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ABSTRACT: Singlet electronic energy transfer in poly[(9-phenanthryl)methyl methacrylate] (poly(PhMMA)),
its copolymers with (9-anthryl)methyl methacrylate (AMMA), and its terpolymers with AMMA and methyl
methacrylate (MMA) was studied by using transient fluorescence decay measurements, both in fluid solutions
and in low-temperature rigid glass. Singlet energy migration among the donor molecules (phenanthrene) was
found to be significant and increases with the donor content in the polymers. In 35/65 (v/v) MTHF/THF
glass at 77 K, the migration coefficient of the singlet excitation in poly(PhMMA) homopolymer was estimated

to be ca. 1.5 X 107 ¢cm?/s.

Introduction

The problem of singlet electronic energy migration in
synthetic polymers has attracted much interest, both
theoretically'? and experimentally.>'* Despite consider-
able advances achieved over the past decade, the unam-
biguous identification of the process and its quantification
remain a challenge. Critical reviews of the existing ex-
perimental evidence for the occurrence of singlet energy
migration in polymers have been published recently.!>€

Due to the lack of direct experimental detection of the
migration process, studies on such phenomena frequently
require theoretical modeling and subsequent experimental
verification. The basic mechanisms of nonradiative elec-
tronic energy transfer between a pair of chromophores are
usually described by using the long-range dipole—dipole
mechanism of Férster!” or the short-range electron ex-
change interaction mechanism due to Dexter.!® Statistical
models are then devised to predict the overall transfer
properties of a collection of chromophores in a system.

In the case where dipole-dipole interaction is expected
to be the dominant mechanism of nonradiative transfer,
Stern-Volmer kinetics and Férster kinetics describe the
two extremes of the effect of chromophore mobility on the
rate of energy transfer. The former is realizable when
complete statistical “mixing” of the excited donor (D*) and
the acceptor (A) occurs owing to material diffusion and/or
excitation migration. This results in an enhanced rate of
exponential decay of the transient donor fluorescence.
Forster kinetics describes systems in which both D* and
A remain effectively stationary during the transfer. The
energy transfer rate decreases with time and, as a result,
the donor fluorescence decay is nonexponential. The in-
termediate kinetics then represent the partial mixing of
D* and A.

The technique of monitoring the donor fluorescence
intensity with time upon pulsed excitation as a probe of
energy transfer has been employed rather extensively in
uniform systems in the condensed phase.!*? Solvents of
a wide range of viscosities were used to control the mobility
of the chromophores and good agreement with the theory
was obtained under a wide range of conditions. The same
technique has also been applied to the study of excitation
mobility by energy migration among identical molecules.?
Its application to aromatic polymers containing bound
traps is more difficult due to many complicating factors
associated with polymers. In particular, intramolecular
excimer formation quenches the excited donor D* in a
complex way. The inhomogeneous spatial distribution of
the polymer-bound chromophores may also create com-
plications in the analysis as the existing theories were
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primarily derived assuming a uniform distribution of
chromophores. Furthermore, radiationless self-quenching
of the excited donors can be important in some polymers
because of the high local concentration of the chromo-
phores.

Alternative techniques for studying migration in poly-
mers include fluorescence depolarization,?*? small-mole-
cule quenching,3"?2" and kinetic studies of intramolecular
excimers.»'? These either fail to yield conclusive evidence
for energy migration or do not provide quantitative esti-
mates of the extent of energy migration in aromatic
polymers,

This paper describes singlet energy migration in the new
phenanthrene-containing polymers whose synthesis and
properties were reported previously. The donor fluores-
cence decay is used to measure the extent of energy mi-
gration in the chain. The suitability of this approach is
based on the findings that the phenanthrene-containing
polymers do not form excimers or undergo self-quenching,
and in the absence of any acceptor, the fluorescence decay
is single exponential.?®

Theory

The transient intensity of the donor fluorescence after
a é-pulse excitation can be written in the form

Ina(t) = Ips(0) exp{-[(1/7p%) + kn(t)1t} oy

where 1/7p° is the fluorescence decay rate of an ensemble
of donors in the absence of acceptors. The time-dependent
rate constant k_(t) describes the increase in the decay rate
as a result of energy transfer to the low-energy traps.

Forster Kinetics. When dipole-dipole interaction is
the dominant transfer mechanism, in a system of nonin-
teracting donors surrounded by randomly distributed ac-
ceptors with both D* and A remaining stationary during
the lifetime of D*, k,,(¢) is given by®

En(t) = 2(Ca/CAO ()2 @

In eq 2, C4 is the bulk acceptor concentration (mole-
cule/cm?®) and C,° is the critical acceptor concentration
given by

Ca® = [(47 /3RS (3

where R, is the Férster critical radius® of transfer defined
as

4
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In eq 4, ¢, is the extinction coefficient of A, Ip. is the
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relative fluorescence intensity of D* at 7 satisfying [ o*Ip«(7)
dp = 1, ®p.0 is the fluorescence quantum yield of D* in the
absence of the acceptor, n is the refractive index, and «?
is a molecular orientation factor. If the transition dipoles
are averaged over a random distribution of orientation, x?
takes the value of 2/;. Thus, according to the Férster
scheme, the donor fluorescence at short times should
demonstrate the characteristic t1/2 dependence and at long
times, k,(t) approaches zero asymptotically. If the ex-
change mechanism is dominant, k., (t) also vanishes at long
times but obeys a rather different time-dependent function
at short times.

Intermediate Kinetics. This is the regime where the
mean diffusion distance (r2)1/2 during the D* lifetime is
comparable to R, the Forster critical transfer radius.
Several theoretical models have been developed.’! Only
that of Yokota and Tanimoto,3 which is developed from
Foérster mechanism, and that of Voltz et al.,® which is
developed from diffusion theory, will be reviewed here.

Yokota and Tanimoto introduced the Férster transfer
rate as a pair-interaction function to the diffusion equation
for the distribution function of [D*]. The equation was
then solved by using the Padé approximant to obtain an
analytical expansion for Ip.(t) given as

ID;(t) = IDt(O) exp[(—t/‘rDO) - 2B(CA/CA0)(t/TD0)1/2]

(5
where
5= (1 + 10.87x + 15512 )3/‘
1+ 8.743x
with
x = Dapy- /323 ®)
and
apa = R®/7p° (7)

Notice that eq 5 reduces to Forster kinetics when B = 1,
which is the case when molecular diffusion is negligible (D
~ 0).

The model developed by Voltz et al. is based on Noyes’s
diffusion theory.’® By making two assumptions—
identifying the reaction probability per collision in this
theory with the transfer probability and setting its value
to 0.5, and replacing the sum of collision radii R by the
critical transfer radius R,—they obtained the following
expression for &k, (t):

ko(t) = 4wRyDC4[1 + Ro(xDt) /7] M1l (8)

Therefore, the D* fluorescence decay is given by

Ipe(t) = Ins(0) exp[(-t/7p) - 24t1/2] ©)
where
1/1p = 1/7p° + kp(=) (10)
with
ky(®) = 47R,DC, (11)
and
A = 4R (xD)Y/%C, (12)

In many earlier applications of these theories to studying
energy migration, the diffusion constant D was generalized
to account for the overall mobility of the donor excitation
due to the combined effect of diffusion and migration (D
+ A).

In the case that the excitation mobility is primarily due
to migration, a random walk model developed by Arta-

Antenna Effect in Polymer Molecules. 2 729

monova et al.* provides a good basis for the understanding
of the kinetics.® In this model, the donor fluorescence
decay is given by the following expression:

Ip(t) =
ID*(0)< ]tHh eXp{—ﬁtkDA,[RDA,(tO] dt'}) exp(-t/p’)

acceptor

(13)

where kpy [Rpa (t)] is the probability of quenching by the
Jjth acceptor at time ¢ and the angular brackets here mean
average over the ensemble of all the possible realizations
of the excitation trajectory. This model predicts that at
long times, the donor fluorescence decay approaches ex-
ponential, with k(=) given by

Rin() = dmap,/4A%AC, (14)

where ap, and C, were defined earlier and A, the migration
coefficient, is given by

A = (1/2)(4r /3)43Cp*3app (15)

where app has a meaning similar to ap,.

Stern—Volmer Kinetics. In the case where D > Ry?/t
in eq 8, the transfer rate k(t) becomes time independent.
The donor fluorescence decay will be strictly single ex-
ponential with decay rate given by 1/75° + k... In general,
this condition can be satisfied when the excitation mobility
(diffusion or migration) is high. .

Experimental Section

Methyl methacrylate (MMA) (Matheson Coleman and Bell)
was washed with 1 N NaOH and then dried over MgSO,. The
methacrylate ester was then refluxed over calcium hydride fol-
lowed by vacuum distillation under nitrogen.

(9-Phenanthryl)methyl methacrylate (PhMMA) and (9-
anthryl)methyl methacrylate (AMMA) were prepared by the
Schotten—-Bauman reaction of methacryloyl chloride with 9-
phenanthrenemethanol and 9-anthracenemethanol, respectively.

Copolymers (poly(PhMMA-MMA)) and terpolymers (poly-
(PhMMA-MMA~-AMMA)) were synthesized by AIBN-initiated
free-radical polymerization in degassed benzene (Fisher, spectral
grade) at 60 °C for ca. 4 h. The polymers were then purified by
multiple reprecipitations from benzene into methanol and washed
thoroughly with methanol and with spectral grade n-pentane. The
samples were then further dried in vacuo over P,Q5;. Compositions
were determined by UV absorption analysis and molecular weights
by osmometry in dioxane solution.

Tetrahydrofuran (Caledon, spectral grade) and 2-methyl-
tetrahydrofuran (2MTHF) (MCB) were refluxed over LiAlH,
several times and then fractionally distilled.

Steady-state fluorescence spectra were recorded on a Hitachi
Perkin-Elmer MPF-2A spectrofluorimeter. For low-temperature
measurements, the sample cell was a 3-mm-diameter quartz tube.
Samples were purged with dry nitrogen and then slowly immersed
in liquid nitrogen in a quartz Dewar, a phosphorescence accessory
to the spectrometer. The solvent used was a 35/65 (v/v) mixture
of Z2MTHF /THF, which forms a clear glass at 77 K.

Fluorescence decays were recorded by single-photon-counting
techniques.®® The phenanthrene chromophore was excited at 280
nm and its emission was viewed through the Jarrell-Ash mono-
chromator, first at 365 nm and then through an additional nar-
row-band interference filter (Balzer UV 365) to minimize scattering
light entering the stop photomultiplier.

The fluorescence decay curves were analyzed by the iterative
deconvolution technique.®® The procedure for obtaining the
asymptotic exponential decay rate will be discussed in detail in
the Appendix.

Results and Discussion

The fluorescence decay of the homopolymer in deoxy-
genated THF at room temperature was found to be single
exponential with a lifetime 7p° = 44.3 &+ 0.5 ns. This is
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Figure 1. Transient donor fluorescence decay of poly-
(PhMMA-AMMA) in THF at 25 °C: time scale = 1.59 ns/
channel, A,; = 280 nm, A, = 366 nm.
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Figure 2. Transient fluorescence decay of poly(PhMMA-
AMMA) in 2MTHF/THF glass at 77 K: time scale = 1.59 ns/
channel, A,; = 280 nm, A, = 366 nm.

to be compared with that of the model compound (9-
phenanthryl)methyl pivalate (PhMP) under the same
conditions (rp = 45.5 = 0.5 ns). In low-temperature glass
at 77 K, the values are m,° = 50.5 £ 0.5 ns for polymer and
52.8 + 0.5 ns for PAMP. The good agreement suggests that
the polymer is free from both self-quenching and intra-
molecular excimer formation.2¢ The donor (PhMMA)
fluorescence decay curves were identical in poly-
(PhMMA-MMA) when viewed at 350 and 365 nm. Figure
1 shows decay curves at varying AMMA content. In fluid
solution, the deviation of the fluorescence decays from
exponentiality becomes increasingly more pronounced with
increasing AMMA mole fraction, famma. Since no signif-
icant changes in the emission spectra were observed before
and after the transient measurements, photochemical
changes of the polymers can be ignored in interpreting the
decay profiles. Fluorescence decay curves of PhMMA of
the same copolymers measured at 77 K in 2MTHF/THF
glass are shown in Figure 2.

Figure 3 shows the rate constant k() vs. fanpua for the
copolymers in fluid solutions (curve a). The method for
determining k() from the decay curves is explained in
the Appendix. The linear dependence of k(<) on famma
is strong evidence that excitation mobility is exponen-
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Figure 3. Long-time transfer rate, k (<), of poly(PhMMA-
AMMA): (a) in THF at 25 °C; (b) in 2MTHF/THF glass at 77
K. A, = 280 nm, A, = 266 nm.

tializing the long-time region of the decay curves. If one
considers the three theoretical models described earlier,
it seems that the intermediate kinetic model best describes
the decay of donor fluorescence for these polymers.
However, the relative contributions of both segmental
diffusion of the chain and energy migration of the exci-
tation among the donors cannot be distinguished in ex-
periments in fluid solutions.

The effect of segment mobility can be probed by stud-
ying the decay in hydrocarbon glasses at 77 K. Here, the
deviation from exponentiality is less substantial than in
the corresponding fluid solution measurements. This is
probably due to the reduced dynamical single-step rapid
transfer assisted with intrachain segmental diffusion. Even
though the chromophores are practically stationary in the
rigid glass at this temperature, a linear dependence of
kn(©) on famma With a finite slope was observed and is
shown in Figure 3 (curve b). The linear dependence of
kn(=) on fapmva again demonstrates that the donor exci-
tations are mobile, even in the absence of mass diffusion.
According to the theoretical models discussed earlier, the
slope of a k() vs. acceptor concentration C, plot mea-
sures the mobility (diffusion or migration) of the donor
excitation. It is then clear that in these copolymers, the
donor energy migration is solely responsible for the ob-
served mobility at low temperature. In the fluid solutions,
it is a combination of both energy migration and segmental
diffusion which gives rise to the enhanced mobility. The
two effects are not expected to be additive since segmental
diffusion enhances the single-step transfer to the acceptor
as well as intermediate migratory transfers. Furthermore,
the singlet energy migration at low temperature, as mea-
sured by the slope of the k(=) vs. famma plot, is compa-
rable to the contribution from segmental diffusion.

According to the random walk model by Artamonova
et al.,¥ the migration coefficient depends strongly on the
concentration of the donor. This dependence therefore
provides a further test of the proposed mechanism of
singlet energy migration within the chain.

The introduction of the MMA comonomer in both the
PhMMA-MMA copolymers and PhMMA-MMA-AMMA
terpolymers has the effect of increasing the D — D dis-
tance in the polymer coil. This was studied on the ab-
sorption and emission characteristics of both the phen-
anthrene and anthracene chromophores. Table I gives the
molecular weights and compositions of these polymers.
The transient fluorescence decay curves of PAMMA in
poly(PhMMA-MMA) were found to be single exponential,
both in fluid solution and at 77 K in rigid glass. The decay
rate (rp°) ! at 77 K varies only slightly over the whole range
of copolymer compositions, as shown in Figure 4. In view
of the absence of self-quenching in the homopolymer, the
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Table I
Compositions and Molecular Weights
of Poly(PhMMA-MMA-AMMA)

polymer
monomer feed ratio, composition,
mol % PhAMMA: mol % PAMMA:
MMA:AMMA MMA: AMMA M, x 107%¢
3.06:96.74:0.20 3.54:96.37:0.09 0.89
3.38:96,27:0.33 2.37:97.35:0.25 4.34
3.18:96.40:0.42 4.71:94.63:0.66 6.50
3.37:95.98:0.64 2.64:96.49:0.87 3.12
3.47:95.67:0.86 3.49:95.24:1.27 6.40
6.11:92.88:1.01 10.60:87.77:1.63 6.10
41.88:57.08:1.04 58.44:40.07:1.49 6.75
45,29:53.56:1.15 75.48:22.88:1.64 5.70
¢ Membrane osmometry.
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Figure 4. Variation of fluorescence decay rate (%) of poly-
(PhMMA-MMA) with fppyma in 2MTHF/THF glass at 77 K.
Aex = 280 nm, A\, = 366 nm.
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Figure 5. Long-time transfer rate, k («), of poly(PhMMA-
MMA-AMMA) in ZMTHF/THF glass at 77 K vs. fapma: Aex =
280 nm, A, = 366 nm. The solid line is curve b in Figure 3, shown
for comparison.

slight variation of 7 here is attributed to the perturbation
of the nonradiative decay of the phenanthrene excited state
by the neighboring MMA units. At the same temperature,
the D* fluorescence decays in the terpolymers with AMMA
were found to be nonexponential. In the case where the
donor content (fpunma) is reduced to less than 5 mol %,
energy migration among the donors is expected to be
negligible. Figure 5 shows the k(=) vs. faymma plots for
these low-donor-content polymers. The &,,(«) values were
found to be practically zero, independent of fsyma within
experimental error. According to the prediction of Férster
kinetics, the transfer in these polymers is primarily sin-
gle-step direct transfer from phenanthrene to anthracene.
This is strong confirmation of the interpretation of the
earlier observations invoking singlet energy migration in
polymers containing higher concentrations of donor. In-
creasing the donor content resulted in increasing k(=) for
a given AMMA concentration, as can be seen in Figure 6.
This further substantiates the donor concentration de-
pendence of energy migration predicted by the Artamo-
nova model (eq 14 and 15) as well as other theories.!736
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Figure 6. Long-time transfer rate, ky(«), of poly(PhMMA-
MMA-AMMA) in 2MTHF/THF glass at 77 K vs. fppmma-
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Figure 7. Short-time donor fluorescence decay of poly-
(PhMMA-MMA-AMMA) in 2MTHF /THF glass at 77 K. A,
= 280 nm, A, = 366 nm, time scale = 1.59 ns/channel.
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Figure 8. Effective acceptor (AMMA) concentration of poly-
(PhMMA-MMA-AMMA) in 2MTHF/THF glass at 77 K.

The remarkable correlation between the prediction of a
simple theory and the experimental findings suggests that
it can be applied to quantify the migration coefficient via
eq 14. In order to do this, it is mandatory to relate the
bulk acceptor concentration C, in the theory to fyyma in
the polymers.

In a dilute polymer solution, the net bulk concentration
of AMMA and the effective local concentration are very
different. The definition of local concentration, on the
other hand, depends strongly on the type of reaction in
which the species is involved. In this experiment, the
relevant process is the dipole-dipole Forster energy
transfer and hence C, will be determined by this process.
In the case of only single-step transfer between stationary
donor and acceptor, Forster kinetics is obeyed and eq 1
and 2 can be rewritten as

In [Ip(t) /exp(~t/mp%)] = (const) — 2(Co/CO)(t /7p%)/2

(16)

A stra:ght line plot of the left-hand side of eq 16 vs. (¢/
mp0)!/2 gives a slope equal to —2C,/C,°. Figure 7 shows
typical plots of In [In.(t)/exp(—t/7p")] vs. Y2 for two
terpolymer samples for the short-time portion of the decay
curves at 77 K. A linear relationship was observed in all
the samples and the correlation between 2(C,/C,°) and
famma was observed to be approximately linear, as shown
in Figure 8.

A first estimate of the degree of singlet energy migration
among phenanthrene donor units in the polymer can be
made. Using the approximate value for the critical transfer
radius from phenanthrene to anthracene as 25.5 A37 and
setting 7p? = 52.8 ns as observed, one can then estimate
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the migration coefficient in eq 14 to be A ~ 1.5 X 107
cm?/s. The migration length, defined by [ =~ (247,92,
is estimated to be ca. 120 A.

One may now estimate the effective range of transfer
from phenanthrene to anthracene in the presence of energy
migration. Approximating the rate of transfer k. (f) by
k() as given in eq 14, one obtains for the transfer effi-
ciency

km(w)TDo

™ T Ao PRSI 17

X

By making the same estimates for A, 7p°, and R, as before,
one finds the effective bulk acceptor concentration C,(eff)
which would yield x = 0.76 to be ca. 2.38 X 10! mole-
cule/cm® This is equivalent to an effective Forster radius
of Ry(eff) = 48.4 A from phenanthrene to anthracene. Note
that Ry(eff) = 48.4 A would be a lower estimate since k(=)
used in eq 16 did not take into account the transfer due
to single-step direct transfer occurring at short time.

Conclusions

The donor fluorescence decay technique employed here
makes possible the quantification of the extent of singlet
energy migration in phenanthrene-containing polymers.
The technique is sensitive to the migration process, even
when the rate is lower than that of small-molecule diffusion
in nonviscous media. The good fit between the experi-
mental results and the predictions of the Artamonova
model, as expressed in eq 13-15, suggests that the inho-
mogeneity of the spatial distribution of the chromophores
bound on the polymer as well as the finite spatial extension
of the polymer coil may not be a critical factor in deter-
mining the overall donor fluorescence decay behavior.

The transfer of singlet energy from the donors to the
small proportion of bound acceptors in PhMMA-AMMA
co- and terpolymers is primarily through energy migration
followed by a one-step downhill transfer to the trap in a
solid medium. In fluid solutions, segmental diffusion en-
hances the rate of both migration and single-step transfer
and subsequently improves the overall transfer rate and
efficiency. These observations have important implications
on the design of polymeric molecular antenna systems for
efficient harvesting of solar energy.

Acknowledgment. We gratefully acknowledge the
Natural Sciences and Engineering Research Council of
Canada for financial support of this research and for fel-
lowship support to D.N. Thanks are extended to Dr. D.
A. Holden and Dr. J. R. MacCallum for valuable discus-
sions.

Appendix. Curve-Fitting Procedure

Experimentally, the quantity k,,(¢) is determined by the
relation

En(t) = (1/7D)expu(®) = 1/70°

where (1/7p)epu(t) is the experimentally determined
time-dependent decay rate of the donor fluorescence and
150 is the unperturbed decay lifetime of D* at the corre-
sponding PhMMA /MMA ratio in the polymer chain in the
absence of the acceptor. Since information on energy
migration (or diffusion) rate is drawn only from the
long-time asymptotic decay, (1/7p)expu(t = =) is the
quantity of interest.

If the fluorescence decay obeys strict Stern—Volmer
kinetics with a best-fit lifetime r, then (1/rp)eypu(=) = 1/7.

Macromolecules

In the other two regimes, (1/7p)egpu(*) is determined by
the longest best-fit relaxation time (=7,,) from a mul-
tiexponential fit. In the present studies, biexponential fits
(Tmax = T9) and triexponential fits (r,,, = 73) were em-
ployed.

Several criteria were imposed on the validity of the
assignment of (1/7p)expu(«). The reduced x2 value of a
particular fit will serve as the general guideline for quality
of fit. A given nonexponential decay curve will be fitted
with a biexponential fitting program but the starting
channel! of fit will be varied to ensure that 7,,, (=7,) is not
sensitive to this variation. A stable 7,,, would imply that
Tmax 80 Obtained measures the asymptotic exponential
decay time. If these conditions are not satisfied, a similar
procedure is taken using a triexponential fitting program.

In the authors’ experiments, a reliable r,,,, is usually
obtained with the biexponential fitting procedure. Occa-
sionally, decay measurements were repeated at time scales
about 2 times that of the original experiment to ensure the
asymptotic exponential region was attained.
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