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SYNOPSIS

The effects of both anionic (sodium dodecyl sulfate, SDS) and cationic (dodecylpyridine
bromide, DPB) surfactants on the phase transition of narrowly distributed poly(N-isopropyl-
acrylamide) (PNIPAM) microgel particles were investigated by laser light scattering. The
addition of SDS swells the particles and increases the phase transition temperature, while
DPB has a much smaller effect. This difference cannot be due to an association between
the surfactant hydrophobic tail and PNIPAM because DPB and SDS have an identical
hydrophobic tail. The amide groups in PNIPAM are slightly protonized in deionized water
(pH ~ 5.5). Our results contradict a previous prediction that oppositely charged surfactants
will collapse a polyelectrolyte gel. After adding SDS, a two-step phase transition of the
PNIPAM gel is observed. This suggests that SDS forms micelles inside the microgel with
the help of the immobilized counter ions on the gel network. The SDS micelles are broken
into individual SDS molecules in the first step of phase transition, while in the second step
individual SDS molecules are gradually expelled. Surfactant effects on the microgel particles
are compared with those of individual PNIPAM chains. © 1996 John Wiley & Sons, Inc.
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INTRODUCTION

The phase transition and critical phenomena in
polymer gels, especially in various kinds of poly-
electrolytes gels, have been extensively studied in
the last decade.! It has been discovered that a certain
type of gel made of either synthetic or natural poly-
mers can undergo volume-phase transitions in re-
sponse to a small change in its environment, such
as temperature, light, ion strength, pH, and electric
field.?® These gels are labelled as intelligent gels.
The volume-phase transitions are sometimes re-
versible and discontinuous, which leads to some
speculated applications, such as temperature sensor,
controlled drug-releasing devices, artificial muscle,
and polymer transducers.”

On the basis of the Flory theory® for the swelling/
shrinking of polymer networks, Dusek and Pat-
terson® proposed a theory for the volume phase
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transition. Later, the theory was modified by Tanaka
for the discrete volume phase transition of some
partially ionized polyacrylamide gels.!® It is known
that the swelling/shrinking of a polymer network is
closely linked to the phase transition of a single
chain from an extended coil in a good solvent to a
collapsed globule in a poor solvent.!''? Theoretical
and experimental studies of the coil-to-globule
transition of a single chain have been extensively
conducted.**'® Recently, we have studied the volume
phase transition of poly(N-isopropyl-acrylamide)
(PNIPAM) in water.!” We started with the coil-to-
globule transition of a single well-defined high-mo-
lecular weight PNIPAM chain; then the volume
phase transition of the PNIPAM microgel particles;
and finally, the swelling/shrinking of ultra-thin
PNIPAM gel films. A comparison of individual
chains with the microgel particles leads to a better
understanding of the volume phase transition of bulk
PNIPAM gels.

The influence of surfactants on the PNIPAM
volume phase transition has been actively stud-
ied.’®2* Most studies were with the interaction of
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surfactants with modified PNIPAM linear chains.
Generally, surfactant promotes both inter- and in-
tramolecular solubility so that the phase transition
temperature (7,) increases with the surfactant con-
centration. An association of the surfactant hydro-
phobic tails with the hydrophobic side groups or
backbone of PNIPAM has been suggested to answer
for these results. Recently, Khokhlov et al.?® pre-
dicted that the interaction of a polyelectrolyte gel
with an oppositely charged surfactant presents three
effects: At low concentration, the surfactant cannot
form micelles inside the network and the gel behaves
as in the solution of low molecular-weight salts so
as to shrink slightly. At higher concentration, the
surfactant molecules inside the gel exceed the critical
micelle concentration (CMC) so that micelles are
formed and the gel collapses because of a decrease
of the osmotic pressure exerted by the surfactant.
At still higher surfactant concentration, no addi-
tional micelles are formed inside the network and
the network dimensions coincide with those of the
neutral network. However, the results from different
laboratories are contradictory and both discontin-
uous and continuous volume phase transitions have
been observed for a similar PNIPAM/water system.
Here, we study the effects of cationic and anionic
surfactants with narrowly distributed PNIPAM mi-
crogel particles. The volume phase transition of the
microgel particles is compared with the coil-to-glob-
ule transition of single PNIPAM chains.

EXPERIMENTAL

Sample Preparation

N-isopropylacrylamide (NIPAM) (Eastman Kodak)
was recrystallized three times in a benzene/n-hexane
mixture. N,N'-methylenebis-(acrylamide) (BIS) as
a crosslinker was recrystallized from methanol. Po-
tassium persulfate (KPS) (from Aldrich, analytical
grade) as an initiator and anionic surfactant sodium
dodecyl sulfate (SDS) (BDH, 99%) as dispersant
were used without further purification. First, 240
mL dust-free deionized water, 3.84 g NIPAM, 0.0730
g BIS, and 0.0629 g SDS were added to a 500 mL
reactor fitted with a glass stirring rod, a Teflon pad-
dle, a reflux condenser, and a nitrogen bubbling tube;
then, the solution was heated to 70°C and stirred
at 200 rpm for 40 min with a nitrogen purge to re-
move oxygen; finally, 0.1536 g KPS dissolved in 25
mL dust-free deionized water was added to start the
polymerization. The reaction mixture was stirred
for 4.5 h. The microgel particles were purified and

diluted to ca. 107® g/mL for LLS measurements.
Trace amounts of SDS remained in the final dilute
solution. It has been proven that if the SDS con-
centration is lower than 3 X 10~* g/mL, SDS has no
effect on the phase transition of PNIPAM in water.®
Hereafter, we will refer to this original dilute solu-
tion as surfactant-free or Cgpg ~ 0.0 g/mL in con-
trast to other solutions wherein surfactants are
added. Dodecylpyridine bromide (DPB, from Beijing
University, China) was used as a cationic surfactant.
The resistivity of the deionized water used here was
18.3 M -cm and pH = ca. 5.5. Detalil of the prep-
aration of the PNIPAM microgel particles can be
found elsewhere.?®

Laser Light Scattering (LLS)

In static LLS, the excess time-averaged scattered
light (AI) intensity over water was measured. Ac-
cording to the LLS theory for a dilute solution at a
small scattering angle 6,2 the weight-average mo-
lecular weight M, can be related to Al as

Al « KCM,P(q)/[1 + 2A,M,,P(q)C] (1)

with P(q) = 1 — (1/3)RZg% where K = 4xn®n?
Z—Z 2/(NAA2) with N4, n and A, being Avogadro’s

number, the solvent refractive index, and the wave-
length of light, respectively; ¢ = (4wn/\,)sin(6/2);
R, is the average radius of gyration; C is polymer or
particle concentration; and A, is the second virial
coefficient. When C is very low (~ 107% g/mL), the
term 2A,M,P(q)C can be dropped out. At ¢ — 0, AT
is only related to dn/dC and M, for a given polymer/
solvent system.

In dynamic LLS, G@(¢, q), the intensity-intensity
time correlation function was measured in the self-
beating mode. It can be related to g(¢, g), the nor-
malized electric field time correlation function,
by29,30

GP(t, q) = A[1 + B|g(t, @) |7 (2)

where A is a measured baseline; 3, a parameter de-
pending on the coherence of the detection; and ¢,
the delay time. g¥(t, q) is related to the line-width
distribution G(I") by

g, q) = fw G(I)e™"dl 3
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where the line-width T is usually a function of both
C and 6.3! G(I') can be calculated from the Laplace
inversion of G*?(¢, g) on the basis of egs. (2) and (3).
If the relaxation is diffusive, T is related to the dif-
fusion coefficient D by I'/¢g? = D when C — 0 and
g = 0. In this case, G(T') can be directly converted
to a diffusion coefficient distribution G(D) or a hy-
drodynamic radius distribution f(R;) by using the
Stokes-Einstein equation, R, = kgT/(6wnD) where
kg is the Boltzmann constant.

A commercial LLS spectrometer (ALV/SP-150
equipped with an ALV-5000 digital time correlator)
was used with a solid-state laser (ADLAS DPY425I1,
output power ca. 400 mW at A = 532 nm) as the
light source. The incident laser light beam was ver-
tically polarized with respect to the scattering plane
and the light intensity was regulated with a beam
attenuator (Newport M-925B) so as to avoid a pos-
sible localized heating in the scattering cuvette. In
our setup, the coherent factor 8 in dynamic LLS is
ca. 0.87, a rather high value for a spectrometer ca-
pable of doing both static and dynamic LLS simul-
taneously. With some proper modifications,?? our
LLS spectrometer is capable of doing both static
and dynamic LLS continuously in the wide range
of 6-154°. The accessible small-angle range is par-
ticularly useful in the measurement of larger size
microgel particles since the condition of R,g < 1 is
required in static LLS to precisely determine M,
and R,. The long-term temperature stability inside
our LLS sample holder was ~ +0.02°C.

RESULTS AND DISCUSSION

Figure 1 shows the SDS concentration dependence
of f(R,) of the PNIPAM microgel particles at T
= 22°C. The microgel particles are narrowly dis-
tributed with an initial average hydrodynamic radius
of ca. 180 nm and swell as Cgpg increases. When
Csps is higher than 2.6 mM, the radius of the mi-
crogel particle has reached its limit value of ca. 250
nm and the maximum relative increase in radius is
ca. 40%. Meewes et al.>® showed that for individual
PNIPAM linear chain in water, the chain expansion
stopped when Cgpg = ca. 2.4 mM and the maximum
relative increase is only ca. 20%. Both of the particle
swelling and chain expansion cease before Cgpg
reaches the critical micelle concentration (CMC, 9.0
mM) of SDS in pure water at 22°C. The difference
in the relative size increase does not mean that the
short subchain inside the PNIPAM microgel par-
ticles can expand easier than the long PNIPAM lin-
ear chain free in water. Instead, this difference is
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Figure 1. SDS concentration dependence of the hy-
drodynamic radius distribution f(R;)} of the PNIPAM mi-
crogel particles at 22°C.

attributed to the initial chain dimension difference
between the free chain and subchain inside the gel
network. Our results and the results in ref. 26 in-
dicate that there is no difference in the solvent qual-
ity for the particles and linear PNIPAM chains as
long as Cgpg > ca. 2.4 mM, i.e., the PNIPAM chain
has reached its stretching limit.

By using p = M,/[($)7R}], we estimated the
chain segment density p for both the linear chains
and microgel particles at different Cgpg with the val-
ues of M, and R;,. For the linear PNIPAM chains
in water at 25°C, p = 2.8 X 103 g/cm?® at Cgpg = 0
and p = 1.6 X 1072 g/cm?® at Cgpg ~ 2.4 mM; and
for the PNIPAM microgel particles in water at room
temperature, p = 1.7 X 1072 g/cm?® at Cgpg = 0 and
p =6.0X1073g/cm?at Cspg ca. 2.6 mM. The chain
segment density of the microgel particles is higher
than that of free PNIPAM linear chains in water
even at its expansion limit because the crosslinking
inside the microgel particles.

Figure 2 shows the hydrodynamic radius distri-
bution f ( R;) of the PNIPAM microgel particles at
three DPB concentrations, where 7" = 22°C. It is
known that DPB has a very similar CMC as SDS
in water at 22°C. Figure 2 clearly shows that the
addition of DPB has very little effect on the size of
the microgel particles at 22°C. It is worth noting
that SDS and DPB have an identical hydrophobic
tail, CH3(CH,)1; . The only difference between SDS
and DPB is their small hydrophilic head, i.e., —
SO; (anionic) for SDS and — N (CH); ( cationic)
for DPB.

According to the interaction/association model
proposed in Figure 6 of ref. 20, the hydrophobic tail
of SDS is adsorbed on the hydrophobic backbond
of PNIPAM to form spherical micelles (like a series
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Figure 2. DPB concentration dependence of the hy-
drodynamic radius distribution f(R;) of the PNIPAM mi-
crogel particles at 22°C.

of beads connected by PNIPAM) or cylindrical mi-
celles (like a series of sausages connected by PNI-
PAM). This contradicts our observation, because if
correct, i.e., the swelling of the PNIPAM microgel
particles would depend only on the nature of the
hydrophobic tail, such as its length and structure,
we would observe a similar surfactant effect for SDS
and DPB. This clear discrepancy forced us to search
for another model to explain the different surfactant
effects observed for SDS and DPB. First, we noted
that the nitrogen of the amide group has one pair
of electrons (i.e., electron-rich). Second, Schild and
Tirrell!® have reported that with the assistance of a
very small amount of PNIPAM (ca. 1.5 mM) sur-
factant SDS can form micelles at a concentration
10-fold lower than the CMC of SDS in pure water.

Part of the microgel network

Their results lead to a general picture of the PNI-
PAM-assisted SDS micelle formation.

Figure 3 shows a schematic of the interaction and
association between SDS and the PNIPAM microgel
network. From the initial composition, we know that
on average the subchain between two neighbor
crosslinking points has ca. 100 NIPAM monomer
units with a stretched length of ca. 25 nm. The mi-
crogel network can be viewed as a three-dimensional
regular cubic lattice made of a very long PNIPAM
chain. We can calculate the total length (L) of the
chain from the particle mass M, (~ 2.2 X 10® g/
mol); and the number (NN) of the subchains from the
average particle radius (R, (ca. 250 nm and ca. 65
nm, respectively, for the swollen and collapsed par-
ticles) and the actual average subchain length (/) by
using a simple geometrical consideration. As the only
unknown parameter, [ can be estimated from L = NI.
The estimates of [ are ca. 25 and ca. 6 nm for the
microgel particles at the swelling and collapsing
limits, respectively. At the swelling limit, [ is very
close to the stretched length of the subchains, which
shows that the network is highly extended. This is
why further addition of SDS after Cgpg > ca. 2.4
mM has no effect on the swelling as shown in
Figure 1.

In this model, the concentration of SDS molecules
inside the gel network is much higher than that out-
side the gel network because the hydrophobic at-
traction. It is expected that there exists a repulsion
between SDS molecules and the electron-rich amide
group on the gel network. Therefore, SDS molecules
might be able to form micelles (ca. 4-5 nm in di-
ameter) inside the gel network, even though the

The PNIPAM
microgel
e particle

Figure 3. Schematic of the interaction/association between SDS and the microgel net-

work inside the PNIPAM particles.
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overall concentration of SDS is lower than its CMC
in pure water. Such formed micelles are loosely con-
fined inside the PNIPAM gel. The model in Figure
3 looks very similar to the one in Figure 1 of ref. 25.
However, there is a difference between these two
models, namely the model in Figure 3 has considered
the repulsion between micelles and between micelles
and the network, which lead to the extension of the
subchains and the swelling of the gel network.

This is similar to polyelectrolytes in water with
extended chain conformation because of the repul-
sion between the ionized groups along the backbond
chain. The only difference here is that the steric
hinderance of large micelles makes the chain more
rigid and extended. As Cgpg increases, more SDS
micelles are formed inside the network so that the
particle swells further. However, the number of the
micelles able to exist inside the microgel network is
limited. When that limit is reached, the swelling
ceases. Experimentally, we found this limit to be ca.
2.4 mM for SDS in the PNIPAM microgel network.
As shown in Figure 3, the model does not exclude
the existence of individual SDS molecules free inside
the gel network.

In contrast, cationic DPB molecules can be at-
tracted to the amide group. On one hand, this at-
traction reduces the hydrophilicity of the PNIPAM
microgel network; and on the other hand, this might
prevent the formation of micelles inside the gel net-
work. This is why the addition of DPB has less effect
on the swelling of the microgel particles. Actually,
in this case, water becomes a poor solvent for the
microgel network. Later, we will show that the ad-
dition of DPB can lead to the shrinking of the mi-
crogel network at room temperature and aggregation
of the microgel particles at high temperature. The
model presented in Figure 3 is further examined in
the following phase transition experiments.

Figure 4 shows the temperature-dependence hy-
drodynamic radius distribution f(R},) of the microgel
particles. The particles are swollen at T' = 30.2°C
and collapsed at T' = 57°C. The average hydrody-
namic radius (R,) decreases four times, which
means a ca. 60-time change in the PNIPAM chain
segment density, i.e., from ca. 6.0 X 107 g/cm? to
~ 3.2 X 107! g/cm®. By assuming the density of the
microgel particle (includes the PNIPAM microgel
network and the water molecules encapsulated in-
side) to be ~ 1 g/cm® we can estimate that each
microgel particle contains more than 99% of water
in the swollen state and ca. 70% of water in the
collapsed state. As expected, Figure 4 shows that
the shape and width of f(R,) remained during the
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Figure 4. Temperature dependence of the hydrody-
namic radius distribution f(R;) of the PNIPAM microgel
particles.

phase transition because the swelling and collapsing
occurred within each particle.

Figure 5 shows the hydrodynamic radius distri-
bution f(R,) of the PNIPAM microgel particles at
the collapsing limit (7 > T.). In comparison with
Figure 1, the amount of added SDS has little effect
on the collapsed particles. On the basis of the model
shown in Figure 3, this discrepancy is expected.
When water is a good solvent at T = 22°C as in
Figure 1, the PNIPAM microgel network swells in
water and SDS molecules can enter the network to
form micelles inside, which further swells the par-
ticles until the subchains are fully stretched, whereas
when T > T, water becomes a poor solvent, so that
the particles collapse and water molecules together
with surfactant molecules are expelled from the gel
network. The fact that f(R,) is independent on Cgpg
strongly indicates that at the collapsing limit most
surfactant molecules are outside of the gel network.
The estimate value of [ at the collapsing limit in-
dicates that it would be difficult to confine the SDS
micelle inside such small mesh holes.

Figure 6 shows the influence of surfactant SDS
on the phase transition of the microgel particles.
When Cgps = 9.5 mM, the swollen particles are so
stable that T, was shifted to a much higher temper-
ature beyond our LLS instrument limit. Besides the
increase of T, there are two remarkable features of
the phase transition in Figure 6. First, with or with-
out adding SDS, the phase transition is continu-
ous, which agrees with the results observed for
both individual PNIPAM chains and macroscopic
gels,181921-23 bt contradicts the reported discontin-
uous volume phase transition.?° It is known that the
polymer chains with different lengths will undergo
the phase transition at different temperatures. Be-
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Figure 5. Hydrodynamic radius distribution f(R;) of the
PNIPAM microgel particles at the collapsing limit (T
>T,).

cause of different subchain lengths, it is expected
that the phase transition of a polymer gel be con-
tinuous. The discontinuous volume change observed
for bulk PNIPAM gels can be attributed to the shear
module, namely the shear module keeps the shape
of a bulk gel until its internal stress builds to a cer-
tain point that the shear module can no longer
maintain the shape of the gel and the gel will undergo
an apparent discontinuous volume phase transition.
On the other hand, it is known that it takes a very
long time for a bulk gel to reach its true swelling
and shrinking equilibriums.?

Second, when SDS is added the phase transition
becomes sharp and undergoes a two-step transition
which becomes more obvious as Cgpg increases. To
our knowledge, this kind of two-step phase transition
has been observed for the first time. In addition, our
data showed that even without the addition of SDS
the microgel particles are thermodynamically stable
at the collapsing limit. There was no aggregation
(phase separation) observed in the solution after
more than one week. This is quite different from
the collapsed single PNIPAM chain which is only
kinetically stable (i.e., stable within a finite time
period) (~ 10® s). When T > T,, the microgel par-
ticles shrink into individual collapsed spheres (still
encapsulate ca. 70% of water in their hydrodynamic
volume), but the interparticle attraction has been
somehow prevented. Our speculation is that the an-
ionic residual generated from the initiator might play
an important role in this aspect. Another possibility
is that during the phase transition the amide groups
near the particle surface have a tendency to stay
outside and form a hydrophilic surface layer which
leads to the solubility of the particle as a whole.
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Figure 6. Influence of surfactant SDS on the phase

transition of the microgel particles, where (R,) [= [~
f(R,)R;dR,] is the average hydrodynamic radius.

Figure 7 shows the translational diffusion distri-
bution G(D) of the microgel particles at different
temperatures during the phase transition. As T in-
creases, the microgel particles undergo the phase
transition and the particles collapse so that G(D)
shifts to the direction of higher D due to smaller
hydrodynamic radius. It is interesting to note that
before the collapse of the particles reaches the sec-
ond step (T < 45°C), G(D) has only a single narrow
peak, whereas after entering the second step (T
> 45°C), we start to see the appearance of another
very small peak (it is enlarged in the logarithmic
scale) located at a much higher D, i.e., some very
small species in comparison with the microgel par-
ticles. The area ratio of the small peak to the large
one increases and the position of the small peak
essentially remains. We were astonished by this
small peak and later we realized that this small peak
can be related to the SDS micelles.
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Figure 7. Temperature dependence of diffusion distri-
bution G(D) of the microgel particles during the phase
transition.
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Figure 7 leads us to the following explanations
for the two-step collapsing shown in Figure 6. In the
first step, the SDS micelles were broken as the par-
ticles collapsed, wherein the collapse of the particles
and the break up of the micelles promote each other
leading to a fast decrease of (R},) as shown in Figure
6 (the first step). After the SDS micelles are broken
and SDS molecules are expelled, the gel network
will behave as one without the addition of SDS. It
can be seen that in Figure 6 at the turning point
between the first and second steps the particles have
a similar size as those without adding SDS. There-
fore, the second step corresponds to the shrinking
of the gel without the presence of SDS. The SDS
excluded from the gel particles are expected to be
near the particle surface and form surfactant aggre-
gates because of the hydrophobic attraction. The
small G(D) peak in Figure 7 might represent these
surfactant aggregates.

Figure 8 shows two hydrodynamic radius distri-
butions f(R),) of the microgel particles at the col-
lapsing limit in the presence of SDS and DPB, re-
spectively. It is clearly shown that the nature of the
surfactant molecules has no effect on the microgel
particles when the particles are in the collapsed
state. This agrees with our above discussion, namely
in the collapsed state surfactant molecules are ex-
pelled out. Figure 8 further shows that in the col-
lapsing process surfactant molecules have been
driven out. However, we cannot exclude the possi-
bility that there might still exist a trace amount of
surfactant molecules inside the gel network. If such
is the case, this trace amount of surfactant molecules
inside the network actually has no effect on the col-
lapsed particles.

10.00
& At the collapsing limit
7.50 | &
. 8@ o : SDS(2.6mM)
- a® B : DPB(15.4mM)
& 500} s®
S a®
2.50 | « ®
o %
a @
0.00 1 I 1 A‘L\_‘_n.lj L [ s
10 10 10
R, / nm

Figure 8. Influence of SDS and DPB on the hydrody-
namic radius distribution f(R;) of the PNIPAM microgel
particles at the collapsing limit.
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Figure 9. Influence of DPB on the phase transition of
the PNIPAM microgel particles, where (R, is defined in
Figure 6.

Figure 9 shows the influence of surfactant DPB
on the phase transition of the microgel particles,
where (R, is the average hydrodynamic radius of
the particles. As we discussed before, cationic DPB
molecules are attracted to the amide group to reduce
the hydrophilicity of the gel network. This is why
when Cppg is lower than its CMC (ca. 12 mM) in
pure water the phase transition temperature is
slightly lower than that of the surfactant-free par-
ticles and the collapsed particles are unstable and
(R} cannot reach the plateau in Figure 9 when Cppg
is 4.11 mM and 8.07 mM. When Cppg is higher than
the CMC, DPB will form micelles inside and outside
the gel network, which swells the gel networks, in-
creases the volume phase transition temperature,
and stabilizes the gel particles even in the collapsing
limit.

CONCLUSION

The study of phase transition of poly (/N-isopropy-
lacrylamide) (PNIPAM) microgel particles in the
presence of anionic (sodium dodecyl sulfate, SDS)
and cationic (dodecylpyridine bromide, DPB) sur-
factants enables us to propose a qualitative model
for the micelle formation inside the microgel net-
work. Our results showed that SDS molecules can
form micelles inside the network. The repulsion be-
tween the micelles and the gel network extend the
network. There exist two distinct steps in the volume
phase transition. The first step involves the breaking
up of the micelles and expelling of SDS from the
gel network, while the second step represents the
collapse of the surfactant-free gel network. On the
other hand, cationic surfactant (DPB) is attracted
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to the amide group and reduce the hydrophilicity of
the gel network. This leads the shrinking of the par-
ticles and shifts the phase transition to a slightly
lower temperature. However, if the DPB concentra-
tion is higher than the CMC, micelles will form in-
side and outside the gel network, so that the DPB
micelles formed inside the gel network swell the
particles and shift the phase transition temperature
higher. The studies on the particles and single PNI-
PAM chains show that the phase transition of PNI-
PAM is continuous. In the collapsing limit, the den-
sity of the PNIPAM microgel network and individ-
ual linear chains are very similar.
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