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Preparation of «-, w-End-Functionalized
Poly(n-hexyl isocyanate) Heterotelechelics

By Le Thi Ngoc LIEN, Moriya KIKUCHI," Atsushi NARUMI,

Katsutoshi NAGAL and Seigou KAWAGUCHI*

- and w-End-functionalized heterotelechelic poly(n-hexyl isocyanate) (PHIC) has been prepared by living coordination
polymerization of HIC using benzyloxydichloro(cyclopentadienyl)titanium(IV) (BzCpTiCl,) (1) or 2-methacryloyloxy-
ethoxydichloro(cyclopentadienyl)titanium(IV) (HEMACpTiCl,) (2) as an initiator, followed by heterogeneous termination
with carboxylic anhydrides in the presence of a Lewis acid. The use of acetic (AAn), methacrylic (MAAn), butyric, n-
hexanoic, and maleic anhydrides as a terminator, and trialkyl aluminum compounds, including trimethyl, triethyl, and

triisobutyl, and boron trifluoride-diethyl etherate (BF;0Et,) as a Lewis acid were examined in the termination reaction. The
effect of experimental conditions in the termination reaction on the yield of recovered polymer and w-end-functionality have
been examined and optimized. Using BF;0Et, as a Lewis acid and AAn or MAAn as a terminator, several «- and w-PHIC
heterotelechelics having «-benzyloxy-w-acetyl (Bz-HIC-n-Ac, where n is the degree of polymerization of HIC), «-
benzyloxy-w-methacryloyl (Bz-HIC-n-MA), and «-2-methacryloyloxyethoxy-w-acetyl (MA-HIC-n-Ac) groups could be
successfully prepared with quantitative recovery (>98%) and functionality (~100%). The thermal stability of the end-
functionalized heterotelechelic PHICs in benzene were found to be remarkably enhanced, when compared to that of the
corresponding w-hydrogen-terminated compound (Bz-HIC-n-H).
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The presence of successive backbone amide groups makes
polyisocyanates good examples of semi-flexible polymers.
They have a dynamic 83 helical conformation in solution.
Because of their unique structural properties, polyisocyanates
have received much attention in various fields such as chiral
recognition materials, optical switches, liquid crystal materials,
and etc.' Among them, poly(n-hexyl isocyanate) (PHIC) is
the best characterized polyisocyanate in solution.*

We have recently reported the preparation of 4-vinylbenzyl-
oxy- and 2-methacryloyloxyethoxy-ended rodlike PHIC mac-
romonomers and their fundamental radical copolymerization
behavior.>® We have also given many details of the molecular
characterizations of the rodlike macromonomers and cylindri-
cal rod brushes found in THF at 25°C by small-angle X-ray
scattering (SAXS), size exclusion chromatography-multi-angle
laser light scattering (SEC-MALS), and viscometry.”8 When
we carried out the fractionation of the cylindrical rod brushes
consisting of a polystyrene main chain and PHIC side chains,
however, we happened to meet a serious problem of degrada-
tion of the PHIC side chains. In general, the fractionation of
PHIC chain is carried out with a solvent mixture of benzene as
a good solvent, and methanol as a precipitant.* As will be
presented in a forthcoming publication,” when PHIC was
allowed to stand in a benzene-methanol mixture (70:30) at
40°C, depolymerization occurred very rapidly to afford cyclic
trimers (isocyanurates) (45% after 12 h).

The chemical and thermal instabilities of polyisocyanates
have been pointed out since the discovery of these polymers
by Shashoua et al.'® When polyisocyanates stand at room
temperature in N,N-dimethylformamide containing sodium
cyanide, the polymer undergoes depolymerization to give
cyclic trimers.!® The unfavorable stabilities of polyisocya-
nates restrict their utilization, in spite their interesting
characteristics. One mechanism!' proposed for the depoly-
merization of the PHIC is the back-biting reaction, shown in
Scheme 1. The depolymerization is initiated by the abstrac-
tion of the proton at the terminal —NH by base or by
heating.

The stability of polyisocyanates is expected to be increased
by end-capping of the terminal —-NH group. Basically, four
methods are available for introducing a functional group into
a polymer chain end:'? (1) end-capping (termination) of a
living polymer by a functional terminator, (2) initiation of
living polymerization by a functional initiator, (3) trans-
formation of an end-functional group, and (4) polyaddition.
Of these, a- and w-end functionalized PHIC can be prepared
using both initiation and termination methods. There are two
types of living polymerizations available for the polymeriza-
tion of HIC. The first is an anionic living polymerization,
developed recently by Lee et al., which has to be conducted
at a very low temperature (—98°C) using demanding
experimental techniques.'> Quite recently, they have success-
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Scheme 1.

fully prepared «- and w-functionalized PHIC with chiral
residues at both ends using initiation and termination
methods. 4

The second type of controlled living polymerization of HIC
is a polymerization initiated by a titanium alkoxide complex as
an initiator at room temperature, developed by Novak in
1991.15-17 This method is very versatile and convenient for the
preparation of a-end-functionalized PHIC using a functional
initiator. We have actually used this method to prepare the
PHIC macromonomers described in previous papers.>® How-
ever, the polymerization has to be carried out at a very high
monomer concentration, usually without solvents, to obtain a
high conversion to the polymer at room temperature. As a
result, after the polymerization the viscosity of the reaction
mixture dramatically increases and in some cases the reaction
mixture solidifies. When a good solvent for the PHIC chain,
such as toluene is added to the reaction mixture to promote the
termination reaction, depolymerization rapidly occurs at room
temperature, resulting in a significant decrease in the amount of
recovered polymer. Some research groups have studied the w-
end-functionalization of the living polyisocyanate chain ini-
tiated with an titanium alkoxide initiator by the termination
method, but the end-functionality and yield of recovered
polymer were unsatisfactory low (ca. 60%).'%!° To the best of
our knowledge, no quantitative preparation method of «- and
w-end-functionalized PHIC with a titanium alkoxide initiator
has so far been reported.

Based on our knowledge of heterogeneous polymerizations,
such as dispersion polymerizations, we have successfully used
a heterogeneous reaction in order to prevent the depolymeriza-
tion of a PHIC living chain by dissolution.?>2! Anionic living
polymerizations are known to proceed quantitatively even in a
heterogeneous polymerization system consisting of submicron-
sized polymer particles and continuous phase.?>?

In the present study, we report the quantitative method
shown in Scheme 2 to introduce an w-functional group to a
PHIC living chain end, using a heterogeneous termination
reaction, with anhydrides as a terminator and a Lewis acid as a
catalyst. In addition, the thermal stabilities of PHIC hetero-
telechelics are also studied in benzene and in the solid state,
and compared with those of the corresponding w-hydrogen(H)-
terminated compounds.
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A proposed reaction mechanism for depolymerization of polyisocyanates by base or heating.

Living Coordination Polymerization of HIC
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Scheme 2. Reaction schemes for polymerization of HIC and termination in
this study.

EXPERIMENTAL

Materials

Benzyl alcohol (Bz) (Wako Co., Ltd., Japan), HIC (Tokyo
Kasei, Japan), dichloromethane (Kanto Kagaku Co., Ltd.,
Japan), acetonitrile (Tokyo Kasei, Japan) and various carbox-
ylic anhydrides, such as acetic anhydride (AAn) (Kanto
Kagaku Co., Ltd., Japan), methacrylic anhydride (MAAn)
(Kanto Kagaku Co., Ltd., Japan), butyric anhydride (C4)
(Kanto Kagaku Co., Ltd., Japan), n-hexanoic anhydride (C6)
(Kanto Kagaku Co., Ltd., Japan), and methacryloyl chloride
(MACI) (Kanto Kagaku Co., Ltd., Japan), were distilled from
calcium hydride under reduced pressure just before use. Maleic
anhydride (Kanto Kagaku Co., Ltd., Japan) was dried under
vacuum. AlMe; (1.0M in toluene, Aldrich, USA), AlEt;
(0.95M in toluene, Kanto Kagaku Co., Ltd., Japan), AliBus
(1.0M in toluene, Aldrich, USA), BF;OEt, (Kanto Kagaku
Co., Ltd., Japan) and trichlorocyclopentadienyl titanium
(CpTiCls) (Kanto Kagaku Co., Ltd., Japan) were used as
received. Benzene (Kanto Kagaku Co., Ltd., Japan) was
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washed with concentrated H,SO,, neutralized with sodium
hydroxide solution, dried with calcium chloride and finally
distilled from Na/benzophenone. Tetrahydrofuran (THF)
(Kanto Kagaku Co., Ltd., Japan) was distilled from Na/
benzophenone. Methanol (Tokyo Kasei, Japan) was distilled in
the presence of Mg. 2-Hydroxyethyl methacrylate (HEMA)
(Tokyo Kasei, Japan) was distilled under reduced pressure just
before use. The initiator, 2-2'-azobis(isobutyronitrile) (AIBN)
(Wako, Japan) was purified by recrystallization three times
from methanol.

Synthesis of BzCpTiCl, (1) and HEMACpPpTiCl, (2)

The titanium alkoxide complex BzCpTiCl, (1) was synthe-
sized according to the method of Novak et al.'>'7 The details
have been described in previous paper.’ In a drybox, a solution
of sodium benzyl alkoxide (4.99 mmol) in dry benzene was
slowly added to a solution of trichloro(cyclopentadienyl)
titanium (IV) (CpTiCl3) (4.96 mmol, 10 mL dry benzene). This
reaction was carried out at room temperature for 1h, and then
the mixture was filtered through a G4 glass filter to remove
sodium chloride. The filtrate was evaporated until dryness,
producing an yellow solid. The product was dissolved again
in dry benzene, and freeze-dried under reduced pressure.
2-Methacryloyloxyethoxydichloro(cyclopentadienyl)titanium-
(IV) HEMACpYTiCl, (2) was prepared according to the
reported procedures,® except for the use of a flask equipped
with a tube containing dry triethylamine to trap HCI gas.
BzCpTiCl,: 'H NMR (CDCl3) § (ppm): 7.38 (m, 5H, CsHs-),
6.59 (S, 4H, —C5H4—), 5.61 (S, 2H, C6H5—CH2—O—).
HEMACPTiCl,: 'H NMR (CDCl3) § (ppm): 6.62 (s, 4H,
—CsH4-), 6.20 (s, 1H, CH,Hy,=C-), 5.65 (s, 1H, CH,H,=C-),
4.77 (t, J =8.25Hz, 2H, -OCO-CH,-CH,-0-), 4.31 (t,
J =825Hz, 2H, -OCO-CH,-CH,-0-) and 1.93 (s, 3H,
CH,=C(CH3)-).

Polymerization of HIC Using Initiator (1) and (2)

The polymerization of HIC was carried out in a drybox;
details of the procedure are described in previous papers.® In
brief, the initiator and dichloromethane were added to a 20 mL
flask fitted with a magnetic stirrer bar. After the initiator was
completely dissolved, a desired amount of HIC was added and
the flask was sealed off and taken out of the drybox. The
reaction was carried out for 18 h at room temperature to afford
a PHIC living chain as a solid material. Then, one part of the
reaction mixture was separately transferred to other flask in a
dry-box and terminated with methanol to determine the
conversion and polymer characteristics. To this end, a solution
of THF and methanol (90/10 w/w) was added to the reaction
mixture to dissolve and concurrently terminate the PHIC living
chain to give arise to hydrogen (H)-terminated PHIC. The
product was isolated by precipitation into a large amount of
methanol, filtered off, and then dried under reduced pressure at
room temperature for 24 h. The polymer was redissolved into
THF containing 5% methanol and reprecipitated into methanol.
This procedure was done three times. The white solid polymer
was dissolved in 5S0mL dry-benzene and freeze-dried under

vacuum for 24 h. The product was characterized by NMR and
SEC-MALS measurements.

Bz-HIC-43-H: 'H NMR (CDCl3) § (ppm): 7.38 (m, 5H,
CgHs-), 5.23 (broad, 2H, -CH,-0-), 4.1-3.0 (broad, 86H,
-N-CH,—-CH;-), 1.92-1.0 (broad, 344H, —CH,-C4H3—CH3),
0.88 (broad, 129H, -CH,—CH3).

»-End-functionalization of PHIC Living Chain by Termi-
nation Method

The w-end-functionalization of a PHIC living chain by
carboxylic anhydrides was carried out in a heterogeneous
reaction to avoid the back-biting reaction during the termi-
nation. Accordingly, the solution containing of a large excess
amount of anhydride terminator and a Lewis acid catalyst was
added to the solid reaction mixtures prepared as above in a dry-
box. The solid body was pulverized in the reaction mixture to
disperse it. It is worthwhile to note that the anhydride functions
not only as a terminator but also acts as a reaction medium. The
dispersion was vigorously stirred at room temperature for 24 h
at room temperature. After the reaction, the polymer dispersion
was slowly poured into methanol at —5°C. The polymer was
redissolved into THF containing 5% methanol and reprecipi-
tated into methanol. This procedure was done three times and
the final polymer was finally freeze-dried from benzene
solution. Terminators examined in this study include acetic
(AAn), methacrylic (MAAn), butyric, n-hexanoic, and maleic
anhydrides and methacryloyl chloride, and Lewis acids include
trimethyl, triethyl, and triisobutyl aluminium and boron
trifluoride-diethyl etherate (BF3OEt;). The products were
characterized by NMR, FT-IR, and SEC-MALS measurements.
Bz-HIC-40-Ac: '"H NMR (CDCl3) § (ppm): 7.39 (m, SH,
CeHs-), 5.23 (broad, 2H, -CH,-0-), 4.12-2.95 (broad, 80H,
-N-CH,-CH,-), 2.30 (s, 3H, -CO-CH3), 1.95-1.0 (broad,
320H, —-CH,—C4H3—CHj3), 0.88 (broad, 120H, —CH,—CH3).
13C NMR (CDCl3) § (ppm): 156.8 (main chain, -CO-N-),
149.0 (-CO-CH3), 128.8 (C¢Hs—; Aromatic carbons should be
appeared as four peaks, but the signals were too small to be
distinguished.), 48.7 (Bz—CH,-0-), 42.8 (side chain, N-C'H,-),
31.4 (side chain, N-C*H,-), 28.2 (side chain, N-C*H,-), 26.2
(side chain, N-C*H,-), 24.3 (-CO-CH3), 22.6 (side chain,
N-C3H,-), and 13.8 (side chain, N-C%H3). FT-IR: 2956(m),
2858(m), 1700(s), 1653(sh), 1457(m), 1347(m), 1246(w),
1092(m), 999(w), 890(w) cm~".
Bz-HIC-73-MA: 'H NMR (CDCl3) 8§ (ppm): 7.39 (m, 5H,
C¢Hs-), 6.40-6.08 (broad, 1H, CH,H,=CCH3-), 6.04-5.72
(broad, 1H, CH,H,=CCH3-), 5.23 (broad, 2H, -CH,-0O-),
4.2-3.0 (broad, 146H, -N-CH,—-CH,-), 1.96 (broad, 3H,
CH,=C-CH3), 1.9-1.0 (broad, 584H, —-CH,-C;Hs—CHs),
0.88 (broad, 219H, -CH,-CH3). 3C NMR (CDCl3) 8 (ppm):
156.7 (main chain, -CO-N-), 149.1 (-N-CO-CCH;3=CH),
145.1 (-CO-CCH;3=CH,), 128.4 (C¢Hs—; Aromatic carbons
should be appeared as four peaks, but the signals were too
small to be distinguished.), 112.6 (-CO-CCH3;=CH,), 48.4
(Bz—CH,—0-), 43.1 (side chain, N—-C'H,-), 31.4 (side chain,
N-C?H,-), 28.2 (side chain, N-C*H,-), 26.4 (side chain, N-
C*H,-), 22.6 (side chain, N-C’H,-), 18.1 (-CO—CCH3=CH),
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and 14.0 (side chain, N-C°H3). FT-IR: 2956(m), 2859(m),
1695(s), 1653(sh), 1457(m), 1347(m), 1247(w), 1093(m),
999(w), 891(w) cm™!.

MA-HIC-31-Ac: 'H NMR (CDCl3) § (ppm): 6.13 (s, 1H,
CH,H,=CCHs-), 5.60 (s, 1H, CH,H,=CCH3-), 4.41 (broad,
2H, -COO-CH,-CH,-), 4.0-3.2 (broad, 64H, —-COO-CH,-
CH;,— and -N-CH,-CH,-), 2.30 (s, 3H, -CO-CH3), 1.95 (s,
3H, CH,=C-CH3), 1.9-1.0 (broad, 248H, —-CH,~-C4H3—CH3;),
0.88 (broad, 93H, —CH,—CH3). 3C NMR (CDCls) 8 (ppm):
166.6 (CH,=CCH3;-COO-CH;-), 156.6 (main chain, -CO-N-),
153.0 (-CO-CHj3), 135.8 (CH,=CCH3-COO-), 126.1 (CHy=
CCH;-), 62.1 (-O-CH,-CH,-), 48.6 (-CH,—CH,-0-), 42.1
(side chain, N-C'H,-), 31.6 (side chain, N-C>H,-), 28.3 (side
chain, N-C?H,-), 263 (side chain, N-C*H,-), 24.3
(~CO-CH3), 22.6 (side chain, N-C°H,-), 18.3 (CH,=CCH;—
COO0-), and 14.0 (side chain, N-C°Hs). FT-IR: 2956(m),
2859(m), 1700(s), 1653(sh), 1559(w), 1457(m), 1347(m),
1247(w), 1093(m), 999(w), 890(w) cm~".

Thermal Stability of Bz-HIC-66-Ac in Benzene

The thermal stability of Bz-HIC-66-Ac (M, = 6.64 x 103,
M, /M, = 1.1g, functionality of w-acetyl group, f = 100%)
was studied in dry-benzene at different temperatures (60—80 °C)
and compared to that of Bz-HIC-68-H (M, =7.14 x 103,
My /M, = 1.1g). A 5SmL of sample solution (5.0wt %) was
degassed by three freeze-thaw cycles, sealed off and put into an
oil bath. After a certain time, the reaction mixture was quenched
with liquid nitrogen. The reaction mixture was freeze-dried
from benzene and used for a SEC-MALS measurement.

Measurements

'H and 3C NMR spectra were recorded on Varian
INOVA500 NMR instrument using CDCl; and C¢Dg as a
solvent. FT-IR spectra were obtained with a HORIBA FT-270
spectrophotometer. The spectra were measured using a NaCl
plate. Recording conditions were 16 accumulation cycles at a
resolution of 2cm™! of. Band intensities are assigned as weak
(W), medium (m), shoulder (sh), and strong (s).

Size exclusion chromatography (SEC) measurements were
carried out with an instrument (pump: Tosoh DP-8020, eluent:
THF, Temp: 40°C, columns: Shodex KF802 4+ KF806L +
KF806L, RI; Shodex RI-101, UV; Tosoh UV-8020) fitted with
a multi-angle laser light scattering detector (DAWN-DSP;
wavelength, 632.8nm, Wyatt Technology) (SEC-UV-MALS-
RI). For the characterization of the PHIC, the elution volume in
the SEC was calibrated with a series of PHICs whose
molecular weight are predetermined by SEC-MALS.”

Differential thermal analysis (DTA) of Bz-HIC-64-Ac was
carried out with a TG/DTA6200 (SEIKO instrument Inc.,
Japan) in a nitrogen atmosphere at a heating rate of 10 °C/min
and was compared to that of Bz-HIC-63-H.

RESULTS AND DISCUSSION

Synthesis of Initiators (1) and (2)
The syntheses of initiator (1) and (2) were confirmed by
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Figure 1. 'H NMR spectra of (a) BzCpTiCl, and (b) HEMACPTICI, in CDCl3.
The asterisks indicate "H NMR peak signals due to the decom-
posed materials by reacting with water in CDCl3.

'H NMR spectroscopy, as shown in Figure 1(a) and 1(b).%*
Although the initiators are considerably decomposed by
reacting with water in CDCls, the assignments for each peak
signal are listed in the Experimental section. The 'H NMR
signals from the decomposed compounds are indicated using
asterisks. The yield is 87-90%, for use as an initiator in the
polymerization of HIC.®

Preparation of Bz-HIC-n-Ac by Termination with Acetic
Anhydride (AAn)

Table I shows the time-evolution of the recovered polymer
yield and end-functionality of Bz-HIC-n-Ac during termination
using acetic anhydride as a terminator and AlMes as a Lewis
acid at room temperature. At the reaction time = 0, when the
PHIC living chain was directly terminated with methanol, w-H-
terminated PHIC (Bz-HIC-43-H) with a relatively narrow
molecular weight distribution of My,/M, = 1.19 was prepared
at relatively high conversion (87%) (run 1-1). The 'H NMR
spectrum of Bz-HIC-43-H (run 1-1) is shown in Figure 2. It
shows '"H NMR peaks due to the a-benzyloxy-ended group as
well as due to the PHIC chain. The number-averaged degree
of polymerization (n) of HIC was calculated from the ratio of
the 'H NMR peak intensity of methyl protons (e) of PHIC to
benzyl protons (a + b) using the equation
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Table I. Time evolution of the polymer recovery and end-functionality
of Bz-HIC-n-Ac during termination using acetic anhydride
as a terminator and AlMe3 as a catalyst?

Reaction Recovery M, x 10739 M, x 1029 M, /M9  fo

AL (h) (%) (NMR) (SEC) (SEC) (%)
1-10) 0 86.8 5.21 4.70 1.1g —
1-2 1 16.4 4.99 4.63 1.2, 81.8
1-3 3 14.7 4.97 4.73 1.2, 82.0
1-4 6 14.0 5.14 462 1.2 88.8
1-5 12 14.2 4.82 4.59 1.2, 88.6
1-6 24 12.2 5.24 459 12, 100

2 Polymerization was carried out for 18 h at room temperature with [HIC]/
[Ini] = 52, [HIC] = 19.66 mmol and CH,Cl, = 0.083mL. Termination re-
action was carried out with [AAn]/[AIMes]/[Ini] = 1000/1500/1 at room
temperature. ®) Terminated with methanol. ®Determined by 'H NMR using
eq (1). ¥Determined by SEC using a series of PHICs as a calibration. © f is
the end-functionality of acetyl group, determined by 'H NMR using eq (2).
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Figure 2. 'H NMR spectrum of (Bz-HIC-43-H) in CDCl; (Table I, Run 1-1).
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n=-———
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The recovered polymer yield, however, markedly decreases
down to 16% after a one hour termination reaction (run 1-2),
implying that significant depolymerization occurs concurrently
during the termination reaction under the condition that
[AAn]/[AlMe;]/[Ini] = 1000/1500/1. The 'H NMR spec-
trum of recovered Bz-HIC-40-Ac (run 1-6) is presented in
Figure 3. One sees 'H NMR signals due to the w-acetyl end
group at 2.30 ppm. The w-end-functionality, f was determined
by the ratio of the '"H NMR peak intensity of the methyl
protons of acetyl group (f) to those of benzyl protons (a+b)
using the equation,

(D

f= 770?) x 100 )
3(a+b)

w-Acetylated PHIC with an end-functionality higher than
80% can be prepared by the present heterogeneous termination
reaction but the recovered polymer yield is very low because
side reactions such as backbiting occur competitively. An
excess amount of AlMes relative to AAn might interact with
the titanium active site on a PHIC living end and/or be
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Figure 3. 'H NMR spectrum of (Bz-HIC-40-Ac) in CDClg (Table I, Run 1-6).

Table II. Influence of molar ratio of acetic anhydride to AlMe3
on end-functionality of Bz-HIC-n-Ac®

-3 b) -30) o £d)
Run [AAN]/[AlMes] Recovery M, x 10 M, x 10 My /M, f

(%) (NMR) (SEC)  (SEC) (%)
21 1000/0 83.8 5.52 5.32 115 377
22 1000/10 76.6 5.63 5.34 11, 60.3
23 1000/20 76.3 375 322 1.0¢ 620
244 1000/30 70.1 4.02 3.24 1.0s 811
25 1000/40 66.1 3.93 3.27 1.0s 770
2.6 1000/50 66.6 3.86 3.24 1.0s 624

8 Polymerization was carried out for 18 h at room temperature with [HIC]/
[Ini] = 50, [HIC] = 14.23mmol and CH,Cl, = 0.16 mL. Termination reac-
tion was carried out for 48 h at room temperature. ® Determined by 'H NMR
using eq (1). ©Determined by SEC using a series of PHICs as a calibration.
9 f is the end-functionality of acetyl group, determined by "H NMR using
eq (2).

replaced resulting depolymerization before end capping.
Interestingly, the molecular weight of the recovered products
is not as low as might be expected from the drastic decrease of
their recovery, implying an “all or nothing” mechanism for the
depolymerization.

The influence of the ratio of AAn to AlMe; on the polymer
recovery and end-functionality was investigated and the results
are summarized in Table II. In the absence of AlMes, a
polymer with relatively high recovery (84%) but with very low
end-functionality (38%) (run 2-1) was obtained. One sees in
Table II that the recovered polymer yield slowly decreases but
the end-functionality steeply increases with increasing the
amount of AlMes added. This suggests that AlMe; forms a
complex with AAn to promote the reactivity. The highest end-
functionality was obtained at the molar ratio of AAn/AlMe;/
initiator of 1000/30/1.

Influence of Lewis Acids Species on the End-functionality

The influence of the Lewis acids species on the end-
functionality was studied at a constant molar ratio of AAn/
Lewis acid/initiator of 1000/30/1, and the results are listed in
Table III. Irrespective of the Lewis acid species used, o-
benzyloxy- and w-acetyl-heterotelechelic PHIC was obtained
with fairly high polymer recovery (>85%) and high end-

Polymer Journal, Vol. 40, No. 11, pp. 1105-1112, 2008

©?2008 The Society of Polymer Science, Japan 1109



1110

L. T. N. LIEN et al.

Table IlIl. Influence of Lewis acids species on end-functionality®
o Recovery M, x 10732 M, x 10729 M, /M,® 9
Lewis acid /) (NMR) (SEC) (SEC) (%)
AlMes 85.7 8.68 8.12 1.24 73.8
AlEty 87.7 9.01 8.15 1.24 81.4
Al(iBu)s 95.0 9.18 8.02 1.2 88.4
BF3;OEt, 85.4 8.59 7.71 1.2 99.3

a Polymerization was carried out for 18 h at room temperature with [HIC]/
[Ini] = 55, [HIC] = 7.53 mmol and CH,Cl, = 0.075mL. Termination reac-
tion was carried out for 48 h at room temperature with [AAn]/[Lewis acid]/
[Ini] = 1000/30/1. P’ Determined by "H NMR using eq (1). ®Determined by
SEC using a series of PHICs as a calibration. 9 f is the end-functionality of
acetyl group, determined by "H NMR using eq (2).

Table IV. Effect of molar ratio of terminator, BF3OEt,
and initiator on end-functionality®

Run [BLAgrg{ 1/ Recovery M, x 10732 M, x 10739  My/M,9 9
3[mi] 2 (%) (NMR) (SEC) (SEC) (%)
41 500/5/1 98.1 7.31 7.46 1.16 98.1
42 500/10/1 91.3 8.06 7.47 115 94.7
4-3  500/20/1 96.5 7.88 7.50 115 100
4-4  250/20/1 97.1 7.69 7.44 115 97.6

2 Polymetization was carried out for 18 h at room temperature with [HIC]/
[Ini] = 50, [HIC] = 7.55mmol and CH,Cl, = 0.083 mL. Termination reac-
tion was carried out for 48 h at room temperature. ® Determined by "H NMR
using eq (1). ®Determined by SEC using a series of PHICs as a calibration.
9 f is the end-functionality of acetyl group, determined by "H NMR using
eq (2).

functionality (>81%) by the heterogeneous reaction. One sees
in Table III that the weaker the acidity of the Lewis acids, the
higher is the end-functionality, although the reason for this is
not clearly understood. To optimize the termination reaction,
the reaction conditions were further studied with BF;0Et, as a
catalyst.

Influence of Ratio of AAn/BF;0Et, and Reaction Time on
the End-functionality

Since the present termination reaction proceeds in a
dispersion, the terminator activated by BF; may diffuse into
the polymeric dispersed phase from the continuous phase and
react with the PHIC living end. Therefore, the recovered
polymer yield and end-functionality may strongly depend on
the experimental conditions. The influence of the molar ratio of
AAn to BF;0Et, on the end-functionality was studied and the
results are listed in Table IV. The heterotelechelic PHIC can be
prepared with quantitative end-functionality (f > 95%) and
recovery (>91%) using BF;0Et, as a catalyst. The optimal
condition found within those examined is ([AAn]/[BF;OEt;]/
[Ini] = 500/20/1.

The time-evolution of the end-functionality during the
termination reaction was also studied at the optimal condition
and listed in Table V. The reaction rate is relatively high
(>85% at 3h), despite the system being heterogeneous.

Termination by Various Anhydrides Using BF;OEt, as
Catalyst
A variety of terminators other than AAn, including

Table V. Time evolution of end-functionality during termination
with BF;OEt, as a Lewis Acid®

Run Time Recovery M, x 10739 M, x 10739 M, /M, o
(h) (%) (NMR) (SEC) (SEC) (%)
5-1Y 0 85.1 8.75 7.14 1.1g —
5-2 3 81.8 7.92 7.08 1.1g 85.0
5-3 6 94.8 8.02 7.12 1.1g 91.4
54 12 96.5 7.68 7.23 1.1g 100
55 24 89.8 8.56 7.15 1.1g 100

3 Polymerization was carried out for 18 h at room temperature with [HIC]/
[Ini] = 50, [HIC] = 9.20 mmol and CH,Cl, = 0.128 mL. Termination reac-
tion was carried out at 0°C with [AAn]/[BF3OEt,]/[Ini] = 500/20/1.
®Terminated with methanol as a terminator. ®Determined by 'H NMR
using eq (1). 9 Determined by SEC using a series of PHICs as a calibration.
e f is the end-functionality of acetyl group, determined by "H NMR using
eq (2).

Table VI. End-functionalization with various anhydrides®

Aun Time Recovery M, x 1073 M, x 10730 M, /M," £9

(h) (%) (NMR) (SEC)  (SEC) (%)
6-1 Methacrylic 76.1 9.34 6.90 1.19 100
6-2 MACY 57.4 8.64 6.30 1.2, 0
6-3 Maleic® 83.9 7.49 5.94 117 0
6-4 n-butyric (C4) 92.4 12.2 8.74 1.25 39.3
6-5 n-butyric (C4)9 83.2 16.6 13.8 1.28 60.0
6-6 n-hexanoic (C6) 83.7 8.29 7.36 1.1g 19.2
6-7 n-hexanoic (C6)Y  74.4 9.19 8.44 121 225

aPolymerization was carried out for 18 h at room temperature with [HIC]/
[Ini] = 50, [HIC] = 9.20 mmol and CH,Cl, = 0.128 mL. Termination reac-
tion was carried out at 0°C for 24h with [Anhydrides]/[BF3;OEt,]/
[Ini] = 500/20/1. ®Methacryloyl chloride. ®Maleic anhydride (solid) was
dissolved in dry acetone and then added to the reaction mixture.
9 Termination reaction was carried out in acetonitrile. ®Determined by
the "H NMR using eq (1). "Determined by SEC using a series of PHICs as
a calibration. 9 f is the end-functionality of end-group, determined by
"H NMR using eq (2).

methacrylic anhydride, methacryloyl chloride, maleic anhy-
dride, n-butyric anhydride and n-hexanoic anhydride were
examined in the presence of BF;OEt,. The results are
summarized in Table VI. Unfortunately, the end-functionality
for anhydrides other than methacrylic anhydride is unsatis-
factory. The heterogeneous system may be responsible for the
low functionality in the case of these large anhydrides. The
'"H NMR spectrum of the a-benzyloxy- and w-methacryloyl-
functionalized heterotelechelic PHIC is shown in Figure 4 to
clearly demonstrate the successful synthesis by the termination
reaction using methacrylic anhydride.

The PHIC macromonomer with a-2-methacryloyloxyethoxy
and w-acetyl groups (MA-HIC-31-Ac, My /M, =1.17, f =
100%) could be successfully prepared by coordination poly-
merization of HIC using HEMACPTiCI, (2) as an initiator,
followed by termination using [AAn]/BF;0Et,]/[Ini] = 500/
20/1 at 0°C. The '"H NMR spectrum of MA-HIC-31-Ac is also
shown in Figure 5.

Influence of «- and w-End-functionalization on Thermal
Stability of PHIC

The thermal stability of the «-benzyloxy- and w-acetyl-
functionalized PHIC (Bz-HIC-64-Ac) was studied in benzene

©?2008 The Society of Polymer Science, Japan
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Figure 5. 'H NMR spectrum of MA-HIC-31-Ac in CDCls.

(5.0wt %) at 60°C, 70°C and 80 °C. Figure 6 shows the time-
conversion curve to the cylic trimer for Bz-HIC-64-Ac at
different temperatures. The data for the «-benzyloxy- and w-H-
terminated PHIC (Bz-HIC-63-H) at the same concentration are
shown for comparison. The content of the cylic trimer was
determined from the ratio of RI signal intensities of the parent
PHIC to the cyclic trimer in the SEC chromatogram. It is
apparent that the thermal stability of Bz-HIC-64-Ac is greatly
enhanced, in comparison to that of Bz-HIC-63-H. This
experimental result partly supports the idea shown in Scheme 1
that proton abstraction from the terminal NH initiates the
depolymerization at least in an inert solvent.

The thermal stability of Bz-HIC-64-Ac and Bz-HIC-63-H in
their solid states was also investigated by differential thermal
analysis (DTA) measurement and the results are shown in
Figure 7. Temperatures corresponding to the initial 5%, 10%
and 90% decomposition of the polymer are listed in Table VII.
Both polymers decomposed in two different stages as reported
by Durairaj et al.” The value of Ts of Bz-HIC-64-Ac increases
by 7.4°C, when compared to that of Bz-HIC-63-H. This

100 N-H 80°C
80 A N-H 70°C
£ 60
5}
g N-H 60°C
& 40
o,
20 N-Ac 80°C
N-Ac 70°C
0 1 N-Ac 60°C
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Figure 6. Time-conversion curve of trimer by depolymerization of Bz-HIC-
64-Ac and Bz-HIC-63-H in benzene at various temperatures.
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Figure 7. DTA curves of Bz-HIC-64-Ac and Bz-HIC-63-H.
Table VII. Influence of w-end group on thermal stability of PHIC in solid state
Ts°) To? Tao®
Sample
P o) ¢0) ¢C)
Bz-HIC-63-H? 188.5 204.2 265.6
Bz-HIC-64-Ac? 195.9 206.8 275.0

2 |, (SEC) = 6.99 x 10%  My/Mn(SEC) = 1.25,. P M,(SEC) = 7.51 x
103; My /M, (SEC) = 1.14. ©-9®Temperature at which weight loss reached
5%, 10% and 90%, respectively.

difference is small but yet is noteworth, when taking into
account that the chemical structure of the two compounds
differs only by an w-end group. While the mechanism for
thermal decomposition of PHIC in the solid state is complex
and not well understood, we can conclude that a- and w-end-
capping both ends of a PHIC chain enhances the thermal
stability in the solid state.
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CONCLUSIONS

a- and w-End-functionalized poly(n-hexyl isocyanate) was
prepared by living coordination polymerization of HIC,
followed by heterogeneous termination with carboxylic anhy-
drides in the presence of Lewis acid. With BF;OEt, as a Lewis
acid and AAn and MAAn as a terminator, «- and w-PHIC
heterotelechelics having a-benzyloxy-w-acetyl (Bz-HIC-n-Ac),
a-benzyloxy-w-methacryloyl (Bz-HIC-n-MA), and «-2-meth-
acryloyloxyethoxy-w-acetyl (MA-HIC-n-Ac) functional groups
were successfully prepared with a quantitative recovery
(>98%) and functionality (~100%). The thermal stability of
the heterotelechelics was markedly enhanced in benzene and in
the solid state.
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