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We report systematic investigations of the reaction conditions necessary for the production of self-
cross-linkedpoly(N-isopropylacrylamide) (PNIPAM)microgelparticles.Reaction temperatures (Tsyn) ranging
from 40 to 90 °C and various monomer (CNIPAM) and initiator (CKPS) concentrations were investigated.
Laser light scattering was used to characterize the resultant gel particles at 25 and 40 °C, below and above
the phase transition temperature of PNIPAM. By comparing the molar masses measured at these two
temperatures, well-defined ranges of Tsyn, CNIPAM, and CKPS were found in which the polymer chains were
well self-cross-linked and formed gel networks. Variations in the size and solid density as a function of
these parameters are also discussed.

Introduction

Since the first synthesis of poly(N-isopropylacrylamide)
(PNIPAM) microgels in 1986,1 these particles have become
by far the most widely investigated water-based, tem-
perature-sensitive microgels.2,3 PNIPAM-based microgels
are temperature-sensitive because PNIPAM undergoes a
volume phase transition at a lower critical solution
temperature (LCST) of around 33 °C.4 There is a growing
interest in these materials because of potential applica-
tions as building blocks for more complicated structures,5-7

as temperature-sensitive vessels,8 and in permeable
membranes9 for controlled drug release.

The standard technique used to form PNIPAM micro-
gels1,10 is precipitation polymerization. A solution consist-
ing of the N-isopropylacrylamide (NIPAM) monomer and
cross-linker is heated to temperatures well above the LCST
of PNIPAM, and an initiator is introduced. Because the
growing PNIPAM chains are very hydrophobic at these
temperatures, they collapse into nano-aggregates mainly
stabilized by charged groups originating from an ionic
initiator or added ionic surfactant. In most cases of
PNIPAM microgel synthesis, a monomer containing two
vinyl groups, N,N′-methylenebisacrylamide (BIS), is used
to cross-link the polymer chains into polymer networks.
However, the use of a chemical cross-linker can lead to
structural inhomogeneities11-13 if the reaction rate of the

cross-linker is different from that of the monomer, as is
known for BIS.14

We recently observed the formation of PNIPAM microgel
particles during synthesis under reaction conditions that
were normal except for the absence of an added cross-
linker. We showed that NIPAM can self-cross-link into
microgel particles through tert carbon atoms both during
and after the polymerization of the NIPAM monomers.15

These stable microgels, with radii of several hundred
nanometers, molar masses as high as 109 g/mol, and solid
densities as low as 0.013 g/cm3 at 25 °C in water, resemble
normal BIS-cross-linked PNIPAM microgels in every
aspect, including the formation of a colloidal crystalline
structure at suitable volume fractions. The kinetics of self-
cross-linking and exclusion of pure hyperbranching as a
source of formation of PNIPAM particles were also
presented in our previous paper.15

In this work, we describe the systematic synthesis of
PNIPAM microgels without the use of an added cross-
linker carried out under different reaction conditions. By
using laser light scattering to characterize the sizes and
molar masses of the resultant gel nanoparticles, suitable
conditions were found for effective self-cross-linking. In
general, the aggregates have to reach a sufficiently high
solid density to ensure that interchain cross-linking can
occur. The extent of intrinsic self-cross-linking was also
estimated by comparing the density of these particles with
that of particles made with an added cross-linker. These
studies of the influence of the reaction temperature and
initial monomer and initiator concentrations on the
resultant particle sizes, molar masses, and densities also
provide insight into BIS-cross-linked NIPAM microgel
synthesis.

Materials and Method

SynthesisofGelNanospheres. NIPAM from Acros Organics
(Geel, Belgium) was recrystallized from hexane/acetone solutions.
BIS and potassium persulfate (KPS) from Aldrich were used as
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received. Fresh deionized water from a Milli-Q Plus water
purification system (Millipore, Bedford; 0.2-µm filter) was used
throughout this work. The NIPAM solution was stirred under
a nitrogen atmosphere in a 150-mL reactor for ∼30 min and
heated to the required temperature using a digital heating plate
and water bath covered with a thin layer of paraffin oil. A KPS/
water solution was added to the reactor to initiate polymerization.
The reaction system was stirred at the incubation temperature
for a time sufficient to ensure that all of the monomer was
exhausted. After being cooled to room temperature, the final
reaction dispersion was ready for characterization. Table 1
contains thedetails of thereactionconditionsused for thedifferent
samples prepared for this study.

Laser Light Scattering. The apparatus used for the light
scattering measurements was an ALV-5000 spectrometer/
goniometer equipped with a digital time correlator and a helium-
neon laser.

We used static light scattering to measure the weight-average
molar mass Mw and z-average root-mean-square radius of
gyration Rg. For small particles, we used a standard Zimm plot
analysis to find Mw and Rg from the Rayleigh ratio Rvv(q),
determined from the time-averaged scattered intensity16

where K ) 4π2n2(dn/dC)2/(NAλo
4), q ) (4πn/λo) sin(θ/2) is the

scattering wave vector, and A2 is the second virial coefficient,
with NA, n, C, λo, and θ being Avogadro’s constant, the solvent
refractive index, the concentration (g/mL), the light wavelength
in a vacuum, and the scattering angle, respectively. The angular
range at which these measurements were carried out was
restricted to keep qR , 1. For PNIPAM, the values used for
dn/dC were 0.167 and 0.174 mL/g at 25 and 40 °C, respectively.17

It should be mentioned that, for most of the batches in Table 1,
only one dilute sample from each batch at a concentration of
∼10-5 g/mL was used in the static laser light scattering to obtain
Mw and Rg. Because the samples are so dilute and A2 in eq 1 is
so small for PNIPAM in water,18 the difference between Mw
measured using only one dilute sample and that using a group

of samples is negligible. For larger particles, we fit the data to
the form

where P(q, R) ) [3/(q3R3)(sin(qR) - qR cos(qR))]2 is the form
factor for uniform spheres with radius R.

We used dynamic light scattering (DLS) to measure the time
correlation function of the scattered intensity g2(τ) as a function
of the decay time τ. The DLS measurements were made at a
scattering angle of θ ) 30° unless otherwise noted. The samples
were prepared by diluting the sphere dispersions to polymer
concentrations of 10-5 g/mL. The hydrodynamic radius 〈Rh〉 and
polydispersity of the samples were determined from analysis of
g2(τ) using either CONTIN19 or cumulant analysis.20 In general,
the particle size distributions were very narrow with relative
standard deviations of about 10%.

Thesoliddensityof theparticleswascalculated fromtheresults
of both static and DLS measurements. Previous studies have
shown that PNIPAM microgel particles are spherical.1,3 For
spherical particles with a narrow particle size distribution, the
solid density F can be calculated from the simple equation Mw
) 4/3πF〈Rh〉3NA.

Results and Discussion
Particle Characterization. Figure 1 shows the dis-

tribution of the hydrodynamic radii obtained by CONTIN
analysis of the DLS data for samples from batches 053
(triangles) and 038 (circles) at 25 (solid symbols) and 40
(open symbols) °C, below and above the LCST of PNIPAM,
which is typically around 33 °C. Below the LCST, the
distributions are characterized by average hydrodynamic
radii of 560 and 352 nm and small relative standard
deviations of about 10%. The average radius decreases by
a factor of 2.9, and the distributions become even narrower
as the temperature is increased.

We also probed the particle structures by comparing
the particle radii from the static measurements, which
measure the particle size on the basis of the refractive
index variations, and from the dynamic measurements,
which measure the particle size on the basis of the
hydrodynamic size. The ratios of Rg/〈Rh〉 are between 0.8
and 1 at 25 °C and between 0.65 and 0.8 at 40 °C for all
the particles measured, close to the theoretical value of
0.77 for uniform spheres.

(16) Zimm, B. H. J. Chem. Phys. 1948, 16, 1099.
(17) Gao, J.; Wu, C. Macromolecules 1997, 30, 6873.
(18) Gao, J.; Hu, Z. Langmuir 2002, 18, 1360.

(19) Provencher, S. W. Makromol. Chem. 1979, 180, 201; Comput.
Phys. Commun. 1982, 27, 229.

(20) Chu, B. Laser Light Scattering; Academic Press: Boston, 1991.

Table 1. Recipes for the Synthesis of Self-Cross-Linked
NIPAM Gel Microspheres in Water

synthesis
concentration

(in 100 g of solution)

batch
no.

T
(°C)

t
(h)

WNIPAM + WBIS
(g)

KPS
(mg)

nBIS/nNIPAM
(%)

062 39 ( 0.5 15 1.00 40 0
055 42.5 ( 0.5 15 1.00 40 0
054 48.5 ( 0.5 15 1.00 40 0
053 53.5 ( 1.5 5.5 1.00 40 0
040 61.5 ( 1.5 6.0 1.00 40 0
009 70 ( 1 4.0 1.00 40 0
038 76.5 ( 1.5 2.5 1.00 40 0
045 80.5 ( 0.5 2.5 1.00 40 0
051 89 ( 1 2.5 1.00 40 0

034 70 ( 1 4.0 0.10 40 0
039 70 ( 1 4.0 0.50 40 0
009 70 ( 1 4.0 1.00 40 0
050 70 ( 1 4.0 1.50 40 0

058 70 ( 1 4.0 1.00 5 0
047 70 ( 1 4.0 1.00 10 0
046 70 ( 1 4.0 1.00 20 0
009 70 ( 1 4.0 1.00 40 0
048B 70 ( 1 4.0 1.00 77 0
035 70 ( 1 4.0 1.00 160 0

009 70 ( 1 4.0 1.00 40 0
063 70 ( 1 4.0 1.00 40 1.0
064 70 ( 1 4.0 1.00 40 2.0
049 70 ( 1 4.0 1.00 40 5.0

KC
Rvv(q)

= 1
Mw

(1 + 1
3

Rg
2q2) + 2A2C (1)

Figure 1. Normalized hydrodynamic radius distribution of
self-cross-linked NIPAM microgels in water at 25 °C (solid
symbols) and 40 °C (open symbols) for batch 053 (triangles, C
) 4.87 × 10-5 g/mL) and batch 038 (circles, C ) 2.62 × 10-5

g/mL), as was measured by DLS at scattering angles of 12 and
15° for batches 053 and 038 at 25 °C and at 30° for both batches
at 40 °C.

KC
Rvv(q, R)

) 1
MwP(q, R)

(2)
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Influence of the Reaction Conditions. The forma-
tion of self-cross-linked gel nanospheres was investigated
systematically as functions of the reaction temperature
Tsyn, initial NIPAM monomer concentration CNIPAM, and
initial KPS initiator concentration CKPS.

The production of self-cross-linked microgels was first
investigated at different reaction temperatures, while the
initial concentrations of NIPAM and KPS were kept at 10
g/L and 400 mg/L, respectively. Different reaction times,
as are specified in Table 1, were used to ensure the
completion of the monomer conversion. Figure 2 shows
how the average hydrodynamic radius 〈Rh〉, molar mass
Mw, solid density F, and swelling ratio 〈Rh〉25°C/〈Rh〉40°C
change with the reaction temperature. The data can be
discussed in terms of three temperature regions, as are
shown separated by dashed lines in Figure 2: (I) Tsyn <
52 °C, (II) 52 < Tsyn < 78 °C, and (III) Tsyn > 78 °C. Only
in region II were the measured values of Mw at 25 and 40
°C consistent. In both of the other regions, the values of
Mw measured at 40 °C were higher than those measured
at 25 °C. We interpret the observation of higher Mw values
at 40 °C than at 25 °C as a sign of insufficient cross-
linking; it has been shown21 that, if cross-linking is
insufficient, free chains will pack or adsorb onto existing
gel spheres or associate to form aggregates when the
temperature is above the LCST but will dissociate below
the LCST, leading to a change in the average Mw of the
particles.

In region II, where the values of Mw measured below
and above the LSCT are consistent and we believe that
sufficient cross-linking has occurred, Mw, 〈Rh〉25°C, and
〈Rh〉40°C all decrease with an increasing reaction temper-
ature. The ratio of 〈Rh〉25°C/〈Rh〉40°C changes little in this

region, falling between 3.0 and 2.8. The high ratio of
〈Rh〉25°C/〈Rh〉40°C results in a large difference in the solid
density of the gel spheres below and above the LCST. The
solid density F of the gel spheres measured at 40 °C
decreases from 0.48 to 0.32 g/cm3 as the reaction tem-
perature is increased, whereas that measured at 25 °C
decreases from 0.023 to 0.013 g/cm3. Above 80 °C in region
III, these trends continue, except that the molar mass
measured at 40 °C is higher than that at 25 °C, indicating
that not all of the linear chains have been cross-linked.

At temperatures below about 50 °C, both the poly-
merization and the cross-linking rates were reduced. Batch
062, synthesized at 39 °C, showed only minimal evidence
of monomer conversion into polymers. The value of Mw
measured at 25 °C was only 1.4 × 105 g/mol, indicating
no gel particle formation. In batch 055, synthesized
between 42 and 43 °C, the Mw values were 3.9 × 106 and
6.2 × 107 at 25 and 40 °C, respectively, possibly indicating
minimal particle formation, where the different values of
Mw measured at the two temperatures again indicates
the packing or aggregation of free chains. Only in batch
054, synthesized between 48 and 49 °C, is there clear
evidence of stable particle formation by self-cross-linking;
here, the values for both Mw and 〈Rh〉 are high, though the
increase in Mw upon heating the solution to 40 °C indicates
some packing or aggregation of un-cross-linked polymer
chains. This lower limit for stable particle formation is
slightly lower than that reported by other authors.22

The influence of the monomer concentration CNIPAM on
self-cross-linking is shown in Figure 3 where 〈Rh〉, Mw, F,
and the ratio 〈Rh〉25°C/〈Rh〉40°C are plotted as functions of
CNIPAM for polymerization at the standard reaction tem-
perature of 70 °C and constant a CKPS of 400 mg/L. As

(21) Chan, K.; Pelton, R.; Zhang, J. Langmuir 1999, 15, 4018.
(22) Tam, K. C.; Wu, X. Y.; Pelton, R. H. J. Polym. Sci., Part A:

Polym. Chem. 1993, 31, 963.

Figure 2. (a) z-average hydrodynamic radius 〈Rh〉, (b) weight-
average molar mass Mw, (c) average solid density F, and (d)
reduced size 〈Rh〉25°C/〈Rh〉40°C of particles produced as a function
of the reaction temperature Tsyn at a constant initial CNIPAM of
10 g/L and an initial CKPS of 400 mg/L. The solid and open
symbols represent data taken at 25 and 40 °C, respectively.
The light scattering measurements were made on dilute samples
with C ∼ 10-5 g/mL. The dashed lines separate regions of
sufficient (II) and insufficient (I and III) cross-linking.

Figure 3. (a) 〈Rh〉, (b) Mw, (c) F, and (d) 〈Rh〉25°C/〈Rh〉40°C of
particles produced as a function of the initialCNIPAM at a constant
initial CKPS of 400 mg/L and a constant Tsyn of 70 °C. The solid
and open symbols represent data taken at 25 and 40 °C,
respectively. Light scattering measurements were made on
dilute samples with C ∼ 10-5 g/mL. The dashed line separates
regions of sufficient (right side) and insufficient (left side) cross-
linking.
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CNIPAM increases from 5 to 15 g/L, 〈Rh〉25°C, Mw, and F all
increase. The data for the molar mass for batch 039 made
with a CNIPAM of 5 g/L show insufficient self-cross-linking;
the dashed line on Figure 3 indicates that the threshold
for sufficient self-cross-linking lies between 5 and 10 g/L,
and we have not determined its precise location. At an
even lower CNIPAM of 1 g/L, no particles were observed.

The influence of the initiator concentration CKPS on self-
cross-linking was studied at a constant initial CNIPAM of
10 g/L and a constant reaction temperature Tsyn of 70 °C.
As is shown in Figure 4, 〈Rh〉25°C increases while Mw and
F both decrease with CKPS for the range of CKPS values
studied. At the lowest CKPS value used (50 mg/L in batch
058), a density of 0.042 g/cm3 was measured at 25 °C, the
highest value obtained for self-cross-linked swollen par-
ticles in this work; this value is higher than that observed
in BIS cross-linked gels.18 To the right of the dashed line
in Figure 4, a region of high CKPS is observed, where Mw
at 40 °C is higher than that at 25 °C, indicating that
insufficient self-cross-linking has occurred.

The trends observed in the data shown in Figures 2-4
can be discussed in terms of the ratio of free radicals to
monomers. In Figure 2, this ratio increases with the
temperature; while the total concentration of KPS is
constant, the number of free radicals available increases
with the temperature. In Figure 3, the ratio decreases as
CNIPAM is increased. The trends in these two figures are
then the same; 〈Rh〉25°C, Mw, and F all decrease as the ratio
of free radicals to monomers increases. The exception to
this behavior is shown in Figure 4, where the ratio
increases as CKPS increases; while both Mw and F decrease,
an increase in 〈Rh〉25°C is observed. This ratio also appears
to be important in defining the regions where sufficient
self-cross-linking occurs. The threshold for sufficient cross-
linking, as is indicated by a dashed line in both Figures

3 and 4, corresponds to a ratio of CKPS to CNIPAM of
approximately 0.06.

An explanation of these trends can be found in the
principles of surfactant-free emulsion polymerization and
colloidal stability.23 In surfactant-free conditions, an ionic
initiator such as KPS not only initiates polymerization
but also acts as the source of charge required to stabilize
the aggregate particles and a source of ionic strength.
When the KPS is added to the reaction mixture, it
dissociates into its ionic constituents, some of which
decompose into ionic free radicals SȮ4

-. The sulfate groups
are incorporated into the polymer chains, providing the
surface charge required to stabilize the particles. The
particles grow by association of PNIPAM chains until they
reach a surface potential ψ high enough to prevent further
association of the chains and coagulation between the
particles.

A few simple relations can be used to discuss the trends
observed in Figures 2-4 in the regions where effective
self-cross-linking occurs. An aggregate sphere of radius
R made up of Nc precursor chains, each having average
molar mass Mc and carrying some average number of
charged groups, will have a surface charge density per
particle σ given by

This relationship can be written in terms of Nc, Mc, and
the solid density of the aggregate Fa

because Mw ) NcMc ) 4/3πFaR3NA. The surface potential
ψ depends on the surface charge density σ and the Debye
screening length κ-1 and is given, approximately, by24

Because the Debye screening length is inversely propor-
tional to the square root of the concentration of the
screening ions [I], this equation can be rewritten as

Thechainswill aggregateuntil ψ is largeenoughtoprevent
further association. For cases where [I] is constant, the
surface charge density σ alone, as is given by eq 4, is
sufficient to determine when the particles reach their
stable sizes.

For the reaction batches shown in Figures 2 and 3, an
increase in the molar ratio of free radicals to monomers
leads to a decrease in Mc and an increase in the total
number of chains. From eq 4, a constant σ for smaller Mc
values also means that Nc, the average number of
associated chains inside each sphere, will be smaller. Here,
we have neglected changes in the aggregate density
because the association of the chains occurs at temper-
atures well above the LCST, where the aggregates exist
in a highly collapsed state. As a result of smaller Mc and
Nc values, the molar massMw should decrease significantly
as the ratio of free radicals to monomers is increased, as
is observed in the trends shown in Figures 2 and 3. A
careful examination of the density data shown in Figures
2 and 3 does reveal small decreases in the solid density
as the ratio of free radicals to monomers increases. An
important aspect of the particle formation is the incor-

(23) Gilbert, R. G. Emulsion Polymerization, a Mechanistic Approach;
Academic Press: London, 1995.

(24) Peach, S. Macromolecules 1998, 31, 3372.

Figure 4. (a) 〈Rh〉, (b) Mw, (c) F, and (d) 〈Rh〉25°C/〈Rh〉40°C of
particles produced as a function of the initial CKPS at a constant
initial CNIPAM of 10 g/L and a constant Tsyn of 70 °C. The solid
and open symbols represent data taken at 25 and 40 °C,
respectively. Light scattering measurements were made on
dilute samples with C ∼ 10-5 g/mL. The dashed line separates
regions of sufficient (left side) and insufficient (right side) cross-
linking.

σ ∝ Nc/R
2 (3)

σ ∝ Nc
1/3(Fa/Mc)

2/3 (4)

ψ ∝ σ/κ (5)

ψ ∝ σ/[I]1/2 (6)
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poration of the ionic groups SȮ4
- into the polymer chains

and polymer chain networks. As the ratio of free radicals
to monomers increases, the concentration of the covalently
bound ionic groups increases, leading to an increase in
the hydrophilicity of the particles. This results in a
decrease of the solid density F of the gel particles when
they are diluted, especially at temperatures below the
LCST. Both Figures 2 and 3 clearly show this trend. An
extreme case was seen in batch 034 where no particles
were observed; we believe that the weight ratio of KPS to
NIPAM was so high that the polymer chains were simply
too hydrophilic to associate in water even at 70 °C. As is
seen in both Figures 2 and 3, the particle size 〈Rh〉 tends
to decrease as the ratio of free radicals to monomers
increases, confirming that the change in Mw, rather than
the change in F, dominates the change in 〈Rh〉.

For the data shown in Figure 4, both the ratio of
decomposedKPStoNIPAMandthe ionic strength increase
as CKPS is increased. Again, we expect that an increase in
the molar ratio of free radicals to monomers should lead
to a decrease in Mc; however, the increasing ionic strength
will mean that a higher Nc, and hence Mw, is expected to
satisfy eq 6. Although in Figure 4 the trend of Mw is still
the same as that seen in Figures 2 and 3, the change of
Mw with CKPS is not as large as it would be if there were
no screening effect. This can be seen by comparing the
molar masses of the particles made with 15 g/L NIPAM
and 400 mg/L KPS (batch 050), as is shown in Figure 3,
to the trends of those at lower CKPS (batches 046 and 047),
as shown in Figure 4. The Mw values in Figure 4 for
concentrations below 400 mg/L KPS, corresponding to a
lower ionic strength, are lower. A decrease in 〈Rh〉 might
be expected to accompany this decrease in Mw, which is
not observed in Figure 4. However, the radius is measured
at a low concentration, where the surface charge is no

longer screened and a further swelling of the particles is
expected. The trends of an increasing radius and a
decreasing density with a higher CKPS are a consequence
of the incorporation of more charge into the particles.

These results can be compared to studies of the synthesis
of surfactant-free polystyrene nanospheres25 and PNIPAM
chain aggregates.21 In these studies, the volume of the
particles was observed to increase linearly with the initial
monomer concentration and polymer chain concentration,
respectively. The radii of the polystyrene nanospheres
were also observed to increase as the initiator (KPS)
concentration increased, but the change of Mw was not
recorded.

Cross-Linking Characterization. We investigated
the extent of self-cross-linking by using a standard
synthesis of PNIPAM gel spheres that includes the
addition of a standard cross-linker, BIS. In Figure 5, 〈Rh〉,
Mw, F, and 〈Rh〉25°C/〈Rh〉40°C are plotted for samples made
of 0, 1, 2, and 5 mol % BIS to NIPAM æBIS. As æBIS increases,
Mw and F increase, and the gel spheres become less swollen
at 25 °C. This is consistent with other work on PNIPAM
microgels and the idea that increased BIS cross-linking
leads to a higher gel density.9

Theoretically, it is possible to calculate the cross-linking
density in terms of the number of repeat units between
the neighboring cross-linking points, using the Huggins
parameter10,26 or other treatments.12 Here, we simply use
the solid density of the gel spheres at 25 °C as an indication
of the amount of cross-linking to estimate the extent of
self-cross-linking. We fit a function of the form

to the data points of Figure 5 for the solid density at 25
°C, where æo is the self-cross-linking contribution. We
obtained values of æo ) 0.25 ( 0.08, A (wt %) ) 2.9 ( 0.2,
and n ) 0.56 ( 0.04. This implies that, under standard
reaction conditions, self-cross-linking occurs at a rate
corresponding to æBIS ) 0.25 mol %.

Conclusions
Results of the systematic synthesis and light scattering

characterization of self-cross-linked PNIPAM microgels
have been presented. The particle size 〈Rh〉, molar mass
Mw, and solid density F of the gel spheres have been
investigated at 25 and 40 °C, below and above the LCST
of PNIPAM, respectively, as functions of the reaction
temperature Tsyn, initial monomer concentration CNIPAM,
and initial initiator concentration CKPS. We found suitable
ranges of Tsyn, CNIPAM, and CKPS in which effective self-
cross-linking can occur. In general, sufficient cross-linking
was observed in samples where the solid content was
greater than 30 wt % at 40 °C or 1.3 wt % at 25 °C. The
formation of self-cross-linked chain networks requires that
the local polymer chain concentration be high enough or,
equivalently, the distance between the neighboring chains
or chain segments be short enough so that there is a finite
probability of tert-C free-radical propagation or termina-
tion occurring. We observe that regions of insufficient
cross-linking correspond to regions where the molar ratio
of KPS to NIPAM is high so that the polymer chains are
highly charged and very hydrophilic; the exceptions are
the cases of low-temperature synthesis where very little
decomposed KPS is available for polymerization, let alone
cross-linking. For samples made under standard reaction

(25) Zhang, W. M.; Gao, J.; Wu, C. Macromolecules 1997, 30, 6388.
(26) Flory, P. J. Principles of Polymer Chemistry; Cornell University

Press: New York, 1953.

Figure 5. (a) 〈Rh〉, (b) Mw, (c) F, and (d) 〈Rh〉25°C/〈Rh〉40°C of
particles produced as a function of the initial molar ratio of BIS
to NIPAM (æBIS) at a constant initial CNIPAM of 10 g/L, constant
initial CKPS of 400 mg/L, and constant Tsyn of 70 °C. The solid
and open symbols represent data taken at 25 and 40 °C,
respectively. Light scattering measurements were made on
samples with concentrations C ∼ 10-5 g/mL. The dashed line
is a fit of eq 7 to the data.

F ) A(æBIS + æo)
n (7)
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conditions, ratios of CKPS to CNIPAM less than ∼0.06 are
required for the formation of self-cross-linked particles.
Comparison of data for self-cross-linked and BIS-cross-
linked gel spheres indicates that self-cross-linking under
standard reaction conditions occurs at a rate equivalent
to the addition of 0.25 mol % BIS. It is important to note
that the presence of intrinsic self-cross-linking under
standard reaction conditions means that the actual degree
of cross-linking that occurs in BIS-cross-linked particles
is systematically higher than previously thought. Con-
sistent with lower cross-linking, the swelling ratio for self-
cross-linked spheres is generally higher than that for BIS-
cross-linked spheres. The ratio of the radii 〈Rh〉25°C/〈Rh〉40°C
lies in a range between 2.8 and 3.0 and is generally highest
in regions where the solid content is the lowest.

In this work, neither surfactant nor cross-linker is
introduced. Only interchain self-cross-linking is involved
in the formation of polymer chain networks. As cross-
linker-free and surfactant-free particles, these slightly
cross-linked soft PNIPAM microgels are more closely

related to PNIPAM and may be used as standard particles
to study the PNIPAM chain and PNIPAM gel phase
transitions and the interactions between PNIPAM and
many other materials such as surfactants,27 salts,28 and
solvents.29 The particle size lies in a convenient and
tunable submicron size range, which is ideal for studying
the angular dependence of the scattered light, internal
motion,30 and other optical phenomena.
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