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ABSTRACT: Amphiphilic and thermosensitive star polymers with Ru(ll) complemxcapsulating microgel cores

were directly synthesized in high yield via Ry(Ph)s-catalyzed living radical polymerization. For the solvo-

and thermal responsiveness, the arms stem from a block copolymer of poly(ethylene glycol) methyl ether
methacrylate (PEGMA) with a small amount of methyl methacrylate. For the metal encapsulation into the core,
a phosphine-ligand monomer [GHCH(CsH,)PPh] was “copolymerized” with a divinyl compound (linking
agent); upon block polymer formation, in situ addition of these two components induced the linking reaction of
the arm chains and, subsequently, the formation of Ru(ll)-bearing microgels (cores) via ligand exchange between
the triphenylphoshines in the original catalyst and the pendent phosphines in the core network. Thus, the
hydrophobic catalyst [Ru@PPh)s] for polymerization was in situ transformed into an amphiphilic core-bound
catalyst. The star polymers with different Ru(ll) contents were prepared by changing the ratio of the ligand
monomer to the living end (or the initiator). Even after isolation and exhaustive purification, the polymers colored
dark red-brown and accordingly exhibited BVis absorptions similar to those of Ry(®Ph)s, confirming the
encapsulation of Ru(ll) complexes into the core, from which the Ru(ll) content was estimated in the range of
24—39 umol/g of polymer, or 3560 mol % of the originally added catalyst. The products were further
characterized by SEC-MALLS in DMFf (arm number)= 19-53 per polymerM,, = 7.7 x 1P to 2.2 x 1(F;

and R, (radius of gyration)= 15—22 nm. The PEG-armed star polymers were also found to be amphiphilic

(soluble in both alcohols and water) and thermosensitive (UCST ne&E 30 2-propanol).

Introduction

Recent advances in living polymerization have provided a
wide variety of synthetic polymers with well-defined and
complex architectures coupled with functionafity. Among
them are included star polymérsa class of multiarmed
macromolecules that carry a few to tens of polymer “arm” chains
radially connected onto a core. In particular, given a large
number of functionalities to be implanted into their arms, cores,

ruthenium-catalyzed living radical polymerization to prepare
various star polymers with block/random copolymer dfasd
functionalized cor&/surface'®

Apart from their three-dimensional shape and multiple
functionality, these star polymers are unigue in that the microgel
core is an isolated and solubilized gel which may provide not
only a supporting bed of arm chains but a interesting network
space as well. In fact, we have recently synthesized “star-

and surface (arm ends), these polymers are expected to providéolymer catalysts”, whose microgel core includes a large number

unique and novel functionalized polymers of interesting spatial
shape and multiple functions.

In living polymerization, star polymers may be obtained by
a polymer linking reaction, or the “arm-first” method, in which
linear living polymers (arms) are allowed to react with a linking
agent (a bifunctional monomer such as dimethacrylate), to form
a small, localized gel (microgel core) carrying the linear arm
chains on its surface. Combination of this method with living
radical polymerizatioh allows direct introduction of
functionalitieg—° without cumbersome protection/deprotection
into arms and cores, in sharp contrast to ionic polymerizatidns.
In fact, we have developed the “arm-first” metBdé? via
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of phosphine ligands to ligate a ruthenium complex [RuCl
(PPh)3]. Thus, in the living radical polymerization of methyl
methacrylate (MMA) with RuG{PPHh)3, a ligand monomer with
phosphine is added along with a dimethacrylate as the linking
agent!®17 |t is copolymerized with the linking agent and
concurrently or subsequently interacts with ruthenium catalysts
and thereby form a microgel core incorporating a large number
of the complexes in a single star polymer. Accordingly, the
polymerization catalyst is in situ transformed into a “catalyst-
supported star polymer”.

The Ru(ll)-bearing star polymer would be of interest as new
catalysts, in view of their unique structure, possible enhancement
of catalytic activity via concentrated and network embedded
catalystsl? tolerance against functional groul¥ssubstrate
selectivity}*¢ among others, besides solubility enhancement
and facile catalyst removal already achieved by conventional
polymer-supported catalyst.Thus, the “star polymer cata-
lysts™6.17.20.2lyould be distinct from hitherto known supported
catalysts.
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Scheme 1. PEG Armed Star Polymers with Ru(ll)-Enclosed Microgel Core by Ru(ll)-Catalyzed Living Radical Polymerization
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PEG-Armed
Ru(ll)-Star Polymers

This work is to focus attention on the arm functionalization Experimental Section
of the ruthenium-bearing star polymers outlined as above, to

enhance their catalyst performance in organic reactions. We are(PEGMA; M, ~ 475) was of commercial source (Aldich), was

particularly interested in the introduction of poly(ethylene  ified by passing it through an inhibitor removal column (Aldrich)
glycol) (PEG) to the arms to provide amphiphilicity and and degassed by reduced pressure before use. Methyl methacrylate
thermosensitivity. Poly(ethylene glycol) methyl ether methacry- (Tokyo Kasei; purity 99%) was dried overnight over calcium
late (PEGMA), a methacrylate with a PEG side chain, was chloride, and purified by double distillation from calcium hydride
employed for the arm synthesis via our ruthenium-mediated before use. (MMAJCI was prepared according to the literatéfte.
living radical polymerization. Divinyl compound 1 (Aldrich, purity >98%) was purified by
distillation from calcium hydride before use. Phosphine ligand
monomer2 was prepared according to the literatéte.

Materials. Poly(ethylene glycol) methyl ether methacrylate

Living radical polymerizations of PEGMA have recently been

. : 2 ;
examined extens_we_l%ﬁ_, *because the ppl_ymer was at(;[ractlve RuCL(PPh); (Aldrich, 97%) was used as received and handled
as not only amphiphilic and thermo_sensmve_ mated&is; bl_Jt in a glove box under a moisture- and oxygen-free argon atmosphere
also electrolyteX for batteries and biocompatible and medically (H,0 < 1 ppm, Q < 1 ppm).n-BusN (Tokyo Kasei; purity 98%)
useful polymerg®29 Additional advantages include possible was bubbled with dry nitrogen for more than 15 min before use.
applicability for aqueous organic reactiéhand ready catalyst ~ Toluene (solvent) and internal standards for gas chromatography
removal and recycl& thanks to the thermoresponsive solubility (n-octane for MMA, tetralin forl) from dried overnight over
change in PEG. Importantly, unlike usual organometallic calcium chloride, distilled twice from calcium hydride. Hexane
complexes, ruthenium catalysts are uniquely tolerant against the(Wako, dehydrated) for star polymer precipitation was used as
polyether functions in PEGMA and its polymers to allow received. The solvents were bubbled with dry nitrogen for more

controlled radical polymerization required in the star polymer than 15 ml_n bgfore use. o )
synthesis via polymer linking. Polymerization Procedures.The polymerization was carried out

. . by the syringe technique under dry nitrogen in baked glass tubes
Herein we report a novel synthetic pathway (Scheme 1) to equipped with a three-way stopcock. A typical procedures with
PEG-armed star polymers with Ru(ll)-enclosed microgel cores (MMA) ,CI/RuChL(PPh)s/n-BusN/1/2 follows: In a 50 mL round-
via one-pot transformation of “polymerization catalysts” into bottomed flask was placed Ry®Ph); (0.09 mmol, 86.29 mg),
“amphiphilic, homogeneous star polymer catalysts”. The living toluene (6.45 mL),n-BusN (0.18 mmol, 0.45 mL, 400 mM in
PEGMA arms were subsequently cross-linked with a dimethacry- toluene), PEGMA (4.5 mmol, 1.98 mL), and (MMAJI (0.09

late as a linking agent in the presence of a phosphine-ligand mmol, 0.12 mL, 773 mM in toluene) were added sequentially in

functionalized styrene, to produce the PEG-armed star polymerstiS order at 25°C under dry nitrogen. The total volume of the
reaction mixture was thus 9 mL. Immediately after mixing, the

with Ru(ll)-encapsulated microgel-core. The star polymers were o placed in an oil bath at 8TC. After the polymerization
characterized in terms of y|eld, molecular weight, size, and 54 reached over ca.90% conversion in 10 h, MMA (0.9 mmol,
loaded amount of Ru(ll) into the core. Furthermore, the 096 mL),n-octane (0.024 mL) were added to the unquenched
amphiphilicity and thermosensitivity of the star polymers were solution. After the block polymerization had reached over ca. 78%
also examined. conversion of MMA in 24 h, a solution df(1.35 mmol, 0.63 mL,
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Figure 1. MWD and'H NMR spectra of the products obtained from the reaction of living PEGMA-MMA block copolymer with divinyl compound
1 and phosphine ligand monomgrin toluene at 8C°C. Prepolymer: [PEGMAJ[(MMA) .Cl]o/[RuCl(PPHh)s]o/[n-BusN]o = 500/10/10/20 mM.
Block copolymer: [MMALgs = 100 mM (neat). Linking: T]add[2]add[RUCL(PPH)s]ass = 300/25/20 mM; prepolymer solution/linking solutiea
2/1 vlv (the final molar ratio of used compounds PEGMA/(MMBYMMA/ 1/3/RuCh(PPh); = 50/1/10/15/1.25/1). (A) PEGMA-prepolymer, (B)
PEGMA-MMA block copolymer (PEG arms) recovered after addition of MMA in 24 h, and (C) PEGstar obtained after addition @f 2, and
RUCkL(PPR); in 25 h.*H NMR spectra in CBCl, at room temperature: (BG) samples (A-C), respectively.

2159 mM in toluene)2(0.11 mmol, 0.11 mL, 1000 mM in toluene),  (MMA) samples (Polymer Laboratories}, = 200—1200000;M,,/

tetralin (0.09 mL), and Ru@PPh)s; (86.29 mg) in toluene M, = 1.06-1.22) as well as MMA monomer.

(3.68 mL) was added to the unquenched arm-polymer solution. The 14 NMR spectra were recorded in GOI, at 25°C on a JEOL

reaction was terminated by cooling the mixture+t@8 °C. The JNM-LA500 spectrometer, operating at 500.16 MHz. Polymer

conversion of PEGMA an& was determined from the ratio of the  samples for'H NMR were fractionated by preparative SEC

peak areas of olefin groups derived from PEGMA 2ridspectively (column: a-gel a-3000) and those for MALLS analysis were

to those of tetralin byH NMR spectra. The conversion of the MMA  written above.

and 1 was determined from the concentrations of the residuals  The absolute weight-average molecular weight,) of the

measured by gas chromatography with the internal standards aspolymers was determined by multiangle laser light scattering

n-octane (MMA) and tetralinX). Finally, PEGMA, MMA, 1, and (MALLS) in DMF containing 10 mM LiBr at 40°C on a Dawn E

2 were consumed ca. 98%, 94%, 84%, and 100% respectively afterinstrument (Wyatt Technology; GaAs laser,A = 690 nm). The

addition of1, 2, and Ru (25 h). The quenched reaction mixtures refractive index increment (ddc) was measured in DMF at 4C

were diluted with toluene (ca. 40 mL) and rigorously shaken with gn Optilab DSP refractometer (Wyatt Technolody= 690 nm,

an absorbent [kyowaad-2000G-7 (Ml o.301.15); Kyowa Chemi- c < 8.0 mg/mL).

cal] (ca. 5 g) to remove the metal-containing residues. After the |y —yis spectra were analyzed in @EICH,CI at room tem-

absorbent was separated by filtrati(_)n (Whatman 113V), the filtrate perature on a Shimadzu MultiSpec-1500. The core-bound Ru(ll)

was evaporated to dryness to give the products, which were a5 calculated by using the absorbance at 475 nm and calibration

subsequently dried overnight under vacuum at room temperature.piot made for RUGIPPH); (0.10-2.0 mM solution) at the same
Star Polymers Purification for Characterization (SEC- wavelength. Ruthenium content in the polymers was also measured

MALLS, UV —Vis, ICP-AES). The quenched reaction mixtures by ICP-AES (Jarrell-Ash IRIS AP).

of star polymers were precipitated into hexane under dry nitrogen ~ AFM measurements were performed by SP13800 probe station

for the purpose of removing unreacted monomers and amine and SPA300 unit system of the scanning probe microscopy system

(additive). The red-brown polymers precipitated were filtered off, (Seiko Instruments). The cantilever was made of silicon (Olympus),

and dried under vacuum. The polymers were dissolved in toluene gng its spring constant was 20 N/m. The measurements were

and passed through silica . gel (Wako Gel 200) column under dry performed in a dynamic force mode (noncontact mode). For sample

nitrogen, which cou_ld achieve the removal of free Ru(ll)-catalysts. preparation, a 0.3 wt % star polymer solution in DMF was dropped

The polymer solutions were evaporated under vacuum before and spread on a micro slide glass (IWAKI). The sample was dried

analysis. in a horizontal position in a desiccator under vacuum for 6 h.
Polymer Characterization. The MWD, M,, andM,,/M, ratios

of the polymers were measured by SEC in DMF containing Results and Discussion

10 mM LiBr at 40°C (flow rate: 1 mL/min) on three linear-type . I .
polystyrene gel columns (Shodex KF-805L: exclusion limib x 1. Synthetic Feasibility of PEG-Armed Star Polymers with

10°; pore size= 20-1000 A; 0.8 cm i.d.x30 cm) that were Ru(ll)-Bearing Microgel Core. Star polymers with microgel
connected to a Jasco PU-980 precision pump, a Jasco RI-930cores have been synthesized by the linking reactions of living
refractive index detector, and a Jasco UV-970 UV/vis detector set linear polymers (arms) with certain divinyl compourtdst’

at 270 nm. The columns were calibrated against 13 standard poly-These studies have revealed that the yield depends on various
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Figure 2. UV—vis spectra in CHCICH,CI at room temperature. (A) PEG star obtained in Figure=3A2.5 mg/mL. (B) Ligand monomeZ =
1.0 mM. (C) Polymerization catalyst Ru{PPh); = 0.98 mM. (D) PEG-Ru star= 12.5 mg/mL.

PEG-Ru Star information Figure 1§23 where just a divinyl compound) was
PEGMA MMA ¢l added into polymerization solution via Ry(Ph)s-based
\ / _50' T system with the optimized mole ratio for PMMA-armed star
\—@Pphz PEGMA-MMA polymers!116.17
2 Block Copolymer On the basis of preliminary experiments, we added a small
PEG Arms) amount of MMA to a solution of living poly(PEGMA) before
ry(Core) overonm I\ r‘/ """ the linking reaction, to generate block copolymers. As a result,

the steric hindrance around the growing end of the arms would

m;l‘x-” /2 be reduced and similar to that of living PMMA, which have
A 0 95 / 89% already been demonstrated to undergo relatively efficient linking

| reactionst! To verify the synthetic strategy, we analyzed the
i products obtained in successive individual steps by size-
- exclusion chromatography (SECIH NMR, and UV-vis

I spectroscopy.

| (a) Size-Exclusion Chromatography (SEC) AnalysisPoly-
(ethylene glycol) methyl ether methacrylate (PEGMW; =
475; 8.5 equiv of PEG units to the methacrylate group; ne.,
= [-CH.CHO—]/[PEGMA]p = 8.5) was polymerized with
(MMA) ,CI3! (initiator) coupled with RuG(PPh)3%3 (catalyst)
and n-BuzN3* (additive) in toluene at 86C (Scheme 1). The
polymerization smoothly reached 92% conversion in 10 h to
give a linear PEGMA-prepolymer (P*) with a relatively narrow
molecular weight distribution (MWD) NI, = 1.70 x 10*
(PMMA standard) M/M, = 1.39] (Figure 1A).

At this point, a small amount of MMA (10 equiv to living
end P*; [MMA]o/[P*]o = 10) was added into the unquenched
prepolymer (P*) solution maintained at 8G. In an additional
24 h, the obtained products showed an unimodal SEC curve of
slightly higher molecular weight than that of P¥| = 1.98 x
10* (PMMA standard)M,/M, = 1.39, conversion of PEGMA/

B) 1.256

© 25

D) 5.0

5
10° 10 10° MMA: 98%/78%] (Figure 1B). This would indicate the small
MW(PMMA) amount of MMA was polymerized from the end group of the
Figure 3. PEG armed Ru(ll)-star polymers obtained from living PEG PEGMA prepolymer to Produce a ,!DEGMA_MMA block co-
Arms with linking agentd. and ligand monome in toluene at 8GC: polymer (less hindered “PEG arms”). Note that, at the end of
[P*] = 10 mM; DP (arm)= 60;r; (core)= [1]¢/[P*]o = 15;r2 (core) this block polymerization, PEGMA had almost quantitatively
= [2)o/[P*]o. (A—D) Linking agentl, rp = 0-5. been consumed.

In the subsequent linking reaction, a toluene solution'sf
factors such as the relative concentrations of monomer, initiator (linking agent) 21617:3%(phosphine ligand monomer), and RptCl
(living end), and linking agent, along with catalytic activity. (PPh)s (r1 = [1)/[P*] = 15,r, = [2)/[P*] = 1.25) was added
Furthermore, the steric hindrance of arm chains (i.e., the into the solution of the prepolymer (“PEG arm”). An efficient
bulkiness of the monomer substituent) might be also important polymer linking and microgel core formation ensued, with the
for efficient linking reactions. Thus, the PEGMA linear polymers concurrent encapsulation of the Ru catalysts, as observed for
with long and bulky PEG side chains were predicted to interfere the corresponding MMA-based star polym#&Fs?
with the arm linking processes. Actually, the living linear The products obtained after 25 h (Figure 1C) exhibited a
PEGMA-prepolymers (arms) could not afford the effective bimodal SEC curve. The peak of higher molecular weight was
linking reactions under the condition used previously (support derived from star polymers, and the other was for unlinked linear
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Table 1. Ru(ll)-Bearing Microgel Star Polymers with Various Phosphine Ligand Densities

no.

dn/dcstaf Of RN yield

entry arm r¢(core) Mwarm{SECY Mw/Mnam{SEC) My am(MALLS)® Mu,sta SEC) M, sta( MALLS)® (mL/g) armg (nm) (%)
A  PEGMA* 0 35300 1.46 41 000 216 000 803 000 0.0507 18 16.1 74
B  PEGMA? 1.25 34 800 1.47 40 900 207 000 772 000 0.0540 16 151 76
C PEGMA 25 34800 1.47 40 900 208 000 1190 000 0.0559 25 173 75
D PEGMA? 5 34800 1.47 40900 302 000 2220000 0.0574 45 216 74
E  MMAP 1.25 9800 1.19 286 000 600 000 0.0815 40 116 88

aReaction conditions: [P*= 10 mM; DP(arm)= [monomer}/[P*]o = 60 (A—D, PEGMAb-MMA; E, MMA); ri(core) = [1]o/[P*]o = 15 with
RuCh(PPh)s, n-BusN and2 (phosphine ligand monomer) in the mixture of toluene at@0° Reaction conditions: [P*= 20 mM; DP(arm)= [monomer}/
[P*]o = 60 (A—D, PEGMA-b-MMA; E, MMA); ri(core)= [1]o/[P*]o = 15 with RuCk(PPh)s, n-BuzN and2 (phosphine ligand monomer) in the mixture
of toluene at 80C. ¢ Mole ratio of phosphine ligand monomer to R% & [2]o/[P*]0). ¢ Size-exclusion chromatograpfMultiangle laser light scattering.
f Refractive index incremenf.Arm numbers per molecuke (mole fraction of arm monomery My,sta(MALLS)/ My,arm (A—D, MALLS; E, SEC)." Mean
radius of gyration by MALLS! Calculated from the areas of SEC curves.

polymers, because the position was almost the same as that ofromatic groups below 350 nm. These results demonstrate the
the PEG arms. The star polymer yield was ca. 76%, calculated products include the ruthenium complex in the core, which was
from the area ratio of the two peaks. The main peak was directly encapsulated by a ligand exchange reaction with
accompanied by intensive UV absorptions (broken line) derived phosphine ligand& during the linking reaction of arms.

from 2, which was not seen for PEG arms. These indicate that 2. Effects of Ligand Monomer Concentration on Star

the linking reaction of PEG arms (PEGMA-MMA block Polymer Yield. To investigate effects of ligand monome) (
copolymers) and introduction of phosphine ligand into the core concentration on the star polymer yield, we synthesized PEG-
occurred simultaneously to form PEG-armed star polymer with armed star polymers with various ligand concentrations in the

a microgel core carrying phosphine ligands.
(b) *H NMR Analysis. Figure 1, parts B-F, shows théH
NMR spectra of PEGMA prepolymer, PEGMA-MMA block

core. Figure 3, parts AD, shows SEC curves of the products
that were respectively prepared with 0, 1.25, 2.5, and 5(&
[2)/[P*]: ratio of 2to PEGMA-prepolymer). As seen in Figure

copolymer (PEG arm), and the final products (star polymer); 3, the star polymer was obtained under every condition and the
the three polymer samples correspond to the samples whoseyield was independent of the phosphine ligand concentration
SEC traces are shown in parts A, B, and C of Figure 1, (about 75% for every case), which is similar tendency to the

respectively.

Figure 1D shows a small characteristic sigred) ¢f the ester
methylene protons adjacent of the chlorine atom atdbend
near the large absorptions) ©f the methylene protons of poly-
(ethylene glycol) pendent units, with the backbone PEGMA
repeat unit§, b) and the pendent ester methyl protods The
products obtained after addition of MMA (Figure 1E) exhibited
the disappearance of the small signe).(This indicates that
the first-born growing PEGMA terminal was converted into a
MMA counterpart to give PEGMA-MMA Block copolymer
(PEG arm). The backbone MMA repeat urgt f) could not be
observed due to the quite close structure to that of PEGBA (
b). There were also no olefinic protons originated from loss of
halogens via side reactions.

In Figure 1F, a new signali)(derived from the aromatic
groups of2 appeared and virtually no olefin peaks 5.5-6.5
ppm) from1 were detected. The series'sf NMR spectra thus
showed PEGMA-MMA block copolymer (PEG arm) reacted
with the divinyl compound. and phosphine ligand monomar
to form PEG-armed star polymers with phosphine ligand
microgel core.

(c) UV—Vis Analysis. The prepared star polymer was further
analyzed by UWvis to confirm direct encapsulation of
ruthenium catalysts into the microgel core. Figure 2 shows the
spectra of the product (D), along with the PEG-armed star (PEG
star) (A), phosphine ligand monom2rB), and RuCi(PPh)3
(C). As described in previous literatuteépoth star polymer

PMMA armed counterpatf. The effects on other factors were
discussed below.

3. Polymer Characterization. (a) SEC-MALLS Analysis.
The absolute weight-average molecular weigMg)( the arm
numbers f), and the gyration radiudR({) of the star polymers
(given in Figure 3) were characterized by using multiangle laser
light scattering (MALLS}* coupled with SEC in DMF (Table
1). The purification of star polymers was the same way as stated
in UV —vis analysis part.

The obtained star polymers had, of 7.7 x 10° to 2.2 x
10 andR; of 15 — 22 nm. The average numbdj ¢f arms per
star polymer was then calculated fravh, by MALLS/SEC.
Consequently, the star polymers have-#6 arms/molecule.
The M,, determined by SEC was lower than that by MALLS,
which indicates that the star polymers were more compact than
the linear counterparts with the same molecular weidWissar
(MALLS), f, andR; increased withi, (core), although they were
almost the same for, of 0 (entry A) and 1.25 (entry B).
Especially, the star polymer, synthesized by a large amount of
phosphine ligand monomer,(= 5; entry D), had quite large
Mw (2.2 x 1P) and many arms (45) in comparison to the others.

These structure-factors of the star polymers with PEG arms
(characterized above) were compared to that with poly(MMA)
arms prepared under a similar condition, where DP of arms,
andr, were uniform (entry B vs E, in Table 1). The higher
Mw sta{ MALLS) is likely caused by the higher molecular weight
of a monomer unit of arm-polymer. The lower arm numkgr (

samples were purified by a precipitation into hexane and column would be attributed to the larger excluded volume of PEG arms
chromatography on silica gel using toluene as the eluent. Thedue to steric hindrance between the neighboring arms, which
product exhibited a broad absorption between 350 and 600 nm,might be also concerned with the lower yield. The larger mean
which was almost the same as that of Ri{EPh)s (Figure 2, radius of gyration would be responsible for the difference of
parts C and D). On the other hand, no signal was observed inchain dimension between the two arms in DMF solvent. Poly-
the PEG star (Figure 2A), synthesized by the linking reaction (PEGMA) (“PEG-arms”) would be more stretched because of
of PEGMA-MMA block copolymers (“PEG arm”) with only a  the bulkier substitute than MMA.

divinyl compoundl1 (GPC curves is shown in Figure 3A). (b) AFM Analysis: Direct Observation of PEGMA Star
Additionally, 2 (Figure 2B) showed the absorptions of the Polymers.We have already reported the direct observation of
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Table 2. Calculation of Core-Bound Ru(ll) by UV—Vis and ICP-AES Analysis

PEGMA-MMA 1, 2, Core-Ru(ll) 1, 2, Core-Ru(ll)
Block copolymers o

(PEG Arms) W / PMMA Arms
ms, s
WF\ % e BPh, < 60
Ru(ll) o
(o ) d o _Jo o

.5 "““Ruun
PEG Star’ PEG-Ru Star’ PEG-Ru Block° PMMA-Ru Star’
ke '
Clear Red-Brown Red-Brown Red-Brown Ru(ll)-Microgel Core
r, (core)” 0 1.25 2.5 5.0 1.25 1.25
Ru {obsd; UVY, pmol/g 0.56 24 30 39 17 29
Ru (obsd; ICP-AES), umol/g 1.1 27 24 52 - -
Ru (caled)’, pmol/g - 68 67 65 80 99
Ru (UV) Incomoralion", % - 35 45 60 21 30

aReaction conditions: PEGMA (DR [PEGMA]/[P*]o = 50), MMA (DP = [MMA] o/[P*]o = 10), linking agentl (r1 = [1]o/[P*]o = 15), and phosphine
ligand monomer2. b Reaction conditions: PEGMA (DB [PEGMA]y/[P*]o = 50), MMA (DP = [MMA] o/[P*]o = 15), and2 (r2 = [2]¢/[P*]o = 1.25).
¢ Reaction conditions: MMA (DR= [MMA] o/[P*]o = 60), 1 (r. = [1]o/[P*]o = 15), and2 (r2 = [2]¢/[P*]o = 1.25), with (MMA),-CI/RuCh(PPh)s/n-BusN
in the mixture of toluene at 8TC. 9 Mole ratio of phosphine ligand monom2to P* (1> = [2]o/[P*] o). © Determined by UV absorption at 475 nfiMeasured
by ICP-AES (Jarrell-Ash IRIS APY The calculated value assuming that all Ru catalysts introduced into the star polym@is. percent of core-bound
Ru(ll) to Ru(calcd) €100 [Ru(obsd; UV)]/[Ru(calcd)]).

26 31 28 might show the diameter of the microgel core due to relatively
hard cross-linked structuf@ These diameters and heights were
[nm] very close to those of the PMMA-armed star polymers.
However, as already shown in Table 1, the MALLS analyses
A in DMF solution indicated that the diameters of PEG-armed
star polymers considerably larger than those of the PMMA-
0.0 armed. These results would be due to the different conformation
0 [nm] 135 between in bulk and in solution.

(c) UV—Vis and ICP-AES Analysis: Calculation of Core-
Bound Ru(ll). The PEG-armed star polymers were analyzed
by UV—vis and IPC-AES to determine the amount of loaded
Ru(ll) catalysts into the microgel core (Table 2). When the
phosphine ligan® was not added at the linking stage (PEG
star), the toluene solution of final products after purification
was almost colorless indicating little ruthenium catalysts were
contained. The amount was quite low, 0.m6ol Ru/g of
polymer by UV~vis analysis with calibration plot for Rugl
(PPh)s at 475 nm. In contrast, the star polymers with an
introduction of phosphine ligan2linto the core (PEGRu star)
exhibited a red-brown color originating from ruthenium com-
plexes in toluene even after purification, and the bound amount
was estimated as 2489 umol Ru/g of polymer. These values
were in approximate agreement with those by ICP-AESH24
52 umol/g). The loaded ruthenium catalysts into the core
increased with increasing the ratig!”

To examine the effects of polymer-conformation, the linear
Figure 4. AFM images of PEG Ru star (Table 1B) cast on a glass  p|ock copolymer (PEGRu linear blockj® was also prepared
plate from 0.3 wt % DMF solution. in the similar way except for no addition of linking agent. The

star polymers cast on the glass plate by atomic force micrographComposition is almost same as “PE@u star” and therefore it
(AFM).16.17 From this observation, it revealed that the cast corresponds to “cut-out” from “PEGRu star”. The solution
PMMA-armed star po|ymers exhibited semicircular structure also exhibited a red-brown color even after purification, which
and smaller than the conformation in DMF solution. Thus, the suggested that ruthenium was bound by the phosphine side
solid-state structures of PEGMA-armed star polymers were also chain. However, the percentage of Ru loaded into the polymer
analyzed by AFM. was smaller than that for PEE&Ru star. The star type would
Figure 4 shows the atomic force micrograph of Ru(”)_ more EfﬁCienﬂy inCOprfate ruthenium by virtue of minOgel
functionalized star polymers with PEG-arms (Table 1. entry B), formation than the linear type.
cast from a 0.3 w% DMF solution on a glass plate. The star As compared with PMMA-arm star (PMMARuU star)
polymers were observed as individual star polymer molecules prepared under similar conditions, (= 1.25), the loaded
(yellow circles) to reveal semicircular images with 30 nm ruthenium proportion was almost the same, which shows that
diameters and- 4 nm heights. The height value in solid state the arm-structure does not affect the ruthenium incorporation.
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Table 3. Solubility of Amphiphilic PEGMA Polymers?

solvent
entry shape polymer structtire hexane toluene CHgl DMF  1-propanol MeOH HO°
A PEG prepolymer (PEGMA) — —+ + + + + +
B PEG-MMA block (arm)  (PEGMAgo-(MMA) 10 - + + + + + +
C  PEG-Rublock (PEGMAY¢-[(MMA) 15-/-(2-Ru): 24 - + + + + + +
D  PEGstar (PEGMAY-(MMA) 10-(1)15 - + + + + + +
E  PEG-Rustar (PEGMAY-(MMA) 10[(1)15-(2-Rupad + + + + + +
F PMMA—Ru star (MMA)o-[(1)15-/-(2-Ru)y.25] - + + + — - —

aKey: (+) soluble; ) insoluble, at room temperature in 3 wt % soluti8i.he segment compositions (R)Rire the calculated values. The characterization
data of the samples: (A) Figure 1A; (B) Figure 1B; (&) = 23 100 (PMMA calcd.)Mw/M;,, = 1.48; (D) Table 1A; (EMn,an{SEC)= 23 000 (PMMA

calcd), Mu/Mn am{SEC) = 1.50, My,sta(MALLS) = 1 040 000; (F) Table 1EF

40
K (@) T > Tycst
B (E). Soluble
. B Soluble
O30
- B
8 (b) T < Tycst
o B F s 1
25 |
R Insoluble £
20 (E): Precipitation
15 [ l I 1 | 1
PEGMA PES;‘C“:"A PEGRu PEG  PEG-Ru
Prepolymer (PEG Arm) Block Star Star
(A) (B) ) D) (E)

Figure 5. UCST of various PEGMA polymers in 3 wt % 2-propanol
solutions: samples AE correspond to Table 3AE, respectively. Inset
pictures: (a) PEGRu star (E) in 2-propanol above UCST; (b) PEG
Ru star (E) in 2-propanol under UCST.

Importantly, this would also indicate that PERu star bears
ruthenium only at the microgel core and not at the arm-chain.

4. Solubility. As is well-known, the PEG segments have the
amphiphilic and thermosensitive propertfé2426 Actually,
“PEG—Ru star” showed amphiphilic property for wide rage of
solvents including water (Table 3E). In contrast, PMMRu
star was obviously hydrophilic and soluble in limited solvents
(Table 3F). Thus, the PEERu star would allow various

applications as a catalyst. On the other hand, the star-form and

presence of ruthenium had little effects on solubility since all

the PEGMA-based polymers showed the same solubility regard-
less of composition, structure, and incorporation of ruthenium
(Table 3, parts AE).

Furthermore, the “PEGRu star” showed thermosensitive
solubility for 2-propanol solvent and upper critical solution
temperature (UCST) was observed, where it was soluble
(homogeneous) at above the UCS¥3(L °C) and precipitated
at below it (Figure 5). The phase separation was quite sensitive
and reversible on heating and cooling. In comparison with other
PEGMA-based polymers, the UCST depended on the structure
and the composition. The star polymers (D, E) have higher
UCST than the linear polymers (A, B, and C), which would be
caused by higher contents of hydrophobic segments; MMA,
phosphine, and linking agent. Introduction of ruthenium catalyst
also increased UCST in either case of linear- (B vs C) and star-
structure (D vs E).

rom room temperature to 10C.

As seen in these results, amphiphilicity and thermosensitivity
of the "PEG-Ru star” were demonstrated. It is noteworthy that
it possesses such properties in spite of the hydrophobic microgel
structure at the core. These would be attributed to the unique
structure where the core is separated from external environment
by lots of PEG-based arms.

Conclusions

We have demonstrated that PEG-armed star polymers with
a Ru(ll)-bearing microgel core were synthesized via Ru(ll)-
catalyzed living radical polymerization of PEGMA and subse-
quent linking reaction of the living polymers with divinyl
compounds and phosphine ligand monomers. Importantly, even
such a bulky monomer with a polymeric side chain allowed
star polymer formation, as proved by a series of analyses such
as NMR, SEC, MALLS, and AFM giving various structure
factors. The ruthenium encapsulation was confirmed by not only
the appearance of solution color but also the-tiNé and ICP-
AES analysis. The proportion of bound ruthenium was adjust-
able depending on the amount of phosphine ligand without
disturbing star polymer formation. These PEG-armed star
polymers were soluble in various solvents due to their am-
phiphilic arms and also exhibited unique thermosensitive
properties, UCST-type phase separation in 2-propanol at ambient
temperature. The catalytic functions of these Ru(ll)-bearing
microgel cores in PEGMA armed star polymers will be the
subjects of our forthcoming articles.
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