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Abstract: We have developed a unique hydrogel material with a monodisperse face-centered cubic array of
spherical water holes. This embedded array of holes Bragg diffracts light due to the refractive index mismatch
between the holes and the interstitial gel medium. Through Bragg diffraction and absorption spectral studies,
we examined the molecular weight and concentration dependence of the partitioning of linear sodium polystyrene
sulfonate macromolecules between regions of different spatial constraints, i.e., the array of aqueous holes, the
interstitial gel network, and the reservoir solution. We believe that our results are the first experimental
verification of the phenomenon of equilibrium entropic trapping of flexible macromolecules in a polymeric
gel matrix. This trapping occurs because the flexible macromolecules maximize their conformational entropy
by partitioning from the gel network matrix into the embedded water holes. These mesoscopically multiphase
periodic hydrogel materials may be useful for macromolecular separations in electrophoresis, filtration, and
chromatography.

Introduction

The partitioning of a flexible polymer chain between different
volume elements of a porous medium is important in areas suc
as size exclusion chromatography, gel electrophoresis, filtration
membrane separation, etc. Although intrinsically a thermody-
namic phenomenon, such partitioning often plays an important
role in many dynamic processes, such as diffusion and elec-
trophoretic migration of polymer chains through porous média.

In the absence of specific interactions between the polymer Figure 1. lllustration of entropic trapping phenomenon. A flexible
chains and the media, it has been suggested that the volumechain macromolecule is (a) elongated in a region of high spatial
constrained chain conformational entropy controls the partition- constraints and (b) relaxed and folded in a region of low spatial
ing of flexible polymer chains between regions of different Cconstraints.
volumes!®18 Figure 1 illustrates a polymeric gel system where

the average network matrix provides only narrow channels
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In contrast, if the polymer chain occupied a large spherical void,
it would be able to adopt all of its possible conformations and
would possess a larger conformational entropy. Consequently,
the polymer chain should preferentially partition into this large
void. From a dynamic point of view, if the polymer chain tries
to leave the void, it encounters an entropic barrier since its
conformations must be restricted to those which can squeeze
into the narrow channels. Thus, large voids in a porous medium
have been proposed to function as “entropic traps” to retard
the diffusion and transportation of flexible polymer chains.
Evidence for this entropic trapping phenomenon has come
from experimental studies on diffusion or low-field electro-
phoretic migration of flexible chain polymers in various types
of porous media, such as entangled solutibhsross-linked
polymeric gel network$;8 and model membranes of well-
controlled pore$.It was observed that, when the equilibrium
dimension of the macromolecules was comparable to the mean
pore size of the medium and the electric field was weak, the
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diffusion constant) and electrophoretic mobilityd) depended
more strongly on molecular weight than predicted by either
Ogsten sieving or a reptation model. This behavior was
rationalized by an entropic barrier transport model which was
first formally proposed by Muthukumar and BaumgartHet2

Casass&!was the first to calculate, from ideal random walk
statistics of chain conformational entropy, the equilibrium
partition coefficients of a single polymer chain between confin-
ing volumes of different shapes (i.e., spherical, cylindrical, slab-
shaped, etc.). Utilizing the scaling argument for polymer
solutions?® Daoud and de GennééBrochard and de Genné,
and Daoudi and Brochattlinvestigated both the partitioning
and the transport properties of self-avoiding polymer chains in
good solvents in small cylindrical tubes as a function of
concentration, ranging from the dilute solution regime to the
entanglement regime.

The dynamics of both non-self-avoiding and self-avoiding
polymer chains in various two-dimensional or three-dimensional

J. Am. Chem. Soc., Vol. 121, No. 16, 14381

aqueous solution®38 This self-assembly minimizes the total
interparticle electrostatic repulsive energy of the system. CCAs
adopt either a body-centered cubic (bcc) or a face-centered cubic
(fce) structure and orient with their highest particle density lattice
planes (i.e., bcc (110) or fcc (111) planes) parallel to the
container wall$°-32 Similar to atomic crystals diffracting
X-rays, CCAs strongly Bragg diffract light in the near-IR
through UV spectral regiorid-38 We have previously developed
guantitative models of the dependence of the Bragg diffraction
on the CCA structure and optical constafits.

For this study, we develop&ta new material where a CCA
of water-filled spherical voids occurs in a cross-linked poly-
acrylamide hydrogel network (vide infra). Bragg diffraction from
this PCCA of water voids is used to sensitively probe the
solution refractive index changes. The intensity of the Bragg
diffraction is an in situ monitor of the difference in polymer
concentrations between the polyacrylamide gel and the water
spheres. We determine the equilibrium partition coefficients of

model porous media have been studied by formalisms such asa linear polymer (sodium polystyrene sulfonate, NaPSS) between

Monte Carlo method¥-12 biased reptation modét;22Brown-
ian dynamic? bond fluctuation algorithmd! etc16:24-27 All

regions of different spatial constraints. We have determined the
dependence of these partition coefficients on the polymer

theoretical attempts so far assume model pores or obstacles witfconcentration and molecular weight.

well-defined boundary conditions, such as a cubic array of
square boxes connected by narrow chanhets two-dimen-
sional lattice with random obstacl&s!21%“straits and lakes??

an infinitely long tube with a periodically oscillating wid#,
etc.15,24F27

Experimental Section

1. Materials and Instrumentation. Monodisperse colloidal silica

However, the relevance of any of these approaches to polymerspheres were obtained from Nissan Chemical Industries, Ltd. (PST-1),

diffusion in a swollen polymeric gel matrix remains unclear.
As far as we know, except for the work described F€neg
measurements have been made of the equilibrium partitioning
of a flexible chain polymer in a swollen polymeric gel matrix.

Quantitative comparisons of theoretical and experimental results

have been difficult due to the lack of a well-defined pore size,
polydispersity, and morphology in typical gel matrices.

In this report, we give the first direct evidence for equilibrium
entropic trapping phenomena in swollen polymeric gel media
by utilizing polymerized crystalline colloidal array (PCCA)
materials’8-37 Crystalline colloidal arrays (CCAs) are three-
dimensional periodic arrays formed by the self-assembly of
monodisperse macroionic colloidal spheres in low ionic strength
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as a ca. 20% (by weight) aqueous suspension (pt08 with a particle
diameter of 101+ 6 nm, as determined by transmission electron
microscopy. The ionic impurities in the suspension were removed by
exposure of the solution to mixed-bed ion-exchange resin (Bio-Rad
Laboratories, AG 501-X8, 2050 mesh). Acrylamide (AMD, Poly-
sciences, Inc.)\,N'-methylene-bisacrylamide (bis-AMD, Fluka Chemi-
cal Corp.), and photoinitiator 2,2-diethoxyacetophenone (DEAP, Al-
drich) were used directly without further purification. Narrow distribution
molecular weight standards of sodium polystyrene sulfonate (NaPSS,
Mw/M,, =~ 1.10) were purchased from Scientific Polymer Products, Inc.,
and Polysciences, Inc. The molecular weights quoted are the weight-
average molecular weightsl(). A Bausch & Lomb refractometer was
used to measure the NaPSS solution refractive indices. A Perkin-Elmer
Lambda 9 UV/VIS/NIR spectrophotometer was used to measure the
NaPSS absorption spectra and to monitor the diffraction from the CCA.

2. Fabrication of a Polymerized CCA of Spherical HolesFigure

2 illustrates the fabrication of a PCCA of spherical holes (HPCCA). A
suspension of~101-nm-diameter monodisperse silica spheres was
allowed to self-assemble into a CCA by removing the ionic impurities
with ion-exchange resin. After ion-exchange, we observed strong
iridescence from the silica CCA suspension. The diffracted wavelength
was controlled by varying the CCA lattice interplanar spacing, which
could be continuously adjusted by varying the number density of silica
spheres in the dispersion.

We immobilized the CCA structure by polymerizing a cross-linked
hydrogel network around the sphere array (PCCA). This methodology
has also been described in detail elsewl&r&. Here we mixed the
silica CCA aqueous suspension with the monomer AMD, the cross-
linker bis-AMD, and the photoinitiator DEAP. The mixture was then
injected between two quartz plates separated k%@0m-thick spacer
and exposed to UV light by using a mercury lamp. The acrylamide gel
polymerization resulted in a cross-linked hydrogel film, where the silica
CCA was permanently locked in position. A typical prepolymerization
mixture would contain a silica CCA suspension, 20% (w/w) total
monomer (AMD+ bis-AMD) with a 9:1 AMD-to-bis-AMD ratio, and
0.1% (w/w) DEAP. The final volume fraction of the silica spheres in
the mixture is about 7%.

(38) Rundquist, P. A.; Photinos, P.; Jagannathan, S.; Asher, S. A.
Chem. Phys1989 91, 4932-4941.
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Figure 2. Fabrication of a cubic array of spherical water holes. (a)
Random silica colloid aqueous suspensiohs@if-assembled crystalline
colloidal array (CCA) in deionized water, (c) polyacrylamide hydrogel
film embedded with silica CCA (PCCA), and (d) polyacrylamide
hydrogel of CCA of holes (HPCCA).

Due to the high polymer content and high cross-linker density, the
resulting PCCA films were sufficiently robust to allow further chemical
modification. We soaked the films in a 10% (w/w) hydrofluoric acid
solution for about 5 min to etch out the silica colloids. After careful
washing with deionized water, a HPCCA ofL00-nm-diameter water-
filled spherical holes was created. Both diffraction (vide infra) and
gravimetric analysis showed that the silica was completely removed
and that the etching had little effect on the hydrogel network.

3. Dependence of HPCCA Diffraction on Chemical Composition.
The intensity and wavelength of light Bragg diffracted by the array of
water holes in the HPCCA depend on the refractive indices of the
scattering entitiesngoie), the interstitial gel mediumnegiun), and the
overall crystal (cysta). These refractive indices in turn depend on their
corresponding chemical compositions. Therefore, by analyzing the
diffraction profile changes, we can sensitively probe these refractive
index changes. We will use this approach to monitor the NaPSS polymer
concentrations in the HPCCA medium and holes.

The following expressions relate the refractive indices of these
regions to the local NaPSS solution concentrations:

Nhole = nwate(]' - CH) + Nps Ly )
Mmedium™= Namp®a T (1 = B)[NyaelL — Cg) + Mps el (2)
ncryslaI: nmediun(:L - ¢ho|e) + nhole¢ho|e (3)

where nyaer and Nawp  represents the refractive indices of water and
AMD, Cy is the NaPSS weight percent concentration in the h@es,

is the NaPSS weight percent concentration in the hydrogel medium
with respect to the solution mass only (i.e., not including the mass of
polyacrylamide network)gne is the volume fraction of the holes in
the whole system, angh is the volume fraction of the polyacrylamide
network in the gel medium. Figure 3 demonstrates that, in the
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Figure 3. Concentration dependence of the NaPSS solution refractive
index for all NaPSS molecular weight standards. The legend indicates
the NaPSS molecular weight, where=K1000 Da.

is calculated as the ratio of the diffracted powBg)(to the incident
power Po) for a perfect nonabsorbing crystal:

giz 1 ify>1

° Y+ (-1 cof(AVY - 1)
Py 1
—= ify<1 (4)
Po. 2+ (1 - ) cottf(AV1 — yA)
Po A2+1

The measured extinctiork) is defined as
Py
E=—logT= —log 1—50 5)

whereT is the transmittance.
Assuming diffraction from BCC (110) lattice planes for light at
normal incidence,

W, — 2[(2 — 2%)A7)

W, ©
A8 = 2Ncysiafliio @)
A= nncrys;aéomlm ®)
2
w, = (:—yd') -1 ©
P, = ﬁ % (sinu — u cosu) (20)
U= hnjﬁtapo (11)

wherelB is the kinematic Bragg diffraction wavelength in a0 is
the interplanar spacing of the (110) lattice plahgjs the crystal

concentration range used here, the refractive index of the NaPSSthicknessm = npoi/Nmedium andDy is the particle diameter.

solution is linearly proportional to its weight percent concentration.

Therefore npssrepresents the “apparent” value of the NaPSS refractive 2

index, which is calculated from the slope to be 1.5065.

The CCA diffracted intensity and wavelength can be calculated by
using a model which combines dynamical X-ray diffraction theory and
particle light-scattering theosf-4* The relative diffraction intensity

(39) Liu, L.; Li, P.; Asher, S. AJ. Am. Chem. S0d.997, 119, 2729~
732.

(40) Zachariasen, W. Hrheory of X-ray Diffraction in Crystajslohn
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Figure 4. Calculated diffraction change as a function of the partition = 03
coefficientKyg and the NaPSS concentratiGa. (a) Extinction veKpe '
whenCg = 2% (w/w). (b) Extinction vsCs whenKyg = 1. 0.2
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0.5 over that in pure water. Assuming a homogeneous change throughout
0 . . : : the hydrogel, the parametdbs, diio, to, andea, used in eqs £11 will

change tor¥®Do, r¥3d10, 3o, andr~1¢,, respectively. Sinc&s is
determined from the absorption measurements, we have two observ-
ables, the extinctiok and the diffracted waveleng# which depend
Figure 5. Absorption spectra of PSS aqueous solutions at concentra- on only two variables, the concentrati6q (or the partition coefficient
tions of 10, 7, 5, 4, 3, 2, 1, and O wt %. The inset shows the linear Ks) and the swelling ratis. Therefore, we can determir@; andr
correlation between the 265-nm absorbance and concentration. directly from the diffraction data.

Experimentally, we first measured the diffraction spectra of the

If the hydrogel volume is constant, changes in the diffraction profile HPCCA in pure water. We then soaked the HPCCA in a NaPSS solution
will derive only from the refractive index changes. In this case, the of a particular concentration and molecular weight for 3 days, after
diffraction extinction is governed by the refractive index difference which we remeasured the diffraction. The surrounding reservoir was
between the mediumngediun) @nd the scatterersngye), while the essentially infinitely larger than the gel films-£00«m-thick disks,
diffracted wavelength is governed by the overall crystal refractive index ~8 mm in diameter). Thus, the NaPSS concentration in the reservoir
(Nerysta)- stayed constant. The soaking time was chosen sufficiently long that

Figure 4 shows the calculated dependence of the diffraction equilibrium occurred; no further diffraction changes were observed.
extinction onCg and the partition coefficient between the holes and In addition, we utilized a single HPCCA film throughout this study to
the gel mediumKys = Cu/Ce. The diffraction extinction strongly minimize variations and errors.
depends ok becauséyg diminishes the refractive index mismatch Figure 6 shows the observed diffraction spectra for different PCCA
between the holes and the mediumKls = 1 (no partitioning), the compositions. The changes in the diffraction extinction and wavelength
diffraction extinction only slightly decreases @s increases. reflect basically the refractive index changes. As the silica spheres are

4. Determination of Cg from NaPSS Absorption. Assuming that removed by HF etching (&~ b), the PCCA diffraction extinction
the partitioning of the NaPSS polymer chains from the reservoir solution decreases because the refractive index mismatch between the water
into the porous hydrogel medium is identical in the presence or absenceand gel medium is smaller than that between the silica and the gel
of the CCA, we can independently determi@ by absorption medium. The diffraction also slightly blue-shifts becauggsw has
spectroscopy. We made 2@@a-thick blank hydrogel films with the decreased. As the HPCCA is soaked in the NaPSS solutien ¢),
same composition as that of the PCCA but without the silica CCA. the diffraction extinction further decreases since the mismatch between
We then measured the absorption spectra of the blank hydrogel film Nmediuma@ndnnee is further reduced. The slight increaseniysw should
in water and in NaPSS solutions of different concentrations and red-shift the diffracted wavelength. However, the magnitude of this
molecular weights. Difference absorption spectra were used to minimize shift will be comparable to that which would occur from gel volume
the total background contributions from the scattering and absorption changes.
of the hydrogel network. To systematically measure the diffraction extinction and wavelength,

Figure 5 shows the concentration dependence of the NaPSSwe curve-fit each of the diffraction spectra (Figure 7). A perfect CCA
absorption and a typical calibration curve at 265 nm. The calibration will show a sharp symmetric diffraction peak. However, crystal
curves are linear over the entire concentration range studied. By imperfections and incident beam divergence will result in an asymmetry
comparing the NaPSS absorption in the gel media and in the reservoiron the shorter wavelength side. Furthermore, the scattering from defects
solution, we obtaine®s values for each particular molecular weight  and the absorption of NaPSS and polyacrylamide give a background
and reservoir concentration. which increases as the wavelength decreases.

5. Determination of Cy and Kys. Although the hydrogel films used We used a Lorentzian band shape (Figure 7, line 2) to model the
in these studies were highly cross-linked and rigid, they still slightly ideal crystal diffraction and a log-normal peak (line 4) to model the
changed volume for different NaPSS concentrations. This gel volume asymmetry. We used a single Gaussian (line 3) with its maximum in
change is an important issue since it alters the HPCCA lattice parametershe UV region to model the increasing background. Furthermore, a
and the size of the holes. Consequently, the overall change in thebaseline offset (line 5) was used to account for interface reflections.
diffraction profiles will contain the contributions not only from We also independently measured thealues by monitoring the gel
refractive index changes but also from gel volume changes. disk diameter changes using a magnifier with a contact reticle. The

We parametrized eqs-111 with the gel swelling ratior{, defined results agree well with those calculated from the diffraction analysis;
as the ratio of the gel volume soaked in a particular NaPSS solution the hydrogel linear dimension changes are all less than 1%. This

250 300 350 400 450 500
Wavelength (nm)
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Figure 7. Curve-fitting of PCCA diffraction profile. (1) The dotted
line is an experimental spectrum, and the thin line is the overall curve
fit (2) Lorentzian fit for perfect crystal diffraction. (3) Gaussian fit for
absorption and random scattering. (4) Log-normal fit for crystal defects
and lattice plane misalignment. (5) Baseline offset. (6) Curve-fitting
residual.

agreement reinforces the reliability we can expect for the methodology

used in this study.

Results

When the HPCCA film is exposed to the NaPSS reservoir,

Liu et al.

where the entropy term is proportional to the molecular weight
(vide infra).

At the lowest molecular weight, we observe that the partition
coefficients are sometimes less than 1, andlIis negative.
This indicates that an increase of NaPSS concentration occurs
in the polyacrylamide network region; entropic trapping effects
become insignificant for low-molecular-weight polymers, and
some affinity may exist between NaPSS and polyacrylamide
network.

2. Concentration Dependence of the Partition Coefficients.
Figure 8C shows the NaPSS concentration dependence of the
partition coefficients for different molecular weighk§,c shows
a concentration dependence similar to thatkgt. At low
molecular weightsKys and Ksg only slightly increase a€s
increases. In contrast, at high molecular weights, they both
sharply increase witlSs until they reach a maximum at5%Cs
and then decrease & further increases. In contrast, the
dependence dfsy on Cs appears very differenKsy increases
monotonically withCs (Figure 8C), with a slight leveling-off
for the highest molecular weights. Figure 8C also shows that
the partition coefficients rise more sharply with concentration
for higher molecular weights. This indicates a larger concentra-
tion dependence of entropic trapping for higher molecular
weights.

Discussion

The partition coefficients strongly depend on the NaPSS
molecular weight. This must result from an entropy effect since

jany enthalpic interactions between NaPSS chains or NaPSS and
hydrogel network should have little molecular weight depen-
ence. In addition, the embedded holes essentially possess the

the NaPSS partitions among the three regions of different spatia
constraints (Figure 8A). The region of the holes consists of the
monodisperse spherical aqueous cavities created by etching ouf

the silica spheres. These spherical holes (presumably the sam§aMe chemical properties as the rest of gel medium except that
diameter as the original silica colloids-£01 nm)) occur in a the average pore sizes are different. The dissolved NaPSS chains

cubic array lattice. The second region consists of the interstitial should possess the same _enthalpy in the gel medium and in the
hydrogel space, which is a randomly interwoven network of holes. Thus, the partitioning observed here must result pre-

cross-linked polyacrylamide chains which form pores of dif-
ferent sizes (vide infra). This broad distribution of pores has an
average diameter of several nanometérghe third region is

the infinite NaPSS solution reservoir, which has no external

dominately from the polymer chain conformational entropy

differences due to the different spatial constraints.
Electrostatic effects due to the NaPSS polyelectrolyte proper-

ties should not play a significant role in this partitioning process,

constraints except excluded volume and polymer entanglementsfor the following reasons: (1) There are no specific electrostatic

(vide infra).
Each experiment utilizes a NaPSS polymer of a defined
molecular weightCy, Cg, andCs represent the NaPSS weight

percent in the holes, the gel, and the reservoir, respectively.

Note thatCg is normalized to the available volume of the gel;

interactions between NaPSS and the polyacrylamide chains. (2)
The inter- or intramolecular interactions of NaPSS should be
the same in the gel and in the holes. (3) The electrostatic effects
on the NaPSS conformation should be charge density dependent
and thus not strongly molecular weight dependent. (4) We

i.e., the polyacrylamide chain volume is subtracted. We define studied the partitioning of NaCl in the same concentration range

the partition coefficients (the concentration ratios) among the
three regions akpg, Ksg, andKsy (Figure 8A).
1. Molecular Weight Dependence of the Partition Coef-

ficients. Figure 8B shows the dependence of the NaPSS partition
coefficients on molecular weight at various reservoir concentra-

tions (Cs). While the NaPSS molecular weight increases, the

as for NaPSS. No significant partitioning was observed for NaCl,
which indicates that simple electrolytes do not selectively
partition between the gel and the holes.

The configuration of a flexible polymer chain can be treated
using random walk statistics. When a polymer chain is confined
to a box with an infinitely high potential energy barrier, the

partition coefficients increase, and at the highest molecular "umber of possible configurations becomes limited compared

weight, Ky ~ 4 andKsg ~ 6. This partitioning behavior is the
first direct evidence of the entropic trapping phenomenon.
Figure 8B shows that IiKye and InKsg initially increase
rapidly and almost linearly with molecular weight and then level
off at higher molecular weights. LKsy linearly increases in

the entire molecular weight range but with a smaller slope than

that of InKyg or In Kse. This linear relationship between kK
and molecular weight is expected from entropic trapping theory,

(42) Righetti, P. GJ. Chromatogr. A1995 698 3—17.

to that in free space. Thus, in the box, the polymer chain
possesses less conformational entropy. The smaller the box, the
less conformational freedom. Consequently, a polymer chain
will preferentially partition into the largest box with the least
spatial constraints.

A few groups have calculated the conformational entropy and
the expected partitioning for a flexible polymer chain in confined
spaces of particular sizes and shape$*17-20 These results
can be generalized by the following scaling arguments. The
partition coefficient,K;, of a flexible polymer chain between
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Figure 8. (A) Schematic of NaPSS partitioning among the three regions: the holes, the gel, and the reGgn@i;. and Cs are the NaPSS

weight percent concentrations in the corresponding regions. (B) Molecular weight dependence of the partition coefficients of NaPSS among the
three regions. The different symbols denote the weight percentage of NaPSS in the reservoir solution. The curves connecting the points in panels
a and b are used to guide the eye, while the lines in panel ¢ are the linear least-squares fits. (C) Concentration dependence of the partitisn coefficien
of NaPSS among the three regions. The different symbols indicate the different NaPSS molecular weights. The lines through the data are used to
guide the eye.

two cavitiesi andj of different sizes is be applicable, and certainly are not quantitative, for the case of
a swollen polymeric hydrogel system.
_ G AG; The actual hydrogel matrix is extremely complex without
Kij =Ej ~exp - E 12) well-defined boundaries. For the20% (v/v) hydrogel used
here, the matrix would most likely consist of a dense net of
AG; =G -G (13) cross-linked acrylamide polymers woven through the solution.
This net acts as an excluded volume which limits the available
where C; and C; are the concentrations in cavitiésand j, conformations of the polymer chains. For the hydrogel here and
respectively, ands; and G; are the corresponding Gibbs free for the highest polymer molecular weight, we can use the
energies. observed partition coefficients to calculate a “trapping entropy”

For an entropy-dominated partitioning, where the enthalpy of AS ~ 2.8 cal mot! K~! between the gel and the water
differences are negligible, the total free energy for a Gaussian pockets, and\S~ 3.4 cal mot! K~1 between the gel and the

chain at constant temperature scaleda41720 solution reservoir.
1. Molecular Weight Dependence of the Partition Coef-
Ra\? al? ficients. In the entropic trapping regime, statistical thermody-
G~ R~ N R (14a) namics predicts that the partition coefficient from a smaller

cavity to a larger one will increase with polymer molecular
Rs|\Y al®® weight and the size difference between the two cavities, since
or G ~|=| ~Nl& (14b)
i R R the constrained conformational entropy scales with the polymer
chain length and inversely with the size of the confining volume
whereN is the number of segments (steps of the random walk) (egs 12-14b). These predictions qualitatively agree with the
for a polymer chaina is the Kuhn step lengthy is the Flory results presented in Figure 8B. The partition coefficient values
universal exponent, which is equal to 3/5 for self-avoiding ©ccur in the ordeKsg > Kug > Ksh.

chains?®42R; is the radius of gyration for the polymer chain, However, the theory further predicts that the logarithm of
andR; is the characteristic radius of tiitl cavity.G; is defined the partition coefficients should increase linearly with the
with respect to the reference state whBre= infinity. molecular weight. Figure 8B shows that Ky vs molecular

Equation 14a treats an ideal random flight chain, while eq weight (8B-c) follows this prediction, while IKnc (8B-a) and
14b includes self-excluded volume effects. These simple predic- In Ksg (8B-b) show approximately linear behavior only for low
tions are valid only for well-defined rigid boundary conditions, molecular weights but level off as the molecular weight further
where the cavities are sufficiently large to accommodate the increases. Careful examination shows thakKlg and InKsg
entire polymer chain. As the authors pointed out, they may not increase almost linearly with IN. This indicates that IKyg
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and In Ksg appear to increase with a fractional power of molecular weights and low polymer concentrations, the polymer
molecular weight, i.e., IiKyg or In Ksg ~ NI™%, where 0< « molecules partition preferentially into the largest acrylamide gel
< 1. pores. For examplés for a molecular weight of 1.% 10f Da

Since the chain conformational entropy must scale with is ~30 nm, while for a molecular weight of1 x 10° Da, Rg
polymer molecular weight, this result suggests that the effective is ~10 nm. A concentration increase for the high-molecular-
size of the cross-linked hydrogel confining space depends onweight polymer requires that the incremental polymer chains
molecular weight. In contrast, the theory assumes single-sizedlocalize into smaller gel pores, which show increased partition
cavities and well-defined rigid boundaries, and that each cavity coefficients into the holes and the solution reservoir. Thus, the
is large enough to contain the entire polymer chain. Thus, thesepartition coefficients should increase until they reach a maxi-
conditions are not fulfilled here. In the hydrogel matrix, the mum at concentrations of-5% w/w, close to the high-
water forms a continuous phase which is interwoven three- molecular-weight polymer entanglement regime. Any additional
dimensionally with the cross-linked polyacrylamide chains. The polymer concentration increase would result in increasing
boundaries of the “cavities” in the hydrogel matrix are poorly entanglement, which should result in decreased partition coef-
defined. ficients between the gel and the holes, as observed in Figure

Our studies utilize a broad range of NaPSS molecular weights 8C.
from 1.64x 10%to 1.2x 1P Da, whose radii of gyration ranges
from a few nanometers to about 30 inm comparison, the Conclusions
average cavity size of a hydrogel matrix is expected to be about ) o )
several nanometers to 10 nm, depending on the polymer and We have fabricated a pgr|0d|c array of mpnod|sperse aqueous
cross-linker contertt When a NaPSS molecule is too large to  Noles in a hydrogel matrix. We can easily control the size,
be contained in a single cavity, it will simultaneously occupy number density, periodicity, and morphology of these holes.
two or many adjacent cavities. Each section will behave like We quantitatively monitored the chemical composition of these
an independent polymer of smaller molecular weight. This effect holes by probing the refractive index differences between the
will decrease the molecular weight dependence of entropic holes and the medium through Bragg diffraction of the array.
trapping. A similar case was examined using Monte Carlo  We report here the first direct experimental evidence for the
simulations by Muthukumar and Baumgartner, who reported thermodynamic entropic trapping phenomenon. The embedded
that the constrained polymer conformational entropy became array of holes serves as entropic traps where flexible polymer
weakly dependent, or could even become independent ofchains of NaPSS have the highest conformational freedom and
molecular weight, if the polymer molecule simultaneously thus can maximize their conformational entropy. As a result,
occupied two or more square boxes connected by shortthe polymer chains preferentially partition into these holes rather
bottleneck channels:1? than into the rest of the gel matrix.

Thus, the effective size of the hydrogel matrix confining space  Through the Bragg diffraction and absorption spectral studies,
is likely to be molecular weight dependent: the larger the we have determined the partition coefficients of linear NaPSS
polymer chain, the larger the space required. We can modify among three regions of different spatial constraints, the mono-
eq 14 such that the size of the constraining space will increasedisperse 100-nm-diameter holes, the random porous hydrogel

with the polymer molecular weight, i.6} ~ N*’, where 0< matrix, and the surrounding reservoir solution. The results show
o < 1. This will decrease the molecular weight dependence of that the NaPSS chains are, indeed, trapped in the space of the
the conformational entropy and decrease the slope kf Ire., least spatial constraints, i.e., the embedded array of holes. The
In K ~ Gj ~ N7, NaPSS concentration in the holes was observed te4éold

The random, large pore size distribution of the hydrogel higher than that in the gel medium.

matrix also complicates our comparison to theory, since our  We have also systematically investigated the molecular weight
partition coefficients are related to the statistical average of the and concentration dependence of the partition coefficients. The
constrained entropy over all cavity sizes, which, as stated above results are in qualitative agreement with current entropic trapping
are molecular weight dependent. For low-molecular-weight theory. We suggest that the effective volumes of the hydrogel
polymer chains, almost all of the cavities are large enough to confining spaces may be molecular weight dependent due to
contain the whole chain; therefore Knvalues should be alinear  the poorly defined boundary conditions. This diminishes the
function of the molecular weight. However, for higher molecular |inear dependence of I on polymer molecular weight
weight chains, especially those which are much larger than the predicted by entropic trapping theory. We also suggest that the
average pore dimension of the hydrogel medium, only a fraction gbserved concentration dependence of the partition coefficients

of the cavities are large enough to contain the whole polymer at high molecular weight may result from the distribution of
chain and contribute to the linear relationship. the pore sizes of the hydrogel.

For the lowest molecular weights, we observe partition  These mesoscopically periodic HPCCA materials may be
coefficients less than unity, which we attribute to a weak affinity sefy| for applications as novel separation media to separate
between the NaPSS polymer and the polyacrylamide network. nacromolecules.

This effect is more pronounced where the gel network density
is higher and could be relatively significant when the entropic
trapping effect is small.

2. Concentration Dependence of the Partition Coefficients.
The notable increase of the partition coefficients with concentra-
tion for the high-molecular-weight polymers is surprising and
is not predicated, as far as we know. We speculate that our
observed concentration dependence of the partition coefficients
E)%Sr:gs';L%Towgosl;zrﬁecrjlrsrfgg::tl;?:r \c/)\fe'i[gﬁt:;%zg?ﬁehsyrggljlg:r: dResearch (Grant N00014-94-1-0592) and the National Science
| : o . i Foundation (Grant CHE-9633561).
arge gel pores similarly. Thus, little concentration dependence
is observed for the partition coefficients. However, at high JA983843N
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