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ABSTRACT: The relative diffusion between polymer chain ends during donor excitation lifetimes has
been shown to increase the energy-transfer efficiencies experimentally observed between energy donor and
acceptor groups attached at the ends of polymer chains. The relative diffusion of the end groups has also
been shown to alter both donor and acceptor fluorescence decay curves. The feasibility of using these
techniques for experimental measurement of relative diffusion coefficients of polymer chain ends is dis-

cussed.

I. Introduction

In previous papers in this series! it was shown that
the root-mean-square end-to-end distances for end-
labeled PMMA samples measured by the “spectroscop-
ic ruler” technique in nonviscous solvents are shorter than
those measured by other techniques, e.g., viscometry. The
diffusion of the end groups during the donor fluores-
cence lifetime is thought to be responsible for these dis-
crepancies. In this paper a model is developed that takes
the diffusion of the end groups into account and allows
one to formulate the energy-transfer efficiency between
donor and acceptor groups measured in nonviscous media.
Under favorable experimental conditions, this model will
enable one to evaluate the coefficient of relative diffu-
sion between the end groups.

Extensive experimental results concerning energy trans-
fer between small molecules have shown that diffusion
of donor and acceptor groups during donor fluorescence
lifetimes enhances energy-transfer efficiency.2? Birks and
Leite,* for example, studied energy transfer between naph-
thalene and 9,10-diphenylanthracene in fluid solution.
When Forster’s theory was used, the critical transfer dis-
tance was calculated to be 24 A. Due to diffusional motion,
the experimentally observed effective critical energy-
transfer distance was found to be 65 A, almost 3 times
as large.

Knowledge of the diffusion coefficients of polymer chain
ends is of both theoretical and experimental impor-
tance. Theoretically, the diffusion coefficient of a seg-
ment is related to the diffusion coefficient of the center

0024-9297/90/2223-2973$02.50/0

of mass of the polymer chain.®¢ The diffusion coeffi-
cient of the center of mass can be measured by tech-
niques such as photon correlation spectroscopy,” sed-
imentation,® and NMR pulse-gradient spin-echo
experiments.? In contrast to extensive documentation
of diffusion coefficients of polymer samples, experimen-
tal results on diffusion coefficients of polymer segments
are rare. This makes the verification of theoretical com-
putations difficult.

Measurement of the diffusion coefficients of polymer
chain ends should help provide a better understanding
of the kinetics of intramolecular cyclization reactions!®
and also the kinetics of termination processes in free-
radical polymerization reactions.® For diffusion-
controlled intramolecular cyclization reactions, knowl-
edge of the coefficients of relative diffusion between poly-
mer end groups enables the immediate estimation of the
rate constant of cyclization using the Smoluchowski
equation!! and therefore the quantum vyield of the cycliza-
tion product. In free-radical polymerization reactions,
two end radicals react and terminate the polymeriza-
tion. This mechanism of termination requires two coop-
erative diffusional processes: (a) the translational diffu-
sion of the center of mass of polymer molecules and (b)
the relative translational and rotational diffusion of those
segments bearing active chain ends. It was experimen-
tally inferred that the segmental diffusion process of the
chain end is the rate-determining process in the case of
alkyl methacrylates.1?!3 Knowledge of the coefficients
of the relative diffusion between chain ends will there-
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fore also contribute to the better understanding of poly-
mer radical termination kinetics.

There have been two reported cases of studies of the
diffusion coefficients of chain ends. Katchalski-Katzir
et al.2 monitored the effect of diffusion on fluorescence
decays of donor end groups attached to one end of oli-
gopeptide chains. In cases of significant diffusion, the
fluorescence of the donor end group decayed much faster.
From fitting the decay curves, they estimated the coef-
ficients of relative diffusion between fluorescence donor
and acceptor end groups. Xu and Winnik!4 studied the
kinetics of exciplex formation between pyrene and N,N-
dimethylaniline using pyrene monomer and excimer flu-
orescence decay measurements. The time dependence
of the diffusion-controlled rate constants skews the decay
curves. By taking this so-called transient effect into
account, they also developed a method for the measure-
ment of end-group diffusion coefficients. This tech-
nique can, however, be obscured by inappropriate data
treatment, as is discussed elsewhere.15

II. Theory

In our theoretical treatment, it was assume that the
energy-transfer studies are carried out in O solvents for
the polymer chains and that the introduction of the energy
donor and acceptor groups onto the ends of polymer chains
does not perturb the conformations of the chains. The
diffusive behavior of Gaussian chain ends has been dis-
cussed in detail in a previous paper,'® where it was shown
that in the absence of sink terms the probability, S{(r, t),
of finding a chain possessing an end-to-end distance r at
time ¢ obeys the differential equation

aS(r, t) 3*S(r, t) 43 _2)88¢ )
ot or? an rj or

(;% + }%)S(r, t)} )

where D is the coefficient of relative diffusion between
the end groups and R, is the root-mean-square end-to-
end distance of the connecting chair. It was also shown
from the numerical solutions of S(r, ) for chains started
from different end-to-end distances R that in the absence
of any sink terms, such as energy transfer or fluores-
cence decay

=D

> Sr,n=1 )
i=1

i.e., the probability of finding the other end somewhere
in the space is always equal to 1. That is, the particles
diffuse in space but the quantities are conserved and not
consumed.

This paper describes a different phenomenon. Sup-
pose that N Gaussian chains are attached at both ends
with energy donors and acceptors. At time ¢t = 0, the
donor groups are excited and the end-to-end distances
of these chains are specified by a Gaussian probability
function. At subsequent times, the excitation energy of
the donor group is dissipated by either transfer of energy
from the donor ends to the acceptor ends or by intrinsic
dissipation mechanisms such as fluorescence decay, inter-
system crossing, etc. It is assumed that the dissipation
of the excitation energy of a donor end group changes
the feature of the chain and in subsequent times the prob-
ability of finding this chain goes to zero. S(r, t) denotes
the probability of finding a donor end that is still in the
excited state at time ¢ and separated from the other end
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by a distance of r. S(r, t) satisfies eq 1 with two more
sink terms
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where 7 is the fluorescence lifetime of the donor end group
in the absence of energy transfer and the term -S(r, t) /7
describes the sink rate of S(r, t) due to intrinsic decay
of excitation energy of the donor group; the second sink
term comes from energy transfer.

Equation 3 can also be derived from the difference equa-
tion method used previously.’® When one end of the poly-
mer chain is pictured making jumps of distance 4, at a
frequency of ¥, the probability of finding the donor end
group that is still excited and separated by an end-to-
end distance of r at time (¢ + 1)/¢ is given by
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1{ B ¢ 1
%("*'5) ]+p(r—6r—>r)S(r—5,,t)[1—;[;_

()
]+[1—p(r—*r—6r)—p(r—»r+5r)]><

\E r-o,
1 L(&)‘*]
S(r, t)[l o \7 (4)
where 7 is the fluorescence lifetime of the donor group
in the absence of energy transfer. Equation 4 leads to
eq 3 after some simple mathematical manipulations.
The necessary boundary conditions for the solution of
the differential equation shown in eq 3 are

_ 2 3 3/2 _§ L?
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n

and
Sr>m,t)=0 (8)

The boundary condition given by eq 5 states that the
end-to-end distance of the chain initially obeys the Gaus-
sian distribution function and that boundary condition
given by eq 6 specifies that the two ends are tied together
by a Gaussian chain of contour length m,.

A more realistic model should recognize the fact that
any approach of the donor and acceptor groups within
an effective reaction radius, R, (of the order of contact
distances between the donor and acceptors), should result
in instantaneous energy transfer. This results in the
boundary condition given by eq 7.

Sr<R,t)=0 %)

This boundary condition is easy to understand. When
naphthalene and anthracene are used as the energy donor
and acceptor groups, the direct contact distance is ca. 7
A. The critical transfer distance is ca. 17 A. At such
short separation, the rate constant for energy transfer
through the dipole-dipole mechanism is given by

Kgp = (17/7)%(1/7) = 2.05 X 10%(1/7) (8)

Since 7 is ~1078 s, the value of Kgr is ~2.05 X 1010 s,
Assuming that only dipole—dipole energy transfer and self-
dissipation are responsible for donor fluorescence decay,
the probability for the donor excitation to survive 0.5 ns
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after the é-pulse excitation at t = 0 is given by

p (0.5ng) = exp{- é—)i—ggf[l + (%7-)6]} =3.3%x 107
9)

which is close to zero. Since the coefficient of relative
diffusion between the chain ends is of the order of 10—
cm?/s, the root-mean-square distance change between the
end groups in 0.5 ns is given by

(L}Y? = (2Dt)"/? (10)

and is ~3 A. Before the end-to-end distance can change
significantly, it is certain that the donor excitation has
already been transferred. Under actual experimental con-
ditions, energy transfer can also occur by the electron-
exchange mechanism when the donor and acceptor groups
are 8o close in space. Our assumption is thus further
validified for chains with even higher relative end-to-
end diffusion coefficients. As will be noted in later dis-
cussions, the boundary condition given by eq 7 is not
necessary for chains with relative diffusion coefficients
lower than 1.0 X 10-% ¢cm?/s, because in this range of dif-
fusion coefficients the sink term from energy transfer is
strong enough to cause the instantaneous deactivation
of donor excitation before any significant diffusion occurs.
Since polymer chain ends have diffusion coefficients lower
than 1.0 X 10-% cm?/s, this technique is free of the prob-
lem of estimating an effective reaction radius as was the
case in the studies of exciplex formation between groups
attached at polymer chain ends.14

Solution of S(r, t) from eq 3 allows the calculation of
the survival probability of donor excitation at time ¢

Q) = j;f“sv, t) dr (11)

Q(t) is proportional to the fluorescence intensity at time
t. Plotting Q(t) versus time ¢ yields the theoretical flu-
orescence decay curves as has been shown by Katchal-
ski-Katzir et al.

The expression for transient energy-transfer efficien-
cies at time ¢ can be derived as follows. Consider an infi-
nitely short time interval between time ¢ and ¢ + 6t. At
time t, the probability for the survival of the donor exci-
tation is given by Q(t). At time ¢ + 8¢, if the donor exci-
tation decays both through the energy-transfer mecha-
nism and through intrinsic decay mechanisms character-
ized by decay rate constant 1/, the probability that the
excitation still survives is Q(t + &t). During this time
interval, one can also imagine a process in which the donor
excitation decays only through intrinsic decay mecha-
nisms. If this occurs, the probability that the donor exci-
tation survives at time t + &t is denoted as QO(t + nt).
The probability for energy transfer during the infinitely
short time interval is then given by

Qe +0t) - Q% +6t) _ . Q%+ 8t) - Q(t)

12

Qt + at) - Q) Q(t + 6t) - Q@) (12)

The energy-transfer efficiency averaged over time is
given by

E= ZE(t) [Q(t + 6t) - 2t)] /;[ﬂ(t +6t) - Q(t)] (13)
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Integration gives

f dQ(t) =

=) -Q0)=0-1=-1 (15)
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and insertion into eq 14 yields
E =~ [ "E(t) do(t) (16)
Fluorescence decay curves of the acceptor groups are
of significant interest. Suppose that the kinetic scheme

of fluorescence decay of the acceptor group is described
by eqs 17 and 18

k(t)

D*wA - DweA* am)
1/7A
DwA* . DwA (18)

where k(t) is the time-dependent rate constant for energy
transfer and 74 is the fluorescence lifetime of the accep-
tor group. The kinetic equation for the probability (abbre-
viated as A(¢)) for DwA* chains to exist at time ¢ is given
by

dA(t)
“dr

The solution of the first-order differential equation yields
a convolution equation

A) = f 'ls) 90s) exp[-(1/7 )t - )] ds  (20)

The time-dependent rate constant for energy transfer at
time t is

=k(t) Q) -1/7,A(t) (19)

o (t)
kR®)=lim|-—— (21)
5t—0 ot
where -6’Q(t) is the probability that the donor excita-
tion has been transferred to the acceptor via energy trans-
fer in the time interval 6¢. In terms of Q(¢ + 6¢) and QO(¢
+ 6t), 6Q'(t) is given by

8Q(t) = Q(t + 6t) — Q¢ + 6t) (22)
Comparing with eq 12, one can further have
sQY(t) = E(t) 6Q(t) (23)

Inserting eqs 21 and 23 into eq 20, one obtains

A(t) =~ f"E(s) Q(s) exp[~(1/7,)(¢ ~ )] dQ(s) (24)
Numerical solution can be easily carried out for the above
equation.

III. Results and Discussion

Numerical solutions of relevant equations were per-
formed on an Apollo computer. Solution of eq 3 was
achieved by reducing the variables ¢ and r to nondimen-
sional variables T'and h. The variables T and h are defined
as

T = Dt/R,} (25)
and
h=r/R, (26)
In terms of the new variables, eq 3 is rewritten as

3S(h, T) _ 8°S(h, T) ( ah )6S(h ,T)
oT —  ap? h] ok

2 ST, » EZ(R)
(;2+3)S(h,T)— —F—R, D\Eh Sth, T) (27)
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Figure 1. Transient energy-transfer efficiencies, E(t), com-
puted from eq 12. Results are obtained by assuming that an
approach of the end groups by a distance R, lower than 7 X
results in instantaneous energy transfer: (a) D = 1.0 X 10-8
em2g; (b) D =40X 108 cem2s; (¢c) D =3.0 % 105 em2s.

Table I
Energy-Transfer Efficiencies Calculated Using Different
Diffusion Coefficients, D=

D, X107 E(R,= D, X107 ER,=
em2s E% 74,% cm2 s E% 7T8,%
0 6.51 6.51 80 21.5 22.1
0.1 6.64 6.64 100 23.8 24.7
1.0 7.04 7.04 150 28.7 30.3
4.0 8.04 8.04 200 32.7 35.0
10.0 9.77 9.78 300 38.7 42.6

40 15.7 16.0

aR,=17A,8=44 r=10ns, n = 80.

Figure 1 illustrates transient energy-transfer efficien-
cies from naphthalene to anthracene groups attached to
the ends of a hypothetical Gaussian chain with 80 repeat
units and a statistical bond length 8 = 4.0 A. The criti-
cal energy-transfer distance for the end groups is assumed
to be 17 A, and a value of 10 ns is used for the fluores-
cence lifetime of the donor group in the absence of energy
transfer. Last, it is assumed that any approach of the
donor and acceptor groups within the distance of 7 A
results in instantaneous reaction. When these values were
input, transient efficiencies were computed for the chain
assuming three different diffusion coefficients.

Transient energy-transfer efficiency curves change sen-
sitively as a function of chain-end diffusion coefficients.
For curve a, the diffusion coefficient of 1.0 X 1078 cm2/s
was used. Transient energy-transfer efficiency does not
reach a steady value in the time duration studied (10
ns). At time ¢t = 10.1 ns, the transient energy-transfer
efficiency decreases to 3.38% and experiences a further
decrease. For curve b, the relative diffusion coefficient
between the ends was assumed to be 4.0 X 10 cm?/s.
Transient energy-transfer efficiency does not reach a steady
value during the time period studied. At time ¢ = 10.1
ns, the transient energy-transfer efficiency decreases to
13.27% and experiences a further decrease, but the decreas-
ing rate is much slower than that for curve a. For curve
¢, the diffusion coefficient of 3.0 X 103 cm2/s was used.
Transient energy-transfer efficiency reaches its steady value
of 41.0% about 6.0 ns after its excitation.

Time-averaged energy-transfer efficiencies for the above
hypothetical chains were computed using eq 13. The
results are shown in Table I and Figure 2. As the diffu-
sivity of the chain ends increases, the energy-transfer effi-
ciency increases. Using the D value of 1.0 X 1078 cm?/s,
the statistically averaged energy-transfer efficiency, E,

Macromolecules, Vol. 23, No. 11, 1990

1 1 |

401 (b} -1

(a)

Energy transfer efficiency (%)
N
o
T
|

L 1 \
6} [Jole] 200 300
Ditfusion coefficient (xI0~€ cm&/s)

0

Figure 2. Time-averaged energy-transfer efficiency, E, com-
puted from eq 13 for chains possessing different end-group dif-
fusion coefficients: (a) R, value assumed to be 0; (b) R, value
assumed to be 7 A.
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Figure 3. Donor fluorescence decay curves computed from eq
11: (@) D=10X108cm2s;(b) D =1.0 X 108 ecm™2s; (c) D
=40X10%cm2s.

given by eq 13 is calculated to be 6.64%, while the ener-
gy-transfer efficiency calculated from the equation used
in previous papers,? assuming D = 0, is 6.51%. It is
expected that by decreasing the D values, the limit of
energy-transfer efficiency calculated from eq 14 should
approach the E value of 6.51%.

In Table I and Figure 2, two sets of energy-transfer
efficiency values are given, one assuming that any approach
of the two reactive species within a reactive radius of 7
A results in instantaneous reaction and the other calcu-
lated without making the former assumption. No signif-
icant difference is observed between the two sets of val-
ues if D < 1.0 X 1075 cm?/s. Since the diffusion coeffi-
cients of the polymer chain ends are expected to have
values around 1.0 X 10-¢ ¢cm?2/s, it can be concluded that
this technique will not be obscured by the uncertainty
in the estimation of the effective reactive radius between
the chain ends.

Features of the fluorescence decay curves for end-la-
beled oligopeptides have been discussed by Katchalski-
Katzir et al.! They showed that fluorescence decay curves
were sensitive functions of the diffusion coefficients of
chain ends. When eq 11 is used and no effective reac-
tion radius is assumed, the computed fluorescence decay
curves for the hypothetical polymer discussed above are
shown in Figure 3. As the diffusion coefficient increases,
donor fluorescence intensity decays faster.

In Figure 4, acceptor fluorescence decay curves for the
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Figure 4. Acceptor fluorescence profile computed from eq 24
for chains with different end mobility: (a) D = 1.0 X 108 cm~2
s; (b) D =1.0X105cm2s,

polymer chains considered are shown. In the computa-
tion using eq 24, a critical energy-transfer distance of 17
A is used, no effective reactive radius is assumed, and
the fluorescence lifetime of the acceptor group is assumed
to be 20 ns. Compared to the donor fluorescence decay
curves shown in Figure 3, the acceptor fluorescence decay
curves vary markedly when different mobilities are
assumed for the polymer chain ends. The fluorescence
decay curves of the acceptor group in Figure 4 were
obtained assuming identical experimental conditions but
different diffusivity. Under these conditions, the rela-
tive areas of the fluorescence decay curves experimen-
tally obtained should be equal to the ratio between the
areas of the two decay curves shown in Figure 4. That
is, as diffusivity increases, the signal intensity increases.

. Identical experimental conditions are difficult to achieve;
however, one is usually interested only in the shape of
the fluorescence decay curves. On expanding curve a, so
that the maxima of the two curves have the same value,
we obtain Figure 5. The maximum positions for the two
curves are different. Assuming the diffusion coefficient
of 1 X 108 em?/s, the maxima of fluorescence decay occur
at 2.26 ns. Assuming the diffusion coefficient of 1 X 10-%
cm?/s, the maxima shift to 3.56 ns.

1V. Conclusions

From these studies we conclude that the relative dif-
fusion between polymer chain ends enhances the ener-
gy-transfer efficiencies measured from steady-state tech-
niques. Furthermore, the fluorescence decay features of
the donor and acceptor groups obtained from transient
measurement are also altered. These features allow one
to study the diffusivity of polymer chain ends by either
steady-state energy-transfer efficiency measurement or
transient fluoresence techniques.
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