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ABSTRACT: In situ and time-resolved small-angle neutron scattering (SANS) was employed for the
elucidation of star polymer formation mechanism via linking reaction of living linear polymers in
ruthenium-catalyzed living radical polymerization. Here, methyl methacrylate (MMA) was first polymerized
with R—CIl/RuCl,(PPh;s)s/tribuylamine (n-BusN) initiating system, followed by the addition of ethylene
glycol dimethacrylate (EGDMA: 3) as a linking agent. After the in situ addition of a small amount of 3 to
living linear PMMA, the SANS analysis revealed the following three steps: (process I1-1) formation of block
copolymers (4) and competitive formation of the small star polymers via the linking reaction of 4 and 4;
(process I1-2) star—star linking of the small star polymers into star polymers and putting 4 into the core of the
star polymers, leading to formation of the microgel-core star polymers; (process 11-3) growth of the microgel-
core star polymers (5) via placement of 4 into the microgel-core star polymers. Furthermore, the SANS
profiles, obtained as a function of polymerization time, were quantitatively analyzed with a core—shell
spherical model in order to determine the microstructures of the star polymers: The final reaction product had

an average radius of microgel-core (~1 nm), and average arm numbers N ~ 17.

1. Introduction

Star or star-shaped polymers> ' are synthesized by living poly-
merizations®'* with key compounds such as multifunctional
initiators or terminators, or divinyl compounds, which link the
terminal of linear living polymer chains. While the former two
methods based on multifunctional initiators or terminators with
an accurate number of functional groups can afford star poly-
mers with the desired number of arm chains, the latter with
divinyl compounds as linking agents of linear polymers results in
distributed numbers of arm chains due to statistically occurr-
ing linking reactions. However, the linking method can produce
star polymers with a large number of arm chains (10—100) and
consists of relatively simple procedures just by adding a small
amount of divinyl compounds into living polymer solutions after
most of vinyl monomers for the arm chain constituents are
consumed. This method is more practical than the former two
methods, which require the complicated synthesis of the multi-
functional agents, and is expected to be useful for various
applications.

The star polymer synthesis based on the linking reaction was
first developed in a living anionic polymerization of nonpolar
monomers like styrene and dienes combining with divinylbenzene
(DVB).>>!1713 The effects of the reaction conditions on the star
polymer yield, size of the star polymers, number of arm chains,
etc. were investigated to efficiently characterize the products.
Especially, kinetic experiments'* and UV—vis spectroscopic
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study'® turned out to be powerful tools to clarify the linking

mechanism of linear polymers for star polymer formation. Living
anionic polymerization characteristically performs reaction selec-
tivity between two vinyl groups in a DVB monomer; reaction rate
constant of the pendant vinyl group in block copolymers with an
anionic polymer terminal is approximately 10 times smaller than
that of two vinyl groups in DVB monomer.>'* Therefore, diblock
copolymerization and cross-linking process are distinctly sepa-
rated to each other after addition of a linking agent into a living
prepolymer.’ Typically, living anionic polymerization of DVB
from a polystyryl lithium (PStLi) first proceeds to give diblock
copolymers of styrene and DVB with dangling olefins, and sub-
sequently, the diblock copolymers start to coagulate by cross-
linking the pendant vinyl groups. On the other hand, living radi-
cal polymerization,” ' similar to living cationic polymerization,®
hardly exhibits reaction selectivity. Thus, diblock copolymeriza-
tion and cross-linking among block copolymers with dangling
vinyl groups would occur competitively.

The distinctive property of such star polymers would be a low
viscosity in comparison to the linear polymers with similar mole-
cular weight due to the smaller radius of gyration and thereby the
smaller degree of the chain entanglements,” while any other
special properties related to their functions may have not been
observed until the developments of living polymerizations of
polar and/or functional monomers. However, recent remarkable
progresses in living anionic,® cationic,*"> and radical’'¢""
polymerizations have enabled the preparation of various star
polymers carrying functional moieties.
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One of our groups has developed and employed the ruthenium-
catalyzed living radical polymerization,”?’ which is versatile for
various vin2y1 monomers and highly tolerant to polar functional
groups,”' " for the star po(ljymer synthesis with linking agents of
divinyl compounds.’*%1**%¢17 We have thus already shown that
the ruthenium-catalyzed system is effective in preparing a wide
variety of star polymers that possess polar functional groups, not
only in the arm chains'”™ and at the surfaces,'® but also in the
microgel-cores,”’b into which we can introduce even metal moie-
ties via coordination based on the functional substituents.'”
These novel functionalized star Pol;/mers exert special properties
owing to the unique structures.' > In addition to such functio-
nalizations, we have deeply characterized the structures of the
isolated star polymers by various analytical methods including
NMR, %4417 gize-exclusion chromatography (SEC) eguipped
with multiangle laser light scattering (SEC—MALLS),!0%b:d-e:17
small-an%le X-ray scattering (SAXS),'* atomic force microsco7pz
(AFM),"” and transmission electron microscopy (TEM).!”
They provided information on the star polymers, such as absolute
molecular weights, number of arm chains, radius of gyration,
shape, and total and core sizes. The linking mechanism, through
competitive reactions between block copolymerization of a
divinyl compound and linking reaction of the obtained block
copolymers, were sufficiently clarified by time-resolved SEC and
"H NMR analyses of isolated polymers.'®!” However the de-
tailed time-evolution processes of the star polymer formation,
such as the process on how the linear polymers get together to
form the microgel-cores, has not been fully elucidated, because of
the difficulty in the direct in situ analysis of the process.

On the other hand, another of our groups has employed time-
resolved small-angle neutron scattering (SANS) for the in situ
observation of the time-evolution of the molecular building-up
process and the molecular self-assembling process in living
anionic and radical polymerizations.***” Time-resolved SANS
measurement is one of the most powerful techniques for the direct
analysis of reaction systems, because the low energy of cold
neutrons (~meV) is extremely important to avoid the radiation-
induced side-reactions in reaction systems of our interest.”® 2
Because of high transmittance of neutrons for sample speci-
mens, in situ and time-resolved SANS measurement has enabled
us to directly examine the reaction solution enclosed in the
quartz cell and quantitatively determine molecular characteristics
of propagating living polymers and/or molecular self-assembly
during living] anionic polymerization®®?® or living radical poly-
merization.”

Herein, this paper is directed to the in situ and time-resolved
SANS analysis of star polymer formation via the linking reaction
with divinyl compounds in ruthenium-catalyzed living radical
polymerization. In particular, length scales covered by SANS
are from 1 to 100 nm, which appropriately match sizes of the
microgel-core star polymers and their spatial arrangement in the
solution. Furthermore, the simultaneous multianalyses of ali-
quots of the reaction solutions taken at varying reaction times by
SEC, SEC—MALLS, and NMR, together with the in situ time-
resolved SANS, will provide us more complete information on
the star polymer formation.

Along the lines as described above, we investigated two
polymerization solutions: solution A with optimized reaction
condition and solution B with high monomer concentration. As
shown in Scheme 1 commonly for both of the solutions, we first
polymerized methyl methacrylate (MMA) by the ruthenium-
mediated initiating system to obtain well-defined linear living
polymers (2) as reaction process I, followed by direct addition of
ethylene glycol dimethacrylate (EGDMA: 3) as a linking agent
to form microgel-core star polymers (5) as reaction process I1.
The in situ and time-resolved SANS analyses of solution A
allowed us to determine the time-evolution of core size (Reore),
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Scheme 1. Synthetic Route of the Microgel-Core Star Polymers via
the Arm-Linking Reaction Method in Ruthenium-Catalyzed Living
Radical Polymerization
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number of arm chains per core (Nsans), number density of cores
(n), and the hard sphere radius of microgel-core star polymer (Ry,)
in the course of polymerization. These results enabled us to
quantitatively clarify the detailed mechanism in reaction process
11 for the first time. In addition, we discuss macroscopic gelation,
which is clearly observed for the condensed reaction solution B in
reaction process II. To the best of our knowledge, this is the first
report on the direct observation of microgel-core star polymer
formation process via living radical polymerization.

2. Experimental Section

2.1. Materials. MMA was from a commercial source (Tokyo
Kasei; purity >99%), dried overnight over calcium chloride,
and purified by double distillation from calcium hydride before
use. Ethyl-2-chloro-2-phenylacetate (ECPA: 1; initiator) was
prepared according to the literature.”? EGDMA (Aldrich;
purity >98%) was purified by distillation from calcium hydride
before use. RuCl,(PPhs);*° (Aldrich; purity >97%) was used as
received and handled in a groove box under a moisture- and
oxygen-free argon atmosghere (H,O <1 ppm, O, <1 ppm).
Tributylamine (n-BusN)*® (Tokyo Kasei; purity >98%) was
bubbled with dry nitrogen for more than 15 min before use.
Internal standards [n-octane, Wako, purity >98%; tetralin
(1,2,34-tetrahydronaphthalene), Kisida Chemical, purity >98%]
for gas chromatography (n-octane for MMA; tetralin for
EGDMA) were dried overnight over calcium chloride and
distilled twice from calcium hydride. Toluene-dg (CIL; deute-
rium >99.5%) was dried overnight over molecular sieves 4A
(Wako) and degassed by reduced pressure before use.

2.2. Preparation of Polymerization Solution. In this study, we
prepared two different polymerization solutions, solution A and
solution B, with different MMA concentration of 2.0 and 6.0 M,
respectively, keeping the same molar ratio of a monomer, a
linking agent, and an initiator: [MMA]/[3]/[1] (=100/10/1) (see
Table 1). Solution A is an optimized condition to prepare the
microgel-core star polymers in high yield,'®!'” whereas solution
B is a high monomer concentration condition used to intention-
ally produce the so-called “star—star coupling” and/or the
macroscopic gelation.

Solution A for time-resolved SANS measurements coupled
with the molecular analyses with SEC, SEC—MALLS, and
NMR measurements was first prepared according to the follow-
ing method: in a glass tube (50 mL), first placed with RuCl,-
(PPh3); (0.1 mmol, 95.7 mg) and kept at 25 °C under dry
nitrogen, we sequentially added toluene-dg (6.43 mL), n-octane
(0.2 mL), n-BusN (0.4 mmol, 1.0 mL, 400 mM in toluene-ds),
MMA (20 mmol, 2.11 mL), and 1 (0.2 mmol, 0.25 mL, 801 mM
in toluene-dg) (final reaction solution: 10 mL). Note that
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Table 1. Solution A and B for Time-Resolved SANS Observation of Star Polymer Synthesis in Ru(II)-Catalyzed Living Radical Polymerization

[MMA], (M) [1]o (mM) [RuClLy(PPhs)s]o (mM) [n-BusN]o (mM) [3Jada (mM)
solution A [Reaction process I]* 2.0 20 10 40 0
solution A [Reaction process P 1.3 13 6.7 27 130
solution B [Reaction process I]* 6.0 60 10 40 0
solution B [Reaction process I1]° 4.0 40 6.7 27 400

“Prepolymer solution for reaction process I (arm): [MMAJo/[1]o/[RuCl>(PPhs)s]o/[#-BusN]y in toluene-ds at 80 °C. ® Final concentration in reaction
process II after in situ addition of a linking solution (solution A, [3],q¢ = 400 mM in toluene-dy; solution B, [3].q¢ = 1200 mM in toluene-dy) into a

prepolymer solution (prepolymer solution/linking solution =2/1, v/v).

Reaction process I |
Heat up !
at80°C o
5mL Reaction process 11 |
Oil bath
S8 | addion of
@ g g Q EGDMA [3
10 mL 2h 5h 10h 49h
amL . aaoe
Atrt. t=0h  49h time 49h  99h
o, JHHE
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4. n-BugN
SANS
Quartz cell =
1mL
Thickness: 2 mm
Width: 17 mm
Time-resolved SANS Time-resolved SANS

Figure 1. Experimental procedures of the in situ and time-resolved
SANS observation for the synthesis of microgel-core star polymers.

toluene-dg was used as a solvent for SANS, in order to obtain a
sufficient scattering contrast between the polymer and solvent.

The reaction solution (10 mL) was distributed into three
different vessels as shown in Figure 1. For time-resolved SANS
measurements, we employed a quartz cell connected to the
glass tube with a three-way stopcock, where the thickness and
width of the cell are 2 mm and 17 mm, respectively. By a syringe
technique under dry nitrogen, the quartz cell was filled with the
prepolymerization solution (RuCly(PPh;)s/n-octane/n-BusN/
MMA/1) in toluene-dg of 1.0 mL. Additionally, two glass tubes
(ocand B shown in Figure 1) were prepared to analyze molecular
weight and molecular weight distribution of the products and
monomer conversion. The glass tube a with 5 mL of the solution
is for monitoring reaction process I (arm synthesis) by the
sampling at predetermined periods, whereas the glass tube 8
with 4 mL is for monitoring reaction process II (star polymer
synthesis) after in situ addition of a linking agent (3). As for
solution B, we followed the experimental procedure described
above for solution A.

2.3. In situ Observation of Polymerization Process by SANS
and Molecular Analyses. To initiate MMA polymerization in the
quartz cell for in situ SANS analysis and in the glass tubes (. and
p) for molecular analyses, we simultaneously placed the glass
tubes and the quartz cell in an oil bath or in heater block con-
trolled at 80 °C, respectively. Time-resolved SANS measure-
ment in reaction process I was performed immediately after the
initiation of the reaction in a quartz cell, along with monitoring
the polymerization by the sampling from the glass tube o at
predetermined periods. The sampled solutions were terminated
by the cooling at —78 °C and were analyzed by GC and SEC to
determine monomer conversion, number-averaged molecular
weight (M), and M,/M,, characterizing molecular weight
distribution (MWD), where M, is the weight-averaged mole-
cular weight.

Before the arm-linking reaction, we prepared the following
linking agent solution: EGDMA (3) (0.60 mL, 2000 mM in
toluene-dg) and tetralin (0.06 mL) in toluene-dg (total: 3.0 mL).

(a)
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Figure 2. Schematic diagrams of (a) SANS spectrometer and (b) its
pinhole SANS geometry, employed in this study.

When the MMA conversion reached over ca.90%, the linking
agent solution of 2 and 0.5 mL was directly added into the glass
tube  and the quartz cell through the syringe under inert
atmosphere to start the linking reaction of poly(MMA) arms
(reaction process II) respectively. Reaction process II in the
quartz cell was subsequently monitored by time-resolved SANS
without termination, as well as that in the glass tube by the
sampling at the predetermined times for molecular analyses.

2.4. SANS Spectrometer. SANS measurements were per-
formed by SANS-J-II spectrometer installed at the research
reactor JRR-3 (20 MW), Japan Atomic Energy Research
Agency (JAEA), at Tokai, Japan.*' With a velocity selector,
cold neutron was monochromatized so that wavelength 4 =
0.65 nm and the wavelength distribution AA/A = 0.13. SANS-
J-1I is composed of the following two vacuum chambers as
shown in Figure 2a: (i) a T-shape collimator at an upper stream
of the sample position, in which the pinhole collimators were
installed, and (ii) a flight tube after the sample position, in which
the *He position sensitive detector (0.58 m diameter and 5 mm
resolution) was placed at the distance Lg from the sample.
A conventional pinhole collimation with the first and second
collimator sizes being S; and S> = 20 and 8 mm ¢ was used,
respectively, as shown in Figure 2b. The quartz cell enclosing the
reaction solution was set behind a second pinhole S,. Two
sample-to-detector distances were set in our SANS experiment;
one Lg = 6 m, covering the ¢g-range of 0.055 < ¢ (nm ') < 0.5
and the other Lg = 2.5m, 0.15 < ¢ (nm™ ") < 1.63, respectively,
where ¢ = (4/4) sin(6) is the magnitude of the scattering vector
q with scattering angle 26 and A. The scattering data recorded
with the 2-dimensional detector were corrected for counting
efficiency, instrumental background, and air scattering, accord-
ing to a pixel-to-pixel method. After circularly averaging the
SANS intensity distribution, we converted the scattering to the
absolute intensity units (cm ™ ") using a secondary standard of an
irradiated Al plate. Incoherent scattering from hydrogen, esti-
mated from incoherent scattering intensity for a reference
sample (toluene-ig), was subtracted from the net absolute
intensity. The corrected scattered intensity distribution is desig-
nated as /(¢) hereafter.
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2.5. Apparatus for Molecular Characterization. M,, M, /M,
and MWD curves of the polymers were measured by SEC in
CHCI; at 40 °C on three linear-type polystyrene gel columns
(Shodex K-805 L; flow rate = 1 mL/min; exclusion limit = 5 x
10°; pore size 20—1000 A; 0.8 cm i.d. x 30 cm) that were
connected to a Jasco PU-980 precision pump and a Jasco R1-930
refractive index detector. The columns were calibrated against
12 standard PMMA samples (Polymer Laboratories; M, =
630—1200000; My/M, = 1.06 - 1.22). The monomer conver-
sions were determined from the concentration of residual mono-
mers against internal standards, measured by gas chromato-
graphy (GC: Shimadzu GC-8A) equipped with a packed column
(MMA, PEG-1500, 2.1 m x 3.2 mm, Shimadzu; EGDMA (3),

Reaction processI  Reaction process I

1.0

0.8

Chmaqy

Conversion

0 4

0 10 20 30 40 50 100
0 10 20 30 40 50

Polymerization time t (h)

Figure 3. Conversion of MMA (Cypwma; filled circles) in the whole
reaction processes I and II as a function of total polymerization time
and the conversion of EGDMA (Cggpwma; open squares) and MMA
(Cymmaqny; open circles) in reaction process II as a function of poly-
merization time ¢ in reaction process I1.

(a) Reaction process 1
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silicon DCI11, 2.1 m x 3.2 mm, Shimadzu). '"H NMR spectra
were recorded in CD,Cl, at 25 °C on a JEOL JNM-LAS500
spectrometer, operating at 500.16 MHz. Polymer samples for 'H
NMR analysis were fractionated by preparative SEC (column:
Shodex K-5002F). The absolute weight-average molecular
weight and mean radius of gyration (R,) of obtained polymers
were evaluated by multiangle laser light scattering coupled with
SEC (SEC—MALLS) in CHCl; at 40 °C on a Dawn E instrument
(Wyatt Technology; Ga—As laser, A = 690 nm in air; the range of
scattering angle is covered from 20 to 153° in air). The refractive
index increment (dn/dc) was measured in CHCl3 at 40 °C on an
Optilab DSP refractometer (Wyatt Technology; 4 = 690 nm,
¢ < 2.0 mg/mL).

3. Results

3.1. Molecular Analyses (SEC, GC, and NMR): Solution
A. 3.1.1. Reaction Process I (Arm Polymers). On the basis
of the previously optimized condition of solution A (see
Table 1),'®!'7 methyl methacrylate (MMA) was first polym-
erized with a ruthenium complex [RuCly(PPh;);]?%!%!7 as a
catalyst coupled with a chloride initiator (1, ECPA)* and an
amine additive (n-Bu3N)3° in toluene-dg at 80 °C, in the glass
tube o, B, and the SANS quartz cell. Aliquots of the
polymerization solution in the glass tube o were sampled in
the predetermined periods (2, 5, 10, 49 h) as illustrated in
Figure 1, and the solution was analyzed by GC for the
determination of monomer conversion of MMA, Cyimal(?),
(Figure 3). The monomer was smoothly consumed to reach
91% conversion in 49 h.

The aliquots were also evaluated by SEC and/or
SEC—MALLS for molecular weight and MWD and by 'H
NMR for polymer structure. Figure 4a shows the time-
evolution of the SEC chart of solution A obtained in reaction
process I. We observed a peak originating from the PMMA
arms during the course of reaction process I, where the peak
gradually shifts toward higher molecular weight region and
becomes sharp as the polymerization proceeds, indicating
that the molecular weight distribution becomes narrower

(b) Reaction process I1

Yi
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Microgel-core
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Yield Star

Peak II

50 h
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MMA/3 = 98/96
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Conv. %

80 % MMA/3 = 97/84
Star polymer
e 10h
Yield Star Conv. %
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Figure 4. SEC data obtained at polymerization times in (a) reaction process I and (b) reaction process I1. The broken lines show the peak position of
peak I in reaction processes I and 11, while the arrows show the peak positions of peak II at a given . Cyyva (%) obtained in reaction process I and
Cvma/Cegpma and the yield of the microgel-core star polymers obtained in reaction process I are described on each side of the SEC data.
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Figure 5. Number-averaged molecular weight M, (filled circles) and
polydispersity index M,,/M,, (open squares) of PMMA arms obtained
in reaction process I as a function of Cypa. The dashed line is a
calculated molecular weight, based on the data shown in Table 1 for
solution A.

with increasing Cyma(?) (see Figure 5). The M, of the ob-
tained polymers increased in direct proportion to Cyma(?),
and was close to the calculated value (shown by the broken
line), assuming that one molecule of initiator generated one
living polymer chain (Figure 5), finally leading to living PMMA
arms (2) with controlled M, and relatively narrow molecular
weight distribution (M, = 11600, M,,/M, = 1.33).

3.1.2. Reaction Process II (Star Polymers). At the 91%
conversion of MMA in the glass tube o of solution A
([remained MMA] ~ 200 mM), the toluene-ds solution of a
linking agent EGDMA (3) (feed ratio of 3to 1: [3]/[1] =10/1)'®7
was then directly and simultaneously added into the glass
tube  and the SANS quartz cell, both of which contain
the living PMMA arm (2) solution (M,, = 11600, M /M, =
1.33, Conv. 91%), to induce the linking reactions (reaction
process II). In reaction process II, aliquots of the polymer-
ization solution in the glass tube 8 were sampled at 5, 10, 25,
and 50 h, as illustrated in Figure 1, in order to evaluate the
molecular weight of the products and the conversion of the
monomers by means of SEC and GC. It should be noted that,
in the fresh feed of EGDMA, the concentration of the
remaining MMA is almost equal to that of the EGDMA.
In Figure 3, the monomer conversions of EGDMA and
MMA in reaction process II, Cegpma(?) and Cymaan (),
are plotted as a function of 7. EGDMA and MMA were
concurrently consumed, demonstrating that random copoly-
merization of MMA and EGDMA occurs from the growing
terminal of 2 because of their similar reactivity for growing
radicals.

Figure 4b shows SEC of the obtained polymers during
the reaction process II in solution A. The samples obtained
after + = 5 h exhibited a bimodal SEC curve consisting of
peaks I and II. Peak I slightly shifted to higher molecular
weight region as the reaction proceeded, though the peak
position is almost unaltered at # 2 5 h. Obviously, peak I
showed slightly higher molecular weight than that of PMMA
arms (2), suggesting formation of block copolymers (4) of
PMMA and a short random copolymer comprising of MMA
and EGDMA segment [poly(MMA-ran-EGDMA)].'®* The
steady peak position observed at # 2 5 h indicates that the
apparent molecular weight of the polyMMA-ran-EGDMA)
is almost constant for 7 2 5 h, because of competing reactions
between the linear growth of the copolymer sequence and its
linking reaction into star polymers, as will be detailed below.
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Figure 6. '"H NMR spectra (in CD-Cl, at room temperature) obtained
during the synthesis of microgel-core star polymers: (a) PMMA arms 2;
(b—d) the products obtained at = 5, 10, and 50 h in reaction process 1.

Peak II, in turn, obviously showed higher molecular
weight than that of 4, attributed to the small star polymers
obtained from the intermolecular cross-linking reaction of
the block copolymers (4). Peak II gradually shifted to higher
molecular weight region and the yield increased as the reac-
tion proceeded, finally led to the microgel-core star polymers
(5) in high yield (90%) at 50 h (total polymerization time:
99 h). Characterized by SEC—MALLS, 5 had M,, of 3.4 x
10°, average arm numbers per a star polymer (Nsec—mALLS)
of 17,2 and an overall radius of gyration (Rg) of 8.1 nm.'

The increment of the apparent molecular weight AM,,, |
in reaction process Il was estimated from the peak position
of peak I, where AM,,, 1 is defined by

AM 1 = My — Mpania, am (1)

where M is the apparent molecular weight of the reaction
product estimated from the peak position of peak I, while
Mppma arm (= 13210) is that of PMMA chains at the end of
reaction process I. AM,,,; thus estimated increased up to
~970 at Cggpma = 0.52 and Cyimaqrn = 0.33 (corresponding
to ¢t = 10 h) and then almost kept this value at > 10 h,
indicating that the average number of the monomeric unit
(DP) of poly(EGDMA-ran-MMA) block chains reaches a
constant value of ~6.5 at the early stage of reaction process
II, where the average molecular weight of EGDMA and
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(a) Solution A, Reaction process I
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Figure 7. In situ and time-resolved SANS profiles of solution A at varying polymerization time 7 obtained in (a) reaction process I and (b) reaction
process I1. The profiles shown by circles and solid lines indicate the experimental and theoretical scattering profiles. The theoretical scattering profiles
in reaction process I were reproduced by the Ornstein—Zernike theory (eq 2), and those in reaction process [Tat 7 = 6.5and 10 hand atz = 28.5to46 h
were reproduced by eq 14 and 16, respectively. The dashed lines described on the SANS profiles of reaction process 11 are guides for the eyes.

MMA [(198.22 4 100.12)/2] was used to calculate DP ~ 6.5.
Poly(EGDMA-ran-MMA) hardly grow larger than the average
DP ~ 6.5, even though further monomers are consumed,
probably because the grown block copolymers are preferen-
tially incorporated into the linking reaction.

The polymers obtamed during reaction processes I and II
were analyzed by 'H NMR (F igure 6). PMMA arms (2), finally
obtained from the process I in 1 = 49 h, exhibited the signals
originating from the protons of the terminal MMA unit
adjacent to w-terminal chlorine (a’, 1.5 ppm; b’, 2.4 ppm; ¢,
3.7 ppm) and those of initiator 1 (d, 3.9—4.0 ppm; e, 3.3 ppm; f,
7.1—7.2 ppm), along with the characteristic signals of a PMMA
(a,0.7—1.2 ppm; b, 1.3—2.0 ppm; ¢, 3.4—3.6 ppm) (Figure 6a).
The DP was estimated as 113 from the signal intensity ratio of
initiator to main chain [(c/3)/(d/2)], thus resulting in 11500 of
the M, (NMR) according to the following equation: 198.6 (F,,
of 1) + 100.12 (F,, of MMA) x DP. The M, (NMR) in by 'H
NMR was in good agreement with those by SEC [M, (SEC) =
11600]. Thus, the number-average o-end functionality (F,,) for
the initiator fragment, obtamed from M, (SEC)/M,, (NMR),
was close to unity (1.02),*® also supporting the conclusion that
this system induced living polymerization of MMA to achieve
an efficient linking reaction.

At = 5hafter addition of EGDMA (Figure 6b), the peaks
of vinyl protons (k: 5.5, 6.2 ppm) and methylene protons
(i: 4.0—4.3 ppm) derived from EGDMA were observed, whereas
the peak of PMMA terminal unit (¢') completely disappeared.
These changes indicated that EGDMA and MMA residue
react with the living end of prepoly(MMA) (PMMA arms) to
give a block copolymers (4) car?/mg a short linear random
segment of EGDMA and MMA..'*'7 At r = 10 h after addition
of EGDMA (Figure 6¢), the peaks of vinyl protons (k: 5.5,
6.2 ppm) and methylene protons (i: 4.0—4.3 ppm) were slightly
broader than those at 5 h, indicating that star polymers with
small number of arms are gradually forming between 1 = 5 to
10 h. In the final products (Figure 6d), the vinyl protons (k) and
the methylene counterparts (i) were quite broad and almost
disappeared, corresponding to the formation of microgel-core
network with EGDMA and MMA.'*"

3.2. Time-Resolved SANS Observations: Solution A. Figure 7a
shows the time-evolution of I(g, t) obtained from reaction
process I in solution A. All the scattering profiles (g, f)s are well

reproduced by the Ornstein—Zernike (OZ) formalism,* as

shown by the best-fitted theoretical profiles (solid lines), which
will be discussed later in conjunction with eq 2 in section 4.1. As
the polymerization proceeds, the scattering intensity gradually
increased and the characteristic ¢ value, ¢*(=1/&, & will be
defined later), simultaneously shifted toward lower ¢ up to 12.5
h as indicated by thick arrows in Figure 7a. On the contrary, after
t = 12.5 h, ¢* slightly shifted toward higher ¢, because PMMA
arm concentration (C) exceeds the overlap concentration (C¥),
defined as C* = 3M,/(4TNAR; %), where Ny is an abogadro
constant.*® Details of the scattering behaviors will be discussed
later in conjunction with Figure 9. These results indicate that the
PMMA arms grow in molecular weight and homogeneously
dissolved in the matrix of MMA and toluene-dg during reaction
process L.

Figure 7b shows time-resolved SANS profiles obtained for
solution A in reaction process II. Until # = 10 h, the scatter-
ing intensity gradually increased as the reaction proceeded
keeping a ¢g-dependence glven by the OZ formalism.** At 7 2
16.5 h, we start to recognize a broad scattermg maximum
appedred ataround ¢ = 0.32 nm™ ! The maximum intensity
kept remarkably increasing with ¢, whereas the g-value at the
maximum intensity (¢,,) slightly increased from ~0.32 to
~0.39 nm~'. The scattering maximum observed in this
solution is originated from interparticle interference among
the star polymers and/or microgel-core star polymers. At =
46 h, the characteristic distance among the microgel-core star
polymers (271/¢,,) was determined as ~16 nm.

3.3. Time-Resolved SANS Observations: Solution B. In
sharp contrast to solution A, solution B with high monomer
concentration ((MMA], = 6.0 M) involved fast consump-
tion of MMA (reaction process I) to give PMMA arms with
controlled molecular weight (M,, = 10500; M,/M,, = 1.74;
conversion 87%; 12 h). Subsequently added EGDMA (3)
into the solution was also consumed quite fast for the linking
reaction within the next 12 h (reaction process II: total con-
version MMA/3 = 99/99%). The solutions in glass tube
after 1 = 8 hin reaction process Il formed a macroscopic gel,
while the solutions after # = 4.5 and 5.5 h were still fluid and
had coexistence of sol and gel components.

The SANS profiles in reaction process I were also char-
acterized by the OZ formalism similarly to solution A. After
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the addition of EGDMA (reaction process II), the overall
scattering intensity increased as the linking reaction pro-
ceeded (Figure 8). At = 3.5h, a broad scattering maximum
started to appear around ¢,,, = 0.4 nm !, and at 7 = 8 h, the
SANS profiles showed shoulder peaks at ¢ > 1 nm™ ', which
seemingly reflects the formation of microgel-core star poly-
mers and their long-range spatial order. The theoretical
analyses of the SANS profiles to be discussed later in
sec. 4.2.4 elucidated that the shoulder peak originated from
the second-order peak in the structure factor S(q) in eq 16.

Solution B, Reaction process II

23.5,46 h

I(@) (cm™)

0.1

Process I
11h

0.1

g(hm™)

Figure 8. In situ and time-resolved SANS profiles of solution B at
varying polymerization time ¢ obtained in reaction process II. The
profiles shown by circles and solid lines indicate the experimental and
theoretical scattering profiles, respectively, where the theoretical scat-
tering profiles at 7 = 8 h were reproduced by eq 16. The dashed lines on
the SANS profiles are guides for the eyes.
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4. Discussion

4.1. Analysis of SANS Profiles in Reaction Process I. In
order to quantitatively investigate SANS profiles, we first
performed a model analysis according to the following
method. In the whole stage of reaction process I, the solution
is composed of linear PMMA arms, thereby obeys the OZ
formalism for homopolymer solutions:**
0)/(1+&%4¢)

loz(q) = 1(q = (2)

where I(g = 0) and & are, respectively, the forward scattering
intensity, which depends on the osmotic compressibility of
the solution, and the correlation length for the thermal
concentration fluctuations of the polymers [PMMA (2)] in
the solution. In the case of C/C* <1 § is related to the R, of
the swollen polymer chains; &% = (R 2131 — ¢)/(1 — qb +
¢Np)] with N, and ¢ bemg the degree of polymerization
of MMA and the volume fraction of the PMMA, respec-
tively, whereas in the case of C/C* > 1, & corresponds to a
screening length of concentration fluctuations or the so-called
concentration-blob size.**

SANS profiles in reaction process I were examined on the
basis of eq 2. The so-called OZ plot, 1/I(q) vs ¢°, gave a
straight line, enabling us to determine the two characteristic
parameters I(g = 0) and & at a given ¢. The solid lines in
Figure 7a presents the theoretical profiles obtained by using
thus determined /(g = 0) and & for reaction process I.

In Figure 9a, thus determined value of & and I(¢ = 0) is
plotted together with C/C* as a function of polymerization
time ¢. The time-dependent value of C/C* can be evaluated
from Cyima(7) and molecular parameters of PMMA (R, and
M,,). Because the concentration of PMMA, C(t), and C*(¢)
are calculated by the follow equations,

C(t) = Canaa(?)Co,anva (Peainvia/Privia) (3)

C*(1) = 3M,/[4TNaAR,(1)*] and Ry(1)* = n(t)b*/6 (4)

7 e
5 6 789, Y00
Concentration of PMMA (g/L)

0.29

by

R A
o 2 L 0.28
B ;1,6_— 5
3 F [ Q
= E L 027 ©
o L 2
N
c\*13111.5—
S | 0.26
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&,

9
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Figure 9. (a) Plots of C/C* (open circles), correlation length & (filled circle), and /(¢ = 0) (open squares) of solution A in reaction process I as a function
of polymerization time ¢. The vertically and horizontally drawn dashed lines indicate the boundary between the dilute solution (C/C* < 1) and

semldllute solution (C/C* = 1) of PMMA arms. (b) Double logarithmic plot

of the correlation length & vs the concentration of PMMA. (c) Plots of

log(AB?) (filled circles) and log(C~"#) (open circles) of solution A vs log(#). The solid lines are guides for the eyes.
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where Cy mma, PpMMa» and pyva are the initial concentra-
tion of MMA monomer (0.198 g/mL), the density of PMMA
(1.19), and the density of MMA (0.94), respectively. n(¢) and
b are the number-average DP obtained by SEC and the
segment length of PMMA (0.72 nm),*’ respectively. As the
polymerization proceeds from ¢+ = 0 to 12.5 h in reaction
process I where C/C* < 1, & increases, implying that the
linear PMMA chains grow in its characteristic length R, via
the living radical polymerization.

The polymerization solution after 1 = 12.5 h satisfied
C/C* 2z 1, because over 60% of MMA was converted into
PMMA chains to increase C, and C* decrease with ¢ due to
an increase of R, with 7. In this regime, & decreases as the
polymerization proceeds, even though R, of a single PMMA
chain itself increases. The decrease of & with time is a
consequence of a decreasing size of the concentration blobs*®
due to increasing ¢/c* with time in the context of the scaling
theory for the semidilute solutions. According to the scaling
theory,*® & is given by

E()~C(n)~*" (5)

When & vs 7 is converted to § vs C by using C vs ¢ as
estimated by eq 3, & vs C satisfies the scaling theory of eq 5in
the late stage of reaction process I at 7 2 12.5 h, as shown by
the solid line in Figure 9b, implying that the propagating
PMMA chains form a semidilute solution as predicted by the
theory without formation of aggregations.

I(q = 0) is generally given by

g, (001

1t = 0~/ (3¢ )
in the context of the fluctuations theory of scattering,®
where IT is the osmotic pressure and Ab is the scattering
contrast difference between solute and solvent which is given
by eqs 8 and 9 below. In the semidilute solutions, IT is given
by IT ~ €”* and hence

I(qg = 0)~Ap*C~ /1 (7)

Thus, if Ab is constant with ¢, I(¢ = 0) is expected to decrease
with 7 as Cincreases with ¢. On the contrary, the experimental
value I(¢ = 0) is almost constant with ¢ in the semidilute
solution regime at ¢ 2 12.5 h. This discrepancy should be
attributed to an increase of Ab with ¢ during the polymeri-
zation. The solvent for PMMA consists of MM A monomers
and toluene-dg, and MMA monomers are converted to
PMMA, which increases the scattering length density of
the solvent and hence Ab,

Ab = bsolvent — bpaiva (8)

= (]- - ¢1\rﬂ\rIA)btoluene—d3 + ¢MMAbMMA (9)

where by (J/ = PMMA, MMA, or toluene-dy) is the scattering
length density of the Jth component and ¢y a 1S the volume
fraction of MMA monomers in the solvent. Here we should
note that the concentration of RuCl,(PPhs); and n-BusN,
which also exist in the matrix medium, is so small that their
contributions to byypven can be neglected. It should be noted
that bioluene-d, > bmma- As dvma decreases with 7 due to the
polymerization, bg,jyene and hence Ab increases with z.

We can calculate Ab and C~'*as a function of 7. The results
are shown in Figure 9c. We find the linear relations in log(Ab?)
vs log(7) and log(C~""*) vs log(7) with the slope of ~0.06 and
~ —0.06, respectively. The result actually indicates that Ab>
increases with ¢ according to /°°® and that this increase in Ab?
is canceled by the decrease of C~'* with ¢ according to %%

bsolvent
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Consequently, we can predict that /(g = 0) is independent of
¢ in reaction process [ at C/C* > 1, as found in Figure 9a.

4.2. Analysis of SANS Profiles in Reaction Process II. The
addition of the EGDMA solution to the PMMA solution at
the beginning of reaction process II is calculated to decrease
the polymer concentration C and hence C/C* down to ~1. In
reaction process II, the PMMA chain grows into the block
copolymer with the short random copolymer of DP ~ 6.5 as
will be detailed below. The block copolymers are then linked
into the star polymers. Let us here estimate how much C/C*
will change before and after the linking. If all linear chains in
the systems are linked into star polymers having the m arms,
and C/C* before and after the linking are defined by (C/C*),
and (C/C*)gar, respectively, then the ratio

3/2
R=(C/CH/(C/C, = (3-2) "m0

This equation is obtained by noting that the radius of
gyration of the m-arm star with each arm having the radius
of gyration R, is given by (3 — 2/m)1/2Rg on the basis of the
Gaussian chain statistics.”*® The value R is a maximum at
m = 2 (~1.4) and then decreases to zero with m. The value R
is about 1 for m = 3 and 4. Hence we can predict C/C*< | in
the whole reaction process II.

4.2.1. Three Characteristic Reaction Stages in Reaction
Process I1. The time evolution of the SANS profile as a whole
observed in reaction process II may be qualitatively char-
acterized by time evolution of the scattering profiles at the
following three representative g-ranges: (i) (¢ = 0) at the
small ¢-limit which depends on osmotic compressibility
of the systems, where /(¢ = 0) in reaction process II was
assumed to be equal to the scattering intensity at the smal-
lest ¢ ~ 0.06 nm ' accessed by our SANS experiment (see
Figure 7b), (ii) the ¢, value at the scattering maximum, if it
exists, as a representative of the scattering in the intermediate
g-range, and (iii) the intensity at the high-¢ limit, /(¢ = 1
nm~ ') and the exponent o which approximately charac-
terizes the g-dependence of the intensity around the high ¢
limit [0.8 < ¢ (nm ") < 1.4] when I(g) is approximated by the
power law, I(q) ~ ¢"*. Figures 10a and 10b show the four
characteristic scattering parameters as a function of # (part a)
and conversion (part b) of the linking agent EGDMA,
Cegbma, Where Cggpmas were determined from the solid
line drawn on Cggpma Vs ¢ in Figure 3. The time- and
conversion-dependence of these four parameters shown in
Figure 10 consistently reveal that the reaction process II
can be classified into three characteristic processes, process
II-1 to II-3 as also shown in the figure.

In process II-1, I(¢ = 0) increases as the polymerization
proceeds, because the increase of My, of the reaction pro-
ducts, which is due to both (a) the block copolymerization of
EGDMA and MMA and (b) the intermolecular linking
reactions to form small star polymers, contributes to increase
the osmotic compressibility in the reaction solution. These
processes (a and b) in process II-1 as summarized in Scheme 2
also cause enhanced thermal concentration fluctuations so
that both the amplitude and thermal correlation length of the
fluctuations increase, which in turn increase I(g = 1 nm™")
and a, respectively.

In process I1-2, at = 10 h or Cggpma = 0.5, I(¢ = 0) and
o (the g-dependence of I(¢) at the high ¢-limit) start to
increase abruptly. In the middle of this process, the scattering
maximum distinctly appears, and ¢, increases rapidly with ¢
or Cegpma.- These results may indicate that the number of
star polymers rapidly increases, while the average distance
between them rapidly decreases via (a) star—star and (b)
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Figure 10. Four characteristic scattering parameters obtained in reaction process IT, (g = 0), gm, /(g = 1 nm™ '), and o as a function of (a) r and

(b) Cegpma. The vertical dashed lines classify reaction process II into three characteristic reaction processes, process II-1 to I1-3. The solid lines are
guides for the eyes.

Scheme 2. Classification of the Microgel-Core Star Polymer Formation Mechanism via the Arm-Linking Reaction Method, Elucidated by in Situ and
Time-Resolved SANS and Molecular Analyses (SEC, GC, NMR, and SEC—MALLS)
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star-block linking reactions in process II-2 as also summar-
ized in Scheme 2.

At t 2 25 h or Cggpma = 0.84 in process 11-3, all these
scattering parameters exhibited a showing down in the rate
of increase. This is probably because the microgel-core star
polymers are slowly formed via linking of the block copoly-

In this work, the time-evolution of the arm number per
star polymer, Nsgc—maLLs, Was investigated in the course of
reaction process II using SEC—MALLS. Nsgc—marLLs Was
calculated as follows,

Nsec—maars = wemma My, star— MALLS/ My, Arm—sec (11)

mer radicals to the star polymers [designated as (a) “sticking”
reaction of block copolymers as summarized in process I1-3,
Scheme 2], and their number slowly increases with ¢ and
CEGDMA-

where wpyma are weight fraction of the PMMA arm in the
star polymer.”™ My, sr-marLLs and My arm-sec are weight-
average molecular weight of the star polymer or PMMA
arm, obtained by SEC—MALLS and SEC, respectively.'®!’
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Figure 11. Arm numbers per microgel-core star polymer for solution A
evaluated by SEC—MALLS in reaction process Il as a function of
Cecpma- The dashed lines are guides for the eyes.

Table 2. Classification of Reaction Process 11

Process 11-1 (a) block copolymerization

(b) small star polymer formation
(linking reaction)

(a) star—star linking

(b) star—block linking

(a) sticking of block copolymers into
microgel-core star polymers

Process 11-2

Process 11-3

In Figure 11, Nsgc—marLs thus evaluated was plotted as a
function of Cggpmal(?). Although there are only a few data
points, the trend of Nspc—marrs VS CEgpma is found to be
classified into the same three processes, processes I1-1 to I1-3,
such as those found with the SANS method. Moreover, the
molecular analysis reveals the followings important facts:
Small star polymers with Nsgc—marrs up to ~5 will be
formed in process II-1, while the arm numbers per star
polymer increases rapidly with Cggpma in process I1-2,
and the rate of increase slows down in process I1-3.

Table 2 and Scheme 2 summarize the proposed classifica-
tion of reaction process II. Process II-1 competitively in-
volves (a) block copolymerization of EGDMA and MMA
into the arm polymer of PMMA-block-Poly(EGDMA-ran-
MMA) and (b) small star polymer formation (linking reac-
tion) among the arm polymers. In process II-2, (a) a star—
star linking reaction and (b) a star—block linking reaction occur
to form the star polymers with an increasing number of arm
polymers. The process will form the microgel-core star polymers
in the late stage of the process. Finally, (a) sticking of linear
block copolymers into the microgel-core star polymers may
dominantly occur in process I1-3. The arm polymers, as many as
~17 attached on the core surface, give rise to entropically driven
repulsive interactions among microgel-core star polymers and
stabilize the dispersion of them in the solution.

4.2.2. Evaluation of the Volume Fraction of Arm Polymers
and Star and]or Microgel-Core Star Polymers for Quantitative
SANS Analyses. The analyses in section 4.2.1 elucidated that
the reaction system contains the linear arm polymers with
weight fraction w; and star and/or microgel-core star poly-
mers with weight fraction w, = 1 — wy. Quantitative analyses
of each fraction is important to characterize the reaction
solution with SANS. For the quantitative analyses of wy and
w,, the SEC curve at a given ¢ was decomposed into two
components as shown in Figure 12a: fpeai 1 (shown by dotted
lines), associated with the linear arms [PMMA and/or
PMMA-block-poly(EGDMA-ran-MMA)], and fpeaxo (shown
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Figure 12. (a) Decomposition of the experimentally observed SEC
curves, fops (solid lines), for solution A in reaction process I at varying
polymerization times into the component of the linear arm polymers,
Jpeax 1 (dotted lines), and the component of the star and/or microgel-core
star polymers, fpeax 11 (dashed lines). The vertical dashed lines indicate
the peak positions of peaks I and II at a given 7. (b) Weight fraction of
the linear arm polymers, wy, and the star and/or microgel-core star
polymers, w,, estimated from the decomposed peak area of peaks I and
11, respectively, as a function of the polymerization time .

by broken lines), associated with the small star polymers, star
polymers, and/or microgel-core star polymers. We assumed
that fpear 1 at a given ¢ is given by the same shape as that at
t = 0, though the peak position was shifted toward higher
molecular weight with ¢ to some extent. For the decomposi-
tion, we first estimated fpeax 1 by best-fitting of fpeqi 1 With the
observed curve (fops) as the peak position and height as
adjustable parameters, and fpe.x » Was then evaluated from
Jobs — fpeak 1 = Jpeak 2 at a given ¢. The time-evolution of w;
and w, were determined from the areas under the peaks for
freak 1 and fpeak 2, and the results are shown in Figure 12b.
We expect that log w; should linearly decrease with ¢ along the
solid line, as shown in Figure 12b, if the intermolecular linking
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reaction of the block copolymers obeys first-order reaction
kinetics in reaction process II. It does so in process II-1, but
the deviation gradually and increasingly develops with 7 in
processes I1-2 and II-3. That attributes to a reaction probability
for the intermolecular linking reactions of the block copolymers
in processes I1-2 and I1-3 that decreases with ¢, because the steric
hindrance on the linking reactions increases as the star polymers
and/or the microgel-core star polymers become large.

These results shown in Figures 11 and 12 indicate that the
solution in process II-1 contains linear arm polymers and
small star polymers, while the solution in process II-3 mostly
contains microgel-core star polymers with only a minor
fraction of linear polymers, the contribution of which to
the SANS can be negligible. On the other hand, the solution
in reaction process II-2 is quite complex, containing linear
polymers, small and large star polymers, and microgel-core
star polymers, which makes the SANS analyses impracticable,
because too many unknown parameters are involved in the
analyses. Hence we shall conduct the analyses only for process
II-1 and II-3 below. In order to conduct the SANS analyses in
process I1-2, we need more data concerning the time-evolution
of SEC and SEC—MALLS. This deserves future work.

4.2.3. Analysis of SANS Profiles in Process II-1. The
reaction solution is composed of diblock copolymers (4)
poly(MMA-ran-EGDMA), and small star polymers. The
scattering length densities of EGDMA (3) and MMA seg-
ment are similar and smaller than that of toluene-dg. There-
fore, the scattering from the diblock copolymer (4) and the
small star polymer is the essentially the same as that from the
corresponding homopolymers.

We carried out a theoretical analysis for SANS profiles at
t = 6.5and 10 h in process II-1. It is assumed that the form
factor of small star polymer, Ps,.(¢), and block copolymer,
Prinear(q), are given by the Benoit’s form factor for the
Gaussian n-arm star polymer®® and the Debye form factor
for the Gaussian linear polymer,*” respectively.

Pgia(q) = W{(}c— 1) 4+ exp(— x)
+7(NSAN; ) [1— exp(— x)]z} (12)
Prinea(4) = —5x =1+ exp(~x)] (13)

Here x = qugz, and Ngans is the arm-number of the n-arm
star polymer. The radius of gyration R, for the arm polymers
and that for the linear polymer were assumed to be identical.
We assume no polydispersity with respect to R, and Ngans
for simplicity. In the reaction solution, the small star poly-
mers and the block copolymers exist with weight ratio of w,/w;
(wy + wy = 1), evaluated from the SEC analyses (Figure 12).
Therefore, the scattering function for the reaction solution in
process II-1 is given by

I(q) = K[NsansW2Psiar(q) + w1 PLincar(q)] (14)

where K is a proportionality constant which depends on total
polymer concentration and M, of the arm polymers. In
Figure 7b, the theoretical profiles based on eq 14 (solid lines)
well reproduce the experimentally observed SANS profiles
(open circles) at ¢ = 6.5 and 10 h. The characteristic para-
meters, Nsans, Rq, Wi, and w,, obtained by the best fit, are
summarized in Table 3. In this analysis, we used the values w;
and w, shown in Table 3 which were determined from the
solid straight line in process II-1in Figure 12b. The values of
Nsans thus evaluated at t = 5 and 10 h are slightly smaller
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Table 3. Summary of Characteristic Parameters Determined by the
In Situ and Time-Resolved SANS for Solution A at ¢ = 6.5 and
10 h (Process II-1)

%h) 6.5 10

SANS 24403 3.6+0.3
R, (nm) 1.54+0.2 1.6 £0.2
wy 0.33 0.21

Wwo 0.67 0.79

(a) Microgel-core,

1
PMMA arm
(Nsans arms/core)
I

(b)

Toluene-dy/MMA
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bp Ab; |pmmA ams
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Figure 13. (a) Schematic illustration of the microgel-core star polymer,
and (b) the relative scattering length densities of the matrix (toluene-ds/
MMA), the PMMA arms, and the core.

than those of Nsgc—marrs shown in Figure 11. It is noted
that the size of core can be regarded as zero in this model
analysis in process I1-1.

4.2.4. Analysis of SANS Profiles in Process I1I-3. Here, we
carried out the theoretical analysis of the SANS profiles in
process II-3 in order to characterize the microgel-core struc-
ture. We assumed a scattering model function, which is
composed of the two contributions: thermal concentration
fluctuations of the block copolymers, Ioz(¢), and the micro-
gel-core star polymers Ii,g5ar(¢), as follows,

](q) = wlIOZ(q) + WQImgstar(q) (15)

The coefficients (w; and w5) of the first and second term were
evaluated from the corresponding broken lines shown in
Figure 12b, though the contribution of the first term is
negligibly small. I,444:(¢) is given by a product of the form
factor of the microgel-core, Ppggar(¢), and the structure
factor S(g),

Imgstar(q) - angstar(q)S(q) (16)

where n1is the number density of microgel-core star polymers.
For Pgsiar(q), we employed a core—shell sphere model
proposed by Pedersen et al. (see Appendix).*!' As illustrated
in Figure 13a, the model assumes that (i) the shell and
microgel-core are, respectively, composed of the PMMA
arms and poly(MMA-ran-EGDMA) copolymers, both
swollen by toluene-dg, as a good solvent; (ii) one chain end
of PMMA arms is anchored on the surface of the microgel-
core; (iii) PMMA arms in the shell do not penetrate into the
swollen micogel-core. Here, three parameters were intro-
duced in order to characterize the structure of the single
microgel-core star polymer; core size (Reore), radius of gyra-
tion of PMMA arms in the shell (R, 4m), and the number of
PMMA arms emanating from the single microgel-core
(Nsans), which will be introduced later. In this analysis, we
neglected the polydispersity for Reore, Rgarm, and Ngans, for
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Table 4. Summary of Characteristic Parameters Determined by the In Situ and Time-Resolved SANS for Solution A at # > 28.5 h (Process 11-3)
and for Solution Batz > 8h

solution A solution B
t (h) 28.5 38.5 46.6 8 13.5 23.5 46
Nsans 12.740.5 15.140.6 18.240.7 85405 11.94 0.6 16.1+0.5 16.6 + 0.5
Reore (nm) 0.8 +0.1 0.9+02 1.0£0.2 0.7£0.2 0.8+0.1 0.9+0.1 0.9+0.1
Ry arm (nm) 20402 2.0+0.1 2.0+0.1 1.6 £0.1 1.8+0.1 1.840.1 1.840.1
Ry, (nm) 6.0+03 63+03 6.4+03 56+0.2 58402 59403 59403
n(cm > x 10'7) 3.640.5 35404 35404 6.840.5 6.6+0.4 64403 64403
7 0.10 £ 0.01 0.1240.01 0.1340.01 0.14 4+ 0.01 0.17 +0.02 0.18 4 0.02 0.19 4 0.02
3 1 1 I 1 |
g | ® Solution A
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Figure 14. Summary of the polymerization-time dependence of the
characteristic parameters (process 11-3) obtained by quantitative ana-
lyses for the SANS profiles for solution A at ¢ > 28.5 h (filled circles) and
for solution B at # = 8 h (open circles). (a) Nsans, (b) Reore, (¢) 7. The
solid lines are guides for the eyes.

simplicity. Figure 13b schematically illustrates the spatial
distribution of the scattering contrast, Ab; and Ab,, across
the microgel-core star polymer.

As for S(¢), which originates from the interactions among
microgel-core star polymers, we employed the hard sphere
model given by Percus—Yevick formalism.** In this model,
we replace the microgel-core star polymers by equivalent
hard spheres of radius R}, which have an excluded volume
given by the sphere of radius L = 2Ry, and volume fraction 5
(see Appendix).

4.2.5. Characterization of Microgel-Core Star Polymers.
The solid lines in Figures 7b (drawn for the SANS profiles
for solution A obtained at polymerization time ¢ 2 25 h) and
Figure 8 (drawn for those for solution B obtained at 7 2 4.5h)
show the theoretical scattering curves best-fitted with the
experimental profiles (open circles) using eq 16. Time-
evolution of the characteristic parameters, Nsans, Rcores
Ry arm» Rn, n, and 7, obtained for both solution A and B in
reaction process II are summarized in Table 4. In the
determination of n, we took into account the change of the
scattering length density of the solvent with time during the
polymerization process, as discussed earlier in conjunction

Rcore (M)

Figure 15. Arm numbers Ngans per a single microgel-core star polymer
vs average core radius R, as determined from SANS.

with eqs 8 and 9. Moreover, some of these characteristic
parameters for solution A and B were plotted in Figures 14a-c
as a function of 7. As for solution B, we presented the
characteristic parameters obtained at ¢ 2 8 h, where the
solution exhibited the macroscopic gelation. In both solutions
A and B, Ngans and R at the end of reaction process I1 are
close to ~18 and ~1 nm, respectively (see Figure 14, parts a
and b). However, in solution B, a microgel-core star polymer
grows more rapidly as compared to that in solution A. The
final value of Ngans ~ 18 agrees well with the independent
estimation by SEC—-MALLS (Ngpc—marrs = 17).1000de17
In both solution A and B, we found that Ngans increased in
proportion to Reore>, as will be shown below in Figure 15,
implying that a single arm polymer occupies the given sur-
face area of the micogel-core independent of 7 in process I1-3.
The R, ,rm, estimated for both solutions A and B, is almost
constant at ~2.0 and ~1.8 nm, respectively. In process II-3
for both solutions A and B, n and Ry, are nearly constant
as shown in Table 4, respectively. The slight increase of 5
(e<nRyY) with 7 in solution A and B can be accounted for by
the small changes in n and Ry, with 7.

4.3. Mechanism for Reaction Process II. By comparing the
results obtained from the model analysis of the time-resolved
SANS profiles and those from the molecular characteriza-
tion by SEC and NMR, we shall discuss the mechanism in
linking reaction process II with respect to the following three
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processes: (1) the competition between diblock copolymeri-
zation and small star polymer formation (process II-1),
(2) microgel-core star polymer formation (processes I1-2 and
11-3), and (3) macroscopic gelation.

4.3.1. Competing Reaction of Diblock Copolymerization
and Small Star Polymer Formation in Process II-1. After
in situ addition of EGDMA (3) into solution A, the molar
ratio between residual MMA and EGDMA (3) was close
to 1/1 with about 90% conversion of MMA. Therefore, 5 h
after the addition, the random copolymerization between
MMA and EGDMA occurred from the terminal of living
prepoly(MMA) arms (2), yielding block copolymers (4) con-
sisting of a PMMA and a short random copolymers of MMA
and EGDMA, as shown in Peak I of SEC (Figure 4b).
The apparent molecular weight of block copolymer My,
reached a constant value of 970 at the end of process II-1, and
hereafter M,;,; was independent of Cio. The structure
of the block copolymers carrying unreacted vinyl pendants
are also supported by the "H NMR analysis (Figure 6).
Simultaneously, a small shoulder peak II at the higher mole-
cular weight (see Figure 4b at + = 5 h; yield ~ 20%) also
appeared, corresponding to the small star polymer (dimer or
trimmer of the diblock polymers, linked via dangling vinyl
groups). Up to # = 10 h (process II-1), peak II increases and
shifts toward higher molecular weight side (yield ~ 55%)),
which is consistent with the time-resolved SANS analysis
(Figure 10a). SANS profiles obtained at = 6.5 and 10 h for
solution A can be well reproduced by the composite model of
the n-arm star polymer and the linear polymer given by eq 14,
with the number of the arms in the star polymers Ngans
increased up to ~4 (Table 3), consistent with the results of the
molecular characterization with SEC—MALLS (Figure 11).
These results clearly elucidated that process II-1 involved
the two competing reactions as indicated in Scheme 2 and
Table 2: (i) diblock copolymerization [process II-1(a)] and
(i1) the small star polymer formation via polymer linking
[process II-1(b)]. Process II-1 commonly occurs for both
solution A and B, though the reaction rate is different
between these solutions; in case of solution B, process II-1
appeared at ¢t < 3.5 h.

4.3.2. Microgel-Core Star Polymer Formation. The time-
resolved SANS profiles obtained in reaction process II for
solution A exhibit a scattering maximum at ¢ 2 16.5 h
(Figures 7b and 10a). The maximum is possibly interpreted
to arise from the excluded volume effects as described by
Percus—Yevick type hard spheres.** The excluded volume
effects are anticipated to be effective when the sizable hard
microgel-core are developed in the star polymers, while they
are not so when the core is small and relatively flexible as in
the case of the small star polymers and the star polymers
in process I1-2 in Scheme 2. From this viewpoint, the time-
resolved SANS quantitatively elucidates the time-evolution
of the microgel-core star polymer formation and its spatial
distribution of them in the time range of 25 < ¢ (h) < 46. The
analyses of the time-resolved SANS based on the core—shell
model yielded the following pieces of information: (i) the
number density of the microgel-core stars n is nearly con-
stant, as shown in Table 4; (ii) however, Ngans and R for
solution A and B continue to increase in process II-3 except
att 2 23.5 h for solution B where the reaction appears to be
completed (see Figures 14a and b). Considerations i and ii
suggest that the sticking of the linear block copolymers into
the star polymer dominantly occurs in process I1-3(a), as
summarized in Scheme 2 and Table 2.

4.4. Macroscopic Gelation. The macroscopic gelation was
found to occur at ¢ > 8 h in reaction process II for solution
B, based on the fact that the gel never flowed and was never
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dissolved by solvents. Why did the gel form only in solution
B? We can find the following factors in Figure 14. (i) Reore’/
Nsans ~ 0.05 nm? independent of ¢ for both solution A and
solution B as shown in Figure 15, suggesting that the core
surfaces developed in both solutions are equally covered by
the PMMA brush chains and hence are subjected to about
equal entropic repulsion against neighboring core surfaces;
(ii) the volume fraction of the hard spheres 7 equivalent to
the microgel-core star polymers for solution B is larger than
that for solution A by a factor of ~1.4 to ~2.0, suggesting
that the average distance between the cores is closer in
solution B than in solution A.

Factors (i) and (ii) enable the cores in the solution B to
approach one another more closely than those in solution A,
driven by thermal fluctuations, so that they are more likely to
be chemically connected via the linking reaction into a
macroscopically percolated networks. It is crucial to conduct
ultrasmall angle neutron scattering (USANS) experiments
which cover ¢ < 0.1 nm™ " in order to explore the percolated
network structures and its heterogeneities extending over a
length scale larger than that covered by SANS. This deserves
future work.

5. Conclusion

We employed in situ and time-resolved SANS measurements,
in conjunction with GC, SEC, and '"H NMR analyses, to eluci-
date kinetic pathways of the formation of the microgel-core star
polymers via Ru(II)-catalyzed living radical polymerization. The
synthetic process analyzed by the time-resolved SANS method
included the following two processes: (1) synthesis of the linear
arm polymers (reaction process I); (2) linking reaction of the
linear arm polymers with a divinyl compound [reaction process
I1]. The SANS profiles in the reaction process II were quantita-
tively analyzed on the basis of the models of the n-arm star
polymers and the microgel-core star polymers, described in the
text. As a result, the mechanism of arm-linking reaction was sum-
marized by the three steps as visualized in Scheme 2 in the text.

Appendix

1. Core—Shell Spherical Model. On the basis of the core-
shell model shown in Figure 13,*' the form factor of a single
microgel-core star polymer, Pqsar(¢), is composed of four
partial scattering functions: F.(q) for a microgel-core, F,(q)
for a single arm polymer, and cross-terms between microgel-
core and arm polymer, S.,(¢), and between different arm
polymers, Saa(q)

ngstar(q) = NSANS2lc2Fc((1) + Nla2Fa((1) + QNZICIaSca(({)
+ NN =1)1*Sa(g) (A-1)

where Ngans is number of arm polymers anchored on the
microgel-core, /. and /, are averaged scattering lengths per
chain in the microgel-core and arm polymer, respectively,
excess to the scattering length of solvent. They can be calcu-
lated as I. = Vi(bsory — be) and [, = Va(bsory — ba), rES-
pectively, where V. and V, are the volume of a single chain
[poly(MMA-ran-EGDMA)] in the microgel-core and the
volume of a single arm polymer (PMMA). b. and b, are
the corresponding scattering length densities and by, is the
scattering length density of the solvent composed of toluene-
dg and MMA. Ab; and Ab, shown in Figure 13(b) are the
differences in the scattering densities between the solvent and
core and between the solvent and the arm, respectively. F.(q)
for the single microgel-core which is assumed to be uniform is
given by

FC(CI) = q)Q(u)’ u = chorc (A'2)
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and
®(u) = 3[sin(u) — u sin(u)]/u® (A-3)

where R is radius of the micro-gel core. As for the F,(¢),
we assume the Debye function® for an ideal Gaussian chain,
even though the arm polymer is perturbed by one end being
anchored on the microgel-core and by interactions with
neighboring arm chains and solvent,

Fu(q) = 2[exp(—x)—1+x]/x2, X = (‘]Rg,arm)2 (A-4)

where R, ;. is the radius of gyration of the arm chain.

In order to avoid penetration of the arm chains against the
microgel-core, one end of the arm polymer chain is assumed
to start at a distance Roore + Ry arm from the center of the

. 41 . 0
microgel-core.” Then S.,(¢) is given by

sin(u + x)
u+x

Sea(q) = P(u)g(x) (A-5)

Ineq A-5, ¢(x)[sin(u + x)]/(u + x) is the scattering amplitude
for a Gaussian chain,”™ with one end fixed on the surface of
the sphere with a radius Reore + Ry arm. Where

¢(x) = [I —exp(—x)]/x (A-6)

The partial scattering function S,,(¢) for the cross-correla-
tion of the arm polymer chains emanating from surface of
microgel-core is given by

sin(u + x)]?
Hix} (A7)

Suli) = ¢

In order to calculate S(g), we employ the Percus—Yevick
model,*> which incorporates a hard-sphere potential be-
tween spheres in liquid-like packing, by replacing the micro-
gel-core with an equivalent hard sphere of radius Ry,.

S(q) = [1+249G(y)/y] " (A-8)

where y = 2¢qRy, Ry, and 7 are the radius and the volume
fraction of the hard sphere, and G(y) is given by

G(y) = (oo/y*)[sin(y) = yeos(y)] + (B/y*)[2ysin(v)
+ (2= y*)cos(y) = 2]+ (y/5°)[ — y'cos(y)
+4{(3y* — 6)cos(y) + (+* — 6y)sin(y) + 6}].  (A-9)

The quantities a, 3, and y are

a = (1+27)*/(1—n)* (A-10)
B = —6n[(1+mn/2)) /(01— (A-11)
y = /2 (A-12)

The shortest distance, L, between the centers of adja-
cent microgel-cores is given by L = 2Ry, in this hard sphere
model.
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