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Torsion—Vibration Coupling in Methanol: Diabatic Behavior in the CH Overtone Region
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Through a fit to methanol CH overtone data, a previously developed 4-dimensional tovication
Hamiltonian is extended to high CH stretch excitation as well as to high torsional excitation. The strength of
the torsion-vibration coupling is found to increase with CH stretch excitation. Systematic patterns of near
degeneracy (3-, 4-, and 6-fold) are found in different regions of quantum number space. In the region of the
CH fundamentals, an approximate adiabatic separation of the torsion (slow degree of freedom) from the CH
stretches (fast degrees of freedom) accounts for the pattern of the energy levels and for the signs of the
torsional tunneling splittings. For the higher CH overtonas; = 4), a diabatic representation accounts for

the torsional structure obtained from the fully coupled calculation and for certain trends found in the pattern
of the energy levels.

I. Introduction

W V/v, = 3030.8-60.6v
® /v, = 29758 -64.6v,

Large amplitude nuclear motion challenges the traditional 3000 —
theory of molecular vibrations, which relies on the assumption E
of small amplitude vibrational motion relative to a fixed
reference geometry. Instead of point group theory, we now need
to use permutationinversion group theory to treat the symmetry T 2800
of the Hamiltonian: Jon Hougen has shown that in molecules > -
with 3-fold internal rotors, such as methanol, the symmetries = .
of the normal modes are not unigtie. E

The adiabatic approximation provides one means of defining 2600
normal modes in the presence of large amplitude motion. In 7
the adiabatic treatment of methanol by Fehrensen étthk, — T T T T "
11 small amplitude vibrations are solved at each torsional angle, 0 2 4 6
and then the torsional motion is solved in the effective potential Ven
of the other vibrations. Through the use of geometric phase, Figure 1. Birge—Sponer plots for CH overtones of methanol. The
this approach provides a general method of predicting which overtone data are from ref 13 fogy = 3—5 and ref 14 forucy = 6,
vibrations will have inverted torsional tunneling splittings. In 7. The points fowc = 1 are hypothetical local CH stretch frequencies
methanol, several vibrations, including the and vy CH as calcu_la_ted in ref _13 from th_e high-resolution .CH stretch fundamental
stretches, have torsional tunneling splittings with the E level band origins. The lines are fits of the data points.
below the A level, rather than A below E as in the vibrational
ground staté:®

The reduced dimensional (4-D) Hamiltonian of Wang and
Perry? which included only the torsion and the three CH . L .
stretches, was able to account for the inverted torsional tunnelingsm_wn_that new l_<|nds of V|brat|on_al modes can be born at high
splittings of thev, and ve vibrations without the use of an excngt}on energies. Examples include the normal to local
approximate separation of the degrees of freedom. That modeitransition found in the overtone spectra of hydride stretches and
includes a local-mode treatment of the CH stretches, with a the sgve_ral new mogles found in acetylene_when d|_fferent
harmonic frequencys and a locatlocal coupling parameter comblnatlc_ms of the cis and.trans bend; are highly excited. In
A. For the torsional motion, the ground-state torsional potential methanol '",al?sence of torsional excitatiopand Vo are best
is used. The model has a single torsiasbration coupling treated as distinct normal modes,(and ,_Agsymn_wetnes n th?
parameter, which reflects the fact that the harmonic frequency G molecular symmetry group), but at high torsional excitation,
for the CH anti to the OH bond is higher than for the CH gauche our model calculatior8 have shown that they coalesce into a
to it. Clasp and Perf applied the adiabatic approximation to smgle, doubly dggenerate, E.-type nor.mal mode that combines
obtain approximate solutions to the 4-D Hamiltonian so that with nearly free _|nter_nal rotation. In this paper, we extend our
they could be compared to the fully coupled solutions previously 4-0 model Hamiltonian to the CH overtone region to explore

obtained. The adiabatic solutions have the correct inverted thel nev;/ kinr:js ofhnucc::Ieal; mgtion that pcc(:jur irll this torsilc_nn?jl
torsional tunneling of the, andvg vibrations but do not show molecule when the CH bonds are excited to large amplitude

the 4-fold near degeneracies obtained from the fully coupled
calculation at higher torsional energies.

The bifurcation analysis of Kellman and co-workérs has

vibrations.
*To whom correspondence should be addressed. E-mail: dperry@ N section I, the extended Hamiltonian and the computational
uakron.edu. Phone: (330) 972-6825. methods are developed. In section Ill, the energy level patterns
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TABLE 1: Model Parameters A splits the three degenerate local CH fundamentals into the

parameter value in cm std dev normal modewz and{ vz, vo} . However, since the fundamentals
have been fit with our local-mode Hamiltonian, we are able to

) 3060.74 1.34 . .
X —63.63 0.66 use the model to extract hypothetical local-mode frequencies

1 15.54 0.87 for thev, andvy, fundamentald? and these are included in Figure

UX 1.53 0.43 1.
A —42.10 a The most obvious next step is to determine the anharmonicity
\F/ 3%-22 E of the local CH stretches from the slopes in Figure 1. However,
3 .

v 08 b the slopes of the two lines are different, which means that, in
° ' order to use a common anharmonicityx, for all three CH
aHeld constant at the value from ref2Held constant at the values bonds, we also need to include the anharmonigiy,of the
from ref 22. torsion—vibration coupling.

and new vibrational modes are characterized with the aid of With these extensions, the 4-D model Hamiltonian becomes

the adiabatic and diabatic approximations. H=H, +H_ +Hg, 1)

II. Computational Method where, in eq 1, the CH stretch Hamiltonibig; is expanded in
A. The Model Hamiltonian. In our previous work;1 the a Fourier series in the torsional angle

vibrational parameters of the 4-D Hamiltoniam, A, and u, © @

were fit to the band origins and the torsional tunneling splittings Hoy =Hg "+ Hge " + .0 (2)

of the three CH fundamentals, while the torsional parameters,
F, Vs, and Ve, were held fixed at the values obtained for the Superscript (0) indicates constant terms and (1) indicates terms
vibrational ground state. However, it is useful to note that a N COSy, etc.
good approximation to the best fit valueswf i, andu can be

obtained only from the three CH band origing,(vs, vo). Hst,(o) = w(vl + % +ou,+ % +u+ %) +

Because the torsiefvibration couplingt derives from the fact ) )

that the CH stretch force constant is larger for the CH bond WX (1/1 + 1) + (1,2 + 1‘) + (U3 + 1‘)2] (3)
anti to the OH than for the CH bonds gauche to it, the frequency 2 2 2

difference between the two asymmetric CH stretches,vy,
can be used to determine the valug:oThe difference between
the symmetric stretch and the average of the asymmetric 1y _ 1 1 27
stretchesys — (vo + v2)/2, determines the localocal coupling ~ Hstr = 24 (Ul + E)COSV + (Uz + 5)005( - g) +
A, and the average of the three band origins determines the local 1 o

CH frequencyw. The calculated torsional tunneling splittings (U3 + 5) COS(V + g)] + ux (U1 +

and

1\2
E) cosy +
agreed well with those from high-resolution spectra of the three 1\2 o 12 o
fundamentatsand served mainly as a check on the validity of (u2 + 5) cos(y - ?) + (113 + E) cos(y + ?)] 4)
the model Hamiltonian.

To extend the Hamtlltonlan to high CH stretch excitation, we The requirement that the Hamiltonian be totally symmetrig) (A
use the overtone dafal*summarized in the BirgeSponer plots in the molecular symmetry group >determines the linear

of Figure 1. The overtone data fogy = 3—7 fall in two straight combinations and phase angles in eq 4. The elcgial coupling
lines in Figure 1, which is the behavior expeétefdr a molecule  torm is

with two different CH stretch chromorphores, each giving rise

to overtone spectra as if it were an isolated diatomic molecule. H_ =Aa, a,+aa, +a a;+aa +a,a+aa)
In methanol, the unique CH, anti to the OH, is labelad ‘and 5
the two nonunique CH bonds gauche to the OH are labeled ®)

“b". Even though thevcy = 3—5 spectra were recorded for
jet-cooled methanol with a-510 K rotational temperature, no wherea;"™ anda; are the ladder operators for harmonic vibrations
torsional or rotational structure was observed in these bands. Iton the CH bond. The ground state torsional Hamiltonian is
is likely that intramolecular vibrational redistribution (IVR) in V. v

comblnat!on with congested torsienotation structure has ors= Fi 24 3 (1—cos3)+ _6 (1—cos @) (6)
resulted in the smoothly broadened features found in these v 2 2

spectra. Despite the disappointing lack of rotationally resolved
data, the CH overtone spectra still do contain precise information
about the torsiorvibration coupling when the CH stretch is
highly excited. At each overtone level, the splittingqva —
vcHYp Mmeasures the energy difference betwegnguanta in a

CH bond anti to the OH andgy quanta in a CH bond gauche
to it. That is, the splitting reflects the torsional angle dependence

To determine values ab, wx, 4, andux, we fit eqs 3 and 4 to
the data points in Figure 1. For the fit, we holdixed at O for
the unique hydrogen and at/3 for the nonunique hydrogens.
The transition frequencies are therefore fit to the expression

v=ow(v,+ v,) + ox(v2 + v, + v,2 + v) + uu, — v,) +

of the energy of a CH bond withcy quanta, and it is thus a wx2w2 + v) — (v + ) (7)
measure of the torsiefvibration coupling at that overtone level.

The splitting #, — 7v, is 570 cn1?, large enough thatvg and Because the band origins of the fundamentals were determined
Tvp are well separated even in room-temperature photoacousticfrom high-resolution spectroscopy, they are much more ac-
spectrat? curately known than the overtone band origins and were

The local-mode notation;, and vy, does not apply in the  therefore are given much larger weights. Weights 250 times
fundamental {cy = 1) region because the loedbcal coupling larger were sufficient to ensure that the parameters in Table 1
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reproduce the previous model calculatibrfer vcy = 1
precisely. The new values ab and 4 are related to the
previously used valuéd® (noted here asi.o and ui-o) by
the equationsi. o = @ + 2wx = 2933.48 cm?! andus-—o = u
+ 2ux = 18.6 cnmL,

B. Basis Set for Fully Coupled CalculationsThe basis set
used for the calculation is the product basis of a harmonic
oscillator on each CH bond (+ 1, 2, 3) times a free internal
rotor function

|01, Uy, v, ML |03, [ugimL]

= (27) Y™ v, [V, VLM =0,+ 1,+2,...  (8)
The model Hamiltonian conserves the polyad numbgr =
v1+ v> + vz, and the number of CH vibrational states in each
polyad fromvcy = 0—6is 1, 3, 6, 10, 15, 21, and 28. The free
rotor basis is truncated @i < Mpax = 12, which for thevcy

= 6 gives a polyad of 2% 28 = 700 torsion-vibration states.
Our previous studies of the scaling behavior of this Hamilto-
niant® have shown that withmy,x = 12 the torsional eigen-
functions withm* < 6 converge to within about 0.01% and
those withm* < 9 to within about 0.3%, whene* denotes the
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stretch amplitude was concentrated in the CH bond anti to the
OH bond. When the torsional angle changes by’ 1a@lifferent

CH bond will be anti to the OH bond, and the vibrational
excitation moves to the new anti CH bond. In the lower polyads,
such asvcy = 1, the vibrational amplitude moves slowly and
smoothly between the different CH bonds as the torsional angle
is variedi® however, in the higher polyads, we find that the
vibrational character of the local CH overtones can change
abruptly in the vicinity of an avoided crossing.

The counterpoint to the adiabatic approximation is the diabatic
approximation in which potential curves of the same symmetry
may cross. As in the case of electronic spectroscopy, the diabatic
approach would seem to be called for when the adiabatic curves
have a very narrowly avoided crossing. In such cases, we
implement the diabatic approximation by interpolating the
adiabatic curves across the avoided crossing to form diabatic
curves that actually cross. The 1-D torsional motion is then
solved in the diabatic potential.

Ill. Results and Discussions

A. Fully Coupled Solutions. The lowest calculated eigen-
values obtained for each polyad are displayed in Figure 2. A

free internal rotor basis function that has the greatest contributionnumber of diagnostics were used to characterize the eigenfunc-

to a given eigenfunction.
C. Approximate Adiabatic and Diabatic Calculations.The

tions, including symmetry (A A,, or E), torsional angular
momentum ifnms = (PDY?), and local CH stretch character.

purpose of the present approximate calculations is to provide aThe latter is the probability that all of the CH stretch excitation

point of reference that will help us to understand the fully
coupled results. We would also like to find the domain of
applicability of the approximate methods. In the present
situation, we have a limited dimensional Hamiltonian, and fully

coupled calculations are easily accomplished on a small L=

computer. However, full-dimensional fully coupled calculations

on methanol and other systems of interest are not yet tractable

without some sort of separation of variables. We will show
below that different kinds of motion occur in different regions
of quantum number space and that the applicability of a

will reside on a single bond and is calculated for tlag polyad
eigenfunctiomy; as

Mmax

> 1@ilugn 0, 0,mOF + |10, gy, O, I +

M=—Mmax

110, 0, vy, mF (9)

The local CH stretch characteris of most interest here because

particular approximate method can help to characterize thatit is responsible for the dominant oscillator strength in overtone

motion.

spectra. Although there is some mixing of local and nonlocal

Our approach to implementing an approximate adiabatic States, an inspection of Figure 2 shows that many local states

solution has been described in detail previod8Igriefly, the
vibrational motion is solved in the harmonic basis at each
torsional angley. Then the vibrational eigenvalues taken as a
function of y are used as the effective potentials, and the
torsional motion is solved in these potentials. For some CH
vibrational states, such as the and v9 fundamentals, a
geometric phase of 1 is accumulated as goes from 0 to 2.

with Lj =~ 1 can be identified. Among such local states, one
can see systematic trends of increasimgs with energy above
the lowest state in each polyad. The remainder of this paper
focuses on the properties of these local states.

Among the local states, there are systematic patterns of near
degeneracies (Figure 2), which vary with the amount of torsional
energy and with the amount of CH stretch energy in the

In these cases, the Schroedinger equation for the 1-D torsionalmolecule. In the CH stretch ground state:{ = 0) at low

motion is solved with & boundary conditions, and the sym-

torsional energy, there are only the singly degeneratamdl

metries of the torsional eigenfunctions are selected to ensureA: levels and the doubly degenerate E levels required by the

that the total wavefunction (vibrational paxt torsional part)
remains invariant whep—y + 2z. This means that, when the
geometric phase is-1, the torsional angular momentum has
half-integer valuesm = =4/, +3/,, +5%,, .... First-order

Gs molecular symmetry group (isomorphic @,). At high
torsional energy, the torsion becomes nearly free internal
rotation, and pairs of Aand A levels approach degeneracy.
In this limit, the internal rotations in the positive and negative

corrections can be applied to the zeroth-order (or crude) directions become uncoupled, the torsional angular momentum
adiabatic approximation described above to obtain the adiabaticm becomes a good quantum number, and the symmetry of the

limit. In previous work on this Hamiltoniat, we have found

internal rotation can be treated approximately with the point

that the first-order corrections shifted the eigenvalues somewhatgroup Ceo,.

to higher energy but did not affect the pattern of near

degeneracies or ordering of the levels. Accordingly, only zeroth-

order adiabatic calculations are presented in this paper.

In the polyadvcy = 1, we have the complication of the CH
stretch motion, which, when coupled to the torsion, gives
inverted torsional tunneling for the andve fundamentals. As

One of the consequences of the adiabatic approximation isfor vcy = 0, the lowest torsional states in they = 1 polyad
that the character of the vibrational wavefunctions changes asshow only the single and double degeneracies required by the
a function of the torsional angle. Suppose that in the presentAi, A, and E species of the ¢&group. At higher torsional

case we had a vibration (such &g in which most of the CH

energies, Aand A pairs approach degeneracy and alsoithe
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Figure 2. Fully coupled computed torsietvibration term values for methanol. In each CH stretch polyad, the term values are given relative to
the lowest energy term in that polyad. Colors indicate the symmetries of each eigenstate folugreen= A,, red= E), and the portion of each

line that is colored indicates its local charadtein the range from 0 to 100%. The remainder of each line is gray, and the states that are all gray
have little, if any, local character. The position of the ba) on each eigenstate indicates the value of the torsional angular momentyon a

scale from 0 (bottom) to 7 (top). The yellow lines trace the correlation of states with_hfghm one polyad to the next. Arabic numerals indicate

the degeneracy of some levels that are degenerate within the width of the printed lines.

] the energy levels take place. The yellow correlation lines in
e 50 Figure 2 show that; correlates ta’, while vg andvs converge
o ] to thew,. Since there are two equivalent gauche hydrogens, the
3 ] symmetrized eigenstates in the usual local-mode pittuvi
L 40 be the symmetric and antisymmetric combinations of these two
PR vibrations,vy-sym and vy-ang, With v3 correlating tov,-sym and
5 ] vg 10 vp-ani- AS the overtone level increases, the splitting
= 30 . L
g T UcHVb-anti—VCHVb-sym IS €xpected to decrease rapidly to zero
g 1 because the coupling of these states requires the exchange of
2 20— an increasing number of vibrational quanta by way of non-
o ] resonant intermediate statésrigure 4b and the leftmost pair
&0 ] d 4-fold of yellow lines in Figure 2 show that this is not the case here.
S 104 egeneracy " L. B .
E ] We find that the splitting/cqvo—vcHvs decreases rapidly from
& ] ven = 1—3 and reaches a minimum aty = 4. To highervch,
0] é 7' ....... the splitting (now more appropriately notated @swp—anti—
T UcHVb-sym) turns around and begins to increase slowly.
0 500 1000 1500 The approach of the overtoneg,vs to the local-mode limit
Torsional energy relative to lowest v, level / cm™ aswvcy increases from 2 to 6 is shown in Figure 4c. The local
Figure 3. Approach of thev, and vy vibrations to a degenerate character, (gq 9) appears to Increase asymptotically toward
vibration as the torsional energy is increased. 1.0 for the higher overtones. The difference-1L; represents

the extent that locatlocal combinations contribute to the

and vy vibrations converge to give systematic 2- and 4-fold computed eigenfunctions. Aty = 2, the possible locallocal
degeneracies. Figure 3 shows that the convergenegarfdrg combinations ar¢l,1,d}|1,0,1)and|0,1,1Jand at higheecy,
to an E-type degenerate asymmetric CH stretch appears to bdhere are an increasing number of possible let@tal combina-
nearly complete byn* = 4, at about % the torsional barrier ~ tions. The reason for the declining contribution of the lecal
height. Herem* indicates the torsional angular momentum of local combinations agcH increases is the increasing anharmonic
the free rotor basis function making the largest contribution to shift of the local basis functionscn,0,0relative to the nearest
a given eigenfunction. local—local combinationvcy — 1,1,01

When the CH stretch excitation is increased while the  The changes in theEA torsional tunneling splittings with
torsional energy is kept low, different changes in the pattern of vcy are shown in Figure 4a. The magnitude of the torsional
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—‘E 100 -] Figure 5. Convergence of; and ve to dt_egeneracy with incre_asing
o i CH stretch excitation, shown for four different amounts of internal
~ i (b) rotation
S; ] .
?U 50 — (Figure 5 and the yellow correlation lines in the right part of
o] Figure 2). At high internal rotation energy iy = 1, the near
5 A degeneracies of thg andve vibrations are 2 and 4, respectively.
e 0 As vcn increasesys andve are transformed into three identical
I I I I I I local modes, which we callcy, and this results in 6-fold near-
degeneracy. The 6-fold degeneracies can be understood as free
o 10 internal rotation (2-fold degenerate) combined with the overtones
>5 | (c) of ven (triply degenerate).
5 The convergence to 6-fold degeneracy may also be followed
5 g as a function of torsional excitation (moving left to right across
g the top panel of Figure 2). Fary = 6, the 3-fold degenerate
k= ] local states converge in pairs to 6-fold degenerate sets. The
© approach to the free internal rotor limit is qualitatively different
§ 0.6 - than in the CH ground state. Fafy = 0, the torsional tunneling
— I ! | I I I splitting increases from a small value (9 chuntil it becomes

! 2 3 Ver 4 3 6 the spacing between the free internal rotor levels (bottom panel
. . o . of Figure 2). Fotucy = 6, the torsional tunneling splitting (E
Figure 4. Changes in three quantities as the local CH stretch is A) of the local states remains very sma#@.01 cnr?) as the

excited: (a) the EA torsional tunneling splittings, (b) the splitting . o e
between the’s andvs overtones, which correlate 16 -sym andvo.an torsional energy is increased. Instead, the splitting between the

respectively, at high CH excitation, and (c) the local character of the 6Vb-ani@nd the &,—sym States increases with torsional excitation
v3 overtones. until it is equal to the free internal rotor spacing. The resulting

61y levels (alternating sym and anti) then converge with the

tunneling splitting for each of the overtone vibrations decreases 6v, levels as the torsional energy is increased. kpr= 4 and
sharply betweency = 3 and 4 and then appears to approach 5, the behavior is similar although the convergence to 6-fold
asymptotically to zero for highei-y. That is, torsional tunneling  degeneracy is not as complete. This leads us to ask a third
appears to be quenched for the high-lying local CH stretch question: (iii) In the higher polyads, why does torsional
excited states. From Figure 2, one can see that all of the localexcitation not increase the-£A torsional tunneling splittings?
states in thevcy = 6 polyad have 3-fold or higher near To answer these three questions, we will employ approximate
degeneracies. It is interesting to note that the tunneling splitting adiabatic and diabatic solutions for the same Hamiltonian.
of the v, overtones actually changes sign before converging to  B. Adiabatic and Diabatic Approximate Solutions. The first
zero. Together the three panels of Figure 4 show a change ofstep in the adiabatic approach is to solve the CH vibrational
behavior nearwcy = 4. Such a change is expected for the problem at each torsional angle, thereby to obtain the effective
transition from normal to local behavior for hydride overtones. potentials in which the torsional motion can be solved. The
We are left with two questions about the behavior of this effective torsional potentials farcy = 1 are shown in Figure
torsional molecule: (i) Why is torsional tunneling rapidly 6a. Each of the three adiabatic potentiadg {9, andv,) retains
quenched above-y = 47 (ii) Why does the splittingcqvp—ani— the 3-fold symmetry and the approximate amplitude of the
UcHVb-sym Degin to increase abowey = 47 ground state torsional potential. The curves do not cross, and

Before attempting to answer these questions, we will look at there are no narrowly avoided crossings. The vibrational
the behavior of the high CH overtone local states at high character changes gradually witrso that, whery changes by
torsional energy. There is a convergence to 6-fold degeneracyl12(, the vibrational amplitude moves between different CH
that may be followed as a function of CH stretch excitation bonds. The torsional eigenfunctions and eigenvalues for each
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Figure 7. For theucy = 5 polyad, the diabatic effective potenti&@y(

b symmetry) is shown in black. The abscissa is the torsional angle relative
to the local CH stretch, defined such thay = 0 when the OH bond

is anti to the excited CH bond. The energies of the fully coupled
& 18000 — eigenfunctions and the torsional probability distributions for the local
- part of those eigenfunctions are represented in color: eigenfunctions
localized in the anti conformation are shown in red; the others are shown
by their symmetry inCs: blue for A" and green for A. The energies

1 and torsional probability distributions calculated in the diabatic ap-

Adiabtic Effective Potential / cm™

17800 — proximation are shown in gray.
=1 2 B+ 3 i " [ | 6c. The narrowly avoided crossings suggest the appropriateness
0 60 120 180 240 300 360 of the diabatic approximation.
Torsional angle / degrees Accordingly, a set of three diabatic potentials were formed
by smoothly interpolating across the small gaps between the
(€) Ve =5 expanded scale lowest three adiabatic curves in Figure 6b. Along each of the

. diabatic curves, the CH stretch excitation remains localized on
. a particular CH bond. The three diabatic potentials all have the
17805 3 same form but are shifted one from the othedt}20. In fact,
. A the three diabatic curves are identical if they are plotted (Figure
3 7) against the torsional anglge of the OH bond relative to
the CH bond that is excited. Unlike the adiabatic curves, the
diabatic potential curves are not 3-fold symmetric. The torsion
vibration coupling (eq 4) causes the energy of the local vibration
|5,0,0] and hence the energy of the diabatic potential curves,
Figure 6. Adiabatic potentials for (a)cu = 1 and (b)ues = 5. The to be hlgoher when the excited CH bond is anti to the OH bond
highlighted avoided crossing in (b) is shown on an expanded scale in (el = 0°) than when it is gauche to ifel ~ 120, 240).
(©). We solved the 1-dimensional torsional motion in these
diabatic potentials to obtain torsional eigenfunctions and energies
of the three effective potentials have been previously repdfted. represented in Figures 7 and 8. In Figure 8, the adiabatic and
Qualitatively correct torsional tunneling splittings are obtained diabatic approximate energies are compared to the exact (fully
for the lowest torsional levels on each potential provided that coupled) energies for the-y = 5 polyad. As noted above, the
proper account is taken of geometric phase. fully coupled calculation gives 3-fold near degeneracies. In each
The effective potentials for they = 5 polyad are shown in triplet, an A or A; level is nearly degenerate with an E level.
Figure 6b. The lowest three curves are approximately describedThe residual splittings in the exact calculation are so small that
as linear combinations of the three local statbg),d}|0,5,d] the A and E levels appear to be exactly degenerate in Figure 8.
and |0,0,5] and the higher curves are mixtures of the lecal  In the diabatic calculation, the triplets are precisely degenerate
local combination basis states. These adiabatic potentials all havebecause the three diabatic potentials are equivalent. In contrast,
3-fold symmetry, but now their shapes and amplitudes are very the adiabatic energies in Figure 8 do not show a pattern of
different from the ground-state torsional potential. In fact, there systematic 3-fold degeneracies.
are 6 very narrowly avoided crossings involving the three lowest  The torsional probability distributions for the exact and
curves, one of which is shown on an expanded scale in Figurediabatic calculations are compared in Figure 7. Since the fully

110 115 120 125 130
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Full The qualitative success of the diabatic solution provides an
4 Diabatic ully Adiabatic answer to question (i) above. For torsional tunneling to occur
Coupled —_— and to thereby produce tunneling splittings between the A and
188 — _—= E levels, the system must follow the adiabatic path. For example,
E in the vcy = 5 polyad, the adiabatic torsional tunneling path
(parts b and c of Figure 6) requires five quanta of CH stretch
— vibration localized on one CH bond to jump to the next over a
1 - very small range of the torsional angle€ @r less). The narrowly
18.6 - I avoided crossings of the adiabatic curves indicate that the
_ _— diabatic curves are only weakly coupled. In the diabatic
1 ——— —_—— representation, to effect the transfer of 5 quanta of CH stretch
- from bond 1 to bond 2 would require a coupling term tenth-
order in the ladder operators, such ag¥(a,")°. As was found
—_— in the calculation of splitting of anti and sym combinations of
local-mode overtone staté3!6 such high-order couplings are
—_ expected to be weak and to decrease rapidly as the order
increases. The weak coupling of the diabatic states results in
- slow tunneling and very small-EA splittings.
4 —_——— Question (ii) above asked why the present calculation is an
—_— exception to the expected convergence of the anti and sym
combinations of they, local-mode overtones. The answer can
4 — be found in the diabatic torsional potential in Figure 7. Because
—_—— va > vp, the diabatic potential gt = 0° is greater than gt =
12C°. As the overtone level increases, the barrier/(at 180°)
- between the two equivalent gauche conformations decreases
slightly, which in turn increases the tunneling rate between the
_——— two gauche wells as measured by the splittmgwp—ani—
— == Svpanti VCHYb—sym:
- SVpsym — — — —— The E-A torsional tunneling rate does not increase with
torsional excitation (question (iii)) because torsional tunneling
Figure 8. For theuvcy = 5 polyad, the fully coupled energies of the  in that context involves the hopping of the CH vibrational
local CH stretch states are shown using the color scheme of Figure 7,excitation from one CH bond to another, and that hopping is
and the approximate diabatic energies are shown with the same colorentjrely quenched in the diabatic limit. We have instead the
scheme. Adiabatic energies, calculated for the lowest three adiabaticy, jnna| dynamics on three identical diabatic potentials such
potentials shown in Figure 6, are shown using the color scheme of g .
Figure 6. For the fully coupled energies, the left-hand member of each as shown in Flgurg 7. We do have “_J””e"“g I_)etween_the two
triplet is an A or A, state (in G), and the two left-hand members ~ gauche conformations on that potential, but it is tunneling of a
represent the degenerate E levels. For the adiabatic energies, the sam@ifferent sort. It is torsional tunnelingelative to the location
convention is used, but the diabatic energies are exactly degenerate byf the CH stretch excitatioand does not involve movement of
construction and the symmetries in &e not defined. CH stretch amplitude from one bond to the next.

C. Comparison with Experiment. The limitations of the
present model must be kept in mind when comparing the results,
whether exactly computed or approximate, to experimental
spectra. Methanol is a 12-dimensional torsiaibration prob-
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coupled probability distributions are defined in 4 dimensions,
it is necessary to project them onto a single torsional coordinate
in a way that is directly comparable to the diabatic calculation.

For this purpose, we project out the local portion of the o and many of the other degrees of freedom will interact on
wavefunctions I ~ 90% for vcy = 5) and calculate the  gome time scale with the four degrees of freedom considered
probability distribution of that portion as a function of the ore. There is a strong 1:2 CH stretdtend resonance
relative torsional angleyr. Qualitatively, the probability jieraction in the CH fundamental region that also affects some
distributions for the local part of the exact wavefunctions agree gi5tes in the higher polyads as well. The IRLAPS spectrum the
well with the diabatic calculation. ven = 2 regiort® (Figure 9) contains several partially resolved
Although the qualitative agreement is good, there are some bands, which have been tentatively assigned bgriitgen and
quantitative differences between the diabatic and exact calcula-Haloned” as CH normal-mode combinations interacting with
tions. For the probability distributions, the difference is most HCH bends ¢4, vs, andv10). For that calculation, Haninen
evident for the torsional function that is localized near the anti and Halonen derived anharmonic resonance terms up to quartic
conformation and has an energy just above the top of the from their ab initio surface but did not include torsional
torsional barrier (uppermost red curve in Figure 7). Over the tunneling. Thevcy = 2 polyad lies in the transition region
range plotted in Figure 8, the diabatic energies are on averagebetween the normal-mode behavior of the fundamentajs (
3 cnr ! too high and the root-mean-square error of the diabatic = 1) and the onset of local-mode behavior for the higher
energies is 20 cmt. We have not attempted to formulate polyads. Because of this and because of the complexities
correction terms in the diabatic representation, but as for the resulting from the stretechbend resonance, we did not use the
adiabatic representation, there would be first order corrections vcy = 2 spectra in developing the present model, but we are
diagonal in the diabatic basis and higher order corrections thatable to calculate transition frequencies in that region. There is
would represent both the mixing of local and nonlocal CH a strong propensity rule in the vibrational spectra of methanol
stretches and the contribution of adiabatic paths at the curvefor conservation of the torsional excitati&hyhich, under jet
crossings. conditions, implies that only the lowest torsional state of each
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and the adiabatic channel potential curves for different excita-
tions of the adiabatically “conserved” modes may ci§sEhus,
the adiabatic channel model provides a sort of precedent for
what, in this paper, we have called diabatic potential curves.
A much more closely related example is the treatment of the
CH stretch overtones of nitromethane by Cavagnat and Les-
padé! in which they treat explicitly the coupling of the CH
stretch with internal rotation. In Figure 9 of ref 21, they show
that the effective torsional potential of nitromethane is trans-
2v; Vitvo S vahvs 2Vttt v vatvers formed from a low (2 cm?') 6-fold barrier forvcy = 0 to a
© | | | | | | | | much higher 2-fold barrier forcy = 6. For the lower levels
Va+2vs V2HVgtvs vcy = 0—3, they use a normal-mode description of the CH
"56'0(')' e 5'7'0(')' T ';8'0(')' e 5'9'0(') R '6'0'00 stretches and separate them adiabatically from the internal
Wavenumber / e’ rotation. However_ fowecy = 46, they treat the _CH stret_ches
as local modes with the CH amplitude constrained to lie on a

Figure 9. (a) IRLAPS spectrum of jet-cooled methanol in thg, = . . L .
2 region (ref 13). (b) Calculated transition wavenumbers (this work, single CH bond. That excited CH bond, now distinguishable

fully coupled) including interactions of the torsion with the CH stretch  from the other two CH bonds, may come into alignment with
but neglecting stretchbend interactions. Upper state torsioribration each of the two oxygens of the nitro group to give rise to the
symmetries are labeled as 1), Az (V), and E (). (c) Calculated 2-fold effective torsional potential shown in their Figure 9.
transition wavenumbers (ref 17) including CH strettiend interactions However, there are three equivalent 2-fold torsional potentials
_but neglecting torsiona_l motion. The band as_signments are those giv_enat ven = 6 separated by 120one for excitation of each of the
in ref 17, anq dotted Ilne_s connect them with the closest features in three methyl hydrogens. These three potentials cross at several
trace (b) having the required symmetry. - . .

places, so that we would call them diabatic potentials. The
transition from adiabatic to diabatic behavior in their calculation
occurs atvcy = 4, the same level at which we have found the
transition in methanol.

distinct CH stretch vibration will appear with significant
intensity in the spectrum. The agreement (Figure 9) of our
calculated CH stretch frequencies for the two lowest bands in
the vcy = 2 region is excellent because these two vibrations
are anharmonically shifted out of resonance with the CH
stretch-bend interaction. The agreement is poor in the higher  The model calculation presented here shows a qualitative
part of the polyad where the CH stretebend interactionis on  change in the torsicavibration dynamics of methanol as the
resonance. There are a total of 18 stretbend combination  CH stretch is excited to high overtones. The adiabatic behavior
states in this region, of which Hainen and Halonen only (G symmetry) of the CH fundamentals is replaced in the high
reported the frequencies of the two that they calculated to be overtone region by approximate diabatic behavior. There, the
most intense. Another source of model error in the higher part three identical diabatic potentials each ha@e symmetry

of the uc = 2 polyad arises from our neglect of the stretch  (3xCy), giving systematic 3-fold degeneracies. In every CH
bend coupling in the fundamental region, which leads to stretch polyad, the highly excited torsion approaches free internal
consequent error in the determination of The local-mode  rotation C«,) and decouples from the CH stretch vibrations.

IV. Conclusions

overtones appearing in Figure 1 are not sensitiva, fout the Forvcy = 1, the CH stretches become thg-A E normal modes
higher vibrations in each polyad are dominantly ledalkal in expected in aCs, symmetric rotor to give the overall ap-
character and therefore depend @n Firm spectroscopic  proximate symmetr{s,®C,, with 2- and 4-fold degeneracies.
assignments and a detailed understanding of¢he= 2 region For the higher polyads, the CH stretches become three equivalent

will have to wait until high-resolution spectra are available.  local CH vibrations with approximate symmetry 8., and

For ucy = 3 and higher, the CH stretetbend interaction is ~ Systematic 6-fold degeneracies.
out of resonance with the local CH stretch features that appear
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