
Macromolecules 1987,20, 2485-2490 2485 

with the observation of a Newtonian flow at  very low 
frequencies. I t  would be interesting to perform a similar 
analysis on sulfonated EPDM's with ionic interacting 
groups. On the other hand, for SBS-type thermoplastic 
elastomers an equilibrium modulus has been calculated by 
using a similar type of analysis. This substantiates the 
conclusion that thermoreversible network structures 
formed by randomly distributed functional groups are of 
a different nature than phase-separated systems. 

The general effect on interacting groups is a shift of the 
terminal relaxation times to long times by imposing ad- 
ditional restrictions on the relaxing chains. By the same 
restrictions, the plateau modulus is increased. In many 
applications, where deformation is only applied for short 
times, or good damping properties are required over an 
expanded time scale, such thermoreversible associations 
may be sufficient. 

The present study clearly reveals the relation between 
molecular parameters, such as primary molecular weight 
and degree of modification, and viscoelastic properties of 
polymer melts with strongly interacting functional groups. 
Nevertheless several problems remain to be solved for 
these systems. A quantitative analysis requires the 
knowledge of the fraction of hydrogen bonds formed. A 
preliminary study shows that the fraction of free and 
bound units may be derived from IR spectroscopy.'l These 
studies are presently extended to a wider range of tem- 
peratures and for different degrees of modification. In this 
context it is important to determine whether the ther- 
modynamic equilibrium concentration of hydrogen bonds 
of analogous low molecular weight model compounds is 
reached in polymer melts, or whether topological restric- 
tions imposed on the interacting groups, because they are 
fixed to a polymer backbone, become important. 

To study the structure of the thermoreversible aggre- 
gates different methods must be applied. The structures 
formed by thermoreversible association will be accessible 
from light-scattering measurements in the dilute and 
semidilute regime. 
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ABSTRACT: We report observations from two distinct experiments of a system gelating in the presence 
of external constraints, an intense X-ray beam from a synchrotron source and the acceleration field of a centrifuge. 
In both these experiments on poly(acrylamide/bisacrylamide), a substantial fraction of the sample remains 
in the sol phase in coexistence with the developing gel. Kinetic observations by small-angle X-ray scattering 
(SAXS) and the Schlieren optics of the analytical centrifuge reveal that gelation is not necessarily the monotonic 
process that is found in samples gelling under uniform conditions, but can take the novel form of a series 
of separate gelation avalanches, each generation interpenetrating with the established structure of the previous 
gelation. These oscillations, fueled by monomers from the sol phase, are a consequence of the nonlinearities 
of the gelation process coupled with the delay due to diffusion of the monomers through the existing gel structure. 
The changes in the scattering function seen by SAXS permit comparisons with observations made by other 
authors on gelling systems. 

Introduction 
Gelating have recently been the object of much 

theoretical and experimental scrutiny, particularly with 
to which model best describes the sol-gel transi- 

ti0n.l Close to this point, measurements of shear modulus,2 
visc~elasticity,~ and permeability: as well as light5p6 and 
neutron' scattering measurements on interrupted polym- 
erization reactions, have found broad agreement with the 
percolation model of gelation, the validity of which now 
seems generally accepted. 

An important precaution taken in observations of ge- t CNRS associate laboratory. 
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Figure 1. Observation of gelation in a uniform poly(acry1- 
amide/bisacrylamide) sample (A  = 0.06 g/mL, B = 0.002 g/mL) 
as a function of time after introduction of the accelerator (tet- 
raethylenemethylenediamine). The sample, in a 1 X 1 X 4 cm3 
optical cell, was placed in a glass-walled water bath thermostated 
at 30 "C located in one arm of Michelson interferometer. The 
passage of each interference fringe is a measure of the degree of 
advancement of the reaction. 

lation is to ensure that the physical conditions, such as 
temperature or concentration, are uniform throughout the 
sample. Gelation then occurs as a single, monotonic, 
transition. An example of such uniform gelation behavior 
in the system investigated in this paper [poly(acryl- 
amide/bisacrylamide)] is found in our preliminary mea- 
surements of the time variation of the refractive index in 
the reacting solution. During gelation, the density of the 
solution, and hence the refractive index, increases. With 
an activated solution of acrylamide and bisacrylamide, 
suitably thermostated and placed in one arm of a Mi- 
chelson interferometer, the reaction was followed by timing 
the passage of the interference fringes. It can be seen from 
the smooth curve of Figure 1 that the process is unique 
and monotonic. 

The experiments described below do not fulfill the 
condition of homogeneity, in that a nonuniform constraint 
is applied to the samples. The presence of this nonuni- 
formity permits the coexistence of gel and sol phases. After 
the gel point, the ensuing polymerization within the gel 
no longer exhibits the simple behavior of Figure 1 but 
instead adopts the unusual form of multiple gelations in- 
terpenetrating within the already existing gel structure. 
Our original motivations for the two types of observation 

described here were (i) to investigate by centrifugation the 
effect of molecular size separation close to the gel point 
and (ii) to follow the construction of a correlation length 
and of possible larger scale heterogeneities after the gel 
point, by using SAXS. In neither case were we able to 
pursue these observations to the equilibrium condition, 
since the latter was under continuous modification from 
the imposed constraint. The two sets of observations, 
although different in detail, reveal a distinctive polymer- 
ization process that is common to both techniques. 

Experimental Details 
The gels were prepared in the form of precursor solutions of 

varying concentrations of acrylamide A and bisacrylamide B. To 
these solutions were added ammonium persulfate in aqueous 
solution to give an overall concentration of 0.7 g/L and, for the 
centrifugation experiments, tetraethylmethylenediamine 
(TEMED) at a volume fraction of 3 X lo-'. No TEMED was 
necessary for the SAXS observations, since the intense X-ray beam 
from the synchrotron source generated sufficient free radicals in 
the solution to ensure polymerization within the beam cross &ion 

Figure 2. SAXS spectra from a polymerizing acrylamide/bis- 
acrylamide solution ( A  = 0.05 g/mL, B = 0.003 g/mL), %th an 
accumulation time of 100 s. Each point shown is the g u m  of five 
detector channels and is uncorrected for sample transmission. 
Horizontal bars, delay time 100 s (background spectrum); vertical 
bars, delay time 1500 s (principal gel point). The coordinate axis 
is linear, with the beam stop at position Q = 0. 

in a reasonable time. The solutions were degassed to reduce the 
concentration of dissolved oxygen, before being introduced into 
the cella. 

The sample holders used for SAXS consisted of thin mica 
windows separated by a 1-mm annular spacer of internal diameter 
5 mm; this latter arrangement was connected by a slit in the spacer 
to a large outer reservoir in the stainless steel body, containing 
excess precursor fluid. 

The X-ray scattering measurements were carried out on the 
D24 instrument at L.U.R.E., Orsay, using an incident wavelength 
of 0.16 nm, a sample-detector distance of 1.1 m, and a linear 
detector. Polymerization was carried out at room temperature 
(ca 20 "C). The spectra were stored every 100 or 500 s, depending 
on the stage of the observations, and during the whole experi- 
mental run the X-ray beam was maintained uninterrupted. For 
the data analysis, the background used to calculate the corrected 
spectra was the f i t  spectrum of the series from the same sample 
(t = 100 s), i.e., before polymerization had begun. This procedure 
ensures that sample and background have the same thickness. 
Figure 2 shows an example of a raw spectrum (t = 1500 s), together 
with the background spectrum. 

The centrifuge (MSE Centriscan 75) Vinograd cells were 1.3 
X 1.0 X 0.3 cm3. The ultracentrifuge measurements, carried out 
at the European Molecular Biology Laboratory at Grenoble, were 
performed at 20 "C, at moderate rotor speeds (520000 rpm). 

0 bservations 
SAXS. The incident X-ray beam of rectangular cross 

section (3 X 0.6 mm) slightly ionizes the precursor fluid 
in its passage, thereby generating free radicals. Thus, 
within the beam, the gel polymerizes more rapidly than 
outside, and after a thousand or so seconds of exposure, 
a lens of polymerized gel of the same shape and size as the 
incident beam forms in the sample cell, adhering to the 
mica window. This change in appearance, caused by the 
increase in refractive index upon gelation, can be followed 
by simultaneously directing a low-power laser beam 
through the sample and detecting the transmission with 
a photodiode: the intensity fluctuations observed in the 
X-ray spectra are accompanied by corresponding fluctu- 
ations in the light throughput. 

In Figure 3 are shown the observed scattered X-ray 
intensities for a single sample ( A  = 0.05 g/mL, B = 0.003 
g/mL) a t  three different mean scattering vectors Q 
(=4&n(8/2)/X, where 6 is the scattering angle and X the 
incident wavelength), as a function of time in the X-ray 
beam. The spectra were recorded every 100 s for 6000 s 
and, to improve the signal-to-noise ratio, at intervals of 
500 s thereafter. While the intensity fluctuations at  larger 
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Figure 3. Variation of scattered X-ray intensity from an 
acrylamide/bisacrylamide solution (as in Figure 2) as a functon 
of time in the beam: (a) Q = 0.19 nm-'; (b) Q = 0.34 nm-'; (c) 
Q = 1.23 nm-l. Each point is a sum over 20 detector channels 
with the mean Q indicated. The base lines of curves a and b are 
shown as short horizontal lines. The principal gel point is in- 
dicated by the arrow. 

Q (1.23 nm-l) appear to be of relatively small amplitude, 
those at the two smaller Q values become very large indeed. 

During the first period of polymerization (54200 s), the 
shape of the scattering curves log I vs. log Q changes 
(Figure 4), while the total intensity increases. The curves 
can be approximately represented by two linear regions. 
In the Q range above about 0.5 nm-', the scattering 
function increases fairly smoothly with time, indicating an 
increasing density of closely spaced scatters: in the log/log 
representation of Figure 4, this part has a slope of nearly 
unity. At the lower scattering vectors (in the range 0.15 
nm-' 5 Q 5 0.5 nm-l), however, the slopes undergo large 
variations (Figure 5), starting at a value of roughly -1 and 
then passing through a sharply localized maximum of value 
-1.7 f 0.2 at 1500 s. The initial slope subsequently falls 
to between -0.1 and -0.2, and the scattering curves tend 
to the Lorentzian shape characteristic of a gel or semidilute 
polymer solution. We associate this first sharp peak with 
the onset of the gel, identifying it with the conventional 
gel point ( ts  = 1500 s). 

The second and subsequent major intensity excursions 
in Figure 3 occur at intervals of approximately 3000 s. 
During these excursions, however, the initial slopes of the 
log I vs. log Q plots become steeper again, but their 
magnitude does not exceed unity. 

It is worthwhile to add that such oscillations were ob- 
served in a large range of samples, although the amplitude 
of the intensity excursions decreased notably, but did not 
vanish, when the cross-linking concentration B was reduced 
to B = 0. In the case of B = 0, the X-ray beam generated 
a slight degree of permanent cross-linking, visualized as 
a small zone of higher refractive index at the center of the 
beam position. 

When the coactivator TEMED is added to the precursor 
solution, the gelation process is greatly accelerated. In 
Figure 6 is shown the time dependence of the scattering 
intensities a t  three mean Q values (0.23, 0.38, and 1.24 
nm-l) from a precursor solution ( A  = 0.05 g/mL, B = 0.003 
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Figure 4. Corrected SAXS spectra, in a double-logarithmic 
representation, from a polymerizing acrylamide/ bisacrylamide 
solution (as in Figure 2), at six different times: (a top) filled circles, 
1300 s; stars, 1500 s (arrow in Figure 3), (b, bottom): stars, 2500 
s; filled circles, 4100 s; open circles, 9750 s; crosses, 14250 s. The 
first four spectra are 100-9 exposures, while the last two are 500 
s (normalized to 100 s). The original 256-point spectra have been 
regrouped here: the 10 lowest Q points shown are each the sum 
of five detector channels, as in Figure 2. The six highest Q points 
are each the average of 20 channels (normalized to 5), and the 
intermediate points are the average of 10. 
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Figure 5. Variation in initial slope (between 0.15 and 0.5 nm-') 
of the SAXS spectra as a function of time in the beam. The 
principal gel point is indicated by an arrow. 

g/mL) containing TEMED. Without an ionizing field, 
gelation would occur in about 1000-2000 s; in the X-ray 
beam, Figure 6 shows that the principal increase in scat- 
tering intensity (primary gelation) has already occurred 
within the first 100 s of exposure to the radiation. An 
attenuated secondary gelation appears at about 1500 s, 
after which no further evolution is observed. At the end 
of the run, the sample was found to have gelled throughout, 
albeit with a lens of more concentrated gel at the beam 
position. The high initial reaction speed has two conse- 
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Figure 6. Variation in the scattered X-ray intensity from an 
acrylamide/bisacrylamide solution ( A  = 0.05 g/mL, B = 0.003 
g/mL) containin TEMED at various mean scattering vectors: 

Figure 3, each point is the sum of 20 original spectrum data points. 
TEMED was added at t = 0 and the sample placed in the X-ray 
beam at t = 120 s. Exposure time per spectrum, 100 s. 

(a) Q = 0.23 nm- f , . (b) Q = 0.38 nm-'; (c) Q = 1.24 nm-'. As in 
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Figure 7. Schlieren recordings of the refractive index gradient 
dnldr as a function of time during centrifugation (7000 rpm) in 
a gelating acrylamide/bisacrylamide solution ( A  = 0.08 g/mL, 
B = 0.002 g/mL). The features appearing in the first 4 mm (small 
r) of the spectra are artifacts caused respectively by the inner 
distance marker and bubbles at the top of both the sample and 
the reference cells: (a) t = 600 s; (b) t = 840 s; (c) t = 1080 s; 
(d) t = 1320 s; (e) t = 1560 s; (f) t = 3480 s. Between (e) and (f) 
two further polymerization avalanches, not shown here, occur. 

quences. Because of limited scattering intensity, it is not 
possible to reduce further the frame exposure times 
without serious loss of information, and so the initial 
process cannot be followed in detail. The developed gel 
sample of the first frame (100 s) cannot be used as a 
background spectrum. 

Centrifugation. The precursor fluid was mixed with 
TEMED to hasten polymerization and rotor speeds of 
about 7000 rpm were chosen to produce a modest accel- 
eration field. The sample temeperature was stabilized at 
20 "C. 

- -. 
L5 

S 

%minutes 
54 

50 
46 
42 

38 

34 
30 
26 

22  

Figure 8. Integrated values of the refractive index n ( ~ , t )  from 
12 successive Schlieren scans at regular time spacings of 240 s 
in a gelating solution of acrylamide/bisacrylamide as in Figure 
7 .  The numbers on the right refer to the time in minutes since 
the mixing of the precursor solution. The horizontal graduation 
scale is in units of 1 mm, and the vertical scale is arbitrary. The 
bottom of the cell is the right-hand edge of the f i e .  The region 
of deswollen gel just above this region is not included in the 
integration. 

In Figure 7 is shown a series of separate optical scans, 
using the Schlieren detection system, of the polymerization 
of a polyacrylamide/water gel with A = 0.08 g/mL, B = 
0.002 g/mL. A signal, proportional to the refractive index 
gradient dn/dr (where r is the radial distance in the cell) 
develops after roughly 15 min at  a point in the cell that 
depends sensitively on the conditions of preparation and 
the delay between initiation and attaining the requisite 
rotor speed. The region to the right (large r)  of the prin- 
cipal peak in Figure 7b is the gel, while that to the left is 
the unreacted sol. At later times (Figure 7e,f) new deposita 
of gel develop above the original interface, corresponding 
to fresh aggregation bursts in the sol phase. 

I t  can be seen in Figure 7 that as the additional layers 
grow at  the interface, no negative contribution to dn/dr 
forms deeper in the gel. This means that n is always a 
continuously increasing function of r ,  and therefore the 
polymerization avalanches that develop at  the sol-gel in- 
terface are matched by a simultaneous increase in re- 
fractive index within the already formed gel below. This 
behavior is displayed in Figure 8, showing the integrated 
values of n(r,t) in a sequence with regular time intervals 
between scans, in which the nonmonotonic rate of increase 
of n with time at  fixed r inside the original gel phase is 
clearly visible. A t  the end of the experiment, inspection 
of the gels shows a layered structure, with steps of in- 
creasing refractive index (i-e., increasing concentration) at 
increasing depth in the cell. 

Figure 9 shows further evidence that the secondary ge- 
lation events are not confined to the sol-gel interface, but 
occur inside the original gel. In this sequence of Schlieren 
curves the rotor speed was 20000 rpm ( A  = 0.08 g/mL, 
B = 0.002 g/mL). Here, all of the secondary gelation up 
to 5000 s happens inside the original gel phase. 

In the case of uncross-linked gels (solutions) similar 
discrete steps in refractive index occur as polymerization 
proceeds, but these disappear a t  longer times through 
diffusion of the polymer chains. 

Discussion 
In neither of the above experimental arrangements does 

the gel phase occupy the whole of the available sample 
space, the remaining volume being taken up by the sol, 
which therefore acta as a reservoir of fresh monomers for 
the gel. In the SAXS arrangement, gel does not form 
outside the beam area because too few free radicals are 
generated there; in the centrifuge cell, the acceleration field 
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Figure 9. Schlieren recordings of the refractive index gradient 
dn/dr as a function of time during centrifugation (20000 rpm) 
in a gelating acrylamide/bisacrylaide solution ( A  = 0.08 g/mL, 
B = 0.002 g/mL): (a) t = 540 s; (b) t = 780 s; (c) t = 1020 s; (d) 
t = 1500 e; (e) t = 1980 s; (f') t = 61200 s. The large feature visible 
at the right of recording (f), due to osmotic compression of the 
gel at the lower end of the cell, relaxes when the rotor speed is 
reduced. 

sweeps away larger molecular aggregates as they form. 
In both cases an estimate may be made of the charac- 

teristic time constants t d  necessary to transfer fresh mo- 
nomers into the central gel region, assuming a translational 
diffusion coefficient D of approximately cmz/s. For 
the SAXS experiment the smallest dimension of the gel 
is initially about 0.6 mm, giving for the time constant 

t d  = (0.03)2/4D 
= 20 s 

As polymerization proceeds, the region of gel encroaches 
beyond the direct beam into the surrounding area of sol, 
the thickness of the gel at the end of the experiment being 
about 2 mm. The corresponding diffusion time for mo- 
nomers may thus be some 200 s. Diffusional access to the 
outer reservoir of the X-ray cells will take an order of 
magnitude longer in time (cf. Experimental Details). 

For the centrifuge experiment, the characteristic dis- 
tance between the top of the gel and the bottom is roughly 
0.5 cm, giving a diffusion time constant of some 6000 s. 
These times may be compared with the intervals observed 
between successive gelation bursts, namely, ca. 3000 s for 
SAXS and ca. 1000 s in the case of centrifugation. I t  
should be borne in mind that in the latter case, the esti- 
mated diffusional time constant t d  probably does not de- 
scribe the true rate of mass transport, since the acceleration 
field may contribute significantly to the supply of fresh 
acrylamide into the gel. 

I t  therefore appears that the transport time constants 
are comparable with the characteristic time between suc- 
cessive gelations and that the latter are fed by the incoming 
monomers and oligomers. Since no such sol reservoir exists 
under uniform conditions of gelation, it is clear why this 
phenomenon is not observed there. In the arrangement 
of Figure 6,  the supply of fresh monomers is cut off when 
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the sol reservoir itself becomes a gel; in this case, the delay 
was long enough for only one secondary gelation to take 
place. 

The surprising feature of these results, however, remains 
the fact that the incoming monomers and oligomers do not 
appear to integrate continuously and smoothly into the 
existing gel structure. The results of the two experiments 
suggest rather that they contribute to independent gela- 
tions each with a corresponding induction time, forming 
interpenetrating networks of increasing total polymer 
concentration inside the original structure. 

Such oscillatory gelation is possible only in the presence 
of nonlinear reaction rates, with, in addition, a delay in 
the supply of the reactants. Here, the delay in supply is 
provided by the diffusion of monomers through the ex- 
isting gel. The requisite nonlinearity is found, first, in the 
induction time needed to exhaust inhibitors in the solution 
(residual oxygen, for example, is present in the sol reser- 
voir) and, second, in the essentially nonlinear growth 
process of aggregation. The same conditions, namely, a 
large reservoir of monomers, delay due to diffusion, and 
a nonlinear aggregation process, are prerequisites in the 
closely analogous (spatially) oscillatory phenomenon of 
Liesegang ringsas 

As to the time variation of the SAXS spectra, scattering 
measurements in the reaction bath are not usually recom- 
mended for observations of cluster sizes prior to gelation, 
on account of overlap between the intraparticle and in- 
terparticle structure  factor^.^ Early on in the reaction, 
however, when the cluster sizes are small and far apart, 
the two structure factors are separate in Q space, and it 
may therefore be possible, given sufficient scattering in- 
tensity, to observe the true cluster size distribution for a 
brief period. We believe that the two spectra occurring 
close to 1500 s in Figures 3-5 correspond to this period, 
during which the initial slope of the spectra (-1.7 f 0.2) 
corresponds to the value expected for percolation-like 

Earlier in the reaction, however, the data of 
Figure 5 are in better agreement with the classical slope 

After the gel point, the scattering curves are not single 
Lorentzians, but the longest apparent correlation length 
obtained from them decreases slowly from roughly 5 nm 
at 2500 s to 2 nm before the abrupt increase beginning at  
4300 s (Figures 3 and 5). Such behavior is to be expected 
in a gel of increasing concentration. However, the con- 
tinuous modification of the gel due to the ionizing beam 
renders impossible any detailed comparison with equilib- 
rium structures formed under uniform conditions.ll 

Conclusions 

of -1.5~0 

Our conclusions are as follows: 
1. Polyacrylamide gels forming under the nonuniform 

conditions provided either by an intense X-ray beam or 
by a centrifuge display multiple-gelation behavior, each 
generation of gel interpenetrating with the structure of the 
previous gel generation. The new matter that feeds each 
generation is supplied as monomers or oligomers from the 
contiguous sol phase, and the gel concentration continues 
to increase until the supply of fresh radicals is exhausted. 
The reason for the discontinuous polymerization behavior 
seems to be related to the delay due to the diffusion of the 
monomers through the already established gel and to the 
nonlinear nature of the gelation. This behavior is a time 
analogue of the spatial fluctuations encountered in Lies- 
egang rings. 

2. The SAXS observations in the reaction bath indicate 
that in the earliest stages of the first-generation gel, the 
initial slopes of the log I vs. log Q are consistent with the 
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classical value of -1, but closer to the sol-gel transition a 
higher value is obtained (-1.7 f 0.2), in agreement with 
the percolation theory and also with observations of other 
authors. The percolation-like behavior is of short duration 
(ca. tg/lO). Later in the reaction and in the subsequent 
gelations, such characteristic scattering features are 
probably masked by interference from neighboring clusters 
or from previous generations of gel. 
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ABSTRACT: Interactions of anionic surfactants with an alkali-processed gelatin above ita isoelectric point 
were studied over a wide range of conditions. Extraordinarily large increases in viscosity were observed for 
some systems above a critical surfactant concentration, which nearly coincided with the critical micelle 
concentration for the corresponding gelatin-surfactant mixture. The general thickening effect is characterized 
by four distinct regimes corresponding to the level of surfactant in the gelatin solution. The extent of thickening 
was closely related to surfactant type, surfactant/gelatin composition, and ionic strength, with lesser effects 
exerted by gelatin type and pH level. The specific architecture of the surfactant molecule, particularly the 
size of the aliphatic moiety, had a decisive effect on the critical concentration for the onset of thickening and 
the ultimate thickening extent. A simple model, based on a cooperative micellar binding mechanism, is proposed 
to explain some of these observations. 

Introduction 
Interactions between surfactant molecules and synthetic 

or natural polymers have been studied extensively over the 
past several decades. These interactions have received 
considerable attention because of their ability to impart 
significant changes to the interfacial, rheological, and 
physicochemical properties of polymer systems, with im- 
portant implications in various pharmaceutical, biomedical, 
food processing, and photographic app1ications.l Surfac- 
tant-polymer interactions involve various modes of asso- 
ciation facilitated by dipole-dipole, ion-dipole or ion-ion 
forces. Nagarajan and Kalpakci2 discuss six possible types 
of associations involving either individual surfactant 
molecules or surfactant clusters (micelles). In studies on 
mixtures of nonionic polymers with anionic 
a systematic drop in the critical micelle concentration 
(cmc) and moderate increases in viscosity have been ob- 
served. Evidence from nuclear magnetic resonance 
(NMR)4 and neutron scattering6 studies suggests the ex- 
istence of polymer-micelle complexes in such systems. 
When both the surfactant and the polymer are charged, 
the interactions are dominated by strong Coulombic forces. 
Generally, the interaction of a surfactant with an oppo- 
sitely charged polyelectrolyte results in prec ip i ta t i~n .~?~ 
Solubility of the polymer is, however, still possible at low 
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concentrations of surfactant where complexation is not 
extensive and at very high concentrations where the com- 
plex is solubilized by excess surfactant. Large changes in 
viscosity at both concentration regimes have been ob- 
served.* Because of the unique electrolytic character of 
proteins, phenomena involving protein-surfactant inter- 
actions are especially intriguing. The ability of surfactants 
to denature and precipitate globular proteins and the 
disinfecting action of cationic detergents on bacteria are 
w e l l - k n o ~ n . ~ J ~  Because of the diversity of polypeptide 
structures, it is not possible to generalize the consequences 
of interactions of proteins with surfactants. However, for 
denatured proteins one can distinguish two general cases:1o 
(a) mixtures of anionic surfactants with proteins above the 
isoelectric point (IEP) (below the IEP for cationic sur- 
factants) and (b) mixtures of anionic surfactants with 
proteins below the IEP (above the IEP for cationic sur- 
factants). Since the protein has a net positive charge below 
the IEP and can be considered a “cationic” polymer, the 
interactions with anionic surfactants are dominated by 
precipitation phenomena. Above the IEP, the interactions 
lead to formation of stable, fully solubilized complexes 
which can lead to drastic changes in the topology and 
conformation of the protein molecule in solution. 

In this study, we set out to explore the interaction of 
gelatin, a well-characterized denatured protein, with an- 
ionic surfactants, covering a wide range of compositions 
and conditions. As our main tool we used viscometry, 
which is convenient and particularly effective in probing 
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