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The Effect of Lattice Vibrations
on Trap-Limited Exciton Lifetimes
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The problem of exciton migration and trapping on a linear polymer is treated as a
random walk on a one-dimensional lattice. The average number of steps required
for a walker to be trapped is calculated when the probability of stepping to adjacent
lattice sites is not symmetrical, and is found to be less than that calculated for a
symmetrical walk. An asymmetrical stepping probability is shown to result from the
thermal vibrations of the lattice. The magnitude of this effect on the exciton lifetime
is estimated and found to be significant.

KEY WORDS: trap-limited exciton lifetimes; asymmetrical random walks; lattice
vibrations; displacement correlation functions; phonon-assisted exciton lifetime re-
duction.

1. INTRODUCTION

A number of physical and biological phenomena can be explained on the basis of the
transport of excitation energy through an array of molecules."~% Photosynthesis,
for example, involves the excitation of chlorophyll molecules by visible light and the
subsequent migration of this excitation energy through the array of chlorophyll
molecules to a center where it is trapped, and where it triggers a chemical reaction
yielding oxygen and a carbohydrate or sugar.’® In competition with the removal of
energy by this process is the reemission of light by the chiorophyll molecule, that is,
fluorescence. The rate of fluorescence is proportional to the number of molecules
excited, or excitons present. The decay rate of the fluorescence, when the irradiation
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of the sample is interrupted, then gives the rate at which excitons are removed by
trapping centers and fluorescence. If the trapping is much more efficient than the
fluorescence, the decay rate will be due almost entirely to the trapping of excitons.
In such cases, the average length of time between the creation and trapping of an
exciton can be determined experimentally.(®

The migration and trapping of an exciton can often be treated as a random walk
on a periodic space lattice in which some of the lattice sites are traps.”® In these
cases, one assumes that the excitation can be created with equal probability at any
nontrapping lattice site, and then calculates the average number of steps required
for it to reach a trap for the first time. The lifetime of the exciton is then just this
average number of steps times the time interval = between steps, which is assumed to
be constant.

Machine calculations of trap-limited exciton lifetimes have been made by
Pearlstein®1® and Robinson™; ten Bosch and Ruijgrok’s®® analytic results dis-
agreed with these, a discrepancy resolved by Knox.(” Montroll® has given an
analytic treatment of random walks on lattices containing a periodic array of traps.
He has also treated the case of randomly distributed traps and obtained exact results
for the average lifetime in a one-dimensional system.®

Inherent in all of these calculations is the assumption that steps to all nearest-
neighbor lattice sites are equally probable, althoughitisknownthat the excitation trans-
fer rate depends on certain angular factors and on the distance between the sites.@-14
The problem we shall consider is that of an exciton migrating by steps to nearest-
neighbor sites on a linear polymer in which the distance between monomers, due to
their thermal motion, is not constant. The probability of an exciton jumping to a
neighboring site is greater, the smaller is the distance between the sites. Hence, if an
exciton is created at a site which is closer, say, to the site on its right than to the site
on its left, it will have a greater probability of jumping to the right (see Fig. 1). If,
when it makes its next jump, the lattice motion has been such that the site to the
right of its new position is again closer (see Fig. 1), it will again have a higher
probability of jumping to the right. If this situation tends to persist for a large number
of steps, as one might expect if the time between jumps and the vibrational periods
are comparable, the exciton will tend to be driven to the right. One would then expect
the number of steps to reach a trap to be reduced from the situation in which a jump
in either direction is equally probable.

-t o Ca o o 0
tety4 T o 0 ® 0 0O 0
t=t,+27 O o 0 e} o)

Fig. 1. Motion of an exciton on a vibrating linear chain. The more-probable
direction in which the exciton will jump is indicated by the arrows.
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Two questions should be resolved: (1) How much is the lifetime of an exciton
on a linear chain reduced if the probability of its moving in one direction is greater
than in the other direction ? (2) Are the lattice vibrations such that motion of the
exciton in one direction is consistently more probable for a number of steps at least
of the order of the number of steps required for it to be trapped ? The first question
will be examined in Section 2, and the second in Section 3. It will be shown in Section 4
that the effect on the exciton lifetime can, indeed, be appreciable.

2. ASYMMETRICAL RANDOM WALK

The formalism and notation in the following treatment of the random walk is
taken from Montroll.%® A walker on the infinite one-dimensional lattice without
traps of Fig. 2 steps to the right with a probability p and to the left with a proabability
g = 1 — p. The coefficient p of €** in the expression (pe’® 4 ge**) represents the
probability of the first step being to the right, while the coefficient ¢ of e—%¢ represents
the probability of the first step being to the left. The coefficient p? of e%¢ in
(pe® + ge*%)? represents the probability of a walker being at / = 2 after two steps,
the coefficient 2pq of ¢ the probability that he has returned to the origin, and the
coefficient g2 of e—2¢ the probability that he ends at / = —2 after two steps. Generally,
P,(/), the probability that the walker is at / after n steps, is the coefficient of e*¥¢ in
(pe’® + ge—“®)*, and is given by

Ply = (1f20) [ (pet® + ge-ieyr e~ d M
since

W2m) [ emitnn6 dgp = 5,0 )

The generating function of all walks which end at lattice point / independently
of the number of steps » is defined to be

o]

Uz, Iy = ) znP, ()

n=0
=L 3 o [T (e o geeyr emisag
T n=0 -
1 e~ dp
T 2 f _» 1 — z(pe?® + ge?) )

This integral is easily evaluated by setting s = ¢*%%, accordingly, as / is negative
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Fig. 2. An infinite one-dimensional lattice without defects.
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or positive, to obtain a contour integration around the unit circle | s | = 1.Application
of the residue theorem then gives
1 — (1 — 42%pg)' /2y 1
- >
v h [ 2zq ] (1 — 4z%pg)t/?° 120 @
IO [l o
o 2zp (1 — 4z%pg)*2’ =

This is the generating function of random walks from O to / on an infinite one-
dimensional lattice without defects. The generating function for walks from 0 to /
on a ring of N points (that is, a chain of N points with periodic boundary conditions),
is equivalent to the sum of the generating functions for all those walks on an infinite
chain which represent walks from 0 to /, from 0 to / + N, etc., as well as from O to
{— N, [ — 2N, etc. Hence,

Uz, ) = Uz, + U(z, | + N) + U(z, ] + 2N)
o U = N)+ Uz, I — 2N) + - ®)
Using Eq. (4), we obtain

B 1 x! N
Uy D) = = ggmpays [T + Ty 20

1 y—l N xN+l (6)
:(1—422pq)1/2[1——yN ' 1——xN]’ I<0
where
1 — (1 — 4z%pg)'/? 1 — (1 — 4z%pg)*/?
_ ( Pq) L y= ( 2°pq) %)

2zq 2zp

Let us now consider a chain in which one of the ¥ lattice sites, say /; , is a trap,
and the walker starts at /; =% [, . The probability that the walker not be trapped on
the nth step is

> falD)

11,

where f,(I) is the probability that the walker is at / after n steps. The probability
that he is trapped on the nth step is then

1=l

and the average number of steps required for trapping is

7}

51 % Uuald 0] ®)

n=l Il
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In terms of the generating function defined by

[=e]

Flz, ) = Z 2 (D) ©)
we have
i 502 [a—2) Z;l Fy(z, ,!)]z=1 (10)
Since

SEGD =Y Y ) =3 2T fa0)

I n=0 n=0
= i Zh = ! (11
n=0 1 —z
we may write
(1 —2) Y Fy(z) =1—(1—2)Fy(zh) (12)
11,
and, therefore,
_ 17
i = o= (1 = 2) Fy(z, D)m (13)

The generating function Fx(z, /) can be obtained from the generating function of
random walks starting from the origin on a perfect lattice. We note that

Po(l) = 01,0 (14)
and

Ply =pPy(l — D+ qPy(( + 1) (15)
Multiplying this equation by z” and summing from » = 1 to oo, we obtain

U@, D) — 8,0 =pzU(z, I — 1) + qzU(z, 1 + 1) (16)

where U(z, 1) is defined by Eq. (3). The generating function for walks on an N-point
ring then satisfies the difference equation

Un(z, 1) — pzUy(z,1 — 1) — qzUn(z, 1+ 1) = 0, 17

Now,
fo(l) = az,zo (18)
D) =pfusl =D+ qfnn(+1);  IFL,LE1 (19)
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and, since the walker cannot escape from site /;,
Skl = ploallh — 1) 4 g foi(h + 1) 4 fra(ly) (20)

Then, for any /,
Fal) = pfpall — DI — 819,3] + gfnall -+ DI — 8p4q,0] +Faa(®) 810y 21

Multiplying this equation by z* and summing from #» = 1 to oo, we find
Fylz, ) — pzFy(z, | — 1) — qzFy(z, [ + 1)
= z[8;,1, — PO1a.1, — 9811, ] Frlz, L) + 8y,
= 0(z,1) (22)

The generating function Uy(z, /) is the Green’s function required for the solution of
this inhomogeneous equation:

Fy(z, D)
= ZZ Uz, i — 1IN0 1)
= Up(z, I — )
+ [z2U(z, I — ) — zpUpylz, I — I, — 1) — zqUy(z, | — I} + )] Fy(z, 1)

= Uylz, [ — 1) + [zUn(z, | — 1) — Un(z, 1 — ) + 8,,,] Fy(z, 1)

= Up(z, ! = lp) + [z — 1) Up(z, I — ) + 8., ] Fy(z, 1)) (23)
We obtain, when [ = [,

Fyn(z, ) = Un(z, ), — I)/(1 — 2) Un(z, 0) 24

Substituting this into Eq. (13) yields

= 9 1 Unz, b — 1)
= [ ree Ly @)

This is the average number of steps required for a walker starting at /, to be trapped
at /; on a ring of N points. When the starting point can, with equal probability, be
any nontrapping point, we must average i over all possible starting points to get

1 o [ Unlz, i — L)
Nhlzéﬂ

Ip#ly

A=

[ —_— 20 Unzh—l)
Uz, 0) 1,, N—1az Uy(z, 0) i

1 @ 1
=N~1E[m@mu—@Lﬂ (26)
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From Egq. (6),

1 [1 — GVl
N T (e () @7
where x and y are defined in Eq. (7). Let | p — g | = 8; then, Eq. (26) becomes
X 1 A Nz N
i=y—1las * STA /A = =17 2
Nt 1 1
= 1 575 [coth(N tanh—1 8) — 7\/3“} 28)
or
g 1 88 N 3+ (Y5 + (Y + -
e T el ] LR S| AN+ (5%3) = (5%5) &
29

where L(x) = coth x — (1/x), the Langevin function,*® goes to zero as x/3 as x
approaches zero. In the limit 6 — 0, then,

P i (1_ 1)_N(N+1)
N1 6N T T 6

which agrees with the result for a symmetrical walk obtained by Montroll.®® For &
not zero, but much less than one, we have

3 =1
ﬁmN[l L (30)

N—112N§ L(N®) — i

while if N tanh='8 > 2, or, equivalently, since tanh—1é >3, N§ > 2, then
coth(N(¥ tanh—18) = 1 within 5%,. Equation (28) then becomes

ﬁ“NTl 2]173 (1“ z&s) G

This last equation applies even when 8 is not small. In the limit 6 — 1, we get n ~ N/2.
In this case, the walker steps always in one direction, and N/2 is just the average
number of lattice sites between the site on which the walker starts and the trap.

The function y = (1/2N8) L(NS) and y = (1/2N8)[1 — (1/N3)] are plotted in
Fig. 3. The reduction in the average number of steps is related to the difference between
these curves and the line y = 1/6. Itis clear from this graph that a significant reduction
can be obtained provided NS is large enough. Moreover, we see that Eq. (31) is indeed
a good approximation when N$ = 3.0.

The above analysis has been concerned with a walker on a ring of N lattice points
of which one is a trap. However, the problem of a walker on a one-dimensional chain
with traps at [ = 4, J ,..., , can be reduced to that of a walker on a ring with a
single trap. For, if the walker starts between traps /; and /;., , the number of points
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Fig. 3. The functions (1/2N8) L(Né) and (1/2N8)[1 — (1/N3)].

in the interval is s; = /;,; — /;, which is the same as a walk on a ring of s; points,
one being a trap. When the traps are distributed periodically with period s, then the
average number of steps to be trapped is given by Eq. (28) with s replacing M.

3. LATTICE DYNAMICS

In the development of Section 2, it is assumed that the exciton jumping proba-
bilities p and ¢ == 1 — p were constant over the lifetime of the exciton. However, if p
and g are to be related to the instantaneous position of the exciton site and its nearest
neighbors when the jump takes place, they must be functions of lattice site and of
time. Hence, for the treatment in Section 2 to be applicable, conditions must be found
such that p and ¢ do not vary much over the exciton lifetime and from site to site.

In Férster’s weak coupled model, the transition rate of an exciton varies as 1/R®,
where R is the distance between molecules. The distance between lattice sites /and / -+ 1
18 U 4(¢) — u(t) -+ a, where g is the lattice constant. The ratio of the probability of a
transition from site / to site / -~ 1 to the probability of a transition from site / to site
I 1is then

[t(t) — wa(2) + al®
frra(®) — w(®) + al®

The stepping probabilities of our random walker when at the /th site at time ¢, pi(¢)
and g,(¢t) = 1 — py(f), must have this ratio. That is,

) ~ 31 — B/ ura(t) + 14(1) — 2w (33)

S =S+ ua® - 2] G



The Effect of Lattice Vibrations on Trap-Limited Exciton Lifetimes 261

and we take this to be exact, so that

p®) =31 — @la 4],  qt) = 1 + (3/a) 4,2)] (34)
where
At) = upa(t) + 1y4(t) — 2uy(2) (35

We must now find conditions under which the quantity 4,(n) is, on the average,
independent of lattice site / and step number #, with T being the time interval between
steps. That is, given, at the time the exciton is created, that the lattice is in such a
condition that a step in one direction is more probable than in the other (| 4,(0)] > 0),
we want to know whether this situation persists on the average after # steps at different
lattice sites. The quantity of interest is then related to the correlation function
{A(r) 4,0)>, where the brackets indicate an ensemble average. We take for our
average 4,(¢)

Ai(t) ~ <Ai(1) A, 0)>/<A,2(0)) 2 (36)
and insert this in Eq. (34) to get
Biln) = 1 + Gla) Anm)l, @) = M1 — (3a) dyfn)] (37

This gives as initial stepping probabilities
Fo(0) = 31 + B/aX 4O, o(0) = 3[1 — 3/a)4A0)> 2] (38)

It has been assumed here that p(0) > G,(0), but this is no restriction, since it was
shown in Section 2 that the lifetime of the walker depends only on 8 = | p — g/|.

The quantity 4,(f) can be calculated using standard lattice-dynamics theory.
From Eq. (35) and the translational invariance of the lattice we obtain

Ay(t) 40))> = upyo(t) un(0)> — Aty (1) ug(0)
+ 6<u(2) ug(0)> — 4<u; 4 (1) u(0)> + <{u—o(t) u(0)>  (39)

The displacement-displacement correlation function is given in terms of the phonon
Green’s function” as follows:

0y a0y = 5 Lim [~ LTI O Z IO pronre-iot iy (a0
where
equa
Gl(z) NM Z 22 - w Fy (41)

Using the equation

e = )

one obtains

Lim i[Gyw + ie) — Gylw — ie)] = Z Cgon w dw? — w,?) (42)

0" q



262 Richard A. Elliott, Katja Lakatos, and Robert S. Knox

Performing the integral over w, we then have

gialafghoyKTg—ing | giogt]

n0) w0 = iy & “3)

Taking the real part of this equation and changing the sum over all g to one over
only positive values of g gives

G 4

220

Substituting this result into Eq. (39) and using the dispersion relation for a linear
chain with monomers of mass M and monomer—-monomer force constant «

= (4o/ M) sin*(ga/2) 45)

gives

16%

i) 450> = NMo (46)

g 2, W cos(gla) cos(w,t) coth 3

Oy g=0

kT

where w,, = 2(af/M )/ is the maximum frequency of the lattice. We transform the
sum over ¢ to an integral over frequencies using the lattice density of states:

PROES: f D(w) flg()] doo )

with
D(w)=¥]%«}=m~z_ﬁgz)—lﬁ (48)

Then,
B0 A0 = o [ LD IS o S a9)

This integral can be performed analytically for / = 0 if a high-temperature expansion

is made:
coth(fw/2kT) ~ kT/hw (50)

This approximation is valid if k7 > #w,, , which will be justified later for the physical
systems of interest here. Performing the change of variables x = w/w,, gives

16kT 1 x2 cos(w,,tx)
<A0(t) A0(0)> = Mﬂwmz 0 (1 - x2)1(2 dx (51)

This is just an integral representation of the Bessel functions:

D) 40D = s Veomt) — Joeo)] (52)

b
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The correlation function for | /| > 0 can now be found using the equation of
motion satisfied by 4,(¢),
d2
M ar <Az(t) Ao(0)> = 0‘[<A 1(f) AO(O)>
— 2¢4y(1) 40> + {dyy(2) 4o(0))] (53)
and the Bessel function recursion relation
4J3(2) = Jpip(2) — 2J,(2) + T o(2) (54)

Using Eq. (53) to express each correlation function (4,,4(¢) 4,0)> in terms of the
correlation functions {(4,(t) 440)> and {(4,_,(¢) 440)> and noting that A,(r) =
A_y(¢), it is easy to deduce that, in general,

4i(t) 40 = KT/ Mw, S —Jyro(wnt) + 2T(@nt) — Jus(@nt)] (55

In particular,
420 = 4kT/Mw,? = kT/« (56)

and the quantity defined in Eq. (36) is then

T [ asaleont) + 2(e00) = T sfeo)] 57

A0 =37

If we consider asymptotically long times,

2kT 1*/2 cos[w,t — (w/4)]
~ — 1
A0 ~ 41 [ (58)
and for the time being consider the special case v = w/w,, , we have
B N 4(__1)l+n kT 1/2
Ay ~ = | ] (59)

Maw,,?

Since once can reach a lattice site with / even (odd) only by an even (odd) number
of steps,

. 4 kT 142
Aynr) ~ —— 1 60
) T Vn [ Mw,? (60)
The ratio of this to 4,(0) is
dnr) 2 1)

AEOpY: 7 Vn
We note that this is always positive and independent of /, and, moreover, varies
slowly with the number of steps #. Also, p(n7) will always be greater (less) than

G (n7) if py(0) is greater (less) than 74(0). We conclude that, provided the time interval

822/1/2-3
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between steps = is approximately equal to 7/w,, (or any odd multiple of this quantity),
it is reasonable to take for & = | p — ¢ in Section 2 some fraction of | p(0) — g4(0)] =
34,(0)/a = 8, . The fraction will, of course, depend on the average lifetime of the
exciton.

4. EXCITON LIFETIMES

If the 4 (nr) at each step are given equal weight in the calculation of the average §,
we find when A =1, 6 = 8, ; when 7 > 1,

28, ("1 @
5§ — =% ; LI —$ 62
A El Vn o 2 (62
For values of i = 6, this can be approximated by
§ ~ 48,/mV/7 (63)

to better than 29, accuracy. We can substitute for # from Eq. (28) to obtain the
following equation for &:

45,

{INS(N — D)][1/2N5][coth(N tanh—8) — (1/NO)[|1/2 (64)

8:
L

This allows us to find § in terms of N and 8, , which, in turn, determines the lifetime
of the exciton 7ir by using either Eq. (28) or Eq. (63). Equation (64) can be simplified
by using Eq. (31) instead of Eq. (28) if N6 > 2. This gives

43,

0= {[N3 /(N — DIA/2N9)[1 — (1/N]}72

(65)

The use of this approximate formula will be justified below, where we will show that
N3 is indeed greater than 2. The effect of this asymmetry on the exciton lifetime will
be postponed to that time.

The above discussion assumed that 7 ~ 7/w,, . If, instead, 7 is some other odd
multiple of 7/, , say

7= 2v+ D7/w,, v=12,3,. (66)
then the average asymmetry will be

5 _ 4% 1
7V Qv+ )2

(67)

rather than that of Eq. (63).

The situation when = is an even multiple of n/w,, , say, v = 2v7/w,, , would
seem to give a lengthening of the lifetime, for, referring to Eq. (58), we see that
4 \(n7) then changes sign with each step. That is, the walker would find the probability
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of a step to the right to be greater at one step, and, at the next step, the probability
of a step to the left would be greater. This would tend to keep the walker near his
starting point. This situation can be treated within the formalism of Section 2 (see
the appendix). The absolute value of the average asymmetry will, in this case, be

48, 1
= - 68
7 Vi Q)2 (68)
Putting this into Eq. (A.6) and solving for 7, we get
2
4~ NN +1) | 80 (69)

6 Y

This means that the average number of steps to be trapped is increased by 86y%/vn?,
which is negligible except for small N.

When the time interval between steps is not exactly equal to = divided by the
maximum lattice frequency w,, , the exciton gets out of phase with the lattice vibrations
after some number of steps, with a consequent reduction of the average asymmetry.
In this case, when 7 = (7 -+ €)/w,, , we have from Eq. (58)

- 4 2kT 112 ™
Ainm) = [7a(m + €)]1/2 [ Mw,? ] cos [ne o 71-]
24,(0) [cos(ne) -+ sin(ne)] (70

"~ [ralm + O

and the average asymmetry would be

3

-0
A

7‘2“1 2[cos(ne) + sin(ne)]

8= [nm(m + e)]/2

+1 (71)

n=1

If one could vary 7, or, equivalently, w,, , and then measured the exicton lifetime
and plotted this against 7w, , the curve would have a minimum at ew,r = . The
width of this dip would depend on how quickly the exciton gets out of phase with the
lattice vibrations. The width at half-depth can be estimated as follows. For given
8, and N, the minimum value of the lifetime is A+, with 7 given by either Eq. (28)
or by the approximate formulas of Egs. (30) or (31). One can find from these equations
or from these graphs plotted in Fig. 3 that value of N8, say, N&', which would give
an 7 that would give one half the reduction in the lifetime. These 8" and #', when
substituted in Eq. (71), determine e, that is, the width of the dip in the curve.

We will now estimate the magnitude of §, and from this determine the reduction
in the lifetime of the exciton that one could expect. To make this estimate, we require
typical values of the lattice parameters and the time interval between steps, 7. Accord-
ing to Pearlstein,® it may be possible to make lifetime measurements by measuring
the decay rate of donor fluorescence in linear polymers. We take for a typical
value of the monomer mass 200 proton masses. The exciton transfer rate™ can be as
low as 10 sec—! and as high as 108 sec—%, with = x 10" sec™* being a typical value,
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that is, 7 &~ 7 X 102 sec. Earlier, we found that for an average asymmetry in
the stepping probabilities to exist, the maximum lattice frequency w,, had to be
approximately an odd multiple of «/7, with the largest asymmetry occurring for
w,, ~ m/r. This means that the force constant would be

o = Mw,?/4 = 84 erg/cm? (72)

If we take for the temperature 7 = 300°K, we find from Eq. (56) that
Ay 0) = (A0 = (kT/o)2 =22 A (73)
[the high-temperature expansion used to obtain Eq. (48) required kT > #w,, , that is,

when w, = 102sec!, 7> 8°K, which is certainly satisfied]. The monomer—
monomer spacing, the lattice constant, is of the order of 7 A, so that

8o = 34,(0)/a = 0.94 (74)

This can be used in Eq. (65) to obtain, after multiplying through by ¥,

NS =12 [(N]X B 211v3 (1— 1\1/3 )] FoN=s (75)

which simplifies to
NS = 2.88[(N — 1)/N] + 1 (76)

The minimum value of N6 occurs when N = 3, in which case N6 = 2.92, so that the
approximate formulas of Eqgs. (31), (63) ,and (69) are valid to within 19{. (When
N=2,7=1and § = 3, = 0.94, whence N3 = 1.88. However, this case is of no
interest, as the walker is always trapped on the first step whether or not the stepping
probabilities are symmetrical.) The maximum value of N8 is 3.88. For very large N,
NS a2 3.88 and N¥/(N — 1) ~ N2in Eq. (31), and, therefore,

. N2 1
A~ 5388 (1~ 555
= 0.0955N2; large N amn

For a symmetrical walk and large N, one has

flsym &~ N2J6 = 0.167N? (78)

The lifetime is thus reduced by 43 %, when N is large and &, = 0.94. The reduction
would, of course, be less if §, were smaller. When N = 30, Egs. (76) and (31) give a
percentage reduction of the lifetime of 42 9. For smaller values of N, say, N == 6,
we find a reduction of 36 9. We see that the reduction in the lifetime is not strongly
dependent on N, nor, for a periodic distribution of traps, on the period s.

The width of the dip in the curve of lifetime versus w,,7 can be calculated accord-
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Table |
N (ﬁ/ﬁsym)max €
6 0.64 —0.050; 0.690
12 0.60 —0.016; 0.177
30 0.58 ~—0.003; 0.032

ing to the prescription following Eq. (71). When # = 6, the sum in Eq. (71) can be
approximated by an integral to give

. 2 S (¥ . cos(ne) + sin(ne)
Ve R, P
— 2 (Cler — DI 4 ST — D 19)

where C(x) and S(x) are the Fresnel integrals.(18’

Equation (79) can then be solved numerically for e. Table I lists the values of ¢
which give one half of the maximum reduction in the lifetime for N = 6, 12, and 30.
The fractional reduction in the lifetime is plotted as a function of w,r in Fig. 4.
This graph is meant only to show the width of the dip in the lifetime curve, and not its
detailed shape. It is clear from Table I and Fig. 4 that the dip in the curve is highly
asymmetrical. This is due to the fact that there are no lattice frequencies greater than

00 _
Sy —=
ol
——N=30
--=N= 12
;'O.Z~ — T
£
w
i
Jo3-
i
©
g
=04
Q
2
[=]
w
= 05—
+ os—
o7
1 L4 I |
1.0 20 307 4.0 50

Fig. 4. Lifetime reduction as a function of maximum lattice frequency times the time interval
between steps for N = 6, 12, and 30. These curves are meant to indicate the half-width of the
depression, and not the detailed line shape.
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wyt, but many that are smaller. The width of the depression, about w,,7 = (2v + 1),
can be calculated in a similar manner. The resulting curves would be similar to those
in Fig. 4.

5. CONCLUSION

We have seen that lattice vibrations can give rise to an asymmetry in the
stepping probabilities of the random walk representing exciton motion on a linear
polymer, and that this asymmetry can cause a reduction in the exciton lifetime
provided w,,7 is approximately an odd multiple of 7. For typical lattice parameters,
the reduction is of the order of 40 %, for w,r ~ =, and for moderate trap concen-
trations (between 5 9 and 20 %), w,r could be as much as about 6 %, greater than
and still give a reduction of the order of 20 % in the lifetime. It should be noted that
the average asymmetry in the stepping probabilities 8 varies as T1/2 and, while this
is not a strong temperature dependence, it can be experimentally controlled. Studies of
the decay rate of donor fluorescence in poly-L-tyrosine and related polypeptides
may prove experimental verification of this theory.

Work on extending this analysis to higher dimensions is in progress.

APPENDIX

Let the probability of a step to the right be p if the step number is odd and g if
the step number is even. Then the probability of a walker being at site / after 2n steps is

Poil) = = [ dd (o + ge=)ge® + pe-9pn (A1)

and, after 2n + 1 steps,

| ) . . ) . )
Poa) = 5= [ d [(pe™ -+ ge=)ge™ -+ pe= )] (pe® + qe)  (A2)

We obtain, in the same way as in Section 2, the generating function evaluated at
[ =0,

1 1+ x¥
UZN(Z, 0) = 22{[192 + q2 — (1/22)]2 . 4p2q2}1/2 ( 1 — xN ) (A3)

(1 4 x®N ) 4 z(1 -+ x) XV

Uspia(z, 0) = P L g — (D] — dpgi (I — 22V (A4)

where

x = (—1/2p)(p* + ¢* — (129 + {[P* + ¢* — (/A — 4p%¢**72)  (A.5)
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The average number of steps to be trapped is then [see Eq. (26)],

5 1 0 1
"n=N—1% [(1 — 2) Uylz, 0)L=1

_ N®— N4 5N®?
= SN = =59’ N even
3 ___ 2
N° — N + 8BNS N odd (A.6)

T 6N — 11 =8y
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