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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-Cl/RuCl2(PPh3)3/tribuylamine (n-Bu3N) 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 II-1) formation of block
copolymers (4) and competitive formation of the small star polymers via the linking reaction of 4 and 4;
(process II-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 themicrogel-core star polymers; (process II-3) growth of themicrogel-
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
sphericalmodel in order to determine themicrostructures 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-shapedpolymers2-10 are synthesized by living poly-
merizations5-10 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 anddienes combiningwith divinylbenzene
(DVB).2,5,11-13 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 experiments14 and UV-vis spectroscopic

study12b turned out to be powerful tools to clarify the linking
mechanismof linear polymers for star polymer formation. Living
anionic polymerization characteristically performs reaction selec-
tivity between two vinyl groups in aDVBmonomer; 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 inDVBmonomer.5,14 Therefore, diblock
copolymerization and cross-linking process are distinctly sepa-
rated to each other after addition of a linking agent into a living
prepolymer.5 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,7-10 similar to living cationic polymerization,6

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,2 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,3 cationic,6,15 and radical7,16-19

polymerizations have enabled the preparation of various star
polymers carrying functional moieties.*Corresponding authors.
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One of our groups has developed and employed the ruthenium-
catalyzed living radical polymerization,7,20 which is versatile for
various vinyl monomers and highly tolerant to polar functional
groups,21-24 for the star polymer synthesis with linking agents of
divinyl compounds.7c,d,16b,d,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 chains17c and at the surfaces,16d but also in the
microgel-cores,16b into which we can introduce even metal moie-
ties via coordination based on the functional substituents.17

These novel functionalized star polymers exert special properties
owing to the unique structures.17,25 In addition to such functio-
nalizations, we have deeply characterized the structures of the
isolated star polymers by various analytical methods including
NMR,16a-d,17 size-exclusion chromatography (SEC) equipped
with multiangle laser light scattering (SEC-MALLS),16a,b,d,e,17

small-angleX-ray scattering (SAXS),16e atomic forcemicroscopy
(AFM),17 and transmission electron microscopy (TEM).17a,b

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
1H NMR analyses of isolated polymers.16,17 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 themicrogel-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.26,27 Time-resolved SANS
measurement is one of themost 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.26-28

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 determinemolecular characteristics
of propagating living polymers and/or molecular self-assembly
during living anionic polymerization26,28 or living radical poly-
merization.27

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 II.
The in situ and time-resolved SANS analyses of solution A
allowed us to determine the time-evolution of core size (Rcore),

number of arm chains per core (NSANS), number density of cores
(n), and the hard sphere radius ofmicrogel-core star polymer (Rh)
in the course of polymerization. These results enabled us to
quantitatively clarify the detailed mechanism in reaction process
II for the first time. In addition, we discuss macroscopic gelation,
which is clearly observed for the condensed reaction solutionB 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.29 EGDMA (Aldrich;
purity>98%)was purified by distillation from calcium hydride
before use. RuCl2(PPh3)3

20 (Aldrich; purity>97%)was used as
received and handled in a groove box under a moisture- and
oxygen-free argon atmosphere (H2O<1 ppm, O2<1 ppm).
Tributylamine (n-Bu3N)30 (Tokyo Kasei; purity >98%) was
bubbled with dry nitrogen for more than 15 min before use.
Internal standards [n-octane, Wako, purity >98%; tetralin
(1,2,3,4-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-d8 (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, solutionA and
solution B, with differentMMAconcentration of 2.0 and 6.0M,
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,16,17 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
NMRmeasurements was first prepared according to the follow-
ing method: in a glass tube (50 mL), first placed with RuCl2-
(PPh3)3 (0.1 mmol, 95.7 mg) and kept at 25 �C under dry
nitrogen, we sequentially added toluene-d8 (6.43 mL), n-octane
(0.2 mL), n-Bu3N (0.4 mmol, 1.0 mL, 400 mM in toluene-d8),
MMA (20 mmol, 2.11 mL), and 1 (0.2 mmol, 0.25 mL, 801 mM
in toluene-d8) (final reaction solution: 10 mL). Note that

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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toluene-d8 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 (RuCl2(PPh3)3/n-octane/n-Bu3N/
MMA/1) in toluene-d8 of 1.0 mL. Additionally, two glass tubes
(R and β shown in Figure 1) were prepared to analyze molecular
weight and molecular weight distribution of the products and
monomer conversion. The glass tubeRwith 5mLof the solution
is for monitoring reaction process I (arm synthesis) by the
sampling at predetermined periods, whereas the glass tube β
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

andMolecular Analyses.To initiateMMApolymerization in the
quartz cell for in situ SANS analysis and in the glass tubes (R and
β) 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 R 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 (Mn), and Mw/Mn, characterizing molecular weight
distribution (MWD), where Mw 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-d8) and tetralin (0.06 mL) in toluene-d8 (total: 3.0 mL).

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 β 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 β 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.31 With a velocity selector,
cold neutron was monochromatized so that wavelength λ =
0.65 nm and the wavelength distribution Δλ/λ = 0.13. SANS-
J-II 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 3He position sensitive detector (0.58 m diameter and 5 mm
resolution) was placed at the distance LS from the sample.
A conventional pinhole collimation with the first and second
collimator sizes being S1 and S2 = 20 and 8 mm φ was used,
respectively, as shown in Figure 2b. The quartz cell enclosing the
reaction solution was set behind a second pinhole S2. Two
sample-to-detector distances were set in our SANS experiment;
one LS = 6 m, covering the q-range of 0.055 < q (nm-1) < 0.5
and the otherLS= 2.5 m, 0.15< q (nm-1)< 1.65, respectively,
where q=(4π/λ) sin(θ) is the magnitude of the scattering vector
q with scattering angle 2θ and λ. 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-1) using a secondary standard of an
irradiated Al plate. Incoherent scattering from hydrogen, esti-
mated from incoherent scattering intensity for a reference
sample (toluene-h8), was subtracted from the net absolute
intensity. The corrected scattered intensity distribution is desig-
nated as I(q) hereafter.

Table 1. Solution A and B for Time-Resolved SANS Observation of Star Polymer Synthesis in Ru(II)-Catalyzed Living Radical Polymerization

[MMA]0 (M) [1]0 (mM) [RuCl2(PPh3)3]0 (mM) [n-Bu3N]0 (mM) [3]add (mM)

solution A [Reaction process I]a 2.0 20 10 40 0
solution A [Reaction process II]b 1.3 13 6.7 27 130
solution B [Reaction process I]a 6.0 60 10 40 0
solution B [Reaction process II]b 4.0 40 6.7 27 400

aPrepolymer solution for reaction process I (arm): [MMA]0/[1]0/[RuCl2(PPh3)3]0/[n-Bu3N]0 in toluene-d8 at 80 �C. bFinal concentration in reaction
process II after in situ addition of a linking solution (solution A, [3]add = 400 mM in toluene-d8; solution B, [3]add = 1200 mM in toluene-d8) into a
prepolymer solution (prepolymer solution/linking solution =2/1, v/v).

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

Figure 1. Experimental procedures of the in situ and time-resolved
SANS observation for the synthesis of microgel-core star polymers.
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2.5. Apparatus for Molecular Characterization. Mn, Mw/Mn,
and MWD curves of the polymers were measured by SEC in
CHCl3 at 40 �C on three linear-type polystyrene gel columns
(Shodex K-805 L; flow rate = 1 mL/min; exclusion limit = 5�
106; pore size = 20-1000 Å; 0.8 cm i.d. � 30 cm) that were
connected to a Jasco PU-980 precision pumpand a JascoRI-930
refractive index detector. The columns were calibrated against
12 standard PMMA samples (Polymer Laboratories; Mn =
630-1 200 000; Mw/Mn = 1.06 - 1.22). The monomer conver-
sions were determined from the concentration of residualmono-
mers against internal standards, measured by gas chromato-
graphy (GC: ShimadzuGC-8A) equippedwith a packed column
(MMA, PEG-1500, 2.1 m � 3.2 mm, Shimadzu; EGDMA (3),

silicon DC11, 2.1 m � 3.2 mm, Shimadzu). 1H NMR spectra
were recorded in CD2Cl2 at 25 �C on a JEOL JNM-LA500
spectrometer, operating at 500.16MHz. Polymer samples for 1H
NMR analysis were fractionated by preparative SEC (column:
Shodex K-5002F). The absolute weight-average molecular
weight and mean radius of gyration (Rg) of obtained polymers
were evaluated by multiangle laser light scattering coupled with
SEC (SEC-MALLS) inCHCl3 at 40 �Con aDawnE instrument
(Wyatt Technology; Ga-As laser, λ=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; λ = 690 nm,
c<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),16,17 methyl methacrylate (MMA) was first polym-
erized with a ruthenium complex [RuCl2(PPh3)3]

20,16,17 as a
catalyst coupled with a chloride initiator (1, ECPA)29 and an
amine additive (n-Bu3N)30 in toluene-d8 at 80 �C, in the glass
tube R, β, and the SANS quartz cell. Aliquots of the
polymerization solution in the glass tube R 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, CMMA(t),
(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 1H
NMR for polymer structure. Figure 4a shows the time-
evolution of the SEC chart of solutionAobtained 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

Figure 4. SEC data obtained at polymerization times in (a) reaction process I and (b) reaction process II. The broken lines show the peak position of
peak I in reaction processes I and II, while the arrows show the peak positions of peak II at a given t. CMMA (%) obtained in reaction process I and
CMMA/CEGDMA and the yield of the microgel-core star polymers obtained in reaction process II are described on each side of the SEC data.

Figure 3. Conversion of MMA (CMMA; filled circles) in the whole
reaction processes I and II as a function of total polymerization time
and the conversion of EGDMA (CEGDMA; open squares) and MMA
(CMMA(II); open circles) in reaction process II as a function of poly-
merization time t in reaction process II.
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with increasing CMMA(t) (see Figure 5). The Mn of the ob-
tained polymers increased in direct proportion to CMMA(t),
and was close to the calculated value (shown by the broken
line), assuming that one molecule of initiator generated one
livingpolymer chain (Figure5), finally leading to livingPMMA
arms (2) with controlledMn and relatively narrowmolecular
weight distribution (Mn = 11600, Mw/Mn = 1.33).

3.1.2. Reaction Process II (Star Polymers). At the 91%
conversion of MMA in the glass tube R of solution A
([remained MMA] ∼ 200 mM), the toluene-d8 solution of a
linkingagentEGDMA(3) (feed ratioof3 to1: [3]/[1]=10/1)16,17

was then directly and simultaneously added into the glass
tube β and the SANS quartz cell, both of which contain
the living PMMA arm (2) solution (Mn = 11600,Mw/Mn =
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 βwere 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 bymeans of SECandGC. 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, CEGDMA(t) and CMMA(II)(t),
are plotted as a function of t. 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 t = 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 t J 5 h. Obviously, peak I
showed slightly highermolecular weight than that of PMMA
arms (2), suggesting formation of block copolymers (4) of
PMMAand a short random copolymer comprising ofMMA
and EGDMA segment [poly(MMA-ran-EGDMA)].16a The
steady peak position observed at t J 5 h indicates that the
apparent molecular weight of the poly(MMA-ran-EGDMA)
is almost constant for tJ 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.

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 themicrogel-core star polymers
(5) in high yield (90%) at 50 h (total polymerization time:
99 h). Characterized by SEC-MALLS, 5 had Mw of 3.4 �
105, average arm numbers per a star polymer (NSEC-MALLS)
of 17,32 and an overall radius of gyration (Rg) of 8.1 nm.16e

The increment of the apparent molecular weight ΔMapp,I

in reaction process II was estimated from the peak position
of peak I, where ΔMapp,I is defined by

ΔMapp, I ¼ MI -MPMMA, arm ð1Þ
where MI is the apparent molecular weight of the reaction
product estimated from the peak position of peak I, while
MPMMA,arm (=13210) is that of PMMA chains at the end of
reaction process I. ΔMapp,I thus estimated increased up to
∼970 atCEGDMA=0.52 andCMMA(II)=0.33 (corresponding
to t = 10 h) and then almost kept this value at t>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

Figure 5. Number-averaged molecular weight Mn (filled circles) and
polydispersity index Mw/Mn (open squares) of PMMA arms obtained
in reaction process I as a function of CMMA. The dashed line is a
calculated molecular weight, based on the data shown in Table 1 for
solution A.

Figure 6.
1H NMR spectra (in CD2Cl2 at room temperature) obtained

during the synthesis of microgel-core star polymers: (a) PMMA arms 2;
(b-d) the products obtained at t=5, 10, and 50 h in reaction process II.
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MMA [(198.22þ 100.12)/2] was used to calculateDP∼ 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 obtained during reaction processes I and II
were analyzedby 1HNMR(Figure 6). PMMAarms (2), finally
obtained from the process I in t = 49 h, exhibited the signals
originating from the protons of the terminal MMA unit
adjacent to ω-terminal chlorine (a0, 1.5 ppm; b0, 2.4 ppm; c0,
3.7 ppm) and those of initiator 1 (d, 3.9-4.0 ppm; e, 3.3 ppm; f,
7.1-7.2 ppm), alongwith the characteristic signals of aPMMA
(a, 0.7-1.2 ppm; b, 1.3-2.0 ppm; c, 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
theMn (NMR) according to the following equation: 198.6 (Fw
of 1) þ 100.12 (Fw of MMA) � DP. TheMn (NMR) in by 1H
NMRwas in good agreementwith those by SEC [Mn (SEC)=
11600]. Thus, the number-average R-end functionality (Fn) for
the initiator fragment, obtained from Mn (SEC)/Mn (NMR),
was close to unity (1.02),33 also supporting the conclusion that
this system induced living polymerization of MMA to achieve
an efficient linking reaction.

At t=5h after addition of EGDMA (Figure 6b), the peaks
of vinyl protons (k: 5.5, 6.2 ppm) and methylene protons
(i: 4.0-4.3ppm) derived fromEGDMAwereobserved,whereas
the peak of PMMA terminal unit (c0) 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) carrying a short linear random
segment ofEGDMAandMMA.16,17At t=10hafter addition
of EGDMA (Figure 6c), the peaks of vinyl protons (k: 5.5,
6.2 ppm) andmethylene 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 t= 5 to
10h. 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.16,17

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

reproduced by the Ornstein-Zernike (OZ) formalism,34 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 q value, q*(=1/ξ, ξ will be
defined later), simultaneously shifted toward lower q up to 12.5
h as indicatedby thick arrows inFigure 7a.On the contrary, after
t= 12.5 h, q* slightly shifted toward higher q, because PMMA
arm concentration (C) exceeds the overlap concentration (C*),
defined as C* = 3Mn/(4πNARg

3), where NA is an abogadro
constant.35 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-d8 during reaction
process I.

Figure 7b shows time-resolved SANSprofiles obtained for
solution A in reaction process II. Until t=10 h, the scatter-
ing intensity gradually increased as the reaction proceeded,
keeping a q-dependence given by the OZ formalism.34 At tJ
16.5 h, we start to recognize a broad scattering maximum
appeared at around q=0.32 nm-1. The maximum intensity
kept remarkably increasing with t, whereas the q-value at the
maximum intensity (qm) slightly increased from ∼0.32 to
∼0.39 nm-1. The scattering maximum observed in this
solution is originated from interparticle interference among
the star polymers and/ormicrogel-core star polymers. At t=
46h, the characteristic distance among themicrogel-core star
polymers (2π/qm) 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]0 = 6.0 M) involved fast consump-
tion of MMA (reaction process I) to give PMMA arms with
controlled molecular weight (Mn = 10500; Mw/Mn = 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 β
after t=8h in reaction process II formed amacroscopic gel,
while the solutions after t=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

Figure 7. In situ and time-resolved SANS profiles of solution A at varying polymerization time t obtained in (a) reaction process I and (b) reaction
process II. 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 theOrnstein-Zernike theory (eq 2), and those in reaction process II at t=6.5 and 10 h and at t=28.5 to 46 h
were reproduced by eq 14 and 16, respectively. The dashed lines described on the SANS profiles of reaction process II are guides for the eyes.
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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 t=3.5 h, a broad scattering maximum
started to appear around qm = 0.4 nm-1, and at t J 8 h, the
SANS profiles showed shoulder peaks at q>1 nm-1, 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.

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:34

IOZðqÞ ¼ Iðq ¼ 0Þ=ð1þ ξ2q2Þ ð2Þ

where I(q=0) and ξ 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 ofC/C*< 1, ξ is related to theRg of
the swollen polymer chains; ξ2 = (Rg

2/3)[(1 - φ)/(1 - φ þ
φNP)] with Np and φ being the degree of polymerization
of MMA and the volume fraction of the PMMA, respec-
tively, whereas in the case of C/C* > 1, ξ corresponds to a
screening length of concentration fluctuations or the so-called
concentration-blob size.36

SANS profiles in reaction process I were examined on the
basis of eq 2. The so-called OZ plot, 1/I(q) vs q2, gave a
straight line, enabling us to determine the two characteristic
parameters I(q = 0) and ξ at a given t. The solid lines in
Figure 7a presents the theoretical profiles obtained by using
thus determined I(q = 0) and ξ for reaction process I.

In Figure 9a, thus determined value of ξ and I(q = 0) is
plotted together with C/C* as a function of polymerization
time t. The time-dependent value of C/C* can be evaluated
fromCMMA(t) andmolecular parameters of PMMA (Rg and
Mw). Because the concentration of PMMA, C(t), and C*(t)
are calculated by the follow equations,

CðtÞ ¼ CMMAðtÞC0,MMAðrPMMA=rMMAÞ ð3Þ

C�ðtÞ ¼ 3Mn=½4πNARgðtÞ3� and RgðtÞ2 ¼ nðtÞb2=6 ð4Þ

Figure 9. (a) Plots ofC/C* (open circles), correlation length ξ (filled circle), and I(q=0) (open squares) of solutionA in reaction process I as a function
of polymerization time t. The vertically and horizontally drawn dashed lines indicate the boundary between the dilute solution (C/C* < 1) and
semidilute solution (C/C* g 1) of PMMA arms. (b) Double logarithmic plot of the correlation length ξ vs the concentration of PMMA. (c) Plots of
log(Δb2) (filled circles) and log(C-1/4) (open circles) of solution A vs log(t). The solid lines are guides for the eyes.

Figure 8. In situ and time-resolved SANS profiles of solution B at
varying polymerization time t 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 tg 8 h were reproduced by eq 16. The dashed lines on
the SANS profiles are guides for the eyes.
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where C0,MMA, FPMMA, and FMMA are the initial concentra-
tion ofMMAmonomer (0.198 g/mL), the density of PMMA
(1.19), and the density of MMA (0.94), respectively. n(t) and
b are the number-average DP obtained by SEC and the
segment length of PMMA (0.72 nm),37 respectively. As the
polymerization proceeds from t = 0 to 12.5 h in reaction
process I where C/C* j 1, ξ increases, implying that the
linear PMMA chains grow in its characteristic length Rg via
the living radical polymerization.

The polymerization solution after t = 12.5 h satisfied
C/C* J 1, because over 60% of MMA was converted into
PMMA chains to increase C, and C* decrease with t due to
an increase of Rg with t. In this regime, ξ decreases as the
polymerization proceeds, even thoughRg of a single PMMA
chain itself increases. The decrease of ξ with time is a
consequence of a decreasing size of the concentration blobs36

due to increasing c/c* with time in the context of the scaling
theory for the semidilute solutions. According to the scaling
theory,36 ξ is given by

ξðtÞ∼CðtÞ- 3=4 ð5Þ
When ξ vs t is converted to ξ vs C by using C vs t as

estimated by eq 3, ξ vsC satisfies the scaling theory of eq 5 in
the late stage of reaction process I at tJ 12.5 h, as shown by
the solid line in Figure 9b, implying that the propagating
PMMAchains form a semidilute solution as predicted by the
theory without formation of aggregations.

I(q = 0) is generally given by

Iðq ¼ 0Þ∼Δb2C=
∂Π

∂C

� �
ð6Þ

in the context of the fluctuations theory of scattering,38

where Π is the osmotic pressure and Δb is the scattering
contrast difference between solute and solvent which is given
by eqs 8 and 9 below. In the semidilute solutions, Π is given
by Π ∼ C9/4 and hence

Iðq ¼ 0Þ∼Δb2C- 1=4 ð7Þ
Thus, ifΔb is constant with t, I(q=0) is expected to decrease
with t asC increaseswith t. On the contrary, the experimental
value I(q = 0) is almost constant with t in the semidilute
solution regime at t J 12.5 h. This discrepancy should be
attributed to an increase of Δb with t during the polymeri-
zation. The solvent for PMMA consists ofMMAmonomers
and toluene-d8, and MMA monomers are converted to
PMMA, which increases the scattering length density of
the solvent and hence Δb,

Δb ¼ bsolvent - bPMMA ð8Þ
bsolvent ¼ ð1-φMMAÞbtoluene-d8 þφMMAbMMA ð9Þ

where bJ (J=PMMA,MMA, or toluene-d8) is the scattering
length density of the Jth component and φMMA is the volume
fraction of MMA monomers in the solvent. Here we should
note that the concentration of RuCl2(PPh3)3 and n-Bu3N,
which also exist in the matrix medium, is so small that their
contributions to bsolvent can be neglected. It should be noted
that btoluene-d8 > bMMA. As φMMA decreases with t due to the
polymerization, bsolvent and hence Δb increases with t.

We can calculateΔb andC-1/4 as a functionof t. The results
are shown inFigure 9c.We find the linear relations in log(Δb2)
vs log(t) and log(C-1/4) vs log(t) with the slope of ∼0.06 and
∼ -0.06, respectively. The result actually indicates that Δb2

increases with t according to t0.06 and that this increase inΔb2

is canceled by the decrease of C-1/4 with t according to t-0.06.

Consequently, we can predict that I(q= 0) is independent of
t in reaction process I 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 concentrationC and henceC/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 them arms,
and C/C* before and after the linking are defined by (C/C*)l
and (C/C*)star, respectively, then the ratio

R � ðC=C�Þstar=ðC=C�Þl ¼ 3-
2

m

� �3=2

=m ð10Þ

This equation is obtained by noting that the radius of
gyration of the m-arm star with each arm having the radius
of gyration Rg is given by (3 - 2/m)1/2Rg on the basis of the
Gaussian chain statistics.26c The value R is a maximum at
m=2 (∼1.4) and then decreases to zero withm. The valueR
is about 1 form=3 and 4. Hence we can predictC/C*j 1 in
the whole reaction process II.

4.2.1. Three Characteristic Reaction Stages in Reaction
Process II.The time evolution of the SANSprofile as awhole
observed in reaction process II may be qualitatively char-
acterized by time evolution of the scattering profiles at the
following three representative q-ranges: (i) I(q = 0) at the
small q-limit which depends on osmotic compressibility
of the systems, where I(q = 0) in reaction process II was
assumed to be equal to the scattering intensity at the smal-
lest q ∼ 0.06 nm-1 accessed by our SANS experiment (see
Figure 7b), (ii) the qm value at the scattering maximum, if it
exists, as a representative of the scattering in the intermediate
q-range, and (iii) the intensity at the high-q limit, I(q = 1
nm-1) and the exponent R which approximately charac-
terizes the q-dependence of the intensity around the high q
limit [0.8j q (nm-1)j 1.4] when I(q) is approximated by the
power law, I(q) ∼ q-R. Figures 10a and 10b show the four
characteristic scattering parameters as a function of t (part a)
and conversion (part b) of the linking agent EGDMA,
CEGDMA, where CEGDMAs were determined from the solid
line drawn on CEGDMA vs t 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(q = 0) increases as the polymerization
proceeds, because the increase of Mw 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(q = 1 nm-1)
and R, respectively.

In process II-2, at t= 10 h orCEGDMA= 0.5, I(q=0) and
R (the q-dependence of I(q) at the high q-limit) start to
increase abruptly. In themiddle of this process, the scattering
maximum distinctly appears, and qm increases rapidly with t
or CEGDMA. 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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star-block linking reactions in process II-2 as also summar-
ized in Scheme 2.

At t J 25 h or CEGDMA J 0.84 in process II-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-
mer radicals to the star polymers [designated as (a) “sticking”
reaction of block copolymers as summarized in process II-3,
Scheme 2], and their number slowly increases with t and
CEGDMA.

In this work, the time-evolution of the arm number per
star polymer,NSEC-MALLS, was investigated in the course of
reaction process II using SEC-MALLS. NSEC-MALLS was
calculated as follows,

NSEC-MAALS ¼ wPMMAMw, Star-MALLS=Mw,Arm- SEC ð11Þ
where wPMMA are weight fraction of the PMMA arm in the
star polymer.32 Mw,Star-MALLS and Mw,Arm-SEC are weight-
average molecular weight of the star polymer or PMMA
arm, obtained by SEC-MALLS and SEC, respectively.16,17

Figure 10. Four characteristic scattering parameters obtained in reaction process II, I(q = 0), qm, I(q = 1 nm-1), and R as a function of (a) t and
(b) CEGDMA. The vertical dashed lines classify reaction process II into three characteristic reaction processes, process II-1 to II-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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In Figure 11, NSEC-MALLS thus evaluated was plotted as a
function of CEGDMA(t). Although there are only a few data
points, the trend of NSEC-MALLS vs CEGDMA is found to be
classified into the same three processes, processes II-1 to II-3,
such as those found with the SANS method. Moreover, the
molecular analysis reveals the followings important facts:
Small star polymers with NSEC-MALLS up to ∼5 will be
formed in process II-1, while the arm numbers per star
polymer increases rapidly with CEGDMA in process II-2,
and the rate of increase slows down in process II-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.Theprocesswill form themicrogel-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 inprocess II-3. The armpolymers, asmanyas
∼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
SANSAnalyses.The analyses in section 4.2.1 elucidated that
the reaction system contains the linear arm polymers with
weight fraction w1 and star and/or microgel-core star poly-
merswithweight fractionw2=1-w1. Quantitative analyses
of each fraction is important to characterize the reaction
solution with SANS. For the quantitative analyses of w1 and
w2, the SEC curve at a given t was decomposed into two
components as shown in Figure 12a: fPeak 1 (shown by dotted
lines), associated with the linear arms [PMMA and/or
PMMA-block-poly(EGDMA-ran-MMA)], and fPeak2 (shown

by broken lines), associatedwith the small star polymers, star
polymers, and/or microgel-core star polymers. We assumed
that fPeak 1 at a given t is given by the same shape as that at
t = 0, though the peak position was shifted toward higher
molecular weight with t to some extent. For the decomposi-
tion, we first estimated fPeak 1 by best-fitting of fPeak 1 with the
observed curve (fobs) as the peak position and height as
adjustable parameters, and fPeak 2 was then evaluated from
fobs - fPeak 1 = fPeak 2 at a given t. The time-evolution of w1

and w2 were determined from the areas under the peaks for
fPeak 1 and fPeak 2, and the results are shown in Figure 12b.

Weexpect that logw1 should linearlydecreasewith talong the
solid line, as shown in Figure 12b, if the intermolecular linking

Figure 11. Armnumbers permicrogel-core star polymer for solutionA
evaluated by SEC-MALLS in reaction process II as a function of
CEGDMA. The dashed lines are guides for the eyes.

Table 2. Classification of Reaction Process II

Process II-1 (a) block copolymerization
(b) small star polymer formation
(linking reaction)

Process II-2 (a) star-star linking
(b) star-block linking

Process II-3 (a) sticking of block copolymers into
microgel-core star polymers

Figure 12. (a) Decomposition of the experimentally observed SEC
curves, fobs (solid lines), for solution A in reaction process II at varying
polymerization times into the component of the linear arm polymers,
fPeak I (dotted lines), and the component of the star and/ormicrogel-core
star polymers, fPeak II (dashed lines). The vertical dashed lines indicate
the peak positions of peaks I and II at a given t. (b) Weight fraction of
the linear arm polymers, w1, and the star and/or microgel-core star
polymers, w2, estimated from the decomposed peak area of peaks I and
II, respectively, as a function of the polymerization time t.
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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 t in
processes II-2 and II-3. That attributes to a reaction probability
for the intermolecular linking reactions of the block copolymers
in processes II-2 and II-3 that decreaseswith t, 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, whichmakes the SANSanalyses impracticable,
because too many unknown parameters are involved in the
analyses.Hencewe shall conduct the analyses only for process
II-1 and II-3 below. In order to conduct the SANS analyses in
process II-2,weneedmore 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-d8. 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 = 6.5 and 10 h in process II-1. It is assumed that the form
factor of small star polymer, PStar(q), and block copolymer,
PLinear(q), are given by the Benoit’s form factor for the
Gaussian n-arm star polymer39 and the Debye form factor
for the Gaussian linear polymer,40 respectively.

PStarðqÞ ¼ 2

NSANSx2

�
ðx- 1Þþ expð-xÞ

þ ðNSANS - 1Þ
2

½1- expð-xÞ�2
�

ð12Þ

PLinearðqÞ ¼ 2

x2
½x- 1þ expð-xÞ� ð13Þ

Here x � q2Rg
2, and NSANS is the arm-number of the n-arm

star polymer. The radius of gyrationRg for the arm polymers
and that for the linear polymer were assumed to be identical.
We assume no polydispersity with respect to Rg and NSANS

for simplicity. In the reaction solution, the small star poly-
mers and the block copolymers exist with weight ratio ofw2/w1

(w2þ w1= 1), evaluated from the SEC analyses (Figure 12).
Therefore, the scattering function for the reaction solution in
process II-1 is given by

IðqÞ ¼ K½NSANSw2PStarðqÞþw1PLinearðqÞ� ð14Þ
whereK is a proportionality constant which depends on total
polymer concentration and Mw 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 t = 6.5 and 10 h. The characteristic para-
meters, NSANS, Rg, w1, and w2, obtained by the best fit, are
summarized in Table 3. In this analysis, we used the valuesw1

and w2 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

than those of NSEC-MALLS shown in Figure 11. It is noted
that the size of core can be regarded as zero in this model
analysis in process II-1.

4.2.4. Analysis of SANS Profiles in Process II-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(q), and the micro-
gel-core star polymers Imgstar(q), as follows,

IðqÞ ¼ w1IOZðqÞþw2ImgstarðqÞ ð15Þ
The coefficients (w1 andw2) of the first and second termwere
evaluated from the corresponding broken lines shown in
Figure 12b, though the contribution of the first term is
negligibly small. Imgstar(q) is given by a product of the form
factor of the microgel-core, Pmgstar(q), and the structure
factor S(q),

ImgstarðqÞ ¼ nPmgstarðqÞSðqÞ ð16Þ
where n is the number density ofmicrogel-core star polymers.
For Pmgstar(q), we employed a core-shell sphere model
proposed by Pedersen et al. (see Appendix).41 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-d8, 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 (Rcore), radius of gyra-
tion of PMMA arms in the shell (Rg,arm), 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 Rcore, Rg,arm, and NSANS, for

Table 3. Summary of Characteristic Parameters Determined by the
In Situ and Time-Resolved SANS for Solution A at t = 6.5 and

10 h (Process II-1)

t (h) 6.5 10
NSANS 2.4 ( 0.3 3.6 ( 0.3
Rg (nm) 1.5 ( 0.2 1.6 ( 0.2
w1 0.33 0.21
w2 0.67 0.79

Figure 13. (a) Schematic illustration of the microgel-core star polymer,
and (b) the relative scattering length densities of the matrix (toluene-d8/
MMA), the PMMA arms, and the core.
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simplicity. Figure 13b schematically illustrates the spatial
distribution of the scattering contrast, Δb1 and Δb2, across
the microgel-core star polymer.

As for S(q), which originates from the interactions among
microgel-core star polymers, we employed the hard sphere
model given by Percus-Yevick formalism.42 In this model,
we replace the microgel-core star polymers by equivalent
hard spheres of radius Rh, which have an excluded volume
given by the sphere of radiusL=2Rh, and volume fraction η
(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 tJ 25 h) and
Figure 8 (drawn for those for solutionBobtained at tJ 4.5 h)
show the theoretical scattering curves best-fitted with the
experimental profiles (open circles) using eq 16. Time-
evolution of the characteristic parameters, NSANS, Rcore,
Rg,arm, Rh, n, and η, 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

with eqs 8 and 9. Moreover, some of these characteristic
parameters for solutionA and Bwere plotted in Figures 14a-c
as a function of t. As for solution B, we presented the
characteristic parameters obtained at t J 8 h, where the
solution exhibited the macroscopic gelation. In both solutions
A andB,NSANS andRcore at the end of reaction process II are
close to ∼18 and ∼1 nm, respectively (see Figure 14, parts a
and b). However, in solution B, amicrogel-core star polymer
grows more rapidly as compared to that in solution A. The
final value of NSANS ∼ 18 agrees well with the independent
estimation by SEC-MALLS (NSEC-MALLS= 17).16a,b,d,e,17

In both solution A and B, we found that NSANS increased in
proportion to Rcore

2, as will be shown below in Figure 15,
implying that a single arm polymer occupies the given sur-
face area of themicogel-core independent of t in process II-3.
The Rg,arm, 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 Rh are nearly constant
as shown in Table 4, respectively. The slight increase of η
(�nRh

3) with t in solution A and B can be accounted for by
the small changes in n and Rh with t.

4.3. Mechanism for Reaction Process II. By comparing the
results obtained from themodel 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

Figure 14. Summary of the polymerization-time dependence of the
characteristic parameters (process II-3) obtained by quantitative ana-
lyses for the SANSprofiles for solutionAat tg 28.5 h (filled circles) and
for solution B at t g 8 h (open circles). (a) NSANS, (b) Rcore, (c) η. The
solid lines are guides for the eyes.

Table 4. Summary of Characteristic Parameters Determined by the In Situ and Time-Resolved SANS for Solution A at t g 28.5 h (Process II-3)
and for Solution B at t g 8 h

solution A solution B

t (h) 28.5 38.5 46.6 8 13.5 23.5 46
NSANS 12.7 ( 0.5 15.1 ( 0.6 18.2 ( 0.7 8.5 ( 0.5 11.9 ( 0.6 16.1 ( 0.5 16.6 ( 0.5
Rcore (nm) 0.8 ( 0.1 0.9 ( 0.2 1.0 ( 0.2 0.7 ( 0.2 0.8 ( 0.1 0.9 ( 0.1 0.9 ( 0.1
Rg,arm (nm) 2.0 ( 0.2 2.0 ( 0.1 2.0 ( 0.1 1.6 ( 0.1 1.8 ( 0.1 1.8 ( 0.1 1.8 ( 0.1
Rh (nm) 6.0 ( 0.3 6.3 ( 0.3 6.4 ( 0.3 5.6 ( 0.2 5.8 ( 0.2 5.9 ( 0.3 5.9 ( 0.3
n (cm-3 � 1017) 3.6 ( 0.5 3.5 ( 0.4 3.5 ( 0.4 6.8 ( 0.5 6.6 ( 0.4 6.4 ( 0.3 6.4 ( 0.3
η 0.10 ( 0.01 0.12 ( 0.01 0.13 ( 0.01 0.14 ( 0.01 0.17 ( 0.02 0.18 ( 0.02 0.19 ( 0.02

Figure 15. ArmnumbersNSANSper a singlemicrogel-core star polymer
vs average core radius Rcore as determined from SANS.
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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 II-2 and
II-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 aPMMAand a short randomcopolymers ofMMA
and EGDMA, as shown in Peak I of SEC (Figure 4b).
The apparent molecular weight of block copolymer Mapp,I

reached a constant value of 970 at the end of process II-1, and
hereafter Mapp,I was independent of Ctotal. The structure
of the block copolymers carrying unreacted vinyl pendants
are also supported by the 1H NMR analysis (Figure 6).
Simultaneously, a small shoulder peak II at the higher mole-
cular weight (see Figure 4b at t = 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 t= 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 t=6.5 and 10 h for
solutionA can bewell reproduced by the compositemodel of
the n-arm star polymer and the linear polymer given by eq 14,
with the number of the arms in the star polymers NSANS

increased up to∼4 (Table 3), consistentwith 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
(ii) 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 t J 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.42 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 II-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 25j t (h)j 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,NSANS and Rcore for
solution A and B continue to increase in process II-3 except
at t J 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 II-3(a), as
summarized in Scheme 2 and Table 2.

4.4. Macroscopic Gelation. The macroscopic gelation was
found to occur at t g 8 h in reaction process II for solution
B, based on the fact that the gel never flowed and was never

dissolved by solvents. Why did the gel form only in solution
B? We can find the following factors in Figure 14. (i) Rcore

2/
NSANS ∼ 0.05 nm2 independent of t 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 η 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 aremore 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 q<0.1 nm-1 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 1H 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
II]. 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, themechanismof arm-linking reactionwas 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 13,41 the form factor of a single
microgel-core star polymer, Pmgstar(q), is composed of four
partial scattering functions: Fc(q) for a microgel-core, Fa(q)
for a single arm polymer, and cross-terms between microgel-
core and arm polymer, Sca(q), and between different arm
polymers, Saa(q)

PmgstarðqÞ ¼ NSANS
2lc

2FcðqÞþNla
2FaðqÞþ 2N2lclaScaðqÞ

þNðN- 1Þla2SaaðqÞ ðA-1Þ
where NSANS is number of arm polymers anchored on the
microgel-core, lc and la 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 lc = Vc(bsolv - bc) and la = Va(bsolv - ba), res-
pectively, where Vc and Va are the volume of a single chain
[poly(MMA-ran-EGDMA)] in the microgel-core and the
volume of a single arm polymer (PMMA). bc and ba are
the corresponding scattering length densities and bsolv is the
scattering length density of the solvent composed of toluene-
d8 and MMA. Δb1 and Δb2 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. Fc(q)
for the singlemicrogel-corewhich is assumed to be uniform is
given by

FcðqÞ ¼ Φ2ðuÞ, u ¼ qRcore ðA-2Þ
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and

ΦðuÞ ¼ 3½sinðuÞ- u sinðuÞ�=u3 ðA-3Þ
where Rcore is radius of the micro-gel core. As for the Fa(q),
we assume theDebye function43 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,

FaðqÞ ¼ 2½expð- xÞ- 1þ x�=x2, x ¼ ðqRg, armÞ2 ðA-4Þ
where Rg,arm 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 Rcore þ Rg,arm from the center of the
microgel-core.41 Then Sca(q) is given by

ScaðqÞ ¼ ΦðuÞφðxÞsinðuþ xÞ
uþ x

ðA-5Þ

In eq A-5, φ(x)[sin(uþ x)]/(uþ x) is the scattering amplitude
for a Gaussian chain,44 with one end fixed on the surface of
the sphere with a radius Rcore þ Rg,arm, where

φðxÞ ¼ ½1- expð- xÞ�=x ðA-6Þ
The partial scattering function Saa(q) for the cross-correla-
tion of the arm polymer chains emanating from surface of
microgel-core is given by

SaaðuÞ ¼ φ2ðxÞ sinðuþxÞ
uþ x

� �2
ðA-7Þ

In order to calculate S(q), we employ the Percus-Yevick
model,42 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 Rh.

SðqÞ ¼ ½1þ24ηGðyÞ=y�- 1 ðA-8Þ
where y = 2qRh, Rh, and η are the radius and the volume
fraction of the hard sphere, and G(y) is given by

GðyÞ ¼ ðR=y2Þ½sinðyÞ- ycosðyÞ� þ ðβ=y3Þ½2ysinðyÞ
þ ð2- y2ÞcosðyÞ- 2� þ ðγ=y5Þ½- y4cosðyÞ
þ 4fð3y2 - 6ÞcosðyÞþ ðy3 - 6yÞsinðyÞþ 6g�: ðA-9Þ

The quantities R, β, and γ are

R ¼ ð1þ2ηÞ2=ð1-ηÞ4 ðA-10Þ

β ¼ - 6η½ð1þðη=2Þ�2=ð1-ηÞ4 ðA-11Þ

γ ¼ Rη=2 ðA-12Þ
The shortest distance, L, between the centers of adja-

cent microgel-cores is given by L = 2Rh in this hard sphere
model.
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