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ABSTRACT: Microenvironments of polystyrene solutions are investigated as a function of polymer 
concentration and the nature of solvent both by computer simulation and by the rate of the photoisomer- 
ization of azobenzene, attached to specific sites of a polystyrene chain. The sites investigated are the 
chain center (CPS), the chain end (EPS), and the side chain (SPS). A low molecular weight azobenzene 
analog (4-phenylazoaniline) is studied for comparison. From the simulated site-specific segment-density 
distributions, it is confirmed that the chain ends are located further away from the center of mass than 
other chain sites. From the simulated site-specific radial distribution functions, it is shown that the 
local environment is more congested near the chain center than near the chain ends in a dilute 0 solution 
but approaches a similar environment with increasing concentration. In a good solvent, the local 
environment is less crowded for both sites than in the 0 solvent, up to 40% concentration. The segment 
density near the chain center rises more slowly than at the chain end. The trans -c cis photoisomerization 
behavior of azobenzene in polystyrene solutions represents qualitatively the same trend found in computer 
simulation. While the free probe in the polystyrendtoluene solution has no difficulty in photoisomerizing 
up to 50% by weight, the three labeled polystyrenes show significant site dependency. Up to 10% solution 
in toluene, all three labeled polymers experience little difficulty. From 10% to 50%, however, SPS 
experiences the most difficulty, followed by EPS. CPS is least affected. In cyclohexane (0 solvent), CPS 
and SPS experience some difficulty even in dilute solutions. Overall, photoisomerization in a 0 solvent 
is more difficult than in a good solvent. These results have been interpreted on the basis of the results 
of computer simulation. 

Introduction 
Recent theories of polymer solutions such as the mean 

field .theory1 and renormalization group theory2 predict 
that polymer solutions behave differently depending on 
the polymer concentration regime. For instance, poly- 
mer chains in a good solvent are swollen in a dilute 
regime because of the excluded-volume effect. As the 
polymer concentration increases, the excluded-volume 
effect is screened and disappears, resulting in smaller 
chain dimensions which eventually approach their 
unperturbed values. The theoretical predictions have 
been experimentally confirmed by small-angle neutron 
scattering With increasing polymer concen- 
tration, a polymer chain experiences a great change in 
its microenvironment due to chain overlap, interpen- 
etration, and chain contraction. One of the factors 
which represent the change in microenvironment is the 
degree of chain interpenetration, which is a significant 
variable for thermodynamic and hydrodynamic proper- 
ties of polymer solutions. 

Several experimental approaches were developed to 
determine the degree of interpenetration in polymer 
solutions such as vi~cosi ty ,~ small-angle neutron and 
X-ray scattering: and photophysical techniques.6 Using 
fluorescence energy transfer of rapidly frozen mixtures 
of donor and acceptor labeled polymers after removal 
of the frozen solvent by sublimation, Chang and 
MorawetzGb attempted to characterize the extent of 
flexible chain interpenetration as a function of concen- 
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tration and the nature of the solvent. It was found that 
the extent of interpenetration increases with increasing 
solvent power of the medium, contrary to the Flory- 
Krigbaum theory. Hayashi et al.7 studied microenvi- 
ronments of polymer solutions using the twisted in- 
tramolecular charge-transfer (TICT) phenomenon which 
is sensitive to local polarity and segment mobility. They 
found that the TICT phenomenon of the dimethylamino 
(DMA) group attached to PMMA as a side group was 
sensitive to the change in chain dimension due to the 
nature of the solvent. 

In this study, the local environment of polymer chains 
in solution was investigated both by computer simula- 
tion and by the photoisomerization of azobenzene labels 
a t  specific chain sites. From the computer simulation, 
the probability of finding a specific site (e.g. chain end 
or chain center) of the isolated polymer chain from the 
cente-r of mass was estimated. In addition, the segmen- 
tal density near the specific site was calculated as a 
function of polymer concentration as well as solvent 
power. These results were used to understand the 
photoisomerization behavior of azobenzene labels in 
polymer solution. The photoisomerization of azoben- 
zene was extensively investigated in polymeric solids.8J0 
The sensitivity of the label to the local free volume has 
been utilized to probe several phenomena in polymer 
solids. Using site-specifically labeled polystyrenes with 
azobenzene, Yu et al. studied their photoisomerization 
behavior to investigate the effect of physical aging on 
the free volume distribution of polystyrene film.*b It 
was found that the fast fraction of photoisomerization 
of azobenzene could represent the populations of regions 
having free volume greater than the critical size needed 
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Table 1. Chemical Structures and Characteristics of Three Azobenzene-Labeled Polystyrenes and Free Probe 

sample Mw M” Tg (“C) 

(1) center-labeled PS (C-PS) 84000 80000 100 

(3) side-labeled PS (S-PS) 
(CH2CH),CH&H- 

N 
II 
N 

(4) free probe 

for isomerization. This suggests that photoisomerizable 
labels are able t o  provide information on the local free 
volume distribution in their vicinity in a bulk polymer. 
However, there is not  much information reported on the 
photoisomerization behavior in polymer solutions, es- 
pecially in concentrated solutions. By studying such 
behavior as a function of polymer concentration and 
solvent power, we hope to gain some insight into the 
change in the microenvironment at specific chain sites 
in polymer solution as the chain interpenetration in- 
creases. 

Experimental Procedures 
Computer  Simulations. Molecular dynamics simulation 

was carried out at Higher Dimension Research Inc. A long 
flexible polymer was modeled as a chain of fifty segments 
connected linearly, while a solvent molecule is modeled as 
composed of two segments. Lennard-Jones potentials were 
used for the interactions between segments, assuming a spring 
type interaction along the chain backbone. Using the custom- 
ary periodic boundary conditions, a series of molecular dynam- 
ics simulations were performed with a certain number of 
segments, 1 atmospheric pressure, and 300 K for temperature. 
The simulation was carried out in two stages. In the first 
stage, the system with initial segment positions was equili- 
brated. The total potential energy, the radius of gyration of 
the polymers, and the total radial distribution functions of all 
segments were computed during the first stage. When these 
variables reach steady-state values that are consistent with 
the experimental values obtained from well-equilibrated liquid 
 polymer^,^ the first stage is completed. In the second stage, 
the various properties of the system that depend on the 
energetics of interaction, the concentration of the polymer, and 
the solvent were computed. These are properties which 
depend only on “meso” scale features of the polymer and 
solvent. The meso scale is greater than the atomic scale, yet 
smaller than the macroscopic scale. Among the various 
properties of the system computed, we used the segment- 
density distribution functions and the radial distribution 
functions at  the specific chain sites such as the chain end and 

39000 26000 100 

chain center as a function of polymer concentration and solvent 
power. 

Materials and Sample Preparation. The azobenzene 
chromophore was attached to the specific chain sites of 
polystyrene such as the chain center (CPS) in the chain 
backbone, the chain end (EPS), or randomly distributed in the 
side chain (SPS). Table 1 provides the chemical structures 
and some characteristics of the three labeled polymers, while 
the syntheses and purification of three labeled polystyrenes 
were described elsewhere.1° A free probe molecule (FP), 
4-phenylazoaniline purchased from Aldrich Chemical Co., was 
recrystallized from toluene and acetone. Toluene and cyclo- 
hexane from Fischer were used without further purification. 
For dilute solutions, a certain amount of each labeled polymer 
or free probe was dissolved in toluene or cyclohexane to obtain 
the initial optical density of the trans isomer peak in the range 
0.7-1.2. The concentration (by weight) for CPS, EPS, SPS, 
or free probe was 0.46%, 0.23%, 0.69%, or 1.15 x 
respectively. These dilute solutions did not contain any 
unlabeled polystyrene (PS). For concentrated solutions in the 
range 5%-50% by weight, a certain amount of unlabeled 
monodisperse PS purchased from Pressure Chemical Co. (M,  
= 90 000 for FP, CPS, or EPS while M ,  = 35 000 for SPS) 
was added to the respective dilute solution and dissolved in 
an ultrasonic bath for several hours. For the study of the effect 
of the solvent power on the photoisomerization, toluene or 
cyclohexane was chosen as the good or 0 solvent, respectively. 
The concentration range studied for the PS/toluene system was 
up to 50% by weight. Because of the lower boiling point of 
cyclohexane, a 30% solution was the highest concentration 
investigated for the PS/cyclohexane system. 

Photoisomerization Studies. A flash light source from 
Photochemical Research Associates (Model 6100A) was used 
to irradiate the sample to induce trans - cis photoisomeriza- 
tion. The lamp intensity was checked regularly with a power 
meter (Model Scientech 365) and also by measuring the 
photoisomerization rate with a standard dilute EPS solution 
in toluene. Interference filters were used to match the 
irradiation wavelength band with the absorption maximum 
of each label or probe. UV-visible spectra of the sample were 
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Figure 1. Simulated specific segment-density distribution 
functions as a function of the distance from the center of mass 
in dilute solutions. 

taken with a Perkin-Elmer diode-array spectrometer (Model 
3840) with a Model 7500 data station immediately following 
a certain number of flashes. The sample in a quartz cell 
(fluorescence cuvette) was positioned at the intersection point 
of the analyzing beam and the irradiating beam. All experi- 
ments in this study were undertaken at 34.8 f 0.2 "C which 
is the 0 temperature for the polystyrene solution in cyclohex- 
ane. The photoisomerization reaction was undertaken in a 
box to minimize interference from background light. 

Results and Discussion 
1. Molecular Dynamics Simulations. Molecular 

dynamics simulation has been undertaken to obtain the 
specific segment-density distributions and the radial 
distribution functions of polymer chains. It is possible 
to analytically obtain the distribution function of a 
specific site from the center of mass based on the 
assumption of a Gaussian chain.ll This model, however, 
is not realistic because it does not take into account the 
so-called excluded volume effect as well as the short- 
range interaction such as restrictions in bond angle and 
rotation angle owing to steric hindrance. In molecular 
simulations, these effects were taken into account. 
Figure 1 shows the result of such a simulation. For this 
simulation, 100 chains, each consisting of 50 segments, 
were used, occupying 10% of the volume. They are 
assumed to simulate isolated chains. The probability 
density of finding a segment is plotted as a function of 
distance from the center of mass. This simulation 
shows that the end segments are located furthest from 
the center of mass, while the chain center is nearest to 
the center of mass. The same conclusion is obtained 
from the analytical solution. l1 

In order to see how the segment densities in the 
vicinity of specific chain sites change with increasing 
polymer concentration, the specific radial distribution 
functions for the chain center and the chain end were 
obtained as a function of the polymer concentration (up 
to 50% by volume) and the nature of the solvent. Parts 
a and b of Figure 2 show the plots of the first peak 
height of the specific segment radial distribution func- 
tion versus the polymer concentration for the 0 solvent 
and the good solvent cases, respectively. In the case of 
the 0 solvent as illustrated in Figure 2a, the chain 
center has initially a higher segment density since it is 
closer to the center of mass. With increasing polymer 
concentration, the segment densities rise slowly for both 
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Figure 2. Specific segment densities in the vicinity of the 
chain center or chain end as a function of polymer concentra- 
tion: (a) in a 0 solvent; (b) in a good solvent; (A) chain end; 
(0) chain center. 

the chain end and the chain center segments. However, 
the slope of the increase is greater for the chain end 
than for the chain center. This is reasonable because 
the chain overlap is expected to occur from the outer 
shell of the chain coil where the chain ends are located 
with higher probability, as shown in Figure 1. Such a 
trend has indeed been verified by computer simulation 
by Olaj and Zifferer.12 The microenvironment near the 
specific segment becomes similar at the concentration 
of 50% by volume which is larger than the chain 
overlapping concentration, C*, of 45% in this system. 

The polymer-solvent interaction is made somewhat 
stronger to see how this behavior changes with increas- 
ing solvent power. As illustrated in Figure 2b, in the 
good solvent case, the segment densities near each site 
are lower initially in comparison to those in the 0 
solvent case. This is reasonable in view of the chain 
expansion in a good solvent. With increasing polymer 
concentration, the segment density increases more 
sharply near the chain end than near the chain center. 
In fact, there is a crossover point in the good solvent 
around 30% which is even below the overlap concentra- 
tion. Beyond 30%, the segment density is greater near 
the chain end than near the chain center. 

2. Photoisomerization in a Good Solvent. It is 
known that the photoisomerization rate of azo chro- 
mophores depends strongly on the free volume in 
chromophore's vicinity.13 The photoisomerization of 
azobenzene-labeled polystyrenes at specific sites was 
studied to investigate the microenvironments of polymer 
solutions as a function of polymer concentration and 
solvent power. Figures 3 illustrates W-vis  spectra of 
the dilute solution of the end-labeled polystyrene in 
toluene (0.23% by weight) as a function of photoisomer- 
ization at 34.8 "C. Other labeled polystyrenes and the 
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Figure 3. Change of W-visible spectra of EPS in toluene 
(0.23% by weight) as a function of photoisomerization at 34.8 
"C. From top to bottom, the number of flashes corresponds to 
0, 10, 30, 70, 110, 150, 230, and 310. 

probe in dilute toluene solution showed similar spectral 
changes with photoisomerization. As in the previous 

the absorption maximum for the trans isomer 
before irradiation was at 353 nm for the end and the 
side label, 375 nm for the center label, and 377 nm for 
the free probe. With an increasing number of irradia- 
tion flashes, the absorption peak of the trans isomer 
decreases, while the cis isomer absorption peak around 
325 nm increases. The absorption at 445 nm increases 
with irrradiation since the extinction coefficient at 455 
nm, due to the n - n* transition of the azo bond, is 
greater for the cis than for the trans isomer. The cis 
isomer content at the photostationary state is estimated 
as about 90% for all the labels and the probe, after 
subtraction of the cis peak from the trans peak. For 
the present analysis of the photoisomerization kinetics, 
only the first 50% of the reaction has been considered 
in order to reduce the error due to the contribution of 
the cis isomer. The following equations are used to 
analyze the kinetics of photois~merization.'~ 

= -At + const (1) 

(2) T(6)  = const - 1(6) =At 

Here 6 = D, - D and D, and D are the optical densities 
in the photostationary state and after t flashes, respec- 
tively, and A is equal to Zo~tcJy,, where Z, is the 
irradiation intensity, & is the quantum yield of photoi- 
somerization, et is the molar extinction coefficient of the 
trans isomer, and y, is the fraction of cis isomer at the 
photostationary state. The plots of Z'(6) vs t for the 
dilute solutions of all three labeled polystyrenes and free 
probe are illustrated in Figure 4. From the slopes of 
such plots, the relative rate constants of photoisomer- 
ization are obtained. Table 2 summarizes such rate 
constants for the three labels and the free probe in dilute 
solutions. These values are smaller than our previously 
reported probably due to  the lower intensity 
of the light source (I,) used for irradiation. However, 
the trend that the relative rates (A) appear to be greater 
for the center label and the free probe than for the end 
and side labels is still the same. This may be due to  
wavelength dependency of the flash lamp intensity and 
the transmittance characteristics of the interference 
filters. Also the similarity in the rates of photoisomer- 

0 100  200 

No. of Flashea 
Figure 4. Kinetic plots of photoisomerization of the azoben- 
zene-labeled polystyrenes and the free probe in dilute toluene 
solutions: (a) C-PS; (b) free probe; (c) E-PS; (d) S-PS. 

Polystyrenes and Free Probe in Dilute Toluene Solutions 
sample 102A (s-lP sample 102A (s-lP 

Table 2. Kinetic Parameters of Three Labeled 

c-PS 5.034 s-PS 0.783 
E-PS 1.308 probe 3.396 
A is the slope from Figure 4. 

2 . I  I I  , I  8 I 1  , ' I ,  I , ' , I  V I  I . ,  I ,  8 1  I V I  , I  I ,  

a~ 
1.5  

I 

0.5 

0 
0 5 0  100  1 5 0  200 250 300 350 

No. of Flashes 
Figure 6. Kinetic plots of photoisomerization of the end- 
labeled polystyrene in toluene at 34.8 "C as a function of 
polymer concentration: (a) 0.23%, (b) 15%, (c) 30%, (d) 35%, 
(e) 50% by weight. 

ization of the center label and the free probe shows that 
the rates of hindered rotation are similar around a bond 
in the middle of a polymer chain and in its low molecular 
weight analog, as clearly shown in Liao and Morawetz 
by the fluorescence excimer technique.6c 

Photoisomerization of the labels in moderately con- 
centrated solutions is found to be slower than the 
analogous process in dilute solutions. Figure 5 shows 
the kinetic plot of the photoisomerization of EPS in 
toluene at 34.8 "C as a function of concentration. While 
the kinetic plot of the dilute solution is linear, the plots 
of more concentrated solutions are strongly curved, 
suggesting a dispersion of the rate constant. 

To analyze a non-first-order behavior, a biphasic 
process consisting of fast and slow processes was fitted 
with the following equationsa 

(3) e-r(a) = ae-Ait + (1 - 

where t is the number of flashes, A1 and Az are the rate 
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NA is the Avogadro number, M ,  is the weight average 
molecular weight of the polymer, and R, is the radius 
of gyration. Equation 5 describes the relationship 
between R, and M ,  for polystyrene in benzene which 
is comparable to this system. 

The results in Figure 6 show that the segment 
densities near the chain center or the chain end in the 
concentration range up to  10% do not increase enough 
to interfere with the photoisomerization of the azoben- 
zene label. However, the azobenzene label attached as 
a side group experiences some difficulty in photoisomer- 
ization even before C* is reached. It is known that the 
chain dimension decreases with increasing concentra- 
tion even before the overlap concentration is reached.2 
Therefore, the photoisomerization of a side group may 
be affected by the chain contraction, leading to an 
increase in segment density near a side group. As 
mentioned in the Introduction, Hayashi et ale7 found 
that the degree of TICT phenomenon increased linearly 
with the length of side chain in a good solvent while it 
leveled off in a poor solvent. This trend was explained 
by the chain contraction in a poor solvent. According 
to the calculation of Torkelson et a1.,I6 the azobenzene 
chromophore requires an extra volume of 127 A3 in the 
vicinity of the probe for isomerization. This is a much 
larger volume (about 15 times) than that required for 
DMA to experience the TICT phenomenon. It is then 
not surprising that the side-labeled PS experiences some 
difficulty even below its C*. Since the azo chromophore 
attached to polystyrene as a side group is dangling from 
the chain backbone, it responds most sensitively to the 
change of local segmental density due to the chain 
contraction. 

In the concentration range above C*, a strong site 
dependency of photoisomerization is observed. The a 
values decrease monotonically with increasing concen- 
tration except for the free probe where not much change 
was observed. As indicated in Figure 6, the chain 
entanglement concentration (C,) for the free probe, EPS, 
and CPS is 23.2%, while it is 56.2% for SPS. The C, 
was calculated by the following equation:17 

1.1 

1 

0.9 

8 0.8 

0.7 

0.5 o . 6  0 6 1 0  20 30 4 0  5 0  60 

Conc. (glgCTo0) 
Figure 6. Changes in the fraction of the fast photoisomer- 
ization, a, as a function of concentration for the three labeled 
polystyrenes and the free probe in toluene at 34.8 "C: (a) free 
probe; (b) C-PS; (c) E-PS; (d) S-PS. C* and C, correspond to 
the free probe, C-PS, and E-PS cases, while C*, refers to the 
S-PS case. 

Table 3. Kinetic Parameters Based on Eq 3 
for Photoisomerization of End-Labeled PS in 

Toluene Solutions 

15 0.94 1.10 1.10 
30 0.86 1.28 1.10 
35 0.78 1.29 1.10 
50 0.75 1.20 1.10 

constants for the fast and slow processes, respectively, 
and a is the fraction of the fast species. When this 
equation is applied to dilute solutions in a good solvent, 
a is equal to 1 except for the SPS case, where a is 0.86. 
Therefore, the value for the SPS was normalized by the 
a value of the dilute solution in toluene. Table 3 
summarizes the kinetic parameters (a, A', andA2) based 
on eq 3 for the end label as a function of concentration 
at 34.8 "C. We note from Table 3 that the values ofAl 
and A2 differ by approximately 3 orders of magnitude 
and they remain constant with increasing polymer 
concentration within experimental error. The photoi- 
somerization results from the other labels and the free 
probe were also analyzed. The values of A1 and A2 are 
about the same order of magnitude for all the samples. 

Figure 6 shows the plot of a values as a function of 
the concentration for the three labels as well as the free 
probe in toluene at 34.8 "C. The free probe shows little 
reduction in photoisomerization in toluene up to 50% 
by weight of polymer. In this concentration range, the 
free probe which is dispersed uniformly in polymer 
solution could easily find free volume larger than the 
critical value required for trans - cis isomerization. 
However, the three labeled polymers show significant 
site dependency. Up to 10% solution in toluene, all 
three polymers experience little difficulty. It is worth 
noting that, as shown in Figure 6, the overlap concen- 
tration, C*, is 8.1% for the free probe, EPS, and CPS. 
For the SPS, due to its lower molecular weight, C* is 
17.0%. The overlapping concentration C* is estimated 
by eqs 415a and 5,15b where es is the density of solvent, 

(4) 

C, = M:@lM 

where Meo is the molecular weight between entangle- 
ments in a bulk polymer (18 000 for polystyrene), g is 
the polymer density, and M is the molecular weight of 
polymer. There is no abrupt change in a values at this 
concentration for the free probe, CPS, and EPS. For 
the SPS, the solution concentration does not extend 
above Ce. It is worth mentioning that the glass transi- 
tion temperature (T,) of a 50% polymer solution in 
toluene is about -100 "C. Therefore, the increase in 
Tg with increasing concentration has a negligible influ- 
ence on the photoisomerization behavior up to 50% by 
weighteSa 

There are at least two factors which contribute to the 
increase of the segment density near the azobenzene 
chromophore above C*. First, the chain contracts with 
increasing polymer concentration, and second, there are 
effects of intermolecular interactions or chain interpen- 
etration. On the basis of the screening principle of 
Edwards' and de Gennes,ls it appears that chain 
dimensions should approach their unperturbed values 
for many systems as the polymer volume fractions 
approach 0.05-0.20, independent of molecular weight. 
According to Graessley's c a l c ~ l a t i o n ~ ~  based on the 
above argument, the concentration C** over which the 
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Table 4. Intrinsic Viscosity of Polystyrene and the 
Percentage Volume Contraction Due to the Different 

Nature of the Solventa 

1.1  
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Figure 7. Changes of the fraction of the fast photoisomer- 
ization, a, as a function of concentration for the three labeled 
polystyrenes in cyclohexane at 34.8 "C: (a) E-PS; (b) C-PS; (c) 
s-PS. 

dimensions may be regarded as remaining essentially 
constant for the polystyrene-toluene system is 12.8 
g/dL corresponding to 15% by weight. Therefore, the 
effect of chain contraction with increasing concentration 
diminishes above 15% by weight, beyond which chain 
interpenetration dominates the segment-density in- 
crease. 

Among three chain sites, the chain center is least 
affected by increasing concentration, as illustrated in 
Figure 6. This suggests that the microenvironment is 
less crowded near the chain center than near the other 
sites in the concentration range studied. As confirmed 
by the computer simulation (Figure 1>, this may be due 
to the fact that the chain center is nearer to the center 
of mass, while the chain end is located much further 
from it. Thus, with increasing polymer concentration, 
the chain interpenetration starts from the outer shell 
of the chain dimension at which the chain end would 
be located with higher probability than would the chain 
center. Therefore, the chain center would be less 
crowded than the chain end with increasing concentra- 
tion, as confirmed by the molecular simulation results 
(Figure 2b). 

3. Photoisomerization in a 0 Solvent. All the 
characteristics of W-visible spectra before irradiation 
for the three labeled polystyrenes in cyclohexane at 34.8 
"C are quite similar to those for the corresponding 
samples in toluene. However, the photoisomerization 
behavior is quite different. Figure 7 shows the plot of 
a values as a function of concentration for the three 
labeled polystyrenes in cyclohexane at 34.8 "C. 

Consider first the initial data point of each label. As 
indicated in a values, the nonlinearity in photoisomer- 
ization behavior is observed in the center and the side 
labels even in dilute solution. This can be explained 
by the congested environment in the 0 condition. From 
the computer simulation (Figure 2a), it was shown that 
the segment density in a dilute regime was much higher 
in the 0 condition than in a good solvent. This conges- 
tion is due to the chain contraction, as explained in the 
following paragraph. As shown in Table 4, the volume 
change due to the different nature of the solvent was 
calculated on the basis of the Flory-Fox viscosity 
relationz0 and the intrinsic viscosity data from the 
literature.z1 From a rough calculation, it is shown that 
the volume of the chain in the 0 condition is shrunk to 
36% or to 24% for the two different molecular weights. 
The side label shows the most dramatic change in the 

M w  

90000 35000 ref 

  le ( U g )  (in cyclohexane, 0.246 0.153 21 

a3 = ((R2)/(Rg2)~)3/2 = [V ] / [ l J ]Q  1.573 1.320 20 

[VI (dug) (in toluene, 34.5 "C)  0.387 0.202 21 

34.5 "C) 

AV (%) = [(Vg - vQ)Ng] 100 
= (1 - (i/a3))100 36 24 

a V, = volume in toluene. VQ = volume in cyclohexane. 
a value due to the changing solvent even if the chain 
contraction was not greatest. Again, this result shows 
that the side chain is most sensitive to the chain 
contraction. 

According to perturbation theory,ll the change in the 
segment density due to the solvent power has a site 
dependency. The contraction of the polymer chain does 
not occur uniformly, but is greater in the outer shells 
than in the inner spaces. Therefore, the change in the 
microenvironment due to the solvent power is more 
severe in the vicinity of the chain ends than near the 
chain center. In dilute solution (the first data points), 
however, the chain ends in the 0 condition photoi- 
somerize as fast as in the good solvent, while the chain 
center experiences some difficulty. Even with the more 
severe contraction in the 0 solvent, the chain ends may 
still have a much less congested environment than the 
chain center, as supported by lower segment density 
values in the chain ends than in the chain center in 
Figure 2a. 

Consider now the concentration effect on a values. 
The a values decrease with increasing polymer concen- 
tration for all labels. In the 0 condition, the local 
segment density is affected only by the chain interpen- 
etration since the chain dimension remains constant 
throughout the whole range of polymer concentrations. 
In that sense, the chain ends and chain centers seem 
to experience the chain interpenetration to a similar 
extent since a decreases with a similar slope for the two 
sites. 

Another interesting result can be obtained by com- 
paring the a values in the two solvents. The a values 
in toluene (good solvent) are always greater than in 
cyclohexane (0 solvent). This reflects the lower seg- 
ment density at a given concentration near any site in 
a good solvent. This was confirmed by computer 
simulation. It is interesting to compare this result with 
that of Chang and MorawetzGb who found that the 
extent of chain interpenetration increased with increas- 
ing solvent power, as reflected by fluorescence energy 
transfer studies of mixtures of donor or acceptor tagged 
chains, suggesting that the lower segment density 
favored chain overlap in spite of the energetically 
unfavorable chain segment interaction. In our ap- 
proach, however, photoisomerization of azobenzene is 
subject to the segment density in the vicinity of the 
chromophore. Both the intramolecular effect of chain 
contraction and the intermolecular effect of interpen- 
etration affect the rate of photoisomerization. When the 
segment density is compared between a 0 solvent and 
a good solvent as in Figure 2a,b, it is greater up to 40% 
in the case of a 0 solvent. Therefore, it is reasonable 
to observe lower a values in a 0 solvent due to a more 
congested environment.22 
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