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Thirteen vibration-rotation-tunneling (VRT) bands of the CH,—H,0 complex have been mea-

sured in the range from 18 to 35.5 cm™

! using tunable far infrared laser spectroscopy. The

ground state has an average center of mass separation of 3.70 A and a stretching force constant
of 1.52 N/m, indicating that this complex is more strongly bound than Ar-H,0. The eigenvalue
spectrum has been calculated with a variational procedure using a spherical expansion of a
site-site ab initio intermolecular potential energy surface [J. Chem. Phys. 93, 7808 (1991)]. The
computed eigenvalues exhibit a similar pattern to the observed spectra but are not in quantita-
tive agreement. These observations suggest that both monomers undergo nearly free internal

rotation within the complex.

I. INTRODUCTION

Water-hydrophobe interactions govern essential fea-
tures of many chemical and biochemical processes. Con-
siderable controversy exists in the literature concerning the

correct molecular description of the macroscopic phenom-
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ena commonly assoc1ated with hydrophobic interactions
(e.g., phase separation of oil and water, micelle formation,
tertiary protein structure),!”? and the lack of accurate in-
termolecular potentials for describing the interaction of
water with “hydrophobic” molecules certainly constitutes
an impediment to this endeavor. Recent studies of the pro-
totypical system Ar-H,O (Refs. 4 and 5) represent the
initial phase of ongoing efforts in this laboratory to obtain
accurate experimental potentials for describing hydropho-
bic interactions. Numerous vibration-rotation-tunneling
(VRT) states of several isotopes were measured by tunable
far infrared laser spectroscopy of Ar-H,O clusters formed
in a cw planar supersonic expansion. These data were then
used in a direct nonlinear least-squares fit to determine the
full three-dimensional anisotropic intermolecular potential
surface (IPS) describing the interaction of an Ar atom
with water.®’

The results of the Ar-H,O studies provide the frame-
work in which to interpret and understand the spectra and
dynamics of more complicated systems, such as CH,—H,0.
The CH,—H,0 complex is the simplest hydrocarbon—water
cluster, and is closely related to Ar-H,O since the charge
distribution of the methane is almost spherical, with the
octopole as the lowest nonvanishing multipole moment.
Therefore, in CH,~H,0 only high order terms in the mul-
tipole expansion of the electrostatic interaction (octopole—
dipole, hexadecapole—dipole, ...) are present; thus the spec-
tra of this complex probe the importance of these higher
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order terms in the IPS, whereas they are usually neglected
when the more typical low order terms are present.

This study and the accompanying microwave (MW)
work® constitute the first spectroscopic studies of this clus-
ter; in fact it is only within the last 3 years that any high
resolution specira for methane containing complexes have
been reported. Legon and co-workers have studied dimers
of the type CH,~HX [X=F (Ref. 9), Cl (Ref. 9), CN
(Refs. 10, 11), Br (Ref. 12)] and Ohshima and Endo have
investigated the internal dynamics of methane within the
CH,-HCI complex.!® These studies indicate that methane
acts as a proton acceptor. However, microwave spectra
probe only the average structure in a given VRT state
(usually the ground state), and do not necessarily yield
structures that have any fundamental relationship to the
intermolecular forces acting in the system. This has been
shown, for example, in the cases of the Ar-H,0 (Refs. 6,
7) and Ar-NH; (Ref. 14) complexes.

Theoretical studies of the CH,~H,O complex have
been carried out,’>!” but there are serious discrepancies
among the results. The ab initio calculations of Szczeg$niak
et al.”® support previous theoretical results of Novoa
et al,'® indicating that the global minimum occurs indeed
at the C---H-O contact. On the contrary, the global min-
imum configuration found by Woon et al,!” in their ab
initio study, occurs at the C-H- - -O contact.

Tunable far-infrared (FIR) laser spectroscopy has
been used to obtain the first high resolution VRT spectrum
of CH,~H,0 produced in a cw planar supersonic jet. Six
bands with origins between 18 and 19 cm™' and seven
bands with origins in the range 25.5-35.5 cm ™! have been
rotationally assigned. The bands sample 13 different VRT
levels as upper states, and 8 levels as lower states, which
match the observed MW data.® The slow interconversion
of different nuclear spin conformers in the supersonic ex-
pansion leads to population of at least six different VRT
levels of the complex, and the observed high vibrational
level density is the result of the slightly hindered internal
motion of both monomers within the cluster.

The CH,~H,0 system is much more complicated than
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TABLE I. FIR laser lines used in the present study.

Lasing gas Frequency (GHz)
DCOOD 527.9260
HCOOH 584.3882
HCOOH 692.9514
HCOOH 761.6083
HCOOD 849.8280
CH,0D 939.4940
CH,0D 980.5916
CH,0D 1016.8972

CH,F, 1042.1504

CH,DOH 1101.1594

any other system for which an anisotropic IPS has been
experimentally determined. Detailed experimental inter-
molecular potential surfaces have been developed for sev-
eral two-dimensional systems [Rg-H, (Ref. 18), Rg-HX,
X =nhalogen (Ref. 19)], for the three-dimensional system
Ar-H,0,%" and for the (quasi) four-dimensional system
Ar-NH;.'* The high symmetry of the CH,~H,O cluster,
compared to (H,0),, makes investigation of the IPS a
reasonable starting point for the development of general
methods for treating the pairwise interactions of poly-
atomic molecules, such as the water dimer. Nevertheless,
significant advances in computational approaches for de-
termining the eigenvalues of strongly coupled multidimen-
sional systems are still required before a parametrized six-
dimensional IPS can actually be determined from the
experimental data.

In this work we perform approximate calculations to
obtain the bending VRT levels of the complex, using the
site-site potential of Woon et al.!” expanded in products of
Wigner rotation matrices. A comparison of these results to
the experimental data indicates that either a less approxi-
mate method or a more reliable potential surface, or both,
will be required to obtain a quantitative agreement between
theory and experiment.

Il. EXPERIMENT

Both the tunable FIR laser system and the planar suo-
personic jet have been described in detail previously. 202!
Tunable FIR radiation is generated by mixing the output
of a narrow band ( < 100 kHz), fixed frequency, optically
pumped FIR laser with the output of a MW synthesizer or
its harmonics in a Schottky barrier diode. The tunable ra-
diation is separated from the fixed frequency carrier with a
polarizing Michelson interferometer, and then directed to
multipass optics enclosing the planar supersonic expan-
sion. The radiation, detected by a Putley mode InSb detec-
tor, is monitored via lock-in detection at 2. In this study
the fixed frequency radiation was provided by the laser
lines reported in Table 1.

Clusters of CH,~H,0 were generated by flowing argon
over water and mixing the resulting Ar/H,O mixture with
methane in a 5:1 ratio. The composition of the mixture was
controlled using MKS flow controllers. The Ar/CH,/H,0

mixture was expanded continuously through a 100<0.025
mm slit into a chamber maintained at 250 mTorr by a 1200
¢/s Roots system.

We have scanned from 500 to 1125 GHz. The coverage
is almost continuous above 900 GHz, but not below this
frequency. Background subtraction has been implemented
by taking two scans and turning off the CH, in the second
one; in this way only spectral features requiring CH, have
been observed. In all, 950 peaks have been recorded, and
we have been able to give an unambiguous rotational as-
signment for 329 of them, as described in the following
sections.

lll. SYMMETRY

The experimental data allow rigorous assignment of
the total angular momentum (J), its projection ({2) along
the van der Waals (vdW) axis, and the relative parity of
connected states. The molecular symmetry (MS) group of
CH,~H,0 will be used for identification and labeling of the
observed VRT energy levels and to determine the optical
selection rules. The MS group is the set of the feasible
nuclear permutations, that is, the feasible nuclear permu-
tation group, plus the products of these operations with the
space-fixed inversion operator; by a feasible permutation
one means an interchange of the hydrogen nuclei of the
cluster that lead to a structure which is separated from the
initial structure by an accessible potential barrier.

If methane and water are assumed to be nearly free
internal rotors within the complex, the MS group for the
cluster is the direct product of three groups, the nuclear
permutation groups of the two monomers (because all per-
mutations are possible), and a group, isomorphic to Cg,
formed by identity and inversion operations (this preserves
the handedness of the methane). This group is designated
Gy and its character table is given by Bunker,?? and is
reproduced in Table II. The numbers 1-4 represent CH,
hydrogens and the letters a and b represent H,O hydro-
gens. The labels describing the irreducible representations
of G4z can be understood by considering a direct product
wave function Yy, ® Yi,0 ® Yeo-- The letters 4, E, and F
indicate the degeneracy of the state as well as the symme-
try of the internal functions (%cn,) which describe the
motions of the CH, monomer within the molecule. The
superscripts =+ refer to the symmetric/antisymmetric
property of the internal rotation functions of the H,O sub-
unit (¢y,0) with respect to interchange of the hydrogens;
the symmetric para states are labeled I"*, while the ortho
states are of I'” symmetry. Finally, the subscripts 1 and 2
refer to the symmetry of the state with respect to the parity
operator. The overall parity depends on the parity of
¢CH4, dero, and on the parity of the overall end-over-end
rotational function ¢ ...

An electric dipole allowed transition connects only
states with the same methane and water symmetry, but
with opposite overall parity, because of the antisymmetric
behavior of the dipole operator with respect to the space
inversion. Note from the character table that for states of E
symmetry the two parities are degenerate (no subscripts
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TABLE II. Molecular symmetry group for the CH,~H,0 dimer.

E (123) (14)(23) (1423)(ab) (23)(ab) (ab) (123)(ab) (14)(23)(ab) (1423) (23)
Gy 1 8 3 6 6 1 8 3 6 6
AF 1 1 1 1 1 1
A7 1 1 1 - -1 1 1 -1 -1
E* 2 1 2 0 2 -1 2 0
o3 0 -1 —1 3 0 —1 1 -1
Ff 3 0 —1 - 1 3 0 -1 -1
A7 1 1 1 1 -1 -1 —1 - -
A5 1 1 1 —1 -1 -1 1 -1
E 2 -1 2 0 -2 1 -2 0 0
Ff 3 0 -1 -1 -3 0 1 -1
Fy 3 0 -1 - 1 -3 0 1 1 -1

are required). This fact will be useful in determining the
symmetry of states with nonzero vibrational angular mo-
mentum; such states having {1 >0, but with no observable
splitting between the two different parity components, will
be assigned to £ symmetry. The states that have observable
parity doubling cannot be of E symmetry, but it is impos-
sible to rigorously distinguish between either 4 or F sym-
metry, thus these states will be designated as A/F. Exper-
imental measurement of the small hyperfine structure
associated with the hydrogen nuclei in this cluster could be
used to confirm the symmetries of the CH, and H,O inter-
nal rotor wave functions, and thereby the overall symme-
tries of the VRT states, but the resolution required for this
kind of measurement is beyond the capabilities of our in-
strument.

IV. RESULTS

Extensive scannings have been carried out in order to
observe all the eight lower states reported in the MW
work.? Thirteen different VRT bands have been assigned in
all. The assigned lines have been fit to a standard pseudodi-
atomic Hamiltonian

E=vo+ BlJ(J+ 1) = D[J(J+ 1) P2+ H,[J(J+ 1) ?
+-r w3{glV I+ D] —g I+ D

+ @[ JUT+1) 1P+ ] (1)

The I-type doubling constants (g) characterize the differ-
ence in rotational energy levels for (4 ) and (—) parity
states with ) >0, the degeneracy of which is lifted by Co-
riolis coupling. A minus sign in the /-type doubling term of
Eq. (1) is used for the component having the same vibra-
tional (1/1CH4® Yn,0) symmetry as the other state con-

nected by the VRT band, and a plus sign is used for the
opposite parity component. For example, consider a VRT
band connecting a {1 >0 VRT state to a second state. If ¢
is determined to be positive, there are two alternative sce-
narios, (i) the state perturbing the > 0O state is Aigher in
energy and pushes down the component having the same
parity; this lower energy component has the same parity of
the second state involved in the transition, hence the per-
turbing state and the second state have the same parity;
(ii) the perturbing state is Jower in energy than the Q>0

state and pushes up the same parity component; since this
higher energy component has opposite parity with respect
to the second state, the perturbing state and the second
state have opposite parity. The reverse holds for negative q
values.

Bands having a common lower state have been fit si-
multaneously. The observed frequencies along with the re-
siduals and the spectroscopic parameters (lo uncertain-
ties) determined from the fit are reported in Tables ITI-X.
A vibrational state is labeled as 3, II, A according to the
value of the angular momentum projection quantum num-

TABLE III. Observed frequencies (MHz), residuals (MHz), and spec-
troscopic constants from a joint fit of the (E); and (E), bands.

Bands (£, (£,
J=J" Observed o-C Observed o-C
p ) | A-II

6 7 481 374.8 1.0
5 6 489 968.0 —0.1 4918128 1.1
4 5 498 551.3 —0.2 500194.5 0.0
3 4 507 126.1 0.7 508 622.8 —-0.9
2 3 515 692.7 0.3 517092.8 0.2
1 2 524 254.1 -0.4

01 532 812.0 —0.9
11 541 359.5 —0.5
2 2 541 344.3 0.0 5427448 0.3
3 3 541 316.1 —0.1 542 813.7 —-0.7
4 4 541 270.3 -0.6 542913.4 —0.5
55 541202.2 —1.4 5430473 0.2
6 6 541 110.2 0.1 543218.1 0.6
7 7 540 989.1 0.4 543426.3 —-0.3
8 8 540 841.2 ~0.3 543 672.0 —1.2
2 1 558 451.2 1.4 559 850.8 0.8
3 2 566 969.4 1.3 568 466.5 0.2
4 3 575 461.4 —-0.3 577 104.3 —-0.4
5 4 585 765.8 —0.8
6 5 592 344.8 —0.8 594453.3 0.4
7 6 600 725.4 0.4 603 163.2 0.3
8 7 611 893.0 0.4
9 8 620 633.9 0.3
B” (MHz) 4277.222(42)
DY (kHz) 105.56(56)

vo (MHz) 541 366.88(44) 542 679.10(67)
B' (MHz) 4273.951(72) 4287.728(81)
D) (kHz) 189.7(22) 37.6(19)

" (Hz) 393.(21) —306.(13)
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TABLE IV. Observed frequencies (MHz), residuals (MHz), and spectroscopic constants from a joint fit of

the (4/F), and (A4/F); bands.

(4/F), (4/F);
Bands
J T Observed o-C Observed o-C Observed o-C
-1 ATl

8 9 486 936.2 0.1
7 8 " 494 614.3 24 4954654 —0.1
6 7 503 221.5 —1.6 504 026.7 0.1
5 6 494 783.2 —-0.5 511 881.5 3.7 5126170 0.5
4 5 503 449.3 —-0.7 520 597.4 —0.9 5212322 0.3
3 4 512 123.4 —-0.2 529 371.5 —5.2

2 3 520 805.1 0.2 538 188.3 —0.6 538527.1 —-0.5
1 2 529 495.8 2.1

01 538 189.8 0.9

11 546 831.5 0.8

2 2 546 715.2 0.2 564 637.3 43 5644377 0.0
3 3 546 540.9 —1.4 564 733.1 —1.0 564288.3 —-0.3
4 4 546 311.9 -1.9 564 910.3 3.3 5640953 —0.4
55 546 029.1 —2.0 563 863.4 —-0.5
6 6 545 695.1 —-0.9 563 599.1 —0.2
7 17 545 312.0 1.3 563 309.9 0.4
8 8 544 880.4 2.4 563 003.5 0.4
9 9 544 402.0 1.1

10 10 543 880.7 -2.0

21 564 291.7 0.4 5819714 1.3 582013.5 —-0.5
3 2 572 986.5 0.1 590 640.5 —3.6 590733.7 0.9
4 3 581 669.9 —1.3 599 325.8 0.1 599 454.0 0.9
5 4 590 339.8 —0.0 608 034.6 3.0 608173.2 0.6
6 5 598 986.2 0.3 616 758.0 —4.1 616 888.8 —0.5
7 6 607 602.8 0.6 625 486.3 —1.0 625599.9 —1.1
8 7 616 181.2 0.5

9 8 624 712.3 —0.1

B” (MHz) 4365.225(47) 4365.225%

Dy (kHz) 131.95(47) 131.95%

q” (MHz) 30.152(26) 30.152°

q’p (kHz) 48.18(38) 48.18*

vy (MHz) 546 888.76(45) 564 562.3(45) 564 590.43(72)

B’ (MHz) 4351.239(50) 4359.13(66) 4354.532(68)

D} (kHz) 140.28(51) —384(25) 104.35(84)

Hj (kHz) —3.94(28)

aFixed to the value obtained by a joint fit of the 3 —II band and the second A —II subband. See text.

ber Q. The value of () is assigned based on the lowest J
value present in the rotational manifold (because J>Q).
As previously noted, a state is assigned as having E sym-
metry if there is no parity doubling or as 4/F otherwise. A

subscript is used to label different bands with the same -

symmetry. In some cases a sextic distortion constant is
introduced in order to obtain a better fit. It should be noted
that this additional constant is likely to account for a Co-
riolis perturbation, and has no mechanical significance.
The results obtained in this way are identical to the results
of fitting combination differences for the lower and upper
state separately.

In the case of an A/F symmetry (1>1—Q>1 band, two
subbands are observed since both the lower and upper
states are parity split. The two columns in Tables IV and
IX under the heading A —II refer to the two subbands for
bands (4/F); and (A4/F ), respectively. The (4/F)¢ band
in Table IX has been assigned by lower state combination
differences and shares this state with the (4/F),; band.
Because the upper state is strongly perturbed, the lower

constants have been fixed to values obtained from the (4/
F), band fit and results of separate fits for each band are
reported. In Table IV the upper state of the first A—II
subband of the (4/F); band is perturbed, thus this sub-
band has been fit constraining the lower state spectroscopic
constants to the values obtained from a joint fit of the
3 <11 band and of the other A« II subband.

Figures 1(a) and 1(b) present an overview of the ex-
perimentally determined VRT energy differences in CH,—
H,0. The eight lower states are all reported at zero energy
because there is no experimental constraint on their rela-
tive energy separations. The observed states are tentatively
grouped as having either ortho or para symmetry with
respect to water, based on the assumption that the CH,
subunit experiences a fairly isotropic potential. Thus, we
will employ an Ar-H,0-like energy level structure’ com-
plicated by the CH, internal dynamics. The CH,H,0
bands observed in the 18-19 cm™! region correlate to the
n=0 I(1,5) —~2(1y,) transition of Ar-H,O occurring at
21 em™!; the bands observed in the 24-35 cm™! region
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TABLE V. Observed frequencies (MHz), residuals (MHz), and spec-
troscopic constants from a fit of the (4/F), band.

TABLE VI. Observed frequencies (MHz), residuals (MHz), and spec-
troscopic constants from a fit of the (4/F), band.

Band (A/F), Band (4/F),
J=J Observed 0-C JJ Observed o-C
-2 N~z

9 10 471 434.8 0.6 10 11 473 064.0 —-0.2
7 8 487 446.9 —-09 8 9 489 414.0 0.7
6 7 495 545.7 —0.8 7 8 497 684.0 —-0.1
5 6 503 705.4 0.0 6 7 506 015.7 —0.1
4 5 511924.2 0.2 S 6 514 406.0 -0.3
3 4 5202019 0.3 4 5 522 852.6 -04
2 3 528 539.0 1.3 3 4 531 353.5 —-0.1
1 2 536931.0 —0.4 2 3 539 905.4 —0.1
6 6 553 731.1 -0.3 1 2 548 506.7 0.4
5 5 553 795.2 1.2 7 7 564 408.9 0.1
4 4 553 839.0 —1.2 6 6 564 773.2 0.1
3 3 553 867.1 —1.2 5 5 565 082.1 —0.4
2 2 553 883.6 1.7 4 4 565 337.9 -03
1 1 553 888.4 1.9 3 3 565 541.5 0.1
1 0 562 445.5 —0.8 2 2 565 694.1 1.1
2 1 571 055.5 —1.4 1 1 565 794.7 1.0
3 2 579 715.0 —1.8 1 0 574 574.9 —0.6
4 3 588 422.7 —-0.8 2 1 583 344.0 —-13
5 4 597 175.1 0.8 3 2 592 150.2 —-0.3
6 5 605 968.2 1.9 4 3 600 988.7 0.4
7 6 614 798.3 1.5 5 4 609 856.2 0.2
8 7 623 661.4 —1.8 6 5 618 750.8 0.3
B” (MHz) 4252.899(92) 7 6 627 668.6 —-0.3
DY (kHz) 69.58(90) B” (MHz) 4345.533(40)
vy (MHz) 553 887.28(98) D} (kHz) 111.45(45)

B’ (MHz) 4266.23(20) vy (MHz) 565 843.93(26)

Dj (kHz) 143.(11) B’ (MHz) 4343,220(48)
H} (kHz) 0.59(16) D} (kHz) 117.14(66)
q' (MHz) ~26.93(27) q¢' (MHz) —45.569(30)
qp (kHz) 121.(19) qp (kHz) 7.54(65)
qy (kHz) 1.14(31)

correlate to an Ar-H,O transition originating from the
para ground state 2(0gy). (The quantum numbers in pa-
rentheses refer to the water rotational level from which the
vibrational level arises, and n refers to the number of
quanta in the intermolecular stretching coordinate.)

A. Ortho states

The two VRT bands with origins at 18.06 and 18.10
em~! [(E), and (E),, respectively] originate in the same
IT state, as evidenced by lower state combination differ-
ences. The first one is a £« 1II band, confirmed by the
presence of P(1) and Q(1), and the second one is a A <11
band, because Q(1) and P(2) are absent. No resolvable
parity doubling is present in either band, indicating that
the states are of E symmetry.

A second pair of bands which also share a IT lower
state are found at 18.24 and 18.83 cm ™! [(4/F), and (4/
F);, respectively]. The first one is a £ —II band and the
second one is a A —IT band. The II state is parity split with
a positive /-type doubling constant of 30.15 MHz, so these
states are labeled as A/F. The upper A state is also parity
split, and the component of opposite parity with respect to
the X upper state is perturbed, as shown by the negative
value of D; and large residuals.

Finally, two IT—X bands at 18.48 and 18.87 cm™!
[(4/F), and (A/F),, respectively] have been observed.
For both II upper states the g constants are negative, in-
dicating that in each case the perturbing state is either of
opposite parity to the X state and above the I state, or of
the same parity of the = state and below the II state.

For all the six observed VRT bands the difference be-
tween the upper and the lower state rotational constants is
<0.3%, suggesting that the two states accessed by each
band sample a similar range of the radial coordinate.

B. Para states

The VRT bands with widely ranging band origins ten-
tatively assigned as connecting para states are E symmetry
bands. In fact the S« 1II band at 24.73 cm™!, the A1II
band at 27.40 cm™’, and the ITIT band at 35.29 cm™!
[(E)3, (E)4, and (E)s, respectively] all share the same II
lower state, which seems to sample the same radial region
as the E ortho states, as evidenced by their nearly identical
rotational constants.

The pattern of the remaining bands in the region 28-31
em™! is similar to that of the A/F ortho transitions. Two
bands at 30.25 (2 1II) and 30.45 (A—II) cm™! [(4/F),
and (A/F)4, respectively] sharing the same Il lower state
have been observed. The X upper state of the former band
is strongly perturbed, as shown by the large value of the
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TABLE VII. Observed frequencies (MHz), residuals (MHz), and spectroscopic constants from a joint fit

of the (E);, (E)4, and (E); bands.

(E); (E)s (E)s
Bands
J<J” Observed o-C Observed 0-C Observed o-C
210 ATl NI

6 17 677 612.1 0.8 996 711.1 —0.4
5 6 687 141.0 —0.6 1005 661.6 —0.8
4 5 696 511.2 —0.0 778 604.7 0.9

3 4 705 721.0 0.3 7872130 0.8 1023 369.4 —-0.3
2 3 714 768.7 —1.1 795811.6 0.5 10321269 —0.6
1 2 723 657.8 —-0.1 )

13 13 819 313.8 —1.3

12 12 8197144 1.1

11 11 820 057.9 0.9 10528620 —1.5

10 10 820 352.6 0.8 10537983 1.1
9 9 733 215.1 —-0.2 820603.0 —0.1 10546213 1.6
8 8 734 795.7 0.1 8208149 —0.7 10553400 1.5
7 7 736 186.0 0.1 820992.1 —1.5 1055961.1 0.7
6 6 737 391.3 0.1 8211392 —1.8 1056491.0 -0.5
5 5 738414.8 —1.3 8212609 —0.3 1056936.1 —0.8
4 4 739 263.4 —0.9 8213564 —0.5 10573004 —0.7
3 3 739939.2 0.1 821430.1 —0.5 1057588.8 0.8
2 2 740 443.2 0.3 8214839 —0.3 1057 801.7 1.1
1 1 740 778.1 0.4 1057 943.1 2.1
0 1 732 385.1 1.5

2 1 757 561.5 —1.2 838603.8 —0.2 10749204 —0.0
3 2 765 612.1 —0.0 847103.8 0.2 10832610 —0.1
4 3 773 482.9 0.2 855576.1 0.8 1091518.0 —1.5
5 4 781 170.6 1.4 8640142 —0.0

6 S5 788 665.9 0.2 8724156 0.1 1107765.3 —0.6
7 6 795 966.0 0.1 880774.6 1.0 1115740.1 -0.3
8 7 1123 604.7 —0.7
B” (MHz) 4280.838(42)

D7 (kHz) 110.61(54)

vo (MHz) 740 944.81(40) 821 536.32(41) 1058 010.90(43)

B’ (MHz) 4197.344(46) 4272.264(44) 4245.975(48)

D} (kHz) 137.16(59) 130.56(55) 141.92(58)

centrifugal distortion constant D, and the large residuals of
the fit. The A upper state of the second band is split, and
the component of same parity with respect to the Z state is
more weakly perturbed than the other parity component.
As will be discussed in detail below, these states should be
of F symmetry, and the IT lower state should be perturbed
by a I state lying below it. In addition, because the /-type
doubling constant is positive, we can infer that the upper =
state and the perturbing 3 state should have opposite par-
ity.

The last two VRT transitions at 28.16 and 30.66 cm ™!
[(4/F)s and (A4/F)g, respectively] are both IT —Z2 bands,
and for both Il upper states the ¢ constant is positive,
indicating that the perturbing state is either of opposite
parity to the X state and below the II state, or that it is of
the same parity of the = state and above the II state. For
the 28.16 cm™! band, we can infer that the latter case is
true; the perturbing state must be above, since the lower
energy parity component of the II state is actually per-
turbed, as evidenced by the negative value of the centrifu-
gal distortion constant (i.e., D;—qp).

For all these bands, the rotational constants are only
0.39%—3% smaller in the upper states than the lower states,
minimizing the possibility that these spectra correspond to

intermolecular stretching vibrations of the cluster. For ex-
ample, in the case of Ar-H,0 the change in the upper
states of the stretching bands is larger than 5%.°

C. Interpretation of the spectrum

As previously mentioned, the CH,-H,0 complex
might be expected to have a similar VRT energy level
structure to that of the Ar—H,0 complex. In fact the low-
est nonvanishing multipole moment of CH, is the octopole,
and the enhanced role of the electrostatic contribution in
CH,—H,0 relative to Ar-H,0O should be responsible for the
difference between the anisotropy of the two clusters, as
reported by Szczesniak ez al.®

We shall describe the VRT spectrum of CH,~H,O as
that of two weakly coupled free internal rotors. The angu-
lar momentum of each rotor will be independently coupled
to the cluster frame, but the two rotors will only weakly
couple to each other. If the electrostatic contribution in
CH,-H,0, which includes high order multipole interac-
tions and charge overlap effects,15 do not drastically
change the Ar-H,O-like interactions, then the spectrum
would be expected to display many transitions near 21 and
37 cm~ . Near 21 cm ™!, these would correspond to differ-
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TABLE VIII Observed frequencies (MHz), residuals (MHz), and spec-
troscopic constants from a fit of the (4/F); band.

(A/F)s
Band
J =J” Observed o-C
-2
7 8 771 799.3 0.1
6 7 781 395.8 —0.0
5 6 790 834.6 —04
4 5 800 119.9 0.2
3 4 809 248.6 —0.5
2 3 818 220.6 0.1
1 2 827 031.4 1.0
1 1 844 268.9 —04
2 2 844 500.0 —0.3
3 3 844 841.7 —04
4 4 845 289.8 0.5
5 S 845 835.2 0.3
6 6 846 470.0 —04
7 7 847 186.4 0.1
10 852 462.1 0.1
2 1 860 602.5 ~0.3
3 2 868 576.0 —04
4 3 876 384.3 0.3
5 4 884 027.1 0.9
6 5 891 501.0 —0.5
B” (MHz) 4238.891(51)
Dj (kHz) 47.16(77)
v (MHz) 844 152.85(40)
B’ (MHz) 4225.912(82)
Dj (kHz) 58.5(31)
H; (Hz) —199.(37)
q' (MHz) 142.700(79)
95 (kHz) 134.7(43)
qy (Hz) 528.(56)

ent free internal rotation states of methane superimposed
upon a transition analogous to the n=0, I1(1,0) == (1g;)
transition of ortho Ar-H,0, and the group near 37 cm™!
would be analogous to the n=0, IT(1;;) —2(0y) transi-
tion of para Ar-H,0.

Since we do, in fact, observe a dense specirum in the
region 18-19 cm™', as well as several bands spread in the
region 25-35 cm™! but mainly concentrated around 30
cm™!, we have assigned as ortho states those involved in
the low frequency bands, and as para states those observed
at higher frequency.

We have been able to unambiguously assign the states
of E symmetry as discussed above. In an attempt to deter-
mine the symmetry of the remaining energy levels we can
exploit, at least for the para lower states, the energy cor-
relation diagram reported by Ohshima and Endo in their
paper on CH,~HCL"

These authors studied the internal rotation of methane
in the complex, assuming the HCI is positioned with the
hydrogen atom pointing towards a face-center of the CH,
tetrahedron. With this geometry there are four equivalent
configurations, leading to a fourfold degeneracy for each
energy level in the absence of internal rotation. This de-
generacy is partially removed when tunneling between the
four minima occurs because of the low potential energy
barrier to the internal rotation of CH,. The reported cor-

relation diagram for the complex energy levels as a func-
tion of the lowest-order anisotropic term, ¥, shows that a
pair of = states of 4 and F symmetry, and an E symmetry
IT state can be populated in a 5 K molecular beam. An
additional F symmetry II state can also be significantly
populated depending on the value of the ¥; anisotropic
term, since the two F symmetry states get closer in energy
as V; becomes smaller. Thus, for states correlating to the
0y para ground state of water, these considerations lead us
to expect one E symmetry Il state, two X states (one of A
and one of F symmetry), and possibly, one F symmetry IT
state.

In Table XI the spectroscopic constants of the ob-
served lower states are reported. The states are labeled by
their Q quantum number and a progressive index [which
corresponds to the order, from left to right, of the lower
states presented in Figs. 1(a) and 1(b)}], for identification
purposes the VRT bands originating from each state are
reported in the rightmost column. For the two I1 states of
A/F symmetry, the rotational and centrifugal distortion
constants for each parity component are reported. Among
the lower levels assigned as correlating to the Oy, para
ground state of water, we observe, in fact, a Il state of E
symmetry ( #5 of Table XI), and two = (6, 8), and one
IT (4#7) states of A/F symmetry. This observation sub-
stantiates the assignment and allows us to assign the #7 II
state as having F symmetry. The question then arises about
which = state is the 4 symmetry ground state and which
one is the F symmetry state.

The force constants computed from the rotational and
centrifugal distortion constants in the pseudodiatomic ap-
proximation (see next section) are 3.59 N/m for state #6,
and 1.52 N/m for #8. A comparison to the force constant
values of CH,~HX type clusters!? reported in Table XII
suggests that the 3.59 N/m value is too high, while the 1.52
N/m value compares well to the force constants of these
CH, containing clusters which exhibit methane internal
rotation. The unrealistic force constant derived from state
#6 is most likely due to the effects of Coriolis coupling,
which are not expected to be significant for the relatively
isolated 4™ 3 state.

Thus, assuming state #8 is the para ground state, then
state #6 would be a para state of F symmetry perturbed by
the nearby F symmetry II state (#7b). This picture is
confirmed by considering the mean value of D, for the two
perturbing states. It is found that this value of 124.33 kHz
is very close to the D, value for the unperturbed compo-
nent of the II state (#£7a). This is characteristic of a Co-
riolis interaction occurring between two states.!' In addi-
tion the #2a, 4, 7a states have spectroscopic constants
similar to those of the ground state, indicating that these
relatively unperturbed states sample the same radial re-
gion. The mean value of R, for states #2a, 4, and 7a is
3.701(2) A, compared to 3.7024 A in the ground state.
The ortho states #2b Il and #3 = behave like the pair of
states assigned to F* symmetry; again the mean value of
D; for these two states (112.81 kHz) is close to that for the
unperturbed II state (#2a) suggesting that they interact
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TABLE IX. Observed frequencies (MHz), residuals (MHz), and spectroscopic constants from fits of the

(A/F)¢ and (A/F), bands.

(4/F)¢ (A/F),
Bands
J<J" Observed o-C Observed O-C Observed o-C
21 A1l

9 10 813 710.5 —14.6 8192174 —-0.1
8 9 823 743.0 —184 8290113 0.2
7 8 833 609.9 —9.3 8387500 -0.1
6 7 843 305.8 4.5
5 6 852 831.7 16.1 858 008.6 0.0
4 5 862 188.2 15.3 8674979 —0.1
3 4 8713914 6.4 876874.8 0.5 877 813.3 0.0
2 3 880 455.8 —6.8 8861237 -0.1 886 683.5 0.0
1 2 889 393.8 —20.5

14 14 906 495.2 0.0

13 13 907 364.3 0.1

12 12 908 155.9 0.0

11 11 908 879.3 —-0.8

10 10 909 543.9 0.6
9 9 910 149.8 0.4
8 8 9107000 —-0.2
7 7 900 690.2 —8.0 9111964 0.3 909 377.9 0.0
6 6 902 302.9 57 9116356 —0.7 910 149.8 —-0.4
5 5 903 668.5 154 9120189 -—o0.1 910 869.3 0.7
4 4 904 785.5 15.8 9123421 03 911519.0 —0.4
3 3 905 660.8 8.1 9126043 0.0 912 080.5 -0.5
2 2 906 302.4 —5.9 9128033 0.6 912 529.1 —0.2
1 1 906 722.4 —19.5
2 1 924 003.8 —5.8 9301304 0.1 930 230.6 0.0
3 2 932 339.1 7.5
4 3 946 609.8 —0.3
5 4 948 513.0 155 9546156 —0.2 955 714.2 1.2
6 5 956 313.5 58 962473.8 0.0 964 159.7 —-1.0
7 6 963 906.0 —7.6 970192.2 0.1 972 593.7 0.3
8 7 971 285.1 —16.3 977779.9 0.7
9 8 978 447.3 —149 9852431 —-02

10 9 985 396.0 1.0 9925907 —-0.5

11 10 992 132.4 229 999 827.9 0.2

12 11 998 658.0 28.3

13 12 1004 976.2 —20.8

B” (MHz) 4 379.882% 4379.882(38)

DY} (kHz) 157.94* 157.94(69)

H7} (Hz) 39.9* 39.9(36)

q” (MHz) 47.145* 47.145(18)

qp (kHz) 87.08° 87.08(49)

qy (Hz) 103.9* 103.9(32)

vy (MHz) 906 957.6(7.1) 913 002.86(29)

B’ (MHz) 4 295.79(0.44) 4 322.538(51)

D) (kHz) 295.1(66) —45.7(15)

H), (Hz) 45.4(26) —775(16)

g’ (MHz) 0.498(49)

qp (kHz) 267.6(25)

qy (Hz) 1391(30)

*Fixed to the value obtained by fitting the A —II band, see text.

via Coriolis effect, which requires that they have the same
symmetry. If we correct the rotational constants of the #3
and #6 3 states, which are pushed down in energy by
interaction with the #2b and #7b II states lying above
them, respectively, by the value of the g constant of the
corresponding perturbing IT state, we can observe that the
#1 and #5 E symmetry II states and these two £ states
(#3 and #6) sample a region of the potential surface
having R.,=3.730(2) A.

In previously studied CH, containing clusters,”!* the
rotational constants vary only slightly with the methane
internal-rotation states, suggesting that the same radial re-
gion is sampled. In CH,~H,0, on the other hand, the
methane internal-rotation states seem to sample two differ-
ent radial regions, in the same way for ortho and para
states. This is most likely due to angular-radial coupling.

The observation, reported above, that ortho states #2
IT and #3 X should have the same symmetry suggests an
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TABLE X. Observed frequencies (MHz), residuals (MHz), and spec-
troscopic constants from a fit of the (4/F)q band.

Band (4/F)y

J=J Observed 0-C

M-=

7 8 845 616.2 0.5
6 7 855272.8 —07
3 4 883 477.9 —0.1
2 3 892 608.4 0.2
1 2 901 595.6 —0.5
1 1 919 166.0 0.9
2 2 9192324 —04
3 3 919 333.8 —09
4 4 919 472.1 0.9
5 5 919 641.8 -08
6 6 919 850.5 0.6
7 7 920 094.4 0.8
g 8 920 374.4 —0.4
9 9 920 694.4 —0.2

10 10 921 054.1 —0.2

11 921 455.3 —0.1

12 12 921 899.6 0.0

13 13 922 388.7 0.0

14 14 922 925.0 0.1

15 15 923 510.7 0.1

16 16 924 148.5 —0.0

17 17 924 841.4 —o0.1

18 18 925 592.9 —0.0

19 19 926 406.4 0.1
1 0 927 673.3 0.7
2 1 936 059.3 —0.0
3 2 944 289.9 0.1
4 3 952 360.9 0.3
5 4 960 270.1 —14
6 S 968 019.7 —1.0
7 6 975 606.8 -02
g8 7 983 030.5 0.5
9 8 990 289.7 0.7

10 9 997 385.5 1.2

1 10 1004 314.8 ~1.2

B"” (MHz) 4346.806(55)

D} (kHz) 120.53(57)

HY (Hz) —1.94(12)

vo (MHz) 919 131.34(26)

B’ (MHz) 4317.263(50)

D) (kHz) 111.55(47)

¢’ (MHz) 92.855(17)

q’p (kHz) 7.54(23)

assignment for these states. We have assumed that the ob-
served ortho bands connect states correlating to the 1,
level of H,O to states correlating to the 1; g level, and we
are in the hypothesis of CH, and H,O being weakly cou-
pled internal rotors. Therefore we cannot observe any A
state of A symmetry, since the observed 4 symmetry states
should correlate to the j =0 methane function (as the j=3
function is much higher in energy) and 2<1. We have, in
fact, observed a VRT band connecting the #2 II state to a
A state [(A/F);], indicating that these are not 4 symmetry
states. Therefore, the two interacting 3 and II ortho states
(#3 and #2) should be assigned to F~ symmetry, and
the last unassigned ortho state (44 X) has to be assigned
to A~ symmetry. The same argument applies to the para

19 —
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FIG. 1. Overview of the observed VRT bands of CH;~H,O. The observed
states are grouped as having either (a) ortho or (b) para water symmetry.
Methane symmetry labels are reported at the bottom of the diagrams, and
a number labels different bands with the same symmetry.

states, since they correlate to the Oy, and 1, levels of H,0,
thus confirming the previous assignment. The #7 II state
assigned to F* symmetry is in fact connected to a A state
[(4/F); band].

Even though the assignment given above is supported
by several convincing arguments, it nevertheless must be
considered somewhat tentative. Additional spectroscopic
data will be required to resolve remaining questions re-
garding the complicated nature of the VRT states for this
cluster.

D. Pseudodiatomic potential

Within the pseudodiatomic approximation, the aver-
age center of mass separation R, the force constant k,,
and the harmonic frequency o, for the vdW stretching are
expressed as
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TABLE XI. Rotational and centrifugal distortion constants for the ob-
served lower states. The leftmost column is a progressive index that cor-
responds to the order, from left to right, of the states presented in Figs.
1(a) and 1(b). The rightmost column shows the VRT bands originating
from each state.

State B(MHz) D,(kHz) Symmetry* Bands
ortho states
1 I 4277.222 105.56 E- (E), (E),
a 4350.149 107.86 _
2y, T 430301 15604 F (A/F), (4/F);s
3 b3 4252.899 69.58 F- (A/F),
4 b3 4345.533 111.45 A~ (A/F),
para states
5 n 4280.838 110.61 E* (E);, (E)4, (E)s
6 z 4238.891 47.16 F+ (4/F)s
a 4356.308 114.39 "
7lb M 4403454 20150 F (A/F)e, (4/F)
8 z 4346.806 120.53 At (A/F)g
“Tentative assignment. See text.
Rm= (h/877lB,u')1/21 (2a)
o= (4B°/D))"”, (2b)

k= (4m)’uB’/D;. (2c)

Here, p is the pseudodiatomic reduced mass of the com-
plex, A is Planck’s constant, and B and D, are the rotation
and distortion constants, respectively.

The spectroscopic constants of the state assigned as the
ground state (2 A7) yield the following values: R,
=3.7024 A, w,=55 cm~!, k,=1.52 N/m. At the same
level of approximation the following values are reported®
for Ar-H,0: R, =3.6908 A, w,=35.1 cm™!, k,=0.902
N/m. Having a very similar vdW bond length, the larger
force constant of the CH,~H,O indicates that it is more
strongly bound than Ar-H,O. The harmonic stretching
frequency is likely to be overestimated by ~ 10-20%, as
suggested by experience with other clusters, but this value
confirms that the VRT bands reported here, all of them
below 35.5 cm™!, are not intermolecular stretching bands.

V. DYNAMICAL CALCULATIONS

Because of the difficulties in interpreting the compli-
cated spectral pattern observed, we have estimated the
VRT energy level pattern by calculation of the angular
Hamiltonian in a basis set which is most appropriate for
strong coupling of the water and methane internal angular
momenta to the cluster frame. The IPS that we have em-
ployed is a spherical expansion of the ab initio surface
reported by Woon et al.,'” which was the only full surface
available when this work was in progress.

TABLE XII. Force constants for some CH—HX clusters.*

X Cl Br CN

k, (N/m) 2.165 1.876 1.587

*Reference 12.
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FIG. 2. The Jacobi coordinate system for the intermolecular degrees of
freedom of the methane-water complex.

.

A. Computational methods

The dynamical calculations used to determine the
VRT energies involve solving the Schrodinger equation for
the internal motions of monomers on a six-dimensional
IPS. Brocks et al.?* have derived a Hamiltonian and the
matrix elements in the angular basis for the general inter-
action of two polyatomic species. Our initial statement of
the problem closely follows their prescription, and the sub-
sequent calculations of VRT dynamics in the ammonia
dimer done by van Bladel et al.?

The coordinate system employed for the interaction of
methane with water, shown in Fig. 2, is a generalized Ja-
cobi coordinate system with the origin at the H,O (de-
noted molecule 4 in many of the equations) center of mass,
and with R being a vector from this origin to the center of
mass of the CH, molecule (denoted B). The (right
handed) internal frames chosen for the subunits are as
follows: for H,O the z’-axis is along the symmetry axis and
the x'-axis is in the plane of the molecule; for CH, we
orient the molecule such that the hydrogens are at posi-
tions (rxu,ryn,rzn) =(1,1,1),(—1,—1,1),(—1,1,—1), and
(1,—1,—1). The x”, y”, and z” axes each bisect two HCH
angles. The coordinates of the internal frames relative to
the body-fixed frame are chosen such that 6, is the angle
between the CH, z”-axis and the vector R, and ¢z de-
scribes the rotation of methane about this axis, with ¢ =0
when x"-axis is coplanar with R and z”. The angle 6, is the
angle between the H;O symmetry axis and R, and ¢, de-
scribes the rotation of water subunit about this symmetry
axis, with ¢ ,=0 when the x'-axis is coplanar with R and
z'. The final angle necessary to fully specify the geometry
of the interacting pair is y=y,—y (we can assume yp
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=0), a dihedral angle which specifies the relative angle
between the two molecule-fixed z-axes.

The Hamiltonian for the interaction of CH, and H,0,
averaged over the respective monomer ground vibrational
states, is

—# P
= Ra—R’zR-i- 3 (PP 2] J)+Hy+Hp
+ V(R,XA ’OA ’¢A 9XB’6B’¢B)’ (3)

where p is the pseudodiatomic reduced mass, j is the sum
of the rotational angular momenta of each of the two
monomers, and J is the total angular momentum of the
system. The vibrationally averaged monomer Hamilto-
nians, H, and H g, are both of the form

~2
H=BJ"+ BT+ B @)

The superscript m is used to refer to operators written in
the body-fixed Cartesian frame of the monomer. The
monomer Hamiltonians reduce to the usual spherical rotor
and asymmetric rotor expressions for CH, and H,0, re-
spectively. The Coriolis operator —2; - J is expressed as

—2j-J=—2jd~2j . d ~2]J_, (5)
where
js:=jx:ij’ ji: =Jx=’:‘]y-

We expand the trial wave function in a complete an-
gular basis

Y DY (44008 DY (x5.95.85)

Al
><<1Aﬂmﬂslm>1)‘”*(a,ﬁ,0), (6)
where D (y,B,a) is a normalized Wigner rotation ma-

trix in the phase convention of Condon and Shortley, and
the quantity in angle brackets is a Clebsh—-Gordon coeffi-
cient. Matrix elements of the Kinetic energy operators in
this basis are given by Brocks et al.**

To reduce the order of the Hamiltonian matrix, linear
combinations of the primitive basis of Eq. (6) are taken
which transform as irreducible representations of molecu-
lar symmetry group G,;. The Wigner D-matrices which
represent internal rotation of the methane are symmetrized
to give functions of Af, 45, E*, F{, and F§ symmetry
under G,3. They are tabu]ated by Smlth and Secrest?®
through j=8 in the T(M) group, which has the symme-
tries 4, E, and F. The subscript 1 and 2 are assigned using
the intermolecular potential as a ladder up the rotational
manifold. The potential energy operator only connects
states of the same symmetry. Starting with the function
[0g), T=4y, |3;)—|3_,), IT'=4,, the rest of the eigen-
functions may be assigned a definite parity. Internal rotor
functions for water are the usual Wang combinations of
symmetric rotor functions. They transform as 4, and A4,
(k=even, para), B, and B, (k=o0dd, ortho), under the V
group of the asymmetric rotor Hamiltonian, and as A7,
A} and Ay, Ay, respectively, under Gyg. Finally, parity
adapted eigenfunctions for the 4 and F representations are

generated by taking positive (e=0) and negative (e=1)
linear combinations of functions with {Q])0. Overall ro-
tation functions with (—1)Y=/*9=1 transform as 4;"
and functions with (—1)“=/*9=_1 transform as A;.
The symmetry of the total rovibrational wave function is
the direct product of the symmetry of the component func-

tions. The Hamiltonian does not couple states of different

overall symmetry with respect to Gyg.

In these dynamical calculations we employ two ap-
proximations in order to make the numerical calculations
possible with the available computer resources, the re-
versed adiabatic approximation (RAA), and the helicity
decoupling approximation. In the RAA we assume that the
effective radial potential which is sampled by the bending
VRT states of interest is the same for all of these states. For
this to be true, this effective angular potential must average
over the radial wave function in exactly the same way for
all of the bending states of interest. In other words, the
angular-radial coupling must not vary from state to state.
The IPS which we consider will be then an effective five-
dimensional angular surface, and not the full six-
dimensional surface described above. This simplifies con-
sideration of the form of the potential considerably, since
we are then able to replace all functions of R by numbers
which correspond to the effective radial matrix elements.
The helicity decoupling approximation involves the neglect
of the Coriolis terms (J, ,j,) which split the otherwise
degenerate pairs of 4, and F , levels in states with (1 > 0.
These terms are observed to be in the range 0.001-0.005
cm ™! in the experimental spectrum. In this approximation,
the body fixed projection () is a good quantum number.

The Hamiltonian was evaluated for J=2 with a basis
set determined by j7 = 4, JF¥ = 7, j™* =8, which was
sufficient to converge the lowest energy levels to an accu-
racy better than 0.5 cm~! The calculations were per-
formed on a CRAY-XMP/14.

B. The intermolecular potential energy surface

Woon et al.'” employed ab initio Hartree-Fock and

second order many-body perturbation theory to generate
data for the pair potential of CH,~H,0. They then fit 33
points to an atom-atom potential including exponential
repulsion, R~% and electrostatic attraction as interaction
terms. Few ab initio points were used, since they were
sufficient to describe the region near the minimum; this
treatment may very well be inadequate for our case, as the
VRT states accessed by our spectra sample a very large
region of coordinate space. Another weakness of this sur-
face is the disagreement between its global minimum,
which occurs at a geometry with a methane hydrogen
pointing toward the water oxygen, and that reported by
Szczeéniak er al.,** where their higher level ab initio calcu-
lations find the minimum energy with a water hydrogen
pointing toward a face-center of the methane tetrahedron.

The atom-atom potential has been expanded in a com-
plete set of orthogonal angular functions for use in the
calculation of the YRT energy levels,
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Vint(RrXA 16A r¢A X B ’GB y¢B)

=ZAVA(R)AN(X4+04:04,X5:08.D5),
L, Ly L)

(7

AA=8171(2L+1)1/22M(M_M 0

* *®
DLL,‘(‘) (X4:845%4) D(_LBL (x5:98:98),

where A refers to the set of quantum numbers (L, K,
Lg,Kp,L). The matrix elements of the angular potential
have been derived by Brocks e al.?*

Since the angular functions form an orthogonal set, the
¥V dynamic coefficients for the atom-atom potential can
be calculated by integrating over all angular coordinates.?
We have used a 14 point Gauss—-Legendre quadrature for
polar angles 6, and 05 on the interval [0,7], a 12 point
Gauss—Chebyschev quadrature for dihedral angle y on the
interval [0,277], and a 10 point Gauss—Chebyschev quadra-
ture for azimuthal angles ¢, and ¢ on the interval [0,7].
The following constraints have been used in order to re-
duce the number of coefficients to be computed.?’

VLAKALBKBL= ( —) Ly+K 4+ LA+KB+LVLA——KALB-—KBL
(8a)

since ¥V is real;

Vi Lokt ==YV k15,1 (8b)
with K, even, due to H,O symmetry;

Vi Lpkot=—)"¥ 1 g 1, k1 (8¢)
with K spaced by 4, due to CH, symmetry;

L+ Lg+ L even. (8d)

If we truncate the expansion of Eq. (7) at Lz=6 and
L,=5, and only coefficients greater than 0.6 cm~! are
considered, the truncated potential reproduces the atom-—
atom potential to ~5%. The calculations are performed
with R fixed at 3.89 A, the value at which the site-site
potential exhibits the global minimum.

C. Results

Figures 3(a) and 3(b) show the energy level diagram
for J=2 para and ortho states, as obtained from the cal-
culations. The methane symmetry labels are reported at
the bottom of the diagrams, the capital Greek letter at the
left of each level refers to the vibrational angular momen-
tum (), and the sign in front of the X states refers to their
parity. The numbers at the right of each level are the ro-
tational states of the methane and water monomers to
which the level mainly correlates. Even if a state is the
result of the mixing of several basis functions, it is still
possible to relate it to a methane and water basis state in
order to determine which CH,~H,O transitions should
correlate to the H,O transitions of interest, assuming the
propensity rule Aj cu, =0.

The pattern of the lower para states supports the re-
sults obtained by Ohshima and Endo;'* we have an 4 sym-
metry 2 state, an E symmetry II state, and two E symme-
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FIG. 3. Computed energy level diagram for J=2 (a) ortho and (b) para
states of CH,—H,0.

try states, = and Il with the former lying below the latter.
Consider now the VRT transitions related to the 1,; 0
water transition. The 4 symmetry I1— = band is predicted
at 37 cm~ !, and the presence of a = state above the IT state
with the same parity of the ground state is in agreement
with the positive value of the /-type doubling constant ob-
served for the upper state in the (4/F)g band. But the
predicted frequency is too high with respect to the ob-
served frequency of 30.66 cm™'. The F symmetry = II
and A« II bands are also predicted too high in frequency
[35 and 37 cm ™! compared to 30.25 and 30.45 cm™! mea-
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sured in bands (4/F)q and (4/F);]. In addition, the F
symmetry IT upper state is predicted to lie above the = and
A states, in contrast with the (4/F)¢ Il — = band observed
at 28.16 cm ™. The agreement between the calculated and
experimental results is even worse for the E symmetry
case; the IT- 11, A, = transitions are predicted in the range
47-50 cm ™!, with the upper levels closely spaced and in
the order shown. This is in sharp contrast with the obser-
vation of the 2 state 2.7 cm ™! below the A state, which is
in turn 7.9 cm™! below the IT state.

The computed energy level diagram of the ortho states
is very dense, and it is impossible to determine the corre-
lation between observed bands and predicted bands, as de-
scribed above for the para states. The pattern of the lower
states does not agree with the observed ordering, and, with
the exception of an 4 symmetry 3« II band at 23 cm 1, all
the transitions correlating to the 1,5 1,; water transition
are predicted to occur above 30 cm ™.

Unfortunately, the reported calculations are inconclu-
sive, and no one of our assignments can be confirmed in
terms of the results. A major inconsistency is that there is
no evidence for a concentration of the ortho transitions at
frequencies lower than the para bands; the ortho bands are
not predicted to occur below 30 cm ™.

The most probable reason for this failure is the inade-
quacy of the atom-atom potentiai, which has been opti-
mized only in the minimum region. In addition, this po-
tential is likely to improperly locate the global minimum,
as already discussed. Of course, an obvious deficiency of
this calculation is the use of the RAA, required here by the
limits of available computer facilities. We have in fact ob-
served evidence for angular radial coupling, and perhaps
we cannot confine the calculations to the angular degrees
of freedom alone, but must include the radial coordinate
explicitly. Future dynamical calculations must address
these problems in hopes of successfully obtaining the en-
ergy level diagram for the methane-water complex from a
first principles calculation.

Vi. CONCLUSIONS

Extensive measurements in the FIR region from 18 to
35.5 cm~! have been performed for the methane-water
dimer with the use of tunable laser techniques, leading to
the rotational assignment of thirteen VRT bands. By anal-
ogy to the argon—water cluster and relying on a published
study on the methane internal rotation in CH,~HC] com-
plex,’ an interpretation of the spectrum has been pro-
posed. The basic hypothesis of this interpretation is that
the anisotropy of the intermolecular potential is fairly
weak, and the monomers undergo hindered rotations
within the complex. Therefore, the VRT energy levels of
the dimer will correlate strongly with the rotational levels
of each monomer, leading to para and ortho nuclear spin
conformers of 4, F, and E symmetry.

In the framework of this hypothesis, dynamical calcu-
lations in a basis set of free rotor functions have been per-
formed employing an analytical ab initio potential.'” Even
though the agreement between the predicted and the ob-
served VRT transitions is not entirely satisfactory, these

calculations support out the assignment of the lower para
states, and the hypothesis of low anisotropy. Since the
weakest aspect of our dynamical calculations is the ab ini-
tio site-site potential employed, a more reliable analytical
surface, such as that reported by Szczeéniak et al,' will
enable us to compute a VRT energy level diagram in better
agreement with the experimental observations. However,
the RAA treatment may force some inconsistencies as well.
Clearly, a full six-dimensional treatment of the VRT dy-
namics would be preferable.

The experimental data can give considerable insight
into the nature of the IPS. For instance assignment of
bands sharing a common F symmetry para upper state
would lead to the determination of the energy separation of
the X and II states labeled #6 and #7 above, thus allow-
ing an estimate of the lowest-order anisotropic term rela-
tive to the methane subunit (Vyy,;). However, many
terms in the series expansion of the potential are impor-
tant, and they will ultimately be required to accurately
describe the forces in all six dimensions in the range of
configuration space sampled by the bound vibrational lev-
els. In any case, it is clear that high resolution FIR spec-
troscopic data will ultimately provide the means to deter-
mine a detailed and accurate six-dimensional IPS, as
advances in computational methods and hardware pro-
ceed.

Note added in proof Recent Fourier transform micro-
wave spectroscopy measurements of the hydrogen nuclear
hyperfine splittings in CH,~H,0® confirm our assignment
of the water symmetry states and are consistent with our
assignment of the methane symmetry states.
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