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Foreword

The ACS SymPosIUM SERIES was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose
of the series is to publish timely, comprehensive books developed from
ACS sponsored symposia based on current scientific research.
Occasionally, books are developed from symposia sponsored by other
organizations when the topic is of keen interest to the chemistry
audience.

Before agreeing to publish a book, the proposed table of contents is
reviewed for appropriate and comprehensive coverage and for interest to
the audience. Some papers may be excluded in order to better focus the
book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers
are included in the volumes. Verbatim reproductions of previously
published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

Associative polymers in aqueous media represent an area of significant
industrial importance. This maturing technology is discussed in this text. In the
first section, five chapters discuss block copolymers and dendrimers. Chapter 1 is
also intended to be an overview of the area of ethylene oxide block copolymers. A
unique variation of oxyethylene block polymers with alkane segments is provided
in Chapter 2. An application-oriented study of acrylic acid block-copolymers is
discussed in Chapter 3. A discussion of living free radical polymerizations as an
economical means of obtaining these and other water-soluble block polymers is
presented in Chapter 4. The section is completed (Chapter 5) with a discussion on
water-soluble dendrimer block polymers, capable of forming micellar aggregates.

The second section of the book, surfactant-modified, water-soluble poly-
mers, updates information provided in earlier volumes: Water-Soluble Polymers:
Beauty with Performance, Polymers in Aqueous Media: Performance through
Association, and Hydrophilic Polymers: Performance with Environmental Accept-
ance. The unique use of surfactants to control sequence distributions in the chain
growth polymerization of hydrophobic monomers, in hydrophobically modified
(HM) acrylamide polymers (PAM) is discussed in Chapter 6. This is followed by
a theoretical discussion on the influence of associations on the conformations of
HMPAM and HM-ethoxylated urethanes (HEURs) in flow (Chapter 7). A com-
parison of an HEUR associative thickener with ionomer technology is considered
in Chapter 8. A review of information gained from fluorescence studies of assoc-
iative thickeners is presented in Chapter 9, followed by a study of terminal-
branched hydrophode HEURs (Chapter 10) and terminal mono- and disubstituted
HEURs and HMPAM polymers, addressing fluorinated hydrophobes (Chapter 11).

The adsorption behavior of POE, HEUR, and HMPAM polymers is
discussed in the second subsection (Chapters 12-15). The unique application of
beta-cyclodextrin in adsorption and in viscosity mediation is discussed in Chapters
15 and 16. In the third subsection, studies on hydrophobe modified hydroxyethyl
cellulose derivative are discussed (Chapters 17-19). Recent advances in fluores-
cence, dilational surface viscosities, and the nature of surfactant binding are re-
ported. In the last subsection, the solution behavior of HASE thickeners is
discussed in terms of the nature of their solubility and viscosity dependence on
neutralization and interaction with surfactants.

xi
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Chapter 1

Amphiphilic Polyoxyalkylene Triblock Copolymers:
Self-Assembly, Phase Behaviors,
and New Applications

Tianbo Liu', Chunhung Wu?, Yi Xie', Dehai Liang', Shuiqin Zhou',
Vaughn M. Nace®, and Benjamin Chu'**

'Department of Chemistry, State University of New York at Stony Brook,
Stony Brook, NY 11794-3400
zChemlstry Department, Tamkang University, Tamsui, 25137, Taiwan
Dow Chemical Company, Texas Operations, Freeport, TX 77451
Department of Materials Science and Engineering, State University
of New York at Stony Brook, Stony Brook, NY 11794-2275

The study on the micellization behavior of amphiphilic block
copolymers in aqueous media has reached the stage where semi-
quantitative analysis and prediction of micellar parameters and
phase behavior are possible. The deeper understanding has
provided an incentive to explore new applications on these self-
assembled systems. In this chapter, we summarize the self-assembly
and phase behavior of polyoxyalkylene triblock copolymers
containing E and P, or E and B blocks (with E, P, B being
polyoxyethylene, polyoxypropylene and polyoxybutylene,
respectively), in aqueous solution. Laser light scattering was used
to characterize micellar parameters in the dilute solution regime and
small-angle X-ray scattering was employed to study gel-like
ordered packings of the micelles at high polymer concentrations.
The hydrophobic blocks form micellar cores and are mainly
responsible for the formation of micelles (cmc, aggregation
number, and thermodynamic parameters). The hydrophilic block
length determines the micellar size and intermicellar interactions.
The co-association behavior of a mixture of two different block
copolymers in aqueous solution has also been elucidated. The effect
of block length on phase separation (clouding temperature) can be
discussed on the basis of experimentally determined empirical
rules. At high polymer concentrations, unique gel-like micellar
packings and their spatial supramolecular rearrangements (e.g., bec,
hexagonal, lamellar) occurred. The phase diagrams could be very
rich, especially with the addition of another immiscible solvent.
These gel-like materials with ordered hydrophilic-hydrophobic

*Corresponding author.

2 © 2000 American Chemical Society
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packings gave access to new applications in analytical and
biological sciences — the structure served as a medium in capillary
gel electrophoresis, e.g., for double-stranded DNA analysis with
single base-pair resolution.

Introduction and Retrospection

The self-assembly behavior of block copolymers in selective solvents (mostly in
aqueous solution) has become a major topic during the last several decades. Many in-
depth reviews and books have appeared, citing over 1,000 references.'” Based on
these works, a brief retrospection is given in this section.

The major interest in the field has been concentrated on the characterization of the
self-assembly behavior of block copolymers, by using different physical experimental
methods, such as scattering techniques, viscosity, size-exclusion chromatography,
NMR and electron microscopy.! The dominant assembly behavior of block
copolymers in selective solvents is micellization, with the less-soluble block(s)
forming compact micellar cores and the soluble block(s) forming extended micellar
shells.® Other association procedures, such as an open-associated network that is
mainly found in triblock copolymers in a solvent selectively good for the middle
block, have also been reported.’

For diblock copolymers and triblock copolymers in a solvent selectively good for
the end blocks, star-like micelles will form; and for triblock copolymers in a solvent
selectively good for the middle block, flower-like micelles can be expected.® They
have certain critical micelle concentrations (cmc) and aggregation numbers (n,)
which, for EPE type triblocks, show obvious temperature dependence.'? The cmc is
defined as the polymer concentration, above which the formation of micelles occurs.
In aqueous solution, larger cmc and smaller n,, are found at lower temperatures, e.g.,
the hydrophobicity of the less-soluble block became higher with increasing
temperature due to the unique hydrogen-bond breaking process. On the contrary, in
nonpolar organic solvents, the less-soluble block can be dissolved better with
increasing temperature, making the micellization process more difficult at higher
temperatures.’

Wu et al. studied the micellization of Pluronic L64 (polyoxyethylene-
polyoxypropylene-polyoxyethylene, E,;P,E,;) triblock copolymer in a mixture of
two immiscible solvents, water and o-xylene, which were good solvents for E and P
blocks, respectively.®!! Katime and co-workers also systematically studied the self-
association of polystyrene/poly(ethylene-propylene) diblock copolymers in different
selective organic solvents and solvent mixtures,'”'® where the micellar parameters
changed dramatically with solvents.

Another topic drawing continuous interest is the micellization of block copolymers
in the presence of electrolytes, e.g., inorganic salts.>® Generally, the inorganic salts
can be divided into two groups based on their effects on the micellization of block
copolymers in aqueous solution. One kind of salt, including Na*, K*, Ca*" etc.,
decreases the solubility of copolymers in aqueous solution and therefore makes
micellization easier to happen. It is known as the “salting-out effect”. Some salts, like

SCN- and urea, have the opposite function known as the “salting-in effect”.'*°
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The temperature-concentration phase diagrams of polyoxyalkylene block
copolymers in aqueous solution have been widely reported in the literature and have
been reviewed.’ Figure 1 is a schematic plot which shows the phase behaviors of
polyoxyalkylene triblock copolymers in aqueous solution. At low temperatures and
polymer concentrations, the copolymer chains exist as unimers. Increasing either
temperature or polymer concentration can induce micelle formation. The critical
conditions are called critical micelle temperature (cmt) or critical micelle
concentration (cmc), respectively. The star-like micelles tend to pack into gel-like
systems with ordered structures at higher micellar concentrations. Cubic structures,
both body-centered cubic (BCC) and face-centered cubic (FCC) packings, have been
reported.”> Gast and co-workers presented the conclusion that it was the weight
ratio of the hydrophobic part to the hydrophilic part that determined the micellar
packing.** Flower-like micelles tend to form open network structures at high polymer
concentrations.

The colloidal behavior of block copolymers in selective solvents, especially in
aqueous solution, has found extensive applications, for examples, as surfactants and
solubilizers in the cosmetic industry and as drug carriers in the pharmaceutical
industry.'>’

The study of commercial polyoxyalkylene triblock copolymers in aqueous solution
has been a topic of great interest. The samples were synthesized by BASF, the Dow
Chemical Company® and the University of Manchester’®?”. The availability of
comparatively large amounts of samples with different block lengths and chain
architecture affords a more quantitative and systematic study. Consequently, a more
thorough understanding on the self-assembly behavior of such kinds of block
copolymers can be used to explore new applications in different fields. In this paper,
recent studies on the polyoxyalkylene triblock copolymers (including E P E,, P.E. P,
E.B.E, and B,E B, with E, P and B being oxyethylene, oxypropylene and
oxybutylene, respectively) in aqueous solution, including their self-assembly and
phase behavior, as well as a new application to capillary electrophoresis, are
presented.

Self-Association

Critical Micelle Concentration ( cmc ) and Aggregation Number ( n,, )

Except for some P,E P, triblock copolymers,” most of the polyoxyalkylene
triblock copolymers choose a closed-associated mechanism in aqueous solution by
showing the existence of fixed cmc and n,, at certain temperatures.?>** Laser light
scattering (LLS) is a typical technique to determine the cmc by detecting a sudden
increase in the scattered intensity with increasing polymer concentration. Booth and
co-workers reported that the cmc values of E,,P;;, E,P5,Es, and P 4E,,;P,; were 0.8,
34 and 80 g/dm’, respectively.* For the P,E, P, (or B,E,B,) triblock copolymers, the
formation of closed-associated micelles required the soluble middle block to form a
loop structure and went back into the same micellar core. Such an entropy-loss
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process made the copolymers harder to micellize, so that for this kind of flower-like
micelle, a higher cmc and a lower n,, could be expected.

In our study on the association behavior of B,E,B, (including B,E,;B,, B;E;,Bs,
BsEg,Bs, B¢E4Be, B/E4B7, B/E;3B;, ByoEy; By and B,E,;,B),) triblock copolymers in
aqueous solution, we reported that the hydrophobic end B blocks played a major role
in determining the cmc of copolymers.® By plotting the logarithmic values of cmc
(in units of mol/L) versus the average number of B units in one copolymer chain, a
linear relationship found that the cmc value became smaller with increasing B units
(Np), as shown in Figure 2. In Figure 2a, the number of E units in the copolymer
chains were randomly distributed, suggesting that the effect of E block was very
small. The slope in Figure 2a denotes the transfer energy, which can be defined as
the energy used for transferring one hydrophobic unit from solution into the micellar
core. This transfer energy increases with increasing temperature, which shows that
the B block becomes more hydrophobic at higher temperatures. The length of the
end B blocks also determines the n,, of micelles.’® A similar linear relationship can be
found by plotting n,, versus Ny, similar to Figure 2a.

Thermodynamic Parameters
The thermodynamic process of micellization can be expressed by the equation:
AH°=d[In(cmc)}/d(1/T) 1)

with cmc in units of mol/L and T being the temperature in Kelvin. AG® and AS° can
be calculated accordingly. The micellization process in aqueous solution usually
appears to be an entropy-driven process, i.e., positive AS® and AH® can be expected.”
This is owing to the fact that micellization in water is the process of breaking
hydrogen bonds between polymer chains and water molecules and then destroying
these ordered structures.”” We reported that for the micellization of B,E, B, triblock
copolymers, the AH values increased with increasing B block length, suggesting that
the micellization process was thermodynamically controlled by the end hydrophobic
blocks.

Another approach can further elucidate the effects of the total polymer chain
length and the block length ratio on AH which was demonstrated by Armstrong et
al.*® and by us* in E,P_E, and B,E, B, triblock copolymers, respectively. By plotting
the AH of micellization per average monomer unit (including Ny and Ng) versus the
number of hydrophobic unit, AHapproached zero when the ratio of Ny (or N;)/Ng
went to zero. These observations proved that it was the hydrophobic part of the
copolymer that was responsible for the micellization.

Hydrodynamic Radius (R;) and Intermicellar Interactions

The R, of micelles can be measured by dynamic light scattering (DLS) or
gradient-pulsed NMR. Figure 2b shows a linear relationship between the R, of
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B,E,B, triblock copolymer micelles in aqueous solution and the product of
Ng*?*Ng**.* The latter came from the scaling theory.”

The apparent hydrodynamic radius R,,,, is related to the apparent diffusion
coefficient D,,, of the particles in solution, which can be measured from the DLS
technique, with

Ry pp = KT/611 D, 2)

where k is the Boltzmann constant and n, is the solvent viscosity. The polymer
concentration dependence of R, values provides the information on intermicellar
interactions: D,,, = D(1+kpc) and R, ., = Ry o/(1+kpc) where D, and R, are the
diffusion coefficient and R, at zero polymer concentrations, respectively, and k; is a
parameter denoting intermicellar interactions. For star-like micelles for which the
middle block of a triblock copolymer forms the micellar core, the R, decreases
with the increasing copolymer concentration (positive kp), suggesting that the
interactions among micelles are basically repulsive, which can be successfully
approximated by the hard sphere model. On the contrary, for the flower-like
micelles, the reversed rule, indicating an attractive interaction (negative kp), has been
found. For the flower-like micelles, certain amounts of hydrophobic end blocks could
not go back to the micellar cores to form looping structures, which was obviously
entropy unfavorable. They remained dangling in solution and this kind of sticky end
blocks had a strong inclination to aggregate. Therefore, the intermicellar interactions
became attractive. Following ten Brinke and Hadziioannou,” the entropy penalty due
to the looping formation is given by:

Gioo/KT = (3/2)BInN, ©)]

where N; is the number of repeat units in the middle block. The coefficient B that
depends on the length of the two constitutive blocks has a limiting value of 0.3-0.4.
From eq.3 it is clear that a longer middle block will lead to a larger entropy loss. This
theoretical expression has been qualitatively proven by the experimental fact that for
both B,E,;,B,, and B,E,;B,,,* the k;, values were very large (-124 and -139 cm’/g,
respectively) when compared with other B E, B, triblock copolymers with shorter E
block lengths (around -2 to -7 cm?/g), indicating that the entropy penalties for these
two copolymers were extremely large.

Micellization of Two Mixed Triblock Copolymers in Aqueous Solution

Recently we reported the LLS study of the micellization process of a more
complicated system: a mixture of two amphiphilic triblock copolymers, F127
(EgsPssEsgs) and B19-5000 (E,sB,,E,s), in aqueous solution.” Booth and co-workers
had done some work on this subject with the characterization of a mixed micelle
formed by E,,B, and B,,E;B,, block copolymers in aqueous solution.” The purpose
of our work was to further clarify some basic features and to provide background for
new applications. Both block copolymers tended to self-associate into micelles in
water. The micellization EoP,E,, had a very strong temperature dependence, i.e., it
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Figure 2a. Plot of logarithmic cmc values of B,E,,B, triblock copolymers in aqueous
solution versus number of B units in a polymer chain at 25 <. The value of B;E B,
was calculated by extrapolating the data at lower temperatures. (Cited from ref. 35,
Figure 2a)
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Figure 2b. Plot of hydrodynamic radius (R,) of B,E,B, triblock copolymers versus

N;*Ng°. (Cited from ref. 35, Figure 9b)
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had very high cmc values at low temperatures (53 mg/mL at 20 °C) but very low cmc
values at higher temperatures (0.03 mg/mL at 35 °C). On the contrary, the cmc of
E,sB,4Es showed only a weak temperature dependence, changed from 1.11 mg/mL at
20 °C to 0.28 mg/mL at 35 °C. The two block copolymers had the same cmc value at
30 °C (0.40 mg/mL). The R,, of the EoP¢,E,, and E,;B ,E,s, measured by DLS, were
11.5 and 6.0 nm, respectively.

It was found that at temperatures where one cmc was much higher than the other,
the cmc of the 1:1 wt% mixed triblock copolymer solution was the same as the one
with the smaller cmc. Meanwhile, the R, value of the micelles was also the same as
the R, of the pure micelles with the smaller cmc. This observation suggested that the
copolymer with the smaller cmc still self-associated first, and the other copolymer did
not get involved at this polymer concentration. However, DLS results suggested that
chains from the other copolymer gradually joined into micelles before its cmc,
because the apparent R, of the micelles obviously increased with increasing polymer
concentration. In comparison with the pure micelles, R, decreased slowly with
increasing polymer concentration (positive kp, value).

At a temperature of around 30 °C, the two copolymers had similar cmc values.
The cmc of the mixed copolymer solution had an apparent cmc even smaller than the
smaller cmc of pure copolymer, as shown in Figure 3, suggesting that the copolymer
with the higher cmc value also contributed partly to the micellar formation due to the
sample polydispersity. We used a parameter 8 to denote the effect of the copolymer
with higher cmc on the cmc of the mixed solution. B could be understood as the ratio
of the cmc of mixed polymer solution versus the smaller cmc of pure copolymer. If
the cmc of one pure copolymer was much higher than the other one, B had the value
of 1, suggesting that the micellization of mixed polymer solution was determined by
only one kind of copolymer, as shown in Figure 4 in the regions of less than 27 °C
and higher than 33 °C. At 30 °C, the value of P reached its minimum (0.5),
indicating that both copolymers had the same cmc and contributed equally to the
association in the mixed polymer solution (Figure 4). This temperature was called
“co-association point”.

Phase Behavior

The phase behavior of polyoxyalkylene triblock copolymers in aqueous solution
has been well studied because most of the applications of these copolymers were in
aqueous solution. It has been found that the solubility of block copolymers decreased
with increasing temperature and, above certain temperatures, phase separation
occurred so that the copolymer could no longer be dissolved in water. This
temperature is called the “cloud-point temperature” and it shows only a very small
concentration dependence in the low polymer concentration regime (Figure 1). At
higher polymer concentrations, the micelles tend to pack together to form a gel-like
system with ordered structures. The first gel-like structure is usually cubic, formed
by the ordered packing of individual micelles. At higher polymer concentrations, the
rearrangement of the hydrophilic and hydrophobic regions leads to the formation of
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Figure 3. Plots of the cmc values of pure E B, E,; and Eq,P,E,, triblock copolymers
versus 1/T(K) to determine the co-association point. The open squares represent cmc
values of 1:1 weight ratio mixed E B, E s and E,,PsFE,, triblock copolymer solution.
(Cited from ref. 41, Figure 10)
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hexagonal and lamellar structures. Bicontinuous cubic structures could also be
observed sometimes between the hexagonal and lamellar regions.?

Cloud-point Temperature (T )

The cloud-point temperatures of the polyoxyalkylene triblock copolymers in
aqueous solution have been widely reported in the literature and commercial reports.
However, the existence of some impurities in the samples during synthesis, which
often consist of some very hydrophobic parts, seriously affects the determination of
T, . Further sample purification by using a non-polar organic solvent (e.g., hexane)
to remove these hydrophobic parts has been proven to be crucial to get the precise T,
data. We have reported that for the commercial sample Pluronic 25R-8 (P,sE,ssP,s,
BASF Corp.), the measured T, changed from 40 °C to 78 °C after purification, and
the sample after purification showed a much narrower polydispersity.*

Because of the limitation on the available samples and the purity of the samples,
only limited T, data has been reported with qualitative conclusions, e.g., increasing
the weight percentage of the hydrophobic block might decrease T, and vice versa,
until we reported a systematic study on the effects of different block lengths on the T,
of B,E, B, and P E_P, triblock copolymers in aqueous solution. It was found that the
end B (or P) hydrophobic blocks had a very strong negative effect on the T,,. A linear
increase of Ny (or N;) led to an exponential decrease in (T, -273K), where the
constant 273 is the melting temperature of water that had to be subtracted from the
total temperature (in Kelvin). On the contrary, the hydrophilic E block seemed to
have only a small positive effect. The above observation was made based on the T,
of two series of B,E, B, triblock copolymers: one having around 40 E units and the
other having 12 B units on each end block. A general mathematical expression®

T pes (K) = 188exp(-0.14Ny) + 10.6 In(Ny) + 233 )

and also a three-dimension plot (Figure 5) can be set up to calculate the T, of any
B,E,.B, triblock copolymers in aqueous solution. The parameter A (= 0.14) in eq. 4
depended on the nature of the hydrophobic block and it had the value of -0.14 for B
unit. The calculated value fit very well to the measured data points, indicating that
the expression was reasonable.

Similar expressions could also be made for P,E P, triblock copolymers by
introducing a A value of -0.032:*

Topep(K) = 116exp(-0.032N,) + 16.5In(Ny) + 233 (5)

where the values of other coefficients were also changed from eq.4. Eq. 5 could also
satisfy all the known experimental data.

Booth and co-workers compared the effect of per hydrophobic unit on the
thermodynamic parameters (e.g., H) of E,B_E, and E,P_E  triblock copolymers in
aqueous solution and indicated that one B unit was comparable to 3 — 4 P units.*
similar conclusion can also be drawn according to the slope in Figure 2. The slope for
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Figure 5. Three-dimensional diagram of T, of 1 wt % B,E,B, triblock copolymers in
aqueous solution. The open circles represent experimental data and the filled circles
represent calculated results. (Cited from ref. 43, Figure 5)
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B,E, B, copolymer micelles is about 4 times higher than that of P E P, copolymer
micelles.”

Another way was presented by us when we compared the effects of B and P
blocks on the cloud-point temperatures of block copolymers. From the study of
mixed copolymer micelles,” it was clear that the relative hydrophobicity of B units
over P units altered with changing temperature. From the coefficients of the
exponential parts in eqgs. (4) and (5), it was clear to conclude that one B unit acted as
about 4.4 P units at phase separated temperature.

Alexandridis et al. studied the micellization and the clouding behaviors of Pluronic
L64 (E;PyE,;) triblock copolymers in aqueous solution with different salts.** The
presence of LiCl, KCl, NaCl and NaBr decreased both the cmt and the T, (in the
order CI' > Br and Na* > K* > Li*) whereas the addition of NaSCN and urea resulted
in a cmt and T, increase (in the order SCN > urea). During this study, they reported
the relation between the cmt and T: cmt (no salt) - cmt (salt) = T, (no salt) - T
(salt), i.e., the effects of inorganic salt on the cmt and the T, were the same. This
empirical relation suggested that there existed an obvious relation between
micellization, the “microphase separation”, and clouding, the macrophase separation.

Phase Diagram

Most of B,E, B, triblock copolymers have been reported to have no structure in
aqueous solution,* except B,E,,B,, for which Booth and co-workers reported that a
cubic structure was found in its aqueous solution at high polymer concentrations.*’

Introducing another immscible solvent (e.g., xylene) into copolymer/water
systems can make the phase diagrams significantly more complicated. Alexandridis
et al. made a series of experiments on the ternary phase diagram of triblock
copolymers in a mixture of water and p-xylene at 25 °C.*** The first one was the
phase diagram of Pluronic L64 (E,,P,.E,,)/water/p-xylene. Normal (oil-in-water) and
reversed (water-in-oil) hexagonal, lamellar and bicontinuous cubic structures as well
as the their mixed structures were reported.®  Similar studies on other
polyoxyalkylene triblock copolymers/water/p-xylene ternary systems showed similar
features. They also reported that for the ternary Pluronic P84 (E,,P,,E,;)/water/p-
xylene system at 25 °C, 9 different phases could be found in one phase diagram:
normal and reverse cubic, normal and reverse hexagonal, normal and reverse
bicontinuous cubic and lamellar.”

Holmgqvist et al. also studied the phase behaviors of triblock copolymers in a
mixture of two miscible solvents: water and alkanol.* Rich phase diagrams which
contained solution, cubic, hexagonal and lamellar regions were found for the E P _E,
and E T E, (T = polytetrahydrofuran) triblock copolymers in the mixed solvent.
However, their gel-like regions have become much smaller when compared with the
phase diagrams of triblock copolymers in a mixture of two immiscible solvents.

The phase diagrams of block copolymers in the presence of inorganic salts has
also drawn attention. The inorganic ions which could decrease the cmc of block
copolymers in aqueous solution (salting-out effect) could also decrease the gelation
concentration of the block copolymers and vice versa.’ Recently, we reported the
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formation of polymer-salt complexes in the L64/water/CdCl, ternary system. Cd**
has the effect of decreasing the solubility of L64 in water.*’ In the L64/water/CdCl,
ternary phase diagram at different temperatures and a constant molar ratio of L64 to
CdCl, (1:2.56), another two-phase region could be detected at very high polymer
concentrations in which CdCl, could not be totally dissolved. New scattering peaks
could be found under these conditions which suggested formation of possibly new
lamellar structures with an inter-domain distance of about 18 nm.

Separation Medium for DNA Capillary Electrophoresis

Polyoxyalkylene triblock copolymers have already been found to be very useful as
surfactants in the cosmetic industry and as drug carriers in the pharmaceutical
industry. Here we present a new application: as a separation medium in DNA
capillary electrophoresis.

The spherical micelles could be packed together to form a gel-like system, having a
sieving ability as a separation medium. One example was given by our group®* and
by Hill et al,* using Pluronic F127 (EgP¢Ey) in a 1XTBE (Tris-borate-EDTA)
buffer solution. The self-association behavior of F127 in 1XTBE was very similar to
that in aqueous solution, with the cmc, n,, and R, being about the same. The micelles
formed a gel-like system with a very high viscosity at polymer concentrations greater
than 15 wt% at room temperatures. The micellization of F127 had very strong
temperature dependence at polymer concentrations ranging from 15 wt% to about 40
wt%; the F127 in 1XTBE buffer solution system would be a solution at low
temperatures but a gel-like material at room temperatures. The low-viscosity solution
at low temperatures made it easier to be injected into small diameter capillaries. After
being injected into the capillary, gel-like materials which were capable for DNA
separation, could form by gradually increasing the temperature to about 25 °C. 21.2
w/v% F127/1XTBE has been found to be effective in separating double-stranded
DNA fragments. The elctropherogram is shown in Figure 6.

Conclusions

The self-assembly behavior of amphiphilic block copolymers in aqueous solution
has shown to be complex but very rich in the structures and phases that such systems
could exist. The factors such as chain length, chain ratio and chain architecture can be
used to affect the micellization parameters, including the cmc and n,,, as well as the
gel-like supramolecular structure. The micellization behavior in more complicated
cases, e.g., in the presence of electrolytes and in mixed triblock copolymers, has also
been reported.

Current interests have shifted to possible new applications in biological and
materials sciences.
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Figure 6. Electropherograms of ¢X174 DNA-Hae III digest in capillary
electrophoresis at 25 °C by using 21.2 (wt/v)% F127 in 1X TBE buffer as a
separation medium. Peak identifications from right to left in base pairs are: 1353,
1078, 872, 603, 310, 281, 271, 234, 194, 72, 118. (Cited from ref. 62, Figure 16a)
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Chapter 2

PEP-PEO Block Copolymers as Model System
for the Investigation of Micellization
in Aqueous Solution

J. Allgaier, A. Poppe, L. Willner, J. Stellbrink, and D. Richter

Institut fiir Festkorperforschung, Forschungszentrum Jiilich GmbH,
52425 Jiilich, Germany

In this work we describe the micellization behavior of new
poly(ethylene-propylene)-block-polyethylene oxide (PEP-PEO) block
copolymers in water. PEP is a highly non-polar aliphatic
polyhydrocarbon and insoluble in water. The water soluble PEO is
polar and strongly incompatible with PEP. In a first part the synthesis
and polymer characterization of the materials is described. Then the
micellar properties of a series of block copolymers is presented. For all
materials the PEP block molecular weight was kept constant and the
PEO block molecular weight was varied over a large range. The
investigation of the aggregates in water was carried out by small angle
neutron scattering and by dynamic light scattering.

Introduction

Amphiphilic block copolymers form micelles in aqueous media due to the fact that
the hydrophobic segments are insoluble in water. During the past years this
phenomenon has attracted the attention of many research groups. In particular,
polystyrene-block-poly(ethylene oxide) (PS-PEO) systems have been investigated
intensively in water (/-7) and in a few cases in nonpolar solvents (8). Recently, the
synthesis of amphiphillic polymers containing polydienes and polyalkanes (PA) as the
hydrophobic part has been reported (9-11). For several reasons these new polymers are
extremely attractive as model systems for the investigation of the micellization
phenomenon in aqueous solution.

In dilute aqueous solution these amphiphillic block copolymers self-assemble into
micelles with PA as the insoluble core and PEO as the soluble shell. As the
incompatibility of the PA with PEO and water is extremely high the surface between

© 2000 American Chemical Society 21
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core and shell is expected to be minimal. For this reason, the core/shell interface in the
PA-PEO micelles should be very sharp. Additionally, it is assumed that the micelle core
is free from the solvent water and also from PEO. Another consequence of the high
incompatibility of the PA with water is minimal solubility of the single block copolymer
chains in the solvent which is expressed in a very small critical micelle concentration
(c.m.c.). If the hydrophobic block is made from the low T, materials like 1,4-
polybutadiene (PB), 1,4-polyisoprene (PI) or poly(ethylene-propylene) (PEP), the core
material of the micelles is in the melt state. In this scenario the dissolution of the
polymer is assumed to yield aggregates which easily reach thermodynamic equilibrium.
In contrast, high T, materials like PS as the micellar core can lead to structures being
not in thermodynamic equilibrium due to the frozen state of the material.

Another important point in this context is that PA-PEO block copolymers show
almost the same chemical design as the well known low molecular weight alkane-
oxyethylene (C,E,) surfactants. Therefore, it is possible to study the micellization
behavior starting with low molecular weight molecules up to high molecular weight
polymers within the same chemical system.

For the investigation of micellar solutions different techniques as static light
scattering (SLS), dynamic light scattering (DLS) and transmission electron microscopy
(TEM) have been used. The use of light scattering techniques is limited to low
concentrations. In the case of higher concentrations the appearance of multiple
scattering prevents the use of this methods. TEM is restricted to materials free of
solvent. Here the question remains to which extent the removal of water changes the
structure of the micellar aggregates.

To overcome these difficulties we decided to use small angle neutron scattering
(SANS) for our investigations. In addition, this technique is even more powerful for our
investigations as the synthetic route for the production of the block copolymers allows
one to label selectively either the hydrophobic or the hydrophilic part in the block
copolymer with deuterium. In this case SANS enables the selective investigation of
either the core or the shell structure in the micelles simply by matching the shell or the
core with the appropriate H,O/D,O mixtures. This technique is called contrast variation.
Beyond that, the SANS technique permits the extraction of information from the
scattering data about the shape of the micellar aggregates.

For the investigation of micellar properties in water we chose PEP as the material
for the hydrophobic block due to its low T, of -60°C and its chemical stability. A series
of PEP-PEO block copolymers was synthesized for a systematic investigation. For all
materials in the series, the PEP block molecular weight was kept constant at 5,000 g/mol
and was partially deuterated. The molecular weight of the PEO block was varied
between 5,000 g/mol and 50,000 g/mol.

Experimental Section
The synthesis and characterization of the PEP-PEO block copolymers (/0) as well

as the characterization of the micelles by SANS and DLS (/2) have been given
elsewhere in detail.
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Results and Discussion

Synthesis of PEP-PEO Block Copolymers

The preparation of PEP-PEO block copolymers in the two step process involves in
the first step the synthesis of hydroxyl end functionalized PEP-OH (see Scheme 1). To
obtain these polymers, deuterated isoprene was polymerized with sec- or tert-
butyllithium. The functionalization was achieved by reacting the living PI with an
excess of ethylene oxide (EO). Under these conditions exclusively one unit of EO is
added to the PI chain end, leading to deuterated PI-OH (I3, 14) The hydrogenation of
PI-OH using H, with a conventional palladium catalyst yielded PEP-OH. Hydrogen and
not deuterium was used for the saturation reaction in order to decrease the scattering
length density of the material. This point will be discussed in more detail in the SANS
chapter. The deuterium/hydrogen (d/h) compositions of the PEP-OH were measured by
'H-NMR. The results (Table I) clearly indicate that not only saturation of the double
bond has taken place which would lead to the theoretical composition dgh,. In addition,
to some considerable extent the replacement of deuterium by hydrogen has occurred.
Variations in d/h composition for the individual PEP-OH are most likely due to slightly
different reaction conditions, i.e., reaction temperature, reaction time, and polymer/
catalyst ratio. The molecular weight data of the PEP-OH blocks are also collected in
Table 1. As expected, the molecular weight distributions, obtained by SEC, are narrow
and the calculated molecular weights are in good agreement with the measured values.

Table 1. Molecular Weight Characterization of the PEP-OH Precursors

sample composition M, M, M, M, /M,
of PEP  calculate titration VPO GPC
d
PEP5SOH ds37hs 63 5270 5,180 5,130 1.03
PEP5’OH de eoh3 31 5,290 5,210 1.03

In the second polymerization step the hydroxyl polymers were deprotonated and
transferred into the macroinitiators PEP-OK by the reaction with cumyl potassium. For
this purpose protic impurities like methanol, the precipitant for the hydroxyl polymers,
had to be removed completely. The impurities would also react with cumylpotassium
and initiate the homopolymerization of EO. Therefore, the polymers were dissolved in
dry benzene, the solvent was removed under reduced pressure, and the polymers stirred
under high vacuum for one day at 100°C. This measure increased the efficiency of the
purification process. The complete procedure was repeated twice to remove all volatile
protic impurities. It turned out that the high vacuum technique, using all glass

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by STANFORD UNIV GREEN LIBR on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch002

24

apparatus, is the ideal method for this procedure. Thus, the contamination of the
polymers with air was excluded, since the reaction products of oxygen and
cumylpotassium would also homopolymerize EO. The following titration of the
polymers, as solution in THF, with the deeply red colored cumylpotassium was
conducted likewise under high vacuum conditions to avoid any contact of the reactants
with air or moisture. Since the deprotonation of the hydroxyl polymer is a fast reaction,
the decoloration of the added organometallic compound occurred immediately. At the
end point of the titration the polymer solution turned slightly orange. This color
disappeared after one to two hours, indicating a very slight excess of hydroxyl polymer
in the system. Supplementary experiments proved that further addition of small traces of
cumylpotassium resulted in a permanent coloration of the solution.

The titration can also be considered as end group analysis to determine M, of the
precursor polymers. The values, obtained by this method, are listed in Table I. They
agree very well with the calculated M, and the vapor pressure osmometry (VPO)
measurement of PEPSOH. The results also indicate that the terminal hydroxyl groups
remain completely untouched during the hydrogenation reaction.

The resulting macroinitiators PEP-OK were used to polymerize EO. After
consumption of all monomer, samples for the SEC analysis were taken directly from the
reactor without purifying the polymer. The presence of homopolymer in the products
was examined in an additional set of experiments with block copolymers, having
different relations of the block molecular weights. The SEC trace of PEPS5-PEO2
(calculated block molecular weights M,(PEP) = 4,630, M,(PEO) = 1,500) is shown in
Figure 1a. The absence of PEO homopolymer indicates that the purification process of
the precursor is highly efficient. SEC details of the PEPS-PEO15 system (calculated
molecular weights M,(PEP) = 4,630, M (PEO) = 14,600) are given in Figure 1b.
Residues of the precursor, arising from slight undertitration with cumylpotassium, are
not visible. The fast proton exchange between the protonated and the deprotonated chain
ends compared to the slow propagation reaction allows a homogeneous growth of all
chains (/5). In a supplementary experiment it was shown, that even the addition of only
50% of the calculated amount of cumyl potassium did not result in residual PEP-OH
(10). The titration method is not limited to low molecular weights. Even block
copolymers with PI and PEP molecular weights of M, = 23,000 were synthesized
without detectable amounts of homopolymer.

Further evidence for the accuracy of the titration method is given in Table II. The
predicted molecular weights fit well with the M, obtained from combined NMR/end
group titration measurements. The molecular weight distributions, obtained by SEC, are
in the range usually obtainable by living anionic polymerization under high vacuum
conditions.

The purification of the products by precipitation was found to be a complex
problem. In most common solvents either the hydrophilic or the hydrophobic block is
soluble and causes the formation of micelles without precipitation of the polymer.
Finally the use of acetone at -20°C allowed the precipitation and elimination of initiator
residues in the polymers.
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Figure 1. SEC traces of some block copolymers and their corresponding precursors.
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Table II. Molecular Weight Characterization of the PEP-PEO Block Copolymers

PEPOH PEO block PEP-PEO

sample M, M, M, M, M, MM,
titration calculated NMR calculated NMR GPC

PEPSPEOS 5,180 5,780 5910 11,000 11,100 1.03

PEPSPEO1S 5,150 15,600 16,100 20,800 21,300 1.02

PEP5’PEO30 5,210 30,600 33,000 35900 38,200 1.02

PEP5’PEO50 5,260 53,700 56,800 59,000 62,000 1.02

Micellar Properties of PEP-PEO in Water

Some Introductory Remarks on SANS

The contrast in a SANS experiment is determined by (pp - pv)’, where pp is the
scattering length density of the scattering particle and py is the scattering length density
of the matrix. Therefore, (pp - pv)’ is the equivalent to (dn/dc)? in static light scattering.
In general, the scattering length density is given by the expression p = b/v whereby b is
the scattering length and v is the volume of the scattering particle. The values for p are
easily accessible as the b values are tabulated for the common isotopes. For a polymer
molecule , b is the sum of the scattering length of all individual atoms in the monomer
unit. The volume of the monomer unit is calculated from the density of the bulk material
and the mass of the monomer unit. For organic molecules, the important fact is, that
hydrogen and deuterium have very different scattering lengths and therefore,
hydrogenous and deuterated molecules have different scattering length densities.
Knowing this, we not only can carry out neutron scattering experiments of deuterium
labeled materials in a hydrogenous matrix or reverse. By labeling only a part of the
molecule, for example a polymer chain, we are able to examine the scattering behavior
of exclusively the labeled sub-structure.

In our micelle study we utilized this technique by labeling the PEP part in the block
copolymer with deuterium. If for a neutron scattering experiment of the micellar
aggregates a mixture of H,O and D,O is used, which has the same scattering length
density as hydrogenous PEO (hPEO), there is no scattering contribution of the PEO due
to missing contrast. It is important to note that hPEO and H,0 do not have the same
scattering length densities and therefore, a mixture of H,O and D,0 has to be used to
match PEO and water exactly (see Scheme 2). The scattering in this scenario, called
core contrast, is exclusively produced by the micelle core, consisting of PEP. In the
reverse case, the shell contrast, the PEP core is matched with the appropriate H,0/D,0
mixture. The scattering length density of perdeuterated PEP (dPEP), however, is higher
than the value for D,O. Consequently, dPEP cannot be matched with water, which
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means that in the scattering experiment in pure D,0, there will be contributions of not
only the shell but also the core. For this reason we decided to use partially deuterated
PEP (dhPEP) of the composition dg sh; 5 ,which can be matched with water (Scheme 2).

By comparing neutron scattering with light scattermg another lmportzmt fact has to
be consxdered The Q-range accessible in light scattering is between 3 x 10* A" and 3 x
10° A" due to the wavelength of visible light. These Q-values can be translated in
length scales 1/Q in the order of 300 A to0 3000 A. To obtain structural information
about a particle, the condition R > 1/Q has to be fulfilled. Here R stands for the size of
the particle. As the size of the micelles we wish to investigate is in the range of 100 Ato
500 A, light scattering data of the micellar aggregates will yield only information about
the overall size of the particles. Internal information about the shape and structure of the
aggregates, however, cannot be obtained by this method. Due to the smaller wavelength
of thermal neutrons the Q-range accessible in a SANS experiment is between 10 A
and 2 x 10" A, These values correspond to a length scale of 5 A t0 1000 A and
matches ideally with the requirements for the investigation of the micelles. Therefore,
SANS data contain internal information about the structure and shape as well as
information about the overall size of the micelles.

SANS Measurements of PEP-PEO Micelles in Water

The procedure for the SANS investigations are discussed in detail for the block
copolymer PEPSPEOS to demonstrate our approach. Along with measurements of the
core and shell contrast, the micellar aggregates of PEPSPEOS5 were examined in pure
D,0O and in the intermediate contrast. For all contrasts the polymer volume fraction ¢
was 1%. Under core or shell contrast uniquely the micelle core or shell contribute to the
scattering. Under D,O and intermediate contrast conditions both parts, the core and the
shell, contribute to the overall scattering. Intensity plots of the core and shell contrast
are given in Figures 2a and 2b. Here the scattering intensity is expressed in terms of the
coherent macroscopic cross section (dX/d<2) (Q). For both contrasts, strong scattering is
observed, indicating the formation of large aggregates. The curves exhibit well
pronounced secondary maxima, displaying the existence of aggregates with well defined
structure. Especially, the sharpness of the minima reveals a narrow size distribution, a
sharp core/shell interface and a sharp density cutoff at the periphery of the micelle.

In order to analyze the structure of the micelle, model fitting was performed to the
experimental data. As the model, a spherical core/shell structure was used. Thereby, the
scattering length density distribution was assumed to be homogeneous over the core and
shell, respectively. The sharp density cutoff at the PEP/PEO-water interface and the
outer periphery of the micelle was smeared by multiplication with a Gaussian. The
scattering amplitude A(Q), which is the Fourier transform of the density profile, for this

model is given by

202

Ay () = XEin(QR,, C)(QﬁRM; coS(QRy ) p(_ Tus 0 ] o
M,C

where the indices C and M refer either to the core or to the micelle. Rc and Ry are the
radii of the core and the micelle, respectively. The smearing of the edges in the core and
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Figure 2. Absolute SANS data under core contrast (2a) and shell contrast (2b) for

PEPSPEOS. The solid lines represent the results of the model fits.
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shell is given in terms of the parameter Gyc. A detailed description of the model is
given elsewhere (12).

For the calculation, a standard fitting routine was used, which additionally allowed
the computation of the different contrasts simultaneously. The following parameters
were the independent variables of the model: the core radius R, the micelle radius Ry,
the volume fraction of water in the shell ¢, and the smearing parameters of the core, oc,
and the micelle, oy

In the first step of the evaluation, the scattering curve of the core contrast was fitted
independently. The scattering length densities of the H,0/D,0 mixture and of the PEP
core were introduced as fixed parameters. The core radius R and the smearing of the
core-shell interface o¢c were adjustable fitting parameters in the fitting routine. The solid
line in Figure 2a presents the resulting fit. We note that on an absolute scale perfect
agreement between the data and the theoretical form factor of a sphere is achieved. If we
assume that the micelle core consists of PEP only, the micelle aggregation number P can
be calculated with the knowledge of R¢ using the following equation:

p (4R

VoepNpep

Vegp denotes the volume of a PEP repeat unit and Npgp is the degree of
polymerization of the PEP block. The results for P, R¢, and oc¢ found using the fitting
routine are discussed later.

In a second step all scattering data at different contrasts were fitted simultaneously.
Thereby, the parameters obtained in the first step were kept fixed, while the micellar
radius, Ry, and the smearing of the outer edge, oy, were the variables. As it turned out,
the data could not be fitted on an absolute intensity scale. The discussion of this
phenomenon is beyond the scope of this article, and is explained elsewhere (12).

In order to proceed further, we relaxed the condition of absolute normalization,
which was successful in the case of the core contrast, and allowed the cross section to
vary in the fit. The good agreement between the fit and the experimental data is
documented for the shell contrast in Figure 2b. The scattering data of the D,O and
intermediate contrast, principally, do not contain supplementary information in addition
to the core and shell contrast data. However, the accuracy of the results improves by
including these additional contrasts into the simultaneous fitting procedure. Details
about D,0 and intermediate contrast measurements are not discussed further and are
described elsewhere (/2). The results obtained for Ry and oy from the simultaneous fit
will be discussed later.

The procedure, explained in case of the block copolymer PEPSPEOS was now
applied to investigate the micelles, formed by the materials PEPSPEO15, PEPS’PEO30,
and PEP5’PEOS50. Using a step profile smeared by a Gaussian to describe the PEP
distribution in the core, for all materials of the PEP5 series good agreement of the core
contrast measurement with the model curve was obtained. This fact reveals that the core
consists of PEP only with a density equal to the bulk density of PEP. The aggregation
numbers P as well as core radii R¢, obtained from the fitting procedure are given in
Table III. The values for P and R¢ indicate the large dimensions of the micelles. This
finding is even more emphasized by the molecular weight of the micelles, M, which

?
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easily can be calculated from P and the block copolymer molecular weight. The results
for the whole series of block copolymers shows that with increasing PEO chain length
the aggregation number decreases constantly. An explanation on the basis of a
theoretical model also will be given later. The smearing parameters of the core oc,
obtained from the fits, were too small to be determined accurately, and had negligible
influence on the model calculations. Typical values for oc were in the range of 5% to
10% of the core radius. These results indicate that the micelle cores are well defined in
shape.

Table III. Characterization of the PEP-PEO Micelles in Water.

sample P MxI0° RJA RWA oA x R4A MJM,
PEPSPEOS 2,430 270 176 294 32 339 1.03
PEPSPEOIS 1,450 308 148 360 75 510 1.03
PEPS’PEO30 1,080 413 134 556 1.1 617 104
PEPS'PEOS0 620 384 111 637 133 662 105

For the description of the micelle shell a step profile smeared by a Gaussian was
used successfully in case of PEPSPEO1S in analogy to PEPSPEOS. The smearing
parameters Oy resulting from the fitting procedure are listed in Table III. The calculated
PEO density profiles of the shells for the two materials are given in Figures 3a and 3b.
In contrast to the core smearing, the smearing of the shell is much stronger and can be
determined precisely. Both, the values for oy as well as the density profiles reveal that
the outer edge of the micelle is more diffuse in case of PEPSPEO1S5 than for PEPSPEOS.

The scenario is different for the aggregates formed by PEP5’PEO30 and
PEP5’PEOS50. In these cases, the scattering data could not be fitted using a step profile
for the PEO density in the corona. However, the use of a density profile of the r™ type
was successful. In this case, the partial scattering amplitude for the shell Ag,(Q) can be
written as follows:

ar ¢~ sin(Qr) ,
A = ——j ry—=—=r°dr 3
(@ =P 3)

Here Ag,(Q) is the normalized Fourier transformation of a sphere with the radial

density profile p(r). The normalization constant is given by:

C= jo‘” p(ramrdr “

The radial density profile p(r) is given in equation 5. The r™ type function is
modified by a Fermi function as cutoff function.
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Figure 3. Relative PEO density profiles of the micelle shells for different PEP-PEO
block copolymers.
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—-X

r
(r)= Q)
P (rexp(r—Ry) 07)

The exponent x was an adjustable fitting parameter in the fitting routine. o is the
smearing parameter of the Fermi function.

With the help of equations 3, 4 and 5 all contrasts of the PEPS’PEO30 and
PEPS’PEOS50 micelles were fitted simultaneously with Ry and x as the variables. The
!miation of of had very little influence on the fit and therefore, was kept constant at 10
A. Now good agreement between the fits and the experimental data was obtained. This
is documented in Figure 4, where the shell contrast measurement of PEP5S’PEOS0 is
shown along with the data for the corresponding core contrast. The pattern for the core
contrast measurement (Figure 4a) does not exhibit maxima and minima as it is the case
for PEPSPEOS. This is due to the low volume fraction of core material in the 1%
solution of PEPS’PEOS0 and the lower aggregation number. For that reason, the
scattering of the micelle cores is low compared to the background scattering and details
of the measured curve disappear. The different shape of the shell contrast curve of
PEP5’PEOS0 (Figure 4b) compared to PEPSPEOS is due to the different structures of
the shells. The less pronounced maxima and minima result from the less defined shape
and diffuser outer edge of the micelle shell in case of PEP5S’PEOS50. The results for Ry
and x obtained from the fits for the PEPS’PEO30 and PEPS’PEOS0 micelles are given
in Table III. The calculated PEO density profiles of the micelle shells are given in
Figures 3c and 3d. In contrast to PEPSPEOS and PEPSPEO1S, the distribution of PEO
in the corona is much less homogeneous in case of the micelles with the longer PEO
chains. The outer edges of the micelles are rather diffuse and it even can be assumed
that the cutoff caused by the Fermi function is artificially abrupt. Along with the PEO
density profiles, in Figure 3 the different micelle types are visualized for a better
understanding.

It is interesting to note, that the value for x, which describes the PEO density
profile, is exactly 1.33 in case of PEP5’PEO50. The same value is predicted theoretically
for the polymer distribution in star polymers (/6). For that reason, the aggregates
formed by PEP5’PEOS0 can be described as star like micelles. PEPS’PEO30 seems to
produce intermediate structures. In this case, the micelles cannot be described fully as
star like, on the other hand the PEO in the corona is far away from being distributed
homogeneously.

DLS Measurements of the PEP-PEO Micelles in Water

In accordance with the SANS results, the DLS measurements reveal the existence of
only one aggregated species of narrow size distribution (/7) for each block copolymer.
Large scale aggregates due to secondary association as reported for the PS-PEO/water
system could not be observed (7). Analysis of the initial decay of the intensity correlation
functions (/8) reveals a reduced second cumulant, pz/l"z, characteristic for a narrow size
distribution of scatterers: 0.001 < p,/T? < 0.04, slightly increasing with decreasing
scattering angle. It has been shown, that the reduced second cumulant can be related to
the conventional polydispersity M,/M, by
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% =vA(M, | M, 1) ©)

with v the scaling exponent in the relation Dy ~ M (19). Using v = 0.56 as found for
PEO homopolymers (20), the polydispersity can be estimated from the high Q-data to
M,/M, = 1.03 £ 0.01. The sizes of the micelles do not change in the concentration range
between ¢ = 0.001% and ¢ = 0.1% due to the linearity of the mutual diffusion coefficient
Dy, in this concentration range. Moreover, it can be concluded that the critical micelle
concentration is well below a polymer volume fraction of ¢ = 0.001%. After
extrapolation to infinite dilution, the hydrodynamic radii of the micelles Ry; were derived
from D, using the Stokes-Einstein relation. The results for Ry as well as M,/M, are
listed in Table III. The large size of the PEP-PEO micelles, found in the SANS
experiments, is confirmed by the hydrodynamic radii Ry found in the DLS experiments.
For the material with the lowest molecular weight, PEPSPEOS, which forms the most
compact micelles, the static and dynamic radii are identical within experimental error,
as expected for hard spheres. The difference between Ry and Ry is larger in case of the
other materials because the outer edge of the micelle is more diffuse.

Thermodynamic reflection of the micellar parameters

The micellar free energy F of a single chain incorporated in a micelle far away from

the critical micelle concentration is approximated as a sum of three contributions.
F=F, +F,+F ™

Fi« denotes the interfacial contribution to the free energy associated with the
core/shell interface and is equivalent to the surface energy of the micelle core material
PEP and water.

In this consideration the PEO chains are neglected, because they only cover a small
fraction of the core surface. The contributions Fg, and F¢ are related to chain stretching
in the shell and in the core, respectively. More sophisticated models also consider the
loss of entropy when a single polymer chain passes from the solution into the micelle.
However, it is important to note, that the only contribution supporting the formation of
the micelles is the surface energy, which itself is given by the surface tension y.

F = 471RC2}’
nt P
eq

For the system PEP/water a surface tension of y = 51 dyn/cm was estimated (21).
This value is considerably higher than the PS/water surface tension of 35 dyn/cm. If we
compare PEP-PEO micelle sizes with the values found for the widely investigated PS-
PEO system, we see that PS-PEO micelles of comparable block copolymers are much
smaller (3,22). This finding is attributed to the higher surface tension of PEP/water. The
high surface tension of the PEP/water system also explains the sharp density cutoff at
the core surface found in the SANS experiments.

In the course of our study it became apparent that the results for the PEP-PEO
system are in astonishingly good accordance with a theory by Nagarajan and Ganesh
(23). In this model six contributions to the micellar free energy are considered. The
reference state for the energy calculations is a single block copolymer chain in infinite

@®
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dilution. The free energy of the shell and the core consist of two terms. The first term
includes entropy contributions of the block copolymer, that are involved when passing
from the reference to the micellar state. The second term includes contributions due to
chain deformation. The expression for the interfacial free energy, Fiy, is equal to the one
introduced in the former model (equation 8). The basis for the calculations are mean
field approximations. For this reason, homogeneous density profiles in core and corona
are assumed. To calculate the aggregation number P, the chain length of the PEP and
PEO blocks, the Fiory-Huggins interaction parameters between the two polymer blocks
and water, and the surface tension PEP/water have to be considered. The minimization
of the micellar free energy dependent on the aggregation number and the micelle radius
then is performed in a numerical procedure as the analytical solution is not possible.

From the calculations for the PEP-PEO/water system the relation Peg ~ Npgo®°' was
obtained, whereby Npgo is the polymerization degree of the PEO polymer block. In
Figure 5, the solid line represents the dependence of the calculated aggregation number
on the PEO polymerization degree for constant PEP block molecular weight of 5,000
g/mol. The measured aggregation numbers are plotted in the same figure. For the first
three polymers of the series, PEPSPEO5, PEPSPEO1S5, and PEP5’PEO30 the theoretical
and the measured results are in very good agreement on an absolute scale. The deviation
in case of PEP5’PEOSO can be related to the fact that the Nagarajan-Ganesh theory
requires a homogeneous density profile of a dense PEO shell. This condition is certainly
not fulfilled for PEP5’PEO50.

Conclusions

In this work we have shown that PEP-PEO block copolymers can be synthesized
with narrow molecular weight distribution and with no detectable content of
homopolymer. The investigation of the micellar properties was done mainly by SANS
using a series of materials with constant PEP molecular weight of 5,000 g/mol and PEO
molecular weights varying between 5,000 g/mol and 50,000 g/mol. All materials
contained deuterium labeled PEP polymer blocks. It was shown that the micelles are
spherical in shape with a core consisting exclusively of PEP and a PEO shell swollen.
with water. Due to the high incompatibility of PEP with PEO and water the aggregation
numbers and micelle dimensions are very large. For the block copolymers with smaller
PEO content, the density of PEO in the shell is homogeneous and the density cutoff at
the outer edge of the micelle is fairly abrupt. In case of the materials with higher PEO
content, the PEO density profile is of hyperbolic shape and the periphery of the micelle
is diffuse.

Very good agreement of the experimental results was found with a theory by
Nagarajan and Ganesh which is based on mean field approximations. Further work is
now in process to extend the study to higher PEO contents in order to study the variation
of the micellar shape dependent on the block copolymer composition in more detail. In a
second step, PEP-PEO block copolymers with lower molecular weights will be
investigated to compare the micellization phenomena of the PEP-PEO block copolymers
with low molecular weight C,E;, amphiphiles of the same chemical structure.
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Figure 4. Absolute SANS data under core contrast (4a) and shell contrast (4b) for
PEP5’PEOSO0. The solid lines represent the results of the model fits.
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Figure 5. Dependence of the aggregation number P on the PEP polymerization degree
Nego. The solid line represents the calculated dependence by Nagarajan-Ganesh theory.
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Chapter 3

Amphiphilic Block Copolymers as Surfactants
in Emulsion Polymerization

Matthias Gerst', Horst Schuch’, and Dieter Urban’

'BASF AG, Polymer Research Laboratory, Ludwigshafen, Germany
2BASF Corporation, Steelcreek Road, Charlotte, NC 28273

The use of amphiphilic block copolymers as surfactants in emulsion
polymerization enables one to prepare well stabilized dispersions.
In contrast to low molecular weight surfactants new film properties
are available, because block copolymers have better compatibility
with the polymer particles and lower migration in the resulting film.
The amphiphilic block copolymers poly(methylmethacrylate-block-
acrylic acid) P(MMA,-b-AA,), poly(methylmethacrylate-block-
methacrylic acid) P(MMA ,-b-MAA,) and poly(isobutylene-block-
methacrylic acid) P(IB,-b-MAA,) were made by living ionic
polymerization. In aqueous solution block copolymers of higher
molecular weight form spherical ”frozen micelles”, not exchanging
unimers. The micellar aggregation number Z and micellar diameter
2R, in the aqueous medium were obtained by static and dynamic
light scattering and turned out to be predictible solely from the two
block lengths. Using aqueous solutions of neutralized block
copolymers as the only emulsifying agent in emulsion
polymerization, stable dispersions were obtained, where the block
copolymers act comparable to a seed. The mechanical properties

and the water sensitivity of the resulting polymer film change by

annealing.

© 2000 American Chemical Society
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Introduction

Low molecular weight surfactants are widely used in emulsion polymerization to
form and stabilize the polymer particles and to prevent coagulation of the dispersion
when applied making e.g. coatings and adhesives. The physical properties of the
resulting film, however, often suffer from the presence of surfactants because they
favour sensitivity to water or impair adhesion to the substrate. In contrast amphiphilic
block copolymers (bc) are expected to prevent such disadvantages due to better
compatibility with the polymer particles and lower migration rates. It has already
been shown that poly(styrene-block-ethyleneoxide) can be used instead of surfactants
to stabilize dispersions [1-3]. Additionally block copolymers can act as blending
agents to improve such properties as mechanical strength of the resulting polymer
film. Thus the motivation of this work was using block copolymers both to stabilize a
dispersion and to create improved film properties.

Synthesis of Block Copolymers

Three types of block copolymers with different molecular weights and block
lengths were made by living ionic polymerization [4-8]. All of the block copolymers
under investigation have two blocks of different monomers with varying chain length.
To achieve the amphiphilic properties a hydrophobic, e.g. a PMMA- or PIB-segment,
and a hydrophilic, e.g., a PAA- or PMAA-segment, were choosen. From the
combination of these segments the following block copolymers were synthesised:

a) poly(methylmethacrylate-block-acrylic  acid), P(MMA,-b-AA,) with
m=18-38 and n =26-38;

b) poly(methylmethacrylate-block-methacrylic acid), P(MMA,-b-MAA,) with
m=16-67 and n=44-217

c) poly(isobutylene-block-methacrylic acid), P(IB,-b-MAA,) with m=70-134
and n=52-228.

The PMMA-derivatives were produced by living anionic polymerization. In the
first step, the initiation of MMA yields a precursor block which could be converted
by the addition of the second monomer tBA or tBMA to a block copolymer. The use
of tBMA enables one to increase the reaction temperature from -78°C used for tBA to
a more convenient level of about -20°C. In order to achieve the amphiphilic
properties the tert.-butyl-groups were hydrolysed with hydrochloric acid in dioxane to
carboxyl acid groups.

In Associative Polymersin Aqueous Media; Glass, J.;
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Table 1. Block copolymer data: hydrophobic block length m, hydrophilic block
length n, molecular weight Mw in g/mol (GPC), polydispersity Mw/Mn; aggregation

data: micelle diameter 2R}, in nm, aggregation number Z.
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block copolymer m n My My /M, 4 2Ry,
g/mol nm
P(MMAL-b-AA,) 18 26 3 600 1.42
28 30 5 000 1.32
38 38 6 600 1.14
P(MMA_,-b-MAA,) 16 44 6 800 1.26 18 13
25 29 6 800 1.37 43 21
32 69 12 000 1.32 39 17
58 57 14 200 1.33 250 34
64 112 17 400 1.09 94 36
67 217 27 000 1.06 34 34
P (IBn-b-MAA,) 70 52 8 900 1.06 188 25
70 70 10 600 1.07 192 30
134 145 20 800 1.04 133 57
134 228 28 000 1.03 144 58
R Initiator (Ini-Li) Block copolymer
Ph
H /\/\/i—k (-78°C, THF) P(MMA)m-b-P(AA)n
h
OLi
CH3 = ~_ (-20°C,Toluene) PQMMA)m-b-P(MAA)
i S G5 o
m n
Ini-Li
Dioxane
OH

2n=§0\'/\ ° (I)o

Figure 1: Synthesis of PMMA-PAA and PMMA-PMAA block copolymers [9].
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In the case of the PIB-b-PMAS block copolymers a different approach was
necessary. The initiation of the living polymerization of iso-butylene needed a
cationic initiator. The crucial reaction step in the synthesis was the switch over from
the cationic to anionic chain end as shown in Fig. 2. After polymerising the tBMA the
block copolymer was obtained, as already described, by hydrolysis.

1.T|C14

2m

A\ko . :< ﬂ Ph 1. G‘ba‘VNHs
Ph (Nif)’"\t 2% 7, NaK alloy
3 _—_<Ph

Mot o Ay

Figure 2: Synthesis of PMMA-PAA and PMMA-PMAA block copolymers [10].

Aggregation of Block Copolymers

The aqueous bc-solutions were prepared solving 5g bc in 50g methanol. After
diluting with 50 ml water the bc-solution was neutralized with an equivalent amount
of ammonia or sodium hydroxide. In case of the P(IB,;,-b-MAA 45155), 500g THF and
500g water were used instead of 50g methanol and 50g water. The organic solvent
was removed by distillation and the pH was adjusted to 12 with 0.2 N sodium
hydroxide solution. The bc-solutions were concentrated to obtain a solids content of
about 3% (w/w). They were used as a stock solution for the following experiments.

The surface tension of aqueous solutions containing P(MMA,-b-AA))
neutralized with ammonia depends on the chain length of the hydrophobic PMMA
block [Fig. 3]. Below a chain length of about 20 MMA molecules the block
copolymer is surface active and lowers the surface tension of water. At higher chain
lengths the surface tension is about that of pure water, indicating that such block
copolymers do not have the tendency to be present at the water/air interface.

In Associative Polymersin Aqueous Media; Glass, J.;
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degree of polymerization of PMMA-block

Figure 3: Surface tension of aqueous P(MMAy-b-AAy) solution (0.5% [w/w]) as a
function of the hydrophobic block length m.

Thus, when m>20, determination of the critical micelle concentration by a ring
tensiometer is not possible. But observing the titration of an aqueous BODIPY-NLS®
[8] solution with a block copolymer solution by confocal fluorescence correlation
spectroscopy (FCS) [11] shows a strong decrease in mobility of the fluorescent dye.
The fluorescent agent is a C,-fatty acid with a fluorescent label. The solubility in
water is 1 nM/liter. If only water is present, this concentration leads to 1 dissolved
molecule within the measurement volume (the focus volume of the laser beam). After
dilution of the micellar solution (containing the fluorescent agent) a 24 hour delay is
used before the measurement of the fluorescence correlation time, in order to allow
sufficient time for establishing the thermodynamic equilibrium regarding the number
of micelles. FCS yields the critical concentration for micellization (CMC), where
very small CMC are accessible. The following figure (Figure 4) shows a typical FCS
determination of the CMC. When the block copolymer concentration is larger than
the CMC, the number of dye molecules within the laser focus volume increases due
to the solubilization of dye molecules. For still higher concentrations, the dye
fluorescence starts to be quenched. Salt content did not influence the results.

According to these experiments the critical aggregation concentrations of
P(MMA,,-b-AA,), P(MMA  -b-MAA,) and P(IB,-b-MAA,) are between 0.2 and 200
mg/l in water [Table 2].

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch003

42

40

30

10 |

hydrodyn. diam. from FCS [nm]

.9

(o0, (o]
0)00 o)
[e10°0 0}
ap®
() 0r0)]
[co Jo)]
oo
D
@O O

g8

@0
o 0)
© OO
a@o

[0.0)]0))

0,00

0,01 0,10 1,00 10,00 100,00
blockcopolymer conc. [mg/l]

Figure 4a): Example of FCS-measurment of P(IB70-b-MAA7().
Hydrodynamic diameter of the particles carrying a dye molecule as a function of the
BC concentration. The strong increase shows the onset of micellar aggregation.
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Figure 4b): Example of FCS-measurment of P(IB79-b-MAA7).
Number of dye molecules in the laser focus as a function of the block copolymer

concentration.
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Table 2: Values for critical micellisation concentration (CMC) for

P(IB,-b-MAA,)
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m n [mg/1] [mg/1] ®
70 52 0,05 0,3
70 70 0,05 0,2
134 145 0,07 0,3
134 288 0,1 0,3
P(MMA, -b-AA)
m n [mg/1] ™ [mg/1] ®1
18 26 4-8 -
28 30 - -
38 38 20-40 -
P(MMA . -b-MAA.)
m n [mg/1] [mg/1] ™
16 44 50-100 100-200
25 29 0,1-0,5 3-7
32 69 7 70
58 57 0,05-0,1 1
64 112 0,1-0,2 10
67 217 1 10

[a] change of diameter: micelles detectable for concentrations of more than given
[mg/1), [b] change of number: micelles detectable for concentrations of more than

given [mg/1].

To measure the rate of exchange of block copolymers between aggregates by
time resolved fluorescence spectroscopy according to the principle of non radiative
energy transfer, [12] separately prepared aqueous solutions of naphthalene (donor)
terminated P(MMA,-b-AA,;) and pyrene (acceptor) terminated P(MMA,-b-AA,,)
were mixed. Surprisingly neither at room temperature nor at 150°C, which is above
the glass transition temperature of the block copolymer, was any exchange observed
(which would have led to a shortening of the donor fluorescence decay). This
indicates that these aggregates are very stable ”frozen micelles”.[13]

The aggregation number Z and the micellar diameter 2R, were determined by
static and dynamic light scattering. The basics of the light scattering (LS) method are
described elsewhere [14]. Here a light scattering goniometer of ALV / Langen,
Germany, with a correlator ALV 3000 was used, attached to a Nd:YAG-Laser, 532
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nm, 400mW (Adlas). A high laser power is required for a good signal to noise ratio to
determine the autocorrelation function g,(t).

The solutions were clarified by a 0,45 um filter (Millipore). Measurements were
performed at scattering angle 30° and 90°, with one concentration of 1 g/l. This
reduction of the usual Zimm analysis is reasonable due to the small interaction
between the micelles (the second virial coefficient A, is small); the concentration of 1
g/l is well above the CMC; and the angular dependence of the scattered light is weak.
Thus the extrapolation to scattering angle 0° is straightforward. The salt content was
0.02 n Na,SO, and pH = 10. The exact values were found to be of no critical
influence on the results. The experiments with the dynamic light scattering yield the
average hydrodynamic diameter 2R, of the colloidal particles. The accuracy is up to £
1-2 nm, much better than the accuracy for R, (£ 5-10 nm). Also the autocorrelation
function g,(1) is obtained, which, by use of the CONTIN-algorithm, gives the particle
size distribution (PSD) referring to 2R,. The maximum resolution of the PSD is given
by the following: In a bimodal distribution the components are recognized if the
diameters differ by a factor of three or more. The small diameter is assigned to single
micelles, the bigger one to aggregates of micelles which were also detected with the
analytical ultracentrifuge (AUC).

Int [W]
A

angle 90°

T 1T1T11T]
1000

Figure 5: Evaluation of the micelle diameter 2 Ry, from dynamic light scattering data
of P(PIB|34-b-MAA 1 45) in aqueous solution at 25°C using the CONTIN algorithm, -

-- scattering angle 30°, — scattering angle 90°.
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The experiments of the static light measurements yields the average absolute
molar mass M, of the colloidal particle, here of the micelles, and the radius of
gyration R, (average value). The accuracy in M is 10-20%; which is important for the
evaluation of the aggregation number Z = M,, /M (with M: molar mass of single
polymer molecule), which are given in figure 1. R, ( £ 5 - 10 nm) represents an
average value, which much is less exact for the size characterization than 2R, for the
samples studied. The quantities 2R, and M,, from dynamic and static LS can be used
to calculate an average (relative) density of the colloidal particle [15].

Assuming the micelles are spherical, a simple geometric core-shell model can be
applied (Figure 6).

/
amphiphilic molecule P(A-b-B,))

\—J
7
g , corona\thickness Do,

solvent

Figure 6: Model of a spherical micelle formed by the block copolymer P(Ap-b-By)

The core is formed by the hydrophobic chains. The corona consists of tethered
solvophilic chains. According to S. Forster et al. [16] the aggregation number Z can
be calculated from the block lengths m and n by Z=Z, m? n®® and the corona
thickness by D.,=D, Z°2 n®®. The corona thickness D, was calculated from the
measured micellar diameter 2R, and the diameter 2R, of the hydrophobic nucleus:
D.,=R;-R¢. The core density is assumed to be 1 g/cm® due to the strong hydrophobic
character. The fitting parameter Z,=0.9 is related to the volume of a solvophobic
monomer unit and a geometric packaging parameter, D;=0.24 is related to the length
of a solvophilic monomeric unit. The data for the reduced aggregation number shows,
that the main trend is excellently described by such a simple geometric model,
meaning that the steric arrangement dominates the micellar architecture.
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Figure 7: Reduced aggregation number Zen(0.8 of block copolymer micelles in
aqueous solution as a function of the hydrophobic block length m; the line line is
calculated from Z=Zgem2 en-0.8 using Zp=0.9.

Emulsion Polymerization

Aqueous solutions of the neutralized block copolymers were used as the only
emulsifying agent in emulsion polymerization of a mixture of methylmethacrylate
(49-50%) /n-butylacrylate (49-50%)/ acrylic acid (0-2%), which was performed at
90°C in batch. The solids content of the dispersion after polymerization was
20-30%(w/w), the pH between 5 and 7.5 depending on the amount block copolymer
used. The particle size distribution was measured with AUC [17]. The latex diameters
ranged from = 220 nm to 36 nm with increasing amount of blockcopolymer.

Three cases have to be differentiated (figure 8): with block copolymers
P(MMA,,-b-AA,) forming frozen micelles” a slope of 1 is obtained, indicating that
the frozen micelles act similar like a seed where the number of polymer particles is
equal to the number of micelles and ng; gk coroLymer IS constant. [18] A slope higher
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Figure 8: number of polymer particles per kg dispersion as a function of the block
copolymer concentration in g/kg dispersion

than 1, already described for P(S,,-b-EOg;) [3], is obtained with low m.w. P(MMA -
b-AA,). Only P(MMA -b-MAA,) [19], gives a slope lower than 1, which is
comparable to surfactants [20].

Film Properties

Model dispersions with a monomer composition similar to coating formulations
(BA[50%]-MMA[50%]-copolymer) were prepared with the block copolymers
PMMA-b-PAA and PMMA-b-PMAA. The resulting films are equipped with
switchable properties by annealing at, e.g., 150°C for 30 min. The restructure of the
film morphology and accordingly the mechanical dynamic response in a DMA
experiment is clearly visable in the figures 9 and 10. The images from the
transmission electron micrograph indicate that the initially almost homogeneously
distributed block copolymer PMMA ;;-b-PAA;; (10% in polymer film) arranged in
clusters after annealing. This behaviour results in a significant decrease of the storage
modulus E’ in the temperature interval from 30 to 100°C.

Dynamic mechanical analysis of the BA/MMA film made with 10 % P(MMA ;-
b-AA;;) indicates that the polymer morphology is changed by annealing at 150°C.
The significant decrease of the storage modulus (figure 10) is due to a rearrangement
of the block copolymer phase which is almost homogeneously distributed within the
film cast at room temperature. It was confirmed by electron microscopy that, after
annealing, the block copolymer is arranged in bigger domains. This behaviour results
in a significant softening of the polymer film between 30 and 100°C.

American Chemical Society
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100 nm

Figure 9aTransmission electron micograph of a BA[50%]-MMA[50%]-copolymer
Silm with 10% (w/w) blockcopolymer PMMA 38-b-PAA38 in polymer film after
annealing at 150°C for 30 min. Films from DMA-analysis, stained with uranyl
acetate (TEM-measurements: Dr. Heckmann, BASF AG).

Figure 9b Transmission electron micograph of a BA[50%]-MMA[50%]-copolymer
Sfilm with 10% (w/w) blockcopolymer PMMA 38-b-PAA38 in polymer film before
annealing at 150°C for 30 min. Films from DMA-analysis, stained with uranyl
acetate (TEM-measurements: Dr. Heckmann, BASF AG).
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Figure 10: Dynamic mechanical analysis of a polymer film of 50% BA[50%]-

200.00

MMA[50%]-copolymer containing 10% (w/w) P(MMA38-b-AA38) before and after

annealing at 150°C for 30 min.
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An other example of switchable properties is the water uptake of the polymer
film, which is significantly decreased after annealing.

water uptake [% (w/w)]
500

450
400 -
350

300 film cast at room temperature
without annealing

250
200 A
150
100

- after annealing at 150°C, 30 min

A = =
0 5 10 15
block copolymer [% (w/w)]

Figure 11: Water uptake of a BA[49%]-MMA[49%]-AA[2%)]-copolymer film made
with P(MMA 67-b-MAA3 |7) before and after annealing at 150°C during 30 min.
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Chapter 4

The Preparation of Well-Defined Water
Soluble-Swellable (Co)Polymers by Atom
Transfer Radical Polymerization

Krzysztof Matyjaszewski, Scott G. Gaynor, Jian Qiu, Kathryn Beers,
Simion Coca, Kelly Davis, Andreas Muhlebach, Jianhui Xia,
and Xuan Zhang

Center for Macromolecular Engineering, Department of Chemistry,
Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, PA 15213

The development of atom transfer radical polymerization
(ATRP), a controlled/“living” radical polymerization system, has
allowed for the preparation of a variety of well defined polymers
(DP, = A[MV/[1],; M,/M, < 1.5) based on styrenes, (meth)acrylics,
acrylonitrile, and other monomers. This paper is to review the
extension of ATRP in preparing well-defined water soluble
homopolymers and amphiphilic, water swellable copolymers. The
monomers that have been polymerized using ATRP include: 2-
hydroxyethyl  acrylate, 2-hydroxyethyl methacrylate, 2-
(dimethylamino)ethyl methacrylate and 4-vinylpyridine. Well-
defined poly(z-butyl acrylate) was also prepared and was
transformed to poly(acrylic acid) by hydrolysis. Various
amphiphilic block copolymers were prepared with these hydrophilic
monomers and other, hydrophobic monomers.

Introduction

The recent explosion of interest in controlled/“living” radical polymerizations is
the result of polymer chemists trying to develop new polymeric materials from
existing monomers.(/) Controlled/“living” polymerizations offer the possibility of
synthesizing polymers with precise control of the end groups, composition,
functionality, and architecture of a polymer. Such variability, coupled with the ability
of radical polymerization to polymerize a wide variety of monomers, is expected to
offer the polymer chemist a virtually limitless array of polymeric materials for nearly
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every application. Towards this end, we have developed atom transfer radical
polymerization (ATRP) as a method for preparing well-defined polymers.(2-8)

ATRP is, at its essence, the reversible activation and deactivation of a polymer
chain by reaction of a dormant chain end (R-X) with a transition metal catalyst (M,")
complexed with a ligand, Scheme 1. The dormant chain end is capped with a group,
generally a halogen, that can be removed homolytically by reaction with the
transition metal catalyst to form a radical and a transition metal halide (X-M,"*") (with
rate constant k,). This radical can then initiate the polymerization of the monomer
and propagate. As the radical chain propagates, the radical can do one of three
things: react with monomer and continue to propagate (with rate constant k), react
with another radical to terminate by coupling or disproportionation (with rate
constant k,), or react with the transition metal halide to cap the growing chain and
reduce the transition metal catalyst to its lower oxidation state (with rate constant, k).

Scheme 1

ky

kq

R—X + M,"/Ligand R® + X—M™!/Ligand

@kp\'“--‘&
~ R—R

In order to obtain a controlled/“living” radical polymerization, termination of the
polymer chain by bimolecular radical reactions must be suppressed. To do this, the
concentration of the radicals in solution must be kept very low. This is accomplished
by attenuation of the equilibrium between the active and dormant states of the
growing polymer chain. If the equilibrium is shifted too far towards the active
species, the system behaves as a simple redox initiated polymerization and no control
is obtained. Contrarily, if the equilibrium is shifted too far towards the dormant
species, no polymerization is observed. In this system, some termination (<10% of
initiator) during the early stages of the polymerization may occur; the concentration
of the deactivator (transition metal halide, X-M,™") increases, shifting the equilibrium
towards the dormant chains. This phenomenon is known as the persistent radical
effect.(9)

A variety of initiators have been used with nearly all having the radical adjacent
to a group which is capable of stabilizing the radical either by delocalization (phenyl,
ketone, cyano groups), or by induction (multiple halogens such as trichloro-). The
transition metals can be one of a variety such as copper,(2-7) (10-14) iron,(8,15,16)
ruthenium,(17,18) nickel,(19,20) rhodium,(2/) or palladium.(22) These transition
metals are complexed by a ligand, usually a pyridine derivative,(2,4,/4) but linear
amines(6) and phosphines(8,20) have also been successfully employed.

This review will cover the use of ATRP to prepare well-defined water soluble
polymers. Also, the preparation of amphiphilic copolymers will be discussed, with
these being prepared by formation of block copolymers of hydrophobic and
hydrophilic monomers.
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Water Soluble Homopolymers

The preparation of water soluble polymers by ATRP is sometimes simple and
straight forward, other times difficult. The reason for this is that the polar nature of
the medium used to conduct the polymerization may shift the equilibrium in
unwanted directions, resulting in higher (or lower) radical concentrations. Since high
radical concentrations are counter productive, i.e., greater proportion of terminated
polymer chains, it may be required to adjust the reaction conditions, temperature,
solvent, catalyst concentration, etc., so that a controlled radical polymerization can be
observed. The following will outline the conditions used to obtain well-defined
polymers and any potential problems that one should be aware of.

2-Hydroxyethyl Acrylate (HEA)

The polymerization of HEA is relatively straight forward.(23) This monomer
has been polymerized in either bulk or aqueous solution. However, one should take
care to remove any residual diacrylate or acrylic acid that may be present in
commercially available monomer. Our laboratory has found that it is possible to
remove the diacrylate by washing with hexanes; removal of the acrylic acid, as well
as any inhibitor, can be achieved by passing the monomer through a column of basic
alumina.

The simplest manner of conducting the polymerization is in bulk. When methyl
2-bromopropionate (MBrP) was used as the initiator, with Cu(I)Br complexed with
two equivalents of 2,2’-bipyridine (bpy) as the catalyst, the polymerization was
observed to obey first order kinetic with respect to monomer up to ninety percent
conversion (Figure 1); the reaction was conducted at 90 °C. As can be seen in Figure
2, the molecular weights of the growing polymer increased with conversion, although
they were higher than predicted by DP, = A[M]/[I],. The difference in the observed
and predicted molecular weights can be attributed to the inaccuracy of using linear
polyMMA standards for molecular weight determination by SEC in DMF. Use of 'H
NMR and MALDI-TOFMS to determine the M, of lower molecular weight samples
revealed that the molecular weights of the polymers were in agreement with
theoretical values. Also, it will be noted that the polydispersity (M,/M,) of the
growing polymer decreased with conversion to a final value of M,/M, ~ 1.2.

The polymerization can also be conducted in water. Using a 50/50 mixture of
water and monomer, by volume, the polymerization was conducted at 90 °C, with a
ratio of monomer to initiator of 100:1; the catalyst was in a 1:1 ratio with initiator.
After twelve hours, the polymerization had reached 87% conversion and the
molecular weight, as determined by SEC in DMF, was M, = 14,700; M,/M, = 1.3. In
all of the polymerizations, the hydroxyl groups appeared to be unaffected during the
polymerization (as observed by NMR).
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Figure 1. Zero and first order kinetic plots of the bulk
polymerization of 2-hydroxyethyl acrylate at 90 °C.
[HEA] :[MBrP],:[Cu(I)Br/2bpy] , = 50:1:1
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Figure 2. Molecular weight evolution with conversion for the bulk
polymerization of 2-hydroxyethyl acrylate at 90 °C.
[HEA],:[MBrP],:[Cu(I)Br/2bpy] , = 50:1:1
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2-Hydroxyethyl Methacrylate

2-Hydroxyethyl methacrylate (HEMA) was found to be more difficult to
polymerize than HEA, althought their structures are quite similar. When conducted
in bulk, the polymerization was very fast, proceeding at room temperature and
generating significant amounts of heat. When the polymer was analyzed, it had much
higher molecular weights than predicted and the molecular weight distributions were
very broad, M,/M, > 1.8. To reduce the rate of the polymerization, the reaction was
performed in DMF solution.  Although molecular weights increased linearly with
conversion, the polydispersities also increased with conversion and were somewhat
higher than desired.

The loss of control of the polymerization could be attributed to one, or a
combination of, two factors: the tertiary structure of the methacrylate-halogen end
group, and the high polarity of the solvent/monomer. It is known that methacrylates
produce higher concentrations of radicals,(3) i.e., MMA has a larger equilibrium
constant between active and dormant species. This situation could be aggravated by
the use of a highly polar medium and further shift the equilibrium towards the
formation of radicals. Should the concentration of the radicals become too great,
irreversible termination will be observed, accompanied by loss of control of the
polymerization.

A controlled polymerization of HEMA was realized when a mixed solvent
system was used: a 70/30 mixture of methyl ethyl ketone and n-propanol in a 1:1
ratio with monomer. Additionally, the polymerization was conducted with less
catalyst (2:1 initiator:catalyst, initiator = ethyl 2-bromoisobutyrate, EBriB) and was
conducted at lower temperatures (50 °C) than for HEA. Although there was a slight
curvature in the first order kinetic plot (Figure 3), suggesting some termination, the
molecular weights increased linearly with conversion and the polydispersities
remained low, M,/M, < 1.4 (Figure 4).

Trimethylsilyl Protected HEA/HEMA

Treatment of HEA or HEMA with trimethylsilyl chloride, in the presence of
base, resulted in the formation of the silyl protected HEA or HEMA, Scheme 2.(24)
These monomers were prepared because they are not as polar as their respective
hydroxyl derivatives, and their polymers are soluble in organic solvents. These
monomers were found to polymerize under similar conditions as those employed for
other acrylates, or methacrylates, i.e., methyl acrylate or methyl methacrylate. As a
representative example, the molecular weight behavior versus conversion of TMS-
HEMA is shown in Figure 5. The molecular weights, as determined by SEC in THF
using a calibration curve based on linear polyMMA standards, increased linearly with
conversion and corresponded very well with predicted molecular weights up to M, =
100,000, while the polydispersities were lower than in a conventional radical
polymerization, M,/M, < 1.4.

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by COLUMBIA UNIV on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch004

57

100,,..,...rr,..,!...,!....hﬁ,_z,s
- | —— Conversion ]
op T e ey
= : 1 =
: =
.g 60 [—-ooeeeen i e 1154
| | E
Baof Yok S ST b O
&} 'f o ' 1 =2
In ([M] /[M]) ] =
2092 e — — Jos
0._1.||| N I
v 1 2 5 5 6°

EPN
Time (h)
Figure 3. Zero and first order kinetic plots of the polymerization of

2-hydroxyethyl methacrylate at 50 °C.
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Figure 4. Molecular weight evolution with conversion for the
polymerization of 2-hydroxyethyl methacrylate at 50 °C.
[MEK/n-Propanol}:[HEMA] :[EBriB] .:[Cu(I)Br/2bpy] , =
100:100:1:0.5
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Scheme 2
Protection of the Monomer
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Deprotection of the resulting polymer, either the acrylate or methacrylate, was
straightforward. One method of deprotection was the use of “wet” THF, in the
presence of potassium fluoride using a catalytic amount of tetrabutylammonium
fluoride. The polymer was also hydrolyzed using hydrochloric acid, by refluxing in a
dioxane and water mixture. The use of the protected monomers and these facile
deprotection methods are useful for cases of compatibility where the unprotected
monomers can not be used, or where the use of conventional organic solvents, i.e.,
not water, are desired (vide infra).

2-(Dimethylamino)ethyl Methacrylate (DMAEMA)

DMAEMA was readily polymerized by ATRP, but to obtain well-defined
polymer required that the reaction conditions be optimized.(25) For example, when
the polymerization was conducted, at 90 °C, in the non-polar solvent toluene, the
polymerization was uncontrolled, Table I. However, when the polymerization was
conducted in more polar solvents, such as anisole, butyl acetate, ethylene carbonate,
or dichlorobenzene, polymers with molecular weights corresponding to predicted
theoretical values and with low polydispersities were obtained.

Table I. Effect of Solvent on the Polymerization of DMAEMA®

Solvent Time (h) Cony. M, M, sec M /M,
Toluene 4.25 0.33 6 500 73 600 2.81
Anisole 1.25 0.79 15 800 17 900 1.45
Dichlorobenzene 1.25 0.78 15 500 15 800 1.43
Butyl Acetate 1.50 0.86 17 300 25300 1.57
Ethylene Carbonate 1.00 0.63 12 500 11 500 1.51

[CuBr],,[HMTETA]_[EBriB], = 23.3 mM, [DMAEMA], = 2.96 M

Further optimization of the polymerization was obtained by variation of the
ligand used to coordinate with the transition metal. The well known
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copper(I)bromide/2bpy catalyst afforded well-defined polymer, but even better,
results were obtained with less expensive, commercially available, linear amine
ligands {N,N,N’,N’-tetramethylethylenediamine, TMEDA; N,N,N’,N” N”-
pentamethyldiethylenetriamine, PMDETA; 1,1,4,7,10,10-hexamethyltriethylene-
tetramine HMTETA). The polymer with the lowest polydispersity was obtained
using the linear tetramine, HMTETA, Table II.

120000: A A I , ot | — ’,/ 2
| M e | ]
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80000 ; ; e
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Figure 5. Molecular weight evolution with conversion for the
polymerization of TMS-HEMA.

Table I1. Effect of Ligand on the Polymerization of DMAEMA®

Ligand Time (h) Conv. M, . M, sec MM,
bpy 1.25 0.85 16 900 20 500 1.55
TMEDA 4.25 0.76 15 100 18 600 1.53
PMDETA 1.00 0.68 13 500 17 600 1.61
HMTETA 1.25 0.79 15 800 17 900 145

*[CuBr]:[EBriB] , = 23.3 mM, [DMAEMA] ; = 2.96 M; [Ligand)}/[CuBr] = 2 for bpy,
TMEDA; [Ligand})/[CuBr] = 1 for PMDETA, HMTETA

Additionally, it was found that by performing the polymerizations at
temperatures lower than previously reported for MMA, i.e., 90 °C, polymers with
narrower molecular weight distributions could be obtained. Indeed, the best results
were obtained with the polymerization being conducted at room temperature, albeit,
the polymerization was slower, Table III.
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Table ITI. Effect of Temperature on the Polymerization of DMAEMA®

Temperature (°C) Time (h) Conv. M, ., M, sec M /M,
90 1.25 0.78 15 500 15 800 1.43
70 1.25 0.64 12 700 13 100 1.37
50 1.80 0.69 13 800 14 100 1.37
23 4.67 0.67 13 400 18 900 1.25

*[CuBr],.[HMTETA],[EBriB], = 23.3 mM, [DMAEMA], = 2.96 M

25000 e 2
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=
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Figure 6. Molecular weight evolution with conversion versus
conversion for the polymerization of DMAEMA initiated by 2-
bromopropionitrile (BPN) at 50 °C. [DMAEMA], =2.96 M,
[CuBr] = [BPN], = [HMTETA] = 0.023 M.

The above reactions were performed using ethyl 2-bromoisobutyrate
(EBriB) as the initiator. It was latter discovered that lower polydispersity materials
could be obtained by using 2-bromopropionitrile (BPN). This was attributed to BPN
having a higher rate of activation than EBriB, resulting in faster and more uniform
initiation of the growing polymer chains. The molecular weight behavior versus
conversion using this initiator is shown in Figure 6; some of the resulting SEC traces
are shown in Figure 7. The low molecular weight tail is likely due to some
unavoidable side reactions, i.e., irreversible termination, elimination of halogen end
group, etc.

t-Butyl Acrylate

Monomers that contain carboxylic acid functionalities have not been successfully
polymerized using ATRP. To overcome this problem, r-butyl acrylate was
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Figure 7. SEC traces obtained in the ATRP of DMAEMA.

polymerized by ATRP; the carboxylic acid is protected by the r-butyl group.(26)
This monomer was easily polymerized. The kinetic and molecular weight plots are
shown in Figures 8 and 9, respectively. Deprotection of the z-butyl group was
achieved by treatment with HCI in dioxane at 60 °C for six hours. The poly(acrylic
acid) was easily obtained with the evolution of isobutene, a gaseous byproduct.

4-Vinylpyridine

The last monomer to be discussed here is 4-vinylpyridine (4VP).(27) 4-
Vinylpyridine has been difficult to polymerize using ATRP; the rates are very slow.
This was presumably due to competing complexation of the transition metal by the
bpy and the monomer or poly(4-vinylpyridine). Recently we reported the use of a
strongly coordinating, tetradentate ligand for use in ATRP.(28) This ligand is shown
in Figure 10 and is denoted as Me,-TREN. With this ligand, the polymerization of
4VP was found to proceed at an acceptable rate.
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Figure 8. Kinetics of the ATRP of ¢-butyl acrylate in
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Figure 9. Molecular weight byproduct of the ATRP of r-butyl
acrylate in dimethoxybenzene (20% solvent) at 60 °C.
[BA].:[1],:[Cu(D)Br] : [Cu(II)Br,],: [PMDETA], =
50:1:0.5:0.025:0.525
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Figure 10. Tris(2-(dimethylamino)ethyl)amine, Me,-TREN.

Although the polymerization was found to proceed at an acceptable rate using
Me,-TREN, it was soon discovered that the choice of the halogen on the initiator
played a significant role in the success of the polymerization. As can be seen in
Figure 11, the polymerization appears to stop when 1-phenylethyl bromide is used as
the initiator, but the polymerization proceeds to completion when the 1-phenylethyl
chloride is employed. The effect of the halogen is also apparent when the molecular
weight behavior versus conversion is examined, Figure 12. When bromine was used,
the molecular weights were higher than for chlorine, but more significantly, the
polydispersities of the polymer increased dramatically as the polymerization
proceeded; with 1-phenylethyl chloride, the molecular weight distribution remained
below 1.2 throughout the reaction.

The reason for the more efficient polymerization using 1-phenylethyl chloride
than with 1-phenylethyl bromide can be explained by the relative rates of
quaternization of the halogen end group. If the halogen end group reacts with the
nitrogen in the pyridine ring of the monomer, or the pendent pyridine rings in the
chain, the quaternary ammonium salt can be formed. The formation of such a
complex is detrimental to the ATRP process as the halogen can no longer be
homolytically cleaved from the polymer chain end to reinitiate polymerization; this
side reaction results in apparent termination of the polymerization. Additionally,
elimination of HX from the chain end can occur. The slower rate of quaternization,
or elimination, when the halogen is chlorine, than compared to bromine, is significant
enough such that the rate is much lower than the overall rate of polymerization
allowing for the preparation of well-defined poly(4-vinylpyridine). The small

contribution of “termination” is evidenced in the SEC traces of the polymer prepared

" by using 1-phenylethyl chloride, Figure 13; there is very little tailing in the low

molecular weight end of the molecular weight distributions.
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Figure 11. Comparison of the first order kinetic plots for the
polymerization of 4VP using different initiators.
[4-VP]/[1-PEX], = 95; [1-PEX],/[CuBr],/[TREN-Me], = 1/1/1
40 °C; 50% (v/v) in 2-propanol
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Figure 12. Evolution of the molecular weight with conversion for
polymerization of 4VP using different initiators, 1-phenylethyl-X.
[4-VP]/[1-PEX], = 95; [1-PEX],/[CuBr],/[TREN-Me], = 1/1/1
40 °C; 50% (v/v) in 2-propanol
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Figure 13. SEC (DMF) traces from the polymerization of 4VP
using 1-phenylethy! chloride.

Amphiphilic Block Copolymers

ATRP can be used to prepare a wide variety of block copolymers. Block
copolymers have novel physical/mechanical properties when the polymer segments
are chosen so that they have different characteristics, i.e., hard/soft, polar/non-polar,
hydrophilic/hydrophobic. By combining the work described above with the previous
ATRP of styrenes, acrylates, and methacrylates, it is possible to prepare a wide
variety of amphiphilic copolymers.

HEA/Butyl Acrylate Block Copolymers

Initially, the trimethylsilyl protected derivative of HEA (TMS-HEA) was used to
prepare the block copolymers.(24) This was done to simplify the polymerization and
characterization procedures as the block copolymer of HEA and BA was expected to
be soluble in only very polar organic solvents such as DMF. Using a TMS-HEA
macroinitiator (M, v = 9,600; M, ec = 9,400; M,/M, sgc = 1.2), butyl acrylate
(BA) was polymerized to obtain block copolymers with different proportions of BA
and TMS-HEA, Table IV. The trimethylsilyl groups were subsequently removed by
treatment with HCl in wet THF.
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Table IV.Synthesis of Poly(TMS-HEA-b-BA) Using a TMS-HEA Macroinitiator®

TMS-HEA:BA
Sample (IH NMR) Mn, Cale Mn, SEC MM/Mn
Macroinitiator 1:0 9 400 9 400 1.20
A 77:23 11 600 12 500 1.21
B 50:50 15 800 16 400 1.20
C 22:78 28 700 31900 1.21

‘[Macroinitiator},:[Cu(I)Br] ;[PMDETA], = 1:0.5:0.5, 80 °C

The preparation of block copolymers of HEA and BA without the use of
protecting groups on the HEA was accomplished by first polymerizing BA followed
by addition of HEA. The final polymer was comprised of 82 mol% butyl acrylate
and had a molecular weight, as determined by SEC using DMF as the eluent, of M, =
8,630; M,/M, = 1.34 (M, .. =9,310). Without the use of a protecting group to allow
for the polyHEA to be soluble in organic solvents, i.e., butyl acrylate, the organic
segment must be prepared first. This is because the poly(butyl acrylate) is soluble in
HEA, but polyHEA is not soluble in butyl acrylate. This problem can be overcome if
a suitable solvent is chosen, but strongly polar organic solvents, such as DMF,
generally pose additional problems for ATRP, i.e., coordination with the catalyst thus
changing its reactivity.

Copolymers of DMAEMA

Since it was found that the polymerization of DMAEMA is best conducted in a
dichlorobenzene solution, the question of selecting conditions where both segments
(hydrophobic/hydrophilic) is not a concern; polyDMAEMA, polystyrene,
poly(acrylates) and poly(methacrylates) are soluble in dichlorobenzene. For
example, poly(methyl acrylate) was prepared (M, = 24,100; M,/M, = 1.15) as a
macroinitiator for the polymerization of DMAEMA. After the polymerization was
conducted in dichlorobenzene using the copper(I) bromide/HMTETA catalystin a 1:1
molar ratio with the poly(methyl acrylate) at 90 °C, the block copolymer was isolated
with M, = 39,200 and M,/M, = 1.15.(29) Similarly, a polyMMA macroinitiator was
prepared by ATRP (M, = 17,500; M,/M, = 1.07) and used for the synthesis of a
MMA/DMAEMA block copolymer (M, = 32,100; M,/M, = 1.14). SEC traces of the
macroinitiators and resulting block copolymers from these two polymerizations are
shown in Figures 14 and 15, respectively.

Additionally, triblock copolymers can be prepared by ATRP. These can be
prepared by simply using the diblock copolymers prepared as above as
macroinitiators for a third segment. However, although this method is good for ABC
type copolymers, the use of this technique to prepare symmetrical ABA block
copolymers is difficult as the two, outer A blocks may not be of similar molecular
weights. To overcome this problem, a difunctional initiator can be employed.
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Figure 14. SEC traces of poly(methyl acrylate) macroinitiator and
poly(methyl acrylate-5-DMAEMA).

By use of a difunctional initiator, the polymer chain grows in two directions, thus
allowing for the central B block to be prepared first. This macroinitiator is then used
to polymerize the outer A blocks. Such a strategy assures that the resulting polymer
is symmetrical, as well as saving a step in the polymerization process. The synthesis
of a triblock copolymer was demonstrated using bis(2-bromopropionyloxy)ethane to
prepare a polyMMA macrotinitiator and then using it to initiate the polymerization of
DMAEMA, Scheme 3. The SEC traces of the polyMMA macroinitiator (M, =
33,000; M,/M, = 1.17) and the poly(DMAEMA-b-MMA-b6-DMAEMA) triblock
copolymer (M, = 69,300; M,/M, = 1.24) are shown in Figure 16.

Scheme 3
? ATRP
Br O/\/O\H/I\Br _  »  Br-(MMA),-Br

MMA
0
ATRP

Br-(MMA),-Br — s  Br{(DMAEMA) -(MMA),-(DMAEMA), -Br

DMAEMA
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Figure 15. SEC traces of poly(MMA) macroinitiator and
poly(MMA-b-DMAEMA).
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Figure 16. SEC traces of the difunctional poly(MMA)
macroinitiator and resulting triblock copolymer, poly(DMAEMA-b-
MMA-b-DMAEMA).
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Graft Copolymers of N-Vinylpyrolidinone and Polystyrene

Finally, amphiphilic copolymers of novel architecture have been prepared by
synthesizing polystyrene macromonomers (MM) and copolymerizing these with N-
vinylpyrolidinone (NVP), Scheme 4.(30) The polystyrene macromonomers were
prepared by ATRP using vinyl chloroacetate as the initiator.  Since the
copolymerization reactivity ratios dictate that the radical copolymerization of styrene
and vinyl acetate would result in the homopolymerization of styrene; the
copolymerization of the vinyl acetate with the styryl radical (the initiator fragment at
the polystyrene chain end) would occur only very slowly. Thus, linear polystyrene
polymers, of various molecular weights (M,/M, < 1.2), with vinyl acetate end groups
were prepared.

Scheme 4

n Styrene, CuCl / bipy 0]
7 OJ(LCHzU /—o—“—(s@;m

130 °C, Ph,O

St})—C] o (_ro AIB;;I OIéMF \/T\/\(\/\i/\/

(Sty)y, (Sty)n (Styh

The macromonomers were dissolved in a mixture of DMF and NVP and
polymerized using AIBN at 60 °C. Table V lists the results of the polymerization of
the macromonomer with NVP: the MM wt% is the final value of the copolymer
determined by 'H NMR after purification, the value in parenthesis is the amount
initially added to the reaction mixture; the number of grafts/chain was calculated
from the weight % of macromonomer and M,, as determined by SEC in DMF. To
see how these materials behaved in aqueous environments, the resulting polymers
were dried under vacuum, weighed, and then placed in a sealed container with water.
After one week, the polymer samples were removed and re-weighed. As can be seen
from Table V, the hydrogel materials did not dissolve buy absorbed large amounts of
water.

Table V. Results of Copolymerization of Styrene Macromonomers with
N-Vinylpyrolidinone

MM MM Copolymer M/M, Grafts Equil. H,0
M, wit% M, /Chain Content (%)°
5,800 34 (40) 316,000 5.9 18.6 85
13 (20) 219,000 25 4.9 92
7.7(10) 185,000 1.8 2.5 97
11,900 40 (50) 65,700 1.6 22 82
30 (30) 83,300 1.8 2.1 93
24 (20) 114,200 1.8 23 92
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Conclusion

ATRP is a versatile polymerization method that allows for the preparation of
well-defined, water soluble polymers. The monomers that were successfully
polymerized include 2-hydroxyethyl acrylate (HEA), 2-hydroxyethyl methacrylate
(HEMA), 2-(dimethylamino)ethyl methacrylate (DMAEMA) and 4-vinylpyridine
(4VP). Poly(acrylic acid) was prepared by polymerization of z-butyl acrylate and
removing the r-butyl groups by treatment with acid. Additionally, ATRP was used to
prepare novel, amphiphilic copolymers by synthesizing block copolymers of one of
the water soluble polymers, listed above, with either styrenes, acrylates, or
methacrylates.
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Chapter 5

Hybrid Dendritic Capsules: Properties and Binding
Capabilities of Amphiphilic Copolymers
with Linear Dendritic Architecture

Ivan Gitsov"?
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*Department of Chemistry and Biochemistry and Cornell Center
for Materials Research, Cornell University, Ithaca, NY 14853

This chapter describes the synthesis and the characterization of
amphiphilic hybrid ABA block copolymers that self-assemble in
aqueous media. The materials under investigation are constructed
of poly(ethylene glycol) (PEG), as the water-soluble B block and
poly(benzyl ether) monodendrons as the hydrophobic A fragments.
The copolymers could be formed by different synthetic schemes
that are briefly discussed. The process of self-assembly in aqueous
media is investigated by size-exclusion chromatography (SEC. The
data obtained indicate that the critical micelle concentrations (cmc)
for these systems are between 1x107 and 5x10° mol/L and depend
on the dendron/PEG ratio. The character of the micellar core is
investigated by UV-Vis and fluorescence spectroscopy using
different polyaromatic hydrocarbons (PAHs). The PAHs
encapsulation results can also serve as a preliminary evaluation of
the binding capabilities of the linear-dendritic amphiphiles and their
potential application in the biomedical and environmental fields.

Polymers that are capable of association and self-assembly in aqueous media are an
important class of materials with significant and diverse application potentials. They
can be found in numerous biological processes including molecular recognition,
encapsulation and delivery, and also play an important role in many advanced
technologies. Self-assembling molecules can be used for the complexation and
transport of different substrates into and through hostile environments, they can
change the mechanism and stereoselectivity of chemical reactions and enhance their
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rates (/). Amphiphilic block- and graft copolymers are intensively investigated for
this purpose because of their distinctive micellar behavior in selective solvents,
interesting surface activity and complexation capabilities. The utilization of these
materials as emulsifiers in different coatings, as drug carriers with membrane
recognition and specific cell targeting, phase-transfer agents and polymer electrolytes
is progressing rapidly (2). In addition, polymeric amphiphiles form aggregates that
tend to be more stable than the micelles assembled of low molecular weight
surfactants. Despite their numerous advantages as micelle forming materials, these
polymers have also certain limitations. Some of the most difficult problems arise
from the uncontrollable flexibility and the relatively broad molecular weight
distribution of the building linear blocks resulting in ill defined, compact and
entangled cores. This negatively affects their complexation and release capacity and
hampers the quantitative evaluation of the structure-properties relationship for these
systems.

Recently several groups reported their studies on unimolecular dendritic micelles
and offered an ingenious and promising solution to this problem (3). Certain unique
features distinguish these dendritic systems from the conventional macromolecular
amphiphiles - the perfectly branched structure that emanates from a central core, the
highly organized interior and the ever-increasing number of functional groups at the
periphery (4), Scheme 1. A good example for the potential of the dendritic micelles is
the entrapment of different “guest” molecules by appropriate modification of the
exterior of the “host” dendrimer (5). This approach is rather spectacular and
encouraging, but it also has limitations. Interestingly, the application of dendritic
amphiphiles as phase-transfer agents, drug carriers and nanoscale reactors could be
hampered by a feature considered one of their advantages. The highly organized
interior of the dendritic unimolecular micelles has a semi-rigid molecular
construction with prearranged geometry and void size, Scheme 1; this greatly reduces
the number of substrates capable of penetration. In addition, chemical modification of
the periphery of the dendrimer is imperative for the entrapment and subsequent
release.

It would be interesting to design and test a self-assembling amphiphilic
copolymer that combines the advantageous properties of both linear and dendritic
amphiphiles. The first attempt in this direction was reported by Newkome et al. in
1986 with the synthesis of dumbbell-shaped dendritic alcohols ("arborols")
containing hydrophilic dendritic groups attached to a short hydrophobic alkyl chain
(6). These compounds exhibit interesting supramolecular behavior and form extended
ribbon structures. In our studies we chose poly(ethylene glycol), PEG, as the
hydrophilic block because of its proven biocompatibility and solubility in a broad
variety of media. A series of hybrid amphiphilic ABA copolymers were produced
with PEG as the B block and poly-3,5-dihydroxybenzilic dendrimers as the A blocks
(7). The structure of the copolymer containing two second-generation monodendrons
and PEG is presented in Scheme 2. It was shown that these hybrid macromolecules
aggregate in unimolecular or multimolecular micelles depending on the size of the
dendritic segments and the length of the PEG block (7,8). According to their behavior
in aqueous media these systems belong to the group of amphiphilic copolymers that
self-assemble through their end-blocks. This class of material is important both from
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@ : Solvent selective group

Scheme 1.
Unimolecular Dendritic Micelle (A) vs Conventional Micelle (B)
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theoretical and practical points of view because of the entropy constraints, the variety
of possible macromolecular assemblies (stars, rosettes, physical networks and others)
and the resulting final characteristics of the systems (9).

The first part of the chapter reviews the synthesis of the hybrid linear-dendritic
amphiphiles composed of PEG and poly-3,5-dihydroxybenzyl ether monodendrons,
and the solution and solid-state properties that are related to their association
behavior. The second portion concentrates on the encapsulation studies and
information on the character of the dendritic core that can be derived from them.

Experimental Details

Materials. The hybrid linear-dendritic block copolymers, [G-2]-PEG5000-[G-2]
were synthesized from poly(ethylene glycol), PEG, with nominal molecular weight
5,000 (Shearwater Polymers, Inc.) and two second-generation poly(benzyl ether)
monodendrons (Scheme 2.A) with a benzyl bromide moiety at their 'focal' points
(10). The experimental details are given elsewhere (7). The polyaromatic
hydrocarbons (PAHs) - phenantrene, pyrene and perylene (all from Aldrich), and
fullerene Cg, (Southern Chemical Group) were used without further purification. The
experiments were performed in deionized (DI) water (18.3 MQ).

Instrumentation. The solubilization experiments were performed in an
Aquasonic model 75D sonicator (VWR Scientific), the solutions were clarified by
centrifugation using a Sorvell TC6 swingarm centrifuge (DuPont) and the
spectroscopic measurements were made in a DU 640B UV-Vis spectrometer
(Beckman) and SPEX Fluorolog-3 spectrophotometer (Instruments CA). Size-
exclusion chromatography (SEC) analyses were performed in methanol-water (1:1,
v/v, with 0.1 M NaN;) at a nominal flow rate 1 ml/min and 30°C. The SEC system
consisted of a Waters 510 pump, a U6K universal injector (Waters), a differential
viscometric detector R 110 (Viscotek) and a differential refractive index (dRI)
detector Refractomonitor IV (Milton-Roy) connected in parallel. The separations
were achieved across a set of two Shodex PROTEIN KW 802.5 and 804 columns.

Dissolution of PAHs in water. An excess of the PAH, finely ground was placed
in a 25 ml volumetric flask and DI water was added to the full volume of the flask.
The mixture was sonicated in the water bath of the sonicator for 6 h at 30°C and was
left at the same temperature to equilibrate for 48 h. The clear solution above the
PAHs particles was analyzed by UV-Vis spectroscopy in several 24-hour intervals.

Hybrid Copolymer solutions. Solutions of [G-2]-PEG5000-[G-2] in DI water
with concentrations 1.1x107, 1.1x10%, 1.1x10%, 1.1x10® and 1.1x10" mol/L were
prepared. The copolymer dissolved gradually and was left to equilibrate for 48 h at
room temperature. After that period the resulting clear colorless solutions were
analyzed by UV-Vis and fluorescence spectroscopy.

Encapsulation studies. To each solution of the hybrid was added 50 mg of a
finely ground PAH. The heterogeneous mixtures were sonicated for 6 h at 30°C and
left to equilibrate for 24 h. After recording the UV-Vis and fluorescence spectra the
solutions were sonicated for one hour and left to equilibrate for additional 48 h.
Spectroscopic analyses were performed again. The mixtures were left at 30°C for 9
days and final spectral analyses were made with each mixture.
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Scheme 2. A
Synthesis of Second-Generation Monodendrons, [G-2]-Z, and Subsequent Formation
of ABA Copolymers by Reaction of Preformed Blocks
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Spectroscopic procedures. All UV-Vis analyses were made at 30°C from 190 to
600 nm with a scanning speed of 600 nm/min. The changes in the concentrations of
the PAHs were calculated using the following molar extinction coefficients: pyrene -
€ = 32,300 Lxmol'xcm™ at A = 319 nm (//); phenantrene - € = 14,400 Lxmol'xcm™
at A =293 nm (1), perylene - € = 27,200 Lxmol'xcm™ at A = 418 nm (/7) and Cq, -
€ = 175,000 Lxmol'xcm™ at A = 254 nm (/2). The steady-state fluorescence spectra
were recorded on SPEX Fluorolog-3 spectrophotometer (Instruments CA) from 300
nm to 500 nm with both excitation and emission slits set at a 4 nm bandpass. The
excitation wavelengths were: 335.5 nm (pyrene); 282 nm (phenantrene) and 408 nm

(perylene).

Results and Discussion

This report will discuss only a selected member of this copolymer series, namely
[G-2]-PEG5000-[G-2]. It contains second-generation poly(benzyl ether)
monodendrons with well developed branching structure that are easy to make in large
quantities and PEG with molecular weight 5,000 that is commercially available from
several vendors.

Synthesis of linear-dendritic block copolymers containing PEG. Three
distinct methods can be used for the preparation of the linear-dendritic hybrids. The
first one is based on the coupling of preformed blocks - PEG and two Fréchet-type
monodendrons using different chemical reactions (Scheme 2A). The most effective
reaction is the Williamson ether synthesis using a dendritic wedge with a benzyl
bromide moiety at the ‘focal’ point and telechelic PEG containing two hydroxyl end-
groups. Within 3 hours the reaction leads practically to full conversion even at only
slight excess of the dendritic bromide (/3). The process can be easily monitored by
size-exclusion chromatography with dual (dRI/UV) detection. A transesterification
reaction between the dendritic ester and PEG can also be used to form a block
copolymer that differs from the previous one only by the nature of the link between
the two fragments - an ester vs ether group. The reaction is performed under dynamic
vacuum in the melt and in the presence of catalytic amounts of tin or cobalt salts (/3).
Alternatively, a reductive amination (/4) between a dendritic aldehyde and PEG with
two peripheral amino groups (Jeffamine® polymers have also been tested) can be
employed to produce the targeted hybrid copolymer (/5). However, the last two
methods afford the desired compounds in much lower yields (50 - 80 %). The
construction of linear dendritic hybrids based on the reaction of activated PEG and
protected monodendrons was also reported (/6).

The second approach (Scheme 2B) is based on the assumption that dendritic
alcoholates, previously reported to initiate the polymerization of e-caprolactone (/7),
can also trigger the ring-opening polymerization of ethylene oxide. Then the "living"
polyether chain can be terminated by a dendritic bromide affording the same ABA
block copolymer (/8). Potential advantages of this method are the ability to grow the
hydrophilic block to a specific chain length that is not commercially available and
attach dissimilar dendritic fragments at the PEG ends.

The third strategy, Scheme 2C, uses telechelic PEG as the starting block and
protected dihydroxybenzyl bromides can be added to grow the dendritic fragments in
a typical protection/deprotection sequence (19). This approach was initially employed
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by Chapman and coworkers for the formation of AB copolymers containing PEG and
dendritic poly(a,e-L-lysine) (20). Methoxy-terminated PEG was used as a template
for the growth of the hydrophobic dendritic fragment. One of the advantages of this
method is the possibility of forming hybrid amphiphilic copolymers with reactive
functional groups at the periphery of the dendritic blocks that can be used later for the
attachment of biologically active compounds or fluorescent tags.

It should be noted that so far, very few of the properties of the published linear-
dendritic amphiphiles have been tested and very little is known about the mechanism
of micelle formation for these systems, the number and position of the segments
forming the core and the corona. The character of the microenvironment in the core
of the assemblies is completely unknown. All this information is of paramount
importance for the future practical application of dendritic amphiphiles as
encapsulating agents, platforms for sustained drug release and vessels for chemical
reactions on a nanometer scale.

Solution behavior of [G-2]-PEG5,000-[G-2]. It is known that the solubility of
the amphiphilic linear-dendritic copolymers in aqueous media depends on the
PEG/dendrimer ratio (8). [G-2]-PEG5000-[G-2] dissolves easily in methanol and
water forming clear slightly opalescent solutions. SEC in methanol/water reveals that
the composition of these solutions is concentration dependent. It should be mentioned
that an extensive mass balance study was performed to verify that the composition
picture provided by SEC is not obscured by adsorption and retention of fractions on
the column packing. In all cases the injected materials could be recovered with an
average yield of 99.8 %. At concentrations 1.5x10* mol/L and higher two distinct
fractions are clearly visible in the SEC traces, Figure 1A. The first one that appears at
15.2 mL has an apparent molecular weight of 53,000 (related to PEG standards)
indicating the presence of a multimolecular micelle. The second entity is a broad peak
between 18 and 22 mL most probably consisting of ill-defined micelles with
aggregation numbers between 2 and 4. Decreasing the concentrations of the
copolymer from 5x10° mol/L down to the detection limit (1.5x10° mol/L) does not
change the eluograms drastically, Figure 1B. The high molecular weight peak is still
clearly visible along with increasing amounts of unimolecular micelles (21.5 mL).
The limited sensitivity of the refractive index detector prevents the detection of the
critical micelle concentration (cmc) of [G-2]-PEG5000-[G-2] by SEC. Static surface
tension measurements performed in water at 24°C reveal that the onset of the self-
assembly for this copolymer (cmc) appears at 1.3x10® mol/L (21). Heating the
solutions at 60°C over extended periods of time does not change their composition,
Figure 2. It could be assumed that at these conditions the micellar organization of the
copolymer molecules is thermodynamically stable with the majority of the dendritic
blocks concentrated in the core.

Solid state properties of [G-2]-PEGS5,000-[G-2]. The peculiar organization of
the hybrid amphiphile in aqueous medium is further evidenced by crystallization
studies. Often the morphology of films cast from solution is a direct result of the
specific organization of the polymer in the liquid medium. It can be fine-tuned by the
pre-arrangement of the amphiphilic copolymer in selective solvents and by the nature
of the substrate. This is an issue of growing importance because of the increased
utilization of polymeric surfactants for surface modification (27). Crystals grown on
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Figure 1. Aqueous size-exclusion chromatography of [G-2]-PEG5000-[G-2] at
different concentrations. A - 1.5x107* mol/L; B - 5x10”° mol/L.
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Figure 2. Aqueous size-exclusion chromatography of [G-2]-PEG5000-[G-2] solutions
in water after heating at 60°C. a - initial solution; b - after 3 h; c - after 24 h and 7
days.
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glass substrates from the melt (Figure 3) or from solutions in solvents good for both
blocks (8) have a spherulite form and show a typical Maltese-cross pattern when
analyzed by optical microscopy under crossed polarizers. Aqueous solutions with low
concentrations (1x107 - 1x10° mol/L) yield thin films with similar surface
morphology. When the experiment is repeated at higher concentrations in a chamber
with controlled humidity the results are surprisingly different. The linear-dendritic
hybrid crystallizes in unique star-like structures with sizes between 1 and 7 mm, and
platelet morphology (Figure 4). It could be speculated that these formations are
superaggregates constructed by a large number of micellar entities. It is evident that
the self-assembly of [G-2]-PEG5000-[G-2] in water significantly affects the
nucleation of the matrix mesophase (PEG) and the characteristics of its
crystallization. This statement, however, needs further verification. The structure of
the semi-diluted solutions and the crystals therefrom are currently being investigated
by a combination of microscopy and scattering methods.

Encapsulation of polyaromatic hydrocarbons (PAHs) by [G-2]-PEG5000-
[G-2] in water. Fluorescence and UV-Vis measurements are probably the most
widely used methods to monitor the micellization process, evaluate the character of
the core of the assemblies and study the binding of organic molecules to micellar
systems in aqueous media. Pyrene and derivatives are the standard probes used in the
studies (22-24). The vibronic fluorescence spectra of these compounds and more
specifically the intensity ratio of the fourth and first peak in them (/) are very
sensitive indicators for the local polarity of the environment surrounding the probe
(25). Figure 5 shows the dependence of the pyrene fluorescence on the concentration
of [G-2]-PEG5000-[G-2]. It is seen that at concentrations 1.1x10* mol/L and higher,
the normalized spectra undergo a clear shift to longer wavelengths with a
simultaneous change in the I,/I; values. At low concentrations the probe is exposed to
a relatively polar environment (Z,/I; = 0.79 - 0.83). It should be noted, that these
values are still significantly higher than the reported values for pure water (0.71) and
compounds similar to PEG and the linear-dendritic amphiphile: ethylene glycol
(0.62), Brij 35 (0.69) and Triton X-100 (0.72) (25). It is seen, that at higher
concentrations the 1,/I; ratio increases markedly up to 1.03, a value characteristic for
entirely hydrophobic surroundings (25). Surprisingly, no eximer formation (A, = 480
nm) is observed in the concentration range studied (Figure S). The results obtained
indicate that pyrene is encapsulated predominantly in the core of the micelles as it is
shown schematically in Figure 6. Previous studies by Fréchet and coworkers have
proven that poly(benzyl ether) dendrimers show little tendency to interpenetrate (26)
and therefore they can form a non-entangled highly ordered entity in the center of the
assembly. In this way the micellar core is capable of accommodating a large number
of molecules that can be isolated (compartmentalized) in the internal voids of the
dendrimers as well as in the space between the individual dendritic “wedges”. This
positioning of the pyrene molecules obviously prevents to a large extent their
association and logically hampers the eximer formation. The [/I, value at high
concentration clearly excludes the possibility that in the process of self-assembly
water molecules might be partially entrapped in the voids between the
monodendrons.
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Figure 3. Polarized optical micrograph of [G-2]-PEG5000-{G-2] crystallized from
the melt. Magnification 25x.
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Figure 4. Optical microscopy of [G-2]-PEG5000-[G-2] crystallized from aqueous
solutions. Concentration 1x10° mol/L. A - Dark-field micrograph, magnification
15%; B - polarized micrograph of the same crystal, magnification 25 x.
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Figure 5. Fluorescence spectroscopy of mixtures of [G-2]-PEG5000-[G-2] and
pyrene in water at different concentrations of the hybrid copolymer.
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Figure 6. Schematic illustration of pyrene encapsulation by [G-2]-PEG5000-[G-2] in
water.
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The fluorescence studies can be extended further with binding experiments in
order to evaluate the potential of the amphiphilic hybrids as encapsulating agents for
removal of dangerous trace contaminants in aqueous waste (27). UV-Vis
spectroscopy is used to investigate the entrapment of pyrene and other polycyclic
aromatic compounds - phenantrene and perylene, Figure 7. Naturally, the smaller size
of phenantrene and its geometry allow the accommodation of more molecules in the
core of the micelles, while perylene is obviously excluded from the interior voids of
the monodendrons and the quantities that can be bound are significantly lower.
Quantitative information for the amounts of PAHs bound in similar systems is rather
scarce. However, the data available indicate that the linear-dendritic amphiphiles
compare favorably with their dendritic or linear analogues. The aqueous solubility of
pyrene achieved with [G-2]-PEGS5000-[G-2] is 5%x10® mol/L (0.5 mol per mol
polymer) against 9.5x10° mol/L obtained with surface functionalized fourth-
generation poly(benzyl ether) dendrimer (28) (0.45 mol per mol dendrimer) and 1
mol per mol of comb-grafted polystyrene-polyethylene oxide with molecular weight
120,000 (29).

The encapsulation capability of [G-2]-PEGS5,000-[G-2] is demonstrated further
by the solubilization of large carbon clusters (fullerenes) in water. Incorporation of
Cg and C,; into micelles and vesicles has recently attracted considerable attention
(30) because of their potential use as artificial redox mediators in biological systems.
The initial experiments show that amphiphilic hybrid linear dendritic copolymers are
able to encapsulate significant amounts of Cy, in water (Plate 1) in sharp contrast to
dendritic unimolecular micelles which are not capable of C, binding.

Micellar solutions containing high loads of pyrene and Cq, are still capable of
forming large crystalline structures (Plates 1 and 2). The typical color of the
encapsulated compounds is visibly concentrated in the platelets of the crystals,
indicating again their incorporation within the frame of the [G-2]-PEG5000-[G-2]
assemblies. Their morphology, however, is significantly less organized in comparison
with the pure crystals grown of the same copolymer under identical conditions

(Figure 4).

Conclusions

The results of this study indicate that amphiphilic linear-dendritic copolymers
could successfully complement the common low molecular weight surfactants and
amphiphilic block copolymers. In contrast to the known micelle forming linear
copolymers the novel hybrid macromolecules have perfectly branched globular
segments that form the core of the micelle. This new approach for multimolecular
micelles offers the distinct advantage of introducing a highly organized and
restrictive entity in the center of the associating system. The potential benefits from
this novel design could include increased selectivity to different organic substrates,
improved solubility in aqueous and organic media of polycyclic aromatic compounds
including fullerenes, a broad array of complexation capabilities, enhanced surface
activity and catalytic potential. There is little doubt that such micelles containing
dense and highly organized globular fragments will enable the development of novel
unique devices and technologies that will find applications in biotechnology,
environmental protection and the biomedical field.

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch005

89

6.00E-04 -
|
< 5.00E-04 -
[<) i
E
o :
B 4.00E-04 -
s :
]
=
=3
E : -&- Phenanthrene 24 h
A 3.00E-04 -
g
° —A-Pyrene 24 h
=
5 :
2 2.00E-04 - ~-C6024 h
=
A~
g : -©-Perylene 24 h
5 1.00E-04
=¥ :
—A
0.00E+00 6—r—————— —Q .
0.00E+00 4.00E-05 8.00E-05 1.20E-04

[G2]-PEG5000-[G2], moV/L

Figure 7. Binding of PAHs and Cg, by [G-2]-PEG5000-[G-2] in water.

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch005

90

Acknowledgments

The author wishes to express his sincere gratitude to Prof. J.M.J. Fréchet for the
continuous inspiration and advice. This work would have not been possible without
the enthusiasm and the hard work of several students - Kevin R. Lambrych, Richard
Pracitto and Edward Gersten. Thanks are due to Dr. Y. Yuan and Prof. I. Cabasso for
providing the optical microscope used in the investigation. The project was
financially supported by a start-up fund from the College of Environmental Science
and Forestry (SUNY) and grants from Comell Center for Materials Research and
Allied Signal Corporation.

Literature Cited

1. Fendler J.H.; Catalysis in Micellar and Macromolecular Systems, Academic
Press, New York, 1975; Tuzar, Z., Kratochvil, P.; Adv. Colloid Interface Sci. 1975, 6,
201; Tuzar, Z., Kratochvil, P.; In Surface and Colloid Science, Matijevic, E. Ed.,
Plenum Press, New York, 1993, Vol. 1, p 1; Lawrence, D.S., Jiang, T., Levett, M.;
Chem. Rev. 1995, 95, 2229; Moffitt, M., Khougaz, K., Eisenberg, A.; Acc. Chem.
Res. 1996, 29, 95; Fendler, J.H.; Chem. Mater. 1996, 8, 1616; Tascioglu, S.;
Tetrahedron 1996, 52, 11113

2. Price, C. in Developments in Block Copolymers; Goodman, 1., Ed., Applied
Science Publishers, London, 1982, Vol. 1, p 39; Remp, P.F., Lutz, PJ. in
Comprehensive Polymer Science, Eastmond, G.C., Ledwith, A., Russo, S., Sigwalt,
P. Eds., Pergamon Press, Oxford, 1989, Vol. 6, p 403; Kawakami, Y., Progr. Polym.
Sci. 1994, 19, 203; Alexandridis, T.P., Hatton, A. in Polymeric Materials
Encyclopedia, Salamone, J.S. Ed., CRC Press, Boca Raton, 1996, Vol. 1, p 743;
Yokoyama, M. ibid., p 754; Kabanov, A.V., Alakhov, V.Y., ibid., p 757; Tuzar, Z.,
Kratochvil, P., Munk, P.; ibid., p 761

3. Newkome, G.R., Yao, Z., Baker, G.R., Gupta, VK., J. Org. Chem. 1985, 50,
2003; Tomalia, D.A., Berry, V., Hall, M., Hedstrand, D., Macromolecules 1987, 20,
1164; Newkome, G.R., Moorefield, C.N., Baker, G.R., Saunders, M.J., Grossman,
S.H., Angew. Chem. 1991, 103, 1207; Hawker, C.J., Wooley, K.L., Fréchet, JM.J., J.
Chem. Soc., Perkin Trans. I 1993, 1287; Newkome, G.R., Young, K.K., Baker, G.R.,
Potter, R.L., Audoli, L., Cooper, D., Weiss, C.D., Macromolecules 1993, 26, 2394;
Lee, J.-J., Ford, W.T., Moore, J.A., Li, Y., ibid. 1994, 27, 4632, Frey, H., Lorenz, K.,
Miilhaupt, R., Macromol. Symp. 1996, 102, 19; Stevelmans, S., van Hest, J.C.M,,
Jansen, J.F.G.A., van Boxtel, D.A.F.J., de Brabander-van den Berg, EM.M., Meijer,
EW.,J. Am. Chem. Soc. 1996, 118, 7398

4. Tomalia, D.A., Naylor, A.M., Goddard, W.A., Angew. Chem., Int. Ed. Engl.
1990, 29, 138; Mekelburger, H.-B., Jaworek, W., Végtle, F., ibid. 1992, 31, 1571,
Fréchet, J.M.J., Hawker, C.J., Wooley, K.L., J. Macromol. Sci. - Pure Appl. Chem.
1994, A31, 1627; Newkome, G.R., Moorefield, C.N., Vogtle, F., Dendritic
Molecules. Concepts, Syntheses, Perspectives, VCH, Weinheim, 1996; Matthews,
O.A., Shipway, A.N., Stoddart, J.F., Prog. Polym. Sci. 1998, 23, 1; Chow, HF.,
Mong, T.K.K., Nongrum, M.F., Wan, C.W., Tetrahedron 1998, 54, 8543

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch005

91

5. Jansen, J.F.G.A., de Brabander-van den Berg, E.M.M., Meijer, E.-W., Science
1994, 266, 1226; Jansen, J.F.G.A., Meijer, E.-W., de Brabander-van den Berg,
EMM., J. Am. Chem. Soc. 1995, 117, 4417

6. Newkome, G.R., Baker, G.R., Saunders, M.J., Russo, P.S., Gupta, V.K., Yao,
Z.-Q., Miller, J.E., Boullon, K., J. Chem. Soc., Chem. Commun. 1986, 752,
Newkome, G.R., Baker, G.R., Arai, S., Saunders, M.J., Russo, P.S., Theriot, K.J.,
Moorefield, C.N., Rogers, L.E., Miller, J.E., Lieux, T.R., Murray, M.E., Phillips, B.,
Pascal, L., J. Am. Chem. Soc., 1990, 112, 8458; Newkome, G.R., Moorefield, C.N.,
Baker, G.R., Behera, R.K., Saunders, M.J., Angew. Chem. Int. Ed. Engl. 1992, 31,
917

7. Gitsov, 1., Wooley, K.L., Fréchet, J.M.]., ibid. 1992, 31, 1200

8. Gitsov, 1., Fréchet, J.M.J., Macromolecules , 1993, 26, 6536

9. Halperin, A., Macromolecules 1991, 24, 1418; Balsara, N.P., Tirrell, M.,
Lodge, T.P., ibid. 1991, 24, 1975; Maechling-Strasser, C., Cloutet, F., Francois, J.,
Polymer 1992, 33, 1021; Zhang, K., Xu, B., Winnik, M.A., Macdonald, P.A., J. Phys.
Chem., 1996, 100, 9834

10. Hawker, C.J., Frechet, JM.J., J. Am. Chem. Soc. 1990, 112, 7638

11. Spectral Atlas of Polycyclic Aromatic Compounds, Karcher, W., Fordham,
R.J., Dubois, J.J., Glaude, P.G.J.M., Lighart, J.A.M., Eds., D. Riedel Publ. Co.,
Dordrecht, 1989, Vol.1

12. Hare, J.P., Kroto, H.W., Taylor, R., Chem. Phys. Lett. 1991, 177,394

13. Gitsov, I., Wooley, K.L., Hawker, C.J., Ivanova, P.T., Fréchet, ., JM.J.,
Macromolecules 1993, 26, 5621

14. Borch, R.F., Bernstein, M.D., Durst, H.D., J. Am. Chem. Soc. 1971, 93,
2897; Vulic, L., Loman, A.J.B, Feijen, J., Okano, J. T., Kim, S.W., J. Polym. Sci.,
Part A: Polym. Chem. 1990, 28, 1693

15. Gitsov, 1., Fréchet, J.M.J., to be published

16. Yu, D., Fréchet, J.M.J., PMSE Preprints 1998, 79, 633

17. Gitsov, L., Ivanova, P.T., Fréchet, J.M.J., Macromol. Rapid Commun. 1994,
15,387

18. Gitsov, L., unpublished results

19. Gitsov, L., unpublished results

20. Chapman, T.M., Hillyer, G.L., Mahan, E.J., Shaffer, K.A., J. Am. Chem. Soc.
1994, 116, 11195

21. Fréchet, J.M.J., Gitsov, L., Monteil, T. Rochat, S., Sassi, J.F., Vergelati, C.,
Yu, D., Chemistry of Materials, 1999, 11, 1267

22. Yekta, A., Duhamel, J.,, Brochard, P., Adiwidjaja, H., Winnik, M.A.,
Macromolecules 1993, 26, 1829; Wilhelm, M., Zhao, C.-L., Wang, Y., Xu, R,,
Winnik, M.A,, ibid. 1991, 24, 7033

23. van Hest, J.C.M., Delnoye, D.A.P., Baars, M.W.P.L., Elissen-Roman, C., van
Genderen, M.H.P., Meijer, EW., Chem. Eur. J. 1996, 2, 1616

24. Chen, X., Smid, J., Langmuir 1996, 12, 2207

25. Kalyanasundaram, K., Thomas, J.X., J. Am. Chem. Soc. 1977, 99, 2039

26. Wooley, K.L., Hawker, C.J., Pochan, J.M., Fréchet, ., JM.J.,
Macromolecules 1993, 26, 1514; Hawker, C.J., Farrington, P.J., Mackay, M.E.,
Wooley, K.L., Fréchet, JM.J., J. Am. Chem. Soc. 1995, 117, 4409

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch005

92

27. Hurter, P.N., Hatton, T.A., Langmuir 1995, 8, 1291

28. Hawker, C.J., Wooley, K.L., Fréchet, JM.J., J. Chem. Soc., Perkin Trans. I
1993, 1287

29. Kawaguchi, S., Akaike, K., Zhang, Z.M., Matsumoto, H., Ito, K. Polym. J.
1998, 30, 1004

30. Williams, R.M., Crielard, W., Hellingwerf, K.J., Verhoeven, J.W., Rec. Trav.
Chim. Pays-Bas 1996, 115, 72 and refs therein; Beeby, A., Eastoe, J., Crooks, E.R., J.
Chem. Soc., Chem. Commun. 1996, 901

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by COLUMBIA UNIV on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch006

Chapter 6

Inter- and Intra-Molecular Aggregation
of Associating Polymers in Water

Joseph Selb and Frangoise Candau

Institut Charles Sadron/Centre de Recherches sur les Macromolécules (CNRS),
6, rue Boussingault, 67083 Strasbourg Cedex, France

Micellar polymerization processes have been used to prepare
polyacrylamides hydrophobically modified with (I) N-alkyl-
acrylamides or (II) the polymerizable surfactant (surfmer)
n-hexadecyldimethyl-4-vinylbenzylammonium chloride. In process
I, short hydrophobic blocks are formed whose length can be tuned
by varying the hydrophobic monomer / surfactant ratio. In process
II, long hydrophobic sequences are formed when pure surfmer
micelles are used, whereas a random hydrophobe distribution can be
obtained by adding the non-polymerizable analog to form mixed
micelles. The competition between intra- and inter-molecular
hydrophobic interactions and hence the thickening properties in
aqueous solution depend both on the nature of the hydrophobe and
on the blockiness of the copolymers.

Introduction

Polymerization in nanostructured media like micelles or microemulsions is
presently the object of an increasing number of studies. Besides the fundamental
interest of this type of process, potential and existing applications can be found in
fields as diverse as paper manufacture, water-treatment, ultrafiltration, oil recovery,
coatings, microencapsulation and drug delivery. The large interfacial area resulting
from the small particles size and the particular microenvironment caused by the
difference in polarity between bulk and dispersed phases can be taken advantage of to
produce polymeric materials with interesting properties and/or morphologies (1, 2).

The present paper deals with hydrophobically modified water-soluble polymers
prepared under two different radical micellar polymerization processes. We will show
that it is possible to tune the aqueous solution properties of these copolymers, through
inter- or intra-molecular hydrophobic associations according to the type of process
used.
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Copolymer Synthesis and Microstructure

The two following micellar routes were used for the synthesis of associating
polymers. In the first process (I, Figure 1), the hydrophobic monomer, a N-
alkylacrylamide (see Figure 3) which is insoluble in water, is solubilized within SDS
(sodium dodecyl sulfate) micelles. In the second process (II, Figure2), the
hydrophobe is a water-soluble polymerizable surfactant (surfmer) in the micellar state:
n-hexadecyldimethyl-4-vinylbenzylammonium chloride (N16, cmcsoec =4 x 10* M)
(see Figure 6). In both cases, the water-soluble monomer, acrylamide (AM), is
dissolved in the bulk aqueous phase together with the initiator: potassium persulfate
(in process I) or 4.4'-azobis (4-cyano valeric acid), ACVA (in process II). The
hydrophobe content in the monomer feed is low and varies from 1 to 3 mol%. The
experimental procedures and the copolymer characterization have been described
elsewhere (3-5).

Previous studies have shown that the high local concentration of the hydrophobic
monomers in the micelles favors their incorporation in the hydrophilic backbone as
random blocks rather than as isolated units (3, 6-8). In process I, it is assumed that the
length of the blocks corresponds roughly to the number of hydrophobes contained in a
micelle. The copolymer, after an appropriate recovery from the micellar solution, is
free of surfactant. In process II, the hydrophobe block length should correspond to the
micellar aggregation number of the surfmer. Therefore the block length of copolymers
obtained by process II (~ 50 units) is much larger than that obtained in I (1 to 10
units).

Polyacrylamides Modified with an Alkylacrylamide

Heterogeneity in Composition

A problem encountered in this micellar process and discussed in some of our
previous publications, is the compositional heterogeneity of the high-conversion
samples (4,9-12). This is illustrated in Figure 4 which shows the hydrophobe
incorporation in the copolymer as a function of conversion for two polyacrylamides
modified either with 5mol% of N-hexylacrylamide (HexAM) or 5mol% of
N-methyl,N-hexylacrylamide (MeHexAM). A very severe drift in copolymer
composition is found in the case of the N-monosubstituted acrylamide (HexAM)
which is incorporated more rapidly at the beginning of the polymerization. On the
other hand, a constant incorporation is observed for the N, N-disubstituted acrylamide
(MeHexAM). Hence, the replacement of an N-H bond by an N-alkyl group is
sufficient to suppress the drift in copolymer composition. As in both cases, AM and
the alkylAM bear the same acrylamido polymerizable group, their reactivity should be
rather similar (3). However, the reactivity of some monomers is known to strongly
depend on the nature of the medium (13), and therefore, an interpretation based on
microenvironment and polar effects in the micellar reaction medium can account fairly
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Figure 1. Schematic representation of the copolymerization process I:
O : water-soluble monomer, @ : hydrophobic monomer,  (—— : surfactant
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Figure 2. Schematic representation of the copolymerization process II:
O : water-soluble monomer, ~ @~ : polymerizable surfactant
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well for this result. The H atom present in monosubstituted AM is capable of forming
intermolecular hydrogen bonding. This results in an enhanced reactivity for the
hydrophobic monomer located within the micelle which is a medium of low polarity
compared to the AM aqueous solution (11). This assumption is further supported by
other studies performed on the copolymerization of AM derivatives in solvents of
varying polarity (14-16). In the case of N,N-di-substituted AM, the absence of a
hydrogen atom prevents the formation of hydrogen bonds and the reactivity of the
monomer is unaffected by solvent polarity.

AM HexAM MeHexAM DiHexAM

CH=CH CH=CH CH;=CH CH=CH
¢=0 =0 =0 ¢=0
NH; 2N AN N

H CsH13 HgC CsH13 H13CG CGH13

Figure 3. Structure and nomenclature of the monomers (copolymerization process I).

20 v T T v T T

[ O HexAM 1
16 ® MeHexAM 4

hydrophobe content (mol/%)

0 20 40 60 80 100
conversion (wt%)

Figure 4. Variation of the copolymer composition as a function of conversion for the
micellar copolymerization (process 1) of acrylamide (AM) with N-hexylacrylamide
(HexAM, O) or N-methyl N-hexylacrylamide (MeHexAM, ®). Initial hydrophobe
content in the monomer feed: 5 mol%.
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The above result is a good illustration of the role played by interfacial and
microenvironment effects on the copolymerization mechanism in micellar media.
These effects can be capitalized upon to produce, by free-radical polymerization,
copolymers homogeneous in composition and with a multiblock structure.

viscosité (mPa.s)

Figure 5. Variation of the zero-shear viscosity for various copolymers prepared by
micellar copolymerization (process I) at a constant hydrophobe content (DiHexAM:
1 mol%) but at different surfactant concentrations i.e. at different Ny values (number
of hydrophobes per micelle). Ny = 0 corresponds to homopolyacrylamide (PAM).
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Relationship Between Molecular Structure and Properties in Solution

With process I, it is possible to tune the length of the hydrophobic blocks at
constant hydrophobe level by varying the surfactant concentration used in the
synthesis. Increasing the SDS concentration amounts to increasing the number of
micelles in the medium. Therefore, the number of hydrophobes per micelle (Ng) is
diminished and so the length of the block in the final copolymer, as schematically
shown in Figure 5. In the same Figure is plotted the zero-shear viscosity of a series of
homogeneous samples in aqueous solution versus Ny (i.e. ~ the block length in the
copolymer). Viscosity measurements were carried out using a Haake RS100
controlled stress rheometer according to an experimental procedure described
elsewhere (11, 12). The copolymer concentration, Cp, is 1 wt%; that is well above C*,
where the intermolecular associations between the hydrophobic groups are
predominant. The copolymers have same composition ([DiHexAM] = 1 mol%), same
molecular weight (Mw ~ 2.10°), but different blockiness. One observes a major effect
of copolymer molecular structure on the macroscopic properties in aqueous solution.
The viscosity increases by almost 3 decades upon increasing Ny from 1 (where the
hydrophobic units are singly distributed) to ~ 3; the longer the hydrophobic blocks,
the greater the thickening efficiency. The large increase in viscosity with Ny is likely
due to the increase in the life-time of the associations. The rate of disengagement of a
hydrophobic sequence from a cluster is an exponential function of the activation
energy for disengagement and therefore it depends strongly on the block length.

Polyacrylamides Modified with a Polymerizable Surfactant

We have also attempted to tune, in process II, the molecular structure of the
copolymers formed in order to determine its effect on the polymerization mechanism
and on the macroscopic properties in solution. The method used in I to achieve this
goal (variation of [hydrophobe] / [surfactant] ratio) cannot apply here. When a
growing polyacrylamide radical encounters a N16 micelle, it would add in one step all
the surfmer molecules forming the micelle (Nagg ~ 50). This difficulty can be
overcome by using mixed micelles formed from N16 and the non-polymerizable
analog, n-hexadecyldimethylbenzylammonium chloride (B16) (Figure 6). The molar
ratio of [N16] / [B16] can be adjusted in such a way that one has about one N16
molecule per B16 micelle. This amounts to simulating a polymerization reaction in
homogeneous solution and therefore the hydrophobic N16 units are expected to be
singly and randomly distributed in the acrylamide backbone, as schematically
represented in Figure 7.
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N16 B16
CHy=CH
Hz ?HZ
— H;C—N—CH
HaC @N"‘CH:; 3 @l 3
ci® (?H2)15 c® (?H2)15
CH3 CH3

Figure 6. Polymerizable surfactant (N16) used in the copolymerization process II,
and the non-polymerizable analog (B16).

© 3 o o

Figure 7. Schematic representation of the formation of a random copolymer from
mixed micelles containing polymerizable and non-polymerizable surfactants.

O : water-soluble monomer, ~ @~/ : polymerizable surfactant, N : non-
polymerizable surfactant.
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Heterogeneity in composition

Figure 8a shows the evolution of the N16 hydrophobe incorporation in the
copolymer as a function of conversion for two samples of same initial N16 content
(1 mol%) but prepared under different experimental conditions: sample A was
obtained by copolymerization of AM with pure N16 micelles and therefore has a
multiblock structure. In sample B, which was obtained by copolymerization of AM
with N16-B16 mixed micelles, the microstructure is random. As in the case of
copolymers modified with N-monosubstituted AM (see Figure 4), one observes for
both samples a more rapid hydrophobe incorporation at the beginning of the reaction.
Samples A and B exhibit a similar drift in copolymer composition, taking into account
the experimental error due to a lack of precision in the determination of chloride
content by elemental analysis. Even though the samples have a different
microstructure (blocky or random), no specific microenvironment effect should
prevail here since the polarity sensed by the styryl groups remains unchanged when
going from pure N16 micelles to mixed N16-B16 micelles. It is even surprising that
the much higher local concentration of N16 in the former case does not lead to a faster
consumption of this monomer. This result tends to indicate that the drift in copolymer
composition observed for both samples is essentially caused by different values of the
reactivity parameters of the AM-N16 monomer pair. To confirm this point, we have
compared these incorporation curves to that which can be calculated from literature
data relative to the copolymerization in water of AM and a monomer (N1) similar to
N16, but in which the hexyl chain of N16 is replaced by a methyl group (17). The
latter monomer is therefore molecularly dispersed in water and does not form
micelles. As shown in Figure 8a, the calculated curve follows the same trends as those
obtained from the micellar process. A similar agreement was obtained for an initial
surfmer content of 3 mol% (Figure 8b).

From these results, we can conclude that the values of the reactivity ratios of the
monomers control mainly the homogeneity of the sample composition. However, we
cannot totally exclude a micellar effect (high local monomer concentration, residence
time of the active end of the propagating radical within the micelle, and intermicellar
exchange dynamics) as shown by a recent study performed in our group on the
aqueous copolymerization of AM with a surfmer bearing the same acrylamido
function (18). Further studies should provide additional information on the
competition between the micellar effect and the monomer reactivity ratios.

A closer examination of Figure 8a-b shows that the composition/conversion
curves for copolymers formed from pure N16 micelles (samples A) are always below
the curves relative to copolymers formed from N16-B16 mixed micelles (samples B).
This result can be ascribed to a difference in microstructure: samples A contain large
N16 sequences connected by long AM sequences (blocky distribution), whereas
samples B contain isolated N16 units separated by short AM sequences (random
distribution); both types of samples contain copolymer chains with a high N16 content
formed in the early stages of the polymerization. In the former case, the blocky
copolymer chains with a very high N16 content (> 7-10 mol% i.e. > 30-40 wt%) can
be lost during the polymer recovery process because of a weak precipitation efficiency
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Figure 8. Variation of the copolymer composition as a function of conversion for the

copolymerization of AM with the N16 polymerizable surfactant.
Samples A (@): synthesis with pure N16 micelles (see Figure 2);

Samples B (O): synthesis with N16-B16 mixed micelles (see Figure 7).
The dashed line is the theoretical composition/conversion curve calculated with

ra = 0.24 and ry;5 = 0.046 as reactivity ratios.

Initial surfmer content in the monomer feed: a) 1 mol%, b) 3 mol%.
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of the nonsolvents used (acetone or acetone/methanol mixtures). In the latter case, the
polymer chains with the N16 isolated units are likely more insoluble and are
recovered more quantitatively upon precipitation. Such a difference in solubility
properties between block and random copolymers with the same chemical
composition is a well known phenomenon. (Note that a more important loss of some
copolymer chains appeared when copolymers were recovered by precipitation in
methanol, an usual precipitant for PAM and AM copolymers, but a solvent for
polyN16. This led, in this case, to an apparent incomplete consumption of the surfmer
(4)). As seen in the next section, this difference in microstructure was also confirmed
by fluorescence experiments.

Relationship Between Molecular Structure and Properties in Solution

The correlation between molecular structure and macroscopic properties of
samples A and B is illustrated in Table 1. Surprisingly, the viscosity in pure water
(Cp = 1 wt%) of the blocky copolymer (A) is about one thousand fold less than that of
the random one (B) in spite of an even higher molecular weight (sample A:
Mw =2 x 10% sample B: Mw =0.9 x 10°). This result clearly indicates that the
thickening properties of these copolymers are much higher when the hydrophobic
units are singly distributed along the backbone. This behavior is totally the opposite to
that observed for AM-DiHexAM samples. In this case, the blocky copolymers
(Ny ~ 3) exhibited a high association degree whereas almost no association was
observed for the random copolymer (Ny = 1) (see Figure 5).

Table L. Influence of the Method of Synthesis
on the Properties of AM-N16 Copolymers

AM + NI6 AM + N16 + BI6
experimental conditions (see Figure 2) (see Figure 7)
pure N16 micelles mixed micelles
distribution of N16 units blocky random
Mw 2 000 000 900 000
viscosity (mPa.s) (Cp =1 wt%) ~100 ~ 100 000
I, /I pyrene fluorescence ratio 0.75 0.66
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Several possible explanations come into mind to account for the particular
behavior of AM-N16 copolymers. A possible difference in compositional
heterogeneity for samples A and B can be discarded in light of the results reported in
the previous section (see Figure 8). Similarly, the eventual presence of residual
surfactant cannot be responsible for this behavior since the interactions between AM-
N16 copolymers and cationic surfactants were shown not to be very effective and not
strongly modify the viscometric behavior of the copolymers (19).

The most plausible explanation is that the interactions which take place in the
blocky AM-N16 copolymer are essentially of the intramolecular type, due to the
particular polysoap-like structure. Such a structure, resulting from the presence of
long sequences of amphiphilic units, differs from that of blocky AM-DiHexAM
copolymers which contain short hydrophobic blocks with small alkyl chains.

This hypothesis was confirmed by fluorescence experiments using pyrene as a
probe according to a previously described standard procedure (3). The 13/1; ratio of
the third to the first emission peaks of pyrene was found to be significantly higher for
the blocky AM-N16 copolymer than for the random one (Table 1). This reveals a
stronger degree of hydrophobic aggregation for the former sample, which is in
apparent contradiction with the lower viscosity measured. In fact, a I3/I; value similar
to that obtained for the blocky copolymer (I3/I; =0.75) was also found in previous
studies performed in our laboratory for both the pure N16 micelles solutions and for
the N16 homopolymer obtained after polymerization (20). In the latter case, several
complementary techniques allowed us to provide a good description of the
microstructure of this polymer. The structure was that of a polysoap with
intramolecular hydrophobic microdomains covalently linked and connected via linear
spacers. The above result tends to confirm that the local conformation of the blocky
copolymer is also that of a polysoap, i.e. a string of beads where the beads are large
hydrophobic domains connected by hydrophilic polyacrylamide strings (Figure 9a).
Such a structure is quite unfavorable to intermolecular associations due to steric
hindrance, accounting thus for the low value of the viscosity.

In the case of the random copolymer, the hydrophobic microdomains are fewer
and/or with less hydrophobes involved in a cluster (Figure 9b). The high viscosity
observed is due to intermolecular associations. Note that the hydrophobic interactions
are more efficient than for the random AM-DiHexAM copolymer, owing to the longer
alkyl tail of the hydrophobe.

Examination of the full fluorescence emission spectra of the two AM-N16
copolymers provides another confirmation of their different behavior (Figure 10). In
addition to the ‘monomer' emission spectra, one observes for the blocky copolymer a
broad peak at higher wavelength corresponding to excimer formation due to pyrene
molecules in close vicinity. This result implies that some hydrophobic microdomains
contain more than one pyrene probe. Such a peak is not observed for the random
copolymer, which means that all pyrene molecules are singly distributed. As the
pyrene concentration is similar in both cases, we are forced to conclude that there is,
in the former case, a smaller number of large hydrophobic microdomains than in the
latter case.
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Figure 9. Schematic representation of the microstructure and conformation of
AM-N16 copolymers prepared under different experimental conditions: a) from pure
N16 micelles (see Figure 2); b) from N16-B16 mixed micelles (see Figure 7).

(a) blocky structure (b) hydrophobes singly distributed
I
I
Iz I
excimer
J
j J
350 A (nm) 550 350 A (nm) 550

Figure 10. Pyrene fluorescence emission spectra for aqueous solutions of AM-N16
copolymers prepared from: a) pure N16 micelles, b) N16-B16 mixed micelles. (Cp =
0.5 wt%).
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Conclusion

The results presented here give an illustration of the possibilities the chemist has
at his disposal for tuning the properties of amphiphilic copolymers by playing with
their microstructures. By using some 'tricks' to disperse the hydrophobic compounds,
it is possible to build up various supramolecular architectures.

When the hydrophobe is solubilized within direct micelles, the polymer chains
formed contain the hydrophobic units distributed as small blocks. In aqueous solution,
these blocks associate intermolecularly and form a transient physical network with
improved thickening properties.

When the hydrophobe is a polymerizable surfactant, the microstructure of the
copolymer formed is that of a polysoap essentially controlled by intramolecular
associations. Potential applications can be envisioned in controlled drug delivery due
to the possibility of the microdomains to encapsulate hydrophobic compounds.
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Chapter 7

Collapsed and Extended Polysoaps
0. V. Borisov' and A. Halperin®

'BASF AG ZOVZC-C13, 67056 Ludwigshafen, Germany
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38054 Grenoble Cedex 9, France

Polysoaps are flexible hydrophilic chains that incorpo-
rate, at intervals, amphiphilic monomers. The amphiphilic
monomers can self assemble into intrachain micelles. The
resulting hierarchical self organization strongly affects their
configurations, dimensions and elasticity. In solutions of
high ionic strength the equilibrium state is a globule of
closely packed intrachain micelles. The static deformation
behavior of such globules, as well as their response to flow
fields, exhibit novel features due to the coupling to their
internal degrees of freedom. The formation of interchain
micelles can give rise to phase separation that is simply
described in terms of the p-cluster model.

The molecular architectures of waterborne associating polymers are highly
diversified. Such polymers consist of a water soluble backbone and covalently
bound associating groups, “stickers”. However, the molecular architecture
as well as the characteristics of the hydrophilic chain and of the stickers can
vary widely [1)[2]. For example, the distinguishing features of the hydrophilic
chain include its rigidity and the origin of its solubility in water. In particular,
the chain can be a polyelectrolyte or it may be water soluble because of the
formation of hydrogen bonds. The nature of stickers, their number and their
distribution along the chain also vary widely. The architectural richness of
associating polymers impedes the formulation of a general theory of these
systems [3][4][5]. In the following we discuss a highly simplified model for
one particular family of associating polymers: Polysoaps [2][5)[6][7]. Strictly
speaking, we use this term to describe associating polymers comprising of a
flexible, neutral chain incorporating, at intervals, many amphiphilic monomers
(Figure 1). However, as we shall discuss in the final section, much of the
analysis applies to a wider class of polymers. For example, it describes flexible
polyelectrolytes carrying many hydrophobic side chains in the high salt limit,
when electrostatic interactions are screened.
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= O (b)

Figure 1. A polysoap consists of amphiphilic monomers joined by flexi-
ble spacer chains (a) self assembles into intrachain micelles endowed with a
corona of loops formed by the spacer chains (b). The equilibrium state of long
polysoaps is a globule of closely packed intrachain micelles (c). The head-
groups of the amphiphiles are represented by small circles while intrachain
micelles are depicted as large ones.
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An important distinguishing feature of polysoaps is the occurrence of both
interchain and intrachain self assembly. In other words, the polymerized am-
phiphiles can micellize within a single chain or form interchain micelles in-
corporating amphiphiles that belong to different chains. The intrachain self
assembly, within an isolated polysoap, results in qualitative modification of
the single chain characteristics: dimensions, configurations [8][9] and elastic-
ity [10][11][12]. We discuss these issues because an understanding of the single
chain behavior is a necessary step for the formulation of a theory of solutions
of polysoaps. In addition to these topics, we consider the effect of flow fields
on the configurations of isolated chains [12]. Finally we discuss the imple-
mentation of the p-cluster model to describe the phase diagram of polysoap
solutions [13]. While most of the results discussed in this review have been
reported previously, the behaviour of globular polysoaps in uniform flow was
not presented elsewhere.

Within this model, a polysoap is a copolymer consisting of m > 1 am-
phiphilic monomers joined by flexible, neutral, hydrophilic spacer chains. An
amphiphilic monomer is assumed to consist of an ionic head-group and a hy-
drophobic tail. Each spacer chain comprises of n monomers of size b and the
overall polymerization degree is thus N ~ mn. For simplicity we treat the
hydrophilic backbone in water as a flexible polymer immersed in a good sol-
vent. We focus on the high salt limit that is, solutions of high ionic strength,
when the long range electrostatic repulsion between the ionic head-groups are
screened. The polymerized amphiphiles can self assemble into intrachain and
interchain micelles. The intrachain self assembly gives rise to a hierarchical
self organization within the chain which is somewhat reminiscent of protein
folding. The primary structure, the sequence of monomers, is determined by
the synthesis. The intrachain micelles may be viewed as a secondary struc-
ture. When m is small, there is no higher level of self organization. However,
when m is large enough so as to allow the formation of many intrachain mi-
celles there appears a higher level of self organization: A tertiary structure
associated with the configurations of the string of intrachain micelles. This
hierarchical intrachain self assembly gives rise to two important features of
the isolated polysoaps: (i) The resulting configurations are compact in com-
parison to the corresponding homopolymer (ii) The force law associated with
the chain deformation is modified due to the coupling between the strain and
the “internal” structure of the chain. An additional feature, not considered
here, is the possibility of using free, unpolymerized amphiphiles in order to
disrupt the intrachain self assembly [14]. The micellization of the polymerized
amphiphiles gives rise to an effective attraction between the polysoap chains.
In turn, this can result in phase separation involving a dense gel phase and
a dilute solution of free chains. A simple description of the phase behavior
is made possible by the p-cluster model [13], as proposed by de Gennes in a
different context [15] [16].

Intramolecular Aggregation in Polysoaps

In many respects, intrachain micelles formed by polysoaps are similar to
free micelles formed by unpolymerized, monomeric amphiphiles [17]. How-
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ever, the formation of intrachain micelles is not associated with a loss of
translational entropy since the polymerized amphiphiles can not move inde-
pendently. Consequently, the intrachain micellization is not associated with a
critical micelle concentration (CMC). As we shall discuss, penalty due to the
translational entropy is replaced by a penalty associated with the configura-
tional entropy. As a first step we consider the equilibrium structure and the
free energy of a single intrachain micelle. We then discuss the configuration of
a long polysoap capable of forming many intrachain micelles. At this stage we
focus on the case of strong amphiphiles when all the polymerized amphiphiles
aggregate. This corresponds to the case of monomeric amphiphiles character-
ized by a very low CMC in the unpolymerized state.

Intramolecular micelles

An intrachain micelle comprises of two regions. The inner region is remi-
niscent of a micelle formed by free surfactants. In other words, it consists of
a dense hydrophobic core formed by the hydrocarbon tails of the surfactants
with the ionic head-group straddling the core-water interface. This inner re-
gion is surrounded by a swollen corona of loops formed by the spacer chains
attached to the polymerized amphiphiles (Figure 1) [8]. The corona is re-
sponsible for two distinctive features of the intrachain micelles. First, their
contribution may dominate the overall size of the micelles. Second, the crowd-
ing of the coronal loops gives rise to a free energy penalty that affects both
their shape and size. Since the micellar corona is reminiscent of the corona of
a star polymer we base our analysis on the combination of two models: The
model of Israelachvili et al [17] for free micelles and the Daoud-Cotton model
[18][19] [20] of star polymers.

Within the model of Israelachvili et al the aggregated amphiphile is char-
acterized by three attributes: The volume v and maximal extension of the
hydrophobic tail, [ as well as the area per head-group at the core-water inter-
face, a. The packing parameter, v/al determines the shape of the aggregate. v
and ! are determined directly by the molecular structure of the amphiphile. On
the other hand, a is set by the equilibrium condition as determined by the free
energy per aggregated amphiphile. It reflects a balance between the screened
electrostatic repulsion between the head-groups and the surface energy per
amphiphile. In the case of intrachain micelles it is necessary to supplement
this two terms by a free energy penalty reflecting the crowding of the coronal
loops. In the following we limit the discussion to spherical intrachain mi-
celles for which the number of amphiphiles per micelle is p ~ v?/a® and the
corona is described by the Daoud-Cotton model. The equilibrium values of
the aggregation number, p, and of a correspond to the minimum of the free
energy per surfactant, €. € is expressed in terms of the dimensionless variable
a/ao = (po/p)'/® where ao is the optimal area per head group in a micelle
formed by unpolymerized amphiphiles and po ~ v%/ad is the corresponding
aggregation number as

€/kT = —d + vyaola/ao + ao/a + K(ao/a)*/?] )
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Here k is the Boltzmann constant and T is temperature. The first term
allows for the transfer free energy of the hydrophobic tail from water into the
core, —0kT. As in the case of free micelles, this is the driving force for the self
assembly. The second term is the free energy of the core-water interface, where
kT is the surface tension of the core. This term favors micellar growth while
the next two oppose it. The repulsion between the ionic head-groups gives rise
to the third term. The fourth term reflects the crowding of the coronal loops
as specified by the Daoud-Cotton model. In particular, the micellar corona is
considered as indistinguishable from the corona of star polymer with 2p arms
of length n/2. Within this model the overall radius of the corona in a good
solvent is

RCUTOTLG ~ ns/spl/sb (2)

while the coronal free energy is p*/2In Reorona. The logarithmic n depen-
dence is neglected in our expression for . The perturbation parameter x £
p(l)/ 2 (vap)™! is the ratio of the coronal and head group repulsion penalties
when p = po. It determines the relative importance of these two contributions
in determining the equilibrium state of the intrachain micelles.

The corona affects the structure of the intrachain micelles in two respects.
First, the radius of the micelle is always larger than that of micelles formed by
free amphiphiles and may be approximated by Rcorona- Second, even though
the span of the intrachain micelles is larger, the aggregation number, p, is
smaller than py because of the coronal penalty. The effect on p is determined
by k. This in turn is tuned by controlling n. In the limit of x <« 1, when
n is relatively small, the coronal penalty is negligible thus leading to p = po
and a = ag. In the opposite limit, of large n, when x > 1, the coronal term is
dominant and p < pp. Eventually, for very large « the intrachain micelliza-
tion is repressed altogether. For brevity we focus in the following on the case
of k < 1. The generalization to the case of k > 1 is straightforward [8].

Large-scale configurations of polysoaps: the role of exchange at-
traction

For short polysoaps, when m = p, only the secondary structure can de-
velop. In other words, the chain will self assemble into a single intrachain
micelle. In the opposite limit, of m > p, it is necessary to consider the ter-
tiary structure of a string of m/p intrachain micelles. As we shall discuss,
the equilibrium state is a spherical globule of closely packed intrachain mi-
celles. This arises because the exchange of amphiphiles between the micelles
gives rise to an effective “exchange attraction” between the micelles. However,
many other configurations such as linear and branched strings of intrachain
micelles may appear as metastable states. This is because the reorganization
of the configurations of the micellar string is an activation process involving,
as intermediate step, the expulsion of micellized amphiphiles into the aque-
ous medium [9]. In the following we will consider two extreme configurations
that play a role in our subsequent discussion. In particular, a linear string of
micelles and a dense globule (Figure 1).

In our subsequent discussion we will encounter a linear string of micelles
as a configuration of an extended chain. It may also occur, depending on the

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch007

114

sample history, as a metastable state. In this situation the exchange inter-
actions are not operative on the relevant time scales and the micelle-micelle
interactions are purely repulsive. The repulsion results from the overlap of the
two coronas and the subsequent increase in unfavorable monomer-monomer
contacts. This situation is similar to that of two star polymers at close prox-
imity. The interaction free energy then varies as [21]

U("')/kT = P3/2 ln(Rcarona/T)a 7 < Reorona (3)

where 2r is distance between the centers of the two micelles. In this situation
the chain may be viewed as a self avoiding random walk of intrachain micelles
i.e., the effective monomer size is Rpyicette & Reorona- Consequently, the span
a linear string of intrachain micelles is

R~ (m/p)s/sRmicelle (4)

The interaction between the micelles is purely repulsive only when there
is no exchange of amphiphiles between them. When exchange is possible, it
gives rise to attractive interaction that favors grazing contact between the
coronas. The origin of the attraction is entropic. When the micelles are at
grazing contact and exchange is allowed, each amphiphile can reside in two
micelles thus lowering the free energy by kT In2 per amphiphile [22]. This
rough argument overestimates the attraction since not all the amphiphiles
are equally likely to exchange. A more detailed analysis leads to [9][23]

Uatt /KT =~ —p*/2. (5)

at grazing contact. This, in turn, gives rise to a negative second virial co-
efficient of micelle-micelle interactions. In other words, a string of micelles
experiences poor solvent conditions even though the backbone is immersed
in a good solvent. As a result, the equilibrium configuration of the micellar
string is collapsed [9]: it forms a spherical globule of closed packed intrachain
micelles with an overall radius of

Rglobule ~ (m/p)l/sRmicelle (6)

The boundary of the globule is associated with a surface tension kT7y,. It
arises because the micelles at the interface experience exchange interactions
only with the interior. Consequently, kTy, = |Ust|/R2 or

‘micelle

Yo = pl/z/anicelle (7)

It is important to note two points that distinguish globular polysoaps from
collapsed homopolymers in a poor solvent. First, while the large scale configu-
ration of a long polysoap is collapsed, the coronas of the individual intrachain
micelles remain swollen. Second, the collapse of homopolymers in poor sol-
vents does not involve metastable states. In marked distinction, the exchange
attraction in polysoaps is an activation process and non-globular metastable
states are possible.
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The Deformation Behavior of a Globular
Polysoap

The familiar elasticity of flexible polymers involves no internal degrees of
freedom. The chain is envisioned as a structureless random coil, modeled as
a random walk or self avoiding random walk. A deformation decreases the
number of attainable configurations thus lowering the entropy of the chain and
giving rise to a restoring force. In the case of polysoaps it is necessary to allow
for the effect of the deformation on the hierarchical self organization within
the chain. The deformation couples to the self assembled structures within
the chain. The existence of these internal degrees of freedom modifies the
elastic behavior of the chain according to Le Chatelier principle [10][11]. To
illustrate this point we consider the extension behavior of a globular polysoap
[12]. As we shall see, weak deformation couple to the tertiary structure while
stronger extensions affect the secondary structure (Figure 2). Eventually,
when the chain is highly extended, all traces of the intrachain self assembly
disappear. The weak deformation behavior is reminiscent of that of collapsed
homopolymers {24}[25] while the strong deformation scenario is identical to
that encountered for a linear string of micelles {10]{11].

Weak strains deform the globule from a sphere into an ellipsoid. The
restoring force within this linear response regime is due to the increase in the
surface free energy of the globule

AF[kT ~ v,AA = p/*(R — Rgiobute)? /R icote (8)

where AA = (R — Rgiobute)? is the change in surface area of the globule, v, is
the surface tension of the globule defined by equation (7) and Rgiopute is the
radius of the unperturbed globule. The associated restoring force is

f 0 AF  p/2
kT~ 8R kT ~ R2

micelle

(R - Rglobule)v (R - Rglobule) < Rmicelle (9)

This process cannot proceed indefinitely. Once the ellipsoid approaches cylin-
drical form the fR diagram exhibits a van der Waals loop. This indicates that
the cylindrical form is instable with respect to coexistence of weakly deformed
globule and an extended string of micelles. The onset of the instable regime
occurs at f. that can be estimated from the condition f.Rmiceite = kTp'/2,
where kT'p'/? is the exchange attraction per micelle. When the end to end
distance in imposed and finite size corrections are ignored the globule string
coexistence occurs in the range Rgopute + Rmicette € R &« Rmge where
Roaz & (m/p)Rpicette is the length of the fully extended string of micelles.
It is associated with a constant tension

fc/kT ~ p1/2Rr—n§celle (10)
Note that the tension is actually a decreasing function of R because of finite
size effects due to the surface free energy of the globule. As a result the
globule will unravel fully when subjected to a constant tension of f = f,

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by UNIV MASSACHUSETTS AMHERST on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch007

116

Inf f

fc T
1. 1 -

Rma;]; RL RU In R

Figure 2. The force law, f/kT vs R plot, characterizing the extension
of a globular polysoap. The insets depicts the chain configurations in the
various regimes. Intrachain micelles are represented by circles and dissociated
amphiphiles by short vertical lines.
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While R < Rpax the individual micelles are only weakly perturbed. Only
the tertiary structure is affected. Stronger extensions can only be accom-
modated by modifying the secondary, micellar structure. This scenario is
identical that of strong stretching of a linear string of micelles. Three regimes
are involved. In the first regime, the extension results in stretching the bridges
between the micelles with little effect on p and the overall micellar structure.
This occurs while the imposed tension is in the range f. < f < fc, where
fco is the tension associated with the onset of micellar dissociation. f., can
be estimated by equating the free energy of an amphiphile incorporated into
unperturbed micelle kT'|e(ao)| to the elastic energy of a stretched bridge. The
elasticity of the stretched bridges is described by the Pincus law [26][27]which
relates the extension of a bridge r to the applied tension f as

r ~ n(fb/kT)*3b (11)

The elastic energy is fcoTco leading to the criterion for onset of micellar dis-
sociation
feoTco = kT |e(ao)| = kT'| — 8§ + 2vao| (12)

or

feob/kT = (|e(ao)|/n)*® (13)

The range f. < f < fco corresponds to end to end distances such that Rmax <
R < Ry where Ry, the upper boundary of the stretched bridges regime, will
be specified below. In this range, the chain span is given by the Pincus law

R/b= %n( Fb/KT)?/3 (14)

The upper limit of this domain, Ry, can be estimated by inserting f., as given
by (13) into (14). Stronger extension, f > f., or, equivalently, R > Ry, can
not be sustained without major effect on the micellar structure. It is accom-
modated by partial dissociation of the micelles. In particular, it gives rise to
a coexistence of weakly perturbed micelles and fully dissociated amphiphiles.
The coexistence regime is associated with a plateau in the fR diagram. The
tension at the coexistence would have been independent of R, f = f., ~ R?,
if the coexistence would have been associated with a first order phase transi-
tion. However, since the stretched polysoap is a one dimensional system with
no long range interaction it can not undergo a first order phase transition.
The mixing entropy of the dissociated amphiphiles and the micelles smoothes
out the transition and gives rise to f ~ In R dependence. Eventually, when
the end to end distance reaches Ry to be specified below, all the intrachain
micelles dissociate and there is no trace of the intrachain self assembly. In the
coexistence range, R, < R < Ry, the fraction of micellized amphiphiles, 1
increase continuously with R according to the lever rule

R-RL
'/’NRU—RL

A rough approximation of Ry is possible if we ignore the logarithmic R de-
pendence of f and approximate the tension at the upper boundary of the

(15)
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coexistence regime, R = Ry, by f., as given above. When R > Ry the
polysoap is fully dissociated and the elasticity of the chain is identical to that
a flexible chain comprising mn monomers as given by the Pincus force law

R/b~ mn(fb/kT)*/* (16)
Inserting f ~ f., into (16) determines

Ry ~ pR;, (17

It is of interest to note that force laws similar to that of a linear string of
intrachain micelles were observed for certain biopolymers [28]. The similarity
arises because of the involvement of internal degrees of freedom in both types
of systems.

Extension of Globular Polysoaps by Flow
Fields

In our preceding discussion of the extension of polysoaps either the ten-
sion on the chain, f, or the end to end distance, R, were externally imposed.
When the extension is accomplished by a flow field, this is no longer the case.
In such situation, one controls the characteristics of the flow field, shear rate
or velocity, rather than f or R. The chain stretching is due the Stokes drag
force. In turn, the drag force varies with the configuration of the chain. The
resulting scenarios differ accordingly from those considered in the previous
section. In the following we briefly consider two situations: longitudinal shear
flow and uniform flow.

Extensional flow

Longitudinal shear flow is defined by the Cartesian components of the

velocities
Ve =sz, V,=-sy/2, V,=-sz/2. (18)

Such flow fields are realized, for example, in convergent ducts or at the entry
of a capillary. Our analysis concerns the behavior of a polymer placed at the
origin, the stagnation point. The residence time of the chain in this region is
assumed to be large in comparison to its relaxation time. Flexible homopoly-
mers placed in this situation undergo an abrupt coil-stretch transition [29][30].
This is due to the sharp increase in the drag force with the end to end dis-
tance of the stretched chain. The drag force increases as R? while the elastic
restoring force increases only as R3/2. As a result the free energy curve of
the chain, allowing for the stationary hydrodynamic force field, exhibits two
distinct minima corresponding, respectively, to weakly and strongly stretched
configurations [31][32]. This situation differs qualitatively from the behavior
of a chain subjected to given strain, where the free energy exhibits a single
minimum. The case of globular polysoaps [12], as of collapsed homopolymers
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[37][38], is simpler to analyze because a coexistence occurs even in the absence
of a hydrodynamic flow field. As a result, force balance consideration suffice
and it is not necessary to consider the free energy curve. In particular, one
balances the critical tension f. corresponding to the unraveling of a globular
polysoap, as give by (10) with the drag force acting on the globule subjected
to the extensional flow field specified by (18) thus leading to

fc ~ scnRzlobule (19)

Here 7 is the solvent viscosity and Rgiopute is the size of an unperturbed
globule. This specifies the critical shear rate, s¢, for the unfolding of the
globule

sen/kT =~ p29/30p,=2/3=3/5 (20)

At first sight one may have expected two critical shear rates corresponding to
the two plateaus characterizing the “static” extension of globular polysoaps.
However, because of the strong increase of the drag force with the end to end
distance, only a single transition occurs. s. is sufficient to cause complete
unfolding of the globular polysoap into a fully dissociated chain .

Uniform flow

Chain extension can also be induced by uniform flow specified by
Ve==V, Vy=V,=0 (21)

This flow field obtains for a chain which is terminally grafted to a small
bead moving at constant velocity V' [33][34]. The extension of swollen and
collapsed homopolymers in this situation gives rise to “stem-flower” config-
urations [35][36]. The tension in the chain decreases with the distance from
the anchoring site. Consequently, the chain segment attached directly to the
bead can be fully extended while the more distant parts of the chain are pro-
gressively less stretched. A similar picture emerges for globular polysoaps.
Because the tension along the chain varies the different “phases” can coexist,
in marked distinction to the behavior encountered in the longitudinal shear
flow.

Two main regimes emerge as V increases. For small V' the globular
polysoap is weakly deformed into an ellipsoid. The span of the ellipsoid along
the major axis, R, is specified by equating the restoring force due to the
surface free energy of the globule, as given by (9), with the drag force

f= 77V-R_qlabule (22)

This regime ends when the drag force becomes equal to the critical force f.
defined by (10). This condition sets a critical velocity, V., for the onset of the
unraveling of the globule

Ve m fc/nRglobule ~ plnkT/anicelleRglobule (23)
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A stem-globule configuration develops when V' exceeds V.. It consists of a
depleted globule of radius ry < Rgiopute attached to the bead by an extended
stem. At the boundary between the globule and the stem the tension is equal
to fc. This tension is balanced by the hydrodynamic drag nVr, on the globule
thus leading to

1/2 kT V

14 c
— ~ R —, V2>V 24
Rmicelle WV globule V ¢ ( )

The tension along the stem decreases with the distance from the bead. As a
result, in the general case the stem consists of three regions (Figure 3): (i) A
stretched string of micelles, of length L., is joined directly to the globule.
The tension at the junction with the globule is f.. (i) The next region,
closer to the bead, comprises of an extended, fully dissociated chain of length
Lg;s The tension at the junction with the micellar string is fc,. (iii) Finally,
the chain segment attached to the bead is dissociated and fully stretched.
The tension at the boundary with the adjacent section is kT'/b where b is the
monomer size.

Simple force balance considerations determine L.;c and Lg;s. In the non
draining limit, the tension at the junction of the micellar string and the dis-
sociated region is f. + nV Ly, thus leading to

Lyic = (fco - fc)/ﬂV (25)

similarly, the tension at the junction between the two dissociated regions is
feo +nV Lg;s giving rise to

Lgis = (kT/b - fco)/TIV (26)

A complete description of the stem specifies the variation of tension along
the various regions as well as the number of monomers in each. To achieve
this, it is necessary to allow for the local tension. The type of argument
involved is easiest to illustrate in the case of the dissociated region. One
considers a chain element with an end to end distance dz incorporating dN (z)
monomers where z measures the distance from the junction point with the
micellar region. Since the chain is strongly stretched, every chain element
obeys the Pincus law, dz/dN(z) ~ (fb/kT)*/3b or (dz/dN)%/* ~ fb5/2/kT.
Accordingly, at any point z along the dissociated segment

Ty N

3/2
w7 (35) =+ e
Integrating this expression between the two junctions, where the tension is
known, yields the number of monomers in the region and the position depen-
dence of the tension. Similar argument can be applied to the micellar region,
bearing in mind that the elementary unit in this region is a micelle. These
results, together with the monomer conservation and (24) specify the state
of the chain. The details of this analysis are beyond the scope of this arti-
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Figure 3. A coezistence of different configurational states is possible in a
polysoap unfolded by uniform flow.
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cle. The main point is that by increasing V beyond V. the chain undergoes
progressive stretching. Initially the extended chain consists of a globule, a
stretched string of micelles, an extended dissociated segment and a fully ex-
tended dissociated region. Eventually, as V increases further, the chain as a
whole becomes fully dissociated.

Phase separation in Solutions of Polysoaps

Thus far, our discussion focused on the configurations of isolated polysoaps
immersed in a good solvent for the backbone. It was further limited to the
case of “strong” amphiphiles, where all the polymerized amphiphiles self as-
semble into micelles i.e., the unperturbed chain does not contain dissociated
amphiphiles. This limit corresponds to the case of large  and relatively short
spacer chains. In this situation, the exchange interactions that favor the glob-
ular configuration also give rise to phase separation involving a dense gel phase
of closely packed micelles and a dilute phase of isolated globules. The volume
fraction of polymer in the dilute phase is roughly

¢dilute ~ NexP(_Fs/kT) (28)
2

where F; is the surface free energy of the globule, Fy/kT ~ YmRyppue ~

m?/3p=1/8_ This situation is reminiscent of the phase separation of homopoly-
mers in a poor solvent [27]. It is however important to note two differences.
First, both the isolated globules and the dense phase are locally swollen by
the solvent. Second, the dense phase forms a physical gel.

The consideration described above are limited to the case of fully assem-
bled polysoaps. It is possible to extend this picture to the general case by
utilizing a simple theoretical approach, the p-cluster model [13], proposed by
de Gennes in a different context [15, 16]. Within this approach the familiar
Flory free energy per unit volume is supplemented by a correction term to
the pt* term in the virial expansion

Fye/kKT » —p(T)¢? (29)
F,. allows for the free energy gain due to formation of stable clusters, micelles,
consisting of p monomers. In the simplest situation, of N — oo and an
athermal solvent, x = 0, the augmented Flory free energy is

F[kT = (1 - ¢)In(1 - ¢) + p(¢ — ¢°) (30)

where the p¢ term ensures that F = 0 for ¢ = 0, as required from a mixing
free energy. Three regimes are possible within this picture. When 0 < p < p,
the uniform solution is stable for any ¢. The poor solvent scenario considered
above is recovered when p > p. In the limit of N — oo this involves a coexis-
tence of a dense phase, ¢4 with a neat solvent ¢_ = 0. At the intermediate
range, p. < p < p the p-cluster model predicts a novel coexistence of a dense
phase, ¢4 and a semidilute phase ¢_ > 0. In the high p case, of interest here,
pc ~ e/p and p ~ 1 —exp(—p). In its original version, the p-cluster model does
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not specify the phenomenological parameters p and p. These constants can
be however determined within the framework described in the earlier sections
leading to

_ exp(=pe)
P=—m (31)
When the spacer chains are short enough this reduces to
1 14
= 32
’ (n¢cmc) (32)

where @cm. is the critical micelle concentration of the unpolymerized am-
phiphiles. Not surprisingly, p increases as ¢.m. decreases, since @emc is a
measure of the strength of the amphiphilic stickers. p decreases as n, and
the coronal penalty, increase. Note that (32) should be modified for high n
so as to allow for the k¥ > 1 behavior of the intrachain micelles. This does
not however modify the trends described above. It is also important to notice
that in the limit of N — oo considered above there is no distinction between
a dense phase and a gel.

Discussion

A number of assumptions underlie the theoretical model presented above.
The consequences of these assumptions, the resulting constraints on the appli-
cability of the model, are not of equal importance. Three assumptions are of
significance: First, both the hydrophilic backbone and the hydrophobic tails
were considered as flexible. Second, long range electrostatic interactions were
assumed to be screened. Third, the length of the spacers between the stickers
was taken to be long and monodispersed. The flexibility of the backbone en-
ables intrachain micellization. Clearly, intrachain self assembly is impossible
when the backbone is perfectly rigid and the distance between the hydropho-
bic moieties is large. The assumed flexibility of the hydrophobic tails is crucial
for the utilization of the micellar model of “simple” amphiphiles . The packing
constraints of rigid hydrophobic moieties are different. The presence of long
ranged electrostatic interactions is expected to modify the configurations of
the micellar string. It favors extended linear configurations [39]. The model
of intrachain micelles having a star like corona is reasonable only when the
spacer chains are long. Finally, when the stickers are placed in blocks along
the chain, the intrachain self assembly will be modified. In such cases it is
necessary to allow for blocks that do not undergo micellization.

In marked contrast, the limitations due the assumed molecular architec-
ture are less stringent. Our discussion begun with the case of monomeric
amphiphiles whose ionic head-groups are joined by flexible and neutral spacer
chains. However, the case of graft copolymers with neutral flexible backbone
and simple hydrophobic side chains, with no head groups, is described by
the k > 1 limit of our model. In this limit, the micellar structure reflects
only the balance of the surface tension of the core and the coronal penalty.
This also corresponds to the case of polyelectrolyte backbone carrying flex-
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ible hydrophobic grafts in solutions of high ionic strength when long range
electrostatic repulsions are screened. Finally, it is straightforward to apply
this model to the case of multiblock copolymers comprising of hydrophilic
and hydrophobic blocks. With the important caveats noted earlier, concern-
ing flexibility etc, our considerations are generic to a wide class of polymeric
architectures leading to the formation of intrachain micelles.

While our consideration are aimed at waterborne systems, it should be
stressed that our model does not explicitly allow for the distinctive aspects
of aqueous solutions. Two main issues are involved. The first concerns the
modeling of neutral, water soluble polymers, such as poly(ethylene oxide)
(PEO), that owe their solubility to the formation of hydrogen bonds. A full
description of aqueous solutions of PEO typically allows the monomers to
exist in two different states [15][40][41][42][43]. In our model the hydrophilic
backbone behaves as a simple polymer in a good solvent. This assumption
in not valid at elevated temperatures and pressures. It is an uncontrolled
but convenient approximation that captures the role of the configurational
entropy of the chain. Second, the hydrophobic effect plays a crucial role in the
micellization. It is involved in determining 4, v and ao. Clearly, our approach
does not explicitly allow for the detailed aspects of the hydrophobic effect.
Rather, 8, v and ag are treated as phenomenological parameters. However,
these parameters can be independently determined in the case of polysoaps,
as defined in the introduction, from the experimental data on the aggregation
behavior of the unpolymerized amphiphiles. For example, it is possible to
consider on this basis the effect of temperature on the stability of intrachain
micelles [44].
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Chapter 8

Solution Structure and Shear Thickening Behavior
of Ionomers and Hydrophobically
Associating Polymers
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Solution properties of ionomers as well as hydrophobically
modified associating polymers are investigated. Model polyurethane
ionomers were synthesized with regularly spaced ionic groups along
the polymeric backbone. Light scattering and fluorescence applied
to these ionomers in a variety of solvents revealed that in addition to
the polarity of the solvent, polymer-solvent interactions and polymer
ionic content are critical factors in determining the solution behavior
of ionomers. The results provide insight into the controversial origin
of polyelectrolyte behavior. The effect of deformation on the
structure and chain stretching of hydrophobically terminated
associating polymers is determined through rheological studies. It is
found that both association strength and polymer chain length play a
key role in shear thickening behavior.

Ionomers contain a small number of ionic groups, up to 15 mol %, attached to
nonionic backbone chains. Ionomer solutions are commercially very important, for
instance as stabilizers for oil based paint suspensions and as coating materials.
Though extensive studies have been performed in the bulk, solution properties of
ionomers have only recently been investigated (/-3). It has been well established that
ionomer solutions show two types of behavior depending on the polarity of the
solvents used (4), namely 1. aggregation due to dipolar attractions between chain
segments in non-polar or low-polarity solvents, and 2. polyelectrolyte behavior due to
Coulombic interactions in high-polarity solvents. Comparison of the solution behavior

3Corresponding author.
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exhibited by the ionomer solutions to that observed by the corresponding nonionic
form of the polymer provides evidence of the unique structure of the ionomer
solutions.

The association of ionomer molecules in low-polarity solvents results from strong
dipole-dipole interactions among the ionic groups. Evidence of intermolecular
association in ionomer solutions in low-polarity solvents has been most dramatically
demonstrated by a significant enhancement in the viscosity of the ionomer in solution
compared to the parent polymer (4-8). Light and neutron scattering data obtained on
these solutions indicated the formation of multimers and also showed that the extent
and average size of the multimers increases with concentration (9, /0). In highly polar
solvents, ionomers behave identical to aqueous polyelectrolyte solutions (4, 11-13)
and exhibit a dramatic increase in reduced viscosity with decreasing polymer
concentration. This is quite surprising since ionomers contain relatively low ionic
content while polyelectrolytes contain very high ionic content, usually one ionic group
per repeat unit. The identification of polyelectrolyte behavior in high polarity ionomer
solutions has also been supported by static and dynamic light scattering (9, /2-/4) and
small angle neutron scattering (SANS) experiments (/0, 15) that show features that
are characteristic of polyelectrolyte solutions. Hara recently reviewed the behavior of
polyelectrolytes and ionomers in non-aqueous solution and demonstrated that
ionomers offer good model systems to investigate the characteristic behavior of salt-
free polyelectrolyte solutions (/6).

Previous studies on the solution properties of ionomers have focused primarily on
random copolymer ionomers and model telechelic ionomers. Because of the
imposition of ionic interactions over polymer-solvent interactions, a model ionomer
system would be preferable for these studies. Telechelic ionomers have ionic groups
located at the ends of the polymer chains and are typically of low molecular weight in
order to achieve a sufficiently high ionic content. Also, the influence of chain length
and ionic content on the morphology of ionomers cannot be studied independently
using these systems. Model polyurethane ionomers, developed based on polyurethane
chemistry, have regularly spaced ionic groups along the polymer backbone and allow
a direct correlation of ionomer structure and properties (/7). In the first part of the
paper, solution structure of ionomers is investigated through studies of model
polyurethane ionomers in a variety of solvents.

The random association of macromolecules observed in solutions of ionomers in
low polarity solvents also takes place in solutions of multiblock copolymers in
selective solvents and hydrophobically modified water-soluble polymers in water.
Water-soluble associating polymers containing hydrophobic groups show enhanced
viscosity and more elastic properties in aqueous solution, similar to the behavior of
ionomers in low polarity solvents. It is generally accepted that such unique solution
behavior is due to the formation of a three dimensional network, with the chains
connected through micelles formed from the association of the hydrophobic groups. A
manifestation of such a complex structure is demonstrated in the concentrated solution
regime where the extent of association is large. At concentrations above the overlap
concentration, these solutions have been shown to display shear thickening (i.e., an
increase in viscosity with shear rate), a phenomenon that is not observed in the parent
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polymer. Hexadecyl-terminated poly(ethylene oxide) displays shear-thickening
behavior similar to ionomer solutions. At low shear rates the solutions exhibit
Newtonian behavior, as shear rate increases shear thickening takes place, as evidenced
by an increase in viscosity with shear in the shear rate regime 1 to 100 sec™’, followed
by shear thinning at higher shear rates (/8). With increasing concentration the onset of
shear thickening occurs at lower shear rates, accompanied by enhancement of the
solution viscosity. It has been noted that the maximum in viscosity occurs in a narrow
shear stress range, indicating that the structure that causes shear thickening may be
lost at a critical shear stress.

Due to the importance of this behavior for potential applications, there have been
many studies on shear thickening of associating polymers both theoretically (/9-28)
and experimentally (/8, 29-35). However, most studies qualitatively explain shear
thickening as arising due to a transition from intra- to inter-molecular association.
There is also a lack of quantitative comparison between experimental results and
theoretical predictions. Telechelic polymers (polymers with associating groups at each
chain end) make useful model systems for studying shear thickening due to simplicity
of the architecture and known location of the associating groups. In the second part of
this paper shear-thickening behavior is investigated through studies of telechelic
ionomers in toluene and hydrophobically end-capped poly(ethylene oxide) (PEO) in
aqueous solution.

Experimental Details

Light Scattering. Static and dynamic light scattering measurements were conducted
with a BI-200SM goniometer (Brookhaven) and a BI-9000AT digital correlator
(Brookhaven) at a wavelength of 488 nm from a 300 mW Ar Lexel laser.
Measurements were conducted at 35+0.1 °C. Angular measurements were made using
a goniometer in the range of scattering angles from 30° to 150°. Solutions were
filtered using 0.45-um and 1.0-um syringe filters (Gelman Sciences, Ann Arbor, MI).
In dynamic light scattering measurements, the channel numbers were 256, of which 6
data channels were used to determine the baseline. To eliminate dust effects, the data
were discarded whenever the difference between measured and calculated baselines
was greater than 0.1%. Sample times from 0.1 psec to 1 sec were used.

Fluorescence. Fluorescence spectra were measured on a SLM Aminco 8100
spectrofluorometer. Quartz cuvettes filled with 2.5 mL aliquots of the ionomer
solution were used. The excitation wavelength was 385 nm and emission intensities
were measured between 400 and 650 nm.

Rheology. A Bohlin VOR with a C-14 couette geometry was used to obtain the
steady-shear and dynamic data at 25 °C. Prior to the oscillatory measurement, a strain
sweep test was run to ensure the dynamic test was in the linear viscoelastic region. For
ionomer studies, the rheometer was placed in an environmental chamber with less than
5% relative humidity.
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Results and Discussion

Structure of Polyurethane Ionomers in Solvents of Varying Polarity

The synthesis and characterization of model sulfonated polyurethane ionomers is
described in detail elsewhere (I7). The strucure is shown in Figure 1.
Poly(tetramethylene oxide) (PTMO) of molecular weights 1000 and 4500 were used
and the ionomers are designated PU1 and PU4 respectively.

o]
I
—[—("CHZ"CHZ‘CHZ'CHZ'O—)_C—N _©_ _©_ N—C—O—]—
CH3)3

(CHZ)
sm Na* o, Na*

Figure 1. Structure of model polyurethane ionomer.

The influence of the solvent characteristics on the ionomer solution behavior has
not received serious consideration since the solvents were limited to those that can
dissolve the ionomers. Hence, ionomer solution studies have been mainly carried out
either only in nonpolar solvents or only in polar solvents. By varying the distance
between the ionic groups model polyurethane ionomers can be dissolved in a wide
variety of solvents. Thus PU4 was studied in toluene, tetrahydrofuran (THF),
propanol, 1-methyl-2-pyrrolidinone, dimethylacetamide (DMAc), formamide, N-
methyl formamide (NMF), and mixtures of toluene/dimethylacetamide. Three distinct
regimes have been observed in the solution behavior. In low-polarity solvents (toluene
and THF with dielectric constant, € = 2.5 and 8 respectively), single chains as well as
aggregates consisting of physically crosslinked chains are present (36). In high-
polarity solvents (higher dielectric constant than that of water, formamide and N-
methylformamide with dielectric constant, € = 109 and 182 respectively) which are
usually poor solvents for the backbone, hydrophobic aggregation takes place.

Ionomers in polar solvents show polyelectrolyte behavior. The behavior of
polyelectrolytes with added salt is well understood in terms of the screening effect by
simple ions of electrostatic interactions among fixed ions and can be described by
scaling theory developed for neutral polymer solutions (37). Although the
polyelectrolyte behavior of salt free aqueous polyelectrolyte solutions has been
extensively studied, its nature is not clear yet. Several models have been proposed to
explain the formation and structure of some kind of ordered clusters in their solutions;
however, the molecular structure and thermodynamic driving force of such ordered
structures remain as unsolved issues.

Viscometric and DLS measurements of PUl as well as PU4 were used to
demonstrate that sulfonated polyurethane ionomers in DMAc, which is a polar
solvent, show polyelectrolyte behavior (/7). Viscometric measurements showed an
upturn in reduced viscosity at very low concentrations and CONTIN analysis of the
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DLS data revealed two diffusive modes for the ionomer solutions. The fast mode
increases with concentration and it is well accepted that it arises due to intermolecular
electrostatic interactions. The slow mode is independent of concentration within the
concentration range investigated and corresponds to the existence of large scale
“heterogeneities”, whose origin, nature and structures are currently controversial. The
slow mode has been attributed to filterable aggregates (38, 39), clusters of higher
ionic content polymer chains, particles formed due to hydrophobic aggregation, and
aggregates which take considerable time to dissolve. It has been shown that polar
solutions of ionomers contain free polyions as well as loose aggregates, aggregates
which consist of polyions and counterions held together due to electrostatic
interactions (/7).

The polyurethane ionomer, PU4, is studied in different polar solvents: 1-
propanol, 1-methyl-2-pyrrolidinone, and DMAc. Diffusion coefficients extrapolated to
zero angle, corresponding to the fast mode in different polarity solvents, are shown in
Table I. The fast mode diffusion coefficient can be seen to increase with the polarity
of the solvent showing that the diffusion coefficient of single polyions is enhanced by
electrostatic interactions (so, the fast mode is dominated by coupled polyion-polyion
dynamics). Since as the solvent changes, specific solvent properties like viscosity
change, a parameter PE, defined as the ratio of the fast mode diffusion coefficient (Dy)
to that of the diffusion coefficient of the unionized polymer (D,,) is used to examine
the effect of solvent polarity. PE is a measure of the increase in D¢ due to ionic
interactions. From Table I it can be seen that PE increases with the polarity of the
solvent showing that the diffusion coefficient of single polyions is enhanced by
-electrostatic interactions and ionomer solution behavior is influenced by a change in
the dielectric constant of the solvent.

Table 1. Diffusion coefficients corresponding to the fast mode (extrapolated to
zero angle) for PU4 at 0.2 g/dl in different polar solvents.

Solvent Dielectric constant  D,(cm’/s) D, (cm’/s)  PE
1-Propanol 18 3x107 1.8x10’ 1.67
1-Methyl-2-Pyrrolidinone 32 6x107
N,N’-Dimethylacetamide 37 8x 107 2x 107 4.0

The change in the loose aggregate as a function of solvent polarity can be
monitored in terms of hydrodynamic radius. The hydrodynamic radii calculated from
the slow mode diffusion coefficients are shown in Table II. The size of the loose
aggregate first decreases and then increases with dielectric constant. The results can
be understood in terms of the interaction of the solvent with the ionomer backbone. 1-
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Methyl-2-pyrrolidinone is a poor solvent for the ionomer backbone and hence the
aggregate is smaller. Considering propanol and DMAc, both of which are good
solvents for the backbone, it can be seen that the loose aggregate size increases with
dielectric constant. Thus the size corresponding to the slow mode responds to the
solvent-backbone interactions and provides evidence for the presence of loose
aggregates in polar solutions of ionomers.

Table II. Hydrodynamic radii corresponding to the slow mode
for PU4 at 0.2 g/dl in different polar solvents.

Solvent Dielectric constant R, (nm)
1-Propanol 18 75
1-Methyl-2-Pyrrilidinone 32 50
N,N’-Dimethylacetamide 37 100

Viscometric measurements of PU4 solutions in NMF indicated absence of
polyelectrolyte behavior. Static and dynamic light scattering applied to these solutions
revealed that spherical particles of radius 30 nm with a polymer core and outer ionic
shell are formed (40). The particle formation is driven by hydrophobic interactions
since the solvent NMF is a poor solvent for the PU4 backbone. Absence of
polyelectrolyte behavior was explained in terms of the screening length for
electrostatic interactions being less than the interparticle distances in the solution.
Aqueous solutions of Nafion show similar behavior. Fluorescence measurements
provide valuable complementary information to that obtained from scattering studies
(41-43). Hydrophobic aggregation in high-polarity solvents (40) is studied using 8-
anilino-1-naphthalene sulfonic acid (ANS). Fluorescence intensities of ANS, for
solutions of PU1 and PU4 in DMAc as well as NMF, normalized by the intensities
from the solvent containing only the probe are shown as a function of concentration in
Figure 2. The intensities plotted are emission intensities at 463 nm and 484 nm for
DMAc and NMF solutions, respectively. The emission intensities of PU4 solutions in
NMF rapidly increase with increase in concentration indicating hydrophobic
aggregation. For DMACc solutions, addition of ionomer does not make any difference
to the emission intensities providing evidence for the absence of hydrophobic
aggregation. For PU1 solutions in NMF the emission intensity increases very slowly
with concentration indicating only a small amount of hydrophobic aggregation. The
results confirm how the nature of the aggregate changes with solvent polarity. In
perfluorosulfonated ionomer solutions electrostatic persistence length arguments were
used to explain both the increase in polyelectrolyte effect with dielectric constant of
alcohols and the disappearance of the effect in high polarity solvents (44, 45). From
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these results it can be seen that change in solution structure is responsible for the
disappearance of polyelectrolyte behavior in highly polar solvents.

Recent studies with higher ionic content ionomer PU1 in NMF have shown that at
sufficiently high ionic content, ionomer solutions exhibit polyelectrolyte behavior
even if the solvent is a poor solvent for the backbone (46). Previously, ionomer
solution behavior has been classified based solely on the polarity of the solvent. (4)
From these results it can be seen that, in addition to the polarity of the solvent,
polymer-solvent interactions (interactions between the ionomer backbone (the non-
ionic part of the ionomer) and the solvent) and the ionic content of the ionomer are
critical in determining the solution behavior of ionomers.
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Figure 2. Normalized fluorescence intensities as a function of concentration PUI in
DMAc (®) PU4 in DMAc (B) PU1 in NMF (A) and PU4 in NMF (X).

Shear Thickening of Associating Polymers

Although rarely observed in common polymer melts or solutions, shear thickening
effects have been observed in complex fluids including dense suspensions, worm-like
micelles and associating polymers solutions. Several theoretical models have been
proposed to describe the steady shear or dynamic behavior of associating polymer
solutions (/9, 23-25, 47-54). These theories differ in the mechanisms they propose for
chain conformation or change in aggregation under deformation. Witten and Cohen
first proposed a mechanism of shear thickening in the framework of a mean-field
approximation (/9). They showed in their calculation that the shear flow can increase
the probability of interchain association over that of intrachain association, thus
leading to the viscosity increase. Ballard et al. extended Flory’s theory of the
expansion parameter to the self-associating polymers, and predicted that shear
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thickening will occur in a flow field of sufficiently high strain rate (22). Their
proposed mechanism for shear thickening is similar to that of Witten and Cohen.
Other models are based on the existence of a transient network in solution. Tanaka
and Edwards developed a transient network theory to describe the dynamic properties
of physical gels (23). However, it did not predict shear thickening behavior. Wang
modified TE model by introducing free chains into the system, and predicted that
shear thickening is the result of more chains participating in the network (24).
Marrucci et al. explained shear thickening as arising due to a non-Gaussian chain
stretching effect (25). They also showed that fast recapture of the end-group by the
network can produce pronounced shear thickening. The network relaxation time
depends on both the average life time of an association and the proximity of the
neighboring aggregates. The experimental data that could quantitatively support
various theories are scarce and therefore the actual mechanisms that lead to the
observed behavior are still unknown. Success in the development of an accurate
analytical description of the shear-thickening phenomenon lies in closer examination
of the existing experimental data and further experimental data collection. In the
following sections, studies of telechelic ionomers in toluene and hydrophobically end-
capped poly(ethylene oxide) (PEO) in aqueous solution will be discussed.

It has been shown that solution behavior of ionomers is very sensitive to the
addition of small amount of polar solvents. Quantitative effects of water on the
viscosity and rheology of magnesium-and sodium-neutralized dicarboxy-terminated
polybutadiene in toluene were reported (55). A change in the water concentration
from 50 to 250 ppm led to a viscosity decrease of 2 orders of magnitude for solutions
near the gel concentration (See Figure 3). The dynamic measurements showed that the
viscosity reduction was related to a reduction in both the plateau modulus and the
terminal relaxation time. The magnitude of shear-thickening decreased and the onset
of shear-thickening shifted to higher shear rates with increasing water content (Figure
4). Because of the hygroscopic nature of ionomer solutions, rheological experiments
were conducted in a humidity-free environment. Rheological studies on telechelic
ionomers on effects of concentration show an increase in relaxation time and an
increase in the magnitude of shear thickening with concentration (56), which are in
qualitative agreement of the prediction of theory of Marrucci et al. (25)

Above study on telechelic ionomers showed that moisture readily solvates the
ionic groups and greatly influences the solution behavior. Hydrophobically end-
capped poly(ethylene oxide) (PEO) in aqueous solution is thus a good candidate for a
more quantitative study. Furthermore, PEO can be synthesized through anionic
polymerization, enabling study of narrow molecular weight distribution polymers.
Since most of the network models assume that all polymer chains in the network have
the same length, hydrophobically end-capped monodisperse PEO will provide a better
system to compare with theoretical predications. PEOs used in this study have a
polydispersity of 2 (Polysciences Inc.). The effect of polydispersity of polymeric
backbone will be discussed in detail in a future publication.

Synthesis of hydrophobically modified PEO is reviewed elsewhere. (58). It can
be synthesized in mainly two ways. One is to react hydroxy-terminated poly(ethylene
oxide) with a large excess (200-fold molar excess) of a diisocyanate such as
isophorone diisocyanate (IDPI), followed by purification and reaction with a long
chain alcohol (34). Another is to utilize urethane chemistry through a one-step
reaction as shown in figure 5. In this study, we chose the second method as the direct
addition of monoisocyanate to PEO guarantees the telechelic structure. The end-
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Figure 4. Effect of water content on
shear-thickening  of 4.91 g/dl
Mg(110)-neutralized dicarboxy-
polybutadiene in toluene.

Figure 3. Effect of water content on
zero-shear viscosity of 4.91 g/dl
Mg(110)-neutralized dicarboxy-
polybutadiene in toluene.

capping efficiency, determined by 'H NMR was close to 100% within experimental
error.

HO—PEO—OH + 2 C,H,,,,NCO —

C,H,,,; NHCOO —PEO— OOCNC, H,, .,

Figure 5. Synthesis of hydrocarbon-terminated poly(ethylene oxide)

Polymer solution at rest
Compared to the parent polymers, the associating polymers show large viscosity
enhancement. It is believed that this large enhancement in viscosity can be attributed
to the formation of a network. Telechelic polymers with sufficiently long hydrophobic
end groups associate to form micelles even at very low concentration. As
concentration approaches the overlap concentration (¢*), micelles begin to connect to
each other through bridge chains. Above ¢*, a transient network is formed with the
fraction of bridge chains increasing with an increase in polymer concentration.
Various spectroscopic studies, such as fluorescence (59-6/) and dynamic light
scattering (62, 63) have provided evidence for this gradual structure change with
concentration.

Not only is the viscosity much larger than that of parent polymers, these
associating polymers also show a much stronger concentration dependence of zero-
shear viscosity. At high enough concentration, where the hydrodynamic relaxation
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time of the network is longer than the relaxation time of the association, transient
network theory can be used to describe the behavior of these associating polymers. In
the transient network theory they developed, Tanaka and Edwards calculated the
stationary properties in terms of two parameters -- the chain breakage function f(r)
and the recombination probability p of the sticky dangling ends (23). They predicted
that the zero shear viscosity is proportional to the equilibrium number of the active
chains, which is, in turn, linearly proportional to total number of chains, or

concentration.
Mo = Xn = _&n_ ‘n %))
& 1+ pC,

where vq is the equilibrium number of the active chains, {; is the average of the
reciprocal of the chain breakage function f(r) over the Gaussian distribution of
polymer chain configuration. Marrucci et al. (25) have predicted the augmented
concentration dependence when including the effect of fast recapture of end-groups by
the neighboring aggregates. As concentration increases, not only the number of active
chains increases, but also the average distance between the aggregates decreases,
which leads to an increase in the relaxation time, resulting in a stronger concentration
dependence.

O,

2
T\o=va'c=-V—kINl; o v3/3 2)
0o a
where v is the number of elastically active chains, T is the relaxation time of the
network, and a and b are the average distance between the aggregates and persistance
length, respectively.

According to the simple rubber elasticity theory (64), the plateau modulus, to the
first approximation, is proportional to the number of effectively elastic chains
(G = VRT). Thus, zero-shear viscosity should scale with Gi” as well according to
the prediction of Marrucci’s model. The plateau modulus was determined by fitting
the Maxwell model with a single relaxation time. Despite the complexity of the
system, the simple viscoelastic model fits experimental data fairly well over two
decades of frequency (see Figure 6). This relatively simple oscillatory shear behavior
was also observed by other researchers (/8, 65). Figure 7 shows the log-log plot of
zero-shear viscosity as a function of plateau modulus at different concentrations of
polymer C,;s-PEO8k-C. The slope 1.5 is in reasonable agreement with the prediction
of Marrucci’s model (slope of 1.67).

Terminal relaxation times of the network (tT) were also obtained at different
concentrations from the oscillatory shear experiment. T increases slowly at low
concentrations and more rapidly at higher concentrations. As predicted in the theory
of Marrucci et al., the terminal relaxation time of the network depends on the
proximity of the aggregates and increases with an increase in concentration. At low
concentration, the aggregates are isolated and their presence has a relatively small
effect on network relaxation time. At higher concentration, the aggregates are packed
close to each other so that the “dangling” end-groups are captured into the
neighboring aggregates before they get a chance to completely relax, thus increasing
the relaxation time.
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Figure 7. Zero-shear viscosity of
Figure 6. Shear moduli of hexadecyl- hexadecyl-terminated PEO with MW
terminated PEO with MW of 8000 at of 8000 as a function of plateau
concentration of 12 wt%. modulus at different concentrations.

Polymer solution under shear

As mentioned above, viscosity depends on the number and lifetime of the elastically
active chains (Equation 2). At rest, the lifetime of an elastically active chain is
governed solely by the association strength of the end group. However, when polymer
chain is under shear, shear flow moves the junctions affinely, causing the elastically
active chain to stretch. When the tension in the stretched chain reaches a critical value,
the chain end dissociates from the junction, decreasing both the overall lifetime and
number of elastically active chains. As a result, shear thinning occurs. This is often the
case for the telechelic associating polymer with relatively low molecular weight (much
lower than the entanglement molecular weight), where the dynamics are dominated by
junction formation and destruction. When molecular weight of associating polymer is
larger than the entanglement molecular weight, complications arise due to topological
entanglements. Reduction in the density of topological entanglements caused by shear
flow also leads to shear thinning. At very high shear rate, a catastrophic shear thinning
is the result of both the rupture of network and depletion of topological entanglements
density. Studies on hydrophobically modified alkali soluble emulsion (HASE)
polymers, usually with molecular weight of 10° or higher, have shown this effect of
topological entanglements (35, 66).

Although shear thinning is universally observed in all systems, shear thickening
only takes place in certain system. Figure 8 shows the response of hexadecyl end-
capped PEO with various polymer chain lengths under steady shear. Systems with
longer chains (20k, 35k) show only shear thinning behavior, while shear thickening
was observed in shorter polymer chain (8k). This is consistent with the prediction of
non-Gaussian chain stretching. As the elastically active chain is being progressively
stretched, a point will be reached where the linear force law no longer holds. Further
stretching the chain requires an exceedingly large amount of work (25), and the
system exhibits shear-thickening. To allow this non-Gaussian chain stretching, the
association has to be strong enough. Even though the end group is the same for three
different molecular weights studied, the longer the polymer chain, the less effective
the hydrophobic association is. For the polymer with the highest molecular weight, the
chain end is pulled out of the junction before the chain is stretched into the non-
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Gaussian regime, resulting in the absence of shear-thickening. The same effect of
polymer chain length was observed in similar systems (octadecyl (C,g) end-capped
PEOs) at relatively low concentrations (34). It was argued that shear thickening is
caused by the transition from intra- to inter-molecular association, and short EtO
spacing is in favor of the transition. It has been shown that such transition is more
pronounced at low polymer concentration near overlap concentration (35). When the
polymer concentration is in semi-dilute or concentrated region, intermolecular
association dominates. Since the polymer concentration in this study is well above the
overlap concentration, the transition from intra- to inter-molecular association is not
expected to be a dominant mechanism for shear thickening.

For hydrophobic C,¢ end-group, shear thickening was observed in the system
containing PEO with molecular weight of 8000. As shown in Figure 9, the critical
shear rate (the onset of shear thickening) shifts to lower shear rates as the
concentration increases. In the non-Gaussian chain stretching model, the critical shear
rate is estimated assuming that the elastically active chains reach full extension at the
onset of shear thickening. The mean square distance of the polymer chain is then on
the order of molecular weight (N), and the critical shear rate is approximately
N1/2 /7 (25). For the same polymer chain length, the critical shear rate will decrease
with concentration if the relaxation time of network is an increasing function of
concentration. As reported above, the relaxation time of network for this system
increases with concentration. The two experimental results are consistent with the
non-Gaussian chain stretching model.

Shear thickening was also observed in HASE system (35). The shear thickening
effect is weaker than that in hydrophobically end-capped PEO, primarily due to the
competing effect of topological entanglement and hydrophobic association at
moderate shear rate. English et al. (35) have studied the solution behavior of comb-
like HASE. Their study shows evidence of a shear-induced structure associated with
shear thickening at low concentration by fluorescence measurement. It should be
noted that this does not exclude the non-Gaussian chain stretching effect. At low
polymer concentration, both non-Gaussian chain stretching and transition from intra-
to inter-molecular association may play a role in shear thickening effect. At higher
polymer concentrations, our rheology studies of hydrophobically end-capped PEO
seem to be in favor of non-Gaussian chain stretching as the molecular origin of shear
thickening. Due to the fact that hydrophobic association is weaker than ionic
association, these model systems show only mild shear thickening. This has thus far
prevented further investigation on other important parameters such as molecular
weight and association strength. Since fluorocarbons associate more strongly than
hydrocarbons in aqueous solution, fluorocarbons will be used as the end-groups to
further investigate the mechanism of shear thickening.

In addition to the steady state studies, transient experiments also provide insight
into the association of these systems. Most of the proposed mechanisms for shear-
thickening can be divided into two categories based on their description of the
transient response. Models based on non-Gaussian chain stretching predict a rapid
increase in M* (the stress growth coefficient in a start-up experiment) to approach a
steady-state viscosity while other mechanisms predict a structure change and a more
gradual increase in n* prior to reaching the steady-state viscosity. Thus the transient
stress growth experiment will allow us to differentiate between different mechanisms
for shear-thickening. This will be discussed in future work.
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Conclusions

Model polyurethane ionomers were synthesized with regularly spaced ionic groups
along the polymeric backbone to allow a direct correlation of ionomer structure and
properties. Light scattering and fluorescence have been applied to these ionomers in a
variety of solvents. Single chains as well as aggregated ionomer chains are present in
solution. It is found that in toluene, a low polarity solvent, the aggregates consist of
physically crosslinked chains whereas in dimethylacetamide, a polar solvent, the
aggregates consist of polyions and counterions held together due to electrostatic
interactions. In N-methylformamide, a very highly polar solvent, at high polymeric
ionic content, polyelectrolyte behavior is shown and at low polymeric ionic content,
hydrophobic aggregation results in the formation of micelles consisting of swollen
polyol chains at the core with an outer ionic shell. It is found that in addition to the
polarity of the solvent, polymer-solvent interactions and polymer ionic content are
critical factors in determining the solution behavior of ionomers.

The effect of deformation on the structure and chain stretching of hexadecyl-
terminated associating polymers is determined through rheological studies. As
concentration increases, the number of elastically active chains increases and
junctions become closer and closer to each other. As a result, the relaxation time of
the network increases with concentration. The zero-shear viscosity, a product of
number of elastically active chains and network relaxation time, thus shows a
strong concentration dependence, which is in quantitative agreement with
Marrucci’s prediction. PEO with higher molecular weight (>20k) shows only shear
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Figure 8. Effect of polymer chain Figure 9. Effect of concentration on
length on shear thickening of shear  thickening  of hexadecyl-
hexadecyl-terminated PEO with MW terminated PEO with MW of 8000.

of 8000.
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thinning behavior whereas PEO with low molecular weight (8000) shows mild shear
thickening over a range of concentrations. The onset of shear thickening decreases
with concentration as predicted by theory of Marrucci et al. Longer polymer chains or
larger distances between junctions requires larger deformation (or higher shear rate) to
stretch the chain into the non-Gaussian regime, in which the shear thickening effect is
observable. Higher shear rates however tends to destroy the transient network
resulting in shear thinning behavior. Unless the association strength is very strong,
where the shear thinning effect can be postponed to much higher shear rate, the two
competing effects dictate that in systems with moderate association strength such as
hydrophobically end-capped PEO, only mild shear thickening occurs over a limited
concentration and molecular weight range. It should be noted that non-Gaussian chain
stretching effect does not exclude the “crosslinking” effect. It could well be the two
effects are cooperative, especially at low polymer concentration.
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Chapter 9

Determination of Aggregation Numbers in Aqueous
Solutions of Hydrophobically Modified Polymers
by Fluorescent Probe Techniques

Olga Vorobyova and Mitchell A. Winnik'

Department of Chemical Engineering, University of Toronto,
Toronto, Ontario, Canada M5S 3H6

In this chapter we examine fluorescence quenching as a
methodology for determining the size of the micelle-like aggregates
formed in aqueous solution by associative polymers that modify the
solution rheology. The parameter of interest is Ng, the mean
number of hydrophobic substituents per micelle. We cite several
examples from the literature that indicate the successful application
of this method to associating polymer solutions. Other examples
point to shortcomings of the method and indicate that the
determination of Ny values for associative polymers systems is
more complex than the determination of aggregation numbers
(Nggg) for surfactant micelles. Finally we describe in detail the use
of pyrene and 1-ethylpyrene as probes to determine Ny values for
three different polymer systems, a telechelic copolymer of
polyethylene oxide end-capped at both ends with short alkyl chains
(C;6 and Cg), hydrophobically modified hydroxyethyl cellulose
HMHEC, and hydrophobically modified alkali swellable emulsion
polymer (HASE).
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Introduction

Associative thickeners (AT's) are members of a class of associating water-soluble
polymers that contain hydrophobic substituents (/). When these polymers are added
to water in small amounts, the viscosity increases and the solution ‘'thickens.' The
feature of these polymers that makes them interesting is their viscosity profile at
different shear rates, a property which is very sensitive to the chemical structure of
the polymer and the placement of the hydrophobic substituents (2). Experiments
carried out over the past several years have indicated that these polymers in water
associate through local phase separation of the hydrophobic groups into micelle-like
structures. The polymer backbone forms bridges between micelles, and in this way
the polymer self-assembles to form a transient network (3, 4).

In order to relate rheological properties to structure for these polymers, one of the
most important morphological features one needs to characterize is the mean number
of hydrophobic substituents Np that associate to form individual micelle-like

aggregates. Np is an aggregation number analogous to that (Nagg) used to describe

the number of surfactant molecules per micelle for simple surfactants in water. For
many surfactant micelles, Noge has values of 60 to 100 molecules per micelle. For

many traditional surfactant systems, these aggregation numbers are relatively easy to
determine by scattering methods involving light, X-rays, or neutrons, or by
fluorescence quenching measurements. For the micelle-like structures formed by
associating polymers, the values of hydrophobe aggregation numbers are more
difficult to determine. As a consequence they are known with much less confidence.

Traditional surfactant micelles in water form through a closed association
process. Closed association implies not only that micelles form at surfactant
concentrations above the critical micelle concentration (CMC), but that at elevated
surfactant concentration, it is the concentration of micelles and not their aggregation
number which increases. In open association, the micelle size increases with
increasing surfactant concentration. The question of open or closed association for
hydrophobe aggregation for AT’s in water is not well resolved. For some telechelic
polymers (polyethylene oxide (PEO) backbone, hydrophobic end groups) there is
evidence for closed association over a range of concentrations. The literature on this
topic is not very clear. In the first reports, during the early 1990’s, different groups
using different techniques reached different conclusions about the nature of the
polymer association mechanism.

This situation is changing as research groups examine better characterized model
polymers and develop a deeper understanding of their methods as applied specifically
to associating polymers. Nevertheless, even in the best characterized systems, the
results on hydrophobe aggregation numbers Ny are never as clear as the
corresponding aggregation numbers N,z that one can determine for surfactant
micelles. In this paper, we review a number of examples from the literature and
describe in detail several examples from our laboratory to indicate the type of
problems one can encounter when using fluorescence quenching methods to
determine Ny values of associating polymer in aqueous solution.
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Micelle Structure

In the earliest picture of a spherical micelle proposed by Hartley (5) in 1936, the
liquid hydrocarbon core of the micelle is surrounded by the hydrophilic surface layer
of the polar head groups. Later models took into account the extent of water
penetration into the micelle, so that the core of the micelle is now considered as
consisting of two parts: the inner core that is essentially water-free, and the outer core
or the palisade layer, where the alkyl segments close to the surface have some contact
with water (6).

The size and shape of traditional surfactant micelles in water is determined by a
balance of two major factors: packing considerations for the hydrophobic tail and the
space requirements of the polar head group (7). For sodium dodecyl sulfate (SDS)
micelles in water, the C;, chains pack into spheres containing ca. 60 molecules, with

a very narrow size distribution, surrounded by a shell of head groups consisting of
hydrated -OSO;" ions. At much higher surfactant concentration or in the presence of

salt, the head groups are less hydrated and occupy less space. The system responds by
reorganizing into cylinders.

Many non-ionic micelles are formed from surfactants having a water-soluble
oligomer or polymer (such as PEO) as the head group. If this polymer is long enough,
the space-filling requirements of the head group are influenced by the mean-squared
radius of gyration (RGZ) of the water-soluble polymer. When the area per chain at the

surface of a micelle is smaller than R;;2, the polymer chains become elongated in the

direction normal to the surface of the micelle core. This elastic deformation entropy
opposes the growth in micelle size, and leads to the formation of smaller “star-like”
micelles. Non-ionic micelles often have aggregation numbers which depend
sensitively on temperature. For example, Triton X-100 (a nonylphenol ethoxylate
with a mean degree of ethoxylation of 9.6) has an aggregation number of 70 at 10° C,
105 at 25° C, and 127 at 34° C (8).

When hydrophobic substituents are attached to water-soluble polymers, the
nature of the hydrophobic domains that they form will be profoundly influenced by
the nature of the steric requirements of the polymer in the vicinity of the aggregate.
Telechelic polymers with hydrophobic groups attached to the ends of a PEO or PEO-
like polymer are structurally analogous to traditional non-ionic surfactants. The
evidence available for these systems points to the formation of star-like spherical
micelle-like aggregates. For other polymers, particularly with hydrophobic groups
attached directly to the polymer backbone, the situation could be much more
complicated.

Determination of Nagg and NR by Fluorescence Quenching

The fluorescence quenching methodology for determining micelle aggregation
numbers was developed the late 1970's for characterizing micelles formed from low
molecular weight surfactants (9, 10, 11). In this approach one introduces a small
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amount of a fluorophore dye (D) and a larger amount of quencher (Q) into a solution
containing micelles. The dye and quencher must be solubilized randomly but
completely by the micelles so that a negligible fraction remains in the water phase.
The principle of the method is that the dye fluoresces normally in a micelle which
contains no quencher, but in micelles containing a dye and one or more quenchers,
quenching competes with fluorescence. Data analysis begins with the assumption of a
Poisson distribution of Q among micelles. With the assumption that neither the
quencher nor the excited probe D* escape the micelle during the lifetime of D*, the
expression for time resolved fluorescence quenching (TRFQ) is given by eq. (1).

Ip() =Ip0) exp [-t/tp-n (1 -exp (- kq 19)]] )

Here Ip(t) is the fluorescence intensity of the dye at time t. I(0) is its initial intensity;
1p is the unquenched dye lifetime, and kg is the pseudo-first order rate constant for

quenching in the micelle. In experiments in which one uses excimer formation as the
quenching process, I(t) refers to the “monomer” fluorescence decay profile. In this
case, the dye is commonly excited pyrene, Py*, and ground state Py serves as the
quencher. Here one has to be careful to ensure that excimer formation is essentially
irreversible on the timescale of the Py* lifetime.

The mean number of quenchers per micelle, n, can be related to the aggregation
number through the micelle concentration: n = [Q] / [micelle] = [Q] / (C — CMC)*
Nagg, where [Q] is the bulk molar quencher concentration; C is the total concentration
of surfactant; and CMC is the critical micelle concentration. For traditional
surfactants, one determines the aggregation number N,gg For associative polymers,

the parameter n is related to the aggregation number of hydrophobic substituents Ny
by the equation

n = [Q}/[Micelle] = [Q]Ng/(Cyo1 R ) 2

where gy, is the alkyl chain content of the polymer (in moles of alkyl groups per gram
of polymer) and Cpol is the polymer concentration in g/L. In this equation, the critical
micelle concentration (or critical association concentration, CAC) is assumed to be
negligible compared to Cpor- The CAC is not always small, particularly in telechelic
polymers with a long water-soluble backbone and relatively weak hydrophobic end
groups. The expected behavior of the parameters in the Poisson quenching model is
shown in Figure 1.

Aggregation numbers Noge for surfactants, or Ny values for associative polymers

are calculated from the micelle concentration:
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Figure 1. Expected behavior for the parameters in the Poisson quenching model,
equation 1: t is the lifetime of the unquenched probe; k, is the pseudo-first order rate
constant for quenching within the micelle; n is the mean number of quenchers per
micelle

Nygg = (C—CMC) / [Micelle] and Ng=C

pol qg / [Micelle] 3)

Novel developments extend this technique to more complicated systems by
considering polydispersity effects, non-spherical micelle geometries, and dynamic
aspects of the micelles (exit and entry of D* and Q during the lifetime of D¥*). These
advances have recently been reviewed (/2).The situation where there is a distribution
of micelles of different sizes is particularly relevant for associative polymers. For the
specific case of a system of micelles of different sizes, where one can assume that the
fluorophore and quencher remain within their micelles during the dye excited
lifetime, and where the Poisson distribution and k, for intramicellar quenching are

suitably modified by the change in micelle size (12a), individual fluorescence decay
experiments will give good fits to eq. 1, but the values of n and kq will change with

variation in the concentration of the quencher. An interesting system that appears to
satisfy these requirements involves the micelles formed by SDS in the presence of 1-
pentanol and sodium chloride investigated by J. Lang (13).

In some cases, an estimate of the aggregation number may be obtained from
steady-state fluorescence quenching (SSFQ) measurements through the expression

In (I / T) = [Q] / [Micelle] )

where I and I are the fluorescence intensities of the dye with and without quencher

present, respectively. Despite the seeming simplicity of the steady-state approach, the
assumptions behind equation (4) are much more restrictive than for the time-resolved
method. The most significant additional assumption is that the quenching of the
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excited dye molecules must be so fast that micelles which contain a quencher make
no contribution to the observed fluorescence. Recent experiments by Zana and
coworkers (/4) emphasize that while some steady state measurements provide correct
values of Negg for surfactants, most give values that are too small. The only way to
establish that the N, Values obtained by SSFQ are correct is restudy the system by
TRFQ.

In the sections that follow, we will see that some values for Ny, particularly for
AT’s in the presence of excess surfactant, have been determined only by SSFQ
experiments. In other instances, where TRFQ measurements have been carried out,
the data fit eq. (1) but the systems exhibit complexities beyond those found for simple
surfactant micelles (/5). The message we wish to convey is that these methods for
determination of aggregation numbers are by no means routine for associative
polymers in water. Experiments have to be carried out over a range of probe,
quencher, and polymer concentrations for the results to be accepted with confidence.

Telechelic Polymers

Association Mechanism

Of the various associative polymers that have been studied, we have the deepest
understanding of the telechelic associating polymers. These are linear water-soluble
polymers, normally based upon PEO, with hydrophobic end groups. Hydrophobic
Ethoxylated URethane (HEUR) polymers are prepared by a chain extension reaction
of an oligomeric PEO with a diisocyanate, followed by end-capping with an aliphatic
alcohol. They are normally characterized by a relatively broad molecular weight
distribution (M,/M,, =~ 2) and not all of the polymer molecules contain two

hydrophobic end groups. More recent experiments have been carried out on model
polymers in which an aliphatic hydrocarbon group is attached directly (via an ether or
urethane linkage) to the ends of a PEQ. These polymers commonly have a very
narrow molecular weight distribution (M,,/M,, < 1.1) and close to 2.0 end-groups per

chain. Such polymers have been studied by a variety of techniques including
rheometry, small angle scattering (SANS and SAXS) measurements (/6, /7),
calorimetry, electron paramagnetic resonance (EPR) spectroscopy (/8), and by
fluorescence (19, 20, 21).

A characteristic feature of some telechelic AT’s is that they form flower micelles
at low concentrations but above the CMC, and then undergo further association at
higher concentrations to form an extended network of micelles that contain looping
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chains and chains that bridge neighboring micelles. From this point of view, one
expects flower micelle formation to follow a closed association process, whereas the
secondary association into finite aggregates or into a network should be an open
association process. The formation of micelles consisting of looped chains is opposed
by the unfavorable entropy of chain cyclization. As a consequence, flower micelles
can be observed only when the groups at the chain ends are sufficiently hydrophobic
compared to the length of the intervening chain backbone, to promote association
well before the onset of network formation. Only for those telechelic polymers
characterized by a low CMC can one find a range of polymer concentrations where
discrete flower micelles can be observed by dynamic light scattering or by pulsed
gradient spin-echo NMR.

A recent theoretical paper predicted that telechelic associating polymers would
undergo a special transition in their associative structure (22). These polymers were
predicted to form flower micelles with a narrow size distribution at low polymer
concentrations.  Because these flower micelles should have weak attractive
interactions with no repulsive interactions beyond the hard sphere separation, they
were predicted to phase separate from dilute solution into a polymer-rich phase of
weakly bridged micelles. Flower micelles have been inferred from light scattering
and by pulsed gradient NMR in two telechelic AT systems in water (23), and in
organic solvents for various triblock copolymers with insoluble end blocks (24, 25).
We now also appreciate that if the substituents are not sufficiently hydrophobic, so
that the onset of association (the critical aggregation concentration, CAC) is too high,
there may be no concentration range preceding the formation of extended networks
where discrete flower micelles can exist (26).

End-group Aggregation Numbers N

In 1995 we reported Ny, values for a set of HEUR polymers with C,¢H330- end
groups (20). These model polymers were prepared by reacting oligomeric PEO chains
with isophorone diisocyanate to elongate the chain and to permit attachment of the
end groups. In this system C,cH;;0- groups are attached to the chain ends via
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isophorone diurethane (IPDU) moieties, which serve as part of the total hydrophobic
end group. The polymers had a relatively broad molecular weight distribution, with
M,/M, = 2, and ca. 30% of the chains were substituted at only one end. We employed
pyrene as a fluorescent probe, and carried out detailed fluorescence decay
measurements to determine Np values for this system. In these experiments,

quenching occurs through pyrene excimer formation: excited pyrene serves as the
fluorophore, and ground state pyrene serves as the quencher. Because we were
concerned with the proper interpretation of the data, experiments were carried out
over a range of pyrene concentrations for each polymer concentration and at three
different polymer concentrations. At the lowest of the polymer concentrations, the
solution was characterized primarily by flower micelles, whereas at the highest
concentration, the onset of network formation was indicated by the 100-fold increase
in the solution viscosity. For this particular sample (M,, = 34,000), we found a value
of Ng = 18 £ 1 independent of the polymer concentration. From this result we
concluded that the primary association to form the flower micelles was a closed
association process, and that the core size of the micelle-like aggregate was conserved
during the secondary association into the network. Since the highest concentration
examined was only about 2 wt% polymer, this conclusion applied specifically to
solutions containing up to this amount of polymer.

These experiments were extended to other HEUR polymers differing in chain
length (M, 34,000 to 51,000), but all containing C,¢H330- as the hydrophobic end
group. For these polymers the Ny values ranged from 18 to 28, but for any one
polymer, the value of Ny did not change over a limited range of concentrations that

spanned flower micelles to well-formed networks. This result leads one to conclude
that the system follows a closed association model for micelle core formation over
this concentration range.

Persson et al.(18b) used a method based upon EPR spectroscopy to determine the
Ny value for a PEO polymer of M = 9,300 with C;,H,s groups attached to the chain

ends by an ether linkage. This polymer has a narrow molecular weight distribution
(My/M; =~ 1.1) and nearly complete end-group substitution. Like the fluorescence
quenching technique, the EPR approach assumes a Poisson distribution of
hydrophobic spin probes among micelles. In this way the authors determined that Ny

= 31 % 6 at a polymer concentration of 2.5 wt%. In an earlier paper (/8a), they report
Nr =28 determmed by fluorescence quenchmg and an onset of aggregation (the cac)
of 1.5 x 10° M. By comparison, the non-ionic surfactant C;,H»s-EOy3 has a critical
micelle concentration (cmc) of 1.8 x 10* M and Nggg = 40. The longer EO chain
length of the associating polymer leads to a lower end group aggregation number.
Similar polymers were examined by SAXS and SANS by the group of J. Frangois in
France. These polymers form an ordered phase at high concentrations (> 20 wt%)
(17). Under these circumstances, values of Ny could be estimated from the scattering

data. In the context of the model they used to fit the data, the values of Ny appeared

to increase with increasing polymer concentration.
Some information is available on aggregation numbers in flower micelles from
diffusion coefficient measurements. For example, if dynamic light scattering (DLS)
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or pulsed-gradient spin-echo NMR measurements indicate a narrow distribution of
diffusing species in solution at concentrations above the CMC, the size of these
species can be inferred by comparison with intrinsic viscosity data. Assuming hard
sphere behavior for these objects, one can combine the intrinsic viscosity with the
diffusion coefficient determined to calculate the mean number of polymer molecules
per flower micelle. In this way an Ny value of 30 was estimated for a PEO polymer
of M = 35,000 with CgF,,0- end groups, each coupled to the chain end via an IPDU
group (27).

In each of the various experiments described above, the end-group aggregation
number determined was on the order of 20 to 30. These numbers are significantly
smaller than those commonly found for non-ionic micelles formed from surfactants
with shorter EO, chains. Nevertheless, these numbers are significantly larger than the

values of 3 to 6 inferred indirectly from rheology measurements through calculations
that did not take full account of looping chains (28).

In a recent publication, Alami et al. (29) reported fluorescence quenching
measurements to determine Ny values for a C;,H, end-capped PEO of M = 20,000
using two different quenchers. Using pyrene as a probe and dimethylbenzophenone
as a quencher, they found aggregation number of 28 + 3 for polymer concentrations
ranging from 2 to 7 wt%. In the same work, quenching by pyrene excimer formation
lead to a very different aggregation number (16) for a 6 wt% polymer solution. To
explain this difference, the authors expressed their concern about the validity of the
Poisson distribution of fluorophores and quenchers in the micelle-like structures
formed by their polymer. In our view, one of the most important aspects of this work
is that it emphasizes the difficulties in applying fluorescence quenching methods to
associative polymer solutions. When applied to surfactant micelles, these techniques
are so routine that one often examines only one micelle concentration and only one or
two quencher concentrations. In the case of AT’s, some of the convenient
assumptions used to analyze the data break down. Proper attention to control
experiments is necessary to justify the conclusions drawn.

Recent Results on Urethane end-capped PEO

We have recently described measurements to determine Ny values on two PEO
samples of M, = 35,000 (M,,/ M,, = 1.1), end-capped through reaction with hexadecyl

isocyanate or with octadecyl isocyanate. We refer to the former as HDU and the latter
as ODU.

o o

l

R-NH-C =(0CH,CH,),  0CH,CH,0-C-NH-R

R= C13H33 HDU
R = CygHay opbu n ~ 800
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ODU. At concentrations less than 2 wt% in aqueous solution, ODU phase
separates (30), to give a low viscosity upper phase consisting of a dilute solution of
the flower-like micelles, and a lower gel-like phase in the form of a network of
interconnecting micelles. The decay profiles for pyrene solubilized in the upper
phase could be fitted to eq. (1), but the fitting parameters do not behave as expected
when the pyrene concentration is varied. As we will report elsewhere in more detail
(31) the problem is that a significant fraction of the pyrene remains in the water phase
where it emits with its unquenched lifetime t,,. The data become well behaved if one

adds a term to eq. (1) to account for the fraction of the pyrene emission (1 - R) from
pyrene in water:

I()=I)[Rexp[-t/1y-n(l-exp (-kq N1+ (1-R)exp (-t/ 7,)] )

Excellent fits to the data are obtained. The kq values are constant and scatter

about 7 ps'!. The R values are very close to 0.9, indicating that 10 % of pyrene
emission is from dyes in the water phase, a very reasonable estimate. At high pyrene
concentrations, the n values increase linearly with pyrene concentration, and we
obtain an aggregation number Ny = 23+1.

HDU. Aggregation numbers HDU solutions were determined via excimer
formation, using two fluorescent probes, pyrene (Py) and 1-ethylpyrene (EtPy). EtPy
has a lower intrinsic solubility in water (ca. ! x 10”7 M at 22° C) than pyrene (7 x 10”7
M) (32). Partitioning experiments establish conditions under which the probes are
essentially completely dissolved in the micelle phase (33).

The TRFQ data for this system are well behaved and show good reproducibility.
For pyrene, the mean lifetime was 227 + 4 ns, and for ethylpyrene, 148 + 2 ns. The
data for k, show some scatter, but no trend with a change in probe (quencher)

concentration. The mean value for Py is 8.7 + 0.6 pus"!and for ethylpyrene, 10.4 + 1.1
pus'l. These values are in the range reported by others on similar systems with pyrene
as a probe (e.g., 3 us! in ref. 20 for C,¢-capped PEO’s with M, 26,800 - 51,000 and
20 ps'! in ref. 29 for C,,-capped PEO, M,, = 20,300).

The parameter of greatest interest is n, the mean number of quencher molecules
per micelle. The value n should vary linearly with quencher (pyrene or ethylpyrene)
concentration and be inversely proportional to the polymer concentration. Figure 2
presents plots of the probe-to-polymer ratio for pyrene and ethylpyrene. Both plots
are linear, implying constant aggregation numbers, but there are three peculiarities in
the data. The first unexpected result is the non-zero intercepts for both probes. This
aspect was discussed in some detail in our recent publication (33), and can be
explained in terms of a tiny amount of quencher present as an impurity in the polymer
itself. Under these circumstances, the slope still gives meaningful values of Ng. A

second unusual result is that the slopes of the plots are different. The pyrene data
exhibit a steeper line, corresponding to a higher aggregation number (Ng = 21 + 1),
compared to the ethylpyrene data (N = 16 * 1). The difference between these
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numbers cannot be attributed to random fluctuations only, and appears to represent a
characteristic of the system.

We can rationalize this result by relaxing the assumption of micelle size
monodispersity. If there is a distribution of micelles of efferent sizes, in which the
EtPy preferentially partitions into the smaller structures, the smaller Np values and
larger k, values can be explained. The idea of micelle polydispersity in AT’s has
precedence. For example, Alami et al. (29) suggested the possibility of oligomeric
aggregates of various sizes of micelles in solutions of a poly(ethylene oxide) end-
capped with C,,H,5 ether groups.

The third unusual result is found at much higher polymer concentrations, C,, >
10 wt%. At that these high concentrations, the Ny values appear to increase

substantially. This is a result that needs to be further investigated.

1.5

0.5

0 1 1 1
0 1 2 3 4

[Probe]/Choy (pmol/g)

Figure 2. The fitting parameter n plotted versus probe-to-polymer ratio in 0.8 wt%
HDU solutions for pyrene and ethylpyrene. From the slopes of the lines we calculate
Npg = 21 from the pyrene data and Ny =16 from the ethylpyrene data.

Hydrophobically modified Hydroxyethylcellulose

A schematic structure of a hydrophobically modified hydroxyethylcellulose
(HMHEC) is given in the drawing below. These materials are prepared from HEC
itself, which in turn is synthesized from cellulose, a process involving treatment with

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by NORTH CAROLINA STATE UNIV on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch009

154

base followed by reaction with ethylene oxide. Glass (34) has shown that for a mean

CH,0(C,H,0),C gHas
to O\ HOCH,)©
H(OC,H,),-0

QCHOWM o H28(02H40)ZH

J  HECHO)©
HoO(C,H,0),H

O(C,HOLH O

substituion (MS) of 2 EO units per glucose, nearly a fifth of the glucose residues in
HEC remain unreacted. Normally a second ethoxylation is carried out under
somewhat different conditions, and it occurs primarily at the 2- and 6- positions.
Using a stochastic model, Glass priedicted that oligo(ethylene oxide) chains form part
of the structure. For MS = 3.5, EOy units with x as long as 5 or 6 appear in small

amounts at the 6-position. Less is known about the location of the hydrophobic
groups in HMHEC. There is a fine balance between solubility in water and the extent
of hydrophobe substitution.

All of the experiments which give information on aggregation numbers for
hydrophobically modified cellulose derivatives such as hydroxyethyl cellulose
(HMHEC) were carried out in solution in the presence an excess of ionic surfactant.
Dualeh and Steiner (35) studied an HMHEC polymer containing 1.33 wt% C;,H,s
alkyl groups. This polymer is insoluble in water but rendered soluble in the presence
of sodium dodecyl sulfate (SDS). The authors used SSFQ measurements to estimate
the aggregation numbers of the mixed surfactant-polymer micelles, with tris(2,2-
bipyridine)ruthenium (II) chloride as a fluorophore and 9-methylanthracene as the
quencher. Their results suggest that at fixed Cpol’ the total aggregation number of the

micelle-like aggregates increased from 57 to 84 with increasing SDS concentration.
They deduced that the number of SDS molecules per aggregate increases linearly with
[SDS] from about 50 to 80. At the same time, the number of alkyl groups decreased
from 8 to 5 per mixed micelle. More recently, Thuresson et al. (36) examined the
binding of SDS to ethyl(hydroxyethyl) cellulose modified with 1.7 mol% of
nonylphenol. They used a variety of techniques to study the system, including NMR
diffusion measurements and TRFQ (pyrene as a probe, dodecyl pyridinium chloride
as a quencher). The surfactant aggregation numbers determined by TRFQ were found
to increase with increasing concentration of SDS. Another paper by Nilsson et al. (37)
reports mixed aggregation numbers for HMHEC containing 1.7 mol% of C,4 alkyl
chains in the presence of excess SDS. The authors studied the effect of salt and
cationic surfactant dodecyltrimethyl ammonium chloride (DoTAC), which are known
to increase the Ny , of SDS micelles, on the size of the mixed micelles. They found at
constant total surfactant concentration that increasing amounts of salt or the mole
fraction of DOTAC leads to an increase in both the surfactant and hydrophobe
aggregation numbers.

Nishikawa et al. (38) attempted to determine aggregation numbers directly on an
HMHEC polymer with a molecular weight My, = 300,000 corresponding to about 930
glucose units, with a mean degree of substitution of 3.6 ethylene oxide groups per
glucose unit and on average one C,cH;; group per 143 glucose. They showed that

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by NORTH CAROLINA STATE UNIV on September 22, 2012 | http://pubs.acs.org

Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch009

155

pyrene was solubilized to only a very small extent, but the pyrene molecules that were
solubilized were located in a strongly hydrophobic domain (I;/I; = 1.25). Direct
determination of Ny values proved impossible because of the large fraction of pyrene
(or ethylpyrene) remaining in the water phase. Panmai et al. (39) describe a very
clever set of experiments on this same HMHEC derivative. The authors studied
mixtures of the polymer with excess cationic surfactant under conditions where Nogg
values could be obtained. Because they were obtained by SSFQ, the absolute Nagg
values may be in error. The authors extrapolated the total aggregation numbers back
to the CAC where HMHEC-surfactant mixed aggregates first form. The extrapolated
value was on the order of an average of 2 or 3 hydrophobes per aggregate.

Aggregates containing only 2 or 3 C;4Hj; groups are unlikely to solubilize Py in
a way that would lead to I}/I; = 1.25. As a consequence, we imagine that HMHEC is
characterized by a distribution of hydrophobes. Those attached close to the glucose
backbone may not associate at all except in the presence of added surfactant, whereas
those hydrophobes at the ends of EO, oligomers would be more likely to form larger
aggregates which could serve as the sites of pyrene solubilization.

Associative Polyelectrolytes

One class of commercially important associative thickeners involves a
polyelectrolyte with hydrophobic pendant groups. The polymer backbone commonly
consists of an ethyl acrylate-methacrylic acid copolymer with a composition such that
the polymer is insoluble in water at low pH where the MAA groups are protonated,
but very soluble in water at high pH where the extent of neutralization is large (o —
1). These materials are prepared by emulsion polymerization at low pH to yield a
latex dispersion which swells and dissolves upon neutralization with base. They are
commonly referred to as HASE thickeners, Hydrophobically modified Alkali-
Swellable Emulsions.

il I PO O
CH,~C CH,-?H CH,-C
C= c=0
1 )
el O
x CaHy HyC-C-CH,
NH
Methacrylic Ethyl ‘% =0
acid acrylate ?
«':H, CH, 0}y,
Caz0Hag
- Sz
Associative
Macromonomer
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Our knowledge of the structure of these materials in solution is still very limited,
but progress is being made through the study of a series of relatively well-
characterized model polymers prepared by R. Jenkins (40) at Union Carbide. The
structure of one such HASE polymer is shown above. It is a linear copolymer of
ethyl acrylate (50 mol%), methacrylic acid (49.1 mol%), and a macromonomer
containing a C,oH,, group separated from the backbone by 32 ethylene oxide units

(0.90 mol%). This polymer was prepared as a dispersion of latex particles, but
dissolves as the pH of the solution is raised above 6.5. Full neutralization of the -
COOH groups occurs near pH 9, accompanied by a large increase in the solution
viscosity. In the most general terms, one can say that the increase in viscosity occurs
through a combination of three factors: by the dissolution of the polymer to form
discrete molecules in solution, by the change in shape of these molecules from a coil
to a highly extended conformations due to the repulsion of negative charges at high
degrees of neutralization, and by the interaction of the hydrophobes to form a network
of intermolecular associations. Viscosification is likely to occur through
entanglements as well as the formation of networks with hydrophobic domains as the
junctions. Since the hydrophobes themselves (C,qH,; groups) have very low
solubility in water and are attached to the polymer backbone via EO;, spacer chains,
one anticipates that some properties of the micelle-like aggregates formed will
resemble those formed by linear end-capped PEO polymers.

The one complicating feature of this type of polymer structure is that the EA
groups in the polymer backbone are themselves somewhat hydrophobic. The
unprotonated EA-MAA copolymer is sufficiently hydrophobic that it will dissolve
pyrene. At low degrees of HASE polymer neutralization (o < 0.4), pyrene and
ethylpyrene in water will partition strongly into the dispersed polymer phase.

Horiuchi et al. (41) carried out TRFQ experiments intended to determine the
hydrophobe aggregation numbers in solutions of the HASE polymer, using both
pyrene and ethylpyrene as fluorescent probes. Experiments were carried out “at
complete neutralization (a = 1) for a variety of polymer concentrations, and for a
range of probe concentrations at each polymer concentration.

These decay profiles were fitted to eq. (1). All statistical criteria (%2, weighted
residuals and their autocorrelation) indicated excellent fits to the decay traces. Over
the whole range of probe concentrations, the values of lifetime are constant: for
pyrene, t = 200 ns, and for ethylpyrene, T = 148 ns. This type of behavior is expected
for a well-behaved system. The other two fitting parameters, n and kg exhibit
unusual behavior as the probe concentration is varied. These values are plotted in
Figure 3. According to equation (1), one expects kq to be constant and n to vary
linearly with quencher concentration [Py] or [EtPy] (cf. Figure 1). Because the results
were unexpected, the authors carried out a careful statistical study of the fitting
results, including parameter-correlation analysis and Monte Carlo simulations to
establish reliable error bounds of the parameters. This analysis indicates the parameter
fits are statistically meaningful.

As a consequence, the problem is with the model itself. Features of the system
differ in significant ways from the assumptions used in deriving equation (1). Some
insights are available from consideration of the behavior of the fitting parameters for
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the two probes. In Figure 3 one can see that both k; and n decrease with decreasing
Py or EtPy concentration, with large values of n found at low fluorophore
concentrations. A curious feature of the data is that this behavior does not depend on
the polymer concentration. For pyrene as a probe, the results are reproducible at o = 1
for three different polymer concentrations: 3.2, 4.8, and 6.4 g/L.
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Figure 3. Variation of fitting parameters with probe concentration for pyrene and

ethylpyrene in aqueous solutions of the HASE polymer described in the text (Cpo =
8.0g/L; a=1): (a) the quenching rate constant kq; (b) mean number of quenchers
per micelle n.

From the data in Figure 3b the Horiuchi et al. (41) estimate the apparent
aggregation number for the micelles formed by the hydrophobes of the HASE
polymer. The values obtained are plotted in Figure 4 as a function of the probe
concentration. The apparent aggregation numbers decrease drastically with increasing
probe concentration. The actual aggregation numbers are probably not very
meaningful, except as they point to different aspects of the system sampled by the
probes at different probe concentration. One can imagine that there may be multiple
binding regions in the polymer with different affinities for pyrene or ethylpyrene. As
more of the probe is added to the system, the fluorescence signal becomes
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increasingly weighted in favor of those sites with smaller affinity for the probe. If that
were the case, some of the assumptions made in the derivation of equation (1) would
no longer be valid.

80

60

40

20

Apparent Aggregation Number (NR*PP)

[Py-R] uM, R=H, Et
Figure 4. Apparent aggregation numbers calculated from the data in Figure 3b

Alternatively, one may be able to interpret these data in terms of a distribution of
different micelles. As in the case of SDS micelles in the presence of 2-pentanol and
sodium chloride described by Lang (13), Horuiuchi et al. (41) report data in which
individual decay curves fit nicely to equation 1, but Ny and kg values vary with

quencher concentration. In the steady-state fluorescence spectra for these solutions,
they found a linear dependence of Ig/Iy; on probe concentration for both pyrene and

ethyl pyrene, but extrapolation to zero probe concentration gave a small but positive
intercept. One interpretation of this result is that the system contains a distribution of
hydrophobic domains, so that at low probe concentration, there is still a significant
probability of finding two probes in the same micelle-like domain.

Simulations by Almgren and coworkers (42) of fluorescence quenching

experiments in micelles with a broad size distribution indicate that mean N, , values

obtained with equation 1 are considerably underestimated. In this context, it is
possible that the C,, hydrophobic groups associate to form micelle-like structures
with 60 to 80 groups per aggregate. From this point of view, the initial probes added
to the HASE solution partition into these large micelles formed by the C,
hydrophobic groups. There are other hydrophobic domains in the system, particularly
regions of the polymer backbone rich in ethyl acrylate groups. As a more or less
qualitative model, one can imagine a significant distribution of hydrophobic domains,
ranging from large micelles formed by C,, hydrophobic groups to a variety of mixed

micelles consisting of different mixtures of C,3Hy,, ethyl acrylate and protonated
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MAA groups. Ethylpyrene, the more hydrophobic of the two probes, preferentially
partitions into the more hydrophobic of these domains. Thus for comparable
concentrations of the two probes one finds larger n and kq values for ethylpyrene than

for pyrene.

Summary

TRFQ experiments are a powerful method for determining aggregation numbers
for surfactant micelles. They are in principle equally powerful for the characterization
of the micelle-like aggregates formed in associative thickeners, i.e., those associative
polymers that act as rheology modifiers in aqueous solution. The fluorescence
quenching method appears to work particularly well in characterizing the “mixed
micelles” formed in solutions of AT’s containing excess surfactant. The mixed
aggregates that have been studied successfully are composed of many more surfactant
molecules than polymer-bound hydrophobes, and contain 50 or more surfactant-plus-
hydrophobe groups per aggregate. When applied to associating polymers in water in
the absence of added surfactant, the technique provides reliable information for
modest concentrations of linear HEUR and PEO polymers with strongly hydrophobic
end groups. Here one finds hydrophobe association numbers of Ny = 20 to 30 end

groups per micelle-like aggregate. These aggregates are significantly smaller than
common micelles, which often have Nagg values of 60 to 100. On the other hand they

are substantially larger than the single digit numbers on the same systems that have on
occasion been inferred incorrectly from rheology measurements alone.
In some of these telechelic systems, the k, values are smaller than those found in

many traditional surfactant micelles, implying that the micellar core is less fluid than
traditional micelles. Under these circumstances, fitting fluorescence decay data to
equation (1) or (2) is more delicate than one might anticipate. One has to take the
trouble to establish that the fitting parameters are stable to changes in probe and
quencher concentration.

The first studies directed toward determining Ny values for a fully jonized HASE

polymer turned out to be unexpectedly complicated. The data in individual
experiments seemed well-behaved, but variations in the fitting parameters as the
probe concentrations were varied pointed to deficiencies in the model. The limited
evidence now available suggests that there is a distribution of sites in the polymer
solution. Probes at low concentration bind preferentially to the most hydrophobic
sites, and increasing the alkyl group substitution of the probe enhances its selectivity
for these sites. It is likely that ethyl acrylate units along the polymer backbone
participate in the formation of some of these sites. Whether hydrophobic interactions
involving the EA monomer units contribute to the viscosity of the polymer solutions
is not known.

In conclusion, methods based upon fluorescence quenching are capable of
providing hydrophobe aggregation numbers that are essential for characterizing the
structure of associative polymers in aqueous solution. Nevertheless, the high viscosity
of these solutions, the relatively low concentration of micelle-like entities present at
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modest polymer concentration, and complicating features related to the chemical
details of the polymer structure, make these experiments more difficult to interpret
than similar experiments on traditional surfactant micelles.
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Chapter 10

Behavior of Branched-Terminal,
Hydrophobe-Modified, Ethoxylated Urethanes

Peter T. Elliott, Linlin Xing, Wylie H. Wetzel, and J. Edward Glass

Polymers and Coatings Department,
North Dakota State University, Fargo, ND 58105

Hydrophobically-modified, Ethoxylated URethanes of narrow
molecular weight (uni-HEURs) were synthesized with hydrophobic
groups of different structure to determine their effect on solution
properties. A linear hydrophobe (C;,H,s) and a branched
hydrophobe (b-(C,Hs4)), of comparable hydrophobicity, were
coupled to the ends of a 29,500 M, polyoxyethylene (POE) via a
real telechelic process using 4,4’ methylenebis(cyclohexyl
isocyanate), Hj»MDI. The aggregation numbers of these model uni-
HEUR solutions increase with polymer concentration and plateau,
at a similar value, at high polymer concentrations. However, at
higher concentrations the solution viscosities of the uni-HEUR
thickeners with the branched hydrophobes are higher than those
with linear hydrophobes of the same effective carbon length, but
lower than linear hydrophobes with an equivalent number of carbon
units per linear chain. It is the number of hydrophobes in the
aggregate and not the number of chain ends that is important in
building solution viscosities. This is reflected by the longer
relaxation times of the branched terminal hydrophobe uniHEUR in
oscillatory rheology studies. When H|;MDI was used to couple
larger hydrophobes to POE the solution viscosity increased
dramatically and soft gels were observed; therefore, the influence of
branching was examined in greater detail using hexamethylene
diisocyanate (HDI) to couple larger branched hydrophobes.
Multiple branched hydrophobes in groups of six, varying in size
from CyHy to C.Hi;, were prepared. These hydrophobe
groupings were used to prepare terminal position and comb-
architecture uniHEURSs and are discussed.
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Introduction

To understand the results observed in these studies, the observations noted in
prior investigations of conventional branched surfactants are reviewed below. In one
of the first studies dealing with. branched surfactants (/) in relation to petroleum
recovery, Wade and coworkers observed that the surfactant structure among
ethoxylated alkyl phenols had a significant effect on the solubilization parameter and
on the interfacial tension of microemulsions. If the hydrophilic and lipophilic
moieties of the surfactant were increased simultaneously (e.g., as the number of
ethoxylates was increased, the surfactant’s hydrocarbon tail length also was increased
to maintain a constant Hydrophilic-Lipophilic Balance [HLB]), a group of surfactants
was obtained that exhibited optimum petroleum microemulsion behavior with respect
to given salinity and cosurfactant levels (2). In the latter study, hydrophobe branching
was used in concert with the correct ethoxylation level.

In studies reported (3) from Exxon’s laboratories, hydrocarbon chain branching
resulted in a higher CMC, due to steric hindrance to aggregation in the bulk phase.
The critical micelle concentration (CMC) of branched sodium dodecyl sulfate (SBDS)
was observed to be ~ 2 times higher than with the linear analog (SDS). The CMC of
SBDS, however, was | order of magnitude lower than that of sodium octyl sulfate;
indicating that a decrease in chain length due to hydrocarbon chain branching is
compensated by increased hydrophobicity.

In additional studies of C,, sulfates, two different types of branching were
studied (Figure 1) (4).

X X

C6LGS C,6BGS

CI(JLOE SS C](,BGE SS
Linear Guerbet (LG) Branched Guerbet (BG)

X=50,[S], (EO) ,SO4 [EsS]

Figure 1. Surfactant Structures used in prior Branching Studies.

The first series consisted of surfactants in which an alkyl substituent is attached to the
carbon atom beta to the head group (referred to as “linear” Guerbet surfactants); then
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numerous methyl groups are placed on the resulting two “linear” segments of the
Guerbet surfactants (referred to as “branched” Guerbet surfactants). The head group
(hydroxyl functionality) was then modified with sulfates and monodispersed
ethoxysulfates, producing two different types of Guerbet surfactants. Both types of
branched surfactants exhibited higher CMCs.

Our prior studies of Hydrophobically-modified, Ethoxylated URethanes
(HEURSs) have included: examination of different geometries with short oxyethylene
spacing (5,6), linear polymers with variable terminal hydrophobe sizes, separated by
larger ethoxylate spacings (7), and the influence of broad molecular weight
distributions with different effective terminal hydrophobe sizes along with
underivatized oxyethylene components (8,9). This contribution addresses the
influence of branching of the terminal hydrophobes on the fluorescence and rheology
of uni-HEUR solutions.

Experimental Section

(1) HO-(CH,CH,0)70-H + (30eqv) O=C=NO-CH2<:>-N=C=O

40-50°C
4 hours
DBTDL

0 0
O=C=N<:>-CH2O-g-léo-(CH2CH20)670~g-EO-CHZO-N=C=O

gOi]So?lorS (40eqv) R' (hydrophobe)

rectification:
a)dissolve in hot acetone
b)reprecipitate in petroleum ether

0 0 0 0
R'E-EO-CHZO-E\J-IJ:O-(CH2CH20)670~g-gO-CH2<:>- LR
i H
NN
RE N~~~ T ~O

Scheme 1. General synthetic reaction for uni-HEUR associative thickeners with
variable terminal hydrophobe sizes.
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The synthesis of the linear uniHEURs (Scheme 1 above) followed the procedure
described first in an ACS PMSE preprint (5) and later in greater detail in a 1994
Langmuir article (6). The synthesis of the dibranched uni-HEURSs involved the
reaction of disubstituted amines instead of alcohols with the diisocyanates and
without the addition of dibutyltin dilaurate catalysis that would have retarded the
amine reaction. The characterization procedures described earlier were followed, and
the degree of hydrophobe modification was 95% or higher in all materials.
Hydrophobe modification was determined using 'H-NMR with 1,4-difluorobenzene
as the standard. Molecular weight distributions of model-HEURs were measured
through size exclusion chromatography (SEC) in tetrahydrofuran with poly(ethylene
oxide) as standards.

Fluorescence Studies

Solutions for critical micelle (or aggregate) concentration measurements were
prepared according to the following procedure. The surfactant or thickener solution
was weighed in a 20-mL vial and diluted to a 1 g total weight with distilled water.
This solution was further diluted to 10 g with a filtered pyrene saturated solution so
that the concentration of pyrene was kept constant and less than 10 M.

Solutions for quenching experiments were prepared as follows. A surfactant or
thickener stock solution was prepared by first dissolving the powder in pyrene-
saturated water and then putting it on the roller in the dark for 24 hours. A portion of
these solutions was saturated with benzophenone, and the mixtures were put on the
roller in the dark for 24 hours. After centrifugation or filtration, aliquots of the
benzophenone-saturated solutions were added to the surfactant or thickener/pyrene
solutions to cover a benzophenone concentration range of 0 to 2*10™ M.

UV absorption spectra were recorded with a Hewlett-Packard 8450A diode array
spectrometer.  Steady-state fluorescence spectra were recorded on a SPEX 2T2
Fluorolog fluorometer using a xenon lamp as a light source and equipped with a
DM3000F data system. The UV absorption of benzophenone at 255 nm was
measured to calculate the concentration of the quencher in each sample, dilutions
being performed for solutions of absorbance greater than 1.3.

Fluorescence emission spectra (A = 350-450 nm) were recorded at room
temperature for the probe (pyrene). Excitation wavelength was set at 334 nm and the
bandwidths set to 3 nm for excitation and 1.5 nm for emission. The intensity ratios of
the first vibronic peak (A = 372 nm) and the third vibronic peak (A = 383 nm) in the
pyrene emission spectra, I;/I;, were used to determine the critical aggregation
concentration of thickeners. This approach is discussed in several chapters in this
text. In the determination of mean aggregation numbers, N, the ratios of fluorescence
intensities in the absence and presence of quencher (benzophenone) were calculated
as the ratios of the integrated spectral areas (in wavelength units, from 350 to 450
nm).
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Rheological Measurements

Steady state, low shear viscosities (2 s') were measures on a Brookfield cone and
plate viscometer. Shear rate profiles and oscillatory measurements were recorded on
a Carri-Med CSL100 controlled stress rheometer fit with a cone and plate (4 cm and
2° cone angle) geometry. Torque and frequency sweeps were run prior to oscillatory
measurements to ensure that the experiments were run in the linear viscoelastic region
(amplitude~ 10 rad).

Results and Discussion
Synthesis

A large excess of diisocyanate is used to produce narrow molecular weight
distributions by what is a true telechelic process (Scheme 1), not a half breed
variation of a step-growth synthesis. Previous studies have shown that HEURs with
narrow molecular weight distributions produce solutions with higher viscosities at the
same concentration of thickener (9). This is related to the low molecular weight
segments preferring intra-hydrophobic associations in a step-growth synthesis mixture
of products, and to the fact that a portion of the step-growth product is not substituted
and therefore will not contribute to network formation.

The use of H;;MDI in this scheme adds to the difficulty in obtaining a clean
HEUR for the diisocyanate is a mixture of 3- and 4- isomeric isocyanate derivatives,
and the alicyclic substituents also produce a mixture of equatorial-equatorial and
equatorial-axial isomers. However, H;;MDI contributes significantly to the overall
size of the terminal hydrophobe that is added to the telechelic isocyanate and
therefore to its viscosity. A more extensive rectification is required compared to a
direct addition of a monoisocyanate, but the prior telechelic approach allows for
variation in the effective terminal hydrophobe size, and a method of producing large
branched terminal hydrophobe HEURs with relatively narrow molecular weights.

Effect of Hydrophobe Structure on Low Shear Viscosity

From a surfactant chemist view, one CH, group, introduced as a branch off a
linear hydrophobe, contributes approximately half to an increase in hydrophobicity to
that noted when it is included in the linear chain (/0). An ideal comparison would
therefore be between a linear C,,H,s and a di-CgH,; (i.e., branched-C ;Hs;). The
influence of the terminal hydrophobe structure on the low shear rate (2 s™') aqueous
solution viscosity of 29,500 M, H;,;MDI-based uniHEURs as a function of thickener
concentration is illustrated in Figures 2. As noted in the original synthesis of uni-
HEURs, even with large oxyethylene (EO = 670) spacer lengths, it is necessary to add
a small amount of surfactant (0.002M SDS) to obtain solubility in water when the
terminal urethane linkages are fully substituted (7).
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Figure 2. Low shear rate viscosity (25”') of H;-MDI-based, 29500 M, uniHEUR
thickeners with different hydrophobe structures as a function of concentration. (4} b-
(C/6H34),' (0) Z-C[_vH_’j,' (/0 b-(C,gH_?g),' all with .002M SDS.

Based on prior fluorescence studies of H;MDI uni-HEURs, hydrophobic
associations (7) occur at ca. 0.005 to 0.05 wt.% with the C|;Hys- and C¢H,;- terminal
groups, but there are insufficient associations to promote networking and viscosity
build until concentrations of ca. 1.0 and 2.0 wt.% /-C,,H,s- and /-CgH,7-H;,MDI-
EQO,,s HEURs have been added. The Y-branched b-(Cy;H,,)-H;;MDI-EQ47, HEUR in
this study is less effective than the equal carbon number [-C\;Hys in facilitating
viscosity build (Figure 2). The b-(C|;H;,) HEUR begins to increase in viscosity
only at a concentration greater than 3 wt.%. This is similar to prior studies of a linear
CsH,7-H;;MDI-EQ,,s HEUR. Consistent with those studies is the observation that a
higher concentration of b-(Ci4Has)-H;;MDI-EOQy- HEUR, used in this study, is
required to facilitate the viscosity increase compared to the linear C,cHi: (not
reported). It is also shown in Figure 2 that at equivalent hydrophobicities, according
to the rule of half contribution, the branched hydrophobe (b-CiHis) is more
viscosifying than a comparable linear hydrophobe (I-C,Hys).

The Effect of Chain Length and Hydrophobe Structures on the CAC

The 1,/I5 intensity ratio for pyrene fluorescence as a function of mode! HEUR, b-
CioHsa, concentration is shown in Figure 3. In contrast to the sharp decrease in Iy/I;
at the CMC of normal surfactants, such as SDS and Tergitol 15-S-9, the I,/I3
transition for the model HEUR solutions occurs over a broader concentration range
(from 107 to 2*¥10°° M). Past studies on step-growth HEURs have suggested this is
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related to broad molecular weight distributions. However, our studies, as well as
those of Francoise, et. al. (//), on model narrow molecular weight distribution
HEURs also observe the broad I,/I; transition. Considering the broadness of the
association, we took the critical aggregation concentration (CAC) of the model
HEURs at the inflection point of the I,/I; downsweep. The branched C,,Hss- HEUR
has a similar CAC (2"‘]0‘5 M), within experimental error, to the linear C;,H;s- one.
The aggregation behaviors of the model branched HEURs are different from the
branched surfactants that were studied in Exxon’s laboratories (3). For branched
surfactants, it is reported that hydrocarbon chain branching resulted in a higher CMC
due to steric hindrance to aggregation in the bulk phase. The steric effect from the
long oxyethylene (EO) spacer length in the micelle packing causes a gradual
association in model HEUR solutions and the hydrophobe branching does not
therefore exhibit a significant hindrance in the formation of micelles.

As was already mentioned and summarized in one of Rosen's reviews (10),
according to the general rule of half contribution, a comparison between the model
HEUR with the linear C,,H,s and the one with the branched C,,Hs,4 (i.e., 8+4) at the
same EO spacer length is appropriate for assessing the influence of branching.

The branched C,H3,-HEUR provides a less hydrophobic domain than the linear
Ci2Hys-HEUR, reflected by a higher [/I; value in the plateau region. At
concentrations above 10 M this behavior can be explained if the branching of the
hydrophobe results in a more porous micellar aggregate with water penetration of the
branched hydrophobic domains. Of course, a more porous structure would lead to
greater distribution of the pyrene in the aqueous phase as discussed in the preceding
chapter. This would also explain the difference.

The Dependence of Mean Aggregation Number of HEUR Solutions on Polymer
Concentration

When the concentrations of the model HEUR aqueous solutions are increased, it
is observed that the aggregation numbers for both the linear and branched
hydrophobes increase and finally approach a plateau at a higher HEUR concentration.
The different hydrophobe structures (linear vs. branched) may affect the aggregation
numbers at the higher concentrations (Figure 4). It seems that the HEUR with the
linear hydrophobe end (I-C,;H;s) has a higher aggregation number than the HEUR
with the branched C,H;4- hydrophobe at the same EO spacer length. However, the
difference is small and could arise from the greater steric hindrance of a branched
hydrophobe or from a greater distribution of pyrene in water with the branched
C,sH34- thickener.

Although there is a small, or no, difference in the aggregation number between
the linear and branched hydrophobe end groups, we believe that the internal structures
of the aggregates for branched hydrophobes are different from linear ones. The two
CgH,; hydrophobes of the branched C,,Hi- are capable of forming micelles in
aqueous solution, and with the H;;MDI connecting unit it would be aided in inter-
associations in the hydrophobic domain. The number of chain ends for the /-C|,H;s
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and b-C¢Hj4- are essentially the same, but this provides twice the number of
hydrophobes in the
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Figure 3. The influence of the hydrophobe on the I,/I; of aqueous pyrene solutions as
a function of 29,500 M,, H;>MDI-based HEUR concentration. (M) branched C,sH;,-.
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Figure 4. Aggregation number as a function of concentration of 8,600 M,, H,,MDI
based HEURs with various hydrophobes. (O) linear C;H;s; ( ¢) b-C sH3,.
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micellar aggregate (Figure 5). This would give rise to a greater number of
associations, and a longer residence time in the aggregates for the b-C,¢H3s-HEUR, as
well as, a greater viscosity (Figure 2). Oscillatory rheometry studies (Figure 6)
discussed below support such a mechanism .

-
7 SN
‘4 ZNX
where: VWAAAN (CH ,CH,0) 79
0 7
— -C- -CH, C-
KOO
/

a CgH, branch

Figure 5. Representation of a branched b-C4H34~H;;MDI EQgz- uniHEUR micelle.
(note: this figure is not drawn to scale).

In Associative Polymersin Aqueous Media; Glass, J.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2000.



Downloaded by NORTH CAROLINA STATE UNIV on September 22, 2012 | http://pubs.acs.org
Publication Date: August 10, 2000 | doi: 10.1021/bk-2000-0765.ch010

172

Oscillatory Measurements

The use of oscillatory rheometry provides additional insight into what is
contributing to the viscosity of polymer systems. A fluid that possesses a significant
elastic component (reflected by the storage modulus, G’) typically forms a network
either by associations (hydrophobic in this case) or by chain entanglement. In
oscillatory shear measurements, a sinusoidally varying shear deformation is imposed
on a fluid, and the amplitude of the resulting shear stress or strain and the phase angle
between the imposed force and resulting stress is measured. From this measurement,
the storage moduli, G’, and the loss moduli, G”, can be determined (elastic and
viscous components).

The oscillatory response at concentrations approximate to the beginning of the
viscosity increase for the linear C,;H,s-H,;MDI-HEURSs with large EO (670) spacings
is illustrated in Figure 6A. The dominant response is the loss modulus, G”, or the
viscous component. The branched b-(C,,Hs4)- analog (Figure 6B), even at a slightly
lower concentration to approximate viscosities, gives a much greater elastic response,
indicating that two CgH,;;- hydrophobes per chain end creates a greater network
strength than one C,,H,s- hydrophobe per chain end.

When larger hydrophobes, a linear C;,H;3- and branched CyHs,, are attached to
POE with H,,MDI, aqueous solutions containing 2 mM SDS produce viscous gel like
solutions. In order to extend the branching study to include these larger hydrophobes,
a smaller diisocyanate, hexamethylene diisocyanate (HDI), which has a lower vapor
pressure and is therefore more toxic than H;;MDI, was used. Neither of these
products (i.e. 1-C,(H3;-HDI or b-C,Hy,-HDI HEURs) was an efficient thickener
(Figure 7). There is more than the seven carbon difference between HDI and H,;MDI
involved in this variation in viscosity, but to date, we have not delineated what this
difference in magnitude is related to.

Terminal Multi-Branched HEURs

A set of multiple branch hydrophobes were synthesized to attach to the telechelic
HDI derivatized POE (Scheme 2A). The multiple branch hydrophobe oligomers were
synthesized by methoxide-initiated oligomerization of 1,2 epoxydodecane; 1,2
epoxytetradecane; 1,2 epoxyhexadecane; and 1,2 epoxyoctadecane to produce
oligomers with an average of six hydrophobes per grouping (Table 1). The multiple
branch hydrophobes were then attached to 29,500 M, POE with HDI as the
diisocyanate using the uniHEUR process (Scheme 2B).

Table 1. Number of Hydrophobes in a Group

Hydrophobe from OH# from NMR  average (OH# and NMR) Mn
(CioHy)) 5 5.7 5.4 5.6
(CyzHys) 4.8 8.9 6.8 5.8
(C14Ha) 5.7 8 6.8 6.0
(CHi3) 44 10 7.2 5.2
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Frequency (Hz)

A. (L) 2.0 we.% thickener; (4) 1.5 wt.% thickener, linear, I- C,;H s, hydrophobe

300
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G.G" (Pa)
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Frequency (Hz)

B. (L) 1.5 wt.% thickener; (4) 1.25 wt.% thickener, branched, b-C4H . hydrophobe

Figures 6 A & B. Storage modulus (G ') and loss modulus (G ") dependence on
Sfrequency (Hz) for 29,500 M,, H,>MDI-based uniHEURs with different size
hydrophobes. Open symbols: G'; Closed symbols: G ™.
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Scheme 2. (A) Synthesis of multiple branch hydrophobe; (B) Addition of multiple
branch hydrophobes to 29.500 M, POE with HDI.

The multi-branched, (C\4H,)s, hydrophobe samples did not viscosify as much as
was expected (Figure 7). One possible explanation are the ether linkages between the
hydrophobes and using the reasoning in the conventional branched surfactants,
perhaps both this and the multiple branching make the multiple branch hydrophobes
relatively hydrophilic. A second point to note is that all four HEURs were run in
aqueous solutions with 10mM SDS, above the anionic surfactant’s CMC and above
the concentration where many HEURs exhibit a viscosity maximum. These need to
be reevaluated for efficiency at a lower SDS concentration (4 mM). Our studies are
continuing in this area.
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Figure 7. Influence of hydrophobe structure on the low shear rate (2 s™') viscosity of
aqueous solutions of 29,500 M, HDI-based uniHEURs as a function of thickener
concentration. (M) [CisHs]s . (M) [CiHrls; (@ [Ci:Has]s . (O) b-CaHyz (O)I-
Ci6H;3: ( #) [C1yH3,]s (open symbols are data from other work'?)

Multiple-Branching in Comb Architecture HEURs

Hydrophobe groupings also were incorporated in a comb geometry. The first series
synthesized is illustrated in Scheme 3.

OH

IHC-CH,0H + 4 O=C=N-(CH,)s-N=C=0

0=C=N

(o)

CHy04 CHyCH,0 ; I}C.ﬂ

'55"(‘.1 Shrs

2 CH;04 CHyCH,04—H
55°C, 6 hours 3

(o]
ﬁT N-C-O__(CHchzo)'oH]C
H 113

Scheme 3. Synthesis of model internal comb hydrophobe thickener.
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We found it more difficult to oligomerize epoxides with hydroxyl initiation than
with methoxide anions, so hydrophobe groupings were prepared by reacting diols
with HDI, and then reacting the terminal isocyanates with methoxy-initiated POE.
This approach resulted in low molecular weight models that did not viscosify water.
A second attempt involved chain extension via a step-growth reaction of the 3-
branched hydrophobe with POE (Scheme 4) using a slight excess of POE.

The reaction product was then split, and part was end capped by reaction of the
terminal hydroxyls with octadecyl monoisocyanate. Aqueous solution viscosities
were not achieved without terminal position substitution (Figure 8).

oH 55°C, 1.5 hrs

3H “—CHZOH + 4 0=C=N-(CH;,)(-N=C=0 —— O=C= N=C=0
DBTDL ‘ ‘

/ 40!

2(1) + 3 HO{ CHyCH,0)—H
270

55°C, S hours
DBTDL

0 Q Q Q _( .
. & . -C-04 CH.CH,0
Ho{ CHZCHZO};BCSWE ¢ o{CHECHzo);Bc Wg C-0{ CHyCH01—H

. o CI8NCO
Precipitate Half with no endca 55°C, S hours

0

0 Q 9 9 i Q
m ~|«\'(’<>€rnz(‘nzo )——(-.N _\,-.<-~n-{rn_,("nz() C-N N-C -0(—(‘!(1(\1110 )CN“
1 y ‘ i il } ‘ 270 It

)
270 H 270 H H

where: [ = C5Hy- = C4Hys-

Scheme 4. Synthesis of step-growth internal comb hydrophobe HEUR thickener
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Figure 8. Low shear viscosity (Pa.s at 25" ) dependence on concentration (wt.%) of
step-growth internal comb HEUR thickeners: () with CsHs; endcap; (<) without
C,sH;; endcap (see Scheme 4 above).

Conclusions

Comparisons between narrow molecular weight, linear (1-C|,H,s-) and branched
(b-C1,Hz4-) 29,500 M,, H,;MDI-based uni-HEUR associative thickeners revealed a
dependence of the solution viscosity on hydrophobe structure. Branched hydrophobe
containing uni-HEURs displayed higher viscosities than linear hydrophobes with
equivalent hydrophobicities (ie. 1-C,;H,s- vs. b-CjHis-).  Fluorescence studies
indicate that branched and linear model uni-HEURs have a similar critical
aggregation concentration (CAC=2*10"° M) and steady-state fluorescence quenching
studies demonstrate that the model uni-HEURSs, at the concentration of 1.77%10™ M,
have the same aggregation number (ie. number of chain ends), N=5-7.  As the uni-
HEUR concentration is increased, the aggregation number increases and then plateaus
at higher concentrations. The difference in the plateau value for the 1-C,Has- and b-
C6Has- hydrophobes, with the same EO spacer length, is small and could arise from
the greater steric hindrance of a branched hydrophobe or from a greater distribution of
pyrene in water with the branched thickener. To explain the greater viscosity increase
for the branched hydrophobe uni-HEURSs, it is proposed that the greater number of
hydrophobes on essentially the same number of chain ends leads to a greater extent of
association. This is reflected by the longer relaxation times of the branched terminal
hydrophobe uni-HEUR in oscillatory rheology studies.

Studies of larger linear and branched hydrophobes (I-Ci.H;; and b-C;Hy,) were
conducted with HDI as the diisocyanate coupler to circumvent the gel-like solutions
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produced with these hydrophobes when H;;MDI was used as the diisocyanate.
Neither of these thickeners was very viscosifying. Multiple branched hydrophobes
were synthesized and placed either at the terminal position of 29,500 Mn POE with
HDI as the diisocyanate coupler or placed internally as comb structures along the
backbone of the HEUR thickener. The terminal position, multiple branched
hydrophobes were viscosifying; however the multi-branch, (C,yHy,)s, in comparison
with the branched, b-CyyH,,-, HEUR (with HDI as the coupler) displayed viscosities
lower than expected and this could be related to surfactant sensitivity (multi-branch at
10mM SDS) or an increase in hydrophilicity with the increased branching and ether
units in the hydrophobe backbone. When placed as comb structures along the
backbone of the HEUR thickeners, viscosity was only achieved when terminal
hydrophobes were placed on the HEUR. Our studies are continuing in this area to
better define the trends observed.
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Chapter 11

Synthesis and Characterization of Well Defined

End-Functionalized Hydrocarbon
and Perfluorocarbon Derivatives
of Polyethyleneoxide and Poly(N,N-
dimethylacrylamide)

Thieo E. Hogen-Esch, Huashi Zhang, and David Xie

Loker Hydrocarbon Research Institute,
University of Southern California, Los Angeles, CA 90089

Abstract

Water -soluble poly(dimethylacrylamide)(PDMA) derivatives
with hydrophobic end groups were synthesized by reaction of one
or two-ended living PDMA anions with octadecanoyl- and
perfluorooctanoyl chlorides or with an alphaphenyl acrylate
monomer containing an octadecyl group attached via an
oligooxyethylene spacer to the acrylate functionality. Similar
perfluorocarbon (C.F,; and CgF,;) end-functionalized PEO's were
synthesized by reaction of the PEO terminal OH group(s) with Rg-
functionalized isocyanates. Size exclusion chromatography and
proton and '*F NMR studies indicate that the end-functionalizations
were close to quantitative and proceeded with few side reactions.

PEO derivatives of molecular weights of approximately 5 and
10K and end-functionalized with CgF ,groups in aqueous solutions
show strong association of the perfluorocarbon end groups into
dimers as indicated by °F NMR. Dimerization is favored by lower
PEG molecular weight higher temperatures and addition of NaCl.
Hydrophobic association is confirmed by a positive change in the
entropy of association , AS, of 21 cal mole® K. Kcal/mole. In
sharp contrast to the the C¢F,; derivatives, the C4F,, functionalized
PEO's appear to associate into micelles.

© 2000 American Chemical Society
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Viscometry of the mono and bis end-functionalized telechelic
PDMA derivatives indicate that the association is consistent with
hydrophobe dimerization. The presence of hydrophilic spacers
between the octadecyl and the acrylate end group of the end-
functionalized PDMA was shown to greatly enhance the
hydrophobic association. The dependence of the solution viscosity
of the perfluorooctanoyl end-functionalized polymers on the
concentration of added perfluorooctanoate surfactant indicates the
occurrence of inter-polymer micellar bridging.

Introduction

The synthesis and characterization of hydrophobically modified (HM) water-
soluble polymers has been an area of considerable interest and activity in recent
years." Such polymers have been prepared by chemical modification of water-
soluble polymers such as cellulose derivatives with pendent hydrophobic groups or
by radical copolymerization of hydrophilic vinyl monomers such as acrylamide with
hydrophobic comonomers in the presence of surfactants that are needed in order to
disperse the comonomers. In aqueous media, strong associations occur between the
hydrophobic groups of the polymers and the added surfactants resulting in the
formation of "mixed micelles" giving transient networks thereby enhancing the
solution viscosity. In these polymers, the precise sequences of the pendent
hydrophobic groups on the chain are unknown or are inferred either from the
copolymerization kinetics or from a correlation of their synthesis and their
chararterization by rheological and other measurements.

Another type of HM polymers, the so called HEUR segmented copolymers are
prepared by polycondensation of a low molecular weight PEO with a bis-isocyanate.*
® In this case the hydrophobic groups are present in the chain backbone and their
relative placements are better defined. In this case also the presence of surfactants in
the synthesis of the polymers is avoided and thus the role of of surfactants in the
formation of micelles may be more readily evaluated.

Experimental Section

Synthesis

PEO  derivatives  were  synthesized as  reported  earlier.'*"
Octadecyldeca(ethyleneoxy)-2-phenylacrylate(ODPA) was synthesized from the
reaction of 2-phenylacryloyl chloride with octadecyl-deca-(ethyleneoxy) alcohol.
Structural characterization of the intermediates and products was carried out by
proton and carbon-13 NMR and by elemental analysis. PDMA derivatives were
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synthesized by anionic polymerization'? and end-functionalized by reaction of the
living PDMA ‘s with the hydrocarbon or fluorocarbon acid chlorides or by reaction
with ODPA.*!

Characterization

Apparent molecular weights and molecular weight distributions were determined
by size exclusion chromatography (SEC) on a Waters HPLC system equipped with
ultra-p-styragel columns. Narrow distribution PEG standards and polystyrene
standards (“Polysciences”) were used for the PEO and PDMA derivatives
respectively. The 'H and "*C spectra were obtained in CDCI3 at 30 °C using a Bruker

AM-360 spectrometer operating at 360 and 90 MHz, respectively. The chemical
shifts are referenced to tetramethylsilane (TMS). Fluorine-19 NMR measurements
were carried out as reported earlier. The reduced viscosity in deionized water of end-
functionalized polymers and homopolymers was determined by capillary viscometry
using an Ubbelhode viscometer (Cannon no.100).

Results

Synthesis of PEO derivatives

The synthesis of the fluorocarbon functionalized PEG derivatives FP605M,
FP805M, FP610M and FP810M is reported elsewhere '° (Table 1) using reported
methods.''¢ The first digit gives the carbon number of the R; group, the second two
digits give the molecular weights in thousands and the letters M and T stand for
mono- and bis end-functionaliztion respectively. The extent of incorporation of the
perfluorocarbon groups was determined by "F NMR spectroscopy using sodium
triflate (CF3SO3Na) having a resonance at -80.8 ppm as internal standard.

Synthesis of PDMA derivatives

The mono- and difunctionalized polymers were prepared at -78 °C in THF by
anionic polymerizations initiated with triphenylmethylcesium (TPMCs) or with
naphthylcesium (NapCs), respectively (Scheme 1).* In each case a fraction of the
living polymer solution was protonated with MeOH to give the matching PDMA
homopolymer for the purpose of characterization by SEC and viscometry. The rest of
the living polymer was reacted with an excess (5-10 times) of perfluorooctanoyl
chloride , octadecanoyl chloride or ODPA by addition of the living polymer to the
THF solution of the electrophile. Since the electrophile is in large excess at all times
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Table 1: Synthesis and Characterization of Perfluorocarbon End
Functionalized Polyethyleneglycols

Sample*  Mp* MWD*  Mole% Rf® kg° K, x10° n* CMCx10°°

PEGSK 5250 1.12 - 37 -

PEGIOK 10,500 1.13 - .35 -

FP605M 5,840 1.10 92 4.7 18 2

FP610M 11,200 1.10 90 4.6 .80 2

FP805SM 6,020 1.09 98 4.0 - >10 1.5

FP810M 11,500 1.10 95 4.0 - >10 7.0

FP810T 11,300 1.10 98 25 - -

a. Peak MW determined by SEC using PEG standards. b.Degree of end-
functionalization determined by 'F NMR in methanol using CF; SO,Na as internal
standard. ¢. Huggins constant determined by capillary viscometry. d. Association
number, n , and CMC determined by '*F NMR(see text). e. PEG5K and PEG10K are
homopolymers precursors for one-end functionalized PEG’s: FP60SM/FP805M and
FP610M/FP810M respectively; T indicates two-ended (telechelic) PEG. f.
Association constants in the presence of 0.4 and 0.6M NaCl were 4.1.10° and 1.0.10°

repectively.
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Scheme 1 End Functionalization of living PDMA with
fluorocarbon or hydrocarbon groups.
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the possible subsequent reactions of the polymer anion with the perfluorooctanoyl
end functionalized PDMA are avoided.

Tables 2 and 3 give the molecular weights and molecular weight distributions
(MWD) for the perfluorocarbon- and hydrocarbon .ad-functionalized PDMA
polymers and their homopolymer precursors. The number average molecular weights
(Mn), obtained by SEC and based on polystyrene standards, were found to be in good
agreement with the calculated values. SEC analysis of the end-functionalized
polymers also showed the expected shift toward higher molecular weights
approximately by the mass of the end group. The molecular weight distributions of
the end functionalized and precursor polymers were narrow in most cases
(MWD<1.13).

The comparison of the molecular weights calculated from the F NMR
spectrum with that determined by SEC indicates an almost quantitative reaction of
perfluorooctanoyl chloride with the living PDMA anions (Table 2).

The end functionalization of living PDMA with a low ceiling temperature
monomer ODPA is illustrated in Scheme 1. The living mono- and dianion PDMA
precursors prepared using TPMCs and NapCs as initiators were reacted at 0 °C for 30
minutes with two equivalents of ODPA. The immediate color change from colorless
to orange indicated a rapid addition of the PDMA carbanion onto the double bond of
phenylacrylate. After termination with MeOH the resulting polymer was precipitated
in hexane and was purified as described above.

The degree of R; functionalization was found to be .91 and 1.85 for mono- and
bis-functionalized polymer respectively (Table 2). Near quantitative bis end-
functionalization using octadecanoyl chloride was also demonstrated by 'H by
integration of the methyl end group of the hydrocarbon vs. the dimethylamino group
of the polymer chain and by “C NMR (Table 3). The molecular weights of the
ODPA functionalized calculated by '"H NMR from the relative ratios of the N(CH3)7
and the CHpCH2O protons in the mono end-functionalized low MW PDMA’s were

in a good agreement with the calculated values and with that determined by SEC
indicating essentially quantitative end functionalizations (Table 3). This good
agreement indicates that end-functionalization is essentially quantitative and that only
one unit of the a-phenylacrylate was added to the chain end anion. These results are
in agreement with the findings of Hopff et al. who reported the ceiling temperature
of methyl phenylacrylate (MPhA) to be about -10 °C in THF at a concentration of
one molar."” and were consistent with results by Quirk and Renwho reported mono
end-functionalization of PMMA when reacted with 1-2 equivalents of MPhA via
group transfer polymerizations in THF at 0°C."*

Association Studies of PEO derivatives

Fluorine-19 NMR

The fluorine-19 spectra of all of the fluorine atoms of the perfluorocarbon end groups
show pronounced changes with concentration. Above 1.7 * 10> M, only a single
broad CF; absorption of the one-ended FP605M(Table 1) in aqueous solutions is
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Table 2:  Synthesis and characterization of perfluorooctanoyl
end-functionalized PDMAs.
No Init? Mn° Mn® MWD* Ex' % End Group® kg
(Calc.) (SEC) Functionalization
1. TPMCs 15,600 13,900 1.07 H* 100 -
2a. TPMCs 48,100 48,600 1.08 H* 100 .55
2b. TPMCs 48,500 47,100 1.08 Rg 91 .70
3a. NaphCs 46,800 45,000 1.06 H* 100 -
3b. NaphCs 47,200 46,700 1.08 Re 185 1.0

a. Triphenylmethyl-or naphthylcesium initiators giving one- and two-end

functionalized PDMA’s respectively. b. Calculated from monomer/initiator ratio. c.
Polystyrene standards. d. Determined by '°F NMR using sodium triflate as internal
reference. e. Huggins constant determined by capillary viscometry. f. Termination
by CH;OH(H"), or by C,H;sCO(R;) ODPA see text.

ACS Symposium Series; American Chemical Society: Washington, DC, 2000.
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Table 3:

ODPA end- functionalized PDMA s.

Synthesis and characterization of octadecanoyl or

No Init? Mn® Mn°® MWD Exf % End Group*? ky®
(Calc.) (SEC) Functionalization
4a. TPMCs 2,000 1,800 1.13 H* 100 -
4b. TPMCs 2,300 2,100 1.18 Ry 96 -
5a. NaphCs 48,200 46,900 1.10 H 100 0.5
5b. NaphCs 48,700 47,600 1.11 Ry - 1.7
6a. NaphCs 48,400 46,200 1.13 H* 100 -
6b. NaphCs 49,700 48,000 1.14 ODPA - 5.6
7a. NaphCs 218,600 174,600 1.55 H 100 0.5
7b. NaphCs 219,000 176,000 1.72 ODPA 172 1.0

a. Triphenylmethyl-or naphthylcesium initiators giving one- and two-end

functionalized PDMA's respectively. b. Calculated from monomer/initiator ratio. c.
Polystyrene standards. d. Determined by "’F NMR using sodium triflate as internal
reference. e. Huggins constant determined by capillary viscometry. f. Termination
by CH;OH(H"), by octadecanoyl chloride (Ry;) or by ODPA , see text.
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visible at about -82.1 ppm (Figure. 1). At a lower concentration (1.7*10°M) the
presence of a second species is revealed by the broadening and the presence of a
distinct shoulder corresponding to a lower MW species. Upon further dilution a
separate downfield absorption (at -80.2 ppm) appears, the relative magnitude of
which increases at lower concentration. At about 5 * 10 M, the downfield absorption
is about 5 times larger than that of the upfield absorption. These changes are fully
reversible and reproducible and appear to indicate changes in the degree of
association upon dilution.

Clearly the absorptions at -80.2 and -82.1 ppm may be assigned respectively as
the dissociated and associated forms of FP605SM. For a simple association of n Ry
functionalized PEG’s (P) into a micellar aggregate (P,) we can write:

np === p )
K =[P,V[P]" @
[P.]=[PJn=K[P] 3
log [P,] = n log [P] + log (K * n) )

where [P;] and [P] represent the concentrations of the aggregated and non-aggregated
PEG’s, respectively, and K is the equilibrium constant (eqns 1-4). The concentration
of P, is evaluated from the magnitude of the upfield resonance, [P,] (eqn. 3). Thus, a
plot of log [P,] versus log [P] is expected to give a straight line with a slope equal to
the association number (n). The data of Figure 2 give a slope of close to 2 consistent
with a monomeric—dimeric equilibrium in the 10°-10 region. The corresponding
value of K is equal to 1.8 + 0.5* 10° M (Table 1).

The "F NMR spectra for FP610M gives the same characteristic -82.1 and -80.2
ppm absorptions as observed for the lower MW derivative (FP605M) and a similar
concentration dependence of the relative magnitudes of the two absorptions was
observed Based on the same analysis as used for FP605M, again a value for the
association number of about 2 was obtained. However the association constant of
about 800 M is more than 20 times lower than for FP605M (Table 1) and this is
consistent with the expected greater excluded volume of the 10K PEO chain upon
formation of this dimer. Similar effects have been observed for hydrocarbon PEG
surfactants. Thus for surfactants of the structure: C,H,;C4H,(OCH,CH,),OH the CMC
of the surfactant with n=50 was 2.8*10“M whereas that of the surfactant containing
PEG of a higher molecular weight (n=100) was about 4 times higher."’

At higher concentrations of FP605M the downfield resonances broaden and
move upfield (Figure 1). This is also observed for FP610M. We interpret this
interesting behavior as due to an exchange between the monomeric and dimeric
species on the NMR time scale. Since the formation of the dimer(P,) from the
monomer (P) is bimolecular, the lifetime of the monomeric species, being inversely
proportional to the concentration of P decreases with increasing monomer- and thus
with the total polymer concentration. However, the dissociation of the dimer into
monomer is unimolecular so that the half-life of the dimer is concentration
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Figure 1. Concentration dependence of the '°F NMR resonances of the CF;

group in aqueous solutions of FP605M. Reproduced with permission
from reference 10.
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Log-lot plot of the intensities of up- and downfield CF; resonances of

PF605M as a function of concentration. Reproduced with permission

from reference 10.
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independent. Thus at higher polymer concentrations the monomeric species is
expected to shift upfield whereas the chemical shift of the dimer is unchanged.?

In sharp contrast with the C¢F,; derivatives, the CF; resonances of FP§10M are
less broad. The same is the case for the other resonances of this polymer and for
FP805M. This would be consistent with a slower monomer-aggregate exchange on
the NMR time scale and a slower rate of micellar dissociation due to the stronger
interaction between the longer perfluorocarbons. The fluorine-19 NMR spectra of the
telechelic FP810T show similar concentration dependent changes in the low and high
field resonances of the CF; end groups as seen with the one ended derivatives.

In contrast to the C¢F,; derivatives, the concentration of the dissociated forms of
FP810M corresponding to the downfield resonance was observed to be independent
of the total polymer concentration whereas the concentration of the associated form
increased with total polymer concentration. This indicates that FP810M behaves as a
typical surfactant. The NMR data gave a CMC value of 7 * 10° M which equals the
concentration of the dissociated species.?!

Because of NMR sensitivity limitations the '°F spectra of FP805M below 10° M
could not be obtained. Only at a total polymer concentration of about 1*10* M, does
the resonance of the dissociated form become visible (about 10%). Assuming that, as
for the case for FP810M, the magnitude of the downfield resonance is concentration
independent, the CMC of FP805M thus is estimated as about 1 * 10 M (Table 1).

The magnitude of the upfield CF, absorption of FP605SM compared to the
downfield absorption increases with increasing NaCl concentrations. Thus at a
concentration of FP605M of about 10*M the ratio of the two species is about one but
this ratio increases to three and five at salt concentrations of .4M and .6M repectively.
These changes in association are consistent with salt effects expected for hydrophobic
association and in agreement with our previous results in other hydrophobically
associating fluorocarbon modified water soluble polymer systems. The corresponding
association constants using an association number of 2.0 are listed in Table 1.

At a concentration of 1.3 * 10* M. of FP605M and at 4.8 °C the two CF,
resonances of the the monomeric and dimeric form are of about the same intensity.
Upon heating, the magnitude of upfield resonance increases at the expense of the
downfield resonance, consistent with an entropy driven aqueous hydrophobic
association process.?? A plot of the log of the dimerization constant K (n=2)
defined in equations (1)-(4) against 1/T between 5°C and 27°C gives a AH value for
the change in enthalpy of the formation of the dimer of + 6.9 Kcal mole™ K and a
corresponding AS value of + 42 cal mole K™ corresponding to values of +3.45 Kcal.
and +21 cal mole™ K per polymeric surfactant. The large positive value of AS is
comparable to that of fluorocarbon non-ionic surfactants (30 to 33 cal mole™ K), and
confirms the hydrophobic nature of the entropy driven association process.

Viscosity Studies

As expected the end-functionalized PEGs (FP605M and FP805M) have higher
reduced viscosities than the unmodified precursors, indicating the existence of
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hydrophobic association (Figure 3). Between 0.75 and 2.0 g/dL, (1.3-3.4 * 107 M)
FP605M shows a reduced viscosity that is similar to that of the corresponding
unmodified PEG (MW=10,000) consistent with the predominantly dimeric
association of this polymer as indicated by NMR. Thus the NMR spectra indicate that
dimerization is largely complete at about 3.0*10 *M.) that is three times lower than
the crtical concentration that from the intrinsic viscosity would be expected to be on
the order of 6g/dl or about 1.2*10> M.

At or below 1g/dL the reduced viscosity of FP80SM is similar to that of
FP605M. Above 2.5 g/dL the reduced viscosity of FP805M, having a larger C4F,,end
group, surprisingly, is smaller compared to that of the C,F,; one-ended derivative.
This difference is consistent with micellization of FP805M (see NMR studies). 2*
However, above 2.5 g/dL the reduced viscosities of FP805M are much larger than the
estimated value of its dimer, the PEG of a molecular weight of 10,000. This appears
to be inconsistent with only micellization and may be due to intermolecular
interactions of the R; groups with the partially hydrophobic PEO.

Similar reduced viscosity vs. concentration profiles are seen for the FP610M and
FP810M polymers (Fig. 3b). Thus both exhibit higher reduced viscosities compared
with the unmodified PEG precursor. Assuming intrinsic viscosities that are identical
to that of the unmodified (10K) precursor, the apparent Huggins constants ofall four
PEO dervatives are about four to five times larger than for the PEO precursors.

The Huggins constants for FP605M and FP610M below a concentration of about
4g/dL are about 4.5 more than an order of magnitude larger than that of the PEG
precursors. Similar large increases in ky are seen for the FP805M and FP810M
polymers. This is not consistent with simple dimerization-micellization expected on
the basis of the NMR data ( see Discussion).

The reduced viscosity vs. concentration profile of the telechelic CgF,; end-
functionalized PEO(FP810T), as expected, shows a much stronger increase of
viscosity with concentration (Figure 4). At 2.5g/dL the reduced viscosity is at least
one order of magnitude larger than the comparable one-ended FP810M. The much
larger (25 times), apparent Huggins constant of FP810T compared with that of the
isobaric PEG precursor between 0.2 and 1.0 dL/g, is also consistent with strong
intermolecular association.?® It is worth noting that this polymer below a
concentration of 0.40g/dL shows reduced viscosities that are lower than that of the
unmodified PEO consistent with intramolecular association of the Rg end groups.

PDMA derivatives

The much higher MW of the PDMA makes fluorine NMR measurements difficult so
that in this case viscosity measurements were used only. Preliminary capillary
viscometry measurements have indicated that, at least for the PDMA derivatives, the
shear dependence is quite small especially at the lower concentrations.”

Figure 5 shows the reduced viscosity vs. polymer concentration for a one- and a
two fluorocarbon end-functionalized polymer with the same number-average
molecular weight of about 47,000 (Table 2, #2b and #3b respectively) and their
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homopolymer precursor (A) Table 2, #2a) and its matching end-
capped perfluorooctanoyl end-functionalized polymer (CJ) Table 2,
#2b) and the telechelic Ry end-capped (&), PDMA (Table 2, #3b) in
water at 25.0 °C.
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homopolymer precursor with the same degree of polymerization (Table 2, #2a).
Below approximately 2g/dL linear plots are observed for the PDMA homopolymer
and for the end-functionalized PDMA’s. The intercepts are essentially identical,
consistent with the absence of significant intermolecular association below a
concentration of 1.0g/dL.

The onset of weak association for the one-ended perfluorooctanoyl -modified
PDMA above a concentration of about 2g/dL is visible and the apparent Huggins
constant of this sample (ky = 0.7) is somewhat higher than that of the precursor
PDMA( ky = 0.5).The telechelic bis-functionalized PDMA shows a strongly curved
plot and much higher reduced viscosities, especially above 4 g/dL (See Discussion).

Figure 6 shows the reduced viscosity-concentration profiles of a PDMA
homopolymer with a number-average molecular weight that is nearly identical to R
derivatives of the previous section and bisfunctionalized with an octadecanoyl end
groups or with an ODPA unit containing a PEO spacer. The telechelic octadecanoyl
end-capped PDMA (Table 3, #5b) and the PDMA homopolymer of about the same
molecular weight (Table 2,#5a) appear to have roughly the same intercept consistent
with the absence of association at very low concentrations but the viscosity increase
with concentration is greater consistent with stronger asociation as also shown by the
approximately three times larger Huggins constant (k;=1.7 vs ky=0.5).

The PDMA of about the same molecular weight but bis-functionalized with
ODPA (Table 3, # 6b), shows a much higher reduced viscosities than the
octadecanoyl funtionalized sample even below 0.5 g/dl and much larger apparent
Huggins constant (K;; = 6.2) consistent with the much stronger interpolymer
association (see below). Similar enhancements of viscosity due to the presence of
hydrophilic spacers have been demonstrated earlier.?” In methanol the reduced
viscosity plots of the ODPA bisfunctionalized PDMA and its unmodified precursor
are virtually the same consistent with the hydrophobic nature of the association.'

Figure 7 shows the reduced viscosity plots of ODPA bis-functionalized PDMA's
and their homopolymer precursors with number average MW's of about 175,000.
(Table 3, #7a and #7b respectively). The reduced viscosity plots of the isobaric
samples #6b and #5a are shown for comparison. The increase in reduced viscosities
of sample #6b compared to its isobaric homopolymer(# 5a) is much greater than that
between the higher MW PDMA isobaric pair (#7a and 7b) and this is reflected in the
much higher apparent Huggins constant of sample #6b (ky= 5.6) compared to sample
#7b (ky= 1.0). The larger ky value of the lower MW associating PDMA appears to
reflect the stronger association of this polymer brought about by the greater
concentration of hydrophobic end groups at comparable polymer concentrations and
possibly by the weaker excluded volume effects in the lower MW pair( see below).
The Huggins constant of the PDMA homopolymer is not very MW dependent as the
lower MW PDMA within experimental error has the same ky as the higher MW
PDMA (Tables 2 and 3).
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Surfactant Effects

The dependence of the reduced viscosity of a 2.0 weight % solution of a
telechelic C,F,s end-functionalized PDMA (Table 2, #3b) on the concentration of
ammonium perfluorooctanoate (APFO) is shown in Figure 8. Upon addition of
APFO to the polymer solution, the reduced viscosity increases, passes through a
maximum, and then decreases to values close to the original ones. The maximum
occurs at a surfactant concentration that is about 15 times that of the end groups (See
Discussion).

Discussion

PEG derivatives

It would appear that the dimerization model at low concentrations demonstrated
for the above one ended FP605M and FP610M does not apply to the C4F,; end-
functionalized PEO’s at the higher concentrations where the high reduced viscosities
do not seem consistent with simple dimeric or micellar association of perfluorocarbon
groups suggested by the NMR data. Thus the apparent Huggins constants of the one-
ended PEG derivatives is on the order of about 4-5 and that of the telechelic PEG
derivative FP810T is evn greater at about 25 (Table 1). Such Huggins constants are far
larger than predicted based on simple dimerization and/or simple micellization.
Although it is known that perfluorocarbon and hydrocarbon groups are not completely
compatible,* the large apparent hydrophobicity of the perfluoroalkyl groups may lead
to hydrophobic bonding of the perfluorocarbon groups to the hydrophobic portion of
the PEO's (Scheme 2). Such a process could explain the much greater than expected
viscosity increases at higher polymer concentrations. It is also possible that
association occurs of the initially formed dimers into extended micelle-like structures
with a large hydrodynamic volume but this would seem less likely.”” The present data
do not seem to allow a resolution of this problem.

With the telechelic PEO derivatives at very low concentrations there is the
possibility of intramolecular association and this would tend to reduce the
hydrodynamic volume of the telechelic PDMA's giving smaller intercepts (Scheme 3).
This was observed also for well defined mono- and bis -functionalized PEG’s carrying
hydrophobic end groups.*

The influence of perfluorocarbon size on the hydrophobic association of one-
ended fluorocarbon modified PEG derivatives as measured by '°F NMR is larger than
expected. Other rheology studies of similar telechelic C,F;; and C¢F,, modified PEG
(MW = 35,000) derivatives indicate that the C¢F,; derivative has a much faster
relaxation time (1.4 vs 66 ms)* than that of the C,F,, derivative in agreement with the
results obtained from the above ’F NMR studies (see above). The relaxation time
corresponding to the exit of the hydrophobic group from the micelle is the slowest
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step in the rearrangement of the network an idea developed by Annable in terms of a
transient network model and consistent with the above.*

PDMA Polymers

The reduced viscosities of the isobaric telechelic R; and Ry PDMA derivatives 3b
and 4b are similar as shown in Figures 5 and 6 and as indicated by the similar ky
values (Tables 2 and 3). This similarity indicates again the much larger apparent
hydrophobicities of the fluorocarbon versus the hydrocarbon groups of the same
carbon numbers?**’

The Huggins constant of the one ended C,F,; PDMA derivative(ky =0.7) is much
less than that of the corresponding one ended PEG’s that are at least five to six times
larger. This may be due, at least in part, to the larger molar masses of the PDMA
chains giving rise to a larger excluded volume effect and perhaps to as yet poorly
understood differences in hydrophobicity of PEG and PDMA.

Because of the pronounced curvature of the reduced viscosity plots of some of
the hydrophobe-modified PDMA’s shown in Figures 5-7 it would seem possible to
ascribe the curvature of this plot to an increase in Huggins constant. However the
changes, if any, of the Huggins constant with the MW of PDMA are not likely to be
large * as also indicated in Tables 2 and 3. Following the expression (5) for the
reduced viscosity :

Nsp/c =[M]+ ke[ MFc ®)

(Msp/©m= MILwHMLws kg (], wiHMLwW,) .c (6)

the presence of the dimer having a larger intrinsic viscosity will now contribute to the
increase of the viscosity through both terms of equation (5) particularly the term
containing [NJ*. For the concentration dependent equilibrium mixture of a polymer,
P, and its dimer P, having the same Huggins constant the reduced viscosity is given
by (6) where w, and w, denote the weight fractions of the two polymers and where the
total polymer concentration, ¢, equals the sum of the concentrations of the two
polymer components.*® As the weight fraction of the "dimer”, w, , increases with c,
according to (6), the slope of the reduced viscosity plot increases eventually to k [T
]1,? and there will be a non -linear increase of the slope in the region where the
increase in w, is most significant.

Thus, a change in k;; with MW is not required to account for some of the reduced
viscosity plots where the increases in reduced viscosity are small and the reduced
viscosity vs. concentration profiles for the one-ended PDMA'’s and for the telechelic
PDMA °s at the lower concentrations shown in Figures 5 and 6 may be simulated
rather well using such a simple dimerization model.'* The larger increases for the two-
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ended R; and Ry derivatives 2b and 5b below about 3g/dL also would appear to be
consistent with hydrophobe dimerization leading to chain extension.

Spacer Effects

The reaction of the living PDMA with the octadecanoylchloride or
perfluorooctanoyl chloride generates a beta-ketoamide structure that is expected to
lead to strong coupling between the hydrophobic group and the PDMA backbone.
This should lead to a greater loss of mobility and thus of entropy upon hydrophobic
association of the PDMA hydrophobic end groups lacking flexible spacers. The much
stronger association behavior of the ODPA-modified PDMA compared with the
octadecanoyl- and the perfluorooctanoyl -modified PDMA’s of the same MW is
most likely due to the presence of the deca(oxyethylene) spacer that serves to
decouple the motion of the hydrophobic end group from that of the chain backbone.
A similar increased extent of association was demonstrated earlier for
polyacrylamides containing pendent hydrophobic 1,1-dihydroperfluorooctyl groups
separated from the chain backbone by oligoethyleneoxide [(-CH2CH20-), (n=1, 2,
3)] spacers. 2*%° Viscosity increases due to the presence of spacers were demonstrated
earlier by Schulz et al.”” for hydrophobically modified associating polyacryamides
having pendent nonylpheny! groups liked to the chain backbone by PEO spacers of
lengths varying from 10 to 40 ethylene oxide units.

The effect of molecular weight on the association of the telechelic PDMA's is
illustrated in Figure 7 where the reduced viscosity vs. concentration plots are shown
for two ODPA functionalized telechelic PDMA's (Table 3 #6b and #7b) that differ in
MW by as factor of almost four. The larger apparent Huggins constant of the low
MW telechelic PDMA #6b,( 5.6 vs.1.0) is attributable to the larger concentrations of
the hydrophobic groups in this polymer and possibly to smaller excluded volume
effects. Such effects have been observed for HEUR's by Glass et al for telechelic
octadecyl end-functionalized PEO's.6a

Surfactants Effects

Bell shaped curves such as that shown in Figure 8 illustrating the effects of
surfactant addition on the viscosity of hydrophobically modified polymers have been
observed by several other groups upon addition of hydrocarbon surfactants to
hydrocarbon-modified water-soluble polymers % or upon addition of
perfluorocarbon surfactants to PDMA with pendent R; groups ¥ and have been
ascribed to micellar bridging. The effect of surfactant on hydrophobic association can
be illustrated by a similar model. As the concentration of surfactant increases, small
mixed micelles are formed that are relatively stable compared to the associated
structures without the presence of surfactants. However, at higher surfactant
concentrations, the large excess of surfactant micelles relative to hydrophobic groups
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of the polymer increasingly leads to the formation of mixed micelles containing
single polymer hydrophobic groups and crosslinking diminishes resulting in a
decrease in viscosity.

For the present case, at the viscosity maximum observed for 2.0 weight percent
solutions, the concentration of the APFO surfactant is on the order of 12* 10° M
which is about 15 times larger than the concentration of the perfluorocarbon end
groups. It would appear then that the corresponding bridging micelles would contain
a number of surfactants per PDMA end group that would be equal or smaller than
that number.
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Chapter 12

Dynamics in Adsorbed Polymer Layers
Maria M. Santore, Zengli Fu, and Ervin Mubarekyan

Department of Chemical Engineering, Lehigh University,
111 Research Drive, Bethlehem, PA 18015

The dynamic features of polymer layers are considered in the context
of the adsorption process for a model polyethylene oxide (PEO)
system adsorbing onto silica. The findings with PEO are then used
to interpret the dynamic behavior of hydroxyethyl cellulose (HEC) on
silica. Rapid adsorption is transport limited and controlled by the
hydrodynamic size of the adsorbing chains. In polydisperse systems,
therefore, short chains adsorb more rapidly than long ones. For
homopolymers, however, long chains are preferred on the surface at
equilibrium, such that at intermediate stages of adsorption, an
exchange between long and short chains occurs. The exchange rate
between free and adsorbed chains is a strong function of the age of the
chains already on the surface and their molecular weights. For long
chains of both PEO and HEC, interfacial relaxations immobilize the
entire adsorbed layer; however for short PEO chains, a mobile
population remains in layers that are fully relaxed. Aging typically
occurs on the timescale of several hours and, therefore, has a
potentially significant impact on the adsorption process itself. The
influence of aging is more pronounced with polydisperse systems
because the molecular weight driven exchange is hindered in mature
layers, retarding their approach to equilibrium.

Introduction

When it comes to polymers adsorbed on dispersed colloidal particles for
rheological modification of coatings or the stabilization of the particles themselves, two
aspects of interfacial dynamics are critical: First, the timescales of chain diffusion to
and sticking onto particles are relevant to successful formulation. If unstable chain
configurations occur during adsorption, for instance chain bridging between particles,
the dispersion stability may be permanently compromised. This can occur, for
instance, when adsorption is slower than the rate of particle collisions. Second,
following the initial adsorption, adsorbed chains reconfigure at constant interfacial mass
and established layers respond to stimuli in the bulk solution such as temperature
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changes, the addition of new components, and shear. These adsorbed layer dynamics
are critical to dispersion rheology and the robustness of a particular formulation.

In the past decade, studies of adsorbed polymers have shifted from an emphasis on
interfacial structure!-3 and associated network morphology*> to dynamic behavior. As
a result, certain general ideas concerning the dynamics of physically adsorbed polymers
have developed. First, it is established that adsorption often occurs quickly and is
frequently diffusion limited.53 It has also been observed that adsorbed polymer layers
are resistant to removal by solvent washing when the solvent in question is the same
as that during the original adsorption.%10 That is, removal of the free polymer chains
from a bulk solution does not, on reasonable experimental timescales, cause chains to
desorb from a surface to take their place in the bulk solution. Desorption is very slow,
even though the physical adsorption of the chains is fundamentally reversible. The
reversibility of the adsorption is evidenced by the ability of polymer chains in solution,
identical to those originally adsorbed on the surface (except for a radiotracer label) to
trade places with chains in an adsorbed layer.1! The timescale for this "self exchange”
usually lies somewhere between that of adsorption and desorption.

The explanation of the relative timescales for these processes was put forth by
deGennes.12 First, desorption is slow relative to adsorption because in the case of
physisorbed polymers about 50-100 segment-surface contacts, each contributing about a
kT to the energy barrier, must be broken for a chain to leave the interface. Further
perspective on slow desorption kinetics, in the context of a polymer's adsorption
isotherm, was provided by Dijt ef a/.13 When homopolymers adsorb, the plateau of
the true adsorgtion isotherm extends down to extremely dilute bulk solution
concentrations.> The surface is still saturated when the free solution contains 10-10
ppm or fewer chains. As a result, when one considers the fastest desorption kinetics
possible, corresponding to the diffusion limit with local equilibrium between the
surface and the free solution near the surface, diffusion away from the surface has an
extremely small driving force. This driving force is the concentration of polymer
chains near the surface [ 10-10 ppm (or less) ] minus that in free solution [zero].
While this small driving force persists, the surface is nearly saturated as a result of the
local equilibrium. Though the form of the diffusion-limited desorption depends on the
detailed flow geometry near the surface, logarithmic decays tend to result.!3 In
contrast to the slow desorption kinetics for physisorbed polymers, self exchange
dynamics are relatively more rapid because the energy barmier is thought to involve
only a few segment-surface contacts.12 Free chains approach those in the adsorbed
layer and trade places a few segments at a time.

While polymer adsorption is thought to be rapid and even transport-limited,
quantitative reports of adsorption kinetics have appeared predominantly within the past
decade because these measurements require precise, time-resolved detection and
controlled hydrodynamic conditions near a surface: either a quiescent fluid, shear, or
impinging jet flow. The latter two yield the most precise kinetic data because perfectly
quiescent conditions are difficult to maintain. Adsorption kinetics have been reported
for a variety of systems; however, some of the most quantitative interpretations of
adsorption kinetics include Dijt's studies of narrow molecular weight standard
polystyrene (PS),!4 and Dijt's and our work with polyethylene oxide (PEQ),!4:15 and
Robertson's,16:17 Lenhoff's,!8 and Lyklema and Norde's studies!? of protein
adsorption kinetics. In these cases, the transport-limit has been established exactly and
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used as a basis of comparison for adsorption kinetics. For the particular cases of PEO
on silica and several of the protein-surface combinations, the transport-limited kinetics
from gentle shearing or impinging jet flow were manifest as a constant adsorption rate,
persisting up to surface saturation.!4-13 The constant (linear) rate is consistent with
the development of a pseudo steady-state concentration gradient in the solution near the
surface that remains fixed while the surface remains unsaturated. Then, the adsorption
rate is proportional to the bulk solution concentration and scales on the flow rate to a
power which depends on the flow geometry.

A number of other cases do not exhibit linear adsorption kinetics. Three possible
reasons for the deviations exist: First, linearity requires that all the adsorbing species
are identical. Polydispersity leads to a hydrodynamic size range such that the rate of
chain arrival to the interface depends on the molecular weights of the various
populations. Further, depending on the polymer architecture and chemistry, the surface
may prefer long or short chains, such that adjustments in the adsorbed populations
occur after the surface is nearly saturated with mass.20 This leads to exchange
processes during the final stage of adsorption, which give a rounded kinetic shoulder.
Even in the absence of polydispersity or chemical heterogeneity, nonlinear (rounded)
adsorption kinetics may be observed as a result of a low surface capacity.!? When the
equilibrium adsorbed amount is sufficiently small that the time to saturate the surface is
shorter than the time needed to set up the pseudo-steady state concentration gradient
near the surface, the kinetics appear rounded with a maximum slope less than the mass
transport limit. This can also occur when the bulk solution concentration is relatively
high; however, linear kinetics may be seen for the same system at more dilute
concentrations.15 A third potential reason for rounded kinetics may be that the rate of
interfacial chain arrival and the rate of interfacial reconfiguration are similar. In that
case, saturation of the surface may occur slowly, as the initially adsorbed chains
rearmange to make room for the late-arriving chains. With PEO adsorbing on silica, the
linearity of the adsorption kinetics up to saturation implies that the adsorbed chains
quickly reconfigure to accommodate new armrivals.14:13 Dijt's observations suggest
that PS kinetics are rounded as a result of slower PS motions on surfaces compared
with PEO.14 Up until recently, it was thought that PEO was a special case where the
surface mobility was sufficiently high that local equilibrium was always achieved.14:15

The third contribution, above, for rounded adsorption kinetics motivates a closer
look at the interfacial chain reconfigurations themselves. Reconfigurations within
adsorbed layers occur in response to changes in bulk solution conditions such as
changes in temperature;21-22 and in many cases, reconfigurations also occur in the final
stages of polymer adsorption. The latter were first studied by Pefferkorn et al. for
polyacrylamides adsorbing onto glass spheres.ll More recent quantitative kinetic
studies include Granick's work with PS relaxation on silica in a number of different
solvents.23.24 In the case of polystyrene, replacement of preadsorbed protio-PS by
deuterio-PS in quiescent conditions follows a single exponential decay while for higher
molecular weights, two distinct stages of the exchange are visible. The self exchange
process becomes slower as the originally adsorbed layer ages, and the approach to the
final relaxed state is history dependent. In the case of displacement of PS by PMMA,
stretched exponential kinetics are observed,25:26 attributed to pinning of the PS on the
surface by PMMA and removal of the system from equilibrium.

Our work addresses the relative timescales of adsorption and relaxation for PEO on
silica in an aqueous environment. Until recently PEO was thought to be mobile on a
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silica surface or to exhibit rapid interfacial relaxations, due to its highly flexible
backbone.14:15 The current study shows that even with highly mobile polymers such
as PEO, segment-surface interactions can drastically increase the timescales for chain
reconfiguration The current work then goes on to compare the behavior of narrow
molecular weight standard PEO samples with the polydisperse hydroxyethyl cellulose
(HEC) system. From an understanding of the relaxation times of HEC, an
interpretation of the initial adsorption kinetics and the apparent equilibrium isotherm is
put forth. Our approach is to examine adsorption and relaxation in gentle shearing
flow, sufficient to set up a constant rate of interfacial chain arrival without significantly
perturbing adsorbed configurations. These controlled hydrodynamic conditions
facilitate more precise quantification of interfacial timescales, especially relevant to
systems with rapid interfacial motions.

Experimental

Narrow molecular weight standard PEO was purchased from Polymer Laboratories,
Inc., and, in some cases, used as is. For fluorescent tracer experiments, a coumarin tag
(Molecular Probes) was attached to the hydroxyl end of each chain via isocyanate
chemistry, yielding a urethane linkage. The procedures for the reaction, purification,
and assessment of the tagging yield (80-90%) for coumarin and PEO have been
described previously.2? Natrosol 250GR HEC was provided by Hercules, and where
appropriate, used directly. This grade of HEC has a weight average molecular weight
near 300K and a polydispersity of 2-3. In studies requiring fluorescent labels,
fluorescein tags were attached randomly via isothiocyanate chemistry to hydroxyls on
the HEC backbone. The labeling densities for various samples ranged from 0.5 - 2.3
tags per 100K molecular weight of backbone, for different batches. The procedures for
the fluorescein - HEC labeling reaction, purification, and assessment of labeling density
followed our existing protocols for fluorescein. 2829

In the experiments described here, polymers were dissolved in dilute phosphate
buffer (0.002 M KH2PO4 and 0.008 M NaaHPOy4), needed to control the silica surface
charge and the fraction of dissociated silanols. This is important because PEO and
HEC adsorption are thought to result from hydrogen bonds between the polymer's ether
linkages and non-dissociated silanols. This hypothesis is reasonable because increases
in the silanol dissociation reduce polymer adsorption.30 Additionally with HEC,
hyrdroxyls from the polymer may hydrogen bond with ionized surface silanols.

Acid etched glass microscope slides (exposed to concentrated sulfuric acid in-situ
for several hours, followed by rinsing with copious amounts of deionized water) were
used as the substrate. XPS studies of these surfaces revealed a silica layer,29 and
optical characterization suggested that the silica region is approximately 13 nm thick
for acid exposure times on the order of several hours.13

Adsorption measurements were conducted in a slit-shear flow cell made of a black
teflon base into which a thin (0.5 mm) channel was machined.28:31 A microscope
slide comprised one wall of the channel, and adsorption onto it was measured either
optically or via fluorescence. Optical internal reflection near-Brewster reflectivity,
employing a polarized Helium-Neon laser (633 nm) provided a measure of the evolving
surface excess, independent of any fluorescent labeling. The set-up for this technique
and the calibration procedures were described previously.13 Total internal reflectance
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fluorescence (TIRF) comprised a second means of tracking adsorption. In TIRF, an
Argon ion (488 nm) laser beam is totally internally reflected within the substrate,
setting up a standing surface light wave (evanescent wave) whose intensity decays
normal to the interface on a length scale of ~ 100 nm. Fluorescent tags on adsorbed
polymers and those on chains in solution near the surface are excited by the evanescent
wave and this fluorescence is tracked in real time.28:32 The free chain contribution to
fluorescence is often small relative to that from the adsorbed chains. The combination
of TIRF and reflectivity allows one to measure the kinetics of specific interfacial
populations and interpret the results in terms of the overall interfacial evolution.20.27

Results
Adsorption Isotherms

Prior to an investigation of adsorption kinetics, one must first consider the statics,
summarized by the isotherms in Figure 1. The adsorbed amounts were measured using
reflectivity, and the free solution concentrations are known from the solution
formulation. The bulk solution concentration is fixed since it flows continuously
through the cell. For two different molecular weights of PEO, in Figure 1A, the
isotherm exhibits a flat plateau extending into the dilute regime for several decades.
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Figure 1. Adsorption isotherms for (4) PEO (Ref 15) and (B) HEC.
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While higher molecular weights of PEO give slightly higher coverages, the
physisorpng‘:fl is strong. Figure 1A is consistent with theoretical predictions and the
observation of extremely slow desorption. 14,15 PEO resists removal into DI water and
phosphate buffer because the plateau of the isotherm corresponds to solutions at least as
dilute as 0.01 ppm, giving very little driving force for diffusion from the surface. In the
case of hydroxyethyl cellulose, in Figure 1B, there is a slighter greater influence of ftee
concentration on the adsorbed amount, a result of polydispersity. Adsorbed HEC is
also resistant to desorption in buffer or DI water over a period of days.

Effects of Molecular Weight on Adsorption and CoAdsorption Kinetics

The influence of polydispersity on adsorption kinetics was addressed using binary
mixtures of narrow molecular weight standard PEO, in Figure 2. Figure 2A shows the
transport-limited adsorption kinetics from reflectivity for two separate runs with 33K
and 120K PEO, both of which employ a concentration of 2.5 ppm and a wall shear rate
of 7.2 s~1. The lower molecular weight sample adsorbs more quickly, but to a lower
ultimate coverage per Figure 1A. The adsorption rates correspond to transport-limited
adsorption, which for the case of shearing flow, follows the Leveque solution to the
convection diffusion equation.33

% =0.538 GL)'"? D C m

Equation 1 applies when the surface has a large adsorption capacity such that a
pseudo-steady state concentration profile has sufficient time to develop in the solution
near the interface. The constant rate of adsorption, dG/dt, is then proportional to the
bulk solution concentration, C, the diffusion coefficient, D, to the 2/3 power, and the
wall shear rate, v, to the 1/3 power. L is the distance from the cell inlet to the point of
observation. The adsorption kinetics of the single-component runs in Figure 2A
quantitatively adhere to equation 1, and calculation of the diffusion coefficient from the
observed adsorption rate yields values in agreement with the literature for several PEO
molecular weights.!> In Figure 2A the transport-limited rate persists from the
initiation of adsorption up to surface saturation, suggesting that even at the highest
coverages, the chains already adsorbed to the surface do not hinder the adsorption of the
last chains needed for surface saturation. This in turn suggests that the populations of
PEO adsorbed onto the surface at short times are mobile relative to the rate of chain
arrival in equation 1.

Figure 2B illustrates the coadsorption kinetics for a mixture of 33K and 120K PEO
chains, each with a concentration of 2.5 ppm such that the total PEO concentration is 5
ppm. Reflectivity reveals the evolution of the total surface excess while the TIRF data
show the adsorption of the two populations within the mixture. (TIRF data were
obtained over a series of experiments involving mixtures of labeled 33K PEO and
unlabeled 120K PEO, and vice versa.) At short times, both short and long chains
adsorb independently at their individual transport-limited rates and the total surface
coverage is simply the sum of the two transport limited adsorption traces, per equation
1. When the total surface coverage is equal to the saturation coverage for the short
chains, near 4 minutes, the surface appears saturated at short chains. Beyond
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Figure 2. (A) Single component adsorption kinetics for narrow molecular weight
PEO standards. (ref 20) (B) Adsorption kinetics for a mixture of long and short
chains. (ref 27)

this time, the TIRF data reveal that the long chains continue to adsorb at their
transport limited rate, displacing the short chains. During most of this exchange
period, the total surface coverage is nearly constant. Once most of the short chains
have been displaced, the long chains continue to adsorb towards equilibrium, causing a
slight increase in the total surface coverage towards the end of the run.

The entire coadsorption run in Figure 2B takes place at a diffusion limited rate, as
confirmed by repeated runs with different bulk solution concentrations. The diffusion
limit implies local equilibrium between the adsorbed chains and those in the fluid
elements nearest the surface, providing information about the competitive adsorption
isotherm. First, from Figure 2 it is obvious that in competitive situations involving
homopolymer chains of different lengths, long chains are preferred on the surface over
short ones. The surface selectivity for long chains results from the smaller translational
entropic loss (in the bulk solution) to saturate surface sites with long chains as opposed
to short ones, and has been confirmed by calculations!4.34.35 and other
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experiments.36-38 Figure 2B also suggests that while long chains are ultimately
preferred on the surface, there exists on the binary adsorption isotherm a region where
short chains and long chains coexist on the surface. This mixed surface regime occurs
with little effect on the total adsorbed amount (evidenced by the constant total coverage
during the exchange) and corresponds to a solution primarily containing short chains
with very few long chains present at all (as evidenced by the continued transport-
limited adsorption which implies the long chain concentration near the surface is nearly
zero.) At higher interfacial long chain concentrations, long chains dominate the surface.
These interpretations of our experimental results are consistent with Dijt's mean field
calculations for binary adsorption isotherms. 14

From an examination of the step-wise evolution of the total surface coverage for the
bimodal mixture in Figure 2B, one can imagine that the kinetic adsorption trace for a
polydisperse system would be rounded as a result of an infinite number of chain
populations of varying lengths giving rise to an infinite number of little steps. The
exact shape of the kinetics would depend on the molecular weight distribution and
would give the appearance of a slow approach towards equilibrium. In comparison
with the linear kinetics in Figure 2A for the narrow molecular weight standards,
polydisperse samples can give the false impression of a slow kinetically hindered
approach to the maximum coverage. In reality, a transport-limited exchange processes
may dominate the final adsorption.

Also relevant to the adsorption of polydisperse samples is whether the exchange
process following the initial adsorption proceeds at the mass-transport limited rate, as
was the case in Figure 2B with PEO. If the initially adsorbing polymers adhere with
sufficient strength, as will be shown to occur with HEC, then when long chains from
bulk solution attempt to displace short ones already on the surface, the kinetically-
hindered exchange may become protracted and equilibration may exceed experimental
timescales. In such instances, isotherms may appear rounded, and not represent the
true equilibrium. In experiments such as ours with polydisperse materials like HEC,
measurement of the true equilibrium coverage becomes a waiting game for completion
of the exchange step; however, when equilibrium is approached, the molecular weight
dislt!ibution of the adsorbed chains may be dramatically different from that in the bulk
solution.

Surface Relaxations

The kinetics of surface relaxations and their influence on the exchange between
adsorbed and free chains was investigated via fluorescence self-exchange studies.3?
these experiments, a layer of polymer is adsorbed, aged in flowing solvent (w1th
minimal desorption), and then exposed to unlabeled chains that are identical to those
originally adsorbed, with the exception of a fluorescent label. As the labeled chains are
displaced by the unlabeled ones, the TIRF signal decreases. The procedure is also run
in reverse with the unlabeled chains adsorbed first.

The exchange kinetics are interpreted in the context of a diffusion exchange model,
which has been derived in detail elsewhere.3940 To summarize, chains diffuse from
the flowing bulk solution to the fluid nearest the interface, with mass transfer coefficient
M= 0.538(y/L)!/3D2/3 (per equation 1). The same M applies to both labeled and
unlabeled chains, since fluorescent tagging does not affect the hydrodynamic coil size.
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In series with the bulk mass transport is a surface exchange step between the labeled
and unlabeled chains. Replacement of a labeled chain by an unlabeled one involves a
first order rate constant k while the reverse reaction has kinetic constant k',

k
PEO(free) + C-PEO (adsorbed) < PEO(adsorbed) + C-PEO(free) (2a)

dr e,
d’f° =- fl:’m = k Cpgo (local) Tc_ppo — K Co_poliocal) Tpgo  (2b)

The two rate constants may not be exactly equal if the surface has a slight
preference for the labeled species, which has been found to be the case to a slight extent
for coumarin tagged PEO. The surface selectivity, K=k/k', was found to be 0.4 for 33K
PEO with coumarin tags, and 0.83 for 120K PEO with coumarin labels. This
influence of the label is almost an order of magnitude less than the effect of deuteration
on PS adsorption?! studied by neutron reflectivity and IR. In the case of the
fluorescently-tagged HEC adsorbing on silica, the forward and reverse rate constants
were found to approach each other such that K=1 within experimental error.

With the mass transport and surface exchange steps in series so that all chains
diffusing to or away from the interface undergo the self-exchange reaction, the following
form results for the fluorescence decay:39

z=-(%+ @ +(1- L)a-p ®

The analytical solution, equation 3, resulting from the coupled differential
equations is implicit in the normalized evolving fluorescence signal, F (which is
initially unity and decays to zero with complete exchange.) The dimensionless time, T
= MCt/ I'(total), is that needed to saturate the surface at the mass-transport limited
rate. The kinetic parameter, A=kI'(tot)/M, is the ratio of the forward surface exchange
rate to the rate of chain diffusion to the interface. Fitting equation 3 to the data and
solving for A facilitates a determination of k. In the case of K= 1, equation 3 reduces to
a single exponential decay: F = exp(-t/A) where A = (A+1)/A.

Figure 3 shows self exchange experiments for 33K PEO layers, in both the forward
and reverse protocols. In Figure 3, following 10 minutes for the initial adsorption, the
layers are incubated for 10 minutes in flowing phosphate buffer and then challenged
with the appropriate labeled or unlabeled chains. The subsetfmnt exchange is sh%hﬂ(
slower than the transport-limited rate, with k= 600 cm3g-1s"! and k*=1500 cm3g-1s"1,
describing the first 80% of the exchange process. The last chains to be displaced are
removed from the surface at a slightly slower rate. In Figure 3, the forward and reverse
self-exchange curves are skewed slightly upwards due to the slight preference of the
surface for labeled chains. This feature is taken into account explicitly in equation 3,
because a finite value of K= 0.4 (measured independently) has been employed.

Figure 4 shows the influence of layer age on the displacement of coumarin-tagged
PEO by unlabeled chains of the same molecular weight. In Figure 4A the molecular
weight is 33K; in Figure 4B it is 120K. Layers are adsorbed from flowing PEO
solution for 10 minutes, and then incubated in flowing buffer for various times. In
Figures 4A and B, older layers are slower to self-exchange; however, there is an
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Figure 3. Forward and reverse self-exchange for young 33K PEO layers.
( - - =) transport limited exchange rate; (—) best fit to equation 3. (ref 39).

influence of molecular weight. First, for the 33K PEO sample, regardless of the layer
age, the initial displacement of the labeled chains by unlabeled ones is nearly transport-
limited, following the kinetics in Figure 3. For the 33K PEO chains, the primary
effect of layer age is to develop a tightly bound population which is more resistant to
self-exchange. After about 10-20 hours, the adsorbed layer appears fully relaxed, with
about 25% of its chains still able to self exchange near the transport-limited rate.

In contrast to the behavior of the 33K PEO chains, aging causes 120K PEO chains
to self-exchange more slowly. With the 120K chains, there is no population which
readily self exchanges. Rather as the layer ages, all the chains become more difficult to
displace until finally after 10-20 hours, the chains do not self-exchange at a rate that is
experimentally accessible. Another important difference, therefore, between the 33K
and 120K chains, besides the rates of self exchange is that in the fully relaxed state, low
molecular weight chains are still self exchangeable while moderate and higher
molecular weight chains become permanently trapped on the surface. These
conclusions are summarized in Table 1.

The initial stages of self exchange for low molecular weight layers, and the
exchange of young layers of higher molecular weight PEO chains can be explained
physically in the context of a first order surface rate constant (which implies a lack of
cooperativity in the motions of the adsorbed chains). The form of the long-time self
exchange kinetics is, however, still open to interpretation. While stretched exponential
forms have been reported for the displacement of chains trapped in nonequilibrium
conformations,25-26 stretched exponential kinetics do not describe the data in Figure 4.
A closer approximation to Figure 4 is a bi-exponential form where the more rapid
decay is described by equation 3, and the slow decay is a second exponential, within
the resolution of the current data. In order to argue that the 2nd decay were stretched
rather than regular exponential, data would be needed for several more decades in time,
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Figure 4. Self exchange kinetics after various aging periods for (A) 33K and (B) 120K
PEO layers.

an impracticality for wet-adsorption experiments. The acquisition of data over a
broader range of molecular weights is a focus of ongoing work which may highlight the
role of lateral entanglements in surface mobility.

The results in Figures 3 and 4 and Table I for the model PEO system suggest that
layer age and molecular weight are important in establishing the surface mobility of
adsorbed clgams. For practical reasons it is desirable to extend this concept to other
systems which may not be as uniform in their molecular characteristics, for instance
HEC in Figure 5. Prior to the self exchange data shown in Figure 5, fluorescein-tagged
HEC layers 'have. been adsorbed from flowing HEC solutions for 10 minutes. After
different aging times in flowing buf<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>