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PEG. 1. Synthesis and Associative Behavior of a Low Molecular Weight
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C. Heitz,' S. Pendharkar,’ R. K. Prud’homme,* and J. Kohn*’

Department of Chemistry, Rutgers—The State University of New Jersey,
Piscataway, New Jersey 08854, and Department of Chemical Engineering,
Princeton University, Princeton 08544

Received July 16, 1999

ABSTRACT: We describe the synthesis and associative behavior in water of a strictly alternating comblike
amphiphilic polymer based on poly(ethylene glycol) (PEG). The polymer has a strictly alternating sequence
of PEG blocks (M, = 8000) of low polydispersity and hydrophobic 18 carbon-atom alkyl pendent chains.
Three copolymers with M,, = 28 000, 68 000, and 113 000 were prepared. The associative behavior of the
polymer of molecular weight 28 000 (on average about 3 PEG-C18 sequences per chain) in water was
studied by static and dynamic light scattering, spectrofluorimetry, and viscosity measurements. The
behavior resembles that of hydrophobically end capped (i.e., telechelic) PEO. Flowerlike micelles, each
containing approximately 14 hydrophobes, are formed by the association of about four to five polymer

chains.

Introduction

Polymers that associate via hydrophobe interaction
in aqueous solution have unique rheological properties
and have received attention as replacements for high
molecular weight polymeric viscosifiers in applications
such as thickeners, in coatings, paints, enhanced oil
recovery, and controlled drug release. The rational
design of such associating polymers requires an under-
standing of the relationship between molecular archi-
tecture and rheological properties.

The water-soluble associative polymers studied so far
can be classified into two groups:

(1) The first is hydrophobically modified polymers
with pendent hydrophobic groups distributed along the
hydrophilic backbone. Most of the studies have focused
on polyacrylate, polyacrylamide and cellulose deriva-
tives.1~® Depending upon the synthesis pathway, the
hydrophobes are distributed statistically or in bunches.
Very recently, a new comblike polymer with poly-
(ethylene glycol) (PEG) spacers between the hydro-
phobes has been synthesized and characterized.®” Al-
though the hydrophobe content was well defined, the
hydrophobes were still randomly distributed.

(2) The second is telechelic polymers with hydro-
phobes at both ends of a hydrophilic polymer backbone.
The commercial polymers in this class are urethane-
coupled poly(ethylene glycol) polymers containing hy-
drophobic end groups (HEUR).8-11 Also, a model hydro-
phobically end-capped poly(ethylene oxide) similar to
HEUR but without the urethane linkages has been
synthesized by Alami et al.1?

Here we describe a new architecture which is a
strictly alternating comb associative copolymer derived
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from poly(ethylene glycol) (PEG) and an amphiphilic
derivative of L-lysine. PEG acts as a hydrophilic spacer
between the hydrophobic pendent chains attached to
lysine. Within this molecular architecture, three vari-
ables may be changed independently of each other,
giving rise to a unique model system for the study of
structure—property correlations: First, the molecular
weight of the PEG spacer is well controlled and can be
varied from about 1000 to 20 000 and higher. Second,
the copolymers can be prepared with a wide variety of
hydrophobic pendant chains, and finally, the overall
molecular weight of the copolymer can be changed by
preparing copolymers with different degrees of polym-
erization while keeping the hydrophilic—hydrophobic
sequence unchanged. We report the synthesis of three
polymers in which the PEG spacer has a weight-average
molecular weight, M,, of 8000 and the hydrophobe is
stearyl, a normal 18 carbon alkane pendent chain. The
degree of polymerization was varied in this series of
polymers. The associative behavior in water of the
sample of lowest molecular weight has been character-
ized.

Experimental Section

Polymer Sample: Synthesis and Characterization.
The structure of the polymer is given below:
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In this study, the weight-average molecular weight of the
PEG spacer is 8000 and R = CygH37. The polymer is referred
to as poly(PEGsooo-lysine-stearylamide).

Materials. PEG 8000 and 20% phosgene solution in toluene
were obtained from Fluka. N,N-Di-t-BOC-L-lysine dicyclohexyl-
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Table 1. 'H NMR Spectra of
Poly(PEGgpo—lysine—stearylamide)

ratio of PEG protons to CH;
protons of stearyl groups

polymer calcd exptl
S28 22.6 28.0
S68 22.6 24.9
S113 22.6 25.3

ammonium salt (di-BOC lysine DCA) and N-hydroxysuccin-
imide were purchased from Sigma. Stearylamine, dicyclohexyl
carbodiimide (DCC), dimethyl amino pyridine (DMAP), and
triethylamine were purchased from Aldrich. All solvents were
analytical grade. All materials were used as received, except
for PEG 8000, which was azeotropically dried prior to use.

Methods. Synthesis of Lysine Stearylamide Dihydro-
chloride. A 25 g (47.3 mmol) sample of di-BOC lysine DCA
was slurried with 150 mL of ethyl acetate and 100 mL of
deionized water. Then, 150 mL of 1 M citric acid was added,
and the mixture was agitated vigorously. Free acid was
extracted from the aqueous phase four times with 50 mL of
ethyl acetate. The organic phase was then washed four times
with 50 mL of deionized water, dried over MgSOQO,, evaporated
under reduced pressure, and vacuum-dried to give 16.02 g
(98%) of di-BOC lysine free acid as a bright white hygroscopic
solid. A 16.0 g (46.2 mmol) sample of di-BOC lysine free acid,
12.4 g (46.0 mmol) of stearylamine, 0.366 g (3.24 mmol) of
DMAP, and 9.5 g (45.9 mmol) of DCC were dissolved in 250
mL of methylene chloride and stirred for 20 h. The reaction
mixture was filtered to remove N,N'-dicyclohexyl urea (DCU),
washed four times with 50 mL 0.5 M sodium bicarbonate, 50
mL 0.2 N HCI, and 50 mL saturated NaCl solution, and dried
over MgSO,. The solution was then concentrated under
reduced pressure and subjected to flash silica gel chromatog-
raphy to yield 20.9 g (76%) of di-BOC lysine stearylamide as
bright white crystals. Then, 19.7 g (32.9 mmol) of di-BOC
lysine stearylamide was dissolved in 100 mL of methylene
chloride and 35 mL of 1 M HCI in anhydrous ethyl ether and
stirred at room temperature for 24 h. The solution was
evaporated to dryness and the resulting pale white solid (lysine
stearylamide dihydrochloride) was dried under vacuum at
room-temperature overnight. Materials were recrystallized in
a 3:1 acetone/methanol mixture.

Synthesis of Bis(succinimidyloxycarbonyl PEG) (BSC—
PEG). The synthesis followed published procedures.'®* The
polydispersity of BSC—PEG 8000 (as determined by GPC
relative to monodisperse PEG standards) was below 1.15.

Synthesis of Poly(PEGgyo—lysine—stearylamide). Lysine
stearylamide dihydrochloride was polymerized interfacially
with BSC—PEG 8000 in the presence of potassium carbonate
according to a published procedure.*®

Characterization of Poly(PEGsguo—Ilysine—stearyl-
amide). 'H NMR spectra in CDCI; were recorded on a Varian
XL-200 spectrometer: 6 6.2 (1 H, br m, NH of stearyl group),
5.0 (1 H, m, e-NH of lysine), 4.15—4.25 (4 H, terminal CH, of
PEG), 3.6 (725 H, PEG overlapping with o-CHNH), 3.1 (4 H,
m, e-CH,NH overlapping with CH,NH of stearyl group), 1.31—
1.8 (6 H, br m, CH; of lysine), 1.1-1.3 (32 H, all remaining
CH; of stearyl group), 0.85 (3 H, t, CH; of stearyl group). Ratio
of the integration of the PEG protons (6 3.6) to the protons of
the CH; of the stearyl group (6 1.1—-1.3) (Table 1) was found
to be close to, although slightly higher than, the expected value
for a 1:1 adduct of PEG 8000 to lysine stearylamide. For the
sample referred as S28, in particular, the integration reveals
a slight excess of PEG. This may indicate that there are more
PEG groups than lysine—stearylamide groups terminating the
chain and/or that there is a small amount of unreacted PEG
8000.

Molecular weights were determined by GPC using a Waters
model 510 pump, two PL-gel GPC columns (pore size 10° and
10* A), a Waters model 410 RI detector, and a Digital Venturis
466 computerized station using Millenium software. The
mobile phase was DMF containing 0.1% (w/v) LiBr at a flow
rate of 0.8 mL/min. The weight and number-average molecular
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weights were determined relative to poly(ethylene oxide)
standards.

S28: M,, = 28 000; M, = 18 000
S68: M,, = 68 000; M, = 42 000
S113: M,, = 113 000; M,, = 74 000

For S68 and S113, the chromatographs show a very small
shoulder at the low molecular foot of the distribution, due to
a small amount of unreacted PEG 8000. This contribution was
not resolved from the main distribution for S28.

Characterization of Associative Behavior of S28 in
Aqueous Solution. Materials. Pyrene (99% pure) was
obtained from Aldrich, and poly(ethylene oxide) 35 000 was
obtained from Fluka.

Methods. Static Light Scattering (SLS). SLS was per-
formed on a Brookhaven BI-200 SM goniometer with a Lexel
95 Ar ion laser operating at 514 nm. Measurements were made
at angles between 20 and 150°. The apparent weight-average
molecular weight Map,was determined at each concentration
from

1M, = Ke/(1 x sin 6)), 1)

with
K = (dn/dc)(47°n o) igilAo N Ry (2)

| is the excess of scattering intensity of the solution as
compared to the solvent, ¢ is the concentration in polymer, in
g/mL, 4o is the incident wavelength in vacuum, ng is the
refractive index of the solvent, 6 is the scattering angle, Ny, is
the refractive index of toluene, Il is the intensity scattered
by toluene at 90°, R is the Rayleigh ratio for toluene, N, is
Avogadro’s number, and dn/dc is the refractive index increment
of the solution.

The solutions were prepared in Milli-Q water filtered
through a 0.02 um Anatop (Whatman) filter. The polymer
solutions were stirred overnight and filtered through a 0.1 um
Anatop (Whatman) filter directly into the measurement cell.

The refractive index increment was determined for S28 in
water with a KMX-16 differential refractometer (Chromatix)
from measurements over the concentration range 103—-102
g/mL. A dn/dc value of 0.134 was found, which is very close to
the value for PEG.

Dynamic Light Scattering (DLS). The polarized DLS
measurements in the homodyne mode were performed using
a 3 W Lexel 95 Ar ion laser operating at 514 nm. The intensity
autocorrelation function g,(t) was measured at 90°, unless
otherwise specified, using a BI-200SM goniometer version 2.0
and a 522 channel digital correlator BI-9000AT from Brook-
haven. The correlator was used in the nonlinear mode. The
minimum delay time accessible is 25 ns and the maximum
1.6 s. The temperature was set at 25 °C. The solutions were
prepared in Milli-Q water and filtered through a 0.1 um
Anatop filter directly into the scattering cells.

The measured intensity autocorrelation function g(t) is
related to the electric field autocorrelation function gi(t)
through the Siegert relation

go(t) = 1 + bg, ()* ©)

where b is an instrumental parameter.
In all our experiments, we found that gi(t) could be described
by a sum of two exponentials

bY%g,(t) = a; exp(~T't) + a, exp(~Tt) (@)

where t is the delay time and (a;, I't ) and (as, I's ) are the
intensities and relaxation rates of the fast mode and the slow
mode, respectively. The data were also analyzed using the
Brookhaven CONTIN version 5.0 software which gives the
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Figure 1. Variation of li/l; with ¢, for S28. The curve
represents the best fit of eq 6 to the data.

distribution of hydrodynamic diameters calculated from the
diffusion coefficients using the Einstein relation for hard
spheres.

Viscosity. The steady shear viscosities were measured at
25 °C using two different devices: a capillary viscometer
(Ubbelohde, capillary diameter: 0.57 mm); a low shear rota-
tional viscometer (Contraves LS30 used at shear rates from
0.5 to 100 s™* with a Couette geometry).

The reduced viscosity, #r.q, 0f the polymer was calculated
from the formula

Nred = (1 = Mo)MeC )

where 7 is the viscosity of the solvent, 5 the viscosity of the
solution, and c the concentration in polymer, expressed in
g/mL.

Spectrofluorimetry.'® The fluorescence emission spectra
of pyrene solubilized in the solutions were recorded in the
range 350—500 nm at an excitation wavelength of 335 nm
using a Shimadzu RF 5000 U spectrofluorimeter. The concen-
tration of pyrene was 5 x 1077 M. The ratio Ii/l; of the
fluorescence intensity of the first and third emission peaks
gives a measure of the polarity of the pyrene environment.1¢
1./15 was determined as a function of polymer concentration,
to follow the association process.

Results and Discussion

Spectrofluorimetry. Figure 1 shows the plot of 1./
I3 against polymer concentration. The I,/l3 transition
occurs over a broad concentration range from about 5
x 1076 M (0.004%) to 2.6 x 1074 M (0.2%) where 11/I3
reaches a plateau value of 1.40. As also observed by
others for hydrophobically end-capped PEO micelles,’
the plateau value is higher than for classical nonionic
surfactants, suggesting relatively small hydrophobic
domains. The decrease of 11/l stretches over nearly 2
orders of magnitude in concentration, in contrast to the
decrease over a narrow range of concentration upon
micellization for classical surfactants. Broad decreases
of 1,/13 ratios have also been observed for hydrophobi-
cally end-capped PEO.17-19 An issue is whether the
decrease locates the onset of association called the
critical aggregation concentration (cac) or is due to a
partition of the pyrene between water and the hydro-
phobic domains. If pyrene is partitioned between mi-
crodomains and water with a binding constant K and if
the cac of the system is zero, then 11/l can be written
asZO

113 = (1 /1)y + [(1/13)y, — (1/13)\][1/(1 + Key)] - (6)
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Figure 2. Time correlation functions g;(t) vs delay time
measured at & = 90°. From bottom to top: c, = 0.024, 0.05,
0.1, 0.18, and 0.5%. The curves represent the fit of eq 4 to the
data for ¢, = 0.024 and 0.5%.

where (11/13)m and (14/13)y are the values in water and
in the microdomains, respectively. (Equation 6 assumes
additivity of fluorescence emission intensity, which, as
pointed out by Acree,?! is true only if I3y = l3w. This
assumption is reasonable for pyrene, since I3 has been
shown to vary very little with the pyrene environ-
ment.22) The fit of the data with eq 6 is shown in Figure
1 with K = 42 700 mol~1. The fairly good agreement
between the calculated and experimental points sup-
ports the partitioning hypothesis, although the theoreti-
cal curve deviates slightly from the experimental results
on both sides of the inflection point. Small deviations
from the predictions of partitioning with a single binding
constant have been observed in the case of amphiphilic
block copolymer (the fluorescence quantity observed was
not 1,/13 but the intensity ratio l33g/l332 5 from the pyrene
excitation spectra)?® and interpreted as a manifestation
of the micellization of the block copolymer. However,
in solutions of polysoaps, which exhibit no cac (or more
precisely a cac equal to zero), Anthony et al.2° showed
that such a variation could simply be ascribed to the
dependence of K on the mole fraction of pyrene in the
microdomains.

Static and Dynamic Light Scattering. The experi-
ments were performed over a concentration range from
0.01 to 0.5%. Solutions were filtered through 0.1 um
filters, unless otherwise specified.

Dynamic Light Scattering. Figure 2 shows the
correlation functions g;(t) at a scattering angle of 6 =
90° and for various concentrations. The functions are
clearly not monoexponential. Over the entire concentra-
tion range, gi(t) can be fit by a sum of two exponentials,
according to eq 4.

Examples of the fits are given in Figure 2 for the
lowest (0.024%) and the highest (0.5%) polymer concen-
trations, c,. For the highest concentration, gi(t) was
measured at different angles. Both I’y and I's were found
to be proportional to the square of the scattering vector,
g, showing diffusive processes, according to

D = I'lg? (7)

where D is a diffusion coefficient.

Table 2 gives the values of I'y, T's, as (determined from
the two exponential fits) as well as the hydrodynamic
diameters dys and dus determined according to

d,, = KT/3D 8)
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Figure 3. CONTIN distribution of the hydrodynamic diam-
eters. ¢, = 0.024% (»), 0.05% (@), 0.1% (<), 0.18% (m), and
0.5% (O).

Table 2. Relaxation Rate, Relative Intensity, and
Hydrodynamic Diameters Corresponding to the Fast and
Slow Mode as a Function of Polymer Concentration

Cp (%) Tr(us™) dur(nm) Ts(us™) dus(nm) ar (% tot. intens)

0.024 0.0154 16.9 0.00205 126.8 79.8
0.05 0.0149 17.4 0.00236  109.7 74

0.1 0.0140 18.6 0.00209  123.9 71.8
0.18 0.0140 18.6 0.00216  120.1 58.8
0.5 0.0129 20.0 0.00205  126.7 57.0

where Kk is the Boltzmann constant, T the temperature,
and 7 the viscosity of the solution. dys varies very little
with concentration, increasing from 16.9 nm at ¢, =
0.024% to 20 nm at c, = 0.5%. Values of dys fluctuate
between 110 and 127 nm, which, within experimental
error, corresponds to the filter pore size (100 nm) and
suggests that aggregates of larger sizes may have been
retained by the filter. However, no measurable mass loss
after filtration was observed. The relative intensity
related to the fast mode decreases when ¢, increases,
from 80% at c, = 0.024% to 57% at c, = 0.5%.

The distribution of the hydrodynamic diameters G(dy)
obtained using CONTIN is given in Figure 3. The
distributions are clearly bimodal, at all concentrations.
The maximum of the first peak is around 16 to 20 nm
and the maximum of the second peak around 100 nm,
in good agreement with the results of the “two-
exponential” fit.

We first discuss the origin of the fast mode in the
relaxation spectra. Devanand and Selser report for PEO
in water at 30 °C?*

Ry = 0.145M,>°™ (A) (9)

which gives a hydrodynamic diameter dy = 10.4 nm for
unmodified PEO of molecular weight 28 000. This is
approximately half the value of dys given by the “two-
exponential” fits or the maximum of the first peak (i.e.,
fast mode) of the distribution given by CONTIN. Thus,
the fast mode appears to arise from associated polymer.
We will show later that the size measured is compatible
with the size of one flowerlike micelle. As dys does not
vary with cp, the micelle size is independent of concen-
tration. The distribution given by CONTIN in Figure 3
shows that G(dy) is almost equal to zero for dy < 10
nm, for all the concentrations studied. Since a nonas-
sociating PEO chain of M,, = 28 000 would have a dy
of 10 nm and a single chain with intramolecular
associations would have a smaller size than 10 nm, this
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means that almost all the polymer is present in the form
of aggregates even at the smallest concentration stud-
ied. It can be shown that most of the polymer is
associated with the micelles responsible for the fast
mode; in first approximation

Cs/Cf = (as/af)(Mf/Ms) (10)

where (cf, My) and (cs, Ms) are the weight concentrations
and the weight-average molecular weights of the species
associated with the fast and slow modes, respectively.
By assuming constant density, we can estimate the
relative weight concentrations of polymer associated
with the two modes

c/¢ = (adag)(dyddy)’ (11)

and thus cs represents a maximum of 0.3% of c;
(calculated for ¢, = 0.5%, where as/as has its highest
value).

For the slow mode, the hydrodynamic diameter
extracted from I's is approximately 120 nm, at all cp,
and indicates that the slow mode is due to large
aggregates which are comparable in size to the pore size
of the filter. Another series of measurements was made
on solutions filtered through 0.45 um filters. As com-
pared to the solutions filtered through 0.1 um filter, the
decay of the autocorrelation function was much slower,
showing the presence of larger aggregates. The CONTIN
analysis still showed two peaks. The peak corresponding
to the fast mode was unchanged, whereas the one for
the slow mode was extended to higher diameters, and
the relative intensity of the slow mode was considerably
enhanced. Filtration through 0.1 um filter partially
removed the large aggregates present in solution,
whereas it did not affect the fast mode attributed to
polymer contained within individual micelles.

The partial elimination of the slow mode by filtration
through a small pore size filter suggests that the slow
mode is not due to a thermodynamic equilibrium. Since
no measurable mass loss was detected after filtration,
isolation and characterization of the sample fraction
responsible for the slow mode were not possible. The
phase behavior of S113, which has a structure similar
to that of S28, but a higher molecular weight, is
described in another publication.?> Phase separation
between a gellike phase and a dilute solution occurs.
The weight-average molecular weight of the polymer
fraction contained in the solution phase was shown to
be lower than that of the polymer contained in the gel
phase. This suggests a possible explanation for the
origin of the slow mode in solutions of S28: The small
number of high molecular weight chains present in the
solution may be involved in the formation of highly
connected micelles, which would form a microgel frac-
tion. By filtration, that fraction is irreversibly removed
from the solution. However, alternate explanations are
possible. A slow mode has been observed in solutions of
nonmodified PEO,26-28 and its origin has been the
subject of controversy. Attributed first to aggregation
of PEO even in dilute water solution, it has been shown
more recently?628 that it could be attributed to the
presence of an impurity and could be removed by
filtration through a sufficiently small filter size. Alami
et al. observed a slow mode in dilute solutions of
hydrophobically end-capped PEOY” and noticed that it
could be almost completely removed by addition of a
small amount of NaCl. They concluded, therefore, that
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Table 3. Apparent Molecular Weight, Mapp, Average
Aggregation Number, and Corrected Aggregation
Number at Different Polymer Concentrations

Cp (%) Mapp x 1075 Nr(av) Ng(corr)
0.024 1.25 14.9 11.9
0.05 1.50 17.9 13.2
0.10 1.65 19.6 14.1
0.18 2.06 24.6 14.5
0.50 2.11 25.1 14.3

it may be inherent to the presence of PEO itself, rather
than to the hydrophobic moieties.

Static Light Scattering. The variation of Map, with
polymer concentration is given in Table 3. Mgy is higher
than the weight-average molecular weight determined
by GPC in DMF in which the chain and hydrophobe are
nonassociating and completely dissolved. Mgy, increases
with the concentration, going from 1.25 x 10° for ¢, =
0.024% to 2.11 x 105 for ¢, = 0.5%. Even at the lowest
concentration studied, the molecular weight of the
aggregates is already 4 times higher than the molecular
weight of the single chain. It is difficult to distinguish
whether the increase of Mapp With ¢, reflects an increase
of the molecular weight with c, or a negative second
virial coefficient. If we assume that the effect is due to
aggregation, the average aggregation number in terms
of the number of hydrophobes per aggregate, Ng,
increases from 15 at the lowest concentration to 25 at
the highest concentration studied. As a first approxima-
tion, the scattered intensity can be written as

1=1

+1 (12)

mic agg
where Inic and logg are the intensities scattered by the
micelles and the large aggregates, respectively, and

Ar= il Ag= 1,441 (13)
where As and As are the relative intensities of the fast
and slow mode determined by dynamic light scattering.
Mapp (micelle) is determined by replacing I by Imic = 1Ay
ineq 1.

After subtraction of the intensity associated with the
larger aggregates, the corrected values of Ngr are be-
tween 12 and 14 and are nearly independent of c,. For
the calculation of Ng, we used the molecular weight of
the PEGgpo—lysine—stearylamide repeat unit. The
slight excess of PEG revealed by NMR was not taken
into account, because the excess may have two possible
origins which would affect the N value in an opposite
way. In the extreme case where the excess is entirely
due to the fact that chains are terminated more by PEG
than by lysine-stearylamide, Ngr is overestimated by
approximately 20%, whereas it is underestimated by
approximately 20% if the excess is entirely due to a
small amount of unreacted PEG 8000. For micelles of
hydrophobically end-capped PEO, a rather broad range
of values (most often determined by fluorescence tech-
niques) are reported in the literature: Yekta et al.?®
found Ngr = 20 + 2 for HEUR polymers with M, ranging
from 34 000 to 50 000 with Ci6Hss end groups. Alami
et al. reported values between 15 and 30 for C1o—EQOg4g0—
Ci2, and Person et al. measured values of 31 £+ 6 by
electron paramagnetic resonance spectroscopy for Cio—
EO200—C12.3% The random comblike copolymer comb-81
described by Xu et al., with Ci;4H»9 pendant groups
separated by PEG spacers of M = 8400, forms flowerlike
micelles of aggregation number 15, very close to the
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Figure 4. Reduced viscosity vs polymer concentration: S28
(®); PEG 35000 (a).

value that we found for S28 in the same concentration
range.

The size of one flowerlike micelle with a hydrophobic
core containing 14 hydrocarbon tails with 18 carbons
surrounded by a corona of PEG chain loops swollen by
the solvent can be estimated as follows:

The volume V. of the hydrophobic core is obtained
using the Tanford equation,®! which gives the volume
of a hydrocarbon chain with n carbon atoms:

v=(27.4+26.9n) x 10> nm® (14)

Hence, V. = Ngrv = 7.16 nm?, with Ng = 14 and n = 18.

This gives the radius of the core, R, = 1.19 nm. The
thickness of the corona, Rer, is given by the dimension
of the PEG spacer. Since the hydrophobic groups are
closely packed, the loops crowd each other. This crowd-
ing results in a stretching of the loops in the outward
direction. It is predicted 3233 that the thickness of the
corona is increased by a factor of NgrY> compared to the
dimension of the unperturbed spacer chain, which can
be estimated from eq 9. This relation gives a hydrody-
namic diameter of 4.9 nm for PEG 8000, which leads to
Reor = 8.3 nm with Nr = 14. The hydrodynamic diameter
of the flowerlike micelle is 2(R; + Reor) = 19 nm, in good
agreement with dy measured by DLS.

Viscosity. Measurements were performed using the
capillary viscometer after filtration of the solutions
through 0.2 um filters for ¢, < 1%, and using the low
shear viscometer on unfiltered solutions at higher
polymer concentrations.

The reduced viscosity in water is given as a function
of concentration in Figure 4. As a comparison, the
results for PEG homopolymer of molecular weight
35 000 is given on the same plot. The intrinsic viscosity,
[#], has been calculated in the low concentration range
according to the following relation:

(7 = no)lmec = [n1(L + Klylc + ...) (15)

For the comb polymer, [] = 21.0 mL/g and k = 6.15,
whereas for the PEG homopolymer [#] = 50.6 and k =
0.56. The value of k for the comb polymer is much
greater than the values expected for a flexible linear
polymer (between 0.3 and 0.8). The low values of the
reduced viscosity at ¢, less than 1% compared to PEG
homopolymer, coupled with light-scattering data which
shows that the weight-average molecular weight of the
aggregates is much higher than 35 000, indicate a
compact associated aggregate.
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The light-scattering study shows that the main spe-
cies in solution is a micelle composed nominally of four
to five polymer chains. The large aggregates responsible
for the slow mode are present in very small amounts
and should not play a significant part in the intrinsic
viscosity. Knowing the hydrodynamic diameter of the
micelles (dy = 18 nm), the Einstein relation for hard
spheres

[7] = 2.5VIM (16)

where V and M are the volume and molecular weight
of one micelle, respectively, leads to M = 175 000,
corresponding to a Ng of about 21, slightly higher than
the value of 14 deduced from the light-scattering study.

At concentrations higher than 1%, the viscosity of the
comb polymer increases rapidly and becomes higher
than the viscosity of PEG homopolymer. For both
polymers, the viscosity increases more rapidly with c;
for concentrations higher than 1—2%. This range of
concentration coincides with the overlapping concentra-
tion c¢* of the chains (given by the reciprocal of the
intrinsic viscosity) for the homopolymer, but is well
below the c* (=5%) of the primary flowerlike micelles
of the comb polymer.

Conclusion

We have synthesized a family of new strictly alternat-
ing, amphiphilic comb copolymers. The design of these
copolymers allows the independent variation of molec-
ular weight while maintaining constant hydrophilic
block length and a constant ratio of hydrophilic blocks
to hydrophobe graft sites. We have investigated the
association in water of a copolymer with pendent C,gH37
hydrophobic groups separated by PEG of molecular
weight 8000, in which each chain contains on average
two to three hydrophobic groups. At low concentrations
S28 associates mainly in the form of individual flower-
like micelles containing an average of four to five chains
and a total of approximately 14 hydrophobic units.
Onset of association was too low to be detected, but is
below than 0.025%, the lowest concentration studied by
light scattering. At concentration higher than 2%, the
system exhibits large increase in viscosity, indicating
the formation of larger aggregates.
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