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This paper presents a detailed study of the effect of spm-quantization and spin-<>rbit coupling on the 
transition energies of triplet state dimers or small excitons. We consider both translationally equivalent 
(AA) and inequivalent (AB) dimers. For the AA and AB systems, we calculate transition frequency 
shifts induced by the spin-<>rbital coupling and by the spin-spin interactions between the plus ( + ) and 
minus ( - ) states of the dimer. As a result of these combined effects the selective coupling between the 
± states of the singlet and the ± states of the triplet AA dimer system is not operative in the AB 
system. Furthermore, the role of the gas-to-crystal shifts and the intermolecular spin-spin interactions is 
to change the observed transition frequencies and hence cause a dispersion in the frequencies of the ± 
states. The relationship between such a dispersion in the AA and the same AB system is directly related 
to molecular parameters such as the strength of spin-<>rbital coupling. These results are applied to three 
experimental findings obtained for different dimer systems-phenazine, naphthalene, and 
tetrachlorobenzene dimers isolated in isotopically mixed crystals at T < 2 'K. The phenazine results are 
reported here and the other data on naphthalene and tetrachlorobenzene were obtained from the 
literature. Agreement between theory and the recent experiments is encouragingly good. 

I. INTRODUCTION 
In our first publication (referred to here as 1) 1 on the 

effect of spin-orbital coupling on the line shapes of 
triplet state transitions in isolated molecules, we men
tioned that exciton and dimer line shapes may be in
fluenced by the spin-orbitjll coupling (SOC) differently 
from the isolated molecule. Here we present a detailed 
study of the role of SOC, spin quantization (determined 
by, e. g. , spin-other-spin and gas-to-crystal shift), 
and vibronic effects on the observed line shape function 
of "small" excitons or dimers 2 in their triplet states. 

In isolated molecules it is now known that SOC influ
ences the radiative lifetime of singlet-triplet transi
tions as first discussed by McClure. 3 It is also known 
from the work of Hochstrasser4 that SOC makes the in
tensity and polarization of singlet-triplet exciton transi
tions different from their parentage singlet-singlet 
transitions. Spin-spin interactions, on the other hand, 
make the zero-field splittings (ZFS) of the triplet exci
ton different from the molecular values depending on the 
relative orientation of the two (or more) molecules in 
the unit cell of the crystal, as prescribed by Sternlicht 
and McConnell. 5 

Line shapes contain information about the ZFS and the 
dynamics of the transitions. Because dimers, or small 

aJThis work was supported in part by grant No. DMR77-19578 
from the National Science Foundation, and in part by contracts 
from the United States Department of Energy. 

b) National Science Foundation (U.S. A. )-Centre National de la 
Recherche Scientifique (France) Visiting Postdoctoral Re
search Fellow. 

cJPermanent address: Laboratoire d'Optique Moleculaire, LA 
283 du CNRS, Universite de Bordeaux I, 33405 Talence, 
France. 

dl Alfred P. Sloan Fellow, and Camille and Henry Dreyfus 
Teacher-Scholar. 

eJ Contribution No. 6028. 

excitons, represent the intermediate case between the 
single molecule limit and the "large" exciton (many 
molecules) limit, they have been used, theoretically and 
experimentally, to explore the dynamics of exciton "mo
tion" and exciton-phonon coupling, Information is usu
ally extracted from the linewidth of the transition, opti
cal and magnetic, as reviewed recently by Silbey6a and 
Zewail. Sb 

The energies of the zero-field EPR transitions in 
dimers can be related to those of the monomer using 
SOC if the dimer is translationally equivalent (Zewail 
and Harris7

), and using spin-spin coupling if the dimer 
is translationally inequivalent (Hutchison and King8

). 

However, as discussed later, these effects (and others) 
must be considered in a unified way to describe dis per
sions in the translationally equivalent (henceforth re
ferred to as AA) and especially in the translationally in
equivalent (AB) dimers. 9 

Similarly, one would like to relate the homogeneous 
linewidth of the AA and AB dimers to that of their mother 
transition, the monomer. In Paper I, 1 the monomer 
linewidth of the zero-field EPR transitions was related 
to the linewidth of the optical transitions by SOC. In 
the dimer, new effects arise due to the excitonic cou
pling (between A and A or A and B molecules) which 
produces the plus and minus states that are linear com
binations of the molecular one -site functions. Conse
quently, the EPR and the optical transition line shapes 
of the plus and minus states may or may not be differ
ent. 

In this paper, we treat the effects of both spin-spin 
and spin-orbital couplings on the line shape (position 
and width) functions of the AA and AB dimers. We show 
that these two effects, in addition to the guest-host and 
the intermolecular spin-spin interactions, contribute 
to the line shapes of the transitions in a unique way that 
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depends on the orientation of the molecules involved and 
on the magnitude of the electronic interaction matrix 
element. We also show that in the AB small exciton 
the coupling is between all the states involved (±singlet 
and ±triplet states) even though in the AA dimer or A 
monomer there is only one channel for SOC. We apply 
these findings to recent experimental data obtained by 
us on phenazine, by Zewail and Harris 7 on 1, 2, 4, 5-
tetrachlorobenzene (TCB), and by Schmidt et al. 10 on 
naphthalene dimers. This paper (II) gives the reso
nance position, and in Paper III11 we discuss the width 
and dephasing of these small excitons. 

The paper is outlined as follows: Section II is devoted 
to the theoretical findings, and Sec. III to the applica
tions of the derived theoretical expressions to experi
mental results. Finally, in Sec. IV, we summarize 
the main points of the study. 

II. THEORETICAL 

In this section, we shall derive expressions for the 
perturbed energies and wave functions of the electronic 
states of the dimer. Specifically, we shall include the 
effects of both the SOC and the spin quantization on the 
states of AA and AB dimers. First, we treat the more 
complicated AB case. 

A. The Hamiltonian and wave functions 

Let us consider an AB dimer of two identical and 
translationally inequivalent molecules, A and B, as, 
for instance, two guest molecules embedded in their 
host lattice. We assume that the two molecules A and 
B are related by an interchange operator. The total 
(spin and electronic) Hamiltonian for the AB system can 
be written in the rigid lattice approximation as 

H=H 0 +Hp, 

with 

H o = H~1 + H~ + H:1 + H~ + H~18 , 

Hp=H~0 +H:o, 

(2. la) 

(2. lb) 

(2. lc) 

where H~118 > stand for the electronic Hamiltonian of mol
ecule A(B); H~<B> describes the spin-spin dipolar inter
actions in the triplet state of molecule A(B); H~18 is the 
electronic resonance interaction Hamiltonian (reduced to 
the electron exchange for the triplet states) between 
molecules A and B; and H~0!J3> stands for the spin-orbital 
Hamiltonian for the interaction between singlet (or trip
let) states and the lowest triplet state in A(B). We shall 
treat the spin-orbital interactions Hp as a perturbation 
on the eigenstates of H 0 • 

The choice for the zero-order functions (of H0 ) is de
pendent on the ratio of the spin-spin interaction matrix 
elements, determined by H~<B>, to the electronic reso
nance interaction matrix element determined by H~18 • 12 

Two limits may be considered. First, the case where 
H~18 ::s H~<B>. Under this condition (weak or intermedi
ate coupling between A and B), the spin-electronic 
eigenstates of H 0 are obtained from the diagonalization 
of the full energy matrix (6 x 6) written for instance, in 
the delocalized basis set or in the one-site basis set. ?a 

The total wave function describing the two triplet dimer 

states cannot therefore be written as simple products of 
electronic and spin functions. The second case is when 
H!18 »H~<B>. In this limit (strong coupling), the triplet 
spin functions for the dimer are generated from spin 
Hamiltonian operators calculated for each delocalized 
excited electronic state, i. e. , the eigenstate of H~ 
+H:l +H!18

• 

In the work discussed here, the plus and minus states 
(±) are optically and magnetically separable from the 
monomer state. Hence, we shall consider only the case 
where H~18 » H~<B> and for which the electronic reso
nance interaction between the two molecules is larger 
than the zero-field splittings in the triplet state of each 
molecule. 

Let us denote by¢~, 1¢\ and 3¢ 1 (i=A, B) the orbital 
wave functions describing each molecule in the ground 
state, in the excited singlet state, and in the excited 
triplet state of interest, respectively. We shall denote 
by ¢ 0, 

1¢., 3¢. the electronic representations of H~1 
+ n:1 + H~18 for the ground state, singlet excited states, 
and triplet excited states of the AB dimer, respective
ly. Assuming that the resonance condition between the 
excited sites (A or B) is satisfied, the orbital-spin wave 
functions for the dimer states involved can be written as 

I ¢o) = I ct>tcp~aso> ' 
ltcp.a.) = (1/ {2) i[lcpA¢~ ± <Pt tcp B]a.> 

l3¢.o-!,)=(1/ff)i[3¢A<f>~±<f>t3cpB]a~)' 

(2. 2a) 

(2. 2b) 

(2. 2c) 

where a.
0 

and a. stand for the spin functions of the 
ground state and the singlet state of the dimer, and a~ 
are the three triplet spin functions for each delocalized 
state (±) of the dimer. Mare the spin magnetic axes 
(polarization) and M denotes the magnetic energies of 
the triplet spin quantized along these axes. The form 
of the a~ functions can be obtained after the integration 
of the total spin-spin dipolar Hamiltonian, Ht + H~, 
over the electronic wave function of the (±) states of the 
dimer. The resultant spin Hamiltonian determines the 
properties of a~ which are related to the monomer wave 
function (see the coming section). For the monomer (A 
or B molecule), the spin Hamiltonian is simply 

H~tB> = -[XS~ + YS~ + ZS~) , (2. 3) 

where Sx. Sy, Sz are the triplet spin angular momentum 
operators along the principal axes (.X, Y, Z) of the mole
cule and X, Y, Z are therefore the energies of the three 
magnetic sublevels. 

B. The perturbed states: symmetric and antisymmetric 
interactions 

Let us consider the strong coupling limit case for 
which the electronic resonance interaction (HAB) be
tween the two molecules is larger than the intramolecu
lar spin-spin dipolar interactions (H~<B> ). A complete 
basis set of spin-electronic functions for the dimer can 
be chosen as i 3 ¢.a~) of Eq. (2. 2c), in which the orbital 
parts describe the two electronic states with the ener
gies E'5 ± J T· In these dimer states the triplet spins 
represented by the a~ functions are quantized along the 
;W(X*, Y*, Z* =b) axes. 
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In order to get the spin Hamiltonian in each delocal
ized state 3¢±, we perform the integration of the total 
Hamiltonian (orbital+ spin) for the dimer over the elec
tronic coordinates of A and B. This leads to two kinds 
of matrix elements: 

(i) <a~! ecp± I H~l + H~l +H~!B + H: + H: j 3¢±) I ui.) 

= (a~ I (Ef ± J T + t(H~ + H~) I oj,.) , (2. 4a) 

(2. 4b) 

In (2. 4), H~ (i =A, B) is the molecular spin Hamiltonian 
describing the spin-spin interactions in the triplet state 
of the molecule and is given by Eq. (2. 3). 

In the strong coupling limit that we are considering, 
the second type of matrix elements [Eq. (2. 4b)] are 
small compared to the energy difference (<:::2JT) between 
the plus and minus states and can be treated as pertur
bation terms. Neglecting these plus -minus coup ling 
terms in a zero-order approximation, the eigenspin 
functions of t(H~ + H~) together with the 3¢. orbital func
tions diagonalize the full spin-electronic Hamiltonian. 
Furthermore, in the absence of such coupling the mag
netic axes in the (±) states are identical and we can 
choose the same basis set of spin functions for both (±) 
states (aM= a~= a;,). We now choose the crystal axes 
system as a common (to A and B) coordinate system to 
express H~ and H~. In the abc' orthonormal frame, 
H~tB> can be written as 

H1tB> = - (BS~ +AS~+ C' S~. + aac• (S~c' + Sc.Sa) 

(2. 5) 

In (2. 5 ), Sb, Sa, Sc• are the triplet spin angular momen
tum operators along the crystal axes. The interchange 
of A and B with an operator along the b axis leaves the 
molecules unchanged (symmetrical operation). The pa
rameters B, A, C' and a's in the spin Hamiltonians [Eq. 
(2. 5)] are related to the molecular zero-field splittings 
by means of the direction cosines (M · ~)of the molecu
lar axes (~) onto the crystal axes (M) (note that the mo
lecular axes and the dipolar interaction principal axes 
are parallel for high symmetry molecules like the ones 
we are considering here): 

(2. 6a) 

aMM'=Lm(M· m)(M'· m) 
m 

(m =X, Y, Z;M =A, B, C';M=a, b, c'). (2. 6b) 

Taking the sum of H~tB> in Eq. (2. 5), we have 

(1/2) (H~ + H~)=H~ 

=- (BS~ +AS~+ C's;, + aac' (Sa s.,. + Sc' Sa)), 
(2. 7) 

which is totally symmetric under the C 2 rotation along 
the b axis. Now, in order to get a diagonal form for 
H~, we perform a rotation e in the ac' plane around the 
b axis. Such a rotation defines new spin operators Sx*• 
Sr*: 

Sa=CosBSx* -sinBSr*, 

Sc• = sin8Sx* +cos 8Sy* . 
(2. 8) 

Expressed in this axes system with b=Z*, (X*, a)= 8 
and Y* orthonormal to b and X*, H~ becomes 

H~ = - (X*Si-* + Y*S~* + BS~ 

+ ax*r*(Sx*Sr* + Sy*Sx*)) , 

with 

X* =A cos28 + C' sin28+ aac' sin28 , 

Y* =A sin28+ C' cos 28- aac• sin28. 

(2. 9a) 

(2. 9b) 

The condition ax*r* = 0 gives a diagonal form to H~ and 
allows us to calculate e by using the following relation: 

(2. 9c) 

The above equation which utilizes only the symmetric 
part of the Hamiltonian, ~. is identical to the result 
of Ref. 5 which ignores (for good reason) the antisym
metric part, H~c·, that we treat next. 

The spin operator which couples the triplet Plus and 
minus states of the AB dimer as shown in (2. 4b) is given 
by the difference between H~ and H~ of Eq. (2. 5 ): 

H~c' = (1/2)(H~ -H~) 

(2. 10) 

Expressed in the dimer frame, this Hamiltonian now 
takes the following useful form: 

me'=- (t x*b(Sx*Sb + SbSx*) + tr*b(Sy*Sb + SbSr*)) , 
(2. lla) 

with 

fx*b = aab cosO+ abc' sinO , 
(2. llb) 

Through the knowledge of e and a we utilize this Hamil
tonian to calculate matrix elements of Eq. (2. 4) which we 
shall use later. 

Finally, with the above basis set of Eq. (2. 2c), 

( 3¢±uM J H!r + H!r + H!rB + H~ + H~ j 3¢±aM') 

(2. 12a) 

and 

(3¢.aM I H~r + H!t + H~rB + H~ + H~ J 3¢.,aM') 

=(1/2)Lm[(M'· mA)(M· mA)-(M'· mB)(M· msl]. 
m 

(2. 12b) 
For M=M', the matrix element in Eq. (2.12b) is 
zero. Therefore, 3cp±aM are eigenfunctions of the entire 
Hamiltonian when we ignore the small off-diagonal 
terms determined by the mixing of plus and minus states 
with the minus and plus states through me•. 

From above we see that H~ is a zero-order spin 
Hamiltonian for the small exciton states and that me' 
is the operator which couples the plus and minus states. 
H~ and mf' are given in terms of H~ and H~ according 
to Eqs. (2. 7)_and (2. 10), which utilize the symmetry of 
the unit cell. Again using the symmetry operation be-
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tween A and B, we may similarly separate the mono
mer SOC matrix element into symmetric and antisym
metric parts4 

(H~olett = (H~o)±±"" (H~o + H:o> .. , 

(~~)eu=(H~)H-==(Hto+H:o)H · 

(2. 13a) 

(2. 13b) 

As we shall see in more detail later, H~0 couples sing
let and triplet states with the same orbital symmetry 
while ~~ couples singlet and triplet states with oppo
site orbital symmetry. 

As a result of the interaction between the plus and 
minus states through H"t, we have two different sets 
of triplet spin functions denoted by a~. Considering 
that H~c· is a small perturbation term, a good represen
tation of these functions is given by the eigenfunctions 
of H~: 

H~ I aM) = M I aM) 

Ia~)== Ia;,)= laM)· 

(2. 14a) 

(2. 14b) 

Hence, in this case M =X*, Y*, Z*, with the asterisk 
denoting the quantization axes for the AB dimer in the 
absence of H'ft perturbation. 'This perturbation to
gether with the spin-orbital perturbation now defines 
Hp of Eq. (2. 1): Hp couples the+(-) triplet state to 
(i) the singlet+(-) state by H~0 ; (ii) the singlet-(+) 
state by H~"d; and (iii) the-(+) triplet state by H~c·. 

C. General expressions 

Now that we know the eigenfunctions of H 0 , the per
turbed (unnormalized) triplet wave function as a result 
of H P can be written as 

1 3 1/'~)= l3¢.aM) ->..~.l 1¢.a.) 

(2. 15) 

In Eq. (2. 15 ), ¢ are the orbital wave functions in the 
absence of the perturbation and 1/' denotes the total wave
function. As in Paper I, we assume a two-electron state 
on each molecule; thus, we may write the spin-electronic 
functions as products of the spin and electronic wave 
functions. The effect of SOC is simply to mix these 
product functions of the singlet and triplet states. >..~. 
is the spin-orbital mixing (by H~0 ) coefficient between 
+(-)of the triplet and+(-) of the singlet for the specif
ic M(X*, Y*, Z*) state. Similarly, >..:.is the spin-orbit
al coefficient for mixing (by Hg~) the + (-) state of the 
triplet with the -(+) state of the singlet. (Note that the 
lowest triplet-higher -triplet mixing by SOC can be 
handled similarly. ) The last coefficient >..MM' in Eq. 
(2. 15) is to describe the coupling between+ and -
states of the lowest triplet state. This coupling involves 
all spin states M and M' (X*, Y*, Z* ). With this in 
mind we can now write these coefficients explicitly, us
ing perturbation theory, as 

>..~.= T •• /(D. -M± (Js -Jr)), 

>..:.=r,,./(D.-M=F(J.+Jr))' 

,\MM' = fMM'/(M-M' ±2Jr)' 

(2. 16a) 

(2. 16b) 

(2. 16c) 

where D.= E~ - E~ is the difference between the zero
order energies of singlet and triplet states. M is the 

energy of the spin state and J 5 and Jr are, respective
ly, the singlet and triplet electronic interaction matrix 
elements between the two molecules. The matrix ele
ment for the spin-orbital operator between the+(-) of 
the triplet and the +(-) of the singlet through H~0 is 
~ .. while that between the+(-) of the triplet and the 
-(+)of the singlet through~~ is T: •. Finally, tMM' is 
for triplet plus and minus states coupling [see Eqs. 
(2. 11)} 

~.=e¢.a.IH~o+H:ol 3¢.aM), 

r:.=e¢~a.IH~o+H:ol 3¢.aM), 

tMM' = e¢~aM'I H~c'l 3 cp.a M) . 

(2. 17a) 

(2. 17b) 

(2. 17c) 

The choice of the basis functions in the above equations 
stems from the fact that both the spin-spin and spin
orbital interactions are small relative to J 5 and Jr. 
One may also use other basis sets, for example, one 
where the spin-orbital mixing is in the one-site function 
of A and B7

a (see Appendix A). 

The energies of the six perturbed triplet states can 
now readily be obtained from Eqs. (2. 15)-(2. 17). 
These are 

E~M=Eb+M±Jr-l>..~.l 2 lD. -M±(Js -Jr)] 

-I >..:.l 2 lD. -M=F (Js + Jr)] 

+L I>..MM'I2[M-M'±2Jr]. (2. 18) 
M' 

Using Eq. (2. 18) and neglecting (i) the zero-field ener
gies (splittings) compared to the energy difference be
tween the singlet and triplet states, (ii) the differences 
M - M' compared to J 7 , we get a simple expression for 
the three zero-field EPR frequencies in each dimer 
state: 

liw~M' = (M -M')- <I ~.1 2 -I~: 12)/(D. ±(Js -Jr)) 

-<lr:.I 2 -IT::I 2l/(M(Js+Jrll 

(2. 19) 

The above Eq. (2. 19) demonstrates the effect of both 
the spin-orbital as well as the spin-spin mixing on the 
observed transition frequencies w~M' in the (±) states. 
Several things are noted. First, the coupling between 
the + (-) and - ( +) states cannot be neglected, especially 
when the energy denominators in the second and third 
terms of Eq. (2. 19) are favorable. This point has an 
important implication: In general, we therefore expect 
the mixing of the singlet band with the triplet band 
through SOC to make the k -to -k (where k is the wave vec
tor of the exciton) interactions nonselective. In other 
words, through the Hg~ perturbation k of the singlet 
state may interact with k' of the triplet state (not k only) 
leading to a complicated band-to-band EPR transition. 
Second, the spin-spin mixing may disperse or narrow 
the difference (due to the SOC) in frequencies between 
the plus and minus states depending on the sign of Jr 
and the relative magnitude of t MM .. and t M' M". 

D. Geometrical effects in the AB system 

Here, we shall consider the dependence of the ener
gies of the transitions on the relative orientation of A 
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and B molecules using the results of the previous sec
tion. This geometrical effect is included in the zero 
order spin functions of the Plus and minus states of the 
AB dimer. The a M• which are identical in the + and -
states provided that H"sc' effect is small, can be written 
as linear combinations of the molecular triplet spin func
tions a~: 

/aM}=})M· m 1 )/a~) (i= A, B;m =X, Y, Z) , (2. 20) 
m 

where the (M. m 1) are the direction cosines of the dimer 
axes (M =X*, Y*, Z*) with respect to the molecular rnl 
axes of A or B. This last step allows us to rewrite the 
six triplet spin functions [Eq. (2. 2c)] for the AB dimer 
as follows: 

l 3 <t>*aM)=(1/2){1 3 </>A</>~<T~0~?M· mA)a~) 
± I<~>~ 3q,aa~o~ (M. mala!)}. (2. 21) 

The energies of these functions in terms of the direction 
cosines are given in Eq. (2. 6a). The SOC matrix ele
ments [Eq. (2. 17a) and (2. 17b)] between singlet and 
triplet states can now be easily calculated. Using Eqs. 
(2. 21) and (2. 17), we get 

T~* = (1/2).L>"'((M. rnA)+ (M. rna)), (2. 22a) 
m 

(2. 22b) 
m 

In Eqs. (2. 22a) and (2. 22b ), r"' is the molecular SOC 
matrix element for the mth sublevel which is identical 
for both molecules, A and B: 

7f = (lq, 1 a~/H~ol 3 <t> 1 a~) (i=A, B). (2. 22c) 

Owing to the fact that Z* = b is a twofold symmetry axis, 
we have 

(M· rnal=-(M· rnA)=-(M· m) ifM=X*,Y* 
(2. 23a) 

and 

(2. 23b) 

This symmetry consideration leads to the following re
lationships: 

~*=L:~(b· rn), 
m 

rf: =L: ~Cx*· ml, 
m 

r* "" - -TH =LJ~(Y*· m), 
"' 

(2. 24a) 

(2. 24b) 

Knowledge of the coefficients in Eq. (2. 24), together 
with tMM' [as derived in Eq. (2. 11)] enables us to calcu
late the energy shifts induced by SOC and spin-spin 
mixings for each triplet sublevel: 

and 

.6.~=-1~12(M· m)2/(.6.=F(Js+Jrll 

+ /tMb/ 2/±2Jr (M=X*, Y*) 

.6.~= -I~ 12 (b" rn)2/(.6. ± (Js -JT)) 

+(/tx*b/ 2 + /tr*b/ 2)/±2JT. 

(2. 25a) 

(2. 25b) 

MONOMER AA DIMER AB DIMER 

FIG. 1. A schematic describing the splitting discussed in 
the text for the AB, AA, and A systems. 

In Eq. (2. 25), we have assumed that only one spin-orbit 
route (m) in the molecule couples the singlet with the 
triplet state. However, the above results indicate that 
even with one molecular active spin state, the AB dimer 
will show multiple routes for the coupling, hence chang
ing the line shape properties from those of the monomer 
and the AA dimer. 

The SOC contributions to the energy shifts involve ex
pressions like 

(2. 26a) 

if we neglect the guest-host shifts. It has been estab
lished that in isotopic mixed crystals like naphthalene 13 

and phenazine, 14 the guest-host energy shifts in triplet 
dime'rs (AA or AB) are different from the monomer. 
The shift .6. - .6. 0 (i. e. , the difference in energy between 
the singlet-triplet splitting of the AB dimer minus the 
singlet-triplet splitting of the monomer in the crystal) 
may be introduced in Eq. (2. 26a) within the framework 
of perturbation theory. Assuming that .6.0 (see Fig. 1) 
is larger compared to (.6.-.6.0} and J 5, JT, we get instead 
of Eq. (2. 26a) the following expression: 

I ~ I 2 
( 1 _ .6. - .6.o ± J s - J r \ 

.6.o .6.o .6.o J (2. 26b) 

The above correction terms may therefore induce asym
metric shifts for the spin sublevels of dimers around the 
monomer. 

Finally, with the relations [Eq. (2. 25 )], we get the 
following dispersion (i. e. , the difference in transition 
energies between the plus and the minus states; .6.M 
= .6.~- .6.j,) introduced by the SOC: 

(.6.M)soc =- 2/ ~1 2 (M· nW (J5 + JT)/.6. 2 

and by the spin-spin mixing: 

(.6.M)Sp-sp= I tMb/ 2/Jr , (M =X*, Y*), 

(.6.b)Sp-s»= (/ fx*b/ 2 +I tr*b/ 2)/Jr · 

E. The AA system 

(M=X*, Y*}, 
(2. 27a) 

(2. 27b) 

(2. 27c} 

(2. 27d) 

The calculation of the perturbed triplet spin functions 
for translationally equivalent dimers is greatly simpli-
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fied because the axes of the two molecules A 1 and A 2 
are parallel. The triplet spin functions in each state of 
the A 1A 2 dimer are identical to those of the monomer 
since from Eq. (2. 21) we must now have 

l3¢~am) = (1/ 12)( I3¢At ct>t2 a~ I a:o2) 

(2. 28) 

Due to the fact that the two spin Hamiltonians of A 1 

and A 2 commute, the off-diagonal matrix elements of the 
spin-spin interaction operator (H'{), which couple the 
Plus and minus states in the AB dimer case, cancel in 
this case. So, the spin-spin mixing effects of AB dim
ers do not exist in the AA system, and consequently will 
not introduce a difference in the zero-field EPR fre
quencies in such systems. However, the spin-orbital 
and spin (on A1)-spin (on A2) interactions can introduce 
such a disparity. 

The singlet states involved in the SOC can now be 
written as 

(2. 29) 

The application of Eq. (2. 22) to the case of two parallel 
molecules obviously shows that r:',.= T"' and T'"*= 0, 
where T"' is the molecular spin-orbit matrix element. 
In other words, the SOC matrix elements between the 
singlet and the triplet dimer states having different 
symmetries also cancel. 

Bearing in mind these simplifications, the coupling 
between the symmetric (antisymmetric) triplet spin sub
levels and the symmetric (antisymmetric) singlet states 
produces the following perturbed functions: 

13if!~)= l3¢~am) -A'mllcf>,.as)' 

with 

(2. 30a) 

(2. 30b) 

The primed terms in Eq. (2. 30) have the same definition 
as that of the AB system. Neglecting m energies com
pared to c..', the level shifts in the spin states of the AA 
dimer are simply given by 

c..~= -IT"' 12/(t..' ± (J~ -J~)). (2. 31) 

With the condition that IJ~-J~I «C..', the relation in Eq. 
(2. 31) leads finally to the following energy dispersion: 

(2. 32) 

which is identical to Eq. (7) of Ref. 7(b), derived for 
the case of translationally equivalent dimers. 

F. Relationships between the energy dispersion in AA 
and AB systems 

By comparing Eqs. (2. 27) and (2. 32), one notices that 
the spin-orbital effects in the AB dimer are related to 
that of the AA dimer made of the "same" molecules. 
The ratio of the differences in the energy shifts between 
the plus and minus states in AB dimers relative to the 
AA dimer is 

(C..M)soc/(C..m)soc =- (M · nW (c..'/ C..)2 (Js + Jr)/(J~ -J~) 

(M=X*, Y*) (2. 33a) 

and 

(C..b)soc/(C..m)soc ::= (b" rrd (C..'jt..)2 (Js -JT)j(J~ -J~). 
(2. 33b) 

We do not include the guest-host coupling effects dis
cussed before, so we may write c..'== c..= c.. 0. Defining 
the ratios of the electronic resonance interaction ma
trix elements as 

K = (Js + Jr)/(J~ -J'T) , 

K' = (Js -JT)/(J~ -J~), 

(2. 34a) 

(2. 34b) 

we can calculate the differences in the energy shifts be
tween the plus and minus states of the AB dimer as a 
function of the shifts in the AA system. We get the fol
lowing useful relationships: 

(c..M)soc= -K(t..mlsoc(M· m)2 (M=X*, Y*), 

(ab>soc=K'(c..m)soc(b · m)2
, 

that we shall use later. 

Ill. APPLICATIONS TO EXPERIMENTS 

A. Phenazine 

(2. 35a) 

(2. 35b) 

In contrast with other systems, phenazine offers an 
opportunity to study the above mentionedeffects. This 
is because the monomer and dimer optical spectra are 
separated and the ODMR can be observed on each emis
sion. 

1. Resonance and quasiresonance interactions 

The triplet state resonance interactions in phenazine 
crystals are essentially two dimensional and strongly 
anisotropic. 15

• 
16 Because the trap depths of monomers 

and dimers are relatively small, quasiresonance inter
actions with the host make the observed dimer-monomer 
splitting not equal to J~. The corrected (see Appendix 
B) J~ value for the AA interaction is J~ = - 6. 5 ± 0. 8 
cm" 1 in the isotopically mixed crystals (see also Fig. 11 
and Table XI). This corrected value is important for the 
calculation of the dispersion in the ZFS. 

The pure crystal Davydov splitting is 4 cm· 1
• 

16 This 
leads to a matrix element for the AB coupling of JT 
= + 0. 5 cm· 1

• Thus, the ratio of the b axis (assigned 
from calculation) translationally equivalent interaction 
to the inequivalent (ab plane) interaction is 13, while the 
ratio of the total translationally equivalent to inequiva
lent bandwidth is 6. 5. 

2. ODM R of monomers and AA dimers: Effect of SOC 

Three isotopically mixed crystals with different 
perproto guest concentrations of 0. 5%, 2%, and 3% (by 
weight) were used in these studies. All these crys
tals were grown from the melt by standard Bridgman 
techniques. Care was taken to avoid the penetration 
of oxygen to these crystals. Fresh crystals were used 
only once unless they were regrown under vacuum. 
When the crystal was exposed to air, say for a week, 
the desired portion from the ingot was put into a glass 
tube and degassed for at least 10 min, then mounted in 
the helix. No observed changes were seen in the optical 
spectra. 

The crystals were mounted in the microwave helix 
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TABLE I. ODMR transition frequencies (MHz) of phenazine 
isotopically mixed crystals at -1. 5 K-0. 5% crystal. 

IDI +lEI 

2IEI 

(- 20 dB) (- 30 dB) 

(a) 2556.16 
(b) 2559. 59 
(c) 2561.94 (Strongest) Same 
(d) 2564.93 
(e) 2567.74 
(f) 2571. 03 

(OdB) 

634.85 
635.39 
637.34 
638.30 
640.83 

(-10 dB) 

641.48 (Strongest) Same 
642.42 
643.06 
643.72 
646.22 
646.90 
648.95 

Only c and d 

a Microwave output power ranged from 0. 4 to 1. 3 W, S/N- 30, 
slit= 300 Jl.. 

(grease free) and a 100 W mercury lamp with the appro
priate filters were used for the excitation. Cooling the 
red-sensitive (EMI 9558) photomultiplier to -20 oc and 
the crystal to < 2 K improved the S/N ratio consider
ably. The detection of the ODMR signals was done in 
the conventional way. 7b• 14 

In Tables I-III and Figs. 2 and 3, we summarize the 
experimental findings of the ODMR of the differently 
doped crystals. The multiple peaks observed in the 
monomer and dimer spectra are due to the hyperfine 
coupling between the electron spin (S === 1) and the nitro-

TABLE III. ODMR transition frequencies (MHz) of the 
strongest line in different runs and crystals of isotopically 
mixed phenazine crystals. 

Monomer optical Dimer optical 
emissiona emission 

2561. 94 2563.2 

A 
2562.3 2563.9 
2562.2 2563.4 2563.52 
2562.1 2562.21 2563.3 ± 0. 31 

IDI +IE I 
B 2562.36 

±0.14 
2564.0 

2562.34 2563.3 
2562.26 

c 

641.48 638.2 
641.3 638.1 

638.03 
641.5 

640.87 
637.93 

± 0.12 21EI 
640.55 ± 0. 57 637.9 
640.3 
640.1 

aA: different runs on the same crystal; B and C are different 
crystals. 

gen and hydrogen nuclei. Taking the strongest line in the 
the spectra (see Fig. 3) as the "pure" electron spin 
transition, we arrive at the following values for the 
zero-field splittings (in MHz): 

and 

Wxz = 2562. 2 ± 0. 2 , 

Wyz = 1921. 3 (monomer), 

Wxr = 640. 9 ± 0. 6 , 

Wxz == 2563. 5 ± 0. 3 , 

Wyz == 1925. 5 (AA dimer), 

Wyx== 638. 0±0. 2. 

(3. 1) 

(3. 2) 

TABLE II. ODMR transition frequencies (MHz) of phenazine isotopically mixed crystals at -1.5 K-2% crystal. 

OdB" 

IDI+IEI -10dB 

-20 dB 

21EI 

Monomer optical emission 

2562.3 (Very strong) 
2565.9 

2562.2 

2[;62.1 
2566.0 

634.2 
634.8 
635.4 
636.1 
637.4 
639.1 
641. 3; 641. 5 (Another trace); Strongest 
643.2 

-20 dB 

Dimer optical emission 

2563.2 (Very strong) 
2565.9 

2563.9 

2563. 4; 2563.3 (Another trace) 
2565.2 

630.7 
631.7 
632.5 
633.5 
635.2 
638. 2; 638.1 (Another trace); Strongest 
641.2 
643.7 
645.2 
646.4 
647.7 
649.7 

aMicrowave output power 24 mW; 50% modulation at 100Hz, 70 J1. slit. At -6 dB, there appears to be some out of 
phase (to the main electron spin transition) signals, but the signal-to-noise ratio was good enough to resolve detailed 
structure. 

bAt 50% modulation depth the output power is 0.15 W. 
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y 

r 

CX:B-x 
36 ( 7T7T*) 

2u 

X=•I067.7 

640.8MHz 
Y= •426.9 

2562.3MHz 

z = -1494.6 

SPIN :TOTAL 

b3g Blu 

bzg Au 

big B3u 

FIG. 2. The ZFS, the coordinate system, and the ordering of 
the three spin sublevels for the phenazine molecule. 

The ordering of the spin sublevels was taken from Refs. 
17 and 19 for phenazine isolated in biphenyl crystal or 
in a glass. 

In phenazine, the lowest T1(IIII*) triplet state couples 
to the nearby singlet states S 1(nii*) 18 by SOC. In the D2h 

symmetry point group, the orbital symmetries are 3B2• 
for T 1 and 1Btu for Stts (see Fig. 2 for the axis system 
used here). The total symmetry (orbital ®spin) for the 
three spin sublevels ax, ay, az are respectively Btu• 
A., B3•. Only the ax triplet sublevel therefore spin
orbitally couples directly to the 1B 1•• The splitting St
Tt is t..=3000 cm-t. ts 

Using the theory outlined above, the SOC to only one 
magnetic sublevel does not enable us to explain the 
shifts relative to the monomer Wxy(+) -Wxy(monomer) 
=- 2. 9 MHz and Wxz(+)- Wxz(monomer)= + 1. 3 MHz 
in the ODMR spectrum of the AA phenazine (+ compo
nent) dimer. This is because we expect the same dis
persion in the XY and XZ transitions, as discussed be
fore. The coupling between the S1 state and the second 
triplet T 2(nii *) located 5000 em -1 above T 1 

18 (which can 
give a singlet character to the aa spin sublevel of T1

17 

through vibronic spin-orbital mixing) can introduce dif
ferences in the dispersion of the transitions. However, 
this effect is small as evident from the populating and 
depopulating rates of the lowest triplet state. Unlike 

TABLE IV. Calculation of T" and T"/ t::.' as a function of J~ for 
isotopically mixed phenazine crystals. 

naphthalene and TCB, the nitrogen hyperfine coupling 
constants are quite large and modify the ZFS. Recently 
it was shown 11e that the out-of-plane hyperfine matrix 
element A.,. is 28. 8 MHz. This and the quadrupole cou
plings lead into several bands in the ODMR spectra sim
ilar to the bands shown in Fig. 3 (flanking the main elec
tron spin transition) for the I Dl + I El transition and also 
to the bands observed by us for the 21 El transition. 
Thus we must include A •• in our calculation in order to 
compute the transitions dispersion. 

By symmetry A .. mixes ax and a,. We shall make the 
following approximations: (a) all other elements will not 
be included because they are on the order of few MHz; 
(b) the hyperfine shift (- 4 MHz) of the monomer transi
tion in n-heptane d16 

1 Te is of the same order of magnitude 
as that in the perdeutero host. This seems to be a good 
approximation since nitrogen hyperfine effects are local 
on the molecule; (c) as in the case of 1, 4-dibromomo
naphthalene20 and naphthalene 8 dimers the hyperfine ele
ment is one-half the monomer value. With these approx
imations we now calculate the energies of the monomer 
and the dimer. The observed - 2. 9 and + 1. 3 MHz 
therefore give the following consistent SOC shift: 

(3. 3) 

This leads, with t..' = 3000 cm- 1 and taking J'T =- 6 cm- 1 

(see Appendix B), to the values of r shown in Table IV. 
Two conclusions can be drawn. First, according to this 
mechanism cf's of the singlet state could be ±. Second, 
the dispersion of the XZ transition is the same as the 
XY as expected for one channel SOC. From the results 
in Table IV, the values of the SOC parameters (r") seem 
reasonable, since we know that one-center SOC should 
dominate the coupling in the case of phenazine. (We ig
nored intermolecular spin-spin and spin-orbit interac
tions). It is interesting to note that if we use a value of 
10 cm-1 for the matrix element17aof SOC, then J;=10 
cm-1, which is a reasonable value. The full hyperfine 
and SOC treatment in the monomer and dimer will be 
published later. 21 We hope to provide a more accurate 
treatment of the hyperfine by using computer diagonal
ization of the full matrix. 

ODMR 
0.5% 

2562.26MHz 

FIG. 3. The ODMR of phenazine-h8 at two different micro
wave power levels. 
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hr-PMDR 
2% 

L9A 

-----'").. 
FIG. 4. The high resolution-PMDR spectra of isotopically 
mixed phenazine crystals at different pump frequencies and 
powers. 

3. PMDR of monomers and dimers: The spin-5pin and 
spin-orbital coupling in the AB small exciton 

At 1. 5 K, using the 2% crystal, we observed the 
PMDR transitions by fixing the microwave frequency 
at the monomer value w(M) or at the dimer value w(D). 
The PMDR signals were detected using a lock-in ampli
fier and a signal averager. Accumulation of traces was 
essential in some experiments because of the poor sig
nal to noise. Typically, an 80 iJ. slit (dispersion < 5 A/ 
mm) was used and the microwave power was boosted by 
a TWT and isolated by at least two isolators in the line. 
During the spectrometer scan, the microwave frequency 
was continuously displayed on a digital counter to make 
sure that the source frequency was stable. 

With the microwave frequency at 638. 5 MHz, one 
broad phosphorescence band characteristic of the dimer 
AA emission was seen at a relatively high microwave 
power (0 dB). This band can be superimposed on the 
phosphorescence spectra of the dimer obtained without 
the microwave source being on. Shifting the microwave 
frequency to 642. 1 MHz (at - 20 dB), we observed two 
peaks opposite in phase to each other (see Fig. 4). At 
higher power (0 dB), we see these out-of-phase signals 
and the dimer emission was also seen because of the 
overlap of the monomer-dimer ODMR resonances at high 

TABLE V. Direction cosines for 
phenazine crystals. a 

X y z 
a' + 0. 577 + 0. 415 -0.704 
b + 0. 693 +0.202 + 0. 692 
c + 0. 432 -0.887 - 0.161 
X* + 0. 607 +0. 349 - o. 714 
Y* + 0. 388 -0. 915 -0.109 
Z*=b + 0. 693 + o. 202 + 0. 692 

aThe XYZ axis of a molecule in the 
a'bc crystal frame [Ref. l6(b)] and 
calculated in the AB dimer frame 
(this work). 

TABLE VI. The AB dimer ODMR transition 
frequencies of phenazine isotopically mixed 
crystals. 

Monomer AA dimer Splitting 
Transition (MHz)a (MHz)a (MHz) 

xz 2562.2 2563.5 +1.3 
YZ 1921.3 1925.5 +4. 2 
XY 640.9 638.0 -2.9 

AB dimer AB dimer 
(+ state) (-state) Splitting 

Transition (MHz)b (MHz)b (MHz) 

Y*X* 770.9 863.0 -92.1 
Y*Z* 636.8 735.8 -99.0 
Z*X* 134.1 127.3 +6. 8 

a Experimental. bcalculated (see text). 

power broadenings. 22 In our early note, 23 we conjectured 
on the out-of-phase signal as being due to one of the AB 
states. We shall quantify this statement more by (i) ac
curately calculating the ODMR line shape peak positions 
in the AB dimer states, and (ii) by estimating the rela
tive population in the AA and AB dimers, in order to ac
count for the out-of-phase nature of the signal. 

To calculate the expected PMDR spectra of the AB 
system, we used the result of Sec. II B to compute X*, 
Y*, Z*. The interaction Jr=+O. 5 cm" 1 between the two 
molecules of the AB phenazine dimer is large enough, 
compared to the molecular zero-field splittings, so we 
may describe the spin properties in the axes system of 
the AB dimer. Using the direction cosines (Table V) 
the molecules A and B make with the crystal axes (a', 
b, c) together with the molecular zero-field splittings, 
the projected dimer spin Hamiltonian onto this system 
gives in MHz the following zero-field parameters 24 : 

A'=-311.7, B=-185.5, C=496.3, 

O'a'b = 1190. 8 , O'bc = 409. 7 , O'a'c =- 60. 4 . 
(3. 4) 

A rotation of e =(.X*' a')= 4°25 defines the quantization 
axes for the dimer X*, Y*, Z* =b. The diagonal and 
symmetric component of the spin Hamiltonian has there
fore the following principal values (in MHz) 

X*=- 316. 2 , Y* = 500. 8' Z*=B, (3. 5a) 

and the off-diagonal matrix elements are 

tx*z* = 1217. 9 , fy*z* = 320. 3 . (3. 5b) 

Using these values oft and knowing that Jr= + 0. 5 cm· 1, 

we can now calculate the zero -field splittings of the plus 
and minus states using perturbation theory [Eqs. (2. llb) 
and (2. 27c) and (2. 27d)]. The calculated values are 
shown in Fig. 5 and Table VI. 

= (£> (£> = (£> = 
I· 

6.8 ~I I· 
92 

·I I· 
99 

·I ' 131 817 686 

z"x" Y"x" y"z" 
FIG. 5. The three calculated ODMR transitions for the plus 
and minus states of the AB dimer of phenazine. 
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It is clear from these calculations that the minus 
state has a different ODMR frequency (21 El) from the 
monomer and the AA dimer. However, the plus state 
has one of the transition frequencies very close to the 
monomer and AA dimer 21 El transitions. So, the ob
servation of the out-of-phase signal at higher energy to 
the monomer is consistent with our calculation to within 
3 MHz. (We cannot evaluate the frequencies of AB any 
better owing to uncertainties in the direction cosines. 
These uncertainties influence the center of gravity of 
the plus and minus splittings. ) Note also that this as
signment is in agreement with the ± assignment of fac
tor group states, in Ref. 16, of the pure crystal. 

With the procedure outlined in Appendix B we find that 
the plus state stabilization energy in the crystal gives a 
monomer-dimer splitting of- 0. 8 cm·l, indicating that 
the out-of-phase signal should be located at+ 0. 8 cm" 1 

above the monomer. The observed peak splitting is 
1-1. 5 cm"1, but because there are at least two over
lapping (opposite) bands we cannot accurately measure 
the actual splitting without knowledge of bandwidths and 
relative intensities. It is interesting to note that, with 
similar calculation, we expect also the "double mono
mer"14 to be at 1. 1 cm"1 below the monomer, consistent 
with a small peak seen in the PMDR spectra. (By 
double monomer, we mean two guest molecules separated 
by one host molecule. ) Note that the double monomer 
should have ODMR transitions very close to the A and 
AA transitions. We do not consider here the PMDR of 
the same aggregates in different environments. 

Another way of confirming the assignment of the AB 
system is to compute the expected emission signal and 
see if one predicts an opposite trend from that of the 
AA system. In general, the PMDR signal depends on 
the population and the radiative rate constant of the two 
spin levels involved in the transition. We have calcu
lated the transition moment in the AB system using Eq. 
(2. 15) with only the SOC mixing. For example, 

J.L:· €=(¢oasoiMA+MBI 31/J:)· € 

=-(Ab/f2)((J.LA)±(J.LB)). €. (3.6) 

In the case of the AA dimer, the transition moment is 
simply 12 time the molecular one for all the different 
spin states. For phenazine AB, we find (the radiative 
decay in the molecule is only through the ax state) the 
following relative radiative rates (square of the transi
tion moments): 

+ state: k~* = 0. 384 , 

- state: k~* = 0. 353 , k';,* = 0. 144 ' 

k~* = 0. 460; 
(3. 7a) 

k~* = 0. 509. 
(3. 7b) 

Now, we note that the transition of the AB dimer at"" 1 
cm"1 above the monomer (ODMR frequency of 637 MHz) 
will give an opposite emission signal from the AA and A 
systems provided that the top level in both cases is more 
populated. This is because the 637 MHz transition is 
between ay* and az* states (from our calculation) and the 
radiative rate of the az* which is located at lower energy 
from ay* is now larger than that of the top level. One 
can also calculate the population matrix in the AB sys-

soc 

~ ~ 

3443 

z =-1987.6 } 

A 

Y*=•1407.3 

z• = • 78.9 

x· = -1487.2 

AB 

y 

X 

FIG. 6. The ZFS, the coordinate system, and the ordering of 
the three spin sublevels of naphthalene molecule and of the AB 
dimer before the perturbation terms were turned on. 

tern using the direction cosines of Table V, but we do 
not know the extent to which the AB inequivalent inter
action influences the population through spin-lattice re
laxation as discussed by SOOS. 25 It will be very inter
esting to study the AB system in phenazine by using EPR 
methods similar to that of Wolf and his co-workers'. 26 

It appears therefore that, for the AB phenazine dim
er, the most important contribution to the dispersion of 
the transition frequencies is due to the spin mixing be
tween the plus and minus states. We can compute the 
effect of SOC on the dispersion by relating this dis per
sion of the AB dimer to that of the AA dimer using Eq. 
(2. 35): 

w~*x*- Wy*x* = 2. 4K, 

w;*x*- w~*x* = 4K + 5. 3K' , 

w;.*z* - Wy*z* = -1. 7K- 5. 3K', 

where K and K' are defined in Eq. (2. 34). 

(3. Sa) 

(3. 8b) 

(3. 8c) 

The value of J 5 has been estimated by Hochstrasser18 

to be < 1. 25 cm"1• With our estimation for J; = 10 cm"1 

and J~ =- 6 cm"1, we compute K and K' [according to 
Eq. (2. 34)], showing that a very small dispersion (:::e 1 
MHz) for all the spin transitions in the plus and minus 
states is expected. 

B. Natpthalene: Spin-spin and spin-orbital dispersions 

As for the phenazine crystal, the triplet interactions 
in naphthalene crystals are two dimensional: I J r I 
= 1. 2 cm" 127 for the AB dimer and I J~ I = 0. 5 cm- 110

b 

for the AA dimer with the two parallel molecules along 
the b axis (from calculation) of the crystal. Values of 
Jr= -1.2 cm" 1 and J~= -0.5 cm" 1 were found to repro
duce accurately the excitation spectra. tJa, 

42 

The zero-field transition frequencies of naphthalene 
molecule isolated in a perdeutero host are 10 (see discus
sion in Table VIII) 

Wxz = 3443 MHz , Wyz=2520 MHz; Wxy=923 MHZ. 
(3. 9) 

The coordinate system and the ordering of the three 
spin sublevels are indicated in Fig. 6. These frequen-
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cies give the following molecular zero-field splittings 
(in MHz): 

X= 1455.3, Y= 532.3, Z=-1987.6. (3. 10) 

Using these zero-field splittings together with the di
rection cosines of the molecule (Table VII) in the a, b, 
c' crystal frame, we obtain the following zero-field 
crystal parameters (in MHz) 

A=-1068.5, B=78.9, C'=988.6, 

D'ab= 1022. 5, O'bc' = 181. 1 , D'ac• = -1018. 1 
(3. 11) 

(A, B, and C' do not add exactly to zero because of the 
insufficient accuracy of the direction cosines). A rota
tion of £J=(X*,a) in the ac' plane defines the zero-order 
quantization axes of the AB naphthalene which diagonalize 
H~. With this rotation of £J= 22°4, the principal values 
of the diagonal symmetric H~ spin Hamiltonian become 
(in MHz) 

X*=-1487.2, Y*= 1407.3 , Z*=B. (3. 12) 

The off -diagonal matrix elements of H'(, which 
couples the triplet spins of the plus and minus states of 
the dimer, have the values [using Eq. (2.llb)] 

(3. 13) 

Using the value of Jr = -1. 2 cm- 1 in Eq. (2. 27), the 
spin-spin perturbation contribution to the zero-field 
transitions in the plus and minus states are calculated 
using the procedure outlined in Sec. II. The results 
are summarized in Table VIII and Fig. 7. The calcula
tion was done using the direction cosines given in Ta
ble VII. 

To calculate the effect of SOC, we used the relative 
radiative rate constants obtained by Sixl and Schwoerer, 28 

as we did in phenazine. These relative radiative decay 
rates from the three magnetic sublevels of isolated 
naphthalene monomers show that the Ox component 
(upper) is predominately active 28 since k~: k';.- = k~ 
= 1 : (0. 1 -0. 2). ZBb 

TABLE VII. Direction cosines for naphthalene 
crystals. a 

X y z 
a -0.438 -0.321 + 0. 840 

b -0.210 - o. 872 -0.443 

c' + 0. 874 -0.370 + 0. 314 

X* -0.072 - o. 438 + 0. 896 
(-0. 05998) (-0.41866) (+ 0. 90616) 

Y* + 0. 975 -0.220 -o. 029 
(+ o. 98111) (- 0.19200) (-0. 02377) 

Z*=b -0.210 -0.872 -0.443 
(- 0.18393) (- 0. 88762) (- 0. 42226) 

aThe XYZ axes of a molecule in the abc' crystal 
frame [Ref. 16(b) I and in the AB dimer frame 
(this work). The values in parentheses are from 
Ref. 8(b). Note that King's axes system is dif
ferent from ours: interchange X* and Y*. Our 
axes system is the same as that of Ref. 26. 

TABLE VIII. The calculated contributions of SOC and spin-
spin mixing to the ODMR transition frequencies (MHz) of the 
AB dimer of naphthalene. a 

Transition socb Spin-spin Total Experimentalc 

Y*X* -9.08 + 27. 25 +18.17 + 22.8 ± 2. 0 
(- 9. 21) (+25.37) (+ 16.16) 

Z*X* + 5. 27 -1.36 + 3. 91 +4.1± 1.0 
(+ 5.16) (-1. 02) (+4.14) 

Y*Z* -14.35 + 28.61 + 14. 26 +14.5±0.7 
(-14. 36) (+26.39) (+ 12. 03) 

awe used JT = -1. 2 cm-1 and the direction cosines given in 
Table VII (Clarke's values). In parentheses are the calculated 
values using the direction cosines of King [8(b)j. 

'When kzlkx or kyfkx- 0, the Y*X* and Y*Z* dispersions are 
similar to the ones given in the table, but Z*X* dispersion 
changes to a relatively small value. 

cFrom Ref. 10(b). Note that the sign in the experimental 
column also depends on the choice for the sign of J'. Our J 
is negative [taken from Ref. 13(a) I, while the sign of J used 
by Schmidt et al. is positive. lf we choose Jr to be positive, 
the signs for the spin-spin dispersions will change uniformly 
while those for the SOC contribution will still depend on the 
sign of J~. (Also note that using spin-spin coupling alone 
[see Fq. (2.19), with ltx•••l »I t~ ••• 11 will not predict the ex
perimental signs for all transitions.) The sign of both JT and 
JT- should be negative (Ref. 42). 

In the first singlet state, the interaction between the 
two translationally inequivalent molecules of the AB 
dimers and between the two translationally equivalent 
molecules (along the b axis) of the AA dimers are Js 
= 15. 1 cm-1 and J~ = -7. 8 cm-t, respectively. 29 Thus, 
using Eq. (2. 26), we have K ""K' ""- 2, assuming that 
the higher singlet states have similar values of dimer 
splittings to the lowest one. 

The ODMR frequency of the XZ transition in the plus 
state of the AA dimer is shifted relative to the monomer 
by 3 MHz. lOb Assuming that the two ODMR frequencies 
in the plus and minus states are shifted symmetrically 
(from the monomer), we get 

2945 2961 

0 cr:> 

~·~ 
1300 1311 

1646 1650 

FIG. 7. The effects of spin-spin mixing (-) and SOC (-) 
on the zero-field transition frequencies in the plus (+) and 
minus (-) states of the AB dimer of naphthalene. 
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TABLE IX. The calculated ODMR transition 
frequencies (MHz) of the AB dimer of naph
thalene. a 

Transition + State (MHz) 

Y*X* 

Z*X* 

Y*Z* 

2961 (2974) 

1650 (1656) 

1311 (1317.2) 

- State (MHz) 

2945 (2951) 

1646 (1652) 

1300 (1303) 

aThe values in parentheses are the experimen
tal numbers. Note that the calculated values 
given here are obtained after the diagonaliza
tion that includes ± interaction matrix ele
ments, tMM'· 

(3. 14) 

The dispersion of -6 MHz when used in Eq. (2. 35) with 
K =K' =- 2, and ki/k} = 0. 2, gives for the dispersion of 
the ODMR transition frequencies of the AB dimer due to 
the SOC. The values are given in Table VIII. 30 

This simple calculation shows that the contribution of 
SOC to the dispersion of ODMR frequencies between the 
plus and minus states of the AB dimer could be large I 
The SOC contribution to the dispersion is different from 
the contributions due to the off -diagonal matrix elements 
of the dimer spin Hamiltonian-the latter effect essenti
ally depends on JT while the spin-orbit contributions (in
cluding also the guest- host shift) depend on the relative 
values of J in the singlet and triplet states. 

Finally, using the direction cosines of the molecular 
axes in the dimer frame as given by King, Bb we have per-

VIBRONIC 

SPIN :TOTAL 
z big Au 

b2g B3u 
y 

X 

FIG. 8. The coordinate system and the ordering of the three 
spin sublevels of the lowest triplet state of TCB molecule. 
This scheme shows the SOC mechanisms (direct and vibronic). 

formed the same calculation (Table IX) to check the ef
fect of direction cosines values on the location of the 
center of gravity between the plus and minus states. 
In both calculations, we can see that the two contribu
tions (SOC and spin-spin) have opposite signs (see Fig. 
7). Furthermore, our calculation agrees reasonably 
well with the experimental values (see Table VIII). 
Again, the effect of intermolecular spin-spin interac
tion may even improve the agreement to within 1 MHz, 
but we feel that this effect is relatively small due to the 
small value of J. We now conclude this section by men
tioning a few words about the molecular SOC. Equation 
(3.14)assumesthatthe 6 MHz dispersioninthe AA dimer 
is due to SOC as in TCB (the only mechanism for disper
sion in the AA system that we are considering here). 
Using the values of J~ and J~ we obtain IT'/~ I of 5. 2 X 

10-3
• Since the lifetime of naphthalene is longer than 

TCB (see next section), we expect T' of naphthalene to 
be :S 10-1 that of TCB (- 63 cm- 1). In other words, ~ is 
on the order of 104-103 cm- 1

, depending on the choice 
of J's. To quantify these numbers more we need more 
facts about the orr* states of naphthalene. Note that if 
J; and J; of these states are known more accurately, the 
theory presented here should predict the exact SOC pa
rameters and the absolute values of dispersions due to 
soc. 

C. Symmetric tetrachlorobenzene 

The ordering of the three spin sublevels of the lowest 
(ITIT* )31- 36 triplet state of TCB in durene has been estab
lished. 31- 33 The ordering together with the coordinate 
system adopted here and the spin-orbit symmetries 
are summarized in Fig. 8. The analysis of the SOC 
mechanism in TCB shows (see Fig. 8) that (i) the Oy spin 
sublevel (B3u) directly couples by SOC to a singlet state 
having the B3u symmetry; (ii) the Oz and Oy spin sublev
els (Au and B3u symmetry, respectively) indirectly 
couple to a B 2u singlet state by vibronic-spin-orbit in
teraction involving the b 1g and b 2g nontotally symmetric 
vibration modes; (iii) the effect of SOC on the Ox (B2u 

symmetry) spin sublevel is negligible. 

The dispersion in the zero-field transition frequencies 
observed in TCB nm t crystals32b have been interpreted32a 

by invoking the anisotropy of the SOC into the magnetic 
sublevels. The ODMR experiments on TCB isotopic 
mixed crystals 7

b have shown a dispersion for the zero
field transition frequencies in the plus and minus states 
of the AA dimers of 7. 6 MHz (ZX) and of 5. 7 MHz (YX); 
see Fig. 9. Assuming that only one magnetic sublevel 
in the triplet state is spin-orbitally active does not en
able us to reproduce such dispersions. Next, we con
sider, separately, the contributions to the dispersion of 
the direct spin-orbit coupling and the vibronic-spin
orbit interaction. 

The populating rates by intersystem crossing (ISC) in 

TABLE X. SOC mixing coefficient as a function of J~ for TCB. 

-5 -10 -15 -20 

3. 9X10-3 
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5534.4 

M CD 

5.2 ~,.2.4 ~I 
5539.6 5542.0 

G M CD 

1·2.6~1· 3.1 -1 
3575.2 3577.8 3580.9 

zx 

YX 

FIG. 9. The experimental dispersion of the ODMR transitions 
(ZX and YX) for the AA TCB dimer. 1 The ±assignment is not 
unequivocal. 

TCB are31 Px: Pr: Pz = 1: 10: 20. The relative radiative 
decay constants for the phosphorescence of isolated TCB 
in durene are33 k~ : k'i-: k~ = 0 : 19 : < 0. 2 to the totally sym
symmetric vibration and k~ : k';,: k~ = 17: 3. 7: < 0. 1 to the 
b 21 vibrations. Since ax does not spin-orbitally couple, 
we can now conclude that the dispersion in the ZX tran
sition is primarily due to the vibronic-spin-orbital in
teraction. As we did before, we may use these results 
[the clear dominance of ay coupling to a1 modes and 
(0, 0), Oz coupling to b21 modes and the ISC to only ay 
and Oz) to calculate the dispersion in the YX manifold. 
The slight vibronic activity of Y into b21 modes accounts 
for at most 1. 65 MHz (obtained by using the scaling 
factor 3. 7 /17). 37 The dispersion in the YX transition 
due to direct SOC is therefore - 5 MHz. The important 
point here is that the dispersion for both transitions is 
caused by different mechanisms. The 7. 6 MHz disper
sion contains both the vibronic and SOC matrix ele
ments. Hence, using Eq. (2. 32), we may write 

2(J~ -J~)ITri 2/A'2 =±5 MHz, (3.15) 

where Tr is now the matrix element for direct SOC be
tween ay and the singlet manifold (e. g., all*). It is 
clear from the above equation that (J~ - J'.r) must be a 
negative quantity (J'-r = + 0. 34 cm"1 ), 32•34 if we take the 
dispersion in (3. 15) to be negative as suggested by the 
ODMR experiments. 32 •7 Using the matrix element for 
SOC in benzene calculated by Albrecht38 to be ""2 cm"1 

and knowing that the ratio of benzene-to-TCB lifetimes 
is -103

, we calculate TTcs ""63 cm"1. This gives J~ 
= - 10 cm"1 for A'= 20 000 em"\ in agreement with the 
recent location of 1all* in benzenes39 (S0- 1afl* at 46 000 
cm"1). Finally, we have not considered here the AB 
spin-spin and SOC interactions that we dealt with in 
phenazine and napthalene AB systems since the Davydov 
splitting in TCB appears to be very small. 7b· 40 •41 

IV. CONCLUSION 

The ODMR and PMDR studies discussed here for 
phenazine, naphthalene, and TCB show that several ef
fects are involved in determining the line shape (posi
tion) of the ± states of AA and AB small excitons or 
dimers. These effects include spin-orbital coupling, 
spin-spin interactions, guest-host energy shifts, and 
vibronic coupling. We provided expressions for calcu
lating the ODMR frequency dispersions between the ± 
states when these couplings are operative. The studies 
show that in contrast with the simple AA dimer case 
the AB spin-orbital couplings are multichannel even 

though there is only one channel for coupling in the 
isolated molecule. Expressions relating the AA and AB 
dispersions are given. Finally, we have applied these 
theoretical findings to recent experiments and estimated 
several parameters of interest. 

Note added in proof: Very recently, the high (mag
netic) field EPR spectra of the AB phenazine dimer has 
been observed in Professor H. C. Wolf's laboratory in 
Germany. The preliminary experiments, done on 2% 
isotopically-mixed crystals, reveal that (a) the average 
spin Hamiltonian of the AB dimer (Sec. II B results) is 
adequate for describing the EPR spectra, and (b) the 
principal magnetic axes of the AB system are very close 
to the crystal axes, in agreement with the results of 
this paper. Also, in the same laboratory, U. Doberer 
and H. Port have obtained the excitation spectra of iso
topically-mixed crystals and found that the monomer
dimer splitting is - 4 cm"1, consistent with our earlier 
emission work. 

APPENDIX A: SPIN-ORBITAL COUPLING IN 
Dl FFERENT BASIS SETS 

By comparing the electronic resonance matrix ele
ments for the singlet and triplet (J 5 and J T) states to 
the SOC matrix elements, we had chosen to diagonalize 
first the dimer electronic Hamiltonian. This diagonal
ization defines a basis set in which the SOC perturbation 
is calculated. Instead, we can also use the spin-orbital
ly perturbed one -site functions as a zero -order basis 
set and diagonalize the total dimer Hamiltonian. In this 
Appendix we make connection between the two cases. 
We consider for the sake of simplicity the AA dimer 
case with two parallel molecules in which only one 
triplet spin sublevel is active. 

The perturbed one -site function is 

ltlJI'>=(l-IAI2)t'21t<t>'a!>+AI3<t>'a~>' 

13lJI~) = (1-l AI2)1/213<PI a~)- AI !<PI a!)' 

(Ala) 

(Alb) 

where A= T" /A is the SOC mixing coefficient with T" as 
the matrix element between the singlet and the triplet 
state, separated in energy by A= Eg - (E[ + m). 

Similarly, the perturbed energies (identical for both 
molecules) are 

(A2a) 

(A2b) 

Let us define the zero-order functions of the two de
generate states with the excitation localized either on A 
or B for the singlet state by 

lliJIA<P~a~o) and I <Pta~o tljls) 

and for the triplet state by 

1
3,,,A B B ) 

'f'm<Po a•o 

(A3a) 

(A3b) 

The electronic resonance interaction removes the de
generacy and the matrix element of H!15 between the 
functions [Eq. (A3b}) becomes 

J. Chem. Phys., Vol. 72, No.2, 15 January 1980 



Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

1068 J. P. Lemaistre and A. H. Zewail: Line shapes of triplet states. II 

VAs= ( 3 lf!!cp~a~0 I H!1
8 I cp~a~ 31/1!) 

= ( (1 -I Al2)t/2 3cpAa!- A tcpAa~)cp~a~o I H:f I 

X cf>~a~(( 1 -I A 12)1/2 3 cf>Ba! _ A1cf>Ba~}) ' 

VA8 =(1-IAI 2 )J~+ IAI 2Js. 

(A4a) 

(A4b) 

The energy difference of the triplet spin sublevel (say 
m) between the plus and minus states of the AA dimer 
is therefore given by 

2VAB = 2J'T + 21 Al 2 (Js -J'T) . (A5) 

Equation (A5) indicates that the difference in energy be
tween the plus and minus states of the dimer introduced 
by the SOC is identical to those derived in Eq. (2. 32), 
to second order: 

(A6) 

This connection makes the approach of this work and 
that of Ref. 7 yield the same results for the AA dimer. 

APPENDIX B: EXPRESSIONS FOR THE EFFECT OF 
GUEST -HOST MIXING ON THE STABILIZATION 
ENERGIES OF MONOMERS AND DIMERS IN 
PHENAZINE ISOTOPICALLY MIXED CRYSTALS 

In order to show the effect of the guest-host mixing 
on the monomer energy, we consider the different con
tributions originating from the nearest neighbors and 
the next-nearest neighbors (see Fig. 10). Owing to the 
fact that the most important interaction is between 
parallel molecules along the b axis, we shall consider 
first the stabilization energy (X0) of the monomer by 
the two nearest neighbors along the b axis. Diagonaliza
tion of the energy matrix (3 x3) gives 

X 0 ==-2JW(A0 -X0), (B1) 

where A 0 is the zero-order trap depth. Using for phena
zine A 0 = 23 cm-1 and J~ == - 6 cm-1 gives X 0 = -2. 792 
cm-1. This leads to a trap depth A= 25. 8 cm-1. Intro-

0 

(- 2 792) • (-0 141) • (-0059) • (-0008) =-3000cm-1 

FIG. 10. The stabilization energy of the guest phenazine mole
cule by the surrounding host molecules. The -2.792 cm-1 

shift is due to two perdeutero host molecules interacting with 
a neighboring perproto molecule along the b axis. The- 0.141 
cm-1 shift is due to additional two host molecules along the b 
axis. Adding

1 
two further molecules along the same axis gives 

only- 0. 008 cm- 1 shift. The effect of four (a+ b)/2 host mole
cules is to give a - 0. 059 cm-1 shift. The addition of all these 
shifts assumes that cross interactions are negligible. 

TABLE XI. Calculation of the guest-host 
stabilization energy of the monomer (X0) and 
the AA dimer (X.) as a function of Ao (zero-
order trap depth) and J' T· 

Ao JTa Xo x. A Expected 

19 -7.30 -4.915 -9.316 23. 914 
20 -6.92 -4.304 -8.709 24.304 
21 -6.62 -3.804 -8.202 24.804 
22 -6.40 -3.438 -7.839 25.438 
23 -6.21 -3.139 -7.543 26.139 
24 -6.06 -2.879 -7.280 26.879 
25 -5.93 -2.662 -7.062 27.662 

aJfr was calculated (for a given value of Ao) to 
reproduce the observed monomer-dimer split
ting of 6 = 4. 4 cm-1• The last column indicates 
the expected value for the monomer trap depth 
in cm-1• 

ducing the next-nearest neighbors along the b axis gives, 
after diagonalization of the energy matrix (5 x 5 ), 

2J'i 1 
Xo= --- 1 T~2/( )2 ' A 0 -X0 -uT A 0 -X0 

(B2) 

leading to X 0 = - 2. 973, an extra contribution of 5% to 
the value of nearest neighbors interactions. This con
tribution (0. 141 cm-1) is large enough to consider the 
next-next-nearest neighbors (Fig. 10). After diagonal
ization of the 7 x 7 matrix, we get the expression 

X_ -2J~2 
1-JW(A0 -Xo)

2 
(B3 ) 

0 - (A 0 - X 0) 1 - 2JW(A0 - X 0)2 

leading X 0 to a value of -2. 941 cm-1 (an extra contribu
tion of 0. 008 cm- 1 to the shift). Now, let us consider 
the contributions due to the four translationally inequiv
alent host molecules surrounding the monomer (Fig. 
10). We get for X 0 the following expressions after di
agonalization of the 5 x 5 matrix: 

4J'i X0= , (B4) 
Ao+JT-Xo 

With J T = + 0. 5 em -1 and the above values for A 0 and J~ 
we get X 0 =- 0. 059 cm- 1• It is thus clear that these last 
contributions to the shift are smaller than the next-near
est neighbors contributions of the parallel molecules 
but an order of magnitude larger than the next-next
neighbors shifts. Summing on all the different contribu
tions independently (with no cross terms) as indicated in 
the Fig. 10, we get a total shift of -3 cm-1 leading to an 
expected trap depth of 26 cm-1

. 

Now, in order to calculate the energy of the lowest 
symmetric state (optically allowed) of the AA dimer in 
the mixed crystal, we consider the most efficient cou
pling of the two molecules with the host. Including the 
effects of nearest and next-nearest neighbors molecules 
of the dimer, we get after diagonalization of the 6 x 6 
matrix: 

J'2 1 
x.=J~- Ao ::.x. 1 -JW(Ao -XY (B5) 

x. is the stabilization energy for the lowest symmetric 
state of the dimer. In Eq. (B5), the first term is the 
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FIG. 11. A plot of the resonance interaction matrix element 
(JT) between the two translationally equivalent molecules 
of the AA phenazine dimer as a function of the zero order 
trap depth (A0). 

interaction between the two molecules of the dimer and 
the second term contains the stabilization energy due to 
the nearest neighbors times a correction factor taking 
into account the next-nearest neighbor molecules. 

From the experiment, 14 we know the difference 1i 
-=X. -X0 between the energies of the dimer (plus compo
nent) and the monomer. Using the expressions of x. 
[Eq. (B5)] and X0 [Eq. (B3)] calculated above, we obtain 
the following relationship: 

1i-= - J~ - J'ia! t:.o , 
with 

Ol = t:.o (t:.o : Xo 1 - J'r2/(~o - Xo)2 

t:. 0 ~x. 1 -JW~t:. 0 -x.)2) · 

(B6a) 

(B6b) 

The interaction J'T between the two molecules of the AA 
dimer is given by the solutions of 

(B7a) 

i.e., 

(B7b) 

1i is known to be equal to 4. 4 cm-1 for phenazine. 14 For 
a given zero-order trap depth t:. 0, we start with J'T 
-=- 6 cm-1 and calculate t:. 0 -X0, t:. 0 -X. leading to 01. 

Then a new value for J'T can be obtained and so on. The 
results of these calculations are given in the Table XI 
for different values of t:. 0 and illustrated in Fig. 11. 
Larger matrices should be used for more accurate ac
count of the effect of the solid density of states. 
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