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Theoretical models of hydrogen bonding and proton transter in the ground (S,) and lowest excited
ar* singlet (S) states of tropolone are developed in terms of the localized OH---O fragment model
and ab initio three-dimensional potential energy surfaces (PESs). The PESs for proton transfer in the
Sy and S states are calculated using ab initio SCF and CIS methods, respectively, with a 6-31G
basis set which includes polarization functions on the atoms involved in the internal H bond. The
Schrodinger equation for nuclear vibrations is solved numerically using adiabatic separation of the
variables. The calculated values for the S, state (geometry, relaxed barrier height, vibrational
frequencies, tunnel splittings and H/D isotope effects) agree fairly well with available experimental
and theoretical data. The calculated data for the S state reproduce the principal experimental trends,
established for §; S, excitation in tropolone, but are less successful with other features of the
dynamics of the excited state, e.g., the comparatively large value of vibrationless level tunnel
splitting and its irregular increase with O---O excitation -in S;. In order to overcome these
discrepancies, a model 2-D PES is constructed by fitting an analytical approximation of the CIS
calculation to the experimental vibrationless level tunnel splitting and O---O stretch frequency of
tropolone—OH. It is found that the specifics of the proton transfer in the S, state are determined by
a relatively low barrier (only one doublet of the OH stretch lies under the barrier peak). Bending
vibrations play a minor role in modulation of the proton transfer barrier, so correct description of
tunnel splitting of the proton stretch levels in both electronic states can be obtained in terms of the
two-dimensional stretching model, which includes O---O and O-H stretching vibration coordinates

only. © 1994 American Institute of Physics.

INTRODUCTION

The intramolecular hydrogen bond in tropolone (TRN)
has been studied extensively over the last two decades as it
offers a model system in which to study proton transfer (PT)
in the ground (S;) and first excited singlet w7™* (S;) ‘states.!
A consistent theoretical study of the vibrational dynamics of
the hydrogen bond must take account of angular features,
and requires consideration of a multidimensional potential
energy surface (PES) for each electronic state. In contrast to
malonaldehydez“3 and the formic acid dimer,? there is no pre-
viously published ab initio potential energy surface (PES) for

The present work considers the proton transfer in the S
and §; states of TRN by focusing explicitly on the OH---O
fragment,5 via a three-dimensional ab initio PES. The valid-
ity of this approximation for TRN is supported by experi-

mental data. Sekiya et al. have recently® shown that the Via

low-frequency vibrational mode of TRN in its §; state
couples strongly with H motion; more importantly, this mode
is decoupled from the other degrees of freedom. The in-
tramolecular normal coordinate Q,, (symmetry a') corre-
sponding to this vibration, “predominantly involves the dis-
placements of the atoms in the O—H—O chelate ring”® and
can be treated as a nearly pure O---O stretching vibration in
terms of the localized OH:--O fragment model.’

This paper first uses ab initio methods to calculate the
three-dimensional PES for proton transfer in the S, and S,

states of TRN. Dynamics calculations next evaluate the ef-
fects of the vibrational excitation of the O-:-O stretching
mode upon the transfer and lead to estimates of H/D isotope
effects on the tunnel splitting of the two electronic states.
The results are used to interpret the mechanism of enhance-
ment of the tunneling probabilities by the low-frequency
mode and clarify the specifics of the PT in the S; state.

METHODS OF CALCULATION
General formulation

There are two principal approaches to the theoretical
study of proton transfer in H-bonded systems containing the
AHB fragment. The reaction surface Hamiltonian method>>
treats the reaction pathway of PT in terms of simultaneous
and complex movements of the entire molecular frame.
Malonaldehyde,”* formic acid dimer,* benzoic acid dimer,’
and other model systems® have been examined in this man-
ner. The second approach makes the approximation that the
proton motion can be essentially decoupled from distant ge-
ometry changes, so that the reaction can be described in
terms of the localized AH-+-B fragment.’ In the simplest
model, the properties of the AH---B fragment depend on two
variables—the AH and A---B interatomic distances. In a
more adequate model, a third variable must be considered,
which corresponds to the bending angle.

In spite of its underlying approximation, the OH:--O
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fragment model has been used.successfully to examine a

number of important distinctive features of the H-bonded
systems containing the OH---0>*7* and AH--'B
fragments.l‘"15 This approach is particularly attractive in that
one can apply the adiabatic (Stepanov®) separation of the
“fast” (H atom) and “slow” (heavy atoms) subsystems,’
making the results easily interpretable in terms of simple
physical concepts.

Hamiltonian

Consider the H-bonded triatomic fragment A-H---B,
with masses M, My, and My, where M ,(Mg)>My. The
A-H and A---B interatomic distances are designated respec-
tively as r and R, and the B---A—H angle by . The center-
of-mass translation has no physical significance for our
model and is ignored. The relative kinetic energy has a sepa-
rable form using Jacobi coordinates. Let us assume that one
coordinate vector r connects the A and H atoms and the
other, R'* gives the position of the B atom with respect to
the center of mass of the AH pair. Because M ,(Mg)>My,
the R™ variable can be replaced by R.'®

Following Ref. 17, we suppress description of the rota-

tional degrees of freedom associated with the AHB fragment. .

In the (r,R) coordinates the vibrational Schrédinger equation
becomes

R P K & N
+PES(r,R)—E ¥ (r,R)=0,

“2m* or? 2M R?
(1)
where the reduced masses are
m*¥=MuM/[(My+M,) = : : (2a)
for the ‘proton motion, and »
M= My(M p+ M) l[(Mp+ M p+ M) (2b)

“for the heavy particles.

Solution of Eq. (1), subject to appropriate boundary con-
ditions, yields the vibrational energy levels {E i} and corre-
sponding eigenfunctions {¥ ;(r,R)}. Replacing r by its repre-
sentation in polar coordmates (r,0), where 6 is the -angle
between r and R, the simplified Hamiltonian can be written
as

hZ ﬁl hZ (92 ﬁ2 (?2 .
T 2m* 9% 2m*rrae* 2M R

+PES(r, B,R), , : (3)

where PES(r,8,R) is a three-dimensional potential energy
surface in a given electronic state. [Strictly speaking, one
should use the variable 6 in Eq. (3) rather than 6; how-
ever, since @°°~ 6, little accuracy is lost by use of the latter.]

The wave equation with Hamiltonian (3) is solved using
the following scheme:

(1) apply the adiabatic approximation with respect to defor-
mation mode (variable #)—the eigenvalues of this mode
are defined as functions of r and R;
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FIG. [. Numbering scheme for atoms and geometric parameters of the
O-H:+-O fragment for the equilibfium (C,) and symmetnc (C,,) structures
of tropolone.

(2) assume adiabatic approximation with respect to the H
stretching mode (variable r)—the eigenvalues of this
mode are defined as functions of R;

(3) .solve O---O stretch dynamics (variable R) explicitly.

Adiabatic description

‘ Using adiabati_c separation of the 6, r, and R variables,
one can write the complete nuclear wave function [see Eq.
(1)] in the form

‘Ir(.r’R)'\'(Dmvn(e’r’R)=Zm( 97"7Rv) ¢mv(r~R)van(R)v)

where m, v, and n are the vibrational quantum numbers
corresponding to the 6, r, and R modes, respectively. The
applicability of the adiabatic separation of vibrational coor-
dinates has been convincingly demonstrated in a series of
papers. >+ 1317-26

It is convenient to define a new variable g =r#¢, where r
is held fixed. The PES is then constructed within the new set
of coordinates g, r, R. Profiles of the PES for fixed » and R,
P(q,r,R), are approximated by polynomials in ¢, with » and
R as parameters. Taking into account that r is fixed for a
given set of g, the corresponding wave equation for the de-
formation vibration can be written as

ngm(q,r,R): Um(r7R){m(q’r’R)7 . (5)
where
h2 C?Z
Hi=—5-% Py +P(q.r.R),

and m* is defined by Eq. (2a). Solution of Eq: (5) yields a
family of two-dimensional (2-D) PESs, U,(r,R).

In order to translate to a ““standard” 2-D PES for the
symmetric OHO fragment (see Figs. 2 in Refs. 10 and 13), in
which the origin of the H (D) stretching coordinate is the

center of symmetry of the OHO (ODO) fragment, the # co-

ordinate can be replaced by symmetry-adapted internal coor-
dinate x as follows: x=r’—r, where r’ is the value of r in
the symmetric C,, structure at given R, see Fig. 1. (The r’
value varies with R). The profiles of these surfaces at fixed R
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are approximated by appropriate functions of x, which de-
pend on R parametrically, see Appendix A The correspond-
ing wave equation for H (D) stretchmg is’

H2¢mv(x:R) 6lllD(R)¢an(x R) (6)
where the Hamiltonian is

ﬁz [92
H‘)=—'

2 W’@%‘Um(x,R).

The result is a family of adiabatic curves €,,,(R) which de-
scribe the potential energy of the O---O stretching vibrations
as a function of R. As for the aforementioned profiles,
€., (R) can also be approximated by polynomials.

The wave equation that remains to be solved for O---O
stretching vibrations is

H3XmpnR) = EpynXmon(R), ™
where the Hamiltonian is
Hy=— 7_2’ jif
2M 4R
and M is defined by Eq. (2b). The applicability of the Hamil-

tonians (6) and (7) for OH---O fragment dynamics is verified
in Appendix B.

+ ean(R)'

Potential energy surface and dynamics calculations

Ab initio methods at the SCF and CIS?’ levels have been
used to generate the potential energy surfaces of the S,-and
S, electronic states, respectively. The computations were
performed using the GAUSSIAN 92 package.”® The basis set
was based upon the 6-31G* type: p type polarization func-
tions (@=1.10) were added to the bridging H and d-type
functions (e=0.80) to O. After choosing specific values of r,

6, and R, within a three=dimensional grid, the remaining geo- -

metrical degrees of freedom of the entire molecule were all
optimized. Vibrational eigenstates were obtained using nu-
merical methods described in Ref. 30 [Egs. (5) and (6)] and
renormalized Numerov method®! [Eq. (7)].

RESULTS
Geometries and energetics

The equilibrium and saddle point geometries were fully
optimized at the SCF (Sy) and CIS (S) levels of theory. The
details of these geometries are presented in Table I, together
with the available experimental data; using atomic labeling
defined in Fig. 1. The geometric parameters for the ground
state, obtained here with the partially polarized basis. set, are
quite similar to.the fully polarized 6-31G** geometries.*
Comparison of the first two columns of data in Table I illus-
trates that agreement with the experimental crystal structure
is also good. Of greatest import here are the aspects of the
H-bond geometry. The interoxygen distance is reproduced
well; of particular accuracy is the nonlinearity of the H bond,
which is correct to within less than one degree.

The S, state arises from a 7—r* transition, in accord
with experimental findings.3* Also in agreement with
experiment,® calculations reveal a small ‘contraction of the
O-++0 equilibrium distance accompanies this excitation, As

one progresses around the ring, the single bonds become
shorter and the double bonds longer in §; as compared to Sy .
Of particular interest because of its proximity to the H bond,
the C,Cs bond is lengthened by ~0.035 A, compared to the
experimental estimate of 0.024 A3

Calculated rotational constants are listed in Table II, to-
gether with experimental data. The values for the S, state
resemble those obtained using the fully polarized 6-31G**
basis set,*? and are 1%-2% larger than values used in Ref.
34 for analysis of the profile of the 370 nm uv absorption
band of tropolone. The theoretical rotational constants for the
S, state agree with experimental data fairly well, as do the
changes arising from electronic excitation.

The fully optimized geometry computed for the sym-
metrical transition state (TS) is listed on the right side of
Table 1. The character of this C,, structure as a true transi-
tion state in the S, state was verified by the presence of a
single imaginary vibrational eigenvalue; it was found to be
equal to 1927 cm™', in accord with previous ab initio data.>?
The shortening of the distance between the two oxygens in
the TS structure in comparison with the equilibrium geom-
etry is evident in both the ground and excited states. This
contraction amounts to roughly 0.25 A. The transition state
also finds the proton closer to the O---O axis, with a ~20°
reduction in 6(O0OH).

The calculated total energies from this work are also
reported in Table I. The “relaxed” barrier height, computed
as the difference between the energies of the TS and equilib-
rium geometry is equal to 15.7 kcal/mol for the S, state. It is
very close to 16 kcal/mol estimated in Ref. 35 from fitting IR
frequencies, tunnel splittings, and H/D isotope effects to 2D
PES. These barriers are much higher than some current esti-
mates of 6—7 kcal/mol for malonaldehyde>® and ca. 6 keal/
mol for the correlated relaxed barrier in tropolone.®® Since
the ~21. cm™' ground state tunnel splitting observed for
malonaldehyde® is ca. 21 times more than that reported for
tropolone (0.99 cm”1638) the ~15.7 kcal/mol “relaxed”
barrier for tropolone in the ground clectromc state seems
reasonable. :

The relaxed barrier height of the excited state was cal-
culated to be 12.4 kcal/mol using the CIS method, lower by
3.3 kcal/mol than the ground state barrier. This excited state
barrier in tropolone is higher than the analogous estimate of
6—7 kcal/mol for malonaldehyde.z’3 On the other hand, since
the ~21 cm™! ground state tunneling splitting observed for
malonaldehyde®’ is very close to the ~20 cm™! for tropolone
in its S state,>* the 12.4 kcal/mol relaxed barrier for
tropolone may represent an overestimate.

The dynamics calculations below make use of the PES
obtained at the SCF (CIS) level for the ground {excited)
state. It should also be stressed that the goal of this work is a
detailed understanding of the interactions between the vari-
ous nuclear motions, which requires knowledge of an exten-
sive region of the PES. The uncorrelated surface is expected
to providé a reasonable first approximation to the character
of this surface, particularly since geometry optlmlzatlons
have been performed at each point.

Because of the use of the adiabatic approximation, we
will discuss below barriers obtained for a given fixed
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TABLE 1. Bond lengths, angles and the total energies of the equilibrium (C,) and transition state (C,,)

structures of tropolone in the S, and S, states.

Bond lengths, A C, structure C,, structure

So crystal® St So M
0---0 2.529 2.553 2.523 2254 2.271
O-H 0.953 0.94 0.956 1.206 1.213
Cs=0 1.222 1.261 1.230 1.275 1.270
C,—0 1.342 1.330 1.330 1.275 1.270
Cc,C, 1.351 1.341 1.424 1.388 1.404
C,C, 1.427 1.393 1.388 1.387 1.404
CiCy 1.349 1.379 1.387 1.386 1.387
C,4Cs - 1.482 1.454 1.517 1.485 1.557
C,Cq 1.446 1.410 1419 1.386 1.387
CsCq 1.350 1.373 1.403 1.387 1.404
C, G, 1.429 1.410 1.385 1.388 1.404
CH 1.073 1.07 1.074 1.073 1.075
CH 1.074 1.04 1.073 1.075 1.073
C;H 1.073 1.09 1.074 1.072 1.073
CsH 1.073 1.09 1.072 1.072 1.073
CH 1.075 1.08 1.074 1.075 1.073

Bond angles, deg

00-H 42.6 43 42.7 20.9 20.5
C,C,Cs 1294 129.9 1285 130.6 129.2
C,C3Cy 129.7 129.4 129.0 127.8 127.1
C3CCs 129.5 128.8 129.0 127.8 128.2
C4CsCs 1234 124.2 1254 127.8 128.2
CsCeCy 130.3 130.6 128.7 127.8 127.1
CsCiC,y 130.4 129.4 129.9 130.6 129.2
c.CC, 127.2 127.5 129.6 127.7 131.1
CsC404 1123 114,7 113.6 107.6 106.3
C,Cs0q 115.7 115.4 112.6 107.6 106.3
C,CH 117.2 118 114.7 116.2 114.5
C,C,H 116.5 116 115.6 115.0 1154
C,C:H 115.8 115 117.0 117.5 1178
C,CH 1179 115 118.0 1175 117.8
C,CH 114.4 116 1154 115.0 1154
C,0H 107.0 107 107.2 933 94.2
Energy, a.u. —418.148 765 —417.983 879 -418.123 720 —417.964 178

*Dimerized monomer from crystal, Ref. 33.

R(O---0), termed ““frozen” barriers, so as to distinguish
them from the relaxed barrier.

Adiabatic proton (deuteron) states

Each section of the PES P(q,r,R) has only a single
minimum when both r and R are held equal to constant
values; this minimum corresponds to the equilibrium
0,(q,=r6,) at given r and R. The P function was approxi-
mated by a polynomial of second order:

P(q,r,R)=c(r,R)+c,(r,R)q+c,(r,R)q>. (8)

TABLE 1. Calculated and experimental rotational constants for the S, state
and changes arising from the Sy— S, transition (all values in GHz).

A B C AA AB AC
Cale. 27551  1.6723 1.0406 —0.0758 0.0054  —0.0089
Expt® 27300 1.6433 1.0258 —0.0502 —0.0032 —0.0084

*Reference 34.

It was found that c"f(r,R)<€4 co(r,R) so the eigenvalues of
the bending Schrodinger equation are those of a harmonic
oscillator

U, (r,R)=ho(r,R)(m+1/2)+c(r,R), . 9)

where w(r,R)={2c,(r,R)/m*}'/%,

One can see from Eq. (9) that U, (#R) is a sum of
bending vibrations Aw(m+1/2) and potential energy of
O---O and O-H stretching vibrations, designated as ¢(r,R).

The magnitude of the zero-point vibrational energy cor-
rection to the frozen barrier height at the equilibrium O---O
distance, caused by the OH bending, is equal to +0.32 kcal/
mol (120 cm™ ') in the S, state and +0.44 kcal/mol (150
cm™ ') in §; . These values are two orders of magnitude lower
than the barrier itself (29.9 and 24.0 kcal/mol in the S,-and
S, states, respectively). This result suggests that deformation
vibrations play only a minor role in the modulation of effec-
tive potential barrier of PT in TRN in either electronic state.

As a result of solving Eq. (5) we obtain adiabatic sur-
faces U,,(r,R) for each quantum number m for each isotope
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FIG. 2. Adiabatic potential energy surface U/¥(x.R) for proton transfer in
the §, state. The dotted curve corresponds to the minimum energy path.
Contours are in increments of 5 kcal/mol. The points A, B, C all lie along
the x=0 axis and EQ represents the equilibrium geometry, with relative
energy zero.

in a given electronic state. In order to be consistent with the
symmetry of the OH stretch problem, the » coordinate was
replaced by x=r'—r, where r’ is the value of the r(OH)
distance in the symmetric C,,, structure at a given R (see Fig.
1). This transformation places the origin of the *“fast” sub-
system at the O---O midpoint. The proton potential
U#(x,R) (* indicates the excited S, state) is displayed in
two-dimensional form in Fig. 2. Note that contours are not
displayed for regions of the PES where the energy exceeds
that of the equilibrium structure by more than 20 kcal/mol.
The latter (EQ) is characterized by a longer O---O distance
than the TS structure (A), for which x=0. The minimum
energy path through the PES is indicated by the dotted curve
which passes through different values of R.

The frozen barrier at any given value of R is associated .

with a horizontal slice through the PES. Each slice through
the PES at a fixed value of R was approximated by a func-
tion, suggested by some of the authors earlier'’!? (see Ap-
pendix A). After solution of the Schrodinger equation for
proton (deuteron) stretch one obtains a family of adiabatic
energy levels which are functions of R: €,,,(R). The first
quantum number m refers to deformation vibrations while
the second, v, corresponds to the OH (OD) stretch. These
levels are shown in Fig. 3 within the energy profiles at each
fixed R. Because of the longer R(OO) distance in the equi-
librium than TS geometry, the barrier at the equilibrium
O---0 distance is rather high, e.g., 24 kcal/mol in S, see
Fig. 3(c). Hence, at this R, the H (D) vibrational levels occur
in closely spaced pairs (doublets), with separations not dis-
cernible in the scale of the figure. The energy splitting be-
tween levels in a given doublet is very much smaller than the
energy gap between doublets. At shorter O---O distances the
splitting between levels in the doublets becomes larger, but
€)1~ €p remains much smaller than the energy gap between
€ and the next excited level, ie., €;—ep<€g,—¢€;, see
Figs. 3(a) and 3(b).
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FIG. 3. Slices through the adiabatic proton potential energy surface
U (x,R) for three fixed R values, (2) 2.271, (b) 2.397, (¢) 2.523 A. The
points A, B, and C from Fig. 2 correspond to the tops of the respective
barriers. The four lowest lying proton stretch levels are shown but are not all
apparent due to small separation in certain cases.

Ground and excited state splitting

The ¢,,,(R) functions were approximated by polynomi-
als and the Schrodinger equation (7) solved for O---O
stretching vibrations, leading to eigenvalues E,,,, depending
on three quantum numbers, see Fig. 4. It was mentioned
above that the proton (deuteron) stretch levels with quantum
numbers v =0 and 1 occur in closely-spaced pairs (dou-
blets); hence each O-:-O stretch and H (D) bend level will
exist as a doublet. The energy difference

Amvn:E‘m,v+l,n_Emun (10)

represents the tunneling splitting of any given state, muvn
(where v is an even number). In this terminology, the
ground-state splitting

Agoo=Eo10~ Eooo (11a)
and that of the first excited level of the OH (OD) stretch is

Aga0=Epzg~ Eozo- (11b)
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FIG. 4. Schematic diagram of the €}, and €}, energies as functions of
interoxygen separation. Energy levels are not drawn to scale. Solid lines
refer to €5, and broken lines to €§; .

The Aygo quantity may be abbreviated as A, suppressing the
zero m and n indices. Similarly, A,,09=F 10— E noo refers to
the proton stretch tunnel splitting with the mth bending level
excited and Agg,=Eg;, ~Egp, to the proton level tunnel
splitting with the O---O level excited, see Fig. 4.

The fundamental of the O---O stretch vibration can
analogously be associated with the energy difference

Vo= Vo9 = Ego1 — Eono (12)

and & is used to indicate the change in bending quantum
number m where ‘ '

80=3p00=E100~ Eopo (13)

corresponds to the fundamental frequency of bending vibra-
tions. The frequency of the OH (OD) stretch corresponds to
a change in v, starting from an odd number. '

V(OH) = Eqg30— Eg10~Egs0— Eooo- (14)

Energy levels E,,,, calculated using Eq. (7) for the So
state are reported in Table III, along with the splitting. Rela-

TABLE I. Calculated values of the relative e'nzergies‘ and tunnel splittings

in the §q state of TRNOH and TRNOD. Available experimental data are

given in parentheses. All values in cm™'.

Quantum nos. Relative energy, E,,,, Tunnel splitting, A,,,,*

m v n - H D H D

0 0 0 0 0 090099  <0.1(<0.17%
0 0 1 450 (360%) 426 (338%) 3.0 ~0.1

0 0 2 891 862 7.2 0.4

0 0 3 1326 1299 13.0 1.2

i 0 0 1381(14500) 988(1103) 0.6 <0.1

0 2 0 357003121 2677023269 81.7 4.1(15.6%)

2See Bgs. (10)—(11).

References 6 and 38.

“Reference 34.

YFrom Eq. (12), expt data from Ref. 39.

“From Eq. (12), expt data from Ref. 40.
fReference 41.

gEstimated in Ref. 35 from data in neon matrix.

tively low precision of the tunnel splittings in Tables III-V is
caused by the polynomial approximation of the adiabatic
curves E,,,(R). Calculated values agree rather well with the
available experimental data on the tunnel splitting and vibra- -
tion frequencies of TRN and its deuterated form. The abso-
lute values of the calculated OH (OD) stretching and bending
frequencies differ from experiment by less than 20%. It
should be noted that our treatment of OH (OD) stretch pro-
vides sufficiently good agreement with experiment, by sev-
eral hundred cm™, compared to a harmonic approximation
of the entire molecule, using a 6-31G basis set,? which
yields a very high value of 3923 c¢cm™!. In accord with
experiment,‘w'41 the O---O stretching vibrational frequency
for H (450 cm™") is calculated to be a little higher than for D,
while these absolute values are ca. 25% larger than experi-
ment. The ground state tunnel splitting for OHO of 0.9 cm ™'
agrees nicely with experimental data,®*® while the ground
state splitting of the ODO fragment is quite a bit smaller than
for OHO, in conformity with the conclusions of Tomioka
et al.* Tt is important to stress that the tunnel splitting of the
proton stretch level for excited O---O vibrations (Agg,) de-
pends strongly on # (Tables IIT and IV) in accord with results
of other authors.*'® The tunnel splitting of the second pair of
OH (OD) vibrational states Ag,, was found to be equal to
81.7 and 4.1 cm |, respectively. The latter value is compa-
rable to the tunnel splitting of the tropolone OD stretch (15.6
cm™!) estimated by Redington® from data in neon matrix.
(The corresponding splitting for the OH stretch was not re-
ported.) In contrast to the O---O and OH stretch, the excita-
tion of OH (OD) bending vibrations has little effect on the
tunnel splitting, witnessed by the similarity of the splitting
quantities listed in the first, fifth, and sixth rows of Table III.
We. estimate an error which is introduced by neglect of the
dependence of the bending energy on r and R, i.e., by omis-
sion of the first term on the right side of Eq. (9). The esti-
mated value of Ay(H) was found to be only ca. 8% larger
than the *‘exact” ones.

These results lead to two important conclusions: (1) the
O:--0 vibrations are strongly coupled with PT motion caus-
ing an increase of the proton stretching level splitting; (2) the
deformation vibrations are coupled with PT motion, but
weakly.

An inspection of the spacing of the O---O levels in Table
IIT shows that the vibrations at m =0 and v =0 can be treated
approximately as harmonic in the Sy state.% In summary, the
model which makes use of a localized OH:--O fragment,
combined with ab initio SCF calculations, provides a quan-
titatively correct picture of hydrogen bonding and proton
transfer in the S state of tropolone.

Analogous calculated data for the §; state may be seen
in Table IV to reproduce the principal experimental trends:

(1) An increase in the ground vibrational state tunnel split-
ting for both isotopic forms® occurs as a result of the
electronic excitation. This increase factor is calculated to
be (3:1/0.9)=3.5, as compared to an experimental ratio
of (19.92/0.99)=20.

(2) Asin the S state, the tunneling splitting becomes larger
as the O---O stretch is excited*®® in S .
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TABLE IV. Calculated values of the relative energies and tunnel splittings

in the §; state of TRNOH and TRNOD. Available experimental data are

given in parentheses. All values in cm™!.

Quantum Nos. Relative energy, £,,u, Tunnel splitting, A,,,,*

m v n H D H D

0 0 0 0 0 3.1(19.9%) 0.12.0%
0 0 1 425(302%)  423(299%) 8.9(31.0%) 0.8(11.0%
0 0 2 854 856 18.9(29.0% 2.1(13.09
0 0 3 1283 1291 335 5.1

1 0 0 1329 948 25 0.1

0 2 0 2501 2043 10.8

3127

2See Bgs. (10)-(11).

YFrom Eq (12), expt data from Ref. 6.

°From Eq (12), expt data from Ref. 40.

dCalculated from experimental data (Ref. 40), assuming that Ay (H)=0.99
em”! (Refs. 6, 38).

“Reference 40.

(3) The O---O stretching fundamental is lower in §; than -

Sq, consistent with a smaller force constant in the ex-
cited state.*

(4) In agreement with experimental work,® our data show
little change in »* as n increases, indicating the O:--O
stretching vibration can be treated approximately as har-
monic in the S, state, even more $o than in So. A similar
result was obtained in experiments by Fuke ez al.*® for
azaindole dimer.

(5) Our calculations suggest that excitation to the §; state
should diminish OH and OD stretching and bending fre-
quencies. This result agrees with experimental data, ob-
tained for other O-H---O systems, governing intramo-
lecular excited state PT: o-hydroxyacetophenone®® and
1,8-dihydroxyanthraquinone.*’

One can see from Table IV that the tunnel splittings are
highly mode specific and the deformation vibrations do not
couple strongly with PT motion in the S, state of tropolone,
similar to the S, state. This arises from the fact that bending
vibrations play a minor role in modulation of the PT barrier
(see previous section). This result implies that correct de-
scription of the experimental regularities of PT in both elec-
tronic states of tropolone can be obtained in terms of the
two-dimensional stretching model, which includes O---O and
O-H stretching vibration coordinates®'* only.

Some of the trends noted here may be understood from
Fig. 3 which illustrates schematically a number of proton
transfer profiles at various values of R(OO). Specifically,
each double-well potential represents a section of Ug(x,R)
at constant R. These curves are layered over an overall blan-
ket potential which represents the dependence of the system
upon interoxygen distance in the excited electronic state. The
energy levels e, are indicated in"each double-well potential.
€3, and ey correspond to the energies of the two lowest
proton vibrational states within any of the proton transfer
potentials. These two quantities are illustrated by the curves
in Fig. 4 as functions of R. For large interoxygen distances,
these two energies are nearly identical, differing only as the
two oxygens are brought closer together. This behavior can
be attributed to the lower (and narrower) barrier for proton

hem, Phys., Vol. 101,
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transfer as R diminishes, more favorable for tunnel splitting,
cf. Fig. 2.

It is the functional dependence of these two energy
curves as R varies that is traced out by the potentials in Fig.
4. The energy levels of the O-+-O stretching vibrations, cor-
responding to these curves, are illustrated by solid (v=0)
curve or dashed (v=1) horizontal lines in Fig. 4. Were the
curves in Fig. 4 parabolas with different force constants, the
v, energy spacing between levels of like quantum number v
would remain constant as » increases and Ag,, would in-
crease monotonically and uniformly. The insensitivity of »,
to n in Tables III and IV suggests that these potentials are in
fact well approximated by parabolas up to some small ». In
the case where the potential is less harmonic and more
Morse-like, the energy spacings v, diminish with n, so the
splittings would likewise not grow as quickly as in the har-
monic situation.

Despite its ability to reproduce some of the experimen-
tally observed trends, the calculated PES for the S, state is
less successful with other features of the excited state
tropolone dynamics:

(a) The tunnel splitting of the vibrationless O---O stretch is
calculated to be several times larger for the excited
state than for S, whereas the experimental ratie is in
excess of ten;

(b) The experimental tunnel splittings increase irregularly
with O-<*O excitation in S, , while a more regular trend
is computed.

The calculated results imply that precise estimation of
the PES of tropolone in the S state can be obtained only
with very extensive basis sets (f functions on O and d on
bridged H) with explicit account of correlation energy. The
next section attempts to overcome these limitations via a
model PES.

Model PES for the S, excited state

Previous papers devoted to theoretical study of gas phase
PT in the multidimensional PES of systems with a symmetric
AHA fragment>*!® have obtained the result that the tunnel
splitting is increased monotonically and uniformly with vi-
brational excitation of the low-frequency mode. On the other
hand, these theoretical models did not reproduce the fact that
Ado, passes through a maximum at small n (n=3), ob-
served for TRN—OH.*° In order to clarify the role of various
aspects of the PES, a model two-dimensional PES was con-
structed using analytical functions fit to the ab initio CIS
data and our above conclusion that, to a good approximation,
bending vibrations can be neglected in the tunnel splittings
calculations. ‘ ‘

The first goal was reproduction of the experimentally
observed large value of the vibrationless level tunnel split-
ting in the S state, in comparison with that in the S state for
TRN-OH, by adjusting the barrier height [via parameter \;
in Eq. (A5)]. A good value of A} could be extracted when Ay
was set to 118 kcal/mol which leads to a “frozen” PT barrier
of 14.3 kcal/mol at R¥ [Fig. 3(a) corresponds approximately
to such a barrier height but with R*=2.52 A], compared to
the ab initio CIS value of 24 kcal/mol. The experimental

No.11,1D ber 1994 . ) . o
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TABLE V. Calculated values of the relative energies and tunnel splittings

for the model 2-D PES representing the S, state of TRNOH and TRNOD.

Available experimental data are given in parentheses. All values in cm™!,

Quantum Nos. Relative energy, £,, Tunnel splitting, A,,*

v n H D H D

0 0 0 0 22.3(19.924) 2.6(2.0°)
-0 1 338(302°%)  344(299°) 44.7(30.99%) 7.6(11.0%)

0 2 664 660 50.1(28.99%) 10.8(13.0%)

0 3 925 900 39.7 10.0

*See Bgs. (10)—(11).

YFrom Eq. (12), expt data from Ref. 6.

“From Eq. (12), expt data from Ref. 40.

dCalculated from experimental data (Ref. 40), assuming that Ay(H)=0.99
em™! (Refs. 6, 38).

“Reference 40.

value of the O---O stretch fundamental frequency of
TRN-OH is reproduced fairly well with the model W* po-
tential [see Eqs. (A7) and (15)], which is characterized by a
much lower k. in comparison with the CIS calculations.

Energy levels E,, calculated using the 2-D model PES
are reported in Table V, along with the splittings. The model
PES reproduces. the main features of the excited state
tropolone dynamics:

() the tunnel splittings are in much better agreement
with experiment compared to the ab initio CIS values;
the A¥ quantity for H is only one order of magnitude
larger than that for D in Table V whereas the ratio is

much larger for the CIS potential in Table IV. This

discrepancy can be attributed to the lower and nar-
rower proton transfer barrier in the case of the model
potential, which would tend to diminish the frequency
deuterium isotope effect, as in Fig. 4 of Ref. 11. Ac-
cordingly, the experimental tunnel splitting of the ex-
cited O---O stretch levels differ in magnitude of 2 to 3
times that for H and D species (Table V) and the
calculated values are in agreement with this;

(i) A, for TRN-OH passes through a maximum at
small n (n=3). A similar result was obtained in Ref.
13 where the calculated tunneling transition probabili-
ties (for the S, state) appeared to pass through a maxi-
mum at #=2. At the same time the calculated tunnel
splitting for different » in Refs. 3, 4, and 10 has no
maximum; v

(iii) The O---O stretch vibrations for TRNOH can be ap-
proximately treated as harmonic for n<3.

According to Eq. (A7), the model potential €¥(v=0,1)
is presented as a sum of the O---O interaction energy
function W*(R) and proton adiabatic energy ef(R).

The former can be supposed to be a harmonic function.

for small deviation from equilibrium (for small #)
W*(R)~(3)ko(R—Ro)*. (15)

This function, together with ef(R) and ef(R) are presented in
Fig. 5. As seen in this figure, ef(R) and ef(R) intersect at
R**~2.55 A. At R>R**, the united curve ef;(R) depends

5 T T T T T T LI
4 - n
_ 3 i
Q
£
=
[4]
Q
-
ui 21 ]
1k ; .
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\ '/
7
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~ -
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FIG. 5. Energies of the two lowest proton stretch levels ¥ and the W*
potential as functions of R.

quadratically on R with negative curvature.* According to
Eq. (11) of Ref. 13, this dependence for the OH---O fragment
is

ed [(R)=()hv(OH)— (3)ag(R~2.90)?, (16)

where R isin A, ag=8.3X 108 cm ™! A? (there is a misprint in
Ref. 13). This function may be extrapolated a little in the
R<R** region. For this reason the &f(R) function retains its
harmonic  character with apparent force constant
ka(app)=k,—ay (k,>ap).

In contrast o ef, the e¥ curve has a point of inflection at
R=R** (Fig. 5) and for this reason its curvature is very
small in the vicinity of the equilibrium point. This means the
apparent force constant is k.(app)~k,>k%(app). Hence, the
e¥(R) and ef(R) functions can be represented by two almost
parabolic curves similar to that presented in Fig. 4. One can
see that the frequencies v, are almost constant while the
tunnel splitting Aqg, increases with n at sufficiently small .
This regularity is changed when anharmonicity begins to
play a role. As our ab initio calculations show, similar con-
sideration is possible for the ground state.

DISCUSSION

Theoretical two-dimensional PESs for the Sy, and S
electronic states of heteroaromatic molecules governing
excited-states proton transfer have not been published yet,
except for salicylic acid*® and 3-hydroxyflavone.*”® However,
the latter surfaces were obtained using the very approximate
CNDO/2 and MNDO/AM1 (with limited CI) methods, re-
spectively. We will focus instead on the ab inirio calculations
and on the model two-dimensional PESs, which have been
developed for the ground state of systems with a symmetric
OH---O fragment.

Redington® developed his model two-dimensional PES
for PT in the ground state of tropolone on the basis of avail-
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able infrared frequencies, tunnel splittings, and H/D isotope
effects. He adopted the philosophy that it is principally tun-
neling of the heavy atoms that are at the root of experimental
observations and consequently took these heavy atom mo-
tions as the prime variables, while the motions of the H atom
were relegated to the set of 37 normal harmonic vibrations,
subject to adiabatic separation, so as to obtain his reaction
surface. The relaxed proton transfer barrier was found to be
equal to 16.0 kcal/mol, similar to the value obtained here
(15.7 kcal/mol). Redington found that the tunnel splittings
are highly mode specific, in agreement with our own conclu-
sions. On the other hand, the absence of H modes in the
reaction surface is troubling if one hopes to understand the
PT dynamics. For instance, this approximation leads to the
incorrect conclusion that vibrationless level tunneling split-
tings are similar for H and D tropolone.

Another approach was explored by Bosch er al.* in their
work with malonaldehyde and the hydrogenoxalate anion.
The potential surface was considered as the sum of a double-
well potential function of x (dominant component of which
is the displacement of transferring H), and a harmonic func-
tion of another variable y (the dominant component of which
is the O---O stretching vibrations), orthogonal but strongly
coupled to x. The authors assumed quadratic coupling be-
tween y and x and included four adjustable parameters in
their potential as a fit to the ab initio PES. The calculated
values of the vibrationless level tunnel splitting (1.3 cm™!)
and fundamental frequency of the O-+-O stretch (364 cm ™)
for hydrogenoxalate anion, see Table VIII in Ref. 50, are
very close to the experimental result for its close analog—
tropolone. The energy levels corresponding to the excited
states of x motion (OH stretch) are not given in Ref. 50. The
H/D isotope effect on the tunnel splitting was not studied in
Ref. 50. In the later paper”! the same authors calculated the
H/D effect, but in terms of a one-dimensional model.

A prime attractive feature of the localized OHO frag-
ment model is its relative simplicity and provision of a clear
picture in terms of modes. For example, levels can be -as-
signed easily even in the case of high density of vibrational
levels. (Such assignment may be easy if the Schrédinger
equation is solved directly with multidimensional potentials,
e.g., Fig. 4 in Ref. 10). In contrast, excited vibrational states
of the reaction surface subspace do not really correspond to
states of the calculated system,3’4 due to the difference in
choice of the coordinate systems used in Wilson’s GF matrix
method and the reaction surface model.

The two-dimensional stretching model, suggested in the
present paper for the description of PT in the ground and first
excited singlet state of tropolone, agrees with the results of
the recent femtosecond studies of excited state PT in
2-(2-hydroxyphenyl)benzothiazole®® and methylsalicylate.*
According to Refs. 52 and 53 the PT in these compounds is
the result of coupling between O—H stretch and some low-
frequency coordinate.

CONCLUSIONS

The model of the localized OH---O fragment, combined
with ab initio SCF calculations, provides a quantitatively
correct picture of hydrogen bonding and proton transfer in

9763

the §q state of tropolone. The ab initio CIS calculations re-
produce the principal experimental trends established for
S,+—S, excitation in tropolone, but are less successful with
some other features of the dynamics of excited state
tropolone. Tunnel splittings of the proton stretch levels are
found to be highly mode specific. In contrast to the O---O
stretching vibrations, excitation of the OH bending vibra--
tions have much weaker effects on the tunnel splittings.
Thus, a sufficiently correct description of the tunnel split-
tings of the proton stretch levels in the two lowest singlet
electronic states of tropolone can be obtained in terms of the
two-dimensional stretching model, which includes O---O and
O-H stretching vibration coordinates only. Proper behavior
of the excited electronic state PT in gas-phase tropolone
seems to involve a relatively low potential barrier (only one
doublet of the OH stretch lies under the peak) and the PT
occurs in the vicinity of the top, requiring probably excita-
tion of not more than one or two O---O stretch levels.
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APPENDIX A

Following Refs. 10, 11, and 13, we assume that the
U, (x,R) function of Eq. (6), depending on R parametrically,
can be written as

U (x,R)=V,(x,R)+W(R), (A1)

where V,,(x,R) is an adiabatic potential for the “fast” sub-
system and W(R) is the O---O interaction energy. V,,(x.R)
is approximated by the function, designated as V, and sug-
gested in Ref. 11. It has some essential advantages over other
model functions which are usually used in numerical calcu-
lations of PT in systems with the symmetric OH---O frag-
ment, see, e.g. Ref. 54. In particular, V' is more flexible than
the combination of two Morse functions'® or polynomials,50
as it enables the barrier to be varied independently from the
lateral parts of the potential; V is characterized by only three
fitting parameters (at a given R value), in contrast to a
Lippincott—Schroeder function,®® each with a clear physical
meaning. It was shown in the Results Section, that the bend-
ing vibration plays a minor role in modulation of the frozen
barrier of PT in both electronic states; it can therefore be
neglected in the calculations of the proton stretch level tun-
nel splittings.

Following Refs. 11 and 13, we assume that V(x,R) con-
sists of three parts. The central part represents the potential
barrier of width 26 and height V,,, and the two surrounding
parts describe the proton repulsion from the left and right
oxygen atoms: :

V(x,R)=Vo(b)cos’(mx/2b), (A2a)
V(x,RY=1%k(b)(|x|—b)%, (A2b)

The right side of these equations do not contain R explicitly
but they depend on R through parameter b. We replace R

|x|<b,

|x[=b.
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TABLE VI. Characteristic values of the parameters for V.

by b Ao A k k

TABLE VII. A---A stretch frequencies and’corresponding tunnel splittings
obtained using Stepanov approximation and simplified Hamiltonians with

Z 1 0 . 1 the model 2-D PES of the AHA fragment (Ref. 10). Exact values from Fig.
A keal/mol keal/mol A™2 kcal/mol A™2 keal/mol A™3 4 in Ref. 10 are given in parentheses. All values in cm™!
S —0.998 0.552 —2.49 205.4 - 1210.0 562 Quantum Nos. Relative energy, E, Tunnel splitting, A,,*
S, —1.029 0561 —3.25 182.7 1140.0 56.6

with b in order to obtain Egs. (A2) in co‘mpact form similar

to those used in Refs.. 11 and 13. The value of b can be

determined approximately as
b=r'~r,

(A3)

where ' and r, denote the OH distance for the C,, and C,
structures, respectively, at a given R (see Fig. 1). To a first
approximation, b can be treated as a function of R only. It
was learned that b depends linearly on R

b=bo+b,R. (Ad)

V, was found to depend on b quadratically i in both electronic
states

VO=A0+)\1b2 (AS5)

and k varies linearly with R<R, and can be treated as ap-
proximately constant for R>R,:

k=k0+k1b, R\<-Re,

(A6)

k=const, R>R,.

The values of the parameters aq, a,, kg, k1. by, and by, for
the Sy and S, states were determined from our quantum me-
chanical data and are listed in Table VL

After solving Eq. (6) with the model potential energy
function V we obtain proton (deuteron) adiabatic levels
e,(R). Using Eq. (A1), the model potential for O---O stretch-
ing vibration €,(R) can be written as

€,(R)=e,(R)+W(R), - (A7)

where the index m is omitted, because of the neglect of the
bending vibrations in the model PES.

APPENDIX B

As verification of Egs. (6) and (7), consider the linear
triatomic system AH:--A. Following Ref. 10, its Hamiltonian
can be written as

K2 (1+v1 32+ 1+1, (92'+2 3
2 \\m M) \M" M| dRE" M 9xdR

FV(x,R)+ W(R) | W (x,R)=EW(x,R), (B1)

where R is the A---A interatomic distarice and x is the dis-
tance from H to the midpoint between the A atoms; m and M
are the masses of H and A, respectively. The functions
V(x,R) and W(R) have the same meaning as in Eq. (A1),
and W(R) is assumed to be harmonic. '

We calculated the level spectrum of the simplified
Hamiltonian derived from Eq. (B1) by omitting the off-

D n

0 0 0 98 (111)
0 1 408°(400) 116(133)
0 2 409(403) 134(151)
0 3 409(408) 150(166)
0 4 411(398) 160(193)
0.5 412(416) 180(202)

2See Eq. (10).
*From Bq. (12).

diagonal element in the kinetic part. Using adiabatic separa-
tion of the x and R variables, one can write the wave equa-
tion for H motion as.

Hl¢v(x,R)=ev(R)¢v(x’R),

where the simplified Hamiltonian is

(B2)

#? 9
H1=—-2— (m + M) —5+V(x R).
The wave equation for A--+A stretching vibratioﬁs is
Hoxpn(R)=E,,Xyn(R), (B3)
where the simpliﬁed Hamiltonian is

ﬁZ
H,=—

2 5 +€,(R).

1 2
M M) OR?
The effective A---A stretching potential €, associated with

the vth proton stretch level can be written as -
€,(R)=¢e,(R)+ W(R). (B3a)

The calculated energy levels and corresponding split-
tings for v =0 and 1 are given in Table VII. “Approximate”

. A---A stretch frequencies agree with the exact ones very

well, while the approximate values of the tunnel splittings
are a little lower than the exact values; the average relative
difference is ca. 12%.
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