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Abstract A new synthetic protocol for the synthesis of
large diameter (2.5 to 5 um), temperature-, and pH-
responsive microgels via aqueous surfactant-free radical
precipitation copolymerization is presented. We have found
that in this size range, which is not typically attainable
using traditional dispersion polymerization approaches,
excellent monodispersity and size control are achieved
when the synthesis employs a programmed temperature
ramp from 45 to 65 °C during the nucleation stage of the
polymerization. A combined kinetic and thermodynamic
hypothesis for large particle formation under these con-
ditions is described. Particle sizes, volume phase transition
temperatures, and pH responsivity were characterized
by particle tracking and photon correlation spectroscopy
to illustrate their similar behavior to particles made via
more traditional routes. These particles have been enabling
for various studies in our group where microscopic
visualization of the particles is required.

Keywords Temperature-programmed synthesis - Multi-
responsive microgels - Micron-size particles - Colloidal
crystals - Particle tracking - Photon correlation spectroscopy

Introduction

Microgel particles are spherical polymeric networks swol-
len by a good solvent and range in size from the submicron
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to the micron regime [1-7]. There are several microgel
compositions that demonstrate stimuli-sensitive behavior,
whose physiochemical properties may be affected by
temperature [8—11], pH [12—15], ionic strength [16-20],
analyte interactions [21-24], and applied external fields
[25, 26]. A number of groups have illustrated the potential
utility of microgels in rheology modifiers [27, 28], photonic
crystals [29-33], wound repair catalysts [34], microlenses
[22-24], biosensors [23, 35-37], drug delivery vehicles [21,
38—42], and functional membranes [42, 43]. Commonly, the
utility of microgels for a variety of applications depends on
controlling the resultant size of the particles while main-
taining low size polydispersities. Particle dimensions may
also have a role in microgel responsivity since the rate of
the volume phase transition increases with decreasing size
[44].

Our group has employed surfactant-free precipitation
polymerization of thermo/pH responsive materials to
produce a variety of monodisperse and responsive particles.
For example, 500 nm or smaller diameter microgels were
produced by the precipitation polymerization of poly(N-
isopropylacrylamide-co-acrylic acid) (pNIPAm-AAc) at
~70 °C [11]. The addition of increased concentration of
an ionic surfactant in the synthetic scheme afforded further
reduction of particle size to the sub-100-nm range (i.e.,
nanogels). These nanogels may enable future drug delivery
applications since materials of this size regime can be
transported through the cell membrane via endocytosis, for
example. Furthermore, bioconjugation of the nanogels may
allow additional functionality at the biological interface
[45]. In addition to drug delivery vehicles, our group has
developed microlenses for biosensing [23, 24] and has also
fabricated colloidal crystals composed of responsive micro-
gels [29, 33]. Optical microscopy has been employed to
assess microgel behavior in these studies, as investigations
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of microlens response or colloidal crystal structure benefit
tremendously from direct inspection of the particles [23, 46,
47]. To enable such studies, larger particles than those
attainable via typical dispersion polymerization approaches
(e.g., sizes >2.5 um in diameter) were required. In addition,
it was important that the range of temperature- and pH-
responsive polymers typically used was conserved in this
approach.

In this investigation, we describe the aqueous synthesis
of large (2.5 to 5 pm), multi-responsive, monodisperse
microgel particles composed of N-isopropylacrylamide
(NIPAm) or N-isopropylmethacrylamide (NIPMAm) and
acrylic acid (AAc) via temperature-ramp surfactant-free
radical precipitation polymerization. This approach affords
particles with properties that have been ideal for our
microlensing and crystallization studies, suggesting that
they may be useful for other applications where many-
micron colloidal particles would be preferred over submi-
cron-sized counterparts.

Experimental

Materials The monomers NIPAm (TCI) and NIPMAm
(Aldrich) were purified by recrystallization from n-hexane
(J. T. Baker). AAc (Fluka), N,N’-methylene (bisacrylamide)
(BIS, Aldrich) and ammonium persulfate (APS, Aldrich)
were used as received. Water for polymerizations, purifica-
tion, and dispersion preparations was distilled, deionized to
a resistance of 18 MQ-cm (Barnstead E-Pure system), and
filtered through a 0.2-um filter to remove particulate matter.

Synthesis of large microgel particles Microgels composed
of p(NIPAm-co-AAc) or p(NIPMAm-co-AAc) with a size
above 2.5 pum were synthesized via temperature-ramp,
surfactant-free, radical precipitation polymerization. In a
typical synthesis, the monomers NIPAm (1.8 g) and AAc
(0.2 g) and the cross-linker BIS (0.06 g) were dissolved in
100 mL of distilled, deionized water and filtered through a
0.2-um filter to remove particulate matter. Deionized water
(25 mL) was used to transfer and wash throughout
filtration. After delivering the monomer solution to a
250 mL three-neck round-bottom flask via a 20-mL syringe
with a 0.2-um in-line filter, the flask was equipped with a
thermometer, condenser/N, outlet, stir bar, and a N, inlet.
The reaction system was purged with N, for 1 h while
equilibrating to a temperature of 45 °C. The monomer
solution (125-mL volume) was then maintained at 45 °C for
15 min at a stir rate of 450 rpm. A 5-mL aliquot of a
0.078 M aqueous solution of the initiator APS was
delivered to the monomer solution via a 5-mL syringe with
a 0.2-um inline filter to initiate the polymerization.
Immediately following initiation, a temperature ramp from
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45 to 65 °C was applied to the solution at a ramp rate of
30 °C/h. Following completion of the ramp, the polymer-
ization was allowed to proceed overnight at 65 °C. After
polymerization, the resulting turbid reaction product was
filtered through glass wool to remove a small amount of
coagulum [2].

Microgel particle purification Microgels were purified by
centrifugation to separate unreacted monomers, oligomers,
and initiator from the microgels. The synthesis product was
separated at a relative centrifugal force of 15,422xg for 1 h,
followed by removal of the supernatant and re-dispersion of
microgel pellets by shaking with fresh deionized water. The
centrifugation and re-dispersion process was repeated four
times. After purification, the microgel dispersion was
lyophilized at —42 °C under 40x 10> mbar for 48-72 h.
The freeze-dried product was a hygroscopic white powder.

Photon correlation spectroscopy Temperature-programmed
photon correlation spectroscopy (PCS; Protein Solutions,
Inc.) was used to determine the mean particle sizes and
particle size distributions for 0.01 wt.% of microgel
particles in pH 3.0 aqueous buffer using a laser with
wavelength of 690 nm. This technique has been applied
extensively to the characterization of microgel particles, as
it allows for in situ size characterization of soft or solvent
swollen particles that cannot be reliably characterized by
electron microscopy due to deformation and/or dehydration
under vacuum [11]. The dispersed particles in water were
allowed to equilibrate thermally for 60 min before measure-
ments were taken at each temperature. In the data presented
below, each data point at a given temperature represents the
average value of 20 measurements, with a 10-s integration
time for each measurement. Hydrodynamic radii of the
particles were calculated from diffusion coefficients using
the Stokes—Finstein equation. All correlogram analyses
were performed using manufacturer-supplied software
(Dynamics v.5.25.44, Protein Solutions, Inc.). The intensi-
ty—intensity autocorrelation function G®(g,f) in the self-
beating mode was measured with a Protein Solutions
DynaPro 256-channel digital correlator.

G2(q,0) = 4[1 +Blg (g, 0 1)

where g=(47tn/\y)sin(0/2) with n, Xy, and 6 being the
solvent refractive index, the wavelength of light in vacuo,
and the scattering angle, respectively; ¢ is the delay time, 4
the measured baseline, B the coherence factor, and g"(¢,7)
the normalized electric field time correlation function. With
Laplace inversion of g'"(g,f), the translational diffusion
coefficient, D, and its distribution could be obtained. The
hydrodynamic diameter can then be deduced from Stokes—
Einstein equation (vide infra). Note that the upper limit of
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particle diameter for PCS measurement is about 2.5 pm;
particles with diameter larger than 2.5 um do not give an
autocorrelation function that can be statistically correlated
with the diffusion coefficient. This is largely due to the low
number density of particles in the scattering volume, which
results in a significant contribution to the scattering signal
from number density fluctuations [2, 48].

Preparation of microgel dispersions Aqueous buffers were
prepared using recipes from buffer calculator developed by
R. Beynon at the University of Liverpool [49]. The
microgel dispersions were prepared by first dispersing
approximately 10 mg pNIPAm-AAc powder in 10 g of
distilled, deionized water and shaking for 1 week to obtain
a 0.1-wt.% dispersion. A 250-puL aliquot of the 0.1-wt.%
dispersion was then diluted to a concentration of 0.01 wt.%
in aqueous buffer. The pH values with errors were
measured to +0.1 units with a pH meter (pH 430, Corning
Corp.) with an Accumet probe (Cole-Palmer). The ionic
strength was controlled by adding the appropriate amount
of NaCl, as determined from the buffer calculation. Because
ionic strength is proportional to the conductivity, the ionic
strength of pH buffers was determined by measuring the
conductivity of corresponding pH buffers. The conductivity
was measured with a Pinnacle 541 conductivity meter
(Coming Corp.) with a “3 in 1” Combo w/RJ probe
(Corning Corp.). Conductivity values for all aqueous
buffers were 1.48+£0.20 mS/cm. For microsopic visualiza-
tion, the dilute dispersions were introduced into 5.0x2.0x
0.1 mm Vitrotube™ rectangular capillaries (Fiber Optic
Center, Inc.) by capillary force at room temperature and
then sealed with Epoxy Putty™ (ITW Devcon®) resin.

Tracking particles by video microscopy Brightfield images
(transmission mode) were obtained with an inverted
Olympus IX-71 microscope equipped with a %100 oil
immersion objective and Andor™ LUCA electron multi-
plying charge-coupled device camera. The sample temper-
ature was controlled with a temperature stage (Physitemp)
as well as an objective heater (Bioptechs) to within +0.1 °C.
Typically, after thermal equilibration for 60 min, the images
were recorded at the middle layer of microgel assemblies,
~50 um away from both upper and lower walls to minimize
perturbations from the glass surface. Andor™ iQ 3.0
software were used to monitor and record the motion of
microgels at a recording rate of 30 frames/s. To enable
quantification of particle motion, the microgel positions in
an image time series acquired via video microscopy [46]
were analyzed using a modified version of the particle
tracking code originally developed by Crocker and Grier
[50] in the IDL 6.0 (Research System, Inc.) programming
environment, as described previously [33, 51]. A particu-
larly illustrative means for presenting the dynamics of

microgel particles in those phases is through a double
logarithm plot of the microgel mean squared displacement
(MSD) vs. lag time (7). The MSD of colloidal particles in
an ensemble is given by

MSD(2) = ([n(t + ) ~ (o)) )
where r(?) is the position vector of the ith particle at time ¢,
7 is the lag time, and ();, indicates the spatial average over
the ensemble of particles as well as all starting times ¢. In
the colloidal gas regime, where particle motion is purely
diffusive and interactions between particles are minimal,
the MSD should be proportional to lag time

MSD(7) = 2dDz (3)

where d is the dimensionality of the displacement vectors
and D is the translational self-diffusion coefficient of
microgel particles. Very dilute (0.01 wt.%) microgel
suspensions were tracked by video microscopy to obtain
linear MSD vs. 7 plots; because dilute dispersion exhibit
unhindered diffusion, the translational self-diffusion coeffi-
cient D could be extracted from the slope of this plot by
using Eq. 4.

~ dMSD(r)
D="——== / 2d (4)

Combining this with the Stokes—FEinstein equation,

kT
 dnong

(5)

yields an expression from which the hydrodynamic diam-
eter (o) in the dilute regime can be obtained

2kgT
dMSD(7) (6)
[ —

o =

where kg is Boltzmann constant, 7" absolute temperature,

sz?(T) the slope of the linear MSD vs. 7 plot, and 7y the

intrinsic viscosity of solvent.

Fluorometry The volume phase transition temperature
(VPTT) value for both pNIPAm-AAc and pNIPMAm-
AAc microgels was measured from turbidity curves
collected on a steady-state fluorescence spectrophotometer
(Photon Technology International), equipped with a Model
814 PMT photon-counting detector. All turbidity experi-
ments were performed at pH 3.0 (10 mM ionic strength).
Scattering was measured at 600 nm, and a temperature
ramp was typically set from 25 °C to a maximum of 50 °C
for all measurements. A ramp rate of 0.25 °C/min was used,
data were collected with an integration time of 1 s per
point.
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Results and discussion

The hydrodynamic diameter calculation of large microgel
particles is described above. Generally, the large microgel
particles are colloidally stable in a buffer over a wide pH
range due to the electrosteric interactions between particles
[52], even though they are fairly sticky to glass surfaces,
presumably due to hydrogen bonding interactions [33]. In
the particle tracking approach, digital video microscopy
was used to obtain a series of images with temporal and
spatial information of microgel particles diffusing in the
focus plane. To balance the irreversible attachment of some
particles on the inner wall of borosilicate rectangular
capillaries with the thermal equilibrium of particles in the
bulk dispersions [33], images were acquired 30 min
after sample preparation. Figure la and c shows the
microscopy images and trajectories of large pNIPAm-AAc
and pNIPMAm-AAc microgel particles (0.01 wt.% poly-
mer in pH 3.5 buffer, ionic strength of 10 mM), where
bright particles (circled) are within the focal plane.
Figure 1b and d shows the trajectories of pNIPAm-AAc
and pNIPMAm-AAc particles, respectively, obtained by
quantitative image analysis of movies taken by video
optical microscopy [50]. The mismatch between particle
trajectories and the microscope images is attributed to the
motion of some particles in and out of the focal plane over
the course of the measurement. The trajectories of these

particles are purely diffusive, and no interaction between
particles is observed in these dilute microgel dispersions. The
particle sizes can be extracted by the particle-tracking
algorithm combined with Stokes—Einstein equation shown
above, which gives a hydrodynamic diameter of approximate-
ly 3.0+0.2 um for pNIPAm-AAc microgels and 2.6+0.2 pm
for PNIPMAm-AAc microgels, respectively (in pH 3.5 buffer
at 20.0 °C) ,whereas PCS does not give a reasonable
measurement of particle size for such large microgel particles.

Figure 2a shows the change of average particle size vs.
pH. Our characterization utilized particle tracking routines
for in situ determination of the hydrodynamic diameters of
larger microgel particles in aqueous buffer. It was not
possible to determine pH responsivity by PCS since particle
number densities within the scattering volume change
drastically for such large sizes at 20 °C. As a result, the
scattering intensities by PCS do not statistically correlate
with the diffusion coefficients and hydrodynamic diameters
of particles could not be determined. A notable exception
was for measurements made at pH 3.0. In pH 3.0 buffer at
20 °C, tracking algorithms resulted in a calculated
hydrodynamic diameter of approximately 2.7+0.2 um,
slightly larger than particle size measured by PCS, 2.5+
0.2 um. The error bars in Fig. 2a represent the measured
polydispersity, which is below 10%. Furthermore, particle
diameters increase from 2.7 um at pH 3.0 to 4.4 um at
pH 6.0, representing a volume increase of >4-fold through-

Fig. 1 Digital microscopy images and particle trajectories for
pNIPAm-AAc and pNIPMAm-AAc microgel particles (both at
0.01 wt.% polymer in pH 3.5 buffer). The microscopy image and
particle trajectories for pNIPAm-AAc particles are displayed in a and
b, respectively. The microscopy image and particle trajectories for
pNIPMAm-AAc particles are displayed in ¢ and d, respectively. The
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particles on the focus plane of microscope are circled by dashed lines.
Note that particles moving out of the focal plane are excluded from
analysis with IDL routines by setting the brightness threshold. The
sizes of pNIPAm-AAc and pNIPMAm-AAc particles are approxi-
mately 3.04£0.2 and 2.6+0.2 pm, respectively, based upon particle
tracking and the Stokes—Einstein equation. Scale bar=10 pm
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Fig. 2 a The hydrodynamic
diameter (D) and b ¢ potential
vs. pH for pNIPAm-AAc
microgels. The polydispersities
of the hydrodynamic diameters
are shown as error bars, with the
size polydispersities being
approximately 10%. Note that
the average particle size
increases drastically at a pH
close to the pK, value of the
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out the pH ramp. The pH-responsive swelling behavior is
due to the deprotonation of AAc segments at higher pH
values, which leads to the increase of electrostatic repulsion
between carboxylate anions and the increase of osmotic
pressure inside microgel particles, thereby swelling the
polymeric networks [53—55]. In addition, the zeta-potential
of the pNIPAm-AAc microgel particles over the pH range
from 3.0 to 6.0 is presented in Fig. 2b, which confirms the
pH responsivity of large particles [56, 57]. Note that
pNIPAm-AAc microgel particles with diameters below
1 wm display a similar pH responsivity to those observed
in this study [55, 58, 59].

Figure 3 shows the temperature-responsivity of pNIPAm-
AAc microgel particles in pH 3.0 buffer [11, 59]. Because
the particle size in this case is below 2.5 um, we found that
PCS could reliably be used to determine the in situ size of
microgel particles from 20 to 40 °C [33]. The error bars
represent the polydispersities, which again are below 10%.
The VPTT of pNIPAm-AAc microgels is approximately 30 ©
C, at which the size of particles decreased from 2.2 pum
down to approximately 1.2 pum, corresponding to the well-
known volume phase transition of pNIPAm [44]. The
volume change associated with the VPT is ~8-fold, which
is similar to the volume change for smaller particles of
similar composition [60]. However, the VPTT of these large
pNIPAm-AAc microgel particles is slightly lower than that
of smaller pNIPAm-AAc microgels (31 °C) synthesized
previously in our group [29, 33, 51, 61]. This is likely due to
the fact that the particles described in this are ~15 mol%
AAc as opposed to the 10 mol% particles synthesized
previously; it is known that with increasing AAc content in
copolymer, the VPTT of pNIPAm-AAc microgels decreases
[55]. It should be noted, however, that AAc incorporation is
not required to obtain these particle sizes. It is included in
this study at these concentrations because it is needed for a
variety of microlens and crystallization studies ongoing in
our group.

In addition to these applications, our group has
expressed interest in large, monodisperse particles that are

compatible at the biological interface. Such materials would
ideally remain swollen under in vivo conditions, at temper-
atures significantly higher than the VPTT of NIPAm-based
microgels (i.e., >37 °C). By employing NIPMAm monomer
in our precipitation polymerization, microgels were pro-
duced of similar size as pNIPAm-AAc particles (Fig. 1).
However, the thermal responsivities of these materials are
fundamentally different, where NIPMAm-based microgels
traditionally demonstrate a VPTT above 37 °C [62]. To
compare the VPTT behavior between both particle types,
turbidity curves were collected for particles by steady-state
fluorescence spectrophotometry (Fig. 4). The pNIPAm-
AAc microgels show a distinct phase transition at ~30 °C
(Fig. 4a), which is in agreement with photon correlation
data (Fig. 3). The characterized VPTT of the pNIPMAm-
AAc particles is considerably higher, demonstrating a broad
phase transition at ~35 °C (Fig. 4b). Similar to the NIPAm
particles, this VPTT is lower than that observed for
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Fig. 3 The temperature hydrodynamic diameter of pNIPAm-AAc
microgels in pH 3.0 buffer. The hydrodynamic diameter was measured
by PCS with a programmed temperature ramp from 20 to 40 °C. The
error bars represent the size polydispersities, which are below 10%.
Note that the VPTT of microgel particles is approximately 30 °C, as
described in the literature for similar polymer compositions [1, 82]
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Fig. 4 Temperature-dependant turbidity measurements for large
pNIPAm-AAc and pNIPMAm-AAc particles in pH 3.0 buffer. A
phase transition is observed for pNIPAm-AAc microgels at ~30 °C, in
agreement with photon correlation data (see Fig. 3). A shift in the
VPTT for pNIPMAm-AAc particles to ~35 °C and a broadening of
the phase transition is observed, which is in agreement with small
particle formulations using NIPMAm as a monomer [62—64]

previously produced particles, which contain less AAc
incorporation [11, 63, 64]. Although the phase transition for
this NIPMAm-AAc particle formulation is below 37 °C, the
VPTT may be elevated by decreasing AAc copolymeriza-
tion. It is notable that our pNIPAm-AAc and pNIPMAm-
AAc microgels were synthesized under identical total
monomer/cross-linker concentrations with the same tem-
perature ramp precipitation polymerization method. These
data demonstrate that within this narrow range of VPTTs,
this temperature ramp approach is not limited to pNIPAm-
based copolymers. However, it is currently unknown
whether polymers with lower critical solution temperature
(LCST) values above the initiation temperature (45 °C) can
be employed in this temperature-ramp precipitation poly-
merization approach. Our group is currently investigating
this synthetic scheme as a springboard to produce multiple
types of large microgel materials of varying responsivity.
Owing to their excellent monodispersity, these particles
also self-assemble into colloidal crystals [10, 47, 65-70].
The transmission-mode microscopy image and trajectories
of colloidal crystals assembled from a 2.0 wt.% dispersion
of pNIPAm-AAc microgels in pH 3.0 buffer is shown in

Fig. 5 A digital microscopy
image and particle trajectories
for pNIPAm-AAc microgels
assembled into colloidal crystals
(2.0£0.1 wt.% in pH 3.5 buffer).
Note that the size of the particles
as determined from radial
distribution analyses is smaller
than 3.0 pwm, probably due to
an osmotic deswelling effect
observed previously [72].

Scale bar=10 pm
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Fig. 5. The left panel is the microscopic image of the
middle layer of colloidal crystals of microgel particles. The
right panel includes the trajectories of microgel particles in
the focus plane. Based upon the particle positions in
microscopic image series, the radial distribution function
could be obtained. The first peak of radial distribution
function vs. center-to-center distance corresponds to the in
situ average diameter of particles in colloidal crystals [71].
The particle size calculated from Fig. 5, 2.8+0.1 um, is
smaller than that calculated from the data in Fig. 1, 3.0+
0.2 pum, due to an osmotic deswelling effect observed
previously in such colloidal assemblies [72]. The above
results suggest that the larger pNIPAm-AAc microgel
particles show similar crystallization behavior to their
smaller counterparts, which have been reported previously
[33, 47, 60, 70].

Particle formation

Whereas we have not, to this point, undertaken a detailed
mechanistic study of this synthetic approach, there are a
number of conclusions that can be drawn from these data
and from previous polymerization studies. Generally, the
temperature used for pNIPAm- or pNIPMAm-based micro-
gel particle synthesis is ~70 °C, where resulting particle
size characterizations reveal hydrodynamic diameters of
800 nm or smaller in pH 3.0 buffer [1, 11, 58, 73]. The size
of microgel particles by this scheme may be further
influenced by changing a variety of reaction conditions,
including the solvent composition [73], monomer/comono-
mer concentration [74], and degree of cross-linking [73,
75-77]. We have shown that precipitation polymerization
reactions at lower temperatures (such as 60 °C) results in an
increase in particle size up to 1.5 um in pH 3.0 buffer [33].
However, when we decreased the reaction temperature
further (e.g., to 50 °C), an excessive amount of coagulum
formed instead of a monodisperse colloid [78]. It was clear,
given the phase separating nature of the reaction, that
temperature plays a critical role in the control of particle
size if other parameters of polymerization, such as
monomer concentration, comonomer/monomer ratio,

.
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cross-linker/monomer ratio, and initiator/monomer ratio,
stirring speed, degas time, and flow rate of N, are fixed. To
obtain monodisperse microgel particles with diameters
larger than 2.5 pum, we needed a new strategy for the
precipitation polymerization.

Under the described synthetic conditions (when reaction
temperatures reach 45 °C) persulfate anions decompose to
form primary radicals [79], which subsequently attack
monomers to form oligomeric radical chains (<3 monomer
units). When the oligomeric radical chains reach a critical
length (>5 monomer units) at a temperature higher than the
LCST of pNIPAm-AAc segments (30 °C in this study), they
collapse to form thermodynamically unstable nuclei with a
radical trapped in or on their surface for further reaction
[80]. This stage is known as nucleation, forming a
population of collapsed precursor particles. Because the
decomposition rate of initiator is decreased at lower
temperatures [79], reaction temperatures below convention-
al initiation temperatures (<60-70 °C) may reduce the
oligomeric radical concentration, thereby lowering the
abundance of collapsed nuclei. This lower nuclei concen-
tration likely favors particle growth mechanisms that do not
involve appreciable nuclei aggregation due to the relatively
low possibility for bimolecular termination of two radicals
on different nuclei. Furthermore, immediately after initia-
tion, the monomer concentration in the reaction mixture is
higher than later stages. The lower nuclei concentration
combined with higher monomer concentration at initial
reaction times ensures a higher propagation rate than
initiation rate, which favors the growth of nuclei with
similar speed in early polymerization stages [80]. As the
reaction proceeds and monomer is consumed, the monomer
concentration decreases, thereby decreasing the propagation
rate. To compensate for this decrease in propagation rate
(due to monomer consumption), the reaction temperature is
ramped up from 45 to 65 °C. This ramp increases the
propagation rate constant and also results in the increased
decomposition of persulfate, thereby generating more
radicals.

After approximately 40 min of polymerization, the
temperature ramp is completed at 65 °C, and the majority
of monomers were likely converted to oligomeric radicals,
nuclei, and precursor particles [59]. Therefore, the nucle-
ation stage is replaced by the growth of the nuclei/particles
via monomer addition, nuclei absorption, and nuclei
aggregation [59, 74]. At this elevated temperature (65 °C),
growth on the nuclei/precursor particles becomes more
favorable than nucleation due to much lower monomer
concentration and stronger van der Waals attraction
between nuclei and/or precursor radicals than nucleation
stage. Because of the electrostatic repulsive interactions
arising from the sulfate end groups, microgel particles are
stabilized from coagulation while still capturing oligomeric

radicals and unstable nuclei, thereby precluding any
secondary nucleation from unstable nuclei [81].

Conclusions

By introducing a temperature ramp in the early stage of the
surfactant-free radical precipitation polymerization, the
mean size of the resultant multi-responsive microgel
particles has been increased significantly while maintaining
a low polydispersity (<10%). The larger microgel particles
demonstrate similar thermal and pH responsivity to their
smaller counterparts of similar composition. We have
demonstrated that the mean diameter of pNIPAm-AAc
microgel particles can swell from 2.5 to 4.5 um by
increasing the pH. Furthermore, we have shown that the
synthetic protocol could be extended from NIPAm to
NIPMAm for the preparation of larger particles with similar
sizes resulting from similar reaction conditions. This
synthetic scheme may be promising for producing other
monodisperse, thermoresponsive microgel particles for
applications as microlenses, biosensors, and drug delivery
vehicles.
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