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ABSTRACT

Small-angle X-ray scattering and electrophoretic light scattering measurements were made for
dilute aqueous solutions of star-branched poly(N-isopropylacrylamide) (SPNIPAM) at different
temperatures. In the constant heating process, relatively narrow-dispersed sphere particles with
an average aggregation number between 10 and 50 were observed in water at high temperatures
(45 - 55 °C) regardless of the end groups: carboxyl, hydroxyl, and benzyl groups. Indeed, the test
solutions for which the polymer mass concentration was 2 — 4 mg mL* did not become turbid at
temperatures higher than the phase separation temperature of the corresponding linear polymer.
Negative ( potential was found for all solutions at the high temperature, 45 °C, indicating that
electrostatic repulsion force stabilizes the dispersion state. Spinodal decomposition is the
dominant mechanism of the microscopic phase separation because narrower distributed spherical
particles were observed in the solution upon rapid heating than that for the constant heating

procedure.



Introduction

Poly(N-isopropylacrylamide) (PNIPAM) is one of the most well-investigated
thermosensitive polymers® since the LCST-type phase separation behavior of aqueous solution
was first reported by Heskins et al.? in 1968. The aqueous solution of PNIPAM, however, does
not attain macroscopic liquid-liquid phase separation. The phase diagram was thus estimated from
the cloud point temperature. The thermal history of the solution influences the dispersion behavior
of the submicron-sized droplet consisting of a concentrated PNIPAM soluiton.® Size and number
of molecules in each droplet generally thus depend on the polymer mass concentration c. Indeed,
small globular nanoparticles consisting of a single PNIPAM chain can be observed for a very dilute
regime at ¢ = 6.7 x 107" g cm 3 at high temperatures,* and submicron-sized aggregates can be also
observed for normal dilute solutions.>”

Phase diagram of the PNIPAM-water system can be influenced even by a few branches.®
Well-designed branched PNIPAM has thus been investigated, especially for star-branched
PNIPAM (sPNIPAM). The cloud point temperature somewhat depends on the chemical structure
of the end and branching points.®*2  As in the case of linear PNIPAM, single molecular globules
can be observed for a very dilute solution (c = 1 or 5 x 10°® g cm™3) of SPNIPAM when the
hyperbranched polymer was chosen as the core.!® 4 Recently, it was reported that the aqueous
solution of SPNIPAM with carboxyl end groups kept high transparency even at 70 °C*® and the
aggregation number can be controlled by pH and temperature.*® These results are much different
from UCST-type phase separation behavior of nonpolar star polymers in poor solvents,!’20
suggesting that SPNIPAM is a better source to evaluate nanometer-sized materials induced by the

temperature change.



As a first step of this research, we observed specific scattering patterns for spherical
nanoparticles with relatively narrow size distribution for SPNIPAM in water above the phase
separation temperature of linear PNIPAM. To reveal the structural characteristics of the spherical
particles in water at high temperatures, small-angle X-ray scattering (SAXS) measurements were
carried out for SPNIPAM samples with different end groups in water at different temperatures and
temperature changing rate. Electrophoretic light scattering measurement was also made for the

solution to clarify the stability of the colloidal dispersion consisting of SPNIPAM in water.

Experimental Section

Samples. Three sSPNIPAM samples reported in ref 15 were used for this study. Samples
S1 and S2 are designated to be s(PN96)35C and s(PN125)250, respectively. The chemical
structure including the chain ends and the branching core is illustrated in Chart 1. The number-
average degree of polymerization DPyam of the arm chain was determined by *H NMR spectra,
and the dispersity index ® was estimated by GPC measurement with PMMA standard to be
between 1.1 and 1.2 where B is defined as the ratio of weight- to number-average molar masses.
The weight-average molar mass Mwstar O the star polymer was determined in terms of the SEC-
MALS measurement. The arm number Nam Was calculated considering the composition of the
branching core.  Four more samples, s(PN57)28C, s(PN50)35Bz, s(PN97)19Bz, and
s(PN188)21Bz, were synthesized and characterized in the same manner reported previously.*® The
values of DPnarm, Mwstar, and Nam are summarized in Table 1. Note that the D values for the star

polymer samples were between 1.2 and 1.3.



Chart 1. Chemical Structure of SPNIPAM samples.
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Table 1. Molecular Characteristics of SPNIPAM Samples

Samples DPnam® | Mwstar® Nams | C/mV | {/mV Constant heating, Rapid heating to

/kg mol* 15°C | 45°C At 55 °C 45 °C, kept 900 sec

Nagg Rm/nm OR Nagg Rm/ nm OR
s(PN57)28C 57 263 28 -5.9 -28 10 19.0 |0.14| 6.9 172 | 0.12
s(PN96)35C ¢ 96 510 35 -7.4 -22 8.8 17.0 |0.19|108| 193 |O0.12
s(PN125)250 ¢ 125 460 25 0.3 —26 52 31.0 |0.17|40.2| 283 |0.13
s(PN50)35Bz 50 289 35 -4.5 —42 - 260 |021| - 28.0 |0.25
s(PN97)19Bz 97 273 19 -5.3 -17 7.4 18.0 |0.13| 9.2 18.8 | 0.12
s(PN188)21Bz 188 582 21 -3.0 —24 16 255 |0.16|125| 26.0 |0.14

aFrom 'H NMR. ? From SEC-MALS. ¢ Sample S1 in ref. 15. 9 Sample S2 in ref. 15.




Electrophoretic Light Scattering (ELS) Measurement. The electrophoretic mobility u
for the six SPNIPAM samples in pure water with the polymer mass concentration ¢ being 2.0 mg
mL ! was measured by using an Otsuka zeta-potential analyzer ELSZ-2 both at 15 and 45 °C. The
{ potential was calculated from u by the Smoluchowski equation.

Small-angle X-ray Scattering (SAXS). Synchrotron radiation SAXS measurements were
carried out for the six SPNIPAM samples in pure water and 20 mM aqueous NaCl at the BL40B2
beamline in SPring-8 (Hyogo, Japan). The wavelength Ao in a vacuum and the sample-to-detector
distance Isq were set to be 0.10 nm and 4.2 m, respectively. The scattered light was acquired with
a Dectris Pilatus 3 2M photon-counting detector. Silver behenate was used as a calibrant to
determine the beam center on the detector and lss. A capillary cell, in which a 2 mm¢ quartz
capillary was fixed in a thin aluminum block, was installed into a HCS402 thermostatic cell holder
(Instec). The scattered light intensity was normalized by the intensity of the incident light detected
at the lower end of the cell to compensate for both the intensity of light source and solution
transmittance. SAngler software?! was utilized to evaluate the scattering intensity as a function of
the magnitude g of the scattering vector. The excess scattering intensity Al(q) of the solutions was
evaluated by subtracting the scattering intensity of the solvent in the same capillary cell. Two
kinds of temperature change were tested for each solution. The first attempt is that the solution
was gradually heated from 15 °C to 55 °C at a constant rate of 1 K min™. The second attempt is
that the temperature of the solution was rapidly changed from 15 °C to 45 °C, and time-resolved
SAXS measurement was examined for the solution; note that the cell and cell holder were the same
as those used for the kinetic study of a double helical polysaccharide.?? Integration time for each

SAXS measurement was 60 s. The reduced scattering intensity Rq was estimated from Al(Q)



assuming molecular dispersion at 15 °C. In other words, Rq at g =0 (Ro) has a relation of R, /K¢ =

M,, star Where K is the optical constant of the X-ray scattering.

Results and Discussion

Solubility in Water and ¢ Potential. All six SPNIPAM samples are soluble in pure water
and 20 mM aqueous NaCl at 15 °C. The aqueous solutions at ¢ = 2 mg mL* were still transparent
in water even at 55 °C, whereas the aqueous linear PNIPAM solution got turbid at about 40 °C
even in a dilute regime. It is noted that the appreciable turbidity was observed for s(PN97)19Bz
and s(PN125)250 at a higher concentration range (10 — 20 mg mL™*) while the cloud point
temperature was somewhat higher than the corresponding arm (linear) chain.*> As shown in Table
1, appreciable large negative { potentials between —17 mV and —42 mV were observed at 45 °C
irrespective of the end groups, while smaller absolute values of { were evaluated at 15 °C,
suggesting the negative surface electric potential of the PNIPAM nanoparticles in water at 45 °C.
Similar temperature-dependent electrophoretic behavior was also reported for neutral PNIPAM
microgel particles.?® They proposed that hydroxide ions adsorb on the hydrophobic interface of
the PNIPAM particles above the phase separation temperature of PNIPAM in water. Furthermore,
the obtained ¢ potential at 45 °C is similar to that for colloidal silica,?* suggesting that the high
transparency of the solution at 45 °C is most likely due to the electrostatic repulsion between the
formed nanoparticles. It is supported by that SPNIPAM solutions in 20 mM aqueous NaCl became
turbid at 45 °C.

Nanoparticles Formation Behavior upon Constant Heating. Scattering profiles, double
logarithmic plots of Rq¢/Kc vs q for six SPNIPAM samples at ¢ = 2 mg mL* upon constant heating

with the heating rate rr of 1.0 K min~t are illustrated in Figure 1. At 15 °C, mostly flat region is



found at the low q end except for panel d for s(PN50)35Bz. A monotonical decrease of Rq/Kc with
increasing q at the temperature is typical for molecularly dispersed polymer chains in dilute
solution. Extrapolation of Rq/Kc to q = 0 at all the temperatures investigated was examined with
the Guinier plot as shown in Figure S1 in the supporting information to evaluate the radius of
gyration Ry at all the temperatures and the aggregation number Nagg between 16 and 55 °C except
for s(PN50)35Bz as described below. The Nagg Values were evaluated as the ratio of Ro/Kc to that
at 15 °C. Intermolecular interactions do not appreciably influence the extrapolated data because
of substantially no concentration dependence in the scattering profiles at least for s(PN57)28C and
S(PN125)250 at 15 °C as is shown in Figure S2. On the other hand, characteristic scattering
profiles are found at 55 °C with a much higher scattering intensity at the low q end, suggesting the
formation of spherical nanoparticles with relatively narrow size dispersity.

The evaluated Nagg and Ry data are plotted against temperature in Figure 2 in which we
omitted the Nagg data for s(PN50)35Bz because the scattering intensity at g = 0 and at 18 °C was
appreciably smaller than that at 15 °C, suggesting the aggregation even at the lowest temperature.
Indeed, the Ry value for s(PN50)35Bz at 15 °C is much larger than those for s(PN97)19Bz and
S(PN188)21Bz. The Nagg values for s(PN57)28C, s(PN96)35C, and s(PN125)250 increase
gradually between 15 and 30 °C, rapidly raise between 30 and 35 °C, and reach each asymptotic
value at higher temperatures. A similar sudden thermally induced change of Nagg above 30 °C is
also found for s(PN97)19Bz and s(PN188)21Bz while the Nagg is almost independent of T between
15 and 30 °C, suggesting that the aggregation temperature is mostly free from the end groups. This
is reasonable because the phase separation temperature of random copolymers of PNIPAM and
acrylamide only gradually changed with increasing the composition of acrylacmide.?® The Nagg

values at the highest temperature are between 9 and 52, indicating that SPNIPAM samples form



spherical aggregates consisting of a relatively small number of polymer molecules. The resulting
molar mass for s(PN125)250 at 55 °C is quite larger than that of the other star polymer samples
except for s(PN50)35Bz. Not only the chemical structure of the chain end but also the side chain

length, arm numbers, and weight fraction of the gel core can affect Nagg.



SAXS profiles with T raising, c =2 mg mL™", rr = 1.0 K min"’
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Figure 1. Magnitude g of the scattering vector dependence of the reduced scattering intensity
Rq/Kc for the indicated SPNIPAM samples in water. The temperature was raised at the rate of rr

= 1.0 K min~t and the polymer mass concentration was ¢ = 2 mg mL™.
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Figure 2. Temperature dependence of apparent aggregation number Naggapp and gyration radius

Rg.app for the indicated SPNIPAM samples in water. rr = 1.0 Kmintand ¢ =2 mg mL™.

The form factor P(q) for each sample was evaluated from Rq / Ro where Ro was estimated
from the Guinier plot (Figure S1). The resulting P(q) data are plotted against g in Figure 3. We
attempted to analyze the data in terms of the polydisperse sphere because the shape of P(q) is
substantially similar to colloidal silica.?® Assuming log normal distribution of the diameter R, P(q)

for the polydisperse sphere is expressed as

Iy @?(qR)w(R)R3dR
Jy> w(R)R3dR

P(q) = 1)
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with

(D(X) — 3(sinx;;c CcoS X) (2)
=1 _ In(R/Rm)1*
W(R) - \/EO'RR eXp{ 20'R2 } (3)

where Rm and or are the parameters of the radius dispersion. A curve-fitting procedure was
employed to evaluate the most fitted theoretical curves in Figure 3. The resulting parameters are
summarized in Table 1. The calculated z-average radius of gyration from Rm and or is in agreement
with the Rq value from the Guinier plot within £3%. The or values except for the s(PN50)35Bz
range between 0.13 and 0.19, corresponding to the molar mass dispersity  between 1.16 and 1.3.
A somewhat larger or for s(PN50)35Bz is most likely due to the less dispersibility even at low
temperatures. In any case, SPNIPAM samples form nanometer-sized spherical particles with
relatively narrow size distribution in pure water, regardless of the end groups.  Assuming
molecular dispersion at 15 °C except for s(PN50)35Bz and the uniform polymer concentration in
the spherical particles, we may estimate the internal polymer mass concentration cin of the particles

aS Cin = 3My star Nagg/4mR3Na. The resulting cin values are between 0.14 and 0.36 g cm™. It

should be noted that the calculated value may be slightly underestimated if there is a small amount
of molecularly dispersed SPNIPAM molecules in the solution. In any case, these values are much
smaller than those for the internal concentrations in the spherical droplet consisting of linear
PNIPAM in water.’

As mentioned above, while high transparency of the solution is only observed for
sPNIPAM-pure water systems, significant turbidity was observed for SPNIPAM in aqueous NaCl.
This is also found in our SAXS data. Figure S3 in the supporting information shows double

logarithmic plots of Re/Kc vs q for s(PN97)19Bz in 20 mM aqueous NaCl. The scattering profile
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at low temperatures at 15 and 25 °C are substantially the same as those in pure water as shown in
Figure 1e but much weaker scattering intensities were observed at higher temperatures, indicating
macroscopic phase separation. Indeed, we recognized the appreciable turbidity of the solution

with the naked eye.

c=2mgmL™", rp=1.0 Kmin ™', at 55 °C

® 5(PN96)35C (A = 10)

0 s(PN125)250 (A = 107)

10° L A §(PN50)35Bz (A = 10-;)
S v s(PN97)19Bz (4 = 10”)
., |4 S(PNI88)2IBz (A =10")

q /nm”"

Figure 3. Double logarithmic plots of the form factor P(q) vs g for the indicated sSPNIPAM
samples in water at 55 °C. rr = 1.0 K mint and ¢ = 2 mg mL™. Solid curves, theoretical values

for egs 1-3 with the parameters in Table 1.
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Nanoparticle Formation Behavior upon Rapid Heating. In our preliminary SAXS
experiments on a dilute solution of SPNIPAM samples, the appreciable time dependence of the
scattering profiles was observed at high temperatures after rapid heating. We thus made time-
resolved SAXS measurements after rapid heat treatment. Double logarithmic plots of R¢/Kc vs g
at different times are shown in Figure 4 in which the reduced scattering intensity was calibrated
by the Rq/Kc value at 15 °C. The time zero is defined as that the cell temperature became within
+0.2 °C of the target temperature, which is approximately one minute after starting the temperature
change. The appreciable time dependence is only found for sSPNIPAM samples with carboxyl end
groups, s(PN57)28C and s(PN96)35C, suggesting that surface condition and/or viscoelastic
properties of nanoparticles just after heating depends on the end groups. In any case, the scattering
intensity became mostly time-independent after 600 s, indicating high dispersibility of the
nanoparticles in pure water. The resulting nanoparticles have a similar surface taking into the
similar ¢ potential account. The Guinier plots were constructed for the Rq/Kc at 900 s to evaluate
Nagg and Rq (Figure S4). The resulting Nagg Values in Table 1 are not very different from those at
55 °C (and also 45 °C) with the constant heating treatment, indicating that the average molar mass

of the resulting nanoparticles is not substantially influenced by rr.
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Time-resolved SAXS profiles at 45 °C, ¢ =2 mg mL™'
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Figure 4. Results of the time-resolved SAXS experiments after rapid heat from 15 °C to 45 °C
for the indicated SPNIPAM samples in water at ¢ = 2 mg mL 1. Symbols are the scattered Rq/Kc

at the indicated time from the rapid heating.
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The form factor P(q) data at 900 s after rapid heating are double logarithmically plotted
against q in Figure 5. Interestingly, scattering profiles at 900 s except for s(PN50)35Bz have
typical shape for nanosized spheres with narrower size distribution than those in Figure 3. The
experimental data were analyzed by eqgs 1-3 to determine Rm and or. z-Average radii of gyration
calculated from the parameters were substantially the same within £2% as those from the Guinier
plots except for s(PN50)35Bz. The distribution parameter or of 0.12 — 0.14 corresponds to D of
1.14-1.19. The internal concentration cin is calculated to be between 0.14 and 0.32 g cm™3. This
is substantially the same as those upon the constant heating process mentioned above. The smaller
or values indicate that more uniformly sized nanoparticles are generated via rapid heating than
those for the constant heating. This is most likely because the spinodal decomposition was a
dominant mechanism, especially in the rapid heating process. Micrometer-sized particle
fabrication with the spinodal decomposition was also reported for the polystyrene-cyclohexane
system with a glass bead core.?’

We demonstrated that SPNIPAM can form uniform-sized nanosphere with increasing
temperature. These phenomena were found for SPNIPAM samples with different end groups:
carboxyl, hydroxyl, and benzyl, indicating that the star-branched structure plays a decisive role to
form the nanoparticles. Much wider dispersion was, on the other hand, indicated for linear
PNIPAM in water’ though some dynamic light scattering data suggest narrow dispersity even for
linear PNIPAM.® One of the possible reasons to form nanospheres with narrow distribution for
the current star polymer is that much smaller dimensional properties of the star than those for the
linear polymer with the same molar mass. Therefore, it takes a short time to form concentrated
droplets from early aggregates compared with the linear PNIPAM as illustrated in Figure 6. It is

thus expected that temperature-responsive polymers with high segment density in solution may
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have similar phenomena. Indeed, nanoparticle formation behavior was reported for PNIPAM graft
dextran in terms of dynamic light scattering and electron microscopy.?® It is desirable to
investigate nanoparticle formation behavior for the other star, comb, and hyperbranched polymers

in solution.

c=2mgmL"™", at 45 °C, at 900 sec

10" - 0 s(PN57)28C (A= 1)

® 5(PN96)35C (A = 10)
0 s(PN125)250 (A = 107)
10° _ & 5(PN50)35Bz (A = 107)
s(PN97)19Bz (A = 10°)

R

g, |4_S(PN188)21Bz (4 = 10°)

10'10
0.05 0.1 1 0.5
g /nm
Figure 5. Double logarithmic plots of the form factor P(q) vs g for the indicated SPNIPAM
samples evaluated by the time-resolved SAXS experiments after rapid heating from 15 °C to 45 °C

atc=2mgmLand at t =870 s. Solid curves, theoretical values for eqs 1-3 with the parameters

in Table 1.
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(a) Star

Figure 6. Schematic representation of nanodroplet formation behavior of (a) star and (b) linear

PNIPAM in water.

Conclusions

Star poly(N-isopropylacrylamide) samples with different end groups: carboxyl, hydroxyl,
and benzyl, and gel core are well soluble in water at 15 °C. The aqueous dilute solution of the
samples did not become turbid even at high temperatures. Narrow-dispersed nanosized particles
in water were formed with increasing temperature. Spinodal decomposition makes the narrow
dispersity and the stability of the nanoparticles in water is mainly maintained by the electrostatic
repulsion, which was detected by the negative { potential. Consequently, the dispersity index for

a quickly heated solution is appreciably smaller than those for a slowly heated one. Taking into

18



sample-dependent size and dispersity account, they can be controlled by the arm length, arm
numbers, end groups, and branching point as well as the concentration. Furthermore, the other
branched polymers and linear telechelic PNIPAM with a micelle like structure?® * might also be

applied to obtain this phase separation-induced nanoparticle fabrication.

Supporting Information
The Supporting Information is available free of charge at http://...

Additional figures for the SAXS data for SPNIPAM samples in water and aqueous NacCl.
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Figure S1. Guinier plots for the SPNIPAM samples in water at indicated temperatures. R,/Kc and
q are the reduced scattering intensity and the magnitude of the scattering vector, respectively. The
lines indicate the initial tangent.
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Figure S2. Double logarithmic of R,/Kc vs ¢ for (a) s(PN57)28C and (b) s(PN14K)250 in water
at c =2 and 4 mg mL! at indicated temperatures.
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Figure S3. Double logarithmic of R,/Kc vs g for s(PN97)19Bz in 20 mM aqueous NaCl at ¢ =2
mg mL ™' at indicated temperatures.
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Figure S4. Guinier plots for the SPNIPAM samples in water at 45 °C temperatures after rapid

heating from 15 °C and kept 900 sec.
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