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ABSTRACT: Narrowly distributed spherical poly(N-vinylcaprolactam) (PNVC) microgels were prepared
by precipitation polymerization in water. The effect of both anionic (sodium dodecyl sulfate, SDS) and
cationic (N-dodecylpyridinium bromide, DPB) surfactants on the swelling and shrinking of the microgels
were investigated by laser light scattering (LLS). Our results showed that the microgels gradually shrank
to the collapsed state when the temperature increased from 20 to ∼38 °C. The addition of anionic surfactant
caused an extra swelling of the microgels and shifted the collapsing temperature higher, whereas the
addition of cationic surfactant has different effects on the swelling and shrinking of the microgels prepared
by using different initiators, depending on whether the decomposed fragments of the initiator are ionic
or neutral. Our results clearly showed that the ionic groups introduced into polymer gels from the initiators
should be taken into consideration in the study of the surfactant/gel interaction.

Introduction

Recently, water-soluble nonionic polymers and their
hydrogels have attracted much attention due to their
scientific and technological importance. The interaction
between hydrogels and surfactant as one of the focused
points has been extensively studied.1-9 It was found that
some hydrogels could effectively concentrate surfactant
molecules inside the gel networks and underwent a
large volume change when the temperature increased.
The adsorption of surfactant molecules into a gel net-
work could also induce an extra swelling. In general,
the addition of surfactant increases the volume change
temperature. It has been envisioned that the swelling/
shrinking properties of such gel/surfactant complexes
could be useful in certain applications, such as the
effective absorption of organic dyes, the immobilization
of enzymes, and the controlled release of chemicals.10-13

Thermosensitive poly(N-isopropylacrylamide)(PNI-
PAM) gel is one of the mostly studied hydrogels,14-16

but some of the results were controversial. For example,
the addition of anionic or cationic surfactant into a bulk
PNIPAM gel led to a discontinuous volume phase tran-
sition,2-5,17 whereas the PNIPAM microgels showed a
continuous volume change even in the presence of sur-
factant.18-22 The interaction between the hydrophobic
backbone of polymer chain and the hydrocarbon tail of
surfactant was attributed to the extra swelling and the
shift of the transition temperature. Our previous study
of the PNIPAM microgels showed that, besides the
hydrophobic interaction, the side groups (-CONHCH-
(CH3)2) attached to the chain backbone also had an
influence on the swelling of the PNIPAM gels.22 More
studies on the interaction between the hydrogel network
and surfactant molecules are certainly needed to clarify
these controversial problems.

In this study, poly(N-vinylcaprolactam) (PNVC) was
chosen as a model system not only because its hydrogel
has a swelling and shrinking temperature near the body
temperature but also due to its biocompatibility.23-26 In
comparison with poly(N-isopropylacrylamide), poly(N-
vinylcaprolactam) has a heptagonal side group. A
similar polymer, poly(vinylpyrrolidone), and its interac-
tion with surfactant have been studied, but it has a
phase transition temperature much higher than the

body temperature.27-30 To study the effects of only the
ionic head of surfactant, we intentionally chose two
different kinds of surfactant with an identical hydro-
carbon tail; namely, anionic sodium dodecyl sulfate
(SDS) and cationic N-dodecylpyridinium bromide (DPB).

Experimental Section
Materials. N-Vinylcaprolactam (NVC, courtesy of BASF)

was recrystallized three times from its melt at the room
temperature, and the resultant crystal was washed with cold
methanol and dried under vacuum. N,N′-Methylenebisacry-
lamide (MBAA, from Aldrich) as a cross-linking agent was
purified by recrystallization from methanol. Two different
initiators, potassium persulfate (KPS, from Aldrich) and tert-
butyl hydroperoxide (TBHPO, ∼80% in di-tert-butyl peroxide,
from Riedel-de Haen), were used without further purification.
Sodium dodecyl sulfate (SDS, from Aldrich) and N-dodecylpy-
ridinium bromide (DPB, courtesy of Beijing University, China)
were used as received.

Microgel Preparation. Narrowly distributed spherical
poly(N-vinylcaprolactam) (PNVC) microgels were prepared in
water by precipitation polymerization as follows: When using
KPS as the initiator, into a 250 mL three-neck flask equipped
with a reflux condenser, a thermometer, and a nitrogen-
bubbling tube were added 1.066 g of NVC monomer, 0.0334 g
of MBAA, 0.0169 g of SDS, and 35 mL of deionized water. The
solution was magnetically stirred at ∼1000 rpm and bubbled

with nitrogen gas for 2 h to remove the oxygen before the
addition of 0.010 g of KPS dissolved in 5 mL of deionized water
to initiate the polymerization. The reaction was carried out
at 70 °C for about 20 h. Note that radicals generated by KPS
are anionic so that each starting chain end has an anionic
sulfate group and the resultant microgels were slightly
negatively charged. In the case of using TBHPO as the
initiator, after mixing 0.1224 g of ∼80% TBHPO solution with
1.071 g of NVC monomer, 0.0329 g of MBAA, 0.0179 g of SDS,
and 40 mL of deionized water, the solution mixture was rapidly
heated to a high temperature to start the polymerization. The
reaction was carried out at 108 °C for 30 h. The resultant
microgels were neutral. Hereafter, we denote the ionic and
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neutral microgels prepared by using KPS and TBHPO as
i-PNVC and n-PNVC, respectively. The unreacted chemicals
and surfactant were removed by a three-cycle centrifugation
(Sigma 2K15 ultracentrifuge) at 15 400 rpm and 40 °C,
decantation, and redispersion in deionized water. The result-
ant microgel dispersions were diluted with deionized water to
∼6 × 10-6 g/mL before the laser light scattering measure-
ments.

Laser Light Scattering (LLS). A commercial LLS spec-
trometer (ALV/SP-150) equipped with an ALV-5000 digital
time correlator and a ADALS solid-state laser (DPY425II,
output power ≈ 400 mW at λ0 ) 532 nm) was used. The
incident beam was vertically polarized with respect to the
scattering plane. In static LLS, for a dilute solution and at a
relatively small scattering angle θ, the angular dependence
of the excess absolute time-averaged scattered light intensity,
known as the excess Rayleigh ratio, Rvv(θ), is a function of the
weight-average molar mass Mw, the second virial coefficient
A2, and the mean square root of the z-averaged radius of
gyration of the polymer chain 〈Rg

2〉1/2 (or written as 〈Rg〉).31

After measuring Rvv(θ) at a series of concentration C and
scattering angle θ, we were able to determine Mw, 〈Rg〉, and
A2 from a Zimm plot which incorporates angular and concen-
tration extrapolation on a single grid. In dynamic LLS, the
intensity-intensity time correlation function G(2)(t,θ) in the
self-beating mode was measured. For a polydisperse sample,
the Laplace inversion of G(2)(t,θ) can lead to a line-width
distribution G(Γ),32,33 where Γ is a function of both θ and C.
For a diffusive relaxation, Γ can be related to the translational
diffusion coefficient D as Γ ) Dq2 at C f 0 and q f 0, where
q ) (4πn/λ0) sin(θ/2) with n and λ0 being the solvent refractive
index and the wavelength of light in a vacuum, respectively.34

Results and Discussion

Figure 1 shows a typical measured intensity-inten-
sity time correlation function for the i-PNVC microgels
in water at 16.0 °C, where the polymer concentration
was so dilute (C ∼6 × 10-6 g/mL) that the concentration
correction was not necessary. The normalized charac-
teristic line-width distribution G(Γ) (the inset in Figure
1) clearly shows that the i-PNVC microgels are narrowly
distributed. G(Γ) can be transformed into a translational

diffusion coefficient distribution G(D) or a hydrodynamic
radius distribution f(Rh) by using Γ ) Dq2 or the
Stokes-Einstein equation, D ) kBT/(6πηRh), where kB,
T, and η are the Boltzmann constant, the absolute
temperature, and the solvent viscosity, respectively.

Figure 2 shows the temperature dependence of the
average hydrodynamic radius 〈Rh〉 for the i-PNVC
microgels in water, where 〈Rh〉 is defined as ∫0

∞ f(Rh) Rh
dRh. The inset in Figure 2 shows that there was little
change in the distribution, except that the peak position
clearly indicates that the i-PNVC microgels gradually
shrank to the collapsed state when the temperature
increased from 20 to 38 °C. At T ∼20 °C, the swelling
of the i-PNVC microgel reached its maximum. 〈Rh〉
decreases more than ∼2 times when the temperature
increases from 16 to 36 °C, corresponding to a hydro-
dynamic volume decrease of ∼13 times. The shrinking
of the i-PNVC microgel is continuous, similar to that of
the PNVC bulk gels.1 Moreover, the i-PNVC microgel
and bulk gel have a similar collapsing temperature.

Table 1 summarizes the LLS results of the i-PNVC
and n-PNVC microgels in both the swollen and collapsed
states, where Mw, 〈Rg〉, and A2 were calculated from
Zimm plot. The values of Mw are nearly constant,
indicating that the microgels are stable even in the
collapsed state and there was no interparticle aggrega-
tion. As expected, A2 changed from positive in the
swollen state to negative in the collapsed state. The
ratios of 〈Rg〉/〈Rh〉 in the swollen and collapsed states
are very close to (3/5)1/2, a value predicted for a uniform
and nondraining sphere. The chain density (F) of the
PNVC microgel network was estimated from a combina-
tion of the static and dynamic LLS results, i.e., Mw )
NA[(4π/3)〈Rh〉3]F. On the basis of the changes in 〈Rh〉 and
F, we knew that ∼90% of water entrapped inside the
swollen microgel network was expelled out during the
collapsing process.

Figure 3 shows the temperature dependence of the
average hydrodynamic radius 〈Rh〉 of the i-PNVC mi-

Table 1. Summary of Static and Dynamic LLS Results of the Swollen (at 25 °C) and Collapsed (at 40 °C) PNVC Microgels
in Deionized Watera

sample T, °C dn/dC, mL g-1 Mw, g mol-1 A2, mol mL g-2 〈Rg〉,nm 〈Rh〉, nm 〈Rg〉/〈Rh〉 F, g cm-3

i-PNVC 25.0 0.210 6.9 × 107 5.3 × 10-6 90 115 0.78 0.02
40.0 0.228 6.7 × 107 -5.2 × 10-5 45 56 0.80 0.15

n-PNVC 25.0 0.212 6.7 × 107 5.3 × 10-6 87 112 0.78 0.02
40.0 0.232 6.4 × 107 -5.2 × 10-5 43 55 0.78 0.15

a The relative errors: dn/dC, (1%; Mw, (5%; A2, (10%; 〈Rg〉, (5%; 〈Rh〉, (2%; 〈Rg〉/〈Rh〉, (7%; and F, (8%.

Figure 1. Typical intensity-intensity time correlation func-
tion G(2)(t,θ) of the i-PNVC microgels in water at 16.0 °C. The
inset shows its corresponding normalized line-width distribu-
tion G(Γ) calculated from the Laplace inversion of G(2)(t,q).

Figure 2. Temperature dependence of the average hydrody-
namic radius 〈Rh〉 of the i-PNVC microgels in water. The inset
shows the corresponding hydrodynamic radius distributions
f(Rh) of the i-PNVC microgels in water.
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crogels in the presence of different amounts of SDS.
Note that the SDS concentrations used were well below
the critical micelle concentration (cmc ) 8.3 mM at 25
°C). It is clear that the addition of SDS leads to an
additional swelling of the i-PNVC microgels at low
temperatures and shifts the collapsing temperature
higher. This is consistent with what we observed in
previous NMR and light scattering studies for the
PNIPAM microgel/SDS systems,22 wherein the NMR
relaxation times (T1 and T2) of each proton of the
surfactant molecule were measured, and the values
below and above its cmc, and also with and without the
microgels, were compared. We concluded the formation
of micelles inside the microgel even the surfactant
concentration is lower than its cmc. The additional
swelling of the PNIPAM microgels was attributed to the
repulsion between the negatively charged SDS micelles
formed inside the microgel network.35 Figure 3 also
shows that, at the collapsing limit, the i-PNVC micro-
gels in the presence of SDS are slightly smaller than
the surfactant-free i-PNVC microgels. We will discuss
this difference later.

Figure 4 shows the temperature dependence of the
average hydrodynamic radius 〈Rh〉 of the i-PNVC mi-
crogels in the presence of different amounts of cationic
surfactant DPB. At the temperatures lower than 18 °C,
the addition of DPB actually resulted in a slight
shrinking of the i-PNVC microgels, instead of the
swelling shown in Figure 3. Moreover, Figure 4 shows
that the shrinking temperature in the presence of
cationic DPB is lower. It should be stated that the
microgels started to aggregate before reaching the fully

collapsed state. This can be attributed to the neutraliza-
tion of the slightly negatively charged i-PNVC microgels
when a small amount of cationic DPB molecules was
added. The neutralization makes the microgel network
more hydrophobic, easier to shrink, and unstable at
higher temperatures. However, when the DPB concen-
tration was higher than its cmc (∼12 mM at 25 °C), no
shrinking of the microgels was observed at 16.0 °C, but
the collapsing temperature was shifted higher and the
microgels became stable at higher temperatures. This
could be attributed to the association of DPB on the
surface of the microgels, presumably a surfactant film,
which prevents or reduces the interparticle aggregation.
Once again, in the presence of surfactant, the microgels
in the collapsed state are smaller than the surfactant-
free microgels. One of the reasonable explanations
might be due to the remaining of a trace amount of
surfactant molecules inside the microgel network even
in the collapsed state, and it is this trace amount of
surfactant molecules that made the microgel network
relatively more hydrophobic so that it could collapse
more.

Figures 3 and 4 reveal that the addition of SDS and
DPB into the i-PNVC microgel dispersion has very
similar effects on the microgel swelling and shrinking
behavior as in the case of the PNIPAM microgel disper-
sion.22,35 This has been attributed to the negative
charges introduced on the microgel network by KPS in
the initiation of the polymerization; namely, the adsorp-
tion of anionic surfactant SDS molecules increases the
repulsion, so that there is an additional swelling of the
microgel network, whereas the adsorption of cationic
surfactant DPB molecules neutralizes the negative
charge and makes the microgel more hydrophobic. To
check this point, we synthesized the PNVC microgels
by using tert-butyl hydroperoxide (TBHPO) as the
initiator so that the microgel network became neutral.

Table 1 shows that there is nearly no difference
between the i-PNVC and n-PNVC microgels in terms
of Mw, A2, 〈Rg〉, and 〈Rh〉 in both the swollen and
collapsed states. Figure 5 shows that the i-PNVC and
n-PNVC microgels have a nearly identical swelling/
shrinking behavior, where just for comparison 〈Rh〉 has
been normalized by 〈Rh〉*, the average hydrodynamic
radius at the collapsing limit. It reveals that the
introduction of a very small amount of negative charges
on the i-PNVC microgel network has no effect on the
swelling/shrinking behavior of the surfactant-free mi-
crogels.

Figure 3. Effect of adding different amounts of anionic
surfactant SDS on the swelling and shrinking of the i-PNVC
microgels in water.

Figure 4. Effect of adding different amounts of cationic
surfactant DPB on the swelling and shrinking of the i-PNVC
microgels in water.

Figure 5. Temperature dependence of the swelling of both
the i-PNVC and n-PNVC microgels in water, where 〈Rh〉* is
the hydrodynamic radius at the collapsing limit.
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Figure 6 shows the effect of SDS and DPB on the
swelling/shrinking of the n-PNVC microgels. As in the
case of the i-PNVC microgel dispersion, the addition of
SDS causes an additional swelling and shifts the col-
lapsing temperature higher. However, it is interesting
to see that when a small amount of DPB was added,
instead of shrinking as in the case of the i-PNVC
microgel dispersion, the n-PNVC microgels actually
showed an additional swelling and a shift of the col-
lapsing temperature to ∼48 °C. Here, the n-PNVC
microgel network is neutral so that there should be no
neutralization when cationic DPB was added. The
additional swelling indicates that DPB, just as SDS,
could form micelles inside the n-PNVC microgel network
even when its concentration is well below its cmc. The
force driving surfactant into the n-PNVC microgel
network should be the hydrophobic interaction between
the microgel network and the hydrocarbon tail of
surfactant. Figure 6 also shows that, in the presence of
DPB, the n-PNVC microgels shrink at a lower temper-
ature. This might be due to its higher cmc; i.e., the
formation of the DPB micelles is relatively more difficult
than that of the SDS micelles, or in other words, the
breaking of the DPB micelles formed inside the microgel
network as the temperature increases would be easier.
In contrast to Figures 3 and 4, the n-PNVC microgels
had the same size in the collapsed state no matter
whether or what kind of surfactant was added, indicat-
ing that in the collapsed state no surfactant remained
inside the n-PNVC microgels.

In summary, the study of the shrinking and swelling
of poly(N-vinylcaprolactam) (PNVC) microgels with and
without the presence of anionic or cationic surfactant
showed the following: (i) The surfactant-free PNVC
microgels continuously shrank as the temperature
increased, reaching its fully collapsed state at ∼38 °C.
(ii) The addition of a small amount of anionic surfactant
(SDS) led to an additional swelling of both the ionic
i-PNVC and neutral n-PNVC microgels and a higher
collapsing temperature, while the addition of a small
amount of cationic surfactant (DPB) resulted in a slight
shrinking of the i-PNVC microgels. The difference could
be attributed to the neutralization of a small amount
of anionic groups introduced onto the microgel network
by the initiator. (iii) The effect of surfactant on the

swelling and shrinking of the PNVC microgels can be
partially attributed to the micelle formation inside the
microgel network.
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Figure 6. Effect of adding different surfactant on the swelling
and shrinking of the n-PNVC microgels in water.
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