
Abstract. We propose an analytic form to represent the
intersecting potential energy surfaces (PES) of the ®rst
two singlet states of azomethane. The aim is to run
semiclassical simulations of photochemical events such
as fragmentation and isomerization. The PES are based
on ab initio calculations and corrected on the basis of
available experimental data. We resort to a quasi-
diabatic representation, suitable to deal with the S0-S1
conical intersection and to include the essential infor-
mation about electronic couplings in a 2 ´ 2 e�ective
hamiltonian matrix.
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1 Introduction

Azomethane photochemistry is interesting for several
reasons [1]. In the gas phase, excitation to the n! p� S1
state leads to fragmentation, with production of N2 and
two methyl radicals. In principle, the photofragmenta-
tion may take place by simultaneous and symmetric
breaking of the two NAC bonds, or it may proceed
through formation of the labile methyldiazenyl radical
�CH3NN��, with all intermediate possibilities between
these two limiting cases. Recent experiments have
resulted in contrasting interpretations of the fragmenta-
tion mechanism [2±5]. The experimental results are
consistent with a direct photodissociation on the S1
surface, or a fast radiationless transition to lower states
(T1 or S0). In solution, trans±cis photoisomerization
occurs, while dissociation is almost completely inhibited.

Our aim is to run simulations of azomethane photo-
chemistry, in order to uncover the mechanism of the gas-
phase fragmentation and of the cage e�ect in solution. In
view of the complexity of such a task, we shall rely on
semiclassical dynamics, i.e. classical trajectories for the

nuclear motion, with a quantum mechanical treatment
of electronic transitions of the surface-hopping type
[6, 7]. Such a study requires the determination of po-
tential-energy surfaces (PES) and couplings between the
electronic states. It is very convenient to obtain such
information in the form of an e�ective Hamiltonian
matrix in a quasi-diabatic basis of electronic states: this
choice allows the cumbersome calculation of nonadia-
batic couplings to be avoided, and solves the problem of
representing the double cusps in the PES where conical
intersections occur, as in the case of azomethane [8, 9].

The PES of azomethane have recently been explored
by Liu et al. [10] and by ourselves [11]. In those studies,
only some sections of the PES were determined and
some geometry optimizations were performed in order
to locate minima and transition states. Subsequently, we
made a preliminary study of the photofragmentation
dynamics, taking into account only the C0N0N00C00 skel-
etal coordinates [12]: our results indicate that the
S1 ! S0 internal conversion (IC) is very fast, and so the
role of the triplet states is probably not important. In
this paper we present as complete a survey of the S0 and
S1 PES as the dimensionality of the problem allows.

The construction of a PES for a polyatomic system
with several internal coordinates undergoing large am-
plitude motions (bond twisting and dissociation) is a
demanding task. A strategy must be devised in order to
sample the interesting portions of the PES with single-
point calculations, and a compromise must be reached
between accuracy, completeness, and computational
burden. We have run ab initio calculations in the
framework of the con®guration interaction by pertur-
bation with multicon®gurational zeroth-order wave-
functions selected by a iterative process (CIPSI)
algorithm [13±18] at about 270 di�erent geometries. The
ab initio results, in the form of a 2� 2 Hamiltonian
matrix in a quasidiabatic basis [11, 19, 20], have been
®tted with analytic functions of the internal coordinates
(see Sect. 2). This allowed us to perform a ®rst charac-
terization of the surfaces as functions of the skeletal
coordinates only, and the preliminary simulations of
Ref. [12]. In a second characterization, we added a de-
pendence on the methyl internal coordinates, and we ran
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a restricted set of more accurate calculations with a tri-
ple-zeta basis set. Finally, we introduced corrections into
the ®tted PES, also taking into account the zero-point
energies (ZPE) and some available experimental data
(Sect. 3), in order to obtain the most suitable PES to run
semiclassical simulations of the azomethane photo-
chemistry. In Sect. 4 we present the most relevant
potential-energy maps and critical points.

2 Ab initio calculations and ®t of the PES

2.1 Complete active space self-consistent-®eld
and CIPSI calculations

The ®rst set of ab initio calculations was run with the 6-
31G� basis set [21]. Geometry optimizations were
performed at the complete active space self-consistent-
®eld (CASSCF) level for some important minima in the
S0 and S1 PES by means of the HONDO95 program
[22]. The active space involved six electrons and six
orbitals. The active molecular orbitals are the p and p�
pairs of N2 and the p singly occupied orbitals of CH3� at
full dissociation. They correlate with the p, p�, n (lone
pairs) and r� (NAC bonds) orbitals of CH3NN� and
azomethane (see the correlation diagram of Fig. 1). The
CASSCF results (Tables 1, 2) guided us in choosing a set
of about 260 molecular geometries where single-point
CIPSI calculations were performed. The ®ve main
skeletal coordinates (Qskel � fR1 � RN0C0 , R2 � RN00C00 ;
h1 � N00N0C0; h2 � N0N00C00;/ � C0N0N00C00g) were var-
ied independently.

RNN and the internal coordinates of the methyl
groups (Qmet) were adjusted so as to conform to the
CASSCF values for the few skeletal geometries where an
optimization was performed. For all other choices of
Qskel, the coordinates RNN and Qmet were smoothly in-
terpolated as described in Ref. [11]. In this way, we were able to describe all the interesting regions of the poten-

tial hypersurfaces without considering their explicit de-
pendence on the Qmet, which were roughly optimized as
functions of the other coordinates. Of course, in this
``contracted-methyl'' treatment, we also neglected the
di�erence between S0 and S1 as to the equilibrium Qmet.
Finally, we chose eight representative sets ofQskel, which
were held ®xed while varying RNN: on the basis of these
results we established a harmonic dependence of the
potentials on RNN, the equilibrium distance and force
constant being functions of the Qskel.

At each geometry we performed a state-averaged
CASSCF and we computed the eigenvectors of the
average density matrix natural orbitals to be used as
one-electron functions in the CIPSI-quasi degenerate
perturbation theory (QDPT) [20] calculations. CIPSI is a
multireference perturbation CI characterized by the in-
dividual selection of the determinants which span the
zeroth-order wavefunctions [13±18]. CIPSI calculations
were run in the QDPT framework so as to obtain sec-
ond-order corrected diagonal and o�-diagonal matrix
elements of the electronic Hamiltonian in the quasi-
diabatic basis gIj i: HIJ � gI Ĥel

�� ��gJ


 �
The transforma-

tion of the eigenvectors of Ĥel in the zeroth-order
subspace S to quasidiabatic wavefunctions was done by

Fig. 1. Molecular orbital correlation diagram for the cis±trans
isomerization and the fragmentation of azomethane. The top line
indicates the point groups of isomers and fragments. A C2 axis is
ideally conserved in the isomerization pathway (torsion) and a
re¯ection plane in the bond dissociations

Table 1. Energies of critical points of the potential-energy surface
(PES) (kcal/mol), relative to trans-azomethane. Complete active
space self-consistent-®eld (CASSCF) 6-31G* calculations with full
geometry optimization. Con®guration interaction by perturbation
with multicon®gurational zeroth-order wavefunctions selected by
an iterative process (CIPSI) 6-311G** calculations at geometries
optimized by means of the ®rst approximation analytic PES (see
text) and zero-point energy (ZPE) computed on the same PES

Molecule and state Method and
reference

DE DE + ZPE

cis-CH3NNCH3
a, S0 CASSCF 11.0

CIPSI 14.8
[27] 11.4 11.2
[28] 9.3 9.0
Exp. [26] 8.0

Rotamer, min. S1 CASSCF 95.3
CIPSIb 74.2
[10] 78.7

CH3NN � �2A0� � CH3� CASSCF 53.0
CIPSI 60.2 54.3
[27] 53.7 46.3
[10] 56.9 51.5
[28] 51.2 47.8
Exp. [31] 50.9

N2 � 2CH3� CASSCF 10.1
CIPSI 48.6 37.5
[27, 30] 35.8 22.1
[10] 34.2 22.2
Exp. [29] 43.1 31.6

Transition state for CASSCF 47.8
symmetric dissociationc CIPSI 75.2 71.6

[27] 60.7 53.6
[10] 52.2 44.2
[28] 64.7 59.5

a Eclipsed conformation for both methyl groups
bFixed torsion angle C0N0N00C00 � 90�
c Transition state for the simultaneous breaking of both NAC
bonds in trans-azomethane, with C2h symmetry constraint
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the method of diabatic templates described in Refs. [11,
19, 20]. The diabatic states coincide with the adiabatic
ones whenever a C2 axis or a re¯ection plane is present.
g1j i is the 1A state and g2j i the 1B state along the NAN
torsion pathway. They are 1A0 and 1A00, respectively, in
the case of in-plane dissociation, and they correlate with
the 2A0 and 2A00 states of CH3NN�.

The subspace S was selected at each geometry so as
to guarantee uniform quality for all calculations. This
can be accomplished by an iterative selection procedure
[17] which aims at obtaining a given target value of
the square norm r of the ®rst-order correction to the
wavefunction at all geometries and for all electronic
states: r � 0:15 was imposed in the fourth and last
CIPSI step. We adopted the Epstein±Nesbet partition of
the CI Hamiltonian and we applied the extrapolation
algorithm of Ref. [16].

2.2 Fit of the diagonal matrix elements HII

In a ®rst step the matrix elements of H were considered
only as functions of the Qskel and RNN. The ®tting
function for the diagonal matrix elements was in the
form

HII�RNN;R1;R2; h1; h2;/�
� P0 � P1Rÿ12CC � UNN�RNN;R1;R2; h1; h2;/�
� A�R1; h1� � A�R2; h2�

�
�X3

n�0
Bn�h1; h2;/��Y n�R1� � Y n�R2��

�
X3
n�0
�Cn�h1; h2;/�Y n�R1� � Cn�h2; h1;/�Y n�R2��

Table 2. Optimized geometries. Distances (bohr), angles (degree) and energies (kcal/mol) relative to trans-azomethane

Molecule and state Method RNN RN0C0

RN00C00
�N00N0C0
�N0N00C00

�C0N0N00C00 DE DE � ZPE

trans-CH3NNCH3
a, S0 CASSCF 2.372 2.772 112.4 180.0 0.0

Final ®t 2.379 2.765 109.9 180.0 0.0
Liu et al.f 2.368 2.767 111.7 180.0 0.0 0.0
Exp. [32] 2.356 2.801 112.3 180.0
Exp. [33] 2.370 2.785 111.9 180.0

cis-CH3NNCH3
a, S0 CASSCF 2.375 2.765 124.3 0.0 11.0

Final ®t 2.343 2.974 117.2 0.0 7.9
Exp. [34] 2.370 2.797 119.3 0.0

Rotamerb, S0 CASSCF 2.451 2.782 122.9 90.0 69.7
Final ®t 2.458 2.729 122.3 90.0 66.9

Invertomerc, S0 CASSCF 2.355 2.797 115.2 55.3
2.666 180.0

Final ®t 2.417 2.852 112.4 56.0
2.588 180.0

Rotamer, min. S1 CASSCF 2.391 2.736 125.0 119.8 95.3
Final ®t 2.437 2.751 120.8 130.8 69.3
Liu et al.g 2.392 2.738 124.9 120.8 78.7

Conical intersection Final ®t 2.327 2.647 120.3 93.8 73.7
Liu et al.h 2.423 2.770 115.6 92.8 73.8

2.729 132.0
CH3NN � �2A0� � CH3� CASSCF 2.370 2.679 116.5 53.0

Final ®t 2.276 2.824 118.5 48.4
Liu et al.f 2.156 2.848 125.6 56.9 51.5

CH3NN � �2A00� � CH3� CASSCF 2.228 2.682 179.0 88.1
Final ®t 2.324 2.766 180.0 75.9

N2 � 2CH3� CASSCF 1.969 10.1
Final ®t 2.115 31.6
Exp. [35] 2.074

Transition state for
symmetric dissociationd

CASSCF 2.171 3.868 108.6 0.0 47.8

Final ®t 2.221 4.133 114.7 0.0 64.9
Liu et al.f 2.130 4.207 0.0 52.2 44.2

Transition state for CH3NN�
dissociatione

Final ®t 2.169 3.752 120.2 59.5

Liu et al.f 2.105 3.358 121.8 65.9 58.2

a Eclipsed conformation for both methyl groups
b Twisted geometry, with the constraint �C0N0N00C00 � 90�
c Semilinear geometry, with the constraint �N0N00C00 � 180�
d Transition state for the simultaneous breaking of both NAC bonds in trans-azomethane, with C2h symmetry constraint
e Transition state for the dissociation of CH3NN�, with CH3� energy added
f MP2 geometries and QCISD(T) energies with 6-311G(2d,p) basis [10]
g Single-state CASSCF geometries and energies with DZP basis [10]
h State-average CASSCF geometries and energies with DZP basis [10]
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� Y �R1�Y �R2�
X1
n�0

Dn�h1; h2;/�

� �Y n�R1� � Y n�R2��
�

X �R1�X �R2� �1�

A�Ri; hi� � exp�ÿP2Ri�
X3
k�0

X2
l�0

Akl Rk
i cos�lhi� �2�

Bn�h1; h2;/�
� Bn;1 � Bn;2W1�h1; h2� � Bn;3W1�2h1; 2h2�
� cos/�Bn;4W2�h1; h2� � Bn;5W4�h1; h2��
� cos 2/�Bn;6W4�h1; h2�
� Bn;7W4�2h1; 2h2� � Bn;8W4�4h1; 4h2��
� Bn;9 cos 3/W2�h1; h2�
� Bn;10 cos 4/W4�2h1; 2h2� �3�

Cn�hi; hj;/� � Cn;1 cos hi � Cn;2 cos 2hi

� Cn;3 cos / sin 2hi sin hj �4�
Dn�h1; h2;/�
� Dn;1 � Dn;2W3�h1; h2�
� cos/�Dn;3 W2�h1; h2� � Dn;4W5�h1; h2��
� cos 2/ �Dn;5W4�2h1; 2h2� � Dn;6W4�4h1; 4h2��
� Dn;7 cos 3/W2�h1; h2�
� Dn;8 cos 4/W4�2h1; 2h2� �5�

W1�h1; h2� � cos h1 cos h2 �6�
W2�h1; h2� � sin h1 sin h2 �7�
W3�h1; h2� � cos h1 � cos h2 �8�
W4�h1; h2� � 1ÿ cos h1 ÿ cos h2 � cos h1 cos h2 �9�
W5�h1; h2� � sin 2h1 sin h2 � sin h1 sin 2h2 �10�
X �Ri� � exp�ÿP3Ri� for Ri � P4

X �Ri� � exp�ÿP3Ri ÿ P3�Ri ÿ P4�2� for Ri > P4

�11�

Y �Ri� � �Ri ÿ P5�X �Ri� �12�
UNN � F1�R1;R2; h1; h2;/�

� �RNN ÿ F2�R1;R2; h1; h2;/��2 �13�
Fn�R1;R2; h1; h2;/�

� Fn;1 �
X2
i�1
�Fn;2 � Fn;3�Ri ÿ P5�� exp�ÿFn;4Ri�

ÿ �2Fn;2 � Fn;3�R1 � R2 ÿ 2P5�� exp�ÿFn;4�R1 � R2�=2�
� �Fn;5 � Fn;6 cos/W2�h1; h2�
� Fn;7 cos 2/W3�h1; h2� � Fn;8�R1 � R2 ÿ 2P5�=2�
� exp�ÿFn;9�R1 � R2 ÿ 2P5�=2� : �14�

Pk;Akl;Bnk;Cnk;Dnk and Fnk are constant parameters to
be determined separately for the two electronic states.

The function (Eq. 1) was devised so as to obey some
fundamental symmetry rules which are stated here for
the diagonal as well as for the o�-diagonal matrix
elements.

1.H cannot depend on the dihedral angle / at semilinear
geometries:

@nHIJ

@/n � 0 for h1 � p or h2 � p �all n � 1� : �15�

2. The diagonal matrix elements are even functions of /
and of /ÿ p:

@nHII

@/n � 0 for / � 0 or / � p �odd n � 1� : �16�

3. The o�-diagonal matrix element is an odd function of
/ and of /ÿ p:

@nH12

@/n � 0 for / � 0 or / � p �even n � 0� : �17�

Moreover,

H12 � 0 for h1 � p or h2 � p : �18�
4. Re¯ection symmetry of C00 about the C0N 0N 00 plane

and of C0 about C00N 00N 0:

@nHII

@hn
k
� 0 for / � p=2 and hk � p �odd n � 1� �19�

@nH12

@hn
k
� 0 for / � p=2 and hk � p �even n � 0� :

�20�
In the HII functions all terms vanish for large R1 and R2,
with the exception of P0 and UNN. The latter also
vanishes when RNN � F2;1, the equilibrium distance of
N2. We set P0 � 0 for the ground-state diabatic potential
H11, so that all energies are referred to the separated
fragments N2 � 2CH3�. The P0 parameter for H22 sets the
energy gap between the two diabatic surfaces. P5 is
a reference distance, set for convenience to 2.8 bohr
in order to avoid very large values of the powers of
�Ri ÿ P5�.

The UNN term carries the only explicit dependence on
RNN, in the form of a quadratic function. The force
constant 2F1 and the equilibrium distance F2 are func-
tions of the Qskel, each depending on nine Fn;k parame-
ters which are determined on the basis of calculations
run at selected skeletal geometries with variable RNN. At
all other Qskel points RNN was not varied, rather it was
chosen close to its equilibrium value. Therefore, in the
next steps of the ®tting, the Fn;k parameters are held
®xed.

When just one of the Ri, say R1, is large, HII reduces
to UNN � A�R2; h2�, which is the potential for a separate
CH3NN� fragment. The other terms are only important
for the united azomethane molecule. All the parameters
yet to be determined were optimized in order to ®t 189
ab initio values in the weighted-least-squares sense, with

393



the lowest weights for the highest energies corresponding
to the least accessible portions of the PES. At this stage,
several terms contained in the A;Bn;Cn and Dn functions
were eliminated, setting their parameters to zero, be-
cause their contribution was found to be not important.
In total, we had 86 parameters for each state (besides P0

and P5), and this led to standard deviations of 1.99 and
2.26 kcal/mol for S0 and S1 respectively. The largest
errors were concentrated in the repulsive parts of the
potentials.

2.3 Fit of the o�-diagonal matrix element H12

The analytic function for the o�-diagonal matrix
element H12 was simpler than that of HII , because there
are many less ab initio values to be ®tted: in fact, at all
symmetric geometries (C2 or Cs) H12 vanishes, and this is
implicit in the form of the ®tting function. We have

H12�R1;R2; h1; h2;/�
� G1�/� W6�h1; h2�
� G2�/� W6�2h1; 2h2�
� �G3�/� � G4�/� W6�h1; h2�� �Z�R1� ÿ Z�R2��
� G5�/� �Z2�R1� ÿ Z2�R2��
� G6�/� �R1 ÿ R2� exp�ÿS1�R1 ÿ R2�2� ; �21�

where

Gn�/� � Gn;1 sin /� Gn;2 sin 2/� Gn;3 sin 3/ �22�
W6�h1; h2� � cos h1 ÿ cos h2 �23�
Z�Ri� � �Ri ÿ S2� exp�ÿS3Ri� �24�
Twenty-one Gnk and Sk parameters were optimized. The
standard deviation was 1.23 kcal/mol. Plots of the H12

function show that it can reach rather large values in
scarcely accessible, high-energy regions of the PES,
where no ab initio calculations were done. We therefore
decided to damp down all H12 values above Hcut �
8 kcal/mol so that it could never exceed Hmax � 12 kcal/
mol. This was done by replacing jH12j > Hcut with

jH 012j � Hcut � �Hmax ÿ Hcut�
� �1ÿ exp�ÿ�jH12j ÿ Hcut�=�Hmax ÿ Hcut��� �25�

2.4 Exchange of the methyl groups

Until at least one of the two NAC bonds is close to its
equilibrium length, one may safely use the analytic
functions de®ned in Sects. 2.1±2.3, with the identi®ca-
tions R1 � RN0C0 ;R2 � RN00C00 ; h1 � N00N0C0 and h2 �
N0N00C00; however, when both bonds are signi®cantly
stretched, one cannot ignore the possibility of methyl
exchange, i.e. that RN0C00 < RN0C0 and/or RN00C0 < RN00C00 .
The problem is to switch smoothly from
HIJ �RNN;RN0C0 ;RN00C00 ;N

00N0C0, N0N00C00;C0N0N00C00� to

HIJ �RNN; RN0C00 ; RN00C0 ; N
00N0C00; N0N00C0; ÿC0N0N00C00�.

To this aim we de®ne a parameter q, which is positive in
the regions where we want R1 � RN0C0 ;R2 � RN00C00 etc
and is negative where R1 � RN0C00 ;R2 � RN00C0 , etc:

q � exp�ÿRN00C0=RN0C0 � ÿ exp�ÿRN0C0=RN00C0 �
� exp�ÿRN0C00=RN00C00 � ÿ exp�ÿRN00C00=RN0C00 � : �26�

The Hamiltonian matrix elements actually used in the
dynamics are weighted averages:

HIJ � W �q�
� HIJ �RNN;RN0C0 ;RN00C00 ;N

00N0C0;N0N00C00;C0N0N00C00�
� �1ÿ W �q��HIJ �RNN;RN0C00 ;RN00C0 ;N

00N0C00;

N0N00C0;ÿC0N0N00C00� ; �27�
where

W �q� � 0 for q � ÿ1

W �q� � 1

2
� 3q

4
ÿ q3

4
for ÿ 1 < q < 1

W �q� � 1 for q � 1

�28�

2.5 Methyl internal coordinates

In order to introduce a reasonable but not detailed
dependence of the potential on the methyl coordinates,
we ran a few supplementary calculations, for cis- and
trans-azomethane and CH3�, varying the six CAH bond
lengths (ri), the six NCH and the six HCH bond angles
(ai and bi, respectively), the six HCHH dihedral angles
(ci) and the two NNCH torsion angles (sk). Notice that,
for the sake of simplicity, each sk angle is determined by
the position of only one H atom per methyl group,
arbitrarily chosen. We then added to the diagonal matrix
elements (Sect. 2.2) a contribution for each methyl
group, of the form

Umet � Vs�Rk; hk� 1ÿ cos 3sk

2

� KCH�Rk�
2

X3
i�1
�ri ÿ r0�Rk��2

� Ka�Rk�
2

X3
i�1
�ai ÿ a0�Rk��2

� Kb�Rk�
2

X3
i�1
�bij ÿ b0�Rk��2

� Kc�Rk�
2

X3
i�1
�1ÿ cos�ci ÿ c0�Rk��� �29�

plus the H·H repulsion term:

Urep � Krep

X3
i;j�1

1

r12ij
�30�

Here the force constants KCH;Ka;Kb and Kc, and the
equilibrium values r0; a0; b0 and c0 are functions of the
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NAC bond length Rk. For each of these quantities we
interpolate smoothly between the values determined for
trans-azomethane and the isolated methyl radical. If
K�Rk� is the constant to be interpolated, we assume

K�Rk� � Kmet � f �Rk� �Kazm ÿ Kmet� : �31�
f �Rk� goes from 1 to 0 as the NAC bond length Rk
increases from its equilibrium value to a large distance:

f �R� � 1 for R � Rmin

f �R� � 2X 3 ÿ 3X 2 � 1;

X � Rÿ Rmin

Rmax ÿ Rmin
for Rmin < R < Rmax

f �R� � 0 for R � Rmax

with Rmin � 2:77 bohr and Rmax � 6:61 bohr.
The torsional barrier Vs also depends on the NNC bond
angle hk

Vs�Rk; hk� � V0 f �Rk� �1� cos hk� �33�
and so the torsional potential vanishes at semilinear
geometries (hk � p). V0 � 2:60 and ÿ5:02 kcal/mol was
determined for S0 and S1 respectively, on the basis of the
eclipsed versus staggered energy di�erences for both
methyls in trans-azomethane. The HAH repulsion
constant Krep was evaluated from the energy di�erence
between conformers of cis-azomethane, after deducting
the torsional contribution. Finally, once we had ®xed V0

and Krep, we ®tted a few ab initio energy values obtained
for trans-azomethane and CH3� with variable bond
lengths and angles, to determine the force constants and
equilibrium values Kazm and Kmet of Eq. (31).

3 Higher-accuracy corrections

In order to improve the accuracy of the PES, we ran a
few more CIPSI calculations with higher standards:

1. Triple-zeta basis set with polarization functions also
on the H atoms, 6-311G�� [23].

2. One-electron functions for the CI generated by means
of preliminary CIPSI calculations and diagonaliza-
tion of the perturbed single-particle density matrix of
the target state [24].

3. Single-state CIPSI calculations (Epstein±Nesbet bari-
centric partition) with more exacting thresholds
(r � 0:10) in the ®nal step, which requires up to
29500 determinants for the zeroth-order wavefunc-
tion.

Calculations were run at geometries optimized according
to the analytic PES of Sect. 2; however, in order to o�set
the e�ect of some arbitrariness in the de®nition of the
Umet potential (Sect. 2.5), we reoptimized the methyl
coordinates by CASSCF. In this way we determined a
few important energy di�erences, some of which have
also been determined experimentally (Table 1).

The computed vertical transition energies for trans-
and cis-azomethane are 88.6 and 82.4 kcal/mol, respec-
tively: these values roughly match the broad absorption

maxima at k ' 355 and 370 nm, respectively [25]. The
2A0 ÿ2 A00 transition energy for CH3NN� turns out to
be 50.2 kcal/mol (570 nm): no experimental data are
available for this radical. The S1 state has a twisted
minimum, which was provisionally optimized with the
constraint / � 90�, and was found at 74.2 kcal/mol
above the trans isomer. At the same geometry, the
energy gap with S0 is only 3.8 kcal/mol.

The cis±trans energy di�erence is estimated from
experiment to be about 8 kcal/mol [26]: we calculate
14.8 kcal/mol, to be compared with other theoretical
values of 11.2 [27] and 9.3 [28].

The full fragmentation energy to N2 � 2CH3� has
been accurately determined on the basis of thermo-
chemical data [29] to be 31.6 kcal/mol. Including the
ZPE (computed on the basis of the ®rst ®t of the PES),
we obtain 37.5 kcal/mol (Liu et al. [10] give 22.2 and Hu
and Schaefer [27, 30] give 22.1). For the NAC bond
dissociation thermal reaction, an activation energy of
50.9 kcal/mol has been measured at 540±610 K [31]:
assuming that no barrier is present along the reaction
path, as found by our calculations, this can be taken as
an indication of the energy di�erence of CH3NN � �
CH3� versus trans-azomethane. Our computed value,
including ZPE, is 54.3 kcal/mol (compare with Hu and
Schaefer [27] 46.3 kcal/mol, Liu et al. [10] 51.5 kcal/mol
and VraÂ bel et al. [28] 47.8 kcal/mol). A substantial
barrier is instead found along the symmetric (D2h) dis-
sociation path for both NAC bonds, starting from trans-
azomethane: with ZPE, 71.6 kcal/mol above the reagent
(that is 34.1 kcal/mol above N2 � 2CH3�). According to
Hu and Schaefer [27] and Liu et al. [10] the barrier is
substantially lower, 53.6 and 44.2 kcal/mol, respectively:
notice that their calculations underestimate the frag-
mentation energy, while we overestimate it; VraÂ bel et al.
[28] give 59.5 kcal/mol.

Our computed values are in overall agreement with
other experimental and theoretical results. The most
important discrepancies, in view of the use of these PES
in simulations of azomethane photochemistry, are the
overestimation of the cis±trans energy di�erence, which
probably includes a slight deformation of the rather ¯at
S1 PES, and the overestimation of the full fragmentation
energy and of the relative barrier. Therefore, we intro-
duced corrections to the analytic PES of Sect. 2 with the
aim of producing an e�ective H matrix suitable for
semiclassical simulations. In detail, we wanted

1. To adapt the analytic PES to the results of the higher-
quality calculations reported in this section; ZPE
corrections were also included, as they would not be
taken into account explicitly in a classical trajectory
treatment.

2. To further correct the PES according to the exper-
imental value for the full fragmentation energy: half
of the required correction (ÿ5:9 kcal/mol) was
applied to the symmetric dissociation barrier height.

3. To correct the cis±trans energy di�erence by
ÿ6:8 kcal/mol and the rotamer energy by half of this
value.

4. To leave unchanged both the equilibrium geometries
and the excitation energies, which are satisfactory
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and/or cannot be improved substantially on the basis
of available experimental data.

The correction takes the form of two additional terms in
the diabatic potentials HII . The ®rst term is

U �1�add�R1;R2� � T1 f �R1��1ÿ f �R2��f
�f �R1��1ÿ f �R2��g �34�

with f �R� as de®ned in Eq. (32), but Rmin � 2:8 bohr
and Rmax � 4 bohr. The second term is

U �2�add�R1;R2;/; h1; h2�
� �T2 � T3 cos/W2�h1; h2�
� T4 cos 2/W4�h1; h2��f �R1�f �R2� �35�

with Rmin � 2:8 bohr and Rmax � 7:6 bohr. The param-
eters Tn were optimized so as to satisfy the requirements
outlined above.

Parameter ®les and Fortran subprograms for the
calculation of the HIJ matrix elements can be obtained
from the authors.

4 Potential-energy maps and critical points

The results of several geometry optimizations, both at
CASSCF level and with our ®nal analytic PES, are given
in Table 2. We also located the most important transi-
tion states and the lowest point of the crossing seam
between the S0 and S1 surfaces. The saddle points for the
symmetric dissociation of both NAC bonds and for the
cis±trans isomerization by torsion are actually not true
transition states, as the Hessian matrix has more than
one negative eigenvalue: they were obtained by imposing
symmetry constraints in the optimization (C2h and C2,
respectively).

Some sections of the PES are shown in Figs. 2±7,
which are contour maps obtained with full optimization
of all geometrical parameters save two independent
variables, using the ®tted analytic PES.

In the ground state the cis±trans isomerization may
follow either the in-plane inversion or the double-bond
torsion pathway. The former is clearly preferred (see
Table 2). Figure 2 illustrates the isomerization (by in-
version) and the single-bond dissociation reactions. Both
trans- and cis-azomethane dissociate without going
through a transition state. The activation energy for
nitrogen inversion, 56.0 kcal/mol, is higher than the
dissociation energy, 48.4 kcal/mol, which is why thermal
fragmentation takes place instead of isomerization. In
Fig. 3 one may compare one- and two-bond dissocia-
tion, starting with trans-azomethane. While the full
fragmentation products, N2 � 2CH3�, are more stable
than CH3NN � �CH3�, the simultaneous dissociation of
both NAC bonds is not favoured: with the constraint
of D2h symmetry, one ®nds a barrier of 64.9 kcal/mol.
While this value may still be slightly overestimated (see
Sect. 3), the di�erence with the single-bond dissociation
energy is large enough (16.5 kcal/mol) to guarantee an
unsymmetrical, if not sequential, bond breaking.

The ground-state (2A0) PES of CH3NN� is shown in
Fig. 4 as a function of RNC and of the NNC angle. The

transition state for the dissociation to N2 � CH3� is
11.1 kcal/mol above the minimum (Liu et al. [10], with
ZPE, give 6.7 kcal/mol; Hu and Schaefer et al. [30] give
2.3 kcal/mol). The equilibrium geometry is bent in the

Fig. 2. Potential energy map for S0 (
1A0). One NNC angle and the

corresponding RNC distance are varied independently, all other
coordinates are optimized. The distance between two contour lines
is 5 kcal/mol, all energies being relative to N2 � 2CH3�. The
locations and energies of some critical points are shown on the
map. Distances in bohr, angles in degree

Fig. 3. Potential energy map for S0 (1A0). Both RNC distances are
varied independently, all other coordinates are optimized with
the constraint CNNC = 180� (transoid geometries). The distance
between two contour lines is 5 kcal/mol, all energies being relative
to N2 � 2CH3�. The locations and energies of some critical points
are shown on the map. Distances in bohr
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ground state. In contrast the 2A00 excited state prefers an
almost linear geometry, where it becomes degenerate
with 2A0.

The S1 PES of trans-azomethane is shown in Fig. 5 as
a function of the RNC bond lengths. The PES has a

minimum for RN0C0 � RN00C00 � 2:75 bohr, 72.2 kcal/mol
above the ground state: by relaxing the planarity con-
straint for the CNNC skeleton, one ®nds that this is
actually a saddle point, because torsion leads to stabili-
zation of the excited state. Dissociation of one NAC
bond on the S1 surface requires to overcome a barrier,
the top of which corresponds approximately to the ver-
tical transition energy (87.9 kcal/mol): this process may
therefore take place with excitation wavelengths lower
than 325 nm. The outcome would be excited CH3NN�,
certainly a very short lived entity. The irregularities in

Fig. 4. Potential energy map for the ground state of CH3NN�
(2A0). The NNC angle and the RNC distance are varied indepen-
dently, all other coordinates are optimized. The distance between
two contour lines is 5 kcal/mol, all energies being relative to
N2 � 2CH3�. The locations and energies of some critical points are
shown on the map. Distances in bohr, angles in degree

Fig. 5. Potential energy map for S1 (1A00). Both RNC distances are
varied independently, all other coordinates are optimized. The
distance between two contour lines is 5 kcal/mol, all energies being
relative to N2 � 2CH3�. The locations and energies of some critical
points are shown on the map. Distances in bohr, angles in degree

Fig. 6. Potential energy map for the 1B diabatic state. The CNNC
dihedral angle and the RNN distance are varied independently, all
other coordinates are optimized with C2 symmetry constraints. The
distance between two contour lines is 5 kcal/mol, all energies being
relative to N2 � 2CH3�. The locations and energies of some critical
points are shown on the map. The dashed line indicates the crossing
seam with the 1A surface. The dotted lines enclose the region where
jDE�S0 ÿ S1�j < 5 kcal/mol. Distances in bohr, angles in degree

Fig. 7. Potential energy map for the 1B diabatic state. The CNNC
dihedral angle and both RNC distances are varied independently, all
other coordinates are optimized with C2 symmetry constraints. The
distance between two contour lines is 5 kcal/mol, all energies being
relative to N2 � 2CH3�. The locations and energies of some critical
points are shown on the map. The dotted line encloses the region
where jDE�S0 ÿ S1�j < 5 kcal/mol. Distances in bohr, angles in
degree
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contour levels of Fig. 5 around RNC � 4 bohr are due to
the sudden switch to a linear geometry of the outgoing
CH3NN� fragment. Simultaneous dissociation of the two
NAC bonds leads to excited N2, which is too high in
energy to be of interest at ordinary wavelengths.

The preferred path in the excited state, and the only
accessible one with k > 325 nm, is torsion about the
NAN bond. The 1B diabatic surface as a function of the
twisting angle and of the RNN bond length (C2 symmetry
is imposed) is shown in Fig. 6. The dashed line indicates
the crossing seam with the 1A surface. It should be noted
that the intersection takes place on one side of the valley
which connects the cis and trans isomers: the lowest
energy path does not lead through it; however, the
lowest point of intersection, 73.7 kcal/mol above the
ground state, is below the vertical excitation energy.
Moreover, in a wider region around CNNC = 90�, the
two PES are very close to each other: this is shown in
Fig. 6 by dotted contours which correspond to S0 ÿ S1
energy di�erences DE � �5 kcal/mol. A similar picture
is obtained by varying symmetrically both NNC angles
instead of RNN. In contrast, changing the RNC distances
is not su�cient to meet the crossing seam, as shown in
Fig. 7: the quasidegeneracy region (jDEj < 5 kcal/mol) is
wide enough to cross the lowest energy path. Fast IC is
therefore expected at twisted geometries. The slope of
the S1 PES is steep nowhere, with the trans isomer being
more stable than the cis one by about 7 kcal/mol and
the relative minimum being located at CNNC = 130�:
this shape of the PES may result in slightly unequal
isomerization quantum yields, Ucis!trans > Utrans!cis.

5 Conclusions

The construction of PES for describing chemical reac-
tions is a demanding task. Photochemistry poses pecu-
liar problems, not only because two or more electronic
states and their couplings must be considered: with
respect to thermal reactions, higher energies are in-
volved; therefore, it is necessary to sample wider regions
of the nuclear coordinates' space and more reactive
channels. In this study we have tackled such problems in
the speci®c case of azomethane photochemistry, aiming
at a suitable compromise between accuracy and com-
pleteness of the PES.

The natural continuation of this work is a dynamical
treatment of the processes set o� by excitation of azo-
methane. Classical trajectories with surface hopping have
been run on the PES presented here and the analysis of
the results is in progress. Some preliminary conclusions,
in agreement with the qualitative considerations outlined
in the previous section, can be put forward. IC is very fast
(<1 ps) and almost half the trajectories, starting from the
excited trans isomer, end up in the cis ground state. The
dissociation of the NAC bonds needs much more time
and takes place almost exclusively in the ground state. It
may be described as sequential, but the second NAC
bond breaks very soon after the ®rst one because the

methyldiazenyl radical is produced with a large excess of
vibrational energy: this makes its observation as a pho-
todissociation product quite unlikely.
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