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Tunneling energy splittings of vibrationally excited states are calculated quantum mechanically
using several models of two-dimensional symmetric double well potentials. Various effects of
vibrational excitation on tunneling are found to appear, depending on the topography of potential
energy surface; the symmetry of the mode coupling plays an essential role. Especially, oscillation of
tunneling splitting with respect to vibrational quantum number can occur and is interpreted by a
clear physical picture based on the semiclassical theory formulated reEaitbda and Nakamura,

J. Chem. Phys100, 98 (1994)]. The mixed tunnelingn the C region found there allows the wave
functions to have nodal lines in classically inaccessible region and can cause the suppression of the
tunneling. The above analysis is followed by the interpretation of recent experiments of proton
tunneling in tropoloneAb initio molecular orbital calculations are carried out for the electronically
ground state. A simple three-dimensional model potential is constructed and employed to analyze
the proton tunneling dynamics. Some of the experimentally observed intriguing features can be
explained by the typical mechanisms discussed abovel9@5 American Institute of Physics.

I. INTRODUCTION tunneling of tropolone has been investigated extensively as a
typical  interesting system of  multidimensional
Mu|tidimensi0na|ity Of quantum meChanical tunne"ng tunne'ing?2_35 a|though the data are St|” not enough to
has been well recognized to be impprtantsand has attractedarify the mechanisms. As is shown in Fig. 1, tropolone has
much attention in various fields of sciente® Recently, W€ two equivalent potential minima, between which the proton
have developed a general Wentzel-Kramers—Brillouiny nnejing occurs. In particular, for the electronically first ex-
(WKB) t.heory of muIt|d|meQS|0naI tunneling for energy cited stateA 1B, 22-he tunneling energy splittingSE,, of
.spl|t.t|ng N (.jOUble well pl‘;te”“a' and hgve found the follow- vibrationally excited state@ represents vibrational quantum
ing interesting feature®:’ (1) There exist two types of tun- numbers collectively have been measured by Tomioka
neling (pure tunneling and mixed tunnelind2) No tunnel- et al.2* Redingtonet al,2> and Sekiyaet al?’ The most in-

ing path can be defined in the case of mixed tunneliB8y. R ) .
Vibrational excitation can suppress tunneling because of thigresting finding among them is that there are the following

mixed tunneling. The mixed tunneling is such a tunnelingthree kinds of vibrational modes with respect to the effects of
that classical motion is allowed in one or more directions inthe excitation on tunnelingil) those which do not affect the
the multidimensional space. The tunneling which usually octunneling, (2) those which promote the tunneling, aq8)
curs to our minds is the pure tunneling in which classicalthose which suppress the tunneling. Needless to say, if there
motion is not allowed in any direction. It should be notedis no coupling between the tunneling coordinate and the co-
that the wave functions in the case of mixed tunneling haverdinate transversal to it, the vibrational excitation in the
nodal structures in the classically inaccessible regions. latter does not affect energy splitting. This corresponds to the
One typical example of multidimensional tunnelings first type. When there is a coupling between the two coordi-
studied so far is the proton tunneling in malonaldeh{ftié>  nates, it is natural to expect from the analogy with the one-
Two or three relevant coordinates are chosen intuitively tqjimensional case that the vibrational excitation promotes the
derive the reaction surface Hamiltonian, and the reli@le t nneling. However, the experimental findings clearly show
initio molecular orb|_ta_I(MO) calculations have bee_n carrlgd that the real proton tunneling is not so simple. This fact
OUtj The energy splitting, calcula_ted base_d on th!s Hamil- nicely exemplifies the complexity of multidimensional tun-
tonian agrees reasonably well with experiméntsing the neling. The following interesting questions arise: Under what

three-dimensional reaction surface Hamiltonian, Skitlal. s I o
conditions does vibrational excitation suppress the tunnel-

obtained 9 cm? for the vibrationally ground state energy .
o o . ? -
splitting° which is about 40% of the experimental value. g W_hf"‘t can we learm about the ,PES from Qata on t.unnel
ing splittings? Can we observe thexed tunnelingA main

Taking account of the accuracy of the potential energy sur i ) :
face (PES, we believe this to be quite satisfactory. On the PUPOse of this paper is to answer these questions.
other hand, one-dimensional models both along the intrinsic  OUr Present strategy to investigate these problems is as
reaction coordinatélRC) and along the straight line path follows. We first investigate the tunneling energy splittings
underestimaté\ E, by orders of magnitude. of vibrationally excited states using several typical model
In contrast to the case of malonaldehyde, tropolone prepotentials. Both the exact quantum mechanical calculations
sents a more interesting, but more complicated problem asnd the calculations based on the adiabatic and sudden ap-
sociated with the mixed tunneling mentioned above. Protomproximations are carried out. Depending on the topography
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H approximations. Section IV discusses proton tunneling of
QP tropolone:(1) The ab initio MO calculations are performed
b for the electronically ground state of tropolone, d@dwith
use of these calculations and the model studies of Sec. lll,
A the experimentally observed interesting features are qualita-
/ tively interpreted. Concluding remarks are given in Sec. V.
LN

—~—7— AE’ II. THEORY OF MULTIDIMENSIONAL TUNNELING
NV n

. For later convenience, we give a brief overview of the
X recently formulated general WKB theoty!” and the adia-
batic and sudden approximations. Here we confine ourselves,
for simplicity, to the tunneling in two-dimensional symmetric
" double well potentialSDWP.
\/ AES The Hamiltonian is assumed to be
h2 [ 9?2 92
H(x,y)= 7 W + (9_y2
where the mass-scaled coordinatesandy) are used. The
of PES, vibrational excitation was found to either promote orLusri\:elmg ejne,rgy splﬂtu;%E in SDWP can be calculated by
. : ; g Herring’s formuld
suppress the tunneling. Semiclassical theory turns out to
nicely interpret these numerical results. Basically, the mixed
tunneling plays an essential role in suppression and oscilla-
tion of energy splitting against vibrational excitation. Fur-

thermore, the mechanism of the monotonic decrease of eI : LR is th tunction localized i
ergy splitting is made clear. Second, tla® initio MO ent regions and"(¥") is the wave function localized in

calculations have been carried out to clarify which kind of € 1€ft (right) well defined by the symmetritantisymmet-

model PES actually corresponds to the proton tunneling Ofic) linear combination of the quasidegenerate eigenstates.

tropolone. This MO study does not aim at obtaining the ac_'I'h|s formula gives a useful framework to calculate the en-

curate quantitative description of PES but at acquiring som&"9Y SPlitting. For éxample, in the case of one-dimensional
information on the topography of PES. On the basis of thesgDWP: the splitting can be expressed explicitly under the
results, many of the available experimental data on tropolon&/KB approximation as,
are interpreted finally. It becomes clear that the symmetry of hao
the coupling is one of the most important factors. AE= = e ®, ()
Since it is not easy to understand the characteristics of
multidimensionality only by the quantum mechanical calcu-Where » is the frequency at local minima and the Gamow
lations, semiclassical theory is relied on to elucidate thdactor @ is defined by
physical picture of multidimensional tunneling. Our newly 1] x4
developed WKB theory mentioned above can be usefully ®=g U pdx
utilized to analyze the numerical results obtained in the X=
present work. For instance, this theory can predict oscillatorHere x.. represent the classical turning points on the poten-
change of energy splitting with respect to vibrational quan+ial barrier and p is the momentum defined by
tum number, which has never been observed to the authorg’2[E—V(x)].
knowledge.. Thu§, |.t is an'espemally. mterestlng qu'estlonA. General WKB theory
whether this oscillation coming from mixed tunnelingois-
servableor not in real molecules. Finally, it should be noted Recently, we have developed a WKB theory of multidi-
that this WKB theory can be applied equally to the tunnelingmensional tunnelind®'*” which can provide us with a clear
of vibrationally excited states; the famous instanton theory iconceptual understanding of the multidimensionality. The
applicable only to the ground st&té:l® although there is a theory was formulated by solving the following basic prob-
trial to use the instantonlike treatment for vibrationally ex-lems: (i) construction of the semiclassical eigenfunction in
cited states® classically allowed region according to the Maslov theBry,
This paper is organized as follows. The general WKB(ii) its connection to the wave function in the classically
theory of multidimensional tunneling and the adiabatic andnaccessible region, ar(di) propagation of the latter into the
sudden approximations used in the subsequent sections ateep tunneling region. It became clear that there exist two
briefly outlined in Sec. Il. In Sec. lll, the tunneling energy distinct tunneling regions: C region where action is complex
splittings of vibrationally excited states are numerically esti-and | region where action is pure imagin4yTunneling in
mated with use of several typical model potentials and ar¢hese regions is qualitatively quite different from each other;
analyzed by the WKB theory and the adiabatic and suddem the | region the tunneling path can be defined by a certain

TV(Xy), @

FIG. 1. Tropolone molecule and its schematic potential curve.

AE=ﬁ2f do[ WLV WR— PRy L], 2
3

|){\_/here the surfac® divides the whole space into two equiva-
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FIG. 2. Schematic picture of tunneling region around a well.

classical trajectory on the inverted potential, while in the C
region there is no unique path and the Huygens type wave
propagation should be applied.

Figure 2 schematically shows the physical picture of tun-
neling obtained by the above general theory. The classical

— o |r
trajectories comprising a quantum eigenstate are confined R C
within the distorted rectangular regidcalled R region here-

(b)

Xy

aften, although the much wider region is energetically al-
lowed (see the oval region bounded B=E in Fig. 2.
Tunneling proceeds first to the C region where the motion in
fldlreptlop IS ponclassma(tunnelmg), Wh”e_ the motion m77_ FIG. 3. Schematic picture of tunneling regions in the case of antisymmetric
direction is still classical. Thus, we call this type of tunneling mode coupling(a) Case of modesi, and , in which | region plays the
“mixed tunneling At the boundary between the C region essential rolex, are the points for the tunneling paf$olid line) depart from
and | region, part of the tunneling wave enters into the [the caustic (_:urve(b) Case of small c_oupling, in which C region plays a key

. . . . . . __role. Tunneling path cannot be defined.
region where no classical motion is allowed in any direction.
This conventional type of tunneling is callegtire tunnel-
ing.” One of the most outstanding differences between one-
dimensional and multidimensional tunneling is the existenceafter a short journey in the C region the wave propagates into
of mixed tunneling. Table | summarizes the characteristics othe | region and the overall tunneling is characterized by the
the tunneling in each region. It should be noted that the waveure tunneling along the path running frox§ to x§. To
function in the C region has nodal lines, but that in the lobtain the energy splitting, the Gamow factor is calculated
region does not. This plays an important role in the effects ofirst along the caustics from HUto x5, then along the tun-
vibrational excitation on tunneling, as is discussed later.  neling path fromx} to x§, and finally along the caustics from

Global feature of multidimensional tunneling is deter- x5 to HUR. See Eq.(4.14 of paper |, for instance. On the
mined by the relative location of the two wells. Figures 3other hand, in Fig. &) tunneling mainly proceeds through
illustrates two typical cases. FiguréaBdepicts the case that the C region and no tunneling path can be defined. See also

TABLE I. Characteristics of multidimensional tunneling obtained by the WKB théBisf. 16.

WKB wave function Characteristics

R W,=34_1(p,) P exp[(i/H)W,] Classically allowed
Nodal pattern

c W,=3 . (po) Y2 exp[(i/%) (= Wg+iW,)] Mixed tunneling
Tunneling in ¢ direction|
Classical in# direction

No tunneling path
Nodal lines

I W, =p? exd —(1H)W,] Pure tunneling
(No classical motion
Tunneling path
=Classical traj. on—V(x)
No nodal line
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FIG. 4. Contours of the symmetric mode couplit@MC) potential [Eq.
(197 for the parameter&w, ,)=(0.5,1). The interval of contours is 0.02 and
the contours with the energy higher than 0.28 are omitted.

Figs. 6 of paper I. We can straightforwardly generalize thi
concept to the case of more than two dimensions. Ther

naturally appear many different kinds of C regions.

B. Adiabatic approximation

In the study of multidimensional tunneling, many ver-

sions of adiabatic approximation have been prop®bged
such as the slow flip approximatiband Marcus—Coltrin's
path1®

For the moment let us focus our attention on the tunnel
ing in a two-dimensional SDWP like the one shown in Fig. 4.

The Hamiltonian is taken to be the same as @g.If we can
assume that the frequeney in x direction near the potential
minimum is much smaller than thé,) in y direction, then
the total wave function can be expressed as,

\Pt,nxny(xyy)z¢i,nxny(X)Xny(y;X)a (5)

where = specifies the parity with respect % axis. The
adiabatic basegny are the solutions of
2 g2

— 5 52 tVIXy)

Xny(y;x) = eny(X)Xny(y;X)-

Inserting Eq.(5) into the Schrdinger equation and neglect-
ing the derivative oany with respect tax, we obtain

[‘?m

+ fny(x) (;bt,nxny(x) = Ei,nxny(x)d’i,nxny(x)-

@)

Since this is a one-dimensional Sctimger equation, the
expression for energy splitting can be obtained as

AEq = AER e (X)], ®)

where AE;[ €n,(X)] is the one-dimensional formula of en-

ergy splitting given by Eq(3), in which the potential/(x) is
replaced by the renormalized potentia!/(x).

S
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It should be noted that this treatment depends on the
coordinate system and cannot be very legitimate. In chemical
problems the intrinsic reaction coordinatiRC)*! is often
employed as the adiabatic coordinate and the one-
dimensional problem along IRC with the potential renormal-
ized by the transversal vibrational energy is dealt with. This
does not cause a serious difference from the above treatment
at least in qualitative arguments, we simply use @jas the
adiabatic approximation in this paper.

C. Sudden approximation

We consider again the two-dimensional SDWP like the
one shown in Fig. 4. The Hamiltonian is the same as(Ey.
but now we assume that the frequensy is much smaller
than w, . Then, the eigenfunction can be written as

(€)

where the adiabatic basegnx and the coefficient functions
¢i,nx,ny are defined in the analogous way to the previous
subsection by,

q’:,nxny(X,Y) = ¢r,nxny(y)Xt,nx(X;y):

2 42
é— 5w +V(x,y))xt,nx(><:y) =€ n (V) X+ (XY),
(10
h? 52
( ) 19_)/2 + 5+,nx(y)) d)i,nxny(y) = Ei,nxny(y)¢i,nxny(y)-

11)

Sinceg is not directly related to tunneling, we may approxi-
mate Eq.(11) by the separable equation,

( 12 92

— 2t V(Xmin aY)

T2 (12

$n,()=E} (Y) 60, (¥),

wherex,,, is X coordinate of the potential minimum. Taking
symmetric and antisymmetric linear combinations of
W n,.n, We can obtain the localized wave functions as

WE o, (6GY)= 0 (V) xn, (i) (13
and
VR 0, (6Y)= G0 (V)xn (X:Y).

Inserting these into Herring’s formul@), we obtain the final
expression,

(14

, xR (X:y)
AEnxny: fxzodyﬁény(y) h an(X;y) T
Ixn (X;Y)
R . X
~Xn(XY)

= f dygr (Y)AERX(Y). (15

This is similar to the Franck—Condon approximation: Tun-
neling inx direction occurs at each fixed valueyafcreating
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the energy splittingAE}]XD(y). The total energy splitting is

obtained by averaging E,l,':(y) overy with the weight fac- a) or Mo b)
tor gbﬁy(y). It should be noted that this expression also de- I Io
pends on the definition of coordinate system. Several differ- ﬁ/c\c/c\4
ent kinds of formulations based on the same idea have been | H
proposed so far in various fields of sciericé*3 H
c)
I1l. PROMOTION AND SUPPRESSION OF
TUNNELING—TYPICAL MODELS

In this section, several typical model potentials are intro-
duced to elucidate the mechanisms of promotion and SUfFIG. 5. Various modes coupled to the hydrogen tunneling mode in the case
pression of tunneling by vibrational excitation. The tunnelingof malonaldehyde(a) In-plane scissors like mode corresponding to the
energy splittings of vibrationally excited states are calculate ng'?o Thc;dilé(&)cmrhpcl;zgi C?”;:i’_’g??ﬁ;’g V%;g%iigerf:t'{;% ?;f:sgggg;%c’?od'
not only exactly, but also approximately using the adiabatiGhe sqz model.
and sudden approximations. The WKB theory summarized in
the previous section can be usefully utilized to interpret the

results. The model potential systems chosen so as to repre- E(and H)

sent typical cases can actually be classified by their symme- E(and H)= Xg,i)”(g '
tries with respect to the coupling between the tunneling co-

ordinate and the transversal coordinate. As will be shown, e My

useful information on PES can be extracted from the experi- %~ X0 N

Yy

mental data with use of this symmetry consideration. . . . .
Sy y ¢ we obtain the symmetric mode couplinggMC) Hamil-
Exact quantum mechanical calculations have been car-

ried out by using the discrete variable representatidviR) tonian,

method? with 70x70 grids. Results given here were con- g 9\ 1 )

firmed to be accuratéat least up to the figures given in the Hsme=T+Veme=— 5 W“L ay? + ) (x=1)

tables. 5

A. Case of symmetric mode coupling X (X+1)%+ % [y+a(x®-1)]1%, (19

Let us start with the Hamiltonian, ) -
whereg plays the role ofi. This model has two minima at

- 72 2 K2 P2 m@d | e s (x,y)=(*1,0 and one saddle point &0,e); the y coordi-
H=- 2m, ox% 2_my Ty2+ 8—>”<§ (X=X0)*(X+Xo) nates of the two minima are the same and are shifted from
the coordinate of the saddle point. The barrier height, i.e., the
+amy@d[§+a(x-%5) 1%, (16)  potential difference between the saddle point and the
minima, is normalized to be 1#80.125. The frequency ig
direction is always(Vgyddy*)*=w,, while that inx di-
rection at the minima is normalized to unity. The potential
contour is depicted in Fig. 4 fdm)y,a)z(O.S,]). This model
has been used as a typical example of multidimensional tun-
~ e neling in many field€%’ Especially, in the case of the proton
(H-E)¥=0 (170 tunneling in malonaldehyde, the coordinatenainly repre-
sents the motion of the hydrogen atom transferring from O to

can be scaled in such a way that all quantities become di-

mensionless. Introducing the following dimensionless quanp’ whiley roughly represents the scissors like motion of the

O-C-C-C-Oframe [see Fig. 5a)]. Since the mutual ap-

wherem,, m,, &,, @, , 2Xo, anda are mass inx direction,
mass iny direction, frequency ix direction, frequency iry
direction, distance between two minima, and coupling
strength, respectively. Without loss of generality, the Sehro
dinger equation

tities: proach of the two oxygen atoms makes tunneling more prob-
X able, the saddle poinf0,«) is located not aty=0, but at
X= z’ positivey. The parameters of malonaldehyde determined by
) Boschet al® are (w,,a,9)=(0.48,1.7,0.1pin the present
Y my notations. For a general case that égesymmetric moddas
y= % Hy a nonrigid moleculg® couples to the tunneling coordinate to
. assist the hydrogen tunneling, E49) gives one of the sim-
© :my‘”y plest models among those which keep the symmetry of the
Y oma, system.
7 (18 Although the SMC model is already quite simple, some-
=—, times it is more convenient to use the following simpler
My wyXg model(V-parabola modelwhich has the similar characteris-
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TABLE Il. Energy splittings of the symmetric mode coupliig9) calcu- 1e-03

lated quantum mechanically for vibrationally excited states. Parargeter
equal to 0.04.
1e-04
(wy,@) (0.8,1.0 (0.3,0.22222
AE, 4.6-9° 2.33-8) 16-05 L
AEg, 122.8-9) 3.071-8) c
AE,, 1671.1-9) 3.93-8) 4
AEy; 15301.1-9) 4.93-8) 1e-06
Tunneling regions -1 c-C
®AE, , indicates the energy splitting for the state in which the vibrational 1e-07
motions are in the ground and theh excited levels for the tunneling
direction and the direction transversal to it, respectively.
bFigures in parentheses are the power of ten by which the entry is to be 1e-08 £ 4
multiplied.
1e_09 1 ) 1 1 ] 1 1 1
tics of potential topography to that of SMC. This is parabolic 0 10 20 30 40 50 60 70 80 90
both in the left(x<<0) and in the right-handx>0) side, V]

Hyp=T+Vyp (20
) FIG. 6. Tunneling energy splittingn logarithmic scalg of the V-parabola
with model(20) by the exact quantum mechanical calculation as a function of the
coupling parameteé. Parametersd ,g) are equal td0.7,0.08.

VVP(X’y) = %(1)5524‘ %I 2,
where the kinetic energy operatdris the same as Eq19)

and be promoted by vibrational excitation. Another interesting

feature seen from Fig. 6 is mode specificity of tunneling: The
energy splitting is not necessarily a monotonically increasing
function of the total excitation energighe numbers in the

square brackets in Fig. 6 represent the order in total excita-

Here, the sign+(—) is taken in the left{right-hand side. ' In the left-hand sid q e q
Roughly speaking, the parametgplays the same role as the pon energy. n.t e left-an Side, an exgltgtlonmnmo €
is more effective than that ing mode. This is because the

coupling strengthr in the SMC model. Since this potential is o . . o :
separable in each side, we can easily analyze the characté?—rmer c0|_nC|des \.N'th th? tunneling .dlrect|on. The opposne
istics of tunneling. We should remember, however, that thiéendency is seen in the right-hand side as can be easily con-
potential has a cusp alonygaxis and thus is a little bit patho- JeCt“r?‘d from Eq(?l). . .
logical. The essential conclusions are not affected, though. It is of gfea‘ _mterest t_o see how the tunnell_ng path IS
First, with use of the SMC modell9), quantum me- affected by vibrational excitation when the tunneling mainly
chanical calculations of tunneling energy splitting have been
carried out for a variety of parameters. Here, only the fol-
lowing two representative examples are shasee Table i
(1) the intermediate coupling case where tunneling mainly
goes through the | regidrrig. 6(a) of the paper]and(2) the
weak coupling case where tunneling mainly goes through the
C region[Fig. 6b) of the paper]. In the first exampléleft-
hand colump, vibrational excitation promotes the tunneling
very much. This can be simply attributed to the decrease of
the Gamow facto© in the WKB theory[see Eqs(3) and
(4)]. As mentioned before, this is not a surprising but a com-
mon phenomenon just like in the one-dimensional case. The
right-hand column shows that the tunneling through the C
region is also promoted by the vibrational excitation. The
promotion is weak, simply because the coupling is weak.
Namely, no qualitative difference between the tunnelings
through the | region and C region region can be found in the
SMC model. -1.2 |
The similar feature can be seen in Fig. 6, in which the -2 X 12
energy splittings(in logarithmic scalg for vibrationally
ground and excited states of the V-parabola model are plotted

as a function of9. In both ends of{(~0° and~90°), mixed FIG. 7. Tunneling paths for several vibrationally excited states in the case of
the V-parabola model (20). Parameters are chosen to be

.tunne“ng ContribUt_eS mainly, while pure tunne[ing .dominates(ws,6,g):(0.42,30°,0.0)1 (n,ny) specifies the vibrational quantum num-
in the middle. In either case, however, tunneling is found tobers ofl ands modes.

(21

s| [cos® —sinf|/xxl
I sinf cosé y
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TABLE lIl. Energy splittings of the symmetric mode couplitig)9). Left- TABLE IV. Energy splittings of the antisymmetric mode coupli(&®) cal-
(right)-hand column is the result by exact quantum mechanical calculatiorculated quantum mechanically. Paramegds equal to 0.04.
[by the sudden approximatiofl5)]. Parameters &, ,«,g) are equal to

(0.2,0.25,0.04 (wy,B) 0.5,9 (0.2,0.3
EQM Sudden AEq, 1.4-10 182.1—10)
AEg; 60.5—-10) 5.71(—-10)
AEg, 2.36-8) 2.19-8) AE,, 1316.5—-10 85.0—10)
AEg, 2.60-8) 1.88—-98) AEg3 18920.0—10) 117.9-10)
AE,, 2.85-8) 1.26-98) AEg, 113.9-10)
AEj3 3.10-8) 1.00-8) AEgs 88.1—-10)
Tunneling regions -1 c-C

goes through the | region. Figure 7 shows this for several

vibrational states in the case of the V-parabola model Wiﬂ}n- ; _ :
- . ) X inima at &,y)=(x1,=8) and one saddle point aiy)
parameters s, 6,9) =(0.42,30°,0.04 As is seen from Fig. =(0,0); these two minima are shifted ip direction. The

7, the tunneling paths are strongly dependent on vibrationa[Larrier height is again normalized to be #/8.125. In the

state. The numbers in the parenthesig, ki;) on each path case of malonaldehyde, the coordinatagain represents the

represent the yibrational quantum. humbers in khend s motion of transferring hydrogen, while may represent the
mode, respectively. All the tunneling paths take Shortcmsantisymmetric C—0 stretching modiEig. 5(b)]
compared to the IRC. More important, vibrational excitation In the same way as in the SMC .mode.l the following

in thgs mode makes.tun_ngling path closer to the IRC, Wh”esimpler shifted parabola model is introduced:

that in thel mode shifts it inward: the two modes have op- R .

posite effects in a sense. This kind of significant mode speci- Hsp=T+VsdX,y) 23

ficity of tunneling can be understood naturally, but is found,;;:,

for the first time in this calculation as far as the authors

know. This is in nice contrast to Fig. 7 of Ref. 15, where the v ] ax+1)%+ 30o(y+ye)? for x<0

mst.anton path is noF state specific and changes in a mono- seX,Y) %(x—1)2+%w§(y—yo)2 for x=0.

tonic way as a function of temperature.
Finally, let us investigate the validity of the adiabatic and(The potential map is depicted in Fig. 15 of the papgThe

sudden approximations. If we apply the adiabatic approximaparametery, plays the role of coupling strength.

tion Eq.(8) to the SMC model, the energy splitting becomes ~ With use of the ASMC mode22), the tunneling energy

independent of the vibrational quantum numipgr, what- splittings have been calculated quantum mechanically for a

everw, is: The adiabatic potential has the same shape as thétide range of parameters. Among them, two distinct cases

of n,=0, since the frequency in direction is constant. This with different characteristics of tunneling are found. The nu-

is not in agreement with the exact quantum results excepgherical results are shown in Table IV. The left-hand column

when the couplingr is zero. Table Il compares the energy represents the first case where tunneling mainly passes

splittings calculated by the sudden approximation with thethrough the I regioriFig. 3(@)], while the right-hand column

exact results. In the sudden approximatiﬂrEﬁD(y) in Eq.  corresponds to the other case where tunneling mainly goes

(15) is calculated by the WKB formula Eq3). We notice  through the C regioriFig. 3(b)]. This has essentially the

that the energy splitting by the sudden approximation deSame .feature as in the case of the shlft_ed parabola ppter_ltlal

creases with vibrational excitation, while the exact one in-91ven in Table 15 of paper I: pure tunneling in the | region is

creases. Thus, neither the adiabatic nor the sudden approsivays promoted by vibrational excitation, while mixed tun-

mation is reliable for investigating the tunneling in excited neling i_n the C region is either promoted or suppressed by
states of the SMC model. the excitation. As for the former case, the promotion of tun-

neling is attributed to the decrease of the Gamow factor in
the same way as in the SMC model.

In the case of mixed tunneling, the energy splitting os-
The antisymmetric mode couplindSMC) Hamiltonian  cillates with respect ta, and is sensitive to the paramef@r

B. Case of antisymmetric mode coupling

is defined by This is definitely different from the case of SMC. This oscil-
2 2 > latory change occurs because the excited vibrational wave
g°( 4 1 . . . .
Hasme=T+Vasmc= — > FJF v + 5 (x—1)? functions have nodal lines in the C regi@mearly parallel to
X y

thex axig) and thus the overlap integral in Herring's formula
w2 (2) can oscillate due to the phase cancellation. In order to
X (x+1)%+ 7" (y—Bx)%, (22 confirm this conjecture, vibrational wave functions are de-
picted in Fig. 8 for the parametef®,3,9)=(0.2,0.3,0.04
where g and w, have the same meanings as those of thd—lere,\If(Loﬁ) drawn in the negativex side(‘Ifﬁ),s) drawn in
SMC model(19) and B represents the coupling strength. This the positivex side is the wave function localized in the left
can be obtained by scaling all the quantities in the same wayright) half. The nodal lines of the left-hand wave function
as in the SMC model. A potential contour map is given inare shifted down compared to that of the right-hand wave
Fig. 7 of paper I(y there is equal t@zwf,ﬁ). There are two  function. Actually, the energy splittindE 5 is relatively
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6 T
2}3‘[{( _ >
)))rl(( :

B ®

12 X 1.2 FIG. 10. Contours of Sqz potentidlEq. (24)] for the parameters
(wy,7)=(1.5,1. The other conditions are the same as in Fig. 4.

FIG. 8. Contour map of the wave functionkf, s, (left-half) and W, 5, o ) o
(right-half) in the case of the ASMC modé22). Parameters and interval of ~the energy splitting independent o . This does not exhibit

the contours are chosen to be(,8,9)=(0.2,0.3,0.0#and 1.0. any characteristic behavior discussed above and can never be
reliable. If we try to apply the sudden approximation Eq.

. . ‘15), we encounter a problem: Since the potential curve in
small as is seen in Table IV. The same feature can be seen N cction is not symmetric excent whenis zero. Thus. we
the model(23): Fig. 9 shows the energy splittingE(nxvny) y P on ' '

. o i ! cannot use Eq15) directly anymore.
(in logarithmic scalgas a function of the shifg, for the case

(0,9)=(0.7,0.07. It should be noted that tunneling occurs = case of squeezed double well potential
mainly through the C region wheny, = vy

= /(Zny+ 1)g/w, (for instance,y.,=0.707 whenn,=2), As a .third example, We_consider a model which is sym-
while through the | region wheg,>y,,. As is seen from Metric with respect tox axis. The squeezed double well

Fig. 9, the energy splitting oscillates as a functiorygfvhen ~ (SA2 Hamiltonian,

and only when the tunneling goes through the C region. 92?2 P 1
Moreover, the number of dips is the same as the vibrational Hsq=T+Vse=~ 5 | 52+ Wz) +g (x= 1)?

quantum numben, . These results confirm the mechanism
of oscillation in the right-hand column of Table IV.

Finally, we touch upon the adiabatic and sudden approxi-
mations in the present model. In the same way as in the case
of SMC model, the adiabatic approximation Ef) leads to

X (x+1)%+ % [wi—y(x*~1)]y?,

(29)

is such an example. Herg,and o, have the same meaning
as those of SMC moddll9) and y represents the coupling
strength. Two minima atq,y) =(*=1,0) and one saddle point
at (x,y)=(0,0 are located orx axis. The barrier height is
again normalized to be 1#8.125. The local frequency
Q,(x) alongy axis is defined af3(x) = w5 — y(x*— 1) and
thus the coupling parametey plays a role of squeezing
(positive y) and spreadingnegative y) the potential iny
direction. Figure 10 depicts the potential contour for the case
(wy,7)=(1.5,1. It should be noted that when>—1y, this
potential has additional saddle points at+ 1+ wi/ ,
* wy/v2|y|) and drops beyond these points. Thus, we can-
not take a very large positivg so as to keep the double well
topography. A typical example of the Sgz potential can be
found also in malonaldehyde, in whigh coordinate now
corresponds to an out-of-plane wagging motion depicted
schematically in Fig. &). Since the stable structure of mal-
onaldehyde is planar and the out-of-plane deviation makes
. N I . O-0 distance larger, the topography of PES should be rep-
ol ot oy parametere. e chosen 1o be Tesented by the squeezed double well model. It should be
(wy,9)=(0.7,0.07. noted that this Sqz model is not the same as that of paper I.
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TABLE V. Energy splittings of the Sqz potentié?4) calculated with use of 1e-04 —r——— 1 ——
the exact quantum mechanical meth@&M) and the sudden approxima- F
tion (suddei. Parametersd, ,v,9) are equal tq0.2,0.05,0.05 [
1e-05F
Method EQM Sudden E
AEqg 6.12—7) 6.01(—7) ] oe-—
AEq, 3.99-7) 4.08-7) M
AEg, 3.31-7) 3.01-7) uf
Y= 3.04-7) 2.49-7) < i
AE,, 3.03-7) 2.14-7) 1e-07E
AEgs 3.09-7) 1.90-7) r
1e-08 ¢
. .o . . 1e_09 1 Il 1] Il 1 1 1 1 i
Here we have slightly modified the latter which has a bit too 0 02 040608 1 12 14 16 18 2

strong coupling near the well and may not be a good model
for typical molecular vibration.
In the same way as before, the following simpler g, 11. Tunneling energy splittingn logarithmic scalk of the squeezed

squeezed parabol&qz-P potential is introduced: parabola model25) as a function ofws,,. Parameters are chosen to be
(wy,X,9)=(0.4,0.5,0.07.

@ Sqz

1
Hqu-P:T+ Uqu-F(X) + 2 Qs(x)yz (25
with the potential is separable and thus energy splitting is inde-
pendent o, . For a weakly squeezed cafk4<ws,,<0.7),
i(x+1)? for x<O the energy splitting decreases mgsincreases. On the other
Usqz-HX) = [ Yx—1)2 for x=0' hand, for a strongly squeezed césg,,>0.9), the splitting is
2 - not a monotonic function olws,, but changes quite ran-
[ oy for [x[>X domly. This irregular behavior starts at smallekg, for
Qy(x)= wsq, for |x|=X largern, . Moreover, we confirmed that whes, is small, the

regular behavior is preserved in wide rangewgf,,. This is

- ) probably because the sudden regime becomes more appro-
X|=X to produce the squeezingvhen wsq>w,) or the priate at smallw, . It can also be seen in Fig. 11 that the

spreadmg effe_c(when w5q2.<wy) . This can create a strong energy splitting increases monotonically @g increases in
squeezing, while, as mentioned above, it cannot be made q

Ye case of spread potentials,,<0.4). This is not surprising
: " 4z<0.4).
:)ho?n?sqz potential Eq24) because of the additional saddle and can be understood easily by the sudden approximation
. . . 15) in th .
Exact quantum mechanical calculations have been dongs 5 in the same way as above

for a wide range of parameters in the case of Sqz potentia In the adiabatic regime in which, is larger than unity,
9 pa -~ 4z p {he same feature as above can be basically found. There has
Table V shows tunneling energy splittings of vibrationally

. ; 7 been found, however, an interesting exception noted below.
excited states for a representative parameter. The fOIIOW'nQ’abIe VI gives energy splittings in the Sqz potential for a

feat.ures_ can be found in Table_(]) V|brat|orjal e?<C|tat|on N cmall v (left-hand and central columnand for a largey
y direction suppresses tunneling when vibrational quantur?right-hand colump In the case of small coupling, we

gumrggﬁ: r;¥ sli sTeaS”Si(ggT)A' tlr?etgici?azgzﬁnctieifzzs(g)s th‘?h found that the tunneling is, as expected, suppressed by the
nd (iil) th pplittin ¢ r)t/ o incr from r':m{{l vibrational excitation. This can be interpreted if we employ
a € SPitling starts 10 Increase irom a cenan ... o jigpatic approximation E): The tunneling dynamics

(ny=5 in the present cakeln the sudden regime<l1, the can be understood in terms of the renormalized potefsés

feature_(i) can be understood _intuitively based on the su_dderhg_ 10 of paper)l. From this, we can predict that the energy
approximation(15): As the n, increases, the wave function splitting is diminished by the vibrational excitation yndi-

¢”y(y) spreads and the population near thaxis decreases. rection. Actually, the energy splittings estimated by the adia-

1D H H
On the other handAE™(y) decreases rapidly ay| in-  patic approximation8) (central colump agree quite well
creases, since the potential is squeezeg direction. Thus,

the Franck—Condon integral in E(L5) is expected to de-

crease as, Incr_ease_s' Ac_tually_, the en_ergy splittings by theTABLE VI. Energy splittings of the Sqz potentig24) with large w, . The

sudden approximation given in the right-hand column oOfparameteq is equal to be 0.05.

Table V shows the suppression of the tunneling by vibras

tional excitation iny direction. (@) (1.8,0.3 (15,05
In order to investigate the other featuf@s and(iii ), we Method EQM Adiabatic EQM

made quantum mechanical calculations of energy splitting

In this model, the frequency iy direction is switched at

for the Sqz-P potential. Figure 11 shows the energy splitting iEO'O ;ig:g ggi:g ggﬁ:%
as a function of the squeezed frequensgy,. The other pa- AEgi 5.84—7) 5.63—7) 83.71—7)

rameters are fixed atJ, ,X,9) =(0.4,0.5,0.07. At wgq,~0.4,
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with those of quantum mechanical calculatideft-hand col-  TABLE VII. Observed tunneling energy splittingsE;, of tropoloneA state.
umn). As y increasedright-hand column of Table V] this

suppression disappears and irregular behavior comes out jnBad  TRNOH  TRNOD? Assignment Symfh
the same way as in the discussions of Fig. 11. Another sig- ¢° 20 2 Origin
nificantly different feature appears when the Fermi resonance 11* 14 ¢ C-C stretch a;
between thg0,n,) and (0, ,n!) states occurs with nonzero 12 18 2 CCC bend ay
' Y XY . g 33 3 CC-0/CCC deform a
n, : The tunneling splitting itself is found to disappear in this | ) ; .
X . . . . . 14 31 11 in-plane ring deform a;
case. Slncg the state W|th_ higher has Iqrger amplitude in 1 29 13
the potential barrier region, an admixture of the state 1¢ 10 c out-of-plane bend a,
(ny,ny) in the stateO,ny) crucially affects the energy split- 252 5 out-of-plane bend b,
. . . . C
ting of the latter state, even if the admixture is very small. 224 2 out-of-plane bend by
26 5
IV. PROTON TUNNELING IN TROPOLONE 2266f0 2
A. Available experimental data 26'2 ¢
. . . . 126 5 2
As was mentioned in Sec. |, quite a few experimental 55yt c c

data on tropolone molecule are now available. The electroni
cally ground stateX A, has been studied by infrared °References 25, 27, and 35.

. . b, "
spectroscopy’3! FT-microwave spectroscopy,and single cSﬁIg;iT\f: d27' Here\&, is assumed to be zero.

vibronic level fluorescenc¢SVLF) SpeCtrOSCOD%SZ'ZY IR 9Irreducible representation &, point group. Tropolone is considered to
spectra give us information about normal modes. The FT-be nonrigid. These assignments are due to Ref. 31.

microwave spectroscopy can directly observe the tunneling

energy splitting of theX state. The SVLF spectra provide us
with the relation between the vibronic level in the excited

stateA and that in the ground sta¥ For the first electroni- firm that the splitting in the spectra is really caused by tun-

. 1 . neling, they measured the temperature dependence of the in-
cally excited stateA "By, the UV absorption spectiaand tensity ratio and the effects of isotope substitution on the

the laser fluorescence excitation spectr@?’ have been o
measured. The latter have also been measured for the litting. ~
: The vibrational modes in_thé state can be assigned

18~ /16 : : 28,29
(*"07*0 and DI isotope substituted tropolorie:* The indirectly. For the ground stat, using the results of infra-

data obtained from the laser fluorescence excitation spectra : : .
) S ) . - red spectra and MO calculation, we can assign each vibra-
include the main information we are interested in; namely v

. o : d‘tional mode. The correspondence between the modeé of
the accurate energy levels of various vibrationally excite ~ . . .
states inA state andA state is established by using the SVLF spectra.

Theoretical study by thab initio MO method has been \igggg:g? ri]gjssdiit?ﬁgi; 6:2 g#ﬁ:?;gseﬁ;arzﬁg:lsnzs I(ii the
done by Redington and Bock fot state** while no data on ' 9 gy sp

the excited state is available. They calculatég the opti- tings AE, observed and assigned in this way are listed in

mized geometry and the saddle point geometry by the reTable VII, where TRNOH(TRNOD) represents tropolone

stricted Hartree—FockRHF) method with 6-31&* basis ggt)izc)l?g:u:?ev!hé;: -b?_;c;jnd@e;)u(taiﬁzgotr? c-)?t% any rl:ct)zr;
set,(2) the energy difference between these two points by the 9 V12

second-order Mier—Plesset(MP2) perturbation method does not af,fect significantly/ the tunnelin@) excitat_ion of

. . . : the modevr;; and that ofv;, promote the tunneling(3)
with the 6-31G basis set, anB) thirty-nine normal modes I 13 , o 14 ;
and their frequencies by the RHF method with 6-31G basi$xcitation of the mode and that OfVZG. SUPPress the tun-
set. Since the level of computation is high enough for thd'®Ing, and so on. The fundamental vibrational frequencies
qualitative understanding, there is little room to doubt the?™® shown in Table VI both for th& andA states.
obtained geometries and characteristics of normal modes, al-
though the barrier height and the normal mode frequencies
may involve non-negligible errors. TABLE VIII. Vibrational fundamentals in theX and the A states of

Our main interest consists in the proton tunneling in thetropolone.

A state, because more interesting data on tunneling splittings

have been measured fér state. The direct information of Mode Symmetry X A
tunneling energy splitting is obtained by combining the laser 11 a; 739 511
fluorescence excitation spectroscopy and the FT-microwave 12 & 674 640
spectroscopy. As is shown in Fig. 1, the laser fluorescence 12 :1 ggg gég
excitation spectra for jet-cooled tropolone give us the values 19 az 71 269
of |AE; — AE{|, where’ and” represent thé andX states, 25 b, 177 171
respectively; for instance)Ey, is the energy splitting of the 26 by 109 39

14

vibrational staten in the electronic statX. Since theAE is .
. Th f the FT-mi #These assignments are due to Ref. 31.
determlr;ed to be 0.974 cm from the FT-microwave bpata from the SVLF spectréRef. 27,
spectra®® we can have an estimate AE/ . In order to con-  °Data from the laser fluorescence excitation sped®ef. 27.
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TABLE IX. (A) Optimized geometriegin A) of both the stable structure and the saddle point structure of
tropolone inX state by MP2 method with 6-32G basis set(B) Bond length(in A) of both the stable structure
and the saddle point structure of tropoloneXrstate by MP2 method with 6-32& basis set in comparison
with the RHF methodRef. 34.

(A)
Stable structure Saddle point
Atom X y z X y z
1C -1.139 0.141 0.000 0.736 -0.814 0.000
2C 0.000 1.074 0.000 -0.736 -0.814 0.000
3C 1.360 0.825 0.000 —1.598 0.296 0.000
4C 2.033 —-0.410 0.000 —1.259 1.644 0.000
5C 1.510 —1.689 0.000 0.000 2.251 0.000
6C 0.148 —2.066 0.000 1.259 1.644 0.000
7C —0.988 —1.288 0.000 1.598 0.296 0.000
80 —2.276 0.687 0.000 1.153 —2.040 0.000
90 —-0.410 2.349 0.000 —1.153 —2.040 0.000
10 H —1.396 2.247 0.000 0.000 —2.461 0.000
11 H 1.972 1.720 0.000 —2.651 0.042 0.000
12 H 3.115 —0.341 0.000 —2.102 2.327 0.000
13 H 2.226 —2.501 0.000 0.000 3.335 0.000
14 H —0.033 —3.136 0.000 2.102 2.327 0.000
15 H —1.942 —1.803 0.000 2.651 0.042 0.000
(=)
Stable structure Saddle point
Parameter RHF MP2 RHF MP2
c,=0 1.212 1.261 1.263 1.295
C,-0 1.330 1.340 1.263 1.295
O---0 2.525 2.499 2.252 2.307
OH 0.952 0.991 1.204 1.228
Cc,C, 1.488 1.473 1.490 1.472
C,Csq 1.345 1.383 1.386 1.405
CiCy 1.432 1.407 1.386 1.390
C,Cs 1.345 1.382 1.386 1.398
CsCs 1.433 1.413 1.386 1.398
CeC, 1.345 1.377 1.386 1.390
Cc.C, 1.452 1.437 1.386 1.405
C;H 1.076 1.084 1.075 1.083
CH 1.077 1.084 1.077 1.085
CsH 1.075 1.083 1.075 1.083
CgH 1.077 1.085 1.077 1.085
CH 1.075 1.084 1.075 1.083
B. MO calculation and tunneling dynamics of X state the double bonds and shortens the single bonds in the seven-

I_membered ring. The other single bonds become longer than
those of RHF. These are well-known tendencies and can be
explained by the fact that electron correlation mixes anti-

Although our main interest consists in the proton tunne
ing in A state, we start with that iXX state because the
accurate information of PES fof can be obtained by theb

initio MO calculation. bonding orbital with bonding orbital and weakens the bond-
We have made a MO calculation of thestate using the NG . o
GAUSSIAN 92 program packag® The MP2 method with Frequencies and characteristics of the normal modes are

6-31G™ basis set is employed to calculate the energy, théummarized in Tables X and Fig. 12. It can be seen from
fully optimized geometries, thirty-nine normal modes, andTables XA) and XB) that most of the frequencies by the
their frequencies both at the stable structure and at the saddP2 method are smaller than those of Rt$€e Table IV of

point structure. The energy is also calculated by K&1Q) Ref. 39. This is also well known and comes from the same
method with 6-31&* basis set at the stable and saddle pointreason as above. For the modes with 1200—1600"cthe
structures to get more accurate estimate of the energy barrigorrespondences between computed frequencies and mea-
Table IX lists the geometries of both the stable structure angured ones are not very clear. Decomposition of the normal
the saddle point structure. Comparing with the geometries bynodesy” at the stable structure in terms of thasé) at the

RHF method, we can see that electron correlation lengthersaddle point are given in Table(&); Each normal mode
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TABLE X. Computed normal mode frequencies and characteristics irKtiseate of tropolone(A) Normal

mode frequencie¢cm 1) at the stable structuréB) Normal mode frequencieeem™) at the saddle point
structure.(C) Decomposition of some representative normal modes at the stable structure in terms of those at
the saddle point structure.

(A)
V2 Symm Calc obs V'R Symm Calc obs
(1) A 3432 3121 (21 A’ 899 875
%) A/ 3266 3055 1122) A 758 741
) A/ 3259 3055 123 A’ 706 674
(4 A 3256 3030 (24 A’ 547 551
(5 A/ 3240 3023 1R5) A/ 446 434
(6) A 3231 3006 126) A’ 370 359
@ A/ 1717 1635 27 A 355 349
® A/ 1677 1628 (28 A" 977 1000
9 A 1641 1565 (29 A" 942 983
(10 A 1597 1522 (30) A" 914 908
(11 A’ 1552 1499 (3D A" 850 828
12 A/ 1497 1481 (32 A" 806 774
13 A 1474 1470 (33 A" 757 751
(14 A/ 1379 1460 (34 A" 641 720
15 A 1344 1427 (35 A" 524 676
(16) A 1302 1412 (36) A" 385 335
@an A/ 1263 1274 1687) A" 351 272
(18 A 1261 1252 2839) A" 173 177
19 A/ 1094 1146 2639) A" 105 110
(20) A 989 952
(B)
o Symmetry Calc o Symmetry Calc
1 a, 3267 21 b, 1444
2 a, 3260 22 b, 1318
3 a; 3232 23 b, 1293
4 a, 2097 24 b, 1120
5 a; 1716 25 b, 778
6 a, 1613 26 b, 568
7 a, 1483 27 b, 365
8 a, 1437 28 a, 970
9 a, 1266 29 a, 842
10 a; 991 30 a, 653
11 a, 897 31 a, 381
12 a; 747 32 a, 147
13 a, 725 33 b, 1240
14 a, 416 34 b, 948
15 b, 1323 35 b, 919
16 b, 3264 36 b, 758
17 b, 3238 37 b, 530
18 b, 1772 38 b, 378
19 b, 1654 39 b, 171
20 b, 1535
(©
Mode (stablg Modes(saddle point Symmetry
V(1) 0.6}, + 0.65/] b,+a,
v)1(22) 0.96v35 b,
v]5(23) 0.92vf, a,
v13(25) 0.7841, + 0.54, a,
V] ,(26) 0.66v3, + 0.4%%, + 0.491, a;+b,
v 4(37) 0.84v%, + 0.53v, a,+by
v55(38) 0.96v, b,
v6(39) 0.95v%, a,

gFigures in the parentheses are those by Redington and @efk 34.
PData from Refs. 22, 27, 30, 31, and 32.
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TABLE XII. Parameters of the three-dimensional modg6) for the

—H—0
H tropoloneX state.
Cr===¢
0\01/ \ Parameter Value
—H
(\,, i g 0.0732
W \cs/c*‘\ @, 0.469
| H a 1.19
H o 0.0446
yi 3432cm-1 vy 758cm-1 y 0.00190

On the basis of these calculations, we construct a model
PES for the proton tunneling in thé state. It is natural to
expect that the vibrational modes which largely affect the
tunneling are basically the same for tkeandA states. Thus,
we choose the direct tunneling mode;; mode andvjg
mode as relevant coordinates for a three-dimensional model.
viz 446cm-1 viy 370cm-1 The other modes are regarded as irrelevant ones although
their zero point energie&PE) are added to the model PES.
Sincev] 5 is assigned t@,; symmetry, the coupling should be
that of the SMC potential. On the other hand, is the
out-of-plane wagging motion and thus the potential in this
direction should be squeezed. On the basis of these consid-
ves 174cm-1 vee 105cm-1 erations, we propose the following model PES:

FIG. 12. Normal modes of tropolone in thestate 92 & J* d* 1 2 2
-12. : = | —=+=—=+=—=|+=(x— +
H > (axz ay2 (922) g (X~ D%(x+1)
2
. . o Wy 2 2,1 2 2
vector at the" is expressed by the linear combination of ~ + 2~ [y+a(x*=1)]™+ 5 [w; = y(x*~1)]z", (26)

those at the/* and major components are picked up in Table

X. It should be noted here that the right-most column showsvhere modeg andz represent the direct tunneling mode and
not the symmetry of the nonrigid molecule but thatf  v5s mode, respectively. The modecollectively represents
contributing to the corresponding. The following interest-  the coupling ofa; mode and largely includes; ; mode. We

ing features can be foundl) Symmetries of thes], and  believe that the essential topography of the relevant part of
vy are b, and a,, respectively, which are different from PES of tropolone is correctly represented by this simple
those assigned by experiments. We note that evefyifsb, =~ model, although the quantitative accuracy may not be
like mode(as a rigid moleculg a pair of eigenstates splitted €nough.

by the tunneling have,; and b, symmetries and thus the The parameters in E¢26) are determined from the data
selection rule does not chang€) Modes v;, v;,, and obtained above. First of all, we need to remove the transla-
v}, are composed of*'s with different symmetries. These tional and rotational degrees of freedom. To do this Xgt
new assignments will be essential for understanding the turlP=L, R, C, or S, whereL andR represent the left and right
neling dynamics. Finally, the energy differences between thétable structures, respectivey,is the midpoint ofL andR,
stable and the saddle point structures are given in Table X@nd S is the saddle point structurée the 3N-dimensional

for several different calculation methods. mass-weighted coordinate vector represenirig xy plane.
First, we take the origin of coordinates at the center of mass.

Second, theR structure(Xg) is rotated around axis such
that |[X,—Xg| becomes minimal. Then, we define

TABLE XI. Energies(kcal mol'l) at the saddle point oK relative to the Xo=(X, +Xp)/2 FinaIIy thesS structure is rotated arourd
C_ L R . 3’

energy of the stable structure. The 6-3tMasis set are used for all calcu-

lations. axis such thafXs—Xc| becomes minimal. The potential pa-
rameters are determined as described belgvwe represents

Calculation No ZPE With ZPE With ZPE"® the distance rati® J/LC and can be determined straightfor-
MP2 5.31 7.99 7.96 wardly. (i) Frequencieg), in x direction and(}, in y direc-
MpP3* 9.22 tion can be determined from the expressions,

MP4(DQ)° 9.93

M4(SDQ) 8.86 11.54 1151 Qizz (Lcliyz?, 27

|

2All the zero point energie€ZPE) except for that along the direct tunneling
mode are taken into account.

b . .

All the ZPE except for those along the direct tunneling modegthenode, 2 2 42
and thewr, mode are taken into account. ‘Qy: 2 (SQI Vi (28)
‘Geometry and ZPE are taken from the calculation of the MP2 method. i
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TABLE XIIl. Energy splittings (cm™?) calculated with use of the exact MO calculation ofA state has been reported so far, we try to
quantum mechanical metho(EQM) for the model potential(26) of interpret the available experimental data from our present
tropolone. knowledge.

Let us first consider the effects of ; andv;,. Since the

Eon former hasa; symmetry, the symmetry of the PES should be
AA'éovovoa 3825 that of the SMC mode(19), in whichx andy correspond to
AEEVEV; 0887 the direct tunneling coordinate and, mode, respectively.
IN= 0.819 According to the numerical results shown in Tables Il and
AEgq4 0.758 XIll, the excitation of this mode is thus expected to promote
AEqps 0.705 the tunneling. Experimentally, the first excitation of
igfmﬁ 2'2?6 gives the energy splitting of 33 ¢m (3 cm 1) compared to
AEzii 700 the splitting of 20 cm* (2 cm %) of the vibrationally ground

state in the case of TRNOH RNOD). Our prediction quali-
aSubscripts represent vi_brational quantum numbers of the direct tunnelingative|y agrees with this experimental data. If we assume that
mode, v13 mode(@pproximately, and vz, mode. the v1, mode is similar to thev},, it has botha, andb,
components. The first excitation of , promotes the tunnel-
ing, which can be explained by the SMC model. The excita-
where(LC|i) ((SCi)) represents the component of thg tion by two quanta in this mode of TRNOH, however, sup-
mode inX ¢ direction (that of ther! mode inXgc direc-  Ppresses the tunneling slightly from the first excited state. This
tion). Frequency ratiow, is then obtained a€),/Q,. (i)  is probably because;, has theb, component and the PES
Since the normal mode vector of is almost identical to has coupling of the ASMC type.
that of v,, we can easily determine, and y: the v} fre- If we assume that the;,; has the same symmetly,) as
quency(=105.2 cm?Y) at L and that(=147.2 cm?) atS  the »];, the symmetry of the PES should be that of the
correspond tav, and ,/w§+ , respectively(iv) g is deter- ASMC model(22). Thus, the suppression of the tunneling by
mined such that the energy barrier11.51 kcal mof?) in-  the v;, excitation can be understood by the out-of-phase
cluding the ZPE corresponds to 1/8. Parameters determineg@ncellation in Herring’s formula. Unfortunately, long exci-
in this way are listed in Table XII. We note that no parametertation progression of this mode has not been observed yet. As
was fitted to reproduce any energy splitting. emphasized in Sec. I, excitation of this mode is expected to
Tunneling energy splitting has been calculated quantun@ive an oscillatory behavior of the energy splitting as a func-
mechanically with this three-dimensional Hamiltoni&26) tion of the vibrational quantum number. This, if possible, can
using the DVR method. Numbers of grids used here are 6(P€ considered as an experimental observatiomiaed tun-
40, and 40 forx, y, and z coordinates, respectively. Table neling
XIll gives the energy splittings for several vibrational states. ~ In Table VII, the long progression of the)s mode has
First, the energy splitting\E, of the ground state is 1.05 been observed and the corresponding energy splitting de-
cm %, which is in good agreement with the observed valuecreases monotonically with its excitation. To know the sym-
(=0.974 cm'Y). It may be fair to say that this agreement is metry of PES, we need information on the normal mode. It
somewhat accidental because the present model is simph@s been repeatedly pointed Bift' that the strong Duschin-
and the tunneling energy splitting is known to be very sensky effect between the,s mode and the’,s mode is found in
sitive to PES. The more important thing is the dependence dheX—A electronic spectra. Namely, thgs normal mode of
AE, onn. It can be seen that the vibrational excitatiorzin A state mainly consists of the mixture of thg; and the
direction suppresses the tunneling weakly, while thayin V%(S modes ofX state. Since the reliable MO calculations for
direction promotes it quite strongly: The modeandz play ~ the normal modes;; and v;4 are availabledepicted sche-
the same role as those in the two-dimensig@&l) SMC and ~ matically in Fig. 12, the v, mode can be guessed to include
Sqz models discussed in the previous section. This supportBe antisymmetric wagging motion of two O atoms. There-
the conjecture that the 2D models in the previous sectiofiore, the deviation of thes;s mode from planar structure
may be directly used to understand the effects of vibrationamakes O—-O distance larger and thus makes the barrier height
excitation in the case of the dimension higher than 2. of the proton tunneling between the two O atoms larger. This
clearly indicates the existence of squeezing effect in the PES.
If we assume that the stable structure is planak state, the
PES must be symmetric with respect to the deviation of the
v mode. Thus, thev, mode coupled with the tunneling
On the basis of the numerical analysis done in Sec. llicoordinate may be described by the Sqz or the Sqz-P model,
and the previous subsection, here we try to analyze the exa which x andy correspond to the direct tunneling mode
perimental data on proton tunneling in tie state. As is and to thev,5; mode, respectively. It should be noted that
clarified in Sec. Ill, the symmetry of PES is a crucial factor v is the mode with the lowest frequency 39 chwhile
to understanding the effects of vibrational excitation on tun-the direct tunneling mode has the frequency of about 3000
neling. In order to know the symmetry of the PES of the cm L. Thus, this case definitely fits to the sudden regime.
state, information on the stable structure and the characteride numerical results for the Sqz model shown in Table V
tics of normal modes are required. Since no reli@ianitio  and the model for th&X state[Eq. (26)] shown in Table XllI

C. Interpretation and discussion on A state
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should qualitatively be in accordance with the experimental  Next, the proton tunneling dynamics of tropolone has
finding. In Table VII, other two modes; 4 and v55; with the  been studied based on the above numerical analysis. First, a
symmetries different frona; have the same tendency as thatmodel PES of the ground sta¥has been constructed with
of v5¢. This again indicates that the symmetry of coupling isuse of the high accuracgb initio MO calculation and the
important to clarify the effect of vibrational excitation on energy splitting has been calculated on this PES. Then, the
tunneling. experimentally observed energy splitting of the first excited
In the above analysis, however, one subtle question hastateA has been interpreted; promotion by the excitation of
not been paid attention to. The stable structure ofAtstate  v;5, suppression by the excitation of;, and suppression
might be bent and thu€,, symmetry group might not be by the excitation ofv;, have been explained by the SMC
appropriate. Roughly speaking, the following two oppositemodel, the ASMC model, and the Sqz model, respectively. It
effects compete with each other in determining whether das been emphasized that the symmetry of the coupled vi-
molecule with conjugatedr electrons prefers planar struc- brational mode is responsible for the topography of the PES
ture or not; reduction of the overlap between adjacent atomand the latter plays a key role in the tunneling dynamics of
makes the structure bent as is seen in the cyclohexane malibrationally excited states.
ecule, while the conjugated electrons prefer planar struc- Note added in proofAfter this paper was accepted for
ture as is seen in the ground state benzene. As is mentiongaiblication, we received a preprint by Benderskii, Grebensh-
above, theab initio MO calculation and x-ray diffraction chikov, and Mil'nikov in which they reproduced oscillatory
data have shown that the structure of estate is planar. behavior of energy splitting in the ASMC case by using an
This is because the effect of conjugatealectrons is stron- instantonlike treatmen(private communication
ger than that of avoiding the overlapping. For them*
excited stateA, however, this situation can be different; the ACKNOWLEDGMENTS
effect of the conjugatedr electrons should become weaker.
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