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Summary. Radiative decay and phosphorescence of triplet stare benzene is 
doubly -orbital and spin- forbidden and is only activated through vibronic cou- 
pling among the manifold of triplet states. For  this reason the determination of 
lifetime and transition moments for the decay of triplet benzene has posed a con- 
siderable challenge to both theory and experiment. In the present work we have 
addressed the triplet benzene problem at several levels of theory; by truncated 
perturbation theory and semiempirical, CNDO/S-CI, calculations; by complete 
sum-over-state calculations as implemented in recent ab initio multiconfiguration 
quadratic response (MCQR) theory; and by direct MCQR calculations of vibronic 
phosphorescence. The vibronic coupling is in the two former cases treated by the 
Herzberg-Teller (H-T) perturbation theory, involving four main mechanisms for 
the phosphorescent decay of triplet benzene. The results and interpretations given 
by these approaches as well as their merits and limitations are presented and 
discussed in some detail. Our calculations indicate that the phosphorescent decay 
of the 3B1, state takes place predominantly through vibronic coupling along the 
e2g mode. We obtain a phosphorescence that is almost completely out-of-plane 
polarized, which is in line with more recent measurements by the microwave- 
induced delayed phosphorescence technique, and could reproduce quite well the 
intensity ratios for different vibronic bands obtained in that experiment. The final 
triplet state lifetime is the result of a delicate sum of contributions from several 
vibronic degenerate and non-degenerate modes. The direct vibronic phosphores- 
cence calculations predict a long lifetime, about one minute - 68 seconds for the 
best wavefunction - and seem to focus on a doubling of the assumed, albeit not 
established, "best experimental" value for the radiative lifetime of triplet benzene; 
-~ 30 seconds. 
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1 Introduction 

For obvious reasons the characterization of excited states and spectra of the 
benzene molecule has formed an important research objective in quantum chem- 
istry. The dipole spectrum of benzene was accordingly utilized in the earliest 
parametrizations and semi-empirical schemes, the first being the PPP model 
applied to benzene already in 1950 [1]. The historical account of the diversification 
of the PPP and other semi-empirical schemes to the application on spectra of 
aromatic compounds have been well documented, see e.g. a recent issue (No. 4, Vol 
37) of the International Journal of Quantum Chemistry. Inga Fischer-Hjalmars 
made important contributions to the field of n-electron theory of heteroaromatic 
molecules. Her first investigation in this area, on the UV spectrum and electron 
distribution of aniline [2], was followed by a series of investigations of azabenzenes 
and other substituted benzenes [3, 4]. Much of this early work is fundamental for 
our understanding of the spectroscopy and electronic structure of excited states of 
aromatic compounds and has also served as a source of inspiration for later 
research on state-specific and propagator oriented ab initio approaches. 

The development alluded to above refers primarily to singlet excited states. 
Although the important role of the low-lying triplet states for the description of 
solvation chemistry and spectroscopy of aromatic compounds has since long been 
recognized the number of theoretical investigations is very small in comparison 
with those on the singlet states. This follows from the simple fact that transitions to 
many of the lowest singlet states are dipole allowed and thus well characterized by 
absorption or fluorescence spectroscopy. On the theoretical side, it follows from 
the comparatively simple handling of the dipole interaction for singlet states that 
should be weighted against the nonlinear nature of the interaction, with simulta- 
neous spin-orbit and dipole coupling, that is involved in the absorption or 
emission of triplet states. Calculations of triplet spectra have been hampered in 
a two-fold way; by the (correct) representation of the spin-orbit operator, and by 
the need to perform sum-over-state calculations to evaluate the perturbation 
expressions for phosphorescence and nonradiative yields. The convergence for 
such intermediate state summations is already slow for linear properties, and even 
more so for non-linear properties such as phosphorescence moments, where indi- 
vidual contributions of intermediate states are of arbitrary sign. The semi-empirical 
calculations have mostly dealt with finding acceptable approximations in both 
these aspects. On the other hand with recent progress in ab initio technology, 
calculations referring to both these aspects have been alleviated. We then refer to 
the efficient recursive evaluations of spin-orbit one- and two-electron integrals [5] 
and to the implementation of quadratic response formalisms for obtaining nonlin- 
ear molecular properties referring to arbitrary singlet and triplet perturbation 
operators [6]. 

Because of the obvious importance of benzene as a "benchmark" compound in 
theoretical aromatic chemistry it is ironic that both its singlet and triplet spectra 
have posed particular problems for ab initio calculations. In the singlet case the 
correct ordering of the lowest states was confirmed only by fairly recent calcu- 
lations [7]. This difficulty has been referred to the description of the (different) 
degrees of ionizity of the excited 7z* states and the accompanying dynamical 
polarization of the tr skeleton. In semi-empirical schemes this is to some extent 
accounted for by the parameterization, however, in state-by-state correlation 
calculations this description requires very large wavefunctions including simulta- 
neous a and rc excitations. This has recently been discussed by Roos and co-workers 
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in a series of papers on CASPT2 and MRCI calculations of benzene, azabenzenes 
and nucleic acid base monomers [7, 8, 9]. 

In the triplet case the assignment of even the lowest state has been elusive. 
Although energy criteria from various computations are in agreement on a 3Blu 
assignment the spectral analysis has been ambiguous with respect to the symmetry 
character [10]. The assignment of the first excited triplet state in benzene as a 3Blu 
state was already suggested by G6ppert-Mayer and Sklar [11] in 1938. Shull [12] 
and McClure [13] later refined the early experiments of Sklar [14]. Mizushima and 
Koide [15] made the first lifetime determination [15] (0.14 sec). McClure [13] 
introduced spin-orbit coupling in the analysis of the triplet states. The first actual 
calculation of the lifetime was conducted by Hameka and Oosterhoff, who reached 
a lifetime value of 190 sec, 3 orders of magnitude longer than the experimental 
value. Clementi [16] later refined lifetime predictions by means of spin-orbit 
coupling (SOC) calculations using sp 2 hybridized orbitals, and considered also 
two-center contributions to SOC elements, thereby obtaining a lifetime of 20 sec. 
However, Hameka and Oosterhof and Clementi considered states of different 
symmetry, 3B2u and 3Etu , respectively, these also being different to the one  (3Blu) 
originally assigned by G6ppert-Mayer and Sklar. There was thus confusion which 
state should be assigned as the phosphorescent state. According to Kasha's rule 
this state should be the lowest among the triplet states. 

Clues to the assignment problem were given by vibrational analysis of the 
benzene phosphorescence band. Many such analyses have been carried out trying 
to distinguish between 3B2u and 3Blu (or even 3Elu and 3A2u) origin of the benzene 
phosphorescence. It was clear that the dipole transition is forbidden (04) transition 
is missing) and that emission is activated mostly by ezo vibrations, however, a weak 
but significant activity of a bzo vibration was also found [12, 17]. Nowadays it is 

3 well established that the lowest triplet state of the benzene molecule is Blu. Basic 
to the benzene phosphorescence problem is the fact that the gt3Blu---~)~lAlo 
transition is doubly forbidden by spin and orbital symmetry. Perturbation due to 
SOC alone cannot provide dipole-allowed character for the transition moment as 
is the case for other aromatic molecules with lower symmetry [18, 19]. This 
symmetry prohibition thus blocks the normal phosphorescence decay channel. 
Instead, the decay of the lowest triplet (3Bxu) state is activated by vibronic interac- 
tions to the second triplet, the 3Elu state, which phosphoresces to the ground state. 
This implied that the expected lifetime of the lowest state is an order of magnitude 
longer than the lifetime of other 3(r~--* n*) states in aromatic compounds. By 
introducing vibronic coupling through second order perturbation theory Albrecht 
[10] analyzed the vibronic interaction between the higher triplet states with the 
lowest 3Btu triplet state. Basing on polarization data as well as on energetic 
considerations Albrecht [10] also considered other routes to the triplet state 
lifetime of benzene, n.b. channels introduced by vibronic interaction with 3A2u. 
These and the other mechanisms are computed and discussed below. 

Calculations on the phosphorescence of benzene have exclusively been of semi- 
empirical type and have not considered all channels. Results have given rather 
different values for the radiative lifetime. The experiments have been undertaken 
with solvated benzene or with benzene matrix isolation, so the question of the true 
radiative (phosphorescent) lifetime of benzene has been considered open. In the 
present work we address the lifetime of triplet states of benzene both by means of ab 
initio and semi-empirical calculations. We employ the multiconfiguration qua- 
dratic response (MCQR) [6], respectively, CNDO/S-CI methods for this purpose. 
We perform calculations at three levels of theory: A) Semiempirical, CNDO/S-CI, 
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calculations using Herzberg-Teller perturbation theory for the vibronic coupling; 
B) Ab inito multi-configurational response calculations using Herzberg-Teller 
perturbation theory for the vibronic coupling; C) Direct ab initio multiconfigura- 
tional response calculations of vibronic phosphorescence. 

2 Theory of phosphorescence 

2.1 Ab  initio theory: M C Q R  

The phosphorescence lifetime is determined from the rate of the spin-forbidden 
dipole transitions between two electronic states of different multiplicity. For 
a system with a singlet ground state So and a first excited triplet state T1, the 
unpolarized (average) transition rate is obtained by averaging initial states (triplet 
components) and summing over final states (photon polarizations and directions). 
The lifetime associated with the kth triplet component T] is (in atomic units): 

1 4a)~a 3 
- - -  ~1  (So lxZ lT~) l  ~ (1) 

T k 3 , 

where COl = E(T1) -- E(So) is the frequency of the transition, ~ is the fine-structure 
constant and x ~ is the lth component of the dipole operator. The total radiative 
lifetime (in the high-temperature limit) z is obtained as 3/z = I k 1/Zk. The transition 
matrix element is determined from first-order perturbation theory as: 

( S o l x t l T ~ )  = ~ ( S o l x t l S s ) ( S s l H § o l T ~ )  ( S o l H ~ o l Z f ) ( T f l x t l T ~ )  
E(T1) - E(S~) + ~ E(So) - E(T,) (2) t 

where H k so is the kth component of the spin-orbit operator. Cartesian triplet 
components are employed. These are related to the spherical components by: 

T-1 _ T 1 
r (3) 

T -1 + T 1 
T r = i x/~ (4) 

T z =  T O (5) 

In [20] it was demonstrated that the matrix element of Eq. (2) is associated with the 
residue of a quadratic response function: 

lim (co - col) ~ x ' ;Hko ,  C >> o,~, (6) 

where C is an arbitrary triplet operator. 
As mentioned in the introduction, ab initio calculations of the kind presented 

here are made feasible by the efficient recursive evaluations of the full spin-orbit 
operator [5] and by the implementation of quadratic response formalisms [6] 
for obtaining non-linear response functions defined by Eq. (6). The electronic 
spin-orbit interaction constitutes the leading relativistic correction to the electro- 
static interactions in a many-electron system [21]. In the Pauli approximation [22] 
it is represented by an operator of the form (in atomic units): 

= ~2 E + (7) Hso 2 [ , a  Za r_~_ alla" si ~'lii" (si + 2si!]_r~ 
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where i, j refer to electrons and A to nuclei, rij is the position of particle i relative to 
particlej and lij = rlj x l~i is the orbital angular momentum of particle i with respect 
to the position of particle j. The particle asymmetry in the two-electron part, the 
differing size of the spin-own-orbit and spin-other-orbit interaction, can be seen 
as a consequence of the Thomas precession [23], where e is the fine-structure 
constant. Relevant to mention for the present study is that this operator contains 
both one- and two-electron contributions and can be divided into one- and 
two-center parts. While the two-electron part (or one-center two-electron part) 
cannot be neglected; it is often accounted for by shielding of nuclear charges, the 
one-center approximation is cherished in semi-empirical as well as in "ab-initio" 
work. 

The spin-orbit coupling (SOC) can thus be viewed as a perturbation of the 
non-relativistic Born-Oppenheimer Hamiltonian, the effect appearing as splittings 
of and transitions between the electrostatically determined electronic levels, for 
example between singlet and triplet states; 

(17j I Hso 13 ~ (Ms) )  (8) 

where (17~1 is the singlet state and (3 ~(Ms)l the Ms-component of the triplet 
state. In Ref. [5] it was shown how the SOC element can be calculated as the 
residues of the linear response function ~ Hso;Hso >>~,=o. Such coupling con- 
stants between valence states may be obtained with the linear response method 
with a modest effort, only requiring that the singlet reference state is optimized. The 
SOC:s are then determined from a contraction of a gradient type vector with the 
spin-orbit operator and an eigenvector of the multiconfiguration linear response 
eigenvalue problem. The SOC:s between excited states can likewise be obtained 
from one sole ground state determination and from the quadratic response func- 
tion, see e.g. [24]. Orbital relaxation is included through the orbital operators in 
the multiconfiguration linear response eigenvalue equation. Compared to opti- 
mizing separate MCSCF wavefunctions for the involved states, problems with 
non-orthogonal molecular orbitals are avoided. Compared to large scale CI 
calculations in a common orbital basis, the linear response method is competitive 
because much smaller configuration spaces are needed due to the inclusion of 
orbital relaxation in the response calculation. 

The spin-orbit operator enters as one of the perturbing operators in quadratic 
response theory to describe phosphorescence. The implementation of quadratic 
response theory employed here is a generalization of quadratic response theory in 
[25] when there is no longer permutation symmetry in the two-electron integrals 
(as in spin-orbit integrals) and when the operators may both have singlet and 
triplet symmetry, and goes back to the formalism for quadratic response functions 
of Olsen and Jorgensen [20]. MCSCF reference wavefunctions are utilized, i.e. 
linear combinations of configuration state functions (CSF) 1 0 ) =  SoCool49o), 
which in turn are constructed from Slater determinants I q~ ° )  = FI, a*,lvac) where 
art belong to an orthonormal set of spin-orbitals. The complement of the reference 
state is spanned by operators acting on the reference state. These operators may be 
orbital excitation operators: 

q~ = E(S),s = a~as~ + Sa~pa~p; r > s (9) 

where S is + or - for singlet and triplet orbital excitations, respectively, or state 
transfer operators R~ = [i)(01 which may create either a singlet or triplet excita- 
tion when operating on (0[. These operators and their adjoints are collected in 
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a row vector: 
T = (q~ R~ qi Ri) 

and a general vector in this basis is written as a column vector: 

(lO) 

N -- ,J (11) 

Thus N s may refer either to an orbital rotation parameter or to a state transfer 
parameter (a CI-coefficient). In the phosphorescence case one considers r Ell, the 
dipole operator, and u[11 the spin-orbit operators as perturbing operators. The n S O  
response function corresponding to the transition moment of Eq. (2) then reads [6] 
(Einstein summation convention): 

lim,o-~o,1 (o2 - c~1) ~ xl;Hko, C >> o,,~ = -- N~(¢of ~ul21s,l sojz ~vtf 

~rsoc,[21 -[21 X N~(e~S) 
- -  ~ ' J  t~jl "~- [ l j  ) I f  ~- 

rpta] r[31 ,., ¢[a],, ~ r s o v  (12) 
X t ~ j m l  -4- ~ j l m  - -  u., f  ~ j l m l  1~ m ~'~tf~ 

the two linear response v e c t o r s  Nr((Df) and N s° are obtained by solving the two 
linear response equations: 

Nr( (o f )  = [ ( E  [2] - (.of S [ 2 ] )  - 1 r[1]?]? (13) 

NSO (EtEl)-ln[ll  (14) 
~- ~ S O  

and the triplet excitation vectors (Xy) and frequencies (cos) are obtained from the 
solution of the MCSCF triplet excitation eigenvalue equation; 

(E [2] - -  ~ f S [ 2 ] ) X f  = 0 (15) 

These equations include several types of response matrices. The matrices E [2] and 
S t21 are the Hamiltonian and overlap matrices in the T operator basis. 

E[21 = <01 [T],  [Ho, Tk]]10> (16) jk 

S[21 [T~, (17) j~ = <Ol T~]I0> 

The one-index matrices over the perturbing operators, with superscript "[1]", have 
the structure of MCSCF gradients and are therefore called gradient vectors and are 
defined as 

r~ ~1 -- <01[T], r]10> (18) 

Ht~l = <0IT/, Hso]lO> (19) SO,j 

for the dipole and spin-orbit operators, respectively. 
The two-index matrices with superscript "[21" are defined similarly with 

double-commutator expressions. The three-index matrices are higher order gener- 
alizations of the two-index matrices. The important point is that they are never 
constructed explicitly, but are handled directly in matrix-vector products using 
direct CI techniques. By inspection of Eq. (12) the following four types of expres- 
sions are evaluated in case of phosphorescence i) E tal times two vectors; 
ii) SEal times two vectors; iii) r [2] times a vector, and; iv) ut[2] times a vector. t l  s o  
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The computationally dominant operation is evidently the first of these four 
contractions, the one which contracts a third-order Hessian type matrix with two 
response vectors. It is clear that this operation must be conducted directly, with an 
MCSCF wavefunction of 105 parameters (vector length of 2.105 ) E t31 contains 1015 
elements, something impossible to store. The explicit expressions are lengthy, and 
are given in [6]. We only note here that the key entries in these equations all 
contain gradient vectors of operators. These operators may be singly or doubly 
one-index transformed. The one-index transformation is another key operation of 
the theory, and constitutes the basic cause for making the direct transformation 
above at all possible. For instance the unperturbed Hamiltonian Ho: 

Ho = ~hrsE( + )~ + ~ (rsltu)e( +,  + )~st., (20) 
rs pqrs  

are expressed as one-index transformed: 

Ho(bC)--[~b~c,.sE(Sb),.~,Hol (21) 

i.e. evaluated over one-index transformed integrals referring to orbital rotation 
vectors be, and as doubly one-index transformed: 

i.e. evaluated over integrals which are one-index transformed both with respect to 
b~ and %c. (In the phosphorescence case "b" refers to the dipole, and "c" to the 
spin-orbit operator). The explicit expression for these integrals can be found in [6]. 
In a recent work [26] it is shown how these one-index transformations can be 
carried out efficiently without pre-transforming or storing the integrals. The 
excitation operators entering these expressions are defined as in [27]: 

g(s)pq : a;~,am, + Sa;paqp (23) 

e(S1, S2)pqr, = E(S1)~,qE(S2),.~ - E(S)p~f,.q (24) 

S has the same meaning as in Eq. (9); + for singlet and - for triplet (satisfying 
S = 81 $2); 

The gradients entering the expressions for direct transformations can be 
divided into orbital gradients: 

Fpq = (L[ [E(So)qp, H(S1, S2)]IR) (25) 

and CI gradients; 

(jill(S1, S2)IR) (26) 

where H(S1, $2) is the general two-electron operator: 

H(Sll 82)  = ~ fpqE(S)p. + ~' gvq~,e(S1, S2)pqr~ (27) 
pq  pqrs  

or in special cases a one-electron operator . f  denotes here any one-electron integral 
and g any two-electron integrals over the Hamiltonian or any observables. They 
may also refer to one-index transformed integrals. The orbital type gradients are 
expanded in terms of generalized Fock and "Q"-matrices commonly employed in 
MCSCF theory [28, 29] (but with differential permutational symmetry of indices), 
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the CI-gradient are computed using the determinant-based direct technique of 
Olsen et al. [30]. The advantage of using a determinant-based formalism is that 
alpha and beta spins can be treated separately which reduces the dimensionality of 
the problem considerably. 

2.2 Semi-empirical theory for vibronic and spin-orbit coupling: 
CNDO/S-CI 

An extensive semi-empirical analysis of the benzene phosphorescence problem 
accounting for SOC and vibronic perturbations was presented in [31] and [32]. 
We outline here a CNDO type analysis taking into account the vibronic solutions 
obtained in [31]. In a semiquantitative manner the present analysis coincides with 
that of Albrecht [10]. In the Herzberg-Teller approximation the dependence of the 
electronic wavefunction on nuclear configuration Q has the form [31, 33]: 

~-/n( r, Q) = ~IIn( r, QO) -'~ m~n,a~nnZ'-~m ~m( r, Q) (28) 

where 

J~nn = (~m(r, Qo)I~---~(i~.A~aA)] ~n(r,Q)> , o 
(29) 

~n(r, Q) denotes the electronic part of the Born-Oppenheimer (BO) wavefunction: 

• ~.(r, Q) = ~n(r, Q)xn.(Q) (30) 

and X,~(Q)= 1-I,z]u(Q,) is the vibrational wavefunction in form of a product 
of harmonic oscillator eigenfunctions Z],: /~ is a vibrational quantum number. 
In the equations given above Q0 denote the equilibrium geometry, Q, the particular 
type of vibronic normal mode with ct running from 1 to 3N-6, r the electronic 
variables, and ZA denotes a core charge of atom A in the CNDO approximation. 

Roche and Jaff6 have shown that ~n(r, Qo) is a bad zeroth-order wavefunction 
for ~,(r, Q) in the CNDO approximation, because if only the ls AO follows the 
nuclei, the field exerted on the nuclei is going to be too strong and therefore, the 
shape of the approximate BO potential surface is expected to be much too sharp 
[33]. In order to avoid this difficulty Roche and Jaff6 used the zeroth-order wave- 
function T',(r, Q) in which all the coefficients of the MOs are the same as in 
Tn(r, Qo), but in which the AO follow the nuclei. The matrix element (29) can now 
be written in the form: 

J~,n=[~<~'~(r,Q)lHl~'~(r,Q)>]o (31) 

where H is the exact electronic Hamiltonian. Calculating Eq. (31) we must take 
into account that at Q # Qo the MOs are not self-consistent any more and 
Brillouin's theroem does not hold. So the general expressions for CI matrix 
elements must be differentiated. For the triplet states the following formulas have 
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been obtained [-31, 33]: 

Jan= Z ~ 3Via m jb, n L iJt~bQ~)O-- i-aj-b 

A,BDADBa._~O, 2 (ORAB~ q + E ij abe2gAB t ~Q=)oj 

where 

and 

/ a F u \  

(32) 

A A D~j = Z ciu cju (33) 
# 

o / O S u " x  ao 2 A B ~Q.)o(~FiJ~ ~_ ½ #~,vci#cjv(fl --I- f l v ) t ~ - )  0 - -  ~e, ~)AB[2L k AB2 (2Ofj Okk -- DiIDJ Bk) 

A q I/CqRAB"X --Za ZaO"Z"Jt-- ])o (34) 

Here TAB are the coulomb repulsion integrals calculated by Mataga-Nishimoto 
approximation [34]. 

In CNDO/S-CI  we consider single excitations: 

zTJ. = ~ aV~.,, zT~_., 2 = 2s + 1,M= = 0 (35) 
f--a 

from SCF closed-shell ground state ~o: i , j ,  k - are doubly occupied MOs in singlet 
ground state; a, b-unoccupied MOs: 

1 
3 ' l ~ i - .  = ~ - ~ ( l ~ k l ¢ l " "  ~bi~=l---1¢1~1 " '"  ~7i¢.1); M==O,  (36) 

where ~ki A A = F~u,ACiu(au is an LCAO-MO in a minimal STO basis set. The force field 
for the benzene molecule was taken from [35]. For the BO wavefunctions (28)-(30) 
the transition moment between an electronically excited state n with zero- 
vibrational level ~ ,o ( r ,Q)  and the electronic ground state with /t-vibrational 
excited level #ou(r, Q), is equal to: 

M°g = M,o(Qo) f X,oXo dQ + q,o., f X,.oQ,Xo, dQ (37) 

where 
M.o(Q) = (~.(r ,  Q)l~ril ~go(r, Q)) (38) 

i 

In the harmonic approximation the first term in Eq. (37) determines the 
(0, 0) band if the transition is not forbidden by symmetry. The second term is 
different from zero if # is excited in Q= by one vibrational quanta. In this case 
SZ~,oQ~z~,dQ = (h/8~2v~) u2 and the vibronic 0--* 1 transition intensity is deter- 
mined by Eq. (39). Neglecting the vibronic mixing with the singlet ground state 
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we obtain: 
v J~" M m q ~ =  /_., ~ - - - -~  ~,otuoJ (40) 

Intensities of spin-allowed singlet vertical transitions in CNDO/S-CI  approxima- 
tion are determined by: 

1M.o = V/'2~ iV~,,qi, (41) 
ia 

where qi, = ($11rI$,); for example, the x-projection of c7~, is equal to (in a.u.): 

5 A A cxACsAa)] qxa= ~A[D~xA + - ~ a ( C s i C x a  + (42) 

here Z'a is the Slater effective charge and xa the x coordinate of  atom A. The 
triplet-triplet transition moments from the higher triplets amp to the lowest triplet 
state 3 7jl are determined by the relation: 

3Mp, = ~ q . b ~  3V,.,p 3V~b,~ -- 2qua ,  3V~..~,3Vj..~ (43) 
ab i U a 

For studying the intensity of the S-T transition we must take into account the SOC 
effect. In the framework of the C N D O  method the natural approximation, like the 
previous vibronic one presented in [33], is an effective one-electron model [31]: 

n s o  = E~A Ella "si (44) 
A i 

The reasons of this approximation have been discussed and illustrated by SOC 
calculations in diatomic and triatomic molecules 1-31]. The SOC matrix elements 
for CI with single excitations are equal to [32]: 

(37~1Hso1~7%) ~ 2 2 L  3 " = Vi - . ,  pB.i (45) 

i,I sol E",nB.il ~', Z a~b,P 1Via,"Bg" 
i j--a i - a j - b  

(46) 

where orbital integrals Bi~ = (~PjlBI ~ )  are determined as follows in one-center 
approximation. 

A A n j  i 2 ~ A ( C z j C y  i A A x = - CyjC=i) (47) 
A 

V r  tCA C A a a B~i = ~ A ~  ~j ~ - C=iC~i) (48) 
A 

A A Bj i 2 ( A ( C y j C x i  A A = = - Cx~Cyi) (49) 
A 

The triplet configurations are determined here as spin-functions of zero-field 
(3)-(5). The T-S phosphorescence transition moment in the first order perturbation 
theory is now equal to: 

M~o = (3P'~IMIltpo> = ~, G'~n 1Mno --  Z G;o3Mp, + G~o( aM0" - aM,,) 
n ~ O  p # l  

(50) 
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where 
(3~-tUp[Hso[ l~llo) 

G~,o = (51) 
3Ep- 1 Eo 

The difference of permanent dipole moments of the ground singlet and first triplet 
states (the last term in Eq. (50)) is relevant for a direct vibronic calculation of the 
phosphorescence lifetime of benzene. We have performed this direct calculation of 
M %  y by the CNDO/S-CI method by Eqs. (45-51) for three points along the normal 
coordinate of the b2g vibration (v4 = 703 cm-1, see discussion below) which 
is followed by a numerical estimation of the derivative ~/]o = (OM~0/dQ,)o and 
vibronic intensity calculation for the (v' = 0) ---> (v" = 1) transition in the 
3B1,~ 1Alg emission spectrum by Eq. (37). The oscillator strength for this 
transition was estimated to 3.10-11. We have also performed these direct calcu- 
lations at the ab initio MCQR level for the most important vibrational modes. 
These results are discussed in the next section. We shall start the discussion of the 
results obtained by the vibronic theory of Herzberg-Teller type (28)-(40). The 
vibronic mixing of Eq. (28) of the lowest triplet 3Bin s t a t e  with the 13E1, and 13A2u 
states calculated on the CNDO/S-CI level (32)-(34) will be used in subsequent 
estimation of the phosphorescence lifetime through calculations of the 3Elu ~ 1Alg 
and 1A2, ~ 1Alg transition intensities by the SOC treatment in the CNDO/S-CI 
(41)-(51) and MCQR (6)-(27) approaches. 

3 The Herzberg-Teller treatment of benzene phosphorescence 

In order to put the coming discussion into context we recapitulate in this section 
briefly the basic facts about phosphorescence in benzene. 

The benzene phosphorescence spectrum in rigid glasses reveals a dominant 
vibronic activity of the v8 (1602 cm -1) and v o (1174 cm -1) ezo vibrations. The 
v6 (606 cm -1) mode is very active in fluorescence (1B2, ~ 1Alg), but appears very 
weakly in the phosphorescence spectrum [17, 12]. The ezg intensity is uniformly 
polarized out-of-plane with approximately 70% [10]. The b2o vibration 
v4 (703 cm- 1) appears weakly [17, 12] and shows predominantly in-plane polariza- 
tion of phosphorescence emission [10]. There are four ezg in-plane and two 
out-of-plane b2o normal modes in benzene which are relevant for the vibronic 
activity. 

A triplet state acquires singlet character, leading to dipole radiation, by 
1) spin-orbit coupling, 2) spin-vibronic coupling, 3) spin-orbit coupling with 
vibronic coupling in the singlet manifold, and 4) vibronic coupling in the triplet 
manifold with spin-orbit coupling. The implication of this for phosphorescence of 
benzene are the following detailed mechanisms, denoted I, II, III and IV, and 
represented pictorially in Fig. 1. 

Mechanism I. 
Vibronic coupling between 3Blu and 3Elu through the e20 mode, followed by dipole 
coupling (M s) between 3Elu and 3E1 o and spin-orbit coupling (H~b r) between 3E1 o 
and the ground state. 

Mechanism II. 
Vibronic coupling between 3Blu and 3E1, through the e20 mode, followed by 
spin-orbit coupling (H~b r) between 3Elu and 1A2, and dipole coupling (M s) be- 
tween 1Az, and the ground state. 
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x,y ~. I IV: 1Alg < Mx,Y ) 1Elu ~ Hs ° ¢,~.~3A2 u 

Fig. 1. The four different mechanisms of benzene phosphorescence 

Mechanism III. 
Vibronic coupling between 3Blu and 3E1, through the e2o mode, followed by 
spin-orbit coupling (H"so) between aE1, and 1El, and dipole coupling (M x'y) 
between 1Elu and the ground state. 

Mechanism IV. 
Vibronic coupling between 3Blu and 3A2u through the b2o mode, followed by 
spin-orbit coupling (H~J) between 3A2, and iEx, and dipole coupling (M x'y) 
between 1E~, and the ground state. 

These mechanisms are also represented in singlet and triplet level diagrams in 
Fig. 2, which also indicate the spin-sublevels of the triplet states. It should be 
pointed out that the response theory formulation represents these mechanisms in 
a general way in that the interaction between the singlet and triplet manifolds 
include all states of the specified symmetry and not only a particular state, e.g. the 
lowest state of that symmetry as given in Figs. 1 and 2. 

3.1 CNDO/S-CI results 

First we have studied the vibronic mixing in the triplet manifold. It appears that the 
aBlu and 3Elu coupling by ezo vibrations is most efficient and the summation in 
Eq. (28) for the e2o modes can be restricted to these two degenerate aElu states. The 
result is in a good agreement with previous theories [10]. The bzo vibrations are not 
so active: for v4 (703 cm- 1) we have obtained the largest mixing between 3Blu and 
3A2u states. The last one has a comparatively low energy 6.39 eV and was claimed 
not to be an artifact of the CNDO/S-CI method [32]. Vibronic coupling in the 
singlet manifold is most efficient for 1B2u and 1B1, mixing with the 1E1~ state by 
ezo vibrations as has been established earlier [10, 33] but it does not contribute to 
the phosphorescence in the simple CNDO approximation of Eq. (44). Hameka and 
Oosterhoffs [36] calculation of SOC between zcr~* states 1B2, and 3B1, showed that 
the SOC gives a negligible contribution to the aB1. ~ 1A1 o transition moment, 
when the observed intensity of 1B2,--* 1Alo transition is taken into account as 
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Fig. 2. Scheme for the different phosphorescence mechanisms in the triplet and singlet manifolds 

borrowing from the 1Elu ~ 1alo transition by the e2g (V 6 = 606 cm- 1) perturbation. 
The problem of 3B1, phosphorescence reduces mainly to the problem of 
aE1, ~ 1Alg transition intensity. The total e2o intensity contribution is determined 
by the final relation: 

(3nx~',Ylzl 1Zig) = 0.375(3E~brlzl aalo) (52) 

where the most active mode is the v8 vibration (1601 cm-1). It contributes with 
77% to the total ezg intensity which is in good agreement with the experiment [10]. 
The contributions from the other e2g vibrations are, correspondingly, equal to 18% 
(v6 = 606cm-1), 4.5% (v9 = 1178cm -1) and 0.5% (v7 = 3056cm -1) [31]. The 
second triplet-singlet transition m o m e n t  (3Elu-X 11419) in the benzene molecule has 
earlier been calculated by Mizushima and Koide [37], Clementi [16] and Veeman 
and Van der Waals [38] basing on simple assumptions of the nature of a-n* (1A2,) 
excited states which perturb the 3Elu state through SOC and which submit the 
main intensity, polarized perpendicular to the plane of the molecule. They used 
localized C-C and C-H (nonpolarized) a-bonds, with wavefunctions constructed 
from sp2-AO's and used arbitrary assumptions about the energy of the 1A2u states. 
Only one, 1A2. a(e2o)~ n*(e2.), state was then taken into account [16, 37]. 

CNDO/S-CI calculations show that the first X1AIo-lA2. transition (3e2o 
-le2. excitation) with low energy (6.4 eV) and low oscillator strength ( f =  0.001) 
produces a very small contribution to M2o. The 3E1.-X1Alo transition moment 
[31, 32] is only 1.6"10 -6 a.u. because of a non-efficient SOC ((11AzulHso[3Elu) 
= 0.51cm-a). In a simple sp2-hybrid approximation it was 2.23cm -1, and 

f(1A2u-lAlo) = 2.86"10 -2 for E(1A2,) = 8 eV (from assumption) [16]. CNDO/SCI 
results [31] show, see Table 1, that besides the first 11A2~ state there are many other 
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contributions and many of them have opposite signs. So the problem of the 
transition moment (3El,lZlX1alg) is a problem of a rather delicate balance 
between many oscillating perturbations of the 1A2, a n d  3Elg states. In CNDO/S-CI 
it is easy to solve the problem for the single excitations directly accounting for all 
contributions. In more sophisticated ab initio methods the problem of convergence 
of the perturbation theory expansion must be carefully taken into account, as is 
accomplised by the MCQR methodology. 

Table 1 shows results for the doubly degenerate 3Elu  s t a t e  with x- and y-spin 
sublevel components both being active in the out-of-plane z-polarized emission. 
Both components have an oscillator strength f(3E~'~r --. X~Alo) = 0.187.10 -8, 
where the energy E(aElu) = 4.5 eV is taken from experiment (CNDO/S-CI gives 
3.0 eV and 4.1 eV for the 3Blu and 3Elu states, respectively). The radiative phospho- 
rescence lifetime of the 3E 1, state has no physical meaning and cannot be measured 
because this energy is quenched through vibrational relaxation to the first triplet 
state, 3B~u, which produces the observed benzene phosphorescence at 3400 A 
(3.66 eV). Using the above-mentioned CNDO/S-CI calculated vibronic activity 
for e20 vibrations, see Eq. (52), we have the transition moment: 

(3B~'urlzlX1Zlo) = 0A886.10 -4 a.u. (53) 

and the oscillator strengthf~l  = f ~  = 2.14.10-10. This corresponds to the radi- 
ative lifetime of x and y spin sublevels z~ = zr = 1.5/v2f = 8.0 s. 

The mechanism III gives an e2o-vibronic intensity with in-plane polarization. In 
the CNDO approximation this intensity is forbidden. Using estimations 1-16, 36] 
(3EfulHsollE1u ~ = 0.4 cm -1 we get: 

(Mfo) r = (M=lo) x = (3Bfulxlla~o) = 1.88" 10 -5 a.u. (54) 

which corresponds to the oscillator strength f~or~: z I~a5 pl o- a a for the z-spin 
sublevel. 

Studying the mechanism IV we have found that only the 13Azu state gives 
a large contribution: 

(1Elu [Hsol3A ~;,Y) = 0.47 cm- 1 (55) 

Table 1. C a l c u l a t i o n  o f  electric d ipo le  t r ans i t i on  m o m e n t  (1alolz[3E~,) b y  the  C N D O /  

S-CI  m e t h o d  for  m e c h a n i s m s  I a n d  II  

n z~P. aE. ZMZ, m (H~o) (M~z)~, 
[ eV]  [a .u . ]  [ c m -  a] [10  - 4  a .u.]  

1 1A2, 6.39 - 0 .062 0.51 0.0161 

2 1A2, 10.08 0.892 5.837 - 1.0562 

3 XAz, 13.50 1.028 - 6 . 4 9 5  0.5954 

4 1Azu 17.56 - 0.253 - 2 .962 - 0 .8920 

1 3Exg 8.06 0.102 23.705 - -  0 .3757 

2 3Elg 9.14 - -  0 .614 - 0 .037 - 0 .0030 

3 3Elg 10.46 - 0 .266 - 8.295 - 0 .2634 

4 3Elg 10.61 0.166 3.950 - -  0 .0767 
5 3Elg 12.07 - 0 .276 - 8.193 - -  0 .2317 

6 3E1g 24.93 - 0.697 5.231 0.1814 

I,(~A2~, Elg) - 1.3030 
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which corresponds to a transition moment of: 

(3Z2,,Ixl~Alo) = 2.19" 10 -4 a.u. 

The 3A2, and 1E1, states are nearly degenerate and their 

357 

(56) 

energy difference 
is a crucial value. Vibronic calculations show that the bzg vibrational mode 
v4 = 703 cm-  1 is the most active one and finally we obtain: 

( 3 B ~.l x] iAig> = 0.07(3A~.lxl 1A1 o) (57) 

We find that the mechanism IV produces the in-plane polarized b2o vibronic band 
in the benzene phosphorescence from x- and y-spin sublevels with the oscillator 
strengths f~l  = f ~ l  = 1.7.10-11. The intensity is an order of magnitude smaller 

The vibronically active normal modes 
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Fig. 3. A display of the different vibronic active modes for the phosphorescence mechanisms in benzene 
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for the b2g-bands than for the e2g-bands in benzene phosphorescence as predicted 
by the CNDO/S-CI method. 

3.2 MCQR results 

3.2.1 Computational details. The basis sets employed in the MCQR calculations 
are the same as in previous calculations on singlet and triplet spectra of azaben- 
zenes [39, 40]. These are the Double Z (DZ) and Triple (TZ) basis sets of Dunning 
[41, 42] and the TZP and TZPD basis sets constructed by Sadlej [43], which are 
compact triple zeta basis sets (C:5s3p;H:3s) with polarizing functions (P) 
(C:ld;H:lp), and diffuse functions (D) (C:ld;H:lp). In some calculations 
we replaced the (D) functions by "Rydberg" functions (R) expanded at the center 
of symmetry. These are diffuse GTO functions with exponents obtained by 
calculating the maximal overlap with the hydrogenic orbital for each chosen nl 
quantum number. Functions for 3s, 4s, 3p, 4p in the Rydberg series were obtained 
this way. 

All results presented in this work have been obtained with the SIRIUS/ 
ABACUS program package for multiconfiguration self-consistent field (MCSCF) 
wavefunctions, linear and quadratic response functions [44, 45, 25, 6] and geo- 
metry related properties [46]. The phosphorescence yields use the multiconfigura- 
tion quadratic response (MCQR) theory formulation for singlet and triplet 
operators by Vahtras et al. [6]. One- and two-electron electrostatic and spin-orbit 
integrals were obtained over generally contracted gaussian type orbitals (GTO:s) 
by means of the HERMIT program [47], which is interfaced to SIRIUS. The 
spin-orbit integrals are full two-center integrals containing both one- and two- 
electron components [5]. 

The MCQR program is implemented for complete (CAS) and restricted active 
space (RAS) functions. In the present work we employ complete active spaces of 
zc orbitals correlating all rc electrons. We base the use of these active spaces on 
occupation number criteria from MP2 and MCSCF calculations, see also [7, 48]. 
As seen in Table 2 with these active spaces the linear response excitation energies 
agree with the (recently revised) experimental energies within two tenths of an eV. 
A recent calculation by Roos et al. [49] using the CASPT2 method indeed 
indicated minor changes in energy for the 3Blu and 3Etu s t a t e s  - only some 
hundredths of an eV - when applying a perturbation theory expansion on the CAS 
/-/ space wavefunctions (3Az, was not included). The geometry of the regular 
hexagonal benzene molecule is 1.339 ~ for the C-C and 1.101 A for the C-H bond. 
The caption to Table 2 gives the active space orbitals in D6h notation. 

3.2.2 MCQR results for the 3EI~ and 3A2u radiative decay and a crude vibronic 
estimation of  the benzene phosphorescence lifetime. In this section we first consider 
the MCQR calculations of phosphorescence transition moments without consider- 
ations of vibronic coupling. This means that we calculate the interactions leading 
to the decay of the 3E1, and 3Az, states, excluding the vibronic interactions in the 
four different mechanisms depicted in Fig. 1. The final transition moments and the 
lifetimes for the 3B1, state presented here as "ab initio" are in this section obtained 
from a combination of MCQR phosphorescence moments and CNDO/S-CI vib- 
ronic coupling constants described in the previous section. The description of the 
direct ab initio calculations of the vibronic phosphorescence for the 3Blu ~ 1Alo 
intensity is deferred to the next section. 
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Table 2. The ground and triplet state energies (eV) calculated with RPA and M C L R  for double (DZ), triple 
(TZ), triple polarized (TZP) zeta basis set and with diffuse (D) or "Rydberg" (R) functions for states relevant for 
phosphorescence in benzene. Oscillator strengths @, length, andfv,  velocity) are shown for the 1Elu state. The 
TRK-sums  for the different components  are shown in the rightmost column. The M C Q R  results are obtained 
for different H CAS spaces as explained below 

Level g.s. energy Triplet states Singlet states 1Elu TRK-sum 
(a.u.) 3B1~ 3E1~ 3A2u 1A2u 1E1~ f l  f~ S(O)~,r S(O)~ 

Expt 3.66 b 4.54 c 6.93 a 6.93 b 7.59 c 

CNDO/S-CI  2.95 4.07 6.39 6.39 7.10 
DZ-RPA -230.6382 a 4.94 9.05 9.49 7.82 1.578 1.136 - - 
DZ-CAS(//A) -230.7197 3.38 4.88 9.41 9.69 8.35 1.418 0.972 2.89 1.88 
DZ-CAS(l iC)  -230 .7255 3.46 4.89 9.42 9.69 8.20 1.432 0.966 2.90 1.87 
DZR-CAS(HB) -230.7255 3.45 4.90 7.25 7.28 8.19 1.360 0.930 2.91 2.09 
TZ-CAS(HA) --230.7504 3.32 4.84 8.85 9.07 8.21 1.352 0.954 3.01 3.19 
TZR-CAS(HB) -230.7558 3.39 4.86 7.25 7.28 8.06 1.256 0.884 3.02 3.19 
TZP-RPA -230.7182 a 4.68 6.91 7.05 7.37 1.424 1.470 - - 

8.00 0.011 0.016 
TZP-CAS(/ /A)  -230 .7964  3.30 4.69 7.13 7.22 7.71 1.288 1.328 5.88 5.94 

8.93 0.010 0.006 
TZP-CAS( / /D)  -230.8125 3.49 4.73 7.18 7.25 7.50 1.266 1.288 5.87 5.93 

8.04 0.070 0.080 
TZPR-CAS(liB) - 230.8068 3.43 4.71 7.10 7.16 7.24 0.406 0.402 5.88 5.94 

7.58 0.912 0.958 
8.33 0.001 0.002 

TZPD-CAS(l iA) -230.8239 3.30 4.67 7.07 7.16 7.65 1.278 1.284 5.94 5.93 
8.63 0.044 0.050 

a Triplet instabilities 
b Ref. [50] 

Ref. [57] 
a Ref. [61] 
e Ref. [49] 

CAS-spaces: 
H A  = la2 ,  , le2, , lb2o , 1 - 2exo 
H B  = 1 --  3a2u, le2u, lb2a,  1 - 3ela 
H C  = 1 - 3a2u, 1 - 2e2u, 1 - 2b2a, 1 - 2exg 
l i D  = 1 - 3a2u, 1 - 2e2,, 1 - 2b2g, 1 -- 3elg, l b l o  

The quality of phosphorescence transition moments and lifetimes link indi- 
rectly to the quality of transition energies. In Table 2 we therefore list transition 
energies for the lowest triplet and singlet states as obtained from RPA and MCLR 
using the different basis sets and active spaces described in the previous section. We 
then only consider states that by symmetry are relevant for the phosphorescence 
problem in benzene. From Table 2 we see that the energy of the lowest 3B1, state is 
comparatively insensitive to basis sets and correlation spaces. Our best predicted 
value is 3.49 eV, less than 0.2 eV below the experimentally given value [50]. We 
note that there are two sets of experimental values referred to in the literature, in 
Refs. [12, 50] and [51], see also footnotes to Table 2. We note that both DZP- 
RPA and TZP-RPA suffer from triplet instabilities in that the first 3B1, state is 
obtained at very high energy. Such problems are well known in RPA calculations 
of triplet states [27]. The 3E1, excitation energy is also remarkably stable with 
respect to basis set and active space, giving variations in the Order of 0.1 and 0.2 eV. 
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Both the 3Blu and the 3Elu s t a t e s  have dominant covalent character and are as 
such well described also by state-specific CASSCF calculations, as discussed in [7]. 
The excitation energy to the o-re* triplet state 3A2,, is somewhat more dependent on 
basis set, especially in the inclusion of polarizing functions, the deviation is again 
within 0.2 eV from experiment. 

Since radiative dipole interaction constitutes one leg of phosphorescence we 
report also singlet state transition energies and oscillator strengths in Table 2. 
Among the manifold of singlet states only those of IElu and iAzu symmetries are 
relevant for the benzene phosphorescence problem. For these we obtain a some- 
what larger basis set and active space dependency than for the triplets, for instance 
polarization functions are crucial. The 11E1, state has particular interest, being the 
main carrier of the oscillator strength in the dipole spectrum. It has some ionic 
character, which has posed particular problems in state-specific calculations. As 
argued in [7, 49] the ionic character introduces polarization in the tr skeleton 
described by a dynamical o--n correlation. The l lE~, state also contains compo- 
nents of diffuse character, and obtains contributions from a Rydberg orbital close 
in energy. Roos et al. [49] note that in state-specific CASPT2 calculations the 
interfering Rydberg orbital should be included in the active space, and they assign 
the two experimental states at 6.94 and 7.59 eV to two 1E~u states, with valence and 
Rydberg character, respectively. It is thus interesting to note that with larger basis 
sets and active spaces MCLR calculations repeat the doubling of the ~E~, state in 
this energy region. 

Table 2 also gives sums of oscillator strengths for individual transitions pertain- 
ing to singlet spectra in dipole length and velocity gauges. The S(0)-sum rule 
(Thomas-Reiche-Kuhn) indicates that the sum of oscillator strengths is equal to 
the number of active electrons (6). The equality between the parallel and perpen- 
dicular components, referring to the number of excitations in the two directions, 
provides another measure of completeness. We find a rather large deviation for 
the smallest basis set employed, DZ, but a deviation of only 0.1 electrons from the 
sum rule for the largest basis sets. Gauge invariance is within a few % for these 
basis sets. 

Tables 3, 4 and 5 list the phosphorescence transition moments referring to the 
different mechanisms. In these tables the first column gives the energy of the triplet 
states which have vibrationless T-So transition activity, the second column de- 
scribes the pure spin-orbit induced electric dipole transition moments from MCQR 
computations, in the third column the "pure" transition moments are weighted 
with the vibronic coupling elements obtained from CNDO/S-CI, see Sect. 2. 
The fourth column gives the final oscillator strengths of the phosphorescent 
3Blu ~ 1hlo transition [-52]. 

For mechanism I + II one finds that the dipole transitions are weak but that 
the SOC is comparatively large, see Table 1 for comparison. In the case of 
mechanism III and IV the l~Ea, state plays an important role for the intensity 
borrowing, because of its huge dipole oscillator strength. For mechanism III the 
total phosphorescence yield is still small because of a small SOC (as studied by 
Clementi [16]). For mechanism IV CNDO/S-CI a fairly small SOC was predicted. 
However, for this mechanism MCQR predicts a quite different value. We see from 
Table 5 that the DZ-RPA and CNDO values are quite close, but along with 
improvement in wavefunction, the transition moment is increased by an order of 
magnitude. The splitting of the ~E1, states into one valence and one Rydberg 
component means that SOC occurs to more than one ~E~u state. Our results 
indicate that the total SOC interaction, remains about the same anyway. The 
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Table  3. Exci ta t ion energies of 3E~, s tate (eV) a nd  t ransi t ion m o m e n t s  (a.u.) an d  oscillator s t rengths  for 

the 3B~u-lAg t rans i t ion with different basis sets and  corre la t ion  levels, referring to phosphorescence  

mechan i sms  I and  I I  with ezg vibronic  coupl ing  (see cap t ion  to Table  1) 

Level  Exci ta t ion Trans i t ion  m o m e n t  Osc. s t rength 

energy 

3E1~ (3Ei.lzllA~g> (3Blu]z[1Alo> f~b  r 
M z M ~ 

C N D O / S - C I  4.07 1.30e - 4 4.9e - 5 2.15e - 10 

D Z - R P A  4.94 1.81e - 4 6.79e - 5 4.13e - 10 

DZ-CAS( /TA)  4.88 1.75e - 4 6.56e - 5 3.86e - 10 

DZ-CAS(/ - /C)  4.89 1.73e - 4 6.49e - 5 3.78e - 10 

DZR-CAS( /7B)  4.90 1.35e - 4 5.06e - 5 2.30e - 10 

TZ-CAS( /TA)  4.84 9.10e - 5 3.41e - 5 1.04e - 10 

TZR-CAS(/- /B)  4.86 5.92e - 5 2.22e - 5 0.44e - 10 

T Z P - R P A  4.68 3.91e -- 5 1.47e - 5 0.19e - 10 

T Z P - C A S ( / T A )  4.69 4.32e - 5 1.62e - 5 0.24e - 10 

T Z P - C A S ( H D )  4.73 2.63e - 5 0.99e - 5 0.09e - 10 

TZPR-CAS( /TB)*  4.71 1.99e -- 5 0.75e - 5 0.50e -- 11 

* O b t a i n e d  f rom calculat ion using one-el, pa r t  of the Hso a nd  by mul t ip lying the t ransi t ion m o m e n t  by  

the empir ical  factor  of  1.7 

Table  4. Exci ta t ion energies (eV) of 3Elu state, t ransi t ion m o m e n t s  (a.u.) an d  oscillator s t rengths  for the 

3B~u-lAlg t rans i t ion with different basis sets and  corre la t ion levels, referring to phosphorescence  

m e c h a n i s m  I I I  with e20 v ibronic  coupl ing (see capt ion  to Table  1) 

Level  Exci ta t ion Trans i t ion  m o m e n t  Osc. s t rength 

energy 

3Elu (3Eaulx(y)llAlg> (3Bl.lx(y)liAlo> f~o 
MX, y M~,.y 

C N D O / S - C I  4.07 5.00e - 5 1.88e - 5 6.30e - 11 

D Z - R P A  4.94 7.58e - 6 2.84e - 6 1.45e - 12 

D Z - C A S ( / / A )  4.88 2.81e - 6 1.05e - 6 1.98e - 13 

D Z - C A S ( / / C )  4.89 3.27e - 6 1.23e - 6 2.71e - 13 

DZR-CAS( /TB)  4.90 3.11 e - 6 1.17e - 6 2.45e - 13 

T Z - C A S ( / / A )  4.84 9.1 le  - 7 3.41e - 7 2.08e - 15 

TZR-CAS( /TB)  4.84 1.60e - 6 6.00e - 7 6.45e - 14 

T Z P - R P A  4.68 3.84e -- 6 1.44e - 6 3.72e - 13 

T Z P - C A S ( H A )  4.69 5.25e - 6 1.97e - 6 6.96e - 13 

T Z P - C A S ( / T D )  4.73 5.47e - 6 2.05e -- 6 7.53e - 13 

T Z P R - C A S ( / / B ) *  4.71 0.80e - 5 0.30e - 5 1.61e - 12 

* See Table  3 

consideration of SOC to only the lowest 1Elu state, however, is not enough, and 
might be one reason for the low SOC and small role of mechanism IV obtained 
from the semi-empirical calculations as compared to MCQR. A considerable 
increase in the SOC between 3Azu and 1Elu is obtained going from small to large 
wavefunctions, with the CNDO/S-CI results comparing with the former. Further- 
more, the spin-orbit interacting 3A2u and the first 1E1, states are very close in 
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Tab le  5. Exc i t a t i on  energies  o f  3E1, s ta te  (eV), t r an s i t i on  m o m e n t s  (a.u.) a n d  osc i l l a to r  s t r eng ths  for  the  

3Bau-lalo t r ans i t i on  wi th  different  bas is  sets a n d  c o r r e l a t i o n  levels, re fe r r ing  to  p h o s p h o r e s c e n c e  

m e c h a n i s m  IV wi th  b2g v i b r o n i c  c o u p l i n g  (see c a p t i o n  to  T a b l e  1) 

Level  Exc i t a t i on  T r a n s i t i o n  m o m e n t  Osc.  s t r e n g t h  

ene rgy  

3 A 2 , ,  (3A2,,[x(y)llAla) (3Bx,,lx(y)] XAIa) / ~ b  r 

MX, y MX.r 

C N D O / S - C I  6.39 2.00e - 4 1.40e - 5 1.76e - 11 

D Z - R P A  9.05 1.26e - 4 8.82e - 6 6.97e - 12 

D Z - C A S ( / / A )  9.41 8.14e - 5 5.70e - 6 2.91e - 12 

D Z - C A S ( H C )  9.42 9.17e - 5 6.42e - 6 3.69e - 12 

D Z R - C A S ( / - / B )  7.25 5.95e - 4 2.23e - 5 4.46e - 11 

T Z - C A S ( H A )  8.85 8.47e - 4 3.18e - 5 9.06e - 11 

T Z R - C A S ( H B )  7.25 8.20e - 4 3.08e - 5 8.50e - 11 

T Z P - R P A  6.91 1.26e - 3 8.82e - 5 6.97e - 10 

T Z P - C A S ( / / A )  7.13 1.02e - 3 7.14e - 5 4.57e - 10 

T Z P - C A S ( H D )  7.18 1 . 5 5 e -  3 1.10e - 4  1 0 . 8 e -  10 

T Z P R - C A S ( / - / B ) *  7.10 1.49e - 3 1.05e - 4 9.8e - 10 

* See T a b l e  3 

energy and an accurate description of both is essential. One should also add the 
contribution from the full manifold of 3E1, states, as accounted for by MCQR. 

There are clear trends in the dependence of transition moments on improve- 
ments of the basis sets and correlation of the ground-state wavefunction. Concern- 
ing the different mechanisms our results give the following predictions: For 
mechanisms I and II the transition moment is fairly large for the DZ basis set, 
but decreases when we apply larger basis sets and correlation spaces. The results at 
the DZ level are close to CNDO/S-CI but deviate for larger basis sets. For 
mechanism III we have the opposite trend meaning that the in-plane polarization 
transition moment increases with better basis set. Mechanism IV is also in-plane- 
polarized with the transition moment increasing with the basis set and accuracy of 
the wavefunction. This means that we have an "inflection point" in the relative 
importance of the various mechanisms; for small wavefunctions mechanisms I and 
II dominate over mechanism IV, while the reverse holds at large wavefunctions. 
Mechanism III shows larger fluctuation with wavefunctions, but remains negligible 
with respect to I, II and III for all entries. 

It is of interest to note that both mechanisms III and IV involve spin-orbit 
coupling to and phosphorescence through the 1Elu state. This state, with its ionic 
character and diffuse components, requires a high-level calculation, as previously 
noted in optimization of its total energy [49]. We also find this state to be 
associated with a satellite, with probable Rydberg character. In calculations using 
small basis sets (n.b. DZ basis sets) we obtain results rather close to those of 
CNDO/S-CI, while results deviate for larger basis sets, mostly due to mechanism 
IV. The radiative lifetime obained with spin and dipole interactions treated ab initio 
and vibronic interaction semi-empirically lies in the region 2-10 s (Table 6), which 
is too low in comparison with direct vibronic phosphorescence calculations, see 
next section (actually it fits better with the total lifetimes observed by Rabalais et al. 
[53]). This is linked to an overestimated intensity ratio between e2g (mechanism 
I + II) and b2g (mechanism IV) bands [12], and hence a more intensive in-plane 
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Table 6. Lifetimes ~ (s) of the 3B1, state for different basis sets and correlation levels (see caption to 
Table 1) referring to the four different mechanisms. Tar refers to the average of the zx,r°ty and the 
z~ n lifetimes 

I + I I I  I V  Tot I I l  Level z x, r rx, r z x. r z ~ zav 

CNDO/S-CI 7.99 97.7 7.39 27.3 9.76 
DZ-RPA 4.17 246.8 4.10 1186 6.14 
DZ-CAS(HA) 4.46 591 4.43 8688 6.64 
DZ-CAS (H C) 4.55 466 4.51 6348 6.76 
DZR-CAS(//B) 7.48 38.6 6.27 7010 9.40 
TZ-CAS(HA) 16.5 19.0 8.83 82701 13.2 
TZR-CAS(//B) 39.1 20.2 13.3 26654 19.9 
TZP-RPA 90.5 2.47 2.40 4624 3.60 
TZP-CAS (//A) 71.7 3.76 3.57 2472 5.35 
TZP-CAS(HD) 191 1.59 1.58 2284 2.37 
TZPR-CAS(HB)* 344 1.76 1.75 1068 2.62 

polarization than observed [10, 54]. The reason for this deviation seems to be 
connected with that the C N D O  method overestimates the vibronic interaction 
between the 13B1, and the 13Az, states. 

As in the case of benzene fluorescence, the 1E~, state, which strongly dipole 
interacts with the ground state, seems to be the important  entity in the phosphores- 
cence case. The description of the SOC between 3E1, and ~Elu and between 3A2u 
and ~EI,, is thus crucial, the latter two states being nearly degenerate in energy. 
The spin-orbit  coupling is obtained as weak in the former but strong in the latter 
case. These facts indicate the importance of handling the full form of the spin-orbit  
interaction, and to treat more than the lowest states of each symmetry. The 
previous semi-empirical calculations, as well as previous ab initio approaches to 
phosphorescence, see e.g. [54, 55, 56], handle this problem by truncated and often 
slowly convergent sum-over-state procedures, while the quadratic response func- 
tions implicitly contain all contributions. 

It  should be born in mind that all lifetime entries in Table 6 are obtained here 
with the semi-empirically determined vibronic factors H(e2g) and H(b2o). In the 
lifetime determination we also have a crucial E3-factor, where E is the excitation 
energy of the 3B~, state. The two experimental values reported are 3.66 [50] and 
3.95 [51] eV, the choice between them is crucial (we choose the former, closest to 
the MCLR results presented here, for the lifetime entries in Table 6). The C N D O /  
S-CI energy of 2.95 eV leads to a lifetime of 15.4 sec, however, with an excitation 
energy of 3.66 eV this value halves (see Table 6). 

4 Direct ab initio calculation of the vibronic phosphorescence 
3B1. ~ 1A1~ intensity by the MCQR approach 

In order to solve the benzene phosphorescence problem completely ab initio, we 
have obtained the T1-So transition moments  of Eq. (37) for few vibrational modes 
by direct M C Q R  calculations of the derivatives of Eq. (39). In the latter equation 
the numbers n and 0 then correspond to the states 13Blu and lXA~g, respectively. 
The force field, vibrational normal  modes and frequencies have been obtained with 
the HA active space (see Table 2) and with the DZ basis set. The calculated and 
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Table 7. Comparison between experimental and cal- 
culated vibrational frequencies (in c m -  1) for the e2~ and 
b20 vibrational modes 

Wilson notation vE~ p Vc. ~ 

ez0 v s 1601 1726 
v 6 606 662 
v 9 1178 1293 
v 7 3057 3374 

b2g v 4 703 738 

observed frequencies of the e2o and b2o modes, which are relevant for the benzene 
phosphorescence problem are represented in Table 6. The most important vibra- 
tions (v4, v6, vT, Vs and v9) from the CNDO/S-CI treatment have been included 
in MCQR calculations of the vibronic phosphorescence intensities. The TI-So 
transition dipole moments have been calculated by the MCQR method using 
distorted benzene geometries with atomic displacements along the normal modes. 
We would like to stress that the quadratic response technique is particularly useful 
for such kind of direct calculations, because all contributions to the sum of Eq. (2) 
are accounted for completely. In ordinary perturbation theory the truncation of the 
row of Eq. (2) at distorted geometry along a vibrational mode produces a serious 
size-consistency problem for the vibronic intensity [-31]. The derivatives of Eq. (39) 
have been obtained by numerical differentiation. Calculated transition moments 
from Eq. (37) for the different vibronic modes 3Bl,(v = O) ~ 1Alo(v = 1) are repres- 
ented in Table 7. A number of active spaces and basis sets have been checked in 
these calculations. The lowering of symmetry in the vibrational movement intro- 
duces some limitations of basis sets and the use of electronic correlation. The 
e2o vibronic band (vs = 1601 cm-1) appears to be the most intensive one. The 
out-of-plane b2o vibration is very sensitive to the choice of active space and 
produces few broken symmetry results depending on the extension of a-n correla- 
tion, which cannot be excluded in this case. This a-n-correlation includes the 3e20 
occupied a-orbitals and the 4et, unoccupied a*-orbitals. A proper indication of 
a well-balanced active space solution for the b20 distortion geometry is that the 
transition moment of the x and y components are equilibrated. For other non- 
equilibrated results obscure high-transition moments occur for the z-polarized 
transition moment. Finally, we have obtained the proper polarized transition 
moments for the vibronic v4 phosphorescence from the 3 B ~ Y  spin-sublevels. Its 
intensity is an order of magnitude smaller than that for the Vs transition, see Table 
7, in good agreement with observations [12]. 

5 Discussion 

In the preceding we have described first the results from calculations of 
singlet-triplet vertical transitions intensities involving 13A2u, 13E1, and 13Blu 
upper states. All results are connected with the singlet ground state optimized 
geometry and for the last state they also account for the ground state vibrations. In 
relevance with T, ~ So absorption measurements [58] and with the historical 
account of the benzene phosphorescence problem [36, 37] we can conclude from 
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the most extensive active space TZPR-CAS (HB) calculations that the 13A2uJAlo 
transition in the UV region (7.1 eV, Table 5) has the largest predicted intensity 
(M~,,y = 0.0015 a.u. and f ( T ~  So) = 2.8 x 10-6). Here and throughout the paper 
the lower sign denotes an electric dipole polarization and the upper sign denotes 
a spin-sublevel symmetry. The 3Etu ~ 1Alo absorption has much smaller inten- 
sity (Mx r = 8"10-6a.u., Table 4; Mz=2.10-Sa.u. ,  Table 3, and the total 
f =  2.18-10-lo) which is mainly (76%) out-of-plane polarized. In accordance with 
the simple CNDO/S-CI vibronic mixing calculations of Eqs. (28)-(34), (52) and (57) 
this intensity is borrowed from the 3Blu-lZlo transition. It leads to a very large 
intensity of the b2g vibrational mode v4 in the phosphorescence spectrum (mechan- 
ism IV, f x'r -- 10 -9) in comparison with the e2g modes (mechanisms I, II and III, 
Tables 3 and 4; the total f -  10-1°). It forces us to suspect that the out-of-plane 
b2g vibrational mixing of Eq. (57) is highly overestimated in CNDO/S-CI approx- 
imation in comparison with the mixing of Eq. (52), induced by in-plane e20 modes. 

Much more reliable results have been obtained by the direct ab initio calcu- 
lations of the 3Blu ~ 1A 19 phosphorescence vibronic transition intensities (Table 7). 
The most intensive ezo vibronic band v8 appears to be predominantly out-of-plane 
polarized (mechanism I + II) with thefvalue of the order 10-lo for all basis sets; 
the values of DZ-quality are slightly higher than the TZ results. From the most 
reliable TZR(/-/B) results the phosphorescence emission in this band from each 
(x and y) spin-sublevel is characterized by the electric dipole transition moment 
equal to 1.62 x 10-5 a.u. This corresponds to the oscillator strength for the absorp- 
tion in this "hot" band equal to 0.42 x 10-lo and to the radiative lifetime of 15 sec 
(In the latter case we must take into account the degeneracy of the e2o vibration). 
The in-plane polarization of this band (mechanism III) is much weaker; the 
intensity ratio for the out-of-plane to the in-plane polarized e20(vs) vibronic 
phosphorescence emission is equal to 200 in the TZR-basis set and is even larger 
for the smaller basis sets. Quite similar results are obtained for the next e2o C-C 
stretching mode v9 = 1178 cm -1, besides the fact that it has approximately two 
times smaller intensity. The Vs/V9 intensity ratio is equal to 2.03, 2.18 and 2.36 in 
TZR, DZR and DZ basis sets, respectively. The out-of-plane polarization of the 
v9 band dominates completely (Table 8). The other vibronic band (v6 = 606 cm- 1) 
of the same symmetry is not highly polarized, but its intensity is approximately 
three orders of magnitude smaller than that of the v8 band. In DZ- and TZ-basis 
sets this ratio is equal to 0.0045 and in DZR- and TZR-basis sets it is approxim- 
ately 0.002. Obviously the account of Rydberg orbitals diminishes the ratio of v6/v8 
vibronic intensities. The calculated intensity of v7 (3057 cm- 1) e20 vibronic band is 
also negligible in comparison with strong Vs, v9 phosphorescence transitions which 
is in accordance with observations. 

The microwave induced delayed phosphorescence (MIDP) experiments [54] 
for a C 6 H 6 / C 6 D  6 doped crystal at 4.2 K shows that v6 vibronic transitions from the 
z triplet spin-sublevel also have some nonvanishing activity. This is in a good 
agreement with our TZR result (Table 7), where the z spin-sublevel has a larger 
intensity than the x, y sublevels for the v6 mode. It means that the different modes 
of the same e20 symmetry (the C-C stretching vibrations Vs, v9 and the skeletal 
in-plane bending v6 vibration) produce different types of SOC perturbations on the 
x, y and z spin-sublevels in complete agreement with MIDP observations [54]. 

The b2g vibronic phosphorescence band has smaller intensity, in comparison 
with the e20(v8 and v9) emission, but nevertheless it might be observable under the 
typically old conditions for recording of phosphorescence spectra [12, 17, 10]. 
We consider this as a serious achievement of MCQR theory. The b2o vibronic 
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T a b l e  8. T r a n s i t i o n  m o m e n t s  c a l c u l a t e d  w i t h  d i rec t  v i b r o n i c  coup l ing .  E x c i t a t i o n  ene rg i e s  (eV), 

t r a n s i t i o n  m o m e n t s  (a.u.) for  t he  d i f ferent  m e c h a n i s m s  p e r f o r m e d  fo r  d i f ferent  bas i s  sets  a n d  c o r r e l a t i o n  

levels  (see c a p t i o n  to  T a b l e  1) 

L e v e l  E x c i t a t i o n  T r a n s i t i o n  m o m e n t  Osc .  s t r e n g t h  

e n e r g y  M fl  I f /  

M e c h a n i s m s  I + I I  1( 3B:~,rlzl "Alo>l 

e20 Vs(1601) D Z ( H B )  3.34 2 .86e  - 5 0 .733e  - 10 

Vg(1178) 3.38 1.86e - 5 0 .310e  - 10 

v6(606) 3.38 1.90e - 6 0 .003e  - 10 

v7(3057)  3.38 1.49e - 6 0 .002e  - 10 

vs(1601)  D Z R ( H B )  3.34 2 .41e  - 5 0 .521e  - 10 

v9(1178)  3.38 1.63e - 5 0 .238e  - -  10 

v6(606) 3.39 9.91e - 7 0 .001e  - -  10 

v7(3057 ) 3.39 2 .04e  - 6 0 .004e  - -  10 

vs(1601)  T Z ( / / B )  3.28 1.27e - -  5 0 .145e  - -  10 

v9(1178) 3.32 9.81e - -  6 0 .086e  - 10 

v6(606) 3.33 6.27e - -  7 0 .004e  - 11 

v7 (3057) 3.33 5.26e - -  7 0 .003e  - 11 

Vs(1601)  T Z R ( H B )  3.29 1.62e - 5 0 .235e  - 10 

v9(1178)  3.32 1.22e - 5 0 .133e  - 11 

v6(606) 3.33 1.27e - 7 0 .001e  - 12 

v7(3057)  3.33 5.94e - 7 0 .003e  - 11 

1.05e - 10 

0 .76e  - -  10 

0.23e - 10 

0.37e - 10 

M e c h a n i s m  I I I  [ < 3B~, Ix(y) l 1,410 >1 

vs(1601)  D Z ( / T B )  3.34 1.48e - 6 0 .393e - 12 

v9(1178)  3.38 1.86e - 7 O.O06e - 12 

v6(606) 3.38 1.64e - 7 0 .004e  - 12 

v7(3057) 3.38 1.53e - 8 0 .004e  - 14 

e2a 

Vs(1601) D Z R ( H B )  3.34 1.46e - 6 0 .382e  - 12 

v9(1178)  3.38 5.95e - 7 0 .063e  - 12 

v6 (606) 3.39 2.11 e - 7 0 .008e  - -  12 

v7(3057)  3.39 9.48e - 8 0 .002e  - -  12 

v8(1601)  T Z ( H B )  3.28 1.15e - 6 0 .237e  - 12 

v9(1178)  3.32 3.65e - 7 0 .012e  - 12 

v6(606) 3.33 4.07e - 7 0 .030e  - 12 

v7(3057)  3.33 1.80e - 7 0 .006e  - 12 

Vs(1601) T Z R ( H B )  3.29 1.14e - 6 0 .233e  - 12 

v9(1178)  3.32 3.54e - 7 0 .022e - 12 

v6(606) 3.33 4.15e - 7 0 .031e  - 12 

v7(3057)  3.33 1.93e - 7 0 .007e  - 12 

0.40e - 12 

0 .46e  - 12 

0 .29e  - 12 

0 .29e  - 12 
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Table 9. Transition moments calculated with direct vibronic coupling. Excitation energies (eV), 
transition moments (a.u.) for the mechanisms obtained for different basis sets and with correlation levels 
H, which includes the 3 highest occupied and 3 lowest unoccupied n-orbitals, and XH, which except the 
/7-orbitals also includes the 2 highest occupied and 2 lowest unoccupied a-orbitals 

Level Excitation Transition moment Osc. strength 
energy M 

Mechanisms IV [(3B:~',,rlx(y)llAl,)l 

bzo v,(707) DZ(//) 3.27 6.23e - 6 0.35e - 11 
v,(707) DZR(H) 3.27 5.84e - 6 0.31e - 11 
v4(707) TZ(X//) 3.31 3.38e - 6 0.10e - 11 
v4(707) TZR(X//) 3.31 3.16e - 6 0.09e - 11 

transition from the x spin-sublevel has y-polarization and vice versa. The cal- 
culated vs/v4 intensity ratio in DZ-, DZR- and TZ-basis sets is equal to 20.9, 16.8 
and 14.5, respectively. In the observed phosphorescence spectrum the very weak 
bzo intensity shows signs of predominantly in-plane polarization [10] which 
completely corresponds to our direct M C Q R  calculation. The typical intensity 
distribution among all calculated vibronic bands (V8 :V9:116:~7"~4) in benzene phos- 
phorescence spectrum are as follows (DZ-basis set): 67.6%: 28.6%: 0.3%: 0.2%: 
3.2%. Approximately 98% of the phosphorescence intensity has out-of-plane 
polarization. This is in accordance with the M I D P  experimental findings [54]: van 
Egmond and van der Waals have pointed out that the earlier polarization measure- 
ments [10] at 77 K could not exclude some molecular rotation in the glass and 
70% polarization is therefore an underestimation. In the low temperature (4.2 K) 
M I D P  experiments more than 90% out-of-plane polarized phosphorescence has 
been recorded [54]. 

The combination of the Zeeman and M I D P  techniques on the most intensive 
(8 °) vibronic phosphorescence band definitely shows that the radiative rate 
constants (k) for x and y spin-sublevels are equal to each other (kz being 
negligible) and fit to the relation kx = kr = 0.15 s-1. In simulation of the M I D P  
spectra it was found that if such a system starts to decay with a Boltzman 
distribution over the spin-sublevels corresponding to a temperature of 1.3 K 
then the decay will be very nearly exponential with the observed lifetime of 10 s 
and after the experimental delay time the sublevels population distribution 
Nx:Ny:Nz will be very close to the observable ratio 72:76:100 [54]. This feature 
is in a good agreement with calculated radiative rate constants of the vs band. In 
the DZ basis set we have for this band k~ = kr = 0.042 s -  1 and kz = 0.0001 s -  1; 
the averaged lifetime is 23.5 s. Besides v8, the largest contribution to the total 
radiative lifetime is given by the v9 band. The total phosphorescence radiative 
lifetimes calculated in different basis sets are 24 (DZ), 33 (DZR), 107 (TZ) and 68 
(TZR) seconds. 

Experimental data are given with solvated benzene or with benzene isolated on 
matrices, while data on benzene vapour  are missing. Measured total lifetimes are 
also dependent on non-radiative decay channels. These channels are activated 
mostly by spin-vibronic interactions between the triplet and the ground states and 
are known, for other compounds, to be extremely dependent on perturbations due 
to geometric conformation, on isotope substitution and on solvent interactions. 
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The lifetime measured for benzene in solution favour lower values than theoret- 
ically predicted for the radiative part; Wright et al. [59] predicted the lifetime of 
C6H6(C6D6) in solid (at 4.2 K) CH4, Ar, Kr, and Xe to 16 (22), 16 (26), 1 (1), 0.07 
(0.07) sec, respectively. This series of observations is a nice confirmation of that 
both vibronic and spin-orbit coupling is involved in the phosphorescence process 
in benzene: The contribution of vibronic coupling is evidenced by that deuteration 
leads to longer lifetimes; the spin-orbit coupling by the drastic shortening of 
lifetime (increase of yields) in the presence of an heavy atom ("the heavy atom 
effect" [-50]). Colson [60] obtains the lifetime of deuterated benzene in different 
"isotropic traps" in the region of 8 to 9 sec; Rabalais et al. [53] report mean 
phosphorescence lifetimes of benzene in various glassy solvents in the range 
between 3 and 8 sec. They make the interesting observation that the lifetime is 
decreased with the polarity of the solvent. They confirm the increase of benzene 
lifetime with deuteration (roughly a factor 1.5 between C6H6 and C6D6) , and state 
this as one example of a general trend for hydrocarbons. Because the deuteration 
diminishes the non-radiative decay of the T~ state in hydrocarbons [50] the lifetime 
of C6D6 in solid argon must be a lower limit to the radiative phosphorescence 
lifetime zr of benzene. The "best experimental" value for the intrinsic (or radiative) 
lifetimes is - 30 s [53]. 

6 Conclusions 

The radiative lifetime of triplet benzene still poses a considerable challenge for 
quantum chemistry. This is reflected by the quite different results and interpreta- 
tions presented by previous semi-empirical calculations [-10, 15, 16, 32, 53] and 
also by the information obtained from different experiment techniques which not 
always have been consistent neither with respect to the total lifetime nor the 
polarization of emission. We now know that the phosphorescence radiation from 
the benzene molecule is the result of a number of involved interactions, simulta- 
neously including dipole, spin-orbit and vibronic couplings acting in several 
channels. These interactions are in general weak, leading to a radiative lifetime 
much longer than that for triplet n-n* states in heteroatomic aromatic compounds 
I-5O3. 

In the present work we have addressed the benzene phosphorescence problem 
at three levels of theory: 

A. Semiempirical, CNDO/S-CI, calculations using Herzberg-Teller perturbation 
theory for the vibronic coupling. 
B. Ab initio multiconfigurational response calculations using Herzberg-Teller 
perturbation theory for the vibronic coupling. 
C. Direct ab initio multiconfigurational response calculations of vibronic phos- 
phorescence. 

These methods provide us with results of different accuracy concerning transition 
moments and lifetimes of benzene phosphorescence and different ways for inter- 
preting experimental results as we will summarize below. 

Methods A and B differ, apart from the usual semi-empirical approximations, in 
that A uses a truncated sum-over state procedure for the phosphorescence inter- 
action, while the MCQR method sums all contributions. They both utilize the H-T 
perturbation theory for the vibronic interaction in which the radiative route is 
obtained via vibronic coupling between the 3B1, and the 3Azu and 3Elu states, the 
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latter phosphorescing to the ground state. This leads to the four phosphorescence 
mechanisms I-IV, depicted in Fig. 1. Our calculations using methods A and 
B contribute to the interpretation of benzene phosphorescence in the following 
way: The mechanisms depicted as I and II in Fig. 1 retain largely their strengths by 
the present calculations; mechanism III, cherished by the early studies, is attributed 
a decreased (negligible) importance, while mechanism IV, appears to be rather 
sensitive to the proper treatment of vibronic and spin-vibronic perturbations. In 
the Herzberg-Teller (H-T) perturbation theory the CNDO/S-CI method overesti- 
mates the vibronic mixing between 3Blu and 3A2u states, induced by out-of-plane 
bza (v  4 = 707 cm- 1) vibrations. On the other hand the 3Elu-3B1, vibronic mixings, 
induced by e20 C-C stretching vibrations (v8 = 1601 cm -1 and v9 = 1178 cm -1) 
are underestimated in semiempirical treatments of the H-T expansion [10, 32, 53]. 
The combination of the H-T vibronic CNDO expansion with ab initio MCQR 
calculations of the aE1, and aA2, radiative to ground state transition intensities 
gives, in view of results with method C described below, an exaggerated b2o activity, 
and therefore a too low benzene phosphorescence lifetime. The phosphorescence 
moments for the 3A2u and 3E1, states seems to converge with respect to the 
parametrization of the wavefunction, and the exaggeration is attributed to the 
CNDO computed vibronic constants. One additional reason is probably connec- 
ted with that spin-vibronic interactions [10] are not account for in the H T 
treatment of Eq. (40). 

We noted that two of the mechanisms (III and IV) involve spin-orbit coupling 
to and phosphorescence through the 1E1, state, which is a notoriously "difficult" 
state due to its ionic character and diffuse components [49]. As in the case 
of benzene fluorescence it is thus also important for the phosphorescence case in 
the perturbative H-T treatment. In this connection the importance of handling 
the full form of the spin-orbit interaction was stressed, as well as the treatment 
of more than the lowest states of each symmetry and the account of all contribu- 
tions in the sum-over-state expression as obtained with the quadratic response 
theory. 

Method C removes the shortcomings of the restricted H-T approach in that 
the semiempirical pure-vibronic treatment has been replaced by direct ab initio 
MCQR calculations of the derivatives of the T1-So transition moment upon 
different normal modes. The complete sum-over-state implementation of the 
response approach removes the serious size-consistency problem for the vibronic 
intensity when using a truncated perturbation expansion along differently distorted 
geometries. We find that the e20 C-C stretching modes v8 and v9 appear to be the 
most intensive vibronic phosphorescence bands with predominantly (92-98%) 
out-of-plane polarization in all basis sets. They share 65% and 32% of the total 
phosphorescence intensity in the largest TZR basis set, respectively, (69% and 
29%, respectively, in the DZ basis and approximately the same ratios with other 
basis sets). In a very good accordance with observations [10, 12] the b2o mode 
v4 = 707 cm-1 induces 3.5% of the total intensity (TZR). In other calculations it 
brings 1.4% (DZR, DZ) and 7.7% (TZ). It also origins from x, y spin-sublevels, but 
exhibits in-plane polarization in agreement with MIDP experiments [54]. The 
MIDP technique reveals that the very weak ezo vibronic band v6 has comparable 
intensity for all three spin-sublevels in drastic difference with the other phosphores- 
cence vibronic bands [54]. This fine feature is nicely reproduced in our calcu- 
lations. Excluding the smallest (DZ) basis set, all others predict comparable 
intensities for x, y and z spin-sublevels and the TZ basis results reproduce the 
observed intensity ratio quite well. 
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We find that the lifetime of triplet benzene is the result of a delicate sum of 
contributions from several vibronic degenerate and non-degenerate modes. The 
direct vibronic phosphorescence calculations predict large values; the radiative 
lifetimes of x(y) spin-sublevels are equal to 16, 22, 71 and 42 s in DZ, DZR, TZ and 
TZR basis sets, respectively (the z-sublevel lifetimes are of the order 4000-7000 s). 
For the high spin-lattice relaxation limit with an equilibrium spin population 
during the phosphorescence decay, the total radiative lifetimes are equal to 24, 33, 
107 and 64 s in the respective basis sets. This trend seems to focus on a doubling 
of the accepted, but certainly not established, "best experimental value" of the 
intrinisic (or radiative) phosphorescence lifetime for the benzene molecule; - 30 s 
[53, 59]). Our best basis set value thus indicates that it takes a full minute for triplet 
benzene to depopulate through radiation. 
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