—donor,
methanol—acceptor complex. The results and implications for future work are also discussed in
terms of the permutation-inversion theory presented by Hougen and Qladiol. Spectros159,
363(1993]. © 1997 American Institute of Physids50021-960807)02134-X

INTRODUCTION solvent-based separation techniques. The water—methanol
dimer is the latest, and one of the most chemically complex,
respect to hydrogen bonding, methanol and water can act J3 @ senes of water-co_ntamlng, .hydrogen—bonded_ dimers
both hydrogen bond donors and acceptors. When they aﬁgudled in our laboratories by microwave and far-infrared
spectroscopy, for the purpose of fitting the observed spectra

clustered together in the form of a gas-phase heterodimer,

. . 1-11
then there can exist two forms of the dimer which are strucO intermolecular potential energy surface®S9.”*" The

turally, and presumably energetically, distinct: a methanol-c0mplex formed between methanol and water is particularly
donor, water—acceptor form; and a water—donor, methanolinteresting because both hydrophobic and hydrophilic forces
acceptor one. Determining which of the two forms has acontribute strongly to the IPS of this relatively small dimer,
greater binding energy has been the subject of several corffeating a high degree of anisotropy. In addition, the water—
putational and experimental studies. However, no consenstigethanol dimer will provide a test of the adaptability of the
is available from the calculations, which fall evenly on both IPSs of simpler dimers to larger, multi-functional interac-
sides of the question, and the results from the experimentéons.
are indirect and sometimes complicated by measurements Mixed solvent systems are inherently more difficult to
taken in the condensed phase. We offer here direct structuradodel than single component ones, and increase the types
proof for the lowest-energy form of the water—methanoland complexity of possible solvent—solute and solvent—
dimer obtained from microwave rotation-tunneling spectros-solvent interactions. This is especially easy to envision for
copy of jet-cooled water—methanol dimers. the water—methanol system, where L has the propen-
Methanol and water are two of the most common sol-sity to accept two hydrogen bonds but donate only one.
vents in chemistry, and understanding their intermoleculamoreover, even though the water—methanol system is com-
hydrogen bonding potentials is necessary in order to corpletely miscible in all proportions, the solution resulting
rectly model important bulk solvent—solute dynamics. Whenfrom the mixing of the two liquids is not necessarily homo-
mixed together, the water—methanol solvent system is comyeneous. Using statistical mechanics methods, Matsumoto
pletely miscible in all proportions and is widely used as thegnq co-workers simulated the bulk structure of different mix-
supporting liquid phase in liquid chromotography and othekres of methanol and wat& .Not surprisingly, the hydro-
phobic methyl groups caused the methanol to préiear)
dpresent address: The BOC Group, Murray Hill, NJ 07974. surface sites, and the interactions were strong enough to cre-

Due to the amphoteric nature of hydroxyl groups with
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ate a net alignment of methanol molecules in these enriched

surface regions. The effect is particularly dramatic for solu- Ya

tions with low molar volumes of methanol which are shown @\ {f\

to have most of the methanol pooling in such near-surface ’ AN

volumes. This picture is reinforced by kinetic studies which ~  \©O/—/ & @\

show that the free energy of mixing of methanol and water is ed\// Xg ~ @jg
driven by excess entropy, not excess enthafpy. / Roo ®\ <

By far the most studied polyatomicpolyatomic
hydrogen-bonded complex, both computationally and experi- .
. . 4.315-20 FIG. 1. Odutola and Dyke water dimer structure Roo=2.9768 A,
mentally, is the water—water dim&h®* The water— 04=—53.0°, 6,=59.7°, andy,=0.3°
. . . . » Ya . 1 a . .
methanol dimer provides a heteromolecular analog to this
well-studied system, not only to the IPS being developed for

this complex but also to the permutation-inversion andrigs. 2a) and 2b), respectively. In this framework, the MW
vibration-rotation-tunneling formalisms created especiallystructure has &€, plane of symmetry, while the WM struc-
for this dimer?*"*Of course, methanol is chemically much ture has no point group symmetry elements other than the
different from water, but the dynamics of the unsubstitutedidentity operation.
position, whether it turns out to be donor or acceptor, should  Although a priori the structure for the water—methanol
be largely conserved if the present IPS and formalism for theomplex is not known, the MW and WM structures do have
water—water dimer are correct and adaptable to othes number of commonalities that allow some prediction of the
hydroxyl-hydroxyl interactions. The water—methanol com-major features of the microwave spectra. First of all, the
plex also provides the opportunity to synthesize an IPS frontomplex is asymmetric, meaning that the asymmetry-gglit
two other previously determined IPSs without the perturbingdegeneracies will be resolvable. Also, the complex should
effects of three-body forces encountered in previous athave significant dipole moments along ésandb axes. A
tempts. WM structure will have a smalt component as well; the

For example, Elrodet al. have studied the Ar--DCI  component for MW should be zero by symmetry. Along with
complex to determine how well two-body IPSs sum to givethe fact that the structurd rotational constant is between 20
the full three-body IPS? They have found that three-body and 35 GHz, botha-type andb-type transitions should be
forces contribute a very significant 8% to the overall enerobservable in the present microwave experiments. We can
getics of the complex. This complication should be avoidablealso anticipate complicated internal rotor effects from the
for synthesizing the IPS of water—methanol, a two-body in-methyl top, in which the angular momentum of the top
teraction, from the water—water and methane—water potercouples with the overall rotation of the complex.
tials. Studies of (HO), and (CH,--H,0), investigated ex- Exchange of identical nuclei by rotation and quantum
perimentally by Doreet al,?* provide the basis for such a mechanical tunneling leads to splitting of rovibrational en-
comparison during the ongoing research on each of thesgrgy levels, and the effects are often detectable with the high
complexes. While three-body and larger-body contributions
to IPSs are definitely the rule and not the exception in the
study of solution dynamics, the approach outlined above for
the water—methanol dimer has relevance to the modeling of
large biomolecular interactions, such as protein folding.
Here, the complexity of the system derives not from a \
myriad of small solvent interactions, but rather the forces
between polyfunctional sidegroups along one backbone give (O ——H)---------- @
the protein a high degree of order. Some protein folding \s
approaches already use a matrix of dimeric, albeit crude, @
IPSs to form intramolecular potentials. The water—methanol
dimer will be a good test of this method and will also pro-
vide refined potentials for its application.

Our initial assumption in considering the two possible
hydrogen-bonded forms of the water—methanol dimer is that
the hydrogen bond in both forms will be geometrically simi-
lar to that of the water dimefsee Fig. 1 given by Odutola
and Dyke!* We will use the abbreviations MW and WM to
refer to a specific donor—acceptor conformation and the ge- ~  \-/ & 7 @\
neric notation water—methanol dimer when the structure is
not specified. MW is formed from the water dimer structure
by replacing the nonbonded water donor hydrogen with a

methyl group; _VVM is formed by substituting methyl for one FIG. 2. Structural frameworks faig) MW and (b) WM based on the water
of the water dimer acceptor hydrogens. These are shown itimer structure.
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resolution methods employed here. By counting the numbeFABLE I. Summary ofab initio results for methanol—-water dimer. Binding
of nonsuperimposible frameworks and the feasible exchang@¢'91es ar®. in kcal/mol.

pathways betwegn them, one can esUmate the pgmber and Authors MW WM Ref.
magnitude of splittings to each rovibrational transition.

The two different conformations for the water—methanolP¢! Bene 6.26 5.22 26

di h t t of . t l f K Bolis et al. 7.5 7.0 28
imer each generate a set of unique tunneling frameworksyg. "\ewton, and Allen 555 573 97

and we need to consider sets of equivalent nuclei and thegakkaset al. 5517 5433 31
exchange pathways for both cases. In each structure, the migim, Jhon, and Scheraga 6.74 7.78 29

thyl group has three equivalent hydrogens which can inter
change about it€; axis. Each HO subunit has two hydro-
gens which can exchange about the w&tgmlxis and, in the
case of WM, about the water axis. Also exchangeable are methods and computational resources, and the findings of the
the two oxygen lone pair binding sites on eaatceptor studies are correlated with basis set size, with the more flex-
oxygen atom. Noteworthy here is that the entity which isible wave functions determining that the WM structure is
exchangeable is the binding site, not the electrons which oanore stable. At the highest level of theory performed to date,
cupy the lone pair orbitals. The acceptor oxygen atom can bthe work of Bakkaset al3° places the minima within only
thought of as a potentially chiral center: in the case of MW,0.1 kcal/mol of each other. Notwithstanding, it is clear that
the oxygen is not chiral because the two hydrogen-bondingxperiments are needed to determine the most stable confor-
sites are equivalent; in WM, however, the oxygen is chiralmation of the water—methanol dimer.
with four different substituents—H, C§t--H,O, and an un- Several researchers have presented reasonable interpre-
bound lone pair—arrayed in a near tetrahedral geometrytations of vibrational spectra for isolated water—methanol
Hence, the chirality of the hydrogen-bonded oxygen doublesomplexes. Bakkas and co-workers first examined the com-
the number of nonsuperimposable frameworks for WM. Theplex in a nitrogen matrix and observed the spectral changes
total number of such frameworks, then, is 6 for MW and 12for all 3 intramolecular water modes and 10 out of 12 modes
for WM. for methanof® By measuring a distinctive red shift for the
Hougen and Ohashi have made a detailed permutatiormethanol O—H stretch and a corresponding blue shift of the
inversion theory investigation of the water—methanol dimerC—O stretch, they concluded that the complex was M\lY.
in the K,= 0 rotational manifold, and we refer to their num- initio calculations performed by the authors at the MP2
bering of the framework® They begin by evaluating the 6-31G** level with harmonic frequency approximations
feasibility for each of the tunneling paths-4n) in the two  confirmed the basic spectral shifting pattern from the experi-
different conformers, based on previous results for other vaments. When the authors followed this work with a similar
der Waals complexes. For MW, they estimate that the watematrix isolation experiment in argon, the results were com-
C, tunneling (1-4) has a splitting of~3 cm !, and that pletely different, with spectral shifts in argon supporting a
the methyl torsion (1-2,3) is~0.06 cm %; the combination WM structure3! In neither experiment was evidence of a
modes are deemed unfeasible. The considerations for WMsecond conformer found. This matrix effect is particularly
with twice as many possible tunneling pathways, are subremarkable when considered in the light of the authats’
stantially more complex, with all feasible tunneling splittings initio computations which showed that the conformers dif-
having similar estimated values of 0.04—0.09¢mThose fered in binding energy by a mere 0.084 kcal/mol. If one
deemed feasible are the methyl torsion{2,3), exchange assumes that this estimate is closer to the truth, the matrix
of lone pairs on the acceptor {14), exchange of donor effect of the two Bakka®t al. reports can be ascribed to a
protons (1-7), and simultaneous exchange of both accepstrong, and highly interesting, water—methanol—nitrogen
tor lone pairs and donor protons {110). Hougen and three-body interaction.
Ohashi also develop a flexible coordinate system in which all  Isolated water—methanol dimer complexes have also
of these motions can be parameterized to derive the matrikeen identified in a molecular beam by Huisken and Stem-
elements for tunneling splittings and the selection rules fomler using an IR dissociation/depletion probe coupled with a
a-type spectra. These rules predict “top-to-top, bottom-to-time-of-flight mass spectromet&.The probe used was a
bottom” for the a-type spectra, which means that the tunnel-line-tunable CQ laser acting on the C-O stretch chro-
ing splittings will not be easily measurable using the lowest-mophore, and individual cluster sizes were resolved by scat-
frequencya-type MW data. They also predict a total of four tering off of a perpendicular beam of helium atoms. In pre-
rotation-tunneling components for MW, and eight for WM. vious experiments with methanol dimer, they were able to
Five computational studies of the water—methanol com-observe two separate peaks, one to the red and one to the
plex have been performed, and the results for the bindingplue of C—O fundamental at 1033.9 cfp and assigned
energy of both MW and WM minima are summarized inthem to the donor and acceptor subunits, respectively. By
Table 12673 Taken as whole, they fall 3:2 in favor of the analogy, they only observed a red shifted C—O stretch for the
MW global minimum, and there are results which find thewater—methanol complex at 1027.8¢h in good agree-
minima separated by- 1 kcal/mol for both conclusions. In ment with the Ar-matrix isolation frequency of 1031.7 ¢
all fairness, however, these calculations were performed overhus in the only gas-phase experiment before the present
the span of two decades, with increasingly sophisticatedtudy, evidence was found only for the WM conformer.
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EXPERIMENT

Studies of the microwave spectrum of ¢bH---H,O
were begun independently and nearly concurrently at Caltec
and in the Optical Technology Division at NIST, Gaithers- 0.8t
burg. The NIST work stemmed from an on-going effort to
measure the rotation-tunneling spectrum of the methanc
dimer® Because these two supersonic jet spectrometers a
complementary in several ways, including spectral coverage
a joint effort was mounted to complete this project.

The advantages of each instrument for this work are a
follows. The NIST Balle-Flygare-type FTMW spectrometer,
described in detail elsewhet&,*is a high resolution instru-
ment, Av~2 kHz, capable of measuring many of the small v ‘ ' ‘
tunneling splittings associated with more strongly bound o1 | L. . pA
vdW complexes, which can be recorded with accurate rela 10 20 Fre;?cmy (GHZ)40 %0
tive intensities. The instrument is also equipped with a higk
voltage Stark cellx5 kV over 26 cm, that can measure the
dipole moments of complexes with high precision. One limi-
tation is that it has a relatively slow scanning rate, 200 MHz
per hour or less. The FT cavity can also scan only from 7
GHz to about 26 GHz, and even then the antenna must kt
manually adjusted to optimize the sensitivity from the lowest
to the highest frequency. On the other hand, the Caltec
planar supersonic jet/direct absorption microwave spectron
eter, also described previousi{*° begins coverage at about
18 GHz and can reach up to 80 GHz. This machine has
much lower resolution of a few hundred kHz, but can scar
quickly, up to 20 MHz/min or 1.2 GHz/h, allowing a broad,
automated collection of data. The microwave spectrometer i
also equipped with a low voltage Stark cell, used here tc 1 ‘
discriminate betweeA andE methyl rotor states® o - 1 " " | s s o

A total of 73 transitions between 21.9 and 55.6 GHz Frequency (GHz)
were recorded at Caltech for the gbH---H,O isotopomer
which required both methanol and wafétig. 3(a)]. Initial _ , o

. FIG. 3. (a) Observed andb) assignedA state microwave transitions for the
efforts at scanning were _slowed due to the mgch MOre NUz, o1 .1,0 complex.
merous methanol dimer lines. The methanol dimer complex
has 16 tunneling transitions which, along with transitions
from different populatedk , manifolds, obscured hundreds of components:  ,=7.956+0.03<10"* C m (2.385
MHz of spectral coverage, and required a large amount of-0-008 D), pp=3.63650.02x10"*°Cm (1.090
time to distinguish from the more sparse water—methanoi-0-006 D), ~and . =0.43+0.47x10"*Cm  (0.13
lines. Later on, approximate rotational constants for the™0-14 D), where the errors listed correspond to one standard
methanol dimer from NIST allowed us to selectively avoid deviation uncertainties.
these congested are¥sAt the same time, 8 transitions cor- ~ The lines at Caltech were observed with a continuous
responding to a methanei,vater Chemistry were recorded at flow rate of 3.60 I/min Ar/6.00 I/min A# H20/0270 I/min
NIST: 2 between 7.7 and 8.0 GHz and 6 between 15.4 andf +CH;OH. In the NIST experiments, G®H and HO,

16.5 GHz. Some tunneling splittings on the order of tens ofntrained in separate flows of Ar, were introduced into the
kHz were observed in the NIST spectra. Once some of thesgaVity through a 1.0-mm-diam pulsed solenoid valve over
CH,OH---H,0 transitions were fit to an asymmetric rotor 200—400us durations at rates up to 10 Hz. The total backing
Hamiltonian, transitions from other isotopomers were prePressure in the Caltech experiment wag atm and for the
dicted, and therefore preassigned, from a crude WM strucNIST experiment it was 1 atm. No special attention was
ture and observed. These included 3 NIST and 17 Calteciven to the purity of the CEDH or H0 used;**C and
lines for CHOD---D,O, 5 NIST lines each for deuterium enriched samples were obtained from commercial
CD,0H:---H,0 and CHOH---DOH, and 6 NIST lines for suppliers.

13CH,0H:--H,0. The Caltech data corresponds to transitions

inJ fromJ=2 up toJ=6 or 7 in theK,=0,1,2 manifolds; SPECTRAL ANALYSIS

NIST lines were fromJ=0, K,=0 andJ=1, K,=0,1. The The initial assignments were greatly facilitated by the
NIST work also measured the following dipole moment much simpler rotational structure in the low quantum num-
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TABLE Il. A-state rotational transitiongMHz) for CH;OH---H,O and TABLE IV. Fitted spectroscopic parameters for methanol-water isoto-

CH;0OD:--D,0. pomers.
Transiton ~ CHOH:--H,O (o-c) CH;0D:---D,0 (o-c) CH,;0OH:--H,0 CH;0D---D,0
10-0g0 7978.595  —0.0003 A (MHz) 28 26454) 2569594)
2,714 15 470.202 0.0000 14339.873 —0.0005 B (MHz) 42 32.1714) 3895.60116)
207101 15948.774  —0.0003 14 754.546 0.0000 C (MHz) 37 47.0114) 3485.45412)
2:1-140 16 440.284 0.0002 15158.690 —0.0010 Ay (kH2) 49.998) 57.61.0
3,321, 23198.622 0.0014 21504.37 0.18 Ay (kHz) 31414 27468)
303202 23902.179 0.0000 22 114.40 0.28 5y (kHz) 10.71.2) 23.06)
3,521 23924.74 -1.80
351-259 23953.78 —1.48 @Uncertainties in parentheses are two standard deviations.
317211 24 652.00 -0.02 22730.18 0.57
414313 30919.68 0.53 28 662.01 0.13
204:203 21 ggégg 720"1%8 29453.22 055 — 0,1,2. These assigned spectra are seen in Fit. Bable II
P 2196068  —167 contains the line list with observed and calculated frequen-
227921 . . .
41531, 32 855.04 1.43 30 291.31 0.94 cies, as well as a complementary setfofsymmetry state
5141, 38 629.84 0.49 35811.19 0.28 data for the CHOD:---D,O isotopomer. Table IlI lists the
505404 39726.96 0.83 36763.99 0.43 transitions of the smaller data sets from NIST for
Daqdzs 3984234 —3.00 CD;OH-+*H;0, CH;OH:+-DOH, and 3CHyOH:+-H,0.
S 3908038 144 Tables IV and Tables V give th ding fitted
5,040y 4104315 158 37838.34 078 ables IV and Tables V give the corresponding fitte spec-
616515 46 326.26 —0.62 42 949.62 0.23 troscopic constants for these complexes. Because of the lim-
606505 47581.19 -0.18 44 040.89 0.24 ited data set for the last three complexes, geotational
225524 4; 824.45 —3-53 constant was not well determined, and fixed at an estimated
24523 48034.7 -0.71 : : .
615514 49 215.09 2.76 45 366.95 0.74 value in the final fit. -
Assignment and fitting of thé& state data are not so
717616 50 078.70 3.10 / :
707606 55 388.85 ~0.96 51277.76 0.74 straightforward, and current progress has given only a tenta-
716615 52 870.37 6.89 tive assignment. Evidence for tiiestate is most obvious in
81g717 57187.88 0.16 the NISTJ=0—1 lines, where the lower-frequency compo-
8og 707 58472.93 0.23 nent has a first order Stark effect, consistent with an excited
aNot fit, internal methyl rotor. A simpleR-branch progression was

found to be built upon this transition, for whidk,=0. As-

signment of theK,#0 E state components is complicated
ber NIST data. Only two lines for C§DH---H,O were ob- by the fact that the not-too-asymmetric tgsymmetry state
served in theJ=0—1 region, and these were separated byhas nearly degenerate transitions Koy= 2, which also have
~200 MHz. Stark measurements indicated that the lowerpseudo-first order Stark effects at low values Jof After
frequency transition had a first order Stark effect, while thecomplete assignment of the state data eliminated these as
higher-frequency transition had only a second order Starkhoices, two additional sets & state lines were identified,
effect. Internal rotation of three-fold rotors leads to An  each again fitting a separaf-branch progression. Stark
symmetry state and a doubly degenerateymmetry state. shifts indicate that these two are characteristickgf=1
The degeneracy of thg state supports a first order Stark states. The tentative assignments are given in Table VI. Ini-
effect, and those lines without a first order Stark effect couldijal attempts at fitting more than one progression at a time to
therefore be assigned to thesymmetry state. Assignments a standard internal rotor Hamiltonian have been only partly
based upon the higher frequency of the two led to a set ofuccessful, and will be discussed at greater length below.
lines which could be fit to a standard asymmetric rotor

Hamiltonian, including transitions witd=0 to 7 andK,
TABLE V. Fitted spectroscopic parameters for methanol-water isoto-
pomers, continued. Values #f marked with an asterisk were fixed to struc-

TABLE Ill. A-state rotational transitiongMHz) for CD;OH::-H,0, tural approximations. Uncertainties in parentheses are two standard devia-

CHZOH:--DOH, and!*CHzOH::-H,0. tions.

Transition CRQOH-*H,0  CHyOH--DOH  ’CHZOH---H,0 CD;0H+-H,O  CHyOH---DOH  *CH4OH---H,0

11000 7384.830 (7905.25) 7840.351 A (MH2) 23306 28000 28000
F=0-1 7905.166 B (MHz) 3917.0172) 4189.9083) 4159.7392)
F=2-1 7905.243 C (MHz) 3468.0562) 3715.52%3) 3680.8162)
F=1-1 7905.291 A; (kHz) 61.11) 43.91) 50.31)

2:-144 14 312.672 15 334.694 15 200.679 Asx (KH2) 4981) 2052) 84.99)

207101 14 760.490 15 802.445 15 672.362 5, (kH2) 10.7 10.7 13.45)

21140 15214.723 16 282.568 16 157.644 eQa(D) (kH2) 167(10)

315215 22794.393

303202 22117.889 23 683.567 23487.755 Not fit.

bFixed at value for parent isotopic species.
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TABLE VI. Tentative assignments for GBH---H,O E state rotational  subjective. Below are the assumptions used in this structural

transitions. analysis and their justifications.
Assignment FrequenciMHz) (1) Assume ground state geometries for the monomer struc-
Lo1-0gp 7763.750 tures(Harmonyet al.4l).
207101 15541.721 (2) Angle COH of methanet108.5%109.5°, so assume a
303202 23342.88 starting geometry of C, Hand the two lone pairs about
404303 31 164.40

oxygen that is tetrahedral.
So5-404 39 000.56

Bon-50 46 838,52 (3) Assume the intermolecular starting geometry of bqth
MW and WM are that of water—water dimer. For this
2171y 15 956.630 geometry take structure | from Odutola and Dyke, since
iiigiz gi ;lé:gi this has the lowest standard deviation and its low value
S 39 173.76 of x, is consistent with Assumption2(see Fig. 1
616515 46 732.50 (4) Since we do not knova priori how the methyl group in
201y 15 958.460 CH30H affects the geqmetry of the lone pairs, use As-
3,20, 4 000.92 sumption 2 to determ_meya for WM, ar_wd use a_lngle
41530, 32 103.44 0,0,Hs from WM to fix angle QO;H; in MW (i.e.,
514443 40 247.31 0.749.
615514 48 394.68

A methanol geometry was first computed in internal coordi-
nates, using the ghost atom as described above. Then, the
water subunits of the two different conformers were specified
relative to the methanol geometry. The final so-called
Z-matrix for each conformer is given in Table VII.

As emphasized above, structure, especially the gross fea- A number of structural fits were run during the course of
tures which determine proton donor and acceptor roles, is ghis work in order to obtain predictions for different isoto-
key importance in this initial microwave study of the water— pomers, and also to check preliminary findings for the donor/
methanol complex. The simple Euler-type angular coordi-acceptor roles. In the fit§ andC rotational constants were
nates widely employed in the analyses of other, smallerysed along with the well-determinedl rotational constants
dimers, were not used in this structural analysis. As the sugfor CHzOH:--H,O and CHOD:---D,O. Three parameters
units grow larger, these do not correspond well with logicalwere fit for the two different conformers: the hydrogen bond
intermolecular normal modes of the complex. Instead, thélistanceRo...,4; the lone pair geometry of the acceptor oxy-
structure is parameterized in the internal coordinates deveBen, 6o, to correct for the tetrahedral assumption; and the
oped by Thompson, where each atom is specified by its oritorsional angle of the watet,, o, about the hydrogen bond.
entation with respect to the last three specified atthiiie  These correspond tBoc (less the O—H bond lengthé,,
coordinates consist of a bond length, a bond angle, and and y, in the water dimer structure.
torsional angle. Of course, the first three atoms have a re- All pairings of isotopomeric fits unanimously favored
duced number of coordinates. The structure fitting routineghe WM conformer as measured by the residual error of the
used wassTRFTQ written by Schwendem&hand modified  principal moments of inertia, giving definitive confirmation
by Lovas, which allows multiple isotopomers to be fit simul- to the results of the argon matrix and IR photodepletion ex-
taneously. There are several advantages to using the interraériments. The most conclusive example of the structural
coordinate system in combination with this fitting routine. preference comes from the data for the {OH---DOH iso-
First, the number of parameters to be fit is reduced frontopomer. Due to the similar positions of most of the atoms
similar programs using principal axis coordinates. Also,about the centers of mass for the two conformers, isotopic
symmetry can be specified within a molecule. For examplesubstitution produced small, but consistent, preferences for
if fitting the HCF angle in methyl fluoride, one could specify WM. But the CHOH---DOH isotopomer substitutes singly
that all three hydrogens form the same HCF angle and thahe one atomic position most sensitive to the change in
they be adjusted symmetrically during the fit. Finally, ghostconformation—this D atom is either on the outside of the
atoms with zero mass can be used to simplify the inpute¢domplex,>2 A from the center-of-mass in MW, or it is on
structure. For example, in methanol, the methyl group tiltsthe inside(due to greater D-binding zero point energyf
3.3° away from the hydroxyl group, meaning that 8¢  complex,<1 A away from the center-of-mass for WM. This
symmetry axis is not parallel with the C—O bond. The move-is best shown in the following set of fits. The other four
ment of all three methyl hydrogens can be accommodated iisotopomers studied are fit to each conformer separately,
one parameter by first adding a ghost atom, bonded to theith the residual of 0.243 u A(units of moments of inertja
carbon atom, at the center of the triangle formed by the hyfor WM, more than six times smaller than the 1.52 & #&r
drogens; the hydrogens are then specified relative to thBIW. Even more conclusive is the prediction of rotational
ghost atom. constants for the sensitive GBIH---DOH isotopomer. The

The starting point for the fit, as well as the algorithm for error in B+ C is only 5.42 MHz for the WM fit structure,
the fit itself, contains some assumptions which are inherentlyhile B+ C differs by 246.37 MHz for the MW predictions.

STRUCTURAL ANALYSIS
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TABLE VII. Z-matrix coordinates for MW and WM.

Connected
Atom Atom# to atom# Unit mass r @ B

Z-matrix coordinates for CEDH

H, 1 1.

(o 2 1 16. 0.945

C 3 2 12. 1.425 108.5

G 4 3 0. 0.380 176.7 180

H, 5 4 1. 1.026 90.0 0

Hj 6 4 1. 1.023 90.0 120

H, 7 4 1. 1.023 90.0 —-120
Z-matrix coordinates for MW

0O, 8 1 16. 2.032 179.0 180

Hs 9 8 1. 0.972 122.0 —68.67

Hg 10 8 1. 0.972 122.0 68.67
Z-matrix coordinates for WM

Hs 8 2 1. 2.005 109.0 120

0O, 9 8 16. 0.972 179.0 -60

Hg 10 9 1. 0.972 104.5 180

The resulting structure is very similar to that of water to the structural analysis results. However, these splittings
dimer, as expected. Thd&rgo bond length of 2.997 were predicted to have “top-to-top, bottom-to-bottom”
+0.009 A is, surprisingly, longer, but only by 0.02 A, than a-type selection rules, and so the effects of the splittings
that for the water dimer, and the bond angle is nearly lineamight not be apparent in the present data, as was the case for
at 179+ 1°. The torsional angle was not well-fit, and on the two of the tunneling components in the methanol differ.
average gave a structure close to bifurcation of the methanol A search up to 60 GHz, more than twice the structural
COH angle, again much like water dimer. value of A, turned up no identifiabléh-type transitions.
These spectra, which should have “top-to-bottom, bottom-
to-top” selection rules, have a large dipole moment compo-
nent, and should have many stroQgbranches. However, as

Ruoff et al. have shown that relaxation of weakly bound previously seen for bN---H,0,'% internal rotation can in-
clusters with multiple conformations to the lowest groundcrease the frequency of thetype (AK, .==*1) spectra to
state energy conformer is efficient and near complete imore than four times that predicted by structure alone. Once
seeded supersonic jet expansions of affdn.light of this,  theseb-type rotation-tunneling spectra are measured, the
the results of the structural analysis for the present data sétinneling splittings can be calculated from the difference in
are unambiguous—the lower-energy conformer of therotational constants for each symmetry state.
water—methanol dimer has a water—donor, methanol- Several hydrogen-bonded complexes containing methyl
acceptor structure, and has a bonding geometry similar tootors have been previously examined in the literature:
that of the water dimer. Furthermore, the absence of anfH;OH---NH,CHO,> CH,OH---CO,** CHzOH---SO,,**
lines assignable to a MW structure from thg~5 K super-  (CH;OH),,3® CHzOH:--Ar,3**>and CHOH:--HCI.*5*7 For
sonic expansion suggests that this second conformer msach of these species, an internal rotor Hamiltonian has been
=10-15 cm? higher in ground state energy relative to the used successfully in combined fits AfandE state datgand
more stable WM conformer. The magnitude of the error forin the case of (CEDH),, A, E, andG state$. Interestingly,
the measurement ofu,=0.43-0.47x10"°Cm (0.13 in each case the best fit of thé; internal rotation terms
+0.14 D), along with the substantial values @f and wy,, yields an apparent lowering of the barrier for the rotation of
is consistent with the dipole moments expected for eithethe methyl top against the hydroxyl “frame.” From prelimi-
conformer. Beyond the structural analysis, these preliminaryary internal rotor fits using the assignments presented in
spectra raise questions about the effects of intermolecularable VI, we also find a similar behavior in water—methanol,
wide-amplitude motions, especially the internal rotations ofwith the best fits resulting inV3 coefficients of
the methyl group. ~60-65cm?, in contrast to the value of375 cni? for

The estimates of Hougen and Oh&3gredict four sig-  free methanol.
nificant tunneling splittings for the MW conformer and eight Recently, Fraseet al,*® followed by Kuczkowski and
for WM. The A-E splitting is very large, hundreds of MHz, co-workers!**>4’studied in detail the barrier to internal me-
and observable for all values df and K measured. The thyl rotation for weakly bound complexes containing metha-
NIST spectra also recorded a much smaller splitting, 30—10@o0l. They find that the degree of splitting between ghand
kHz, for all A state lines of all isotopomers. This gives a total E torsional energy levels, and hence the perturbation to the
of only four tunneling components, in seeming contradictionrotational Hamiltonian, is not merely dependent on the bar-

DISCUSSION AND CONCLUSIONS
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rier to methyl rotation, but rather results primarily from the infrared spectrum, and the tremendous previous body of ex-
coupling of the methyl rotation with the internal rotation of perimental and theoretical work on the water dimer again
the methanol subunit about one of its molecular axes. In therovides a useful starting point for a consideration of the
CH3OH:---Ar dimer, for example, free rotation of the GBH  intermolecular dynamics of water—methanol. Due to the
subunit, similar to that of kD in Ar---H,0,*®is suspected to large difference in the librational moments of inertia, sepa-
couple to the overall rotation of the complex as well as to theation of the six intermolecular degrees of freedom into dis-
internal rotation. tinct donor/acceptor vibrational modes should be a much bet-
In the complexes previously considered for which theter approximation for water—methanol than for the water
hydroxyl group of methanol was the hydrogen-bond donordimer, for which recent high resolution far-infrared spettra
the A-E splitting correlated with the rigidity of this bond. have revealed breakdowns in the high barrier generalized
This in turn hinders the internal rotation of the methanolinternal axis method so successfully used for the ground state
subunit. Mathematical modeling of this behavior was carriedof (H,0), %%
out by adding av,(1—cos#)/2 term to the large amplitude In this limit, the out-of-plane and in-plane bends of the
Hamiltonian, whered is the rotation angle of the OH defined donor water should be the stiffest, highest-frequency modes.
with respect to the plane formed layaxis of methanol and Various harmonic theoretical estimates place these modes
the center-of-mass of the binding partner in the complex, angiear 550—600 and 350—380 ch respectively, as compared
v, is the first coefficient of a one-dimensional Fourier expan-to matrix isolation frequencies of 520 and 320 ¢mSimilar
sion of the true potential. This approximate treatment of thdocations can be expected for water—methanol. Studies of
large amplitude motion naturally explains the apparent lowthese bands are, in principle, possible with lead salt diode
ering of the methyl group/; barrier, and can be used to lasers, but the poor output power and tuning characteristics

estimate the magnitude of; . of these devices in the 300—500 chregion make such ex-
For example, in the C¥DH:--HCI complex, initial stud-  periments a difficult task at present.
ies by Copeet al. found a series of state transitions which The hydrogen-bond stretching mode is likely to lie be-

were well fit to an asymmetric rotor Hamiltonian; a secondtween the water librational modes and those involving
R-branch progression was also observed to the red of theethanol. A pseudo-diatomic calculation of the stretching
K,=0 lines, much as for the water—methanol data presenteghode location using the observed rotational and centrifugal
here. Another similarity between these results and thelistortion constants results in harmonic frequencies near
present is the large change B=(B+C): 67 MHz, or 75 cmi ! for the parent isotopomer. Similar estimates for the
1.43%, for CHO(H)---HCl and 215 MHz, or 2.69%, for water dimer result in stretching frequencies near 145%m
CH5OH:--H,0 as traced by thd=1—-2, K,=0 transition.  The lowest-frequency modes should involve either torsional
Copeet al. ascribed this second set of lines to a low-lying Or Vibrational modes that are tied primarily to methanol sub-
vibrational state such as that involved with the lone pairunit along with the torsion of the donor and acceptor sub-
interchange motion, but a recent study by Tetral*’ has  units with respect to each other. Simple scaling by the rela-
definitively assigned these transitions to thénternal rotor ~ tive moments of inertia between the water dimer and water—
state. Detailed fits using a modified Fraserl“@ librational ~ Methanol results in harmonic frequencies below 40—50'cm
Hamiltonian produced &5 barrier of 74(1) cm* and av,  for these vibrations. Each of these modes should be observ-
term of 155(5) cm®. Similar complete assignments of the able with current tunable far-infrared laser sideband spec-
E state water—methanol transitions and cofitting with #he trometers, and should provide new insights into the tunneling
state transitions to the appropriate internal rotor Hamiltoniarflynamics and relative donor—acceptor energetics of water—
should yield much information about the IPS. In particular,methanol. Efforts to locate these modes and to complete the
for cases such as water—methanol, where,@# can act assignment of the microwave spectra presented here are cur-
either as a hydrogen-bond acceptor or donor, this approadiently underway.
can, in principle, be used to provide an estimate of the ener-
getic di]:f7erences between the two topologies of the,-xNOWLEDGMENTS
complex:
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