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The intensity of the DF-ODMR spectrum has been derived when unlike triplets contribute to 
the annihilation process (heterofusion). Resonant microwave transitions that perturb the spin 
levels of the triplet pair and of the species diffusing separately (free species) were considered. In 
the latter case the DF-ODMR signals are negative at any orientation of the magnetic field. The 
spectra of single crystals of the Diphenylacetylene(DPA)-TCNB complex support the theoretical 
expectations.

Introduction

In molecular crystals, triplet excitons are gen­
erated by intersystem crossing (ISC) from the low- 
lying excited singlet state after optical excitation 
inside the singlet manyfold. During their random 
walk motion excitons deactivate mainly through two 
pathways: (i) trapping at an impurity center of the 
crystal and (ii) triplet-triplet annihilation.

In the annihilation process two triplets meet and 
form an interacting triplet pair having some levels 
with singlet admixtures. Escape from a level of the 
pair is allowed according to its singlet character 
giving rise to a singlet exciton that decays to the 
ground state by emission of a photon of delayed 
fluorescence (DF). Triplet pairs can be formed 
either between two identical species (homofusion) 
or between different triplets such as an exciton and 
a trap (heterofusion). In the latter case a direct 
population of singlet states of the traps is possible 
with DF spectra due to these species. The main 
features of the exciton interactions in solids have 
been reviewed by Swenberg and Geacintov [1],

As is known [2], the intensity of delayed fluores­
cence is affected by a magnetic field in that it can 
produce variations in the rate constant of triplet 
annihilation. Extensive investigations [1] have been 
performed concerning the dependence of the DF

* This work was supported in part by the Italian National 
Research Council (CNR) through its "Centro di Studio 
sugli Stati Molecolari Radicalici ed Eccitati" and in part 
by the Ministero della Pubblica Istruzione.
Reprint requests to Dr. L. Pasimeni, Institute of Physical 
Chemistry, University of Padova, Via Loredan 2, 35100 
Padova, Italy.

intensity upon the strength and the direction of the 
magnetic Field with respect to the crystal.

More recently it has been shown that the exciton 
annihilation rate can be changed by resonant micro­
wave transitions. This is the basis of the detection 
method known usually as DF-ODMR or RYDMR 
[3]; it has been applied with or without the presence 
of a static magnetic field which causes the mixing 
of the zero field wavefunctions.

In our recent study [4] of the DF-ODMR spectra 
of single crystals of Anthracene-1,2,4,5-Tetracyano- 
benzene (A-TCNB) and Biphenyl-TCNB (B-TCNB) 
CT complexes we have found that variations in the 
DF intensity can be produced by microwave transi­
tions that affect the triplet pair levels as well as the 
levels of the separately diffusing triplet excitons 
(free species). The former case occurs only if the 
triplet pair lifetime is long enough to be compar­
able with the inverse of the rate at which resonant 
transitions are induced inside the pair.

The polarization (absorption or emission) and the 
intensities of the resonant transitions occurring be­
tween levels of an intermediate triplet pair, are 
determined by the populations of the pair sublevels. 
When the populations of the triplet excitons sub- 
states obey the equilibrium distribution, the levels 
of the triplet pair are populated at the same rate. 
Resonant transition induced by a microwave field 
from a pure quintet state to a singlet-containing 
state increases the population of the latter and gives 
a positive variation of the DF intensity. In the case 
that the exciton sublevels are spin polarized by 
virtue of the spin selection of the ISC process, the 
microwave transitions could decrease the DF inten­
sity, provided that the singlet-containing states of
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the triplet pair are more populated than the pure 
quintet states.

With spin polarized species one expects a varia­
tion of the DF-ODMR signal intensity by rotating 
the single crystal in the magnetic field B. In fact, the 
populating rates of the pair spin states are given by 
products of the populations of the triplet spin levels, 
and the latter are affected by the direction and the 
strength of B. The eigenfunctions of the total spin 
Hamiltonian (Zeeman and fine structure interac­
tions) are admixtures of the ZFS eigenfunctions 
with coefficients that depend on B. An angular 
dependence of the DF-ODMR signal intensity by 
rotating B is expected also when the resonant transi­
tions act on the free exciton levels. In this case, 
however, the optically detected signal intensity dis­
plays the peculiar feature that its sign changes at 
those orientations of B where a change in the phase 
of the EPR signal occurs [4].

In this paper we report the results of an investiga­
tion concerning the effect of the microwave field 
when unlike triplets contribute to the annihilation. 
In particular, we will discuss the case in which the 
partners of the triplet pair are a polarized triplet 
exciton and a polarized triplet trap generated from 
the former by trapping. This situation was met in 
the crystal of Diphenylacetylene(DPA)-TCNB. Ex­
perimental features of the DF-ODMR spectra will 
be presented in which two excitons or an exciton 
and a trap are involved in the annihilation process. 
The traps present in the crystal consist of 1: 2 CT 
complexes of t-Stilbene (tS)-(TCNB)2 where the tS 
molecule substitutes two DPA molecules in the 
crystal lattice [7].

Theory

The annihilation process is called heterogeneous 
(heterofusion) when the two constituents A and B 
of the reactive pair belong to different species. 
Their difference can arise either from the different 
values of the ZFS parameters, or from the relative 
orientation of the principal directions of the fine 
structure tensor, or from both causes. The latter case 
usually occurs when the pair is formed by a triplet 
exciton and a deep trap.

The annihilation by heterofusion is described by 
the following kinetic scheme [5]:

TX + Tfe ^ [ T a .. .T b]" Sa.b + Gb.a , (1)

where Tj represents the J molecule in its A'-th triplet 
sublevel. As distinct from the case of homofusion 
we must consider here two different rate constants 
kA and A'B for the processes of formation of the 
singlet excited species A or B, respectively. They are 
expressed by

**"(//) = | S> 2, (2)
where TA, Tfe) is a state of the pair, S) a pure 
singlet state and A"a'b is independent of spin.

Following the derivation given for homofusion 
[4], we have calculated the variation Ay in the 
delayed fluorescence yield by distinguishing case 1: 
microwaves acting on the free triplet sublevels 
(either exciton or trap), from case 2: microwaves 
acting inside the heterogeneous pair. 

In case 1 we derived the relation

^7i±B = ~ F) (R±b -  1) (/?|'A — 1), (3)

valid for low microwave fields. The coefficient Fi is 
given by
F) = k] kZj kc t  4  (eA + £B) (eA + £B + 3) (4)

with ea B = A'o'b/A:_i and kc= \(g  ß B /2)\ while the 
quantities /?AB represent the ratios

R$B = n$B/nfrB. (5)

For unpolarized triplets the population ratios 
R+b and R -A are smaller and larger than unity, 
respectively, for each orientation of the magnetic 
field, and Ayt of (3) is always positive. When one or 
both triplet species A and B display spin polarized 
substates. the values of RAB and RBA can both be 
greater than unity for certain orientations of the 
magnetic field, and thereby Ayt has a negative sign.

In the case 2, when the sublevels of the hetero­
geneous pair are involved, the major difference with 
respect to the case of the homofusion stems from 
the fact that now we must consider three distinct 
pair states, 00), + ->  and - + ) ,  that have singlet 
character, instead of two, degeneracy of the + —) 
and —+) states being lost. Our derivation gives the 
expression

Ayi B= F: [(R$B-  £,) + R $s( 1 -  R$Be,)], (6)

where

£,= 1/[1+ |( £ a + £b)] (7)
and
f 2 = j  kc A| kZ} //g (eA + cB) e,/(2 + eA + eB) . (8)
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For thermalized triplets, Ay2 has a positive sign as 
in the case of the homofusion. When the triplets are 
polarized, the sign of Ay2 as well as that of Ay\ 
depends on the values of RA and RB which can be 
calculated by solving the set of kinetic equations for 
the triplet populations under steady-state conditions 
(«/ = 0) (9)
h+=(— k+ — \v 1 — h'3)n+ + \V\e \ Hq + ^3^3«-+ P+ns , 
n0 = w, n+ + (-  k0 -  w, ex -  w2) n0 + w2 e2 + F0 ns , 
ri- — u'3 n+ + vt'2 Hq + (— — ^3^3- \v2e2) «-+ F_«s.

F, and k, are the populating and depopulating rate 
constants of the Zeeman levels +, 0, —, and they are 
related to those of the ZFS levels by the equation

20 19 18 17 16 15 V[103cm1

F,= I  C,U\2PU (u = x,y, z) , (10)

an analogous equation holding for k,. The coeffi­
cients Ciu express the eigenvectors of the total 
Hamiltonian

H = HZeeman + HZFS (11)
in terms of the eigenfunctions of the ZFS hamil­
tonian and depend on the strength and direction of 
the magnetic field with respect to the ZFS principal 
axes. The quantities w, and £>, are the relaxation rate 
constants and the Boltzmann factors concerning the 
level pairs (+, 0) and (+, -), respectively, while ns 
indicates the population of the excited singlet state 
precursor of the triplet. In general the steady-state 
rt-s of [9] depend on a set of nine parameters. How­
ever, as mentioned above, it has been proved that 
for triplet excitons that deactivate by triplet-triplet 
annihilation or by trapping processes, the decay rate 
constants are almost independent of the orientation 
of the magnetic field [8, 9]. The same can be done 
for the relaxation frequencies w, [6], Therefore the 
independent parameters are Px, Pv, P-_ and k/w 
(ratio of the decay rate over the relaxation rate 
constant).

Experimental

The emission spectrum of the crystal of the DPA- 
TCNB CT complex doped with t-Stilbene was 
detected at room temperature and at 77 K, and no 
spectral change was observed. The spectrum ex­
hibits a maximum at 18690 cm-1, as shown in 
Figure 1. The room temperature emission spectrum

650 y[[nm) 700
Fig. 1. Delayed fluorescence spectra detected with excita­
tion at 21410 cm"1 for DPA-TCNB crystal at 300 K (a), 
77 K (b) and for tS-(TCNB)2 crystal at 300 K (c).

of the crystal of tS-(TCNB)2 consists of a broad­
band emission with a maximum at 17540 cm-1 
while the onset of the 0-0 band starts at 18 690 cm-1. 
This implies that the light collected by a narrow­
band optical Filter centered at 19 160 cm"1 (Schott 
211314) is emitted only by the DPA-TCNB complex 
while that conveyed through the Filter centered at 
16780 cm"1 (Schott 155121) results from the super­
position of the exciton and trap emission.

The decay of the delayed emissions was investi­
gated in a microsecond time scale by using a 
nitrogen pulsed laser (Lambda Physik mod. K 600) 
as light source. The signals were detected by a Box­
car averager (EG and G mod. 162). The intensity of 
the exciton emission singled out at 18 690 cm-1 and 
detected at 100 K decays exponentially with a life­
time r — 20 ps. At room temperature the trap emis­
sion centered at 17540 cm-1 in the DPA-TCNB 
crystal gave too weak a signal to be analyzed. We 
measured the emission intensity of the tS-(TCNB)2 
.v-trap in the tS-(TCNB)2 crystal which decays 
exponentially with a lifetime of 2 ms.

The EPR and DF-ODMR measurements were 
performed by mounting the crystal on a goniometer 
quartz rod which served also to collect the DF 
emitted light. Details of the experimental setup 
have already been reported [4], The crystal of DPA- 
TCNB was rotated inside the microwave cavity of 
the EPR spectrometer (JEOL PE-3X) with the 
magnetic field B being in the crystallographic
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planes ab, ae, be (e = a x b). The DF-ODMR spec­
tra were monitored in correspondence to the micro­
wave resonant transitions between the exciton as 
well as the trap sublevels. They were obtained by 
singling out the fluorescence light conveyed onto the 
photomultiplier through the narrow-band (400 cm-1) 
filters centered at 19 160 cm-1 and 16 780 cm"1.

Both sites of the trap and the exciton have the 
same z axis whereas the in-plane axes x and y of the 
localized triplets are displaced by a rather large 
angle of ±34.5° from the corresponding principal 
directions of the exciton. Details on the crystal 
structure of DPA-TCNB and on the triplet EPR 
spectra are reported in [7], The above analysis made 
it easy to identify the positions of the EPR lines of 
the exciton and of the trap, and selective perturba­
tions of the spin levels of the two species could be 
accomplished by microwave transitions.

When the optical filter was centered at vE = 
19160 cm-1, firstly we detected the DF-ODMR 
signals due to the perturbation of the triplet exciton 
populations. Although the weakness of the signals 
did not allow their detection in a wide range of the 
crystal orientations, this was possible for significant 
orientations. In Fig. 2 the DF-ODMR spectra with 
the magnetic field parallel to the crystallographic

B //a

V

B//b
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Fig. 2. DF-ODMR spectra recorded at vE and due to 
resonant transitions within the exciton spin levels when the 
magnetic field is rotated in the ab crystallographic plane. 
The signal intensity corresponds to a DF decrease for B a 
and to an increase for B b.

B //a

B // b
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Fig. 3. DF-ODMR spectra recorded at vT and due to 
resonant transitions inside the trap spin levels. No change 
of sign was observed in the signal intensity which cor­
responds to a DF decrease.

axes a and b are reported. Measurements in the ab 
plane (likewise in the ac plane) are of interest in 
that the EPR spectra exhibit inversion in the signal 
phases when B is rotated from B a to B b. The 
important feature presented by the DF-ODMR 
spectra is that the signal is negative when B a and 
positive when B b. The signal intensity becomes 
considerably stronger when the microwave transi­
tion is tuned to the trap spin levels. In this case the 
signal corresponds to a decrease of DF for each 
orientation of B in the crystallographic planes.

When the filter centered at vT= 16 780 cm-1 is 
used, the DF-ODMR signals are negative for each 
orientation of B in both cases of microwave transi­
tions involving the exciton or the trap spin levels. 
The spectra reported in Fig. 3 for B a and B b 
refer to the latter case.

Before we start to discuss the different routes that 
lead to a variation in the yield of DF, induced by 
microwave transitions, there is a point that deserves 
a comment. Since the energy levels of the singlet 
and the triplet excited states of the trap are fairly 
close, the light emitted at vT might contain in part 
radiation due to the emission of the triplet trap by 
phosphorescence. However, the microwaves tuned 
to one transition between the trap spin levels pro­
duce a change in the phosphorescence yield 
(ODMR signal) only if a substantial anisotropy 
exists in the decay rates from each spin level.
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The angular dependence of the spin polarization 
carried by the EPR lines of the exciton and the trap 
was found to be very similar in the crystal of DPA- 
TCNB [7]. Since for excitons the decay, caused by 
trapping or by triplet-triplet annihilation, has rate 
constants fairly independent of the spin level [8, 9], 
the above results indicate that also the spin levels of 
the trap decay with almost equal decay rate 
constants. In addition, the general feature of the 
ODMR signal should be to change its sign at those 
orientations of the crystal where a change in the 
phases of the EPR lines is observed. Our experi­
mental evidences of the RYDMR spectra do not 
support such an expectation. For these reasons we 
will not consider further the contribution to the 
spectra that could arise from the microwave field 
modulation of phosphorescence.

Discussion

After the excitation by visible light in the CT 
band of DPA-TCNB and subsequent generation of 
triplet excitons three distinct processes take place 
giving rise to delayed fluorescence.
1) Annihilation of two identical triplet excitons 

(homofusion) with delayed fluorescence emitted 
from the lower-lying excited singlet state of 
DPA-TCNB (maximum at 19160 cm"1) accord­
ing to the scheme

E + E *±[E... E] +S£. (i)

2) Annihilation of two different triplets: an exciton 
and a triplet trap with production of the DPA- 
TCNB singlet state that relaxes radiatively into 
the ground state (maximum at 19 160 cm"1) fol­
lowing the reaction

T + E  ?±[T... E] <± S]E +S£. (ii)
vE

3) Annihilation of two different triplets as in the 
case 2 but with production of an excited singlet 
trap, followed by fluorescence at longer wave­
length (maximum at 16 780 cm-1) as indicated by 
the reaction

T + E ^ [ T .. .E ]  +±Sj +Sg. (iii) 
" h vT

The DF emission at vE can be caused by the 
annihilating process of homofusion together with

that of heterofusion. — When the exciton popu­
lations are perturbed by microwaves, the DF- 
ODMR signal monitored at vE contains a contribu­
tion resulting from the scheme (i) and another from 
the scheme (ii). Instead, when the spin levels of the 
trap are connected by the microwave field and the 
light at vE is again collected, the DF-ODMR signal 
arises solely from the heterogeneous process (ii).

When light is detected at vT, the DF-ODMR 
signal obtained by perturbing the spin levels of the 
trap monitors the neat effect of the heterofusion. 
However, it contains not only the contribution 
arising from the scheme (iii) but also one from the 
scheme (ii) if the tail of the emission spectrum of 
the exciton at longer wavelengths overlaps substan­
tially with the fluorescence from the trap. This is 
the case with the emission spectra of the DPA- 
TCNB and tS-(TCNB)2 complexes. Due to that 
overlap, when the populations of the exciton spin 
levels are modified by the microwaves the DF- 
ODMR signal detected at vT is fed by the contribu­
tions arising from all the three processes represented 
above.

The intensity of the DF-ODMR signal for a 
purely heterogeneous process of annihilation can be 
calculated by employing the expressions for Ay\ and 
Ay2 given by (3) and (6). They account for the effect 
that microwave transitions produce between the 
spin levels of the free species and between those of 
the heterogeneous triplet pair, respectively. The 
quantities which enter the RA B definitions are 
obtained as steady-state solutions of (9). These 
depend on the rate constants of decay k and of spin- 
lattice relaxation vv. The latter could not be mea­
sured because of the long response time (~ 100 jas) 
of our EPR spectrometer. However, a rough esti­
mate of k/\v can be obtained from a comparison of 
the amount of spin polarization carried by the 
DPA-TCNB and tS-(TCNB)2 triplets with that of 
the triplet exciton in A-TCNB crystal having a value 
k/w = 0.1 [6], As judged from the EPR signals 
intensity, the A-TCNB exciton and our triplet spe­
cies display a comparable amount of spin polariza­
tion, and hence a value of k/w = 0.1 seems reason­
able. As already done for similar systems [6, 10], the 
calculations were carried out by employing the set 
of populating rate constants Px: Pv: Pz = 1:0.32:0.16 
measured by the MIDP method for the TCNB 
triplet [11], This fact stems for the observation that 
in TCNB complexes with hydrocarbons the most
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important contribution to the ISC process arises 
from the mixing of the electronic states involving 
the TCNB molecule in the complex wave functions.

In the crystal of DPA-TCNB both the exciton and 
the trap exhibit spin polarized EPR spectra, the 
spectral lines appearing with opposite phases, one 
in emission and the other in absorption. Moreover, 
as mentioned above, at any orientation of the 
magnetic field the EPR lines of the exciton and of 
the trap corresponding to one microwave transition 
(i.e. 0) —► +)) have the same phase. This fact 
indicates that the original alignment of the exciton 
spin states is preserved during the trapping process. 
If we assume the high field approximation 
(g ß B P D, F), certainly valid for this system in our 
experimental conditions, we can take n+ = and 
then the two factors (/?£B-  1) and 1) of (3)
take on the same sign and Ay\ is negative (or zero) 
for each orientation of the magnetic field. There­
fore, the negative sign of the DF-ODMR signal 
observed experimentally is fully reproduced by the 
model in which only the spin levels of the free 
species are efficiently perturbed by microwave tran­
sitions. Our calculations show that A >',(E) and A y{T) as 
well as Ay2E> and Ay2 ] maintain throughout the 
same sign. In Fig. 4 the calculated curves of A yiT) 
and A y2 are reported.

The DF-ODMR spectra recorded at vE and re­
ported in Fig. 2 for two orientations of B result from 
the contributions due to the homo- and the hetero­
fusion. The orientation dependence of the Ayx and 
Ay2 values can not account for the change of the 
signal sign on passing from B a to B b. This 
suggests that the homofusion contribution must 
prevail on that of heterofusion in determining the 
spectral features.

As already found in the A-TCNB crystal [6], the 
annihilation between two identical species can give 
rise to a DF-ODMR signal that changes its sign at 
those orientations of the magnetic field where an 
inversion in the phase of the EPR signal is observed. 
This occurs when the variations of DF are produced 
by resonant transitions affecting the free exciton 
sublevels. In our EPR measurements on the DPA- 
TCNB crystal we have observed a change in the 
phase of the spectral lines by rotating the magnetic
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Fig. 4. Calculated curves of AyjP (solid line) and of AyW 
(dashed line) according to (3) and (6) by rotating the 
magnetic field in the crystallographic planes. Ay^J was 
calculated in units of C, and Ay2+} in units of r 2 with 
£ = 0.1. Populations «p8 were calculated by taking 
k/w = 0.1, where k indicates the decay rate constant and w 
that of the spin lattice relaxation.

field from B a to B b [7], We have verified that 
the signs of the DF-ODMR signals were those ex­
pected for the annihilation between excitons, in the 
case that the spin levels of the triplet species outside 
the triplet pair are efficiently perturbed by the 
microwave field (see (8) of [4]).

In conclusion, we have shown that the presence of 
the mobile and the localized triplet states in the 
crystal of DPA-TCNB makes it possible to observe 
the delayed fluorescence resulting from the anni­
hilation in which two excitons or an exciton and a 
trap are involved. In the latter heterogeneous 
process, the DF-ODMR signal has a negative sign 
for each orientation of the magnetic field because 
the exciton and trap display the same orientation 
dependence of spin polarization, and moreover only 
the free triplet species are efficiently perturbed by 
the microwave field.
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