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1. Abstract 

Determination of pore-size distributions of porous hydrogels swollen in a 

liquid medium is a delicate task. Classical methods for investigation of 

porous structures (mercury intrusion, gas adsorption) are not applicable 

because the pore structure is supported by the liquid medium and hence not 

accessible for other liquid or gaseous media. 

In this work we used the Mixed-Solute-Exclusion Method, an indirect 

method to investigate pore structure. For the polyelectrolyte hydrogel, we 

copolymerized acrylamide (AAm) with the cationic monomer (3-Metha

crylamidopropyl) trimethylammonium chloride (MAPTAC) and crosslinked 

with N,N'-methylenbisacrylamide (BIS). Aqueous solutions with dissolved 

Dextran- and Poly (ethylene glycol/oxide) molecules of known concen

trations, covering a wide range of molecular weight, are brought into con

tact with the hydrogel. Due to penetration of the various solutes into the 

gel and the migration of imbibed water out of the gel (caused by difference 

in osmotic pressure), the coexisting solution phase in equilibrium with the 

gel has a modified concentration of solutes. Based on this difference of 

concentrations, the amount of non-accessible water for a solute as a function 

of molecular weight can be determined. The conversion of the molecular 

weight of each solute into a solute radius is performed with the aid of hy

drodynamic volume theory. With these results, calculation of the pore-size 

distribution is feasible by solving the Fredholm-equation. 
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To show the feasibility of this indirect method, we compare known pore

sizes of porous structures with the results of the mixed-SE method (in 

conjunction with the solution of the Fredholm-equation). Theoretical stu

dies are accompanied by an experimental investigation of the pore stucture 

of an AAm/MAPTAC hydrogel. 

Our results confirm the feasibility of determining pore-size distribution of 

porous materials with the aid of the Mixed-Solute-Exclusion Method in 

conjunction with the solution of the Fredholm equation. Experimentally

determined distribution coefficients of solutes in several porous glasses 

(systems with prior known porous structures) were used to calculate the 

pore-size distribution. Our results exhibit good agreement with the exper

imental data, even for bimodal pore structures. 

These initial studies to verify the practicability of the Mixed-Solute-Exclu

sion Method were accompanied by first preliminary experimental studies 

for a polyelectrolyte hydrogel. The preliminary results are encouraging but 

further efforts are required to reduce experimental uncertainties. These ef

forts are now in progress. 

Experimental investigation of the AAm!MAPT AC hydrogel with two dif

ferent probe-solute series (Dextran and Poly (ethylene glycol/oxide)) 

yielded two different pore-size distribution with mean diameters of 84 A 
and 186 A. This significant difference was due to a deterioration of the 

chromatographic columns during our measurements which resulted in erro

nous determination of the probe-solute concentrations. This source of ex

perimental error is now corrected and therefore it is likely that subsequent 

experimental results will be of much better quality. 
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2. Introduction 

A gel is a cross-linked polymer network in a liquid medium. Its properties 

depend strongly on the polymer-liquid interaction. The liquid prevents the 

polymer network from collapsing into a compact mass, and the network, in 

turn, retains the liquid. When the liquid is water, the cross-linked polymer 

is a hydrogel which swells sometimes very strongly. When the network is 

a polyelectrolyte, the degree of swelling depends on temperature, pH and 

salt concentration but mostly on the water-polymer interaction. 

Because of these properties some applications of these gels have been in

vestigated and developed. Well-known applications include contact lenses, 

electrophoresis media and chromatographic packings. But there exists a 

potential for other applications such as the use of gels in chemomechanical 

systems, controlled-drug release and in biochemical and organochemical 

separations. 

To develop and design hydro gels for applications, it is important to char

acterize the gel as a function of gel chemistry and composition. Gel char

acterization involves determination of swelling equilibria and kinetics, in

vestigation of mechanical behavior and analysis of gel microstructure. 

Methods for measuring gel microstructure are different from common 

methods such as mercury porosimetry or nitrogen adsorption because gels 

are swollen in a liquid medium; therefore, pores are not accessible to mer-
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cury or nitrogen. We use here a solute-exclusion method for determining 

the microstructure, in particular, pore sizes and pore-size distributions. 

Solutions with cet;tain solutes at known concentrations, which cover a wide 

range of molecular weight range, are brought into contact with the hydrogel. 

Due to the porous structure of the hydrogel, some solutes migrate into the 

gel; others do not. The differences in concentrations of each solute is mea

sured by means of Gel Penneation Chromatography (GPC). These differ

ences are subsequently used for estimating pore sizes and pore-size dis

tributions. 

We use two different kinds of probe-solutes: one set of solutions with 

Dextrans- and Oligo saccharides and the other set with Poly (ethylene gly

cols), Poly (ethylene oxides) and Ethylene glycol. The reason for using two 

different series of probe solutes is to investigate the influence of different 

porbes on measured pore-size distributions. 

In this work, we prepared a polyelectrolyte hydrogel containing acrylamide 

(A Am) copolymerized with the cationic (3-Methacrylamidopropyl) trime

thylammonium chloride (MAPT AC). To obtain a network structure, we 

added N,N'-methylenbisacrylamide (BIS) as a crosslinking agent. 

To our best knowledge, the only structural analysis of a hydrogel by size

exclusion (SE) was performed by Kuga /1,2/. The experimental procedure 

used in our work is based on that used by Kuga. However, the analysis for 

obtaining pore-sizes and pore-size distributions is different from that of 

Kuga. We use a special numerical procedure for solving the Fredholm-E

quation, a type of integral equation. This integral equation transforms the 

experimentally-determined distribution of the solutes between the liquid 

phase and the gel phase to a theoretically-based pore-size distribution. 
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We present in this paper the swelling equilibria, distribution coefficients and 

the pore-size distribution of the AAm/MAPT AC-hydrogel. The results have 

to be regarded preliminary due to imperfect experimental conditions. How

ever, initial studies have shown that a large increase in accuracy of the 

results can be .obtained by optimizing the experimental procedure. Investi

gations using the improved method are under way; details are discussed in 

Chapter 6. 

2. Introduction 5 



3. Experimental Section 

3.1. Probe Solutions 

Solutes used to investigate the pore structure of hydro gels should meet the 

following requirements: 

• Good solubility in water 

• No specific interaction with the gel matrix ( adsorption, electrostatic 

interactions, etc.) 

• Sufficiently monodisperse fractions covering a large MW-irange 

• Well-defmed size, which does not change significantly inside the gel 

matrix 

Globular molecules, such as proteins, would be the optimum probe solutes 

with respect to a well-defined size. Proteins are also monodisperse, how

ever, we do not use tehm because they bear charged groups which interact 

strongly together and with the gel matix. Even if we used a pH corre

sponding to the isolelectric point, the protein would still have significant 

electric moments. 

Regarding all requirements, the best choice for probe solutes soluble is: 

1. Aqueous Dextran-/Oligosaccharide solutions 
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2. Aqueous Poly (ethylene glycols)/ Poly (ethylene oxides)/ Ethylene gly

col solutions 

Dextran polymers were provided by Sigma Chemical Co., St. Louis, MO 

63178, U.S.A., and by Pharmacia LKB, Uppsala, Sweden. Poly (ethylene 

oxides) were supplied by Aldrich Chemical Co., Milwaukee, WI 53201, 

U.S.A., Poly (ethylene glycols) by Union Carbide Co., Danbury, CT 06817, 

U.S.A., and Ethylene Glycol by Fisher Scientific, Fairlawn, NJ 07410, 

U.S.A .. 

Kuga /1/ described three different methods of solute exclusion: 

Single-point-SE, Column-SE and mixed-SEe In single-point-SE method so

lutions with only one probe solute is used and brought into contact with the 

gel of interest. Although this method is a strongly time-consuming proce

dure due to many different solutions, there is no need for any separation 

process (for example chromatography) to separate the probe solutes. In 

contrast to this method the mixed-SE method uses only one solution com

prising different probe solutes which cover a wide range of molecular 

weight. According to this method, the experiments have to be carried out 

by means of a separation process coupled with a detection system. The co

lumn-SE method is a dynamic version of SE, where the column is packed 

with the hydrogel. Although this method saves much time and amounts of 

expensive polymer-standards, it is only applicable to gel samples which are 

available in the form of rigid and fmely divided particles. 

We perform our experiments using the mixed-SE method, but we use 3 or 

4 different solutions, each containing three probe solutes for the Dextran 

series and the Poly (ethylene glycol/oxide) series, respectively. Only the 

first aqueous Poly (ethylene glycol/oxide) mixture contains two probe sol

utes. The split into 3 or 4 different solutions was necessary due to the re-
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solving power of the eXlstmg chromatographic equipment. The compos

itions of the solutions are given in Table 1 and 2. 

Solution 1 Solution 2 Solution 3 

Solutes wt-% Solutes wt-% Solutes wt-~ 

Dextran 2.000.000 0.16 Dextran 500.000 0.15 Dextran 150.000 0.2 

Dextran 70.000 0.2 Dextran 40.000 0.15 Dextran 11.000 0.1 

Raffinose 0.04 Glucose 0.04 Succrose 0.04 

Table 1. Composition of the Dextran solutions 

Solution 1 Solution 2 Solution 3 Solution 4 

Solutes wt-% Solutes wt-% Solutes wt-% Solutes wt-% 

PEG 200 0.8 PEG 300 0.7 PEG 400 0.7 EG 1.0 

PEG 
0.4 

PEG 
0.4 PEG 3350 

8000 8000 
0.4 

PEO PEO PEO PEO 
100.000 

0.25 
600.000 

0.25 0.25 0.16 
900.000 4.000.000 

Table 2. Compositions of the Poly (ethylene glycol/oxide) solutions 

3.2. Gel samples 

The hydrogel in this work is a polyelectrolyte AAm/MAPT AC gel cross

linked with BIS with the following composition: 
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% T = mass of all monomers (g) x 100 = 15 % 
volume of water (ml) 

%C = moles ofBIS in fee? solution. x 100 = 0.5% 
total moles of monomer ill feed solutIon 

%MAPTAC = molesofMAPTACinfeedsolution x 100 = 3~ 
total moles of monomer in feed solution 0 

Synthesis of this hydrogel is described in /3/. 

The gel samples were swollen in purified and filtered water, provided by a 

Barnstead Nanopure IT System. The water was changed every day and 

weighing measurements were performed to monitor the swelling behavior. 

After eight days, swelling-equilibrium was reached; the swelling capacity 

was then determined to be 85 (swollen gel (g) /dry gel (g) ), which is in 

good agreement with previous experimental data /4/. 

3.3. Chromatographic Equipment and Attached Devices 

Since we have solutions with more than one probe solute, it is necessary to 

separate the solutes and subsequently to detect them. The heart of the 

chromatographic apparatus consists of two HPLC gel filtration columns, a 

Bio-Gel TSK-30 and a Bio-Gel TSK-40 column (300mm x 7.5mm) pur

chased from Bio-Rad, Richmond, CA 94804, U.S.A .. The me~n pore sizes 

are 250 and 500A respectively, and the separation ranges in molecular 

weight for Poly (ethylene glycols) are 1.000-40.000 g/mol and 

2.000-400.000 g/mol, respectively. The columns are operated at a constant 

temperature of 35°C, equipped with a column heater and a temperature 

control unit purchased from Rainin Instrument Co., Woburn, MA 01801, 

U.S.A .. 
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Deionized, filtered and degassed water was pumped at a flow-rate of 0.8 

ml/min (+1 %) by a computer-operated one-piston pump consisting of a 

drive module and an interchangeable pump head. An additional pressure 

monitor displays the actual inlet pressure and turns off the pump automat

ically if the high- or the low-pressure limit is reached; these limits are set 

by the operator. The pump and the monitor are also provided by Rainin 

Instrument Co .. 

The solutions were injected by means of a syringe-loading-sample injector, 

model No.7125, equipped with a 200J,l1 sample loop, supplied by Rheodyne 

Incorporated, Cotati, CA 94928, U.S.A .. 

The different probe solutes, eluted through the HPLC columns, were de

tected by a differential refractometer, No. 731.88, Wissenschaftliche 

Geratebau Dr.-Ing. Herbert Knauer GmbH, Berlin, Germany. Since the re

fractive index of liquids depends strongly. on temperature, the flow-cell of 

the refractometer is maintained at a constant temperature by an external 

temperature controller. The obtained data points were transfered through an 

interface to an lliM personal computer for analysis of the peak areas and 

peak heights. The software used for collecting, processing and reprocessing 

the data is a program package called Nelson Analytical 3000 Chromatog

raphy System (updated version 4.1), purchased from Nelson Analytical Inc., 

Cupertino, CA 95014, U.S.A 

3.4. Experimental Procedure 

First, the stock solutions were chromatographed at least three times. Then 

several beakers were filled with each five gel samples of an approximate 

weight of 12 g (swollen state). We chose three different amounts of the 

solutions to be added to the gel samples; the ratios of solution (g) / swollen 
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gel (g) were about one, two and three. We did not have any prior knowledge 

of the structure of the hydrogels and we wanted to have a decrease of the 

concentrations of about 50%. Therefore, we selected three different ratios 

to obtain measurable concentration differences. 

The filled beakers were transfered to a temperature-controlled bath, pur

chased from Blue M Electric, Blue Island, IL 60406, U.S.A., Model 

MSB-3222A-l, at a constant temperature of 25° C and shaked at a moderate 

frequency, until swelling equilibrium was reached. Weighing measurements 

were performed every day for monitoring the swelling behavior of the gel 

samples in the different solutions. After equilibrium was reached, the gel 

samples were separated from the equilibrated solutions, thoroughly washed 

and subsequently dried. The remaining equilibrated solutions were first fil

tered ( Whatman futer paper no. 40 ) to remove gel particles which would 

affect the chromatographic measurements. After filtering, the equilibrated 

solutions and the corresponding stock solutions were alternately chromato

graphed at least three times. This procedure of alternate measurements of 

stock solution and equilibrated solution was necessary to obtain accurate 

chromatographic results, since slight changes of the GPC-equipment (state 

of the column, temperature, state of the mobile phase) greatly affect the 

results. The differenc~s in concentrations of each probe solute were used 

to calculate the distribution coefficient and the pore-size distribution. 
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4. Analysis and Theoretical Models 

4.1. Principle of the Mixed-Solute-Exclusion Method 

In the following section we denote all quantities which change during the 

experiment with one prime ( ') before contacting the probe solutions and the 

gel samples. We use a double prime (") for quantities at equilibrium (after 

contacting). 

The masses of the gel samples (m' GS) in the swollen state consist of the 

cross-linked polymer network (mPN), the imbibed liquid (m'Liq.,imb.) and ex

cess-liquid (mLiq.,exc.), which sticks to the surface of the gel samples: 

, , 
m OS = mpN + m Liq.,imb. + mLiq.,exc. (4.1. - 1) 

Contacting the probe solutions with the gel samples results in an initial 

uneven distribution of probe solutes in the entire system (gel plus solution). 

This gives rise to an increase of osmotic pressure outside the gel. Two 

mechanisms tend to decrease the osmotic pressure difference between the 

gel phase and the outer solution phase. Migration of some molecules into 

the gel reduces the pressure difference by yielding a more uniform distrib

ution of solutes. The remaining osmotic pressure difference causes the gel 

to expel water to dilute the surrounding solution. Therefore, swelling of the 

gel in equilibrium with the probe solutions gives: 

" " m OS = mpN + m Liq.,imb. (4.1. - 2) 

4. Analysis and Theoretical Models 12 



The imbibed liquid, in tum, may be split into two fractions: One fraction ( 

m"acc.(M» is accessible to the solutes of molecular weight M while the re

maining fraction (m"non-acc.(M» is not affected by the solute molecules: 

m" Liq.,imb. = m" acc. (M) + m" non _ acc. (M) (4.1. - 3) 

The difference between the initial imbibed liquid (m'Liq.,imb) and the equi

librated imbibed liquid (m" Liq.,imb) represents the expelled water (~Expelled): 

~ -m' -m"·· Expelled - Liq.,imb. Llq.,unb. (4.1.-4) 

The modified swelling capacity of the gel samples, which is caused by the 

osmotic pressure, results in an alteration of the concentration of the probe 

solutes in the surrounding solution phase. The initial weight concentration 

(w'(M» is the amount of probe solute (mp-solute(M» divided by the mass 

of pure solvent (Illsolv). Since the total weight concentrations of probe sol

utes in solution is about 1 %, we neglect the relatively small amount of the 

total mass of probe solutes: 

w' (M) = mp - Solute(M) _ mp - Solute(M) 
~ mSolv. 
L.Jmp - Solutes + mSolv. 

(4.1. - 5) 

As a result of solutes penetrating into the gel and migration of imbibed li

quid out of the gel into the liquid phase, the concentration w" is modified: 

w"(M) = mp - Solute(M) 
mSolv. + m" acc.(M) + ~Expclled + mLiq.,exc. 

(4.1. - 6) 

The dilution ratio IS the equilibrium concentration divided by the stock 

concentration: 

mSolv. w"(M) 

w'(M) mSolv. + m" acc. (M) + ~Expelled + mLiq.,exc. 

4. Analysis and Theoretical Models 

(4.1. -7) 
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Combination with equations (4.1-1) to (4.1.-4) yields: 

" , [w'(M) ] 
m non-acc.(M) = mGS - mpN + 1- w"(M) .mSolv. (4.1.-8) 

·1· . w'(M). d . d b 1 hr h Th th The dl utIon ratIo" IS etermme y ge c omatograp y. e 0 er 
w (M) 

quantities m' GS , mPN and Illsolv. are measured by weighing and thus we obtain 

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

If the relationship between the molecular weight M and the molecular radius 

r is known, m" non _ acc.(M) can be converted into m" non - acc.(r) , which is inter

preted as the cumulative pore-size distribution of the gel sample /1/. 

The fmal equation (4.1-8) represents the Solute- Exclusion curve 

(SE-curve) which provides valuable information about the quantity of 

non-accessible water of a probe solute within the gel as a function of 

probe-solute radius. This functional relationship used to be regarded as the 

cumulative pore volume of the gel. However, identification of the SE-curve 

with the pore-size distribution is not correct /2/, as is now well known. It 

would mean that all the liquid existing in pores greater than the molecular 

size of a solute is available as a solvent for the solute, or alternatively that 

the center of gravity of a solute molecule can migrate throughout within the 

accessible pores with equal probality. This is obviously wrong as long as 

the solute has a fmite volume. This exc1uded- volume effect is shown in 

Fig 1. and known as the Wall Effect /6/. The important Wall Effect is 

considered in this work, which converts the SE curve as a function of solute 

radius into the pore-size distribution as a function of pore radius (see fol

lowing Chapter). 

Solute sizes are given by the Stokes radius, radius of gyration, root-mean

square average end-to-end distance and hydrodynamic volume. The hydro

dynamic volume has been accepted as a general size parameter (see the 
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various references in /5!). Table 3 gIves experimentally-detennined re

lationships between the molecular weight and the hydrodynamic radius r 

of a polymer in a particular solvent /5/. Table 4 shows calculated hydrody

namic radii for the probe solutes used in this work: 

Solute fh (A) 

Dextran 0.271 • MO.498 

Poly (ethylene glycol) 0.255 • M°.5!7 

Poly (ethylene oxide) 0.166 • M°.573 

Table 3. Relationships between molecular weight and hydrodynamic radius in water 

Here M is the molecular weight corresponding the peak volume, Mp. Thus, 

unless hlp is stated by the supplier, the elution volume of polydisperse 

samples corresponding to Mn or Mw must be evaluated /5/. 
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Dextran, Oligosacch. fh (A.) Poly (ethylene glycoVoxide) fh (A.) 

D 2.000.000 372 PEO 4.000.000 1007 

D 500.000 187 PEO 900.000 428 

D 150.000 102 PEO 600.000 340 

D 70.000 70 PEO 100.000 122 

D 40.000 53 PEG 8000 27 

Dl1.000 28 PEG 3350 17 

Raffmose 6 PEG 400 6 

Sucrose 5 PEG 300 5 

Glucose 4 PEG 200 4 

Ethylene Glycol 2 

Table 4. Calculated hydrodynamic radii (or prohe solutes 

The experimental distribution coefficient is the ratio of the difference be

tween the maximum non-accessible amount of imbibed liquid (size-exclu

sion limit, mnon.,ace.,oo) and the amount of non-accessible imbibed liquid of the 

solute to the former amount: 

K(M) 
mnon-,acc., 00 - mnon.,acc. (M) 

mnon.,ace., 00 

(4.1. - 9) 

The maxiimum amount of imbibed liquid is determined by polymers of high 

molecular weight which cannot migrate into the gel structure; therefore, the 

imbibed liquid in the gel structure is not accessible to these polymers. 
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Smaller polymers penetrate into the network more or less and cause an ex

change of imbibed liquid and solute molecules. The smallest probe solutes 

may occupy almost the entire amount of imbibed liquid; therefore, the 

amount of non-accessible liquid within the gel is very small. Fig. 2 re

presents this relationship qualitatively. 

4.2. Theoretical Models 

ill this work, two theoretically-based models are used: on the one hand, the 

Random-Spheres-Model (RSM) for corroborating the experimentally

detennined distribution-coefficient and on the other hand, the Brownian

Motion-Model (BMM) in conjunction with the mathematical solution of 

the Fredholm-Equation, which converts the experimental distribution co

efficient into a theoretically- based pore-size distribution and takes into ac

count the previously described Wall Effect. A short description of these 

models is given here. Further infonnation is given in n, 8, 9/. 

4.2.1. The Random-Spheres-Model (RSM) 

The RSM-Model was introduced by Weissberg nt, but Van Eekelen /8/ 

provided the extension of this model by introducing a distribution function 

for the micro spheres and the derivation of the calculation of pore-size dis

tributions. Utilization and corroboration of this extended RSM-Model IS 

discussed by Van Krefeld and Van Den Hoed /9/. 

ill general, distribution coefficients of solutes between an outer phase and 

a porous material (inner phase) provided by theoretical models are only 

meaningful if prior infonnation about the size of the solutes and the struc

ture of the porous material (=pore-sizes) are available. Such infonnation is 

required because of interactions between the solutes and the porous mate-
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rial. However, the purpose of this paper is to detennine the pore-size dis

tributions; the· required infonnation is not available. 

The Random-Spheres-Model (RSM) avoids these difficulties by a statistical 

treatment of a large number of microscopic solid bodies, which allows a 

simulation of a porous structure. 

In its simplest fonn, the RSM is constructed by placing a certain number, 

n, of identical solid micro spheres of radius So in a volume V, without any 

correlation between the positions of the spheres. This procedure generates 

a structure, where some micro spheres remain isolated and others overlap. 

The pore space is constituted by the interstices between the microspheres. 

Fig. 3 indicates such a configuration with 150 microspheres. The values of 

n and So are chosen in such a way that the real specific void fraction 'I' and 

the specific surface area L are obtained. 

An extension of this model was perfonned by introducing a distribution 

function of the microspheres f(S) to obtain a more realistic porous structure 

18/: 

ff(S)dS = I 
o 

S Radius of microspheres 

f(S) Distribution function of microspheres 

(4.2.1. - 1) 

The fundamental equations of the RSM are based on a statistical treatment 

for the microspheres n I: 
V = log 'I' (4.2.1. - 2) 

3'1' 
So = -~ log 'I' (4.2.1. - 3) 
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V Total specific volume (per unit volume) 

So First moment of the distribution function f(S) 

'P Void fraction 

L Specific surface area (per unit surface area) 

For a porous material with a void fraction 'P, we defme the reduced void 

fraction 'P/(r) as the volume accessible to a point particle which has to stay 

at least a certain distance away from the solid surface. Thus, 'P/(r) is the 

volume accessible to the center of a spherical particle of radius, r, and it is 

found from equations (4.2.1.-1) and (4.2.1.-2): 

log 'P' (r) = foo f(S) ( S + r )3 dS 
log'P Jo S 

(4.2.1. - 4) 

(4.2.1. - 5) 

L = 100 

f(S) dS 
n sn' 

o 

The concept of a reduced void fraction 'P/(r) for particles of radius r, may 

also be used to defme a pore-radius-distribution feR) within the RSM /8/. 

First consider a "Random-Pores-Model" with the same void fraction 'P, in 

which the pore volume consists of randomly overlapping pores. The pore

radius-distribution function feR) is defined as: 

(f(R)dR= 1 
o 

(4.2.1. - 6) 

If we require that the reduced void fraction in this "Random-Pores-Model" 

is the same function 'P/(R) of R as in the RSM, we obtain an equation which 

uniquely determines feR): 
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00 3 

fa f(S) ( s;r ) dS (4.2.1. -7) 

=1-\}I 

For any given f(S) and \}I, this equation for feR) is solved by taking the 

logarithm of both sides and differentiating three times with respect to r. The 

resulting equation is: 

f(x) = _ e -Q x
2 [1 + e -Q Q,3 _ 3 Q'Q" + 1 Q"']-

2~ !n(1 - '1') (1 - e -Q)3 (1 - e -Q)2 1 - e -Q 

. 2~ 3~ 1 Q = (1 + 3x + 3x - + x -) In-

R x=-
So 

Li LI \}I 

Q'= dQ 
dx 

(4.2.1. - 8) 

The distribution coefficient is the ratio of the volume of pores accessible 

to the centre of mass of the molecules (VP,acc.) to the total volume of the 

pores (V p,IOl.): 

V K = P,acc. 

Vp,tot 
(4.2.1. - 9) 

According to the RSM, the distribution coefficient K is defined: 

V 
\}I' = P,acc. 

VGes. 

v 
\}I = p,tot. 

VGes. 

(4.2.1. - 10) 

We have chosen three different distribution functions for the microspheres, 

a Delta function, a Gaussian and a bimodal Gaussian, which were used to 

calculate pore-size distributions and distribution-coefficients. Results using 

this RSM model are shown in Chapter 5. 
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4.2.2. Brownian-Motion Model 

This model was mainly developed by Casassa et al /10-12/ to obtain an 

equilibrium theory for exclusion chromatography of branched and linear 

polymer chains. This model represents an extension of the "Random

Spheres-Model", which treats the solute molecules as rigid spheres . 

First, we have some assumptions: 

1. The solution is dilute; we neglect solute-solute interactions. 

2. The polymer-solvent combination is at the Flory temperaturet , that 

means T = E>, and hence the polymer chain behaves like an unperturbed 

chain. 

3. We have no adsOlption of polymer on void surfaces. 

4. We assume polymer-solvent interactions are not altered in the neigh

borhood of these surfaces relative to what they are in the bulle 

These assumptions allow us to describe the molecular confonnations of 

flexible polymer chains by random-flight statistics.tt Furthermore, the dis-

t From a physical point of view, the 8 -point arises because of the apparent cancellation at this temperature of the 

effect of volume exclusion of the segments, which tends to enlarge the molecule, and the effect of van der Waals 

attractions between segments. which contract the molecule. 

tt Random flight A particle undergoes a sequence of displacements fh f2' fl' .... f.; the magnitude and direction of each 

displacement is independent of all preceding ones. This means a chain consisting of linkages of length I joined in a 

linear sequence has no restrictions on the angles between the bonds, only the bond length is fixed. Such a chain is a 

"freely-jointed chain". The configuration of the freely-jointed polymer chain resembles the path described by a dif-

fusing particle such as a gas molecule. A free path of a gas molecule corresponds to a bond vector. This chain con-

figuration problem, reduced in this marmer, is called the random flight problem. 
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tribution of polymers between the outer phase and the voids is determined 

entirely by the loss of conformational entropy attendant on the transfer of 

a chain from the outside to the limited space within the void. 

To calculate the change in confonnational freedom, we may begin by 

seeking a solution, consistent with appropriate boundary conditions, of the 

following differential equation, which is formally identical to the diffusion 

equation: 

apn(x,y,z) b2 
2 =6 V Pn(x,y,z) (4.2.2. - 1) 

an 

Pix,y,z)dxdydz Probability for rmding the n-th step (or chain segment) 

of a random flight within a volume element dxdydz at 

a point labeled by a vector -;, drawn from the origin of 

the coordinate system. 

Mean-square step length. 

The boundary condition requires that each Pn(x,y,z) vanishes at every point 

on the boundary of the cavity. Fig. 4 shows the number of confonnations 

available to a two-step polymer in one dimension which are reduced in the 

case of a boundary from the value 4 to 3. For the idealized conditions as

sumed , the fraction of confonnations remaining available to the chain 

confined by the void is just the partition coefficient. The partitioning is the 

equilibrium ratio of the concentration of a polymer species per unit volume 

of void space to that in the outer phase. 

The problem of solving the diffusion equation is very similiar to problems 

in heat conduction. Solutions exist and we only focus on the results. We 

can thus obtain explicit relations for the distribution coefficient K in terms 

of the mean-square radius r2 = Nb2/6 (N = Number of steps) of the uncon

fined linear polymer chain and the dimensions of the cavity. Three different 
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geometries were introduced by Cassasa et al /10-12/: a sphere with radius 

R, a cylindrical cavity of radius R and infmite length, and finally, a slab

shaped cavity between two planes of indefinite extent separated by a dis

tance 2R. We have the following functions for calculating the distribution 

coefficient: 

00 

I 
r 2 6 1 -(m1t-) 

KSphere = -2 -2- e R 
1t m 

(4.2.2. - 2) 

m=l 

00 

~ 1 r 2 
_ _ -(J3m-) 

KCylinder - 4 2 e R 

m=l ~m 
(4.2.2. - 3) 

where ~m are the roots Jo(~) = 0, Jo indicating a Bessel function of the first 

kind and zero order. 

2 
_ ~ ~ 1 _ ( (2m + 1)1t r ) 

KSlab - 2 2 e 2 R 
1t (2m + 1) 

m=O 

00 

(4.2.2. - 4) 

When ~ > 0.1, these series converge rapidly. One remarkable advantage 

of htese results is that there are no adjustable parameters. 

4.3. Pore-Size Distribution 

The distribution coefficient is defined as the concentration of a solute in 

one phase divided by the concentration of this solute in the other phase. In 

the particular case of a solution containing dissolved solutes in equilibrium 

with a hydrogel, the distribution coefficient is the concentration ratio of 

each solute in the gel phase to the coexis!ing solution phase: 

K(r) = 
" W Gel 

(4.3. - 1) 
" w Solution 
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The concentration in each phase is the amount of solute divided by the 

amount of solvent present in each phase: 

" w Gel = 
mSolute (4.3. - 2) 

mSolv.,P - tot. 

" w Solution = 
mSolute (4.3. - 3) 

mSolv.,Solution 

At equilibrium, the partitioning solute has reached a unifonn distribution 

in the solution phase and in the particular part of the gel phase which is 

accessible to the solute. In other words, the concentration in the accessible 

part of the gel phase is the same as that in the solution phase. This latter 

statement holds only if sterlc effects (= size exclusion) are responsible for 

the migration of solutes into the pores of the gel. Any other specific inter

actions are neglected here; these interactions would cause an uneven con

centration profile in the solution-gel(accessible) phase system. Therefore 

we can recast the expression for the concentration of the solute in the sol

ution phase' in the following way: 

w" - IIlsolute 
Solution - mS I ,P ov. -acc. 

(4.3. - 4) 

With equation (4.3.-1) we obtain the following expression for the distrib

ution coefficient (see Fig. 5): 

K(r) = 
mSolv.,P - ace. 

mSolv.,P - tot. 

VP-acc.(r) 

VP-tot. 
(4.3. - 5) 

In other words, the distribution coefficient of a solute is the ratio of the 

accessible pore volume to the total pore volume. 

In the literature, the defmition of the pore-size distribution has been used 

in several ways. However, it has not always been applied in the right way; 
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often, previous authors have neglected the distinction between the cumula

tive and the differential pore-size distribution. The proper definition of the 

pore-size distribution is used here, as shown below. 

The differential pore-size distribution is denoted by feR) and defmed in the 

following way: 

dV = f(R). dR 
VP - tot 

(4.3. - 6) 

feR) dR represents the fraction of the total pore volume containing pores 

with radii between R and R + dR. The integration of equation (4.3.-6) yields 

the cumulative pore-size distribution g(R): 

V 1 IV dV = IR fcR)dR 
P-tot 0 0 

(4.3. -7) 

(4.3. - 8) 

g(R) gives the fraction of the total pore volume containing pores with radii 

ranging from 0 to R. 

For any group of pores of radii between R and R + dR with a total volume 

dV the fraction of the volume accessible to a molecule of radius r is given 

by: 

K(R,r) = dVPd~cc.(r) (4.3. - 9) 

dVp-acc.(r) is the pore volume with pores of radii between R and R + dR . 

accessible to a molecule of radius r. Thus the amount of accessible volume 

for this group of pores is: 

dVP_acc.(r) = K(R,r). dV (4.3. - 10) 
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dVp_acc.(r) = K(R,r). f(R). Vp- tol • dR (4.3. - 11) 

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

groups of pores leads to the integration of equation (4.3.-11): 

I
VP-acc .. oo dV ( ) R 

P - acc. r = r 00 K(R,r) • f(R) • dR 
Vp- tol JO o 

(4.3. - 12) 

The integration of the left hand side results in the overall distribution co

efficient K(r) in accordance with equation (4.3.-5): 

I
VP-acc. 00 

K(r) = . dVP_acc.(r) = Vp-acc.(r) 
VP-tot. VP-tot. 

o 

\ 

(4.3. - 13) 

To obtain the differential pore-size distribution, the final equation to eval

uate the experimental data is given by: 

K(r) = t K(R,r) • feR) • dR 
o 

(4.3. - 14) 

The left-hand side represents the measured overall distribution coefficient 

as a function of molecular radius r. The right-hand side consists of the dif

ferential distribution coefficient as a function of r and R and the desired 

pore-size distribution f(R). The differential distribution coefficient K(R,r) 

is provided by the Brownian Motion Model (see previous Chapter). Solving 

the integral-equation (4.3.-14) to obtain f(R) is a serious problem. This 

equation is well-known as the inhomogeneous Fredholm-equation of the 

first kind (see Appendix). 
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5. Results and Discussion 

5.1. Theoretical Results 

To date, the only hydrogel studied with the mixed-SE method is Sephadex 

G-I QOt (Kuga /I,2/). This investigation is important for our studies because 

we are able to compare our experimental results with those of Kuga. Ad

ditionally, we have used his experimental results to obtain the "true" pore

size distribution, that is, with consideration of the Wall Effect described 

earlier. Furthermore, we have utilized many experimental data of rigid po

rous materials of either known or measured pore sizes to compare our 

theoretically-obtained pore-size distribution with these experimental data. 

The Random-Spheres Model 

Fig. 6 and 7 show the calculated RSM distribution coefficient with the ex

perimental data of Kuga of the PEO/PEG and Dextran series, respectively. 

The void fraction 'I' was calculated to be 0.69 by using the experimental 

obtained void-volume Vo and the total volume Vo + Vi according to the co

lumn method performed by Kuga. Since no data of the mass of the swollen 

gel and the dried gel are mentioned in /1,2/, this is the only way to obtain 

'1'. The only adjustable parameters are the mean values of the different 

distribution functions of the microspheres and the variances for the Normal 

distribution and the Bimodal distribution. Since the influence of the vari-

Sephadex is a cross-linked Dextran gel. which was invented by Porath and Florin in 1959 
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ance on the results is small, we have set the variance to 4 and have only 

adjusted the mean values RDEL for the Delta function, RNORM for the 

Normal distribution and RNORMI and RNORM2 for the Bimodal distrib

ution. The calculated distribution coefficient is in good agreement with the 

experimental data, even though there exists a difference between the 

PEO/PEG and the Dextran series, which is caused by different experimental 

cumulative pore-volume data measured by Kuga. Both limiting values of 

inaccessible water (i.e. for very small and for very big solutes) agree very 

well, but the two cumulative pore-volume curves do not coincide; they are 

shifted apart with respect to the solute radius. The influence of the different 

distribution functions of the micro spheres is very slight. 

Figs. 8 and 9 show the calculated RSM pore-size distribution of Sephadex 

G-l00. The mean pore radius for the PEO/PEG series is about 55 A for the 

Delta function and the Nonnal distribution and about 50 A for the Bimodal 

distribution function. Here the influence of the microspheres distribution 

on the resulting pore-size distribution is more significant than in the case 

of the distribution coefficient. The resulting pore-size distribution for the 

Dextran series shows a maximum of about 122 A, which is a considerable 

deviation from the pore-size distribution obtained with the PEO/PEG series. 

In tum, this is caused by the different cumulative pore-volume curves. Kuga 

concluded in his paper that the difference between the two probe solute 

series is not significant. But he regarded the cumulative pore volume as a 

pore-size distribution, which is not correct. 

Figures 10-15 show the calculated RSM distribution coefficients and the 

experimental distribution coefficients for various porous materials like 

Styragel and Merckogel /13,14/ ranging in mean pore radii from 17.5 A to 

500 A. A serious limitation of the RSM-Model is its application to porous 

materials with a wide range of pore sizes, as one can see especially in 
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Figs.14 and 15. It is impossible to represent the experimental data in a 

proper way. The randomly-generated structure consists only of pores which 

have a more-or- less Gaussian pore-radius distribution. For example, 

Merckogel SI 100 has pores whose radii differ by an order of magnitude 

or more; this pore structure cannot be well represented by the RSM-Model. 

The Brownian-Motion Model 

To prove validity of the Brownian-Motion Model, it is necessary to have 

information about pore sizes, mean pore diameter or pore-size distributions 

because this model accounts for both the size of the solutes and the size 

of the pores. But the latter is exactly the information we want to obtain. 

Hence this model is only applicable for determining pore-size distributions 

with the aid of experimental data, i.e. K(r). 

Partitioning of solutes between the outer phase (solution phase) and the in

ner phase (porous structure) follows because polymers of all types exhibit 

the same dependence of the distribution coefficient on the ratio of r (the 

radius of the solute-molecules) to R (the radius of the pores): 

K(r,R) = f( ~ ) (5.1. - 1) 

A theoretical model was developed by Casassa /12-14/ to describe the dis

tribution coefficient K(r,R) (see Chapter 4.2) and has been verified for many 

porous materials, where one has initial information about the structure of 

the material, for example porous glasses. Fig. 16 shows the distribution 

coefficient as a function of rlR for the three geometric cavities based on 

equations (4.2.2.-2 - 4.2.2.-4). The experimental data for various controlled 
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porous glasses ranging from average-pore diameterst of 84 to 517 A were 

measured by Haller /15/. Comparison between the three theoretical cUlves 

and the experimental data yields the slab cavity as the best geometric pore 

shape for a reasonable representation of the experimental data. To calculate 

the distribution coefficient with cylindrical-shaped pores, the roots 13m of the 

Bessel-function of the first kind and order zero were taken from Carslaw 

and Jaeger /17/. The good agreement between the experiment and theory 

confirms the validity of the theoretical framework developed by Casassa. 

To check the Brownian-Motion Model concerning calculations of pore-size 

distributions in conjunction with the solution of the Fredholm equation, we 

have utilized many experimentally-determined distribution coefficients of 

various porous materials with known pore structure. Figs.16-23 show the 

calculated pore-size distributions of several porous materials with known 

mean pore diameters. Those data were taken from Haller /15/, Yau et al/18/ 

and Gorbunov et al /19/. Agreement with experimental data is reasonable. 

Table 5 shows the calculated mean pore diameters of mono disperse and 

polydisperse porous glasses. 

t The average-pore size of the controlled glasses determined by mercury- intrusion technique is defmed as the pore 

diameter which was penetrated when half of the total volume available for mercury became filled /16/. 
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Monodisperse Polydisperse 

Porous glass(A) 
144 46 144 60 

84 227 314 517 
234 234636 750 

Calculated mean 78 
pore diameter(A) 

90 222 312 470 - -
966 

30.0 
Deviation (%) 7.1 2.25 0.6 10.0 - -

28.8 

Table s. Calculated mean pore diameters ror several porous glasses. 

The calculated pore-size distribution of the first two polydisperse porous 

glasses exhibit only one peak. Therefore, a comparison between the calcu

lated and experimental mean pore diameter was not performed. An addi

tional uncertainty occured because all these data were taken from graphs 

since no table with the exact measured data were available. Because of 

these circumstances the calculation of pore-size distributions with the 

Brownian-Motion Model is useful for obtaining reasonable results, espe

cially for materials with a wide range of pore sizes. But regardless of these 

reasonable results, there is no possibility to prove the validity of this theory 

with experimental data for hydrogels. Because of this lack of data we must 

regard these calculations as no more than an estimate of pore-size distrib

utions. 

Figs. 24 and 25 show results of the calculation of pore-size distribution for 

Sephadex with the Brownian-Motion Model based on the measurements of 

Kuga with the PEG/PEO and Dextran probe solutes. 25. The resulting 

pore-size distributions for the two probe species are quite different; how

ever, the two peaks are located in the same diameter range for both probe 

solute series. But still these results are not satisfactory regarding the influ-
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ence of different probe species on the results. Unfortunately noPSD-data 

of Sephadex are available for comparing these poor results with the existing 

pore structure. Since no prior infonnation of the pore-size distribution was 

used to solve the Fredholm equation, those results have to be regarded as 

an estimate. It is necessary to check further the influence of various pa

rameters which can be set in the computer program to stabilize mathemat

ically the solution of the Fredholm equation. 

5.2. Experimental Results 

Calibration of the Columns 

Determination of the concentration ratio of the probe solutes is performed 

by size-exclusion chromatography. We have used two Bio-Rad TSK-co

lumns with different pore sizes connected in series. To generate the various 

solutions with the different probe solutes which can be resolved with the 

existing chromatographic apparatus, it was necessary to carry out a cali

bration. Qualitatively, the objective of a calibration is to elucidate the order 

of elution of a group of solutes or, at least to defme the feasibility of sat

isfactorily separating them /20/. Fig. 26 shows the calibration curve for both 

series of probe solutes (Dextran and PEO/PEG), that is, molecular weight 

(=solute radius) versus retention volume (=retention time x flow rate). As 

Fig. 24 indicates,no separation is possible in the high molecular weight ( 

~ 100.000) range as well as in the low molecular weight (~400) range. But 

even the resolution of the two Dextran-solutes 70.000 and 11.000 is almost 

impossible, due to the polydispersity of these solutes and the band-broa

dening caused by eddy-diffusion, molecular diffusion and mass transfer 

/21/. Therefore the division into 3 and 4 solutions for the Dextran and the 

PEO/PEG series, respectively, was inevitable. The calibration curves of 

each probe solution for the Dextran and PEO/PEG series are shown in Fig 
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27 and 28, respectively. All show a linear relationship between the molec

ular weight and the retention time. 

Solute-Exclusion Curve and Pore-Size Distribution 

Fig. 29 shows the measured cumulative pore volume of the AAm/MAPT AC 

Hydrogel according to equation (4.1.-8) (page 13) for both series of probe 

solutes. The results for the Dextran-series are very poor, due to a deteri

oration of the resolving power of the GPC-apparatus. Thereafter, the col

umns were checked at Bio-Rad Research Laboratories; the TSK 40 column 

was worn out and not usable anymore. However, we believe we can obtain 

a similiar cumulative pore volume curve for the Dextran-series as for the 

PEO/PEG-series under the same experimental conditions;this has to be 

proved in further measurements. 

The infinite non-accessible pore volume per gram of dry gel is about 79.4 

(gIg dry gel), which we could measure for both probe solutes series. The 

measured swelling capacity of the gel samples in equilibrium is about 77.5 

(gIg dry gel), which is in good agreement with the infmite non-accessible 

pore-volume. The non-accessible pore volume for very small probe mole

cules is about 20.7 (g/ g dry gel), which we could not measure for the 

Dextran-series. The peaks of the Oligosaccharides of the equilibrated sol

utions were not accurately detectable; therefore, the value of non-accessible 

pore volume has been set to zero, which, however, is not correct. 

The distribution coefficients of both series are shown in Fig. 30. The ex

perimental data are affected in the same way as described above, that is, 

we have deviations at the low radius range and good agreement at the high 

. radius range. Based on these experimental data, we have calculated the PSD 

with the Brownian-Motion Model for both series, as shown in Figs. 31 and 
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32. We have not achieved the same PSD, however. The Dextran data exhibit 

a steep ascent from 30 to 80 A and then level in the high molecular weight 

range. In this range, the PEOJPEG data are still rising, indicating that pore 

volume is still accessible for those probe solutes. Therefore, the PSD for 

the PEO/PEG series exhibits pores of diameters up to 400A, whereas the 

PSD -range for the Dextran-series ends at about 130A. This discrepancy is 

caused by the experimental difficulties described above but we believe that 

we are able to improve our measurements with a new set of GPC- columns 

to measure solute concentrations more accurately. 
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6. Conclusions and Future Work 

The pore-size distribution of a AAm/MAPTAC hydrogel was investigated 

using the Mixed-Solute-Exclusion method introduced by Kuga. This method 

was further developed in this work by taking into account the Wall Effect 

by using the Cassasa's Brownian-Motion model. This enhancement of the 

modelled to an inhomogeneous integral-equation, the Fredholm equation. 

We have utilized many published-experimental data for porous materials 

with known pore structure for comparing structural information obtained 

with the Brownian-Motion model and the known structure. The agreement 

is mostly reasonable, but sometimes poor, probalby due to experimental 

error in the reported data. These data were only available in terms of curves 

or graphs and not as tables with the exact measured data. However, the 

outcome of the Brownian-Motion model is remarkably better than that of 

the Random-Spheres model which was also examined in this work. 

Unfortunately, the calculated pore-size distributions based on our measure

ments with two different probe solute series (Dextran and Poly (ethylene 

glycol/oxide)) are quite different. This difference in the pore-size distrib

utions was attributed to a deteriotation of the GPC-columns during our 

measurements. However, these preliminary results show the feasibility of 

the Mixed-Solute Exclusion method to obtain information about porous 

structures of hydrogels. To increase accuracy, further improvements of the 

experimental procedure are under way; these include: 
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• Investigation of possibly dissolved charged gel particles in the equilib

rated probe solutions, which affect the swelling equilibria significantly 

• Minimization of mechanical stress on the gel samples (shaking, weigh

ing) during the entire experiment to prevent the breakage of the hydro

gels. Consequently, a new procedure for the determination of equilib

rium has to be developed to replace of the present method of monitoring 

the swelling equilibria. 

• The influence on the results of various mathematical input parameters 

to calculate the pore-size distribution by solving the Fredholm equation 

has to be determined. In particular, it is important to stabilize the ill

posed problem of the Fredholm equation (see Appendix 8.1) by choos

ing appropiate parameters. 

• Investigations of the following kinds of hydrogels will be performed: 

1. AAm/MAPTAC hydrogels with 3% MAPTAC, 15% T and varying 

in cross-link density (C=O.2%, 0.5%, 1.0%) 

2. AAm/MAPTAC hydrogels with 3% MAPTAC, 0.5% C and varying 

in total amount of monomer (T=15%, 20%, 25%, 30%) 
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8. Appendix 

8.1. Outline of the Solution of the Fredholm equation 

The following paragraphs give a brief introduction of the solution of the 

Fredholm-equation. The computer-program CONTIN, which has been de

veloped and maintained by Provencher /22-25/, was used to perfonn the 

calculations of the pore-size distributions. 

Most experiments in the natural sciences are indirect. That is, the observed 

data, Yk, are related to the desired function or vector x by operators Ok: 

(8.1. - 1) 

where ek are unknown noise components. One is then faced with the inverse 

problem of estimating x from from the noisy measurements Yk. Often the 

Ok are approximated by linear integral operators, and in the case of calcu

lating pore size distributions equation (8.1.-1) can be written: 

l
ROG 

K(r) = K(R,r) • f(R) • dR + e(r) 
o 

(8.1. - 2) 

The first step is to convert equation (8.1.-2) to a system of linear algebraic 

equations. This means to perform numerical integration of equation (8.1.-2): 

N 

K(r) = L cm • K(Rm,r) • f(Rm) + e(r) (8.1. - 3) 
m= 1 

cm Weights of quadrature formula 
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With this converting step, it is assumed that errors in going from the integral 

equation to the system of algebraic equations are much less than e(r).Re

writing of equation (8.1.-3) yields the following equation: 

N 

K(r) - e(r) = L cm • K(Rm,r). f(Rm) 
m=l 

N 

Yk = LAm.k· xm 
m= 1 

k = 1, .... ,n 

n Number of measurements 

or in vector style: 

~ ~ 

Y =A·x 

(8.1. - 4) 

(8.1. - 5) 

(8.1. - 6) 

The integral form of the Fredholm equation is an ill-posed problem. The 

converting step from the integral to the system of algebraic equations con

verts this ill-posed problem to an ill-conditioned problem. This means that, 

even for arbitrarily small (but nonzero) noise levels in the K(r), there still 

exists a large (typically infinite) set S of solutions feR) that all fit the K(r) 

within the noise level. 

One member of S is the ordinary least squares solution of equation (8.1.-6), 

that means the set of Xm that satisfies 

n [N ]2 L wk Yk - L Am,k . Xm = minimum 
k= 1 m = 1 

(8.1. -7) 

or in vector style: 

(~ A~) (~A~)' . . y - _x • y - _x • w = mmmum (8.1. - 8) 
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Wk Weight function for least square method 

To confine the set of possible solutions there exists a constrained regular

ized solution, which is the set of Xm that satisfies 

n [N ] 2 Nreg
. [ n ] 2 6 Wk Yk - ~1 Am,k • Xm + cl~ ~1 ~.m • Xm = minimum 

or in vector style: 

(y - Ai.)· (y - Ai.),· w + a?(Li.)'(Li.) = minimum (8.1. - 10) 

The added term is called the regularizer. Its form is determined by speci

fying the matrix L. Its strength is determined by specifying cx, the regular

ization parameter. If L is suitably chosen, the added term has a smoothing 

or stabilizing effect on the solution. For example, take Lx = (X)' ,(x)"; if the 

k th derivation is selected, the process is termed k th order regularization. 
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Figure 1. The Wall Effect 

10. Figures 46 



Addtuon or Solution 1 
:;:;;:t:;;:::;: :::()p:#:(j:~:()#: 

~:~: 
.~: 
<.::;.: 
~~: 
: .... 

Aa:esslble Water Non-accessible Water 

Figure 2. The cumulative non-accessible imbibed liquid as a function of molecular radius. 
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RANDOM-SPHERES MODEL 

o o 
Figure 3. Configuration of solid microspheres with the RSM model 
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Figure 5. General definition of the distribution coefficient 
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Figure 6. Distribution coefficient for Sephadex G-I00, PEGIPEO series 

51 



.. 

.; 

co 
.; 

c 

THE RANDOM-SPHERES MODEL 
DISTRffiUTION COEFFICIENT 

Microspheres Distrib 

Delta Function 

Normal Distribution 

Bimodal Distribution 

DATA OF SEPHADEX 100 /1/ 

PROBESO~:DEXTRAN 

• DEXTRAN 

PSI ,; 0.69 

RDEL = 103.45 

RNORM ,; 103.68 

RNORM1,; 98.03 

RNORM2,; 108.03 

.;i+-____ ~--~--__ ~~ __ ~--~----~----~--~----~--~ 
0.0 84.0 128.0 1118.0 210.0 262.0 2M.0 3311.0 3711.0 420.0 

RADIUS R /ANcSTRoMl 

Figure 7. Distribution coefficient for Sepbadex G-IOO, Dextran series 

S2 



0 .. 
<; .. 
III 
0 
<; .. 
., 
co 

2'~ 
00 

~: 
Cl o 
:z:'! 
:!'(O 

~S 
5'! 
",,0 

:Z:o 
0" 

5~ 
III 

ii:~ 
ti'! _0 
0 
rolCl 
N'" _0 
en'! 

1 0 

rol 
=~ 
~~ 

0 .. 
;; 
0 c 
0 
0 
0 
'! 
ICI 

0.0 

THE RANDOM-SPHERES MODEL 
PORE-SIZE DISfRmUTION 

42.D 

Microspheres Distrib 

Delta Function 

Normal Distribution 

Bimodal Distribution 

SEPHADEX 100 /1/ 

PROBE SOLUTES: DEXTRAN 

PSI = 0.69 

RDEL = 103.45 

RNORM = 103.68 

RNORM1 '" 98.03 

RNORM2 = 108.03 

84.0 1211.0 188.0 210.0 252.0 2IM.0 3311.0 378.0 42D.0 

RADIUS R fANGSTROMl 
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Figure 27. Single Calibration Graphs rortbe Dextran series 
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Figure 28. Single Calibration Graphs for tbe PEO/PEG series 
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EXPERIMENTAL DATA 
Size-Exclusion Curve 
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Figure 29. Cumulative pore volume (or AAmlMAPTAC Hydrogel, PEO/PEG· and Dextran 

series 
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THE RANDOM-SPHERES MODEL 
DISTRIBUTION COEFFICIENT 
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Normal Distribution 
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Figure 30. Distribution-coefficient of AAmlMAPT AC Hydrogel, PEO/PEG- and Dextran se-

ries 
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SOLUTION OF FREDHOLM EQUATION 
PORE-SIZE DISTRIBUTION 

i~----------------------------------, .. 
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Figure 31. Pore-size distribution for AAmlMAPT AC Hydrogel, Dextran series 
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HYDROGELAAM/MAPTAC 
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Figure 32. Pore-size distribution for AAmlMAPfAC Hydrogel, PEOIPEG series 
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