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Abstract

The structure of aqueous solutions of hydrophobically end-capped poly(ethylene oxide), PEOM, in the presence of solid particles (latex)
was investigated by small angle neutron scattering. Mono- and di-functionalised PEOMs with the same ratio of hydrophilic to aliphatic
(C16Hs3) hydrophobic groups of molecular weights 16 000 and 32 000 g mol ~!, respectively, were compared. We used solvent conditions in
which either PEOM or latex were matched by varying the ratio of water to heavy water. Initially, a decrease in the scattering intensity at small
angles was observed when PEOM was added to a suspension of latex at constant concentration. A peak was observed in the structure factor
which indicated repulsion between particles. The position of the peak lied at a lower g value for mono-functionalised PEO than for di-
functionalised PEO. This observation may be explained by the formation of bridges between aggregates by the di-functionalised PEOM. On
varying the solvent, the characteristic peak of PEOM alone disappears at low polymer concentrations due to PEOM adsorption onto the latex

particles but reappears at higher polymer concentrations. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Associative polymers consisting of hydrophilic poly
(ethylene oxide), PEO, chains functionalised with one or
two aliphatic end-groups, o or a,w-modified PEOM, auto-
associate in aqueous solutions to form micelles [1-4]. We
have recently considered the synthesis and characterisation
of model systems consisting of polymers with low molecu-
lar weight distributions and well controlled degrees of
functionalisation [5—10]. In these systems, it is possible to
clearly identify a critical association concentration above
which micelle-like hydrophobic nano-domains are formed.
At higher concentrations, 1-2%, a liquid order appears as
shown in Fig. 1. Many experiments have already been
performed by neutron [5,6], X-ray [7] and light scattering
[8—10] which has yielded a good description of the organi-
sation (cubic type), size and shape of the hydrophobic,
spherical nano-domains. We have systematically studied
their evolution while varying their intrinsic parameters
(the length of PEO chains and of aliphatic groups and the
polymer architecture whether linear, star- or comb-like [11])
and extrinsic parameters such as temperature and ionic
strength.

* Corresponding author.

From a practical point of view, the polymers described
earlier are used as rheology modifiers of suspensions of
latex, mineral particles and globular proteins in coatings,
paints, or cosmetologic formulations. Several articles [12—
15] have shown that associative polymers adsorb strongly
onto hydrophobic latex surfaces through hydrophobic inter-
actions—which are the dominant forces—but also through
hydrogen bonds between un-ionised carboxylic acid groups
which are present on the latex surface and the oxygen atoms
of the hydrophilic PEO backbone [16]. The smaller the latex
particle size, the greater this association is [17]. Smaller
latex particles favour the adsorption of alkyl end-groups,
rather than PEO backbone, as steric constriction occurs
with the lower available adsorption surface area.

At low or moderate concentrations PEOM can flocculate
latex by volume restriction, or by bridging when with di-
functionalised PEO [17]. Stabilisation of the polymer at
higher concentrations is explained by the formation of a
homogeneous transient network of PEOM and latex
[18,19]. To our knowledge, no experimental studies of the
structure of such networks have yet been performed and it
seemed interesting to know how the well-demonstrated
adsorption phenomenon would modify polymer organisation.

Latices contain surfactants that stabilise dispersions.
Depending on their concentration and nature, whether
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Fig. 1. Schematic representation of PEOM association in water.

non-ionic or ionic, surfactants can interact with PEOM in
solution as well as compete with PEOM in the adsorption
mechanism. It has been observed that addition of surfactants
can increase as well as decrease viscosity [20], according to
their concentration, latex size and surface acidity. Besides,
if inter-particle bridging and a consequent increase of vis-
cosity can be reasonably expected with o, functionalised
PEO, mono-functionalised PEO must lead only to latex
stabilisation through adsorption phenomenon. Thus, it
would be very interesting to compare these two types of
polymers. To make such a comparison significant, mono-
and di-functionalised polymers of molecular weights
16 000 and 32 000, respectively, were used, thus giving
the same hydrophilic/hydrophobic balance.

In this paper, we present small angle neutron scattering
(SANS) experiments of the ternary systems PEOM (mono-
and di-functionalised)/polystyrene latex/water. These sys-
tems were investigated in pure water and under conditions
where either latex particles or PEOM could be matched in
water/heavy water mixtures.

2. Experimental
2.1. Materials

2.1.1. Preparation of hydrophobically end-capped PEOM

a,w functionalised PEO, D32C16. D32C16 was synthe-
sised according to a method which differs slightly from that
given by Kaczmarski and Glass [21].

Hexadecyl isocyanate was reacted with the hydroxyl
chain-ends of «,w-hydroxylated PEO (Fluka) in the
presence of 1,4-diazabicyclo[2,2,2]octane, DABCO,
according to the following experimental conditions [10].
Thirty grams of o,w-hydroxylated PEO was purified by
dissolving in toluene and precipitating in ether and was
then dried under vacuum. The reaction vessel was dried
and kept under nitrogen before and during use in order to
eliminate traces of water, which react with the isocyanate.
Toluene (90 ml) used as solvent was heated at 80 °C over

sodium prior to being cryo-distilled into a 500 ml three
necked flask. PEO was introduced under nitrogen and the
mixture was heated to 60 °C until the PEO completely
dissolved. DABCO (1% w/w with respect to the polymer)
and an excess of hexadecyl isocyanate (n = 3.8 X 10~ mol,
200% with respect to the PEO chain-ends) were introduced.
The reaction medium was maintained at 60 °C for 240 h
in order to obtain a 100% functionalisation. The hot
reaction mixture was then filtered so as to eliminate
reaction by-products (urea) and diluted in toluene to 10%
w/w. The resultant polymer was precipitated in ether and re-
crystallised twice from toluene.

The weight average molecular weight of the PEO precur-
sor was determined, by UV spectroscopy [10,22,23] and
static light scattering (SLS), to be M,, = 32000 and the
molecular weight distribution, M/M,, measured by size
exclusion chromatography (SEC), was found to be 1.02.
Since there is no indication of degradation occurring during
the chemical modification of PEO [23], we will consider
that the M,, of D32C16 is also 32 000.

a-functionalised PEO (M16C16). It should be noted
that by using the same type of reaction on commercial
samples of PEO as described earlier, it is possible to prepare
only a-methylated, w-hexadedylated PEO starting from a-
methylated, w-hydroxylated PEO (Me-PEO-OH). No Me-
PEO-OH is commercially available with a molecular weight
MW = 16000, half of that of D32C16. Moreover, it seemed
better to have a polar function at one of the chain-ends, and
prepare therefore a sample of the type CH3(CH,),5s PEO-OH,
in order to avoid the presence of a methyl chain-end hydro-
phobic group.

It was thought therefore that the most effective and least
expensive route to poly(ethylene oxide) mono-hexadecyl
ether would be via the anionic polymerisation of ethylene
oxide using the initiator potassium hexadecyloxide.

THF and toluene were distilled over their respective
drying agents under predried nitrogen prior to use. The
preparation of potassium hexadecyloxide was performed
under predried nitrogen. The polymerisation of ethylene
oxide was performed using standard high vacuum techni-
ques [24]. Ethylene oxide was distilled under vacuum into
break-seals of predetermined size; 1-hexadecanol, acidified
methanol, and 18-crown-6 were also transferred into break-
seals of predetermined size and sealed under high vacuum.
Methanol, hydrochloric acid (37% solution in water) and
18-crown-6 were used as received. All of the above chemi-
cals were supplied by Aldrich®.

2.1.1.1. Synthesis of potassium hexadecyloxide. Into a flame
dried and nitrogen flushed Schlenk tube was placed excess
potassium (1 g, 0.026 mol) and THF (100 ml). 1-hexadeca-
nol (0.25 g, 1.03 X 1073 mol) was then added and dissolved
into the THF at room temperature. With stirring, a white
precipitate of potassium hexadecyloxide slowly formed.
After 18 h, the precipitate was left to settle and the THF
was removed via syringe. The remaining solid lumps of
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potassium were carefully removed with tweezers. The
resulting fine white powder was dried under vacuum for
18 h (yield near 100%).

2.1.1.2. Synthesis of poly(ethylene oxide) mono-hexadecyl
ether. A 250 ml reactor fitted with a magnetic stirring bar,
magnetic breakers and break-seals containing ethylene
oxide (13.6 ml, 12 g, 0.272 mol), potassium hexadecyloxide
(0.160 g, 5.70x 10°* mol), excess 18-crown-6 (0.3¢g,
1.14x107° mol) and acidified methanol (2 ml) was evacu-
ated and flame dried. Once THF (200 ml) was distilled into
the vessel, it was then sealed under high vacuum. Potassium
hexadecyloxide and 18-crown-6 were introduced and
dissolved into the THF with stirring at 70 °C for 36 h. The
solution was then cooled to 30 °C and the ethylene oxide
was introduced (extreme care: the ethylene oxide was
cooled with liquid nitrogen prior to its break-seal being
opened, as otherwise the ethylene oxide may have expanded
rapidly causing an explosion of the reaction vessel). For the
first 24 h, the solution was stirred at 50 °C. After which the
solution was stirred for 178 h at 70 °C. Acidified methanol
was introduced to the solution at room temperature to
terminate the reaction. The solution became visibly more
viscous with the formation of hydroxy chain-end groups.

The polymer was precipitated twice from THF (200 ml)
into diethyl ether (800 ml). The resulting fine white powder
was collected by centrifuge and dried under vacuum at room
temperature for 72 h with yield 10.9 g (91%).

2.1.2. Characterisation of hydrophobically end-capped
PEOM

2.1.2.1. '"H NMR. Samples were dissolved in a 50/50
mixture of CDCI; and DMSO and filtered prior to charac-
terisation in order to fully solvate both the PEO chain and
chain-ends. '"H (400 MHz) NMR spectra were recorded on a
Bruker AM-400 spectrometer. Residual hydrogen in CDCl;
was used to reference 'H shifts.

'H NMR can be used to determine both the degree of
functionalisation and the polymer’s molecular weight. The
degree of functionalisation, 7, of D32C16 was indicated by
'H NMR (see Fig. 2(a)) by using a internal probe (hexa-
methyl cyclotrisiloxane) [10,23] of the main PEO chain:
7= 100%.

Characterisation of M16C16 by 'H NMR (see Fig. 2(b))
indicated, by integration, that there was the expected 3/1
ratio of methyl (0.8 ppm) to hydroxy (4.4 ppm) protons of
the polymer end-groups. The relative ratio of end-groups to
ethylene protons (3.5 ppm) indicated the polymer to have
M, = 15500.

2.1.2.2. Size exclusion chromatography. Molecular weights
of M16C16 was obtained relative to polystyrene standards
using SEC equipment supplied by Waters®. Determinations
were carried out at 40 °C using a bank of four columns (HR
0.5, 2, 4 and 6®) of 300 mm X 5 um Styragel® with an

ERC® INC 7515A refractive index (RI) detector. THF
was used as eluent at a flow rate of 1.0 ml min~' using a
Waters® 2690 pump.

SEC analysis indicated that the polymer’s mass was
higher than that obtained by 'H NMR. (M, = 20640,
M /M, = 1.06). This discrepancy may be explained by
an error introduced by the SEC as it was calibrated relative
to polystyrene standards and not those of poly(ethylene
oxide).

2.1.3. Latex preparation

Polystyrene latex, PS1 (10% w/w) was synthesised by
radical polymerisation in emulsion in 200 ml bulk. Potas-
sium persulfate (Aldrich) was used as initiator. Sodium
dodecyl sulfate (SDS; 1% w/w with respect to the mono-
mer) was used as stabiliser, no other surfactant was added.
Dynamic light scattering (DLS) measurements indicated a
hydrodynamic diameter of 90 nm.

Some measurements were also made with commercial PS
latex from Sigma, PS2 (10% weight concentration, not
assayed by Sigma).

2.1.4. Latex characterisation
Latex was characterised by two different light scattering
methods:

using classical DLS on highly diluted latex suspension
(0.01% w/w) using a goniometer from Sematech with a
He—Ne laser source (wavelength 632 nm);

using an apparatus just recently developed (DL 135-45,
Sematech, IFP, France) permitting size particle measure-
ments from thin layers of opaque and coloured solutions
and suspensions [25]. It was recently demonstrated that
the true size of particles can be determined up to concen-
trations of about 20% [26,27].

Both techniques gave hydrodynamic radii of 90 = 5 and
80 £ 5 nm for PS1 and PS2, respectively. In the latter case,
this result is in agreement with the value of 91 nm (=6 nm)
given by Sigma.

2.2. Small angle neutron scattering

SANS experiments were performed on PAXY spectro-
meter at Léon Brillouin Laboratory (LLB; CEA, Saclay,
France). Scattering ranges covered were 0.003 <g
(A7) < 0.022 and 0.018 < ¢ (A™') < 0.09. Samples were
at 20 °C.

The scattered intensity I(Q) for a solution or solvent is

given by:
( L Iy )
(eTy)  (eTey)

dX
< Iwater _ Icv ) % (m>water (l)
(eTwater) (ech)

where (d3/d€2),,. is the effective section of water, e is the

I(q) =
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Fig. 2. "H NMR spectra of (a) D32C16 and (b) M16C16.
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Table 1
Length scattering densities of different constituents

Unit PEO PS D20 Hzo CH2 CH;

p(emA) 066 140 638 —0.56 —0.31 —1.03

cell thickness, I, I., and I, are the scattered intensity of
the sample, the empty cell and water, respectively. T, T,
and Ty, are the transmitted intensity of the sample, the
empty cell and water, respectively.

The coherent contribution Al of a solute can be calculated
from the intensity scattered by the solution 7(q)souon, that
scattered by pure solvent I(q)soven, the solute volume frac-
tion @, and the incoherent contribution of the solute I,

Al = I(@)sotution — (1 = PI@sotven: — Ppl™(9) )

The incoherent contribution of PS and PEOM were deter-
mined in water/heavy water mixtures where their coherent
contribution is matched.

Al can be described by the form factor P(g) and the
structure factor S(g), which are, respectively, related to the
form and size and to the structure of the scattering centres.

AI = Ap*NV*P(¢)S(q) 3)

where Ap2 = (Ppolymer — psoh,em)2 is the contrast factor,
N, the number of molecules and V is the volume of the
molecules.

Table 1 gives the length scattering densities of the differ-
ent chemical species or units present in the characterised
systems.

By varying the proportion of water and heavy water, we
could change the contrast of the solvent and match either
polymer or latex particles. We used three solvent conditions
(Fig. 3):

Pure water: nothing is matched.

Mixture of H,O/D,0 (28.3% D,0): latex particles are
matched, Al represents only the contribution of PEOM.
Mixture of H,O/D,0 (17.6% D,0): PEOM is matched, Al
represents only latex particles scattering.

2.2.1. Preparation of the solutions

Polymer concentrations were 3, 5, 10 and 20% (w/w), and
latex concentrations were 1 and 10% (w/w).

Polymer solutions with a 10% latex concentration in
100% H,0 were prepared directly by dissolving the polymer
into a latex suspension. Preparing polymer/latex solutions in
H,0/D,0 mixtures (28.3% D,0 or 17.6% D,0) required the
10% latex solutions to be concentrated up to 14% by evapor-
ating water, and then readjusted to 10% latex with the right
amount of D,0.

Other latex concentrations are made by diluting latex
with 3X (2X on quartz) distilled water, filtered to
0.1 pm before proceeding as described later.

‘ 100% D,0 | ‘ 82.4% Ha0 — 17.6% D20 ‘ ‘ 71.7% Ha0 - 28.3% 010‘
% . O % ®
Tk . * o. O" % ok
ot * .. Fo
¥ : *
%}* * ¢ » X Lk

O Latex particles

i‘:ﬁ %} Latex with adsorbed polymer layer

Fig. 3. Matching conditions of SANS experiments.

* Free polymer micelles or flowers

3. Results
3.1. Latex suspension in water

The scattered intensity curve (A[l) for pure PS1 latex in
H,O at 1% is shown in Fig. 4. It exhibits the small oscilla-
tions expected for hard spheres. The structure factor, S(g), at
such a concentration may be neglected in the first instance:
S(g) = 11in Eq. (3). The form factor, P(g), for monodisperse
hard spheres of radius R is [28]:

2
P(g) = (%(Sin U — U cos u)) (®)]

where u = gR, ¢ is the wave vector (¢ = (4m/A)sin(60/2),
where 6 is the scattering angle).

The curve calculated according to Egs. (3) and (5) has
oscillations considerably more pronounced than those found
by experiment (Fig. 4). The attenuation of the oscillations
can be attributed to a polydispersity effect.

In the case of polydisperse hard spheres, the average form
factor P'(g) is

P'(q) = > P(¢.RD(R) (6)
0

where D(R) is the distribution function of the particle radii.
The Schulz—Zimm distribution with an average radius (R)
was used:

¥ RF —kR
PR = T @y e"p( ® ) ™

This leads to a better description of our system with k£ = 50,
meaning a polydispersity index [, of (k + 1)/k = 1.02.
However, the best fit is obtained for a particle diameter of
80 nm, slightly smaller than the measured hydrodynamic
radius (90 nm).

In the second instance, we tried to fit the experimental
curves using both from the factor, P'(g), and the structure
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Fig. 4. Scattered intensity (Al) for a pure latex suspension (®: 1% PS1). Fit
with form factor of monodisperse spheres (- - -) (relations (5) and (6)) and
polydisperse spheres (—) (relations (6) and (7); structure factor (S(g) = 1
in relation (3)).

factor, S(q):
S(q) = N[l + NJ o) 24T 42 dr] ®)
0 qr

S(g) has been calculated for monodisperse hard spheres with
an Ornstein—Zernicke approximation of Fourier transform

8(q) of g(r):

_ Cw
glq) = m 9

C(q) is Fourier transform of direct correlation function C(r),
calculated from Percus—Yevick approximation [29]:

C(r)=—a—B<r)—v(r)3 (10)
2R 2R
where «, B and vy are functions of the volume fraction @:
a(®) = (1 +2D)*/(1 — D)*,
B(D) = —6D(1 + D/2)%/(1 — D)*, (11)

YD) = (P12)(1 + 2d)*/(1 — P)*

12)

st =1+ 240 S2ED |

2gR

G(u, P) is a trigonometric function of hard sphere radius R
and y = gR

G(u, D) = (a D)/4u?)[sin(2u) — 2u cosQu)] + (B(P)/8u*)
X [4u sin(Qu) + (2 — 4u2)cos(2u) — 2]
+ (Y DP)32u>)[—16u* cosQu) + 4[(12u>

— 6)cos(Qu) + (81 — 12u)sin(2u) + 6]]
(13)
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Fig. 5. Scattered intensity (A/) for a pure latex suspension (®: 10% PS1). Fit
with form factor of polydisperse spheres (- - -) and with the product of a
form factor by the structure factor given by relations (11)—(13) (—).

The structure factor can then be calculated analytically and
the scattered intensity can be deduced from Eq. (3).

No improvement was seen on the 1% concentration latex
curves, which proved that no repulsion between particles
occurs at this concentration. However, scattering intensity
is best described using both P(q) and S(g) with a 10% latex
concentration (Fig. 5).

3.2. Polymers in heavy water

D,0 is generally chosen for studying PEOM or PEO
because of the higher contrast factor it shows with respect
to water.

The scattering curves obtained for di-functionalised
PEOM in heavy water are given in Fig. 6 at different poly-
mer concentrations. They exhibit one broad peak at low ¢
values, as already described for other associating polymers
[5,6] with shorter end-groups (aliphatic chains of 12 carbon
atoms). It reflects the existence of a liquid-like order. Some-
times, a shoulder appears at higher g values. The ratio of the
maximum of the main peak to that of the shoulder, g,/g,,
was found to be close to 1/+/3, a value expected for the first
to third order of a cubic array. Since, by decreasing the

| A
41 /‘\F: \\

d / 9
35 HACEY

\ X,
— 3 ’ o/ \\ % X
525 <

a8 'H:ﬂyo 00060,
0 . . .
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07

q(A")

Fig. 6. Scattered intensity for different concentrations of di-functionalised
PEO, D32C16 (®: 3%, O: 5%, B: 10%, X: 20%).
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Fig. 7. Logarithm plot of the scattering vector at the peak maximum versus
polymer concentration: D32C16 (#); M16C16 (H).

length of the PEO chain, SAXS patterns clearly corresponds
to either a primitive cubic (p.c.) or a body centred cubic
(b.c.c.) [7], with up to six Bragg peaks, it could be
concluded that this corresponded to the presence of a
cubic liquid order, even when only one peak is present in
the scattering curves. This is probably the case for the
D32C16 under study. As seen in Fig. 6, the position of the
peak gn.x is shifted towards higher ¢ values when concen-
tration increases. A logarithm plot of ¢ versus polymer
concentration C, (Fig. 7) gives a power law:

Omax < C3%° (14)

The same results were qualitatively obtained with M16C16,
which indicates the same structure for both systems, but the
exponent is slightly lower (0.24), as shown in Fig. 7. In fact,
a 1/3 exponent was expected for a system which is concen-
trated without changes in the micelles size. Nevertheless,
these results are in agreement with those previously found
[5,6], and show that the systems display a general beha-
viour. It indicates that the aggregation number increases
upon increasing polymer concentration and will be dis-
cussed elsewhere.

In a mixture of H,O/D,0 (17.6% D,0), where only the
hydrophobic nano-domains contribute to neutron scattering,
the intensity of the peak maximum (/,,,) increases with
increasing concentration. When the PEO chains are not
matched, the correlation peak intensity increases only up
to the concentration where the ‘flowers’ overlap C* and
then decreases as seen in Fig. 6. At very high concentrations
above C*, the system behaves almost as a semi-dilute solu-
tion of PEO, without a correlation peak. This effect will be
described in detail in the future paper.

3.3. Latex and polymer solutions

3.3.1. Preliminary remarks

1. Light scattering experiments have already been per-
formed on these ternary systems [30]. They showed
that the size of the particles increases when M16C16 or
D32C16 are added to a latex suspension of 1%. The fact
that a plateau in the variation of the size versus polymer

concentration is reached at more than 10% w/w of poly-
mer with respect to the latex suggested an adsorption
phenomenon, this threshold corresponding to the satura-
tion of the latex surface. Nevertheless, as discussed else-
where, the observed increase in the particle size is much
higher with PS latex than that expected for a polymer
monolayer [30]. Measurements of the adsorption iso-
therms are in progress.

2. We have attempted to establish phase diagrams with this
ternary system: PS1 (and PS2)/D32C16/H,0: with 10%
latex, and a visual observation only indicates inhomo-
geneities in the mixtures at very low polymer concentra-
tion (C, < 0.1%) or at concentrations higher than 20%.

3. Observations with an optical microscope of the systems
investigated by neutron scattering do not indicate
presence of aggregates of sizes greater than 1 pm.

The neutron scattering experiments were performed by
keeping the latex concentration constant (at 1 and 10%) and
varying the polymer concentration between 1 and 20%.

3.3.2. Pure water solutions

In pure water solutions, the latex particles are seen most
clearly as their contrast is higher than that of PEOM. Yet,
the scattered intensity is the sum of different terms from
latex and PEOM. Even when neglecting the aliphatic end-
groups of PEOM, the scattered intensity can be expressed as
the sum of three terms where p and @ are, respectively, the
length scattering density and the volume fraction of the
different constituents: PEO, latex or solvent according to
the indices:

a first term corresponding to the PEO contribution:
(PPEO — Psotvent)” PrE0G1(Q) Where G(Q) is the scatter-
ing function of PEO. The contrast factor of PEO
with respect to water is (ppgg — psolvem)2 = (Apl)2 =
1.488 cm ™

a second term corresponding to the latex contribution:
(Pratex — Psoivent)” PrarexG2(Q) where Gy(Q) is the scatter-
ing function of the latex. The contrast factor of latex
with respect to water is (platex - psol\/f:nt)2 = (APZ)Z =
3.842cm™;

a third crossed term:  2(ppro ~ Psolvent)(Platex
Psotvent) PpE0 Praiex G1(Q)G,(Q) with a contrast factor

2(pPEO - psolvent)(platex - psolvenl) = Z(Apl)(APZ):
4.782 cm ™.

Length scattering densities are given in Table 1.

Without any interaction between PEOM and latex, G(Q)
and G,(Q) are expected to remain constant. As the crossed
term is positive, adding polymer at a constant latex concen-
tration should result in an increase of the scattered intensity,
as Dpgo increases. However, Fig. 8 shows a strong drop
of the scattering intensity in a wide g range with a
constant 10% latex concentration. This clearly demonstrates
that interactions between PEOM and latex occur. As a
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Fig. 8. Scattered intensity of 10% PS1 latex suspension in pure water (4)
and in the presence of 3% (<), 10% (A) and 20% (@

consequence, adding polymer clearly decreases the concen-
tration fluctuations in the solution.

The first idea consists in considering that the adsorption
of polymer forms, at the latex surface, a repulsive layer,
since the solvent is good for the polymer.

3.3.3. H,O/D,0 (71.7/28.3%) as solvent

In using a mixture of H,O and D,O as the solvent, the
latex particles are matched and only the PEOM is measured.

In Fig. 9, one can compare pure D32C16 solutions and
D32C16/latex with PS2 latex at the same polymer concen-
trations. In fact, measurements on pure D32C16 solutions
were made only in 100% D,O in order to gain the greatest
contrast. For a significant comparison of polymer behaviour
in the binary and ternary systems, the scattered intensities
in the mixture ;.. was calculated from that measured in
100% D,O (Ip,o) taking into account the differences in
contrast factor in the two different solvents:

(PPEO — Prminture)”
mixture — PE—mlxmrezIDZO (15)
(PrEO — PD,0)

where puixure and pp,o are, respectively, the scattering
length densities of the H,O/D,O (71.7/28.3%) mixture and
heavy water.

Fig. 9(a) and (b) correspond to measurements made with
10% latex and, respectively, 3 and 10% (w/w with respect to
the solvent) D32C16. At the lower polymer concentration,
the characteristic peak of the polymer, which appears in
heavy water at g,, = 0.023 Al s replaced in the mixed
solvent by a shoulder at a smaller scattering vector (gp,x =
0.018 A™!). This indicates that a non-negligible part of the
polymer, probably adsorbed onto the latex, does not parti-
cipate in the formation of the flower network. However, in
the case of the 10% polymer solution, the calculated and
measured curves are superimposed, which is not really
surprising since, in the hypothesis of polymer adsorption,
the adsorbed fraction becomes negligible with respect to the
total amount of polymer.
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Fig. 9. Scattered intensity of (a) 3% and (b) 10% di-functionalised alone
(#) and PEO in the presence of 10% PS1 latex particles (H) in H,O/D,0
(71.7/28.3%) mixture.

(i) In the case of the 3% polymer solution, one may
assume that the shoulder is due to non-adsorbed polymer.
As the position of the polymer peak in pure water varies
with C;B, one could deduce that half the initial concentra-
tion is adsorbed onto the latex, i.e. 0.015 g ml . This value
is close to the value of polymer concentration at which
the latex is saturated by polymer obtained by DLS
(0.01 gml ™.

From this last value, one can calculate available latex
surface per polymer molecule (S, for 10% latex. Consider-
ing that 1 g ml~" of polymer is adsorbed:

_ 4mR’NM,,

(16)
o C,N,

where the total number of latex particles per unit volume N,
is calculated from:

G

TRM]

N = A7)

for a total number of macromolecules per unit volume
which is:
CoN,

N, = — 18
P A (18)
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Fig. 10. Scattered intensity of 1% PS1 latex suspensions in H,O/D,0 (82.4/
17.6%) mixture in the presence of mono-functionalised (a) and di-functio-
nalised (b) PEO: 0% (#), 3% (@), 5% (O), 10% (A), and 20% (—) polymer.

Calculations were made with R =90 nm and the latex
density ¢, = 1.1 gml ™.

Then, the available latex surface per polymer is S, =
18 * 3 nm>.

If the polymer was adsorbed onto latex as a mono-layer
keeping the same conformation as in solution, the surface
which should be required for one molecule is ’ITRé =~
13 nm?, R, being the radius of gyration of a pure PEO
of M, =16000. (R, =6nm as calculated by the
power law [31] R, = 0.0215M"°% (nm)). Thus, polymer
molecules must be strongly stretched to cover a surface
area of 15 nm?, which corresponds to a radius of about
2.4 nm.

The order of magnitude for the average surface per
macromolecules was obtained by Pham and Russel [19],
for adsorption of an associative polymer close to our
sample, on poly(methyl methacrylate) latex. From the theo-
retical models of de Gennes [34] and Alexander [35], it is
possible to evaluate, as already done in Ref. [19], the

thickness of the adsorbed layer:

Sv 1/3
~r[ = 1
5 (613) (19)

(L and ! are, respectively, the polymer contour length and
the Kuhn length, v is the excluded volume parameter and o
is the number of molecules per surface unit. A thickness of
about 30 nm is expected from this expression.

(i1) With a concentration of 10% polymer, if one assumes
that the amount of adsorbed polymer is the same as at the
lower concentration, the excess free polymer is expected to
form micelles which can self-assemble into a network as in
pure water. The fact that the scattered intensity of the poly-
mer in the presence and in the absence of latex may be
interpreted as a compensation between two effects: at first
the concentration of free polymer is lower than the reference
concentration in pure water, which could induce a loss of
scattered intensity; but secondly, as seen in Fig. 4, the inten-
sity at gn.x decreases upon increasing concentration, due to
the PEO corona overlap.

In this solvent, the results seem to be compatible with the
occurrence of polymer adsorption.

3.3.4. Mixture of HO/D,0 (82.4/17.6%) as solvent

In this solvent mixture, PEO is matched because its
contrast is brought to zero, the scattering length density of
the solvent having the same value as that of PEO (see Table
1). The aliphatic end-groups of PEO can be neglected, as
their volume fraction is relatively very small. Thus, the
scattered intensity corresponds to latex alone.

With the solution with 1% latex (w/w with respect to the
solvent), the addition of polymer has little effect on the
scattering curves (Fig. 10(a) and (b)). Di-functionalised
PEOM seems to decrease to a greater extent—when
compared to mono-functionalised PEOM—the fluctuations
of concentration, but the effect remains rather small.

At low g values, for the solution containing 10% latex, the
scattered intensity decreases significantly when M16C16 or
D32C16 are added. The effect is small for the 3 and 5%
solutions but changes by almost a factor of 10 for the higher
polymer concentration. As the polymer is matched, we can
say that the fluctuations of concentration of the latex parti-
cles decrease (Fig. 11(a) and (b)). Moreover, there is a
noticeable appearance of a peak for 20% polymer at 0.006
and 0.008 Afl, with M16C16 and D32C16, respectively.
Let us note that in Fig. 10 (1% latex), the scattered intensity
curve exhibits a singularity in the same g vector range.

Qualitatively similar results were obtained with the
commercial latex PS2 in the presence of D32Cl16, as
shown in Fig. 12. For the two higher concentrations 10
and 20% of polymer, one finds again a peak at about
0.009 A" Curiously, the oscillations seem to become
more pronounced in the presence of polymer.

Let us consider at first the behaviours observed with 10%
latex. Relation (3) shows that the S(g) factor can be obtained



2686

1000
[PReN]
"'—'Q@
___779 a
g
100 (]
&
o @
o] A
510 ;QQQQQQ
B e
°g
"8y
] £
0.1
0 0,005 0,01 0,015 0,02
q(A")
1000 55.‘
*
UOOO b
Aa, Q¢
100 T-ha_ 0o
Al
A
= gi
! * e,
510 Dagge.O
= ay " adue
A Aalg,
Alﬁ_.
(]
1 430
0,1
0 0,005 001 0015 002
ad)

Fig. 11. Scattered intensity of 10% PS1 latex suspensions in H,O/D,0O
(82.4/17.6%) mixture in the presence of (a) mono-functionalised and (b)
di-functionalised PEO: 0% (®), 3% (@), 5% (O), 10% (A), and 20% (—)
polymer.

25
21 & @
= nyp v
1.5 .
_ u
* [ ]
5 A A A LLAG ﬁ‘ﬁ
g x x x X X X
03 000”
) ngigg ¢
-0.5
-2.4 -23 22 =21 -2 -1.9 -1.8 -1.7
log q (A")

Fig. 12. Scattered intensity of 10% PS2 latex suspensions in H,0/D,0
(82.4/17.6%) mixture in the presence of (a) mono-functionalised and (b)
di-functionalised PEO: 0% (#), 3% (@), 10% (), and 20% ( X ) polymer.

E. Beaudoin et al. / Polymer 43 (2002) 2677-2689

VaP(q) PS labo 1%

18 #PS1% + MC16 3%

18 BPS1% + MC16 10%

1,4 APS1% + MC16 20%

1,2 A a4

*
G 2 *
& ! g " A
-

08 g ) .5 a s

06 . ] i M

: « g 1 A M

04 s "

02

0

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014
e
(a) q(A")
V/aP(q) PS labo 1%
2
18
*PS1%

16 BPS1% + C16N32 3%

APS1% + C16N32 10% d

14 XPS1% + C16N32 20% x &

12 x g * 1
= A * . g
-— 1 % *
@ ™

08 5. "o * x

i x

A B ¢ e 4 B

06 v 00 i

. A 'y
o x X

04 X X

02

0

0 0,002 0,004 0,006 0,008 0,01 0,012 0,014
-
(b) a(A’)

Fig. 13. Experimental function S(q) for 1% PS1 latex suspensions with 0%
(®), 3% (@), 10% (A), 20% (X ) of (a) mono-functionalised and (b) di-
functionalised PEO.

by dividing Al by the form factor. In the presence of poly-
mer and under these solvent conditions, it is obvious that
P(g) of latex must be exactly the same as in pure water. By
using the expressions (5) and (7), we have obtained the
variations of S(g) versus g, as represented in Figs. 13 and
14. In the case of D32C16, a first peak is observed in all
cases at about 0.008 10\_1, followed by small peaks of lower
intensity. The position of these peaks is independent of the
polymer concentration with 10% latex (Fig. 14) and even if
the peaks are less pronounced for 1% latex, they appear for
the same ¢ values. The first peak corresponds to an average
distance between scattering centres: d = 27/q ... This
distance is found to be equal to 80 = 8 nm in the case of
D32C16, which means that the particles are almost adjacent.
It is slightly higher for M16C16 d = 105 = 10 nm, meaning
that the particle surfaces are approximately 25 nm apart.
The volume fraction deduced from d:
&=V /d (20)
is then different for the two polymers: 0.52 = 0.1 for
D32C16 and 0.23 = 0.08 for M16C16. The first value is
much higher than the average volume fraction in the
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suspension ¢, (10%) but the second one is approximately
twice ¢,. This result shows that these ternary systems
contain latex aggregates even if they appear to be homo-
geneous. This could reflect the formation of soluble latex
aggregates. The high value of volume fraction for D32C16
indicates that inside aggregates, the latex forms a dense

1000 L B
* + PS10%
4 PS 10% + MC16 20%
100
— hard spheres model
E 10
1
0.1
0.002 0.007 0.012 0.017

q(A")

Fig. 15. Experimental results for PS1 10% (#), PS1 (10%)/D32C16 (20%)
(A) and fitted curve (Egs. (6)—(13), with R =400 A, &= 0.3) for the
system PS1 (10%)/D32C16 (20%).

array of particles. Fig. 15 shows, for the pure latex suspen-
sions, a hard sphere based model derived from the scattering
curve for 10% latex—20% M16C16 (using Eq. (7) for the
form factor and Eq. (11) for the structure factor).

Good results were obtained with the following set of
parameters: R = 400 A and ®=0.3 in agreement with
the previous observations. This confirms that the local
volume fraction of latex in M16C16 solution is higher
than ¢ .

Finally, the fact that the peak intensity increases upon
increasing polymer concentration indicates that the fraction
of latex involved in aggregation depends upon concentra-
tion and that this depletion effect becomes more and more
pronounced with an excess of polymer.

4. Discussion

The neutron scattering results are consistent with the
description of the ternary systems of latex/water/PEOM
where a micro-phase separation occurs at least in the
presence of di-functionalised PEO.

The general picture which is generally given for this type
of ternary systems is schematised in Fig. 16(a): the latex
particles are assumed to be uniformly distributed in a micel-
lar solution of polymer. Parts of the hydrophobic end-groups
are adsorbed onto the latex surface, the remainder forming
the micelle cores. The appearance of a peak in the intensity
curve scattered by latex alone may be due to repulsion
between adsorbed corona. Our results show that this
model may be more appropriate in the case of mono-
functionalised polymer since the average distance between
the latex particles, even in the presence of an excess of
polymer, is not too high with respect to that expected for
a homogeneous spatial distribution of latex.

In the case of the di-functionalised polymer, there is
clearly a formation of latex aggregates corresponding
closely to a close packing of particles. The two models
represented in Fig. 16(b) and (c) may be considered: in
the first one, the latex particles are gathered into aggregates
through a bridging phenomenon. It seems quite normal to
assume that the interactions between the di-functionalised
PEO corona of latex are attractive. In fact, in this model, the
inter-particular distance should be higher than that corre-
sponding to close packing and be equal roughly to the
sum of the particle diameter and the thickness of adsorbed
layer. Nevertheless, the accuracy on the peak position in
these experiments is not very good and it should be inter-
esting to work with deuterated latex particles in order to
increase the contrast factor and the measurement accuracy.

In the model in Fig. 16(c), the latex particles are adjacent
and no more polymer is adsorbed. This behaviour could be
due to the presence of a surfactant. Indeed, the stability of
latex suspensions in pure water is due to adsorbed surfact-
ant. One has to consider three types of interactions: latex/
surfactant, latex/polymer and polymer/surfactant. It is
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known that hydrophobically end-capped PEO presents two
sites of interaction for SDS: with the PEO chain [32] and
with the aliphatic chains [33], the second one being con-
siderably more important. It has been shown that there is a
formation of mixed micelles at very low SDS concentrations
when this surfactant is added in a polymer solution above its
critical association concentration. According to the differ-
ences in the energies of the different processes, namely
solubilisation of SDS in the micelle cores of the polymer,
transfer of SDS molecules from the bulk to the surface and
adsorption of polymer, it is possible that SDS is desorbed
from the latex to be incorporated in the micelle cores. If
the polymer is weakly adsorbed, then the latex becomes
more stable. Nevertheless, it is difficult to understand why
the mono-functionalised PEO behaves different from di-
functionalised PEO. Besides (i) the fact that at low polymer
concentration, the peak characteristic of the polymer dis-
appears and (ii) the results of other types of experiments
(DLS) which indicate polymer adsorption, are not consistent
with this model. However, it is possible that surfactant plays
a role.

5. Conclusion

Ternary systems of associative polymer/PS latex/water
have been investigated under three different conditions:

In pure water, a decrease in the scattered intensity at small
¢, could be interpreted as a stabilisation effect due to
polymer adsorption. One could believe that the PEO
corona around latex particles may play the same repulsive

role as observed for micelles or flower-like corona.
Nevertheless, the experiments performed in solvents,
where either latex or polymer is matched, show that
this interpretation is applicable only to the case of
mono-functionalised PEO.

In a solvent where the latex is matched, adsorption of
polymer on latex seems to be confirmed when the poly-
mer is not in a high excess with respect to the saturation
concentration. At higher polymer concentrations, the
peaks obtained in the presence and in the absence of
latex are superimposed which indicates that the polymer
available to form a micelle array is not significantly
reduced by adsorption.

In a solvent where the polymer is matched, two cases
have been observed: in the case of mono-functionalised
PEO, the appearance of a peak consistent with the volume
fraction of latex is consistent with the adsorption of poly-
mer, the adsorbed corona being repulsive. In the case of
di-functionalised PEO, the scattering curves can only be
understood by considering that the latex aggregates
almost correspond to a close packing of particles.

The method of variable contrasts, by varying the solvents,
is a powerful tool enabling studies of these kinds of complex
systems, even if definitive conclusions are difficult to draw.
It is deemed necessary to increase the contrast factor and the
accuracy of the measurements by using deuterated latex.
Moreover, the fact that the latex particles are initially stabil-
ised by an ionic surfactant increases the complexity of the
system under study; it may be interesting to work with pure
latex in the near future.
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