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ABSTRACT The diffusion of polystyrene molecules inside controlled pore glasses with inert pore walls was 
investigated by the technique of dynamic light scattering over a wide range of concentrations of dissolved 
polystyrene in solutions in equilibrium with the porous glasses immersed in them. Index-matching of the 
solvent to the silica glasses effectively facilitates the acquisition of information on the dynamics of polymer 
chains inside the pore network without being compromised by multiple scattering of photons. When the 
solute concentration outside the pore is much smaller than the overlap Concentration Y*, the apparent diffusion 
coefficient D,, of polymers within the pore shows little dependence on concentration, a result indicating 
the realization of a well-defined dilute regime inside the pore. As the outside concentration increasea and 
approaches Y*, D,,rapidly increases. This tendency is more pronounced for polystyrene samples that have 
higher molecular weights and are predictedto have a lower partition coefficient and hence a lower concentration 
inside the pore. With further increases of concentration beyond Y*, D,, approaches the apparent diffusion 
coefficient outside the pore. Moreover, D,, becomes almost the same for the three different molecular 
weights of polystyrene fractions studied and depends primarily on the weight concentration of the solute 
outside the pore. These features are typical of a semidilute solution regime for flexible polymers characterized 
by a correlation length [ for monomer concentration fluctuations. The value of [ calculated from D,, is much 
smaller than the pore radius. The rapid increase in the diffusion coefficient is ascribed to a drastic increase 
of the polymer concentration inside the pore, which results from an equilibration of the chemical potential 
of the polymer molecule between the interior of the pore and the exterior. Thus, when the concentration 
exceeds Y*, the osmotic pressure outside the pore increases rapidly and hence the chain tends to be squeezed 
into a pore even at  the expense of reduced entropy. We present a quantitative analysis of this highly nonlinear 
partitioning of polymer molecules. 

Introduction 

The statics and dynamics of polymer chains in a 
confining geometry such as a porous medium have 
attracted increased interest in recent years because of the 
wide range of applications of porous media, e.g., to 
catalysts, chromatography, and membrane filtration. 
Interest has been focused on the interplay between a 
characteristic length of the polymeric system and that of 
the porous medium. The porous medium provides the 
polymers with geometrical hindrance including excluded- 
volume effects and hydrodynamic interactions as well as 
various kinds of surface-specific interactions. It is im- 
portant, as a basis of the applications, to understand which 
of these interactions is responsible for specific equilibrium 
and transport properties that we obtain or expect to obtain 
from the porous medium. It should also be noted that an 
increasing variety of porous media with different materials, 
processing, and pore architectures is becoming available 
and is being applied to secondary products, often without 
a thorough comprehension of the properties and structures 
of the media. 

The study of polymer solutions in porous media, on 
which we report in this contribution, is not new. Size- 
exclusion chromatography1I2 (SEC) has been widely used 
to characterize a molecular weight distribution of polymers 
and to prepare polymer fractions from a polydisperse 
samph2a Ae porous media, either chemically cross-linked 
gels fully swollen with solvent or silica glass fragments 
composed of a highly interconnected network of pore and 
a solid silica phase have been used to provide geometrical 
restrictions of the polymer molecule. In either porous 
medium, the principle of SEC is based on a difference of 
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the partition coefficient between the interior of the pore 
and the exterior by varying the size of the polymer chains 
in solution. SEC works well once it is calibrated. However, 
we do not have, even now, enough information on the 
mechanisms of SEC as the basis for further improvement 
of the technique. 

The studiesclg of the dynamics of polymer molecules 
inside the pore have been focused so far on the extent of 
reduction in the diffusion coefficient of the polymer 
molecule compared with that in free solutions and on the 
dependence of this reduction on polymer chain length and 
pore size. Transport properties of polymer molecules 
through track-etched membranes that have straight cy- 
lindrical pores ac rw  their thickness were inveetigated.wJ1 
Without exception the transport was found to become 
slower as the size of the polymer chain becomes larger. It 
was also found that star-branched polymers exhibited flow 
characteristics well explained by existing theories20 for 
hard spheres but the transport of linear-chain polymers 
were less restricted than star-branched polymers of the 
same coil radius itl free solutions.7 The effect of convection 
on the transport coefficient was also st~died.~OJg 

employed the technique of 
dynamic light scattering (DLS) to observe the motion of 
polymer molecules in a small  volume inside the pore fiied 
with polymer solution. This technique utilizes the ad- 
vantage of index-matching of the solvent to the porous 
glass, thus enabling us to detect the motion of polymers 
without interference from the .multiple scattering of 
photons.13 DLS has an advantage in that it observes 
directly a small portion of polymer solutions inside the 
pore that is quiescent and in equilibrium with the solutions 
outside the pore. It was found that the polymer molecules 
follow diffusion dynamics in highly connected networks 
of pores and that the diffusion coefficient drastically 
reduces as the coil radius exceeds the pore radius. 

Recently our 
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The concentration dependence of the diffusion coeffi- 
cient inside the pore has also been studied13J4 using DLS 
for solutions much more dilute than the overlap concen- 
tration. The concentration dependence of the diffusion 
coefficient was found to be greater in the interior of the 
pore than in the exterior. This greater concentration 
dependence was ascribed to an enhanced interaction 
between chains in a narrow channel of low dimensional- 

A similar phenomenon was reportedly observed in 
membrane transport of polymer molecules in s0lutiom?~~9**~ 
A transition behavior in the transport coefficient was found 
with increases of the polymer concentration. Transport 
in the semidilute solution became as much as 2 orders of 
magnitude faster than for the dilute solution case. This 
enhancement was ascribed to the increase in the osmotic 
pressure. 

In this contribution, we report on the dynamics of linear- 
chain polymers inside a porous glass bead over a wide 
range of concentrations of polymer solutions in contact 
with the porous glass. There are at least two relevant 
aspects of the concentration effect on the dynamics of 
polymer chains in the pore. 

The first is an effect of low dimensionality on the 
dynamics as proposed by Bishop et al.13 In free solutions 
in three dimensions, macromolecules in a good solvent 
exert a repulsive force on each other, which results in an 
increased mutual diffusion coefficient as the concentration 
increases. Inside pores this effect is expected to be more 
prominent when the polymer size becomes comparable to 
or larger than the pore size. 

The second aspect is a poesible nonlinear partitioning 
of polymer chains between the interior of the pore and the 
exterior. A deviation from the proportionality between 
the polymer concentration in the interior and that in the 
exterior is here referred to as a nonlinear partitioning. 
The first studies of this nonlinear effectz1tz2 were based on 
the idea that chain contraction in the semidilute regime 
might increase the partition coefficient. Then the effect 
was studied in computer simulati0ns23-~~ and in experi- 
ment@ for polymer chains in the range below the overlap 
concentration. The studies found that the partition 
coefficient incream as the polymer concentration increases 
and that the increase is larger for a longer polymer chain. 
The concentration effect should be drastic in a more 
concentrated range. Ae predicted by Brochard et al.2733 
for polymer chains with extension much larger than the 
pore size, the partitioning between the interior of the pore 
and the exterior should exhibit a transition from a weak 
to a strong penetration regime as the concentration outside 
the pore exceeds a threshold value. If thia transition also 
applies to polymer chains not so large relative to pore size 
(this condition is necessary so that there is a reasonable 
number of polymer molecules inside the pore when the 
concentration outside is dilute), then we should be able 
to observe the transition by DLS. It is well-known*33 
that in bulk solution the autocorrelation function of the 
concentration fluctuations observed in DLS shows a 
crossover from that corresponding to a mutual diffusion 
to that related to the cooperative dynamica of local 
concentration fluctuations aa the solute concentration 
exceeds the overlap concentration. It is of interest to 
observe the counterpart in polymer sdutiom within the 
pore. For example, such a transition might lead to an 
explanation of the "overload" effect in SEC in which the 
retention time displays a tail at longer times when the 
concentration of the injected sample is too high. 

ity.13.14 
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The organization of this contribution ie as follows. First, 
we present the theoretical background on the diffusion 
coefficient observed in DLS for free polymer solutions 
and on the static properties of polymers in the pore. Then 
we explain details of sample preparation, the DLS 
experiment, and data analysis. We show experimental 
results for polystyrene samples of three different molecular 
weights. The results, which cover a wide range of 
concentrations including the overlap concentration, will 
be shown separately for free Solutions and for Solutions in 
porous glasses. Having discussed the apparent diffusion 
coefficient of polymer solutions in the interior and the 
exterior of the pore, we propose a quantitative theory for 
the partition coefficient over a wide range of concentrations 
and compare it with the experimental results. 

Theoretical Background 
Diffusion Coefficient in Free Solutions. Polymers 

in good solvents exhibit different dynamic properties in 
dilute, v << v*, and semidilute, v >> v*, regimes, where Y is 
the polymer concentration, Le., number of polymer mol- 
ecules per unit volume, and v* is the overlap concentration 
defined by34 

v*(.\r2Rg)3 = 1 t 1) 
where R, is the radius of gyration of the polymer molecule. 
Slightly different numerical coefficients have been used 
to define v*. The definition here gives a radius about 48% 
larger than the value defined by the other.commonly used 
equation (4aI 3)Rp3v* = 1.33135 We employ the definition 
of eq 1 for consistency in the later parts of this contribution. 

The dynamic light scattering experiment directly ob- 
serves concentration fluctuations in k-space, where k is 
the relevant wavevector. From the experimental results 
of DLS on a polymeric system, we can determine whether 
the system follows a diffusion equation or not. The 
criterion is whether the initial decay constant r(k) in the 
autocorrelation function (defined later) is proportional to 
k2 in the long wavelength limit to produce the apparent 
diffusion coefficient Da p, i.e., whether Dapp l i m m  
(I'(k)/k2) exists or not. 8ee a textbookN for derivation of 
this relation. 

The picture of concentration fluctuation is different 
between dilute and semidilute regimes, and therefore the 
meaning of D,, depends on the concentration range. When 
v << v*, on the one hand, the fluctuation refers to the center 
of mass position of the chain in the long wavelength limit: 
lkp, << 1. The apparent diffusion coefficient Dam is then 
identified as the mutual diffusion coefficient D m  of the 
center of mass. They are related by Da (1 - + ) D m , s  
where 4 is the volume fraction occupiec! by the polymer 
molecules in the solution. The correction due to solvent 
b a ~ k t l o w ~ ~ ~ ~  is negligible; Le., 1 - 4 = 1 when v e Y*. 

In the dilute solution limit, the mutual diffusion 
coefficient reduces to the self-diffusion coefficient DO of 
an isolated polymer molecule, i.e. 

where k g  is the Boltzmann constant, T is the abeolute 
temperature, tl is the solvent viscosity, and RH is the 
hydrodynamic radius of the polymer molecule. To relate 
RH to the radius of gyration R,, it is convenient to employ 
an expression obtained by Oono and Kohmotow for an 
isolated chain in a good solvent on the basis of renor- 
malization group theory: DO = 0.2030kBT/(fiqR,).  
Together with eq 2, we find that R,lRH = 1.662. Another 
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characteristic length is the root mean square of the end- 
b e n d  distance RF, which is related to R, by RdR, = 
2.610.'O4 

A deviation of D, from DO when Y/V* << 1 is usually 
expreeaed in linear form: 

D, = Do(1+ ~ , Y / u * )  (3) 
The coefficient k D  is usually positive for polymer molecules 
in good solvent. 

When Y >> Y*, on the other hand, the chains are 
overlapped, and the correlation length 4 of the concen- 
tration fluctuation is smaller than the coil radius. Note 
that 4 is a function of the monomer concentration p alone 
(p  = Nu, with Nbeing the number of monomers in a chain). 
The apparent diffusion coefficient is then related to a 
cooperative diffusion coefficient Dc: 

(4) 

Scaling arguments yield 

with the exponent 3e = 0.75 for polymers in a good solvent 
in the semidilute regime (p << 1). In the 8 solvent this 
exponent is 0.6. If the chains are not sufficiently long or 
if the solvent is not ugood" enough, then the exponents 
obtained in the DLS experiments are smaller than 0.75.% 

Polymer Chains in a Pore. When a porous medium 
is in contact with a solution containing polymer molecules, 
the vaaant space of the medium (Le., the pore space) is 
filled with the polymer solution. The concentration Um of 
the polymer inside the pore is always smaller than the 
concentration uout in the bulk solution. The inner walls 
of the porous medium can often be aseumed to be inert, 
which means that there is no adsorption of polymer chains 
onto the wall. When uout << Y* and the interaction between 
different chains is negligible, uin is proportional to uout 
(linear partitioning). In the dilute limit, the partition 
coefficient PI defied by PI = uPIuOu,Ut reduces to a value PO 
determined purely by a decrease of entropy AS of the 
polymer chain confiied in the pore with respect to the 
chain in the bulk solution: 

pI = p0 = exp(-AS/kB) (6) 
From the definition, A S  is determined by the number of 
conformations available to the polymer chains in the 
interior of the pore compared with that in the exterior. 
An exact formulation for po was carried out for a 

Gaussian c0i142 and some geometrically simple rigid 
bodiesu in a straight cylindrical pore that mimica the pore 
in controlled pore glasses at least over a short distance. 
Casasea'2 obtained PO for a Gaussian coil with a radius of 
gyration R, confined in a cylinder with radius Rp: 

€ - P-x (5) 

Po = fP@gmP)  (7) 
where 

where Bm (m = 1,2, ...I is the mth root of the zeroth-order 
B e d  function Jo(@) = 0. A numerical calculation gives 
fp(1) = 0.0022, for example. 

For a real chain in a good solvent, however, a scaling 
theoryn*28*u*6 has been presented so far only for a chain 
with an extension much larger than the pore size. The 
scope of our present work is for polymer chains that have 
extensions not too large compared with the pore sim and 
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hence do not qualify as chains to which the scaling theory 
is expected to apply. The theoretical argument we develop 
later in this contribution, however, does have some results 
in common with the scaling theory. Therefore, we briefly 
review the results of the scaling theory. 

1. A polymer chain is considered to coneiet of N 
monomers of size a. For a chain with the end-bend 
distance RF = aIWS >> dp, where dp = 2Rp is the pore 
diameter, the partition coefficient is given as In PO 2: 

2. The chain is elongated in the pore like an array of 
blobs of diameter dp. The extension along the pore Ri is 
given as 

-N( a/dp) '1'. 

R,, "I ~ N ( a l d ~ ) ~ / '  (9) 
3. Overlapping of chains in the pore occurs when the 

cylinder is filled with rods of length Ri. Overlap monomer 
concentration pin* (number of monomers per unit volume 
of pore space) inside the pore does not depend on N pin* 
z N/(dp2RII) = a"(~/dp)'/~.  

4. The correlation length 4 is independent of N in the 
pore when pin > pin* and given as € 2: dp(pin*/pin)3l4. 

5. The osmotic pressure II in the pore has the same 
dependence on the filling ratio & = phaa as that in the 
bulk solution: 11 = (k~T/a~)4in~l'. 

6. The partition coefficient shows a transition from a 
weak to a strong penetration regime as the polymer 
concentration uout of the bulk solution in equilibrium with 
the pore exceeds vi*. This threshold concentration is given 
by the condition that the correlation length outside the 
pore be comparable to the pore diameter. Note that in 
terms of monomer concentration pin* 1 pout* always holds 
for a varying chain length, because pin* = pout* for a chain 
with RF I dp, and pout* scales as while pin* does not 
depend on RF for a chain with RF 2 dp. 

Experimental Section 
Dynamic Light Scattering Measurements. Dynamic light 

scattering measurements were performed by using a 6-mW He- 
Ne laser (Melles-Griot) as the light source. The laeer beam was 
focused on the center of a test tube that held the sample solution 
and the porous glam bead. The cell holder was constructad to 
allow the measurement of light intensity scattered at  several 
different fixed angles between 16O and 166O with mea tilted by 
5 O  from the horizontal to diminish stray light. The autocorre- 
lation function (ACF) of the photon-counting pulee was measured 
using a Langley-Ford Instruments Model 1096 digital correlator 
(Coulter Electronics) equipped with a 4bi t  correlator of 266 main 
channels equally spaced by the sampling time At. An additional 
16 channels can be delayed by 1024At with reference to the main 
channels for measurement of the base line. 

The photon-counting signal from the free solutions of polymers 
at  a scattering vector k gives the intensity ACF C(k,t) for the 
delay time t in the homodyne (or self-beating) conf i ia t ion  as 
C(k,t) = B[1 + f~0gl~(k,t)] ,  where B is the base-line value, ~ H O  
is a coherence factor smaller than unity, and gl(k,t) is related to 
the normalized electric field correlation function gE(k,t) by a 
Siegert relation gl(k,t) = kE(k,t)l." The magnitude of k is 
expressed as k = IkI = (4rnlX) sin (19/2), where IZ is the refractive 
indexofthesolvent (1.471 at40.7OC),Athewavelengthofinudent 
beam in vacuum (632.8 nm), and 0 the scattering angle. 

In the DLS measurement of the chain dynamica h i d e  the 
pore, a technique of index-matching between the eilica glass and 
the solvent was used to eliminate multiple scattering events.l* 
The photon stream coming from the porous glass bead immersed 
in the polymer solution comprises two componente. One is a 
photon flux scattered by the immobile silica glass. The other is 
a photon flux scattered by the polymer molecule moving in the 
immobile network of the porous g h .  Even in the optimal 
condition of index-matching between the silica and the mlvent, 
the scattered light comes mostly from the silica in the poroue 
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cylinder, parallel-plane slit, and sphere. The porous glaaaes used 
have a much more complicated and random network structure. 
Moreover, the partition coefficient depends on the concentration 
of polymers outside the pore, as will be discussed later in this 
contribution. 

Data Analysis. Diffusion Coefficients of the polystyrene 
fraction in free solution were measured at three scattering 
angles: 15.8') 25.5',and35.304 Thesamplingtime At wasseleded 
so that In glz(k,30At) = -3 to ensure a stable base-line level in 
the last several of the main channels and in the delayed 16 
channels. The data were analyzed by curve-fitting In gl(k,t) to 
a second-order cumulant, Le., -rt + (1/2)p2t2, where r and p2 are 
the mean and the variance of the decay rate. Selection of the 
base-line level, either the average of the delayed 16 channels or 
that using channels 241 to 256, did not alter I' or ~2 eignificantly. 
Using the values of r(k) for the three scattering angles, we 
obtained the diffusion coefficients D,, for bulk solutions at 
selected polymer concentrations. 

For the polymer chains inside the pores, ACFs were measured 
at  angles 15.8' and 25.5' for samples PS949 and PS170 and at  
angles 15.8', 25.5O, and 35.3' for sample PS035. The purpose 
of our measurements was to obtain the diffusion coefficients in 
the small k limit. The values of lkpp at these three angles are 
0.11,0.18, and0.24, respectively,and therefore the ACFsobtained 
characterize the dynamics over a distance at least several times 
the pore radius. The ACFs measured at scattering angles larger 
than these angles may yield diffusion coefficients different from 
those determined from the measurementa at the smallerscattering 
angles.13 Usually two measurements with sampling times At and 
3At were carried out consecutively for the same speckle in the 
almost nonfluctuating speckle pattern generated by the focused 
laser beam through the porous The shorter sampling 
time was selected so that lngl(k,BOAt) -1 to ensure a base-line 
level of long duration in the second measurement with the longer 
sampling time. For each measurement, the data were accumu- 
lated typically for 2000 8. We combined the two ACFs to produce 
a single ACF. The base-line level was often different from the 
average level of the delayed 16 channels. However, we could 
identify the base-line level at channele far delayed from the decay 
time of the ACF, typically at  the laat 80 channels of the second 
measurement. This procedure was repeated several times for 
different speckles in the speckle pattern. 

The combined ACF was analyzed by again curve-fitting ln 
gl(k,t) to a second-order cumulant. The ACFsgl(k,t) were also 
analyzed by the program package CONTIN originally provided 
by ProvencheF and modified to run on a PC. This program has 
been widely used for analyzing decay data in general. I t  
deconvoluteganACFgl(k,t) to yieldthespectrum G(r) by inverse 
Laplace transformation: 

Table I 
Characterisation of Polyrtyrene Sampler 

sample Mp DO x 1011/m2 s-l RH/nmn Rg/nma c*/mg mL-1 
PS035 35000 9.93 4.34 6.78 53.8 
PS170 170000 4.01 10.7 16.8 21.1 
PS949 949000 1.48 29.1 45.4 5.95 

Calculated. 

glass, because of the inhomogeneity of the glass bead. These 
photons serve as a local oscillator in this optical mixing 
configuration (homodyneheterodyne" or simply heterodyne). 
Then, the ACF of the signal detected by the photomultiplier 
tube consists of a component of squared light intensity 1~02 
scattered by the glass alone, which is static, and a component 
proportional to the scattering intensity from the polymer 
molecules (IS) and that from thesilicaZm.13 The first component 
is much larger than the second one. There is also a third 
component proportional to (Is)zg12(k,t) coming from the polymer 
molecules, but this component is usually negligible relative to 
the second term. Then, the detected ACF C(k, t )  is expressed as 
C(k, t )  = B[1+ f H & ( k , t ) ] , 4 '  with a heterodyne coherence factor 

(10) 

where a coherence factor f c  depends on the degree of wavefront 
matching between the local oscillator and the light scattered by 
the polymer molecule at  the photomultiplier tube receptor 
surface.47 In our experiments the coherence factor always satisfied 
strong heterodyne limit f H E  << 1. 

Samples. Polystyrene standards of three different molecular 
weights PS035, PS170, and PS949 (Preesure Chemical) were used. 
The manufacturer-supplied information on the peak molecular 
weight Mp is listed in Table I. The polydispersity index MJM,, 
where M, and M. are the weight-average and number-average 
molecular weights, is less than 1.06. We used 2-fluorotoluene 
(2FT) as solvent (Aldrich) without further treatment. 2-Flue 
rotoluene is a good solvent for polystyrene13 and also provides 
adequate index-matching with silica. The partial volumeu of 
polystyrene in 2FT was assumed to be 0.152 nm3/monomer unit, 
a value obtained for polystyrene in benzene at  room tamperattare.@ 

The porous silica glass beads used in this study are the same 
as those used in our laboratory previously and were designated 
as G275. They comprise bicontinuous phases of solid silica and 
pore volume. Over a short distance, the pore conf i ia t ion  
resembles a cylinder. Because the beads were made in a spinodal 
decomposition process, the pore size distribution is uniform, and 
there is a well-defined pore radius. The glass beads were supplied 
by Shell Development Co. The nominal pore radius Rp is 275 
A, and the pore volume is 1.3 cmVg; the bead diameter is between 
1.0 and 1.5 mm. To avoid any specific surface interaction between 
the pore walls and the polymer molecules, the surface hydroxyl 
moieties inside the glass beads were replaced by (trimethylsily1)- 
oxy units (silani~ation).'~ The beads were dried in vacuum at ca. 
100 OC prior to use. 

In the experiments, a silanized glass bead was mounted on top 
of a FEP (du Pont) tube located at  the center of a dust-free test 
tube of inner diameter ca. 8 mm. A polymer solution was then 
introduced into the test tube through a Teflon membrane filter 
(0.22-pm pore size; Millipore Miller FGS). The test tube was 
sealed to prevent solvent evaporation. At least a week was allowed 
to pass before DLS measurements. The pore volume is about 3 
orders of magnitude smaller than the volume of the polymer 
solution in the test tube. Therefore, the porous glass bead does 
not alter the polymer concentration in the solution outside the 
pore. To achieve good index-matching between the test tube, 
the solvent, and the glass bead, all the measurements were 
performed with the test tube immersed in decalin at  40.7 f 0.1 
'C. 

The concentration of polystyrene in the porous glass for a 
given concentration outside the pore cannot be easily estimated. 
A small partition coefficient makes it difficult to measure the 
interior concentration. The partition coefficienta are known only 
for perfectly rigid bodies of simple geometrical shape and for 
Gaussian chains confined in cavities of simple geometry, e.g., 

where rmi,, and r- are the cutoffs for the inverse Laplace 
transformation. We employed I'- = l/At and r h  z I'-/200, 
where A t  is the shorter of the sampling times of the two 
consecutive measurements that were later combined for the 
analysis. The CONTIN program provides the spectrum G(r) as 
a superposition of nonnegative components at  selected values of 

In almost all the data analyzed by the CONTIN program, one 
of the groups of continuous spectra accounted for more than 
98% of the total weight (zeroth moment). The spectrum profiie 
of the main group was sharp, and its average decay rate was 
identical to that obtained in the cumulant analysis within a few 
percent at  most. In Figure 3, we show a typical example of the 
CONTIN analysis. A secondary peak was sometimes seen at the 
high-I' end, because the estimation of C(r) in this range involves 
only a few data points and a small amount of noise could be 
analyzed as a decay component of a large value of r superimposed 
on the main decay component. An additional peak at  the lower 
end of r is related to an error in the estimation of the base line. 
These secondary peake were not always observed, even for the 
same sample and scattering angle that produced them earlier. 
When they were observed, their heights and positions were 
different from run to run. They are due to nonsyatematic noise 

r. 
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Figure 1. Apparent diffusion coefficient Dr corrected for solvent 
bacldlow, in free eolutions of polystyrene in 2-fluorotoluene 
plotted a g h t  weight concentration expressed in mg/mL for 
the three sampla Pso56, PS170, and PSW. Arrows in the figure 
indicate the overlap concentrations for the three samples. 

ascribable to low-frequency vibration or other undesirable noise 
componenta and can be neglected. 

Results and Discussion 
Diffusion Coefficients in Free Solutions. The 

diffusion coefficients of linear flexible polymers in good 
solvent have been measured The 
purpose of our experiment was purely to obtain a reference 
for the diffusion inside the pore, to be discussed later in 
this contribution. 

Autocorrelation functions of the light scattered from 
free solutions of polystyrene in 2lV showed nearly a single- 
exponential decay for all the samples measured over a 
wide range of concentrations and for the three scattering 
angles 16.8O, 26.6O, and 36.3O. The polydispersity index 
pZ/r2 was less than 1.6% for all the data measured for 
sampleswith concentration Y S 3v*. As the concentration 
increased, the ACF started to deviate from a single- 
exponential decay. The ACF for PS949 was also measured 
at a concentration as high as 123 mg/mL, but a large 
deviation of In gl(t) from a straight line made it difficult 
to obtain any specific decay rate in the curve-fitting. 
Therefore, the data point at the highest concentration for 
PS949 is excluded from the plot in Figure 1. 

Backflow-corrected diffusion coefficienta Df were ob- 
tained by fitting the initial decay rate r(k) to (1 - t$)Dh2 
for the values measured at the three scattering angles. In 
F w  1 we plot Df against the weight concentration c, 
expressed in mg/mL, for the polystyrene samples PS036, 
PS170, and PS949. For all three samples, Df increases as 
c in- in the whole concentration range studied. We 
curvefitted the data to a third-order polynomial to obtain 
the self-diffusion coefficient DO extrapolated to zero 
concentration and the h e a r  coefficient kD defined in eq 
3 with D, = Df for the three samples. The values of kD 
are all positive, 0.420,0.630, and 0.771 for PS036, PS170, 
and PS949, respectively. 
The values of Do obtained in this way are listed in Table 

I together with the hydrodynamic radius RH of the 
respective isolated chain calculated from eq 2. We find 
that PS949 has a coil radius RH r Rp, whereas PS170 and 
PSO36 have a smaller RH. Note, however, that the radius 
of gyration R, is about 60% larger than RH. In terms of 
R,, the dimensions of PSO36 and PS170 in free solutions 
are smaller than the pore size, whereas the dimension of 
PS949ie larger, but not excessively so as the scaling theory 
appliea. 
We estimate the partition coefficient po for the three 

samples. We assume that PO ie given by eqs 7 and 8 
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Figure 2. Typical heterodyne autocorrelation functio~ gdt) 
@am-line-subtracted, normalized). Plota a-care the multa from 
meaeurementa at a scattering angle at 26.6' for sample PS170 
at concentrations 3.32,19.7, and 132 mg/mL which cormpond 
to c d c +  = 0.168,0.934, and 6.26, respectively. 

originally calculated for a Gaussian chain in a straight 
cylindrical pore;42 for R,, we use the measured value. Then 
po is estimated to be 0.63,0.083, and ca. le7 for PS036, 
PS170, and PS949, respectively. The actual pore has a 
branched structure and the pore size fluctuates, conditions 
that make po larger, especially for a chain with larger coil 
radius in free solution. 

The arrows in Figure 1 indicate the overlap weight 
concentrations c* corresponding to Y* that are calculated 
from R, (eq 1) for the three samples. The apparent 
diffusion coefficients Df of PS170 and PS949 in free 
solutions show a power dependence on the concentration 
in the range above c*. For these two samples Df becomes 
almost identical for the concentrations above ca. 30 mg/ 
mL, a result indicating that the semidilute regime is 
realized there and that the decay in the ACF can be 
ascribed to a cooperative fluctuation in the monomer 
concentration. The exponent x in eq 6 is estimated to be 
ca. 0.68, in agreement with the literature ~alues.~~*filfi~ 
Any decay constant in the ACF due to translational 
diffusion of the centers of mass of entangled chains by 
reptation is expected to be a few orders of magnitude 
slowel.92~99*s2 than the decay constant observed here. At 
high concentration, the increase in Df slows down. This 
effect is due to the reptation of entangled  hai ins.^*^ A 
small angular dependence of r/k2 was also obaerved at 
the high concentrations. The data points for PS03S lie 
above the others. This result is ascribed to the low 
molecular weight of PS036, which is close to the entan- 
glement molecular weight. 

Diffusion Coefficients in Porous Glarres, We are 
concerned here only with the long-wavelength character- 
istics of the dynamics of polystyrene molecules inside the 
porous glasses. For PS036 and PS170, the beee-line~. 
subtractad heterodyne ACFs gl(t) m e a s d  at the three 
scattering angles 16.8O, 26.6O, and 36.3O (for PS170, the 
lower two angles) showed a nearly single-exponential decey 
for all the concentrations examined. Figure 2 shows 
examples of the ACFsgl(t). Plots a-c are ACFs measured 
at the scattering angle 26.6O for PS170 for three concen- 
trations c,,,t/c* = 0.158,0.934, and 6.26, where tout is the 
weight concentration of the polymer outside the pore. The 
decay rate I' was obtained as an average in the spectrum 
G(r) provided by CONTIN. In Figure 3, plota a-c are 
from spectral analysis of the ACF plota a-c, respectively, 
in Figure 2. In Figure 3, rG(r) repreeente the spectrum 
on the logarithmically spaced r. There is a spectral 
broadening as the concentration increases, although there 
is still a nearly single-exponential decay obrved. The 
average decay rate obtained in the curvefitting gl(t) by 
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Filan, 8. Typical spectra obtained in the CONTIN analysis for 
sample PS170. Plota a-c were obtained for the autocorrelation 
functions shown by plots a-c, respectively, in Figure 2. On the 
logarithmic scale, I'C(I') represents the spectrum. 
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Figure ti. Apparent diffusion coefficienta D inside the 
controlled p o r e g h  plotted agaimtthe red&ncmtration 
c&c* outside the pore for sample pso96. For comparison, valuee 
for the solvent backflow-corrected apparent diffueion coefficient 
Dr in free solution are plotted in the same figure. 
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Figure 4. Aver e decay rate I' of the autocorrelation function 
obtained in theyONTIN analysis for sample PS035 plotted 
a g h t  k2, where k is the scattering vector, for three concen- 
trations (a) 10.8, (b) 53.6, and (e) 125 mg/mL. 

the eeoond-order cumulant was in agreement with the 
averege decay rate r estimated in this way in the CONTIN 
analysis within an error of at most a few percent. 

The apparent diffusion coefficient D,, in the pore was 
obtained in a plot of r versus k2, as shown in Figure 4. 
Thia example is for PSO35 at three different concentra- 
tions: (a) 10.8, (b) 53.6, and fc) 125 mg/mL. The data 
points obtained from measurements for different speckles 
arecloeetoeachother. Thedatapointsfordifferentangles 
fall around a straight line wing through the origin for 
eachconc%nhtion,d~onstratingthediffusionalbehavior 
of the concentration fluctuation inside the pore. This 
result wae obtnined for all the concentration ranges 
examined for PSO3S and PS170. Note that D,, is not 
corrected for backflow of the solvent, becaw we do not 
know the concen~ation of polymers inside the pore. 

For P W ,  the ACFs were not consistent with a single- 
exponential decay at a low concentration range (c,t $ c*) 
and a high concentration range ( c ~  k &*), athough in the 
intermediaterarrse,thsACFweecloeetofollowirr(lasingle- 
exponential decay. The decay rate r(k) was obtained by 
fitting a later stage of In g&) by a straight line. 

It was found that g&) for PS949 is better fitted by a 
sum of the exp(-rt) and the exp(2-rt) term with varying 
weights, which mema that the homodyne component in 
the hetarodyne detection is not n-ble for thia sample, 
in particular when the concentmtion is low. In the 
intermediate concentration range, the weighta for the exp- 
(-2rt) terms become as small as 0.1. At a higher 
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Cout ' c' 
Figure 6. Apparent diffusion coefficienta D inside the 
controlled pore plotted against the redu&mtration 
c&c* outeide the pore for sample PS170. For comparison, values 
of the solvent backflow-cod apparent diffusion coefficient 
Df in free solution are plotted in the same figure. 

concentration, tout k 3c*, the ACFs could not be fitted by 
a sum of the erp(-rt) and the exp(-2rt) terms, a result 
suggesting a complicated diffusion mode associated with 
the entanglement of high molecular weight polymer 
~ h a i n s . 3 ~ 9 5 ~  In the high concenkation range, the initial 
decay rate was not proportional to k2. The appatent 
difhion coefficient to be obtained from r/k2 wns larger 
at the scattering angle 25.5O than at lS.8O. The diecrepancy 
reached more than lo%, which is to be compared with the 
dflerence of a few percent observed in free concentrated 
solutions of PS949. 

Figures 5-7 showa comparison of theapparent diffutaion 
coefficient D,, inside the pore and the didhion coef- 
ficient Df in free solution for samples PSO36, PS170, and 
PS949, respectively, plotted again& c,Jc*. Nota that Df 
is a backflow-corrected value. For all the samples, D,, 
is almost constant when the concentration is low enough, 
Le., when c d c *  S 0.2, a mult indicating a well-defined 
diluted regime inside the pore. Ae the concentration 
incr8888~, D,, incteaees dramatically above the value for 
the dilute solution. The increase is more prominent for 
the larger molecular weight sample. When tout > c*, D,, 
approaches De. 
The apparent diffusion coefficient D ,  for the three 

samples as a function of monomer Concentration outaide 
the pore is shown in Figure 8. The large differencee in 
D,, for different molecular weighta, observed in dilute 
solution, become smaller and almoet disappear as the 
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Figure 7. Apparent diffusion coefficients D inside the 
controlled pore glaam plotted against the reduJconcentration 
c&c* outaide the pore for samplePS949. For camparison, values 
of the solvent backflow-correctad apparent diffueion coefficient 
D, in free solution are plotted in the same figure. 
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F b n ,  8. Apparent diffusion coefficients D of polystyrene 
~olutions inside the controlled pore glaesee pEted against the 
weight concentration cat outside the pore, for the three samples 
PSO36, PS170, and PS949. The symbol "X" in the figure shows 
the calculated apparent diffueion coefficient of a semidilute 
polymer solution with a correlation length equal to the pore radius 
Rp 276 A. 

concentration reaches ca. 50 mg/mL. Diffusion rates 
independent of the molecular weight are typical for a 
semidilute solution. The correlation length 4 estimated 
by eq 4 with D = D,, can reach a value much smaller 
than the pore r z u s  Rp 2: 275 A. For reference, the symbol 
"X" was included in Figure 8 to indicate an apparent 
diffusion coefficient DR of a semidilute solution with 4 = 
Rp. It is interesting to note that for PS949 the ACFs are 
close to a singleexponential decay when D,, 2: Dd2,  
which gives 4 2: 2Rp = dp; the reason is not clear. 

Becaw D,, > & and D,, depends only weakly on 
the molecular weight in the high concentration range, it 
is more "onable to consider that the semidilute solution 
reqime ie raalirarl within the pore than to &be the rapid 
incream in D, to any other mechanism, for instance, to 
enhanoedpartic~~einteractioninanarrowchannel 
while the concentration inside is stil l  below the overlap 
concentration. The e.perimental results here strongly 
imply a transition from a dilute to a semidilute regime 
inaide the pore as the concentration outeide in equilibrium 
withtheporeexce&c*. Thetraneitianiemoreprominent 
for a higher molecular weight sample. Below, we wil l  
present a theory to explain this transition. 

S a t t a m  Iatendty in Porour Gluaer. The het- 
erodyne ecattering inteneity can also be analyzed in the 

Diffusion of Polystyrene in Controlled Pore Glaws 298 

context of a transition associated with polymer concen- 
tration inside the pore. We can utilize the proportionality 
between the heterodyne coherence factor fm and the 
intensity (IS) of light scattered by the polymer molecules 
inside the porous glaeses, as shown in eq 10, if Iw is 
constant. It was not the case, however. There is a 
distribution in the refractive indices of the glass beads 
(some beads appear more translucent in the solutions than 
do others because of poorer index-matching). Moreover, 
there is a spatial fluctuation of refractive index within 
each glass bead, which generates a (nonfluduating) speckle 
pattern in the scattering intensity.4g A particular speckle 
was chosen as a scattering volume for a run in the 
heterodyne measurement. In fact, f m  was different from 
speckle to speckle, even for the same glass bead. Another 
fador in eq 3 that is not always constant is the coherence 
factor fc .  

There are several factors that produce a deviation in 
/HE, even in different runs with the same sample. This 
deviation can be overcome by running repetitive mea- 
surements and averaging. Panels a-c of Figure 9 are the 
plots of fm against the polymer concentration cout outside 
the pore for the samples PS035, PS170, and PS949, 
respectively. The measurements were carried out at the 
scattering angle 2 5 . 5 O .  The arrows in the figures indicate 
the overlap concentrations c* for the three samplea. As 
expected, the data are widely scattered. However, there 
is a correlation between fm and cout. As cout increases, fm 
increases while tout < c*, then levels off, and finally 
decreases for tout > c*. In the ideal condition, which would 
guarantee  HE a (Is), fm is expected to be proportional 
to cout for cout < c*, because of a constant partition 
coefficient. The experimental results, although exhibiting 
a large fluctuation, appear to be consistent with this 
prediction. If a semidilute solution regime is realized inside 
the pore when cout > c*, then fm is expected to decrease 
as fm a P p h  - pin-1/2, where pin is the monomer 
concentration inside the pore. Note thatfm is determined 
by pin alone. These experimental results seem to c o n f i i  
that the semidilute regime is attained in the pore when 
Gout > c*. 

Concentrati~n-Dependent Partition Coefficient. 
The experimental results for the apparent diffusion 
coefficient in the interior of the pore show that the interior 
solution can attain a semidilute regime, although the 
partition coefficient po for the dilute limit is small. Thus 
it is reasonable to conclude that there is a transition from 
the dilute to the semidilute regime as the concentration 
in the exterior of the pore increases. A scaling theo- 
ry279243444 has been presented for a polymer chain much 
larger than the pore size, RF >> Rp, for this nonlinear 
partitioning. The theory predicts that a transition occurs 
at a threshold concentration determined by 4 - Rp, where 
4 is the correlation length of the monomer concentration 
of the exterior polymer solution. The polymer systems in 
the pore studied here do not satisfy the condition RF >> 
Rp. The size of the polymer chain is at beet comparable 
to the pore size. When the exterior concentration reaches 
the overlap concentration, the correlation l e d  is already 
smaller than the pore size. Therefore, the thrhold 
concentration in the scaling theory and the transition from 
weak to strong penetration do not appear to apply to our 
system. An explanation of the increaae in the apparent 
diffusion coefficient in our system should be baeed on 
another argument. 

Apparently the transition occurs as the exterior con- 
centration uWt exceeds ca. y*. It is well established in 
theoryBg and by experimentsB that monomepmonomer 
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solution with short-range repulsive interaction between 
monomers over a wide range of concentrations. Here we 
use a useful approximate expression obtained by Ohta 
and OonoM for the osmotic pressure that covers a wide 
range of uout: 

noutl'outkBT = p(xout) (12) 
where P(X) is given as 

PS035 
'0" e = 25.50 
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Fitgum 9. Heterodyne coherence fadorfmplotted against weight 
Concentration tout outaide the pore for (a) PSO36, (b) PS170, and 
(c) PSW. Allthedatapointaehownhen,meaeuredataecattering 
angle of 2 5 . 6 O .  The arrow indicate the overlap concentrations 
c* for the three samples. 

interaction c a m  the oemoticpressure to increase rapidly 
in free solutions as the solute concentration exceeds ca. 
u*. At this point it becomes easier for a chain to escape 
into the pore in which the osmotic pressure is lower even 
though the configurational entropy is smaller than that 
outaide the pore. Thus the partition coefficient p1 begins 
to be larger than ita value at infiiite dilution PO. To 
estimate quantitatively how PI changee as a function of 
u,t, we need to develop expreeeione for the chemical 
potentials of a chain in the interior and the exterior of the 
pore. 
Using renormalization group theory, intensive research 

has been carried out9"mW to obtain an expreeeion for the 
osmotic preseure aut of linear-chain molecules in free 

(13) 
and the reduced concentration X,t is proportional to u,J 
u*. When Xmt >> 1, eq 12 yields &t = X,t9/4, a relation 
obtained in the scaling argument.% To evaluate the 
numerical factor connecting X d  and uOut/u*, we compare 
the second virial coefficient in eqs 12 and 13 with ita 
counterpart in a virial expansion for Ib,,t derived for a 
sufficiently long chain with a short-range repulsive 
force:67-60 

where g* representa the effective interaction between 
monomers in the long-chain limit. Comparing terms beer 
in uout in eqs 12 and 14, we obtain 

where the ratio JV 6R,2/R$ ie defined for an isolated 
long chain with hard-core repulsion. Using g* = 0.233s1 
and N = 0.952,"0*41 we arrive at 

X, z 3 . 4 9 ~ ~ ~  Ju* (16) 

The chemical potential h u t  is then calculated as the 
free energy per chain 

P, JkJ = P(Xout) - ~d~Xou~'~XouJ'~Xout~ = 

where a reference concentration for the f i t  term, the 
chemical potential of an ideal solution, is pout = 1. The 
interaction term I(X,t) is defiied by 

uout + I(Xout) (17) 

where Xout = 0 was c h w n  for the reference. 
The short-range monomer-monomer interaction causa 

a deviation of the osmotic pressure &t from that of an 
ideal solution. This interaction exista ale0 in the pore. A 
difference between the chain conformation in the pore 
and that outaide the pore, however, can result in a change 
in the average interaction that the monomer perceives 
from 0th mimomera either on the same chain or on other 
chaine. We denote the average interactions in the interior 
and exterior of the pore as U b  and VWt, respectively. In 
the following, we estimate the difference. 

For a short chain with R < Rp, the functional form for 
Vi, is the same as V,t. due we need only consider the 
interaction for a chain with R, > Rp, which can be done 
in the two concentration rangea separately. When vi,, > 
uh* (uh* is the overlap polymer concentration ineide the 
pore), on the one hand, mast of the pair interaction ie 
between monomere within the distance of the correlation 
length, which is d e r  than the pore radius. Thus Vi, 
has the same functional form as Vout. When v i ,  < uh*, on 
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the other hand, the interaction should show some change. 
The ratio of &,to Uout is equal to the ratio of the monomer 
concentration pin imide the volume occupied by a polymer 
chain inside the pore to pout, that in the bulk solution. 
Then UiD/uout = pdpOut r Rp3/(Rp2R~) = ( R F / R ~ ) ~ I ~ ,  where 
the results Rp = aiWS and eq 9 were used. 

The power l l 3  is reasonably close to unity. Therefore, 
except for a very long polymer molecule in dilute solution, 
the same expression can be used for the interaction term 
in the chemical potential for a chain inside the pore. We 
also note that v,* = vout* for a chain extended over a length 
at most comparable to the pore size. Therefore in the 
following we use the same overlap concentration for both 
the interior of the pore and the exterior. Thus we can 
write the chemical potential gin of a polymer chain in the 
pore as 

(19) 
where the reference term for the ideal solution is set at Um 
= 1. Here it is assumed that the pore is homogeneous and 
therefore gb, pin, and AS are constant throughout the pore 
space (below we will consider inhomogeneity). 

Note that A S  also depends on the concentration. 
Polymer chains in good solvents contract as the concen- 
tration increases because of the screening of monomer- 
monomer interaction.62*a Ohta and OonoM also proposed 
an approximate expression for the normalized root-mean- 
square end-bend distance RF as a function of concen- 
tration: 

g,/kBT = h Y, + I(x,) + @/kB 

where RFO is the value of RF in the dilute limit, Y = 1 + 
X, y r 0.6772 is Euler's constant, and Ei (-XI = - Jx" 
[exp( - t ) / t l  dt. 

For simplicity, we assume that the expression for the 
entropy reduction due to confinement for a Gaussian 
chain42 applies also for a real chain in a good solvent, if 
we use the radius of gyration of the real chain for R, in eqs 
7 and 8. It is well-known that the ratio of R, to RF ie 
insensitive to the excluded vo1ume.w Therefore R g / R ~  = 
RF/RPO, where RN is the value of R, in the dilute h i t .  
Thus we can express the entropy reduction as 

where f p  is given by eq 8. 
We impose the condition of balance, pi,, = gout, and from 

eqs 17,19, and 21, we obtain the partition coefficient PI 
as 

By solving eq 22 self-consistently, we can obtain PI or Xi, 
as a function of Xout and PO = f p ( R g l R p ) .  In the dilute 
limit, PI = po[l + e W 1  - po)XOuJ, which reproduces a 
pealungs in the linear coefficient of p1 with respect to PO. 
In Figure 10, we plotted PI against Xout in double- 

logarithmic scale for several values of po. They are, from 
top to bottom, 3.16 X 1W1, 1 X le1, 3.16 X 1 X 1t2, 
3.16 X le3, 1 X lW3, 3.16 X 10-4,l X lo4, 3.16 X 10-5, and 
1 X lo+. Th~valueecorrespondtoR~Rp=0.381,0.585, 
0.736, 0.861, 0.970, 1.068, 1.157, 1.240, 1.318, and 1.391, 
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Figure 10. Partition coefficient PI plotted against the reduced 
polymer concentration Xout = (uouJv*) X 3.49 outside the pore, 
for selected values of PO, the value of PI in the dilute limit X,, 
<< 1. The values of PO are, from top to bottom, (1) 3.16 X 10-1, 
(2) 1 X W, (3) 3.16 X 1t2, (4) 1 X lo-*, (5) 3.16 X 10-3, (6) 1 X 
W, (7) 3.16 X lo4, (8) 1 X lo4, (9) 3.16 X 10-5, and (10) 1 X 10-6. 
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Figure 11. Partition coefficient PI plotted against the reduced 
polymer concentration Xo, = ( u o d v * )  X 3.49 outside the pore on 
a linear scale. The values of PO, the value of p1 in the dilute limit 
Xout << 1, are, from top to bottom, (1) 10-1, (2) 10-2, (3) 10-9, (4) 
lo-', and (5) 10". 

respectively. For all values of PO, increases rapidly as 
vout exceeds Y* (Xout r 3.49) and finally approaches unity 
as vout -c 01. Details of the increase of PI are seen in Figure 
11, whichplotsp1 against Xout on a linear scale (only curves 
for PO = 10-1, 10-3,104, and 106 are shown). These 
plots thus explain the transition of the interior solute 
concentration at least qualitatively. 

To compare two factors contributing to the increase in 
PI, we also calculated the entropy factor h (fplpo) and the 
osmotic pressure factor I(Xout) - I ( X d  separately (see eq 
22; both factors on a logarithmic scale). For all values in 
the plot in Figure 10, the entropic factor surpasses the 
other factor. Their difference is smaller for a smaller po 
and a larger Xout. At ita smallest, the difference was about 
1.03 (Xout = 40, PO = 1 X 10-9, and the sim of the chain 
at that condition is RJRp = 1.19 (cf. RdRp = 1.391). The 
entropic factor due to the chain contraction plays a minor 
role. Thus the increase in the concentration inside the 
pore was found to be ascribed primarily to the increased 
osmotic pressure outside the pore. For a polymer chain, 
it is easier to escape into the pore, even at the expenee of 
reduced configurational entropy, than to withstand the 
high osmotic pressure outside the pore. 

By the same mechanism that causes increased inflow of 
polymer molecules into the pore at  higher concentrations, 
a distribution of pore size in the network can change the 
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1 . . . I . . ' l " ' I ' . ' * ' ' .  cooperative diffusion coefficient Dc of a polymer molecule 

in the pore as detected by heterodyne DLS. We note that 
in heterodyne detection a component in the signal intensity 
decaying by the factor exp(-Dckzt) is proportional to the 
scattering intensity IS from the polymer, which in turn is 
proportional to E*, where the correlation length and the 
monomer concentration p are functions of position along 
the interwinding network pore channels. They are coarse 
grained on the scale of the pore radius. Because DC is 
proportional to Ut, the ex cted value ( D c )  in the 

monodisperse pore size, by 
heterodyne DLS is related to !i? c ,  the ideal value of Dc for 

where Ap = p - p, and p are the values of 6 and p for 
monodieperse pore size, and 5: - p-3/4 for the semidilute 
regime was used. Thus a distribution in the monomer 
concentration due to a small distribution of pore sizes 
always reduces the cooperative diffusion coefficient ( D c )  
as detected by DLS. 

To relate ARp, the deviation of Rp from the average 
value &, to Ap, we have to consider an equilibrium 
equation along the pore space: 

I ( $ / p * )  + In P - In fp(Rg/Rp) (24) 

where 7/2 was used for the conversion of p / p  to X (see 
eq 161, and a fluctuation of the coil radius R, along the 
pore space is neglected. In the semidilute regime, I ( X )  z 
9X5/4. If we approximate -In f p ( x )  = 812x2, we get 10 

-2 fp(R,/Rp) ARp & =  - (25) 

The absolute value of the relative deviation Aplp is larger 
for a smaller fP(R,/&), Le., a higher molecular weight 
sample, and a smaller concentration p/p*. Combiningeqs 
23 and 25, we find a decrease in ( D c )  due to nonuniform 
pore size is more prominent for a higher molecular weight 
sample and at a smaller concentration. 

If both the solutions in the interior and the exterior of 
the pore are semidilute, the ratio of the two cooperative 
diffusion coefficients should lead to the ratio of the 
correlation length, which is a function of monomer 
concentration. Assuming [ - P - ~ / ' ,  we obtain p~ = p,$pout 

In Figure 12, we plot (D,JDr)4/3 against couJc*, which 
can be compared with Figure 11. Note that the Dt is 
backflow corrected, whereas DPre L not. As c&c* exceeds 
1, (D&Dr)4/3 shows a rapid increase. In the range 1 C 
cat/,* C 2, the plota for the three polystyrene samples 
seem to follow the transition curve in Figure 11. At a 
higher concentration, the plota show a saturation toward 
values below unity, a result that is not conaistent with 
Figure 11. This discrepancy is ascribable to the dietri- 
bution in pore size, hydrodynamic interaction between 
polymer chaine and pore wah, and a contribution of the 
reptation mode; the discrepancy is larger for a polystyrene 
sample of higher molecular weight. 

Concluding Remarks 
Applying the technique of dynamic light scattering to 

nearly perfectly index-matched samples of polystyrene 
solutions in controlled pore glasses, we found that the 

p 1 + 9 $ip*)5/4 R p  
8(2 

= (DpoJDf)4/3. 

s_ 
0- . 

.. 
0.6 E;t: . . PSI 70 

PS949 

0.2 t 4 1 
1 

v 
0 2 4 6 8 1 0  

Figure 12. Factor (D,4D3'I3 plotted against c,Jc* for 
comparison with Figure 11. Note that Df ie backflow corrected, 
whereas D,, is not. In the semidilute regime, (DP4Dt)4l3 is 
expected to be equal to the partition coefficient. 

apparent diffusion coefficient of the polymer molecule 
inside the pore shom a rapid increase as the concentration 
outaide the pore exceeds the overlap concentration. The 
increase waa more prominent for a polymer chain of higher 
molecular weight that has a smaller partition coefficient 
in the dilute limit. The correlation length obtained from 
the diffusion coefficient, assuming a cooperative diffusion 
mode for polymer solutions inside the pore, reached a value 
smaller than the pore radius. The correlation length does 
not depend on the molecular weight but depends on the 
monomer concentration alone. These features demon- 
strate the realization of a semidilute regime within the 
porous glass. The transition in the concentration can be 
ascribed to a rapid increase in the osmotic pressure outaide 
the pore as the concentration there exceeds the overlap 
concentration and to the consequent penetration of 
polymer chains into the pore network. The effect of chain 
contraction in the semidilute regime was found to be 
smaller than that of the osmotic pressure. 

In this study we focused on the cooperative d i h i o n  
mode. From the effect of angular dependence of the 
apparent diffusion coefficient for higher molecular weight 
samples, it is clear that more studies should be carried out 
over a wide range of scattering vectors to elucidate the 
involvement of the reptation mode in the chain dynamics 
inside the pore. Other intereating extensions could include 
the transitional behavior of polymer molecules of other 
architectures, e.g., rigid-chain polymers that show isotro- 
pic-nematic phase transitions and spherical polymers that 
exhibit an interaction different from that of linear-chain 
polymers. 
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