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Cbemiluminescent techniques are employed to investigate energy tmnsfer and evciton migration in polyvinylcarbazole
films at 34°C. Tetmmethyl-1,kIiouetane
is used as a source of chemiexcited acetone triplets and 1 ,kiibromon.!phthalene
and 1,lO~henanthroline are used as triplet energy acceptors which phosphoresce under the conditions of measurement.
A study of the relationshlp of acceptor chemiluminescence intensity to acceptor concentration leads to the conclusion that
extensive enerm tr,msfer by triplet excitons can occur in polyvmylcdrbdzole films.

1. Introduction
e

The occurrence
migration
containing

of energy transfer by triplet exciton
has been demonstrated
for solid solutions
polymer solutes and for polymer fims

_Triplet energy migration has generally been
studied by observing the effect of acceptor concentration on photoexcited phosphorescence or by means of
delayed fluorescence_ Most of these studies have been
limited to investigations at low temperatures (i.e.,
77 K). Recently, it has been shown [8,9] that production of excited ketones via chemiexcitation can be a
convenient and sensitive method for studying energy
transfer processes in polymer fdms at or above room
temperature. This technique involves a study of the
quenching of ketone emission or the sensitization of
an acceptor emission. The former emission is termed
direct chemiluminescence and the latter indirect chemiluminescence.
For example, thermolysis [lo] of tetramethyl-1,2,dioxetane (TMD) produces acetone singlets (minor)
and acetone triplets (major) as shown in eq. (1).
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In energy transfer studies the chemiexcitatton
method has the advantage that an excited donor can be
produced in the presence of any energy acceptor, irrespective of the absorption characteristics of the latter.
Thus, both singlet and triplet energy transfer from acetone excited states to the singlet and/or triplet states
of energy acceptors may be readily investigated_
In previous studies TMD was employed to generate
acetone excited states in polystyrene films [S] _With
1,4-dibromonaphthalene as a triplet energy acceptor an
abnormally large “critical radius” of 2 1 A for tnplettriplet energy transfer was observed. It was concluded
that exciton migration along the pendant phenyl groups
of poiystyrene was occurring. Since the energy of the
457
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acetone triplet (3K) is slightly lower than that of the
triplet of a pendant phenyl group (ET Z= 78 kcal/mole
; 27200 cm-l versus ~8 1 kcal/mole e 28400 cm-i,
respectively)
thermal activation of =3 kcal/mole is
needed to generate triplet excitons in polystyrene
if
TMD is used as an energy source.
Poly-N-vinylcarbazole
(PVCA), on the other hand,
possesses [5] a much lower triplet (ET = 68 kcal/mole
; 23 800 cm-l)
than SK_ As a result, the energy transfer processes 3 K -I- PVCA + K + 3PVCA is exothermic
and is expected to occur efficiently.
With this Idea in
mind we have studied triplet exciton migration in PVCA
by (a) generating 3K from ThlD, (b) generating excitons
in PVCA by energy transfer from3K to PVCA, fc) trapping the excitons irreversibly
with triplet acceptors
which are capable of emitting phosphorescence.

2. Experimental

methods

TMD was prepared by a published procedure
[ 1 I] .
1,4-dibromonaphthaIene
(DBN, Eastman) was purified
by recrystallization.
l,lO-phenanthroline
(PHTH,
Aldrich) was purified as follows. One gram of PHTH
in 10 ml methylene chloride was passed through a
basic alumina (Fisher, Brockman activity 1) column
(20 cm in length, 1.5 cm in diameter) and an extra
250 m! CH,Cl,
was used as an elusion solvent. The
PVCA (LuGcan M 170, BASF) was reprecipitated
by
methanol from benzene solutron. Benzene solutions
containing
PVCA, dioxetane (usually 23 X lo-‘M)
and either DBN or PHTH were prepared by rotating
aluminum
for1 covered vials for about 2 h at room temperature. One gram of this solution was spread on a
surface-benzene-saturated
microscope slide with a glass
frame on the edge. The slide was placed in a benzenevapor rich box (to retard evaporation
of the solvent)
about 4 h before drying in vacua. The thickness of a
dry film was approximately
10 pm. A portion of a
film was sandwiched between a;l aluminum foil wrapped stainless steel block and a thin staicIess steel strip
having a hole 8 mm in diameter. The sample was degassed with a vacuum pump at 10d7- torr for 1 h,
saturated with argon, and kept at 34 + 0S”C throughout the measurement.
A phototube
(EMI 9813 QA)
equipped with a _larrell-Asch
l/4 meter monochromator
was employed to measure the chemiluminescence
derived from the PVCA films. After the sample had been
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Fig. l- Chemduminescence from PVCA films containin TMD
and DBN (cmbnon sht 5 nm) or PHTH (emission slit 40 nm),
mcaured by Perkin-Elmer fluorescence spcctrophotometer
MP7-3L equipped with IiamdIIIatSU
PMT, R77710-, uncorrected- Temperature 34OC.

warmed up to the desired temperature,
the intensity
of chemiluminescence
was constant for a period of one
hour or more. This observation
implies a constant rate
of 3K formation throughout
the measurement.
Direct chemiluminescence
(pure acetone fluorescence) is observed upon heating of PVCA films containing TMD. No phosphorescence
attributable
to PVCA
could be detected. Addition of DBN or PHTH to PVCA
tilms containing
TMD results in the generation
of indirect chemiiuminescence
of the energy acceptors )fig.
I). No emission was observed under the same experimental conditions
upon heating PVCA films alone or
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donor and acceptor molecules during the donor Iifetime; this model is not appropriate
for media in which
diffusion is prohibited.
The Perrin model [ 131 assumes
no specific mechanism
for energy transfer, but postulates the existence of a “quenching
sphere” containing an excited donor molecule_ If a quencher molecule
exists withm this sphere, the model assumes 100%
quenching efficiency and if a quencher molecule exists
outside this sphere, the model assunies 0% quenchmg ef-

ficiency.
An appropriate formulation
terms of the sensltized
Rg. 2. Chemtluminescence intensity of DBN (0) and PHTH
(*) aCCCptors AS a function of acceptor concentration. Data
plotted dccordmg to eq. (4) (ewiton migration model).

upon heating PVCA containing
DBN or PHTH. Thus,
TMD is clearly needed to provide an energy source for
chemiluminescence.
As can be seen from fig. la, the
phosphorescence
of DBN is not completely
quenched
by oxygen, in contrast to the behavior of PHTH (fig. 1b).
This discrepancy
as well as the relative weakness of
the PHTH signal can be explained by the strongly different triplet decay times of the two additives, PHTH:
Tp = 1.6 s [IS], DBN: 7p = 1 to 3 ms in purest crystals
[ 161 (1 -bromonaphthalene
in ethanollethir
at 77 K
has a decay time of 7p = 20 ms [ 171)
The triplet state of PHTH is expected to be quenched
partially by oxygen traces under argon due to its long
lifetime whereas the short lived triplet of DBN cannot
be quenched completely,
even if oxygen diffuses into
the polymer.
The relative intensity of indirect chemiluminescence
was measured as a function of acceptor concentration.
The data are plotted in fig_ 2 as Gtr (discussed below)
versus the log of the concentration
of acceptor.

3. Treatment
of the data. The Penin
exciton hopping model

model and the

Four models have been commonly
employed to derive energy transfer parameters from data obtained in
rigid media [ 121: (1) the Perrin model, (2) the exciton
hopping model, (3) the Fdrster model and (4) the
Stern-Vo!mer
model. Since we are dealing with triplet-triplet
energy transfer, the Forster model seems
inappropriate.
The Stern-Volmer
(molecular diffusion) model assumes complete statistical mixing of

ln(1 -I/I,.,,)-’

=lvvCA

acceptor

of the Pen-in model in
emission

,

is given by [S]
(2)

where N ig Avogadro’s number, Y is the volume of the
quenching sphere, Z is the intensity of acceptor emission
at accepiar concentration
C, and Z, is the limiting intensity of acceptor emission at “infinite”
concentration of A.
We may also handle our data in terms of a simple
exciton lloppmg model in which competitive trapping
of the excltons by intnnsic polymer traps and additwes is considered
[ 14]_ Let & be the energy transfer efficiency for the PWA + acceptor system, and
assume that the rate of production
of the acetone
triplet, the energy transfer efficiency of 3K + PVCA
and the efficiency of acceptor phosphorescence
are
constant throughout
the measurement_
Under these
conditions,
Qt, is given by
+

= k&‘&d

+ kl,C,

+ k&E)

9

(3

where kh is the rate constant for hopping of triplet
excitons, kd is the inherent rate of deactivation
of
the triplet polymer, and C, is the concentration
of
trappmg (excimer fomimg) sates per mole of basic
unit of the polymer. Note that Gtr is simply the ratio
between the rate of energy transfer to acceptor molecules and the rate of total deactivation
of triplets by
all pathways, and that k,,CE is the rate energy transfer to excimer formmg sites.
The ratio kh/kd is equal to II, the number of exclton jumps in a hypothetical
trap free poiymerncA
'w=iftz(cA+CE)

CA

=CA+CE

-

(4)

It has been concluded from low temperature
phosphorescence measurements
and from room temperature fluorescence spectra of PVCA, that efficient ener459
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gy transfer to excimer forming sites occurs, so that at
sufficiently
high concentrations
C,kh/kd S I -Thus,
eq. (3) can be further simplified, as indicated in eq. (4).
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the energy transfer process, allow unequivocal
and convenient investigation
of triplet-triplet
transfer.
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concentrations
lower than 6 X 10e3 M. It is important to note that both acceptors DBN and PHTH yield
the same slope withm experimental
error. This result
is an evidence that energy transfer processes are inherent to the polymer system and do not depend on the
acceptor. The slope corresponds
to a Perrin volume of
4.0 X lo-l9
cm3 and a quenching radius of 46 A.
A quenching
radius of this magnitude is, however, very
unlikely for single step triplet transfer, typical values
for this process being 10 to 15 A.
The best fit curve to the data in terms of eq. (4)
is giben by the dashed line in fig. 2. It is apparent that
the experimental
values indicate a slightly steeper increase of transfer efficiency versus acceptor concentration than expected according to eq. (4)_
From the data, an effective concentration
of triplet excimer sites is estimated to be ~3 X 10m4 mole/
mole basic unit. Since this value is considerably
lower
than that (= 5 X 10m3 mole/mole basic unit) estimated at 77 K for triplet excimer sites [S] , we conclude
that thermal detrapping of weakly bound triplet extimers occurs near room temperature_
Until excirner phosphorescence
has been detected
near room temperature,
the alternative possibility
of
triplet exciton quenching by some other nonphosphorescent
trap cannot be ruled out. The range of
triplet excitons is estimated to be about I = 370 A.
This value is obtained as end-to-end distance of a
random walk with n = l/CE jumps and Q = 6.47 A
(distance between nearest neighbor carbazole groups)
according to I = ,I/*
[ 183 .

[I31 F. Perrin, Compt. Rend. Acad. Sci. (Paris) 178 (1924)

5. Conclusions

1141 W. Kliipffer. J. Chem. Phys. 50 (1969) 2337.
[W H-H. Perkampus and A. Knop, Z. Naturforsch.
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