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Pore-Size Distributions of Cationic Polyacrylamide
Hydrogels Varying in Initial Monomer Concentration
and Crosslinker/Monomer Ratio

Michael Kremer, Elmar Pothmann, Tobias Rossler,

John Baker, April Yee, Harvey 'Blanch, and John M. Prausnitz'

Chenxicél Engineering Department, Univeisity of California,
| and . |
_ Chemical Sciences Division, Lawrence Berkeley Laboratory,
- University of California |
Berkeley, CA 94720

ABSTRACT: Porefsize distributions have been measured for cationic acrylamide-based
hydrbgels. We use the-experimental mixed-solute-exclusion method, MSE, (introduced
by Kuga) to obtain the sdlute-exclusion curVé representing the amount of imbibed liquid
inside the gel inacccssiblé for a solu_te of rédius r. We use the BfoWniammotion model
(developed by Cassasa) to conveﬁ the size-exclusion curve into the pore-size distrib-
ution, which gives the frequency of pore radius R as a function of R.b This theoretical-
. ly-based interpretation of MSE 'data_ leads to thé Fredholm integral equatioh that we -
solve nﬁmerically.’Results are repdrted for a series of hydrogéls containipg acrylamide
and 3% MAPTAGC; the hydrogels differed in extent of crosslinking and/or initial con-

centration of monomer. Pore-size distributions shift to lower pore sizes with rising ini- |

tial monomer concentration and with rising crosslinker-to-monomer ratio.

t To whom correspondence should be adressed



Introduetion

Gels are cross-ﬁ;lked polymer networks s“}ollen in a liquid medium. The imbibed liquid
serves as a selective filter to allow free diffusion of some solute molecules, while the
polymer network serves as a matrix to hold the liquid together. When. the liquid is water,
the cross-linked polymer is a hydrogel. Gels are-well—kn'own_ in foods '_and medieines,
asv absorbents in disposable diapers, as ﬁltefs for water puﬁﬁcaﬁon and as separatio‘r_l.
fnateriais for chromatogfaphy and electrophoresi'é‘. Gels are also of interest for con-
‘&olled drug release? and for concentration of dilute solutions of macromolecules®4,
Despite much progress, flindamental understanding of gel properties is not yet sufficient
for ratieriai design of novel gel systems. For such designs, it is iniportant to know how .
solute molecules interact with the gel, in particular, how they partition between the gel
phase and the surrounding liquid phase. Partitioning depehds on two major effects: size

exclusion and molecular attraction/repulsion.

In this work we 'afe concerned with the siie-exclusion effect. Our goal is to determine
pore-size disuibutions of some representative gels. For measuririg gel microstructure,

it'is not possible to use common methods such as mercury porosimetry or nm'ogen ad-
: sorptlon because gels are swollen in a 11qu1d medium; therefore, pores are not readlly_
accessible to mercury or mtrogen Therefore, we use an indirect method for measurmg '
pore-size dxstnbutlons of gels based on the rmxed-solute exclusion (MSE) method in-

vtroduced'by Kuga®s, This MSE method consists of three major steps:

~+ Solutions with dissolved solutes of known concentrations and molecular sizes are
brought into contact with the swollen gel. The molecular sizes of the solutes must

cover a substantial range. (These solutions are called stock solutions.)

. Diffusion of solutes into the gel until equilibri'um is attained.. Partitioning of a par-
ticular solute depends on both the size of the solute and on the size distribution of

the gel pores.



»  Separation of gel from its surrounding solution and subsequent concentration meas-
urements of solutes in the equilibrated surrounding solution. The decrease of each
solute concentration relative to its initial stock-solute concentration is used for cal-

culating the gel's pore-size distribution.

To isolate the size-exclusion effect from the molecular attraction/repulsion effect, we
performed experiments with solutes that do not have specific interactions with the
charged-polymer matrix. To assure that size effects alone are responsible for the ob-
served partitioning, in separate experimental -studies we used two solute series: a poly
- (ethylene glycol) / poly - (ethylene oxide) / ethylene oxide series, and a dextran / oli-

gosaccharide series.

A polyelectrolyte hydrogel was prepared by aqueous free-radical reaction of acrylamide
(AAm) copolymerized with the cationic (3-Methacry1amidopropyl) trimethylammonium
chloride (MAPTAC)'. | To obtain a network structure, N,N'—methylcnebisacryléxnidc
(BIS) was added as a crosslinking agent. |

Pore-size distributions of polyelectrolyte hydrogels are'strongly affected by three factors:

» Concentration of chemical crosslinks of polymer strands. That concentration is de-

termined by the initial ratio of crosslinker to monomer.

¢ Concentration of physical entanglements of polymer strands. That concentration is
determined by the inital concentration of all polymerizable monomers in aqueous .

. solution.

e Net charge of the polyelectrolyte hydrogel. That charge is determined by initial

concentration of cationic and/or anionic monomer.

These three factors can be quantified using the composition of the hydrogel, that is, by

the nominal concentrations of monomer (AAm), co-monomer (MAPTAC) and cross-
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linking agent (BIS) at preparation condition. The composition of a polyelectrolyte hy-
drogel is characterized by three concentration parameters:

moles of BIS in feed solution % 100

%C = - total moles of monomer in feed solution
_ | mass of all monomers (® '
%T = volume of water (ml) x 100
GMAPTAC = —_mmoles of MAPTAC in feed solution

total moles of monomer in feed solution

The porous structure of a polyeleCtrolyte hydrdgel is also affected by the properties of
the surrounding solution, especially by dissolved ionic solutes (Donnan cffect) and by
dissolved uncharged solutes which pai'tition unevenly between the -gel phase and the

solution phase (Osmotic effect).

Two series of hydrogels were prepared. In the first, %C varied (0.4 to 1.2%) while %T,
%MAPTAC and the ionic strehgth of the solution were held constant ._(at' 15%, 3% and
0.001 M, respectively). In the second, %T vgried (15 to 30%) while %C, %2MAPTAC

and the ionic strength of the solution were held constant (at 0.2%, 15% and 0.001 M).
- Theoretical Section

It is difficult to determine the porous structure of a swollen material because of its fra-
~ gility. Hydrogcls may consist of 90 or even 99 weight percent water and only 10 or 1
~weight percent polymer netWork. The porous structure of a hydrogel exists only in
contact with an aqueous solution; when déhydrated, the network collapses ?nio a compact
mass. Therefore, techniques for measuring the porous structure of a h‘ydidgel must
consider the polymer-aqueous solution interaction that is required to preserve the struc-
ture. Because displacement of the imbibed aqueous liquid with any other fluid (e.g.,
mercury, nitrogen) does not retain the original‘ gel structure, classiéall porosity-measure-

ment techniques such as mercury intrusion or gas adsorption cannot be used.



Optical methods such as scanning electron microscopy have been appliedv to determine
the rhicfostructure of hydrogels yielding a ﬂuee-djmensional image of the structure
| .H0wever, resuits from these méthods‘ strongly depend on the preparation tec;hnique of
the hydrogel (e.g. C'ritical_-point drying with carbon dioxide, freeze-drying and freeze-
etching). These preparation techniques modify the sﬁ‘ucture, sometimes shrinking hy-

drogels up to 20%, as observed using critical-point drying®.

In the sihgle-point solute exclusion method, introduced by Aggebrandt and Samuelson?

to measure the pore structure of swollen cellulose, solution“s containing one solute each

are equilibrated with the material to be examined. 'USing this method, Stone et allo-12.

measured the pore structure of textile rayon and supe:r tire cord using sugar and dextran
probes. Kuga’$ introduced the mixed-solute-exclusion me.,thodv _utilizin'g one solution
comprising all solute species together éo_vering a wide molecular-weight range. For that
case, concentration measurements of each solute must be preceded by a separation
technique such as Gel Permeation Chromatbgréphy (GPC). Kuga ‘investigated the po-
rous structure of a cross-linked dextran gel -(Sephadcx)‘ appIying three different solute-

- exclusion methods. He performed his experiments using the above-mentioned single-

- point SE and mixed-SE and, in addition, the column solute-exclusion method. The latter |

is an inversion of GPC, where fully characterized polymer solutions are injected into a
column packed with Sephadex. Thé elution behavior of the known polymer solutes is
- used ‘to determine the pore structure. While this method saves much experimental time,
it is applicable only vtovgel samples that are available as sufﬁciéxitly rigid and finely di-
vided particles such that their size and shape are independent of the surrounding liquid.
- It is therefore not useful for the hydrogels studied here. '
~Kuga's experimental results gbtéinéd with  the s‘ingle-poin; SE agree Well with those
| obtained by the mixed-SE me\thod. The column-SE method showed significant deviation
in the high molecular-weight range, probably because of compression of gel paﬁicles

" during the packirig procedure. For our purpoéés, the mixed-SE method is the best; it is

5
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relatively fast and inexpensive.. We use here a modified form of Kuga's mixed-SE

method, as summarized below. Details are available elsewhere!3,

The initial total mass of the cationic hydrogel in the swollen state (m'cs)
14’ef.iscom'pos‘,edthecr'oss - linkedpdlyrhernetwo:k(:f.mpn), the imbibed liquid (%b_) and
possible excess liquid (my ), which _sticke to the sur_face' of the hydrogel but does not
contribute to the imbibed liquid: | |

m'gs = MpN + MLjmp, + ML eyc, - -

"Contacting the hydrogel with the stock solution causes a migration of solutes into the
pores of the hydrogel; Due to the poroué structure of the gel, the equilibrium concen- .
trations Qf the solutes in the gel phase are smaller than thoee in the surrounding solution
phase; this difference provides a driving force for the imbibed water to diiu_te the sol-.
ution to achieve osmotic equilibrium. Therefore, the equilibrated total mass of the hy-

drogel is rewritten:

mGs = mpy + MLy, - | C )

- One part of the imbibed liquid is present in pores acCessiBle to a solute of molccﬁlar
weight M (m(..(M)), while the remaining part is present in pores not accessible to this

particular solute (Mo —acc.(M)): |

m,-’L.imb. = m"acc.(M) + 'm”non—aee.(M) . | o (3)

The difference between the initial imbibed 11qu1d (rn Liq.imb.) and the equlhbrated 1mb1bed

liquid (m"”Lig.imb.) represents the expelled water (Amemued)

AMexpetied = ML imb. = M Limb, - S | N

At the start of the experiment, the weight concentration of a solute of molecular weight
M changes because the excess liquid (mr..), the expelled liquid ('rnexpcned) and the ac-
cessible part of the imbibed liquid (mf,..) contribute to a dilution of the surrounding

solution:



Mg olute(M) . Mgope(M)

Mgoty.
E ’mSolutes + Mgy, i

wM) = 3

Mg o1u1e(M)
Mgapy, + m"acc.(M) + Amexpelled + OY, exc.

(6)

W”(M) —_

The dilution ratio is defined as the concentrauon of the 'stock solution divided by the

concentration at equlhbnum »

W'(M) L msol,,. + m”acc.(M) + Al:nexpe.l‘Ied + M exc, )
WM Mg}y,
Combination of equation (7) with equations (1) - (4) yieldé: .
’” '. — o : w (M) :
m non—acc.(M) = Mg . mPN + [ W"(M) ] *Mgol, - (8)

The use of GPC to measure concentrations of the various solutes enables determination
of the dilution ratio —:—:—. The other mass quantities are measured by weighing. These

data provide the amount of non-accessible liquid as a function of molecular weight. -

To convert molecular weight M into a solute radius, we use the hydrodynamic volume
of a solute, which has been well accepted as a size parameter. The following equations
. give experimentally-determined relations between the molecular weights and the hy-

drodynamic radii of the solutes in water!¢:

rA) = 0271 M*** Dextran | . ©)
) = 0. 255 M%7 poly(ethylene glycol) - ‘ (10)
r(A) = 0.166 - M°-573 Poly(ethylene oxide) | o (11)

Here M is the molecular welght corresponding to Mp, the peak volume in the distribution
curve. If MP is not stated by the supplier, the elution volume of polydlsperse samples :
corresponding to M, or M,, must be evaluated?, usmg, for example, the Lansing-Kraemer

distribution ® or the less accurate estimate Mp = \/Mw'- M, .



The distribution coefficient K(r) as a function of solute radius r is the ratio of the ac-

cessible amount of imbibed liquid for a particular solute of radius r to the total amount -

of imbibed liquid:
| mAcc;(r) V.Acc.(r)
K@ mTQtal Vot (12)

The accessible amount and the total amount of imbibed liquid are defined by the fol-

lowing equations:

Mpce. () = Myour — MNon - ace. () (13)
MTotal = rli__t,ll MNon — ace.{T) = MiNgn — acc, e * ' ‘ (14)

Combination of Eq. (12)-(14) yields:

MiNop —acc., 0 — MNon— acc(;)

MNon — ace, oo

| (15)

K@) =

K(r) is the integral distribution coefficient, which is calculated from the experimental-
ly-measured non-accessible amc_nint of imbibed liquid (Eq.(8)). K(r) is given by an in-
tégral that is solely a function of solute radius r integrated over the entire pore-size range
(0 £R =£R..x). The following section discusses the differemial distribution coefficient

K(R,r) as a function of solute radius r and pore radius R.
{ ' '

Equation (8) represents the Solute-Exclusion (SE) curve which provides information
about the quantity of non-accessible water within the gel as a function of probe-solute
radius. Kuga® regarded Eq.(8) as the cumulative pore volume of the gel, but Jater® he
states that the identification of the SE-curve with the pore-size distribution is not correct.
This incorrect identification would mean that all the liquid existing in pores greater than
the molecular size of a soluté is available as accessible volume. Moreover, it would
mean that the distribution coefficient for a solute of radius r, fitting into pores where
R 21, is unity regardless of pore size. The latter statement is incorréct as long as the

solute has a finite volume because of the excluded-volume effect (alsd known as the



Wall Effect), shown in Fig. 1.16, The Wall Effect i'équires information about partitioning,
of solutes between the outer solution phase z;nd the gel phase as a function of solute size
and pore size. This information ‘i expressed by the differential distribution coefficient
KR,1). Ih the absence of any interaction between the solute and the pglymer matrix of
the gel (standard conditions of GPC), all solutes of any type give the same K(R,)!*%,
Ca'sassg et al'?-2 developed a théory to represent the inteéral distribution coefficient for
various pore geometries. This theory, based on the Brownian motion of a particle, has
been Qeriﬁed for independently characterized porous materials, for example porous
glasses. Fig. 2 shows the differential distribution coefficient as a function of 1/R for three
geometnc cavities ; here r is the radius of the solute and R the radms of the cavity (pore).

The three cquatlons for the differential distribution coefficient are:

Sphere: K(R,) —'——- E '(’“"_’ : S (16)
—_ _ 1 -Gty

Cylinder: K(R,;r) =4 Ez——_e R . : : an

where Bn are the roots JO(B) =0 where J, indicates a Bessel function of the first kind and

‘zero order.

(2-"1"’1)"t r )
Slab: K(R r)--— E 2 R ) 1(18)
_ _ (2m+ 1) |

Haller?? measured distribution coefficients for various controlled porous glasées (CPG)

whose average pore diameters25 ranged from 84 to 517A. Comparison between the three
'theoré;tical cui'yes and the exberiméntal data suggests that the slab cavity is' the best ge-
ometric pore shape for a reasonable representation of the 'expérimental data. To our
knowledge, these are the only experimental data using dextran probe solutes.to measure
distribution coefficients of ti)orous materials with known pore-size distributions. Even -

- though the slab cavity does not necessarily represent the pofous structure of hydrogéls,



it leads to the best representation of the expenmental data. To calculate the distribution
coefficient with cylindrical-shaped pores, the roots 3, of the Bessel- functlon of the first
kind and order zero were taken from Carslaw and Jaeger®. The good agreement.between
’ experiment and theory supports the validity of the theoretical framework developed by

Casassa.

The differential distribution coefficient K(R,r) is related to the pore-s'izé distribution in
the foliowing way. Consider a group of pores of radii betwcén Rand R+ dR witha
t;)tal volume dV. Let dV,..(r) be the pore volume with pores of radii between R and
R +dR Accessible io a molecule of radiu‘s r., The amount of accessible volume for ‘this
group of pores is:

 dVp @ =K®Ryp)-dV | : | a9

where K(R,r) is the differential dlstnbutlon coefﬁc1ent for solutes with radius r when the

pore radius is R. The d1ffcrent1al dlsmbuuon coefficient is rcstncted to the region

 0<K®RDE1.

The differential pdrc;size distribution, denoted by f(R), is defined through:

dV_ _ #®r).dr @0

where f(R) - dR represents the fraction of the total pore volume that contains pores with

radii between R and R + dR. Combination of équations (19) and (20) gives:"

Vpce®=KRD - IR) - Vo -dR . - @1

The total accessible volume for a solute molecule with radius r for all groups of pores

is foun_d from integration of equation (21):

VAcc.,eo <R, ° ‘
J —d—%’—‘“—'(rl = j KR, -f(R)-dR . o 22)
Total 0 : .
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K@) =

Integration of the left side yields the integral distribution coefficient K(r) in accordance
with Eq.(12):

VAcc‘.(r)

(23
Votal @)

AV peo @ )
VTotal J. Ace

To obtain the differential pore-size distribution, the final equation for data reduction is:

_ R, S o v '
K(r):.jo KRD-R)-dR . | » e

The left side of Eq.(24) is the measured overall distribution coefficient as a functioh of -
molecular radius r. The right-hand side consists of the differential distribution cqefﬁcient
as a function of r and R and the desired pore-size distribution f(R). The differential

distribution coefficient KR ) is prQilided by the Casassa Model.

Solving integral equation (24) to obtain f(R) presents a seﬁous problem. This equation

is well-known as the inhomogeneous Fredholm equatlon of the first kind; it can only

be solved numerically. We use the computer program CONTIN developed and mam-

~ tained by Provencher®-% to calcuate pore-size dlstnbutlons It is called CONTIN be—

.~ cause it is often applied to solving integral equations of the ﬁrst kind for effecnvely

CONTINuous distributions of diffusion coefficients, molecular weights, etc.”. Numerical |
solution of the Fredholm integral eqdation by i_n.version3° induces additional mathemat-
ical instabilities creating a large (typically inﬁnite) set of .solutiohs f(R) that satisfy
equation 24 within experimental error. These wellJcnde instabilities are tﬁinimized by
eohstfaining the pore-size distribution to be the smoothest nonnegative distribﬁtion that
is consistent with the experimental distribution coefﬁcient K(). The-modulai' and clearly
arranged sfructurc of the computer pfograrn' enables a user te incorporate additional
theoretical models for barticular applications not already incl'uded in the program. We
included Eq.(18) in' the subprogram USERK to account for the Wall Effect represented

by the integral_distn'bution coefficient K(R,r). Also, we changed the dimension spec-
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ifications; we increased the number of quadrature grid points beyond 35 to obtain more

accuracy. In some cases we used 250 grid points.

_To verify the Brownian-Motioﬁ Model in conjunction with the solution of the Fredholm -
integral equation, we utilized experimentally-determined -distribution coefficients K(r)
of dextran solutes in various controlled pdrous glassés with iﬁdcpendently known -
mean-pore diameters?2, Calculation of pore-size distributions using the’expeﬂmgqtally-
determined distribution coefficients yields reasonable agfeémcnt df the average-pore size
or mean-pore size with the CPG-data as shown in Table 1. Because the pore-size dis-
tributioris'of these COnﬁdued poroﬁs glasses are not_aﬁaﬂable,,a comparison of nicasurcd

-

and calculated pore-size distributions is not possible.

Experimental Section _

- Synthesis of the acrylamide-based hydrogels is described by Bakcr'et al.3!, These hy-
drogels are able to swcli to the order of hundreds of tirﬁes\fheir dry .wéight dué to the |
‘hydiophiﬁc nature of acrylamide. Incorporation of copolymer MAPTAC enlarges the - -
swelling capacity due to an osmotic-pressure dﬁﬁng force allowing more water to enter

the gel phase. To maintain electfoneutrality_, bthe Cl ions of the MAPTAC mdlecﬁle are |
confined to the gcl' phase because of the quatamary amine gro;ips imbedded in thé gel
network. Therefore, additional water migrates into the gel phase to dilute the concen- -
tration of the Cl ions. Hydrophilicity and osmotic pressuré yield hydrogels that can im- }
mobilize _1afge amounts of water or aqueo_us'solution. Howe_ver; these hydrogels display
a wéak structure, that is, thcyv break easily under mechanical ‘stress. ‘Iric_rvca‘sing %T and
%C reinforces the polymer netwofk; however, the ability of the gel to absorb water then

decreases.

Gel compositions are shown in Table 2. Our goal is to isolate the effects of %C and
%T on pore-size distribution. In our hydrogels the loweat %T was 15% and the lowest

%C was 0.2%. Hydrogels with both low %T and %C are very fragile. *Shifting %C and

12



%T to higher values increases the rigidity of the hydrogel but also yields hydrogels

whose structure is insensitive to further changes in %C and %T.

Using 'or}le_ solution containing all solutes of a series .requires a highly resdlving chro-
matographic apparatus and essentially monodisperse polymer fractions to resolve each
solute peak sufﬁcicntly for reasonable accuracy. Kuga's chromatograms show that in-
dividual solute peaks are élose together; therefore, determination of solute concentrations
“leads to large 'an'alytical errors. To increase analytical accuracy, we split the all-solute
solution into three or four subsolutions; each of these contains three solutes at most.
Tables 3 and 4 show the solutes used in this work. These tables also show molecular
weight, polydispersity and supplier. Tables 5 and 6 give the compositions of the sol-.
utions used for the MSE method. B

Experiments for hydrogels with variable %T were performed with slightly polydisperse
solutes. Dctcnhination of Vthc &ilutio_n ratio in Eq. (8) has to be as accurate as possible
because inaccurate mcasurcmerits produce the largest random errors in the non-accessi-
ble water calculated from Eq. (8). For hydrogels varying in %C, more nearly mono-

disperse polymer fractions were used as shown in Table 6. These more nearly mono-

. disperse fractions improve significantly the concentration measurements by producing a

higher resolution of the peaks in the chromatogram.

Use of subsolutions to increase analytical accuracy induced new experimental difficul-
ties. Contacting identical hydrogels with sevéral solutions containing different solutes
yields unequal swélling equilibria and thus diverse pore strucutres caused by different
osmotic pressures. The pore-size distribution cannot be-obtained éorrectly from combi-
nation of measured data from the various subsolutions. To circumvent this difficulty,
it may be feasible to normalize the non-accessible water with the sweliing capacity in
equilibrium assuming a linear relationship between the swelling of a gel and its porous
structure®. Another option is to increase the ionic _strcngth of the surrounding solution

- by adding the salt sodium azide to the solutions to screen the effect of different osmotic
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- forces’. Toward that end, sodium azide is used in this work with a concentration
0.06519g NaN; per 1000g solution (0.001 M) to maintain the same degree of swelling
of one class of hydrogels in equilibrium with each of the probe-solute-containing sol-

utions.

Sodium azide also serves as an antibacterial agent for preventing the destruction of sol-
utes (especially sucrose, raffinose and glucose35) by bacteria. In our initial experiments,
we obéewed a degradation of our hydro;gels over three months resulting in a steady in-
crease of the swelling capacity®. Since the gel discs are cut from gel sheets, polymer
“strands are destroyed, leaving radicals on the gel discs. These radicals initiate the de-
gradation in the gel in ponjunction with dissolved oxygen and promote further break-up
of polymer strands?3. Because of its low ion%zation pdtential, the azide ion easily trans-
fers an electron to the radical, saturating its electron shell; therefore, the azide ion in-
hibits decomposiﬁon of the hydrogel®*. In the presence of sodium azide, hydrogels were

stabilized; no change in swelling was observed over a long time.

To determine the dilution ratio in Eq. (8), it is necessary to conduct concentration mea-
surements of the stock solutions and the corresponding equilibrated solutions. Since the
solutions cohtain more than one prébe solute, it is necessary to separate the solutes and.
subsequently to deteét_them. Probe solutes of one series differ only in molecular weight;
Gel Permeation Chromatography (GPC) was used to separate the solutes as described

in Reference 13.

The experimental procedure starts with weighing of gel samples to determine rh’cs.' We
used about 6 - 8 grams for each jar where gels and solution are placed to reach equi-
librium. The jars are staight-sideq, including a lid with a gasket for a tight seal. The
tendency 6f polyacrylamide gel to adhere to the surfaces of the jars resulted in broken
or damaged gel discs upon removal. Therefore, all jars were pléced into a dichlorodi-
methyl silane - toluene solution for about 30 seconds to achieve hydrophobic glass sur-

faces of the jars. The jars were then thoroughly cleaned and rinsed with nanopure water.
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The amount of stock solution added was about 1.4 times the weight of the swollen gel.
This amount of solution was chosen to obtain a maximum decrease of the concentration
of the small probe solutes of about 50% to guarentee a significant signal/noise ratio in
 the ehromatogfam‘ We. used two jars for each gel/s.ovlutien combinafion for deternjining
experimental erfore en the one hand and to minimize i:he number of jars on the other.
The filled and closed jars were trénsferred to a constant-temperature bath. purchased from '
Blue M Electric,Blue Island IL 60406, Model MSB 3222 A- 1. Constant temperature is

mamtamed at 25°C

For each elass of .'gels, two jers contacted gel with pure water to monjtof the effect of -
broken gel particles. The pure solvent was later filtered and analyzed by. GPC to check
the existence of any additional peak caused by dissolved gel particles. Diffusion jars
were prepared to contact each class of gel with the largest probe solute of each seriés
(Dextran' 2.000.000, PEO 4.000.000). Thesé diffusion jars were filled with three times
the amount of ‘gel and solution of the regular jars th modify the equilibratioh as Httle
:as possible. We sampled every second day the surrounding solutien to measure the
concentration as a function of time neccessary to determine the partitioning equilibriﬁm
| of the probe solutes. These iarge poiyineré ﬁnished their migratien efter about 10 days;

however, we terminated the experiment after 14 days.

After equilibrium was reached, the gel discs were s_eparated- from the equilibrated S_ol-
g ution.s‘,'_thofoughly washed to remove essentiallsr all probe solutes and sﬁbsequently dried |
and weighed to determine mpN;- The equilibrated seluﬁons _wefe first filtered ( Whatman
filter paper no. 40, crystalline retention ) to remove gel penicles Whieh would affect the
chromatographlc measurements After filtering, the equilibrated solutions and the cor- .
respondmg stock solunons were alternately chromatographed at least three times. - Al-
ternate measurements of stock solution and equilibrated solution were necessary to ob-
tain accurate chromatographic results, because slight changes of the GPC—eqmpment

(state of the column, temperature, state of the mobile phase) greatly affect the results.
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Results and Discussion

Figures 3 'and. 4 show the solute-exclusion curves fo;' the 20% and 30%-T hydrogcls..‘
~ The lower limit, a non-accessible volume vof zero, can be confirmed expeﬁﬁxentally. :
Howeve’r, some data points lie in the negative range due to the limited accin‘acy of the |
measurements. This lower limit is independent of solute radius below 6A; molecules
with radii Smalief than GA are able to enter the entirc' ‘gel-borev structure. The upper limit
repre'senting .the_ swelling caﬁacity is experimentally determined by two vdifferent‘ meth-
 ods. The solid and dashed lines fepresént'the-weighed swcliing éapacitics of the gels
in cquilibriurﬁ with' the various prdbe-_solute solutions. The data show the results of the
mixed-SE method;' data in the high-molecular-weight range (total exclusion) represent

* also the swélling capacity. Both methods show good agreémcnt within expeﬁmehtal er-
ror. The data show that solutes with rédii of 186A or larger are tdtally excluded from
both gels; however, between the lower and the upper limit, thcv' cxclusioh behavior'of
. both gels is different because of différent pore structures. Generé.lly,‘wiih _incréasing
gel fragility, the data scatter in'cfeases due to breakihg of the gel. Standafd deviation of
the non-accessible volume is about 25 % for the 20% T gel, whereas the more rigid 30%

T gel exhibits only 10% standard deviation.

. Figs.5-7 show solute-exclusion curves for thé 0.4, 0.8 and 1.2%C cross-linked hydrogels.
Thc 1.2% gel, the tightest one, excludes solutes wiih radii of abouf 2004, while the 0.4%
gel, with the loosest netwo;k, accomodates molecuies ih its struciure up fo radii of orily '
160A. Weighed swel_ling capacities in equilibrium with either dextran and PEO/PEG

‘solutions agree better with increasing %C,- again due to the increaéing rigidity of thé gel. -
No significant difference of the swelling capacities of the 1_‘.2% gel was measured; the

dashed line coincides with the solid line. The data fit (Fredholm) line is-the c’urvé cal-

culated by CONTIN which gives the smoothest non-negative pore-size distribution.

Figs.6 and 7 show the calculated pore-size distribution for the hydrogels varying.in %T
and %C, respectively. The median represents pore radii with the highest probability;, the

mean radius-is the first moment of the distribution and the variance is the second mo-
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ment. The tighter 30‘7/6 T gel exhibits a pore-radius range to 300A, whereas the 20%-T
gel possesses pores with radii to 500A. The hydrogels varying ‘in %C are much tighter
than the %T gels, although the %T content is only 15%. The 0.4% cross-linked gel
possesses pores with maximum radii of 2404; the 0.8% C and 1.2% C gels have pores
with maximum pore radii of 200 and 1804, réspectively. Thc broadening of the dis- -
tributions is represented by the variance; decreasing %C pi'oduces a looser network and
therefore a broader distribution as indicatéd by a larger variance. Tables 7 and 8 give

the modes; means and variances for all measured pore-size distributions.
Conclusions

For rational design of vhydrog-els; it is useful to know how the pore-size distribution de-
pends on the hydrogel characterization commonly expressed by %C, %T and %como-
nomer. This work reports m measurements of pore-sizé distributions for acrylaamide-
MAPTAC gels for the range %C from 0.2 to 1.2, %T from 15 to 30; %MAPTAC was
constant at 3%. Measurements are based on the mixed;solute exclusion method using
dextran or poly (cthylene-glycol/oxide)‘ as probes. Mean pore sizes are iﬁ the range 67
to 168 A. Mean pore sizes and variances decrease with rising %T and rising %C. The
gels that are most dense (high %C and high %T) have appreciable numbers of very small
bores (diameters of the order of 1 A); as the gel becomes less dense, the frequency of

such small pores becomes very low.
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Figure Captions

Figure 1 : The wall effect and the size-exclusion curve ‘as a function of probe solute

radius.

Figure 2 : Brownian Motion Model: Theoretical distribution coefficient as function of

pore radius R and probe solute radius r.

~ Figure 3 : Size-exclusion cufve for AAm MAPTAChydrogel (20% T, _3% MAPTAC,
O.2%C). Déta represents experiments pérfonned with PEO/PEG and Dextran prbbc sO-
lutes. Data fit represents the fitted SE curve calculated and used by the compﬁter pro-
-gram CONTIN. to compme'pofe-size distributions, C swell (Dextran and PEO/PEG) is

‘the swelling capacity of the used hydrogels determined by weighing measurem#nts. :

Figure 4 : Size-exclusion curve for AAm MAPTAC hydrogel (30% T, 3% MAPTAC,
0.2%C).. Data represcnts' experiments performed with PEO/PEG and Dextran probe so- B
' luteé. Data fit rcpréégnts the fitted SE curve'caléulated- and used by the cbmputc_r pro-'
| gram CONTIN to compute pore-size distributions, C swell (Dexfrah and PEO/PEG) is

the swelling capacity of the used hybdrogels determined by weighing measurements.

Figure 5 : Size-exclusion curve for AAm MAPTAC hydrogel (15% T, 3% MAPTAC,
IO..4%C). Data represents experiments perfofm‘édwith PEO/PEG and Dextran probe so- -
' lutes;' Dﬁta,ﬁt represents the fitted SE curve calculated and used by the compute;r pro— '
grain CONTIN to compute pore-size distributions, C swell (Dextran and PEO/PEG) is

- - the swelling capacity of thé used hydrogels determined by weighing -measurements.

.Figure 6 : Size-exclusion curve fdr AAm I\;[APTAC hydrogel (15% T, 3% MAPT AC,
0.8%C). Data represents experiments performed with PEO/PEG and Dextran probe s0-
lutes. Data fit represents the fitted SE curve calculated and used by the computer ;ﬁro—
gram. CONTIN' to compute poré:;size distributions, C swell (Dextran and PﬁO/PEG) IS

the swélling capacity of the used hydrogels determined by weighing measurements.
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Figure 7 : Size-exclusion curve for AAm MAPTAC hydrogel (15% T, 3% MAPTAC,

1.2%C). Data represents experiments performed with PEO/PEG and Dextran probe so-
| lutes. Data fit represents the fitted SE curve calculated and used by the computer pro-
gram CONTIN to compute porc-si/ze distributions, C swell (Dextraﬁ and PEO/PEG) is

the swelling capacity of the used hydrogels determined By weighing measurements.

Figure 8 : Computed pbre-size distributions usin CONTIN for AAm/MAPTAC hy-
drogel (0.2% C, 3% MAPTAC) varying in% T (20,30).

Figure 9 : Computed pore-si.ze.disu'ibutions usin CONTIN for AAm/MAPTAC hy- )
drogel (15 % T, 3% MAPTAC) varying in % C (0.4, 0.8, 1.2). ' |
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Figui'e 2
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Figure 5
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Pore-Size Distribution f(R) (1/Angstrom)
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Pore-Size Distribution f(R) (1/Angstrom) |
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517

~Porous Glass |, - :
Mean Diameter ) 84 227 314
(A
Calculated ’ .
Mean Diameter 90 222 312 470
—_
Deviation (%) 71 525 06 o0

Table 1:Compan'soh of experimentally-determined mean-pore diameters of controlled
porous glasses and calculated mean-pore diameter using Brownian Motion model in
conjunction with the solution of the Fredholm integral equation
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"Variation % T

—-Variation' % C

%MAPTAC 3%. 3%
% C 0.2% 04% | 0.8% .1.2%
wr | 15% | 20% | 25% | 30% 15%

Table 2: Composition of AAm/MAPTAC hydrogels used in this work.
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PEG/PEO

TDextran/(ﬁgoSaccharidcs

My, Fraction Supplier My, Fraction Supplier
EG Myy=62) Fischer Glucose (My=180) ~Aldrich
PEG 200 ) Sucrose (M,=342) Fisher
PEG 300 Raffinose (My,=504) S
PEG 400 Union Carbide 11,000 Sigma
PEG 3350 2,000,000
PEG 8000 70,000 . Fluka
PEO 100,000 o 110,000 :
PEO 600,000 - Aldrich 40,000 Pharmacia
. PEO 900,000 - ' 500,000 '
PEO 4,000,000

- Table 3: Polydjsperse PEO/PEG and Dextran/Oligosaccharide probe solutes used -

for investigation of AAM/MAPTAC hydrogels varying in %T.

Polydispersity ranges from approximateley 1.4 to 2.8.




Table 4: Monodisperse probe solutes used for investigations of AAmyMAPTAC
hydrogels varying in %C ‘

Solute Weight Weight Number Peak Mw/Mn Supplier.
' JAverage . Average ‘Average Average -
(GPC) (Light (GPC) (GPC) -
Mw Scatter.) Mn Mp
Mw
PEO N/A N/A N/A N/A N/A Aldrich
4.000.000 ' Chem. Co.
PEO 832,000 888,600 876,400 881,500 1.06 Scientific
1,000,000 : : : Polymer
PEO 444,900 457,000 432,300 447,300 1.03 :
500.000 :
PEO 305,400 299,300 283,400 293,000 1.08
1200.000 : ' v _
PEO - 62,600 . §66,600 61,400 - 64,400 1.03
60.000 - .
PEG 19,700 14,700 . 19,000 134
20.000 ' '
PEG 10,900 19,200 10,900 1.19
10.000 ' '
PEG 3,070 2,890 3,140 1.06
3.000 - :
PEG 629 574 625 1.10
600 : .
PEG 420 370 400 1.14
450 .
PEG 229 206 210 1.11
200
Solute Weight Number Mw/Mn Supplier
Average Average ' '
(GPC) (GPC)
Mw Mn
Dextran 11,600 8,110 1.43 Fluka
12,000
Dextran 48,600 35,600 136
50,000
Dextran 80,900 55,000 147
80,000 _
Dextran 147,600 100,300 1.47
150,000
Dextran 667,800 332,800 2.00
670,000 B ' .
Dextran N/A N/A NA . | Sigma
2,000,000 : '
Glucose 1.00 Aldnch
Sucrose 1.00 Fischer
Raffinose . 1.00 .
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" PEG/PEO — Dextran
Solution Fraction w' Twt%] Solution Fraction w' [wt%]

Pl 200 0.80 110,000 0.15

100,000 0.25 D1 11,000 0.15

300 0.70 Sucrose 0.06

P2 8,000 0.40 - 500,000 0.15

600,000 0.25 D2 40,000 0.15

‘ 400 0.70 Glucose 0.06

P3 8,000 0.40 2,000,000 0.16

900,000 0.25 D3 70,000 0.20

EG 0.10 - Raffinose 0.06
P4 3,350 0.40
4,000,000 0.16

Table 5: Compositions of stock solutions used for investigations of AAm/MAPTAC

hydrogels varying in %T
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PEO/PEG

Dextran
Solution VW Weight Solution MW Weight
| percent _ Percent
P1 EG 1.0 D1 Raffinose 0.06
3,000 0.4 12,000 - 0.1 -
- 200,000 0.3 . 150,000 0.2
P2 200 0.3 D2 Glucose 0.06
10,000 0.5 50,000 0.15
| 500,000 0.3 670,000 02
P3 450 0.8 D3 Sucrose 0.06
20,000 0.6 80,000 0.2
1,000,000 0.25 _
P4 600 0.7 D4 2,000,000 (0.2
60,000 0.4
4,000,000 0.2

Table 6: Compositions of stock solutions used for i 1nvest1gat10ns of AAm/MAPTAC

hydrogels varying %C
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Mode [A] Mean [A] | Variance [A2]
30% T 27.9 100.1 16555
20%T 72.9 168.8 41314

Table 7 Mode, mean and variance for pore-size dlstnbuuons of AAm/MAPTAC

hydrogels varying in %T.
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Mode [A] Mean [A] Variance [A2]
0.4% C 99.5 124.8 20514
0.8% C 55.7 92.0 12109
1.2% C 54.4 67.8 16923

Table 8: Mode, mean and variance for pore-size d1str1but10n of AAm/MAPTAC

hydrogels varymg in %C.

40



LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
TECHNICAL INFORMATION DEPARTMENT
BERKELEY, CALIFORNIA 94720





