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Abstract

The photochemistry and photophysics of benzene is a classic example of the richness of competing pathways available to a molecule after
photo-excitation. Computer simulations are one way to provide a molecular picture for the dynamics behind the experimental observables. In this
paper a first step is made towards quantum dynamics simulations of benzene by setting up a vibronic coupling model Hamiltonian to provide
the potential energy functions that drive the nuclear motion. Seven coupled states and all vibrational modes are included and the parameters
for the model obtained by fitting to points provided by quantum chemistry calculations. The model is shown to be a good fit of the adiabatic
surfaces. A full vibronic analysis is made revealing the complexity of the features of this manifold of states. Low-level CASSCF calculations have
been used here, and future calculations using higher level methods will build on this work to make the model suitable for the correct description
of benzene.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction C'E\, states. The A and B bands are forbidden, while C is an
intense, fairly structureless band. Describing the ground-state

The photophysics and photochemistry of benzene has been  configuration of benzene by the valence- 1 orbitals formed by
studied eXtenSively, both theoretically [1—6] and experimentally the six carbon 2pz orbitals gives a2 4 0 bgg with six electrons

) S e 2041
[7-13]. Despite the s1'mphclty of th(? molef:ule, with 1t.s perfectly in the lowest three orbitals. The w — s transition a%ue? e%ubg
regular and symmetrical structure, it provides a classic example & J

¢ the rich ¢ Shotochemi th ber of bl leads to four states, which are those seen in the spectrum.
of the richness of p otochemistry, W,lt [ number ol possibie Photophysical data shows that fluorescence from A vanishes
competing outcomes after photo-excitation. Much of this has

. . . . if the molecule is excited 3000cm™' above the band origin
been well characterised, but questions still remain.

Th ful lucid he d +cal behavi [10]. This process, which is termed “channel 37, is due to a

behi SHLOSt po;s;er}l way to elucidate t, © lyn.amlcz;v © avul)(ur conical intersection between A and the X'A 1g ground-state

Cing ObServabies 1s to use comquer simu ations. avepac € which becomes accessible at this energy. Theoretical studies
dynamics give particularly easy to visualise results, with the sys-

: A - by Robb et al. showed that this is due to a barrier between the
Fel,n. described by ‘?‘ wavepacket that evolves in t}me after being Franck—Condon point and the conical intersection which is sur-
initially prepared in a way that can be related directly to a par-

. ) . mounted at this energy [2]. Recent studies have looked at how
ticular experiment [14—17]. This paper represents the first step

) channel 3 is accessed after exciting specific modes [11].
towards such a study of the photochemistry of benzene, namely Conical intersections are known to play a crucial role in a
.settlng up potential energy functlops, at this stage.quahtatlvej and wide variety of photochemical processes [18-21]. These are a
1ncomple}e, to describe the dynamics of benzene in the manifold special topology of the adiabatic potential energy surfaces of
of states involved.

” a molecule where in a two-dimensional space of nuclear coor-
The absorption spectrum of benzene §I10WS t[lrlee bands dinates two surfaces meet at the point of a double cone. Due
between 4.5 and 8eV [9]. These are the A’ Boy, B' By, and

to coupling between the electronic and nuclear motion in these
regions of the potential surfaces, conical intersections provide
* Corresponding author. Tel.: +44 121 414 3782. pathways for efficient internal conversion as the system can pass
E-mail address: G.A.Worth@bham.ac.uk. from one electronic state to another effectively instantaneously
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in a radiationless manner. Much recent work has been made to
study the interesting properties of these intersections and the
effect on molecular dynamics as a molecule passes through one
[20-22].

The photochemical products of benzene are fulvene, benz-
valene and Dewar benzene [7,8]. These are formed in different
amounts according to the excitation wavelength used. Exciting
into the A band at 254 nm the quantum yields are 0.01:0.01:0.00,
respectively. Raising the energy increases the yields slightly.
Exciting into the B band at 165 nm gives very different yields of
0.05:0.02:0.01. It has demonstrated that the X /A conical inter-
section plays an important role in this as it leads directly to
prefulvene, the precursor for the transformations [2]. Relax-
ation from the B state is found to occur on a 40 fs timescale,
with no evidence of significant population of the A state during
this process [23].

Computer simulations require potential energy functions to
drive the nuclear motion. The calculation of a function is often a
long and tedious process. Typically, quantum chemistry calcula-
tions are made at a range of geometries and a suitable function fit
to these energies. This function can then be improved by higher
level calculations and/or experimental information until cal-
culated molecular properties match experimental observables.
Often many thousands of points need to be calculated, with
the number rising exponentially with the number of degrees of
freedom.

In this paper a potential operator matrix suitable for benzene
photochemistry is set up using simple functions parameterised
by fitting to the adiabatic potential surfaces. This function is
the vibronic coupling model Hamiltonian [24], which has been
shown to be able to describe the dynamics of a number of
systems in which conical intersections dominate. One of these
is the benzene radical cation formed during the photo-ionisation
of benzene while measuring the photo-electron spectrum
[25]. The simplicity of the model allows a natural description
of the photo-initiated dynamics in terms of the excitation
of normal mode vibrations and couplings between diabatic
states which can be correlated to electronic configurations,
i.e. distinct chemical entities. Together with the powerful
MCTDH wavepacket dynamics method [17,26] the vibronic
coupling model Hamiltonian has been able to give insight
into the non-adiabatic dynamics of a number of systems
[21,27].

To provide data points representing the adiabatic potential
surfaces over a wide range of geometries, CASSCF calcula-
tions have been used. While it is necessary to include dynamic
correlation for an accurate description of benzene (see Section
2.3), these calculations at least provide a reasonable model in
the sense that all the desired states are included. The important
result is that the fitting procedure used here provides a vibronic
coupling model able to follow and describe the complicated
behaviour of the seven coupled adiabatic surfaces calculated at
this level. The symmetry analysis made of the couplings is also
independent of the actual surfaces. Work is presently underway
to take the model obtained here and use high-level methods to re-
parameterise the model so that it is able to describe the observed
photochemistry of benzene.

Table 1

Energies of lowest six singlet excited states of benzene

State SA-CAS(6,6) CASPT2? Experimentalb
AlBy, 4.895 4.84 4.90

B'By, 8.166 6.30 6.20

C'Eq 9.542 7.03 6.94

D'Ey, 8.110 7.90 7.8

The SA-CAS(6,6) used a 6-31G* basis set and are averaged over all six states
plus the ground-state.

2 Ref. [6].

b A-C[12], D [13].

2. Theory
2.1. The benzene vibronic coupling model Hamiltonian

In the energy region in which we are interested, spanning less
than 3 eV, benzene has six excited singlet states. At the Franck—
Condon point — the ground-state minimum energy geometry
— benzene has Dg symmetry. In addition to the ground-state
XlAlg, the excited states are AlB,,, B!By,, C'E;,, and
D! E»,. The energies of these states are given in Table 1.

The model Hamiltonian is a matrix representation in a dia-
batic electronic basis [24]. For benzene, a 7 x 7 matrix is
required to represent the states (six excited states plus the
ground-state). The on-diagonal matrix elements are the diabatic
potential surfaces and the off-diagonal elements the state cou-
plings. These functions are expanded as Taylor series around
the Franck—Condon point using dimensionless (mass-frequency
scaled) normal mode coordinates. The Franck—Condon point,
Q =0, is denoted Q. The symmetries and frequencies of the

Table 2
Frequencies of benzene at the D¢y, minimum energy geometry compared to
experimental results

Mode? Symmetry CAS(6,6) Experimental®
1(2) lag 0.1292 0.1231
2(1) 2ayg 0.4198 0.3811
3(3) lag 0.1861 0.1674
4(8) 1bag 0.0898 0.0877
5(7) 2bag 0.1286 0.1227
6(18) legg 0.0886 0.0754
7(15) derqy 0.4160 0.3790
8(16) 3eyg 0.2157 0.1985
9(17) 2e24 0.1582 0.1460

10(11) lejg 0.1086 0.1050

11(4) lagy, 0.0811 0.0834

12(6) 1b1y 0.1363 0.1252

13(5) 2b1y 0.4148 0.3790

14(9) 2boy, 0.1662 0.1623

15(10) 1bay 0.1470 0.1423

16(20) leay 0.0535 0.0493

17(19) 2exy 0.1231 0.1199

18(14) lery 0.1382 0.1287

19(13) 2eqy 0.2021 0.1840

20(12) 3elu 0.4183 0.3799

All values in eV. The calculations were at the CAS(6,6)/6-31G* level.
2 Wilson [33] (Herzberg [34]) numbering.
b Ref. [35].
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normal mode coordinates of benzene are listed in Table 2. Two
common numbering systems are used for these: the Wilson and
Herzberg schemes. The former will be used throughout this
paper, and the Herzberg numbering is included in brackets as a
comparison in the table. The components of the doubly degener-
ate modes are labelled a and b, e.g. vig,(1epy,) is one component
of the low frequency boat/twist pair, in fact it is the boat mode.
The most important modes for the discussion of the model are
shown in Fig. 1.

It is useful to write the Hamiltonian as a sum of a zero-order
Ha(rlgiltonian HO, and a set of “diabatic coupling” matrices
W

H=HO1+ WO w4 ... M

The zero-order Hamiltonian is simply the ground-state
Hamiltonian in the harmonic approximation:

2
HO — Z“’“ <8an + Q2> )

with vibrational frequencies w,. The zero-order coupling matrix
is diagonal, with the energies of the electronic states at Q. As
the diabatic electronic states are set equal to the adiabatic states
at this point, these energies are the adiabatic state energies:

Wi = E; 3)

(e) \

Fig. 1. The normal modes of benzene important for a description of its photo-
chemistry: (a) viga(lezu), the boat mode; (b) veu(lezg), a quinoid mode; (c)
v4(1byg), the chair mode; (d) vi(lajg), the carbon breathing mode; (e) the
combined vjg, + v4 mode.

The first-order coupling matrix contains linear terms in the
Taylor expansions

Wi = ZK(’)Q @

wih Zk(’ 0.

The on-diagonal expansion coefficients, «@ are related to
the derivative of the adiabatic potential with respect to the
coordinates, while the off-diagonal coefficients, AED is the
non-adiabatic coupling between the states:

j 0H,
« = <a>,- > @,-> (©)

904
o ,-> )

A6ed) = <<D,- ’3Hel
00«

where H. is the usual electronic Hamiltonian at a particu-
lar nuclear geometry and @; its eigenfunctions, the adiabatic
electronic wavefunctions at this point. The matrix elements are
evaluated at Q.

Further coupling matrices follow this pattern. For example
the second-order matrix has elements:

i#J ®

2
W = ZV(” 005 ®)
@ _ I 6 o
W' =3 Moy QuQp i # ] ©
op
where y ) and ,u /5 ) are the second derivatives of the Hamilto-
nian matrlx elements in the adiabatic electronic basis at Qy:
& H,
0 _ el
y, D; " ¢~> (10)
@ < 1904005
& Hel
i = gty ) o
a0p

An important feature of the model is that if symmetry is
present many of the expansion coefficients must be zero as an
integral is non-zero only if the integrand is a totally symmetric
function. Thus the linear coefficients are zero unless the product
of symmetries of the electronic states and the normal mode in
the integrand is symmetric. For Dg, this can be written:

LT ®I DAl 12)

where I}, I'j are the symmetries of the electronic states and 17,
the symmetry of the coordinate. From this it can be deduced
that on-diagonal coefficients, «@ are non-zero for a1g modes.
Unless the state is degenerate, all other coefficients are zero. Oft-
diagonal coefficients depend on the symmetries of the states.
For example 123 connects the A! By, and B! By, states, and as
By ® Bry = Aag, non-zero linear coefficients are only found
for modes with az, symmetry.

Degenerate states provide a complication. In the states of
interest there are E1, and Epg states present. In Dgh, E1y ®
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E1y = Ajg + Ezg. Thus modes with Epe symmetry can have
linear terms on the diagonal as well as the off-diagonal. This
is the E ® e Jahn-Teller effect in which the degeneracy of a
doubly degenerate state is lifted by a doubly degenerate vibration
leading to a lowering of symmetry. One of the pair of modes is
on-diagonal and one off-diagonal. But which? The easiest way
to answer this question is to look at the symmetries of the states
and modes using the Dyy, point group. This is the largest Abelian
point-group, i.e. without degenerate irreps, that is a subset of
Dep. If a coefficient must be zero at Doy it must also be zero at
Degh. The lower symmetry however means that potentially non-
zero coefficients at Dyy, may be zero at the higher symmetry. At
Doy, an ey mode goes to ag + b3g. The component that goes to
ag thus enters on the diagonal of the coupling matrix, while the
b3y component goes on the off-diagonal.

The scheme of symmetries for modes with non-zero linear
coupling constants are tabulated in Table 3. This can be used to
set up the linear terms in the model Hamiltonian. For example,
coupling between XA ¢ and A By, is non-zero for modes with
by symmetry and

wili= > Ao, (13)

a=14,15

The definitions for how the components of the doubly degen-
erate states transform at Dy, are also given in the table. It is
taken that the a component translates as x and the b as y.

In the £ ® e Jahn-Teller interaction, the linear coupling
matrices have 2 x 2 blocks for the states i, i + 1 withi = 4, 6:

i iit+1
W(l) _ Z Kt()tl)QOl,)C )\(();l )Qa,y
{ii+1} — 5 G+ D ’

i+1
a=6—9 o Qa,y K((xH_ )Qoz,x
kD = D = 3 G (14)

as modes 6-9 have the symmetry e;,. The constraint on the
coefficients in Eq. (14) is a consequence of the symmetry of this
interaction.

Pseudo-Jahn—Teller interactions can also be present. These
occur when a doubly degenerate state is coupled to a singly

Table 3
Linear coupling scheme for the lowest singlet electronic states of benzene
Alg BZu Blu EIuAVx a Elu.y b E2g,x ¢ E2g,y d

}:(lAlg daig qu blu €lu,x €lu,y €2g x €2g.y

él By aig aze €2g.y €2g.x €lu,y €lux
{;lBlu alg eZg,x eZg,y €lu,x €lu,y

gl Ejux Adlg, €2gx €20y biu, €1ux  bou, €lu,y
glElu,y algv eZg,X b2u» €lu,y hlu’elu,x
?1 EZg,x Alg, €2gx  €2gy

D! Eagy alg, €2g.x

Vibrational modes with the symmetry shown in the table have non-zero linear
coupling parameters for the states indicated. The reduction of symmetry for the
components of the doubly degenerate modes on going from Dg to Dyy is also
given.

* At Dy, Epyx — B

b At Dy, Elu.y — By

¢ At Dy, Ezg’x — Ag.

4 At Dy, Ezgy),. — B3g.

degenerate state through a doubly degenerate mode. The two
components of the mode couple to different components of the
state as shown in Table 3.

The second-order (quadratic and bilinear-linear) terms can
be analysed in the same way. The rule is that the expansion
coefficient for a bilinear-linear term is

L®M®ML® s> Al (15)

Thus all modes can have on-diagonal non-zero quadratic
terms and on-diagonal bilinear-linear are present involving dif-
ferent modes with the same symmetry. Off-diagonal terms again
depend on the symmetry of the states involved: the product of
the symmetry of the modes must be the same as the symmetry
of the active linear modes listed in Table 3.

A few modes had fourth-order terms added to the diabatic
potential. This has been found previously to be important in
cases where the diabatic potential becomes less harmonic at
large deviations [28]. For these modes the diabatic surfaces are
thus described for state i by

(1) ()

)/ €
Q§+{?Q§+§§Qi (16)

. Wy
Vo([') =E + EX
2.2. Fitting the model parameters

The adiabatic potential energy surfaces are the eigenvalues of
the diabatic Hamiltonian matrix equation (1). A model Hamilto-
nian using a particular set of parameters, which are the expansion
coefficients discussed above, can thus provide the adiabatic
potential energy surfaces by diagonalising the matrix at a partic-
ular value of Q. As a result, the parameters can be obtained by a
fit of the model to adiabatic potential energy surfaces obtained
from quantum chemistry calculations.

The fit was carried out as follows using the VCHAM pro-
gram. This program, which helps to automate the procedure, is
distributed with the MCTDH quantum dynamics package [29].
It has been used previously to provide model Hamiltonians in a
number of systems [28,30,31].

The starting point is the ground-state minimum energy
Degy, structure, Qq. The coordinates for the model Hamiltonian
are obtained from the dimensionless (mass-frequency scaled)
normal modes at this point. Using the quantum chemistry calcu-
lations detailed below, the seven surfaces were calculated with
a spacing of AQ = 1.0 at 11 points along each normal mode
(five either side of Q). A database was then set up containing
this information. The parameters were then obtained by a least-
squares fit using a simple conjugate gradient optimisation rou-
tine with the mean-square difference between the ab initio and
model adiabatic energies at all the points as a penalty function.

It was subsequently found that more points were needed along
the low frequency vie(lea,) modes. A further eight points with a
spacing of AQ = 1.0 were calculated along these modes (four
points either side of Q starting at Q16 = +6) and added to
the database before finalising the fit along these coordinates. A
further seven points either side of Qg with a spacing of AQ =
2.0 were also calculated along the diagonals between v4(1b2g)
and viga(leay,r), and v4(1byg) and vigp(leoy,y).
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Due to the dependencies between the parameters of differ-
ent order the fit is performed in stages, first optimising the
linear parameters before including the higher-order ones. The
linear Hamiltonian has a total of 93 parameters that need to be
evaluated. This demonstrates the power of using the symmetry.
There are 796 linear expansion coefficients, but most are zero.
The final model, which includes all the on-diagonal quadratic
terms, as well as quartic terms for some modes and critical
off-diagonal bilinear terms, has 2132 expansion coefficients, of
which 243 are non-zero parameters that need to be obtained from
the fit.

2.3. Quantum chemistry calculations

Calculations of Bernhardsson et al. [4] show that the energet-
ics of the benzene excited states can be accurately represented
using CASPT?2 calculations and a large ANO basis set. A com-
parison of vertical excitation energies calculated at this level
with experimental values is given in Table 1.

For the calculations here, a much cheaper method was used
to allow a large number of calculations to be performed quickly.
The idea is to provide a model at a qualitatively reasonable
level that will identify the important modes and configurations.
Later, high-level calculations can then focus on these regions.
SA-CAS(6,6)/6-31G* was selected with the six electrons of the
active space distributed in the 6-1 orbitals formed by the carbon
2p orbitals. State averaging was used over the seven states of
interest to provide a balanced treatment and to provide all the
energies in a single calculation. The Gaussian03 program was
used for all calculations [32].

The CAS(6,6) active space is that used in the CASPT?2 calcu-
lations of Bernhardsson et al. [4], and is able to describe the A
and D states very well. It has been shown, however, that it is not
adequate for an accurate description of the B and C states due to
their ionic character and mixing of Rydberg orbitals [3,6]. This
will be addressed by later calculations and here we will assume
that this level of calculation will at least qualitatively describe
the topology of the potential energy surfaces.

The excitation energies at this level of theory are given in
Table 1. All states are far too high in energy, especially the B! By,
and C! E1, which are approximately 2.5eV too high. Calcula-
tions using larger basis sets and including diffuse functions make
little improvement, and comparison with the CASPT?2 results
indicates that this error is due to a lack of dynamic correlation.
Again it must be iterated that for the present purposes itis enough

Table 4

if the method is qualitatively correct, and the adiabatic surfaces
have reasonable topologies.

3. Results

The CAS(6,6)/6-31G* frequencies, which provide the zero-
order diabatic surfaces, are listed in Table 2. They are in
reasonable agreement with the experimental values, with the
modes in the correct order. As is usual in methods lacking
dynamic correlation, the four highest frequency modes are too
high. The error here is about 0.035eV (280 cm™ 1. Lower modes
have errors of the order of 0.01 eV (90cm™).

The A, B and C states can be described by predominan-
tly HOMO-LUMO transitions, i.e. the states are formed pri-
marily by wavefunctions with configurations a3,e3 geéubgg. The

wavefunction for the D state is more complicated. Both compo-
nents are dominated by four configurations: two HOMO-LUMO
double excitations with configuration a%ue%ge%ubgg, a (HOMO
—1)-LUMO configuration aéue‘l‘geéubgg and a HOMO-
(LUMO+1) configuration a3, e} ,¢9, b,

The parameters obtained from the fitting procedure are listed
in Tables 4-8 and cuts through the most important modes are
shown in Figs. 2 and 3. Vector plots of the associated normal
modes are shown in Fig. 1. The cuts show that many interesting
features are present in the excited states of benzene. The quality
of the fitted model is seen by how closely the curves fit the points.
The root-mean square deviation (RMSD) between the ab initio
points and the model surfaces at the points is 0.055 eV over the
2436 datasets. An exponential weighting w; = exp(E; — Eop),
where E; is the ab initio energy at a point and Ej is the energy
of the relevant adiabatic surface at Q, can be used to enhance
the importance of low energy regions. When this is used, the
RMSD drops to 0.0048 eV and thus most of the large errors lie
in regions unlikely to be visited.

3.1. The parameters

Table 4 lists the on-diagonal linear coupling parameters, Kfj).
For all states these are non-zero for the two totally symmetric
modes vi(laig) and v2(2a1g). The importance of a parameter

is related to the ratio /c,(x’) /gy, the distance the minimum of
the ground-state harmonic potential is shifted by the coupling.
As the frequencies are 0.1292 and 0.4198 eV, respectively, the
parameters for the lower frequency mode play a more important

On-diagonal linear coupling constants, Kf,"), for the normal modes of benzene, vy, at the Dgy, minimum energy geometry obtained by fitting the vibronic coupling

model Hamiltonian to the adiabatic surfaces calculated at the SA-CAS(6,6)/6-31G* level

Mode Bo By Elu,x Elu,y EZg,x E2g,y

vi(laig) 0.272 0.150 0.211 0.211 0.410 0.410
2 (2a1g) 0.253 0.272 0.256 0.256 0.220 0.220
Vea(leag x) - - —0.034 —0.034 —0.031 —0.031
v7a(4erg ) - - - - —0.031 0.031
Vga(3e2g.x) - - - - 0.156 —0.156
v9a(2e2g x) - - —0.018 0.018 —0.151 0.151

Electronic states are identified by their symmetry label. All values in eV.
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Table 5

Off-diagonal linear coupling constants, Afj’ i ), for the normal modes of benzene, v,, at the D¢, minimum energy geometry obtained by fitting the vibronic coupling
model Hamiltonian to the adiabatic surfaces calculated at the SA-CAS(6,6)/6-31G* level

BZu Blu Elu,x Elu,y EZg,x EZg,y
Alg vig = 0.295 - - - vgg = 0.249 vgp = 0.249
Vi5 = 0.426
By, - vep = 0.018 vea = 0.018 vigp = 0.153 vige = 0.153
vigp = 0.122 Vg, = 0.122
By veq = 0.069 vep = 0.069 vige = 0.015 vigy = 0.015
vg, = —0.268 vgp = —0.268
Vo, = 0.149 vop = 0.149
Ejux vepr = 0.034 - -
vop = 0.018 - -
Elu,y - -
Engx vep = 0.031
v7p = 0.031
vgp = 0.156
vop, = 0.151

Electronic states are identified by their symmetry label. All values in eV.

role by a factor of 3 than parameters of the high frequency mode
of similar strength. The parameters of the A and D states are
especially strong along vy.

The C and D states are doubly degenerate and vibrational
modes with exg symmetry also can have non-zero linear coupling
parameters, that is they are Jahn—Teller active. There are four
such pairs of modes vg(lezg), vo(2e2¢), V3(3e2¢) and v7(4erg).
The x component goes to ag symmetry at Do, and so these modes
appear on the diagonal of the model. Notice that the parameters
have opposite signs for the two components of the state due
to the symmetry of the Jahn—Teller interaction. As shown in
Table 4 the coupling is in general weak. No value is listed for
modes vg and v7 for state C as the couplings are insignificant
(/c(l) Jwq < 0.05). The strongest Jahn—Teller coupling is for the
D state along vg.

The linear off-diagonal coupling parameters are reported in
Table 5. Non-zero parameters are possible for various modes for

Table 6

Components of the gradients, Kf,f), and the derivative coupling vectors, )L((:‘J ),
along the normal modes of benzene, v, at the ground-state Dgl, minimum energy
geometry

KP=02313 kP =-00543 AP =05478 ;Y =03536
KV =0.1119 <3> = —0.0374
KV =0.1712 K;‘” =-0.0499 5% = —0.0272

) =0.1712 K = —0.0499
K0 =03694 kP =-00873 3P =05478  A50 =03536
D=03664 k) =-00869 57 =00200 15" =02774
Ay = 0.1533
KD =0.0380 ) =0.0194
K&l = 0.0432
k) =—0.0389 k) =-00194 A7 =-00380 a4 =0.0194
Kg) = —0.0432 <4 = 0.0432
KD =00179 &) =—0.1527
g;;; =-02826 &) =0.0306
k) = —0.0228 K;7> =0.1627 257 =00179 %7 =0.1527

Ky =03008 ) =-00320 a7 =02826 57 =0.0306

Superscripts relate to the electronic states. Values in eV, calculated at the
CASSCF(6,6)/6-31G* level.
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Fig. 2. Cuts through the adiabatic potential energy surfaces of benzene for
the ground-state and lowest six excited states. In order of energy these are:
X'A1g, Al Byy, D' Epg, B! Byy, and C! Ey,.. The points are results from ab initio
calculations at the CAS(6,6)//6-31G* level, and the lines are from the model
Hamiltonian fitted to the points: (a) vig.(1ezu), the boat mode; (b) ve.(lezg), a
quinoid mode; (c) v4(1byg), the chair mode; (d) vi(layy), the carbon breathing
mode.
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Table 7

On-diagonal quadratic coupling constants, yéfo)( for the normal modes, v, of benzene at the Dg, minimum energy geometry obtained by fitting the vibronic coupling
model Hamiltonian to the adiabatic surfaces calculated at the SA-CAS(6,6)/6-31G* level

Mode BZu Blu Elu,x Elu,y E2g,x EZg,y

Vi - 0.011 0.011 0.014 0.014
v 0.040 0.043 0.043 0.043 0.040 0.040
V4 —0.039 - —0.050 —0.051 —0.069 —0.068
Vs —0.034 - —0.024 —0.024 —0.071 —0.071
Vé6a —0.014 —0.011 - - —0.015 -

Veb —-0.014 —0.011 - - —0.015 -

V7 0.062 0.065 0.065 0.067 0.061 0.063
Vg 0.020 0.019 0.023 0.019 0.023 —0.011
123 0.016 0.016 0.017 0.015 0.023 -
V10a —0.042 0.014 0.036 0.034 —0.063 —0.084
V10b —0.042 —0.014 —0.034 —0.036 —0.084 —0.063
Vi1 —0.013 - - - —0.026 —0.026
vi2 - - - —0.014 —0.014
V13 0.040 0.044 0.044 0.043 0.040 0.040
V14 0.054 0.069 0.050 0.050 0.053 0.075
V15 0.114 0.147 0.097 0.097 0.153 0.099
V16a —0.042 —0.026 —0.031 - —0.093 —0.030
Vieb —0.042 —0.026 —0.031 —0.030 —0.093
V17a —0.053 - —0.045 —0.025 —0.131 —0.062
V17b —0.053 - —0.025 —0.045 —0.062 —0.131
V20 0.061 0.063 0.063 0.063 0.062 0.063

Electronic states are identified by their symmetry label. All values in eV.

pairs of states dependent on the symmetries as listed in Table 3.
Only significant parameters, with a value of A, /w, > 0.05 are
listed in the upper half of the matrix of pairs of states. Three
types of coupling can be identified.

The Jahn-Teller coupling involves the y component of the
ezg modes, i.e. the complement to the component discussed
above with respect to the on-diagonal parameters. The values
are identical to the on-diagonal parameters as shown in Eq. (14).

Between the singly degenerate state X, A and B, simple
vibronic coupling occurs. Strong coupling is found between X
and A along the v5(1byy) and v14(2b7,). The large energy gap
between the states means that this does not lead to a conical inter-
section between the states, but introduces anharmonicity into the
surfaces. There is no significant coupling between the B state
with either X or A. The former could happen along v1>(1b1,) and

Table 8

On-diagonal quartic coupling constants, ef;' ) for the normal modes of benzene, vy,
at the Dgp, minimum energy geometry obtained by fitting the vibronic coupling
model Hamiltonian to the adiabatic surfaces calculated at the SA-CAS(6,6)/6-
31G* level

Mode Alg By By Equx Elu,y E2g,x E2g,y
V10a 0.0205 0.0222 0.0202 0.0216 0.0225 0.0223  0.0260
V10p 0.0205 0.0222 0.0202 0.0225 0.0216 0.0260 0.0223
V11 0.0250 0.0210 0.0235 0.0221 0.0221 0.0187 0.0187
V15 0.0660 - - — - - -

V16a - 0.0038 - 0.0020 - 0.0054  0.0023
Vi6b - 0.0038 - - 0.0020  0.0023  0.0054
V174 0.0142 0.0179 0.0131 0.0197 0.0176  0.0254 0.0165
V17b 0.0142 0.0179 0.0131 0.0176 0.0197 0.0165 0.0254

Electronic states are identified by their symmetry label. All values in eV.

v13(2b1y) and the latter through v3(lasg) but these parameters
are all negligible.

The pseudo-Jahn—Teller couplings form the final set. These
couple a singly degenerate state with a doubly degenerate one
along a doubly degenerate vibrational mode: each component of
the mode couples to a different component of the doubly degen-
erate state and the degeneracy is splitin a similar, if topologically

12.0 1 12.0
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B 6.0 {60

()
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40 {40
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Fig. 3. Cuts through the adiabatic potential energy surfaces of benzene for
the ground-state and lowest six excited states. In order of energy these are:
X'Ayy, A'Byy, D'Esy, B'Byy, and C'E),. The points are results from ab
initio calculations at the CAS(6,6)//6-31G* level, and the lines are from the
model Hamiltonian fitted to the points. Both plots are along a diagonal between
viga(lezu) the boat mode and v4(lbyg) the chair mode: (a) including the
second-order pseudo-Jahn—Teller coupling between B and D; (b) without the
second-order pseudo-Jahn—Teller coupling.
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different way to normal Jahn-Teller coupling. In benzene, the
X'A,; ¢ state couples the C'E 1u State via the ej, modes and the
D! E> state via the ep; modes. Only X—D coupling along the vg
modes is non-negligible, with vg,(3e2¢ 1) coupling to D! Esg x
and ng(3e2g y) couphng to D! Esg y.

The A! By, and B! B}, states both couple to the ClE,, state
along the e;; modes, with the components coupling as shown in
Table 5. Some of these parameters are very significant, partic-
ularly between the neighbouring B and C states. They would,
however, not be easy to distinguish from the Jahn—Teller cou-
pling in the C state if only the adiabatic surfaces are examined. In
fact the B—C pseudo-Jahn—Teller coupling dominates the lifting
of the degeneracy along modes vg and vg, while it is of com-
parable 1mp0rtance to the Jahn—Teller coupling along vg. The
A and B states also couple to the D' E», state using pseudo-
Jahn-Teller coupling along the e, modes. In contrast to the
coupling to the C state, this is the only coupling that splits the
degeneracy along these modes, and is especially strong for the
B-D coupling along the vig(1lejy) modes.

In many cases, the linear coupling forms the major part of the
non-adiabatic coupling, and will alone describe the features of
the potential energy surfaces. This is also the case for benzene,
with the exception of the lowest frequency mode vig(leay). In
fact, excluding this doubly degenerate mode the model Hamil-
tonian with linear coupling alone has an RMSD of 0.134eV on
the calculated points.

The linear coupling constants should be similar to the ele-
ments of the potential gradients and non-adiabatic coupling
vectors which can be calculated directly using the Gaussian03
program. The latter can, however, only be obtained for neigh-
bouring states. They will not be identical as the vectors are a local
property calculated at Qg, while the fitting procedure means that
the coupling constants take into account the form of the poten-
tial surfaces away from the Franck—Condon point. The vector
components along the dimensionless normal modes are listed
in Table 6. Note that values of the non-adiabatic coupling are
for neighbouring states in the quantum chemistry calculations
rather the correct ordering of states. The values are indeed seen
to be similar in magnitude and sign to the model parameters in
Tables 4 and 5. The exception is the high frequency v, mode
which has much larger parameters in the fitted model. This is
due to the significant anharmonicity of the mode which is not
well accounted for in the harmonic model.

The frequencies of the excited states are changed from the
ground state values by the on-diagonal second- order parameters

yaa By definition values for the ground-state y a are zero. Due
to the coordinate scaling used in the Hamiltonian, the frequency
of a mode with potential:

V= J(@a+ i) 03

is \/ w2 + wy yéfo), Thus a 5% change in the frequency is given

by a ratlo.
(i)
Yeal S 0.1
Wy

Significant values (a ratio over 0.05) are listed in Table 7.
Negative values correspond to a lowering of frequency.

In general the on-diagonal quadratic parameters are a small
effect, with a ratio of around 0.1. A noticeable effect is found
along the chair-mode, v4, with a significant lowering of fre-
quency except in the B state. A significant increase in frequency
is also found for all states along the b, modes vi4 and vis.
Of particular interest here are modes vjg, vi¢ and vi7. These
are all doubly degenerate modes with large quadratic couplings.
Furthermore the different components couple differently with
the two components of the doubly degenerate electronic states.
Scaling the coordinates to an appropriate new frequency the
second-order coupling matrix for these modes and a pair of states
can be written

1
W(2) Vétlo)t(Qz - Qg[ v) M(l at )anQot y

{i,i+1} = 1 1

o i QaxQay Voo Q2 — 02)
Vow = Voo | = amn

Note the symmetry constraint on the constants analogous
to that on the linear Jahn—Teller constants in Eq. (14). This
second-order Jahn—Teller coupling leads to the formation of
three minima on the lower adiabatic surface of the coupled pair
[21].

Bilinear constants, ygﬁ), a # B are usually small if the
quadratic constants of the modes are small, and with the excep-
tion of the second-order Jahn—Teller constants just described
these have not been calculated. With one exception, second-
order off-diagonal coupling constants have also not been
calculated as they also are usually small. The exception is the
coupling along a diagonal between v and v4. These modes are

the boat/twist and chair modes and have e, and by; symmetry,

respectively. Thus the coupling constant uiz’l? is non-zero as the

product of symmetries of the two modes is e, which according
to Table 3 can couple states A and D. A value of

ue? = 0.0129ev (18)
was found by the fit, and as will be shown below this is a crucial
parameter for the surfaces around the S7 /S conical intersection.

The final parameters in the model are the on-diagonal quartic
parameters that were added along selected modes. The selection
was made purely by inspection of the quadratic fit. The modes
were vig, V11, V15, V16 and v17 and the parameters are listed in
Table 8. With the exception of v these modes all have large
quadratic constants. In cases where the ground-state value is the
same as the excited state values, the effect is due to a general
anharmonicity along the mode at large value.

3.2. Cuts through the potential energy surfaces

Along the breathing mode, vy, (Fig. 2(d)) the upper states
are shifted relative to the ground-state, as expected for a totally
symmetric mode due to the non-zero on-diagonal linear cou-
pling. This shift is especially strong for the A and D states,
which also seem to have a significant change in frequency from
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the ground-state. Along the boat mode, vy, the non-totally sym-
metric symmetry means that there is no shift of equilibrium
geometry, but there is a significant change of frequency in the
A, D and C states (Fig 2(c)). This is particularly noticeable for
the D state, which is nearly flat along this mode.

The quinoid modes, vg, are a doubly degenerate pair with exg
symmetry. They are thus Jahn—Teller active for the two doubly
degenerate states C and D. This is seen by the splitting of these
states in Fig. 2(b). The splitting of the C state is very small. Only
the cut along vg, is shown: along vy, the surfaces look identical.
The B state surface runs through the middle of the split D pair,
but there is no coupling between these states along this mode.

Of particular interest is the behaviour along the boat/twist
modes vy¢, of which the cut along vj¢, is shown in Fig. 2(a). The
cut along vygp looks identical. These are the lowest frequency
modes with an experimental frequency of only 430 cm™!. The
symmetry is ez, so all the linear couplmg parameters are zero.
Despite this, the degenerate states C and D are split, the latter
very strongly, along these modes. This is thus due to second-
order Jahn-Teller coupling, i.e. the coupling between the states
is due to quadratic terms. It is also clear that the A surface is not
harmonic. This is not due to coupling with any other surfaces,
but is simply significant changes to the bonding on excitation
lead to significant quadratic and quartic terms for this state along
this mode.

Motion along a direction diagonally between v;¢, and vg cor-
responds to a combination of boat and chair that is effectively
one corner of the molecule lifting out of the plane (Fig. 1(e)).
This motion thus leads to prefulvene. The cut along this combi-
nation mode is shown in Fig. 3(a) and the surfaces for the X and
A states are seen to intersect around Q16 = Q¢ = £10. This
is part of the Sy/S1 conical intersection seam found to lead to
prefulvene by Palmer et al. [2].

In the previous section it was mentioned that a significant
bilinear coupling (a second-order pseudo-Jahn—Teller coupling)
was found along this direction between the A and D states. The
effect of this term is seen by the difference between Fig. 3(a)
and (b)—the coupling is included in the former and not in the
latter. The difference is staggering given the small parameter.
Ignoring 1¢4 16) leads to a completely different interpretation of
the intersection. The crossing is now at higher energy and the
So/S1 conical intersection is between the X and D states. The
A and D states also now cross. Adding the coupling parameter
between these states the surfaces for the A and D states do not
cross and the fitis better. This coupling could also lead to a barrier
being formed near the conical intersection due to an avoided
crossing between the A and D states.

4. Discussion and conclusion

The dynamic behaviour of a molecule can be rationalised by
the topology of its potential energy surfaces. For a system in
which vibronic coupling is important, the diabatic surfaces and
the coupling between them forms the appropriate reference: the
diabatic states can be related to an electronic configuration, a
“chemical species”, and the coupling allows transitions to occur

between them. The diabatic surfaces are in general smoother
than the adiabatic ones, which are the eigenvalues of the elec-
tronic Hamiltonian, the usual “potential energy surfaces”. The
vibronic coupling model embodies this, providing the diabatic
surfaces using smooth functions, and finding the couplings by
fitting to adiabatic surfaces. Benzene represents an ambitious
target with seven coupled states and 30 vibrational modes, but
the automatic fitting procedure used here is able to provide the
necessary parameters.

Due to the linear optimisation used there is unfortunately
no guarantee that the parameters obtained are the best, and it is
possible that a different set of parameters would obtain a similar,
or even better, fit. The procedure used, taking a good initial guess
and first optimising the more important linear parameters before
adding the higher order terms, aims to get around these problems
in a rather manual way. Better analysis of the result, e.g. an idea
of the sensitivity of the fit to the parameters, is needed. Despite
this, and despite the simplicity of the model, the model surfaces
obtained fit those obtained from quantum chemistry calculations
very well. As a results we are able to perform a full vibronic
coupling analysis of the features of the surfaces.

Vibronic couplings are conveniently characterised according
to the symmetry of the states and modes involved, and the power
of the coordinate with which the leading term is found. In ben-
zene many types are present. Jahn—Teller interaction is found in
the E3, and Ey states via the ez, modes. The same modes cou-
ple the doubly degenerate E, states to the singly degenerate By,
and By, states using pseudo-Jahn—Teller interactions, while ey,
modes couple the Ey to the By and By, states. It was found that
there is particularly strong second-order Jahn—Teller coupling
that splits the doubly degenerate states along the low-frequency
eoy boat/twist mode.

Also significant is the strong second-order pseudo-
Jahn-Teller coupling that is found between the A!B,, and
D'E 2g states. This coupling repulses the two surfaces and allows
the Sp/S1 conical intersection to form between the X'A, ¢ and
Al By, states as prefulvene is approached along the diagonal
of Q16, Q4. The surfaces are thus consistent with the known
photophysics of benzene for the A state, excepting the absolute
value of energies which are too high due to the lack of dynamic
correlation in the quantum chemistry calculations.

What cannot be easily explained by the model is the pho-
tophysics of the B state that is known to decay rapidly to the
ground-state without appreciably populating the A state. This
leads to the expectation of a non-adiabatic pathway connecting
the two states directly, which is not found. In fact the present
model shows only a minimal coupling between the B and the
lower X or A states. This is most likely due to the poor descrip-
tion of the B state by the CASSCF method used, which is
underestimating the coupling. The vibronic coupling analysis,
however, means that we know where to look, i.e. which modes
must be involved in the missing coupling.

The model detailed here can now be refined using higher
level calculations and experimental information. This will result
in an analytic representation suitable for the calculation of the
absorption spectrum and photophysical processes that are dom-
inated by the dynamics close to the Franck—Condon point. More
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work, however, will be needed to provide surfaces suitable for
the photochemistry of benzene. For this we will need to examine
the regions around the conical intersections in more detail and
add this information so that the surfaces also provide a good
description of the photoproducts.
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