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ABSTRACT: The thermally responsive hydroxypropyl cellulose (HPC) microgels have been synthesized
and characterized. The microgel particles were obtained by chemically cross-linking collapsed HPC polymer
chains in water-surfactant (dodecyltrimethylammonium bromide) dispersion above the lower critical
solution temperature of the HPC. The size distributions of microgel particles, measured by dynamic light
scattering, have been correlated with synthesis conditions including surfactant concentration, polymer
concentration, and reaction temperature. The final microgel size is determined by the balance between
the hydrophobic interaction among HPC polymer chains and intermicelle electrostatic repulsion. The
swelling and phase transition properties of resultant HPC microgels have been analyzed using both static
and dynamic light scattering techniques as a function of temperature and cross-linker concentration. It
is found that the increase in the cross-linker concentration reduces the shrinkage extent. The dilute
HPC microgel particles (C < 1.0 × 10-5 g/mL) form a stable colloidal dispersion at room temperature and
at 44 °C (above the volume phase transition temperature), probably due to steric effects. Adding salt to
water leads to a decrease of the volume phase transition temperature of HPC microgels.

Introduction

Microgels are cross-linked colloidal particles that can
swell by the absorption of many times their weight of
solvent and exhibit a behavior ranging from that of
polymer solutions to that of hard spheres.1-4 Regarding
a dispersion of identical colloidal particles as a one-
component assembly of superatoms dispersed in a
continuous background, microgel systems lead the
fundamental study of modeling the transition from
liquid to crystal and from the supercooled liquid to the
glassy state of atomic fluids.4 From an application point
of view, the microgel particles can respond to the
environmental change much faster than bulk gels due
to much smaller size of the particles.5 Unusual proper-
ties of microgels lead to various applications including
the automotive surface coatings,6 the printing,7 and
controlled drug delivery.8,9

Many methods have been developed for preparing
micorgels, including emulsion polymerization,10 inverse
microemulsion polymerization,11 anionic copolymeriza-
tion,12 and cross-linking of neighboring polymer chains.13

Currently, thermally responsive microgels as repre-
sented by N-isopropylacrylamide (NIPA) have attracted
great attention due to their scientific importance and
technological applications.1 The NIPA microgel was first
synthesized by Pelton and Chibante in 1986.10 In their
study, the pre-gel solution of the NIPA monomer was
heated above the lower critical solution temperature
(LCST) of the NIPA polymer solution. The polymeriza-
tion of the NIPA monomers and cross-linking polymer
chains occurred simultaneously at the reaction temper-
atures above the LCST. Narrowly distributed NIPA
microgel particles were obtained with their swelling
properties similar to those of the bulk NIPA gel.14

In this paper, we report synthesis and study of
another important thermally responsive microgels
hydroxypropyl cellulose (HPC). Bulk HPC hydrogel
including homogeneous gel and porous gel have been

extensively studied before.15,16 The HPC gel collapses
and shrinks above the volume phase transition temper-
ature Tc around 43 °C but swells and expands below
Tc. In contrast to most synthetic gels that are made from
carcinogenic or teratogenic monomers, the HPC gels
comprise natural cellulose ether macromolecules ap-
proved by the United States Food and Drug Adminis-
tration (FDA) and thus have significant practical ad-
vantages over the synthetic gels.16 The chemical structure
of the HPC is shown in Figure 1.17

To our knowledge, however, synthesis of the HPC
microgels has not been reported. In contrast to previous
work on the NIPA microgel that started from NIPA
monomers, we demonstrated the process whereby HPC
chains in a surfactant solution were heated above the
LCST to give colloidal particles that were then cross-
linked to form microgel particles. In this paper, our
results will be divided into two parts. The first is to
discuss synthesis of HPC microgels that involved fun-
damental interaction between high molecular weight
polymer chains and surfactant. The second is to discuss
swelling properties and the volume phase transition of
HPC microgel particles as a function of temperature,
cross-linker concentration, and quality of solvent. Light
scattering techniques have been used for both monitor-
ing microgel formation and characterizing the microgel
particles. Such techniques have been widely used to
study various microgels.18,19* To whom the correspondence should be addressed.

Figure 1. Chemical structure of the HPC polymer.
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Experimental Section

Materials. Dry hydroxypropyl cellulose (HPC) powder
(average Mw ) 1 × 106), dodecyltrimethylammonium bromide
(DTAB), divinyl sulfone (DVS), sodium hydroxide (NaOH)
pellets, and sodium chloride (NaCl) were purchased from
Aldrich Chemical Co. The substitution level of the HPC
polymer for this study was MS ) 3.9, where MS is the average
number of molecules of propylene oxide combined per anhy-
droglucose unit. Deionized and distilled water was used
throughout.

HPC Microgel Synthesis. HPC hydrogel nanoparticles
were synthesized using an emulsion method. A 0.1 wt % HPC
aqueous solution was prepared as follows: 0.1 g of HPC powder
was dispersed in 99.9 g of aqueous sodium hydroxide solution
(pH ) 12) by gentle stirring for a period of 4-6 days until
HPC powder was thoroughly hydrolyzed. A 0.475 g sample of
dodecyltrimethylammonium bromide (DTAB) was added to 100
g of 0.1 wt % HPC solution, and the solution was stirred for
60 min. Then 0.04 g of cross-linker divinyl sulfone (DVS) was
added to the HPC solution. After mixing completely, the 0.1
wt % HPC solution was heated to about 55 °C. Then the color
of the HPC solution changed from clear to light blue, indicating
the formation of nanoparticles. The reaction lasted for 1 h at
about 55 °C. The resultant microgels were dialysized four
times or more to remove the surfactant and NaOH. The same
procedure was used to prepare the microgels in 0.15, 0.2, 0.3,
0.4, and 0.5 wt % HPC solutions at different surfactant
concentrations and at different reaction temperatures. The
cross-linking mechanism is given as follows:20

Static and Dynamic Light Scattering Characteriza-
tion. A commercial laser light scattering (LLS) spectrometer
(ALV/DLS/SLS-5000) equipped with an ALV-5000 digital time
correlator was used with a helium-neon laser (Uniphase
1145P, output power of 22 mW and wavelength of 632.8 nm)
as the light source. The incident light was vertically polarized
with respect to the scattering plane, and the light intensity
was regulated with a beam attenuator (Newport M-925B). The
scattered light was conducted through a very thin (∼ 40 µm
in diameter) optical fiber leading to an active quenched
avalanche photodiode (APD), the detector. As a result, the
coherent factor â in dynamic laser light scattering was about
0.98. The avalanche photodiode had a sensitivity 2 orders
higher than that of a normal photon multiplier (PM) tube,
while its dark count increased no more than 10 times. Thus,
a 22 mW laser could have a measured count rate similar to a
400 mW laser for a normal PM tube.

In static LLS, the angular dependence of the excess absolute
time-averaged scattered intensity, known as the excess Ray-
leigh ratio Rvv(q), was measured. For a dilute solution with a
concentration C (g/mL), Rvv(q) measured at a relatively small
scattering angle θ can be written as21

where K ) 4πn2(dn/dC)2/(NAλ0
4) and q ) (4πn/λ0) sin(θ/2) with

NA, dn/dc, n, and λ0 being Avogadro’s number, the specific
refractive index increment, the solvent refractive index, and
the wavelength of light in a vacuum, respectively; Mw is the
weight-average molar mass, A2 is the second-order virial
coefficient, and 〈Rg

2〉z
1/2 is the root-mean-square z-average

radius of gyration.
In dynamic LLS, the intensity-intensity-time correlation

function G(2)(t,q) in the self-beating mode was measured and
can be expressed by21

where t is the decay time, A is a measured baseline, â is the
coherence factor, and g(1)(q,t) is the normalized first-order
electric field time correlation function E(t,q) and is related to
the line-width distribution G(Γ) by

G(Γ) can be obtained from the Laplace inversion of g(1)(q,t).
g(1)(q,t) was analyzed by a cumulant analysis to get the average
line width 〈Γ〉 and the relative distribution width µ2/〈Γ〉2. The
extrapolation of Γ/q2 to q f 0 led to the translational diffusion
coefficient (D). Further, G(Γ) can be converted to the transla-
tional difffusion coefficient distribution G(D) and to the
hydrodynamic radius distribution f(Rh) by using the Stokes-
Einstein equation

where kB, T, and η are the Boltzmann constant, the absolute
temperature, and the solvent viscosity, respectively. The
dynamic light scattering experiments were performed at the
scattering angle θ ) 90°. We have carried out a typical
measurement on HPC nanoparticles with their radii about 320
nm in water at room temperature and found that when the
scattering angle was changed from 90° to 20°, measured
particle size increased about 20% and the size distribution
became narrower. Using a smaller scattering angle (<90°)
could make the measurements more accurate, but it will not
significantly affect the trends of the results.

Results and Discussion
A. Synthesis of HPC Microgels. The LCST of 0.1

wt % HPC increases with surfactant concentration as
shown in Table 1. It is known that the pure HPC is more
soluble in water at the temperatures below LCST (∼41
°C) than it is at the temperatures above the LCST. This
phase transition phenomenon may be explained by
assuming that there are a number of equilibrium bond
configurations for the propylene oxide moiety.22-24 Each
propylene oxide moiety in HPC comprises two C-O
bonds and two C-C bonds. At low temperatures in polar
solvents, oxygen atoms preferentially maintain a gauche
orientation about C-C bonds and a trans configuration
about C-O bonds.22-24 This particular bond conforma-
tion has a relatively large dipole moment. If the tem-
perature is increased or the solvating environment
becomes less polar, then bond conformations that have

Table 1. Synthesis Conditions,a Average Radii 〈Rh〉, and Polydispersity Index (µ2/Γh2) of HPC Microgels

0.1 wt % HPC
(mL) DTAB (cmc*) DVS (g)

reaction T
(LCST) (°C) reaction time (h)

colloidally
stable 〈Rh〉 (nm) µ2/Γh2

100 1.0 0.04 55 1 yes 182 0.308
100 1.2 0.04 61 1 yes 179 0.204
100 1.5 0.04 64 1 yes 178 0.178

a The reaction occurred at the lower critical solution temperature (LCST) of 0.1 wt % HPC solution at various surfactant DTAB
concentrations. cmc* is the critical micelle concentration, 1.54 × 10-2 mol/L, of surfactant DTAB in pure water at 25 °C.

G(2)(t,q) ) 〈I(t,q) I(q,0)〉 ) A(1 + â|g(1)(q,t)|2) (2)

g(1)(t,q ) ) 〈E(t,q) E*(0,q)〉 ) ∫0

∞
G(Γ)e-Γt dΓ (3)

Rh )
kBT

6πηD
(4)

KC
Rvv(q)

= 1
Mw

(1 + 1
3

〈Rg
2〉z q2) + 2A2C (1)
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a less dipolar moment may become more favorable. The
dipole moment of the propylene oxide moieties may be
reduced to such an extent that phase separation
occurs.22-24

After introducing cationic surfactant DTAB into non-
ionic HPC polymer in water, surfactant molecules self-
assemble on the polymer chains, forming aggregates
when a critical aggregation concentration is reached.25

These aggregates are smaller in size than micelles. As
more surfactant molecules accumulate on the HPC
linear polymer, the micelles formed eventually. When
the surfactant concentration exceeds the cmc, which is
the critical micelle concentration (1.54 × 10-2 mol/L) of
DTAB in pure water at 25 °C,26 the number of absorbed
surfactant aggregates increases. The polymer chains
attached with surfactant micelles become more hydro-
philic due to the interaggregate electrostatic repulsion.
As a result, the LCST of the HPC dispersion increases
with surfactant concentration.

It is found that HPC polymer chains in water-
surfactant solution can collapse into colloidal particles
at the LCST for DTAB surfactant concentrations rang-
ing from 1 cmc to 1.5 cmc. Below 1 cmc, only very large
particles (∼10 µm) were observed. The collapsed poly-
mer chains were stabilized by the charges on surfactant
micelles that are attached on the polymer chains. Then
collapsed HPC polymer chains in each colloid were
chemically cross-linked by divinyl sulfone and formed
microgel particles. Figure 2 shows hydrodynamic radius
distributions (f(Rh)) of HPC microgels (C ) 8.94 × 10-6

g/mL) in deionized water at 25 °C. These particles were
prepared in 0.1 wt % HPC solution with various DTAB
concentrations at the LCST that corresponds to each
DTAB concentration. In the surfactant concentration
range studied, the average radii 〈Rh〉 of the microgels
were about the same. However, the radius distribution
f(Rh) becomes narrower with the increase of the surfac-
tant concentration. This phenomenon could be due to
the formation of more micelles in higher surfactant
concentrations. The more charged micelles, the stronger
the electrostatic repulsion. This helps to stabilize the
colloidal dispersion and make the particle size distribu-
tion narrower.

Let us now discuss microgel formation as a function
of HPC polymer concentration. In this experiment, the
HPC concentration varied from 0.1 to 0.3 wt %, while
the DTAB concentration and the reaction temperature

were fixed at 1 cmc and 55 °C, respectively. Figure 3
shows hydrodynamic radius distributions (f(Rh)) of HPC
microgel particles (C ) 8.94 × 10-6 g/mL) in deionized
water at 25 °C. The average radius 〈Rh〉 of the microgels
becomes larger, and its distribution becomes broader
with the increase of HPC concentration. This result may
be explained in terms of interaction of surfactant DTAB
with HPC. As the HPC concentration increases, the
average number of absorbed surfactant aggregates on
each HPC polymer chain should decrease, reducing the
interaggregate electrostatic repulsion force. This causes
HPC linear chains to become more aggregated at higher
HPC concentration. Thus, the average radius 〈Rh〉 of the
nanoparticles increases, and its distribution becomes
broader.

The reaction temperature plays an important role for
the formation of the HPC microgel particles. Figure 4
shows hydrodynamic radius distributions (f(Rh)) of HPC
microgel particles (C ) 8.94 × 10-6 g/mL) in deionized
water at 25 °C. These particles were made at various
reaction temperatures in 0.1 wt % HPC solution and at
1 cmc DTAB concentration. The reaction temperature
at which microgels formed is in a small range within
about 3 deg above the LCST, which is 55 °C for this
dispersion. Below the LCST, we did not observe forma-
tion of HPC nanoparticles. In this range studied, as the
reaction temperature increases, the average radius of
the resultant microgels becomes larger and the radius
distribution becomes broader.

Figure 2. Hydrodynamic radius distributions (f(Rh)) of HPC
microgel particles (C ) 8.94 × 10-6 g/mL) in deionized water
at 25 °C. These particles were prepared in 0.1 wt % HPC
solution at various DTAB concentrations. Here the cmc is the
critical micelle concentration of DTAB in pure water at 25 °C
and equals 1.54 × 10-2 mol/L.

Figure 3. Hydrodynamic radius distributions (f(Rh)) of HPC
microgel particles (C ) 8.94 × 10-6 g/mL) in deionized water
at 25 °C. These particles were prepared with various HPC
concentrations at 1 cmc DTAB and at the reaction temperature
55 °C.

Figure 4. Hydrodynamic radius distributions (f(Rh)) of HPC
microgel particles (C ) 8.94 × 10-6 g/mL) in deionized water
at 25 °C. These particles were made at various reaction
temperatures in 0.1 wt % HPC solution and at 1 cmc DTAB
concentration.
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The reaction temperature-dependent size of the mi-
crogels is related to the HPC hydrophobicity and the
interaction of surfactant with the HPC. As the reaction
temperature just reached LCST, the aggregated HPC
chains can form stable nanoparticles due to intermicelle
electrostatic repulsion. With the increase of reaction
temperature above the LCST, the driving force of
polymer-polymer aggregation increases. On the other
hand, the interparticle electrostatic repulsion increases
as particle size increases. As a result, more HPC chains
aggregate to form larger particles until the new equi-
librium between the hydrophobic interaction and inter-
micelle electrostatic repulsion is reached.

B. Characterization of HPC Microgels. The swell-
ing properties of HPC microgels were characterized
using light scattering techniques after exhaustive di-
alysis to wash out surfactant and residue chemicals. The
HPC microgels undergo a volume phase transition in
water from a swollen state to a collapsed state as the
temperature increases. The driving forces for the thermal-
sensitive volume phase transition were considered to
be a balance between the hydrophilic and hydrophobic
interactions of inter- and intrapolymer chains.

We first discuss the volume phase transition of HPC
microgels at various cross-linker concentrations. The
volume phase transition temperature, Tc, is defined as
the one that causes the sharpest rate of the change in
gel volume. The average hydrodynamic radius is plotted
as a function of temperature as shown in Figure 5.
Although up to 20 wt % of cross-linker relative to the
HPC is used during synthesis, solubility properties of
the linear HPC polymer are expected to dominate the
gel swelling behavior. The average molar mass of the
segment between two neighbored cross-linking points,
Mh c, is inversely proportional to the cross-linking con-
centration. As a result, the degree of swelling at room
temperature and the size change below and above Tc
decrease with the increase of the cross-linking concen-
tration. It is noted that the effective cross-linker con-
centration that actually contributes to the formation of
the network is expected to be smaller than the one that
was used in the polymerization process. This may be
the main reason that the size contraction (about a factor
2 in Figure 5) is quite large when one considers the
fairly high degrees of cross-linkers.

We then discuss the size distribution of microgels
below and above Tc. The plot of inverse of the time-
averaged scattered intensity I-1 versus the square of

wavevector, q2, is shown in Figure 6 for the microgel
dispersion of concentration 8.94 × 10-6 g/mL in water
and the weight ratio of polymer to cross-linker of 10 wt
%. The extrapolation of q2 to q f 0 led to the same
intercept at θ ) 0. This indicates that the microgels are
still stable at 44 °C, which is above Tc. It is noted that
the HPC microgels have no electric charge in its surface,
in contrast to the NIPA microgels. Although the NIPA
polymer does not have charges, the NIPA microgel
particles have charges, which are sulfate and carboxyl
groups that originate from the ionic free radical polym-
erization initiator.1 Thus, stabilization of the HPC
microgels at T > Tc is different from that of the NIPA
microgels. The stability of the HPC microgel particles
could be due to the steric interactions between these
particles. The steric interaction produces the energy
barrier to prevent microgels from aggregation at the
temperatures higher than Tc.27

Figure 7 shows intensity autocorrelation functions
and corresponding hydrodynamic radius distributions
(f(Rh)) of the HPC microgels of concentration of 8.94 ×
10-6 g/mL in deionized water at 25 and 44 °C, respec-
tively. At 25 °C, the size distribution is very broad. This
may be attributed to the relative broad length distribu-
tion of the tangling HPC chains on the particle surface.
Since the cross-linking was directly performed on the
long polymer chains that have an average molecular
weight of about 1 000 000, the variation of the length
of the surface tangling chains could be quite large. As
the microgels were heated above Tc, the loose surface
tangling chains collapse, resulting in a narrower particle
size distribution.

The salt effect on the phase transition temperature
of a dilute HPC microgel dispersion was also investi-
gated. Figure 8 shows the average hydrodynamic radius
〈Rh〉 as a function of temperature for HPC microgel
particles (C ) 8.94 × 10-6 g/mL) in water and in 0.9 wt
% NaCl solution (0.15 mol L-1, physiological ionic
strength). Tc is about 41 °C for the microgels in pure
water, while it is about 39 °C for the microgel in 0.9 wt
% NaCl. The decrease of Tc with addition of NaCl may
be because inorganic ions form hydrates through ion-
dipole interactions.28 The disturbance of water structure
by adding NaCl in HPC dispersion induces contact
between HPC polymer chains, causing the decrease of
Tc of HPC microgels. Combining the temperature-
responsive volume change, the suitable transition tem-
perature around 39 °C under the physiological condition
that corresponds to the temperature as a person gets a

Figure 5. Average hydrodynamic radius 〈Rh〉 of HPC microgel
with different cross-linking density changes as a function of
temperature in deionized water. The microgels with 10 wt %
cross-linking density were prepared in 0.5 wt % HPC solution
at 1.5 cmc DTAB and at the reaction temperature 65 °C. This
same batch of microgels was also used in Figures 6-8.

Figure 6. Inverse of time-averaged scattered intensity I-1 vs
wave vector square q2 of HPC microgel particles in deionized
water at 25 and at 44 °C. The solid lines are the least-squares
fit to the data.
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fever, biocompatibility of the HPC, and uniformed and
small size, the HPC microgels could be particularly
useful in controlled drug delivery applications.

Conclusion
HPC microgels have been synthesized for the first

time by chemically cross-linking hydroxypropyl cellulose
(HPC) linear macromolecules. The controllable synthe-
sis parametersssurfactant concentration, HPC concen-
tration, and reaction temperatureswere varied to de-
termine the effects on the size and size distribution of
the microgels as monitored using laser light scattering
techniques. It is found that the microgels can form only
above the cmc of the DTAB surfactant at the LCST. As
the HPC concentration increases from 0.1 to 0.3 wt %,
the size distribution becomes significantly broader.
Furthermore, the reaction temperature plays an impor-
tant role for the size distribution: upon the increase of

the temperature above the LCST, the particle size
increases quickly. The formation of microgels may be
explained by the balance between hydrophobic interac-
tion between HPC polymer chains and intermicelle
electrostatic repulsion. The swelling and phase transi-
tion properties of the resultant HPC microgels are
analyzed using both static and dynamic light scattering
techniques as a function of temperature at various cross-
linker concentrations. It is found that the increase in
the cross-linker density reduces the shrinkage extent
and increases the transition temperature. The dilute
HPC microgel particles with concentration of 8.94 ×
10-6 g/mL form a stable colloidal dispersion at room
temperature and at 44 °C (>Tc), probably due to steric
effect. In the aqueous solution of physiological salt
concentration, the phase transition of the HPC micro-
gels occurs at about 39 °C, which corresponds to a fever
temperature of the human body. Combining the tem-
perature-responsive volume change, biocompatibility of
the HPC, and uniform and small size, the HPC micro-
gels could be particularly useful in controlled drug
delivery applications.
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Figure 7. (a) Intensity autocorrelation functions of the HPC
microgel in deionized water at 25 and 44 °C. (b) Corresponding
hydrodynamic radius distributions (f(Rh)) of the samples.

Figure 8. Average hydrodynamic radius 〈Rh〉 of HPC micro-
gels changes as a function of temperature in deionized water
and in 0.9 wt % NaCl aqueous solution.
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