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Polyelectrolyte—Gelatin Complexation: Light-Scattering Study
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ABSTRACT: Complex formation between negatively charged polyelectrolytes and a net negatively charged
polyampholyte (gelatin) has been characterized by light scattering. The two polyanions studied are sodium
poly(styrenesulfonate) (NaPSS) and sodium poly(2-acrylamido-2-methylpropanesulfonate) (NaPAMS). The
molecular weights of the single polyelectrolyte chains NaPSS and NaPAMS increase 20- and 15-fold,
respectively, upon saturation with gelatin. Despite such molecular weight increases, the radii of gyration
of the complexes were found to be only slightly larger (~15%) than those of the corresponding parent
polyelectrolytes. Increasing negative values for the second virial coefficients were observed upon saturation
of gelatin on the polyanion chains, indicating increasing interchain attraction. Both the stoichiometries
and sizes of the complexes decrease monotonically with pH. At a constant pH, the complex stoichiometry
peaks around 0.01 N NaAc. These results suggest that electrostatic interaction is the main driving force
for complexation in these systems. Polyampholyte molecules are polarized in the electric field of a
polyelectrolyte chain. This polarization-induced attraction is believed to be the main mechanism of
complexation. Charge density of the polyanion is suggested to be an important factor for determining

its extent of gelatin binding.

I. Introduction

Polymer—polymer complexes can be formed as a
result of interchain interaction when two macromol-
ecules are mixed in solution.!™* The association may
be driven by Coulombic attraction or other interactions,
such as hydrogen bonding, dipole—dipole interaction,
charge-transfer interaction, and the hydrophobic effects.
These forces are important factors in determining the
overall configuration and stability of the complexes. The
resulting complexes may remain in solution, may phase
separate into coacervate liquids, or may precipitate as
amorphous solids or a gel, depending on the concentra-
tions, the mixing conditions, and the structures of the
parent polymers. Practical applications of such phe-
nomena include: (1) microencapsulation of water-
insoluble molecules, such as pigments, drugs, or pro-
teins,56 (2) protein separation and purification,” (3)
models for understanding protein—nucleic acid interac-
tions in cells, and cell transformation® or gene therapy,®
and (4) thickening agents for coating fluids in photo-
graphic and food!© industries.

Recent efforts on dilute solution characterization
studies of polyelectrolyte complexation have been fo-
cused mostly on two linear, oppositely charged, syn-
thetic homopolymerst11=13 or copolymers.t415 In gen-
eral, precipitation occurs when the molar ratio of the
two oppositely charged groups reaches unity, resulting
in electroneutrality. The displacement of counterions
initially associated with a given polyion by an oppositely
charged long-chain polyion is related to cooperative
interaction between the two polyelectrolyte chains. The
reduced solubility of the resulting complex in water is
attributed to dehydration or increase in hydrophobicity
upon salt formation. Nonstoichiometric composition of
the two polymers, however, was shown to produce
water-soluble complexes when one chain is much longer
than the other.11.12

Studies on the interactions between polyelectrolytes
and globular proteins bearing a net charge of the
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Figure 1. Chemical structures for the sulfonate-containing
polyelectrolytes.

opposite sign as that of the polyelectrolytes have also
been reported by several workers.1116-22 The driving
forces for association similar to those for the oppositely
charged linear chains should also be operative. How-
ever, the mechanism of interaction between polyion and
ampholytic protein with a net charge of the same sign
as that of the polyion is less understood. Few examples
of the latter system include polyanions with bovine
serum albumin at pH > pHis (with a net negative
charge)'617.21 and a polycation with lysozyme at pH <
pHiso (with a net positive charge),?® where pHig, is the
isoelectric point of the protein. In such cases, the
presence of nonuniform “surface charge patches” on the
globular proteins'®7 is believed to be important for
complexation.

Instead of two linear oppositely charged polyelectro-
lytes or globular proteins and polyelectrolytes, we are
interested here in the interaction between a flexible
ampholytic gelatin chain molecule (alkali-processed,
type IV, pHixs, = 4.9) and negatively charged linear
polyanions, such as sodium poly(styrenesulfonate)
(NaPSS) or sodium poly(2-acrylamido-2-methylpropane-
sulfonate) (NaPAMS) (Figure 1). In the present work,
we focus our study on the interaction in the dilute
concentration region and above the isoelectric point of
the protein where the net charge of gelatin is negative
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(pH > pHiso). Normally one would expect an electro-
static repulsion between the polyanion and the net
negatively charged gelatin. Despite such expectation,
we will demonstrate that complexes can be formed
between the two components. The ampholytic gelatin
molecules are polarized in the electric field of a poly-
anion, and complexation between gelatin and the poly-
anion is driven by polarization-induced attraction.

To quantify complex formation in terms of molecular
weight and stoichiometry of the complex, the second
virial coefficient, the radius of gyration, and the hydro-
dynamic radius, we have conducted static- and dynamic-
light-scattering experiments. In order to demonstrate
that the complex is an identifiable and stable species,
separation techniques such as differential size-exclusion
chromatography (SEC) and flow field-flow fractionation
were utilized, and the results will be reported else-
where.23 Under certain solution conditions, however,
phase separation can be readily induced. In such cases,
we have investigated this phenomena by turbidimetric
titration, sedimentation, and fluorescence techniques.?4

The focus of this paper is on the light-scattering
results and comparison of solution behavior between the
two systems, NaPSS/gelatin and NaPAMS/gelatin.
Chain characteristics of gelatin and the parent poly-
electrolytes are presented first, followed by complexation
study of the two polyanions with gelatin. A polariza-
tion-induced mechanism for complexation will be pro-
posed for discussing the extent of complexation as a
function of pH, ionic strength, and charge density of the
polyanion. We believe that characterization of structure
and stability of the complexes is essential for under-
standing complexation mechanism and ultimately prop-
erties of the mixtures in the semidilute or concentrated
solutions.

I1. Experimental Section

A. Polymer Materials. The gelatin sample used in this
work was provided by Dr. T. H. Whitesides, Eastman Kodak
Company. Itisa Type IV gelatin (pHis, = 4.9) containing all
the o, 8, and y chains. The sample has been deionized with a
mixed-bed ion exchange resin and freeze dried.?> The weight-
average molecular weight (M,,) determined by static-light-
scattering is 2.19 x 10° and the polydispersity index is 2.3.

For the homopolymer NaPSS, two narrow-molecular-weight-
distribution samples were employed. These were purchased
from Scientific Polymer Products, Inc. with M,, = 5.05 x 10°
and 1.2 x 108 and the polydispersity indices = 1.24 and 1.17,
respectively. These samples were further dialyzed for 24 h
with an Amicon diafiltration unit equipped with a 10 000 MW
cutoff spiral membrane ultrafiltration cartridge, in conjunction
with a Barnstead Nanopure ultrapure water system. The
weight-average molecular weights determined by our light
scattering in aqueous salt solution were 5.05 x 10° and 1.09
x 108, respectively, for the above two samples.

The homopolymer NaPAMS was prepared by free radical
polymerization in water. To a 1 L three-necked flask equipped
with a stirrer and condenser was added 172.4 g of 58% sodium
2-acrylamido-2-methylpropanesulfonate solution and 160.9 g
of distilled water. The solution was bubbled with nitrogen for
1 h and then placed in a 60 °C bath. The catalyst K»S,Og
(0.128 g) was added, and the solution was stirred under
nitrogen for 16 h. The viscous mixture was cooled and diluted
with 500 mL of water to give a stock solution containing —12%
solids. The inherent viscosity of the polymer was 2.50 dL/g
(at C, = 0.5%) in 0.1 M NazSOsa.

In the present study, a narrow-molecular-weight-distribu-
tion fraction of NaPAMS was used. This was obtained by
fractionating the above whole polymer employing a stepwise
fractionation method using aqueous NaCl/ethanol as the
solvent/nonsolvent system. The weight-average molecular
weight of this particular fraction was determined by light
scattering in aqueous solution and found to be 1.1 x 108. The
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polydispersity index of this fraction (1.3) was determined by
using a Hewlett-Packard HP 1090M size-exclusion chroma-
tography system with SynChropak GPC 4000 and 1000
columns connected to a refractive-index detector HP 1047A.

B. Light-Scattering Measurements. Static- and dynamic-
light-scattering experiments were performed at 40 °C with a
Brookhaven Laser Light-Scattering 2030 System equipped
with a Bl 200SM goniometer, an Excel 3000 argon ion laser
tuned at 514.5 nm as the incident light, and a Bl 2030AT
digital correlator with 136 channels. A Wyatt optiLab 903
interferometric refractometer was used in conjunction with the
Bl 2030AT for measurement of the refractive increment dn/
dc at the same wavelength. The Zimm plot routine was
employed for the static-light-scattering runs for dilute solu-
tions of pure polyanions and the gelatin/polyanion mixtures
in aqueous salt solutions. To measure the hydrodynamic size
of the polyanions or the complexes, the autocorrelation func-
tions were analyzed by the CONTIN program.

Sample preparations for the light-scattering experiments
were made as follows. For light-scattering runs of the pure
gelatin solutions, a concentrated gelatin stock solution (1%)
was first prepared by dissolving 100 mg of the deionized
gelatin solid in 10 g sodium acetate (NaAc) buffer solution at
50 °C for 2 h at an appropriate NaAc concentration (Cnaac)
and pH. This stock solution was further diluted to 0.2% and
filtered several times with 0.45 ym and then 0.2 um Sterile
Acrodisc disposable filters. A 1 mL sample solution was
introduced into the light-scattering cuvette and subsequent
dilutions were made in the same cuvette with a salt solution,
which was prefiltered several times with a 0.1 um filter.

For light-scattering runs of the pure polyelectrolyte solu-
tions, a polymer stock solution (0.5%) was prepared by dis-
solving 100 mg of the polymer solid in 20 g of sodium acetate
buffer solution at a given Cnaac and pH. This stock solution
was filtered several times with a 1.2 um Sterile Acrodisc
disposable filter. Filters with smaller pore sizes were not
appropriate for the present high-molecular-weight polyelec-
trolytes, as the concentration and the light-scattering intensity
at 90° of the solution were found to be reduced upon filtration.
This polymer stock solution was subsequently diluted to less
than 0.1% with the solvent (0.1 um filtered) in a dust-free
cuvette before proceeding with light-scattering measurements.

Much more dilute solutions were required for light-scatter-
ing experiments of the gelatin/polyanion mixed solutions, since
the scattering intensity is greatly enhanced upon complex-
ation. Typically, 1 mL of the prefiltered gelatin solution
(<0.01%, diluted from the above 1% gelatin stock solution) was
first introduced into a dust-free cuvette and an appropriate
volume in uL portion of the 1.2 um prefiltered polyanion stock
solutions (either 0.5% or 0.1% as prepared above) was added
to yield a desired gelatin/polyanion weight ratio r at a given
Cnaac and pH. Subsequent dilutions were made in the same
cuvette with the 0.1 um prefiltered solvent at the same Cnaac
and pH. Filtration of the complexed solution after mixing was
not appropriate because of the possibility of eliminating the
larger gelatin/polyanion complexes. It is important that light-
scattering measurements for a given mixture with a complete
Zimm plot should be conducted within 2—3 h to avoid possible
aggregation of the complexes or deterioration of the gelatin
sample. A skewed Zimm plot was observed for samples on
prolonged standing (>24 h), or at high ionic strengths, or at
pH < pHis, indicative of aggregation and coacervation.

C. Intrinsic-Viscosity Measurements. The intrinsic
viscosities for the pure polyanions NaPSS and NaPAMS, in
0.01 N NaAc at pH 5.65, were determined at 25 °C by using
an automated Ubbelohde viscometer purchased from Schott
Gerate. The extrapolated intrinsic viscosity value was ob-
tained by linear plots of reduced viscosity, as well as of
inherent viscosity, vs polymer concentration.

I11. Results and Discussion

A. Chain Characteristics of Gelatin. The light-
scattering data for pure gelatin in various Cnaac and pH
are listed in Table 1. The weight-average molecular
weight of 2.19 x 10° was an average value obtained from
all My, values (+£5—7%) measured. At pH > pHis (=4.9),
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Table 1. Radii of Gyration Rg and Second Virial
Coefficients A; of Gelatin in Various Cnaac and pH at 40
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Table 2. Radii of Gyration Ry and Second Virial
Coefficients A; of NaPSS and NaPAMS in Various Cnaac

°C at pH = 7.0 and 40 °C
Cnaac (N) pH Rg (nm) Az (1074 cm3 mol g~?) Cnaac (N) Rq (nm) Az (1074 cm3 mol g7?)
0.001 4.2 30 23 NaPSS (1.09 x 109)
6.0 35 28 0.01 108 18
6.8 37 39 0.05 76 2.0
7.2 33 52 0.1 63 0.9
8.0 35 49 0.2 65 1.0
0.01 6.5 31 8.6 0.3 63 1.1
74 32 19 NaPAMS (1.1 x 106)
9.0 29 14
0.01 90 21
0.1 4.7 23 1.5
0.05 82 11
6.5 20 1.6
10.0 18 2.5 01 L4 11
0.2 66 11
adn/dc value used for the gelatin solution is 0.18 mL/g. ® The 0.5 61 9.4

weight-average molecular weight of 2.19 x 10° was taken as the
average of all values obtained in various Cyaac.

there are more negative charges than positive charges
on a gelatin molecule (see Figure 2.4 in ref 26).
Therefore, the radius of gyration and the second virial
coefficient are expected to decrease with increasing ionic
strength, similar to the behavior of a linear polyelec-
trolyte. This trend is indicated by the data shown in
Table 1. The variation in Ry with pH at a given salt
concentration was difficult to detect, however, within
the experimental accuracy of light scattering (£10%).
On the other hand, the increase in A; with increasing
pH at a given ionic strength is measurable in all three
Cnaac. The result is consistent with the behavior of an
ionizable anionic polyelectrolyte for which its charge
increases with pH, leading to a larger A, value.

By using a static-light-scattering technique, Pezron,
Djabourov, and Leblond?” also reported the following
values for their lime-processed ossein-extracted gelatin
in 0.1 N NaCl at pH 7.0 and 50 °C: M,, = 1.9 x 10°, Ry
=35+ 4nm,and A, = (3£ 1) x 1074 cm® mol g~2. Our
Ry values in 0.1 N NaAc are smaller, but the A, values
are comparable to their data (see Table 1). The differ-
ences in the sources of gelatin and the degree of
deionization may be the cause for this discrepancy.

B. Chain Characteristics of Sulfonated Poly-
electrolytes in Salt Solutions. Dilute solution be-
havior of polyelectrolytes in salt solutions were well
characterized by light scattering and intrinsic viscosity
and reported previously for the present two polymers
NaPSS%8 and NaPAMS.2° Comparison of hydrodynamic
coil expansions of the two polyelectrolytes in agueous
salt solutions can be made based on the exponents of
the following reported Mark—Houwink equations,

e.g.,
[7] = 0.28 x 10~* M®® (NaPSS in C,,¢, = 0.01 N)?®

[7] = 2.04 x 107" M**® (NaPSS in Cy,¢ = 4.17 N)*®

[7] = 0.83 x 107> M (NaPAMS in Cy,¢, =
0.01 N)*

[7] =5.31 x 107> M*"? (NaPAMS in Cy,c =
5.00 N)*

The above equations were derived from intrinsic-
viscosity data (dL/g) for several polymer fractions with
weight-average molecular weights ranging from 105 to
2 x 108. The values of the exponents in 0.01 N (0.89
for NaPSS and 1.00 for NaPAMS, respectively) indicate
that, in this molecular-weight range studied, NaPSS is
less extended than NaPAMS. While the 0 condition is

a dn/dc value for NaPSS is 0.18 mL/g, independent of Cnaac. ° dn/
dc values for NaPAMS are 0.145 mL/g at 0.001—0.1 N and 0.14—
0.135 mL/g at 0.1-0.5 N NaAc.

4.17 N for NaPSS with an exponent value of 0.50, the
corresponding exponent value is 0.72 for NaPAMS, even
in a slightly higher salt concentration of 5.00 N. A 6
condition cannot be reached with the latter polyanion
even in concentrated aqueous salt solution of Cnaci >
5.00 N. This is attributed to the more hydrophilic
acrylamide-containing monomer in NaPAMS vs the
hydrophobic styrene-containing monomer in NaPSS.
Our direct measurements of intrinsic viscosities for the
present two narrow-molecular-weight fractions (dp =
degree of polymerization),

[7] = 6.5 dL/g [NaPSS, M,, = 1.09 x 10° (dp =
5400) in Cyyaae = 0.01 N]

[7] = 7.1 dL/g [NaPAMS, M,, = 1.10 x 10° (dp =
4800) in Cyaa, = 0.01 N]

also confirmed that, for a given chain length or dp, the
NaPSS chain is less extended with smaller hydro-
dynamic volume than that of NaPAMS.

The static-light-scattering data at 40 °C for the same
pair of NaPSS and NaPAMS polyanions as a function
of Cnaac are summarized in Table 2. Within the
experimental accuracy of light scattering for determin-
ing Ry (£10%), the static dimensions of the two chains
in a given Cpaac Or as a function of Cnaac are not greatly
different from each other. On the contrary, the second
virial coefficients are much higher for NaPAMS than
those for NaPSS in the same Cnaac range. This is
consistent with the higher Mark—Houwink exponent for
NaPAMS than that for NaPSS discussed above, sug-
gesting that the aqueous salt solution is a better solvent
for the NaPAMS polyanion.

Differences in coil sizes and the excluded volume
effects of the two polymers have direct impact on their
interactions with gelatin. This will be discussed later
after section C.

C. Formation of Soluble Gelatin/Polyanion Com-
plexes. Despite the expected electrostatic repulsion
between the negatively charged polyanion and the net
negatively charged gelatin at pH > pHis,, the enhanced
scattering intensity upon mixing provides evidence for
complex formation. This enhanced scattering can be
detected at very low concentrations. Plotted in Figure
2 is the relative scattering intensity at 90° vs feed
weight ratio of gelatin to polyanion r for mixed solutions
of gelatin and NaPSS in 0.01 N NaAc at pH = 5.65 and
40 °C, where the concentration of gelatin was kept
constant at 0.05%. The intensities of the two individual
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Figure 3. Zimm plot for a mixture of gelatin/NaPSS (r = 50)
in 0.05 N NaAc at pH 7.8, 40 °C.

components are very low. A dotted straight line
(line (a)) in Figure 2 represents the total intensities for
the mixtures if there were no interaction between the
two components. In contrast, our measurements show
that intensity is greatly enhanced upon mixing. The
initial increase in intensity from the pure gelatin side
(right-hand side of the x-axis) to r = 12 is a result of
complexation upon addition of polyanion. The total
intensity is derived from the gelatin-saturated com-
plexed chain plus the excess free gelatin. Further
increase in polyanion concentration (i.e., decrease inr)
below r = 12 results in depletion of the bound gelatin
on the polyanion chain (forming unsaturated complexes)
and hence decrease in intensity.

In order to quantify the molecular weights of the
complexes at various r values, the conventional static-
light-scattering technique is much more informative
than the intensity data presented in Figure 2. As an
example, a normal Zimm plot was obtained and shown
in Figure 3. This normal behavior in the Zimm plot
suggests the absence of aggregation within 2—3 h upon
mixing the components. A skewed Zimm plot was
obtained, however, for some samples on prolonged
standing (=24 h), at higher ionic strengths, or at pH <
pHiso, where aggregation between complexes or coacer-
vation becomes pronounced. Several approaches have
been adopted by other workers,1:1519 for light-scattering
characterization of polyelectrolyte complexes. Kabanov
et al.,!! studied complex formation for a nonstoichio-
metric mixture of a long-chain polyion and a much
shorter oppositely charged chain. They assumed that
the complex is the only species present and utilized the
conventional Zimm plot procedure to obtain the weight-

Polyelectrolyte—Gelatin Complexation 3265

average molecular weight, radius of gyration, and the
second virial coefficient of the complex. Different
analyses of the light-scattering data were also employed
by Dautzenberg et al.,®> Dubin et al.l® for studying
protein/polyelectrolyte and surfactant/polyelectrolyte
complexation.30

In the present work, we have taken the following
approach in treating our light-scattering data. The
stoichiometry and molecular weight of the complex for
a mixture of gelatin and polyanion at a given r can be
calculated according to the following scheme, using the
measured “apparent” weight-average molecular weight
derived from the conventional Zimm plot procedure.
Since the number of charges on gelatin is much smaller
than that on the polyelectrolyte chains used in this
study, we can consider a complex as composed of x
gelatin molecules adsorbed onto a single polyelectrolyte
chain. Below we assume that only two species are
present in the mixture: the complex and the free
gelatin.

Let the molecular weight of gelatin and polyelectro-
lyte chains be My and M, and the corresponding initial
concentrations be cg and c,, respectively. We define the
feed weight ratio of gelatin to polyanion as

Cq

r=—
CP

the molecular weight of the complex as
M, = M, + XM,

and the stoichiometry of the complex as

If all polyelectrolyte chains are utilized in complexing,
the concentration of bound gelatin is rcp, and the
concentration of free gelatin is

Crg = Cg — I'Cp
The concentration of the complex is then
Cc=Cp T Iy

By substitutions using the above relationships, we
obtain the following expression for the weight-average
molecular weight of the mixture of complexes and free
gelatin molecules as

_ Mg+ M, (r — r)M, + (1 + r)’M, @
W Ce T Crq 1+r

The value for M,, can be measured directly as the
“apparent” weight-average molecular weight, My, (app),
derived from the Zimm plot at a given r, while Mg and
Mp can be measured independently for the pure gelatin
and the polymer. Hence the complex stoichiometry r
can be calculated as follows:

M M2 (M
rgl—l—g(

B - My + )|
¢ 2M, aM3

M @

w

Consequently the values for x and the molecular
weight of the complex M, can be calculated. Since the
larger molecules contribute most of the scattering even
at r = 200, the measured radius of gyration and the
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Table 3. Light-Scattering Data, Calculated Complex
Stoichiometry r¢, and Number of Gelatin Molecules per
Chain x for Gelatin/NaPSS in 0.01 N NaAc at pH = 5.65

and 40 °C

x (no. of gelatin

r Mw(app) Ry Az (107*cm? re molecules

(wiw) (105 (nm) mol g~2) (wiw) per chain)

NaPSS (1.09 x 10°)

200 22.3 103 -0.77 18.36 91.37

100 41.3 116 —0.69 18.14 90.27
99 34.6 123 —0.50 16.34 81.35
50 50.4 120 —0.09 14.05 70.57
32.3 54.2 132 -0.41 11.71 58.26
30 50.6 129 0.06 10.84 53.93
19 56.1 121 —0.07 9.05 45.03
13.33 628 124 0.27 8.03 39.95
12.33 60.5 123 —0.80 7.55 37.56
12 68.0 113 0.16 7.96 39.62
1042 62.1 120 —-0.13 7.02 34.96

9 62.5 123 —0.03 6.54 32.55
7 59.7 122 —0.82 5.60 27.86
6 60.5 107 —0.63 5.22 25.98
5.67 62.6 118 0.39 5.18 25.79
4 47.0 104 0.62 3.64 18.09
25 44.5 118 0.77 2.79 13.88
1.86 4538 123 4.6 2.49 12.37
1 32.9 120 3.0 1.48 7.35
0.25 128 90 55 0.208 1.04
pure NaPSS
10.9 108 18
NaPSS (5.05 x 10%)

196 11.6 77 —0.65 18.38 42.38
98 18.0 70 —0.49 16.82 38.79
50 27.4 75 —0.48 15.17 34.99
20 31.8 68 —0.25 10.32 23.79
12.3 33.0 81 -0.21 8.23 18.97
12.3 32.0 77 —0.26 8.08 18.63
12.0 30.9 67 —0.25 7.82 18.02

6 25.8 64 0.80 4.94 11.40
4 20.9 61 1.15 3.53 8.13
3 16.9 63 0.40 2.64 6.08
1 10.7 57 2.4 1.07 2.46
1 9.73 58 2.4 0.96 2.20
pure NaPSS
5.05 50 12

a dn/dc value for Gelatin/NaPSS is 0.18 mL/g, independent of r
and CNaAc-

second virial coefficient are similar to those for the
complex species.

1. Gelatin/NaPSS Complex. Light-scattering data
for the gelatin/NaPSS mixtures in 0.01 N NaAc at pH
5.65 and 40 °C are summarized in Table 3. The
“apparent” weight-average molecular weights of the
mixtures My(app), are plotted in Figure 4 vs r, where
Mu(app)’s are derived directly from the Zimm plot. Data
points for the two gelatin/NaPSS (1.09 x 10% and 5.05
x 10%) systems are shown as curves a and b, respec-
tively. The general shape of the curves are similar to
the intensity curve shown as curve b in Figure 2. The
corresponding calculated complex stoichiometry ro vs r
are presented in Figure 5. The overlap of the data
points for the two molecular weights of NaPSS shown
in Figure 5 clearly indicates that the stoichiometry of
the complex is independent of the NaPSS chain length.
A straight line (r. = r) is drawn in Figure 5, and
deviation of the data points from this line indicates the
nonstoichiometric complexation in the mixture. Evi-
dently, in the low r region forr <5~ 6, ro = r. This
suggests that virtually all gelatin molecules added are
bound to the polyanion chain. This finding will be
verified later by an independent technique, the dif-
ferential size-exclusion chromatography.2® The amount
of bound gelatin continues to increase with increasing
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r above 5 ~ 6, but a saturation level is reached around
r = 18.5 at r = 200. Experimental data beyond r =
200 are less reliable because of the decreasing intensity
and increasing free gelatin present in the mixed solu-
tion.

The negative values of the second virial coefficient A,
for r > 6 (see Table 3) show that attraction between
complexed chains increases with gelatin saturation, an
indication of the instability of the complex in solution.
In fact, increased scattering intensity was observed for
the dilute mixtures upon prolonged standing (>24 h),
resulting from complex—complex aggregation. This
means that the tendency for complex—complex aggrega-
tion is enhanced when more gelatin molecules are bound
to the polyanion. We have observed that precipitation
occurs more readily at higher concentration of the
mixture, depending on the concentration of the mixture,
the feed composition r, ionic strength, and pH. This
phenomenon was investigated in our phase behavior
study.?*

An alternative representation of complex formation
is shown as the plot of M. vs r in Figure 6 for gelatin/
NaPSS (1.09 x 109) (curve (a)). Considering the large
molecular-weight buildup of the complex upon gelatin
binding (i.e., 20-fold), and the slight increase in Ry (15%)
(see Table 3), the structure of the complex must be
denser than that of the parent chain.
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Figure 6. Complex molecular weight M. vs r for (a) gelatin/
NaPSS (1.09 x 10°) (a) and (b) gelatin/NaPAMS (1.1 x 10°6)
(0) in 0.01 N NaAc at pH 5.65, 40 °C (the curves were drawn
through the data points for visual aids).

Table 4. Light-Scattering Data, Calculated Complex
Stoichiometry r¢, and Number of Gelatin Molecules per
Chain x for Gelatin/NaPAMS in 0.01 N NaAc at pH = 5.65
and 40 °C

x (no. of gelatin

r Mw(app)l Ry Az (1074cmd re molecules
(W/w) (105 (nm) mol g2) (w/w) per chain)
NaPAMS (1.1 x 109)
200 15.8 90 —0.78 14.87 74.69
100 24.8 98 —0.34 13.51 67.85
50 35.3 101 —0.34 11.49 57.71
20 47.0 97 0.05 8.35 41.94
15 47.2 103 0.18 7.19 36.12
10 51.8 101 0.24 6.14 30.86
6 45.0 102 0.22 4.32 21.70
4 39.1 97 0.53 3.20 16.06
3 33.9 92 0.008 2.50 12.54
2 28.7 89 0.95 1.79 8.99
1 20.4 93 34 0.92 4.63
pure NaPAMS
11.0 90 21

a dn/dc value for Gelatin/NaPAMS ranges from 0.178 mL/g, at
r =200, to 0.16 mL/g, at r = 1.

2. Gelatin/NaPAMS Complex. Light-scattering
data for the gelatin/NaPAMS (1.1 x 10%) mixtures in
0.01 N NaAc at pH 5.65 and 40 °C are listed in Table 4.
To compare with those of gelatin/NaPSS, plots of
Mw(app) vs r, as well as M. vs r, are included in Figures
4 (curve (c)) and Figure 6 (curve (b)), respectively.
Although the molecular weights of the two parent
polyanions are identical, the values of My(app) or M
for gelatin/NaPAMS mixtures are consistently lower
than those for gelatin/NaPSS. The saturation level (see
Figure 6) is approximately around r, = 15.0 at r = 200
for gelatin/NaPAMS (i.e., 64 monomers/gelatin), slightly
smaller than the value of r, = 18.5 for gelatin/NaPSS
(i.e., 57 styrene sulfonate monomers/gelatin).

Similar to the gelatin/NaPSS system, negative second
virial coefficient was also obtained upon complexation
for gelatin/NaPAMS, but at a higher complex stoichi-
ometry (see Table 4). This indicates that attraction
between the complexed chains is less pronounced, or the
aqueous medium is a better solvent for the gelatin/
NaPAMS system. This finding is consistent with the
single-phase behavior observed for the latter system.2*
On the basis of the small increase in Rq (+10%) (Table
4) and the large complex molecular weights (Figure 6),
the structure of the gelatin/NaPAMS complex is also
denser than that of the parent NaPAMS chain.
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Figure 7. Overall configuration of the complex between a
segment of the polyanion and a gelatin molecule.

Table 5. Chain Characteristics of the Gelatin/Polyanion
Complexes in 0.01 N NaAc at pH = 5.65 and 40 °C

gelatin/NaPSS gelatin/NaPAMS
(1.09 x 108) (1.1 x 108)

18.5 (at r = 200) 15 (at r = 200)
(or 1 gelatin/ (or 1 gelatin/
57 monomers) 64 monomers)

complexes

stoichiometry (r¢)

M 22 x 108 17 x 108
Ry complex 120 nm 100 nm
Ry polyanion 108 nm 90 nm
Rh complex 70 nm 60 nm
Rn/Rq complex 0.58 0.60
2 more negative less negative
Mc/N(47/3)Rg® 0.005 g/cm?3 0.006 g/cm?3

D. Comparison of Solution Behavior for Gelatin/
NaPSS vs Gelatin/NaPAMS. 1. Complex Forma-
tion in 0.01 N NaAc at pH 5.65 and 40 °C. Results
for chain characteristics of the two complexes in 0.01 N
NaAc at pH 5.65 and 40 °C are summarized in Table 5.
The extent of gelatin binding to the polyanion for
gelatin/NaPSS (r. = 18.5 or 1 gelatin/57 monomer) is
slightly larger than that for gelatin/NaPAMS (r = 15.0
or 1 gelatin/64 monomer).

The total numbers of ionic groups per gelatin with a
molecular weight of 2 x 10° are estimated to be 188 mole
of base/gelatin and 260 mole of acid/gelatin.3? At pH =
5.65, the net negative charge per gelatin is estimated
to be —40 for a gelatin with a molecular weight of 2 x
10°, according to Figure 2.4 in ref 26. Assuming all
cationic sites are ionized at pH = 5.65, there will be
approximately 188 positive charges (Q+) and 228 nega-
tive charges (Q-) for each gelatin associated with a
segment of 57 sulfonate monomers for NaPSS or 64
monomers for NaPAMS, respectively. Even though the
net charge on gelatin is negative (—40), attraction
between the negatively charged polyanion and gelatin
can occur through favorable chain configuration of
gelatin as depicted in Figure 7. The electric field of the
polyanion polarizes gelatin, bringing positively charged
units closer to the polyanion (at average distance Ry)
and moving negatively charged units further away from
it (at average distance R- > R;). As long as the ratio
of these distances is greater than the corresponding
charge ratio, i.e.,

R. Q_

>
R+ Q+
the overall coulombic interaction between gelatin and
polyion is attractive (i.e., Q+/R+ > Q-/R-). In fact, itis
the presence of the net negative charge on the complex
that provides the stability of the complex.

The extent of gelatin binding may be related to the
overall chain configuration and the monomer chemical

1.2 3)
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structure of the parent polyelectrolyte. As discussed
earlier in the intrinsic-viscosity results in section B,
NaPSS is less extended compared to NaPAMS. This
can be explained by the greater hydrophobicity of
NaPSS, leading to more compact conformations than the
conformation of NaPAMS. Thus the more compact
NaPSS coil has higher charge density (i.e., larger
number of charges per unit length),32 and therefore
greater field strength, polarizing gelatin and creating
attraction. This greater charge density in NaPSS is
attributed to the hydrophobic nature of the styrene-
containing monomer. Consequently, the number of
gelatin molecules that bind to a given polymer chain is
larger for NaPSS than that for NaPAMS. Another
polyelectrolyte of interest for such comparison would be
sodium poly(vinylsulfonate) (NaPVS).33 Unfortunately,
complete intrinsic viscosity-molecular weight relation-
ship is not available because of synthetic difficulty in
preparing high-molecular-weight NaPVS. Among the
three polyanions, we expect that charge density and
hence the extent of gelatin binding should follow the
decreasing order NaPVS > NaPSS > NaPAMS.

As we have discussed earlier in section C, the struc-
tures of the gelatin/NaPSS and gelatin/NaPAMS com-
plexes are denser than those of the corresponding parent
polymers. This can be seen by their larger molecular
weights and yet comparable sizes to those of their
parent polymers. Also listed in Table 5 are the hydro-
dynamic radii of the complexes as determined by
dynamic light scattering. The values for the ratio Rn/Rq
are 0.58 for gelatin/NaPSS and 0.60 for gelatin/Na-
PAMS, respectively. This implies that the complexes
behave similarly to a partial-draining coil rather than
a collapsed non-draining sphere.3435 This finding is
consistent with the relatively low local concentrations
inside the complex coil estimated as follows. The mass
per unit coil volume for the complex can be calculated
from the measured values of M; and Ry, and is listed
for each complex in Table 5 (i.e., 0.005 and 0.006 g/cm?
for the gelatin/NaPSS and gelatin/NaPAMS complexes,
respectively). These small values reveal that more than
99% of the volume inside the complex is occupied by
water molecules. Thus a partial-draining coil is a
realistic model for the present gelatin/polyelectrolyte
complexes.

In the very dilute solution region, the short-term
stability of the complex is a result of repulsion between
the negatively charged complexed chains. This is the
very reason that static-light-scattering experiments can
be performed on these systems. The unsaturated
complexes (r; < 5.22 for gelatin/NaPSS and r, < 11.49
for gelatin/NaPAMS) are relatively stable, consistent
with the observed positive values of A, shown in Tables
3 and 4. The saturated complexes, on the other hand,
show negative A; values, indicating attraction between
the complexed chains. These results can be interpreted
by the following model proposed for the complex con-
figuration. In the low-stoichiometric-complex region
where the polyanion is not saturated with gelatin
molecules, the gelatin chain is likely to be bound with
its backbone lying “flat” along the polyanion chain axis
with fewer free segments or loops extending into the
aqueous phase. Aggregation between two complexed
chains caused by the “bridging” of one gelatin is less
probable in dilute solution when the two complexes are
far apart. In the high-stoichiometric-complex region,
the larger number of bound gelatin chains have to
rearrange themselves in order to accomodate for the
limited space along the polyanion backbone. It is
expected that there are more free gelatin loops extend-
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Figure 8. Complex stoichiometry r. vs pH for (a) gelatin/
NaPSS (1.09 x 10°) (a) and (b) gelatin/NaPAMS (1.1 x 105)
(@) at r =50 in 0.01 N NaAc, 40 °C (the curves were drawn
through the data points for visual aids).

ing into the aqueous phase for a given complex. Hence
the attraction between two complexed chains can occur
more readily by “bridging” of one bound gelatin, result-
ing in negative values of A,.

In the semidilute or concentrated solution region
above the overlap concentrations of gelatin(>0.5%) and
the polyanion, the conformation of the bound gelatin
may not play as an important role in complex aggrega-
tion. Complex—complex aggregation leading to phase
separation was observed for the low-stoichiometric-
complex region (i.e. r < 10), where many of the polya-
nion sites are not occupied by gelatin. The “bridging”
between two unsaturated complexed chains by one
gelatin is expected as the two chains are brought closer
by concentration increase. For the high-saturation
region, all binding sites of the polyanion are occupied
by gelatin, and “bridging” is less probable. Hence a
stable single phase is observed.?4

2. Effect of pH on Complex Formation. The
stabilities of the complexes as a function of pH are
presented in Figure 8 as complex stoichiometry r; vs pH
for gelatin/NaPSS (1.09 x 108) (curve (a)) and gelatin/
NaPAMS (1.1 x 10%) (curve (b)) at r =50 in 0.01 N NaAc
at 40 °C. For gelatin/NaPSS mixtures, complexation
decreases with increasing pH, but remains measurable
even at pH = 9.5 with r, = 6.15. Light-scattering
experiments with samples having pH below pHis, were
difficult to perform because of rapid interchain aggrega-
tion, eventually leading to phase separation. For gelatin/
NaPAMS mixtures, complexation also decreases with
increasing pH, but the two components were no longer
associated at pH > 10 (i.e., rc — 0). On the other hand,
aggregation was not observed even at pH = 4.84
(<pHiso) and the stoichiometry of the complex r. was
found to be 16.5. The general conclusion is that com-
plexation is reduced with increasing pH, a result of
increasing repulsion between the negatively charged
polyanions and the increasingly more negatively charged
gelatin. Complexation is weaker for gelatin/NaPAMS
than for gelatin/NaPSS. Complete dissociation was
observed for gelatin/NaPAMS at high pH (>10).

3. Effect of Salt Concentration on Complex
Formation. Enhanced turbidity, eventually leading to
aggregation upon prolonged standing (>24 h), was
observed at Cnaac > 0.01 N for gelatin/NaPSS at r <
10, resulting from interchain attraction. Hence, studies
of the effect of salt concentration on complexation were
possible only at a high feed ratio (e.g., r = 50). Plots of
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Figure 9. Complex stoichiometry r; vs Cnaac at r =50, 40 °C
for gelatin/NaPSS at (a) pH 5.65 (My = 1.09 x 10°) (a) (My =
5.05 x 10%) (O), (b) pH 5.0 (M, = 1.09 x 10°) (x), (c) pH 6.8
(My = 1.09 x 10°) (+), and for gelatin/NaPAMS (M, = 1.1 x
10%) at (d) pH 5.65 (O) (the solid curves for gelatin/NaPSS
(curves a, b, and c¢) and broken curve for gelatin/NaPAMS (d)
were drawn through the data points for visual aids).

rc Vs Cnaac for the two gelatin/NaPSS systems (1.09 x
10% and 5.05 x 10°) systems at pH = 5.65 and 40 °C
are shown as curve (a) in Figure 9. The overlap of the
data points for curve (a) demonstrates that changes in
complex stoichiometry with Cnaac are independent of
molecular weight of the polyanion.

The effect of Cnaac 0N complexation was also studied
as a function of pH (5.0, 5.65, and 6.8) for gelatin/NaPSS
(1.09 x 10°%) at r = 50 and shown as curves (b), (a), and
(c), respectively, in Figure 9.

The general trend for r; vs Cnaac Can be rationalized
in terms of screening effect of electrolyte. The presence
of salt leads to screening of Coulombic interaction by
the factor3® exp(—R/Rp), where R is the distance be-
tween the charges and Rp is the Debye screening length
(Rp = (87lgCs)~12), with Ig being the Bjerrum length
(~7 A in water) and Cs the concentration of the
monovalent salt. For example, at Cs = 0.01 N, Rp is
calculated to be 30 A according to the above relation.
Because of the evidence for complexation, we have
previously assumed that the average distance between
the positive charges on gelatin and the polyanion Ry
(see Figure 7) is shorter than that between the negative
charges on gelatin and the polyanion, R—. This interac-
tion can be described3¢ by

Q. - Q- _
U — _Qp R_+ e Ry/Rp __ R__ e R-/Rp (4)

where Qp is the charge of the segment of the polyanion
associated with a gelatin molecule which contains Q4+
positive charges and Q- negative charges. Thus the
interactions in the three concentration regions as shown
by the data in Figure 9 can be rationalized as follows:
(i) At very low salt concentration (Cnaac < 0.005 N), Rp
> R_ > Ry, and neither attraction nor repulsion are
screened. The overall interaction is attractive, even
though the net charge on gelatin is negative. This is
caused by the induced polarization of the charges on
gelatin, leading to a smaller distance R4 between the
positive charges on gelatin and polyanion as depicted
in Figure 7.

(ii) At intermediate salt concentration (0.005 < Cnaac
< 0.01 N), R+ < Rp < R_, and repulsion between
polyanion and the negative charges on gelatin is par-
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Figure 10. Radius of gyration Rq vs Cnaac at pH 5.65, 40 °C
for (a) complexes of gelatin/NaPSS (1.09 x 10°) (a) and gelatin/
NaPAMS (1.1 x 108) (O) at r = 50 and (b) pure polyanions
NaPSS (1.09 x 108) (O) and NaPAMS (1.1 x 10°) (@) including
experimental error bars (the curves were drawn through the
data points for visual aids).
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tially screened, while the attraction between the positive
charges on gelatin and polyanion is almost unscreened.
In this region, the overall attraction between gelatin and
polyanion is the strongest as can be seen from the
maxima in the complex stoichiometry shown in Figure
9.

(iii) At higher salt concentration (Cnaac > 0.01 N), the
Debye length Rp < Ry+< R_, and both repulsion and
attraction are screened. Since complexation is caused
by Coulombic attraction, it is significantly reduced with
increasing salt concentration Cpaac.

Note that the position of the maxima of complex
stoichiometry corresponding to 0.005 < Cnaac < 0.01 N
gives us a length scale for the average distance between
charges on gelatin and polyanion. We estimated®” R
~20—30 A and R_ ~40—50 A, which is consistent with
the attractive condition described by eq 3. These length
scales are comparable to the average distance between
two neighboring charges on gelatin (~50 A). The latter
was estimated from the measured radius of gyration and
the total number of positive and negative charges of a
gelatin molecule, assuming a freely jointed Gaussian
coil. A possible configuration of a gelatin molecule in a
complex may consist of loops of size ~50 A along the
polyanion chain with negative charges distributed on
the outside and positive charges on the inside part of
the loops as depicted in Figure 7. The interplay between
the repulsion and attraction appears to be an important
and characteristic phenomenon associated with interac-
tions of ampholytic polymers.

Shown in Figure 10 are the plots for Ry vs Caac for
the gelatin/NaPSS (1.09 x 10%) and gelatin/NaPAMS
(1.1 x 108) complexes (curve (a)) and the NaPSS (1.09
x 108) and NaPAMS (1.1 x 10%) parent polyanions
(curve b), respectively, at pH = 5.65 and 40 °C. For 0.01
< Cnaac < 0.1 N, the sizes for the complexes and the
parent polyanions are comparable, but decrease with
increasing Cnaac. This is consistent with the behavior
of a charged polymer. For Cnaac < 0.01 N, the size of
the complex is not sensitive to Cnaac, although the
stoichiometry was shown to decrease slightly with
decreasing Cnaac (see Figure 9). Chain expansion for
the parent polyanions below Cnaac = 0.01 N is expected,
however. Unfortunately, this is the region where
experimental procedures with normal Zimm plot or the
intrinsic viscosity plot cannot be readily applied. For
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Cnaac > 0.1 N, the complex size decreases below those
values for the parent polyanions. Polymer intrachain
coiling resulting from fewer bound gelatin at Cnaac >
0.1 N (see Figure 9 for the smaller complex stoichiom-
etry at Cnaac > 0.1 N) may be the cause for the collapse
of the complex.

Comparison of the extent of gelatin binding for the
two polyanions as a function of Cnaac is shown in Figure
9: gelatin/NaPSS (1.09 x 10%) (curve (a)), gelatin/
NaPAMS (1.1 x 108) (curve (d)). At Cnaac > 0.2 N, the
mixture of gelatin/NaPAMS remains clear but unasso-
ciated, in contrast to the partially complexed state for
the gelatin/NaPSS system. For 0.2 > Cnaac > 0.01 N,
the complex stoichiometry r; reduces with increasing
Cnaac for both systems. These results also indicate that
binding strength for gelatin/NaPAMS is weaker than
that for gelatin/NaPSS. The maxima in r; vs Cnaac also
occur at Cnaac = 0.01 N for both complexes, correspond-
ing to the Debye screening length of Rp = 30 A.

IV. Conclusions

We have established experimental evidence for com-
plexation between polyanions and a net negatively
charged ampholytic gelatin. Our results suggest that
electrostatic attraction is the main driving force for
association. The gelatin molecules are polarized in the
electric field of a polyelectrolyte chain. This polariza-
tion-induced attraction is believed to be the main
mechanism for complexation. The weight-average mo-
lecular weights of the complexes upon saturation with
gelatin molecules were found to increase 20- and 15-
fold, respectively, for the two polyanions, NaPSS and
NaPAMS. Nevertheless, the sizes of the complexes
increase only slightly (+10%). The local concentration
of chain segments inside the complexes was found to
be much higher than those of the parent polyanions. On
the other hand, more than 99% of the coil volume inside
the complexes is occupied by water molecules. This
finding is further substantiated by the measured Rn/Ry
values (0.58—0.60), suggesting that the complexes be-
have similarly to a partial-draining random coil rather
than a collapsed nondraining sphere.

Charge density is an important feature for the poly-
electrolyte in determining its extent of gelatin binding.
This feature can be manipulated by varying the chemi-
cal structures of the monomers (i.e., hydrophobicity,
hydration, and the distance between the charge and the
vinyl backbone) and the resulting polymer chain con-
figuration. NaPSS is less extended than NaPAMS in
aqueous salt solution, presumably resulting from the
greater hydrophobicity of the styrene moiety in the
former and the larger solvent affinity of the amide
linkage in the latter. Therefore, NaPSS has a greater
charge density and hence slightly larger extent of
gelatin binding than NaPAMS.
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