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SUMMARY: 
Fluorescence decay measurements were carried out to study the kinetics of intramolecular 

exciplex formation in two low-molecular-weight samples of polystyrene (1) with narrow molecular 
weight distribution capped on one end with a pyrene moiety and on the other with an Nfl-di- 
methylaminophenyl group. Monomer and excimer decay profiles, I ,  ( t )  and I&), resp., were 
inconsistent with the predictions of the simple two-state (Birks) model, but could be well-fitted 
by assuming that the diffusion-controlled rate coefficient for exciplex formation, k, (t), is time- 
dependent. Using a Smoluchowski formulation for this rate coefficient k, (?) = a(1 + bt-'"), 
we could use the a and b parameters to calculate values for the chain-end diffusion coefficient 
characterizing the reaction for samples of the polymers in cyclopentane and cyclohexane solutions. 

Introduction 

Interest in the cyclization of flexible chains goes back to the early days of this 
century'). It continues today in such diverse areas as the cyclization of DNA, the 
synthesis of cyclic antibiotics, and the synthesis and properties of truly macrocyclic 
synthetic polymers. Among these topics in the case of diffusion-controlled ring closure, 
which can be studied in flexible molecules of the form F-Q, with a fluorescent 
group F at one end and an efficient quencher Q at the other. Cyclization in these species 
depends upon the conformation and dynamics of the intervening chain, and is sensitive 
to factors such as excluded volume, hydrodynamic interactions, and entanglements, 
which are themselves important topics in contemporary polymer science. In addition 
diffusion-controlled reactions have their own features of interest. These have been 
studied for years for reactants dissolved in simple homogeneous solutionsz), but are 
much less well understood for restricted geometries as in the case of reactants tethered 
to the ends of a polymer chain'). 

Perhaps the most subtle feature of diffusion-controlled reactions is the time 
evolution of the survival probability of the reacting species. Since diffusion time 
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depends upon separation distance, proximate pairs react faster than those far apart. 
When such a process is described in terms of reaction kinetics, the apparent rate 
“constant” shows a time dependence. First elaborated by Smoluch~wski~~, the 
diffusion-controlled rate coefficient k( t )  = a(1 + bt-‘12), decaying at short times as 
t-’12 to its steady-state time-independent value. 

The theory of diffusion-controlled reactions was extended to the case of polymer 
cyclization by Wilemski and Fixman5). Their theory, expressed in terms of simple 
models of chain dynamics, has a number of curious features which have attracted the 
attention of others6*p. Some of these, pertinent to our experiments, will be described 
in a subsequent section of this paper. 

Our concern here is with the experimental detection of the transient component in 
diffusion-controlled reactions. We report the first example of a transient effect in a 
diffusion-controlled polymer cyclization reaction. We emphasize some of the 
difficulties in carrying out this kind of experiment, and discuss our findings in light 
of the current theory of diffusion-controlled reactions. In our experiments, we study 
the kinetics of intramolecular exciplex formation in two samples of molecule 1 (DMT- 
PS-Py) shown below. These have number-average molecular weights of an = 1970 
and 3400, and very narrow molecular weight distributions. They are often referred to 
here as 1-2K and 1-3,4Ka), respectively. 

2 (Py-PS-PyI 

a) 2 K  implies a, = 2000; 3,4K implies Is?, = 3400. 
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In previous experiments in our laboratory, we have examined the kinetics of 
intramolecular exciplex formation in polystyrene samples 1 of various chain lengths8), 
and we have also studied intramolecular excimer formation in samples of the molecule 
2 (Py-PS-Py) of an even wider variety of chain  length^^*'^). These experiments were 
interpreted in terms of the common two-state (Birks') model (Scheme l ) ,  where Q 
DMT for 1 and Q = Py for 2. In both cases k,  describes the rate coefficient of 
exciplex/excimer formation, and k - , describes that of its dissociation back to locally 
excited Py*. The terms kM and kE represent the reciprocal lifetimes, respectively, of the 
Py* monomer in the absence of cyclization, and the exciplex or excimer in the absence 
of ring opening. 

Scheme I 

py*-fl 

While excimer and exciplex formation are diffusion-controlled, in experimental data 
analysis one normally ignores the time dependence of kl (t). In Scheme 1, k,  refers to 
the time-independent value of k, (t) at long times. 

In the course of our studies we encountered a number of instanceslo*ll) where the 
fluorescences decay behavior of end-labelled polymers differed significantly from that 
predicted by the simple mechanism of Scheme 1. For example Scheme 1 predicts for 6 
pulse sample excitation, that the exciplex or excimer profile ZE(t) should grow in and 
decay as a difference of two exponential terms with the ratio of pre-exponential 
coefficients equal to - l,O. For short chains (PS of a,, = 2000 and 3000) we found 
values around -0,9 with the deviations becoming more pronounced in poor solvents 
where the chain ends are on average closer together lo). Another prediction is that the 
exponential parameters AT), Ap from the monomer decay should equal those A p ) ,  
A p )  from the exciplex or excimer decay. Again we found deviations which were most 
serious when the chains were short, and the solvent quality for the polymer was poor. 
In this paper we are able to show that the deviations from the simple Birks' model can 
be explained by the influence of the time dependence of k, (t). 

Experimental part 

PoQmer samples: The polymer samples were prepared by anionic polymerization of styrene 
using 1-(4-dimethylaminophenyl)-i-ethylpotassium as an initiator as previously described 12). 
The living anion was reacted with an excess of ethylene oxide, and protonated to yield DMT- 
PS-OH (3). Small samples of 3 were esterified to 1 by 4-(l-pyrenyl)butyryl chloride in toluene in 
the presence of triethylamine as reported by Sinclair' a, 'I). Molecular weights and sample purity 
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were assessed by gel permeation chromatography (GPC) in chloroform using ultrastyragel 
columns with nominal pore sizes lo3 A, 500 A, and 100 A in conjunction with tandem refractive 
index (Waters, model R401) and UV-visible (Hitachi, model 110-40) detectors and polystyrene 
standards. At increased signal amplification, the UV detector showed no material in the samples 
of low molecular weight which absorb light at 345_nm._Analysis of the GPC curves indicated 
“_Umbs-average molecular weights of a,, = 1970, Mw/Mn = l,M for 1-2K3 and a,, = 3400, 
Mw/Mn = 1,M for 1-3,4Ka). End-group analysis by UV absorption indicates 100% DMT-group 
content and 85% pyrene groups on the chain ends. Fluorescence decay analysis indicates the 
photosensitivity of the solution of 1: upon excessive exposure of these solutions to light, a 
photoproduct is formed which contributes a long tail to the pyrene monomer fluorescence 
decay 13) .  To avoid this problem, samples for decay measurements were prepared, outgassed, and 
stored in the dark except during the fluorescence dEay measurements. 

As a model compound, we use a sample of PS of M,, = 5 900 containing a C4H,-group at one 
end and a pyrene moiety at the other. 

Sumpleprepurution: Solutions of 1 (3 to 4 - loF6 mol/L) in cyclohexane (distilled from 
sodium) and in cyclopentane (Caledon Laboratories, distilled in glass, used as received) were 
prepared in the dark. These were placed in 1 cm x 1 cm square pyrex cells fitted with joints 
attached to a vacuum line and sealed under a vacuum of better than lo-’ ’Tbrr (= 1,33 * Pa) 
after five freeze-pump-thaw cycles. 

FZuorescence meusurementx Fluorescence spectra were measured on a SPEX Fluorolog 2 
spectrometer. Samples were excited at 345 nm and emission spectra were collected in 0,5 nm steps. 
Fluorescence decay curves were measured by the time-correlated single photon counting 
technique 14). Our apparatus has been described ’’). Here, too, the excitation wavelength was 
345 nm. Pyrene monomer emission was measured at 376 nm; the exciplex emission, at 500 nm. 
Curve-fitting routines and data analysis are described in the text. All experiments were carried out 
at room temperature (22 f 1 “C). Different sets of samples were used for steady-state and fluor- 
escence decay measurements. 

Theory and models 

The cyclization rate coefficient k, (t) in Scheme I is diffusion-controlled. The rate 
coefficient for diffusion-controlled reactions is time-dependent z). For free reactive 
molecules diffusing in a continuous medium of infinite volume, the rate coefficient for 
an initial uniform distribution of reactive pairs is given by the well known Smoluchows- 
ki equation 2*4). 

k , ( t )  = ~ ( l  + bt-’”) (1) 

where 
4xNADR R 

1000 I/no 
a =  , b = -  

D is the mutual diffusion coefficient of the reactive species, R is the encounter 
radius, and NA is Avagadro’s number. 

We are concerned here with a very interesting but complicated problem of the 
cyclization of two reactive pairs attached at the ends of a finite linear polymer chain. 
In this case the space in which the reactive groups can move is limited, and the initial 
distribution function for the chain end separation must be the equilibrium distribution 

a) In this notation 2K means a,, = 2000 and 3,4K means a,, = 3400. 
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function. Wilemski and Fixman5) approached this problem in terms of a many-body 
treatment. They introduced a sink term instead of boundary conditions to describe the 
reaction process. To obtain the rate coefficient, it was necessary to adopt a model to 
describe the dynamic properties of the chain. Using the harmonic spring model, the 
steady-state value, kmS), of the rate coefficient for diffusion-controlled cyclization 
reaction is given by 

k(Hs) = 4nRDtCo (3) 

where D, is the translation diffusion coefficient of the chain, R the encounter radius 
is also the reactive distance and C, an effective concentration of chain end-groups in 
the reactive volume. The concentration is related to the mean-squared length of the 
spring, 12, by 

c, = 344x13) (4) 

It is interesting to observe the similarity of Eq. (3) with the steady-state part of the 
Smoluchowski equation. 

Using the Rouse-Zimm model and with the help of the closure approximation, a 
steady-state rate coefficient of cyclizations kw) can be obtained5). Here one writes 
down explicitly the time autocorrelation function of the chain ends and obtains a 
complex set of equations which simplify’) in the limit of very long chains: 

where (hz) is the mean-squared end-to-end distance, and the constant A depends on 
the hydrodynamic interactions of the chain with the medium. 

The rate coefficient in this model is independent of the reactive distance, R. This 
is a surprising result even for chains of “infinite” length. Doi@ analyzed this problem 
and concluded that this results from the segmental motion of the Rouse chain in the 
short-time region. From his analysis, he concluded that the validity of Eq. (5) is 
restricted to the region 

where L is the chain length and N is the number of beads connected by springs in the 
Rouse model. This condition is only fulfilled when N is very large. In the usual case 
of !dRZ) B R, where ldRa is the length of the Rouse-Zimm spring, the steady-state rate 
coefficient is proportional to R A P ) .  

In their model Wilemski and Fixman showed that, for long chains, the transient 
contribution to the rate coefficient is very small. For short chains this need not be true: 
the shorter the chain, the larger the fraction of conformations with the chain ends in 
proximity. In the absence of any theoretical treatment of dynamic cyclization of short 
chains, we assume that k, ( t )  is composed of a steady-state and a transient part. We 
treat the transient component as having the same time dependence as the 
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Smoluchowski Eq. (I), and we take D = 0, in Eq. (2) to be the chain-end diffusion 
coefficient. 

Data and data analysis 

Steady state measurementx Fig. 1 shows the fluorescence spectra of 1-2K and 1-3,4K 
in cyclohexane with the spectra normalized at 376 nm. They are compared to a model 
polystyrene containing only the pyrene moiety as end group. 

t 
x 
m 
C 
a, 
C 

c ._ 

c - 

I I 

1 (DMT-PS-Py) 

A 
Fig. 1. Fluorescence spec- 
tra of samples (a) l-ZK, @) 
1-3,4K, and (c) 
Py(CHz)3COZCHzCHz-PS 
with number-average mole- 
cular weight a,, = 5900, 
all in cyclohscane (concen- 
tration 2 * mol/L) 
with the spectra normalized 
at 376 nm 

360 Lao 600 
Wavelength in nm 

The samples of 1 show typical pyrene exciplex emission centered at 476 nm in 
addition to the locally excited, structured, pyrene “monomer” emission. The shorter 
chain cyclizes faster and shows a greater relative intensity (Zd of exciplex emission. 
Corresponding spectra of 1 in cyclopentane are similar except that the ratio of &ciplex 
to monomer intensity, IE/ZM,  is enhanced compared to cyclohexane. Note that in Fig. 
I, at 500  nm where the ZE(t) decay is measured, the contribution of monomer to the 
total emission is very small. 

Tkansient measurements Fluorescence decay curves are fitted by direct comparison 
with the predictions of a model. Here we examine two models based upon Scheme 1. 
The first considers a time-independent rate constant k, . Here, after a &pulse excita- 
tion, Eqs. (6) and (7) describe the time evolution of the excited monomer [M*] and 
exciplex [E*] concentrations. 

with A /A, = 1 ,O. A convolution relation can be established between Eqs. (6) and (7), 
namely 
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where @ denotes convolution, and a is the steady-state part of the rate coefficient. 
From Eq. (1) and Scheme I, u 3 k, . Here A,, (A, = kE + k-  1), is the exciplex decay 
constant. Eq. (8) describes the fact that the exciplex is formed from the interaction of 
the pyrene moiety with the quencher with rate coefficient a, decaying thereafter with 
a decay constant A,. 

The second model we consider treats the case of cyclization involving a time- 
dependent first-order rate coefficient k,  ( t ) .  We have recently shown la,") that Eq. (8) 
maintains its validity under these circumstances, even in the presence of exciplex 
dissociation, The convolution relationship Eq. (8) must be modified to take account 
of the experimental conditions of sample excitation. 

The experimental decay curves, IaP(t) ,  obtained using an excitation lamp of time 
profile L ( t ) ,  are given by 

z = p ( t )  = L ( t )  @ Z ( t )  (9) 

where I ( t )  is the intensity profile for a &pulse excitation. Under these conditions, the 
convolution relation takes the form, aside from some constants 

For a time-independent cyclization rate constant [k, ( t )  = k,  = a], Eq. (10) reads 

ZFP(t) = aZEP(t) @ exp(-A; t )  (1 1) 

Eq. (1 1) can be used as a rigorous test for the presence or absence of a time-dependent 
term in the cyclization rate coefficient la). 

In Figs. 2 and 3 we present I M ( t )  and I E ( t )  decay curves, respectively, for the 1-2K 
sample in cyclohexane. The former can be fitted to a sum of two exponential terms with 
lifetimes (ti = A;,) tiM) = 138,4 ns, ti") = 40,8 ns and A,/A, = 42,O. A reasonable 
fit is obtained only, if the data analysis ignores the first few channels after the lamp 
maximum. For the exciplex we find TP) = 140,9 ns, 7y) = 36,6 ns, and A4/A3 = 0,93. 
Values of the parameters obtained for this and other samples of 1-2K and 1-3,4K in 
cyclohexane and cyclopentane are collected in lkb. 1. 

In each set of data, we observe that ty) * T?), that ~4") * TP), and that A4/A, is 
significantly smaller than unity. These differences may be small, but they are consistent. 
They resemble the results of Hui and Ware") who first treated the case of a time- 
dependent rate coefficient for exciplex formation. 

In Fig. 4 we present the data from Figs. 2 and 3 analyzed according to Eq. (I 1). The 
fit is poor. Similarly poor fits were obtained for all the samples in lkb. I. The fact that 
the data do not fit Eq. (1 1) establishes that Scheme I ,  with a time-independent k, , is 
inadequate to describe the cyclization reaction. The deviations to the fit occur primarily 
at early times, where the transient effect might be expected. As a consequence, we 
reanalyze these data in terms of a modified Scheme I where the exciplex formation rate 
coefficient k,  ( t )  is taken to be time-dependent. 

In Fig. 5 we present the data from Figs. 2 and 3 analyzed according to Eq. (10). In 
order to perform the data analysis, we multiply the values of I, ( t )  by u or k, ( t )  for 
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Fig. 2. Fig. 3. 

Fig. 2. Plot of the monomer decay curve I ,  (t) for sample 1-2K in cyclohexane, with the fitting 
parameters TP = 138,4 ns, TY) = 40.8 ns, and A 2 A ,  = 42,O 

Fig. 3. Plot of the excimer decay curve I,(t)for the same sample as in Fig. 2, with the fitting 
parameters r r )  = 140,9 ns, rp)  = 36,l ns, A4/A3 = 493 

lhb. 1. Fluorescence decay parameters for samples 1-2K and 1-3,4K in cyclopentane (CP) and 
cyclohexane (CH) at 22 "C from fit of "monomer" (M) and exciplex (E) decay curves according 
to Eqs. (6) and (7) 

Sample Solvent Decay r1 /ns r2 Ins A21Al X 2  
('44 /A 3 )  

M 145,9 26,l 47,9 1 4  
E 142,6 23,s (0,921 1,1 
M 138,4 403 42.0 1,3 
E 140,9 36,6 (033) 1 3 0  
M 149,3 31,9 18,O 1,s 
E 145,l 32,7 (0990) 1,1 
M 136,4 51,2 8,56 1,i 
E 145,2 52,6 (0~90) 1,4 

1-2 K CP 

1-2 K CH 

1-3,4K CP 

1-3,4K CH 

channels before or after the centroid of the lamp profile. For the transient part of 
k, (t) this procedure is equivalent to considering the lamp to be a &pulse operating at 
the lamp centroid'". The analysis of ZE(f) begins two or three channels after the 
centroid where the errors of this approximation are minimal. An iterative non-linear 
least squares program that minimizes x2 was used to obtain the best values of the 
parameters of interest. In Fig. 4, this is A, of Eq. (1 I). In Fig. 5 ,  these are b and A, 
of Eqs. (1) and (10). 
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Fig. 5. 

Fig. 4. Simultaneous fit of the &(t )  and I E ( f )  curves of Figs. 2 and 3 according to Eq. (1 1). 
assuming k, * f ( f )  

Fig. 5. Fit of the data of Fig. 4 using Eq. (10) assuming k, ( t )  = o(1 + bt-'") 

The fit in Fig. 5 is much better than that in Fig. 4 and yields values of A;' = 
134,l ns and b = 0,392 - s ll2. Values for the other samples are presented in lkb. 
2. One would predict from previous experimentsgs9) that k-, and k, are not very 
sensitive to chain length, and that k,, much larger than k-, , would not vary much 
between cyclohexane and cyclopentane. Our finding that A, values for all four 
samples are very similar is consistent with this belief. 

If both a and b were known, we could obtain values for both R and D, . Because of 
a normalization step in fitting data to Eq. (lo), only values of b = R/(nDd'/' are 
obtained. One could calculate D, given reasonable estimates of R. Many diffusion- 
controlled reactions are characterized by R = 0,8 nm. We found R = 0,80 * 0,OS nm 
for intermolecular pyrene excimer formation 16* 19). Here we choose R = 0,8 nm and 
present the D, values obtained in lkb. 2. 

The scatter in D, is large and reflects the imprecision in fitting b using Eqs. (10) and 
(1). These values are much less precise than those we obtained in a previous study of 
intermolecular pyrene excimer formation'6*'9) and we have at the moment no 
explanation for this difference. Our response to this problem was to prepare multiple 
sets of samples and carry out repeated measurements on each, using several different 
time scales for the measurements. The most reliable data were obtained at 1,M or 
1,76 Wchannel, and the most serious problems in reproducibility were with 1-3,4K 
sample in cyclopentane. 
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Tab. 2. Kinetic parameters A, and b (from data analysis in terms of Eqs. (10) and (1)) and 
calculated values of the diffusion coefficient D for polymers 1 in dilute solution using Eq. (2). 
(Values of D are calculated from values of b in this table using Eq. (2) and R = 0,s nm) 

Sample/solvent a) A; '/ns l O4 * b/s X 2  10' * D/(cmZ * s-') 

1-3,4K/CH 
1 
2 
3 
average 
1-3,4K/CP 
1 
2 
3 
average 

1-2K/CH 
1 
2 
3 
4 
average 

1-2 K/CP 
1 
2 
3 
average 

a) See Tab. 1 

131,5 
132,6 
132,l 

132,l f 0,6 

125,O 
129,9 
128.9 

127,9 f 2,6 

129,2 
133,6 
130,9 
131,6 

131,3 f 1,8 

129,4 
130,5 
126,5 

128,s f 2,l 

0,854 
0,944 
0,920 

0,906 f 0,047 

0,587 
0,987 
1,096 

0,890 f 0,268 

0,379 
0,433 
0,420 
0,363 

0,399 f 0,033 

0,292 
0,305 
0,277 

0,291 f 0,014 

1,20 

1,16 

1,02 
0,96 
1,08 

1 9 0 4  
1,13 
1,26 
1,17 

1,13 
1,ll  
1,04 

28,O 
22,9 
24,l 

25,O * 2J 

59,l 
20,9 
17,O 

32,3 f 23,3 

142 
109 
116 
155 

131 f 22 

241 
219 
275 

245 f 28 

In spite of these problems, certain trends in D are apparent. For the 1-2K sample, 
D, in cyclopentane ( ~ ( 2 0  "C) = 4,4 * Pa s) is about twice as large as that in 
cyclohexane ( ~ ( 2 0  "C) = 9,8 - Pa - s), proportional within experimental error to 
the differences in solvent viscosity (v). The scatter in the data for 1-3,4K in 
cyclopentane makes it difficult to insist on the same conclusion here. 

The simple theories mentioned above relate the cyclization rate to the center-of-mass 
translational diffusion coefficient D,. For polystyrene in cyclohexane at 3 4 3  "C (the 
theta temperature, where the chains behave ideally), experimental values of D, follow 
the expressionz0) 

D, = 1,21.10-4~-0,49 CmZ- s-1  (12) 

Using this expression, and the dependence of 0, on (T/q), we calculated values of 
D, for 1-2K (2,3 - cm2 - s-') and 1-3,4K (1,8 cmz - s-') in cyclohexane (T 
being the absolute temperature). D, does not change very much with chain length here 
and takes values larger than we find for D, for the two samples examined. 
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Our most peculiar result is the finding that D, for 1-2K is more than a factor of five 
larger than that for 1-3,4K. If 0, reflects local displacements only of the chain end, 
it should take a value independent of chain length. This is really the message of Eq. 
(5) for long chains at constant temperature and viscosity: the decrease in k”’) with 
increasing chain length reflects the increasing chain dimensions. This has a small effect 
on D, and a larger effect caused by the increased separation of the chain ends. 

This brings us back to the point stressed at the end of the chapter Theory and models 
in this paper: there is no proper theory of cyclization dynamics for short chains. Our 
experimental results, particularly Figs. 4 and 5, demonstrate the breakdown of the 
classic two-state model of Scheme I at early times. These deviations can be explained 
in terms of a transient component to k, ( t )  which decays as t-‘”. While Eq. (1) is the 
proper form for diffusion of uniformly distributed spherical molecules in a continuous 
medium, it is perhaps unreasonable in the absence of theory to insist that the parameter 
b in Eq. (I) describes the chain-end diffusion coefficient D, . This emphasizes the need 
for a proper theory of cyclization dynamics for polymer chains of finite length. 

The authors thank NSERC Canada and the donors of the Petroleum Research Fund 
administered by The American Chemical Society, for their support of this work. 
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