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ABSTRACT: The dynamic light scattering (DLS) technique was applied to polystyrene fractions of 
different molecular weights dissolved in the near-@ solvent trans-decahydronaphthalene and confined 
in a porous glass bead. Diffusion coefficients were measured for the polymer in the interior of the porous 
medium and in the surrounding free solution. Diffusion, when normalized to take into account solvent 
viscosity and temperature, was slower in the 0 solvent than in the good solvent 2-fluorotoluene, a result 
being ascribed to a stronger hydrodynamic interaction for a compact Gaussian chain in the pore channels 
than for a chain with excluded volume. At higher temperatures, the decrease in the reduced diffusivity 
was larger than expected for the increased radius of gyration of the polystyrene chain in the better solvent. 
At the same time, the DLS autocorrelation function exhibited a pronounced deviation from a single- 
exponential decay. Enhanced interaction between swelling polymer chains in the narrow pore channels 
is considered to  have increased the concentration coefficient of the friction coefficient for translational 
motion and thus to have resulted in the decrease of the diffusion coefficient at a low, but nonzero, polymer 
Concentration. 

Introduction 
Geometrically confined solvated polymer molecules, 

as for example in a porous medium, exhibit static and 
dynamic properties distinctly different from those in 
unrestricted geometries. The effect of confinement is 
prominent when the porous materials have a pore size 
comparable to the dimension of the polymer molecules. 

In recent years, the dynamics of polystyrene in a 
controlled pore glass has been intensively studied. 1-4 

Dynamic light scattering (DLS) experiments have been 
performed with a porous glass bead immersed in a 
solution containing polymer molecules.2 Index-match- 
ing of the solvent with silica, the solid phase of the 
porous medium, produced a situation in which the 
dissolved polymer was the only “observable” species in 
the porous medium as well as in the exterior solution. 
By these means, Bishop et a1.* and Guo et aL4 studied 
the dependence of the diffusion Coefficient of polymer 
chains in the porous medium on the chain dimension. 
The dependence on chain architecture was also studied 
using star-shaped polymers with different numbers of 
b r a n c h e ~ . ~  It was found that, compared at  the same 
hydrodynamic radius in free solutions, a star-shaped 
polymer with more branches undergoes a greater hin- 
drance effect from the pore walls. 

Application of DLS to the studies of dynamics of 
polymer chains confined in such porous media has been 
extended in the past few years to nondilute systems. 
The developments include (1) the measurement of 
mutual and cooperative diffusion coefficients of solvated 
polymer chains in a porous medium over a wider range 
of polymer concentrations5 and (2) the measurement of 
the tracer diffusion coefficient of probe polymer chains 
in a ternary solution confined in a porous medium as a 
function of the matrix polymer concentration In 
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the latter measurement, the matrix polymer was se- 
lected to be isorefractive with the solvent and silica. It 
was found6 that the concentration Coefficient k~~ in the 
expression for the tracer diffusion coefficient Dt G DO( 1 
+ kDtc,), where DO is the diffusion coefficient in the 
dilute solution limit, is much larger in the porous 
medium than in the external solution. The difference 
was ascribed to  a stronger interaction between polymer 
chains in the narrow, quasi-one-dimensional pore chan- 
nels. 

All the studies described above were carried out using 
a good solvent in which there is a net repulsion between 
chains. A positive second virial coefficient, Az, is as- 
sociated with the chain expansion in solution. The 
repulsion also contributes to an increase in the mutual 
diffusion Coefficient and a decrease in the self-diffusion 
coefficient as the polymer concentration increases. It 
is of interest to  study the diffusion of solvated polymer 
molecules in porous media when AS is a t  or near zero. 

In this contribution, we therefore report on the 
dynamics of solvated polymer chains within the porous 
medium in a 0 solvent using DLS. We take advantage 
of the fact that trans-decahydronaphthalene is nearly 
isorefractive with silica and is also a 0 solvent for 
polystyrene at  around 20 “C.: Comparison of the 
measured diffusion coefficient in the 0 solvent with that 
in a good solvent in the porous medium will reveal the 
effect of the chain compactness on mobility in the pore 
channels. We are also interested in how changes in the 
chain statistics as the temperature is raised and the 
solvent becomes better for polystyrene are manifested 
in the dynamics in the pore channels. 

Experimental Section 
Measurement System. The dynamic light scattering 

measurement system has been described e1sewhere.j The light 
source was a 5 mW He-Ne laser (i = 632.8 nm). Diffusion 
coefficients in the external solution were measured using a 
Model 1096 digital autocorrelator (Langley Ford Instruments, 
C‘oulter Electronics) that has 256 linearly spaced delay chan- 
nels. Diffusion coefficients in the porous glass bead were 
measured using a Model N4SD correlator (Coulter Electronics, 
wit.h 80 quasi-logarithmically spaced delay channels. The 
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absolute value of the normalized, baseline-subtracted electric 
field autocorrelation function gl ( t )  for a delay time t was 
analyzed in a second-order cumulant expansion: lngl(t) = -Tt + (p/2)t2, where r is the average decay rate and p is the 
variance. In the measurement of the light scattered from a 
porous glass bead that contains the polymer solution at various 
temperatures, the solvent could not always be completely 
index-matched to silica. We note that, in the expression of 
the diffusion coefficientt T / k 2  for the interior of the porous 
glass, the magnitude k of the scattering vector is still given 
by k = (4nniA) sin(O/2), where O is the scattering angle and n 
is the refractive index of the solvent at the wavelength I. at a 
given temperature. 

Samples. Four different molecular weight polystyrene 
standards (Pressure Chemical Co.) were used. The peak 
molecular weights M measured by size exclusion chromatog 
raphy are 4.89 x lo4, 9.82 x lo4, 1.69 x lo5, and 4.02 x lo5, 
and the polydispersity of the molecular weights is less than 
1.06 (manufacturer-supplied data). As a solvent that provides 
polystyrene with 0 conditions in an accessible temperature 
range and, at the same time, is nearly isorefractive with silica, 
we chose trans-decahydronaphthalene (TD). The refractive 
index n at 632.8 nm changes as a function of the absolute 
temperature T 7  

n = 1.4662 - 4.3 x 10-4(T - 293.15) 

The index-matching of TD with silica is optimized at tempera- 
tures around 40 "C. The viscosity vs  (cP) of TD changes as8 

log qs = -1.5844 + 443.20/(T - 61.638) 

The porous glass beads were supplied by Shell Development 
Co. and are coded as S980G1.5. The solid phase is silica. The 
nominal pore radius is 250 A, and the pore volume is 1.0 cm3/ 
g. Adsorption of polystyrene onto the pore walls was avoided 
by careful silanization of the glass that replaces surface 
hydroxyl groups by trimethylsilanyl groups. 

Concentrations c of polystyrene in TD were 0.43,0.28,0.20, 
and 0.14 wt 9% for the four samples in increasing order of the 
molecular weight. The respective reduced concentrations c/c* 
are 0.047, 0.043, 0.041, and 0.044, at 20 "C. Here the overlap 
concentration c* is defined by C * ( ~ ~ ' ~ R ~ ) :  = M/", where N A  is 
Avogadro's number and R, is the radius of gyration of the 
polymer. We estimated R, from the reported value7 of 128 A 
for polystyrene of molecular weight 1.79 x lo5 in TD at 20 "C 
and the relation R, 0; M1I2. 

After complete dissolution, the polymer solution was filtered 
through a 0.2 pm Millipore Teflon filter at least three times 
and then poured into a Pyrex test tube that held a porous glass 
bead at its center. At least a week was allowed to equilibrate 
the solvated polymer between the interior of the porous glass 
and the exterior. The test tube was held in a vat filled with 
temperature-controlled decahydronaphthalene for at least 24 
h before the DLS measurements were conducted at different 
scattering angles (15.8, 25.5, and 35.3"). When the tempera- 
ture of the vat was changed, a further 24 h of re-equilibration 
was used before measurements. 

Results and Discussion 
Molecular Weight Dependence. The 0 tempera- 

ture of polystyrene in TD is about 20.5 "Ce7 In the 
present measurements, the diffusion coefficients Df and 
D, of polystyrene in the external free solution and in 
the interior of a porous glass bead for different molecu- 
lar weights at 23.8 "C were obtained. The DLS auto- 
correlation functions observed were close to a single- 
exponential decay for the external solution data. In the 
curve-fitting by a cumulant expansion for the data 
points in the range lngl(t) 2 -3, p/r2 was typically less 
than 0.025 at the three scattering angles. The auto- 
correlation functions for data obtained for the interior 
of the glass beads showed a deviation from a single- 
exponential decay. In the curve-fitting for the data in 
the range In gl(ti L -3, ,urn2 reached a value as large 
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Figure 1. Diffusion coefficients of polystyrene Df and D, in 
trans-decahydronaphthalene at 23.8 "C in the external free 
solution and in the porous glass bead, respectively, plotted as 
a function of the molecular weight M .  The straight line shows 
the best fit of Df by the power law Df = M-O 49. 
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Figure 2. Reduced diffusion coefficients q&4kBT and q&d 
KBT in the exterior solution and in the interior of a porous glass 
bead, respectively. Closed symbols were obtained from the 
measurements for polystyrene in trans-decahydronaphthalene 
at 23.8 "C (a near-@ condition). Open symbols are for 
polystyrene in 2-fluorotoluene at 34.8 "C (a good solvent). 

as 0.07, but the fitting was reasonably good in the range. 
The diffusion coefficients Df and D, were calculated from 
the relationship between r and k2 (see Figure 1). It was 
found that the exterior diffusion coefficients Df depended 
on M as Df M-0.49. The exponent is close to -0.5, a 
result indicating that the system is in a near-@ condi- 
tion. We also note that the diffusion coefficient D, for 
the polystyrene in the porous medium decreases much 
more rapidly than Df does as the length of the chain 
increases. 

We may compare the diffusion Coefficients of polysty- 
rene in a near-@ condition (at 23.8 "C in TD) with those 
for the same polymer in a good solvent (Le., at 34.8 "C 
in 2-fluorotoluene, 2FT;6 vs = 0.569 cP; measured at ck" 
zz 0.29). Reduced diffusion coefficients @dkBT and 
y & / k B T ,  where k g  is the Boltzmann constant, in the 
free solution and in the interior of a porous glass bead 
are plotted as a function of M in Figure 2. A diffusant 
of hydrodynamic radius RH should obey the relation 
q&-/kBT = 1 / 6 n R ~  in the dilute solution limit. Closed 
and open symbols in the figure represent the reduced 
diffusion coefficients in the 0 and in the good solvent, 
respectively. The hydrodynamic radius RH in the 0 
solvent is approximately given by 0.0254M0.490 [nml, 
which is favorably compared with the reported formulalo 
in cyclohexane at 34.5 "C,  0.0200M0.508 [nml. 

Compared at the same molecular weight, v&!kBT is 
larger in the 0 solvent than in the good solvent; the 
hydrodynamic radius is of course smaller in the former. 
As M increases, @tfkBT decreases both in the 0 and 
in the good solvent, but the relative difference increases. 
The decrease in r@tfkBT for polystyrene in the 0 
solvent is slower because of the difference in chain 
statistics. We note that the reduced diffusion coef- 
ficients plotted here have not been extrapolated to zero 
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concentration. In the dilute solution range, D,  is 
expressed as Df = Dfjji1 - K D ~ C I .  where Dnj is the 7ero- 
concentration asymptote and kur  = 24fl - K b  i 

Here kF is the first-order concentration coefficient of the 
friction coefficient of the diffusant f =- f i )(  1 - kp 1. sv\.:tii 
fo  being its asymptote, and 1' 13 the specific volume oi 
the polymer. When extrapolated. tj,J)JkBT in the good 
solvent will be only slightly smaller The cxtrapolation 
for the 0 solvent measurements will not make an 
appreciable difference, because A2 disappears and thc 
contribution of the hydrodynamic volume alone l o  kk 1.. 

not large." l 3  Thus the difference in rlJl~~jk~jT between 
good and (3 solvents will be larger than in i l&fkRT The 
molecular weight dependence of VsDrJhRT measured at  
a constant reduced concentration c k  ' is expected to be 
only weakly affected by nonzero concentration Using 
the results by Huber et a1 - L V P ' ' 1 2  in a good 
solvent (toluene, 20 "C j and k + ~  JV"''L4 in a 0 solvent 
(cyclohexane, 34 5 C 1 'Thus the above discussion 
concerning measurements of' r/QfikBT at finite concen- 
trations will apply to the zern-concentration asymptotcq 
essentially unchanged 

The reduced diffusion coefficient )@dkBT f'oi poiy- 
styrene in the porous medium shows a different ten- 
dency, rQJkRT is smaller in the (-> solvent for the four 
molecular weights Again, we examine the effect of 
measurements a t  nonzero concentrations Our previou~ 
studies; on the concentration dependence of r / J ~ l / k ~ l T  
in a good solvent show that D, at  c/c = 0.2 is nc3arly 
equal to  its zero-concentration asymptote. The depen- 
dence of rl&dkBT on concentration is expected to  be 
weak also in the 0 solvent because A2 = 0, rendering 
the concentration coefficient of D,  small for diffusion 
in the pore channels. As we discuss below, a relativrly 
small for the 0 solvent Ineasurenientb 1 compared 
with that for higher temperatures i also supports a small 
effect of finite concentrations 

We find that a Gaussian unperturbed chain that i q  

more compact than an expanded chain in free solution 
experiences a larger frictional retardation in the pore 
channels This result IS in agreement with the report' 
that the hindrance effect of the pore channels on a 
diffusion is larger for a star-shaped polyisoprene that 
has more branches and hence is more compact In 
addition to its inherent compactness. a Gaussian chain 
gains in monomer density when it is placed in it 
cylindrical pore channel. A high density of monomer 
units transverse to the pore diameter will help to  
increase the hydrodynamic interaction among such 
monomers as well as with the solid pore walls The high 
density 15 explained as  followh il Gaussian chain will 
be represented by a trajectory of a random walk. Ypon 
impinging on the pore wall. the random walk is simpli 
reflected back l4 l 5  The change in the coordinate of the 
walker appears in the radial component onlv The 
component parallel to  the pore experiences n o  change 
This why the dimension of a Gaussian chain along 
the pore does not change with confinement l 4  l 5  whereas 
the monomer density acros? the cross section of the pore 
increases In contrast, an excluded volume chain readih 
adopts a conformation extending along the channel 

Temperature Dependence. As the temperature 
increases, TD changes fi-om i i  0 to a relativelb good 
solvent. Autocorrelation functions for the polqstj rene 
fraction of molecular weight M = .f 89 x I O '  werc 
measured in the exterior free solution and in tliu interior 
of the porous glass bead in f he temperaturc: range 16 2 
60 0 'I' We note that  the autocorrelation functions for 
the mlution in the interior ot the giass bead showed a 
greatFw deviation from , -inqlcb--Pxponer 
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Figure 3. Diffusion coefficients Df and D, of polystyrene of 
molecular weight 4 89 x lo4 in trans-decahydronaphthalene 
in the external free solution and in the porous glass bead. 
respectively, measured as a function of temperature The 0 
temperature of the solvent 1s near 20 5 "C 

higher temperatures. The deviation was larger at a 
higher scattering angle. We limited the range of the 
data points for the second-cumulant fitting to lngl(tj 2 
- -  1.5 to obtain a reasonable fit in the range. It is not 
certain whether gl ( t !  approaches a single-exponential 
decay pattern at  long times; a greater mismatch in the 
refractive indices between TD and silica a t  higher 
temperatures hampered accurate measurements, in 
particular, those of baseline levels a t  long delay times. 

Diffusion coefficients Df and D, in the free solution 
and in the porous glass bead are plotted against 
temperature in Figure 3. The hydrodynamic radius RH 
of the polymer calculated assuming Df at 0.43 wt c/; 
polymer concentration to  be equal to  that in the dilute 
solution limit does not exhibit a temperature depen- 
dence. This result is expectedIG when we consider the 
small magnitude of the parameter1:.18 NIN, = (M/416) 
x I i T - To )/TI2 = 1.65 at  60 "C i To is the 0 tempera- 
tturei. This parameter expresses the chain length N 
relative t o  a cutoff iV, that separates Gaussian and 
excluded volume chains. As N/NT exceeds ca. 10, the 
solvent can be qualified as a good solvent for the 
polymer. and chain swelling occurs.17,1R Furthermore, 
the temperature-induced increase in RH is slower than 

Because of the low molecular weight of 
polystyrene fraction used here, even at  the highest 
temperature studied a solvent condition is not suf- 
ficiently good to  expand K H .  

The increase in D, is slower than Df, especially at high 
temperatures. This may appear natural because we 
expect an increase in chain size R, to some degree as 
TD becomes a better solvent for polystyrene. In the 
following, we examine whether the slower increase in 
Di, is due to the increase in R, and hence to a more 
pronounced confinement effect. It is knowni7J8 that the 
chain expansion Factor. defined as a ratio of R, to  its 
value at the E) temperature, lies on a master curve. 
given as a function of NINT, for polystyrenes of different 
molecular weights at various temperatures above TC-1, 
The master curvei9 enables us to estimate the expansion 
factor for polystyrene of different molecular weights at 
temperatures above 20.5 "C. The values of R, for 
different molecular weights a t  20.5 "C were estjmated 
xsing the relationship R, 0~ M1;'2 and R, = 128 A for M 

10:' reported in the literature.' Combining the 
expansion factor and the estimated R, at 20.5 "C. we 
rvwluateci 12, at higher temperatures. 

'To compare diffusivity in the pore channels between 
polystyrene of M = 4.89 i lo4  at  various temperatures 
above TG, and poiystyrene of the four different molecular 
,\,eights at 23.8 'C. we have plotted in Figure 4 (open 

I n g b  r ind  C ! ~ J X ~  squares i ?/,d)p&i3T as a hnction of' 

1.79 
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temperatures has caused the downward deviation in the 
reduced diffusion coefficient 1;I&fkBT as well as the 
deviation in the autocorrelation function from a single- 
exponential decay. A further study on the concentration 
dependence at  different temperatures will elucidate 
detailed characteristics of chain interaction in the pore 
channels. 

Autocorrelation functions for polystyrenes of higher 
molecular weights ( M  = 9.82 x lo4, 1.69 x lo5, and 4.02 
x lo5) in the porous medium at  temperatures higher 
than 25 "C also showed a substantial deviation from a 
single-exponential decay. The deviations were larger 
than those for polystyrene of M = 4.89 x lo4. We could 
not obtain reasonable decay rates in the autocorrelation 
functions before the latter decayed t o  a level indistin- 
guishable from the background, which is relatively high 
for the index-mismatched system. This observation is 
in agreement with the strong chain-chain interaction 
in the pore channels described earlier. As M increases 
and the chain dimension becomes larger, the interaction 
further increases to make k F  even larger. 

Conclusion 

The measurement of the diffusion coefficient for 
polystyrene in 0 solvent in a porous medium has shown 
that the hindrance effect due to the pore walls is larger 
for a Gaussian chain than for an excluded volume chain. 
Further, enhanced interactions between polymer chains 
in the narrow pore channels appear to have reduced the 
diffusion coefficient a t  finite concentrations, especially 
a t  higher temperatures. The second effect is in agree- 
ment with our previous findings6 for the tracer diffision 
of polystyrene in a good solvent. 

the R, in free solution. As the temperature increases, 
data points indicated by triangles deviate downward 
from a line drawn for the molecular weight dependence. 
Compared at the same R, in free solution, the diffusivity 
in the pore channels is smaller a t  higher temperatures, 
although the solvent TD becomes a better solvent for 
polystyrene. For reference, we included in the figure 
?@dkBT for polystyrene in 2FT plotted against R, 
calculated using R, zz 1.562(k~T/6q&)?~ where Df was 
measured at  c/c* s 0.2. Note that the data points for 
VsDdkBT measured in the good solvent 2FT (open 
squares) lie above the straight line in Figure 4 (see also 
Figure 2). We therefore conclude that the slower 
decrease in D, a t  higher temperatures is not due t o  
simple expansion of the polystyrene chain. 

Nose and Chu7 reported that in free solution, the 
concentration coefficient kF in the friction coefficient of 
polystyrene molecules in TD is positive and increases 
as the temperature increases between 20 and 40 "C. The 
magnitude of kF is large enough to offset a slightly 
positive 2A& in kDf  = 2A& - k F  - V .  Thus kDf is 
negative even at  temperatures higher than the 0 
temperature. 

We have shown in our recent contribution6 that kF is 
increased in the narrow, quasi-one-dimensional pore 
channels. This was manifested as a sharp decrease in 
the tracer diffusion coefficient and as a deviation of the 
autocorrelation function from a single-exponential decay 
when the concentration of the matrix polymer was 
increased in the exterior of a porous medium, leading 
to  a small increase in the internal concentration. When 
we combine the increase in k F  for polystyrene in free 
solution at  higher temperatures and the enhancement 
of k F  in the pore channels, we find that k~ becomes 
larger in the porous medium at  higher temperatures. 
The osmotic pressure contribution A& in the cor- 
responding expression of kD, for D, is expected to be 
minimized in the pore channels, especially for a larger 
chain dimension. Therefore, kD, should be negative, and 
its absolute value should be larger in the pore than in 
the free solution and should increase as the temperature 
rises. Furthermore, the increase in the osmotic pres- 
sure in the external free solution as the temperature 
rises will have resulted in an increased polymer con- 
centration in the porous m e d i ~ m . ~  Then, the decrease 
in the diffusion coefficient D, measured at a finite 
exterior concentration from that in the dilute solution 
limit should be larger in the pore, especially a t  elevated 
temperatures. We may conclude that the enhanced 
interaction between chains in the pores in TD at  higher 
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