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Abstract: Programmed thermodynamic formation of star-like nanogels from designed diblock copolymers
with thermally exchangeable dynamic covalent bonds in their side chains and structure analysis of the
nanogels were performed. Linear diblock copolymers that consist of poly(methyl methacrylate) block and
random copolymer block of methyl methacrylate (MMA) and methacrylic esters with alkoxyamine moiety
were prepared by atom transfer radical polymerization (ATRP). By heating the diblock copolymers in anisole,
a cross-linking reaction occurred as a result of the radical crossover reaction of alkoxyamine moieties to
afford star-like nanogels. Kinetic studies have revealed that the cross-linking behavior reaches equilibrium
at a given reaction time, with characteristic reaction behaviors for thermodynamic reactions being observed.
The equilibrium structures of the star-like nanogels were controlled by the initial concentrations of diblock
copolymers as well as their compositions and molecular weights. Furthermore, by heating the star-like
nanogels with excess alkoxyamine, linear polymers were successfully regenerated. The molecular weights
and sizes of the nanogels were evaluated by gel permeation chromatography—multiangle laser light
scattering (GPC—MALLS) and small-angle X-ray scattering (SAXS) measurements, respectively, and the
morphologies of the nanogels were directly observed by scanning force microscopy (SFM).

Introduction assembly of biopolymersand the intramolecular cross-linking
of single chains of macromolecul&s.

With the recent advancement of controlled polymerization
methods such as atom transfer radical polymerization (ATRP),
well-defined diblock copolymers with uniform molecular weight
. . . . and designed composition can be synthesized. Such well-defined
defined as internally cross-linked single macromolecules of )

block copolymers are known to form higher-order structures

molecular weight and dimensions similar to the parent, linear : . .
. ) such as microphase separatiéhspre—shell nanoparticles?
polymer chains, but having a number of transverse covalent 4
. and micelles? depending on the primary structure. In recent
bonds between the chain segments, have generated much

attention because of their potential application in various fields, years, external stimuli-responsive block copolymers have at
. . : . . tracted much attention. Responding to physical or chemical
including the drug delivery systefnchemical separatiorts, L ) 5 Z
. T . stimuli such as hedf changes in pH® and electrolytes!
encapsulation of metafsstabilization? and encapsulatiérof
structures of polymer aggregates have been drastically changed.
enzymes. Nanogels have been prepared by the usual synthetic
method via microemulsioh. inverse miniemulsio. self- On the other hand, reversible polymer cross-linking systems
’ ’ have been constructed. Supramolecular approaches (noncovalent

Physicochemical properties of polymers are mainly governed
by compositions, primary structures, and their aggregated states;
therefore, polymers with various types of shapes have been
designed and synthesized. Among them, nandgelsich are

T Graduate School of Engineering. ) ) (9) Akiyoshi, K.; Deguchi, S.; Tajima, H.; Nishikawa, T.; Sunamoto, J.
* Institute for Materials Chemistry and Engineering. Macromolecules997, 30, 857—-861.
(1) This class of polymers is also referred to as “core cross-linked star polymers” (10) Eschway, H.; Hallensleben, M. L.; Burchard, Wakromol. Chem1973
in the literature, for example: Xia, J.; Zhang, X.; Matyjaszewski, K. 173 235-239.
Macromolecules999 32, 4482-4484. (11) (a) Matyjaszewski, K.; Xia, JChem. Re. 2001, 101, 2921-2990. (b)
(2) Vinogradov, S. V.; Bronich, T. K.; Kabanov, A. \Adv. Drug Delivery Tsarevsky, N. V.; Matyjaszewski, KChem. Re. 2007, 107, 2270-2299.
Rev. 2002 54, 135-147. (12) Hashimoto, T.; Shibayama, M.; Kawai, Macromolecule498Q 13, 1237
(3) Kawaguchi, H.; Fujimoto, KBioseparation1998 7, 253-258. 1247.
(4) Terashima, T.; Kamigaito, M.; Baek, K.-Y.; Ando, T.; Sawamoto, M. (13) Smulders, W.; Monteiro, MMacromolecule004 37, 4474-4483.
Am. Chem. So®003 125, 5288-5289. (14) Yuan, J.-J.; Mykhaylyk, O. O.; Ryan, A. J.; Armes, S.JPAm. Chem.
5) Hong J.; Gong, P.; Xu, D.; Dong, L.; Yao, $. Biotechnol.2007, 128 S0c.2007, 129, 1717~1723.
597— 5 (15) Sugihara, S.; Hashimoto, K.; Okabe, S.; Shibayama, M.; Kanaoka, S.;
(6) Yan, M.; Ge, J.; Liu, Z.; Ouyang, B. Am. Chem. So2006 128 11008~ Aoshima, SMacromolecule2004 37, 336—-343.
11009 (16) Yusa, S.; Shimada, Y.; Mitsukami, Y.; Yamamoto, T.; Morishima, Y.
(7) Antonietti, M. Angew. Chem., Int. Ed. Endl988 27, 1743-1747. Macromolecule2003 36, 4208-4215.
(8) Oh, J. K,; Tang, C.; Gao, H.; Tsarevsky, N. V.; MatyjaszewskiJ KAm. (17) Astafieva, |.; Khougaz, K.; Eisenberg, WMacromolecule4995 28, 7127
Chem. Soc2006 128 5578-5584. 7134.
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bond systems) are frequently examined due to metal complex-fﬂcheme 1 Sé:hlemégichReSpresentation of the Pr_epal;ation of

i 18 . acroscopic Gel and the Structure Interconversion between
a_'tlo_n’ hydrogen bond&and so on. Such supramolecular cross Diblock Copolymer and Star-like Nanogel via a Radical Crossover
linking systems enable us to control the structure of the Reaction

compounds with thermodynamic control, forming structures that

are thermodynamically stable within the system. Recently, M':
covalent bonding systems with reversible bonds have been Ay,
focused on as dynamic covalent systéfig? In these systems,

5 7

compounds are formed that have not only stable bonds but also
thermodynamically stable structures. We have already developed

dynamic covalent polymers with 2,2,6,6-tetramethylpiperidinyl- ﬁ;ﬁf

1-oxy (TEMPO)-based alkoxyamine moietis2é Although the

central C-O bonds in alkoxyamine derivatives behave as typical Aﬁ \ _
6 y

covalent bonds under normal conditions, the alkoxyamine unit
can reversibly dissociate into a styryl radical and TEMPO-
derivative upon heating and reach an equilibrium state via ] ) )
radical crossover process¥gs Because of their exchanging gel with dynamic covalent bonds based on the exchange reaction
ability, the G-O bonds in alkoxyamine derivatives are regarded Of alkoxyamine units, as represented in Scheme 1. A molecular
as dynamic covalent bonds. In addition, radical reaction is design in which two types of complementarily reactive
tolerant to many functional groups. Recently, we have applied alkoxyamine units are mtegrate_d into “one” diblock copolymer
such radical crossover reactions to the polymer reactions in the€nables the formation “self-build-up” molecular systems, and
side chains. When the mixture of random copolymers with We discuss the influence of the primary structure of diblock
complementarily reactive alkoxyamine units in each side chain coPolymers on the structures of nanogels.

was heated, macroscopic gelation of the system was observeResylts and Discussion

due to the cross-linking reactiéh.In addition, by designing
primary structures of the polymers with the appropriate posi-

tioning and number of alkoxyamine units, it became possible With Alkoxyamines. Linear random and diblock copolymers
to create nanostructures and to construct intelligent build-up €ONSisting of PMMA block and random block of MMA and

molecular systems. We have previous reported the programmedfonomers with alkoxyamine moieties were designed as the
formation of star-like nanogels by using a radical crossover Parent polymers. As the monomers with alkoxyamine moieties,

reaction of two types of diblock copolymers with complemen- We designed methacrylic este® and 4 containing the
tarily reactive alkoxyamine in their side chaffdn this system, alkoxyamine units. They have potential reactivity with each

the structures as well as the molecular weights of nanogels arether above 60C via a radical crossover reaction, but they are

controlled by the mixing ratio and the reaction concentrations €XPected to remain stable at room temperature. The polymer-
of two types of diblock copolymers. izable unit and alkoxyamine units are connected by polar

We report herein a novel and smart thermodynamic structural Uréthane bonds because they tend to aggregate during the

interconversion system between diblock copolymers and nano-POlymer reaction. The monomers were synthesized by a simple
18) Schubert U. S.- Eschb o Chem. Int. E@002 41 2892 addition reaction from 2-methacryloyloxyethyl isocyanate and
( )zgczéJ et = = EschbaumenAagew. Hhem. 1t 24k alkoxyamine-based alcohalsor 2 in the presence of dibutyltin

(19) Sijpesma, R. P.; Beijer, F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirschberg,  dilaurate as the catalyst in DMF. The reaction proceeded at room
J. H. K,; Lange, R. F. M,; Lowe, J. K. L.; Meijer, E. W5ciencel997, . . . . .
278 1601—1604. temperature to give the desired monontzesnd4 in high yield,

(20) (a) Furusho, Y.; Oku, T.; Hasegawa, T.; Tsuboi, A; Kihara, N.; Takata, T. respectively, without any byproducts derived from the dissocia-
Chem:Eur. J.2003 9, 2895-2903. (b) Oku, T.; Furusho, Y.; Takata, T. P Y y byp

J. Polym. Sci., Part A: Polym. Cher@003 41, 119-123. (c) Oku, T.; tion and/or decomposition of alkoxyamine units.
Furusho, .. Takata, TAngew. Chem. Int. EROD 43 2635%%9&(3) Random copolymerization of MMA3, and4 was carried
0, S.; Furlan, R. L. E.; Sanders, J. K. M.Am. Chem. So K . .
12063-12064. (e) Otto, S.; Furlan, R. L. E.; Sanders, J. K. 3dience out by the ATRP technique. Control of polymerization can be
2002 297, 590-593. ; ;
(21) (a) Nishinaga, T.; Tanatani, A.; Oh, K.; Moore, J.JSAm. Chem. Soc. achieved _Only b_elow 60C because the centraI—C(_D bor_1ds n
2002 124, 5934-5935. (b) Oh, K.; Jeong, K.-S.; Moore, J.B50rg. Chem. alkoxyamine units are thermally unstable and dissociate above
2003 68, 8397-8403. (c) Glink, P. T.; Oliva, A. I.; Stoddart, J. F.; White, o f ;
A. J. P.; Williams, D. JAngew. Chem., Int. E@001, 40, 1870-1875. (d) 60°C. The ATRP of the 5/1/1 mixture of MMAY4 was carried
?ogvin, S. J.;CChantriII,IS. %&%%%Srf'g%éﬁéléﬁ Sanders, J. K. M.; Stoddart, out in anisole at 50C using 2-(EiB)Br as an initiator and Cu-
. F.Angew. Chem., Int. , . . . _
(22) (®) Furlan, R. L. E.: Cousins, G. R. L. Sanders, J. KQvlem. Commun. ()Br/Sp as the catalyst complex. The polymerization was well

Design and Synthesis of Random and Diblock Copolymers

aog(k 1278321178]%. 52)731(8827‘35\/\2' )Gk; ITehr),tJ.—Mé!roi lt\:atl.JAK/elacdH Sci. controlled, and the molecular weight increased linearly with

S.A. . (c) Kolomiets, E.; Lehn, J.- em. . . . . .

Commun2005 1519-1521. (d) Ono, T.; Nobori, T.; Lehn, J.-\Chem. conversion, _prqduqng linear polymBrwith relatively narrow
Commun2005 1522-1524. (e) Kamplain, J. W.; Bielawski, C. \i€hem. molecular distribution (for exampleM,, = 27 600,M,/M,, =
Commun.2006 1727-1729. (f) Ono, T.; Fujii, S.; Nobori, T.; Lehn, J.-

M. Chem. Commure007, 46-48. 1.23).

(23) (&) Otsuka, H.; Aotani, K.; Higaki, Y.; Takahara, @hem. Commur2002 Linear diblock copolymers that consist of poly(methyl
2838-2839. (b) Otsuka, H.; Aotani, K.; Higaki, Y.; Amamoto, Y.;

Takahara, AMacromolecule2007, 40, 1429-1434. methacrylate) block [PMMA block] and random copolymer

(24) (a) Otsuka, H.; Aotani, K.; Higaki, Y.; Takahara, A. Am. Chem. Soc. i _
2003 125 4064-4065. (b) Higaki, Y.; Otsuka, H.; Endo, T.; Takahara, block of MMA/3/4 [PMAL blOCk] were synthe3|zed by the two

A. Macromolecules2002 36, 1494-1499. (c) Turro, N. J.; Lem, G.; step method. Initially, linear PMMA prepolymer with a bromine
Zavarine, |. S.Macromolecules200Q 33, 9782-9785. (d) Higaki, Y.; H H _(Ei
Otsuka, H.; Takahara, AMacromolecule2004 37, 1696-1701. atom at the chain end was prepared by ATRP using 2 (EIB)Br
(25) Higaki, Y.; Otsuka, H.; Takahara, AMacromolecules2006 39, 2121— and Cu(l)Br/Sp systertt, as shown in Scheme 2. Subsequently,
2125. random copolymerization of MMA/4 (5/1/1 or 20/1/1) mixture

(26) Amamoto, Y.; Higaki, Y.; Matsuda, Y.; Otsuka, H.; TakaharaChem. i . X :
Lett. 2007, 36, 774-775. was carried out in anisole at 5€C using PMMA prepolymer

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13299
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Scheme 2. Preparation of Diblock Copolymer by Random Copolymerization of MMA, 3, and 4 from PMMA with a Bromine Atom at the

Chain End with Using the ATRP Method

) Br s
n Cu(l)Br, Spartein
) ° 3 o *x . oy 0=<,O anisole, 50°C
o/
/N7 A 6
OMe ~ ~ <N ~ -
3 4 PMMA block PMAL block

Table 1. Preparation of Diblock Copolymer 6 by ATRP with the Difference in Molecular Weight and Composition

PMMA Block copolymer
prepolymer

Diblock [MMA]y/

copolymer ; ;
M, MM, M, MM, [3]o/[4]0  Schematic representation

6a 23100 1.1 39000 1.07 5111 AMW
6b 55400 1.13 70000 1.08 51111 V\/WVVVW
6c 23100 1.11 29700 1.08 5/111 M/\’\ﬁl

6d 22100 111 35400 111 20/1/1 NVV\QV‘;I\/

and Cu(l)Br/Sp as the catalyst complex to afford diblock proceed via both intermolecular and intramolecular processes.
copolymer®é. After heating, no coloration of the solution was observed. If
Table 1 shows the molecular weights and polydispersities of the carbor-carbon coupling reaction occurred in the system,
four kinds of diblock copolymers with differences in the primary the reaction mixture would turn from colorless to red due to
structure such as the molecular weight of each block and thethe generation of nitroxide radicals, which do not couple each
composition in the PMAL block. On the basis of diblock other. Therefore, the radical crossover reaction proceeded
copolymer 6a, the structure of diblock copolymeBb was without any detectable side reaction such as carwambon
designed and synthesized to have a higher molecular weight ofcoupling. This observation is clearly explained by the Persistent
PMMA block, and diblock copolyme6c to have a lower Radical Effect (PRE). PRE is a general principle that explains
molecular weight of PMAL block. Diblock copolymeid has the highly specific formation of the cross-coupling produétR
a lower composition ratio d and4 to the MMA unit in PMAL R? between Rand R when one species is persistentRand
block. The other primary structure is almost identical to diblock the other is transierf. In the case of the crossover reaction of
copolymer 6a. Furthermore, the polydispersities of diblock alkoxyamine derivatives, TEMPO radical is persistent and styryl
copolymers were relatively lowMy/M, < 1.2). radical is transient. Although one would expect nonselective
Radical Crossover Reaction of Random CopolymerAs statistical reaction between the two different radical species,
we have reported previously, in the double-component cross- carbor-carbon coupling product was hardly generated. At high
linking system using copolymers with alkoxyamine units, the concentrations above 5 wt %, the solution transformed into a
present single-component cross-linking reaction of random macroscopic gel?) after heating for 4 h, suggesting that the
copolymer5 can be expected to occur as a result of a radical intermolecular cross-linking reaction occurred preferentially at
crossover reaction of alkoxyamine moieties in the side chain high concentration conditions.
(Scheme 3). A radical crossover reaction of random copolymer At low concentration conditions, however, no gelation was
5 was carried out by heating degassed anisole solutidhatf observed during the reaction, even for 24 h. The relative
100 °C at various concentrations. In the case of the present
single-component cross-linking system, nitroxide and styryl (27) (a) Fischer, HChem. Re. 2001, 101, 3581-3610. (b) Studer, AChem.-
radicals can be generated in single polymer chains under the ~ EUr. J. 2001 7, 1159-1164. (c) Studer, AChem. Soc. Re 2004 33,

g . . 267—273. (d) Studer, A.; Schulte, Them. Rec2005 5, 27—35. (e) Tang,
heating conditions, and the crossover reaction can therefore  w.; Fukuda, T.; Matyjaszewski, Klacromolecule006 39, 4332-4337.

13300 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007
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Scheme 3. Reversible Cross-Linking Reaction of Alkoxyamine
Derivatives in the Side Chains /\
v\ N 0. X VAVA
NH [ j/ ° NH 1 wi%
o S o]
:<,0 o 9 =<p
N—L P TN rw%
g ! o /= \ A o = 05wt% /1
) g e N
\/ S Vo < ¢
e} e T o
e DT T 2000
/ Sy /
: 9 : |

N VAVA 10° 10° 10t
Relative molecular weight
molecular weight of the polymer after the reaction was evaluated Figyre 1. Concentration dependence of GPC curves @, = 27 600,
by GPC. The GPC curves of the cross-linking reaction at 0.5 Mw/M, = 1.23) and reaction mixturé after heatings at 100°C for 24 h
and 1.0 wt % conditions are shown in Figure 1. At 0.5 wt % @t 0.5 and 1.0 wt %.
concentration, the relative molecular weight did not increase,

but rather decreased, and peak broadening was observed. This

result suggests that the intramolecular radical crossover reaction \_¥ 24h

occurred preferentially and that the radius of gyration as well /\

as the relative molecular weight of the polymer decreased after \—’\~ 12h

the reaction. gh
Radical Crossover Reaction of Diblock Copolymer.On —)/\K 4h

the basis of the polymer reaction of random copolymer described H

above, a radical crossover reaction of diblock copolymers was f 2h

carried out by heating anisole solutions of diblock copolymers h—/’\/\ 1h

6a—6d at 100°C at various concentrations. No coloration of = k

the solution was observed after heating in any of the experi- T AT B e ) Dh

ments, suggesting that the radical crossover reaction proceeded 10° 10° 10*

without side reactions such as carbararbon coupling. Very Relative molecular weight

|mportantly, no mgcroscoplc gglatlon of the system was Figure 2. Time dependence of GPC curves of the crossover reaction
observed even at high concentrations such as 10 wt %. Becaus@roducts after heatingsa in anisole (5 wt %) at 100C.

of the existence of PMMA block in block copolymer, the cross-

linking reaction did not occur on a macroscale but did on a 10 PY ¢ °

nanoscale. * A A
Figure 2 shows time-coursed GPC curves of the reaction %0-3 s

mixture after a cross-linking reaction of diblock copolymées 2 A

at 5 wt % condition. The molecular weight increased and peaks s06L A Pyr—

for the diblock copolymers gradually disappeared with increas- E o4 A ISamIplc D

ing reaction time. By heating at the 5 wt % concentration = 2

condition, intermolecular cross-linking reaction of the diblock o~ 02 @

copolymer preferentially proceeded to afford the corresponding ¢

core cross-linked nanogel, and almost all diblock copolymer 0 s .

0 10 20 30 40 50
converted to nanogels. Moreover, the GPC curve became Reaction time/h

constant after 12 h, indicating that the reaction reached Ei . . . .

. ) . ; igure 3. Time dependence of the relative ratio®for the cross-linking
equilibrium at 24 h under this condition. In the case of diblock reactions of6a (Sample A) andsd (Sample D) in anisole at 100C. The
copolymer6b—6d, the same results were observed. Here, the relative ratio is normalized by setting the maximum value to 1.
radical crossover reaction between the alkoxyamine units was24 h. This result also indicates that the reaction reached
always accompanied by the formation of alkoxyam@é his equilibrium at 24 h.
formation can inform us of the number of cross-linking points; ~ To obtain further insight into the structural transformation
therefore, the amount dd after the polymer reactions was process from diblock copolymers to nanogels, the absolute
evaluated by HPLC measurement. Figure 3 shows the relation-weight average molecular weightl{) and radius of gyration
ship between reaction time and the relative ratio of alkoxyamine ([$[¥2) were determined by GPEMALLS and SAXS mea-

9 recovered from the product from diblock copolyméesand surements, respectively. SAXS measurements of the reaction
6d. The relative ratio was normalized by setting the maximum mixture were carried out in anisole solution, a2 was
value to 1. The relative ratio of alkoxyamine was constant at obtained by fitting the scattering profile to the Guinier ap-
24 h, while the relative ratio increased with reaction time until proximation. Figure 4 shows the reaction time dependence of

J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007 13301
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E 20 (@) J\ (b) j\‘
151 ”
8 s 0 g | S T | 10 wi %)
a 10} [ ]
c«;\: ‘ /\ 5wt % ./\' Swtlh
v 0 / \X _/\
L 4 IJPDIIMLLLS 1wt% i P Twt%
gx10° | e @ Acc
4zl 0 @ @ dbilock copolymer i j diblock copalymer
= Py 10° 100 10t 10° 10 1t
hlu"}‘ A A 4 A Relative molecular weight Relative molecular weight
0 5 0 15 20 25 (c) (d)
Reaction time / h
. . 10 wt % 10wt %
Figure 4. Time dependence d¥l,, and (¥ of the crossover reaction H
product8d after heatinggd in anisole (5 wt %) at 100C. \/\ S | \,\ —
the M,, and [$?[32 of the cross-linking reaction product after /\/\ e j\\ .
heating diblock copolymer8d at 100°C in anisole (5 wt %).
Until 8 h, M,, and [/} drastically increased as increasing ek e bt
reaction time. In contrast, after 8 M,, and[$(¥2 had gradually 1° L 10! 10° 10’ 10*
Relative molecul ar weight Relative molecular weight

decreased. In addition, the relative molecular weight of the ] ]
Figure 5. Concentration dependence of GPC curves of diblock copolymer

nanOgels W.as d.etermmed by a GPC instrument, WhICh. was and reaction product after heating @8, (b) 6b, (c) 6¢, and (d)6d at 100
calibrated with a linear polystyrene standard. As shown in Figure oc tor 24 h at 1, 5, and 10 wt % concentration conditions.
4, the M, determined by GPEMALLS was larger than that

of the GPC instrument, suggesting that nanogels have a cross- 25x1¢°

linked and branched structure. ® 8a A
From the results of the above observation and measurements, 20% ! ;:

we propose a reaction model for the structural transformation A =d

from diblock copolymers to nanogels at high concentrations. ;'5"106 O

At an early stage of the reaction, the intermolecular cross-linking = . °

reaction among PMAL blocks in diblock copolymers occurred Ix10 n

preferentially, creating a star-like architecture. In the next stage,

an increase in molecular weight was prevented by the steric 5x10° I. e *

repulsion of PMMA block, but an intramolecular radical ” *

crossover reaction inside the core of the star-like architecture % 5 4 3 P 10

occurred preferentially. As a result, slight contraction of the Concentration / wt %

cross-linked polymers was observed, and nanogels were formed Figure 6. Concentration dependenceldf, of reaction product after heating
In the final stage, some diblock copolymer in nanogels dissoci- 22:155(3'?]”5;:‘3‘[']020%;32 at 100°C for 24 h at 0.5, 1, 5, and 10 wt %
ated because the centra-O bonds of alkoxyamines in the ’

side chains of polymers are dynamic covalent bonds, and thef high molecular weight of PMMA block. Next, as compared
macromolecular architecture, which is thermodynamically stable 15 the difference in PMAL block molecular weight (nanogel

in the system, is formed. In the present system, nanogels thalg, ys nanogeBc) when the molecular weight of alkoxyamine
consisted of a certain number of the diblock copolymers formed 50k is low, it is relatively difficult to form a polymer nanogel

spohtaneously. with a limited amount of number of diblock copolymer based
~ Figure 5 shows GPC curves of polymers after the cross- on the observation of the remaining diblock copolymer peaks
linking reaction of diblock copolymer$a—6d at various  in Figure 5¢c andVl in Figure 6. This result indicates that the

concentrations for 24 h. With increasing concentration, high- intermolecular cross-linking reaction is difficult when the degree
molecular weight nanogels were formed in all cases. Similarly, of polymerization in PMAL block is low. Finally, as compared
the M, values of cross-linking polymers by GPMALLS to the difference in the MM/8/4 composition in PMAL block
instrument were larger under high concentration conditions, as (nanogel8a vs nanogeBd) in the case of the characteristically
shown in Figure 6. low stoichiometric ratio of alkoxyamine, a highkef, polymer
Furthermore, the knowledge of the structure dependence ofnanogel was obtained under the 10 wt % condition. This result
diblock copolymer was obtained by comparing the GPC curves indicates that the intermolecular cross-linking reaction proceeded
and M,, of nanogels8a—8d created by heating each diblock easily due to the low density of the cross-linkable points. From
copolymer, as shown in Figure 6. First, as compared to the these results, the molecular weight and its distribution of the
difference in PMMA block molecular weight (nanog& vs nanogel at equilibrium appear to have been strongly governed
nanogeBb) when the molecular weight of PMMA block is high, by initial concentrations as well as the composition and
nanogel with a narrow molecular weight distribution was molecular weights of the parent diblock copolymers.
obtained under the high concentration condition. This difference  The topology of star polymers can be directly visualized by
occurred because a thermodynamically stable structure wasusing scanning force microscopy (SFR%)The morphologies
formed due to the cohesive forces among the PMMA chains of the nanogels were analyzed by SFM observations in dynamic
and to stabilization of the phase transition under the condition force microscopy (DFM) mode on a mica surface. Figure 7

13302 J. AM. CHEM. SOC. = VOL. 129, NO. 43, 2007
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(a) /\\N (b)) -
24h r
/\ N\ e
12h
/\\_k ) \/\ 12n
N~ B
/\ i ~—~—— |
oh ~—_ o |
100 10° 10° 10° 10
Relative molecular weight Relative molecular weight

Figure 8. Time dependence of GPC curves of the de-cross-linking reaction
product after heating (88a and (b)8d in anisole (5 wt %) with an excess
of alkoxyamine (40 equiv/alkoxyamine units in side chain) at 100

a b
OR (b)
o 10
-, Ak A 4
o A A
a1
i
0 ) . A )
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Figure 9. (a) Time dependence ofl, and [F[¥2 of the de-cross-linking
reaction product after heatirgd in anisole (5 wt %) with an excess of
alkoxyamine (40 equiv/alkoxyamine units in side chain) at 10&nd (b)

Figure 7. SFM height images and their line profiles of nanogels on mica SFM image of de-cross-linking products after heatgfor 48 h under
substrate deposited from solution obtained by heatingéa)b) 6b, (c) the same condition above.
6c, and (d)6d at 100°C for 24 h under the 10 wt % concentration condition. Similarly, a lower height and larger diameter were observed in

0

Table 2. Core Size and f (number of Arms) Information of nanogels8d due to the |0V\_’ cross-linking density. _
Nanogels Prepared by Heating 6a—6d at 100 °C for 24 h at the Structural Transformation from Nanogels to Linear
10 wt % Concentration Conditions Polymers. In the thermodynamic polymer reaction, the product
SFM MALLS structure completely depends on the equilibrium and stoichio-
nanogel height/nm diameter/nm My f metric conditions. In the present system, if the de-cross-linking
3a 215+ 0.82 31.0+ 6.5 1100 000 26.3 reaction occurs at the core of the nanog(_al, the formation of Iine_ar
8b 2.4340.69 30.0+ 7.5 1320 000 17.4 polymers is expected. The reverse reaction, structural conversion
8c 1.02+0.32 24.3£3.4 347000 10.8 from nanogel to diblock copolymer, was examined by changing
8d 1.00+ 0.25 44,0+ 11.6 2350 000 60.0

the stoichiometry of alkoxyamine delivery in the systems. The
nanogels8a and 8d were added to anisole solution (5 wt %)
with an excess of alkoxyamin@ (40 equiv/alkoxyamine unit

in the side chain) and heated at 1WD. According to the GPC
measurement, the de-cross-linking reaction of nan8agbhrdly

shows the typical SFM height images and their line profiles of
nanogelBa—8d obtained by heating diblock copolyméa—6d

in anisole at 100C for 24 h under the 10 wt % concentration 8 :
condition. The morphologies of the nanogels with a gel part qccgrred (F'Qure 8a), probably due to the extremely h|gh Cross-
and branching chains were clearly observed, supporting ourlinking density of the core. In contrast, the de-cross-linking

hypothesis that the nanogels have a star-like architecture. The'€action of nanoge8d proceeded successfully. Figure 8b shows

branching chains seem to be longer in the case of nargigel time-coursed GPC curves in the de-cross-linking reaction of
as compared to nanog@ due to the higher molecular weight nanogeBd. The relative molecular weight decreased and peaks

of PMMA block in nanogel8b. In addition, the number of for the diblock copolymers gradually appeared with increasing
branching chains was observed to be fewer in the case 0freaction time. After 48 h, the GPC curve is almost identical to

nanogels8c, in contrast with nanogel8d, due to the number e GPC curve of the parent diblock copolyméc.
of assembled diblock copolymers. To collect further information about the structural transforma-

1 i /2
Table 2 shows the size information of gel parts observed by tion process from nanogels to diblock copolyméds,and (ST
. . were determined by GPEMALLS and SAXS measurements,
SFM images in nanogelBa—8d and the number of armg)(

calculated byM,, values. Although a size difference in core parts :ﬁzrﬁcl\ﬂ%g%ufﬁ ?ﬁesggﬁfo?se_l;sﬁﬁtloggg;:igigiincj of
between nanogelRa and8b was not practically observed, the v 9 9

night of nanogelc s obsrved o belawe,pobanly e 2% TSSO, ahoush (i cecreased grausly. U
to the shorter length of the cross-linkable PMAL block. 9y ’

which it began to decrease. Accordingly, we developed a
reaction model for the structure conversion from nanogels to

(28) For example: (a) Matyjaszewski, K.; Qin, S.; Boyce, J. R.; Shirvanyants,

D.; Sheiko, S. SMacromolecules2003 36, 1843-1849. (b) Xue, L.; diblock copolymers. At an early stage of the reaction, as a result
Agarwal, U. S.; Zhang, M.; Staal, B. B. P.;'Mer, A. H. E.; Ballly, C. M. _ _linlki ; ; inti ; ;

£ Lemstra, P. Macromolecule$005 38, 20932100, (¢) Schappacher, of the de-cross-linking reaction, dlssom_atlon into diblock
M.; Deffieux, A. Macromolecule2005 38, 4942-4946. copolymers from the nanogel and swelling of the nanogel
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occurred simultaneously. After 12 h, dissociation of diblock gramming of the parent dynamic covalent polymers and polymer
copolymer occurred preferentially, and the radius of gyration reaction conditions.

sharply decreased. Furthermore, on the basis of SFM images, a ) )
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