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Cryo-TEM of Polyelectrolyte—Micelle Complexes
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Cryo-TEM was carried out on samples containing polyelectro-
lyte—micelle complexes, formed by combining poly (diallyldimeth-
ylammonium chloride) (PDADMAC), a strong cationic polyelec-
trolye, with oppositely charged mixed micelles of sodium dodecyl
sulfate (SDS) and nonionic Triton X-100 (TX100), in 0.40 M
NaCl. Complexation appears to involve the formation of micelle-
rich regions, presumably within the domains of polymer chains,
without any particular organization or restructuring of the mi-
celles. At polymer concentrations (Cp) < 0.4 g/L, the observation
of such clusters with dimensions as low as 50 nm suggests that
intrapolymer complexes may exist at low Cp. With increasing
polymer concentration, aggregates grow in size, with dimensions
that indicate the involvement of many polymer chains. Upon in-
crease in the ratio of SDS:TX100, the system coacervates, and
the micelle/polymer-rich phase forms a continuous matrix. © 1997
Academic Press

Key Words: cryo-Tem; polyelectrolyte—Micelle; Polymer—col-
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INTRODUCTION

Polyelectrolytes form complexes with oppositely charged
mixed micelles (1-5). Since the interaction between these two
macroions is primarily coulombic, its magnitude depends on
the micelle surface charge density, o, the polymer linear charge
density, £, and theionic strength, 1. As predicted by theoretical
treatments for the binding of polyelectrolytes to oppositely
charged surfaces (6—10), there is no detectable interaction
when the quantity ¢/« is smaller than some critical value
(here « is the Debye-Hiickd parameter, proportiond to
1/\ﬁ). Above this critical value, polyion—micelle association
typicaly leads to phase separation, often in the form of coacer-
vation (11). For most systems studied to date, thereis aregion
between the onset of interaction and subsequent bulk phase
separation in which soluble, equilibrium complexes are formed.
Under such conditions, complexes may be studied by a wide

* Current address. Department of Chemical Engineering, University of
Delaware, Newark, DE.

2 To whom correspondence should be addressed.

3 Current address: Henkel Adhesives, Elgin IL.

0021-9797/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.

range of techniques, including static and dynamic light scatter-
ing, eectrophoretic light scattering, turbidimetry, NMR, micro-
caorimetry, and fluorescence spectroscopy.

One system that forms soluble complexes over a wide
range of experimental conditions is composed of the strong
(i.e., pH-independent) polycation, polydimethyldiallylam-
monium chloride (PDADMAC); and anionic/nonionic
mixed micelles formed from sodium dodecyl sulfate (SDS)
and Triton X-100 (TX100) (12). In this system, o can be
conveniently varied by changing the surfactant mole fraction
of SDS (Y). When Y isincreased at constant ionic strength,
a well-defined point of incipient complexation ‘Y, may
be identified, which is subsequently followed by a point of
phase separation “'Y,’’. The condition Y, < Y < Y, is the
regime of soluble complexes, which may be studied by nu-
merous spectroscopic and hydrodynamic methods, including
NMR (13), fluorescence spectroscopy, and others. Dubin
and coworkers have characterized PDADMAC-SDS/
TX100-soluble complexes using dynamic and static light
scattering (14, 15), turbidimetry (16), electrophoretic light
scattering (11), dialysis equilibrium (17), viscometry (17),
and microcalorimetry (18) to investigate the effects of poly-
mer My, (19), ionic strength (15), and polymer concentra-
tion (20) on complex structure.

The aforementioned studies indicate that SDS/TX100
mixed micelles interact with high molecular weight (M)
PDADMAC (>10°) at low polymer concentration (<1 g/
L) to form intrapolymer complexes of very high molecular
weight (>10") but not particularly large dimensions. Thus
the complexes are quite dense. Binding of micelles to the
polycation leads to charge neutralization, and consequently
to intermacromolecular association and the formation of
higher order complexes. While this general picture could be
deduced from available data, a fundamental question has
remained unanswered: whether micelle structureis preserved
upon binding. The literature is ambivalent on this matter. In
generd, it has been concluded that SDS binds to nonionic
polymers such as poly (ethylene glycol) in aggregates that
are smaller than the free micelles (21-26), but for charged
polymers, the results are less congruent. Abuin and Scaiano
(27) found N/N, = 0.1 (where N and N, are the aggregation
numbers for complexed and uncomplexed micelles, respec-
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tively) for sodium poly (styrenesulfonate) —dodecyltrimeth-
ylammonium bromide (DTAB); for the same system Alm-
gren et al. (28) obtained N/N, = 0.5. On the other hand,
Chu and Thomas obtained N > N, for sodium poly (metha-
crylate) —-DTAB (29). Thalberg et al. found N for DTAB
to be relatively insensitive to sodium hyaluronate (30); and,
similarly, Hansson and Almgren found little effect of sodium
polyacrylate on the aggregation number of DTAB (31).

With regard to the PDADMAC-TX100/SDS system,
there has been only indirect evidence available about the
structure of polymer-bound micelles. Dye solubilization
studies showed no effect of complex formation on the appar-
ent CMC, or on the magnitude of solubilization (32). While
it has been proposed that the Gibbs energy of polymer—
micelle complexation could be deduced from the reduction
in the CMC upon complexation, the failure to observe a
change in CMC in the presence of interacting polymer was
also reported by Brackman and Engberts (33) for poly (pro-
pylene oxide)-n-octylthioglucoside (OTG), and by Winnik
for hydroxymethylcellulose-OTG (34).

A priori, one might anticipate various reasons for modifi-
cation of micelle structure upon polymer binding. Charged
micelles at low ionic strength tend to exhibit large surface
curvature which reduces the surface density of ionic head
groups; conversely, micelles tend to grow with increasing
ionic strength. The binding of polycations to the micelle
surface should lower the electrostatic potential and reduce
the electrostatic energy of regimes of low curvature, thus
stabilizing larger micelles. One may aso presuppose the
existence of micellar distributions with respect to both com-
position, i.e., the microscopic mole fraction of SDS in a
single micelle, y, and microscopic aggregation number (n).
Polymers should preferentially bind micelles withy > Y.
Little evidence exists to support any of these speculations,
and the description of the structure of the complexes
achieved to date is supported by experiment only indirectly.

The uncertainties described above have led us to conduct
exploratory cryo-TEM measurement on PDADMAC-SDS/
TX100 complexes. Cryo-TEM is now a well-established
technique for direct observation of microstructures in dilute
systems, relatively free from artifacts which are normally
found when using staining methods. We chose here to work
at an ionic strength of 0.4 M NaCl, at about 10 mM surfac-
tant, and in the range of 1 g/L polymer, since these were
suitable for cryo-TEM, and because soluble complexes are
readily formed under these conditions (17).

EXPERIMENTAL

Materials. A high molecular weight polycation, PDAD-
MAC, reported molecular weight, M,, = 2.5 x 10°, and a
low molecular weight PDADMAC, M,y = 5.0 x 10%, from
Calgon Corp., were dialyzed and lyophilized. SDS was
““‘Purissima’ grade (Fluka). Triton X-100 (p-polyethoxy-
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lated isooctylphenol), with average degree of ethoxylation
9.5 (approx. M,y 646 g M 1) and hydrogenated to reduce UV
absorption, was purchased from Sigma and used as supplied.
Sodium chloride was analytical grade. Highly pure (MilliQ-
plus) water was used to prepare the solutions.

The polymer-free samples were prepared in 0.4 M NaCl
and used as stock solutions to prepare the samples with
PDADMAC. The concentration of TX100 was kept at 10
mM and the SDS concentration was varied over a range of
SDS mole fractions (Y), expressed as Y = [SDS]/([ SDS]
+ [TX100]). The samples with either 0.1% or 0.2% (w/v)
polymer were prepared by carefully weighing PDADMAC
into avolumetric flask and dissolving it at 25°C by mechani-
cal stirring for 12 h in a mixed-micellar stock solution of
known composition and ionic strength.

Cryo-transmission electron microscopy (cryo-TEM).
Samples for cryo-TEM were prepared using a modified con-
trolled environment vitrification system (CEVS). The proce-
dure has been described earlier (35) and permits cryofixation
of the specimen at controlled temperature and humidity (36).
Bulk samples of the polymer and polymer-free SDS/TX100
mixed micellar solutions in electrolyte were equilibrated at
25°C in an atmosphere with humidity (98—99% rh) after
which approximately 3 uL of the sample were withdrawn and
deposited on a grid with a holey polymer film. After carefully
spreading the drop, excess liquid was blotted away with a
filter paper to produce a thin sample film spanning the holes.
The grid was then plunged into liquid ethane maintained close
to its freezing point. The vitrified specimen was examined in
a Zeiss EM 902 electron microscope, operated in the filtered
brightfield image mode at DE = 0 eV using an underfocus
of 1-3 um. This was done by first focusing the image and
then defocusing the final adjustments by turning the knob
about 1-3 pm from the focus position before photographing
the image. Consequently, objects smaller than 5 nm would
appear as 5-nm images. The accelerating voltage was 80 kV
and the stage temperature was kept below 108 K. Theimaging
in the microscope was carried out with considerable underfo-
cus due to the low contrast between solvent and microstruc-
ture. All of the micrographs presented are representative im-
ages based on repeated samples.

RESULTS AND DISCUSSION

The results presented in Figs. 1-3 are micrographs taken
from bulk samples with a composition Y = 0.26 in 0.4 M
NaCl at 25°C, with and without high molecular weight
PDADMAC (concentration 0.2%, w/v). Fig. 1isfor apoly-
mer-free composition of SDS/TX100 mixed micelles, while
Fig. 2 and Fig. 3 are for PDADMAC-containing solutions
at the same composition Y = 0.26. The micrograph presented
in Fig. 3 is for the polymer-containing sample in Fig. 2,
after fivefold isoionic dilution (i.e., fixed ionic strength, | =
0.4 M). From the micrograph of the polymer-free solution,
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FIG. 1.

= 10 mM. Bar = 100 nm.

we see that the mixed micelles are nonspherical, i.e., cylin-
drical in shape. Previous measurements of the size of these
micelles by dynamic light scattering (17), static light scatter-
ing (17), and size-exclusion chromatograph°y (37) gave ap-
parent mean radii of Rs = 90 A, Ry = 210 A, and R = 70

Mixed micellar structures of SDS/TX100 observed by cryo-TEM in 0.4 M NaCl at 25°C. The mole fraction of SDSisY = 0.26, [ TX100]

A, respectively. If the micelle were considered as a rigid
prolate ellipsoid, with aminor radius somewherein therange
of 10-35 A nm, then the measured Stokes radius of 90 A
corresponds to a major radius of 250—-400 A (38). The
limited contrast of Fig. 1 and the high surfactant concentra-

FIG. 2.

Dense microstructures of polyelectrolyte—micelle complexes found after high molecular weight PDADMAC is added to SDS/TX100 with
the same composition asin Fig. 1. C, = 2g L™, T = 25°C. Bar = 100 nm.
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FIG. 3.
mM) may be intrapolymer complexes. Bar = 100 nm.

tion (10 mM TX100) lead to overlapping images, making
precise evaluation of size difficult; nevertheless, one may
discern particles of length about 30—60 nm, which may be
compared with the diameters of 14—80 nm obtained in the
various methods described above.

Figure 2 is obtained from a solution prepared by adding
2 g/L high molecular weight PDADMAC to the surfactant
solution of Fig. 1. One observes several dense concentrated
micellar domains, about 300—500 nm in diameter. The large
size of the complex and its rather dense microstructure prob-
ably implies that the mixed micelles are not bound to single
polyions but rather numerous polymer chains (multipolymer
complex). Li et al. (12) recently observed a maximum in
both the turbidity and Rs with polymer concentration at Cp
= 25¢g/L for Y = 0.3, in 31 mM TX100. While the differ-
ence in surfactant concentration limits the validity of com-
parison, it is clear that the aggregation state of the complex
is Ce-dependent. Within the limits of resolution and contrast,
no particular change in micelle size can be observed between
bound and free micelles (Fig. 2 vs. Fig. 1).

Isoionic dilution of soluble PDADMAC/SDS-TX100
complexesat Y = 0.3,in 0.40 M NaCl, from ca. 2t0 0.2 g/
L in PDADMAC, has been found to decrease Rs by almost
a factor of 3, from 85 to 30 nm (12). Fivefold isoionic
dilution of the sample used for Fig. 2 similarly produces
smaller clusters, shown in Fig. 3, with diameters ranging
from 70 to 150 nm. If we consider that dynamic and static
light scattering give, respectively, diameters of 40 nm (2 X
Rs) and 90 nm (2 X Ry) for soluble complexes, in the limit
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Microstructures found when the sample used in Fig. 2 was diluted five times at fixed ionic strength (0.4 M). The smaller clusters (about 50

of low Cp (<0.01 g/L) (17), then it is reasonable to con-
clude that the smallest clusters identifiable in Fig. 3 corre-
spond to intrapolymer complexes.

The same experiment as above was repeated at Y = 0.22
dightly below Y, (in 0.40 M NaCl, Y, = 0.23 independent
of molecular weight, Cp, or Cs of the polymer (17)), at |
= 04 M, and C, = 2 g/L. The results were identical to
thosein Fig. 1, confirming the absence of complex formation
below Y,. Increasing the SDS concentration (i.e, to Y =
0.3, 0.34, etc.) at fixed | = 0.4 and C, (2 gL ") showed an
increase in the size of the soluble complex to about 400 nm,
although the contrast was poor. Despite the low contrast of
the specimens, it was possible to observe, as in Fig. 4, the
formation of a continuous interconnected network of mi-
celle-rich domains, surrounding particle-free ‘‘holes,”” at Y
= 0.37, corresponding to the point of macroscopic coacerva-
tion. To confirm that this observation is not the result of
specimen preparation, we obtained the same results for sam-
ples prepared on different days, and also with repetitions of
freshly prepared samples. However, since the diameter of
the structures is not much smaller than the thickness of the
vitrified film, it is possible that the confinement of the net-
work within the thin film affects the structure. In other
words, the image may not exactly represent a section of the
origina 3D structure, and the arrangement of the micelle-
free domains with respect to each other may be distorted.
Nevertheless, the appearance of an interconnected biphasic
state upon coacervation merits further study.

To test the effect of molecular weight on the formation
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FIG. 4. Continuous microstructures observed at Y = 0.37, | = 0.4, C, = 2 g/L. These conditions correspond to coacervate formation. Bar =

100 nm.

of soluble complexes two samples with lower molecular
weight polymer were prepared; one below Y, (Y = 0.22, |
=0.6M, C,=1gL ") and the other above Y, (Y = 0.35,
| =0.4M,C,=1gL ). Both compositions failed to give
evidence of complex formation although some interaction is
expected at the second composition. The size of the lower
molecular weight polymer isin the same order as that of the
mixed micellesand if only few mixed micelles are associated
with each polymer chain it probably is difficult to observe
them by cryo-TEM. Indeed, Li et al. (20) observed atransi-
tion in the behavior of the complexes when the molecular
weight of the polymer fell below ca. 1 x 10°, which they
ascribed to the difficulty of forming multimicellar complexes
(Ry = 15 nm was observed independent of molecular weight,
for MW < 1 x 10°) when the dimensions of the polyion
failed to exceed those of the micelle.

Some limited measurements were made to explore the
effect of ionic strength. Micrographs were obtained in 0.75
M NaCl, with 1 g/L high-molecular weight polymer, at Y
= 0.40 (about 10% larger than Y, at this ionic strength).
Large clusters of somewhat aligned threadlike micelles were
observed (picture not shown). While the increase in micelle
size with ionic strength is expected, the limited nature of
these results precludes detailed discussion.

CONCLUSIONS

Complex formation between polycations and anionic/
nonionic mixed micelles has been observed by cryo-TEM.
Microscopic observations are largely consistent with the

conclusions of earlier light scattering studies on such sys-
tems. Cryo-TEM reveals no particular ordering or organiza-
tion of the micelles in these complexes, but rather suggests
that complex formation involves a concentration of micelles
within the domain of the polymer chain. Depending on poly-
mer concentration, these domains may consist of one or
many polymer chains.

ACKNOWLEDGMENTS

This research was supported by a grant from the National Science Foun-
dation, Divisions of Materials Research and Chemical Transport Systems
(DMR 9311433) (P.D.); and from the Swedish National Science Founda-
tion (N.F.R. and M.S.V.). Goran Karlsson is thanked for performing the
cryo-TEM measurements.

REFERENCES

1. (a) Goddard, E. D., Colloids Surf. 19, 255 (1986). (b) ibid. 301.

2. Smid, J,, and Fish, D., in ‘‘Encyclopedia of Polymer Science and
Technology,”” Chap. 11, p. 720. Wiley-Interscience, New Y ork, 1988.

3. Hyakawa, K., and Kwak, J. C. T., in ‘‘Cationic Surfactants: Physical
Chemistry’’ (D. N. Rubingh, and P. M. Halland, Eds.), Chap. 5. Marcel
Dekker, New York, 1991.

4. Lindman, B., and Thalberg, K., in “‘Interactions of Surfactants with
Polymers and Proteins’ (E. D. Goddard, and K. P. Ananthapadmanab-
han, Eds.). CRC Press, Boca Raton, 1993.

5. Li, Y., and Dubin, P. L., in **Structure and Flow in Surfactant Solu-
tions” (C. A. Herb, and R. K. Prud’homme, Eds.), Chap. 23. American
Chemical Society, Washington DC, 1994.

6. Weigel, P. W. J, Phys. A 10, 299 (1977).

7. Evers, O. A., Fleer, G. J, Scheutjens, J. M. H. M., Lyklema, J.J,, J.
Colloid Interface Sci. 111, 446 (1986).



12.

13.
14.

15.

16.
17.

18.
19.

20.
21
22.

CRYO-TEM OF POLYELECTROLYTE-MICELLE COMPLEXES

. Blaakmeer, J., Bohmer, M. R., Cohen, S. M. A., and Fleer, G. J., Mac-

romolecules 23, 2223 (1990).

. Muthukumar, M., J. Chem. Phys. 86, 7230 (1987).
10.
11.

Qdijk, T., Langmuir 7, 1991 (1991).

Li, Y., Dubin, P. L., Havel, H. A., Edwards, S.L., and Dautzenberg,
H., Langmuir 11, 2486 (1995).

Li, Y., Dubin, P. L., Havel, H. A., Edwards, S.L., and Dautzenberg,
H., Macromolecules 28, 3098 (1995).

Macdonald, P. M., Staring, D., and Yue, Y., Langmuir 9, 1206 (1993).
Dubin, P. L., Rigsbee, D. R., and McQuigg, D. W., J. Calloid Interface
Sci. 105, 509 (1985).

Dubin, P.L., Thé, S. S, Gan, L. M., and Chew, C. H., Macromolecules
23, 2500 (1990).

Dubin, P. L., and Davis, D. D., Colloids Surf. 13, 113 (1985).

Xia J., Zhang, H., Rigsbee, D. R, Dubin, P. L., and Shaikh, T., Macro-
molecules 26, 2759 (1993).

Rigsbee, D. R., and Dubin, P. L., Langmuir 12, 1928 (1996).

Li, Y., Dautzenberg, H., Lick, G., Hartmann, M., and Tuzar, D., Mac-
romolecules 28, 6795 (1995).

Li, Y., Xia, J, and Dubin, P. L., Macromolecules 27, 7049 (1994).
Cabane, B., and Duplessix, R., J. Phys. Paris 43, 1529 (1982).
Turro, N. J,, Baretz, B. H., and Kuo, P. L., Macromolecules 17, 1321
(1984).

23.
24.
25.
26.
27.
28.

29.
30.

3L

32.

33.

34.
35.

36.

37.

38.

419

Francois, J., Dayantis, J., and Sabbadin, J.,, Eur. Polym. J. 43, 491
(1985).

Zana, R., Lianos, P., and Lang, J., J. Phys. Chem. 89, 41 (1985).
Lissi, E. A., and Abuin, E., J. Colloid Interface Sci. 105, 1 (1985).
Witte, F. M., and Engberts, J. B. F. N., J. Org. Chem. 52, 4767 (1987).
Abuin, E. B., and Scaiano, J. C., J. Am. Chem. Soc. 106, 6274 (1984).
Almgren, M., Hansson, P., Mukhtar, E., and van Stam, J., Langmuir
8, 2405 (1992).

Chu, D.-Y., and Thomas, J. K., J. Am. Chem. Soc. 108, 6270 (1986).
Thalberg, K., van Stam, J., Lindblad, C., Almgren, M., and Lindman,
B., J. Phys. Chem. 95, 8975 (1991).

(a) Hansson, P., and Almgren, M., Langmuir 10, 2115 (1994); (b)
Hansson, P., and Almgren, M., J. Phys. Chem., in press.

Dubin, P. L., Sudbeck, E., Curran, M. E., and Skelton, J., J. Calloid
Interface Sci. 142, 512—-517 (1991).

Brackman, J. C., van Os, N. M., and Engberts, J. B. F. N., Langmuir
2, 1266 (1988).

Winnik, F. M., Langmuir 6, 522 (1990).

Edwards, K., Gustafsson, J., Almgren, M., and Karlsson, G., J. Colloid
Interface Sci. 161, 299 (1993).

Almgren, M., Edwards, K., and Gustafsson, J. Current Opinion Colloid
Interface ci. 1, 270 (1996).

Dubin, P. L., Principi, J. M., Smith, B. A., and Fallon, M. A., J. Colloid
Interface Sci. 127, 558 (1989).

Thé, S. S, M.S,, thesis, Purdue University, 1989.



