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Abstract We developed the molecular mechanics—valence
bond (MMVB) method following an original suggestion of
Jean-Paul Malrieu and coworkers. By coupling a parameter-
ized Heisenberg Hamiltonian to a standard classical force
field (MM2), reliable ground and excited state geometries
of conjugated hydrocarbons can be rapidly optimized. The
MMVB method was central to our development of algorithms
for locating conical intersections and calculating their asso-
ciated decay dynamics. Here, we briefly review the chemical
applications of MMVB to date, and present two new studies
using the photostability of pyracylene and the excited state
decay dynamics of the photochromic dihydroazulene/vinyl-
heptafulvene (DHA/VHF) reaction.

Keywords Heisenberg Hamiltonian · Excited state
calculations · Valence bond theory · Conjugated
hydrocarbons · QM/MM

1 Introduction

We are very happy to be able to contribute this paper to
a special issue recognizing the work of Jean-Paul Malrieu
in quantum chemistry. Several suggestions of Jean-Paul and
his coworkers have made a major impact on our own work,
particularly the idea that valence bond (VB) theory is both
a natural way to think about excited state reactivity [1–3]
and a powerful technique for calculating excited state poten-
tial energy surfaces, once effective Heisenberg spin Hamil-
tonians are introduced [4–16]. Our implementation of this
is the molecular mechanics–valence bond (MMVB) method
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[17,18], which has been employed in over twenty studies to
date [19–40], and which was central to our development of
algorithms for locating conical intersections [20] and calcu-
lating their associated decay dynamics [22,40]. As part of a
long-term development plan for MMVB, we have now inter-
faced our code to the Gaussian [41] computational chemistry
package.

The MMVB method is described in detail elsewhere
[17,18,38,39]. The original aim [17] was to simulate com-
plete active space self consistent field (CASSCF) calculations
for the ground and excited states of conjugated hydrocarbons,
and to generate starting points for CASSCF geometry opti-
mizations. MMVB has now outgrown this limited aim, for
which the geometries were more than good, because the cal-
culated relative energies were often also surprisingly good
[29] and thus the method was usable in its own right.

One way to appreciate how MMVB works is to recog-
nize that a CASSCF wavefunction can be transformed into
(i.e. projected onto [16,42]) a VB wavefunction via construc-
tion of an effective Hamiltonian [15]. Malrieu and coworkers
recognized that the resulting VB integrals, Coulomb (Q) and
exchange (K), had a simple distance and orientation depen-
dence that could be fitted [9,10]. Our implementation [17]
extended this original idea by fitting the exchange integrals
additionally as a function of ‘hybridization’ (sp2/sp3), and
also by recognizing that much of the total Coulomb energy
can be provided by a standard molecular mechanics potential
[14] (here MM2 [43]). The resulting MMVB method is many
orders of magnitude faster than the CASSCF method it was
designed to simulate, because expensive integral evaluation
has been completely replaced by analytic fitted functions.
There is still a Hamiltonian and hence an eigenvalue prob-
lem to solve, which means that MMVB can describe excited
states and bond reorganization using an ‘active space’ of orbi-
tals as in CASSCF. However, there is a significant speedup
here too, as the VB representation scales much better with the
number of active orbitals than CASSCF: for coronene [18]
for example (24 active electrons), VB gives ∼ 3×106 Slater
determinants for the ground S0 state, instead of ∼ 1 × 1012

with CASSCF. This is because the electron basis functions
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with Sz = 0 where all of the orbitals are singly occupied
(VB), are fewer compared to those where an orbital can be
doubly or singly occupied, or unoccupied (CASSCF). The
VB ‘perfect-pairing’ basis functions are therefore a small
subset of those that would be used in CASSCF. Because of
this, MMVB calculations can be carried out on molecules for
which CASSCF calculations are currently impossible, even
with high symmetry. But this has also meant so far a lack of
optimized excited state geometries and non-vertical excita-
tion energies against which to benchmark MMVB.

Molecular mechanics–valence bond currently has a num-
ber of disadvantages. The first is that parameters must be gen-
erated for elements with ‘active’ orbitals, and we currently
implement only sp2/sp3 carbon atoms this way (although
many different ‘inactive’ atoms can be treated via MM2, as
in e.g. ergosterol [19]). We use a general set of parameters, not
fitted for any particular molecule (although we have exper-
imented with this [38]), which introduces some approxima-
tions. The extension to active orbitals on elements other than
carbon [11,12] has not been so straightforward. In some ways
we are fortunate that there are so many interesting conjugated
hydrocarbons! To treat active orbitals on elements other than
carbon, we have the problem that more than one active orbi-
tal per atom may be necessary (e.g. lone pairs for N/O). Also
there is the restriction of the Heisenberg Hamiltonians used to
‘valence’ (covalent) excited states, a point well understood
by Malrieu et al. [2]. However, this is also a limitation of
CASSCF, unless the active space is extended (for e.g. ionic
states [1,44]), resulting in more active orbitals than active
electrons. Other QM/MM methods for treating excited states
have been proposed, with different advantages and disadvan-
tages, including [79–84].

One of the most successful early applications of the MMVB
method was to the ultrafast radiationless decay of the azulene
molecule [22]. The idea that conical intersections of ground
and excited potential energy surfaces could be responsible for
such decay and the accompanying lack of fluorescence was
becoming more acceptable at that time. After reading about
the problem in Turro’s book [45], the initial MMVB calcula-
tions for azulene took less than a day to run, including loca-
tion of the suspected accessible conical intersection (Fig. 1).
However, the CASSCF calculations required to check these
MMVB results took over 18 months, given the computer re-
sources available to us at the time. It is very unlikely that these
CASSCF calculations would have been attempted without the
initial MMVB geometries.

Azulene is a paradigm for ultrafast radiationless decay,
but also for photostability: because the crossing shown in
Fig. 1 is sloped (S1 and S0 having similar gradients) [46], the
most likely decay path on S0 is back to the initial reactant and
not on to form new products. In this paper, we present new cal-
culations on the pyracylene molecule (Fig. 2), which is also
known to be photostable and nonfluorescent [47]. Recogn-
ising Jean-Paul Malrieu’s concern that quantum chemistry
can be more about numbers than understanding [48], we find
that the accessible conical intersection between the S1 and
S0 states of pyracylene responsible for its photostability has

Fig. 1 The azulene S1/S0 conical intersection [22]: the S0 and S1 po-
tential energy surfaces have minima at very different geometries, and
relaxation on S1 (indicated by arrows top left) leads to the sloped inter-
section, at which efficient radiationless decay occurs

Fig. 2 The crystal structure of pyracylene [47], showing distinct single
and double bond alternation. All bond lengths in Å

a similar origin to the crossing in azulene. The differences
from azulene can be rationalized with VB theory [49].

Because MMVB is so much faster than CASSCF, we
were able to run dynamics calculations to investigate decay
in the azulene S1/S0 crossing region [22]. These were direct
dynamics calculations (no fitted potential surfaces) with sur-
face hopping; the codes were not originally designed with
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sloped crossings in mind, and we now appreciate that recross-
ing and oscillatory population transfer are key features of
decay in these regions. MMVB dynamics has also been used
to calculate product distributions from a photochemical 4+4
cycloaddition [30] (where there are several distinct crossing
regions between ground and excited states), soliton behavior
in polyenes [2,35], and dynamical energy transfer between
naphthalene and anthracene chromophores linked by a meth-
ylene bridge [34].

In this paper, we present an MMVB dynamics study of
the related dihydroazulene/vinylheptafulvene (DHA/VHF)
photochromic system [50–52] (Fig. 3). Here we faced some
problems with our current MMVB parameterization, as the
relative energies of several critical points in the crossing
region of DHA/VHF are not quite right. Nevertheless, our
dynamics results are consistent with the experimental
result that DHA reacts photochemically to give VHF but
that VHF is photostable. For azulene, the crossing is de-
scribed as unavoidable because it is accessible along a reac-
tion path that is in the same direction as the initial relaxation
on the first excited state (Fig. 1), and this reaction path coin-
cides with one of the two coordinates responsible for creating
the degeneracy at the crossing, the branching space [46,53].
The azulene dynamics calculations showed that increasing
kinetic energy could lead to decay at higher-energy regions
of the crossing seam, but that decay in the region of the
crossing minimum was still favored. In contrast, the excited
state reaction path from DHA does not coincide with the
branching space, and vibrations orthogonal to the reaction
path therefore control decay (as discussed more fully in e.g.
[40]). Our MMVB dynamics calculations show that from
DHA, a different higher-energy region of the S1/S0 crossing
seam is favored compared to VHF, where the initial relaxation
direction leads to a region closer to the crossing minimum.
Recent work [54,55] suggests that cases where the excited
state reaction path does not lead directly to the crossing min-
imum will be common. Dynamics calculations are essential
for even a qualitative mechanistic understanding of decay at
these crossings, making extensions of MMVB-like methods
for additional elements and electronic states highly desirable.

Fig. 3 The photochromic dihydroazulene/vinylheptafulvene (DHA/
VHF) isomerisation [51,52]: DHA reacts to give VHF photochemi-
cally, whereas VHF is photostable and only reverts to DHA on heating

2 Computational methods

Molecular mechanics–valence bond [17,18] is a hybrid quan-
tum / molecular mechanics (QM/MM) method, which cur-
rently uses the MM2 potential [43] to describe a sigma bonded
molecular framework. The active electrons–those involved in
conjugation or new sigma-bond formation–are represented
by a Heisenberg Hamiltonian [15,16] in the space of neutral
valence bond configurations. Because of this, the MMVB
method can only treat covalent states at present, and the
active sites are currently only parameterized for sp2/sp3 car-
bon atoms (although inactive sites within the sigma bonded
framework can include any atom for which MM2 is defined).
MMVB differs from many other QM/MM methods in that
the quantum and molecular mechanics parts are both pres-
ent on certain (hybrid) atoms, and not separated into differ-
ent (hybrid) regions of a molecule. A VB carbon atom in
MMVB has one free valence at present: some parameters in
the potential for this atom were obtained from transformed
CASSCF wavefunctions for model systems [38]; some others
were modified from the standard MM2 force field. However,
these modified parameters are interdependent, and geometry
dependent. Sigma-pi separation is not enforced, and the inter-
action between sigma and pi electrons is treated at a similar
level to CASSCF for the molecules studied here: the under-
lying sigma framework can adapt to reorganization of the pi
system and is not fixed.

Using effective Hamiltonian theory, a CASSCF wave
function with localized active orbitals can be projected onto
the space of neutral valence-only VB structures [16]
and interpreted as a Heisenberg Hamiltonian [6,9,16].
Heisenberg-like VB Hamiltonians are particularly suitable
for parameterization, because of the distance and orienta-
tion dependence of their matrix elements Qi j and Ki j (like
those in the Heitler-London VB treatment of the H2 molecule
[56]). This leads to formulae which are evaluated analytically
in MMVB [17], and hence there is none of the integral evalu-
ation, orbital optimization or state-averaging necessary with
CASSCF. Qi j and Ki j in MMVB are independent of the
particular electronic state being optimized.

Molecular mechanics–valence bond can describe the for-
mation of new sigma bonds from p orbitals in a π sys-
tem. However, we encountered some problems here with
our current parameterization of the terms in the Heisenberg
Hamiltonian needed to describe new sigma bond formation,
specifically, the behavior of the formulae for determining Qi j

at long range (>2.5 Å). To try to minimize the problem, we
included only the Qi j terms necessary to describe the sigma
bond that is broken or formed (Fig. 3). However, DHA struc-
tures (with this sigma bond ∼1.5 Å) are consequently much
too low in energy relative to VHF structures on a particular
potential energy surface. The same set of MM and VB con-
nections need to be used for a molecule if the relative energies
of different structures are to be compared.

For dynamics calculations, the MMVB energy and gra-
dient are used to solve the Newtonian equations of motion.
Details of our implementation have been given elsewhere
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[21]. This is a ‘direct’ dynamics method: the trajectories are
propagated using a series of local quadratic approximations
to the MMVB potential energy surface, as suggested by Hel-
gaker et al. [57], with the step size determined by a trust radius
[58]. The surface-hopping algorithm of Tully and Preston [59,
60] is used to allow excited state trajectories to transfer to the
ground state in the conical intersection region. Surface hop-
ping is sufficiently accurate for our purpose here in showing
that decay can take place at a realistic crossing geometry (see
e.g. [85] for a discussion of some of the problems with this
approach). Other methods for treating transfer between elec-
tronic states exist, including Ehrenfest dynamics (e.g. with
MMVB [31] and subsequently [86]), spawning [87,88] and
variational Gaussian wavepackets [89].

The sampling of the nuclear positions and momenta was
generated in different ways, depending on where the trajecto-
ries were started for DHA/VHF. A reference trajectory (tra-
jectory 0) was started from the VHF ground state geometry
on S1 without any initial kinetic energy. For the rest of the
VHF trajectories, the initial S1 geometries and velocities were
sampled on S0 at the same geometry, using the S0 vibrational
modes. On the DHA side, all of the trajectories were started in
the region of the S1 transition structure. A reference trajectory
(trajectory 0) was computed, with an initial kinetic (transla-
tional) energy of 2 kcal mol−1 along the transition vector from
the S1 TS pointing towards the photoproduct (VHF). For the
other DHA trajectories, the same excitation of the transition
vector was applied as for the reference trajectory, and a ther-
mal sampling of 300 K was generated in the remaining S1
vibrational modes on the S1 potential energy surface. More
details about the sampling can be found in reference [61]. For
pyracylene, only one trajectory was computed, sampling all
of the ground state vibrational modes at the D2hS0 minimum.

Molecular mechanics–valence bond energies and geom-
etries were compared with the results of ab initio calcula-
tions. For the CASSCF calculations on pyracylene, we used
MOLPRO [62] to take advantage of point group symmetry
(D2h/C2h). So far, the largest active space used to benchmark
MMVB against CASSCF included 13 active electrons/orbi-
tals for the phenalenyl radical (D3h) [39]. There, reasonable
agreement was obtained with geometries to within ±0.02 Å,
and excitation/relaxation energies to within a few kcal mol−1.
We have occasionally seen disagreement between MMVB
and CASSCF when there are several low-lying excited states
[32], which is why benchmarks on real systems are important
for the future development of the MMVB method. CASSCF
calculations were run using the 4–31G basis set, as this was
the basis set used to parameterize MMVB originally [17].
For DHA/VHF, we compared our MMVB results with previ-
ously published CASSCF calculations [52]. MMVB calcula-
tions were run using a development version of the Gaussian
code [41].

The CASSCF calculations for pyracylene were performed
by distributing 14π electrons in the 14π orbitals, generat-
ing around 690,000 configurations in D2h symmetry and
1,380,000 in C2h. Optimizing a conical intersection using
MOLPRO with such a large active space is currently too

expensive, so we used the restricted active space self consistent
field (RASSCF) method, reducing the number of configura-
tions by restricting the excitations in the wavefunction. This
reduction is done by subdividing the active space into three
categories: a set of orbitals with a limited number of vacancies
(called the RAS1 space), a fully active orbital set (RAS2), and
a set of orbitals with a limited number of electrons (RAS3).
We limited the excitations from the RAS1 space to singles and
doubles only, and allowed at most two electrons in RAS3. To
obtain reliable results, we had to calibrate the RASSCF S0–S1
energy gap in the region of the crossing against the CASSCF
value. We computed this energy gap at the optimized MMVB
conical intersection geometry, where the degeneracy of the
two states is lifted by 8.2 kcal mol−1 with CASSCF. We used
all 14 π electrons in the RASSCF calculations, and the size of
the RAS2 space was progressively increased until the S0 −S1
energy gap became acceptable (error below 1 kcal mol−1)
at this geometry. The least expensive RASSCF calculation
that was performed used two active orbitals in RAS2 (the
HOMO and LUMO orbitals necessary to describe the first
two excited states), for which the computed S0–S1 energy
gap was 11.4 kcal mol−1. We then enlarged RAS2 and shrank
RAS1 and RAS3 so that the orbitals with the largest occu-
pation numbers were left in RAS1 and the orbitals with the
lowest occupation numbers were kept in RAS3. Using four
active orbitals in RAS2, the S0–S1 energy gap is reduced to
7.0 kcal mol−1. Using six orbitals in RAS2 brings the energy
gap to 7.8 kcal mol−1, just 0.4 kcal mol−1 away from the tar-
get CASSCF value. The number of configurations is then
around 48,000, which makes the optimization of the S1/S0
crossing possible.

3 Results and discussion: pyracylene

The X-ray structure of pyracylene [47] (Fig. 2) was found to
have D2h symmetry, with pronounced alternation of single
and double bond lengths [63], particularly in the 5-membered
rings (1.35, 1.49 Å).

Fig. 4 shows the corresponding D2hS0 minimum for pyr-
acylene obtained with MMVB. All bond lengths are repro-
duced to within ±0.02 Å apart from the etheno bridges fused
to the naphthalene fragment, which are 1.44 Å in the crystal
structure and 1.47 Å with MMVB. Both CASSCF (14,14)/
4–31G and B3LYP/6–31G* calculations [63] give 1.45 Å for
the same bond length; closer to the crystal structure (Fig. 2)
than MMVB. All computational methods reproduce the pat-
tern of single/double bond alternation determined experimen-
tally.

With MMVB, we also calculate a shallow imaginary fre-
quency for out-of-plane distortion of this D2h structure on S0
(Fig. 4). Because the energy change is ∼ 0.001 kcal mol−1

and a B3LYP/6–31G* frequency calculation does not give
any negative frequencies, we have treated the D2hS0 mini-
mum as the real S0 minimum with MMVB in what follows.

The 0–0 S1 transition of pyracylene was measured at
∼650 nm/44 kcal mol−1 [47]. Radiationless deactivation of
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Fig. 4 Molecular mechanics–valence bond (MMVB) linear interpolation from the S1 Franck-Condon geometry (S0 D2h minimum) to the S1 D2h

minimum, and then to the C2h real crossing minimum. All bond lengths in Å

Table 1 Molecular mechanics – valence bond (MMVB) energies for pyracylene (Figs. 2, 4)

Structure State E/hartrees E on S0/kcal mol−1 E on S1/kcal mol−1 �E(S1–S0)/kcal mol−1

S0 minimum S0 −0.71731 0.000
D2h S1 −0.58862 40.550 80.754
S1 minimum S0 −0.68728 18.844
D2h S1 −0.65324 0.000 21.360
S1/S0 crossing S0 −0.64080 48.011
C2h S1 −0.64073 7.850 0.044
S1/S0 crossing S0 −0.63519 51.530
D2h S1 −0.62240 19.351 8.026
S0 isomer S0 −0.69400 14.627
D2h S1 −0.60356 31.175 56.752

the lowest excited singlet state was very rapid, and no flu-
orescence was detectable. Vibrational fine structure in the
absorption spectrum was more pronounced in glassy alkane
solution at 77 K, but the S0–S1 absorption remained diffuse.
Rapid radiationless deactivation, lack of fluorescence and
diffuse absorption spectra are all ‘symptoms’ of an accessi-
ble conical intersection on the excited state. Furthermore, no
photochemical reactions were detected and pyracylene was
described as photostable [47], both of which suggest that the
conical intersection is sloped [46], as in azulene [22] (Fig. 1).

Fig. 4 shows the S1 minimum and S1/S0 crossing min-
imum located with MMVB. The calculated 0–0 energy of
40 kcal mol−1 (from Table 1) is only slightly less than the
experimental value of 44 kcal mol−1. The MMVB S1 min-
imum has D2h symmetry: the central five C–C bonds are

unchanged compared with the S0 minimum, but there is a
complete inversion of bond lengths in the perimeter [64].
Because of this difference in character of the S1 and S0 states,
it follows that there is a considerable relaxation energy on S1,
and the S1 minimum is ∼ 40 kcal mol−1 below the Franck-
Condon geometry. In addition, the energy gap between S1
and S0 is already reduced to ∼20 kcal mol−1 at the D2hS1
minimum (Table 1).

Unexpectedly, the minimum located on the S1/S0 conical
intersection seam for pyracylene has C2h symmetry (Fig. 4).
Table 1 shows that the crossing is ∼8 kcal mol−1 above the
S1 minimum, well below the vertically excited geometry and
therefore energetically accessible.

Attempts to optimize a D2h crossing were unsuccess-
ful: Fig. 5 (left) shows that the smallest energy gap found
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Fig. 5 Left MMVB linear interpolation from the S1 D2h minimum to a D2h avoided crossing. Right a continuation of the D2h coordinate which
leads from the Franck-Condon geometry to the S1 D2h minimum (Fig. 4), continuing beyond the S1 minimum, showing that the S1 and S0 states
diverge. NB: left and right figures show interpolations along different D2h coordinates. All bond lengths in Å

was 8 kcal mol−1, at the point labeled D2hS1/S0 crossing
(avoided). Linear interpolation from the D2hS1 minimum to
this point shows that the S1 and S0 states are brought together
slowly. Fig. 5 (right) shows a linear interpolation from the
D2hS1 minimum along a distinctly different D2h coordinate:
the coordinate that leads from the Franck-Condon geometry
on S1 to the D2hS1 minimum. Continuing along this coordi-
nate beyond the D2hS1 minimum as shown in Fig. 5 (right),
leads to the S1 and S0 states diverging, with the S1 state
steeply rising in energy. Contrasting Fig. 5 (right) with Fig. 4
(right hand side) suggests that two equivalent C2h decay path-
ways leading to conical intersections emerge from the D2hS1
minimum, and that decay is unlikely to take place at D2h
geometries on S1.

We can rationalize why the pyracylene S1/S0 crossing
has C2h symmetry and not D2h symmetry by comparison
with azulene. For azulene (Fig. 1), the VB electronic struc-
ture at the crossing shows a localized allyl radical and another
distant unpaired electron, and it is these four weakly cou-
pled electrons which must be accommodated to make the two
states degenerate [49,65,66]. For pyracylene in D2h symme-
try, there is no way to obtain a comparable electronic structure
without lowering the symmetry to C2h, for in D2h, there are
no perimeter carbon atoms on any of the C2 symmetry axes.

No benzene-like crossings were found (where one carbon
atom has been lifted out-of-plane [21,67]) despite exten-
sive searching. All attempts to displace one of the perimeter

carbons out of plane and optimize a crossing led back to the
planar C2hS1/S0 crossing structure (Fig. 4).

The linear interpolation shown in Fig. 4 suggests that the
C2h conical intersection is sloped and that the gradients on the
S1 and S0 potential energy surfaces are approximately par-
allel, resembling azulene (Fig. 1). The coordinates that lift
the degeneracy at this crossing to first order (derivative cou-
pling and gradient difference vectors; the branching space)
are shown in Fig. 6. The reaction path that leads from the D2h
minimum on S1 to the C2h crossing (Fig. 4) is dominated by
the gradient difference vector (UGD), and this reaction path
therefore lies in the branching space, suggesting that decay
in the region of the lowest energy point on the crossing will
be favored.

The MMVB results suggest that the C2h crossing is ener-
getically accessible, because the energy required to reach
the crossing is less than the vibrational excess energy avail-
able on S1 after relaxation from the Franck-Condon geometry
(Table 1). However, the reaction path leading to the cross-
ing (C2h) changes direction [61] from the initial relaxation
direction (D2h). To test whether decay at the C2h crossing is
likely to occur, dynamics calculations were run starting from
the Franck Condon geometry on S1. Even though the cross-
ing does not lie along the D2h relaxation coordinate leading
from Franck-Condon structure to the S1 minimum (cf. azu-
lene, Fig. 1), the crossing is still accessible. Fig. 7 shows an
MMVB trajectory that hops from S1 to S0, with a crossing
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Fig. 6 Derivative coupling (DCP) and gradient difference (UGD) vectors, which lift the degeneracy to first order, at the C2h S1/S0 crossing shown
in Fig. 4

Fig. 7 A representative S1 trajectory for pyracylene, showing that the geometry at which the hop to S0 took place is similar to the C2h crossing
minimum (Fig. 4). All bond lengths in Å

geometry having very approximately the structure of the C2h
crossing minimum.

We have characterized two other structures for pyracylene
using MMVB. Starting from the region of the C2h intersection
geometry on S0, MMVB also locates a minimum correspond-
ing to a second D2h ground state isomer (Fig. 8, right). This
second isomer is ∼15 kcal mol−1 above the first (Fig. 8, left
= Fig. 4, left). We also find this higher-energy ground state
isomer with RB3LYP (bond lengths agreeing with MMVB to
within ±0.01 Å), but it is unstable with respect to UB3LYP
[68], and re-optimizing leads to an RB3LYP solution at the

lower-energy D2hS0 minimum (Figs. 4, 8). With CASSCF,
we could only obtain the D2hS0 minimum shown in Fig. 4:
this does not appear to be a case of bistability, such as those
investigated by Malrieu and Guihery [69], although the
CASSCF gradient is small in the region of the higher-energy
S0 isomer (RMS gradient = 0.00039 a.u.).

We have also characterized a D2h minimum on the S2
surface of pyracylene. With MMVB, the vertical excitation
energies to S1 and S2 are ∼4 kcal mol−1 apart. Relaxation
on S2 leads to the structure shown in Fig. 9, at which the S2
and S1 states are less than 1 kcal mol−1 apart, 31 kcal mol−1
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Fig. 8 Linear interpolation between the D2hS0 minimum and a higher-energy D2h isomer on S0 located with MMVB. All bond lengths in Å

Fig. 9 The D2hS2 minimum of pyracylene calculated with MMVB. All
bond lengths in Å

above the S1 minimum. This S2 state corresponds to an exci-
tation of the naphthalene moiety [18]: the distinguishing fea-
ture of this structure is the long central C–C bond (1.45 Å;
0.1 Å longer than for the S0 and S1 minima). We mention this
structure and the S2 state for two reasons. Firstly, S2 and S1
‘touch’ but do not appear to cross with MMVB: the S1 state
that is vertically excited is the state that crosses with S0 at the
C2h geometry shown in Fig. 4. Secondly, for systems such as
pyracylene, there will in general be many excited states with

minima at very different geometries, and small differences in
their relative energies may lead to errors in the vertical order
of the excited states and/or extra crossings and unexpected
geometry changes. This is the main reason for comparing
MMVB calculations with CASSCF/RASSCF.

As a test of the MMVB results, we used RASSCF to
optimize the C2hS1/S0 crossing, after calibrating RASSCF
against CASSCF as described in the computational methods
section. The RASSCF crossing (Fig. 10) is very similar to
the MMVB one (bond lengths agree to within ±0.02 Å), and
the associated branching space vectors are also very simi-
lar. Moreover, we are confident that the RASSCF optimized
geometry is a good approximation to the as-yet unattainable
CASSCF geometry: we computed the CASSCF S0–S1 en-
ergy gap at the RASSCF optimized geometry, and the degen-
eracy is lifted by only 1.7 kcal mol−1. It is worth noting that
such a crossing would have been difficult to optimize with-
out the initial MMVB guess for the geometry. Nonetheless,
more ab initio calculations are needed on the excited states
of pyracylene to validate the MMVB potential energy sur-
faces, as there appear to be several low-lying excited states
in this system. Further comparison with CASSCF/RASSCF
is currently in progress [90].

Finally, several authors have commented that the photo-
physical properties of polycyclic aromatic hydrocarbons
containing 5-membered rings (abbreviated PCH5, CPAH,
CP-PAH) are very different to those without (PAH), particu-
larly the lack of fluorescence from S1 [70–73], ‘anomalous’
emission from S2 [74] and reduced resolution of vibrational
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Fig. 10 The RASSCF optimized C2h S1/S0 crossing geometry and associated DCP and UGD vectors. All bond lengths in Å

fine structure [75]. For example, cyclopenta[cd]-fluoranthene
(two 5-membered rings) was found to be nonfluorescent,
whereas fluoranthene itself (one 5-membered ring) is strongly
fluorescent [73]. Cyclopenta[cd]fluoranthene is pyracylene
with a benzene ring attached to one of the five membered
rings, suggesting the existence of a similar low-lying S1/S0
conical intersection to pyracylene itself. We expect similar
crossings to be found in other polycyclic aromatic hydro-
carbons with two 5-membered rings. The key feature that
will make these crossings accessible (as they are for azu-
lene [22], fulvene [24,76] and pyracylene described here)
is that the geometries needed to make the S1 and S0 states
degenerate can all be achieved by small in-plane bond length
adjustments. This contrasts with the out-of-plane distortions
needed to obtain the degeneracy in benzene [21,67] and
polyenes [35,77].

4 Results and discussion: DHA/VHF

The photochemical ring-opening reaction of DHA to give
VHF (Fig. 3) is rapid and efficient, but VHF is photosta-
ble and does not react photochemically from the S1 state to
give DHA; the backward reaction only takes place thermally
[50,51]. We have previously shown (using CASSCF calcula-
tions [52]) that all of these experimental observations can be
explained by a conical intersection between S1 and S0 states.
This crossing–reoptimised with MMVB–is shown in Fig. 11
(CI S1/S0). The minimum on the crossing has a geometry
that is VHF-like, and is the lowest-energy point on S1 overall
(Table 2).

Figure 12a shows the DHA/VHF reaction coordinate
(mainly a single bond being broken/formed) at the S1 transi-
tion structure TS*, and Fig. 12b shows the degeneracy-lifting
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Table 2 Molecular mechanics – valence bond energies for the DHA/VHF system (Fig. 11)

Geometry S0 S1 �E(S1–S0) �E(S0) �E(S1)

M S0(DHA) −0.72639 −0.51548 132.3 0.0 40.6
M S1(DHA∗) −0.69059 −0.58022 69.3 22.5 0.0
M S0(VHF) −0.67970 −0.52756 95.5 29.3 33.0
TS1S0 −0.61647 −0.55804 36.7 69.0 13.9
TS2S0 −0.63985 −0.59538 27.9 54.3 −9.5
TS∗ × S1 −0.61204 −0.52140 56.9 71.7 36.9
CI S1/S0 −0.62851 −0.62851 <0.1 61.4 −30.3

Absolute energies in hartrees. �E in kcal mol−1. �E(S0) and �E(S1) are calculated with the DHA S0 and S1 minimum energies respectively
as references. TS1 correspond to the DHA→VHF transition state on the ground state, whereas TS2 correspond to a transition state on the VHF
side perpendicular to the DHA→VHF reaction path. M minimum; TS transition structure; CI conical intersection

Fig. 11 The DHA/VHF MMVB critical points on the S0 and S1 poten-
tial energy surfaces. The blue curve indicates the ground state thermal
reaction path. The black and green curves show the non-adiabatic DHA
→ VHF and VHF → VHF reaction pathways respectively.

Fig. 12 The DHA/VHF a MMVB reaction coordinate (transition vector
at the S1 transition structure TS*, Fig. 11); b DCP and UGD vectors at
the MMVB conical intersection

coordinates (mainly skeletal deformations of the heptaful-
vene ring) at the lowest-energy point of S1/S0 conical inter-
section. To a first approximation, the reaction coordinate at

Fig. 13 The MMVB optimized S1/S0 conical intersection for DHA/
VHF. Note that the crossing structure is twisted (dihedral angle 1–2–3–
4 = 90◦) and lies on the VHF side of the potential surface

TS* is independent of the branching space coordinates. For
DHA, this means that decay to S0 will most likely take place
at the ‘nearest’ point on the S1/S0 crossing seam to TS*,
and dynamics calculations are necessary (cf. diarylethylenes
[40]). For VHF, almost the opposite is true: initial relaxation
involves the skeletal deformations shown in Fig. 12b, and
decay will take place in the region of the crossing minimum,
but will not lead to ring closure along the coordinate shown
in Fig. 12a, but back to the VHF S0 minimum as shown on
Fig. 11. VHF is therefore photostable, like pyracylene.

The MMVB topology of the DHA/VHF potential energy
surfaces (Fig. 11) is similar to the CASSCF one [52]. How-
ever, some inaccuracies due to the approximate parameter-
ization of MMVB were found. In particular, the optimized
conical intersection at the MMVB level has a structure in
which the two rings are orthogonal (Fig. 13). This is not
the case with CASSCF. Therefore, the relaxation coordi-
nate from VHF to CI S1/S0, which mainly involves skel-
etal deformations at the CASSCF level (one of the branching
space coordinates), includes torsion as well at the MMVB
level. Furthermore, the relative energies of DHA (closed)
and VHF (open) are not well balanced in MMVB, because
of problems with the MMVB parameters discussed in the
computational methods section. For example, VHF was found
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Table 3 Molecular mechanics–valence bond trajectories from DHA

Trajectorya �Eb
init �Ec

hop �E(S1–S0)
d te

hop te
end φf (◦) Productg Eh

hop

0 67.2 36.6 1.2 13.3 332.2 19 VHF −0.57015
1 136.5 114.7 1.2 27.6 217.0 28 VHF −0.44572
2 137.4 99.9 1.2 15.1 214.9 27 VHF −0.46927
3 141.9 91.3 1.6 28.1 207.1 27 VHF −0.48298
4 143.0 113.7 1.5 16.1 208.2 31 VHF −0.44733
5 132.1 94.7 0.8 16.3 210.4 9 VHF −0.47761
6 118.4 103.6 0.7 71.7 226.1 41 VHF −0.46334
7 154.8 130.3 1.1 57.1 212.7 44 VHF −0.42081
8 135.4 99.0 2.0 13.8 213.7 24 VHF −0.47079
9 141.2 108.6 1.4 32.5 213.1 36 VHF −0.45538

a See the computational details section
b Energy difference in kcal mol−1 between the electronic energy at the start of the trajectory and the degenerate electronic energy at the optimized
conical intersection (Table 2)
c Energy difference in kcal mol−1 between the electronic energy at the hop and the degenerate electronic energy at the optimized conical inter-
section
d Energy gap in kcal mol−1 at the hop
e Time in femtoseconds at the hop, and at the end of the trajectory
f Dihedral angle measuring the twist between the two rings (Fig. 13)
g Final photoproduct formed
h Energy in hartrees of the S1 state at the hop

Table 4 Molecular mechanics–valence bond trajectories from VHF

Trajectorya �Eb
init �Ec

hop �E(S1–S0)
d te

hop te
end φf (◦) Productg Eh

hop

0 63.3 14.7 1.6 5.1 340.9 14 VHF −0.60515
1 123.3 90.7 2.8 53.0 228.5 23 VHF −0.48400
2 126.5 83.0 1.3 68.9 229.0 23 VHF −0.49626
3 113.5 84.3 2.5 37.8 225.0 28 VHF −0.49420
4 115.2 89.6 3.0 4.5 222.1 6 VHF −0.48571
5 97.4 78.1 2.0 150.2 244.3 47 VHF −0.50406
6 100.3 80.6 2.8 21.1 116.7 21 VHF −0.50004
7 142.1 99.8 0.9 108.3 225.5 27 VHF −0.46940
8 112.9 69.5 2.7 149.3 242.4 62 VHF −0.51778
9 148.6 69.8 2.6 110.2 222.0 23 VHF −0.51730

a See the computational details section
b Energy difference in kcal mol−1 between the electronic energy at the start of the trajectory and the degenerate electronic energy at the optimized
conical intersection (Table 2)
c Energy difference in kcal mol−1 between the electronic energy at the hop and the degenerate electronic energy at the optimized conical inter-
section
dEnergy gap in kcal mol−1 at the hop
eTime in femtoseconds at the hop, and at the end of the trajectory
f Dihedral angle measuring the twist between the two rings (Fig. 13)
g Final photoproduct formed
hEnergy in hartrees of the S1 state at the hop

to be 29 kcal mol−1 higher in energy than DHA on S0 with
MMVB (Table 2), whereas it is only 4 kcal mol−1 higher at
the CASSCF level.

Although accurate energetics are not so important for the
study of the mechanism of DHA/VHF photochromism, the
twisted configuration of the MMVB conical intersection min-
imum has some consequences for the dynamics. From DHA,
the reaction path (Fig. 12a)–mainly involving a sigma bond
breaking–is not included in the branching space (Fig. 12b).
Therefore, the reference trajectory encounters the crossing
seam at higher energy than the optimized crossing minimum
(Table 3; note that the same behavior was observed at the
CASSCF level [52]). For the DHA→VHF trajectories (Ta-
ble 3), the system hits the crossing seam in all trajectories and

decays to VHF (not DHA) in agreement with the experimen-
tal results. The system hits the seam very quickly (a few tens
of fs) after leaving the S1 transition state and at high energy
(mean –0.46 ± 0.02 hartrees) compared to the crossing mini-
mum (–0.629 hartrees) as expected. Decay occurs for torsion
angle φ small compared to 90◦, the optimized MMVB value
for the crossing (Fig. 13).

From VHF, the MMVB reaction path is not fully included
in the branching space either, since torsion is also necessary
to reach the minimum on the crossing. Therefore, the refer-
ence trajectory from VHF on S1 also hits the crossing seam
at higher energy (mean –0.50 ± 0.02 hartrees) than the opti-
mized crossing minimum (Table 4; note that this is a different
behavior from CASSCF). For the VHF → VHF trajectories
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(Table 4), the system hits the crossing seam in all trajectories
and decays to VHF (which is photostable in agreement with
the experimental results: no DHA is formed on the timescale
of this simulation). As with DHA, decay occurs for torsion
angle φ that is small compared to 90◦, showing that this tor-
sion is independent of the branching space coordinates that
create and lift the degeneracy to first order. The mean energy
for decay of VHF (from Table 4) is 25 kcal mol−1 lower than
for DHA (from Table 3) as expected from Fig. 11: on aver-
age, different regions of the crossing seam are being sampled
in each case, although the difference is not as great as would
be obtained with CASSCF.

Overall, MMVB dynamics gives a good agreement with
the experimental observations with high quantum yield for
the photochemical ring-opening DHA → VHF reaction (the
black curve in Fig. 11) and no photochemical ring-closure
VHF → DHA reaction (the green curve in Fig. 11).

5 Conclusion

We developed the MMVB method following an original sug-
gestion of Jean-Paul Malrieu and coworkers. By coupling a
parameterized Heisenberg Hamiltonian to a standard clas-
sical force field (MM2), reliable ground and excited state
geometries of conjugated hydrocarbons can be rapidly opti-
mized. The MMVB method was central to our development
of algorithms for locating conical intersections and calcu-
lating their associated decay dynamics as it is many orders
of magnitude faster than CASSCF, provided that appropriate
MMVB parameters are available.

As an example of locating a conical intersection, we have
shown that there is an accessible conical intersection be-
tween the S1 and S0 states of pyracylene, which explains
the experimentally observed photostability and rapid radia-
tionless decay. RASSCF/CASSCF calculations support this
MMVB result, but do not add anything new to the mecha-
nism. We expect there to be similarly accessible crossings in
other polycyclic aromatic hydrocarbons with two odd-mem-
bered rings, provided there are no other constraints.

As an example of the importance of dynamics for decay
at a conical intersection, we show that the S1 excited states
of both dihydroazulene (DHA) and vinylheptafulvene (VHF)
decay to give VHF, i.e. VHF is also photostable, like pyracyl-
ene. MMVB is useful for studying systems where the conical
intersection is accessed indirectly by vibrations orthogonal to
an excited state reaction path (such as DHA), as many trajec-
tories need to be run to obtain a realistic mechanistic picture,
and unlike pyracylene, a reaction path alone is insufficient.

Several current problems with MMVB have been de-
scribed:

1. There is a tendency for molecules with fused 5-membered
rings (such as pyracylene) to become non-planar. This is
a delicate energy balance, as molecules such as coran-
nulene C20H10 [78], a 5-membered ring in the middle of
five 6-membered rings, are expected to be nonplanar.

2. There are problems with the VB parameters that describe
the formation of new sigma bonds, leading to an exagger-
ated difference here between the energy of closed (DHA)
and open (VHF) isomers, and also problems describing
the twisted VHF conical intersection structure.

3. There is the possibility of spurious minima, such as the
higher-energy D2hS0 isomer of pyracylene.

Further work will include: more RASSCF benchmarks for
MMVB, particularly to investigate points (2) and (3) above,
as one of the main limitations in further developing MMVB
is the lack of excited state optimized geometries for extended
conjugated hydrocarbons.
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