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ABSTRACT: Measurement of equilibrium mass fraction of a surfactant as a function of the
sorbent mass fraction was performed on gel sorbent—solution systems in order to determine
binding isotherms and to calculate fundamental characteristics of the solvation layer. With
application of this new method it was possible to calculate specific solvation/sorption capacity
and absolute average local composition of the solvation layer. It has been pointed out by
systematic variation of the composition (hydrophobicity) and degree of cross-linking of the gel
sorbents that the ratio of components in the solvation layer can be constant in a given range of
equilibrium mass fraction of the sodium dodecylsulfate (SDS) and that the specific
solvation/sorption capacity of gel sorbents can be much greater than that of activated carbon
type adsorbents.On the basis of a mixed sorbent models it turned out from calculations that
there is no preferential binding of SDS close to the chemical cross-links and the surfactant
molecules prefer vinyl acetate groups as binding sites. The density of cross-links regulates the
aggregation number of the bound surfactant as well. For loose gels both binding isotherms and
swelling curves show that the surfactant—polymer interaction is a strongly cooperative
process.The result of these experiments may influence general concept of solvation/sorption

isotherms and all related phenomena.
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INTRODUCTION

The concept of phase introduced by J. Willard Gibbs defines perhaps the most important
phenomenological model which is applied successfully in many branches of chemical science.
Without this, for instance, the thermodynamics or kinetics of chemical reactions could not have
been developed. Definition of concentration of a given component in a system assumes also
homogeneous spatial distribution of all components. However, crossing the boundary of
contacting phases, changes in many properties take place localized at the interface due to the
asymmetry of intermolecular forces at the interfacial zone. Not only a mechanical effect
(interfacial tension) appears, but considerable difference, positive or negative, can occur
between the local and bulk concentration. The local enrichment of one of the components of a
mixture or solution may be called adsorption. The widespread occurrence of this interfacial
phenomenon in the natural and artificial world as well as its many practical applications have
been maintaining interest toward this field of colloid and interface science for long time.*-®
However, such selective binding of one of the components of a mixture by a third component
(sorbent) may frequently occur not only at different types of interfaces but inside homogeneous
molecular systems like in electrolyte® ', nonelectrolyte!*'> and polymer'®-?° solutions, too.
This latter phenomenon is called selective or preferential solvation. It can be responsible for
some Kkinetic ‘solvent’ effect and it may influence determination of molar mass of
macromolecules in mixed solvents by light scattering (LS).%° It can play important role in the

conformational changes of biopolymers, too.?

The experimental characterization of adsorption and preferential solvation depends on the
separability of the sorbent together with its microenvironment from the rest of bulk solution. So,

for instance, in the case of solid/liquid (S/L) interface the solid sorbent is usually in a separate



phase hence it is possible to determine the change in concentration (mole fraction) of the
equilibrium (supernatant) solution phase with the application of a suitable analytical procedure.
Separation is also possible for polymer solutions by making use of equilibrium dialysis.?>?3
Amongst the methods without separation different kinds of spectroscopy (i.e. UV, Vis, NMR)
and light scattering need to be mentioned.'®242>% Sych in situ measurements, however, often
require additional assumptions in order to be able to provide information on local

concentration.?’

In order to obtain an adsorption isotherm, in overwhelming majority of cases, the so-called
‘batch’ method is applied. In this case the equilibrium concentration (mole fraction) of one of
the component of the mixture is measured at fixed value of m¢ms but at different initial mole
fractions. Here my is the mass of mixture or solution, ms is mass of sorbent and the ratio m¢yms is
usually less than 10. It is a generally accepted view that the shape of isotherm does not depend

on the ratio m¢/ms; they are solely a function of the equilibrium mole fraction.?®

In one of our earlier study?® adsorption experiments have been carried out in a radically
different manner from the rest of literature: at constant mass of the mixture and initial mass
fraction of one of the mixture component, wq i, the mass of sorbent was varied. In other words:
at fixed m; and w1, the mass of adsorbent or ws, the mass fraction of the adsorbent in the
adsorption system was used as an independent variable. This treatment now may be called
Sorbent Mass Variation (SMV) method. It has been shown by adsorption experiments
performed on activated carbon—dilute aqueous 1-propanol system that the equilibrium mass
fraction, wye, of 1-propanol was an unambiguous function of the sorbent mass fraction in a
rather wide range (3 < m¢/ms < 100). The positions of the wy e = f(ws) functions were determined

only by the initial mass fraction, wii. From this group of functions, at strictly constant ws



values, the m = f(w,,) function, i.e. the adsorption isotherm could have been calculated. Here

m, is the excess amount adsorbed expressed by masses. To our greatest surprise, instead of a

single curve, a group of functions were obtained. Namely, some parts of the SMV type of
isotherms have separated from the so-called experimental upper limiting function showing a flat
maximum and a linear or nearly linear descending part. Assuming constant specific capacity
and layer composition along linear parts, both specific adsorption capacity and local mass
fraction of 1-propanol could have been calculated for each SMV isotherm. (See below Theory
section for further detailes.) To the best of our knowledge this was the first time when

fundamental adsorption data were obtained from measurements performed only at a fixed w,i.

This paper is a continuation of our previous systematic studies on polymer gels and
adsorption. Swollen synthetic polymer networks as sorbents have been chosen because inside
they have no definite surface, the binding (preferential solvation) occurs in a separable,
homogeneous phase and their chemical composition and structure can be much better varied
and characterized than those of adsorbents based on activated carbon. It is known from the
literature® that surfactants have binding isotherms of peculiar shape; therefore they can serve as
good models for such investigations. Since SDS is a frequently used model in physico and
colloid chemical studies and it has many practical applications, we believe that the complex
approach and the SMV method together will results in a new and deeper insight into the nature

of these very complicated polymer gel—surfactant systems.

In the present work first the condition of applicability of the adsorption formalism to swollen

gels will be analysed and then a systematic experimental investigation of binding of SDS into



poly(vinyl alcohol) based hydrogels of various compositions (hydrophobicity) and degree of

chemical cross-linking will be presented and discussed.
THEORY

General Characterization of Adsorption Excesses. For quantitative characterization of
adsorption/solvation layer the knowledge of local ratio of the components, the extent and
structure of the adsorption/solvation layer would be necessary as a function of the composition
of bulk solution. In majority of cases, however, only a quantity the so-called adsorption excess
is available from experimental data. For instance, at an S/L type of interface, according to the

widely used definition (recommended also by ITUPAC)*!

n°™ =n°x® —n°x' =n°Ax’, 1)

where N’ (Mis the surface excess amount of component i, n® is the total amount of mixture with

an initial mole fraction x”, which, when equilibrated with a sorbent of mass ms, changes to x! .
A specific surface excess, n°Ax; /m, can also be defined, or the surface excess amount can be

referred to unit surface area of the adsorbent (surface excess concentration, /3™ ). Eq 1
essentially a measuring instruction and in itself it does not contain information on properties of

the adsorption layer. There can be given, however, another relationship?®
n° =n°Ax! /m=n’ —n°x' =n*(x* -x), )

where n? is the specific surface excess, n;is the amount of component i at the surface and

n® = Zi n’ is the total amount of the components in the adsorption layer referred to unit mass of

adsorbent (specific adsorption capacity); x’is the mole fraction of component i in the



adsorption layer. The adsorption isotherm can now be defined as a function, n” = f(x') at
constant pressure and temperature. There are many other possibilities to characterize adsorption
interaction %7 using different scales of composition. Also, instead of the n” = f(x') function

there are different kinds of representations of adsorption data which in some cases can provide
more information on the adsorption layer.32-3* Thus, for some selected types of isotherms the
composition of the adsorbed layer, the specific adsorption capacity and even the specific surface

area of the solid adsorbent could have been approximated from adsorption data.” ®

In one of our earlier studies®® general relationships have been derived with the application of

the mass balance (Law of Conservation of Mass) to a closed adsorption system. Accordingly,

by making use of the original notations,? the specific excess amount of component 1, m;” is

o m 1
m, = _(Wl,e — W ) m_t = _(Wl,e — W, {W _1j = k(Wl,I - Wl,e) . (3)

S

Here the negative sign originates from the accepted convention (A = final state — initial state).
wy, is local (layer) average mass fraction of component 1 and k is the specific adsorption
capacity; k = mi/ms, where my = mg, + mp, +... is the sum of the masses of the components in the
adsorption layer. The right-hand side of eq 3, in complete agreement with eq 2, gives the excess
in a most instructive form: it is a product of specific adsorption capacity and the mass fraction

(mole fraction) difference characterizing the selectivity of an adsorbent.

Relationships for Swollen Gels. Comparison reveals that one of the important differences
between an S/L system and a gel that inside gel the immobilized mixture or solution can be split

into at least two parts, namely to a solvation layer and the so-called intermediate liquid, or



recalling its old name, intermicellar liquid. In the case of swollen gels, amongst the
compositional variables, degree of swelling, here the mass degree of swelling, gm, is essential

which is defined as follows

m. +m, +m. 1
qm: S | Int: (4)

m W,

s s,g

where ms is the mass of polymer (sorbent) in the gel (and in the complete system), wsg is the
mass fraction of polymer in the swollen gel, min: is the mass of intermicellar liquid. The
relationship between the specific solvation capacity, k*, and gm is

m. +m, +m. m.
— S | int :1+ kSV + int ) (5)
m m

S S

m

If mine = 0, i.e. no intermicellar liquid is present in the system, then gm = 1+k*. The mass

balance for component 1 may be given as

MW, ; = MW, o + My W + MW (6)

From eq 6 the excess can be derived with similar algebra as has been given earlier?®:

W, —W,. m
(mlsv )app - _(Lem—h)t - ks" (W1v| _lee) + (qm -1- ksv)(Wl,int _Wl,e) . (7)

S

As it is seen, the right-hand side of eq 7 contains an extra term compared it with eq 3 so, it
cannot likely be used directly for determination of local (layer) composition and specific
solvation capacity in a way as it was previously outlined. In this case only an apparent value of
the specific solvation excess can be obtained. If, however, the difference (w1,int — W1,e) and k*

are available from experimental data a correction can be made. Fortunately, for many systems



Wie = Wiint, thus the second term becomes zero. Also, if the experimental m¥ = f (wy¢) function

gives the expected linear portion, this is a kind of indication that the last term in the right-hand
side of eq 7 is negligible. If the maximum mass degree of swelling, gmmax, is known for a
system then the upper limit of ws that can be experimentally applied is Wsmax <1/Qm max.
Similarly, in the case of an S/L type of interface the condition is wsmax < 1/1+K. In both cases at
larger ws values the supernatant mixture or solution will not be present in the

adsorption/solvation system.

EXPERIMENTAL SECTION

Materials. Some of the chemicals such as benzene, ethanol, HCI, NaOH, acetic acid, acetone
were of analytical grade (> 99 %, Reanal, Hungary) and were used without purification. The
sodium dodecylsulfate was purchased from Merck (for biochemistry and surfactant test, > 99
%) and before use it was recrystallized from hot 1:1 (by volume) mixture of benzene and
ethanol. The critical concentration of micelle formation (c.m.c.) was determined by electric
conductivity measurements (by a conductivity meter OK-102/1, Radelkis, Hungary) and was
found to be 8.2 mM. The cross-linking agent, glutaric dialdehyde (GDA), was 26.0 m/m per
cent aqueous solution (Merck) which was used after the necessary dilution. For preparation of
aqueous solutions of SDS and for final purification of the swollen hydrogels double distilled

water was applied.

The pure poly(vinyl alcohol) (PVA) and the random copolymers were prepared from the
completely hydrolysed and partially fractionated POVAL 420 (Kuraray Co., Japan) sample. The
copolymers were synthesized by reacetylating the completely hydrolysed and fractionated PVA

with acetic acid in aqueous solution at 333 K. The so-called blocky type of copolymer was



prepared by saponification of poly(vinyl acetate) (PVAc) (Mowilith-50, Hoechst, Germany)
dissolved in acetone with NaOH. All other details are given in earlier works.%-8 Some
important characteristics of the linear polymer samples are summarized in Table 1(S1,
Supporting Info.). The higher softening temperature of the ‘blocky’ copolymer compared with
that of the statistical copolymer sample indicates the presence of pure VOH blocks along the

polymer chains.3® 37

Preparation of Gels.®® The hydrogels were synthesized in the form of 1 mm thick gel
membranes in between glass sheets. The concentration of the PVA and copolymers during
cross-linking reaction was 0.205 mole repeat units/100 cm® (approx. ten mass per cent). The
degree of cross-linking was varied with variation of the ratio mole repeat unit/mole GDA
(RU/GDA) in the range from 10 to 100. It took nearly five days to complete the cross-linking
reaction at pH 2.2-2.5 and at 298 K. It is important to note that the copolymers of the highest
VAc content were cross-linked in 1-propanol-water mixture (25 m/m per cent 1-propanol) in
order to keep at minimum the effect of preexisting order of the polymer solutions on structure
of the final network. Then, the gel sheets were neutralized and washed exhaustively until
reaching the electric conductivity of the double distilled water (specific conductivity:~ 1x10~*
S-m~1).The purity of the washing liquid was also checked by interferometric measurements. The
gel membranes were cut into smaller (= 1 x 3 x 6 mm) pieces which were first airdried, then
dried in a vacuum oven at 333 K until constant mass. The dry networks were stored in a closed

vessel until use. (For further detailes see, Table 2., Supporting Info. S2.)

Measurement of Sorption and Swelling. Sorption and swelling measurements were carried

out at two solution masses, mi, namely at 10.0 and 30.0 g. In the first case (10.0 g) small (12



10

cm?®) glass bottles provided with plastic cups and sealed with Parafilm, while for the larger m;
(30.0 g) plastic bottles of 34 cm® volume sealed with airtight screwed-on cups were used. In
both cases preliminary tests have shown that during measurements no evaporation loss and no
observable adsorption at walls of the vessels had occurred. The time necessary to attain sorption
and swelling equilibrium was found by independent measurements to be 48 h, but during the
actual experiments 3—4 days were applied. For measurements of all masses always an analytical
balance (Mettler Toledo) with reproducibility £0.0001g was used. The carefully dried gel
sorbents with accurately known masses were trasferred in the sorption vessels (in the range ~
0.03—-1.0 g) with small (= 0.02 g) increments, and then 10 or 30 cm?® solution of SDS with
known initial mass fraction, wi,i ,was pipetted into each vessel. At this stage of the experiment
the sorption systems were closed and their masses were measured again. In this manner all input
parameters (m¢, ms and wi;i) were exactly known. About twenty such closed systems were
arranged in a plastic box which was immersed in a circulating bath at temperature 298 + 0.02 K.
Once or twice a day all bottles were gently shaken to promote attaining equilibrium. Since
scattering of the data calculated from measurements were smaller for the systems m: = 30.0 g,
therefore majority of measurements were performed at this m: value. At equilibrium first 1-2
cm?® of supernatant solution was quickly pipetted into one the of 1 cm cells of the interferometer
while the other, for comparison, was filled with distilled water. The cells were then closed and
placed into the interferometer cell holder in order to ensure constant temperature, 298 + 0.02 K,
for the liquids. The interferometer (ITR-2, Russia) was calibrated with a series of SDS solutions
in the range 0 <w; < 0.03 and the equilibrium mass fraction of SDS, w1, was calculated from
the equation fitted to the experimental points of the wz vs. readings curve. According to our

experiences, the reproducibility of the readings was + 1.0 scale division so the overall accuracy
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of determination of SDS mass fraction was estimated to be + 1-2 x10-°. All of the remaining
part of the system was poured into a Petri dish and most of the equilibrium solution was
removed by a special pipette, then the liquid film adhered to the surface of the swollen gel
pieces were blotted with filter paper. After measuring the mass of the gel, it was dried until
constant mass, so from the mass of swollen gel and ms, the mass degree of swelling, gm, and
from the dried samples the mass of SDS inside the swollen gel could have been calculated. The
mass ratio has been varied in the range 30< m¢ms < 2500. The sorption and swelling
equilibrium measurements were performed at four initial mass fractions of SDS: 0.00576 (20
mM), 0.01152 (40 mM), 0.01728 (60 mM) and 0.02304 (80 mM). The code for the samples
(networks) is: copolymer composition (VAc mole %) / (RU/GDA).The code for the systems is:
VAc, mole % /(RU/GDA)/initial mass fraction of SDS. In majority of cases the measurements
were repeated at least two times but for some selected systems (17.5/50/0.00576,
17.5/50/0.0115, 17.5/50/0.0173, 17.5/30/0.0115) the complete procedure was reproduced by

independent persons (Z. S. and K. Sz.) including synthesis of gels as well.
RESULTS AND DISCUSSION

SMV Type of Isotherms and Related Quantities. When the SMV experimental and
evaluation method is applied to a given adsorption/solvation system it is best to plot first the
m;" = f (wi,e) function in order to be able to check whether experimental data follow the linear
part of eq 3, or, as it cannot be excluded, both local (layer) composition and specific capacity
vary in the entire range of the equilibrium concentration available for experiments. If the
linearity, at least in a sensible range of the equilibrium concentration, is observed then both kY

and wy, can be calculated. Although it was taken for many other systems, in Figure 1 as
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examples, the m;* vs. wie functions are plotted at three initial mass fractions of SDS for the
sample type 17.5/50 and also for a system with higher degree of cross-linking
(17.5/30/0.01152). There is no doubt, at the lowest wyi (= 0.00576) the upper part of the SMV
isotherm separates definitely from the others and the linear parts of all fuctions have negative
slope independently of the degree of cross-linking. These SMV isotherms bear out the typical

way as surfactants bind to solid surfaces® or as they used to interact with polymers.3%4°
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Figure 1. SMV isotherms for systems 17.5/50/0.00576, 17.5/50/0.01152, 17.5/50/0.01728 and
17.5/30/0.01152. The larger symbols were calculated from the smoothed w1 ¢ = f(ws) curves. All
other smaller symbols which belong to each curve denote m:*¥ values obtained from repeated
and independent experiments; in this case data were substituted directly into eq 3. Straight blue

lines are linear fits to the smoothed data. For all of these systems the specific solvation capacity
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is 10 g/g. (For system 17.5/50/0.00576 the systematic deviation from the linear approximation

is much smaller than the experimental error.)

Although it was possible to estimate the slope and intercept from the ‘crude’ experimental

data, much better results were obtained when first an appropriate part of wi,e vs. ws functions

had been fitted with polynomials or, slightly modified polynomials and then m;" values were

calculated from these smoothed wie data obtained from the fitted equation. These
approximations are shown by solid lines in Figure 1. For some selected systems a detailed
analysis of the experimental data has been performed in order to estimate experimental error.
With the application of the so-called zone averaging method the necessary characteristics could
have been calculated which are shown as error bars in Figure 1 (system:17.5/50/0.00576). (See,
also Figure 1 and description, in Supporting Info. S3.). It is also shown by this figure that the
interaction between surfactant and polymer gel commences below c.m.c. of SDS. With
increasing SDS initial mass fraction the linear parts of the isotherms become longer and longer
thus making possible more accurate determination of slope and intercept. Also, as a new
finding, compared with S/L adsorption?®, for systems 17.5/50/0.01152, 17.5/50/0.01728 and
17.5/50/0.02304 (this latter is not shown in Figure 1) the slope and intercept of the SMV

isotherms were indistinguishable.

For all systems shown in Figure 1 the solvation specific capacity, k*, was found to be
surprisingly large (= 10 g/g) compared it with that of the activated carbon of high specific
surface area (0.5-0.6 g/g).?° Also, the average mass fraction of SDS in the solvation layer (w1,
= 0.095) calculated from the slope and common intercept for systems 17.5/50/0.01152 and

17.5/50/0.01728 is more than ten times higher than its equilibrium values in the bulk phase (at
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wie ~ 0.006), i.e. the selectivity of this network for SDS is fairly high. In order to test further
reliability and consistency of these data there is another possibility. Namely, to put the
corresponding k® and w1, values into a general equation derived earlier?®

(1_ W )Wl,i — k™ wy, w

Mhe =T w,(L+k*) ®)

where meaning of the letters has already been given. The results of such calculations for
network type 17.5/50 are shown in Figure 2: at lower values of ws the agreement between
measured and calculated functions is excellent. At greater ws values the functions become

nearly horizontal at w1 which correspond to the c.m.c. of SDS in the supernatant solution.
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Figure 2. The effect of initial mass fraction of SDS on shape and position of the wie = f(ws)
functions (sample 17.5/50). a: w1, = 0.00576 , b: w1, = 0.01152, c: wi,i = 0.01780. Solid blue

curves have been calculated (eq 8) assuming constant k* and w1, obtained from the slope and
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intercept of straight lines in Figure 1. a: k ~ 10 g/g, w1, = 0.0870; b: k* = 10 g/g, w1, = 0.0948;
c: k=10 g/g, w1, = 0.0954.

In connection with eq 8 it is important to emphasize that it can be applied to describe any kind
of we = f(ws) functions if physically sensible data are substituted into it. If, however, a system
reaches its limit (Wsmax = 1/(1+k®)), then w1; = wy,, that means that supernatant mixture is not
present any more in the adsorption/solvation system. If specific capacity is known, from

rearrangement of eq 3, the local/layer average mass fraction of SDS can be calculated:

W, =+ W, (9)

The results for network of type 17.5/50, at four initial mass fractions of SDS, are shown in
Figure 3. As it can be expected, at w1 = 0.00576 the saturation value of wy, is lower than that at
higher values of w1 which, on the other hand, are practically independent of wy;. This is again a

new observation compared it with S/L adsorption system studied earlier.*
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Figure 3. Dependence of the average mass fraction of SDS in the solvation layer on equilibrium
mass fraction, wie (type of network: 17.5/50). The arrows indicate initial mass fractions of
SDS: 0.00576, 0.01152, 0.01728, and 0.02304. Horizontal solid lines: wi; values were

calculated from smoothed data. Straight line below shows 1:1 partitioning.

We have briefly discussed above the importance of the higher limit of ws but, when the SMV
method is applied, it is necessary to analyse its lower limit, too. This latter can be easily
obtained if the linear parts of any of the isotherms shown in Figure 1 is extrapolated to their
initial mass fractions, wiy;. For systems with common wi; no experimental point can exist
beyond it. There is, however, another possibility as well. Namely, the partial differentiation of

eq 8 with respect to ws gives an equation which, when ws — 0 (and so wie — Wy,i) reads

oW

S

oW,
mlsv'o = —(—1(6) J =k (W1,| - Wl,i) ) (10)
P.T kY w,

where the differential quotient can be calculated from the initial slope of the wie = f(ws)
function. The right-hand side of eq 10 is the specific solvation excess at this limit (differential
or characteristic specific excess). Such points result in a function which does not depend on the
ratio my/ms: it depends exclusively on the equilibrium mass fraction of the adsorbate (SDS). At
the same time, it is the definition of the characteristic isotherm. Its knowledge is very important
for multisorbent systems or, if the sorbent has different independent binding sites. Namely, by
making use of the additivity rule, the isotherms for each individual sorbent component or site
can in principle be calculated.** It is not very well known that at finite values of ms the usual
excesses are not independent of each other. Therefore, in general, such a calculation cannot be
correctly performed. It is interesting to note that in theoretical works on light scattering from

multicomponent polymer solutions*®'’ the differential quotient in eq 10 is used as a measure of
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preferential solvation. In Figure 4 such characteristic isotherm is shown for network type
17.5/50 by making use of both methods for calculation of specific solvation excess at this limit.
It is the first time when a characteristic isotherm is determined for binding of a surfactant. From
the plot given in Figure 4 absolute specific value of the amount of SDS bound to the polymer
chain can be given in other units, too. So, it is 3.34x10~3 mol/g, or 0.171 mol SDS/ mol repeat
unit of copolymer. The reciprocal of the latter gives an approximate’ stoichiometry’ of the
interaction: accordingly, nearly six repeat units (twelve C atoms in the main chain) bind one

SDS molecule.
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Figure 4. The characteristic isotherm for network type 17.5/50. The solid red line fits well to
the last three SMV points making possible accurate determination of both slope and intercept
(k% and k*V-w4,). The arrow shows location of c.m.c. (k% =9.92 g/g, w1, = 0.097 and k*-wy, =

0.962 g/g) Dotted line: guide for the eyes in the non-linear region.
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In Figure 5 the comparision of a batch and two SMV isotherms illustrates again the possible
difference between them; some agreement can be found only around the linear descending
parts. However, the most interesting observation is the stepwise change in the specific solvation
capacity for system when the value wa,; is increased from 0.01152 to 0.02304; k* drops from 22
g/g to 11 g/g while the specific amount bound remaines practically constant (k*'-wy, = 1.12 g/g).
The very large specific solvation capacity cannot be an experimental error because similar
values were obtained for other systems as well and, as will be discussed in another paragraph, it

is consistent with a geometric model of solvation of polymer chains.
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Figure 5. Comparision of SMV (17.5/75/0.01152 and 17.5/75/0.02304) and batch isotherms for
networks: 17.5/75 and 17.5/50. The ratio m¢/ms = 50 (ws ~0.02 and m; = 10g) was kept constant
during batch experiments. The arrow shows location of c.m.c. The linear approximations of the
upper parts of SMV isotherms show a drastic change in specific solvation capacity.
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Dependence of Specific Solvaton Excess on Degree of Cross-linking. In the case of
copolymer networks there are at least two essential, one might say, natural variables to deal
with. One of these is the degree of cross-linking; the other is the composition and sequence of
the copolymer which the networks are prepared from. As it has already been shown in Figure 1
the degree of cross-linking has a pronounced effect on binding ability of our gels:
approximately 60 per cent increase in concentration of cross-linkages causes nearly 30 per cent

decrease in the excess amount! According to our experiences, while gm and m*° was a quickly

decreasing function of degree of cross-linking, the solvation specific capacity, especially for the
looser gels, and at least in some range of degree of cross-linking, was nearly constant and
smaller than the corresponding gm (see, next paragraph, Figure 8). Although there are several
important works discussing influence of the amount and internal structure of the cross-links or
junction zones on properties of chemical and physical networks*24344 their role concerning
preferential solvation is much less known. Nevertheless, it seems to be a reasonable assumption
that the length of the network chains, at least to a lower limit, cannot affect solvation properties
of polymer chains. However, in most cases the cross-linking reaction leads to a local chemical
modification of the precursor polymer molecules and, as long as the amount of modified units is

negligible, its effect on some properties is usually small.
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Figure 6. Experimentally determined dependence of the characterictic specific excess of
preferential solvation on degree of cross-linking, wer, for systems 17.5/x/0.01152: (x means each
actual value of the independent variable; they are given here as we). If the smallest possible
cross-link region is defined (molar mass of cross-link, Mg, is taken as 212 g/mol) to be part of
the network where the specific excess is zero, or in the other case, total exclusion of SDS is

assumed from the vicinity of cross-link (upper lines). For further detailes, see Text.

According to this view, it was assumed that the cross-link itself and its close molecular
environment can be responsible for the effect observed. In our case four vinyl alcohol repeat
units react with one mole GDA eliminating two moles of water so that in each chain 1,3
dioxane ring is formed which are then connected by a —(CH2)s— group. Thus, according to this
local chemical structure we have defined the smallest cross-link as part of the whole network so
that its molar mass, Mcr, was taken 212 g-mol-L. From this and from the repeat units/GDA molar
ratio, as well as from the average molar mass of the repeat unit, the mass fraction of cross-links,
Wer, could have been calculated. In other words, wer measures relative contribution of the cross-
links to total mass of the dry network. In Figure 6 this is applied as independent variable to
show variation of m:*"° as a function of degree of cross-linking. As can be seen, in the case of
the highest degree of cross-linking (here molar ratio (RU/GDA) was 10:1) the gels have nearly
lost their binding ability and the relative amount of cross-links in the network was more than 35
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mass per cent! All these mean that cross-links should definitely affect the preferential solvation
of the copolymer chains in these systems. In order to estimate quantitatively the effect of cross-
links two ‘mixed sorbent” models were chosen. In the first, zero excess was assumed for the
cross-links, so in eq 10 wi; = wa,i and the initial value, myin®°, (when the effect of cross-link
was considered to be negligible) was taken as 0.90 g/g. By making use of the additivity rule
with k% = 10 g/g and at w1, = 0.0114:

mls\ll‘n(l)x = 090(1_ Wcr) + WcrlO(Wl,I - Wl,i) - msv,O = 090(1_ Wcr) ' (ll)

1,mix

The other model assumes total exclusion of SDS from the vicinity of cross-links so in this case

in eq 10 wy, = 0 and for the mixed sorbent

m0 =0,90(1—w,,) + W, 10(0—w,,) > m%2 =0,90(L— w,, ) +10w,, (—w;,) - (12)

1,mix 1,mix

The results are shown in Figure 6 as the two upper straight lines connecting the calculated
points. Since the second term in eq 12 is small compared to the first one, the difference between
the two models is small. At the same time, deviation from the experimental points is
considerable except the range of low degree of cross-linking. However, if for M a greater
value, namely 520 g-mol-! is chosen (cross-link plus 4—6 repeat units) the agreement becomes
much better and this shows also that the dependence of M¢r on degree of cross-linking is not a
linear function. To illustrate the structural feature of the gel having the highest degree of cross-
linking (molar ratio RU/GDA is 10:1) here the average number of repeat units between cross-
linkes is about five, i.e. the network chains are shorter than full length of SDS molecule. So, for
such a structural element or for such a network as a whole, a serious steric hindrance appears,

particularly if one of the components of solution has relatively large molar volume.

The Effect of Copolymer Composition and Sequential Distribution. In Figure 7

dependence of compositional characteristics of the solvation layer on VAc content of



22

copolymers are shown. In complete agreement with earlier investigations®® increasing
hydrophobicity (VAc content) favors binding of SDS. Of the experimental results the points
calculated for pure PVACc are remarkable. Since PVAc is insoluble in these dilute SDS solutions
the points referring to it were calculated from data obtained for the ‘blocky’ type of copolymer

and from data of pure PVA assuming additivity. These are shown at the end of curves denoted

by A, B and C. If, however, m°values were calculated in the same way, but from data of the

three statistical copolymers much higher values were obtained: as if the VAc blocks were less
active in binding of SDS. It has been pointed out in our earlier work®” on swelling and
mechanical properties of these copolymer gels that in the case of ‘blocky’ type of copolymers
swollen in ageous environment new junction zones were formed via association of the VAc
blocks. That means that some parts of the polymer molecules are buried reducing both solvation

specific capacity and binding ability of these sites.
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Figure 7. Dependence of compositional characteristics of solvation layer on VAc content of
copolymers applied for preparation of networks (Systems: x/50/0.01152). A: k¥-w1,, B: m>*°

and C: wz (x means the actual values of the independent variable). Solid lines are fitted
polynomials of second and third order. The compositional characteristics of the solvation layer
of the pure PVAc were calculated from these data and those referring to pure PVA assuming
additivity.

Swelling and Solvation Specific Capacity. In terms of thermodynamics the swelling is a

kind of phase equilibrium governed by equality of chemical potentials of the diffusible

components, i, in the outer and gel phase:
(A/’ll )gel = (A/’ll )out ' (13)

Eq 13 refers to all diffusible components. Since the gel phase has minimum two components
(network polymer + solvent), besides a mixing term which represents the driving force for

swelling, the term (Aﬂi)gew as a consequence of swelling, should contain an additional

contribution coming from deformation of the network. So, if no outer force or extra pressure is

acting on a swollen network, the equilibrium condition can be given as
Alui,mix + Alui,net = Alui,mix + IDeI\Ti = (Aul )out ! (14)

where Pg is the so-called elastic potential, V, is the partial molar volume of diffusible
component i, the meaning of Az . is self-evident. In the case of neutral networks the mixing

contribution is determined mainly by the network—solvent interaction while the elastic potential
is a function of the degree of cross-linking. In general, at constant temperature and degree of
cross-linking, gm varies only a rather narrow range with variation of polymer—solvent

interaction. In this respect the influence of the degree of cross-linking is more pronounced. On



24

the other hand, larger change can be induced in degree of swelling by introducing even a small

amount of electric charge into the network chains, i.e. in the case of polyelectrolyte gels.
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Figure 8. Dependence of mass degree of swelling, gm, on equilibrium mass fraction of SDS for
networks at different wy; and with various copolymer compositions at constant degree of cross-

linking.

As examples, in Figure 8 the dependence of gm on equilibrium mass fraction of SDS is shown
for some selected systems. The similarity to and the close connection with the shape of the
solvation isotherms (cf. Figure 1) is obvious and it can be unambigously stated that the large
change in degree of swelling is a consequence of transformation of neutral polymers into
pseudo-polyelectrolytes through binding negatively charged SDS molecules to the network
chains. The abrupt changes observed for some of the networks result in two-state type (switch
on and off) systems which are very sensitive to the compositional variation of the environment.

Similar phenomena were observed for other systems, t00.44¢47 If one were able to remove the
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bound SDS molecules from the solvation layer at molecular level by any special means, it
would be possible to stimulate such kind of thin gel fiber resulting in a quick change, let us say,
in its length. One possibility to do so is to apply competitive interaction by adding a new
component to such a system. It has been shown by some preliminary experiments that addition
of some amount of B-cyclodextrin or 1-propanol at the swelling maximum to a PVAc-SDS gel

caused sharp decrease in degree of swelling which, on the other hand, indicates the complete

reversibility of binding.
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Figure 9. Dependence of the maximum degree of swelling, gmmax, in SDS solution, the degree
of swelling in water, gmwater and solvation specific capacity, k*, on degree of cross-linking.
Systems: 17.5/x/0.01152 (x means each actual value of the independent variable now given as

Wer).

In Figure 9 the dependence of degree of swelling and solvation specific capacity are given as
a function of degree of cross-linking. According to eq 5, gmmax Should always be greater than

even the largest capacity value and it is a quickly decreasing function of the degree of cross-
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linking. At the same time, solvation specific capacity, k%, disregarding from the initial jump-

like change, is nearly constant then it begins to decrease slowly parallel with gm max.

Simple Geometric Model of the Solvation Layer. In order to find explanation for the high
specific solvation capacity values a cylindrical core/shell geometric model was put forward: if
the diameter of the core is dcore and the outer diameter of the shell is dshen then, the maximum
available ‘volumetric’ specific capacity can be calculated if the dshen/dcore is assumed to be three

(monolayer formed around the core):

k> = [(volume)core+shell — (VOlUME)core ] / (VOluMeE)core, OF (15)

max

ks =[(3dcore/2)? — (dcore/2)?] / (dcorel2)? (16)

max,mono

> = 8.0 for the specific capacity. This value is

maxmono

In this case the simplest model gives k

relatively close to the one calculated from the experimental data for systems represented in
Figure 1. Of course, in the case of these models the size of the core, thickness of the shell or

their ratio can be varied in a wide range in order to fit calculated data to the experimental

sV
max,mono

finding. So, if the diameter of core is increased by 20 per cent, then k will decrease to

N
max,mono

6.11; if, however the thickness of the shell is increased by 20 per cent k goes up to 10.56

which is close to specific capacities obtained for network type 17.5/50 at different initial SDS

mass fractions (cf. caption of Figure 2). For a bilayer, where dshen = 5dcore, @ sudden change,

namely k> .. = 24.0 can be estimated which is close to the values k% = 22 and k% = 21.3

maxpi
obtained from experiments for systems 17.5/75/0.01152 and 28/50/0.01152, respectively.
Although it is continuum and static by nature, the flexibility and versatility of the geometric

model proved to be very useful. In real systems, however, long chain molecules and the carbon
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chains of SDS molecules cannot be considered simply as straight rods because fluctuation
results in changes continuously in their local conformation. Also, from our experimental data it
cannot be estimated how much can be the contribution of a (highly compressed) electric double
layer to the specific capacity, or the difference in cross-section between the alkyl chain and
hydrated polar head of SDS molecules. What we can state for certainty it is the most probable
position of SDS molecules: they should be oriented nearly parallel with the axis of the polymer
chain being either in single or aggregated form. The higher value of specific capacity (~ 20 g/g)
substantiates the presence of larger aggregates (aggregation number around 20—40) surrounding
the polymer chains. (Further detailes are summarized in Table 3. and Figure 2., Supporting Info.

S4 and S5.)
CONCLUSION

According to a classification of S/L isotherms by Kipling-Schay-Nagy®?® our SMV
isotherms correspond to type Il or type IV with differences that, instead of a continuously
increasing ascending part, the binding isotherm of SDS is of sigmoidal shape and shifted to the
very low (10~%) mole fraction range. This finding is very important from another point of view
as well; in this case the SMV and batch isotherms partly coincide so they mutually support the
accepted view on constancy of layer composition in the linear region.® If the range of
composition available is strongly limited, for instance by the limited solubility of the adsorbate,
then the SMV method is superior to any others: it requires only one initial concentration to

determine local characteristics of an adsorption/solvation system.

On the basis of the present and our earlier works?>*! it is assumed that deviation between the

SMV and batch isotherms is a general phenomenon and the coincidence of the two kinds of
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approximation is an exception. The shape and position of the w1, vs. wie functions is the key
factor to understand the situation. If they have a horizontal (constant) part as wie — w1, and
value of wi, depends also on wq, separation should result. If, however, wy is constant (i.e.
independent of w1 and w1;) in a wide range of mass fraction, wye, then, both points belonging
to a batch isotherm and SMV points, including the characteristic points of the SMV isotherm,

fall on the same linear function.

The structure of networks affects not only the local average composition but the structure of
the solvation layer, too. Namely, it is assumed that to gels of the two highest degree of cross-
linking, the SDS molecules bind one by one in a ‘singlet” form; at moderate degree of cross-
linking mainly in the form of monolayered cylindrical aggregates (aggregation number 6—20)
and for loosely cross-linked networks or for those having high binding ability in the form of
bilayered cylindrical aggregates (aggregation number 20—40). All these are supported by the
experimental facts that with increasing degree of cross-linking the ‘cooperativity’ (steepness) of
the m,"= f(wie) and gm = f(wze) functions gradually decreases. It is important to emphasize
here: if the binding happens in the form of aggregates, average value of w1, may include

extremities.

The SMV method opens up several new possibilities for further research: in order to ensure
its widest generality it would be important to test its applicability for classical systems by
independent laboratories. Theoretical works are needed to prove unambigouosly the shape of
the w11 = f(wa.e) functions found experimentally in the present and earlier?®*! works. It would be
very interesting to use this consideration when the so-called in situ methods are applied for

determination of local composition. A very essential problem: how the SMV method can be
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applied to different types of interfaces. The experimental facts in this and our earlier works?%4!
have convinced us that the concept of SMV isotherm is a powerful one and may contribute to
understanding better solvation/adsorption phenomena. A succesful generalization would mean
that some of the accepted rules and definitions concerning preferential solvation and adsorption

need to be supplemented and modified.
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