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ABSTRACT

Experimental results for triplet energy partitioning between

oot

Q;bile and sfafionary states afe analyzed in terms of several
-ﬁ;chéni;;é fég éne;Aiﬁéﬁsional exciton transfer iﬁ substitutioﬁélly
disorderéd solids. It is shown ﬁhae‘both tunheling and‘thermal |
' detrapping contributé.tb tfiplet exciton mobility under the expéri—
mental conditions ﬁested. In addition, singl;t exciton migration

before intersystem crossing was found to make an important contribution

to trap equilibration.



‘I. INTRODUCTION

The effect of substiﬁutional disorder on energy transfer in molecular
crystals has commanded much interest since El-Sayed, Wauk, and RobinsonI:
observed the quenching.of phosphorescence by chemical impurities.
The mediation of trap-trap interactions by the crystal host, as is
common in isotopic mixéd crystals, has been investigated by observing
triplet-triplet annihilation,? delayed fluorescence,3 and energy
partitioning between mobile and statiénary traps.4 Several models
have been proposed and experimentally supported to explain long-range
ekgiton transfer between localized trap states. These include quantum
tunnelling thrqugh virtual states of the host,? thermal detrapping
and migratioﬁ_thrdugh reai‘states of the host,6 and percoiation through
a continuous trap sublattice in the system.%

In the first paper of this series’ (referred to as ZH,i), a model
for exciton diffusion in a one-dimensional substitutionally disordered
system was presented that was based on (i) pure and thermally-assisted
tunnelling between trap states in competition with (ii) thermal promotion
to the host béﬁd and migration to another trap state. Analytic expressions
for long-range multi-event exéiton transfer across a statistical dis-
tribuﬁibn of one-dimensional trap and host clusters for both models
- were derived taking the energies and aggregation of the host and
trap molecules,lthe dimensionality of intermolecular interactioms,
and exci;on?phonon coupling into account phen&menologically.

In this paper, we present experimental results for singlet and

triplet exciton transfer in a one-dimensional exciton conductor,

1,2,4,5~-tetrachlorobenzene, measured by phosphorescence-monitored



énergy_partitioning between mobile trap states and stationary trap
states. We will interpret the cdncentration and temperature dependence
of the partitioning ratio in terms of the models presented in ZH,I.

The difference between singlet and triplet exciton migration will be

related to the limit of mixed crystal band structure amalgamation.8,9



II. EXPERIMENTAL
A. Sample Preparation and Characterization

The substitutionally disordered one-dimensional band is prepared
by isotopic substitution. The perprotonated compound (hp-TCB) acts
as a trap 22 cm~l below the perdeuterated host molecules (d-TCB),
which may also be referred to as the barrier molecules in the limit
of high trap mole fraction and low temperature. ~The energies of the
lowest triplet state of the host d9-TCB band and the ho-TCB substituent
are determined spectroscopically. The energy of the 3Blu state of
the isolated h9-TCB hqlecule in the d92-TCB host is also the energy
of the center of the 3Blu hz-fCB band in the neat ho-TCB crystal.

The same holds true for the deuterated compound.

The h2-TCB was from Aldrich Chemical and the deuterated compound
was prepared as described elsewhere.® A 97.5% deuteration was achieved.
Both compounds were zone-refined for 150 passes. The pyrazine was
Aldrich Gold Label, 99+%, and used without further purification.

Crystals were.grown bv standard Bridgeman techniques under carefully
standardized crystallization conditions and annealed in their crystal-
growing tubes for 10 days at 135°C. The deéired proportion of ho-
and’ d2-TCB (m.p. 139.5-140.59C) was doped with 5% pyrazine (m.p.
540C), most of which was expelled from the TCB lattice during crystalli-
zation and formed a polycrystalline mass on tﬁe top of the boule which
was discarded.

The rélative concentration of h2- and d2-TCB was confirmed by
low_resolution mass spectra. The pyrazine concentration was below

the sensitivity threshold of the mass spectrometer, giving an upper



limit of 0.1 moi%. lComparisbn of emission for a crystal with low
known hy-TCB fraction in the first series gives a pyrézine mole fraction
of 0.0004. The quantity can remain, thever, an adjustable parameter.
The pyrazine emission is identified by its vibrational structure and
the doublet site-splitting of the peaks due to hydrogen bonding onto
a neighboring hy> or d7-TCB molecule.l0 The hd-TCB trap, although
present in concentrations up to 4 mol%, is rapidly depopulated by
thermal promotion and is not obsérved. In pure h2-TCB crystals, both
h2-TCB exciton emission and x-trap emission is observed. The x~trap
is 40 cm~! below tﬁe band and it can in_all likelihood be ascribed to
a me;hanical defect in the lattice along a dislocation plane,jalthough
the exact nature of the state is unknown. The x-trap was treated
as an additional stationary trap whose concentration remained a constant
fractiqn of stationary trap emission.
B. Sample Excitation

The phosphorescent triplet state was excited directly with a
Molectron UVlOOO/DL300 nitrogen-laser-pump dye laser with PBD (Eastman
Kodak, Ap,y 380 nm) in diox#ne undoubled. In these experiments, the
h2-TCB triplet vibronic origin was pumped, having been identified
by a phosphorescence monitored excitation spectrum. The singlet state
was excited with a broadband Hg la@p with Schott 2800 HA UV interference
filter. The crystal samples were mounted in a cryogenic dewar in
éontact with liquid helium whose temperature could be maintained between
4.20K and 1.49K by pumping. Phosphorescence at right angles to the
excitation source was focused on the slits of a Sbex 3/4 m spectrometer

and detected with an EMI 6256 photomultiplier tube. All vibronic



peaks for the first 200 Angstroms beyond the triplet origins were
measured from the original spectra bv peak height and halfwidth.

Due to the pulsed nature of the dye laser triplet exci;ation,
several experiments were repeated to confirm that different laser
repétition rates and detector time constants did not effect the energy
partitioning ratios. Expériments were also répeated with neutral
density filters between laser and crystal, showing only linear changes
in phosphorescence intensity. Non-linear effects were therefore presumed
to be insignificant. Laser emission was not strongly polarized and
crystals were mounted with the ¢ a2xis perpendicular to both excitation

and detection axes, so polarization effects were not considered.



III. RESULTS AND DISCUSSION
A. One-Dimensional System
The sysﬁem we_have chosen for this investigation,

1,2,4,5-tetrachlorobenzene (TCB), has been shdwnll»lz from a variety
of criterion to be almost exclusively one-dimensional in its triplet
band along a translationélly equivalent axis. The.tetrachlorobenzene
crysta1>structuré13 is such that the stacking along the c axis with
the planes of the‘aromatic rings parallél to one another at an angle
of 66° to the ¢ axis. This is illustrated in Fig. 1. The adjacent
molecules are separated by 3.86A along the c axis although the distance
between molecules along an axis normal to the planar benzene rings
is only 3.53A. Translationally equivalent molecules along the other
axes are separated by 9.6A and 10.5A. As a result of the structure,

_ triplet state

the largest intermolecular interaction, B, in the 3Blu

is along S. It has been shown that the triplet band along ¢ is ~1.25
em~l widel4 while that associated with the translationally non-equivalent
molecuies is less than 10°5Acm"1.11 To a first approximation then,
the ratio of the translationally equivalent to nonequivalent interactions
is greater than 10° to 1 and one expects the system to be accurately
described by a one-dimensional band struéture in the triplet manifold.
The important energy ievels are shown schematically in Fig. 2.
B. Triplet Excitation

The ratio of sfationary trap phosphorescence to total phosphorescence

for direct triplet excitation iﬁto the h7-TCB band is plotted ag#inst

hyp-TCB mole fraction in Fig. 3. The x-trap comprises a constant per-

centage (£5%) of the stationary trap phosphorescence. Preliminary



work at 1.45K has shown an absence of stationary trap phosphorescence
below x = 0.50 and a gradual increase to include all emission at

Xp = 1.0.15 For the region above xp = 0.60, Fig. 3 shows that stationary
tfap phosphorescence increases regularly with mobile trap concentration
and temperature. The temperature dependence for each crystal is plotted
in an Arrhenius-type plot iﬁ Fig. 4, where it shows a iinear dependence

with a different activation energy at each concentration.

The delayed onset of pyrazine phosphorescence is strong confirmation
of the one-dimensional nature of the intermolecular interactionm.
?ercolatioh theory states tﬁat an unblocked site probability (corre-
sponding to a mobile trap probability in this context) of 50% in a
two—-dimensional rectangular lattice and 25% in a cubic lattice will
‘establish a complete network of adjacent trap states within a macro-
scopic sample.l® The rapid communication between trap sites in such
a network would enab1e>the ho-TCB trap to populate the stationary
states within the triplet state lifetime. Such behavior has been
observed in naphthalene, a two-dimensional exciton conductor, although
the sharp transition between mobile trap and stationary trap emission
occurs well below the predicted 50% threshold due to long-range tunnelling
between traps or a small intermolecular interaction along the tﬁird
crystal axis.4

In ZH,I, we proposed two models to describe exciton migration
in a one-dimensional isotopically disordered system in the narrow
bandwidth limit. We have attemptéd to fi£ the experimentally observed
phosphorescence intensity distribution of Fig. 3 ‘to the trap population

distributions calculated for the detrapping and tunnelling models.



Most model paraméters, including triplet state lifetime T, intermolecular
interaction 8, isotopic spiitting A, and pre-exponential detrapping
frequency H, have been evaluaﬁed in previous work.3,6,11 oOnly the
éfationary trap concentration xg could not be accurately obtained.

The thermaliy-assisted tunnelling model proposes that exciton
transfer éakes place exclusively along the one~dimensional chain in
a raﬁdom walk between mobile trap states by tunnelling through host
molecule barriers. The tunnelling rate through a barrier n moleculés

wide, k(n), falls with increasing barrier width n and trap depth A
k(n) = 4g0+l/Anh . (1)

and above a certain width, the barriers may be treated as impenetfable
during the excited state lifetime. Transmission is dependent on temper-
ature because tunnelling may take place from a state thermally promoted .
above the mobile trap origin. Because of the nth power dependence

~ of the tunnelling rate on A, a small decrease in A‘ﬁay greatly increase

the average thermally-assisted tunnelling rate

A-§ ' A—$
&(a)y, = D __(a- )|l o /KT g/ em€/kT g¢  (2)
€ 4ﬂn+1
[o]

o
where € is the energy of the phonon-exciton‘complex above the mobile_
trap origin and the constraint A >> § > B insures that the averagev
will not be carried over a region where Eq. (1) breaks down. This
formulation of the tunnelling model holds only in the limit kT <K A.
The population distributions in Fig. 5 are calculated for a random
walk over a statistical distribution of barriers. Salient features

are a roughly linear concentration dependence on xXpoh, the mobile



trap mole fraction, in the threshold region, a weak temperature

dependence below 2.4°K, and a concentration dependent activétion energy.
Figure 6 shows the corresponding curves generated for the thermal

detrapping model, where barrier.transmission occurs by thermal promotion

of an exciton'from a mobile érap state to the host barrier states

and subsequent migration along ﬁhe one-dimensional chain to another

trap site. The probability of.migration to a new site relative to

tetrapping at the original site is accounted for by the migration

. efficiency a. The barrier transmission rate is the product of the

detrapping rate K¢ and the migration efficiency a averaged over the

statistical distribution of barrier widths,

Kek = He—A/kT v (3) |

1-x| (1. - )
(a) = =7 ln(l_) 1 _ B

Exciton migration is again treated as a random walk with a barrier
density set by the mobile trap density. The important features of
Fig. 6 are the strong‘temperature dependence and the weak concentration
dependence over much of the range.

The most important oﬁservation to be drawn from‘Figs. 4 and 5
is that both models predicted significant exciton mobility under the
experimental conditions studied. Neither mechaqism’is individually
sufficient to predict the experimental results. At the lowest temper-
atures reached, tunnelling is the predominant bérrier‘transmission

process and experimental results in Fig. 7 match the gradual omset
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of stationary trap phosphorescénce starting about xpop = 0.50 that
is characteristic of the tunnelling model. As the sample temperature
increases, detrapping surpasses tunnelling as the major transmission
process. The defrapping model predicts almost complete Boltzmann
thermalization at 4.29K between stationary and mobile trap states,
‘which is seen experimentally in Fig. 8. The results of the experiments
confirm the salient features of the theory (ZH,I) and sﬁow that a
thorough treatment of triplet exciton dynamics in disordered systems
must address itself to both mechanisms.
| C. Singlet Excitation

The same system under singlet excitation shows important différences
in behavior. Figure 9 shows the frac;ion of stationary trap phosphor-
escence for singlet excitation. The differences between this graph
and Fig. 3 shows that significant exciton migration and trapping occur
in the singlet manifold before intersystem crossing into the triplet.

The bandwidth of singlet excited states is generally orders of
‘ magnitude larger than the tripleﬁ bandwidth, but these singlet state
lifetimes are relatively so'short that exciton migration is considered
primarily a triplet étate phenomenon in many systems. The singlet
bandwidth may play a critical role, however, in substitutionally dis-
ordered crystals. The TCB triplet bandwidth, about 1.2 cm~l, is much
smaller than the 23 cm~l isotope shift and the triplet bands are an
example of the pefsistence limit. Neither the isotopic shift nor -
the bandwidth are known for the first excited singlet state, but
phosphorescence monitored absorption spectroscopy performed by scanning

the excitation source across the singlet absorption near 2965A indicated
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a bandwidth greater thaﬁ 100 cm’i if transitions to the entire band
are allowed‘by disorder induced mixing of k states. It is reasonable
that the singlet isotope shift is comparable to the bandwidth and

fﬁe dy- and hy-TCB singlet bands are amalgamated8,9 over the whole
concentrgtion range. The nearest pyrazine singlet state is 2700 cm~l
lower and does not take part.

The composition of the supertrap phosphorescence is significantly
different between the singlet and triplet data. For triplet excitation,
x-trap phosphorescence comprises ~55% of all supertrap emission, while
in the singlet if accounts for only 5-10%. This may be explained
if the x-trap does not act as a trap in the excited singlet state
or is masked by the increased bandwidth. The x-trap phosphorescence
then gives us a measure of how many excitons are trapped after inter-
system crossing to the triplet and therefore how many are trapped
in the singlet. By this measure, 75-80% of the total phosbhorescence
is due to trapping at a pyrazine from the singlet state and this
quantity is independent of the composition of the crystal. In
Fig. 10, a constant 80% of the pyrazine phosphorescence at 1.79K in
Fig. 9 has been subtracted out and the remainder normalized to 100%.
The result is identical within experimental.error'to the triplet result.
The important conclusions are that exciton migration in excitedisinglet
states may be comparably efficient with that in much longer-lived
triplet states iﬁ disordered crystals and that energy transfer through

an amalgamated band is independent of the band composition.
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IV. SUMMARY

(i) We have presented experimental energy-partitioning data between
mobile and stationary trap states along a one-dimensional exciton
conductor for both singlet and triplet excitation. The percentage
of stationary trap phosphorescence increases with increasing mobile
trap concentration, with increasing temperature, and is larger for
singlet excitation thaﬁ for triplet excitation.

(ii) Two simple models for (i) resonant tunnelling transfer and
(ii) fhermai detrapping and migration across a statistical distribution
of barriers, do not, on an individual basis, accurately represent thé
experimenfél results for triplet excitation. 225& mechanisms are
important and contribute to exciton mobility over the temperature
fange studied.

(iii) Wheré competitioh between singlet and triplet manifolds
for exciton migration occurs, the singlef may be much less efficient
~in the unperturbed crystal.because of its shoft lifetime. In a
substitutionally disordered crystal, the much wider bandwidth of the
singlet may hide the perturbation of the potential surface and allow
much more efficient exciton transfer than the triplet. The experimental
data presented here shows that ~80% of the excitons reach a sgpertrap
in the singlet state before intersystem crossing and that this_percentage

is independent of the band composition.
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FIGURE CAPTIONS

.Fig; 1. Tranélationally equivalent TCB molecules along c-axis show
maximum w-electron overlap.

Fig. 2. Schematic of relevant energy levels of ternary TCB-pyrazine
system. Pyrazine and x—trap constitute {o.lz. TCB bandwidth
is 1.2 em~l.

Fig. 3. Ratio of statiomary trap (pyrazine and x~trap) phosphorescence
intenéity to total phosphorescence intensity vs. X ob? the.mole
fraction of hz—TCB, the mobile trap. Dotted lines show linear
least squares fit to experimental points.

Fig. 4. Ratio of stationary trap phosphoréscence to total phosphorescence
vs reciprocal temperature. Solid lines are leasf squares
fits for different crystalé identified by ho-TCB mole fraction
at right. The activation energies are 2.4 cm™l for xpgp = 0.60,
1.7 em™1 for xpqp = 0.70, 0.84 em~l for xpop = 0.80, 0.24 cm~l
for xpop = 0.90, and 0.19 em™! for xpo, = 0.95.

.-~ -Fig. 5. Calculated population partitioning ratio for thermally-assisted
tunnelling transfer‘vsAhz-TCB mole fraction between 1.4 and
4.2 K. Parameter vaiues are T = 25 msec, # = 0.3 cm'l,
8 =1/2A and xg = 0f002. Maximum penetrable barrier is
4 d9-TCB molecules wide.
Fig. 6. Calculated pqpulation partitioning ratio fér thermally
| detrapping exciton transfer vs h9-TCB mole fraction between
1.4-andb4.2 K. Parameter valueslare T = 25 msec, Bv= 0.3 em-1,

xg = 0.002, and H = 3x1010 sec_l.



Fig. 8.

Fig. 9.

Fig. 10.
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Comparison of experimental intensity partitioning ratio

(open circles) with predicted population partitioning ratios
for tunneling (solid line) and detrapping (dashed line)

at 1.78.K. Curves are taken from Figs. 4-6.

Comparison of experimental intensit& partitioning ratio (open
diamonds) with predictgd population partitioning rétios for
tunneling (solid line) and detrabping (dashed line) at'4.2 K.
Curves are taken from Figs. 4-6.

Experimental values for ratio of statiomary trap phosphorescence
to total phosphorescence for singlet excitation vs hy-TCB
(mobile trap) mole frac;ion, Xh, at 1.4 K.

Comparison of triplet excited phosphorescence ratios (dark
circles, left hand scale) with singlet excited phosphorescence
ratios (open circles, right hand scale) vs hy~TCB mole fraction

at 1.4 K.
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