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ABSTRACT: Semidilute solutions of two series of polyacrylamide (AM)-based copolymers containing
hydrophobic di-n-propylacrylamide (DPAM) and di-n-octylacrylamide (DOAM) comonomers, namely
P(DPAM-co-AM) and P(DOAM-co-AM), have been characterized using rheology and small angle X-ray
scattering (SAXS). The relaxation time and plateau modulus obtained from rheology, and the correlation
length (&) obtained from SAXS are compared for copolymers with different hydrophobe content (f) and
hydrophobe block length (Ny). Shear rheometry experiments revealed that P(DOAM-co-AM) copolymers
formed gels characterized by a broad distribution of relaxation modes. In contrast, solutions of P(DPAM-
co-AM) copolymers exhibited a near-Maxwellian response although additional fast modes contribute
significantly to the dynamic shear modulus at high frequency. For both copolymers, the dynamic shear
moduli obtained at different temperatures could be time—temperature superposed, with a shift factor
described by the Williams—Landel—Ferry equation. For P(DPAM-co-AM) solutions, the sticker lifetime
(determined from the fitting of the dynamic moduli to a Maxwell model) was found to increase with
increasing f but to be insensitive to Ny, in the range examined. However, the plateau modulus G, decreases
with increasing Ny, which is related to the increase in strand length between stickers. Similar to P(DPAM-
co-AM) solutions, one relaxation time for the gels of copolymers with longer hydrophobes (in this case
determined from the crossover in the elastic moduli) is more sensitive to f than to Ny. The SAXS data
for the P(DPAM-co-AM) solutions could be modeled using the structure factor for a polymer solution in
a good solvent although enhanced fluctuations had to be considered for the polymers with higher
hydrophobe content. The correlation length was found to decrease with increasing temperature for
P(DPAM-co-AM) solutions, due an improvement of the solvent quality. But £ did not depend on the
temperature for P(DOAM-co-AM) samples, probably due to stronger associations between hydrophobes.

Trends of £ with Ny and f are discussed.

1. Introduction

Polymers that act as associative thickeners in water
are of considerable industrial importance in paint
coatings, personal care products, and oil industries
because of their ability to dramatically modify rheologi-
cal properties. They consist of chains of predominantly
hydrophilic repeat units but also incorporate a small
fraction of hydrophobic sequences in the main chain or
as side groups. Even with only 1—2% of a hydrophobe,
a dramatic increase in viscosity can be achieved. This
results from intra- and intermolecular associations of
the hydrophobic groups, forming effectively a physically
cross-linked gel structure.

A number of classes of associating polymer have now
been developed.1=5 A particularly important class are
telechelic end-capped copolymers such as the HEUR
(hydrophobic ethyoxylated urethane) associative thick-
eners, which comprise poly(ethylene glycol), chain ex-
tended by diisocyanates, and end-capped by long-chain
alcohols.57° Analogous F—HEUR polymers,1°~17 are
terminated at both ends with hydrophobic fluoroalkyl
segments. These are much more effective thickeners
compared to the corresponding hydrocarbon deriva-
tives 11713
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Another widely investigated type are the HASE
(hydrophobically modified alkali-swellable) thickeners,
which are copolymers of ethyl acrylate and methacrylic
acid, containing a small fraction of hydrophobic sub-
stituents.? In contrast to the telechelic end-capped
copolymers such as HEUR and F—HEUR, HASE poly-
mers have a comblike architecture, with n-alkyl hydro-
phobes tethered to the backbone via polyether side
chains.1819

Copolymers based on polyacrylamide and its deriva-
tives, especially hydrophobically modified polyacryla-
mide (HM—PAM)2-22 and hydrophobically modified
poly(N-isopropylacrylamide) (HM—PNIPAM)?2324 have
attracted great interest as hydrophobically associating
polymers. Similarly to HASE polymers, these are multi-
sticker copolymers, in which the pendant hydrophobic
groups are randomly distributed along the chain. In
contrast to telechelic polymers, the number of hydro-
phobic units is greater than two and the “stickers” are
distributed randomly in the polymer backbone leading
to profound differences in the network structure dy-
namics between the two systems, allowing for example
the possibility of so-called superbridges.” HM—PAM
polymers are relatively polydisperse and generally have
higher molecular weight than telechelic polymers and
therefore the chain motion in concentrated solution is
influenced by reptation as a consequence of entangle-
ments.
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The rheology of HM—PAM associative polymers con-
taining alkylacrylamide hydrophobic comonomers has
been studied in detail.2>26 The shear rate dependence
of the viscosity, and the concentration dependence of the
viscosity in solutions below the overlap concentration
have been measured.?®> The scaling of viscosity with
concentration, hydrophobe content and hydrophobe
block length has been compared?® to the predictions of
the model of Leibler et al. for the rheology of multi-
sticker chains.?” The viscoelastic behavior of semidilute
solutions of various series of copolymers with variable
molecular weight, hydrophobe content, and hydrophobe
block length has been investigated as a function of the
polymer concentration. The linear viscoelasticity could
be described by a slow relaxation process with a plateau
modulus that only depends on polymer concentration;
in addition, several fast relaxation processes were
observed.?6The relaxation process was also studied in
a series of perfluoroalkyl end-capped poly(oxyethylene)
(PEO) F—HEUR associative copolymers.1416 The stress
relaxation was measured as a function of the polymer
concentration. It was found that it could be fitted in all
cases using a stretched exponential, which is widely
used to model relaxation processes in complex, slowly
relaxing, strongly interacting materials.?8

The dynamics of networks formed by telechelic as-
sociative thickeners?® are predicted to be dominated by
the detachment of hydrophobic end groups from the
clusters, such that the motion of the chain is governed
by a detachment time plus the Rouse motion of the
detached chain.?® For HEUR associative polymers, a
relaxation time related to the network relaxation has
been noted, in addition to the relaxation time corre-
sponding to the lifetime of the hydrophobe in the
micellar junction.30

The relationship between structure and rheology for
associative triblock copolymers fully end capped with
alkyl chains has recently been interpreted in terms of
the structure and interactions of flowerlike micelles.3!
The micelles were treated as adhesive hard spheres. It
was found that at low concentrations the rheology is
dominated by pairwise interactions between associating
spherical micelles. However, as the concentration in-
creases, the density of bridging chains increases and the
behavior approaches the ideal transient network limit.

Besides rheology, small angle scattering (SAS) has
been widely used to study the structure of associative
polymer gels.1”:32 Surprisingly, although SAS has al-
ready been used to study PAM and PNIPAM gels,33:34
we are not aware of any SAS studies on solutions of
HM—-PAM or HM—PNIPAM.

From a theoretical viewpoint, the association proper-
ties (size and shape of hydrophobic aggregates) and
linear rheology of polymers with end stickers have been
modeled.?”35-42 Computer simulations of reversibly
associating polymers with sticker groups along the
backbone have also been performed.*344 Recent work
has suggested that close to the critical temperature for
polymer—solvent phase separation in an associating
polymer solution, the sol—gel transition has a thermo-
dynamic signature reminiscent of the micellization of
surfactant solutions. However, at high temperatures,
gelation was found to be a continuous transition.*4

In this work, we study the rheology and structure
of aqueous solutions of hydrophobically modified poly-
acrylamide (AM: acrylamide) copolymers in semidilute
solution. The disubstituted acrylamides di-n-propyl-
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acrylamide (DPAM) and di-n-octylacrylamide (DOAM)
have been used as hydrophobic comonomers to produce
poly(di-n-propylacrylamide-co-acrylamide) (P(DPAM-
co-AM)) and poly(di-n-octylacrylamide-co-acrylamide)
(P(DOAM-co-AM)) copolymers, respectively. The syn-
thesis and characterization of these polymers is reported
elsewhere, along with a brief account of the viscosity in
dilute solution.*®> The chemical structure of the hydro-
phobe groups is different from that in previous studies
of HM—PAM associative polymers in which the hydro-
phobe was di-n-hexylacrylamide (DHAM).25:26:46

In this work, new insights are provided into the rheo-
logical and structural characteristics of hydrophobically
modified polyacrylamide polymer gels. Shear rheometry
experiments were performed to characterize the visco-
elastic response of P(DPAM-co-AM) and P(DOAM-co-
AM) gels as a function of the hydrophobe type, its
content in the polymer, the length of the hydrophobe
block, and temperature. The rheological behavior is
expected to be characterized by multiple relaxation
times, associated with the presence of multiple sticker
sites per chain, in contrast to the rheology of telechelic
polymers. Rheology provides information on the dynam-
ics of the polymer network and on the strength of
associations. This information is complemented with
quantitative data from small-angle X-ray scattering
(SAXS) experiments to probe network structure, in
particular the correlation length and size of hydrophobic
clusters.

2. Experimental Section

2.1. Materials. Hydrophobically modified polyacrylamide
polymers, with disubstituted acrylamides DPAM and DOAM
used as hydrophobic comonomers, are identical to those used
before.*> Copolymers with a blocky structure were synthesized
using a micellar copolymerization route.*®

Tables 1 and 2 show the weight-average molecular weight
Mw for selected polymers determined via static light scattering
(SLS).*> Gel permeation chromatography (GPC) was under-
taken for some samples. The results obtained by GPC were
complicated by possible intermolecular association, even in the
very dilute aqueous salt solutions employed. However, Table
2 shows My, calculated by GPC for some copolymers for which
SLS was not performed. The copolymer composition was
determined by *H NMR spectroscopy in deuterium oxide (D,0O)
according to literature methods.*¢

The polymer solutions were prepared by dissolution of
polymers in Milli-Q filtered water at room temperature. The
polymers were allowed to hydrate and swell for at least 24
hs; then the solutions were very gently stirred magnetically
for 1 week to form homogeneous solutions. The polymer
solutions were kept for another 5 days prior to measurement
to remove air bubbles. All samples studied by rheology and
SAXS were 4 wt % copolymer in water, which lies well above
the overlap concentrations for these samples (below 0.1 wt
%).45

The samples are denoted according to the nature of the
hydrophobic comonomer. The sample code refers to the amount
of hydrophobe, f, and the number of hydrophobic monomers
per micelle, Ny, which is assumed to define the block length.
For example, for sample 5DOAM4, the initial number indicates
the hydrophobe concentration in the monomer feed f = 5 wt
% and the final number indicates the value Ny = 4.

It is useful to estimate at this stage some parameters
defining the mass and dimensions of the copolymers studied
in this work. The molecular weight can be written as

M,, = nN,M,, + n;M, 1)

where n is the number of stickers per polymer chain (each
sticker comprising Ny monomers), My is the molecular weight
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Table 1. Characteristics of the P(DPAM-co-AM) Copolymers and Solutions

sample Mw (g/mol) x 1076 Rg (A) n 1 (A) Ri (A) 7L (s) G, (Pa) E(A) AR (A)
1DPAMO.6 1.252 241 133 251.3 14.7 0.03 (25 °C) 53.4 (25 °C) 36.2 (20 °C)
0.03(30°C) 43.4(30°C)  35.2 (30 °C)
0.03 (40°C) 49 (40 °C) 33.8 (40 °C)
0.03 (56 °C) 17 (56 °C) 33.4 (50 °C)
1DPAML1.3 1.622 274.4 80 544.4 21.7 36.4 (20 °C)
35.1 (30 °C)
34.1 (40 °C)
32.8 (50 °C)
1DPAMS3.8 1.322 247.7 22.2 1591.3 37.1 0.03 (25 °C) 29.4 (25 °C) 31.4 (20 °C)
0.03(30°C) 30.5(30°C)  31.9 (30 °C)
0.03(40°C) 28.9(40°C)  31.5 (40 °C)
0.04(50°C) 20.5(50°C)  31.1(50 °C)
1DPAM12 0.972 2123 5 50253 658  0.09(25°C) 12 (25°C)
3DPAML.1 0.962 209.9 1639 1535 115 0.13(25°C) 11.7(25°C)  39.9(20°C)  100.4 (20 °C)
0.11(30°C) 14 (30 °C) 37.8(30°C)  64.0 (30 °C)
0.11 (40°C) 19 (40 °C) 37.3 (40 °C)
0.11(50°C)  9.8(50°C)  38.0 (50 °C)
3DPAML1.5 0.872 199.9 108.9 209.4 13.4 0.1(25°C) 2.8 (25 °C) 32.3 (20 °C)
0.09(30°C) 2.8 (30 °C)
0.09 (4 °C) 2.7 (40 °C)
5DPAM1.1 1.162 2249 3239 92.1 89 0.11(25°C) 145(25°C)  31.9 (20 °C)
0.09(30°C) 16.0(30°C)  30.7 (30 °C)
0.1 (40 °C) 3.2(40°C)  31.0 (40 °C)
0.1 (50 °C) 3.0(50°C)  30.5 (50 °C)
5DPAM1.4 0.842 195.2 184.3 117.2 10.1 0.11 (25 °C) 14.8 (25 °C) 34.2 (20 °C)
0.1(30°C)  13.6(30°C)  32.9 (30 °C)
0.1(40°C)  10.5(40°C)  32.8 (40 °C)
0.11(50°C) 11.8(50°C)  31.1 (50 °C)
5DPAMA4.0 1.2 2333 922 3550 169 0.14(25°C) 16.8(25°C) 31.7(20°C)  30.7 (20 °C)
0.3(30°C)  10.4(30°C) 30.6(30°C)  32.0(30°C)
0.15(40°C)  7.5(40°C)  30.3(40°C)  32.6 (40 °C)
0.09(50°C) 10.7(50°C)  30.4(50°C)  34.1 (50 °C)

a Data extracted from ref 45.

of a hydrophobic monomer, np is the number of polyacrylamide
monomers and Mp is the molecular weight of one acrylamide
monomer. Using the definition f ~ (100nNuMu/npMp) in eq 1,
it is possible to estimate np:

MW

P = Mo(f1100 + 1) @

Values of np can be then calculated using My from Tables 1
and 2. The number of stickers per polymer chain can be then
calculated from np and f, according to

fnpMp

N~ 100N, M, )

The resulting n values are listed in Tables 1 and 2. Equation
3 can then be used to estimate the strand length between
stickers

_ nel
-5 ®

where |, is the length of the carbon—carbon bond (1.54 A).
Values of | are listed in Tables 1 and 2. It is finally possible to
crudely estimate the radius of gyration of the polymer chain
as a whole assuming a random coil configuration

|
RG=\/—%«/nNH—}—nP (5)

where I is the Kuhn length (estimated to be 4 A). Similarly,
the radius of gyration of the strand length is given by R, =
I/(np/12n)*2. Values obtained for Rg and R, are listed in Tables
1 and 2. Values for Rg are expected to be an upper limit

because intramolecular associations should lead to a contrac-
tion of the chain.

2.2. Rheological Measurements. Shear rheometry experi-
ments were performed using a Rheometric Scientific SR5
controlled stress rheometer equipped with a cone-and- plate
geometry (radius 2.0 cm, gap 0.038 mm) and a solvent trap
that prevents evaporation of the samples during lengthy
experiments. Measurements of the dynamic shear moduli were
conducted for frequencies in the range v = 0.1-100 rad s
and temperatures 20 < T < 56 °C. All measurements were
carried out at frequencies and strains that led to a linear
response. The polymer solution was gently loaded onto the
plate and given about 30 min to allow the stresses to relax
and to attain thermal equilibrium before starting measure-
ments.

2.3. Small-Angle X-ray Scattering Experiments. SAXS
measurements were performed using the setup at the Uni-
versity of Aarhus, which consists of a rotating anode, multi-
layer optics, three-pinhole collimation, an integrated vacuum
system and a two-dimensional position-sensitive gas detector
(HiSTAR).*” The instrument is a modified version of the
commercially available NanoSTAR equipment produced by
Anton Paar, Graz, Austria, and distributed by Bruker AXS.
The optimization of the instrument gives rise to a high flux
and a low background, and it is therefore ideally suited for
solution scattering. The samples were filled with a syringe into
a quartz capillary, which is placed directly in the vacuum
chamber of the camera. A home-built capillary holder with
good thermal contact to the thermostated surrounding block
was used, and measurements were conducted at temperatures
between 20 and 50 °C. The instrument configuration gives
access to a range of scattering vectors q between 0.01 and 0.35
A1, where q = (42/1) sin 0, where 26 is the scattering angle
and 1 is the wavelength. The two-dimensional spectra of all
samples were isotropic and the data were azimuthally aver-
aged, corrected for variations in detector efficiency, for spatial
distortions and converted to an absolute scale using the
scattering from pure water as a secondary standard.
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Table 2. Characteristics of the P(DOAM-co-AM) Copolymers and Gels?

sample My (g/mol) x105 Rs(A) n 1(A) Ri(A) g, 7c (S) 7R (S) G, (Pa) EA) AR (A)
1DOAMO.2 67.8¢ 0.49 (20°C) 183 (20°C):  19.9 (20 °C) 31.6 (20 °C)
26.3(30°C) 0.07 (30°C) 230 (30°C)*  19.3(30°C) 315 (30 °C)
10(40°C)  0.01(40°C) 333 (40°C)e  17.3(40°C) 30.4 (40 °C)
4.4(50°C) 0.002(50°C) 464 (50°C)  17.6 (50°C) 28.6 (50 °C)
1DOAMO.3 0.617° 168.9 69 239.1 14.4 796.94 0.21 (20 °C) 241 (20 °C)®
0.19(30°C) 224 (30 °C)¢
0.25(40°C) 189 (40 °C)e
62.8 (50 °C) 0.1 (50 °C) 217 (50 °C)e
1DOAMO.7 0.768P 188.4 37 5579 219 1959 0.8 (20 °C) 185 (20 °C)® 34.3(20°C) 65.4(20°C)
0.39(30°C) 193 (30°C):  35.6 (30 °C) 66.3 (30 °C)
29.4 (40 °C) 0.2 (40 °C) 196 (40 °C)¢  34.6 (40 °C) 65.4 (40 °C)
11.3(50°C) 0.037 (50°C) 268 (50 °C)*  34.6 (50 °C) 63.2 (50 °C)
1DOAMG.5 841.5 (20 °C)f
937.9 (30 °C)f
1072.7 (40 °C)f
1124.3 (50 °C)f
3DOAMO.3 0.222¢ 1005 73 79.7 8.3 176d 2.01 (20 °C) 248 (20 °C)®
0.53(30°C) 275 (30 °C)¢
27.6 (40°C) 0.43(40°C) 226 (40 °C)¢
8.7(50°C) 0.08(50°C) 290 (50 °C)e
3DOAMO.8 0.185¢ 91.8 23 2125 135  83d 0.18(20°C) 111 (20°C):  21.2 (20°C) 39.5 (20 °C)
8.3(20°C) 0.09(30°C)  115(30°C)  20.0 (30 °C) 38.4 (30 °C)
3.3(30°C) 0.025(40°C) 150 (40°C)e  19.6 (40°C) 37.9 (40 °C)
1.2(40°C) 0.002 (50°C) 350 (50°C)®  18.6 (50°C) 37.1 (50 °C)
0.5 (50 °C)
3DOAML.7 1.2 (40 °C) 478 (40 °C)e
0.38 (50°C) 514 (50 °C)
5DOAMO.3 167.7¢ 0.17 (20°C) 926 (20°C):  11.4 (20 °C) 30.7 (20 °C)
449 (30°C) 0.35(30°C) 627 (30°C)*  11.9 (30 °C) 30.4 (30 °C)
14.4 (40°C) 0.12 (40°C) 678 (40°C)e  11.8 (40°C) 30.0 (40 °C)
5.6 (50°C) 0.19 (50°C) 416 (50°C)®  11.8(50°C) 31.8 (50 °C)
5DOAM3.4 65.3 (20 °C) 47.7 (20 °C)
61.2 (30 °C) 47.7 (30 °C)
61.2 (40 °C) 48.9 (40 °C)
65.3 (50 °C) 46.9 (50 °C)

a Polymer 5DOAMO.6 is omitted because relaxation time data could not be obtained for this sample. ® Data extracted from ref 45.
¢ Molecular weight determined by GPC. ¢ Characteristic relaxation time taken from the crossover of G' and G" in the time—temperature
superposed curves (To = 20 °C). ¢ Data extracted from the fitting of the relaxation function. f Data extracted from the plateau of G' at

high frequencies.

3. Results and Discussion

3.1. Rheology. In the following, the linear visco-
elasticity of P(DPAM-co-AM) and P(DOAM-co-AM)
samples is analyzed. The characteristic relaxation times
of the samples are determined from the dynamic moduli
G' and G". At room temperature, P(DPAM-co-AM)
samples were solutions, while the P(DOAM-co-AM) were
gels.

The linear regime was located from stress sweep
experiments. Confirmation of linear response was pro-
vided by the fact that G' and G" were independent of
the stress in stress sweep experiments for a set of
imposed external frequencies in the range (0.1-100) rad
s~1 (data not shown).

P(DPAM-co-AM) Copolymers. Frequency sweep
experiments were performed in order to measure G' and
G" for solutions of 1DPAMO0.6, 1DPAMS3.8, 1DPAM12,
3DPAML1.1, 3DPAM1.5, 5DPAML1.1, 5DPAM1.4, and
5DPAMA4.0 copolymers for temperatures in the range
25 < T < 56 °C. Time—temperature superposition of the
measured moduli was performed (reference temperature
To = 25 °C) to facilitate comparison of the frequency
response at different temperatures. It was possible to
superpose the storage and loss moduli for all the
samples investigated, by shifting only the w-coordinate
by a temperature-dependent parameter ar (Figure 1).
The dependence of ar with temperature could be satis-

5DPAMA4.0
T,=25°C

af “ .

']

o o

20 30

40
T/°C

50 1

10

o/rad.s”

100

Figure 1. Frequency superposition for a 5SDPAMA4.0 solution.
Storage modulus G' measured at (O) 25, (O) 30, (a) 40, and
(V) 50 °C and loss modulus G" measured at (@) 25, (H) 30, (a)
40, and (¥) 50 °C. The shear stress was fixed to 0 = 5 Pa. The
inset shows the temperature dependence of the frequency shift
factor ar: the full line is a fitting using the WLF equation.

factorily fitted using the Williams—Landel—Ferry (WLF)
equation*® (Figure 1)

loga; = —c(T—Tylc,+ T —Ty) (6)
with coefficients ¢; = 0.26 and ¢, = 13.9 °C.

Figure 1 suggests that there are no changes in the
nature of the dynamic mechanical response as a func-
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Figure 2. (O) Storage modulus G' and (M) loss modulus G"
as a function of frequency for a 5SDPAMA4.0 solution, measured
at a shear stress ¢ = 5 Pa and temperature T = 25 °C. The
full lines correspond to fits using the Maxwell model: G'(w) =
(Gow?t 41 + w?t?) and G"(w) = (Gowt /1 + w?t.?).

100 T T T
(a)
[ ° °
o © o
n‘? g B A © °
\o - [ ] N
O 10 . =
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Joip @ g g R
-
o
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0.01 - - :
20 30 40 50 60
T/°C

Figure 3. Temperature dependence of (a) the plateau modu-
lus and (b) the relaxation time extracted from the fitting of G’
and G" using the Maxwell model for (@) 1DPAMO.6, (O)
1DPAMS3.8, (®) IDPAM12, (o) 3BDPAML1.1, (o) 3DPAML.5, (O)
5DPAML1.1, (W) 5DPAM1.4 and (x in box) 5DPAMA4.0 solutions.

tion of temperature. Similar to all other P(DPAM-co-
AM) samples, the 5DPAMA4.0 solution was in the liquid
regime (G" > G') and the slopes of G' and G" in the
terminal zone were 1.8 and 1 respectively, indepen-
dently of temperature, very close to the expected values
(respectively 2 and 1) for a Maxwell fluid. Consistent
with this, the low-frequency region was modeled using
a Maxwell model, according to

22
Gow’t,

2_2
1+ ot

Gowt,

G'(w) = —_—
(®) 1+ w’r”

G"(w) = ()

where the relaxation time 7, and the plateau modulus
Go were the fitting parameters.

Figure 2 shows a representative example of a fit to
G' and G" for a P(DPAM-co-AM) copolymer obtained
using the Maxwell model. The parameters Gy and 7.
obtained from fitting the full set of P(DPAM-co-AM)
copolymer solutions studied are shown in parts a and
b, respectively, of Figure 3 and Table 1. Comparing the
experimental G' and G" data and the Maxwell model
calculations reveals important deviations at higher
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frequencies (Figure 2). The shape of the curves at higher
frequencies is indicative of fast modes superimposed on
a slow relaxation process. In fact, the current models
describing the dynamics of associating polymers predict
a multiple relaxation process (at least two characteristic
times).2” However, we will proceed at this stage to
discuss the results obtained through the fitting of the
low-frequency data.

It has been previously reported for acrylamide poly-
mers modified with di-n-hexylacrylamide?>2% that it was
not possible to detect any trend in Go with the molecular
weight or the hydrophobe characteristics, and that it
remains constant for temperatures in the range 10< T
< 40 °C.2526 |n contrast, the results in Figure 3a show
that, at approximately fixed My, for f =1 and 3 wt %
Go decreases upon increasing Ny, while there is a weak
decrease of the plateau modulus with increasing tem-
perature. For a fixed f, the strand length between
stickers increases with increasing Ny (Table 1), leading
to a lower sticker density and hence to a reduction of
the plateau modulus. A decrease in Go upon increase of
T can be ascribed to a decrease in the number of
hydrophobic associations, reflecting an increase in
solubility of the hydrophobic moieties, as already ob-
served for acrylamide/ethylphenylacrylamide copoly-
mers.*9

The relaxation times obtained are similar to those
previously reported for acrylamide polymers modified
with di-n-hexylacrylamide.?52% For these polymers it
was observed that the relaxation time of the system
decreases upon increasing N2 or the temperature.?®
The relaxation time 7, can be ascribed to the lifetime
of stickers associated in hydrophobic clusters. This
relaxation time is found to be almost independent of
temperature (Figure 3b and Table 1), in contrast to
earlier reports on acrylamide polymers modified with
di-n-hexylacrylamide, where the relaxation time was
found to decrease with increasing temperature.?®> Re-
garding the dependence of the relaxation time on the
hydrohobe content of the sample, 7, is not sensitive
to Ny but is sensitive to f since it is three times lower
for f =1 wt % than for f = 3 wt % and f = 5 wt %,
reflecting the lower number of “stickers” for chains with
f=1wt % (Figure 3b and Table 1). Only the relaxation
time for 1DPAM12 is of the same order as those for the
copolymers with f = 3—5 wt %, probably because the
low f is balanced by a high Ny.

The theory of rubber elasticity was extended to
transient networks by Green and Tobolsky. In their
theory, the magnitude of the plateau modulus is related
to v, the number density of elastically active network
strands per unit volume, through the expression®®

Gy = vkgT 8)

where kg is the Boltzmann constant. It should be
pointed out that the expression in eq 8 does not consider
excluded volume interactions (probably present in our
copolymer samples due to the existence of hydrophobic
clusters), so this equation might not adequately describe
the behavior of P(DPAM-co-AM) solutions, as has
already been discussed for end-capped telechelic as-
sociative polymer solutions.3! However, eq 8 will be used
to estimate the fraction of active network strands per
total number of chains, via 8714 v/nc = Go/ncksT, where
nc = [¢]Na is the number density of chains in the
solution, [¢] is the molar concentration of the solution,
and Na is Avogadro’'s number.
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Figure 4. Temperature dependence of the fraction of active
strands per total number of chains calculated using G, values
shown in Figure 3a and Table 1 for (®) 1DPAMO0.6, (O)
1DPAMS3.8, (®) IDPAM12, (») 3BDPAML1.1, (o) 3BDPAML.5, (O)
5DPAML.1, () 5DPAM1.4 and (x in box) 5DPAMA4.0 solutions.

=

e

D

Figure 5. Schematic illustration of the definition of the radius
of gyration of the strand length, R,, and the average mesh size
of the network, D, related to a state of chain association.

Figure 4 shows the temperature dependence of the
fraction of active strands with respect to the total
number of chains, calculated using values of Gy shown
in Figure 3a and Table 1. It is evident that the
dependences of (v/nc) on f and T are similar to those
for Go, and therefore will not be discussed here. It is
worth noting however that (v/n¢) is always less than 1.

Hydrophobic clusters in a P(DPAM-co-AM) solution
result from associations between stickers in the poly-
meric chains. Stickers in the same chain can be associ-
ated with different hydrophobic clusters. The average
“mesh size” of the network (Figure 5) can be estimated
as

D = (kgT/Gy)"? )

Using the data in Figure 3a, values of D correspond,
on average over all the temperatures, to D = 493.2,
541.7, and 699.8 A for 1DPAMO0.6, 1DPAMS3.8, and
1DPAM12 respectively, D = 688 and 1154.3 A for
3DPAML1.1 and 3DPAML1.5 respectively and finally D
= 885.5, 691.7, and 735.6 A for SDPAM1.1, 5SDPAM1.4,
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Figure 6. (O) Storage modulus G' and (M) loss modulus G"
as a function of frequency for a 3DPAML1.1 solution, measured
at a shear stress 0 = 5 Pa and temperature T = 25 °C. The
full lines correspond to fits using two relaxation times (eq 10).
The dotted lines correspond to fits using the Maxwell model
(eq 7).

and 5DPAMA4.0. It should be observed that, since it is
inversely proportional to G,, D increases upon increas-
ing Ny for f = 1 and 3 wt %, probably reflecting the
increase of R with Ny (Table 1).

Returning to the modeling of the dynamic shear
moduli, an improvement to the fitting of the dynamic
data obtained through the Maxwell model calculations
(eq 7, Figure 2) can be obtained using two relaxation
times. We have fitted the frequency dependence of G’
and G" using two characteristic times, for a 3DPAML1.1
solution, according to

2wt 2 T

G'(w) =Gyy ——— (10)

G'(w) =Gy 5
= 1+a) TI

=11+ 0%

where u; and u; are the weights of the relaxation times
71 and 1, respectively (Figure 6). The corresponding
fitting using a Maxwell model (considering only one
relaxation time 7,) is also shown in Figure 6. The fits
to the two Maxwell elements model provided 7; = 0.13
s and 7, = 0.02 s. In agreement with the discussion
above, 7; = 7. (Table 1, Figure 3b) dominates at low
frequencies and can be identified as the slow mode of
the system, while the additional fast mode 7 is super-
imposed on the slow mode process and improves the
fitting of G' and G" at high frequencies.

P(DOAM-co-AM) Copolymers. The increased hy-
drophobicity of DOAM compared to DPAM resulted in
gels for these copolymers (despite the lower molecular
weight of the former polymers). In particular, for some
P(DOAM-co-AM) copolymer gels, it was observed that
G' > G" even at lower frequencies.

Frequency sweep experiments were performed for
1DOAMO0.2, 1DOAMO0.3, 1DOAMO0.7, 1DOAMS.5,
3DOAMO0.3, 3DOAMO0.8, 3DOAML1.7, 5DOAMO.3,
5DOAMO.6, and 5DOAM3.4 gels for temperatures in
the range 20 < T =< 50 °C. Time—temperature super-
position of the measured moduli (To = 20 °C) enabled
comparison of the frequency response at different tem-
peratures. It was possible to superpose the storage and
loss moduli for all the samples investigated, by shifting
the moduli along the logarithmic frequency scale by a
temperature-dependent parameter ar and also, when
necessary, by a weakly temperature-dependent vertical
shift factor a,. It was not possible to measure a
crossover of G' and G" for 1IDOAM6.5, 3DOAML.7,
5DOAMO0.6, and 5DOAM3.4 gels, although it could be
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Figure 7. Frequency and moduli simultaneous superposition
for gels of (a) 5SDOAMO.6 and (b) 3DOAMO.3. Storage modulus
G' measured at (O) 20, (d) 30, (a) 40, and (v) 50 °C and loss
modulus G measured at (®) 20, (W) 30, (a) 40, and (¥) 50 °C.
The shear stress was fixed to ¢ = 1 Pa. The inset shows the
temperature dependence of the frequency shift factor (O) ar
and the moduli shift factor (O) am: the full line is a fit using
the WLF equation.

clearly observed for the others. Figure 7 contains repre-
sentative superposed frequency sweeps for 5DOAMO0.6
and 3DOAMO.3. A crossover of G' and G" is observed
for the latter, but not the former. The larger Ny and f
in 5DOAMO0.6 produces a noticeably more elastic gel
than that formed by 3DOAMO.3. The insets in Figure 7
show the temperature dependence of the shift factors.
Similar to Figure 1, the insets in Figure 7 show that
the dependence of ar with the temperature could be
satisfactorily fitted using the WLF equation,*® with c;
= 2.4 and 9.4 and c; = 10.7 °C and 187.1 °C for
5DOAMO.6 and 3DOAMO.3, respectively. Finally, the
shallow and wide minimum in G" for 5DOAMO.6
indicates a very broad distribution of relaxation times
in the system.

The success of the time—temperature superposition
(Figure 7), shows that, similarly to the P(DPAM-co-AM)
solutions, the nature of the dynamic mechanical re-
sponse of the P(DOAM-co-AM) gels does not change as
a function of temperature. Table 2 shows the charac-
teristic relaxation time, z¢, taken from the crossover of
G' and G" in the time—temperature superposed curves
(To = 20 °C).

The characteristic time, tg, measured from the cross-
over of G' and G" in the original (nonsuperposed)
experimental data at higher temperature is also shown
in Table 2. The results in Table 2 show that ¢ < 7¢, as
expected since ar = 1. No trend for the dependence of
7e on Ny can be discerned. However, te decreases upon
increasing f, for fDOAMO0.3 samples (Table 2). The
higher molecular weight of 1DOAMO.3 in relation to
3DOAMO.3 (Table 2), suggests that the apparent coun-
terintuitive decrease of g with f is actually due to the
fact that ¢ depends more strongly on My than on f, as
predicted by the sticky reptation model.?”

Additional information about the P(DOAM-co-AM) gel
structure can be obtained from the value of G' (at a
particular frequency) as a function of f. Figure 8 shows
G' for 1IDOAMO0.3, 3DOAMO0.3, and 5DOAMO.3, at 20
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Figure 8. Frequency dependence of the storage modulus G’
for gels of (O0) 1DOAMO.3, (O) 3DOAMO.3, and (a) 5DOAMO0.3
at 20 °C.

°C. There is clearly an increase in G', at any frequency,
with increasing f, probably because upon increasing f
at fixed Ny, the length between stickers decreases
enhancing hydrophobic cluster associations, leading to
a stiffer gel (Table 2).

The frequency dependence of the dynamic shear
moduli for the P(DOAM-co-AM) samples indicates a
broad distribution of relaxation times. This complicates
the analysis. Fitting using multiple Maxwell elements
was possible. However, a simpler and more model-
independent approach was adopted, by calculating the
relaxation modulus G(t). This function was computed
for selected P(DOAM-co-AM) samples. The dynamic
modulus was converted to stress relaxation data through
a Fourier transformation, using the Orchestrator pro-
gram provided by Rheometric Scientific Inc.

The time-dependent stress relaxation function deter-
mines an elastic plateau modulus Gy and a character-
istic relaxation time, g, through fitting to a stretched
exponential,

G(t) = G, exp[—(t/zp)"] 11)

where a is an exponent which is allowed to vary.

A stretched exponential describes the form of G(t) very
well, as exemplified by Figure 9a which shows repre-
sentative fits to G(t) for the 1DOAMO0.2 gel. The fre-
guency range of the dynamic data used to calculate G(t)
is shown in Figure 9b. The dependence of tr on tem-
perature for the full set of G(t) modeled through eq 11
is shown in Figure 10 and Table 2. Values of a were in
the range 0.2—0.4, independent of temperature and
polymer composition. Somewhat larger values have been
reported for telechelic F—HEUR polymers (o = 0.7—0.9).
A stretched exponential decay is typical for complex,
slowly relaxing, strongly interacting materials.

The plateau modulus G, slightly increases upon
increasing temperature in the range 10 < T < 50 °C
for the P(DOAM-co-AM) samples (with the exception of
5DOAMO.3), suggesting that the entropic network elas-
ticity outweighs any change in hydrophobe association
number. Considering the dependence on hydrophobe
content for the fDOAMO.3 series, it is found that Gg
increases upon increasing f at a fixed temperature in
agreement with the trend of G' as a function of f
discussed earlier (Figure 8).

It is useful at this stage to compare tr with 7 (Table
2 and Figure 10). The immediate observation is that e
is on average 3 orders of magnitude higher than g, as
expected since 7r is obtained from the high-frequency
modulus data. We will then identify g and g as the
fast and slow relaxation times of the system, respec-



Macromolecules, Vol. 37, No. 4, 2004

100

1DOAMO.2

o 20°C
10F o 30°C
A 40°C
v 50°C

0.1

G(t)

100 1poamo.2

G, G"/Pa
2
h?
[ ]

001 01 1 10 100
o/rad.s’

Figure 9. (a) Time dependence of the stress relaxation
function G(t) for LDOAMO.2 gel at (O) 20, (O) 30, (a) 40, and
(v) 50 °C. The full lines correspond to a fitting using a
stretched exponential. (b) Time—temperature superposition for
the 1DOAMO.2 gel: storage modulus G' measured at (O) 20,
(d) 30, (») 40, and (V) 50 °C and loss modulus G" measured
at (@) 20, (W) 30, (a) 40, and (¥) 50 °C. The shear stress was
fixed to 0 = 1 Pa. The arrows show the range of frequencies
used for the calculation of G(t).
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Figure 10. Temperature dependence of the relaxation time
Tr extracted from the fitting of G(t) using a stretched expo-
nential for gels of (O0) 1DOAMO.2, (x in a box) 1DOAMO0.3, (W)
1DOAMO.7, (®) 3BDOAMO.3, (®) 3DOAMO.8, (O) 3BDOAML1.7,
and (®) 5DOAMO.3.

tively. The set of relaxation times in Figure 10 do not
show any particular trend with Ny or f, although a
decrease of g with increasing T can be clearly observed.

Solutions of acrylamide polymers modified with di-
n-hexylacrylamide, have been characterized with one
relaxation time,?>2% which decreased with increasing
temperature. The relaxation time was initially obtained
from the crossover of G’ and G".2> However, because this
occurred at high frequency, the value obtained is
comparable to our 7gr. Subsequently a relaxation time
was obtained in the low-frequency limit that is compa-
rable to our 7e.?8

Finally, although the determination of the parameter
(vInc) was only restricted to a few samples, due to the
molecular weight data available (Table 2), it was
calculated for 1 DOAMO.3, 1DOAMO.7, 3SDOAMO.3, and
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Figure 11. Small-angle X-ray scattering curves for (O)
3DPAML.1 and (O) 5DPAML1.1 solutions at 20 °C. The full lines
correspond to the fitting using an asymptotic Lorentzian
dependence for the scattered intensity. Local fluctuations in
the concentration were considered for 3DPAM 1.1 solution.

3DOAMO.8 gels, using the values of Gy in Table 2.
Briefly, the calculation provided on average over all
the temperatures (v/Inc) = 1.3, 1.6, 0.6, and 0.3 for
1DOAMO.3, 1DOAMO.7, 3DOAMO.3, and 3DOAMO0.8
gels, respectively. It should be mentioned that, in
contrast to telechelics where (v/ng) is always lower than
one, this parameter can be higher than one for P(DOAM-
co-AM) gels due to the particularly large number of
stickers per chain (Table 2).

3.2. Small-Angle X-ray Scattering. SAXS experi-
ments were performed in an attempt to determine the
correlation length and the size of the hydrophobic
clusters in the P(DPAM-co-AM) solutions and P(DOAM-
co-AM) gels.

P(DPAM-co-AM) Copolymers. The mesoscopic struc-
ture of solutions of IDPAMO0.6, 1DPAM1.3, 1DPAM3.8,
3DPAML1.1, 3DPAML.5, 5DPAML1.1, 5DPAML1.4, and
5DPAMA4.0 was probed by SAXS for temperatures in the
range 20 < T = 50 °C.

The shape of the SAXS curves changed very little with
temperature. Since the general features of the SAXS
curves were similar for the full set of copolymer solu-
tions, only the two curves presenting extreme differ-
ences are shown in Figure 11 for solutions of SDPAM1.1
and 5DPAM 1.1 at 20 °C.

For a polymer solution in a good solvent the polymer—
polymer correlation function is given for distances r >
&, where & is the correlation length of the polymer
density fluctuations in the solution, by the function®5?

dn=§w4—9 (12)

The corresponding scattering function is Lorentzian:52

12 [BAE?
Y 13)
T (1+9%)

where [8[is the average polymer concentration.

SAXS curves for solutions of 1DPAMO0.6, 1IDPAML1.3,
1DPAM3.8, 3DPAML1.5, 5DPAML1.1, and 5DPAM1.4
could be modeled according to eq 13. However, in order
to model the SAXS curves for some samples with high
hydrophobe content, i.e., solutions of 3DPAM1.1 and
5DPAMA4.0, it was necessary to add an additional term
to eq 13, which allows for spatial heterogeneities due
to the enhanced hydrophobe density in the vicinity of
hydrophobic clusters. If the clusters are localized and
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Figure 12. Temperature dependence of (a) characteristic size
of concentration fluctuations and (b) correlation length for
solutions of (®) 1DPAMO0.6, (®) 1DPAM1.3, (®) 1DPAM3.8,
(a) 3DPAML1.1, (a) 3DPAML.5, (O) 5DPAM1.1, (x in box)
5DPAM1.4, and (m) 5DPAMA4.0.

positioned randomly, they can be described by a Gauss-
ian with a characteristic length AR, and we obtain®2

2 12 [Itlﬁfz AR2 2
I(q) O (E) 1D + [ACPDAR? exp(— Tq) (14)

It is implicitly assumed in eq 14 that polymer concen-
tration fluctuations are decoupled from hydrophobe
density fluctuations,>® i.e., the two order parameters are
independent.

Figure 11 shows fits to the SAXS curves obtained for
5DPAML1.1 and 3DPAML1.1 solutions using eqs 13 and
14, respectively. The full set of AR and § parameters
extracted from the fitting to the SAXS curves through
eqs 13 and 14, are shown in Figure 12 and Table 1. The
correlation length & decreases with increasing temper-
ature. This trend is expected as solvent quality improves
with increasing temperature and also thermal fluctua-
tions increase with temperature.

P(DOAM-co-AM) Copolymers. The structure of gels
of 1DOAMO.2, 1DOAMO.7, 3DOAMO0.8, 5DOAMO.3, and
5DOAM3.4 was probed by SAXS for temperatures in the
range 20 < T < 50 °C. Similarly to the P(DPAM-co-AM)
copolymer gels, the SAXS curves were not extremely
sensitive to the copolymer composition. Figure 13 shows
SAXS curves for 1DOAMO0.2, 1IDOAMO0.7, 3DOAMO.8,
and 5DOAMO0.3 gels at 20 °C, fitted to eq 14 (the fitting
to eq 13 is not satisfactory, as shown in Figure 13c).
The parameters extracted from the modeling are plotted
in Figure 14 and shown in Table 2 as a function of
temperature.

The results in Figure 14 and Table 2 show that both
the hydrophobe density fluctuations (characteristic size
AR) and the correlation length increase strongly with
Ny. This result differs from that for P(DPAM-co-AM)
copolymer solutions. It is possible that for P(DOAM-co-
AM) copolymer gels, the growth in size of the hydro-
phobic aggregates (with Ny) increases the volume
fraction of aggregates in the system and favors a local
order condition in which the correlation length is also
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Figure 13. (O) Small-angle X-ray scattering curves for (a)
1DOAMO.2, (b) 1DOAMO.7, (c) 3DOAMO.8, and (d) SDOAMO.3
gels at 20 °C. The full lines correspond to the fitting using an
asymptotic Lorentzian dependence for the scattered intensity,
considering local fluctuations in the concentration. The dashed
lines corresponds to the fitting obtained using only a Lorent-
zian function.

A

90 T T T T
(a)

n u | =
< 60F .

14 o o o o

< A A A A
30F ] ] B A
8ol (b)]
sof © o o °

oL

wp 40 j - - - - T
20F & o a s

I = = 5] ®

0 1 1 Il 1
20 30 40 50

T/°C

Figure 14. Temperature dependence of (a) characteristic size
of concentration fluctuations and (b) correlation length for gels
of (O0) 1DOAMO.2, (M) 1DOAMO.7, (o) 3DOAMO.78, (®)
5DOAMO0.3 and (O) 5DOAM3.4.

increased. It is also apparent that for the P(DOAM-co-
AM) samples, in contrast to the P(DPAM-co-AM) solu-
tions, AR and & are almost independent of temperature—
this is consistent with stronger associations between
hydrophobes.

4. Conclusions

This work provides new insights into the rheological
and structural properties of a series of hydrophobically
modified polyacrylamides. Two series of polyacrylamide-
based copolymers containing hydrophobic DPAM and
DOAM comonomers have been characterized using
rheology and SAXS.

Because of the high hydrophobicity of DOAM comono-
mers, P(DOAM-co-AM) copolymers formed gels charac-
terized by multiple relaxation modes analyzed through
G(t). In contrast, P(DPAM-co-AM) copolymers formed
solutions which were characterized by a response de-
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scribed essentially by a single Maxwell element al-
though an additional fast mode was evident at high
frequencies. The plateau modulus Gy for P(DOAM-co-
AM) copolymer gels is an order of magnitude higher
than for P(DPAM-co-AM) copolymer solutions (Tables
1 and 2) despite the lower molecular weight.

Rheology allowed the determination of the lifetime of
associations between stickers in the hydrophobic clus-
ters for P(DPAM-co-AM) and P(DOAM-co-AM) copoly-
mers. A decrease in the number of hydrophobic asso-
ciations upon increasing temperature was observed for
P(DPAM-co-AM) copolymers suggesting that sticker
dissociation is favored. In contrast, for P(DOAM-co-AM)
copolymers, the entropic network elasticity outweighs
any change in hydrophobe association number upon
increasing temperature.

The P(DPAM-co-AM) solution structure measured by
SAXS was typical of polymer solutions in good solvent
conditions. Additional heterogeneous concentration fluc-
tuations had to be considered for the P(DOAM-co-AM)
polymers with higher hydrophobe content.
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