Swelling of Hydrophilic Polymers. 1V

IKUKO OGAWA,* HIDEKI YAMANO, and KINJIRO MIYAGAWA!

Faculty of Education, Kagawa University, Saiwaicho 1-1, Takamatsu 760 Japan

SYNOPSIS

The swelling of five types of spherical crosslinked dextrans (Sephadex) that are either
nonionic (G) or ionic [carboxymethyl (CM), sulphopropyl (SP), diethylaminoethyl (DEAE),
and diethyl-(2-hydroxypropyl)aminoethyl (QAE)] in the same skeleton has been studied
in water at different dissolved oxygen concentrations by microscopic observation and by
dilatometry. The maximum specific volume, V,,.,/V, obtained by microscopic observation
increased with the lowered dissolved oxygen concentration for each Sephadex. The change
of the maximum specific volume was closely related to the changes of the dissolved oxygen
concentrations. The maximum changes of the total volume took the larger negative values
at the lower dissolved oxygen concentration. The effect of the difference in the dissolved
oxygen on the change of the total volume with swelling was closely related to the viscosity
B coefficient of the Jones-Dole equation. From these results, we conclude that the structure
of water on the inside of the gel differs from that on the outside of the gel. © 1995 John

Wiley & Sons, Inc.

INTRODUCTION

This study constitutes the fourth in a series dealing
with the swelling of hydrophilic polymers.! In a
previous work, we reported the dilatometrical study
on the swelling of crosslinked dextrans (Sepha-
dexes) with water.® Our preliminary experiments
revealed that changes of total volume, including gel
and surrounding bound-water layers, were different
when boiled water or deionized water was used. Also
in our study on the swelling of dried foods,* the vol-
ume change of foods and the amounts of elution of
the soluble components with swelling were much
different when the water contained air or when
deaerated water was used. From these results, we
presumed that the dissolved air in water greatly af-
fects the swelling of hydrophilic polymers.

The present study was undertaken to discuss the
effect of dissolved air on the swelling of Sephadexes
by picture analysis with a microscope-videotape re-
corder (VTR) system and by dilatometry.

* To whom correspondence should be addressed.
* Present address: Suzuka University of Medical Science and
Technology, Kishioka 1001-1, Suzuka 510-02, Japan.

Journal of Applied Polymer Science, Vol. 58, 587-595 (1995)
© 1995 John Wiley & Sons, Inc. CCC 0021-8995/95/030587-09

EXPERIMENTAL

Sephadex G-50 (crosslinked dextrans from Phar-
macia)® for gel filtration (Abb. G) and four ion ex-
changers containing different dissociable species
having different ionic concentrations [carboxy-
methyl (CM), sulphopropyl (SP), diethylamino-
ethyl (DEAE), and diethyl-(2-hydroxypro-
pyl) amino-ethyl (QAE)] were used. Details are in
our previous work.?

Normal water at equilibrium with air contains
about 16 mg/L of nitrogen, 7 mg/L of oxygen, and
a little of the inert gases. As a criterion of the con-
centration of dissolved air in water, concentration
of the dissolved oxygen, cpo was measured with a
dissolved oxygen meter (HORIBA Co. DO-8F), and
the change of the concentration of dissolved oxygen
was measured with a DO meter connected to a re-
corder.

As shown in Figure 1, the principle of the DO
meter is to measure the potential of a redox system
of an anode (Pb) and a cathode (Ag) in an alkaline
electrolyte solution in a glass tube. The cathode (Ag)
is in contact with a thin oxygen transfer diaphragm
and constitutes the bottom of the glass tube. The
potential development at the redox system is pro-
portional to amount of oxygen transferred through
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Figure 1 Constitution of dissolved oxygen electrodes.

the diaphragm. Oxygen measured by this method is
assumed to be in a molecularly dispersed state, how-
ever, detail information of oxygen state in water
cannot be discussed at the present time.

The deaerated water was made by boiling water
in a Myer flask and storing it sealed with silicone
rubber stoppers. The cpg of deaerated water was 0.8
+ 0.1 mg/L at room temperature. Deionized water
in equilibrium with air was used for normal water.

Water having different concentrations of ¢po was
obtained by mixing deionized water (¢po = 7.0 + 1.0
g/L) and deaerated water in a glass syringe.

For the visual analysis, small amounts of the
Sephadexes were set on glass slides of a microscope
(Nikon Microphoto-FX) connected to VTR and 2-
3 mL of water were added dropwise on the particles
from a hypodermic needle. The volume changes of
the particles were videotaped. The details for the
analysis are in our previous work.! The measure-
ments are volume change of the particle itself and
it is represented as gel volume V.

Total volume changes of the Sephadexes and wa-
ter system were measured by dilatometry. Details
are in our previous study® and the total volume
change is represented as Av.

RESULTS AND DISCUSSION

Microscopic Observation and Dissolved
Oxygen Measurements

Figure 2 shows a typical picture of the swelling states
after 30 s in deaerated and normal water. Figure 3
shows a time course of the ratio of the gel volume
at time t, V, to the initial gel volume V, for CM.

Before swelling 30sec after swelling

Deaerated water [ ] i ]

Normal water [ ] K >

—

Figure 2 Diagrammatic representation of a CM-Seph-
adex particle before and 30 s after swelling in deaerated
water and in normal water.

V./V, increases with the passage of time in any dis-
solved-oxygen-containing water and shows simple
saturation kinetics. The process for the change in
gel volume can be treated as first-order kinetics.

The maximum specific volumes, V,,../V;, that is,
the ratio of the saturation value of V,, V.., to the
initial volume, Vj, in the different dissolved-oxygen-
containing waters and the apparent rate constant
of the first-order kinetics k are listed in Table I. The
maximum specific volumes, V,,/V, increase with
the lower dissolved oxygen concentration for each
of the Sephadexes. pH of water with Sephadexes did
not change for alteration of dissolved oxygen, there-
fore, volume change of gel in this experiment is not
due to a change of pH.

Figure 4 shows a plot of the maximum specific
volume V_,,/V, vs. the dissolved oxygen concen-
tration cpg. The effect of dissolved oxygen on specific
volume is greatest for CM and follows for SP, DEAE,

300, j ¥ T
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100
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0 10 20 30
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Figure 3 Effect of dissolved oxygen on the time course
of the swelling of CM-Sephadex obtained by microscopic
observation at 25°C.
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Table I Effect of Dissolved Oxygen on First-Order Kinetic Parameters

of the Swelling of Sephadexes

Dissolved Specific Rate
Oxygen Conc. Volume Constant

Sephadex® (cpo/mg L) (Vimax/ Vo) (R/s™)
G 0.8 19.1 =+ 6.8 0.121 = 0.165
4.5 171 + 5.3 0.101 = 0.018
7.2 16.4 + 2.7 0.153 £ 0.055
CM 0.8 2175 £ 61.3 0.429 + 0.221
4.5 171.0 + 39.8 0.457 = 0.071
7.2 136.1 + 59.4 0.479 + 0.139
SpP 0.8 140.6 + 51.2 0.256 + 0.095
4.5 113.3 + 404 0.276 + 0.051
7.2 495+ 59 0.281 + 0.086
DEAE 0.8 78.7 £ 155 0.293 £+ 0.133
4.5 65.2 & 21.6 0.296 + 0.103
7.2 489 + 24 0.332 £ 0.152
QAE 0.8 100.0 = 23.3 0.298 + 0.160
4.5 78.7 £ 16.7 0.292 £+ 0.074
7.2 68.5 + 24.3 0.310 = 0.121

 Crosslinked dextrans G, without ionic group; CM, with sodium carboxymethyl; SP, with sodium
sulfopropryl; DEAE, with diethylaminoethyl chloride; QAE, diethyl-(2-hydroxypropyl)aminoethyl

chloride

QAE, and is least for G, which has no dissociation
groups.

Figure 5 shows the relationship between the rate
constant k and the dissolved oxygen concentration
¢po- The effect of dissolved oxygen cpo on & is almost
the same as that on the maximum specific volume
(see Fig. 4), though the sign differs.

The volume change of the gel with swelling can
be divided into two factors; one is the volume change
due to dissociation of the substituted dissociation
groups and the other is due to the hydration of the
dextran molecule itself, in which the volume change

due to the hydration of diminished hydroxyl groups
by introduction of ion dissociation groups is in-
cluded. Accordingly, the maximum specific volume
of gel, V,,../V, can be formulated as

Vmax/VO = (Vmax/VO)sub

+ [(Vmax/VO)G - (Vmax/VO)OH] (1)

in which (V../Vi)c is the specific volume for G,
(Vimax/ Vo)ou is the specific volume for diminished
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Figure 4 Plot of specific gel volume of Sephadexes vs. dissolved oxygen concentration
obtained by microscopic observation at 25°C.
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Figure 5 Effect of dissolved oxygen on the rate constant of the swelling of Sephadexes
obtained by microscopic observation at 25°C.

hydroxyl groups, and (V,../ Vo) is the specific
volume for substituted groups.

If we assume that the substituted quantity is suf-
ficiently smaller than that of total hydroxyl groups
in the molecule, that is,

(Vmax/VO)G > (Vmax/VO)OH

and the volume change due to the diminished hy-
droxyl groups is assumed to be negligible, Eq. (1)
can be altered to Eq. (2):

(Vmax/VO)sub = Vmax/VO - (Vmax/VO)G (2)

From Eq. (2), the volume change due to the mod-
ified ion dissociation groups of CM, SP, DEAE, and
QAE can be calculated; they are listed in Table II.
To discuss the effect of the dissolved air on the vol-
ume change of the gel, we define the difference of
the maximum specific volume per ion dissociation
group with the swelling in normal water (cpo = 7.2
mg/L) and in the deaerated water (¢pg = 0.8 mg/

g
n

D.O. change, dpo / mg L!

Time, t /h

Figure 6 Time course of dissolved oxygen in deaerated
water during the swelling of Sephadexes.

L), in which fis the number of dissociation groups®
as follows:

d(Vmax/VO)sub/f
= [(Vmax/VO

DO=17.2
sub

- (Vmax/VO)R\Ob:O.S]/f (3)

This value signifies variation of the maximum vol-
ume change by substituent groups to the dissolved
oxygen. The calculated values are listed in Table II.
SP takes on a large negative value and SP < CM
< QAE ~ DEAE in that order.

To see the change of the dissolved oxygen in the
deaerated water (cpo ~ 0.8 mg /L) with the swelling
of Sephadexes in the closed system, the changes of
the dissolved oxygen with time were measured. Fig-
ure 6 shows the time course of dpg, that is, the dif-
ference in the amounts of the dissolved oxygen at
time ¢ and that at time zero. The dissolved oxygen
in water increases with the swelling of the Sepha-
dexes, and after reaching maximum values, the dis-
solved oxygen decreases. The adsorbed or the ad-
hering oxygen with Sephadexes may be transfered
to water and adsorbed by Sephadexes again. The
dissolved oxygen in normal water with the swelling
of Sephadexes, however, simply decreased with time.

The relationship between the maximum change
of dissolved oxygen concentration and amounts of
the added Sephadexes in the deaerated water in the
closed system is linear, as shown in Figure 7.

The maximum rise in the dissolved oxygen per
gram of Sephadex, d,.,, can be divided into two fac-
tors, one is the rise in the ion dissociable groups and
the other is the hydroxyl groups of dextran in which
the diminished hydroxyl groups are replaced with
the substituted groups. Accordingly, the following
equation applies:
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Table II Effect of Dissolved Oxygen on First-Order Kinetic Parameters of the Increasing of Gel Volume
with the Swelling of Sephadexes Obtained by Microscopic Observation at 25°C

Dissolved
Oxygen Conc. Ionic Conc® d(Viax/ Vodew/ f
Sephadex (cpo/mg L7Y) (Vaar/ Vo)ows d(Viar/ Vodsws® (f/mmol g™ (g mmol™)
CM 0.8 198.4 + 61.7
4.5 153.9 + 40.2 —~78.7 + 85.7 45+ 0.5 —-17.5 £ 19.1
7.2 119.7 £ 59.5
Sp 0.8 121.5 + 51.6
4.5 96.2 + 40.7 —88.4 + 46.2 23+0.3 —-384 + 54
7.2 33.1+ 6.5
DEAE 0.8 59.6 = 16.9
4.5 48.1 + 22.2 —-27.1 %+ 173 35x0.5 77+ 51
7.2 325+ 3.6
QAE 0.8 80.9 + 24.3
4.5 61.6 = 17.5 —28.8 + 38.1 3.0+04 —96 + 128
7.2 52.1 +29.3

# mnx/ VO - ( Vmax/ VD)G~
®( Vinas/ Vo)gx(g:” — (Vinax/ Vo)212=0'8-
¢ Cited from Ref. 5.

dmax = (dmax)sub + [(dmax)G - (dmax)OH] (4)

We assume that the number of diminished hy-
droxyl groups by substitution of ion dissociable
groups are much fewer than the total number of hy-
droxyl groups in skeleton:

(dmax)G > (dmax)OH ~0

thereby,

(dmax )sub = dmax - (dmax)G (5)

Table III lists the increases in dissolved oxygen
per ion dissociable group of Sephadexes, (dax)sub/
f. All of the calculated values are positive and the

order of their magnitude is SP > CM > QAE
~ DEAE.

The relationships between the differences of the
maximum specific volume per ion dissociable group
with normal and various deaerated waters, d(V,,,./
Vo)sw/ f and the rise of the dissolved oxygen per ion
dissociable group, (dmax)sun/ f are plotted in Figure
8. A straight line through zero is obtained. For those
gels in which the maximum specific volume in-
creases, oxygen connected with the gels transfers
largely to water when the gels are swollen in water
at lower dissolved oxygen concentrations. The max-
imum specific volume of ionic gels is determined by
the difference of the osmotic pressure of the coun-
terions in and out of the gels and the repulsion force
of the dissociable groups.>® When the dissolved ox-
ygen is lower, the air connected with gels will largely
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Figure 7 Maximum change of dissolved oxygen concentration in deaerated water with

the swelling of Sephadexes.
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Table III Maximum Change of Dissolved Oxygen Concentration by the Swelling of Sephadexes

dmax (dmax)sul'zli f ® (dmax)sub/ f
Sephadex (mgLtg? (mg L8 g™ (mmol g™") (mg L™ mmol™)
G 0.124 £ 0.004 — — —
CM 0.709 =+ 0.073 0.545 + 0.073 45 + 0.5 0.121 = 0.021
SP 0.786 + 0.052 0.662 = 0.052 2.3+ 0.3 0.288 + 0.044
DEAE 0.344 + 0.025 0.220 £ 0.025 3.5+ 05 0.063 = 0.016
QAE 0.347 = 0.009 0.228 = 0.010 3.0+04 0.076 = 0.011

N dmax - (dmax)G-
b Cited from Ref. 5.

transfer to water, so that the repulsive force by dis-
sociable groups and the osmotic pressure of the
counterions due to proceeding of the dissociation of
Sephadexes may increase.

Dilatometric measurements

Figure 9 shows the changes of the total volumes of
CM in water at different dissolved oxygen concen-
trations with time by dilatometry. The total volumes
decrease with time and show single saturation
curves. The maximum change of the total volume
Avp.x is more negative at lower dissolved oxygen
concentration.

Similar relationships are found for the other
Sephadexes, which show sigmoid curves; see Figure

10

/g mmol!

d (Vmax/V o0)sub
f

0 0.1
(d max ) sub
s

mg L' mmol!

Figure 8 Relationship between the difference of the
maximum specific volume with normal and deaerated
waters and the increase in dissolved oxygen in deaerated
water.

10 and Figure 11. The difference of the upper and
lower values of the sigmoid curves of Figure 10, d
AUpyax, 18 listed in Table IV.

The maximum change of the total volume can be
assumed to be the sum of the change of the total
volumes of hydration of the dextran molecule and
the hydration of the ion dissociable groups.

If we consider the hydration of —OH groups
which were diminished by the introduction of the
ionic groups in the molecule, the following equation
can be obtained:

dAUmax = (dAvmax)G + (dAUmax)suh (6)

in which, d Av,.. is the maximum change in the
total volume of the ionic gel, (d Avg.,)g is the max-
imum change of the total volume of the hydration
of dextran molecule, (d AUpayx )eub 18 the hydration of
the ion dissociable groups.

The amount of the ion dissociable groups intro-
duced in a molecule is small. Therefore Eq. (7) can
be applied:
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Figure 9 Time course of total volume change of the
swelling of CM-Sephadex obtained by dilatometry at 25°C.
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Figure 10 Effect of dissolved oxygen in water on the maximum change of total volume
with the swelling of Sephadexes obtained by dilatometry at 25°C.

(dAvmax )sub = dAvmax - (dAvmax )G ( 7 )

From Eq. (7), the maximum change of the total
volume by dissociation of dissociable groups in CM,
SP, DEAE, and QAE can be calculated. They are
listed in Table IV. These values are the maximum
volume changes of all dissociable groups originating
from the difference in the amount of the dissolved
oxygen.

Furthermore, the amounts of the dissociable
groups of each Sephadex ion (dAvna)eun/f are cal-
culated. These values show the order of the change
in total volume with the difference in the amount
of dissolved oxygen.

As indicated previously,? when an ion dissociable
group is dissociated in water, the structure of water
surrounding the polymer changes. Contribution to
changes of water structure by ionic polymers is rep-
resented by the viscosity B coefficient in the Jones—
Dole equation’ for the viscosity n of aqueous elec-
trolyte solutions:

2 =1+ ACY2 + BC (8)
Mo

where 7, is the viscosity of water, C is the concen-
tration (molarity), A is the constant relating to cat-
ion—anion interaction, and B is the viscosity B coef-
ficient.

Coefficient B is the factor related to ion-water
interaction and is applied as the additive property.
When B > 0, the interaction between ion and water
is enhanced and the ion is a “structure maker,” The
water goes into hardly movable, so that the total
volume may be decreased.®'® On the other hand,
when B > 0, the water—ion interaction weakens, that
is, the ion is a “structure breaker,” and the total
volume may be increased.?16

The calculated values of the viscosity B coefficient
for CM, SP, DEAE, and QAE are 0.098, —0.087,
—0.124, and —0.124, respectively.® The positive value
for CM means that of the promotion of the water
structure and total volume will decrease with hy-

o
Lh
[ 4
4
L
1
L ]

Rate constant, K / min’!

DEAE QAE '

L
5 0 5 0 5

Dissolved oxygen, cpo/ mg L’

Figure 11 Effect of dissolved oxygen in water on the first-order rate constant of the
swelling of Sephadexes obtained by dilatometry at 25°C.
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Table IV Effect of Dissolved Oxygen on the Maximum Change of Total Volume

dAymm(a (dAVmax)subb fc (dAVmax)sub/f

Sephadex (L g™ (uL g™ (mmol g™%) (uL mmol™)
G 140.0 £ 27.2 — — —

CM 161.4 + 44.5 214 +£51.2 4.5+ 05 48115

SP 128.6 + 13.5 -11.8 + 27.2 2.3 +0.3 —5.0*+11.9

DEAE 63.3+ 8.3 —76.7 + 31.2 3.5+05 —21.9 +10.0

QAE 23.6 £ 11.1 —116.4 + 294 3.0+04 —38.8 + 11.7

£ dAvgax = (dAPmax)DO=satu. — (dAVmax)po=0-

b (dAVmax)sub = dA”max - (dAVmax)G'
¢ Cited from Ref. 5.

dration. Conversely, the ion having negative values
as in DEAE and QAE indicate the destruction of
the water structure, and the total volume increases
with hydration.

These values are compared with those for the dif-
ference in the maximum change of total volume per
ion dissociable group (dAv,..)«w/f, the dissociable
groups of CM are structure makers and when the
dissociation occurred, total volume should decrease.

From the value of the maximum change of total
volume per ion dissociable group of CM, the lower
the dissolved oxygen, the more the acceleration of
the hydration of the dissociable group. The disso-
ciable groups of DEAE and QAE, however, are
structure breakers: the total volumes increase with
the dissociation of the dissociable groups. When the
dissolved oxygen decreases, the total volume should
increase. That is, when the dissolved oxygen de-
creases, the hydration of the dissociable group
should be accelerated.

Before swelling

Normal
water

%

water

After swelling

IEH £
RSy

&S
©

From these results and discussion, we can show
a hypothetical mechanistic sketch on the effect of
dissolved oxygen on the swelling of Sephadexes (see
Fig. 12). The adsorbed or the adhering oxygen with
Sephadexes at the dry state (A) may be dissolved
into the water introduced, therefore, the amount of
oxygen transfered from the surface of Sephadexes
to water depends on the concentration of oxygen in
the water introduced (B). When the dissolved oxy-
gen in water decreases, the place bare of oxygen in
the surface of Sephadexes increase, so that the dis-
sociation of the ion-dissociable groups are acceler-
ated (C), the repulsion force by dissociated groups
is increased, therefore, the volume of gel itself in-
creases. And also the water structure surrounding
the ions may be changed according to the varieties
of ions. That is, the water structure becomes tighter
or weakens. The dilatometrical results reveal these
phenomena. In Figure 12, the dissolved air is shown
as only oxygen, however, nitrogen and inert gases

: dissociable group
: counterion

: structure changed water
with counterion

: oxygen removed from
surface of polymer

Figure 12 Hypothetical sketch for the swelling of ionic Sephadexes with normal and

deaerated water.



must effect on the swelling. From present results, it
is difficult to discuss these problems.

CONCLUSIONS

The results obtained by microscopic observation and
the measurement of changes of the dissolved oxygen
in water with the swelling of Sephadexes show that
amounts of dissolved oxygen in water and the change
of the maximum specific volume are closely related.
And the results obtained by the dilatometrical mea-
surement for the swelling show that the effect of the
difference of the dissolved oxygen on the change of
the total volume with the swelling is closely related
with the viscosity B coefficient. If the water struc-
tures in and out of gels of Sephadexes having dif-
ferent substituent group are in the same state, the
effect of the dissolved oxygen revealed by micro-
scopic observations and dilatometrical measurement
should have same tendency for swelling. However,
the results obtained by microscopic observation and
dilatometrical measurements were different. The
water structures of the inside of the gel should differ
from that outside the gel.
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