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Abstract

Well-defined hydroxyl end-functionalized poly(n-hexyl isocyanate), PHIC-(OH), and
PHIC-(OH)s, as rod-type macroinitiators were synthesized by the Cu-catalyzed azide—alkyne
cycloaddition reactions of azido end-functionalized PHIC with ethynyl alcohol derivatives. The
PHIC-(OH), and PHIC-(OH); were suitable macroinitiators for the ring-opening polymerization of
L-LA and &CL leading to the synthesis of novel rod-coil type miktoarm star copolymers,
PHIC-b-PLLA,, PHIC-b-PLLAg3, PHIC-b-PCL,, and PHIC-b-PCL3, with controlled molecular weights,
narrow polydispersities, and controlled arm numbers. Additionally, the thermal and solution properties
of the obtained miktoarm star copolymers along with the corresponding block copolymers,

PHIC-b-PLLA and PHIC-b-PCL, were characterized by TGA, DSC, and DLS analyses.

Introduction

Miktoarm polymers are star-shaped copolymers composed of chemically different arm
segments. Compared with corresponding linear block copolymers, miktoarm star copolymers exhibit
dramatic differences in microphase separation in the solid as well as in solution.® Therefore, they have
attracted much attention in recent years as novel functional materials with potential importance.
Recently, a number of miktoarm star copolymers have been synthesized by various methods and studied
on their properties.!®*® As examples, Hadjichristidis and coworkers have used chlorosilane compounds
to synthesize well-defined 3-, 4-, and 6-miktoarm star polymers through living anionic
polymerization.»>%?° Hirao and coworker have developed a versatile synthetic strategy to create a wide
variety of complex miktoarm stars, such as ABCDE-, ABCDEF-, ABCDEFG-, ABCD,-, AB,C,-,
ABCD,E;, AB,C,D,E4-, AB,C,D4Es-, AB,C4DsEg-, and AB,CsDsE6-type miktoarm stars.’:2829.3536
Monteiro and coworker have synthesized 3-miktoarm star copolymers using a combination of the atom

transfer radical polymerization and click reaction.®” Unlike the above miktoarm star copolymers with



coil-like arms, the studies of miktoarm star copolymers containing rigid rod polymers are rare *>>;

Lecommandoux and Taton et al. reported the synthesis and self-assembly in bulk of miktoarm star
copolymers based on polystyrene and poly(glutamic acid) prepared by the combination of ATRP and
ring-opening polymerization.*® Lee et al. also reported the precise synthesis and the self-organization
behavior of rod-coil type miktoarm star copolymers composed of poly(n-hexylisocyanate) (PHIC) and
poly(ethylene glycol) and found that these polymers showed self-organization behaviors different from
those of conventional coil-coil type miktoarm copolymers.®® Although the miktoarm star copolymers
containing a rod segment have the potential to exhibit unique properties, these synthetic methods still
have limitations compared to those of the coil-coil type miktoarm star copolymers; therefore, expansion
of the synthetic methods for the rod-coil type miktoarm star copolymers is needed. Recently, we
reported that the clickable PHICs, azido and ethynyl end-functionalized PHICs, were suitable rod
segments for the synthesis of well-defined macromolecular architectures based on a rod polymer, e.g.,
PHIC-b-poly(N-isopropyl  acrylamide)  (PNIPAM),  PHIC-b-poly(L-lactide)  (PLLA), and
PHIC-b-poly(e-caprolactone) (PCL) as rod-coil block copolymers and PHIC-star as a 4-arm rod star
polymer.>® The synthetic strategy with clickable PHICs is also useful for expanding the synthetic

methods of well-defined rod-coil miktoarm star copolymers.

In the present study, we report the precise synthesis and self-assembly in solution of
well-defined AB,- and ABs-type miktoarm star copolymers composed of PHIC as the A segment and
PLLA or PCL as the B segment, as shown in Scheme 1. We designed these copolymers in order to
compare the self-assembling property of the miktoarm star copolymers to that of diblock copolymers
consisting of the same polymer segments. These AB,- and AB3-type miktoarm star copolymers were
synthesized by the living ring-opening polymerization of L-lactide or e-caprolactone with a hydroxyl
end-functionalized PHIC (PHIC-(OH), and PHIC-(OH)3) as macroinitiators, respectively, which were
obtained by the click reaction of the azido end-functionalized PHIC (PHIC—N3) with ethynyl alcohol

derivatives. We also studied the thermal and solution properties of these miktoarm star copolymers



along with the corresponding block copolymers, depending on their structure.
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Scheme 1. Syntheses of hydroxyl end-functionalized PHICs (PHIC-(OH), and PHIC-(OH),),
PHIC-b-PLLA;-3, and PHIC-b-PCL-3.

Experimental

Materials.

Dry toluene (>99.5%; Kanto Chemical Co., Inc., (Kanto)) was distilled over sodium

benzophenone ketyl under an argon atmosphere. Dichloromethane (CH,Cl,; Kanto) was distilled over

calcium hydride (CaH,) under an argon atmosphere. n-Hexyl isocyanate (HIC; Tokyo Kasei Kogyo Co.,
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Inc., (TCI)), e-caprolactone (e-CL; TCI), propargyl alcohol (TCI), 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU; >98.0 %, Sigma Aldrich Chemical Co., (Aldrich)), and N,N,N',N",N"-pentamethyldiethylene
triamine (PMDETA,; >98.0 %, TCI) were distilled over calcium hydride (CaH,) under reduced pressure.
L-Lactide (L-LA; TCI) was recrystallized twice from dry toluene. Trichloro(cyclopentadienyl)titanium
(IV) (CpTiCls; Kanto), acetic anhydride (Kanto), boron trifluoride diethyl etherate (BF;-OEt,; TCI),
copper chloride(l) (CuCl; Aldrich, 99.995%), dry tetrahydrofuran (THF; Kanto), methanol (MeOH;
Kanto), benzoic acid (Kanto), and diphenylphosphate (DPP; TCI) were used as received.
6-Azido-1-hexanol, 2-ethyl-2-[ (prop-2-ynyloxy)methyl]propane-1,3-diol,
and 2,2-bis-hydroxymethyl-3-prop-2-ynyloxy- propan-1-ol were synthesized using previously reported

techniques. All other reagents were of synthetic grade and used without further purification.
Instruments.

The polymerization was carried out in an MBRAUN stainless steel glove box equipped with a
gas purification system (molecular sieves and copper catalyst) in a dry argon atmosphere (H,0, O, <1
ppm). The moisture and oxygen contents in the glove box were monitored by an MB-MO-SE 1 and an
MB-OX-SE 1, respectively. The *H NMR spectra were recorded using a JEOL JNM-A40011 instrument.
The number-average molecular weight (M,nvr) Was determined from the recorded *H NMR spectra.
The size exclusion chromatography (SEC) was performed at 40 °C in THF (1.0 mL min) using a Jasco
GPC-900 system equipped with a set of two Shodex K-805 L columns (linear, 8 mm %300 mm). The
polydispersity (M\/M,) of the polymers was calculated on the basis of a polystyrene calibration.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) of the
obtained polymers was performed using an Applied Biosystems Voyager-DE STR-H equipped with a
337-nm nitrogen laser (3-ns pulse width). Two hundred shots were accumulated for the spectra at a
20-kV acceleration voltage in the reflector mode and calibrated using polystyrene as the internal

standard. Samples for the MALDI-TOF MS were prepared by mixing the polymer (5.0 g L™, 100 uL), a



matrix (Dithranol, 50 g L™, 50 pL), and a cationic agent (potassium trifluoroacetate, 25 g L™, 100 uL) in
THF. The IR spectra were recorded using a Perkin Elmer Paragon 1000 FTIR spectrometer.
Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) measurements were
carried out under a nitrogen atmosphere using a thermogravimeter (model TG/DTA 6200, Seiko
Instruments, Japan) and a calorimeter (model DSC 6200, Seiko Instruments, Japan), respectively. A rate
of 10.0 °C min™ was employed for the heating and cooling runs. The dynamic light scattering (DLS)
measurement was performed using an Otsuka Electronics FDLS-3000 light scattering
spectrophotometer equipped with a solid state laser (A = 532 nm, scattering angle = 90°). Before the
measurement, the samples were filtered using 0.45-um PTFE membrane filters to eliminate any dust

particles. The data analysis was carried out using histogram methods including the CONTIN analysis.
Synthesis of PHIC-(OH),

To a 50-mL Schlenk flask, PHIC-N3 (7.00 g, 1.40 mmol, My nwvr = 5,000 g mol™, 1.0 eq.) and
CuCl (415 mg, 4.20 mmol, 3.0 eq.) were added and dried under vacuum at room temperature overnight.
Through a solution of PMDETA (1.76 mL, 8.40 mmol, 6.0 eq.),
2-ethyl-2-[(prop-2-ynyloxy)methyl]propane-1,3-diol (844 mg, 4.90 mmol, 3.5 eq.), and THF (6.70 ml)
was bubbled flowing argon for 15 min and then introduced using a cannula. The reaction was allowed to
proceed at room temperature for 48 h, then terminated by bubbling in air. The reaction mixture was
purified by silica gel flash chromatography (THF) to remove the copper catalyst. The polymer was
isolated by reprecipitation from the THF into cold methanol. Finally, the polymer was filtered and dried
under vacuum to afford a light yellow powder; yield: 6.11 g, 87.3 %; Mnnmr, 5,100, g mol™; M, sec
(Mw/My) in THF, 6,100 g mol™ (1.06). *H NMR (CDCl;, 400MHz) & (ppm): 7.48 (s, triazole ring), 4.81
(s, triazole ring-CH,0), 4.36 (t, CH,-triazole ring), 4.16 (br, C(=0)OCH,), 3.86 (m, CCH,OH), 3.66 (br,
NCH5), 2.28 (s, C(=0)CHys), 1.59 (br, -NCH,CH,(CH5)3CHs), 1.29 (br, NCH,CH,(CH,)sCHs), and 0.88

(br, CH,CHgs). The M, nvr Values were calculated from A(NCH,)/A(C(=0O)CHs) x 3/2 x (M.W. of HIC)



+ 343, where A(NCH>) and A(C(=0)CHjs) were the integral areas of signal at 3.66 ppm and that at 2.28

ppm, respectively. The value of 357 was the molecular weight of the residuals of terminal structures.
Synthesis of PHIC-(OH)3

To a 50-mL Schlenk flask, PHIC-N3 (7.00 g, 1.40 mmol, My nwr = 5,000 g mol™, 1.0 eq.) and
CuCl (415 mg, 4.20 mmol, 3.0 eq.) were added and dried under vacuum at room temperature overnight.
Through a solution of PMDETA (1.76 mL, 8.40 mmol, 6.0 eq.),
2,2-bis-hydroxymethyl-3-prop-2-ynyloxy-propan-1-ol (854 mg, 4.90 mmol, 3.5 eq.), and THF (6.70
ml) was bubbled flowing argon for 15 min and was then introduced using a cannula. The reaction was
allowed to proceed at room temperature for 48 h, then terminated by bubbling in air. The reaction
mixture was purified by silica gel flash chromatography (THF) to remove the copper catalyst. The
polymer was isolated by reprecipitation from the THF into cold methanol. Finally, the polymer was
filtered and dried under vacuum to afford a light yellow powder; yield: 5.83 g, 83.3 %; M, nwmr, 5,200, ¢
mol™®; My sec (Mw/My) in THF, 5,900 g mol™ (1.06). *H NMR (CDCls, 400MHz) & (ppm): 7.48 (s,
triazole ring), 4.81 (s, triazole ring-CH,0-), 4.36 (t, CH,-triazole ring), 4.16 (br, C(=0)OCHy,), 3.86 (m,
CCH,0H), 3.66 (br, NCH,;), 2.28 (s, C(=O)CHs;), 1.59 (br, NCH,CH,(CH,)sCHs), 1.29 (br,
NCH,CH3(CH,)3CH3), and 0.88 (br, CH,CHj3). The Mpnuwr Values were calculated from
A(NCH,)/A(C(=0)CHj3) x 3/2 x (M.W. of HIC) + 343, where A(NCH;) and A(C(=0O)CHj3) were the
integral areas of signal at 3.66 ppm and that at 2.28 ppm, respectively. The value of 359 was the

molecular weight of the residuals of terminal structures.

Synthesis of PHIC-b-PLLA,

A typical procedure for the polymerization is as follows: In the glove box, PHIC-(OH), (100
mg, 19.6 umol, M, nmr = 5,100, 1.0 eq.) was added to L-lactide (281 mg, 1.96 mmol, 100 eq.) and DBU
(2.93 pL, 19.6 umol, 1.0 eq.) in dry CH,CI, at 27 °C. After 10 min, benzoic acid (3.60 mg, 29.4 umol,

1.5 eq.) was added to quench the polymerization, and then the polymer was precipitated in 100 mL of



MeOH. The polymer was isolated by reprecipitation from the THF in cold MeOH/n-hexane (v/v = 9/1).
Finally, the polymer was filtered and dried under vacuum to afford a white powder; yield: 281 mg,
74.1 %; Munmr, 20,000 g mol™; Mysec (Mw/M,) in THF, 23,300 g mol™ (1.09). *H NMR (CDCls,
400MHz) 6 (ppm): 7.48 (s, triazole ring), 5.19 (q, C(=O)CHCH30), 4.81 (s, triazole ring-CH,0), 4.36 (t,
CHa-triazole ring), 4.16 (s, C(=0)OCHy), 3.86 (s, CCH,0), 3.66 (br, NCH,), 2.28 (s, C(=O)CH3), 1.62
(m, (CH3)3CH3, OCH3(CHy)s, C(=O)CHCH30), 1.29 (br, NCH,CH), and 0.88 (br, CH,CHs). The
M, nvr Values of PHIC-b-PLLA; were calculated from A(C(=0O)CHCH30)/A(C(=0)CH3) x 3/2 x (M.W.
of L-LA) + My nmr Of PHIC-(OH),, where A(C(=0)CHCH30) and A(C(=0)CHjs) were the integral areas

of signal at 5.19 ppm and that at 2.28 ppm, respectively.

Synthesis of PHIC-b-PLLA3

A typical procedure for the polymerization is as follows: In the glove box, PHIC-(OH); (100
mg, 19.2 umol, M, nmr = 5,200, 1.0 eq.) was added to L-lactide (281 mg, 1.96 mmol, 100 eq.) and DBU
(2.93 pl, 19.6 umol, 1.0 eq.) in dry CH,CI; at 27 °C. After 10 min, benzoic acid (3.60 mg, 29.4 pumol,

1.5 eq.) was added to quench the polymerization, and then the polymer was precipitated in 100 mL of
MeOH. The polymer was isolated by reprecipitation from the THF in cold MeOH/n-hexane (v/v = 9/1).
Finally, the polymer was filtered and dried under vacuum to afford a white powder; yield: 307 mg,
80.5 %; Munmr, 20,200 g mol™; My sec (Mw/M,) in THF, 22,800 g mol™ (1.08). *H NMR (CDCls,
400MHz) & (ppm): 7.48 (s, triazole ring), 5.19 (q, C(=0)CHCH30), 4.81 (s, triazole ring-CH,0-), 4.36
(t, CHy-triazole ring), 4.16 (br, -C(=0)OCH,-), 3.86 (br, -CCH,0-), 3.66 (br, NCH,), 2.28 (s,
C(=0)CHs), 1.62 (M, (CH,)3CHs, OCH,(CH,)s, C(=0)CHCH30), 1.29 (br, NCH,CH,), and 0.88 (br,
CH,CHy). The Mn.NMR values of PHIC-b-PLLA3 were calculated from
A(C(=0)CHCH30)/A(C(=0)CH3) x 3/2 x (MW. of -LA) + Mynwr Of PHIC-(OH)s, where
A(C(=0)CHCH30) and A(C(=0)CHg3) were the integral areas of signal at 5.19 ppm and that at 2.28 ppm,

respectively.



Synthesis of PHIC-b-PCL,;

A typical procedure for the polymerization is as follows: In the glove box, PHIC-(OH), (300
mg, 58.8 umol, M,nmr = 5,100, 1.0 eq.) was added to &-CL (0.978 ml, 8.82 mmol, 150 eq.) and the
toluene stock solution of DPP (58.8 pL, 58.8 umol, 1.00 mol-L™ in toluene) in dry toluene at 27 °C.
After 24 h, Amberlyst A21 was added to quench the polymerization, and then the polymer was
precipitated in 100 mL of MeOH. The polymer was isolated by reprecipitation from the THF in cold
MeOH/n-hexane. Yield, 74.0%; My nmr, 22,700 g mol™; My sec (Mw/M,) in THF, 34,300 g mol™ (1.08).
'H NMR (CDCls, 400MHz): & (ppm) 7.50 (s, triazole ring), 4.59 (s,triazole ring-CH,0), 4.36 (t, triazole
ring-CH,), 4.06 (t, C(=0)OCH,-), 3.66 (br, NCH,), 2.31 (t, C(=0)CH, and C(=O)CHg)), 1.62 (m,
NCH,CH,, C(=0)CH,CH, and OCH,CH,), 1.29 (br, (CH,)sCHs, C(=0)(CH,),CH,), and 0.88 (br,
CH,CHg3). The Mpnwr Values of PHIC-b-PCL, were calculated from A(C(=0)OCH,-)/A(triazole
ring-CH,0) x (M.W. of &CL) + Mpynwr Of PHIC-(OH),, where A(C(=0)OCH,-) and A(triazole

ring-CH,0) were the integral areas of signal at 4.06 ppm and that at 4.59 ppm, respectively.
Synthesis of PHIC-b-PCL;

A typical procedure for the polymerization is as follows: In the glove box, PHIC-(OH); (300
mg, 57.7 umol, My nmwr = 5,200, 1.0 eq.) was added to ¢-CL (0.959 mL, 8.65 mmol, 150 eq.) and the
toluene stock solution of DPP (57.7 pL, 57.7 umol, 1.00 mol-L™ in toluene) in dry toluene at 27 °C.
After 24 h, Amberlyst A21 was added to quench the polymerization, and the polymer was precipitated
in 100 mL of MeOH. The polymer was isolated by reprecipitation from the THF in cold
MeOH/n-hexane (v/v = 9/1). Yield, 85.1%; M,nwr, 23,500 g mol™; My sec (Mw/My) in THF, 40,300 g
mol™ (1.05). '"H NMR (CDCls, 400MHz): & (ppm) 7.50 (s, triazole ring), 4.59 (s,triazole ring-CH,0),
4.36 (t, triazole ring-CH,), 4.06 (t, C(=0)OCH,), 3.66 (br, NCH,), 2.31 (t, C(=0)CH, and C(=O)CHy)),
1.62 (m, NCH,CH,, C(=0)CH,CH,, OCH,CHy), 1.29 (br, (CH,)sCH3, C(=0)(CH,),CH,), and 0.88 (br,

CH,CH3). The M,nwvr Vvalues of PHIC-b-PCL3; were calculated from A(C(=0O)OCH,-)/A(triazole



ring-CH,0) x (M.W. of &CL) + Mpnur Of PHIC-(OH);, where A(C(=0)OCH,-) and A(triazole

ring-CH,O) were the integral areas of signal at 4.06 ppm and that at 4.59 ppm, respectively.

Results and discussion
Synthesis of PHIC-(OH), and PHIC-(OH)3 via CUAAC reaction

In order to prepare the novel hydroxyl end-functionalized PHICs (PHIC-(OH), and
PHIC-(OH)s), which can be used as macroinitiators for the ring-opening polymerization of the lactone
and lactide leading to the novel well-defined rod-coil type miktoarm star copolymers, the
copper-catalyzed azide—alkyne cycloaddition (CuUAAC) reactions of the azido end-functionalized PHIC
(PHIC-N3) with ethynyl alcohol derivatives were carried out using CuCl and PMDETA in THF at room
temperature (Scheme 1), according to our previous report for the preparation of PHIC-OH.>® Table S1
(see Supplementary Information) summarizes the results of the CuAAC reactions along with those of
PHIC-OH. The reactions were allowed to proceed for 48 h, and the polymers were obtained as light
yellow powders in ca. 85 % isolated yield. Figures S1, S2, and 1-3 show the SEC traces, the IR spectra,

the *H NMR spectra, and the MALDI-TOF MS spectra of the resultant polymers, respectively.
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The SEC curve of the products displayed a monodispersed sharp peak with a narrow
polydispersity (1.06 — 1.19) and there was no peak in the low molecular weight region (Figure S1 in
Supplementary Information), strongly supporting the fact that the decomposition of PHIC did not
proceed. In addition, the IR spectra of the products indicated the disappearance of the peak attributable
to the azido group (2097 cm™ in Figure S2), suggesting that there are no unreacted azido groups in the
reaction products. Furthermore, in the *H NMR spectra of the products (Figure 1), the signals of the
methylene protons (3.29 ppm) next to the azido group completely disappeared and the signal of the
methine proton (h in Figure 1) in the triazole ring was observed at 7.52 ppm. Additionally, the signals
due to the methylene protons (i, g and j (or m) in Figure 1) next to the triazole ring and hydroxyl group
appeared at 4.81, 4.37, and 3.86 ppm, respectively. As further evidence, the MALDI-TOF MS spectra of
PHIC-(OH), and PHIC-(OH); (Figures 2 and 3) showed only one series of peaks, which have a regular
interval of ca. 127.06 for the molar mass corresponding to the repeating unit, and the peaks of the
resultant polymers at m/z = 3193.68 for PHIC-(OH), and 3322.68 for PHIC-(OH)3 corresponded to the
22-mer of PHIC-(OH), (3193.4, calcd. for [M+K]") and the 23-mer of PHIC-(OH); (3322.5, calcd. for
[M+K]"), respectively. In addition, the isotopic distributions of these peaks were very similar to the
theoretical ones. These results based on the SEC, 'H NMR, IR, and MALDI-TOF MS analyses showed
that the CuAAC reaction successfully proceeded and that the well-defined PHIC-(OH), and

PHIC-(OH)3 were obtained as rod-like macroinitiators for the ring-opening polymerization.
Synthesis of PHIC-b-PLLA,-3 and PHIC-b-PCL,-3 using PHIC-(OH) ,-3 macroinitiators.

In order to synthesize the rod-coil type miktoarm star copolymer, the living ring-opening
polymerization of the L-lactide (L-LA) and &-caprolactone (&-CL) with the PHIC-(OH), or PHIC-(OH);3
macroinitiator were carried out using the DBU®" and DPP®® catalysts, respectively (Scheme 1). There

results are summarized in Tables 1 and 2, along with those of the corresponding block copolymers,
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PHIC-b-PLLA and PHIC-b-PCL, using the PHIC-OH macroinitiator. The polymerizations
homogeneously proceeded and the products were quantitatively obtained. The SEC traces of the
products displayed unimodal peaks, which clearly shifted toward the higher molecular weight region as
compared to the starting materials, as shown in Figures S3 and S4 (see Supplementary Information). In
addition, the polydispersities of the obtained polymers were very narrow (1.04 — 1.14), as listed in
Tables 1 and 2. In the *"H NMR spectra of the obtained products, the signals due to PHIC and
poly(L-lactide) (PLLA) or poly(e-caprolactone) (PCL) were observed, as shown in Figures 4 and 5. The
number-average molecular weights (Mn nmgr) OFf PHIC-b-PLLA, and PHIC-b-PLLAg3, estimated by NMR,
well agreed with those of the calculated (Mn cicq) based on the monomer conversion and initial ratio of
[L-lactide]o/[PHIC-(OH)2-3]0; Mnnwmr = 20,000 g mol™ and My ¢ieq = 19,400 g mol™ for PHIC-b-PLLA,
and M, nwr = 20,200 g mol™ and My gieq = 19,500 g mol™ for PHIC-b-PLLA;. Similarly, the M, nwir’s of
PHIC-b-PCL, and PHIC-b-PCL; were calculated to be 22,700 g mol™ and 23,500 g mol™ which well
agreed with the M, cicq OF 22,200 g mol™and 22,300 g mol™, respectively. Furthermore, the composition
of the block copolymers was easily controlled by changing the monomer and PHIC-(OH),-3 ratio
(IM]o/[PHIC-(OH),-3]0). Based on the results, the ring-opening polymerizations of L-LA and &-CL using
the hydroxyl end-functionalized PHIC successfully proceeded to produce the well-defined rod-coil type
miktoarm star copolymers, PHIC-b-PLLA,-3 and PHIC-b-PCL,-3, respectively, i.e., the hydroxyl
end-functionalized PHICs for the ring-opening polymerization are very useful for synthesizing novel

rod-coil type miktoarm star copolymers.
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Thermal properties of PHIC-b-PLLA;-; and PHIC-b-PCL ;-3

The thermal properties of the PHIC-b-PLLA diblock copolymer, PHIC-b-PLLA, miktoarm star
copolymer, and PHIC-b-PLLA; miktoarm star copolymer, which had an My,nwr Of ca. 20,000 g-mol™
(PHIC: ca. 5,000 g-mol™; PLLA: ca. 15,000 g-mol™; feric: 0.30 - 0.31), were investigated under a
nitrogen atmosphere by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
The measured TGA thermograms are shown in Figures 6a-c. The PHIC-b-PLLA, PHIC-b-PLLA,, and
PHIC-b-PLLA; were found to undergo thermal degradation in a two-step manner. In the first-step, the
degradation started at 187 °C (= Tq4) for PHIC-b-PLLA, 191 °C for PHIC-b-PLLA,, and 193 °C for
PHIC-b-PLLAgs. In the second-step, the degradation began around 300 °C (= Tg4_) for all the three
polymers. The TGA analysis found that the PHIC homopolymer revealed an onset degradation
temperature T4 of around 190 °C while the PLLA hompolymer exhibited T4 = 300 °C (data not shown).
Taking these facts into account, the first-step degradations were attributed to the degradation of the
PHIC block in the polymers, whereas the second-step degradations were caused by the degradations of
the PLLA blocks in the polymers.

Figures 6d-f show the DSC thermograms of the polymers. All the polymer samples revealed
two endothermic peaks in the first heating run. The first peak appeared around 41 °C for PHIC-b-PLLA,
42 °C for PHIC-b-PLLA;, and 42 °C for PHIC-b-PLLA3. The second peak showed around 144 °C for
PHIC-b-PLLA, 142 °C for PHIC-b-PLLA,, and 140 °C for PHIC-b-PLLA3. However, they all showed
only one weak, broad exothermic peak over 50—130 °C in the subsequent cooling run from the melt.
Furthermore, they also exhibited only one weak, broad endothermic peak in the range 35-55 °C in the
second heating run. For the PHIC homopolymer, any phase transitions could not easily be discernible
due to its rigid chain characteristics. In contrast, a thermally annealed sample of the PLLA
homopolymer was found to reveal a glass transition around 43 °C (= Tg, glass transition temperature)
and a melting transition around 145 °C (= T, melting point) (data not shown). With considering these

results, the peaks observed in the DSC runs are attributed to phase transitions of the PLLA blocks in the
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polymers. Therefore, one weak peak in the low temperature region and another strong peak in the high
temperature region are originated from the glass transition and the melting transition of the PLLA
blocks respectively. The glass transition of the PLLA block was also discernible in the cooling runs
from the melt. However, in the cooling runs the PLLA blocks of the polymers could not reveal
crystallization exothermic peak. PLLA is generally known to crystallize very slowly. Due to such the
nature, in the cooling runs the PLLA blocks of the polymers could not have enough time to crystallize
from the melts, resulting in no exothermic peak.

The thermal properties of the PHIC-b-PCL;-3, which has a total molecular weight of ca. 22,000
g-mol™ (PHIC: ca. 11,000 g-mol™ and PCL: 11,000 g:mol™; foric: 0.53 - 0.55), were also investigated.
The polymers also showed thermal a two-step degradation behavior in the TGA runs (Figures 7a-c).
With considering the degradation of the PHIC as well as of the PCL homopolymer (T4 = 320 °C), the
first-step degradations (T4; = 192 °C ~ 200 °C) were attributed to the PHIC block’ degradation, whereas
the second-step degradations were originated from the PCL blocks’ degradation. Figures 7c-f show the
DSC thermograms of the polymers. All the polymers revealed one strong peak in heating run as well as
in cooling run from the melt. One endothermic peak of the PHIC-b-PCL, PHIC-b-PCL,, and
PHIC-b-PCL3 was observed around 52 °C, 53 °C, and 48 °C, respectively. In addition, one exothermic
peak of the PHIC-b-PCL, PHIC-b-PCL,, and PHIC-b-PCLj; is observed around 17 °C, 20 °C, and 11 °C,
respectively. Taking into account consideration the PHIC homopolymer’ rigid chain characteristics and
the PCL hompopolymer’ crystallization nature, the observed endothermic and exothermic peaks are
originated from the melting and crystallization of the PCL block. In addition, the polymers showed a
very weak, broad transition over the range —75 °C to -50 °C, which can be assigned as the glass
transition of the PCL block. The glass transition was found to be very weak even for the polymer
samples quenched from the melts; the Ty was estimated to be —71 °C for PHIC-b-PCL, —73 °C for
PHIC-b-PCL,, and —74 °C for PHIC-b-PCL; (Figure S5). The PCL blocks were found to undergo

crystallization even during the quenching processes from the melts (Figure S6). Taking these results into
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account, the weak glass transitions might be attributed to the PCL blocks’ rapid crystallization nature.
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Figure 6. TGA and DSC results of PHIC-5-PLLA,. (a), (b) and (c) are TGA data of PHIC-b-PLLA
(Mn,NMR = 19,200, Mw/Mn = 1.07,]&)]—1](3 = 031), PHIC—b—PLLA2 (Mn,NMR = 20,000, MW/Mn = 1.09,pr1C =
0.30), and PHIC-b-PLLAj3 (Myxmr = 20,200, My/M,= 1.08, femic = 0.30), respectively. (d), (e), and (f)

are DSC data of PHIC-h-PLLA, PHIC-b-PLLA,, and PHIC-b-PLLAj;, respectively.
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Figure 7. TGA and DSC results of PHIC-h-PCL;-3. (a), (b) and (c¢) are TGA data of PHIC-h-PCL
(Munmr = 22,200, My/My= 1.17, forc = 0.55), PHIC-b-PCL, (Myxvr = 23,000, My/My= 1.12, fouic =
0.53), and PHIC-b-PCL3 (Mynwmr = 22,200, My/M,= 1.14, fouic = 0.54), respectively. (d), (e), and (f) are

DSC data of PHIC-b-PCL, PHIC-b-PCL,, and PHIC-b-PCLs, respectively.

Solution properties of PHIC-b-PLLA;-; and PHIC-b-PCL ;-3

The solubility characteristics of PHIC-b-PLLA;-3 and PHIC-b-PCL;-3 were examined using
various solvents and are summarized along with those of the PLLA, PCL, and PHIC homopolymers in
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Table S2 (see Supplementary Information). PHIC-b-PLLA;-3, PHIC-b-PCL;-3, PLLA, and PCL were
soluble in CHCIs, THF, and DMF, but insoluble in hexane, while the PHIC homopolymer was soluble
in CHCI3;, THF, and hexane, but insoluble in DMF. Based on these results, PHIC-b-PLLA;-3 and
PHIC-b-PCL;-3 in DMF should form a micelle consisting of a PHIC core and PLLA (or PCL) shell. In
fact, in the *"H NMR spectra of PHIC-b-PLLA;-3 and PHIC-b-PCL;-3, the signals due to all protons
appeared in CDCls, whereas the signals due to the PHIC segments did not appear in DMF (Figure 8).
These results showed that the mobility of the PHIC protons was significantly limited because the PHIC
segments in DMF were located on the inside of the micelle.

To confirm the solution structures of PHIC-b-PLLA;-3 and PHIC-b-PCL;-3, we performed
dynamic light scattering (DLS) measurements at various concentrations in DMF (Figure 9). The
weight-average hydrodynamic diameters (D) of PHIC-b-PLLA, PHIC-b-PLLA;, and PHIC-b-PLLA;
with the fopic of 0.54-0.59, which had a molecular weight of ca. 20,000 g-mol™, were ca. 80 nm, 70 nm,
and 45 nm, respectively, as shown in Figure 9b. The Dy values have no influence on the polymer
concentration in the range from 0.02 to 2.0 g L™ but drastically decreased below 0.02 g L™; the critical
micelle concentrations (CMC) of these copolymers were below 0.01 g L™ and increased with the
increasing arm number of the PLLA chain. In contrast, the Dy, values of PHIC-b-PLLA; 3 with the fpic
of 0.30-0.31 (Figure 9a) were lower than those of the corresponding copolymers with the fpyic of
0.54-0.59, though these block copolymers have similar molecular weights (ca. 20,000 g mol™),
indicating that the PHIC rod parts strongly affected the diameter of the micelle. Interestingly, The Dy
values of PHIC-b-PLLA;-3 decreased with the increasing arm number of the PLLA chain. This same
tendency was observed for PHIC-b-PCL;-3 in DMF, as shown in Figure 10. This phenomenon is
considered to be influenced by the excluded volume effect of the PLLA (or PCL) chain, as shown in
Figure 11, i.e., the bulkiness of the PLLA (or PCL) chains affected the micelle formation and
PHIC-b-PLLA;3; (or PHIC-b-PCL3) could not form micelle bigger than PHIC-b-PLLA and

PHIC-b-PLLA; (or PHIC-b-PCL and PHIC-b-PCL,). As a result, the micelle size can be controlled by
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the arm number even for the same molecular weight and composition. This phenomenon should also
affect the self-organization in the solid state, i.e., the domain size and structure can be controlled by the

arm number.*®
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Figure 8. 'H NMR spectra of PHIC-b-PLLA (Mynmr = 19,200, My/M, = 1.07, feric = 0.59, upper: in

CDCls, lower: in DMF-dy)

23



Dy, (nm)

60

50

40 -

30

20

10+

O PHIC-b-PLLA
® PHIC-b-PLLA,

A PHIC-b-PLLA;

a) fPH|C = 030 = 031
O
(@]
©)
o
[ ]
©) o A
0.01 0.1
g-L

1 10

b) fopc = 0.54 - 0.59
® @]
o © o o
[} Y i [ _J ¢
@)
A
AN A
e ® 2 O
O
O PHIC-b-PLLA
A A ® PHIC-b-PLLA,
A PHIC-b-PLLA,
'I'I1'I'I'| |||||I'I'I'| |||||I'I'I'| ||||||I'I'| |||||I'I'I'|
0.001 001 01 1 10
g-L
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20,600).

Figure 11. Proposed aggregation behavior of PHIC-b-PLLA;-3 and PHIC-b-PCL ;-3 in DMF

Conclusions

The PHIC-(OH);-3, which were synthesized by the CUAAC reactions of PHIC-N3 with ethynyl
alcohol derivatives, were employed as rod-type macroinitiators for the ring-opening polymerization of
L-LA and &CL leading to the synthesis of the PHIC-b-PLLA;-; and PHIC-b-PCL;-3 block and
miktoarm star copolymers. The well-defined products with controlled molecular weights, narrow
polydispersities, and controlled arm numbers were obtained, i.e., the PHIC-(OH);-;3 were suitable
rod-type macroinitiators and generated a new possibility for the design and synthesis of a well-defined
rod-coil type macromolecular architecture. The thermal properties of the PHIC-b-PLLA;-3; and
PHIC-b-PCL;-3 block and miktoarm star copolymers were characterized by TGA and DSC analyses.

The PHIC-b-PLLA, PHIC-b-PLLA,, and PHIC-b-PLLA; revealed a two-step degradation process; the
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PHIC block started degradation around around 190 °C while the PLLA block began degradation around
300 °C. The PHIC block could not show any discernible phase transitions due to the rigid chain nature.
However, the PLLA block exhibited glass transition around 41 °C and melting transition around 142 °C.
The PHIC-b-PCL, PHIC-b-PCL,, and PHIC-b-PCL3 also showed a two-step degradation process; the
PHIC block started to degrade around 196 °C while the PCL block began to degrade around 320 °C.
The PCL block revealed glass transition around be —72 °C and melting transition around 51 °C. The
solution properties of PHIC-b-PLLA;-3 and PHIC-b-PCL;-3 were examined by DLS measurements in
DMF. The Dy values of PHIC-b-PLLA;-3 and PHIC-b-PCL;-3 decreased with the increasing arm
number of the PLLA and PCL chain due to the excluded volume effect of the PLLA and PCL chain. We
are currently studying the self-organization behavior in the solid state of the PHIC-b-PLLA;-; and
PHIC-b-PCL;-3 using atomic force microscopy, electron microscopy and synchrotron grazing incidence

X-ray scattering.
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Supplementary Information

Tables S1 and S2, SEC and IR data of PHIC-(OH),-3 (Figures S1 and S2), SEC data of

PHIC-b-PLLA;-3 and PHIC-b-PCL,-3 (Figures S3 and S4), and DSC data of PCL and PHIC-b-PCL;-3

(Figures S5 and S6) are available free of charge via the Internet.

FIGURE CAPTIONS

Figure 1. 'H NMR spectra of PHIC-(OH), (upper, Mynwvr = 5,100) and PHIC-(OH); (lower, My xmr =
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5,200) in CDCls.

Figure 2. a) MALDI-TOF MS spectrum of PHIC-(OH), (M,nvr = 3,100), b) expansion of a), ¢)
theoretical molecular weight and the predicted polymer structure of PHIC-(OH),, d) isotopic peak, and e)

theoretical isotopic peak.

Figure 3. a) MALDI-TOF MS spectrum of PHIC-(OH); (Mynvr = 3,200), b) expantion of a), c)
theoretical molecular weight and the predicted polymer structure of PHIC-(OH)s, d) isotopic peak, and e)

theoretical isotopic peak.

Figure 4. 'H NMR spectra of PHIC-b-PLLA, (upper, Monwr = 20,000) and PHIC-b-PLLA; (lower,

Mn,NMR = 20,200) in CDC|3

Figure 5. 'H NMR spectrum of PHIC-b-PCL, (upper, Myxvr = 22,700) and PHIC-b-PCL5 (lower,

Mn,NMR = 23,500) in CDCI}

Figure 6. TGA and DSC results of PHIC-b-PLLA;-3. (a), (b) and (c) are TGA data of PHIC-b-PLLA
(Mn,NMR = 19,200, Mw/Mn = 1.07,]&)]—1](3 = 028), PHIC—b—PLLA2 (Mn,NMR = 20,000, MW/Mn = 1.09,pr1C =
0.27), and PHIC-b-PLLAj3 (Myxmr = 20,200, My/My,= 1.08, fomic = 0.27), respectively. (d), (e), and (f)

are DSC data of PHIC-h-PLLA, PHIC-b-PLLA,, and PHIC-b-PLLAj;, respectively.

Figure 7. TGA and DSC results of PHIC-b-PCL;-3. (a), (b) and (c) are TGA data of PHIC-»-PCL
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(Mn,NMR = 22,200, MW/Mn= 1-179ﬁHIC = 055), PHIC-b-PCL2 (Mn,NMR = 23,000, MW/Mn= 1.12,pr1c =
0.53), and PHIC-b-PCL;3 (M nvr = 22,200, My/M, = 1.14, fopic = 0.54), respectively. (d), (e), and (f) are

DSC data of PHIC-5-PCL, PHIC-b-PCL,, and PHIC-b-PCLs, respectively.

Figure 8. 'H NMR spectra of PHIC-b-PLLA (Mynmr = 19,200, My/M, = 1.07, feric = 0.59, upper: in

CDCls, lower: in DMF-d;)

Figure 9. Hydrodynamic radius (Dy) measured by dynamic light scattering (DLS) of PHIC-b-PLLA -3
in DMF at 25 °C. a) ﬁ’HIC =0.30 - 0.31 (PHIC—b—PLLA Mn,NMR = 19,200, PHIC—b—PLLA2 Mn,NMR =
20,000, and PHIC—b—PLLA3 Mn,NMR = 20,200), b)ﬁJHIC =0.54 -0.59 (PHIC—b—PLLA Mn,NMR = 19,200,

PHIC-b-PLLA: My nmr = 20,700, and PHIC-b-PLLA3: My nmr = 19,700).

Figure 10. Hydrodynamic radius (D) measured by DLS of PHIC-b-PLLA;-3 and PHIC-b-PCL;-3 in
DMF (1.0 g L at 25 °C). a) fpic = 0.30 - 0.31 (PHIC-b-PLLA: M,xwr = 19,200, PHIC-b-PLLA:
Miymr = 20,000, and PHIC-b-PLLA;: My vr = 20,200), b) fore = 0.54 - 0.59 (PHIC-b-PLLA: M, xvr
= 19,200, PHIC-b-PLLA,: My nmr = 20,700, and PHIC-h-PLLA3: M, xvr = 19,700), and ¢) fpuic = 0.50
- 0.53 PHIC-b-PCL: Mynmr = 20,900, PHIC-b-PCL;: Mynvr = 22,200, and PHIC-b-PCL3: My Mg =

20,600).

Figure 11. Proposed aggregation behavior of PHIC-b-PLLA;-3 and PHIC-b-PCL ;-3 in DMF
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Table 1. Synthesis of PHIC-b-PLLA;-3 using PHIC macroinitiators #

PHIC macroinitiator block copolymer
Manmr®  [M1o/[1]o ] A
Structure (Mw/M; ©) Structure M clcd. Monvr©  Mo/M ¢ fopic®
PHIC.OH (51,10060) 100 SHICb.PLLA 19400 18200 107 031
10,300 35 15,300 14,800 1.08 0.74
(1.13)
10,300 70 20,400 19,200 1.07 0.59
(1.13)
PHIC-(OH), (5;[10060) 100 PHIC-b-PLLA, 19,400 20,000 1.09 0.30
10,900 35 16,000 15,500 1.11 0.75
(1.13)
10,900 70 21,000 20,700 1.12 0.59
(1.13)
PHIC-(OH)3 (5:[20060) 100 PHIC-b-PLLA, 19,500 20,200 1.08 0.30
9,600 35 14,600 14,100 1.09 0.73
(1.16)
9,600 70 19,700 19,700 1.08 0.54
(1.16)

% Polymerization conditions: monomer (M), L-lactide; solvent, dry-CH,Cly; initiator (1), PHIC
macroinitiator; [M] o = 1.0 mol-L™; catalyst, DBU; [DBU] o/[M]o = 0.01; time 10 min; temp., 27 °C.;
atmosphere, Ar.; conv., >99. ® Determined by *H NMR spectrum in CDCls. ¢ Determined by SEC in
THF using PSt standards. ¢ Micied = ([M]o/[1]0) % conv. x (M.W. of monomer) + M, initiator. ~ fpHIC =

(Mnnmr,pric ! deric)/ (Mo nmr,pric! Deric + Monmr piial deiia), deric =1.00 and dpy 4=1.25.
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Table 2. Synthesis of PHIC-b-PCL;-3 using PHIC macroinitiators.?

PHIC macroinitiator

block copolymer

time

Manvr”  [MIo/[1]o (h) d b c e
Structure  (M,/M, ) Structure Mncicd.©  Manvr®  Muw/My™  feric
PHIC-OH (51,10060) 150 24 PHIC-b-PCL 22,200 21700 1.04 0.25

10,300 90 16 20,600 20,900 1.07 0.53

(1.13)

11,400 45 8 17000 16700 1.19 0.71

(1.19)

11,400 90 16 22000 22200 1.17 0.55

(1.19)

5,100 150 24 PHIC-b-PCL 22200 22700 1.08 0.25
PHIC-(OH), (1.06) 2

10,900 90 16 21,200 22,200 1.17 0.53

(1.13)

11,300 45 8 17000 16400 1.11 0.72

(1.19)

11,300 90 16 22000 23000 1.12 0.53

(1.19)

5,200 150 24 PHIC-b-PCL 22300 23500 1.05 0.25
PHIC-(OH), (1.06) 3

9,600 90 16 19,900 20,600 1.09 0.50

(1.16)

11,300 45 8 17000 16100 1.11 0.73

(1.18)

11,300 90 16 22000 22200 1.14 0.54

(1.18)

& Polymerization conditions: monomer (M), e-caprolactone; solvent, dry-toluene; initiator (1), PHIC

macroinitiator; [M] o = 1.0 mol-L™; catalyst, DPP; [I] o/[DPP] o = 1/1; temp., 27 °C; atmosphere, Ar.;

conv., >99. ° Determined by *"H NMR spectrum in CDCls. ¢ Determined by SEC in THF using PSt

standards. ¢ Mnced = ([IM]o/[1]0) * conv. x (M.W. of monomer) + My initiator. © frric = (ManmrpHIC /

deric )/(Manmr pHic/ deric + Mnnvir pel/ dect), deric = 1.00 and dpe = 1.15.
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Table S1. Synthesis of PHIC macroinitiators (PHIC-OH, PHIC-(OH),, and
PHIC-(OH)3) via CUAAC reaction of PHIC-N3 with ethynyl alcohol derivatives.?

PHIC-N3 PHIC macroinitiators
Monmr®  Mw/M.S | Structure  Monwr® Mu/MiS
3,000 1.07 PHIC-OH 3,100 1.07
5,000 1.06 5,100 1.06
10,300 1.13 10,300 1.13
11,400 1.18 11,400 1.19
3,000 1.07 | PHIC-(OH); 3,100 1.07
5,000 1.06 5,100 1.06
10,900 1.10 10,900 1.13
11,300 1.18 11,300 1.19
3,000 1.07 | PHIC-(OH); 3,200 1.07
5,000 1.07 5,200 1.06
9,600 1.16 9,600 1.16
11,300 1.19 11,300 1.18

% Synthesis conditions: solvent, dry THF; catalyst, CuCl, PMDETA; [ethynyl
derivatives]/[PHIC-N3]/[CuCI]/[PMDETA] = 3.5/1.0/3.0/6.0 ; reaction time, 48 h; temp.,
r.t. ® Determined by *H NMR spectrum in CDCls. ¢ Determined by SEC in THF using
PSt standards.



Table S2. Solubility of PHIC-b-PLLA;-3, PHIC-b-PCL -3, and homopolymers ?

Polymer MnnmR’ foric”
CHClI; THF DMF Hexane
(Mw/M;°)

10,200
PLLA — O O O x

(1.08)

10,500
PCL — O O O X

(1.04)

10,400
PHIC 1.00 O O X O

(1.11)

PHIC-b-PLLA 19,200
0.59 O O O X

(1.07)

PHIC-b-PLLA, 20,700
0.59 O O O x

(1.12)

PHIC-b-PLLA; 19,700
0.54 O O O X

(1.08)

PHIC-b-PCL 20,900
0.53 O O O X

(1.07)

PHIC-b-PCL, 22,200
0.53 O O O X

(1.17)

PHIC-b-PCLs 20,600

0.50 O O O x
(1.09)

2 Conditions: temp., r.t.; concentration, 0.1 (g-L™); o, soluble; x, insoluble.® Determined
by *H NMR spectrum in CDCls ¢ Determined by SEC in THF using PSt standards. ¢ fpric

= (Mn,NMR,PHIC X dPLLA or PCL)/(Mn,NMR,PHIC X dPLLA or PCL + Mn,NMR,PLLA or PCLX dPH|C)1 dPHlC =
1.0, dp|_|_A = 120, and dpc|_= 1.15.
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Figure S1. SEC traces of PHIC-(OH), (a, Mynmr = 5,100, My sgc = 6,100, M,/M, =
1.06) and PHIC-(OH);3 (b, My xmr = 5,200, My, sgc = 5,900, M,/M,= 1.06) (flow rate, 1.0

mL-min’"; solvent: THF).
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Figure S2. FT-IR spectra of PHIC-N; (upper), PHIC-(OH), (middle) and
PHIC-(OH);(lower).
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Figure S3. SEC traces detected by RI detector (eluent, THF; flow rate, 1.0 mL-min'l).
a) PHIC-h-PLLA; (solid line, Mynmr = 20,000, My, sec = 23,300, M,/M, = 1.09) and
PHIC-(OH); (dashed line, My, xvr = 5,100, My/M, = 1.06), b) PHIC-b-PLLA; (solid line,
Manmr = 20,200, My, sec = 22,800, My /M, = 1.08) and PHIC-(OH); (dashed line,
Munmr = 5,200, My/M, = 1.06).
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Figure S4. SEC traces detected by RI detector (eluent, THF; flow rate, 1.0 mL-min™).
a) PHIC-b-PCL, (solid line, Myxvr = 21,700, Mysec = 35,700, M,/M, = 1.06) and
PHIC-(OH), (dashed line, My nwvr = 5,500, M\/M;, = 1.10), b) PHIC-b-PCL; (solid line,
My nmr = 23,600, M, sgc = 37,600, M, /M,= 1.09) and PHIC-(OH)3 (dashed line, My nmr
= 5,600, My/M,, = 1.11).
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Figure S5. DSC results of PCL and PHIC-b-PCL;-3, which were measured during
heating run with a rate of 10.0 °C min™ after quenched to —100 °C from the melt: (a)
PCL (M, = 10,000); (b) PHIC-b-PCL (Mynmr = 22,200, My/M;, = 1.17, fermc = 0.55); (¢)
PHIC-b-PCL;, (Mynmr = 23,000, My/M, = 1.12, foric = 0.53); (d) PHIC-b-PCL3 (My nmr
= 22,200, My/M,, = 1.14, fpuc = 0.54).
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Figure S6. DSC results of PCL and PHIC-b-PCL,-;, which were measured during
quenching from from the melts: (a) PCL (M, = 10,000); (b) PHIC-b6-PCL (Mynmr =
22,200, My/M, = 1.17, ferc = 0.55); (¢) PHIC-b-PCL; (M nmr = 23,000, My/M, = 1.12,
foric = 0.53); (d) PHIC-b-PCL;3 (M, nmr = 22,200, My /M, = 1.14, fome = 0.54).



