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ABSTRACT: Poly(ethylene glycol)-block-poly(N-isopropylacrylamide) (PEG-b-PNIPAAm) was synthesized
by radical polymerization of N-isopropylacrylamide (NIPAAm) from the radically activated chain ends
generated on PEG. The polymerization process was investigated by a conventional observation of molecular
weight and its distribution as well as monomer conversion, CM(t), as a function of the polymerization
time t and temperature Tp, by means of time-resolved GPC. The reaction fields in which the polymerization
takes place were explored by time-resolved small-angle neutron scattering (SANS). The results elucidated the
following characteristics on the temperature-dependence of the solution structure and, hence, the reaction fields:
(i) at 15eTp (�C)e 30, the solution is composed of swollenmicelles inwhich PNIPAAmand PEGblock chains
form swollen cores and brushes emanating from the interface between them, respectively; and (ii) at 34eTp (�C)
e 60, the solution is composed of dehydrated PNIPAAm cores (hard cores) and swollen PEG brushes with
well-defined interfaces between them. As for (i) and (ii), the micelles were formed from a very early stage of
the polymerization asCM being as small as 0.05, hence, yielding a “soap-free emulsion polymerization” field for
NIPAAm. The results obtained in this work reveal that the hard-core micelle formation is the necessary and
sufficient condition for the “quasi-living soap-free emulsion polymerization”.

I. Introduction

We have previously reported the synthesis of a block copoly-
mer (bcp) of poly(ethylene glycol)-block-poly(N-isopropyl-
acrylamide) (PEG-b-PNIPAAm) by radical polymerization of
(N-isopropylacrylamide) (NIPAAm) monomer from the radi-
cally activated chain end of monofunctional methoxy-poly-
(ethylene glycol) (PEG) in an aqueous reaction medium at
various polymerization temperatures, Tp, ranging from 25 to
60 �C,1 following themethod reported byFeijen and co-workers.2

We found that the bcp synthesized at Tp g 34 �C had the
following characteristics of “quasi-living polymerization”1,2

without using controlled radical polymerization techniques such
as atom transfer radical polymerization (ATRP),3,4 reversible
addition-fragmentation chain transfer radical polymerization
(RAFT),5 and nitroxide-mediated living radical polymerization
(NMLP):6 (i) a narrowmolecular weight distribution, (ii) a linear
relationship between the number-averaged molecular weightMn

and the monomer conversion CM in the experimentally accessed
range of CM g 0.5, and (iii) achievement of the final CM g 0.9.

In this work, we propose that the origin of the quasi-living
polymerization behavior at Tp g 34 �C is attributable to the
formation of dehydrated micelle cores (hard cores) by propagat-
ing PNIPAAm block chains, stabilized by brushes of PEG block
chains emanating from the cores, from the very early stage of the
polymerization and, hence, throughout the course of poly-
merization. The suppressed mobility of the chain-end radicals,
confined inside the cores, make the propagating radicals

“long-living” and, hence, the polymerization “quasi-living”.
The micelles spontaneously formed in the early stage polymeri-
zation provide a “reaction field” analogous to that in emulsion
polymerization.7-11 However, the micelles here are formed with-
out incorporation of soaps, so that the polymerization can be
coined as “soap-free emulsion polymerization”.

Emulsion polymerization is known to provide large molecular
weight polymers with a narrow molecular weight distribution as
compared to solution polymerization.12-14According to electron
spin resonance (ESR) measurements, radicals in glassy particles
of poly(methyl methacrylate)12,13 or in solid particles of poly-
(N-methyl acrylamide),14 live much longer than those in fluid
solutions. This is believed to be due to the reduced mobility of
chain-end radicals, suppressing bimolecular termination reac-
tions of the radicals and, hence, prolonging their lifetime. The
polymerization, which occurs in such particles, is expected to give
high molecular weight polymers with a relatively narrow mole-
cular weight distribution.

Feijen and co-workers2,15 first reported that (a) the radical
polymerization of NIPAAm into PEG-b-PNIPAAm in an aqu-
eous medium at 50 and 60 �C involves formation of micelles;
(b) the polymerization of NIPAAm in the micelles, which they
call “in situ emulsion polymerization”, exhibits “quasi-living
nature”, as evidenced not only by a narrow molecular weight
distribution, but also by continued polymerization upon addition
of monomers after the completion of polymerization.

The phase behavior of the chemically reacting bcp systems as
described above, including the micelle formation, is generally
described on the basis of statistical mechanics ofmulticomponent
systems composed of A homopolymer, A-B diblock copoly-
mers, and solvent(s), where A and B correspond to PEG and
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PNIPAAm, respectively, and the solvent corresponds to a mix-
ture of water and NIPAAmmonomer. Characteristic parameters
of such systems are the concentrations of the solvent, A and A-B,
degree of polymerizations (DP) of A and B (NA and NB,
respectively), and thermodynamic interaction parameters be-
tween A and B (χAB), A and S (χAS), and B and S (χBS), where
NB increases with time because of the ongoing polymerization.
Depending on these parameters, the polymerizing system will
exhibit homogeneous solution, themicelle formation,16,17 ordered
microdomains of bcp via order-disorder transition (ODT) and
order-order transition (OOT),18-21 and a macrophase separa-
tion between the solvent-rich phase and the polymer-rich phase.22

PEG and PNIPAAm block chains exhibit a unique tempera-
ture-dependent selective affinity to water due to the LCST-type
phase behavior of PNIPAAm in water at TLCST = 31 �C,23-27

whereas PEG is hydrophilic and stable in water over a wide
temperature range from far below room temperature to near the
boiling point of water. In the range of temperatureTe 17 �C,well
below TLCST of PNIPAAm in water, the solvent is expected to be
neutrally good (χAS = χBS).

22,28,29 Under this condition, the
solvent equally swells each block chain and screens the segmental
interactions betweenA andB, simply decreasing χAB.

30-32Hence,
the solution is homogeneous and free from micelle formation.22

As the temperature increases, asymmetry between χAS and χBS
should increase and, hence, the solvent becomes increasingly
selective, good for PEG but poor for PNIPAAm. Static small-
angle neutron scattering (SANS) and ultrasmall-angle neutron
scattering (USANS) measurements on the aqueous solution of
neat PEG-b-PNIPAAm having the Mn = 30000 or less, which
was obtained by a purification of the solution after the comple-
tion of the polymerization, elucidated that an excess SANS
appears above 17 �C due to micelle formation, giving rise to a
deviation of the SANS from the Ornstein-Zernicke (OZ) type
scattering.22,28,33 More precisely at 17 e T (�C) e 30, the micelle
cores of PNIPAAm block chains are swollen by water (“soft
core”), whereas at Tg 32 �C,22,34 the micelle core is substantially
dehydrated and shrunk (“solid-like core” or “hard core”). Con-
sequently, the radical polymerization of NIPAAm to PEG-b-
PNIPAAm at T g 17 �C is expected to form micelles in some
stage of the polymerization process, so that the polymerization
satisfies the necessary condition for the soap-free emulsion
polymerization. However, we found that the polymerization in
the soft core does not bring about the quasi-living polymeriza-
tion.1 Consequently, the necessary and sufficient condition for it
appears to be a controlled radical polymerization in the solid-like
micellar cores.

In this work, we further employed SANSmeasurements on the
above polymerization system for direct observation of the reac-
tion fields to be developed in the course of NIPAAm polymer-
ization. In the previous SANS andUSANSwork,22 the solid-like
micellar cores were confirmedonly for the solution obtained after
the polymerization and purification. In the previous time-re-
solved GPCwork,1 the living behavior was confirmed only at the
later stage of the polymerization process where CM(t) g 0.5. By
combining in situ and time-resolved SANS and GPC with
USANS, we attempted to obtain solid evidence as to the
necessary and sufficient condition for the quasi-living behavior
of the soap-free emulsion polymerization. Here, we would like to
stress that the formation of the solid-like micellar cores in the
reaction solution have never been explored so far in situ during
the polymerization process. Consequently, a question concerning
when the hard-core micelle is formed during the polymerization
process is left unexplored, despite the fact that it is crucial for
understanding the quasi-living polymerization behaviors. In this
work, we wish to address this key question. We would like to
stress that the time-resolved SANS gives extremely useful infor-
mation to address this key question.

II. Experimental Section

II-1. Polymer Synthesis. NIPAAm monomer (Kohjin Co.,
Fuji, Japan)was purified by a recrystallization froma toluene/n-
hexane mixture. Monofunctional methoxy-PEG (Mn= 5� 103

and polydispersity indexMw/Mn = 1.15, Aldrich) was purified
with an activated alumina column using toluene as an eluent.
Ceric(IV) ammonium nitrate Ce(NO3)6(NH4)2 (Wako Pure
Chemical Co., Osaka, Japan) used as a redox initiator was first
dried at 105 �Cand then dissolved in 200mLof 1Nnitric acid to
prepare a stock solution of the initiator with 0.1 N.

The polymerization was conducted as follows. PEG, 1.0 g,
was dissolved in 10 mL of distilled deionized water in a 100 mL
round-bottom flask. To this was added 3.3 mL of the stock
solution of the initiator to prepare a solution containing Ce(IV)

and PEG with a molar ratio of [Ce(IV)]/[PEG] = 1.65. After
stirring this solution for 5 min, 0.65 g of NIPAAm dissolved in
10 mL of distilled deionized water was added under the flow of
nitrogen gas. The redox initiator produces a radical at the
terminal carbon of PEG to start the NIPAAm polymerization.
The polymerization was carried out under a positive nitrogen
pressure atTp, ranging from15 to 60 �C.After the completion of
the polymerization, the solution is first dialyzed in water and
then precipitated in hot acetone to conduct the GPC measure-
ments on isolated and purified synthesized bcp obtained at the
end of the polymerization. The solution undergoing polymeri-
zation also was studied by the time-resolved GPC and SANS, as
will be described in sections II-2 and II-3, respectively. The
initial concentration of NIPAAm monomer, PEG, and Ce(IV)

initiator in these reacting systems are 0.25 M, 8.6 mM, and
14.1 mM, respectively.

II-2. Time-Resolved GPC Measurements. We investigated
time changes in the amount of PEG, NIPAAm monomer, and
the synthesized bcp, PEG-b-PNIPAAm, during the course of the
polymerization. For this purpose, GPC experiments were per-
formed on so many batches (∼100) of the reaction solutions,
which were prepared using the method described in section II-1
and which were terminated at various polymerization times t at
each Tp. We confirmed reproducibility of the data obtained for
different batches at a given set of t and Tp.

The difficulties of GPC measurements of PNIPAAm, as
reported previously,35 that is, the possible aggregation of PNI-
PAAm in the eluent and the adsorption of them to the column
packing, were addressed as follows. Each solution at a given set
of t and Tp was first cooled down in an ice water bath and then
diluted by 10 mM NaNO3 aqueous solution to prepare a
reaction solution diluted by 1000 times in weight. This process
deactivates the chain-end radicals and, hence, brings about the
termination reaction. Before running the GPC measurements,
the diluted solutions were stored in a refrigerator at 5 �C for at
least 24 h to obtain a homogeneous solution containing the bcp.
Note that the bcp micelles in the solution, if they existed, are
found to be completely dissolved into a homogeneous solution
at 10 �C.22

The GPC measurements were run at 10 �C with TOSOH
HLC-8220 (TOSOH, Tokyo, Japan) with a set of three columns
consisting of two GMPWXL columns and one G2500PWXL

column having the exclusion limit molecular weight of 5 � 107

and 5 � 103 with dextrane standards in water, respectively. The
set of the columns was necessary to identify simultaneously the
monomers, the bcps, and PEGs with a sufficient resolution. The
flow rate of the eluent used was 1.0 mL/min, and the compo-
nents in the eluent were monitored with a refractive index
detector. We paid special attention to keep the injection volume
constant (100 μL) in order to quantitatively evaluate the con-
centration of each component. The molecular weights of the
bcps were calibrated with PEG standards in water.

II-3. In Situ and Time-Resolved SANS and Static USANS.We
performed in situ and time-resolved SANS measurements
during the course of the polymerization, as well as in situ
and static USANS measurements, on the solutions in which



754 Macromolecules, Vol. 43, No. 2, 2010 Motokawa et al.

the polymerization is nearly completed, both with the research
reactor JRR3, Japan Atomic Energy Agency (JAEA), at Tokai,
Japan, and the SANS and USANS spectrometers installed
there. The SANS and USANS experiments were carried out
with D2O solution to gain a sufficient scattering contrast of
neutrons between polymers (PEG and bcp) and D2O. The
scattering length densities of PNIPAAm, PEG, and D2O
(defined by bPNIPAAm, bPEG, and bD2O

) are 1.23 � 10-14,
0.94 � 10-14, and 9.49 � 10-14 cm-2 mol, respectively. The
time-resolved SANS measurements at a given Tp were con-
ducted on a given batch of the solution, but those at other Tps
were carried out on different batches of the solutions prepared
exactly in the same way. The USANS measurements also were
carried out on different batches of the solutions.

The SANS spectrometer (SANS-J) utilizes the pinhole
optics,36,37 while the USANS spectrometer (PNO) utilizes chan-
nel-cut single crystals of Si(111) for both in the incident
and scattered beam paths.38-40 Because the resolution of
this USANS instrument as observed from the rocking curve is
Δq=4� 10-4 nm-1, structures up to the order of 10 μm can be
resolved. SANS-J covers a q range of 3� 10-2 < q (nm-1) < 2
by setting the sample-to-detector distance at 10 and 1.5mand by
using the incident neutron beam of wavelength λ=0.65 nm and
wavelength distribution of Δλ/λ = 13%, where q [�(4π/λ)sin-
(θ/2)] is a magnitude of the scattering vector, with λ and θ being
the wavelength of neutrons and the scattering angle.

In the SANS-J, the scattered neutronswere detected by a two-
dimensional 3He position-sensitive detector of 0.58 m in dia-
meter and 5 mm resolution. The two-dimensional data were
corrected for counting efficiency, instrumental background, and
air scattering. After circularly averaging the SANS intensity
distribution, we converted the scattering intensity to the abso-
lute intensity unit of cm-1 using a secondary standard of an
irradiated Al plate. Incoherent scattering from hydrogen, esti-
mated from the incoherent scattering intensity for the reference
sample (H2O), was subtracted from the net absolute intensity.
The corrected scattered intensity distribution is designated as
I(q) hereafter.

The USANS spectrometer (PNO) with the Bonse-Hart type
optics38 with a triple bounce reflection condition for both a
monochromator crystal and an analyzer one (λ = 0.1999 nm)
is capable of covering an ultrasmall-angle q range [10-4 <
q (nm-1) < 10-2]. The scattering profiles with q were corrected
for the background scattering and then for the slit-height
smearing according to the infinite slit-height approximation.41

After the corrections, theUSANS intensity was converted to the
absolute intensity I(q) using the absolute SANS intensity as a
calibration standard.

The time-resolved SANS measurement was started immedi-
ately after the onset of the polymerization by filling the reaction-
started solution into a quartz cell with 2 mm thickness and
placing the cell into the incident beam path of neutrons. The
dead time brought about for transferring the polymerization-
initiated solution into the SANS cell and finally starting the
time-resolved SANS experiment is less than 1 min and, hence, is

short enough for the present time-resolved studies. Transmis-
sion of the reaction system for the SANS was measured only
before polymerization, and this value was used for the transmis-
sion for all the time-resolved SANS profiles. This correction
method is legitimate, because the change in the SANS transmis-
sion with time is small, for example, it decreased from 78 to 75%
atTp=34 �C.The sample temperaturewas controlled at a given
Tp within (0.1 �C accuracy.

The solution specimens for USANS experiments were pre-
pared with the same recipe as those for SANS. The solutions
were filled in a quartz cell with 2 mm thickness and 40 mm in
length, and the cell was placed in a temperature enclosure
controlled at given Tps. Prior to the USANS measurement we
measured transmittance of the incident neutron beam, Tr(t),
during the polymerization process by fixing the analyzing
crystal at q = 0 nm-1 and monitoring the primary beam
intensity passing through the sample specimen as a function
of t. After Tr(t) reaches a constant steady value, we carried out
the USANS measurement. The USANS profiles thus obtained
were expected to be the one corresponding to the structures
developed in the end of reaction at a given Tp.

III. Results

III-1. Time-Resolved GPC Measurements. Figure 1 repre-
sents a typical time evolution of GPC chromatograms
obtained at a given Tp = 34 �C. It shows three peaks: peak
I and peak II, which are attributed to the polymerized bcp
and unreacted PEG, respectively, as well as peak III due to
the NIPAAm monomer. As the polymerization proceeds
(from 0 to 900 min), peak I moves toward the shorter
retention time with increasing intensity, indicating that both
chain length and concentration of the bcp increase with t,
while peak II and peak III gradually lose their intensities,
indicating that the PEG and the monomers are consumed
with t.

The value ofCM(t) was determined from the change in the
area under peak III with t, that is, SM(t)

CMðtÞ ¼ 1-½SMðtÞ=SMðt ¼ 0Þ� ð1-aÞ

The consumption of PEG, CPEG(t), was also evaluated from
the change in the area under peak II with t, that is, SPEG(t)

CPEGðtÞ ¼ 1-½SPEGðtÞ=SPEGðt ¼ 0Þ� ð1-bÞ

At the end of the polymerization, CM(t) reaches a constant
value defined as CM(¥) [CM(¥) ∼ 0.9 at Tp = 34 �C], and
CPEG(t) reaches CPEG(¥) ∼ 0.25, which indicates the pre-
sence of unreacted PEG in the as-polymerized solution.

Figure 2 highlights the time changes of peaks I and II atTp

ranging from (a) 60 �C to (f) 15 �C. In the early stage of the
polymerization, it is difficult to estimate Mn and Mw/Mn of

Figure 1. GPC chromatograms obtained in the polymerization process at Tp = 34 �C as a function of time. Peaks I, II, and III are attributed
to PEG-b-PNIPAAm, PEG, and NIPAAm monomer, respectively.
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the bcps, because the two peaks overlap each other exten-
sively. However, when CM(t) exceeds 0.4, we are able to
separate the two peaks and to fit peak I reasonably well with
a Gaussian function, which enables us to determine Mn(t)
andMw(t) for the bcps. At Tp = 15 �C, peak I is bimodal at
t g 3000 min (see Figure 2f), though its origin is not clear at
this moment. Therefore, we shall not evaluate the values of
Mn and Mw/Mn at 15 �C as a function of t.

In Figure 2, the chromatograms for the purified samples,
shown by broken lines, are free from the unreacted PEG and
hence enable us to precisely determineMn andMw/Mn of the
synthesized bcp at the end of the polymerization. Table 1
showsMn andMw/Mn of the bcps evaluated from peak I for
the purified and unpurified samples, both after the comple-
tion of polymerization. The values Mw/Mn obtained for the
purified solution at Tp = 50 and 60 �C are equal to 1.49 and
1.46, respectively, and these values are as small as that of
PNIPAAm homopolymers obtained by RAFT or ATRP
polymerization.35,42-44

At lowerTp’s, that is, 25 and 30 �C,Mw/Mn for the purified
samples were 3.27 and 2.97, respectively. These values are
significantly larger than Mw/Mn (∼2.1) evaluated for the
unpurified samples. This is because the long tailing of peak I
toward the large retention time, which is clearly observed and
taken care of for the purified sample, was ignored in the
Gaussian approximation of peak I for the unpurified sample.
AtTpg 34 �C,however, we did not find significant differences

Figure 2. GPC chromatograms obtained at polymerization times (min) and at Tp = (a) 60, (b) 50, (c) 34, (d) 30, (e) 25, and (f) 15 �C, where the
chromatograms focused on the retention time between 15 and 30 min. The broken lines show the results obtained with the purified reaction solution
after the completion of the reaction and hence elucidate the chromatograms of neat PEG-b-PNIPAAm. Each peak for PEG-b-PNIPAAm (peak I)
at a given time during the polymerization was separated from the peak for PEG (peak II) by assuming a Gaussian profile for PEG-b-PNIPAAm.

Table 1.Molecular Characterizations of PEG-b-PNIPAAm after the
Completion of the Polymerization at Varying Tp

a

Tp 25 30 34 40 50 60

unpurified

PEG-b-PNIPAAm

Mn � 10-4 17.0 17.0 11.3 9.5 7.9 7.2

Mw/Mn 2.17 2.01 1.63 1.60 1.54 1.51

purified

PEG-b-PNIPAAm

Mn � 10-4 10.6 10.4 11.6 9.4 7.7 7.0

Mw/Mn 3.27 2.97 1.59 1.55 1.49 1.46

DPPNIPAAm/DPPEG 7.8/1 7.6/1 8.5/1 6.9/1 5.5/1 5/1
aNumber-averaged molecular weights Mn, polydispersity indices

Mw/Mn, and ratios of number-average degree of polymerization of
PNIPAAm (DPPNIPAAm) and PEG block chains (DPPEG) as evaluated
by the GPC measurements.

Figure 3. NIPAAm monomer conversion CM(t) estimated from peak
III of the time-resolved GPC chromatograms as a function of poly-
merization time t and temperatureTp. The solid lines are guides for eyes.
The arrow attached to P(Tp), in which P stands for the Porod law,
specifies the critical time, tc, where the hard-core micelle starts to form
at Tp = 34, 50, and 60 �C, and the soft-core micelle starts to form at
Tp = 15, 25, and 30 �C.

Figure 4. (a) Number-averaged molecular weight Mn and (b) poly-
dispersity index Mw/Mn as a function of NIPAAm monomer con-
versionCM(t) at varying Tp. The solid lines and broken lines are guides
for eyes. P(Tp) has the same meaning as in Figure 3.
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in Mw/Mn between the purified and unpurified samples,
because the tailing, though existing, contributes less to the
entire chromatograms, and hence, the chromatograms for
both samples are reproduced by similar Gaussian functions.

The time evolution of CM(t) at varying Tp is shown in
Figure 3. The CM(t) starts to increase earlier with increasing
Tp: for example, at about 5 min at Tp = 60 �C and at about
900min atTp= 15 �C.Note that a large difference ofCM(¥)
is clearly observed between Tp g 34 �C and Tp e 30 �C:
CM(¥) is higher than 0.9 at Tp g 34 �C and less than 0.75 at
Tp e 30 �C. The arrows labeled with P(Tp) will be explained
in section IV-3 later in conjunction with Figures 5 and 8.

Mn and Mw/Mn determined for the unpurified bcps are
plotted as a function of CM(t) at various Tp’s from 25 to
60 �C in Figure 4a and b, respectively. We note that Mn

and Mw/Mn at a given CM(t) decrease with Tp, the reason
for which will be discussed later in relation to the
micelle formation during the course of polymerization.
At Tp g 34 �C, Mn of bcp increases linearly with CM(t),
indicating that the NIPAAm monomers were consumed by
polymerization to bcp but not to PNIPAAmhomopolymers.
This is because the redox initiator produces a radical only at
the terminal carbon of a PEG chain, whichwas confirmed by
the fact that no PNIPAAm was formed in the absence of
PEG after 12 h at 34 �C. Besides, we clearly recognize the
other two signatures (i) and (iii), characteristic of the living-
like behaviors of the polymerization, as already described in
section I. At lower Tps, that is, 25 and 30 �C, the living-like
behaviors are not discerned at all. Mw/Mn becomes large,
ranging between 2.0 and 2.5, and CM(t) does not increase
more than 75% as noted above. The arrows labeled by P(Tp)
will be discussed later in section IV-3 in conjunction with
Figures 5 and 8.

III-2. In Situ and Time-Resolved SANS. Figure 5 shows
time-resolved SANS profiles obtained at various Tps from

(a) 60 �C to (f) 15 �C. For the PEG solution before starting
polymerization (t = 0 min), the SANS profiles are well
predicted by the Ornstein-Zernicke (OZ) equation,45 which
can be derived by the general RPA equation46 for polymer
solutions for the small q range satisfying qRg < 1,

IðqÞ ∼ Ið0Þ=½1þðqξÞ2� ð2Þ

where I(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 fluctuation of PEG in the solution. Both I(0)
and ξ depend on polymer concentration φ. Because φ is finite
in our case, we did not use the Debye scattering function for
single chains. ξ is related to the radius of gyrationRg of PEG
and is calculated in straightforward from the RPA equa-
ton,46 ξ2= (Rg

2/3)[(1- φþ φN)/(1- φ)]-1 in the case of χ=
0, where χ is the segmental interaction parameter between
polymer and solvent andN is the DP of PEG. The solid lines
at t = 0 min in Figure 5 were the best-fitted theoretical
profiles by using eq 2.

The results shown in Figure 5 reveal themselves that the
time evolution of I(q) after the onset of polymerization
strongly depends on Tp, that is, 15 e Tp (�C) e 30, and
Tp g 34 �C. At Tp g 34 �C, after the initiation of the
polymerization, the scattering intensity immediately and
rapidly increases with t, showing the q-dependence of q-β

with β close to 4, that is, the so-called Porod law,47 elucidat-
ing that the PNIPAAm block chains form a micelle core
(“hard core”) having a well-defined interface in the solution,
that is, a smooth interface with a sharp interface boundary.
At 15 e Tp (�C) e 30, on the other hand, the scattering
intensity at a given q (e.g., q∼ 0.08 nm-1) increases gradually
with t and reaches almost a constant value at∼1200min, the
intensity level of which is at least 2 orders of magnitude

Figure 5. In situ small-angle neutron scattering profiles at varying polymerization time t (min) at varyingTp: (a) 60, (b) 50, (c) 34, (d) 30, (e) 25, and (f)
15 �C.The profiles shown by the unfilled circles and the solid linesmarked by 0 indicate the experimental and theoretical scattering profiles for the PEG
solution prior to the polymerization, respectively, where the theoretical profile was reproduced by the Ornstein-Zernicke theory (eq 2).
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smaller than that atTpg 34 �C. The q-dependence of I(q) are
surely different from either the OZ behavior or the Porod-
law behavior, which may indicate PNIPAAm block chains
form amicelle core with an ill-defined interface, as evidenced
by a lack of the q-4 law. The core is well swollen by water,22

as evidenced by the decreased scattering intensity, compared
with that at Tp g 34 �C, as a consequence of the fact that the
difference in scattering length density between the micelle
core and the surrounding medium is not so large as that
at Tp g 34 �C. We believe that it is quite important to
investigate quantitatively structure of this “soft-core”
micelle. At Tp = 15 �C (Figure 5f), it is not clearly visible
whether or not the scattering profiles during the reaction
follow the OZ equation. If they obey the OZ equation, it
turns out that the reaction occurs in the solution free from
the soft micelles. Thus, it is crucial to critically check the
scattering bymeans of the so-calledOZplot, I(q)-1 versus q2.

To quantitatively investigate the SANSprofiles in detail at
15 e Tp (�C) e 30, the OZ plots at Tp = 15 and 25 �C were
conducted as shown in Figure 6a and b, respectively. At
Tp = 15 �C (Figure 5f), the intensity of the time-resolved
scattering profiles was generally weak, so that the statistical
accuracy of the intensity data is relatively poor compared to
that at Tp g 25 �C. Moreover, the measured time-resolved
profiles are limited to the narrow q range so that the critical
test of the OZ behavior is difficult. Consequently, we in-
tended to put more weight on the data taken at steady states,
either before (0min) or after completion of the reaction (3600
min), than on the data taken during the reaction for the test
of the OZ behavior. This is simply because the steady-state
scattering profiles can bemeasured overwide enough q range
and with the sufficient statistical accuracy. The result shown
in Figure 6a shows the followings: (i) the profile before
polymerization of NIPAAm (t = 0) (profile number 1)
strictly obeys the OZ equation so that PEG exists in a
homogeneous solution with thermal concentration fluctua-
tions; (ii) the profile after the polymerization (profile number
5) exhibits a clear-cut deviation from theOZbehavior at q2e
0.2 nm-2, elucidating that the solution during the polymer-
ization (profile number 2 to 4) tends to exhibit the scattering
profiles having a similar q dependence as that from the
solution after the polymerization (profile number 5), though
their intensity level increaseswith t. Thus, the solution during
the polymerization also contains the soft-core micelles.

The exactly same argument can be applied to the solution
at Tp = 25 �C. Consequently, it turns out that the soft-core
micelles are formed during the whole polymerization time
covered in this work in all the solutions at Tp(�C)= 15 and
25. The soft-core micelles cause the scattering excess at q2e
0.2 nm-2 from the OZ scattering, which is due to thermal
concentration fluctuations of the bcp chains in the micelles
and in the bulk solution and of unreacted PEG chains in the
bulk solution. The excess scattering causes downward
deviation from the linearity in the OZ plot. Thus, the net
observed scattering, Inet(q), is composed of two contribu-
tions: (i) one, IOZ(q), due to the thermal concentration
fluctuations of bcp33 and unreacted PEG and (ii) the other
due to the soft-core micelles in the solution, Imicelle(q). For
the decomposition of the two contributions, we first esti-
mated contribution (i) based on the OZ plot, that is, the
linear relationship between 1/I(q) and q2 (see the solid lines
in Figure 6a), which determines the characteristic para-
meters I(0) and ξ in IOZ(q) in eq 2. Then contribution (ii),
denoted by Imicelle(q), was obtained from Inet(q) - IOZ(q).

Figure 6. 1/I(q) plotted as a function of q2 at (a)Tp= 15 �C and (b)Tp= 25 �C and the given polymerization times t. The solid lines are the best-fitted
theoretical lines with the Ornstein-Zernicke equation. The lower q region of 0 e q2 (nm-2) e 0.3 is magnified in the inset.

Figure 7. Decompositionof thenet observed scattering (circles), Inet(q),
into the scattering from the thermal concentration fluctuations (solid
lines), IOZ(q), and the soft-core swollen micelles in the solution (squares
and broken lines), Imicelle(q), obtained at Tp = 15 �C and t=3600 min
(black) and at Tp = 25 �C and t = 1200 min (red).
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The obtained Imicelle(q) is presented as a function of q
together with the Inet(q) and IOZ(q) in Figure 7. Imicelle(q)
was evaluated only for the profiles obtained after poly-
merization, because only these profiles allow the
rigorous evaluation of IOZ(q).

Thus, determined Imicelle(q) shown in Figure 7 tends to
show the power-law behavior of q-R at q>0.1 nm-1, where
R is estimated to be 3.2 and 3.3 at 15 and 25 �C, respectively,
though the corresponding q range is unfortunately wide
enough for a rigorous determinations of R. If the Imicelle(q)
is due to the surface fractal structure of the micelles, R is
related to the surface fractal dimension, ds, that is, R = 6 -
ds,

48 so that ds = 2.8 and 2.7 at 15 and 25 �C, respectively.
The same analyses were conducted for the solution after the
polymerization atTp=30 �C (t=600min). The results yield
ds = 2.5. Thus, it may be reasonable to consider that the
interfaces of swollen micelles, formed after the polymeriza-
tion at 15 e Tp (�C) e 30, are rather rough, the roughness
tending to decrease with Tp. It may be well expected that the
soft-core micelles formed during the polymerization also
have similar rough surface.

To discuss the time evolution of the SANS I(q) during the
polymerization in a more quantitative manner, we evaluated
the integral scattering intensityQ(t) over the available range
of q as a function of t

QðtÞ ¼
Z qmax

qmin

Iðq, tÞq2dq ð3Þ

The upper and lower limits for the integration, qmin and qmax,
are equal to 0.05 and 0.3 nm-1, respectively. The integrated
value Q(t) thus evaluated reflects the structural changes
occurring in the length scale from about 20 nm to about
100 nm and is roughly proportional toΔB2

φcore(1- φcore) as
the solution forms the two-phase structure in which the
micelle cores composed of PNIPAAm blocks are dispersed
in the aqueous medium. Here, φcore and ΔB2 are the volume
fraction of micelle cores and the scattering contrast between
micelle cores and the matrix solution, respectively.

Figure 8 shows the time evolution of Q(t) evaluated at Tp

ranging from 34 to 60 �C. It is noted that both the Q(t) and
CM(t) start to increase at t≈ 5, 10, 30, and 20min atTp=60,
50, 40, and 34 �C, respectively (also see Figure 3). These times
correspond to those when the Porod law starts to be
clearly discernible in the SANS profiles shown in Figure 5.

(The SANS profiles at 40 �C are not included in Figure 5.)
The specific points labeled with P(Tp) in Figures 3, 4, and 8
designate the time beyond which the Porod law starts to be
observed. Thus, the well-defined interface of the hard-core
micelle is formed in the very early stage of the polymeriza-
tion, as early as CM being only 0.05 to 0.10. (The arrows
marked by S will be described later in conjunction with
Figure 9.)

III-3. USANS and Transmittance Measurements. To in-
vestigate the micelle structure (micelle size and its spatial
distribution), we need to investigate the scattering in a q
range smaller than that covered by SANS. The Bonse-Hart
(double crystal) type USANS spectrometer can approach
the scattering in the low q range. USANS measurements,
however, require extremely long measurement times
(typically about 12 h) to cover a whole ultrasmall q range
of 10-4 to 10-2 nm-1, much longer than the characteristic
time scales of the micelle formation during the polymeriza-
tion. Therefore, the USANS measurements are limited to
observation of themicelle structures after the completion of
polymerization.

Prior to the USANS measurements, we performed time-
resolved transmittance measurements, Tr(t), which are ex-
pected to reflect the time evolution of the micelle formation
during polymerization. Tr(t) is defined by

TrðtÞ � It=I0 ¼ expð-γtotallÞ ð4Þ

where I0 and It are the incident neutron beam intensity
before and after transmission of the reaction solution,
respectively, l is the thickness of the solution along the
incident beam direction, and γtotal is the total extinction
coefficient of the solution.We can assume that γtotal is a sum
of the following three kinds of extinction on incident neutron
beam intensity: (i) absorption, γa, (ii) incoherent scattering,
γincoh, and (iii) coherent scattering, γcoh.

Figure 8. Integrated scattering intensityQ(t) over the q range of 0.05e
q (nm-1) e 0.3, plotted as a function of t at different Tp: 34 (triangles),
40 (crosses), 50 (squares), and 60 �C (diamonds). The solid lines are
guides for eyes. P(Tp) stands for the same meaning as in Figure 3. S
stands for the saturation point in Q(t) with t.

Figure 9. Time-resolved transmittanceTr(t) obtained with the USANS
spectrometer for the polymerization process at temperatures between
30 and 60 �C.
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In Figure 9, Tr(t) is plotted as a function of t. At all
temperatures, Tr(t=0) is equal to about 0.85, which reflects
the combined contributions of γa, γincoh, and γcoh(t = 0).
Here, γcoh(t = 0) is attributed to the thermal concentration
fluctuations of PEG, NIPAAm, and D2O in the reaction
solution before the polymerization. At Tp = 30 �C, Tr(t)
hardly changes with t from Tr(t = 0), because the effect
of extinction due to SANS from the micelle structure,
γcoh,micelle, on γtotal is relatively small compared to those of
γa, γincoh, and γcoh(t = 0) on γtotal. Note that I(q) at Tp =
30 �C is much smaller than I(q) at Tp = 50 and 60 �C, as
shown in Figure 5. AtTpg 34 �C,Tr(t) decreases with t from
Tr(t=0) to a value that depends onTp. The decrease ofTr(t)
with t is due to the increasing contribution of theγcoh,micelle to
γtotal. Tr(t) at TP = 34 �C, for example, decreases slightly
with t up to 200 min (see the point marked by the arrow
labeled by S) and then rapidly and largely decreases to a
steady value of Tr(¥) = 0.72 at t > 500 min (see the arrow
labeled by Su). The point S corresponds to time ts when the
increase of Q(t) starts to saturate as shown in Figure 8,
implying that Tr(t) at Tp= 34 �C slightly decreases with t up
to point S due to the increasing γcoh,micelle. The further
decrease of Tr(t) beyond point S must reflect an additional
increase of γcoh with t, which we intuitively ascribe to
increasing USANS intensity from the superstructure of the
micelles, γcoh,super. At Tp = 50 and 60 �C, point S shifts to a
shorter time t, and Tr(t) decreases to a lower value at point S

compared with that at Tp = 34 �C. This fact well correlates
with the fact that Q(t) at Tp = 50 and 60 �C saturates at
larger intensity levels and at shorter times than that at Tp =
34 �C. In contrast, Tr(t) at 50 and 60 �C decreases only
slightly beyond point S, which we intuitively ascribe to a
smaller increase of γcoh,super at these temperatures than at
Tp = 34 �C, as will be also confirmed later by the USANS
profiles in Figure 12.

After Tr(t) reaches the constant values, we performed
USANS measurements. Figure 12 which will appear later
in the text shows the combined USANS and SANS profiles
at Tp ranging from 34 to 60 �C. The USANS measurements
were conducted only at Tp g 34 �C as the USANS intensity
level atTpe 30 �C is ratherweak comparedwith the intensity
level of the background so that the USANS profiles cannot
be accurately measured.We note that the combinedUSANS
and SANSprofile I(q) at eachTp tends to show a crossover in
the power law behavior of I(q) ∼ q-R at Tp-dependent
crossover q, qc. The higher the Tp, the larger is the qc value.
At q< qc, the power-law exponentR depends onTp, while at
q > qc, R is close to 4, irrespective of Tp.

It should be noted that the Tp-dependence of the USANS
intensity is quite opposite to that of the SANS intensity, as
shown in the inset of Figure 12; as Tp increases, the intensity
of SANS increases, while that of USANS decreases. The
large and slow decrease of Tr(t) from point S down to point
Su atTp= 34 �C (Figure 9d) should then be attributed to the

Figure 10. (a) Schematic illustration of the reaction field for the soap-free emulsion polymerization of PEG-b-PNIPAAm, which were poly-
merized from radically activated chain end of PEG. The polymerized PEG-b-PNIPAAm formed self-assembled micelles as a fundamental structure
unit, when Mn and concentration φp of PNIPAAm block chain exceeds a critical molecular weight for the micelle formation Mn,c and the critical
concentration φp,c. (b) Schematic diagram for a spatial distribution of the square of the scattering contrast ΔB for neutrons across the micelle in the
mediumofD2O. At temperaturesTP aboveTLCST of the aqueous solution of PNIPAAm (at around 31 �C),ΔB2 dramatically becomes larger than that
at TP< TLCST, because micelle cores composed of PNIPAAm block chain are strongly dehydrated. tI is the characteristic interfacial thickness, which
was estimated by the Porod analysis.
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slow increase of the large USANS intensity and, hence, γcoh,
super with t. As Tp increases from 34 to 40 �C, the USANS
intensity after the completion of polymerization becomes
lower, which accounts for the increase of Tr(¥) from 0.72 to
0.75 and the small decrease ofTr(t) from point S to Su. Upon
further increase of Tp to 50 or 60 �C, the USANS intensity
decreases further, resulting in a further increase in Tr(¥).
This accounts for the slight decrease of Tr(t) beyond point S
observed at Tp = 50 or 60 �C. Thus, the time evolution of
Tr(t) gives useful information on the time-evolution of the
USANS profiles, which is difficult to directly measure at
present time. We shall present a theoretical analysis of
the combined USANS and SANS profiles on the basis
of a unified approach49,50 in section IV-4, which gives the
best-fitted theoretical profiles shown by the solid lines in
Figure 12.

IV. Discussion

IV-1. Background of the Soap-Free Emulsion Polymeri-
zation of PEG-b-PNIPAAm. Figure 10a schematically
illustrates the concept of the soap-free emulsion polymeri-
zation of PEG-b-PNIPAAm at Tp g 34 �C (above lower
critical solution temperature, TLCST, of aqueous PNIPAAm
solution), where the illustrated micelle shown in the center of
Figure 10a is a fundamental structure unit, which builds up a
higher-order structure (mass fractal structures in a larger
length scale), as will be detailed later in the text (see section
IV-4). When this radical polymerization of NIPAAm is
carried out at Tp g 34 �C from the radically activated chain
end of PEG, the propagating PNIPAAm block chains in
PEG-b-PNIPAAm forms single-chain globules23,25,26

[species (iv) and (v) in Figure 10a] . Because the globules
are thermodynamically unstable in the solution, they aggre-
gate themselves to form micelle cores stabilized by PEG

brush chains emanating from the interface between the core
and brush phases [as illustrated by species (i) in Figure 10a].
In the cores, which are substantially dehydrated at Tp >
32 �C, the PNIPAAm block chains are expected to be in
a condensed phase swollen by NIPAAm monomer as a
solvent. The block chains in the cores recover random coil
conformations, which are more favorable than the globular
conformations, and entangle obviously with other PNI-
PAAm block chains.

This micelle formation is brought about when the con-
centration of PNIPAAm block chains, φPNIPAAm, andMn of
the PNIPAAm block chains exceed a critical concentration,
φc, and a critical molecular weight, Mn,c, in an aqueous
matrix containing NIPAAm monomers [species (ii)], un-
reacted PEG [species (iii)], radically activated-bcps with
Mn < Mn,c [species (iv)], and terminated-bcps with Mn <
Mn,c [species (v)], as also shown inFigure 10a. Then, the PEG
brush chains swollen by water and emanating from the
interfaces of the cores acts as a stabilizer for the micelles.
Thus, the polymerization under this condition may be con-
ceptually treated as a “soap-free” emulsion polymerization
and will provide a good model system to explore the neces-
sary and sufficient condition for the quasi-living radical
polymerization behaviors.

IV-2. Reaction Kinetics. Before going into detailed discus-
sion on the reaction field for the quasi-living polymerization,
it is useful to discuss further the temperature dependence of
the reaction kinetics, as shown in Figures 3 and 4. It may be
interesting to elucidate whether or not the specific reaction
fields of the hard-core micelles (at 34eTp (�C)e 60) and the

Figure 11. ln[M(t=0)/M(t)] at variousTP ranging from15 to60 �Care
plotted as a function of reduced polymerization time, ln(aTt). Tp

dependence of the horizontal shift factor, aT, is shown in the inset
(Arrhenius plot), indicating that the slope of the solid line (-ΔHa/R,
R = gas constant) is related to the activation energy of the addi-
tion reaction, ΔHa (= 93.4 kJ/mol), between chain end radical and
NIPAAm.

Figure 12. Combined ultrasmall- and small-angle neutron scattering
intensity profile I(q) obtained at different Tp: 34 (pink circles), 40 (blue
circles), 50 (green circles), and 60 �C (red circles). Each profile was
vertically shifted to avoid overlaps. The profiles at the q range of q <
0.04 (nm-1) and qg 0.03 (nm-1) were obtained by USANS and SANS
spectrometers, respectively. The solid lines are the best-fitted theoretical
profiles obtained by using eq 7 together with the characteristic para-
meters shown in Table 2. The scattering intensities at q= 10-3 (nm-1)
(filled circles) and at q = 10-1 (nm-1) (open squares) are plotted as a
function of Tp in the inset.
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soft-core micelles (at 15 e Tp (�C) e 30) affect the reac-
tion kinetics. CM(t) versus t at various Tps in Figure 3
was replotted into ln[M(t = 0)/M(t)] versus t by using
the relationship M(t = 0) /M(t) = [1 - CM(t)]-1, where
M(t = 0) and M(t) are the monomer concentration at an
initial state (t = 0) and at time t. If the reaction is the first
order, we find

ln½Mðt ¼ 0Þ=MðtÞ� ¼ kt ð5Þ
and, hence, the quantity ln[M(t = 0)/M(t)] should linearly
increase with t, where the proportionality constant k is the
reaction constant which depends on Tp. Furthermore, if the
reaction mechanism is independent of Tp or the specific
reaction fields, and if the reaction rate only depends on
Tp, ln [M(t = 0)/M(t)] versus lnt at different Tps should
be superposed only by a horizontal shift with the shift factor
aT ∼ k.

Figure 11 shows ln[M(t = 0)/M(t)] versus ln(aTt), where
the temperature dependence of the shift factor is shown in the
inset. The kinetic data obtained at different Tps superposed
each other with respect to the reduced polymerization time
aTt or kt. The result reveals itself that (i) the reaction
mechanism is independent of the specific reaction fields
(solution, soft-core micelle, or hard-core micelle; quasi-
living-like field or non-living-like field) and that (ii) the
reaction kinetics is not the first-order, and hence, eq 5 should
be rewritten by

ln½Mðt ¼ 0Þ=MðtÞ� ¼ f ðktÞ ð6Þ
where f(kt) is the nonlinear universal function of k(Tp)t. Both
results (i) and (ii) seem to be quite natural.

IV-3. Evidence for the Reaction Field for the Quasi-Living
Polymerization. The time-resolved GPC results shown in
Figure 4 clearly indicate that the soap-free emulsion polym-
erization at Tp g 34 �C proceeds living-likely with respect to
each of the three criteria (i-iii) described in the beginning of
section I. Criterion (ii) indicates suppression of the bimole-
cular termination reaction of chain-end radicals. The rate of
increase of Mn with CM(t) decreases with increasing Tp at
Tp g 34 �C, the relative slope of the Mn(t) vs CM(t) plot at
Tp = 34, 50, and 60 �C being 1, 0.7, and 0.6. This is at least
partially due to a higher degree of suppression of bimolecular
termination reactions and thus a larger number of propagat-
ing radicals at a higher Tp. Thus, Mn of PEG-b-PNIPAAm,
synthesized at Tp g 34 �C, becomes smaller as Tp increases
(see Table 1).

In situ and time-resolved SANSmeasurements in Figure 5
revealed that PEG-b-PNIPAAm forms self-assembled mi-
celles in water during the polymerization atTpg 15 �Cwhen
Mn and φPNIPAAm of the PNIPAAm chains exceed the
critical values Mn,c and φc. Thus, the polymerization
takes place not only in the solution but also in the micelles
at t> tc, where tc is the critical time for themicelle formation.
The tc varies with Tp: as Tp increases, tc decreases.51 The
aqueous solution of PNIPAAm is known to have TLCST =
31 �C.23-27 Therefore, the water content in the micelle core,
φw,core, is expected to decrease drastically at Tp g 34 �C.
Indeed, we found the following distinct differences between
the SANS profiles at Tpg 34 �C and those at 15e Tp (�C)e
30: at Tp g 34 �C, the SANS profiles show the q-dependence
close to q-4 (the Porod law),47 relevant to the well-defined
interface of the PNIPAAm micelle core, whereas at 15 e Tp

(�C) e 30, SANS is weak and does not show the Porod law,
suggesting swollen micelle cores with ill-defined inter-
faces (see Figure 7, for example). Figure 10b schematically

illustrates the spatial distribution of the square of the scatter-
ing contrast ΔB2 across the micelle. The dehydration of the
core is more pronounced as the Tp increases. Hence, ΔB2

increases with Tp. This is why we observe a drastic change in
SANS intensity between Tp e 30 �C and Tp g 34 �C; the
scattering intensity at q ∼ 0.03 nm-1 at Tp = 60 �C is on
the order of 104 cm-1, whereas that at Tp = 30 �C is on the
order of 101 cm-1, as shown in Figure 5a,d. On the basis of
these findings, the quasi-living behaviors of the soap-free
emulsion polymerization should be related to the φw,core.

It is important to note that the scattering profile I(q),
which satisfies the Porod law, can be observed at the early
stage of polymerization at Tp g 34 �C, that is, t ∼ 20 min at
Tp= 34 �C, t∼ 10min atTp= 50 �C, and t∼ 5min at Tp=
60 �C, as shown in Figure 5. The CMs attained at these times
are as low as 0.05-0.1, as marked with P(Tp) labeled arrows
in Figures 3 and 4a, which indicates that at these Tps the
dehydrated micelle cores (hard cores) composed of propa-
gating PNIPAAm block chains, and thus the reaction fields
for the quasi-living soap-free emulsion polymerization are
formed in the very early stage of the polymerization. In
principle, the chain-end radicals encounter two kinds of
reaction field, that is, (i) amore or less homogeneous solution
at t< tc and (ii) a hard core at tg tc. The chain-end radicals
spend only a minor fraction of their lifetime in the former
reaction field at high Tp, which is the primary reason for the
quasi-living polymerization behaviors.

Let us discuss here effects of the initiation of the radicals
via the oxidation reaction between Ce(IV) and PEG on the
quasi-living polymerization behaviors described above. Fei-
jen and co-workers reported the fact that [Ce(IV)] and
[unreacted-PEG] exhibits sharp decrease immediately after
the start of polymerization within t=5min atTp= 60 �C.15
This result indicates that the generation of radicals com-
pleted in the very early stage of polymerization, whereas, in
the conventional emulsion polymerizations with normal
initiators, for example, AIBN and BPO, the radicals gradu-
ally generate during the course of polymerization. However,
even in this special initiation process with Ce(IV), the propa-
gating radicals in the solution can still undergo the recombi-
nation reaction for the termination. Hence, in this sense the
catalytic effect itself is not the sufficient condition for the
quasi-living polymerization mechanism.

We have already pointed out in section III-2 that at 15 e
Tp (�C)e 30 softmicelles are formed also at a very early stage
of the polymerization, that is, t ∼ 60 min at Tp = 15 �C, t ∼
10min atTp= 25 �C, and t∼ 20min at 30 �C (Figures 5f-d)
or atCM as small as 0.05 in all the cases. The swollen micelle
core, however, does not satisfy the criteria of the reaction
field for the quasi-living polymerization.

IV-4. Theoretical Analysis of Combined USANS and
SANS Intensity Distribution. We define the radius of gyra-
tion of the micelle core, Rg,core, as a fundamental building
unit comprising the superstructure or higher-order struc-
tures responsible for the combined USANS and SANS
profiles shown by the symbols (circles) in Figure 12. If the
core is described by a sphere of radius Rcore, then Rg,core

2 =
(3/5)Rcore

2. Because the shape of the micelle core is not
necessarily spherical, we describe the core in terms ofRg,core.

We carried out a theoretical analysis of the combined
profile in the context of the unified Guinier and power-law
approach49,50

IðqÞ ¼ Aq-R expð-q2R2
g, core=3ÞþB expð-q2R2

g, core=3Þ

þC
h
q-1erf ð-qRg, core=

ffiffiffi
6

p
Þ
iβ

expð-σI
2q2Þ ð7Þ
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The power-law behavior of q-R observed in the q range of
q (nm-1) < 0.01 can be described by the first term of the
right-hand side (rhs) of eq 7, where the term exp(-q2Rg, core

2 /
3) serves as a damping factor for the power law at the large q
limit, and Rg,core or qc = 1/Rg,core (indicated by arrows in
Figure 12) specifies the lower cutoff length or the upper
cutoff wavenumber for the power law.

The second term on the rhs of eq 7 describes the scattering
from the building unit of the superstructure or the mass
fractal structure, while the third termdescribes the power law
behavior in the q range of q (nm-1)>0.05withβ= 4, and the
term ½erf ð-qRg, core=

ffiffiffi
6

p Þ�β describes the damping factor for
the power law of q-β at the lower q limit where Rg,core and
qc = 1/Rg,core are, respectively, the upper cutoff length and
the lower cutoff wavenumber for the power law of q-β. In
this analysis, we set β = 4 and incorporated the term exp-
(-σI

2q2) describing the diffuse interface boundary, where σI
is the parameter characterizing the interfacial thickness. A,

B, and C are the proportionality constants describing the
relative contributions of these three terms to the net scatter-
ing intensity I(q). In this work we assume that polydispersity
in Rg,core can be neglected for simplicity and as a first step of
the analysis.

It should be noted in Figure 12 that the best-fitted
theoretical profiles (solid lines) well reproduce the experi-
mentally observed combined small-angle scattering (circular
symbols) except for a small deviation from the observed
profiles at the large q-limit. This small deviation is quite
obviously attributed to the effect of thermal concentration
fluctuations, which naturally exists in the real system. The
deviation evidently becomes larger as Tp decreases because
the micelle cores tend to be swollen more by water and a
larger amount of the block copolymers tend to exist in the
solution with increasing Tp.

The solid black lines in Figure 12 show the theoretical
scattering curves best-fitted with the experimental ones
(colored symbols). Figure 13 demonstrates the contribution
of each term in the rhs of eq 7 to the best-fitted theoretical
scattering curve for the combined USANS and SANS pro-
files at Tp = (a) 34 �C and (b) 50 �C. The decomposed lines,
numbered (1) to (3), represent the contribution of the first
term to the third term in the rhs of eq 7 to the net scattering
intensity I(q) (the colored solid line). The characteristic
parameters Rg,core, R, and β obtained by best-fitting are

Figure 13. Combined ultrasmall- and small-angle neutron scattering intensity profile I(q) obtained at (a) Tp = 34 �C and (b) Tp = 50 �C after the
completion of the polymerization (colored symbols). The colored solid line is the best-fitted theoretical scattering profile, using eq 7, which is a sum of
the three solid lines numbered 1-3, representing the first term to the third term in the rhs of eq 7, respectively.

Figure 14. Small-angle neutron scattering profiles highlighted at the
q range sensitive to the interface of the core micelle at Tp = 34 �C and
the given t. The solid lines are the best-fitted theoretical profiles based
on eq 9 with experimental profiles (symbols).

Figure 15. Statistical mechanical interpretation of the so-called
“compartmentalization” of the chain-end radicals in the micelle cores
at Tp g 34 �C.
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summarized in Table 2. As Tp increases, both Rg,core and R
tend to decrease, implying that (i) the size of the fundamental
structure unit, which builds up the superstructures, becomes
small and that (ii) the superstructures tend to have a mass-
fractal structure with a smaller mass-fractal dimension.

The size of the fundamental structure unit is much larger
than that expected for the spherical domains composed of
PNIPAAm block chains in PEG-b-PNIPAAm melt having
Mn= (11.6-7.0)� 104: The expectedRcore calculated by the
Helfand andWasserman theory52 is about 50 nm (see Figure
10 of ref 52). Thus, the fundamental structure unit at Tp =
60 �Cmight be composed of aggregated spherical domains of
N=ð ffiffiffiffiffiffiffiffi

5=3
p

Rg, core=50Þ3 ¼ 4:1. The aggregationmay be plau-
sible in light of the large block ratio of PNIPAAm to PEG
shown in Table 1, which indicates that relatively short PEG
brushes emanate from a large core. This may cause an
insufficient coverage of the interfacial area of the micelle
core by PEG brushes, which in turn causes the entropic
repulsion between the spherical domains small, allowing the
aggregation to occur to a certain extent. The characteristic
interfacial thickness tI

53,54 in Table 2 is related to the para-
meter σI by

tI ¼
ffiffiffiffiffiffi
2π

p
σI ð8Þ

At the large q-limit, where the scattering is sensitive to the
interface of the micelle cores, I(q) in eq 7 is given by

IðqÞ∼ q-4 expð-σI
2q2Þ ð9Þ

According to eq 9, the parameter σI is determined from the
Porod plot, ln[I(q)q4] versus q2.53,55,56 Figure 14 highlights
the scattering profile focused on the q range sensitive to the
interface. The solid lines show the best fit of the experimental
scattering profiles with the theoretical scattering profiles
given by eq 9, with the parameter σI being determined by
the Porod plot and shown in Table 2. The deviation of the
experimental profiles from the solid lines at the large q range
is attributable to the contribution of the thermal concentra-
tion fluctuations.

IV-5.Origin for theQuasi-Living Polymerization Behavior.
Once the radically active PNIPAAm chain ends are confined
in the solid-like micelle cores, the polymerization rate may
slow down, because the NIPAAm monomer diffuses more
slowly in the core than in the water matrix and because the
living chain ends also diffuse more slowly in the core. The
slowly propagating PNIPAAm block chains in the cores,
which have been formed earlier in the water and already
confined in the core, are caught up by the propagating
PNIPAAm block chains formed later in the water.

To bring about the quasi-living polymerization behavior,
the low diffusivity of PNIPAAm chain ends in the solid-like
core above Tp = 34 �C is crucial, as already pointed out.
Besides the reduced mobility of the chain-end radicals in the
micelle cores, we should also take into account the tempera-
ture dependence of the probability of the two chain ends to
come into contact in the micelle core. Figure 15 shows a

schematic illustration of the probability distribution func-
tion P(r) of the chain ends of PNIPAAm block chains
emanating from the interface of the micelle core having the
radius Rcore.

At Tp g 34 �C, the chain-end radicals of PNIPAAm may
be localized, or so-called “compartmentalized”, in the cen-
tral region of solid-like cores of micelles,57-59 as schemati-
cally shown in Figure 15. The localization of the chain ends
effectively suppress the probability of two chain-ends of
PNIPAAm block chains emanating from the opposite side
of the interface to encounter each other. This may appear to
be against our intuition at a first glance, but it turns out to be
reasonable: the probability is proportional to (i) the area of
the hatched gray region, where the two functions P(r) with
their origins at r=0and at r=2Rcore overlap, and to (ii) the
number of the cores. Both factors (i) and (ii) decrease with
increasing χABN.More specifically, the factor (i) goes to zero
as χABNf¥. This effect in turn suppresses the bimolecular
termination reactions and, hence, brings about the quasi-
living polymerization behavior. At 15e Tp (�C)e 30, on the
other hand, the micelle cores are swollen with water and
the effective segregation power χABN between PEG and
PNIPAAm block chains is weaker than that at Tp g 34 �C.
Hence, the distribution function of the chain ends P(r) is
much broader than P(r) at Tp g 34 �C, giving rise to a larger
overlap area, which makes factors (i) and (ii) become larger
and leads to “decompartmentalization”.

V. Conclusion

We investigated a soap-free emulsion polymerization to
synthesize a poly(N-isopropylacrylamide) (PNIPAAm) block
chain in poly(ethylene glycol)-block-poly(N-isopropylacryl-
amide) (PEG-b-PNIPAAm) starting from the radically activated
chain end of poly(ethylene glycol) (PEG). We like to stress that
the time-resolved SANS gave a strong impact to clarify the
important key question of when the specific reaction field
required for soap-free emulsion polymerization is created in the
reaction system via the reaction-induced self-assembly. The
SANS straightforwardly elucidated that the reaction field, either
the soft-core micelle or the hard-core micelle, is self-assembled
from the very early stage of the polymerization, where the
monomer conversion CM(t) reaches about 0.05, until the end of
the polymerization. The reaction field responsible for the quasi-
living polymerization is the one given by the solid-like cores of
PNIPAAm blocks, which entrap the chain-end radicals in such a
way that one end of the PNIPAAmblock chains is confined at the
core interface and the other end carrying the active chain-end
radical is confined around the center of the domains, while the
whole PNIPAAm block chain is confined in the core. The
entrapment brings about (i) the low diffusivity of the chain-end
radicals (a dynamical effect) and (ii) the effective suppression of
the two chain-end radicals to encounter each other (a static
effect), both of which suppress the bimolecular termination
reactions. The entrapment causing the above two effects is
believed to account for a physical interpretation of the so-called
“compartmentalization”.

Our work may suggest that almost any emulsion polymeriza-
tion at high conversion would have restrictedmobility and would
therefore be quasi-living like. In this regard, however, we cannot
forget the fact that the polymerization in this case cannot be
quasi-living before achieving the high conversion and the res-
tricted mobility. Moreover, the entrapment or the compartmen-
talization discussed above is responsible for a more severe
restricted motion than the restricted motion encountered by the
conventional emulsion polymerization at high conversions. It
may also be important to note that the specific reaction field built

Table 2. Summary of Characteristic Parameters Determined by the In
Situ SANS and USANS Experiments after the Completion of the

Polymerization at Varying Tp

Tp 34 40 50 60

Rg,core (nm) 142 97 69 62
qc � 102 (nm-1) 0.70 1.03 1.44 1.61
R 2.23 1.68 1.07 1.02
β 4 4 4 4
tI (nm) 6.7 6.4 6.1 6.1
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up for the quasi-living polymerization is primarily brought
about by the physical factors rather than the specific catalytic
effect, as we briefly described in the paragraph preceding the last
paragraph in section IV-3. The physical factors build up the
specific reaction field from the very low conversion.

Finally we would like to note that the time-resolved SANSwill
provide some more rich information other than the key informa-
tion discussed here in this paper, such as the core size, associa-
tion number of the block chains in the core as a function
of polymerization time, and so on. Such quantitative studies as
described above deserves future work.
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