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ABSTRACT: The internal structure of thermoreversible poly(N-vinylcaprolactam-co-N-vinylpyrrolidone)
microgels has been studied by static and dynamic light scattering (SLS/DLS) and small-angle neutron
scattering (SANS). A dramatic decrease in the radius of gyration R, and the hydrodynamic radius Ry is
observed during the phase transition near 30 °C. At 15 and 30 °C the experimental SLS/SANS curves
can be fitted to a model of polydisperse spheres with rough surfaces. The resulting fit parameters are
discussed in the framework of changes in the internal structure of the particles during the phase transition.
In the completely collapsed state at 50 °C, the scattering response can be described by a modified Porod

behavior.

1. Introduction

Aqueous colloidal microgels are an interesting subset
of polymer colloids. Microgels have properties in com-
mon with water-soluble polymers, water-swollen macro-
gels, and water-insoluble latex particles. Like macro-
scopic aqueous gels, colloidal microgels resemble a
three-dimensional, covalently cross-linked network. The
network is characterized by the degree of swelling, the
average cross-link density, and the characteristic time
constants for swelling and shrinking, which depend on
solvent quality. It is well-known from DLS and SANS
studies that several types of heterogeneities occur in
macroscopic gels. The difference in reactivity of mono-
mers and cross-linker and complex kinetics lead to the
formation of pendant polymer chains, trapped entangle-
ments, and elastically ineffective chains and local
clusters with a high cross-linking density. As a result
of heterogeneity of a gel, the scattered intensity ob-
served in DLS and SANS can be divided into a static
part, which is a result of frozen-in inhomogeneities, and
a dynamic part caused by the thermal fluctuations of
the network. The structure of macroscopic gels as a
function of the method and conditions of preparation
has been the topic of intensive studies in the past
decade.l”> However, only a few investigations were
published on the structure of colloidal microgels. Wu et
al.6 have studied the kinetic of formation of the microgel
based on NIPAm by DLS. They observed much faster
consumption of cross-linker than of monomer and, as
result, differences in cross-linking density throughout
the particle. Kratz et al.”-® found from SANS measure-
ments that the correlation length of NIPAm microgels
decreases with increasing cross-linking density and is
comparable to that found in macroscopic PNIPAm gels.
Saunders proposed a fairly uniform structure within the
swollen particles and a core—shell morphology with a
relatively thin shell.?1° Fernando-Barbero et al.l! sug-
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gested a core—shell structure having different correla-
tion lengths for core and shell, which can be calculated
in different g-regimes of SANS.

Scattering methods yield information not only on
internal structure (at large scattering vectors q) but also
on the form of the particles (low and intermediate q).
Microgel particles can be considered as soft deformable
colloids. By changing the preparation conditions and the
composition of the reaction medium, the interaction
potential between microgel particles can vary from star-
polymer-like to hard-sphere-like for short-range repul-
sion. Owing to the complex structure, the scattering
intensity from microgels cannot be described by the form
factor of homogeneous hard spheres. Burchard et al.l?
used a regularly branched model to describe PVAc
microgels in methanol. Kunz et al.!® used the radial
density distribution to calculate the form factor of
PMMA microgels. Varga et al.1* used a similar approach
for PNIPAm microgels, but no universal model was
found. Stieger et al. used the form factor of a sphere
with an interface that gradually decreases at the
surface, developed by Pederson and Svaneborg!®16 for
block copolymer micelles. Good agreement was observed
with this model for PNIPAm microgels measured by
SANS!7 and SLS.!8

Here we present a study of microgels based on
N-vinylcaprolactam (VCL) and N-vinylpyrrolidone (VP)
by DLS, SLS, and SANS over wide range of scattering
vector ¢q. PVCL is a polymer with a lower critical
solution temperature (LCST) around 32 °C.!° Its bio-
compatibility is potentially favorable for biomedical
application materials.2® Because of the difficulties of
preparation, only a few reports on the synthesis and
characterization of microgels based on PVCL have been
published.21-23

2. Experimental Section

2.1. Sample Preparation. The poly(IN-vinylcaprolactam-
co-N-vinylpyrrolidone), PVCL/PVP (see Figure 1), microgels
were prepared by precipitation copolymerization of N-vinyl-
caprolactam and N-vinylpyrrolidone in the presence of cross-
linker. Monomers (Aldrich) were distilled under reduced

© 2005 American Chemical Society

Published on Web 05/20/2005



Macromolecules, Vol. 38, No. 12, 2005

Figure 1. Chemical structure of the repeating unit of PVCL—
PVP.

pressure before use. N,N'-methylenebis(acrylamide) (MBA,
Aldrich) was taken as the cross-linker and was used as
received. The initiator was 2,2'-azobis(2-methylpropyonami-
dine) dihydrochloride (AMPA, Aldrich), which was also used
without further purification. 0.835 g of VCL, 0.19 g of VP, and
0.066 g MBA were dissolved in 95 mL of deuterated water. A
double-walled glass reactor equipped with stirrer was purged
with nitrogen. The solution of the monomers was placed in
the reactor and stirred for 1 h at 70 °C with nitrogen purging.
5 mL of D2O solution of AMPA (5 g/L) was then added under
continuous stirring to initiate the reaction. Duration of the
reaction was 8 h.

2.2. Experimental Details. 2.2.1. SANS. SANS experi-
ments were performed on the D11 instrument at the Institut
Laue-Langevin (ILL), Grenoble, with neutron wavelength 1
= 13 A and wavelength spread AM/A = 10%. The two-
dimensional multidetector data were regrouped azimuthally
and corrected for solvent background and empty cell scattering.
All measurements were carried out with D20 as the solvent,
the samples being placed in quartz cells of thickness 2 mm.
Three sample—detector distances were used, 1.6, 6.5, and 28
m. The incoherent scattering of HoO was used for absolute
calibration, following standard procedures and software avail-
able at the ILL. The concentration of the microgel sample was
2.5 g/L,, and the samples were thermostated to within +0.5
°C for each measured temperature.

2.2.2. SLS. To determine the radius of gyration R, SLS
measurements were made on suspensions in the concentration
range 0.01-0.15 g/L, using a modified FICA 50 SLS apparatus
(SLS-Systemtechnik G. Baur, Denzlingen, Germany) with a
He—Ne laser working at a wavelength of 4 = 632.8 nm. The
measuring temperatures were from 15 to 50 °C, and the
scattering angle was varied between 15° and 145° in 5° steps.
Dispersions were filtered through 5 um nylon filters. Typically,
the measuring cells were 25 mm quartz tubes, immersed in a
dibutyl phthalate bath thermostated within an accuracy of
+0.1 °C.

The refractive index increment (dn/dc), measured with a DR
1 differential refractometer (SLS-Systemtechnik) at 1 = 632.8
nm, was found to be 0.2229 cm?/g.

2.2.3. DLS. A commercial laser light scattering (LLS)
spectrometer (ALV/DLS/SLS-5000) equipped with an ALV-
5000/EPP multiple digital time correlator and laser goniometer
system ALV/CGS-8F S/N 025 was used with a helium—neon
laser (Uniphase 1145P, output power 22 mW, wavelength A =
632.8 nm) as the light source. The DLS experiments were
carried out as a function of temperature in the range of
scattering angles 6 = 30°—100°. The concentration of the
dispersions, which had been previously filtered through 5 ym
nylon filters, was in the range 0.01—-0.15 g/L. The samples
were held in 10 mm test tubes immersed in a toluene bath
whose temperature was controlled to within +0.1 °C.

3. Results and Discussion

Combination of VCL with VP leads to the formation
of stable microgel dispersions without addition of sta-
bilizer. Because of its hydrophilic nature, PVP units can
sterically stabilize microgel particles due to immobiliza-
tion of PVP on the surface and an increase in the
repulsive forces. On the other hand, at the polymeriza-
tion temperature, VP in the polymer network tends to
increase the water solubility of the copolymer. Increased
solubility means an increased critical length for oligo-
mer phase separation to form precursor particles and
yields larger particles.2*
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Figure 2. Temperature dependence of the radius of gyration

R; and hydrodynamic radius R; of the microgels (left-hand
scale). Right-hand scale: p = R,/R}.

The influence of the temperature on the size of the
microgel particles was investigated by the combined
DLS/SLS technique. A continuous decrease of the
hydrodynamic radius and the radius of gyration in the
range 20—40 °C was observed with an inflection point
around 30 °C. As is well-known, the ratio p = Ry/Ry,
reflects the conformation of a polymer chain or the
density distribution of a particle and thus gives valuable
information about the internal structure of microgels.
Figure 2 shows p, calculated from the experimental
values of Ry and Ry, as a function of temperature. The
value of p at room temperature, 0.51, is significantly
smaller than that predicted?® for homogeneous hard
spheres, namely 0.775. Typical p values for microgels
in the range 0.3—0.6 have been reported.2627 This means
that particles become more tenuous in the outer region.
It also implies heterogeneous swelling of the whole
particle. This finding is consistent with polymerization
kinetics, according to which the cross-linking density
is higher inside the microgel particle than in the outer
regions. In the swollen state, imperfections in cross-
linking density lead to a decreasing density at the
particle surface. The surface of the microgel is covered
by dangling chains, which increase the hydrodynamic
radius but have little influence on the radius of gyration.

At elevated temperatures, the mobility of the PVCL
segments decreases and a more compact structure is
formed. As a result, p increases and a value of 0.625 is
reached at 50 °C. This value is, however, still lower than
that of a homogeneous sphere. This deviation can be
explained by the swollen surface of the microgel, which
consists mainly of hydrophilic segments enriched with
PVP.

SANS measurements were made at 15, 30, and 50 °C
to investigate the structural changes of the microgel
during the phase transition. To enlarge the range of the
experimental results and improve the fitting quality, the
static light scattering data were recalculated in SANS
units by means of the following relation

_ R HAPZCSANS
Keg sNodon

polym

(1)

ISANS

where dpoym is the polymer density, Ry the Rayleigh
ratio, Na Avogadro’s number, Ap? is the neutron scat-
tering contrast factor, K is the contrast factor in SLS,
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and csis and csans are the concentrations used for the
measurements in SLS and SANS, respectively.

For the microgel in the swollen state (15 and 30 °C)
the scattering intensity can be divided into two different
terms. The first describes the large-scale features of the
microgel (spherical particles). This region is followed by
a steeply decreasing intensity at higher q. The second
term describes the structure of the “bulk” gel inside. It
is characterized by flattening of the scattering response
at larger ¢ as the polymer correlations inside the
microgel are probed.

The form factor P(q,r) for homogeneous monodisperse
hard spheres of radius r is given by?®

3(sin(gr) — gr cos(gr))|?
(qr)’

The combined DLS/SLS measurements suggest that the
particle structure is inhomogeneous and fuzzy rather
than uniform and with sharp boundaries. As mentioned
above, the inhomogeneity is a result of cross-linking
density gradient and the presence of the dangling
chains. Thus, only lightly cross-linked or branched
polymer chains are present on the surface. We use the
structure factor for randomly branched polymers to
describe the inhomogeneous particle surface.

P(q,r) =

(2)

P@w=—%—§ 3)
1+q§

where the parameter s is the radius of gyration of
randomly branched polymer chains. As this equation
applies to randomly branched polycondensates?? in free
solution, however, its use can be only empirical here,
owing to the different mechanism of branching and a
fixed conformation of polymer chains on the surface.

Furthermore, in a real microgel system the size
polydispersity of the particles must be taken into
account. For this, the particle size distribution function
p(r) is assumed to be Gaussian.

v—Rﬂ
- T 4
eXp( 502 4)

1
p(r) =
V2nd®
where R is the average microgel particle radius and o

is the spread in the relative particle size. The resulting
expression for the scattering intensity is thus

' - 2
B = A
;zp(r) dr (5)
(1 + ﬂ)
3

where I;nn(0) is the limiting intensity at ¢ = 0. Finally,
the contribution from concentration fluctuations of the
network in the core of the microgel may be approxi-
mated by an Ornstein—Zernicke expression®0-31

Iﬂuct(o)
I = 6
ﬂuct(q) 1+ (q§)2 ( )

where Iny(0) is the limiting intensity at ¢ = 0 and & is
the correlation length of the osmotic fluctuations in the
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Figure 3. SANS intensity I(q) at 15, 30, and 50 °C. Microgel
concentration: 2.5 g/L.

swollen network. The complete expression for the scat-
tering intensity from the swollen microgels thus be-
comes

R+30 | 3(sin(qr) — gr cos(qr))|?
Imicrogel(q) = Iinh(o) R-30 (qr)3 X

1 I ﬂuct(o)
S S R T
(qs”” 1+ (&P

Results of the fit of eq 7 to the 15 and 30 °C data are
shown in Figure 4a,b.

Above the transition temperature, we have a phase-
separated system in which the scattering arises from
the interface between the collapsed polymer particle and
the surrounding solvent. A strong deviation between the
SLS and SANS measurements was observed at 50 °C
at small q. This shows that the SANS response corre-
sponds to surface scattering from large aggregates and
that the particle structure factor for the spheres plays
no role. The deviation from power-law behavior in the
initial part of the SANS curve, where the product of the
intensity and the sample thickness exceeds 10, indi-
cates multiple scattering. The aggregation probably
results from the much higher microgel concentration
used in SANS than in the light scattering measure-
ments. It should be noted, however, that despite ag-
gregation no macroscopic precipitation occurred, and the
same scattering profile was observed for all measured
concentrations.

For sharply defined smooth interfaces the structure
factor is given by the Porod law32

Liud@) = I, (O)g " (8)

Surface roughness is the result of dangling chains,
which are still in good solvent conditions at 50 °C (PVP-
enriched chains). Correction of the intensity profile may
be made in the same way as for the swollen state by
introducing the scattering factor of randomly branched
polymers. Besides, the scattering intensity at the larger
q values can still be described by the Ornstein—Zernicke
equation. To describe the results at 50 °C (see Figure
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Figure 4. (a) Experimental data I(g) (SLS and SANS) for 15
°C at microgel concentration 2.5 g/L. and fit of eq 7 (solid line)
to the 15 °C data. (b) Experimental data I(g) (SLS and SANS)
for 30 °C at microgel concentration 2.5 g/L, and fit of eq 7 (solid
line) to the 30 °C data. (c) Experimental data I(g) (SLS and
SANS) for 50 °C at microgel concentration 2.5 g/L and fit of
eq 9 (solid line) to the 50 °C data.

4c), the following modified power law expression was
therefore used.

I,..(0
I(q) = Isurf(O)q4 L 2 + ﬂmt( )2 (9)
(gs)” 1+ (%
1+75~
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Results of the fits as well as results of SLS and DLS at
the corresponding temperatures are summarized in
Table 1. Surface roughness in the case of the 50 °C
sample is found to be negligible. In the fits of Table 1
no correction was made for the resolution function of
the instrument. The real values of o are no doubt
smaller than those quoted.

It can be seen that during heating from 15 to 30 °C
the core of the microgel with radius R slightly decreases,
and only a decrease of the branching length s of the
lightly cross-linked chains in the shell can be observed.
This fact is in a good agreement with the deswelling
model proposed by Fernandez-Barbero et al.!! for ther-
mosensitive PNIPAm microgels. Further heating should
lead to a decrease of the radius R, but it cannot be
detected in our experiments. The polymer volume frac-
tion of the collapsed microgel at 50 °C, calculated from
the molecular weight, M,, = 1.33 x 10° g/mol and the
radius of gyration 1220 A, is approximately 0.3. The
characteristic size of the chains on the surface decreases
to 10 A or less on heating to 50 °C, indicating that
surface roughness is negligible, while the correlation
length in the core is 12 A. This value of & is consistent
with measurements on macroscopic polymer solutions
at similar concentrations.?? Some free hydrophilic chains,
however, remain in good solvent condition, which is in
agreement with the value of the p-parameter at this
temperature. The presence of these chains would con-
tribute to the colloidal stability of the individual par-
ticles and aggregates in SLS and SANS experiments,
respectively.

Other models have been proposed to describe the
structure of microgels (e.g., in which the shell is taken
to have a Gaussian profile!”). Although the numerical
results differ slightly from the present findings, no
significant qualitative difference is obtained. An esti-
mate of the relative density of the polymer chains in
the corona with respect to that in the core can be
obtained in the following way. The radial distribution
function w(r) in the corona corresponding to the factor
1/[1 + (g2%s%/3)] is proportional to

w(r) O exp(—\/g g) (10)

The radius of gyration of the uniform core is Reore = (3/
5)Y2R = 1550 A at 15 °C, while the measured total
radius of gyration Ry is 1900 A. If the density of the
corona at r = R were the same as that of the core, then
the distribution (10) would yield for R, = 3150 A. For
consistency of the measured value, the density of the
corona at r = R relative to the core must be approxi-
mately 0.2. It follows, by integration of eq 10, that the
total mass of the corona is about 20% of that of the core.
It is also notable that the effective total radius R + s =
2950 A is significantly smaller than Rj,. This means that
the polymer chains in the corona extend at least twice
as far as that indicated by the nominal thickness of the
shell s.

The correlation length & found from analysis of the
scattering curve is equal to 95 A in the fully swollen
state at 15 °C. This value is much larger than that
measured in the case of the microgels®!! or bulk gels!
based on NIPAm (15—45 A). However, it is comparable
with the correlation length measured for a PNIPAm
shell cross-linked on a polystyrene core.* The correla-
tion length increases to 110 A with heating to 30 °C as
the transition temperature approaches and the intensity
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Table 1. Results of the DLS and SLS (Rg, Ry, p) and Estimated Parameters (R, g, s, &) of the Fits According to Eq 7 for 15
and 30 °C and Eq 9 for 50 °C

T [°C] R, [A] Ry [A] p R[A] o [A] s [A] £[A]
15 1900 3720 0.51 2000 550 950 95
30 1620 2780 0.58 1800 400 600 110
50 1220 1940 0.63 <10 12

of the scattering from the core increases. In the bulk
gel, the correlation length and the intensity diverge at
this temperature.! Similar behavior has been observed
in PNIPAm microgels,!! where the correlation length
in the core was found to increase in the vicinity of the
transition temperature. Above the transition tempera-
ture the microgel collapses and the correlation length
decreases to 12 A at 50 °C. This decrease of £ is to be
expected since at higher temperatures the microgel
network is denser.

4. Conclusions

Thermosensitive microgels based on N-vinylcaprolac-
tam and N-vinylpyrrolidone were prepared by precipita-
tion copolymerization. The presence of hydrophilic
comonomer during cross-linking leads to formation of
a stable dispersion of large particles.

SLS, DLS, and SANS measurements of the structure
of the microgels show a strong decrease in the radius
of gyration R, and the hydrodynamic radius Ry, during
the phase transition near 30 °C. In agreement with
other studies on similar systems, the microgel consists
of dense core surrounded by a diffuse corona, the mass
of which is about one-fifth of that of the core. Below the
transition temperature, the apparent thickness of the
corona required to produce an acceptable fit to the SANS
results is too small to account for the value found for
Ry. This finding implies that the polymer chains are
more extended than either the radius of gyration s of
branched polymers or a random coil. A small number
of polymer chains must therefore extend much further
than the average shell thickness. At 50 °C Porod
scattering is observed as the corona collapses on the
surface of the core. In this state the characteristic ratio
p is only slightly smaller than the value for an uniform
sphere, 0.775. The smooth surface of the microgel must
therefore be sparsely decorated with excrescences of
hydrophilic polymer segments.
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