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This review concerns the synthesis, characterization, and select properties of a series of
novel eight-arm polyisobutylene (PIB)-based stars. An octafunctional initiator containing
2-methoxyisopropyl groups 1 was synthesized by quantitative functionalization of 5,11,
17,23,29,35,41,47-octaacetyl-49,50,51,52,53,54,55,56-octamethoxy-calix[8]arene and used
to prepare the stars. Stars with PIB arms, terminally functionalized PIB arms, poly(styrene-
b-isobutylene) (PSt-b-PIB) arms, and poly(p-chlorostyrene-b-isobutylene) (PpClSt-b-PIB)

arms were synthesized. Polymerizations of isobutylene (IB) to prepare well-defined PIB
stars were effected by the use of octa-functional initiator with BCl;-TiCl, coinitiators in two
stages. Stage I was carried out in the presence of a fraction of the required amount of IB in
CH;Cl and polymerization was induced by the addition of BCl;. Stage IT was induced by the
addition of TiCl, and the balance of IB, and the polymerization was carried to completion.
The relative concentrations of BCl; and TiCl, were critical for the synthesis of well-defined
stars. By the use of well-chosen BCl;-TiCl, concentrations, added in sequence in two stages,
narrow dispersity stars, M,, /M, =1.11, were prepared. Gel permeation chromatography
(GPC), with on-line RI, UV, and laser light scattering (LLS) detectors, was used to deter-
mine the molecular weights and compositions of linear and octa-arm star polymers. The
number of arms of the stars was determined by 'H NMR spectroscopy and by selective core
destruction. Both studies indicated that the number of arms was close to the theoretical val-
ue of eight. The mechanism of polymerization was studied by the use of a model monofunc-
tional analogue of the octa-functional initiator, 2-(p-methoxyphenyl)-2-methoxypropane.

Allyl-end functionalized octa-arm PIB stars were prepared by quenching the living PIB®
stars by allyltrimethylsilane (ATMS). Star thermoplastic elastomers containing PSt-b-PIB
and PpClSt-b-PIB arms were synthesized by sequential addition of styrene and p-chloros-
tyrene, respectively, to the living PIB® stars. These star blocks contained 10-15% PIB and/
or diblocks and showed an excellent combination of thermoplastic elastomeric properties,
thermal properties, and melt flow properties.
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1
Introduction

A star polymer is a polymer consisting of several linear chains (arms) connected
together at one end to a common point (core) [1-6]. In regular or symmetric
stars, the arms (homopolymers or block copolymers) have the same chemical
composition and molecular weight, and in hetero-arm stars or mikto-arm stars,
the branches have different molecular weights and/or chemical compositions
[6]. The synthesis of well-defined stars with a known number of arms, arm mo-
lecular weights, and narrow dispersities is a challenge to the macromolecular
engineer. The application of living polymerization methods has greatly helped
the synthesis of well-defined stars.

Living polymerization methods offer the best routes to the synthesis of well-
defined stars [3-5,7]. Linking the living chains to a core or growing living chains
from a core are two ways for the synthesis of stars. The core may be prepared
separately or formed in situ during linking the arms.

The synthesis of well-defined stars was first accomplished by living anionic
polymerization [8]. Later living cationic [7], group transfer [9], living/control-
led free radical [10], and other methods [11] have also been used. Stars can be
prepared by core-first, arm-first,and arm-core linking methods. In the core-first
method,a multifunctional initiator (the residue of which becomes the core) with
a certain number of initiating sites is prepared, and this core is then used to in-
itiate the living polymerization of monomers. Under optimum conditions the
initiating sites induce the polymerization and lead to stars with uniform arms of
known composition. This method has been used to prepare star polymers by an-
ionic [6, 12-17], cationic [7, 18-27], GTP [9, 28], radical [10, 29], and condensa-
tion [30,31] polymerizations. One important advantage of the core-first method
is that the reactivity of the chain ends is not lost during star formation, which
renders the preparation of star blocks and functionalized-stars easy. The
number of arms is limited by the number of initiating sites in the core.

Stars with high arm numbers are commonly prepared by the arm-first meth-
od. This procedure involves the synthesis of living precursor arms which are
then used to initiate the polymerization of a small amount of a difunctional
monomet, i.e., for linking. The difunctional monomer produces a crosslinked
microgel (nodule), the core for the arms. The number of arms is a complex func-
tion of reaction variables. The arm-first method has been widely used in anionic
[3-6, 32-34], cationic [35-40], and group transfer polymerizations [41] to pre-
pare star polymers having varying arm numbers and compositions.

In the arm-core linking method, living chains or functionalized chains are pre-
pared by living polymerization of a monomer and are subsequently reacted with
multifunctional linking reagents containing a known number of reactive sites to
form the star. The maximum number of arms that can be obtained is predeter-
mined by the nature of the multifunctional reagent. Since most linking reactions
involving multifunctional linking agents are diffusion controlled, long reaction
times and/or forced conditions are required for completion of the synthesis. This
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method has been used to prepare well-defined star homopolymers, star block co-
polymers, and hetero-arm stars by anionic [3, 6-8, 44-52], GTP [9, 51], cationic
[52-55], and by combination of anionic and condensation [56, 57] methods.

Although the core-first method is the simplest, success depends on initiator
preparation and quantitative initiation under living conditions. This method is
of limited use in anionic polymerization because of the generally poor solubility
of multifunctional initiators in hydrocarbon solvents [12]. Solubilities of multi-
functional initiators are less of an issue in cationic polymerizations, and tri- and
tetrafunctional initiators have been used to prepare well-defined three- and
four-arm star polymers by this method [7] Except for two reports on the synthe-
sis of hexa-arm polystyrene [27] and hexa-arm polyoxazoline [26], there is a
dearth of information in regard to well-defined multifunctional initiators for the
preparation of higher functionality stars.

This review concerns the synthesis and characterization of octa-arm
polyisobutylene (PIB) stars, allyl-terminated octa-arm PIB stars, and octa-arm
star blocks by using a novel octafunctional calix[8]arene-based initiator 1.
Scheme 1 shows the structure of 1 and the target architectures. The syntheses
were carried out under living carbocationic polymerization conditions.

Calix[n]arenes (n=4, 6, 8) are cyclic condensation products of a p-substituted
phenol and formaldehyde [58]. Gutsche and co-workers [59, 60] have developed
procedures for the synthesis of calixarenes and calixarene derivatives.

2
Experimental

2.1
Materials

The synthesis and characterization of 1 have been described [61, 62]. Isobuty-
lene [IB (CP grade)] and methyl chloride were obtained from Matheson. The
gases were dried by passing through in-line columns packed with BaO/Dri-
erite/molecular sieves/CaCl,. Methylcyclohexane (MeCH) (Aldrich) was reflux-
ed overnight in the presence of CaH, and distilled before use. Styrene, St
(Aldrich), and p-chlorostyrene, pClSt (Lancaster) were purified by passing these
monomers through inhibitor remover columns before use. Other chemicals
(Aldrich) were used as received.

2.2
Polymerizations

22.1
Preparation of Octa-Arm Polyisobutylenes

Polymerizations were carried out either in 75-ml culture tubes or in 250-ml
stirred reactors in two stages according to a published procedure [61, 62]. In
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stage I, the addition sequence of the reactants was: initiator 1, CH;Cl, IB (~25%
of the required amount), dimethylacetamide (DMA), di-tert-butyl-pyridine (Dt-
BP), and BCl;. Stock solutions of initiator, DMA, DtBP, and BCl; were prepared
in CH;Cl and TiCl, in hexanes. After polymerizing for 60 min, hexanes, TiCl,,
and the balance of IB were added. The ultimate CH;Cl:hexanes ratio was 40:60
(v/v). High molecular weight stars were prepared by the incremental monomer
addition (IMA) technique [7]. A representative polymerization was carried out
as follows. Initiator 1,4.81X1072 g (3.15X 107> mol), was placed in a 75-ml culture
tube. In stage I, the charge contained 10 ml of CH;Cl, DMA (5.01X10™*mol),
DtBP (3.19X10 4 mol), 1 ml of IB, and the polymerization was induced by the ad-
dition of BCl; (7.54 X 1074 mol). After 60 min, 15 ml of hexanes, TiCl, (2.30X 1073
mol) and 3.4 ml of IB were added. After 45 min the polymerization was quenched
by pre-chilled methanol. The solvents were evaporated, the polymer was redis-
solved in hexanes, the hexanes layer was washed with 5% HCI, water, and meth-
anol, and the polymer was dried in vacuum. Conversion: 3.2 g (100%).

222
Preparation of Allyl-Functionalized Octa-Arm PIB Stars

The overall methodology of IB polymerization by the two-stage procedure has
been followed (see Sect. 2.2.1). The terminal allyl-functionalization of the living
PIB® arms was carried out by adapting a procedure developed in these labora-
tories [63]. Allyltrimethylsilane (ATMS) (~100-fold excess relative to the PIB®
chain end) was added when IB conversion has reached ~95%. After 60 min the
polymerization mixture was poured into an excess of chilled methanol, the
product separated, redissolved in hexanes, washed with water and methanol,
and finally reprecipitated into methanol.

223
Preparation of Octa-Arm Poly(styrene-b-isobutylene) Stars

The synthesis of living PIB® stars was similar to that used in Sect. 2.2.1. IB was
polymerized to predetermined molecular weights and after reaching at least
95% conversion, St was added and polymerized for a predetermined time to pre-
pare star-block copolymers with varying polystyrene (PSt) compositions. Sam-
ples (0.5-1 ml) were withdrawn to follow conversions and molecular weight
build-up. A representative block polymerization was carried out as follows: Ini-
tiator 1, (0.0491 g, 3.19X 107> mol) was dissolved in CH;Cl (10 ml), then, in se-
quence, IB (1 ml), DMA (5.0 107 mol), and DtBP (3.0X10~* mol) were added,
and the polymerization was induced by the addition of BC; (7.65X10~* mol) at
-80 °C. After 60 min methylcyclohexane (15 ml) and IB (3.2 ml) were added and
the polymerization was continued by the addition of TiCl, (2.04X 1073 mol). Af-
ter 80 min and after 110 min of total reaction time, a mixture of methylcy-
clohexane (9 ml), CH;Cl (6 ml) and IB (4.2 ml) was added followed by TiCl,
(1.22X1073 mol). After 140 min a mixture of methylcyclohexane (21 ml) and
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CH;Cl (14 ml), and styrene (6.34 ml) was added and a further amount of TiCl,
(1.22X1073mol) was introduced. After 155min the polymerization was
quenched by the use of pre-chilled methanol. The product was washed with 5%
HCI, water, and methanol, and the volatiles removed by evaporation. It was pu-
rified by dissolving in THF and reprecipitating by adding methanol and dried
in vacuum at room temperature. Stars with different PSt content were prepared
by increasing the blocking time and/or by decreasing the molecular weight of
the PIB segments.

2.2.4
Preparation of Octa-Arm Poly(p-chlorostyrene-b-isobutylene) Stars

The synthesis was carried out as described in Sect. 2.2.3 except that p-CISt was
used instead of St. Initiator 1 (0.0491 g, 3.19X 10~ mol) was dissolved in CH;Cl
(10 ml), then, in sequence, IB (1 ml), DMA (5.0X 10~ mol), and DtBP (3.0X107*
mol) were added, and the polymerization was induced by the addition of BCl;
(7.65X10™*mol) at -80 °C. After 60 min methylcyclohexane (15ml) and IB
(3.2 ml) were added and the polymerization was continued by the addition of
TiCl, (2.04X 1072 mol). After 80 and 110 min of total reaction time a mixture of
methylcyclohexane (9 ml), CH;ClI (6 ml) and IB (4.2 ml) was added followed by
TiCl, (1.22X107> mol). After 140 min a mixture of methylcyclohexane (36 ml)
and CH;Cl (24 ml), and p-CISt (5.0 ml) was added and a further amount of TiCl,
(3.06X1073mol) was introduced. After 295 min the polymerization was
quenched by the use of prechilled methanol. The product was washed with 5%
HCI, water, and methanol, and the volatiles removed by evaporation. It was pu-
rified by dissolving in THF and reprecipitating by adding methanol and dried in
vacuum at room temperature. Stars with different PpCISt content were prepared
by increasing the blocking time, by increasing the polarity during blocking
and/or by decreasing the molecular weight of the PIB segments.

2.3
Fractionation of PIB Stars

PIB star (3 g) was dissolved in 200 ml of hexanes. Acetone was added drop by
drop into the solution until a persistent cloudiness appeared. The mixture was
then gently heated (~40 °C) so that a clear solution was obtained. To the hot
clear solution more acetone was added until the charge became cloudy. The con-
tainer was sealed and left undisturbed overnight. The star product separated at
the bottom was collected. The procedure was repeated three to four times.

2.4
Solvent Extraction of Star Blocks

To determine the amount of homopolymer contaminants, select samples were
solvent extracted. Thus 5 g of the star block was placed in a cellulose thimble and
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extracted with boiling methylethyl ketone, MEK (a good solvent for PSt and Pp-
CISt) for 48 h in a Soxhlet apparatus. The percent of extractables was determined
by gravimetry.

25
Core Destruction of Star Polymers

Star polymer [M,,(LLS)=1.159X10° g/mol, entry 2; Table 3], 0.26 g, was dis-
solved in 25 ml CCl, in a 250-ml two-neck round bottom flask fitted with a con-
denser and N, inlet. A mixture of 14 ml of trifluoroacetic acid and 4 ml of 30%
aqueous H,0, was added with stirring. The charge was heated under reflux (75—
80 °C); samples were withdrawn at 2-h intervals, quenched by methanol, evapo-
rated to dryness, redissolved in hexanes, precipitated using methanol, and dried
in vacuum. GPC analysis of a sample withdrawn after 16 h indicated a single
peak (i.e., complete core destruction). M,,(LLS)=1.496X10* g/mol.

Control experiments were carried out under identical conditions by the use
of a linear PIB (M, ~10,000 g/mol, M,, / M, =1.2) and 1. GPC analysis indicated
that the calixarene was destroyed and formed low molecular weight products,
whereas the PIB survived the oxidation.

3
Characterization

'H NMR and !*C NMR spectra (~30 and ~50 mg samples, respectively) were re-
corded by a Varian Gemini-200 spectrometer using standard 5-mm tubes at
room temperature. For 'H NMR spectroscopy 64 FIDs were collected and for
13C NMR spectroscopy more than 4000 FIDs were collected.

Molecular weights were determined by GPC (Waters Co.) equipped with a se-
ries of five u-Styragel columns (100,500, 10, 10%,and 10° A), an RI detector (Wa-
ters 410 Differential Refractometer), a UV detector (440 Absorbance Detector),
and alaser light scattering (LLS) detector (Wyatt Technology). The columns were
calibrated using narrow molecular weight PIB standards. The dn/dc values were
obtained by using an Optilab 903 (Wyatt Technology) instrument. Astra software
(version 4.00, Wyatt Technology Corporation) was used for data analysis.

Stress-strain measurements were carried out on molded films (~1 mm thick-
ness) at room temperature by the use of microdumbell-shaped samples and an
Instron tensile tester (model No. 1130, crosshead speed of 5 cm/min). The sam-
ples were premolded between Mylar sheets for 10 min at 162 °C at about
5000 psi, then remolded at 165 °C and 7000 psi for 20 min, and slowly cooled
(~1 °C/min) to 50 °C. Select samples were solvent extracted by MEK using a
Soxhlet extractor before molding.

A differential scanning calorimeter (DSC), Dupont Instrument, Model
DSC2910, was used to determine the glass transition temperatures. Thermo-
gravimetric analyses were carried on a thermogravimetric analyzer (TGA), TA
Instruments, Model Hi-Res TGA 2950.
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Dynamic melt viscosity studies on the star blocks and a similar triblock were
carried out using a Rheometric Mechanical Spectrometer (RMS) (Rheometrics
800). Circular molded samples with ~1.5 mm thickness and 2 cm diameter were
subjected to forced sinusoidal oscillations (2% strain) between two parallel
plates. The experiment was set in the frequency sweep mode. Data were collect-
ed at 180 and 210 °C.

Morphology of select star blocks was investigated by transmission electron
microscopy (TEM). Films were cast from toluene and annealed for 2 days at
120 °C. Ultra thin sections (~50 nm) of unstained samples were cut by cryogenic
microtome techniques. Samples were viewed by a JOEL (JEM-1200EX II) TEM.

4
Results and Discussion

The synthesis and characterization of well-defined novel octa-arm PIB stars,
octa-arm allyl-functionalized PIB stars, and octa-arm star-block copolymers
(PSt-b-PIB and PpCISt-b-PIB) wherein the arms emanate from a calix[8]arene
core are reviewed. The preparative strategy included precision synthesis of ini-
tiator 1 carrying eight initiating sites [61, 62]. The synthesis of octa-arm star
PIBs was accomplished by living polymerization of IB using 1 in conjunction
with BCl; and TiCl, coinitiators in two stages (see Scheme 2). Allyl end-func-
tionalization of the living PIB® arms was achieved by the use of ATMS as the end
quenching agent. PIB-based star blocks were prepared by sequential monomer
addition of St or pClSt to the living PIB® arms.

4.1
Synthesis and Characterization of the Octa-Arm PIB Stars

Systematic investigations showed that monomodal octa-arm PIB stars can be
obtained from 1 by a two-stage procedure [61, 62]. Thus IB was polymerized in
two stages with BCl;-TiCl, coinitiators at -80 °C (see Scheme 2). Stage I was car-
ried out in the presence of a fraction of the required amount of IB in CH;Cl and
the polymerization was induced by the addition of BCl;. During this stage only
very low conversions and very low molecular weight products were obtained
which indicated that only a few units of IB were added to the initiator. In stage II
hexanes, the balance of IB, and TiCl, were added and the polymerization was
carried to completion.

To prove that under these conditions, the IB polymerization is living, a mono-
functional analogue of 1, 2-p-methoxyphenyl-2-methoxypropane, was used to
study the kinetics by incremental monomer addition technique. Results of this
study indicated living polymerization with slow initiation [61, 62].

In stage I it is assumed that 1 produces the initiating cation by the following
sequence of transformations (see Scheme 3). The BCl;0Me® counter-anion is
less stable than BCl,® and rapidly produces the tert-chlorine derivative, which
in conjunction with the excess BCl; in the charge produces the initiating species,
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which initiate the polymerization of IB to form star oligomers. In stage II these
living oligomers undergo rapid polymerization in the presence of TiCl, to the fi-
nal octa-arm stars.

The use of either BCl; or TiCl, produces unsatisfactory products. BCl; is an
efficient coinitiator for 1, but since it can initiate IB polymerization only in
CH;Cl, its use is limited to the preparation of low molecular weight stars. The
use of TiCl, alone leads to heterogeneous products. Details of these investiga-
tions are published elsewhere [61, 64]. See also Sect.4.4. In contrast, well-
defined narrow dispersity stars, M,,/ M, =1.11 can be prepared by inducing
the polymerization with relatively low concentrations of BCl; in Stage I and
moderate concentrations of TiCl, in stage II. Figure 1 shows the GPC (RI)
traces of three select samples with (a) M, (LLS)=67,000 g/mol, (b) M,,(LLS)=
115,900 g/mol, and (c¢) M, (LLS)=273,000 g/m, respectively. The minor peaks
observed at high elution volumes (~10% by RI peak area) are due to a linear PIB
by-product, due to adventitious initiation of IB by the chloroboration product of
IB and BCl, (C1,B-CH,-C(CH,),-Cl) [61, 64].

Pure stars can be readily obtained by removing the linear PIB contaminant
by dissolving the mixture in hexanes and precipitating with acetone. Star pol-
ymers thus obtained were used for determining the molecular weights by light
scattering. Table 1 summarizes select results and Fig. 2 shows the GPC (RI and
LLS) traces of a representative sample. Both the LLS (90°) and the RI traces in-
dicate the presence of a narrow dispersity monomodal star. The slight shift of
the LLS peak toward higher molecular weights is due to the relatively greater
scattering by high molecular weight stars. The dn/dc of the stars was
0.118 cm®/g. The M,, M,,, and M,/ M,, of this star were 1.05X10° g/mol,
1.16X10° g/mol, and 1 11, respectlvely (see Table 1). The observed molecular
weights of the arms, M, ,,,=13,100 g/mol (based on the theoretical number of
arms), were slightly higher than the theoretical value (M 11,500 g/mol

n.theor
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Elution volume, mL

Fig. 1. Gel permeation chromatograms (RI traces) of stars with different molecular weight:
a M, (LLS)=67,000 g/mol; b M, (LLS)=115,900 g/mol; ¢ M, (LLS)=273,000 g/mol

Table 1. Molecular characteristics of select octa-arm PIB stars®

Initiator, IB addition ~Conv. M,, M, M, /M, Mn)arms
1 (LLS) (LLS)
molX107>  ml time, % g/mol g/mol Obsd. Theor.
min (LLS), g/mol
g/mol
3.18 1 0
1.7 60
105  ~100 62,000 67,000 1.08 7,800 6,800
3.13 1 0
3.4 60
105  ~100 104,800 115,900 1.11 13,100 11,500
3.16 1 0
3.5 60
4 80
4 105 ~90 244,000 273,000 1.12 30,500 29,000
130

2 Concentration
[DtBP]=1.03X10"2mol/l
b Calculated by Astra 4.0

¢ Calculated assuming arm number=8

of initiating sites=1X8, [BCl;]=3X(1X8), [TiCl,]=8X(1X8), [DMA]=2X(1X8),
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Fig. 2. Gel permeation chromatograms: a LLS (90°) trace; b RI trace of star polymer (entry
2; Table 1) after fractionation

perarm, M, 4., calculated after correction for side-product).The cause of this
slight discrepancy may be due to less than 100% initiation efficiency and/or
overestimation of the M,,.

4.2
Determination of Number of Arms in Star Polymers

To verify the expectation that the eight fert-methoxy groups in 1 in fact gave rise
to eight PIB arms, the stars prepared were analyzed for the number of arms
present by two methods. In the first method low molecular weight PIB stars were
analyzed by 'H NMR spectroscopy which gives directly the number of arms of
stars. In the second method the number of arms was determined indirectly by
selective destruction of the aromatic cores followed by GPC analysis.
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421
1H NMR Spectroscopy

Low-molecular weight stars were prepared to facilitate the interpretation of 'H
NMR spectra. Figure 3 shows the 'H NMR spectrum of a virgin sample indicat-
ing resonances at 8=1.95 and 8=1.65 ppm, characteristic of protons of the termi-
nal -CH,-C(CH;),-Cl group [65]. The absence of resonances at d~4.6 and
8~4.8 ppm, characteristic of terminal unsaturation, also suggests that the arms
carry tert-Cl end groups.

The functionality of the star was calculated by comparing the integrated peak
area of core protons [aromatic (8=6.8 ppm), -CH,- (8=4.0 ppm)] to the chain
end protons (-CH,- (8=1.95 ppm), and -CH; (8=1.65 ppm)). This procedure
gave ~8.1 arms per core after correcting for the presence of ~10% linear contam-
inant. Thus 'H NMR spectroscopy provides direct evidence for the formation of
the sought tert-Cl telechelic octa-arm stars and the number of arms.

a
H;
¢ 8
CH3—C-CH3
Cﬂzd r
CH3—Cc-CHz ¢
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3(': 3g
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Fig.3. "TH NMR (300 MHz) spectrum of tert-Cl end-capped octa-arm star M,,=3.76X
10* g/mol) containing a calix[8]arene core
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4.2.2
Core Destruction Experiments

To support the 'H NMR evidence, the number of arms in a PIB star was deter-
mined by a chemical method. Accordingly, the product of a representative experi-
ment (entry 2; Table 1) was purified (fractionation) and subjected to core destruc-
tion. This technique has been repeatedly used in our laboratories to determine the
number of arms of stars with aromatic cores and PIB arms [38, 61, 62, 66].In core
destruction the aromatic cores are selectively destroyed by exhaustive oxidation
while the saturated aliphatic arms resist oxidation and can be quantitatively deter-
mined by GPC (see Scheme 4). Experimentally, it was found that the core was com-
pletely destroyed after 16 h under the conditions used (single peak by GPC analy-
sis, see Fig.4). Control experiments, conducted under similar conditions, showed
(by GPC) that calixarenes are destroyed by oxidation [61] and form low molecular
weight products, whereas linear PIB survives the oxidation [66].

The molecular weight of surviving arms was determined by GPC (LLS) (see
Fig.4). The dn/dc of the surviving arms was 0.107 cm?/g. The M,, M,,, and
M,, /M, were 1.37X10*g/mol, 1.50X10* g/mol and 1.23, respectively. The dis-
persity of the arms after core destruction was slightly broader than that of the
stars. The number average number of arms, N, ., was determined by dividing
the number average molecular weight of the star obtained by GPC (LLS) by the
number average molecular weight of the surviving arms obtained by GPC
(LLS): N, ,m=(1.05X10° g/mol-1536 g/mol)+1.37X10* g/mol=7.6. Similarly,
the weight average number of arms, N, ..., was determined: N, ., =(1.16X
10° g/mol-1536 g/mol)+1.50X 10* g/mol=7.7. The number of arms were found
to be slightly lower than theoretical (i.e., 8.0) which may be due to incomplete
initiation and/or incomplete core oxidation.

OMe
CH
CF3-COOH /30% Hp09
8 —> CH3= ¢~ CH3
CCly, 80 C 8

CH3z —¢—CHg (see also Experimental ) ]
B i
2
CH3-C
H2 |
-Cc c

|
CH3-C~—CH3
c

— X

T,

where X = -COOH and other
! unidentified groups

Scheme 4
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(@)

(b)

T T T T T 1
20 25 30 35 40 45

Elution volume, mL

Fig. 4. Gel permeation chromatograms, RI traces: a before core destruction; b after core de-
struction of a star polymer (entry 2; Table 1)

4.3
Determination of g* of Octa-Arm PIB Stars

The branching coefficient, g*, of star polymers is defined as the ratio of the ra-
dius of gyration of branched and linear polymers having the same molecular
weight [67],1.e.,

), .

RZ

g linear

g =

In this study, g* was determined by using the above equation. The radii of gy-
ration of stars and similar linear polymers [68] were obtained from light scatter-
ing measurements. The g* values were calculated as 0.36 and 0.40, respectively,
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for two samples. The g* values of similar PIB stars were reported to be 0.39 by
earlier investigators [54]. Thus the observed g* values also indicate the forma-
tion sought multi-arm stars.

In conclusion, well-defined narrow dispersity stars, M,, / M, ~1.11, can be pre-
pared by inducing polymerization with relatively low concentrations of BCl; and
following up with moderate concentrations of TiCl,. The BCl,/TiCl, ratio con-
trols the outcome of the synthesis. Desirable narrow dispersity products formed
only when the BCl; and TiCl, coinitiators were added in sequence in two stages
and only in the presence of well-chosen BCl;-TiCl, concentrations. The sequen-
tial addition of BCl; and TiCl, is necessary to obtain desirable product charac-
teristics. Determination of the number of arms by 'H NMR and core destruction
indicated close to the theoretical number of arms, i.e., eight.

4.4
Mechanism of Star Synthesis by BCl,-TiCl, Coinitiators

The experimental observations may be explained by the mechanism shown in
Scheme 5 together with the following speculations. The initial event of star syn-
thesis is the formation of 2 from 1 (under the influence of BCl; or TiCl, [7])
which in the presence of excess BCl; gives 3. The existence of an equilibrium be-
tween dormant and active species such as 2 and 3, respectively, in living IB po-
lymerization has been discussed in detail [7]. The ionicity of the active form 3
and its position in the Winstein spectrum [7] depend on experimental condi-
tions (i.e., nature and concentration of the coinitiator, additives (e.g., organic
bases), temperature, solvent polarity, etc.).

During stage I, the active intermediate 3 undergoes slow propagation by route
(©; to give stars with oligomeric arms. The equilibrium @ between the living 3
and dormant 2 is rapid with the dormant species 2 predominating. Thus the
symbol 2 stands not only for the initially formed tert-benzylic chloride (shown)
but also for stars carrying relatively low molecular weight fert-chlorine ended
PIB arms [i.e., 1(~~~-CH,-C(CH,),-Cl)].The reverse reaction of @ is very rap-
id due to the highly unstable BCl,©, and thus deprotonation of 3 or the deproto-
nation of the low molecular weight stars 1(~~~-CH,-C(CH;),%®--BCl,%®), is
absent.

Stage II starts with the introduction of TiCl, which rapidly converts dormant
2 into active species 4 which in turn undergoes relatively fast propagation by ©);
the rate of ©; is far higher than that of (©. Also competing with (€ is rapid coun-
teranion exchange by path @[(TiC156 + BCl; == TiCl, + BC149) [69]] which
converts 4 via 3 to the dormant form 2.

In the course of stage II, processes® 0 ® 0 @ 0 @ occur in rapid succes-
sion and produce the sought stars with fert-chlorine-ended PIB arms. During
stage 11, propagation via (© is relatively unimportant. Also, the extent of depro-
tonation (process () is negligible because the rate of this process is low relative
to processes @ and (©) [69]. Hence BCl, serves two purposes: it ensures complete
initiation in stage I, and it stabilizes the chain end in stage II by reducing the life-
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time of the relatively long-lived PIB®TiCls® ion pairs through counteranion ex-
change, and thus rapidly produces stars with tert-Cl end functionalized arms
[ie, 1(~~~~~- CH,-C(CHj;),-Cl)g].

In contrast, if TiCl, is used alone the polymerization proceeds onlyby ® O ®
and (®. Since TiCl; is more stable than BC,® [69] active intermediate 4 is longer
lived than 3, and will undergo facile proton elimination (process ®) to form un-
desirable structures akin to 5 having a-methylstyrene-type groups. Similar iso-
propenyl-terminated structures may also arise from growing PIB® arms by pro-
ton elimination (chain transfer). Copolymerization of such double bonds during
star formation will lead to high molecular weight stars and/or gel. The broad mo-
lecular weight products and/or gels observed even at low IB conversions (~25%)
indicate that they form primarily due to the interaction of 5 with growing PIB®
arms during star formation.

5
Synthesis and Characterization of Allyl-Functionalized Octa-Arm PIB Stars

An important advantage of the core-first method is that under living conditions
the chain ends are reactive and functionalized stars can easily be prepared by the
use of suitable end quenching agents. Functional polymers are technologically
important for a variety of applications such as emulsifiers, compatibilizers, ad-
hesion promoters, adhesives, crosslinkers, and coatings [41, 70]. Allyl-function-
alized PIB is a useful intermediate for preparation of various other functional-
ized PIBs [7]. Post-modification of allyl-functionalized octa-arm stars can lead
to novel crosslinking agents, additives for coating applications, etc.

The synthesis of allyl-functionalized octa-arm stars was achieved by a 'one-
pot' two-step procedure [64]. Scheme 6 shows the steps involved in the synthe-

OMe

[ OMe ]
OMe )
IB, BCI3-TiCl4 H ATMS
H _— g | ————»
8 Hex: CH3Cl
-80°C CHa— & —CH3 CH3—C—CHg3
CH3— cI:—CH3
OMe PiB PIB
i CH3—Cc—CH3
—CH
CH3— éi 3 l Ho
ICH
) ’ (J_‘,Hz
not isolated

Scheme 6
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sis. Living PIB® stars with a predetermined arm molecular weight were pre-
pared by initiator 1 (see Sect. 4.1). The terminal allyl-functionalization of the liv-
ing PIB® arms was carried out by a procedure developed in our laboratories
[63]. When IB conversions have reached ~95%, ATMS (~100-fold excess relative
to the PIB® chain end) was added to effect allylation.

The stars were characterized by GPC (LLS) and 'H NMR spectroscopy. The RI
traces (see Fig. 5) showed the formation of monomodal narrow dispersity stars.
Molecular characteristics of two representative samples are summarized in
Table 2. According to 'H NMR evidence (Fig. 6), the arms were quantitatively
functionalized with allyl groups. The end-functionality of the stars was calculat-
ed by comparing the integrated peak area of the core protons [aromatic (8=
6.82 ppm), -CH,- (6=4.0 ppm)] and chain end allyl protons (-CH,- (6=2.0 ppm),
-CH= (8=5.8 ppm), =CH, (6=5.1 ppm), and was found to be 8.1, after correcting
for the presence of ~10% linear contaminant. Quantitative allyl-functionaliza-
tion is direct proof for the formation of the octa-arm stars.

In summary, a core-first method was used to prepare allyl-end functionalized
octa-arm PIB stars by end quenching the living PIB stars by the use of allyltri-
methylsilane. Characterizations by 'H NMR and GPC are consistent with the ex-
pected structure and show close to quantitative end-functionalization.

[y

¢
L N T \‘L""'D-"b--—d'ﬂ

I I I I T
20 25 30 35 40 4l5
Elution valume, mL

Fig.5. GPC (RI) traces of two select allyl functionalized octa-arm PIB stars with different
molecular weights: a M,,=5.77x10*g/mol; b M,,=11.0x10*g/mol



Fig.6. 'H NMR (600 MHz) spectrum of allyl end-capped PIB star (M,, =11.0x10%g/mol)

containing a calix[8]arene core

Table 2. Molecular characteristics of two select allyl functionalized octa-arm PIB stars

Initiator
1
molX10~°  g/molx10~*

Star molecular weight

Arm molecular
weight
g/molx1073

End Functionality of
Star®

Observed® Calculated Mw M, Observed Calculated Observed Corrected
M, wLs) M,aLs) M, M, (1LS) M,

3.52 5.36 5.77 4.94 1.08 6.7 6.2 9 8.1

3.19 9.79 11.1 8.78 1.13 12.2 11.0 8.9 8

@ Calculated by Astra 4.0; M, (LLS) data are meaningful since the molecular weight distributions are narrow

b Calculated assuming arm number=8

Z Calculated from 'H NMR spectroscopy data of virgin samples

Assuming the presence of ~10% linear contaminant
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6
Synthesis and Characterization of Novel Thermoplastic Elastomers

6.1
Octa-Arm Poly(styrene-b-isobutylene) Stars

6.1.1
Introduction

There is a growing interest in the synthesis of star-block thermoplastic elastom-
ers (TPEs) on account of their unique mechanical and rheological properties
[71-73]. PIB-based TPEs exhibit excellent mechanical properties and have supe-
rior thermal and oxidative stabilities relative to polydiene-based TPEs [73, 74].

Bi and Fetters [34] have shown that multi-arm star blocks containing poly-
diene soft-segments prepared by anionic methods exhibit superior mechanical
and processing properties compared to the corresponding linear triblocks, es-
pecially when arm molecular weights are low. Contrary to what was observed for
triblock TPEs [72], sample preparation (molding vs casting) did not much affect
the ultimate properties of star blocks with arm numbers higher than six [34].

The synthesis and characterization of linear poly(styrene-b-isobutylene-b-
styrene), PSt-b-PIB-b-PSt, triblocks have been reported by different groups of
investigators [74-77]. The synthesis and properties of PIB-based star-block co-
polymers with more than three arms [75, 78] have not yet been reported. The
syntheses of multi-arm radial star blocks containing PSt-b-PIB arms by an arm-
first method using divinylbenzene [79,80] and cyclic siloxanes with Si-H groups
[80] as linking agents have been achieved and the properties of the materials are
still under investigation.

This section concerns the first synthesis and characterization of novel octa-
arm PSt-b-PIB star-block copolymers [(PSt-b-PIB)4-C8]. The octafunctional in-
itiator 1 was used to prepare PIB stars [61,62] of desired molecular weight, then
St was added sequentially to obtain the sought star blocks. Scheme 6 outlines the
synthetic strategy.

6.1.2
Synthesis and Molecular Characterization

The strategy involved initiation of St polymerization by the living PIB® arms of
octa-arm stars. Scheme 7 illustrates the key steps and structures. The overall
methodology of living IB polymerization by the two-stage procedure has been
followed (see Sect. 4.1). Briefly, stars with predetermined arm molecular weights
were prepared by the use of 1, in conjunction with BCl;-TiCl, coinitiators used
in two stages, then St was added to obtain the star blocks.

Optimization studies were carried out with regard to (i) nature of the nonpo-
lar co-solvent (i.e., hexanes vs methylcyclohexane), (ii) TiCl, concentration, (iii)
blocking time, and (iv) St concentration. Intermolecular alkylation occurred



Synthesis, Characterization and Properties of Octa-Arm Polyisobutylene-Based Star Polymers 23

OMe J OMe
OMe ( -
IB, BCI3-TiCl4 H Styrene H
H —_— —_—
s Hex:CH 3Cl 8 8
N CH3—Cc—-CH CH3—Cc—-CH
CH3— C|3 —CH3 3 3 3 3
OMe
1 PIB P§IB
CH3—(|:—CH3 CH3—(|;—CH3
%0 J
G
J PSt
Scheme 7

during PSt block formation in the presence of hexanes as co-solvent, high TiCl,
concentrations (>0.05 mol/l), and with blocking times longer than 60 min [81,
82]. The reduced solubility of star blocks in the CH;Cl:hexanes mixture may lead
to aggregation of PSt blocks and promote intermolecular alkylation.

To improve the solubility of the star blocks in the charge, MeCH, was used in-
stead of hexanes (MeCH is a better solvent than hexanes for PSt) [81,82]. In
MeCH:CH;CI (60:40, v/v) mixtures St conversions were relatively higher than in
hexanes:CH;Cl and satisfactory star blocks were obtained. To minimize aromat-
ic alkylation and to obtain desirable molecular weight PSt blocks, moderate
TiCl, concentrations (~0.05 mol/l), relatively high St concentrations (~2.5-fold
excess), and short blocking times were used. St was added after the IB conver-
sion had reached at least 95%. Stars with varying PSt content were prepared by
quenching the polymerization at different times (15-40 min) after the addition
of St. Star blocks thus prepared did not show shoulders in the high molecular
weight region of GPC traces. Similar to the results obtained in hexanes:CH;Cl
solvent mixtures, in the presence of high TiCl, concentrations or with very long
St blocking times, the GPC (RI) traces showed shoulders suggesting the forma-
tion of high molecular weight stars, most likely by alkylation of the pendent phe-
nyl rings of PSt by the growing PSt® [82]. Thus the nature of the co-solvent, TiCl,
concentration in the presence of St, and blocking time after addition of St are
critical for molecular weight control and for the preparation of linear (un-
alkylated, unbranched) PSt segments. The use of too low TiCl, concentrations
produced low molecular weight PSt segments, while the use of too high concen-
trations of TiCl, resulted in undesirable alkylation/branching, and at very high
concentrations of TiCl, extensive branching and gelation occurred.

Molecular weight build-up was followed by withdrawing samples from the
living charges and analyzing by the GPC. Figure 7 shows the kinetic profile of a
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Fig. 7. Molecular weight build-up during star-block formation

representative experiment. During IB polymerization in the presence of BCl;
(stage I), only a few IB units are added to the initiator, and after the introduction
of TiCl, the molecular weights increased as planned (stage II). After crossover to
St (i.e., PIB®+St[] PIB-St®) the molecular weight increased rapidly because the
rate of St polymerization is much higher than that of IB.

Figure 8 shows representative GPC (RI) traces of products obtained before
(Fig. 8a) and after (Fig. 8b) St addition. The star block was prepared by two in-
cremental IB additions followed by the addition of St. The crossover from PIB®
to PIB-St® was marked by a color change from pale yellow to deep orange on the
addition of St. The charge was homogeneous throughout the polymerization
with a gradual viscosity increase after St addition. After quenching and precipi-
tating with methanol, the products were redissolved in MeCH and digested with
5% HCI (to remove coinitiator residues) and methanol. Star blocks thus ob-
tained were readily soluble in THF and were purified by reprecipitating from
methanol.

Both GPC traces showed the presence of two products. The major peaks cor-
respond to the sought stars and the minor peaks correspond to by-product(s).
The small peak at ~34 ml in Fig. 8a is due to the linear PIB by-product formed
by the side reaction discussed in Sect. 4.1. The small peak at ~33 ml in Fig. 8b is
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Fig.8. GPC (RI) traces of products obtained: a before St addition; b after St addition

a mixture of linear diblocks (PSt-b-PIB) formed by crossover of linear living
PIB® to St (~10%, by the RI peak area, after extracting the PSt by MEK) plus PSt
(3-5%). The peaks corresponding to the stars are monomodal and reflect rela-

tively narrow molecular weight distributions, M_ / M,, 1.18 and 1.23, respec-
tively.

The molecular weights of the PIB stars and PSt-b-PIB star blocks were studied
by triple-detector GPC. The RI traces of the star blocks were monomodal, but
the molecular weights determined by LLS were higher than expected. This dis-
crepancy may be due to the presence of a small amount of higher molecular
weight star blocks formed by intermolecular aromatic alkylation. Thus the mo-
lecular weight data of the star blocks and PSt segments calculated from LLS data
should be viewed with caution.

Since the presence of small amounts of alkylated (branched) products can
distort molecular weights, 'H NMR spectroscopy was used to analyze the PSt
content and the molecular weight of the PSt blocks. Molecular characteristics of
select samples obtained by GPC, IH NMR, and conversion are summarized in
Table 3. The M,, of PIB stars determined by GPC (LLS) were slightly higher than
theoretical. This M, and the mole fraction of St obtained by 'H NMR spectros-
copy were used to calculate the M, of PSt segments and the PSt content in star
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blocks. The M s calculated in this manner may be slightly higher, but more re-
liable than the values obtained by GPC (LLS). The M,, and PSt contents were also
calculated from the weight of polymer (conversion) assuming 100% IB conver-
sion. The true molecular weight of the PSt segments is probably between these
two values.

6.1.3
Properties of (PSt-b-PIB)g-C8 Stars

6.1.3.1
Thermal Properties

It is known that in PSt-b-PIB-b-PSt triblocks microphase separation starts as the
molecular weight of the PSt segments approaches ~5000 g/mol [77]. Such copol-
ymers show two distinct glass transition temperatures (Tg) corresponding to the
PIB and PSt phase. The DSC thermogram of a representative star block showed
two T,s corresponding to the PIB (at -67 °C) and PSt (at 104 "C) segments [82].
The thermal degradation behavior of star blocks has been studied by thermo-
gravimetric analysis (TGA). The 5% decomposition temperature, T4, was 385 °C
in N, atmosphere [82].

6.1.3.2
Mechanical Properties

The mechanical properties of the star blocks were studied. These star blocks ex-
hibited high tensile strengths (18-26 MPa) and elongations (500-800%). As
mentioned above (see Fig. 8) the samples contained 10-15% contamination (di-
block or diblock plus PSt). In view of the extraordinary sensitivity of the me-
chanical properties of linear TPEs to even small (<5%) amounts of diblock con-
tamination, the excellent mechanical properties of star blocks containing a rel-
atively high quantity of diblocks are truly remarkable. The superior mechanical
properties of star blocks were analyzed by Bi and Fetters [34]. Figure 9 shows
stress-strain traces of select star blocks. The tensile strength increased with an
increase in PSt content. The role of PSt domains in the stress absorbing mecha-
nism has been explained [34]. In the case of PSt-b-polydiene-b-PSt TPEs, it has
been shown that, on application of stress, failure occurs in the PSt domains [72].

Stars with 32% PSt, (PSt/15-b-PIB/34)4-C8, showed ~26 MPa tensile stress.
There was no appreciable difference in the tensile properties of unextracted and
MEK extracted star blocks [see (PSt/15-b-PIB/34)4-C8 and (PSt/16-b-PIB/34),-
C8]. The modulus and Shore A hardness were slightly higher for the unextracted
star, (PSt/16-b-PIB/34),-C8, which may be due to the presence of PSt contamina-
tion which acts as a rigid filler. A dramatic difference in the tensile behavior was
observed when PSt content was increased. Stars with low PIB block molecular
weight and high PSt content (46%), e.g., (PSt/21-b-PIB/25)4-C8, showed plastic-
like behavior, i.e., it showed a high modulus, a yield point, and a short draw. Ex-
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Fig. 9. Stress-strain traces of select star blocks (numbers in parentheses indicate M, X103
of segments; C8=calix[8]arene initiator fragment; extr MEK extracted)

cept for the star with a relatively high PSt content, (PSt/21-b-PIB/25)4-C8, none
showed draw behavior. Modulus and hardness showed similar trends, i.e., these
values increased with increasing PSt content. Elongation increased with an in-
crease in relative PIB content. The star block with lowest PSt content (~17%)
showed the highest elongation (~800%).

Evidently, the products exhibited excellent strengths and elongations (up to
26 MPa and >500%, respectively), in spite of the presence of 10-15% contami-
nants (PSt and/or PSt-b-PIB diblocks) in the samples. The strength of these star
blocks is superior to those of the strongest PSt-b-PIB-b-PSt triblocks reported
[77] to date.

Compared to polydiene-based TPEs [34, 72], PIB-based TPEs have somewhat
lower strength (~35 MPa vs ~25 MPa). The lower strength of PIB-based TPEs
has been postulated to be due to a different failure mechanism, or to the pres-
ence of diblock contamination, or to the existence of a diffuse interphase [77].
However, linear PSt-b-PIB-b-PSt triblock ionomers [78] show higher tensile
strength than corresponding linear triblocks, which contradicts the postulate of
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a different failure mechanism, i.e., failure in the rubbery region. Since the cross-
over of PIB® to PIB-St® (i.e., crossover from the less reactive IB to the more re-
active St) is relatively slow, it is likely that the PSt blocks formed are of a relative-
ly broader molecular weight distribution. This could lead to a diffuse interphase
and to the formation of irregular domains upon microphase separation with a
consequent reduction in strength. More results are needed to elucidate these
postulates.

6.1.3.3
Dynamic Melt Viscosity Studies

The dynamic melt viscosity measurements of select star blocks and a similar tri-
block were carried out on a rheometric mechanical spectrometer, RMS. Circular
molded samples of ~2 cm diameter and ~1.5 mm thickness were subjected to
forced sinusoidal oscillations. Dynamic viscosities were recorded in the fre-
quency range of 0.01-100 rad/s at 180 °C. Figure 10 shows the complex viscosi-
ties of two select star blocks and a similar linear triblock. The plots showed char-
acteristic behavior of thermoplastic elastomers, i.e., absence of Newtonian be-
havior even in the low frequency region. The complex viscosity of the star block
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Fig. 10. Dynamic viscosity of two select PSt-b-PIB star blocks and a triblock at 180 °C
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(PSt/14-b-PIB/46)s-C8 with 21% PSt content was more than a decade lower than
the linear triblock with 20% PSt content. The star block with 32% PSt content,
(PSt/16-b-PIB/34)4-C8, showed a higher melt viscosity than the one containing
21% PSt, PSt/14-b-PIB/46)4-C8, and the values are comparable to that of the tri-
block with a much lower molecular weight. These results indicate that the star
blocks show better flow properties than triblocks at comparable PSt contents. It
is known that the melt viscosities of TPEs depend mainly on relative PSt content
and PSt block length [83, 84]. Leblanc [85] observed that the activation energy
for flow for poly(styrene-b-butadiene) stars was lower than that of similar linear
triblocks with comparable PSt content. The lower activation energy indicated an
easier flow mechanism and it was hypothesized that aggregates of stars flow [85].

6.2
Octa-Arm Poly(p-chlorostyrene-b-isobutylene) Stars

6.2.1
Introduction

During the synthesis of octa-arm stars with poly(styrene-b-isobutylene) arms
intermolecular aromatic alkylation also occurred as a minor side reaction dur-
ing polystyrene (PSt) block formation [81, 82]. Such reactions lead to branching
of stars and to products with high molecular weight. One way to eliminate this
problem is to use a para-protected styrene, e.g., p-chlorostyrene (pCISt) instead
of styrene. Moreover, the T, of poly(p-chlorostyrene), PpClSt, is higher than that
of PSt, T, PpClSt=129 °C F86]. Also, PpCISt has good optical properties and is
flame resistant [87]. The surface properties of such thermoplastic elastomers,
TPEs, could be different from PSt containing TPEs on account of the presence of
polar PpCISt segments. The synthesis and properties of PIB-b-PpClSt-b-PSt tri-
blocks and three-arm star blocks with PpCISt-b-PIB arms have been investigat-
ed [88].

The synthesis and characterization of novel octa-arm star blocks ((PpClSt-b-
PIB)4-C8) comprising of PpClSt-b-PIB arms radiating from a calix[8]arene core
are reviewed.

6.2.2
Synthesis and Molecular Characterization

The synthesis strategy was similar to the one used in Sect. 6.1.2 which involved in-
itiation of pClSt polymerization by living PIB® arms of octa-arm PIB stars [89,90].
Octa-arm stars with living PIB® arms were prepared by the use of initiator 1 in
conjunction with BCl;-TiCl, by the procedure discussed in Sect.4.1. The PpCISt
blocks were obtained by sequential pCISt addition to the living charge at ~95% IB
conversions [89]. CH;Cl: methylcyclohexane solvent mixtures were suitable for
the living polymerization of pCISt [87, 88]. Hence blocking was carried out in
CH;Cl:methylcyclohexane mixtures, 40:60 (v/v) with TiCl,=0.057 mol/l, and by
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the use of a twofold excess of pClSt relative to the targeted molecular weight of Pp-

CISt at -80 °C. The crossover from PIB® to PIB-pCISt® was marked by a color

change from pale yellow to deep orange on pCISt addition. The charge was homo-
geneous throughout the polymerization. A slow increase in the viscosity of the
charge was noted after the addition of pCISt. The star blocks were readily soluble
in THF and were purified by reprecipitating into methanol. According to pCISt
conversions, only a short PpCISt block (M, =4700 g/mol) was formed after 60 min.
To obtain longer PpClSt blocks, the blocking time was increased to 150 min. Prod-

ucts thus obtained contained ~20% PpClSt. Star blocks containing more than 20%

PpClISt were prepared under slightly more polar conditions (CH;Cl:methylcy-

clohexane, 50:50) and higher TiCl, concentrations (0.063 mol/l). The pCISt con-
versions and the molecular weights of the PpClSt blocks depend on solvent polar-
ity, TiCl, and pClSt concentrations, and blocking time.

Figure 11 shows representative GPC (RI) traces of products obtained before
and after pCISt addition. The sharp peaks at ~30 and ~29 ml, respectively, cor-
respond to (PIB)g-C8 and (PpClSt-b-PIB)g-C8 and the minor peaks are due to
side products. The small peak (~12% by RI peak area) at ~34 ml is due to the lin-

T i
20 25 30 35 40
Elution volume, mL

Fig. 11. GPC (RI) trace of products: a before pCISt addition ((PIB)s-C8 ); b after pCISt addi-
tion [(PpCISt-b-PIB)g-C8]
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ear PIB by-product [61, 62]. The other small peak at ~33 ml is due to a mixture
of linear diblocks (PpClSt-b-PIB) formed by the crossover of linear living PIB®
to pCISt (~12%, by RI peak area, after extracting the PpCISt with MEK) and Pp-
CISt (4-6%). The sharp peak corresponding to the star block is monomodal and
reflects relatively narrow molecular weight distributions ( M,, / M, =1.13) and
shoulders are absent even after long blocking times. These observations were
significantly different from those observed during the blocking of St [81, 82]. It
is noteworthy that the dispersity of the star block did not increase after pCISt ad-
dition, whereas in the case of blocking with St, the star block always showed
broader dispersity than the corresponding star-PIBs [81, 82]. According to these
observations, intermolecular alkylation was absent.

Molecular weights of PpClSt-b-PIB stars were determined by GPC equipped
with a light scattering detector. The PpClISt content was also analyzed by
'H NMR spectroscopy and from total conversions assuming 100% conversion
for IB. The dn/dc values and molecular characteristics of select star blocks are
summarized in Table 4. The molecular weights and PpCISt contents determined
by GPC (LLS) were in good agreement with the values calculated by 'H NMR
spectroscopy and conversions.

6.2.3
Physical Properties of (PpCISt-b-PIB)s-C8 Stars

6.2.3.1
Thermal Properties

The DSC thermogram of a representative star block showed two T,s correspond-
ing to the PIB (at -67 °C) and PpCISt (at 127 °C) segments. The star block
showed high thermal stability. The 5% decomposition temperature, T4, was
390 °Cin N,.

6.2.3.2
Mechanical Properties

The mechanical properties of the star blocks were analyzed by tensile measure-
ments. As mentioned earlier, all star blocks contained 15-17% contaminant (di-
block or diblock plus PpClSt). Stress-strain measurements were performed
without removing these contaminants. Polymer sheets with thickness of ~1 mm
were molded and tests were carried out on dumbbell-shaped samples. Thin
transparent sheets were molded easily at ~175 °C and ~6000 psi. These star
blocks exhibited high tensile strengths (22-27 MPa) and elongations (400-
650%) in spite of the presence of ~15% contaminants. Figure 12 shows the
stress-strain traces of select octa-arm star blocks. The tensile strength increased
with an increase in PpCISt content. A star block with 29% PpCISt, (PpCISt/16-b-
PIB/38)4-C8, showed the highest strength, ~27 MPa. A star block with relatively
high PpCISt content (51%), (PpCISt/19-b-PIB/18),-C8, behaved like a plastic. It
showed a high modulus, a yield point, a short elastic extension, and break.
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(PpCISt/16-b-PIB/39),-C8

| (PpCISt19-b-PIB/18),-C8 (PpCISt/15-b-PIB/46),-C8
25
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Fig. 12. Stress-strain traces of select star blocks (numbers in parentheses indicate M, X107
of segments; C8=calix[8]arene initiator fragment)

These star block TPEs show higher tensile strengths and moduli, and lower
ultimate elongations, than similar stars with PSt-b-PIB arms, which may be due
to the presence of the high T, PpCISt blocks. The tensile strengths of these star
blocks are superior to similar three-arm star blocks and triblock TPEs [88].

6.2.3.3
Morphology

Figure 13 shows the TEM micrograph of a star block containing 22% PpClSt. The
morphology shows phase-separated domains of PpCISt and PIB. The PpCISt
formed spherical domains with diffused interphase and are irregularly dis-
persed in the PIB matrix. The formation of irregular domains with diffused in-
terphase is attributed to the presence of diblock and PpCISt contaminants.

In conclusion, the synthesis of novel stars comprising eight PSt-b-PIB and Pp-
CISt-b-PIB arms radiating from a calix[8]arene core has been accomplished.
Overall compositions and relative molecular weights of the glassy segments can
be controlled by suitable choice of blocking conditions such as solvent polarity,
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Fig. 13. TEM micrograph of star block 18-3 (22% PpCISt content)

TiCl, concentration, and blocking time. The star blocks exhibit an excellent
combination of thermoplastic elastomer properties. The products exhibited ex-
cellent strengths and elongations (up to 27 MPa and ~500%), in spite of the pres-
ence of 10-15% contaminants. They are potential easily processiable TPEs.

7
Conclusions

This review concerns the synthesis and characterization of well-defined novel
octa-arm star PIBs, octa-arm allyl-telechelic PIB stars, and octa-arm star-block
copolymers (PIB-b-PSt and PIB-b-PpClSt) wherein the arms emanate from a ca-
lix[8]arene core. The syntheses were accomplished by the use of a novel octa-
functional initiator. The shear and oxidative stability of PIB arms is high so that
these stars may be of use as crankcase additives. Allyl-functionalized PIB stars
may be suitable for the preparation of coatings. The star blocks show excellent
thermoplastic elastomeric properties, with high strength and elongation. The
flow properties of the star blocks are superior to corresponding triblocks with
similar PSt content. All star blocks were easily moldable (~170°C and
~6000 psi). By the judicious choice of glassy-block lengths, star thermoplastic
elastomers with superior strength and processability can be prepared.

Acknowledgment. This material is based on work supported by the NSF under Grant DMR-
94-23202.
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and Related Complexes
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This review describes the recent development of the living and immortal polymerizations
of various monomers controlled by using as excellent initiators the metalloporphyrins of
aluminum, zinc, manganese, and tin. Aluminum porphyrin initiates the living polymeriza-
tions of methacrylic esters, acrylic esters, and methacrylonitirile, and the living and im-
mortal polymerizations of epxides, and lactones, affording polymers of very narrow molec-
ular-weight distribution, where the rates of polymerization are much accelerated by the
presence of an appropriate Lewis acid as an electrophilic monomer activator. Zinc N-alkyl-
porphyrin brings about the living and immortal polymerizations of epoxides and epi-
sulfides. Manganese porphyrin also gives polyethers of a fairly narrow molecular-weight
distribution by the living and immortal polymerization of epoxides. Tin porphyrin produc-
es poly(methyl methacrylate) via a radical mechanism.
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1
Introduction

The chemistry of metalloporphyrins and related compounds has been devel-
oped, especially in the last few decades, in connection with their prominent
functions and properties in vital systems [1-5]. For example, iron porphyrin,
heme, is known as the active site of hemoproteins such as hemoglobin and my-
oglobin, in which heme exhibits important biological function such as reversible
oxygen binding for transport and storage [6,7]. Iron porphyrins in cytochromes
serve as catalysts for oxygenation [8]. Metalloporphyrins of magnesium and co-
balt are also of much interest. Magnesium complexes of chlorins, dihydropor-
phyrins, which are found in chlorophyll, play an important role in biological
photosynthesis, the fixation of carbon dioxide by green plants and some micro-
organisms [9]. Metalloporphyrin derivatives in vitamin B;, are of cobalt [10].
Therefore, the attention of the chemists in this field has been focused on mim-
icking the oxygen-binding property, the electron-transporting ability, and the
enzymatic catalysis of hemoproteins in bioorganisms by using artificial metal-
loporphyrin systems, and a lot of reports have been presented to provide a better
understanding of their vital functions [11,12]. However, from the view point of
synthetic organic chemistry, most of these studies have been limited to dealing
with the catalysis of metalloporphyrins in oxidation or in electron transfer to
mimic the biological process. In addition, the potential utility of metalloporphy-
rins as catalysts for controlling synthetic organic reactions has received little in-
terest, although a wide variety of porphyrins and metalloporphyrins are now
easily synthesized thanks to the progress in the synthetic procedures.

The present review describes the novel approaches in metalloporphyrin
chemistry to regulating the reactions at the central metal-axial ligand bond in
five-and/or six-coordinated complexes. The feature of metalloporphyrins is of
course the widely conjugated, rigid and planar macrocyclic ligand called “por-
phyrin”, which invests the central metal with an unusual circumstance, sterically
as well as electronically. Therefore, when using metalloporphyrins as catalysts in
organic reactions, the reactivity of the metalloporphyrin is expected to be con-
trolled and enhanced by the following factors; (i) site-isolation by virtue of the
presence of the widely conjugated, rigid and planar macrocyclic ligand, (ii) ex-
citation of the porphyrin ring by visible light, (iii) structure of peripheral sub-
stituents of porphyrin, and (iv) a trans effect of external ligands coordinating to
the Lewis acidic central metal.
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2
Polymerization with Aluminum Porphyrin

21
Living Polymerization of Methacrylic Ester with
Aluminum Porphyrin—Organoaluminum Compound Systems

One characteristic of polymerizations initiated with aluminum porphyrin is the
absence of side reactions. A good example is the living polymerization of meth-
acrylic esters. As a representative type of initiator, an organolithium system usu-
ally requires a very low reaction temperature to obtain the polymer with a satis-
factorily narrow distribution of molecular weight. A higher temperature tends
to cause side reactions. In contrast, a polymer with a narrow molecular-weight
distribution can be obtained even at room temperature with aluminum porphy-
rin as the initiator. The absence of side reactions stems from the mild reactivity
of aluminum porphyrin. On the other hand, mild reactivity often results in a rel-
atively slow rate of reaction, which is disadvantageous for practical purposes. In
fact, the living polymerization of methyl methacrylate (MMA) with aluminum
porphyrin is not fast enough. Of course, it is rather ridiculous to lower the reac-
tion temperature to suppress side reactions for a system with high reactivity. In
synthetic procedures, however, controlling the reaction to develop selectivity is
often a matter of compromise, forcing the chemist to settle for less favorable re-
action conditions. Therefore, it is best to design a system based on an am-
phiphilic bimetallic system that enables us to control the reaction without sacri-
ficing reaction conditions, and then we would expect that appropriate Lewis ac-
ids would help aluminum porphyrin to realize accelerated reactions by coordi-
native activation of the monomer.

We have developed new initiators based on aluminum complexes of tetraphe-
nylporphyrin which can be applied to various types of polymerization reactions,
such as ring-opening polymerizations of epoxide [13] and lactone [14], and ad-
dition polymerizations of acrylic monomers [15,16]. During the course of this
study we recently discovered a new method, “high-speed living polymerization”,
by using aluminum porphyrin as a nucleophilic initiator in conjunction with an
organoaluminum [17,18] or organoboron compound [19] as an electrophilic
monomer activator (Lewis acid). This is the first successful example of a clean
anionic polymerization assisted by an externally added Lewis acid, which ena-
bles us to synthesize uniform molecular-weight polymers within only a few sec-
onds [17]. The basic concept of high-speed living polymerization involves the
coordinative activation of a monomer by a Lewis acid. Although such a method-
ology has been utilized in the field of organic synthesis, an undesired direct re-
action between nucleophile and electrophile always occurs in competition with
the main reaction. Therefore, of primary importance for the application of this
concept to living polymerization is how to suppress undesired side reactions. To
date, three different approaches have been developed in order to realize the co-
existence of the nucleophilic growing species and a Lewis acid without degrada-
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tive neutralization leading to the termination of polymerization. The first one is
to carry out the polymerization reaction thermostated at a low temperature. The
second is to make use of sterically crowded Lewis acids in order to introduce a
steric repulsion between the nucleophile and the Lewis acid. As already report-
ed, the polymerization of methacrylic esters with aluminum porphyrins pro-
ceeds via (porphyrinato)aluminum enolates 2 (Scheme 1), which are among the
most sterically crowded enolates because of the presence of a bulky aluminum
porphyrin counter species. Therefore, the aluminum enolate species 2 can coex-
ist with a Lewis acid when the steric bulk around the Lewis acidic center is suf-
ficiently large. An alternative to this approach focuses attention on the steric
bulk of the nucleophile component 2 by using strategically designed aluminum
porphyrins and methacrylates with a bulky ester group in order to utilize steri-
cally fine-tuned initiators/growing species having sufficiently bulky substituents
at the porphyrin periphery or in axial enolate species. This allows us to use ster-
ically less-hindered, more common Lewis acids as accelerators. The third ap-
proach is to make use of Lewis acids with a sufficiently low ligand-exchange ac-
tivity, where the steric protection of the initiator and Lewis acid is not necessary
[20].

211
Polymerization of Methacrylic Esters via Enolatealuminum Porphyrins in the Presence
of Methylaluminum Diphenolates and Dialcoholates [22,23]

Polymerization of methyl methacrylate (MMA) was initiated with methylalumi-
num tetraphenylporphyrin (1, X=Me) under irradiation with visible light. At a
monomer conversion less than 10%, Lewis acids such as methylaluminum
diphenolates 3a-i and methylaluminum dialcoholates 4a,b were added to the
system in order to examine whether they could accelerate the polymerization
(Scheme 2) (Table 1). For example, a CH,Cl, solution (10 ml) of a mixture of
MMA and 1 (X=Me) with a mole ratio of 217 was irradiated at 35 °C with xenon
arc light (A>420 nm) to initiate the polymerization. During 2.5-h irradiation, all
the molecules of the initiator 1 (X=Me) were transformed into the growing eno-
late species 2 (R=Me), where the conversionof the monomer was 6.1%, as esti-
mated by 'H NMR.

On the other hand, when 3 equiv of 3b with respect to 2 were added at room
temperature to the above reaction mixture under diffuse light, a strikingly vig-
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Table 1. Polymerization of methyl methacrylate (MMA) via an enolatealuminum porphyrin
(2,R=Me) in the presence of methylaluminum diolates (MeAlX,)?

Run MeAlX, [MeAlX,]y/[2], Time/min Conv®/%  Mn® Mw/Mn*
1 3a 3 0.5 100 21,500 1.10
2 3b 0.2 3 100 26,300 1.07
3 3b 2 10 100 23,700 1.07
4 3c 3 0.5 100 22,000 1.10
5 3d 3 0.75 92 27,700 1.42
6 3f 3 5 100 24,300 1.11
7 3g 0.5 0.5 74 31,800 1.16
8 3h 0.5 60 7 - -

9 3i 0.5 60 8 - -
10 4a 3 60 6 - -
11 4b 3 60 91 24,000 1.04

2 In CH,Cl, under nitrogen, [MMA],/[1 (X=Me)],=200, [1, (X=Me)],=16.2 mM,
[1, (X=Me)],=[2 (R=Me)],.
Determined by 'H NMR analysis of the reaction mixture.

¢ Estimated by GPC based on polystyrene standards.

Table 2. Polymerization of methyl methacrylate (MMA) via an enolatealuminum porphyrin
(2,R=Me) in the presence of methylaluminum bis(2,4-di-tert-butylphenolate) (3b)?

[3bly/[2], Time/s Conv’/% Mn(Mn_y.) Mw/Mn®  Magnitude of
Run accelerationd
1 0.2 5 21 5,500 (4300) 1.09 1400
2 1.0 5 62 14,400 (12,100) 1.10 14,000
3 3.0 3 100 25,500 (21,700) 1.07 46,200
2 In CH,Cl, under nitrogen, [MMA]/[1 (X=Me)],=200, [1, (X=Me)],=16.2 mM,
[1, (X=Me)]o=[2 (R=Me)],.
> Determined by '"H NMR analysis of the reaction mixture.
; Estimated by GPC based on polystyrene standards.

Mole ratio of MMA reacted per second before and after addition of 3b.

orous reaction took place with heat evolution to attain 100% conversion within
only 3 s (Table 2, run 3). The number-average molecular weight of the polymer
was 25,500, as estimated by GPC based on polystyrene standards, which was in
good agreement with the expected value (21,700) by assuming that every mole-
cule of 2 produced one polymer molecule. Of much interest is the cleanness of
the reaction with the 2-3b system, as shown by the uniformity of the molecular
weight of the produced polymer with the ratio of weight- and number-average
molecular weights (Mw/Mn) being 1.09.

Similarly to 3b, among the methylaluminum diphenolates examined, 3a,c-g
with substituents at the ortho positions of the phenolate ligands were quite ef-
fective for accelerating the polymerization, allowing the formation of narrow
MWD PMMAs with the Mn values in fair agreement with those expected from
the initial mole ratio of MMA to 1 (X=Me) (Table 1, runs 1-7). In terms of both
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the power of acceleration and the cleanness of polymerization, the diphenolates
having ortho tert-butyl substituents (3a-c, e, and f) were the most favorable. On
the other hand, when methylaluminum diphenolates having no ortho substitu-
ents (3h and i) were used, the polymerization was terminated just after they
were added to the system (runs 8 and 9). As for methylaluminum dialcoholates
(4a,b), the tertiary alcoholate 4b gave a satisfactory result (run 11), whereas use
of the secondary alcoholate 4a resulted in termination of chain growth (run 10).
When using 3a-g, 4b, the dark reddish purple color of the polymerization sys-
tem, characteristic of the growing enolate species 2 (R=Me), was observed to re-
main unchanged throughout the polymerization, while the polymerization sys-
tems immediately turned bright reddish purple characteristic of 1 (X=OR, OAr)
upon addition of the Lewis acids 3h, i or 4a.

In the polymerization of MMA initiated with 1 (X=Me), the degree of accel-
eration became more pronounced as the amount of 3b was increased (Table 2).
If the added 3b initiates the polymerization, the number of polymer molecules
produced should increase proportionally to the amount of 3b, and, consequent-
ly, the Mn value should decrease. However, irrespective of the ratio of 3b to 2, all
the polymers formed were of narrow MWD, and the observed Mn values were
always close to those expected from the mole ratios of the monomer reacted to
2,indicating that the added 3 does not initiate but only accelerates the polymer-
ization. In this regard, all the produced polymers in Table 2 were silent in GPC
when monitored at 263 nm (2,4-di-tert-butylphenol: A ,, 263 nm, anisole:
269 nm), indicating no incorporation of the phenolate unit of 3b into the poly-
mer terminal. Furthermore, with 3b alone, the polymerization of MMA did not
take place at all under identical conditions.

The polymerization in the presence of bulky methylaluminum diphenolates
proceeds with living character. Clear evidence for this was given by the sequen-
tial two-stage polymerization of MMA with the 2 (R=Me)-3f (1 equiv/1 equiv)
system in CH,Cl, at room temperature (Fig. 1), where 50 equiv of MMA with re-
spect to 1 (X=Me) were polymerized up to 100% conversion (90 s) at the first
stage, and after a 4-h interval at 25 °C, 200 equiv of MMA were charged to the
mixture. In spite of a long interval between the first and second monomer feeds,
the second stage polymerization ensued with heat evolution, and was complete
within 60 s. The GPC profile showed a clear increase in the molecular weight of
the polymer from 7000 [the first stage: Fig.2 (I)] to 47,600 [the second stage:
(I1)], retaining the narrow MWD (Mw/Mn: from 1.12 to 1.05).

In addition to MMA, a variety of methacrylic esters were polymerized rapidly
to the corresponding polymers with narrow MWDs in the presence of methyla-
luminum bis(2-tert-butyl-4-methoxyphenolate) (3c). The successful examples
include ethyl methacrylate (EMA), isopropyl methacrylate (°PMA), n-butyl
methacrylate ("BMA), isobutyl methacrylate (¥°BMA), benzyl methacrylate
(BnMA), and dodecyl methacrylate (C;,MA), where the Mn values were all close
to the predicted values (Mn_,.) with the Mw/Mn ratios below 1.1 (Table 3,
runs 1-4,6,7). The polymerization of tert-butyl methacrylate ('BMA) is the only
exception, where the monomer conversion hardly increased even after 24 h.
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Fig. 1. Two-stage polymerization of methyl methacrylate (MMA) in CH,Cl, at room temper-
ature with the enolatealuminum porphyrin (2, R=Me)-methylaluminum bis(2,4,6-tri-tert-
butylphenolate) (3f) (1.0:1.0) system. GPC profiles of the polymers formed at the first stage
(I) [MMA]y/[1 (X=Me)],=50, 100% conversion; Mn=7,000, Mw/Mn=1.12 and the second
stage (II) [MMA]/[2],=200, 100% conversion; Mn=47,600, Mw/Mn=1.05

Table 3. Polymerization of methacrylic esters via enolatealuminum porphyrins 2 in the
presence of methylaluminum bis(2-tert-butyl-4-methoxyphenolate) (3¢)?

Run  Monomer Time/s  Conv®/% Mn*© (Mn,.) Mw/Mn°

1 EMA 30 100 27,700 (23,000) 1.09

2 SO PMA 30 100 30,900 (25,600) 1.10

3 "BMA 30 100 34,900 (28,400) 1.07

4 ISOBMA 30 100 36,300 (28,400) 1.07

5 'BMA 90 11 - - -

6 BnMA 90 100 32,900 (35,200) 1.08

7 C;,MA 90 64 30,600 (32,600) 1.09

a In CH,Cl, under nitrogen, [monomer]y/[1 (X=Me)],[3¢],=200/1.0/0.5, [1, (X=Me)];=16.2 mM.
b

Determined by 'H NMR analysis of the reaction mixture.
Estimated by GPC based on polystyrene standards.

o
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Fig. 2. Polymerizations of tert-butyl methacrylate (‘BMA) (A) and methyl methacrylate
(MMA) (B) initiated with (TPP)AlMe (1, X=Me); [monomer]y/[1 (X=Me)],=100, [1 (X=
Me)],=17.8 (A) and 19.6 (B) mM, CH,Cl, as solvent, room temperature. Effect of trimethy-
laluminum (Me;Al) ([Me;Al](/[2],=3.0) on the rate of polymerization

212
Polymerization of Methacrylic Esters via Enolatealuminum Porphyrins in the Presence
of Trialkyl- and Triarylaluminum Compounds

Similar to methylaluminum diphenolates 3, trialkylaluminums such as trimeth-
ylaluminum (Me;Al), triisobutylaluminum (1*°Bu,Al), and triphenylaluminum
(Ph;Al), by themselves, do not have the ability to initiate the polymerization of
methacrylic esters under ordinary conditions. For investigating the acceleration
effects of trialkylaluminums, the polymerization of fert-butyl methacrylate (‘B-
MA) was first chosen, since it proceeds slowly even in the presence of methyla-
luminum diphenolates 3 as Lewis acids. However, the polymerization was dra-
matically accelerated when Me;Al was added to the system. As exemplified in
Fig. 2A, the polymerization of ‘BMA (100 equiv) with 1 (X=Me), which had pro-
ceeded to 7% conversion after 2-h irradiation at 35 °C, proceeded rapidly with
vigorous heat evolution as soon as 3 equiv of Me;Al with respect to 2 (R='Bu)
were added at room temperature, and the complete consumption of ‘BMA was
attained within only 5 min. The produced polymer exhibited a unimodal, sharp
GPC peak,and the Mn value increased linearly along the theoretical line (dotted,
Fig. 3) calculated from the monomer-to-initiator (1, X=Me) mole ratio, keeping
the Mw/Mn ratio in the range 1.05-1.06. It was also noted here that the addition
of Me;Al was accompanied by a rapid color change of the system from dark red-
dish purple due to 2 to bluish purple characteristic of methylaluminum tetra-
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Fig. 3. Polymerization of fert-butyl methacrylate (‘BMA) initiated with (TPP)AlMe (1, X=
Me) via an enolatealuminum porphyrin (2, R="Bu) in the presence of trimethylaluminum
(Me;Al); ['BMA](/[1 (X=Me)],/[Me;Al],=100/1.0/3.0, [1],=17.8 mM, CH,Cl, as solvent, rt.
Relationship between Mn (e ) [Mw/Mn (O)] of the polymer and conversion

phenylporphyrin (1, X=Me), suggesting that the polymerization proceeded via
dimethylaluminum enolate as the active species.

In contrast, when the monomer was methyl methacrylate (MMA), the polym-
erization was terminated upon addition of Me;Al under similar conditions. For
example, when 3 equiv of Me; Al with respect to 2 (R=Me) were added to the sys-
tem ([MMA]y/[1 (X=Me)],=100, 9% conversion), heat evolution, although ob-
served at the very early stage, subsided within only 1-2 min. At this stage, the
color of the solution had already turned bluish purple. The monomer conversion
after 5 min was only 30%, and it no longer increased upon prolonged reaction
for 2 h (Fig. 2B). Use of bulkier *°Bu,Al in place of Me,Al for the polymerization
of MMA ([MMA]y/[2 (R=Me)],/ [iSOBu3Al]0=200/ 1.0/3.0) gave an essentially
similar result, although the monomer conversion finally attained was higher
(64%) (run2, Table 4). The Mn of the polymer formed at this conversion
(20,200) was much higher than that expected from the ratio of MMA reacted to
1 (X=Me) (12,800), and the MWD was broad (Mw/Mn=1.41). On the contrary,
when Ph;Al [3 equiv with respect to 2 (R=Me)] was added to the system at room
temperature ([MMA],/[1],=200, 3% conversion), a fairly rapid polymerization
took place with heat evolution, and the monomer was completely consumed
within 90 min (run 3, Table 4). The Mn of the produced polymer (22,300) was
close the expected value of 20,000 and the MWD was satisfactorily narrow
(Mw/Mn=1.18). In this case, the system retained the original color characteristic
of 2 (R=Me) throughout the polymerization.
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Table 4. Polymerization of methyl methacrylate (MMA) via an enolatealuminum porphyrin
(2, R=Me) in the presence of trialkylaluminums (R;Al)?

Run R;Al Time%/min Conv®/% Mn*® Mw/Mn®
1 Me;Al 0 4 - -
10 9 - -
30 9 - -
2 is0Bu, Al 0 6 - -
10 63 19,500 1.37
30 64 20,200 1.41
3 Ph;Al 0 3 - -
30 46 8,600 1.19
60 79 16,700 1.17
90 100 22,300 1.18
2 In CH,Cl, under nitrogen, [MMA]/[1 (X=Me)],,[R;Al],=200/1.0/3.0, [1, (X=Me)](=16.2 mM.
b Determined by "H NMR analysis of the reaction mixture.
¢ Estimated by GPC based on polystyrene standards.
d
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Fig. 4. Polymerizations of tert-butyl methacrylate (‘BMA) initiated with (TPP)AlMe (1, X=
Me); ['BMA],/[1 (X=Me)],=100, [1],=17.8 mM, CH,Cl, as solvent. GPC profiles of the pol-
ymers formed I After 90-h irradiation at 35 °C, 25% conversion, and II In 60 min after ad-
dition of trimethylaluminum (Me;Al), ([Me;Al],/[2 (R="Bu)],=0.25) at rt, 100% conversion
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At a lower temperature, in contrast, even Me;Al was able to accelerate the po-
lymerization of MMA. At -40 °C, for example, after a 3 molar amount of Me;Al
had been added to the polymerization system ([MMA],/[2 (X=Me)],=100, 11%
conversion) 91% conversion was attained in the following 1 h. Furthermore, the
polymer formed here had a narrow MWD as indicated by the Mw/Mn ratio of
1.17, and the Mn value (9700) was close to that expected (9100) from the mole
ratio of the monomer reacted to the initiator. In this case, the polymerization
was observed to proceed without any change in color of the system. Thus, the
polymerization temperature is one of the important factors to achieve the clean
and rapid polymerization with trialkylaluminums.

In this regard, when 0.25 equiv of Me;Al with respect to the growing species
2 was added at room temperature to the polymerization system of tert-butyl
methacrylate ('‘BMA) (['BMA]y/[1 (X=Me)],=100) at 25% conversion, a part of
the prepolymer [peak a in Fig. 4 (I)] remained unreacted even after complete
monomer consumption had been attained [Fig.4 (II)]. When the amount of
Me;Al relative to 2 was increased from 0.25 to 0.5, peak a became much smaller,
while the molecular weight corresponding to the major peak (peak b) decreased.
On the other hand, when the ratio [Me;Al],/[2], exceeded unity (1.5 and 3.0),
peak a disappeared completely to give a unimodal MWD product. At
[Me;Al]y/[2]y=1, the Mn value of the final product was no longer affected by the
ratio [Me;Al]y/[2], (Fig.5). Thus, the number of polymer molecules vs. 2
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Fig.5. Polymerization of fert-butyl methacrylate (‘BMA) initiated with (TPP)AlMe (1, X=
Me) via an enolatealuminum porphyrin (2, R="Bu) in the presence of trimethylaluminum
(Me;Al); ['BMA],/[1 (X=Me)],=100, [1],=17.8 mM, CH,Cl, as solvent, rt. Correlations of
the number-average molecular weight (Mn) and the ratio of the numbers of polymer mol-
ecules to 2 (N/Nypp) with the initial mole ratio of Me;Al to 2
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Fig. 6. Polymerization of methyl methacrylate (MMA) initiated with (TPP)AlMe (1, X=Me)
via an enolatealuminum porphyrin (2, R=Me) in the presence of trimethylaluminum
(Me;Al; [MMA](/[1 (X=Me)],=100, [1],=19.6 mM, CH,Cl, as solvent, -40 °C. Correlations
of the number-average molecular weight (Mn) and the ratio of the numbers of polymer
molecules to 2 (N,/Nypp) with the initial mole ratio of Me;Al to 2

(Np/Nrppp), calculated from the Mn of the polymer corresponding to peak b
[Fig. 4 (II)] and the initial monomer-to-initiator mole ratio, was increased with
increasing the ratio [Me;Al]/[2], up to unity, but no further increase in N,/Nypp
resulted after the ratio [Me;Al]y/[2], exceeded unity. In sharp contrast, in the
case of the polymerization of MMA at -40 °C with varying mole ratios of
[Me;Al](/[2]y, only the rate of polymerization was changed, but in any case the
produced polymer exhibited a unimodal sharp GPC peak with the Mn value
close to that expected from the formation of one polymer molecule from every
molecule of 2 (R=Me) (Fig. 6).

2.1.3
NMR Studies

(I) Interaction Between Monomer and Organoaluminum Compounds. In the 'H
NMR spectrum of an equimolar mixture of MMA and methylaluminum
bis(2,4,6-tri-tert-butylphenolate) (3f) in CD,Cl, at 25 °C, all the signals due to
MMA clearly shifted downfield from those of MMA alone, where the signals due
to CH, (0 6.00 and 5.49), CH;0 (0 3.66), and CH; (8 1.86) of MMA appeared at §
6.41 and 5.81,3.92, and 1.98, respectively. In the 13C NMR spectrum, the signals
due to, e.g. C=0 (a, 6 168.3), CH, (c, 8 125.6), and CH;0 (d, 52.2) of MMA also
shifted downfield to 6 173.3 (a'), 133.8 (), and 56.5 (d'), respectively, in the pres-
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Fig.7.13C NMR spectra in CD,Cl, at 25 °C of A Methyl methacrylate (MMA) and B An equi-
molar mixture of MMA and methylaluminum bis(2,4,6-tert-butylphenolate) (3f)

ence of an equimolar amount of 3f (Fig. 7B). As for the signals of 3f [21], the C-
O signal of the phenolate ligands most clearly shifted from & 152.6 to 155.7 (A).
These observations demonstrate the occurrence of a coordinative interaction
between the carbonyl group of MMA and 3f.

In the '3C NMR spectrum of an equimolar mixture of MMA and Me;Al in

CD,Cl, at 25 °C, a downfield shift was again observed for the C=0 signal of
MMA from & 168.3 to § 172.2. On the other hand, for an equimolar mixture of
MMA and Ph;Al the downfield shift of the MMA C=0 signal was very small
(0.1 ppm) compared with those for the MMA-3f and MMA-Me;Al systems un-
der similar conditions.
(II) Ligand-Exchange Reaction Between the Growing Species and Organoalumi-
num Compounds. A C¢Dg solution of an equimolar mixture of the living polymer
of MMA (2, R=Me; [MMA]y/[1 (X=Me)],=10, 100% conversion) and 3f was
studied by 'H NMR. If the ligand-exchange reaction takes place between 2 (R=
Me) and 3f, 1 (X=Me) and/or 6 (R'=R2=R3=Bu) should be formed (Scheme 3),
which are easily detectable by the characteristic signals at § -5.79 and -0.26 due,
respectively, to the Me-Al group of 1 (X=Me) and the ‘Bu group of 6 (R!=R?=R3=
'Bu). However, throughout the observation over a period of 24 h at 25 °C, neither
of these two signals was detected.



54 H. Sugimoto, S. Inoue

lMeO I/VIe Me
=C R! Al R!
\ AON
Al-G  C—polymer + R3 O/O O\QR;;
[ R2 R
2 (R =Me) 3
-1
Al—Me
MeOQ c/""e 1 (X = Me)
- — +
AI—OJ \polymer < and/or
L =
Al-0-0_)-r3
L
6

Scheme 3

In sharp contrast, when Me;Al was mixed with 2 (R="Bu; ['BMA],/[1 (X=
Me)],=5, 100% conversion) under similar conditions, the color of the solution
immediately turned from dark reddish purple to bluish purple. The 'H NMR
spectrum of this mixture in C4D4 showed the appearance of a new signal due to
1 (X=Me) (f, 6 -5.79) with an intensity ratio of 3:8 to that of the pyrrole-f3 pro-
tons (8H) of the porphyrin ligand, while a characteristic signal at  -0.33 ppm
due to the enolate ‘Bu group of 2 (R='Bu) (a) [22] had completely disappeared
(Fig. 8). This observation indicates the occurrence of a rapid ligand exchange
between 2 (R="Bu) and Me;Al (Scheme 4). The ligand-exchange reaction also
occurred in the 2 (R=Me)-Me;Al system.

Figure 9A shows the 'H NMR spectrum in CD,Cl, at 25 °C of 2 (PMMA-d),
prepared from MMA-dg and 1 (X=Me) with the ratio of 10:1, where only the ter-
minal methyl group originating from 1 (X=CHj3) (3 0.70) is observed besides the
signals due to the porphyrin ligand of the aluminum enolate species [a, d 9.10
(pyrrole-p-H); b, 6 8.21 (Ph-0-H); ¢, 8 7.80 (Ph-m, p-H)]. Upon addition of
3 equiv of Me;Al to this enolate solution at 25 °C, the spectrum changed
(Fig. 9B), where a new signal (f') due to the Me-Al group of 1 (X=Me) appeared
in addition to some new signals (e', g') assignable to the Me-Al groups of the
dimethylaluminum enolate and excess Me;Al. Moreover, the signals due to the
porphyrin ligand had shifted slightly but definitely to those for 1 (X=Me) [a', d
9.05 (pyrrole-$-H); b', 8 8.19 (Ph-0-H); ¢', 8 7.77 (Ph-m, p-H)], although the sig-
nal due to the terminal methyl group shifted only little from d to d', as expected.

Contrary to the above results at 25°C, the ligand-exchange reaction
(Scheme 4) was found to be greatly retarded by lowering the temperature.
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Fig.8. 'H NMR spectra in CD,Cl, at 25 °C of A The enolatealuminum porphyrin (2, R="By;
['BMA],/[1 (X=Me)],=5, 100% conversion) and B The reaction mixture of 2 (R='Bu) and
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Fig. 9. 'H NMR spectra in CD,Cl, at 25 °C of A The enolatealuminum porphyrin (2, PMMA-
dg; [IMMA-dg]y/[1 (X=Me)],=10, 100% conversion) and B The reaction mixture of 2 (PM-
MA-dg) and trimethylaluminum (Me;Al); [Me;Al],/[2],=3.0, [2](=25.0 mM

Figure 10 shows the change in the mole fraction of 1 (X=Me): [1 (X=Me)]/([1
(X=Me)]+[2 (PMMA-dy)]), as determined from the relative intensity of the sig-
nals f' to a and a' (Fig. 9), after addition of 3 equiv of Me;Al to 2 (PMMA-dy) at
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Fig.10. Time course of the reaction of the enolatealuminum porphyrin (2, PMMA-dg;
[MMA-dg],/[1 (X=Me)],=10, 100% conversion) with trimethylaluminum (Me;Al) in
CD,Cl, at -40 to 25 °C; [Me;Al]/[2],=3.0, [2],=25.0 mM, in NMR tube (®=5 mm). [1 (X=
Me)]/([1 (X=Me)]+[2 (PMMA-d;)]): Determined from the relative intensity of the 'H NMR
signals at § -6.97 (1, Al-CH3) to 8 9.0-9.1 (f' to a and a' in Fig. 10)

-40 °C. Although a trace amount of 1 (X=Me) was accidentally generated at the
initial stage until the probe temperature had settled, its mole fraction was never
increased throughout the observation over a period of 75 min. On the other
hand, when the probe temperature was jumped to 25 °C, a steep increase in the
mole fraction of 1 (X=Me) was observed.

2.14
Polymerizations of Methacrylic Esters Initiated with Diethylaluminum Enolate

In connection with the ligand-exchange reaction between the enolatealuminum
porphyrin 2 and Me;Al (Scheme 4), the diethylaluminum enolate 5, a model
compound of the exchanged product, was synthesized according to Scheme 5,
and tested as initiator for the polymerizations of methyl methacrylate (MMA)
and tert-butyl methacrylate ('BMA). For example, when 100 equiv of MMA were
added to a CH,Cl, solution of 5 at room temperature, the polymerization was ac-
tually initiated by heat evolution, but terminated only at 10.3% conversion, af-
fording a low molecular-weight PMMA possessing a very broad MWD as indi-
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cated by the Mw/Mn ratio of 5.6. On the other hand, as for ‘BMA under similar
conditions (['BMA],/[5],=100), the enolate 5 brought about a very rapid polym-
erization, and the complete monomer consumption was attained within min-
utes, affording the narrow MWD polymer (Mw/Mn=1.05) with Mn of 34,600.
The observed Mn value, although higher than expected, was observed to in-
crease almost linearly to 77,100 and 102,000 retaining the narrow MWD
(Mw/Mn 1.05-1.13) [23], when the initial monomer-to-initiator mole ratio was
increased to 200 and 300, respectively.

2.15
Discussion on the Mechanistic Aspects

Methylaluminum ortho-substituted phenolates 3a-g, methylaluminum bis(tri-
phenylmethanolate) (4b), and Ph;Al as Lewis acid additives can dramatically ac-
celerate, even at room temperature, the polymerization of MMA via 2 without
damaging the living character of polymerization. On the other hand, when
methylaluminum phenolates bearing no ortho-substituents 3h,i, methylalumi-
num bis(diphenylmethanolate) (4a), Me;Al, and isoBu3Al are used under similar
conditions, the polymerization is terminated. When the temperature is lowered
to, e.g. —40 °C, even Me;Al can be used to accelerate the polymerization of MMA
without any loss of the living character. Together with the results of the NMR in-
vestigations, the accelerated living polymerization of MMA with the 2-Lewis ac-
ids (3a-g) systems is concluded to be the result of (1) coordinative activation of
MMA for the nucleophilic attack of 2 (Fig.7) and (2) suppression of the unde-
sired degradative attack of 2 to the Lewis acidic center (Scheme 3) because of the
steric repulsion between the bulky porphyrin ligand of 2 and the substituents at
the ortho positions of the phenolate ligands of 3a-g. The same may be true for
the 2-Ph;Al system.

When the substituents of the Lewis acid are smaller, as typically in the case of
Me;Al, the undesired ligand-exchange reaction (Scheme 4) competitively oc-
curs, leading to the formation of dimethylaluminum enolate 7 at the expense of
change of 2 into methylaluminum porphyrin (1, X=Me) (Fig.9). As already re-
ported, 1 (X=Me) has no ability to initiate the polymerization of methacrylic es-
ters without visible light irradiation. Furthermore, dimethylaluminum enolate
is not a suitable growing species for the living polymerization of MMA, taking
into account the fact that the polymerization initiated with the diethylaluminum
enolate 5 at room temperature is terminated at a very early stage. Therefore, the
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ligand-exchange reaction (Scheme 4) leads to the termination of chain growth
in the polymerization of MMA.

Similar to the above, the ligand-exchange reaction (Scheme 4) actually occurs
at room temperature when the monomer is tert-butyl methacrylate (‘BMA)
(Fig. 8), but the resulting dimethylaluminum enolate 7 (R="Bu) can initiate the
rapid polymerization of '‘BMA in a fairly controlled fashion, considering the
quantitative formation of a narrow MWD P‘BMA using 5 as the initiator. There-
fore, when Me;Al is added to the living P'BMA (2, R="Bu) at a ratio below unity,
only a part of the polymer molecules are transformed into the more active form
7 (R='Bu), and the formation of a bimodal MWD P’BMA results (Fig. 4). This is
also supported by the results shown in Fig. 5. At a lower temperature, such as
-40 °C, the ligand-exchange reaction (Scheme 4) is extremely reluctant to occur
(Fig. 10), so that the polymerization is accelerated by Me;Al without losing the
living character (Fig. 6), similar to the case using the 2-bulky 3 systems.

2.1.6
Polymerizations of Methacrylic Esters Initiated with Sterically Crowded Growing
Species—Less Bulky Organoaluminum Compound Systems [24]

Of key importance in the Lewis acid promoted living anionic polymerization of
methacrylic esters with aluminum porphyrin is how to suppress the undesired
reaction between the nucleophile (2,,) and the Lewis acid, leading to termina-
tion of polymerization (Fig. 11). As mentioned in previous sections, one of our
approaches was to make use of sterically crowded Lewis acids such as methyla-
luminum bis(ortho-substituted phenolates). This section focuses attention on
the steric bulk of the nucleophile component (2,,), by using strategically de-
signed aluminum porphyrins and some other methacrylates, for the purpose of
understanding the scope and limitation of this method (Fig. 12).

Accelerated
Me

\

=Qmn
/

Suppressed

Nucleophile Lewis Acid

Fig. 11. The basic concept of the Lewis acid assisted “high-speed living anionic polymeriza-
tion” of methacrylic esters
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Fig. 12. Space-filling representations of methylaluminum porphyrins (1, 8-4)

As already mentioned above, the polymerization of MMA initiated with
(TPP)AlMe (1, X=Me; Fig. 12B) was accelerated during the early stage after the
addition of %°Bu,Al, but soon terminated, since *°Bu;Al reacted rather easily
with the growing enolate species (2, R=Me) (Table 5, run 2). When a sterically
less-crowded initiator, such as methylaluminum etioporphyrin I (8, Fig. 12A),
was used under otherwise identical conditions, the polymerization stopped im-
mediately after the addition of isoBu3A1 (Table 5,run 1). Thus, in these two cases,
an undesired reaction took place between the nucleophilic growing species and
isoBu,Al, leading to the termination of chain growth. In contrast, when me-
thyl(tetramesitylporphyrinato)aluminum (9, Fig. 12C), a sterically more-crowd-
ed initiator than 2, was used, the polymerization proceeded from 8 to 61% mon-
omer conversion in 10 min after the addition of *°Bu;Al, and reached complete
monomer consumption within 30 min (Table 5, run 3). In this case, the color of
the system characteristic of the (porphyrinato)aluminum enolate was retained
throughout the polymerization. Thus, the methyl groups at the ortho positions
of the peripheral phenyl rings in 9 were considered to serve as a steric barrier for
the access of °BusAl to the nucleophilic center. Nevertheless, the barrier
seemed not to be sufficient when less bulky Me;Al and Et; Al were used as Lewis
acids. In connection with this observation, when methylaluminum tetraphenyl-
porphyrin carrying tert-butyl groups at the meta positions (10, Fig. 12D) was
used in place of 9, polymerization in the presence of °Bu;Al was terminated at
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8:R!=H,R?=Me, R3 =Et
9 : R! = (2',4',6Me3)Ph, R =R =H
10 : R! = (3',5-'Buz)Ph, R =R3 =H
(1:R'=Ph,RZ=R3=H)
Structure 8-10
Table 5. Polymerization of methacrylic esters via enolatealuminum porphyrins 2 in the
presence of methylaluminum bis(2-tert-butyl-4-methoxyphenolate) (3¢)?
Run Initiator R';Al Monomer Time®/ Conv.%/ Mn¢ (Mny)¢ Mw/Mn¢
min %
1 8 iso-BuzAl MMA 0 9 - -
10 11 - -
30 12 - -
2 1 iso-BuzAl  MMA 0 6 - -
10 63 - -
30 64 20,200 (12,800) 1.41
4 9 iso-BuzAl MMA 0 8 - -
10 61 - -
30 100 21,400 (20,000) 1.06
5 10 iso-Bu;Al  MMA 0 7 - -
10 53 - -
30 53 11,100  (10,600) 1.35
6 1 iso-BusAl EMA 0 5 - -
10 100 26,500 (22,800) 1.19
7 1 iso-BusAl PMA 0 12 - -
10 100 27,400 (25,600) 1.18

2 In CH,CIl, under nitrogen, [initiator],/[monomer]y/[R';Al],=1/200/3, [initiator],=16.2 mM.

€Mn

calc

After addition of R';Al. Determined by 'H NMR analysis of the reaction mixture.
Estimated by GPC based on polystyrene standards. By GPC based on polystyrene standards.
=molecular weight of monomerx([monomer]y/[initiator],)x(conversion/100).
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53% monomer conversion, giving a polymer with a broader MWD (Table 5,
run 4). Thus, even bulky tert-butyl groups, when introduced at the meta posi-
tions of the phenyl rings of 10, are not able to form an effective barrier to sup-
press any undesired reaction.

The enolate species 2, derived from methacrylates with bulkier ester groups
than MMA, are sterically protected against the access of *°BusAl under the
above-mentioned conditions, even when the porphyrin moiety is a non-ortho-
substituted tetraphenylporphyrin. An example is shown by the polymerization
of ethyl methacrylate (EMA) using 1 (X=Me) as an initiator, where the growing
species have an EtO group in the terminal enolate unit 2 (R=Et). After the addi-
tion of °Bu; Al to the system, polymerization proceeded to 100% monomer con-
version within 10 min. The Mn of the produced polymer was close to the expect-
ed value, and the MWD was narrow (Table 5, run 5). A similar result was ob-
tained for the polymerization of isopropyl methacrylate (PMA) with the 1 (X=
Me)-1%°Bu,Al system, which quantitatively gave a narrow MWD poly(methacr-
ylate) with a predicted Mn (Table 5, run 6).

From these results, not only the steric bulk of the Lewis acid (monomer acti-
vator), but also that of the nucleophilic growing species 2, is important for real-
izing the Lewis acid assisted, controlled anionic polymerization; the basic con-
cept involving a sterically separated nucleophile-electrophile model is thus
clearly demonstrated.

2.2
Living Polymerization of Methacrylic Ester with Aluminum Porphyrin—Organoboron
Compound Systems [19]

221
Polymerization of Methacrylic Esters via Enolatealuminum Porphyrins in the Presence
of Organoboron Compounds

Since organoboron compounds are much more reluctant than organoaluminum
compounds to undergo a ligand-exchange reaction with nucleophiles, they
could be used as Lewis acid accelerators without any steric protection of the nu-
cleophilic and Lewis acidic centers [25]. Various boron compounds were tested
as Lewis acid accelerators for the polymerization of MMA initiated with methy-
laluminum porphyrin (1, X=Me). First examined were BF;-OEt, and BCl;, which
are highly acidic and commonly used for organic synthesis. For example,a C4H,
solution (10 ml) of a mixture of MMA and 1 (X=Me) with a mole ratio of 200 was
irradiated at 35 °C with xenon arc light (A>420 nm) to initiate the polymeriza-
tion. During 3-h irradiation, all the molecules of the initiator (1, X=Me) were
transformed into the growing enolate species (2, R=Me), and the conversion of
MMA reached 6.2%, as determined by TH NMR [26]. At this stage, the irradiation
was stopped and an equimolar amount of BF;OEt, with respect to 2 (R=Me) was
added to the system at room temperature, whereupon the color of the solution
immediately turned from dark reddish brown characteristic of 2 (R=Me) to dark
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green, indicating the formation of (TPP)AIF (1, X=F) [27]. After 10 min under
diffuse light, the monomer conversion was again measured, but it was virtually
unchanged from the beginning (6.9%), and no longer increased upon prolonged
reaction for 20 h under the same conditions. Use of BCl; ([BCl;],/[2 (R=Me)],=
1.0) in place of BF;-OEt, gave a similar result, where the color of the solution was
changed to dark reddish purple characteristic of 1 (X=Cl) as soon as BCl; was
added. When triphenyl borate or trimethylboroxin was used as the Lewis acid
under similar conditions, the polymerization was again terminated, where the
color of the system immediately turned to bright reddish purple as typically ob-
served for 1 (X=0R, OAr).

In marked contrast to the above cases, an organoboron compound such as
triphenylboron [(C¢Hs);B] did accelerate the polymerization without termina-
tion. Also in contrast, the polymerization system retained the original color
characteristic of 2 (R=Me) throughout the polymerization. For example, when
(C¢H;)3B was added at room temperature to the polymerization mixture of
MMA with 1 (R=Me) at a mole ratio of (C4H;);B to 1 (R=Me) of 1.0, a modest
heat evolution occured, and the polymerization was about 12-times faster
(Fig. 13, @ ). Although the observed acceleration effect was lower than that of,
e.g. methylaluminum bis(ortho-substituted phenolates) as Lewis acids (3a-g), it
was almost comparable to that of (CsH;);Al [28]. When the mole ratio of
(C¢Hs)3B to the growing species 2 was doubled under similar conditions
(IMMA],/[1 (X=Me)],=300), the polymerization was more explicitly accelerated,
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Fig. 13. Polymerization of methyl methacrylate (MMA) initiated with (TPP)AlMe (1, X=
Me); [MMA],/[1 (X=Me)],=200, [1 (X=Me)],=16.2 mM, C4H¢ as solvent, rt. Effects of
triphenylboron (e ), tris(pentafluorophenyl)boron (m), and tri-n-butylboron (A) on the
rate of polymerization; [organoboron]y/[2 (R=Me)],=1.0
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where the conversion of MMA (4.2% in the beginning) was increased to 19.7,
42.2,and 66.0%, respectively, in 20, 44, and 67 min. This corresponds to approx-
imately a 40-times acceleration.

The GPC curve of the polymer formed at 100% conversion ([(C¢H;)3B]o/[2]y=
1.0) was unimodal and very sharp (Fig. 14), where the Mw/Mn value was 1.04
and the degree of polymerization of the polymer (220) was very close to the in-
itial monomer-to-initiator mole ratio of 200. Sequential two-stage polymeriza-
tion of MMA using (C4H;)3B as the Lewis acid clearly demonstrated the living
character of the polymerization. After the first-stage polymerization of MMA in
the presence of (C4H;);B, a second feed of MMA was charged to the system. The
GPC profile of this two-stage polymerization showed a clear increase in the Mn
of the polymer, retaining a narrow molecular-weight distribution. These results
clearly show a very long lifetime of the growing enolate species 2, even in the
presence of (C4H;);B.
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Fig. 14. Polymerization of methyl methacrylate (MMA) with the enolatealuminum porphy-
rin (2, R=Me)-triphenylboron [(C4H;);B] system; (TPP)AlMe (1, X=Me) as initiator
(IMMA]y/[1 (X=Me)],=200, [1 (X=Me)],=16.2 mM), CsH, as solvent, rt, (C4Hs);B added
([(C¢Hs)3B]o/[2 (R=Me)],=1.0) after irradiation for 3 h (9.3% conversion). GPC profiles
(THF as eluent) of the polymerization mixture at 100% conversion (4 h), monitored with
differential refractometer and UV (269 nm) detectors
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Tris(pentafluorophenyl)boron [(CFs);B], a triarylboron bearing electron-
withdrawing perfluorinated phenyl rings, was found to be much more powerful
than (C4H;);B as a Lewis acid accelerator for the present polymerization. When
(C¢F5);B was added at room temperature to the polymerization system at an
equimolar ratio of (C4F5);B to the growing species 2, the polymerization took
place rapidly with considerable heat evolution, attaining 100% monomer con-
version within only about 10 min [Fig. 13 (m)]. This polymerization was esti-
mated to be 150-times faster than that in the absence of (C4F5);B,and 12.5-times
faster than that with (C4H;);B as a Lewis acid under similar conditions.

Unlike triarylborons, a trialkylboron, such as tributylboron (Bu;B), neither
accelerates nor terminates the polymerization under similar conditions [Fig. 13
(A)].On the other hand, the molecular-weight distribution of the produced pol-
ymer is very narrow, and the Mn value is close to the theoretical one. This is in
sharp contrast to trialkylaluminums, which rapidly react with the growing spe-
cies 2 to terminate the polymerization. Thus, no termination in the presence of
Bu;B indicates the essential difference in the susceptibility between the boron-
carbon and aluminum-carbon bonds towards nucleophiles.

2.2.2
NMR Studies

In order to investigate the interaction of MMA with organoboron compounds,
13C NMR studies were made. In the 1*C NMR spectrum in CD,Cl, at 25 °C of an
equimolar mixture of MMA and (C¢F;);B (Fig. 15), clear downfield shifts were
observed for the signals of MMA due to C=0 [168.3 (a)—170.1 (a")], CH,=[125.6
(c)—127.2 (c")],and CH;0 [52.2 (d)—53.1 (d')]. When the mole ratio of (C4F5);B
to MMA was increased from 1.0 to 5.0, the downfield shifts became more re-
markable, particularly for the signal due to C=0 (Ad=3.4 ppm) [Fig.16 (m)].
Thus, a coordination interaction exists between the carbonyl group of MMA and
the boron atom of (C4F5);B. In the case where (C4H;);B was present in place of
(C¢F5)3B under similar conditions, the downfield shifts of the MMA signals were
again observed (e ), but they were less explicit than those observed for the
MMA-(C¢F5)3B system (m). For example, the magnitude of the downfield shift
for the MMA C=O signal was only 0.l ppm even at the mole ratio
[(C¢H;5)3Bl/[MMA] of 5. On the other hand, in the MMA-Bu;B system, the
change in the chemical shifts of the MMA signals vs. the mole ratio of Bu;B to
MMA was much smaller than the above two triarylboron cases, where the MMA
C=0 signal, for example, shifted only by 0.1 ppm when the mole ratio of Bu;B to
MMA was increased to 10 ( A). When these results are compared with those for
two representative MMA-organoaluminum {MeAl[OC¢H,(2,4,6-tri-tert-Bu)l,,
(C¢Hs);Al} systems, the extents of the downfield shifts for the MMA C=0 signal
are increased in the order: Bu;B ( A)<(C4H;);Al (O)~(CcHs);B (@ )<(C4F5);B
(m)<MeAl[OC4H,(2,4,6-tri-tert-Bu)], ((J) (Fig.16). This order roughly corre-
sponds to the order of the observed acceleration effects of these Lewis acids for
the 2-mediated polymerization [28].
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Fig. 15. 1*C NMR profile in CD,Cl, at 25 °C of an equimolar mixture of methyl methacrylate
(MMA) and tris(pentafluorophenyl)boron [(C4F;);B]. Broken lines represent the signals
due to MMA in the absence of (C4Fs);B
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Fig.16. 1*C NMR profiles in CD,Cl, at 25 °C of methyl methacrylate (MMA)-Lewis acid
mixtures. Relationships between the chemical shift of the C=0 signal of MMA and the mole
ratio of Lewis acid to MMA: Lewis acids; triphenylboron (e ), tris(pentafluorophenyl)boron
(m), tri-n-butylboron (A), triphenylaluminum (O), and methylaluminum bis(2,4,6-tri-
tert-butylphenolate) ((J)
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In relation to the living character of polymerization with the 2 (R=Me)-orga-
noboron systems, a C¢Dg solution of (C¢Hs);B was added to an equimolar
amount of the living polymer of MMA carrying an enolate reactive terminal (2,
R=Me), prepared with [MMA],/[1 (X=Me)], of 10 at 100% conversion, and the
mixture was studied by '"H NMR at 30 °C. The living polymer 2 alone in C¢Dg
shows a characteristic signal at 6 0.53-0.62 ppm due to the MeO group in the ter-
minal enolate unit attached to the aluminum porphyrin moiety [29a], while
(C¢H;)3B in C4Dg provides a set of signals at § 7.88-7.36 ppm. If the transmetal-
lation takes place between 2 (R=Me) and (C4H5);B, these signals should disap-
pear, while new sets of signals due to 1 (X=Ph) [Al-Ph: 8 2.73 (0-H, d), 5.83 (m-
H, m), and 6.08 ppm (p-H, t)] [30] and the corresponding boron enolate species
should appear. However, throughout the observation over a period of 24 h at
25 °C, the signals due to the starting aluminum enolate species 2 (R=Me) and
(C¢Hs);3B remained unchanged in their relative intensities to the pyrrole-f3-pro-
tons of the aluminum porphyrin moiety (8 9.37 ppm, 8H, s), and no new signals
characteristic of 1 (X=Ph) appeared [30]. This observation is in agreement with
the result of the two-stage polymerization of MMA with the 2 (R=Me)-(C¢Hs);B
system, where the livingness of polymerization succeeded perfectly from the
first to the second stage even when the long interval (48 h) was placed before the
second monomer feed. More surprisingly, no ligand-exchange reaction took
place when the mixture of 2 and (C4Hs)3;B was heated at 60 °C for 3 h.

2.3
“One-Shot” Lewis Acid Promoted Living Polymerization of Methyl Methacrylate [31]

For Lewis acid promoted living polymerization of MMA with (TPP)AlMe (1,X=
Me) as initiator, a photoinitiation prior to the addition of the Lewis acid is re-
quired. This is because (1) 1 (X=Me) without irradiation does not have the abil-
ity to initiate the polymerization even in the presence of Lewis acid, and (2) “all-
at-once” polymerization by direct irradiation of a mixture of MMA, 1 (X=Me),
and the Lewis acid results in the formation of a relatively broad MWD PMMA
with Mn much higher than expected. In this sense, the procedure using 1 (X=
Me) as initiator is not convenient for practical application. In this section, we re-
port on aluminum porphyrins with various axial ligands which were tested as
initiators in order to realize a more convenient, “one-shot” high-speed living po-
lymerization of methyl methacrylate with no need for irradiation with visible
light.

Aluminum porphyrins 1 having axial ligands such as chloride (X=Cl), acetate
(X=0,CMe), phenolate [X=0OC4H;(2,4-di-tert-Bu)], methanolate (X=OMe),
propanethiolate (X=SPr), and benzenethiolate (X=SPh) were tested as initiators
for the polymerizations of MMA (200 equiv with respect to 1) in the absence and
presence of methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e) as
Lewis acid under diffuse light in CH,Cl, at room temperature. As a result, the
aluminum porphyrins carrying aluminum-chlorine (1, X=Cl) and -oxygen
bonds [1, X=0,CMe, OC¢H;(2,4-di-tert-Bu), OMe] did not bring about the po-
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lymerization at all in the absence and even in the presence of the Lewis acid 3e.
On the contrary, aluminum porphyrins 1 bearing aluminum-sulfur bonds (X=
SPr, SPh) were found to initiate the polymerization without irradiation [32] even
in the absence of 3e.

Thus, one-shot high-speed living polymerization of MMA without a photoin-
itiation step is possible by the direct addition of a mixture of MMA and a Lewis
acid 3e to the initiator solution [33]. For example, when 100 equiv of MMA con-
taining 1.5 mol% of 3e were added to a C¢Hj solution of (TPP)AISPr (1, X=SPr),
the color of the solution immediately turned from reddish brown to reddish pur-
ple characteristic of an enolatealuminum porphyrin species. The polymeriza-
tion took place rapidly with heat evolution, and was complete within only 90s,
affording the polymer with Mn and Mw/Mn, as estimated by GPC, of 11,200 and
1.13, respectively (Fig 17A). An excellent agreement between the thus estimated
Mn value and that expected from the monomer-to-initiator mole ratio (10,000)
indicated the participation of all the molecules of (TPP)AISPr in initiating the
high-speed polymerization.When MMA was added again after the first-stage
polymerization was complete, second-stage polymerization ensued to allow the

....................... . s Yo response
: 1 at 256 nm

Rl-response

T T T T T T
26 28 30 32 34 Elution Volume (mL)
22 5.9 22 0.9 0.4 Mgpcx10*

Fig. 17. GPC profiles of poly(methyl methacrylate)s obtained with A The (TPP)AISPr (1, X=
SPr)-methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e) and B The (TPP)AI-
SPh (1, X=SPh)-3e system. [MMA],/[1],/[3e],=100/1.0/1.0, CsH as solvent, rt, 100% con-
version
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quantitative formation of a poly(MMA) with narrow molecular-weight distribu-
tion (living polymerization).

From an end-group analysis of the polymer by !H and 1*C NMR spectroscopy
and GPC monitoring RI and UV responses, the polymerization of MMA with the
(porphyrinato)aluminum thiolate-Lewis acid (3e) system was initiated by a nu-
cleophilic attack of the thiolate group of the initiator to the monomer,leading to
the formation of an alkyl- or arylthio moiety at the polymer terminal. The 13C
NMR spectrum (10-40 ppm) in CDCI; of the polymer synthesized by the 1 (X=
SPr)-3e system (Mn= 6,900; Mw/Mn=1.13) showed a set of weak signals assign-
able to the propylthio group attached to the polymer terminal [a, d 13.4 (CH;);
b,8 23.2 (CH,CHj;); ¢, 0 35.3 (SCH,CH,CH3)] [34] and that due to the methylene
group of the terminal MMA unit attached to the -SPr group [d, d 36.3 ppm
(CH,SPr)] was observed in addition to the signals due to the methyl group in the
polymer main chain (e, § 18.8 and 16.4) (Fig. 18) [35]. The 'H NMR spectrum
also showed the signals attributable to the terminal structure -C(CHj)
(CO,CH,)CH,SPr (SCH,Et, & 2.41; CH,SPr, & 2.51 and 2.75) [35], and the
number-average degree of polymerization, as calculated from the intensity ratio
of the signal due to the main chain CH, group (8 1.4-2.1) [35] to that due to
SCH,Et, was 73, which is close to the value estimated by GPC (69). Thus, every
terminal of the polymer molecule carries a propylthio group originating from
the initiator 1 (X=SPr). Incorporation of the thiolate group of the initiator into
the polymer terminal was also demonstrated for the polymerization with the
(TPP)AISPh (1, X=Ph)-3e system. As indicated by the GPC chromatogram, the

e

¢l: (': d c b a e
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Fig.18. 13C NMR spectrum in CDCl; of the poly(methyl methacrylate) (Mngpc=6900,
Mw/Mn=1.13) obtained with the (TPP)AISPr (1, X=SPr)-methylaluminum bis(2,6-di-tert-
butyl-4-methylphenolate) (3e) system. [MMA],/[1],/[3€],=30/1.0/0.5, 100% conversion
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polymer, purified by repeated precipitations, exhibits a clear UV response when
monitored at 256 nm [38]. On the other hand, the polymers prepared with the
systems 1 (X=Me)-3e and 1 (X=SPr)-3e were both silent at 256 nm [37]. Thus,
the clear UV response observed for the polymer formed with the 1 (X=SPh)-3e
system [(B) in Fig. 17] indicates the presence of an aromatic sulfide moiety at the
polymer terminal.

24
Synthesis of Monodisperse, High-Molecular-Weight Poly(methyl Methacrylate) [39]

The synthesis of monodisperse, ultrahigh-molecular-weight polymers is one
of the most challenging subjects of both fundamental and practical interest.
The aluminum porphyrin 1-Lewis acid systems can be used for this purpose
by taking advantage of their strikingly high activities (Table 6) [40]. A typical ex-
ample is given below. To a CH,Cl, solution (12.0 ml) of (TPP)AlMe (1, X=Me;
0.30 mmol) in a 200-ml round-bottomed flask carrying a side ampule (20 ml)
(Fig. 19) was added MMA (30 mmol) with a syringe; the mixture was irradiated
with xenon arc light (A>420 nm) at 35 °C for 4 h,whereupon 1 (X=Me) was com-
pletely converted to the aluminum enolate species2 (R=Me). Then, the irradia-
tion was stopped, and the flask was tilted to the ampule side in order to minimize
the amount of 2 (R=Me) remaining in the flask to provide a high MMA-to-2
mole ratio in the next stage polymerization. After most of the initiator solution
had been transferred to the side ampule, a CH,Cl, solution of a mixture of 3590
molar amount of MMA and 85 molar amount of 3e (2.5 mol% with respect to
MMA) was added to the remaining solution with a syringe; the polymerization
was conducted at 0 °C. Complete consumption of MMA was attained within
20 min, affording a polymer with Mn and Mw/Mn, respectively, of 5.6x10°=
560,000 and 1.1. Similarly, PMMA with Mn exceeding a million (Mn=1.02x10°=
1,017,000, Mw/Mn=1.2) was synthesized by polymerizing a 8300 molar amount
of MMA with 2 (R=Me) in the presence of 3e (4.2 mol%) under similar
conditions.

Table 6. Polymerization of methyl methacrylate (MMA) via an enolatealuminum porphyrin
(2,R=Me) in the presence of methylaluminum diolates (MeAlX,)?

Run 3 [MMA]y/[3]o[2], Temp/ Time/ Conv.’/ MnS Mw/Mn*®
°C min %

1 3b 930/3/1 -40 5 100 96,000 1.1

2 3b 2,160/6/1 -40 15 100 176,000 1.1

3 3b 3,170/8/1 -40 10 100 372,000 1.2

4 3e 3,590/85/1 0 20 100 560,000 1.1

5 3e 8,300/350/1 0 35 100 1,017,000 1.2

2 Polymerization was carried out in CH,Cl, under nitrogen.

b

Determined by 'H NMR analysis of the reaction mixture.
Estimated by GPC based on polystyrene standards [14].

o
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25
Accelerated Living Polymerization of Methacrylonitrile with Aluminum Porphyrin
Initiators by the Activation of Monomer or Growing Species [39]

For the anionic polymerization of methacrylonitrile (MAN), many initiators
have been developed, which include alkali-metal alkyls such as butyllithium
[42], triphenylmethylsodium [43], phenylisopropylpotassium [43], the diso-
dium salt of living o-methylstyrene tetramer [44], alkali-metal amides [45],
alkoxides [46], and hydroxide [47], alkali metal in liquid NH; [48], quaternary
ammonium hydroxide [49], and a silyl ketene acetal coupled with nucleophilic
or Lewis acidic catalysts [50]. However, only a single example of the synthesis of
PMAN with narrow molecular-weight distribution can be cited, and the report-
ed number-average molecular weights were much higher than those calculated
from the stoichiometry of the butyllithium initiator [42].

As mentioned above, the new method “Lewis acid promoted living polymer-
ization” of methacrylic esters, by using enolatealuminum porphyrin (2) as nu-
cleophilic initiator in conjunction with organoaluminum compounds, such as
methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e), as Lewis acids
has enabled us to synthesize poly(methacrylic ester) of narrow molecular-
weight distribution [51]. On the other hand, some reactions of aluminum por-

|

Three way
Stopcock
Side Ampule
=
D
Magnetic Stirring

Fig.19. The polymerization flask designed for the synthesis of high-molecular-weight
(Mn>500,000) poly(methyl methacrylates) by the high-speed living polymerization with
the (porphyrinato)aluminium enolate (2)-Lewis acid (3e) systems
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phyrin take place only when Lewis bases are added to the reaction system. For
example, the addition of a Lewis base is essential for the reaction of aluminum
porphyrins with carbon dioxide. It is considered that the added Lewis base co-
ordinates to the central aluminum atom and enhances the reactivity of alumi-
num porphyrins [52].

In the present section we describe the living anionic polymerization of meth-
acrylonitrile by two initiating systems such as the aluminum porphyrin-Lewis
acid system and the aluminum porphyrin-Lewis base system which enables the
synthesis of poly(methyl methacrylate-b-methacrylonitrile)s of controlled mo-
lecular weights.

251
Polymerization of Methacrylonitrile with Methylaluminum Porphyrin in the Presence
of Methylaluminum Diphenolate

Polymerization of methacrylonitrile (MAN) was first attempted by using meth-
ylaluminum porphyrin (1, X=Me) as initiator under diffuse light in CH,Cl, at
room temperature ([MAN],/[1],=100); however, the reaction of MAN and 1 did
not occur at all. On the other hand, under irradiation with visible light
(A>420 nm) at 35 °C, the polymerization of MAN took place, accompanied by a
color change from bluish purple to brownish purple. The polymerization pro-
ceeded very slowly, and the monomer conversion reached only 25% even after
one week, affording polymethacrylonitrile (PMAN) with Mn and Mw/Mn values
of 2900 and 1.31, respectively. In sharp contrast, when 3e (10 equiv with respect
to 1) was added to the above reaction mixture, the chain growth readily proceed-
ed and was complete in 5 h. The polymerization system was homogeneous at the
earlier stage of the reaction, but turned heterogeneous at the later stage due to
the poor solubility of PMAN in the polymerization medium. The GPC profile of
the finally obtained PMAN showed a unimodal but broad chromatogram
(Mw/Mn=1.35). The Mn of the polymer (7800), as estimated from GPC, was
close to that expected from the initial monomer-to-initiator mole ratio by as-
suming that every molecule of aluminum porphyrin produced one polymer
molecule (6700), indicating that the added 3 could not be a new initiator for the
polymerization of MAN. Actually, 3 alone did not bring about the polymeriza-
tion of MAN under identical conditions. 'H NMR in CDCl, at 55 °C of poly(me-
thyl methacrylate) (PMMA) converted from PMAN produced as above [53] in-
dicated that the polymer was almost atactic (I/H/S=0.28/0.52/0.20), while
PMMA prepared by the polymerization using the 2-3e system (Mn=10,700,
Mw/Mn=1.19; prepolymer in no. 5, Table 1) was rich in syndiotactic sequences
(I/H/S=0.02/0.37/0.61).

The block copolymerization of MAN was attempted from a living prepolymer
of MMA carrying a (porphinato)aluminum enolate growing terminal
(Scheme 6); however, without 3e, the polymerization of MAN from 2 did not oc-
cur. However, when 100 equiv of MAN were added to a CH,Cl, solution of 2
{Mn=12,000, Mw/Mn=1.11; prepared with [MMA]/[1], of 100, 100% conver-
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sion, under irradiation (A>420 nm); Fig.20 (I)} in the presence of 3e ([3e],/
[2],=10.0) at room temperature, the polymerization of MAN started with a color
change of the polymerization system. The polymerization proceeded smoothly
and was complete within 3 h, where the polymerization mixture was homogene-
ous throughout the reaction.

The GPC profile provided a unimodal, sharp elution pattern for the finally ob-
tained polymer, in which the peak due to the prepolymer of MMA was not ob-
served, showing that a MMA-MAN block copolymer was produced quantita-
tively [Fig.20 (II)]. The Mn of the polymer, as estimated by GPC, was 20,800
(Mw/Mn=1.17), which is close to that (16,700) expected from the initial MAN-
to-2 mole ratio. Successful block copolymerization indicates that all the mole-
cules of the growing PMMA (2) produced in the first stage participated in initi-
ating the second-stage polymerization of MAN.

When the polymerization of MAN using the living PMMA as initiator was car-
ried out in the presence of 3e (3 equiv with respect to 2) at room temperature, the
Mn of the polymer increased linearly with the conversion, which is in good agree-
ment with the value expected from the initial mole ratio of MAN to 2 and the con-
version (Fig.21), and the molecular-weight distribution (MWD) of the block co-
polymer stayed narrow (Mw/Mn=1.1-1.2) throughout the polymerization.

By increasing the amount of 3e from 3.0 to 10.0 equiv with respect to 2, the po-
lymerization of MAN proceeded more rapidly (Fig.22). However, the Mn of the
PMAN sequence obtained at 100% conversion was almost constant irrespective of
the ratio of 3e to 2 (Table 7, runs 2-4) These results indicate that the added 3 did
not serve as initiator but served as accelerator for the polymerization of MAN.

When the initial mole ratio of MAN to the prepolymer of MMA (2) was in-
creased from 50 to 200, the Mn of the PMAN sequence was increased almost pro-
portionally from 5400 to 16,400 retaining the ratio Mw/Mn in the range of 1.2-
1.3 (Table 7, runs 5-7, 10; Fig. 23). Since PMMA-PMAN block copolymers with
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Elution Volume
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Fig.20. Block copolymerization of methyl methacrylate (MMA) and methacrylonitrile
(MAN) in CH,Cl, with the methylaluminum porphyrin (1, X=Me)-methylaluminum
bis(2,6-di-tert-butyl-4-methylphenolate) (3e) system. GPC profiles of I The prepolymer of
MMA ([MMA]y/[1],=100, under irradiation A>420 nm, 35 °C, 100% conversion; Mn=
12,000, Mw/Mn=1.13) and II The block copolymer of MMA and MAN (in the presence of
3e, [MAN]/[1]/[3€],=100/1.0/10, rt, 100% conversion; Mn=20,800, Mw/Mn=1.17)

Mw/Mn
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Fig. 21. Polymerization of methacrylonitrile (MAN) with the living prepolymer of methyl
methacrylate (MMA) (2, m=50; Mn=9200, Mw/Mn=1.13)-methylaluminum bis(2,6-di-
tert-butyl-4-methylphenolate) (3e) system; [MAN]/[2]y/[3€],=50/1.0/3.0, [2],=22.6 mM,
CH,Cl, as solvent, rt. Relationship between Mn (e ) [Mw/Mn (O)] of the polymer and con-

version
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Fig.22. Polymerization of methacrylonitrile (MAN) with the living prepolymer of methyl
methacrylate (MMA) (2)-methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e)
system; [MAN]y/[2],=50, [2]y=22.6 mM, CH,Cl, as solvent, rt, initial ratios of 3e to 2=3.0
(®),4.0 (A),and 10 (m). Effect of the amount of Lewis acid 3e on the rate of polymerization
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Fig. 23. Polymerization of methacrylonitrile (MAN) with the living prepolymer of methy]
methacrylate (MMA) (2)-methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e)
system in CH,Cl, at rt. Relationship between Mn of the PMAN block (e ) [Mw/Mn (O)] of
the polymer formed at 100% conversion and the initial monomer-to-initiator mole ratic
([MAN]y/[2]y)



H. Sugimoto, S. Inoue

76

9ouasaxd oy ur (wu OzF<y) IYSI] 2T WOUSX YILM UOHRIPELIT IOPUN D) §¢ Je IDTHD Ul (1) SNV (dd.L) WIM parentul YINIA Jo uonezrrawdjod Sutary ay) £q paredaig

Ww €'9=[¢]
Ww 6Z1="[z]
{[£9] NVIN 30 MINX°[2]/°[NVIN]} woy pare[nofen
*SISATeUR [BJUSWAS UT JUS)UOD N 9} WOIJ Paje[nore)
‘(1owdodaxd a1 Jo upy)/(1owAodod Yo0[q a3 Jo upy)
‘spaepue)s auaif)sA[od uo paseq Ddo Ag

U T VU w g

*UOTSIDAU0D %001 ‘(3€) (drejousydiAyiaw-F-141nq-1497-1p-9°7)SIq WnuIwn[e[AYIaW Jo

f=]

"UOTSISAUOD 0400T ‘NW §7="[] 91 38 IN Jopun {DYHD UJ

10s  (00%°€T) 00%°91 vTl 00£°6€ 1 002 Il 006CT 001 00z 01
v61  (00%€) - 811 00£°0€ € 0S - - 0¢ 002 6
(00%°€1) 00501 8%'1 000%¢ S 002 8! 00S‘€T 001 00T 58
€9 (0or‘om) 00ST1 ¢’ 009cT 3 0S1 61'1 00T°T1 001 00T 5L
£9S  (00L%9) 0096 LTT 00802 € 001 Il 0011 001 00T 39
oy (00¥°€) 00%°S €1 00191 (4 0S 61'1 00L°01 0€ 001 S
(00%°€) 009% sl 0011 0 0s L1 0099 001 0s i
(00%°€) 00T°S Al 00LTT I 0S LT1 0059 0¥ 0S €
(00%°¢) 0089 611 00091 (4 0S €'l 00T‘6 0¢ 0S (4
€LL  4(00L9) - LT1 00T‘T1 81 001 - - 07 0€¢ 1
NVIN NVINd Oz] o[1]
Jjooprowr  oog JOUW  SUN/MI SUN ypunL  OINVIN] SUA/MN Suw O[r]/%eg]l O[N] uny
1owjodoo yoorg q(¢) 1ourfodaig

=(3¢€) (eyerousydiAyiow--14A1nq-1407-1p-9°7)S1q WnUTWNR[AY}oUr
Jo aouasaxd o) ur (7) (VINIA) arefdoeouwr [Aypawr Jo owrdjodard Surarf oy yam (NVIA) a[LnIuodioeyaw jo uoneziawijodos yoorg */ a|qelL



Polymerization by Metalloporphyrin and Related Complexes 77

longer PMMA sequences are more soluble, the polymerization mixture was ho-
mogeneous throughout the polymerization of MAN even when a block copoly-
mer with a long PMAN sequence was formed, and the MWD of the produced
block copolymer was narrow.

The polymerization of MAN with 2 in the presence of 3e proceeded with liv-
ing character. Clear evidence for this was given by the sequential two-stage po-
lymerization of MAN initiated with enolatealuminum porphyrin 2 [living PM-
MA; Mw=13,200, Mw/Mn=1.22; Fig.24 (I)] in the presence of 3 (1:3), where
50 equiv of MAN with respect to 2 were polymerized up to 100% conversion
(4 h) at the first stage, and after a 16-h interval at room temperature, 50 equiv of
MAN were charged to the mixture. In spite of the long interval between the com-
pletion of the first-stage polymerization and the second monomer feed, the sec-
ond-stage polymerization ensued, and was complete within 6 h. The GPC profile
of the product (the block copolymer) showed a clear increase in molecular
weight from 17,500 to 20,700 with the shift of the sharp peak (Mw/Mn: from 1.21
to 1.29) [Fig. 24 (II) and (III)].

26 28 30 32 ElutlonVoI.ume
inmL

22 5.9 2.2 0.9 Mgpcx10™

Fig. 24. Sequential three-stage polymerization of methyl methacrylate (MMA), methacrylo-
nitrile (MAN), and MAN in CH,Cl, at rt with the methylaluminum porphyrin (1, X=Me)-
methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e) system. GPC profiles of the
polymers formed at I The first stage [MMA],/[1],=100, 100% conversion; Mn=13,200,
Mw/Mn=1.22, II The second stage [MAN]y/[1],=50, 100% conversion; Mn=17,500,
Mw/Mn=1.21, and III The third stage [MAN],/[1],=50, 100% conversion; Mn=20,700,
Mw/Mn=1.29
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25.2
Polymerization of Methacrylonitrile with Methylaluminum Porphyrin in the Presence
of Pyridine

Pyridine in place of methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate)
(3e) was also effective for the polymerization of MAN from the living PMMA (2).
An example is shown by the polymerization of MAN under irradiation with the 2
(Mn=4000, Mw/Mn=1.09; prepared with [MMA]/[1],=40, 100% conversion)-py-
ridine system at the initial mole ratio [MAN]/[2],/[pyridine], of 100/1.0/0.6.
MAN was polymerized up to 63% conversion in 65 h [Fig. 25 ((J)], where the GPC
peak of the polymer formed was observed to shift clearly towards the higher mo-
lecular-weight region (Mn=7600), retaining the narrow MWD (Mw/Mn=1.26),
and the peak corresponding to the prepolymer of MMA was not observed. These
facts clearly demonstrate the successful polymerization of MAN from 2, affording
a PMMA-PMAN block copolymer. In sharp contrast to the polymerization of
MAN, polymerization of MMA with aluminum porphyrin 2 was retarded by pyri-
dine. For example, in the presence of 2 equiv of pyridine with respect to 2, the po-
lymerization of 100 equiv of MMA proceeded very slowly to attain 25% conversion
in 18 h under irradiation, while in the absence of pyridine, the polymerization of
MMA with 2 was complete within 12 h under otherwise identical conditions.

By increasing the amount of pyridine from 0.6 to 10 equiv with respect to the
living PMMA (2) ([MAN]y/[2],=50), the polymerization of MAN under visible
light irradiation proceeded more rapidly [Fig. 25 (O)], where the Mn of the pro-
duced polymer increased linearly with conversion, retaining the ratio Mw/Mn in

® 100

£

s

‘3 80 ¢

[

>

c

(=]

O 60
40 |
20 |
0

0 20 40 60 80 100 120
Reaction time in h

Fig. 25. Polymerization of methacrylonitrile (MAN) with the living prepolymer of methyl
methacrylate (MMA) (2)-pyridine system; [2],=20.7 mM, CH,Cl, as solvent, rt, [MAN]/
[2],=100, [pyridine],/[2],=0.6 (M, ), 10 (e, O), under diffuse light (m, ® ), under irradi-
ation of visible light (A>420 nm) ([, O). Time-conversion relationship
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the range of 1.1-1.3. A good agreement between the observed and expected Mns
of the polymer (solid and broken lines, respectively) again indicates the quanti-
tative initiation from every molecule of the living PMMA (2).

It is particularly noteworthy that a dramatic acceleration by irradiation with
visible light was observed in the presence of pyridine for the polymerization of
MAN initiated with the living PMMA (2) (Fig. 25 m —[], @ —O) [54]. For exam-
ple, the polymerization of MAN with 2 ([MAN]y/[2],/[pyridine],=100/1.0/10)
proceeded rapidly up to 67% conversion in 18 h under visible light irradiation
(A>420 nm), while in diffused light under otherwise identical conditions, the
conversion of MAN after 20 h was only 22%. All the block copolymers produced
under irradiation and under diffused light were of narrow MWD.

2.6
Living Ring-Opening Polymerization of Heterocyclic Monomers with Aluminum
Porphyrin—Organoaluminum Compound Systems

Aluminum porphyrins are excellent initiators for the living polymerizations of
a wide variety of monomers such as epoxides [55], lactones [56], alkyl methacr-
ylates [57], and alkyl acrylates [58] affording the corresponding polymers of
controlled molecular weights with narrow molecular-weight distribution. In the
course of the study mentioned above, it was found that the polymerization of
methyl methacrylate with aluminum porphyrin, proceeding via an enolatealu-
minum porphyrin as the growing species [57],is dramatically accelerated by the
addition of a bulky Lewis acid 3f, where the polymerization is complete within
seconds under appropriate conditions to give a polymer with a narrow MWD
[59]. The basic concept of this high-speed living polymerization involves the co-
ordinative activation of the monomer by the bulky Lewis acid which does not re-
act directly with the growing species on bulky aluminum porphyrin (Fig. 11). In
the present section, the successful extension of the above method to the Lewis
acid assisted anionic living ring-opening polymerizations with aluminum por-
phyrin is described for the polymerizations of epoxide, lactone, and oxetane.
Furthermore, in order to generalize the basic concept of the Lewis acid assisted
living polymerization, aluminum complexes of phthalocyanine (11), tetraazaan-
nulene (12), and Schiff bases (13-15) were also employed as initiators.

Structure 11
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2.6.1
Ring-Opening Polymerization of Epoxide Initiated with Aluminum Porphyrin
in the Presence of an Organoaluminum Compound [60]

Polymerization of 1,2-epoxypropane (propylene oxide, PO), carried out at room
temperature using chloroaluminum porphyrin [(TPP)AICI; 1, X=Cl] as initiator
in CH,Cl, at the initial mole ratio [PO]y/[1], of 200, proceeded, via alcoholatea-
luminum porphyrin as the growing species 16 (Scheme 7), rather slowly, to at-
tain 19.8% conversion in 7 h, giving a polymer with Mn and Mw/Mn of 3300 and
1.05, respectively. On the other hand, when a CH,Cl, solution of methylalumi-
num bis(2,4,6-tri-tert-butylphenolate) (3f) (0.25 mol% with respect to PO) was
added to the reaction mixture, a rapid polymerization took place with vigorous
heat evolution to attain 85.5% conversion within only 3 min. The extent of accel-
eration was estimated to be 460-times. The GPC profile of the polymer thus
formed showed a unimodal, sharp chromatogram, from which the Mw/Mn ratio
was estimated, based on polystyrene standards, to be 1.21. The Mn of the pro-
duced polymer was estimated to be 11,900, which is close to the expected value
(9900), taking the monomer-to-initiator mole ratio and conversion into consid-
eration.
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Polymerization of PO using an alcoholatealuminum porphyrin [(TPP)
Al(PO),,Cl, 16; n=10] as initiator also proceeded rapidly in the presence of 3f:
As soon as 200 equiv of PO were added to a CH,Cl, solution of (TPP)AI(PO),,Cl
(16,n=10) containing only 0.1 mol% of methylaluminum diphenolate 3f with re-
spect to PO, the polymerization started and attained 52.5, 73.6, and 81.1% con-
version in 1,2,and 3 min, respectively (Fig. 26). The Mn value of the polymer in-
creased linearly with conversion, retaining the ratio Mw/Mn at 1.1 (Fig. 27). An
excellent agreement between the observed and expected Mns of the polymer
again indicates the quantitative initiation and propagation from every molecule
of the starting alcoholatealuminum porphyrin 16.

The rate of polymerization by the 16 (n=10)-3f system is dependent on the
concentration of 3f: When the initial mole ratio of 3f to PO was increased from
0.025 to 2.5 mol%, the polymerization was much more accelerated to attain
94.1% conversion in only 3 min (Fig. 28). If the added 3f initiates the polymeri-
zation, the number of the polymer molecules produced should increase incre-
mentally in relation to the amount of 3f,and the Mn value should decrease. How-
ever, irrespective of the mole ratio of 3f to PO (0.025-2.5 mol%), the observed
Mn values at 100% conversion were all close to the theoretical Mn (11,600) as in-
dicated by the ratio of the numbers of the molecules of polymer and 16
(Np/Nrpp) (Fig. 29) [61] being almost constant at unity, and the produced poly-
mers were all of narrow MWD. The Mn of the polymer could be controlled by
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Fig. 26. Polymerization of 1,2-epoxypropane (PO) by the alcoholatealuminum porphyrin

(16, n=10)-methylaluminum bis(2,4,6-tri-tert-butylphenolate) (3f) system, [PO],/[16],/
[3£],=200/0.2/1.0, [3f],=18.5 mM, CH,Cl, as solvent, rt. Time-conversion curve
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Fig.27. Polymerization of 1,2-epoxypropane (PO) by the alcoholatealuminum porphyrin

(16, n=10)-methylaluminum bis(2,4,6-tri-tert-butylphenolate) (3f) system. Relationship
between Mn (e ) [Mw/Mn (O)] of the polymer and conversion
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Fig. 28. Polymerization of 1,2-epoxypropane (PO) by the alcoholatealuminum porphyrin
(16, n=10)-methylaluminum bis(2,4,6-tri-tert-butylphenolate) (3f) system, [PO],/[16],=
200, [16],=18.5 mM, CH,Cl, as solvent, rt, initial ratios of 3f to PO (mol%)=0.025 (m), 0.1
(A),0.5(0),and 2.5 (e ). Effect of the amount of Lewis acid 3f on the rate of polymerization
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Fig. 29. Polymerization of 1,2-epoxypropane (PO) by the alcoholatealuminum porphyrin
(16, n=10)-methylaluminum bis(2,4,6-tri-tert-butylphenolate) (3f) system, [PO],/[16],=
200, [16],=18.5 mM, CH,Cl, as solvent, rt. Relationship between the ratio of the numbers
of the molecules of polymer (N,,) to 16 (Nypp) and the initial mole ratio of 3f to PO
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Fig. 30. Polymerization of 1,2-epoxypropane (PO) by the alcoholatealuminum porphyrin
(16, n=10)-methylaluminum bis(2,4,6-tri-tert-butylphenolate) (3f) (1.0:0.2) system in
CH,(Cl, at rt. Relationship between Mn (e ) [Mw/Mn (O)] of the polymer formed at 100%
conversion and the initial monomer-to-initiator mole ratio ([PO],/[16],)
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changing the monomer-to-initiator ratio in the presence of 0.2 equiv with re-
spect to 16 (n=10), where the observed Mns of the polymers obtained at 100%
conversion were in good agreement with the estimated value from [PO],/[16],,.
(Fig. 30) These results indicate that the added 3f does not initiate but only accel-
erates the polymerization.

The living nature of the polymerization of PO by the alcoholatealuminum
porphyrin (16)-organoaluminum (3f) system was clearly demonstrated by a
successful block copolymerization from PO to 1,2-epoxybutane (BO): At the first
stage, polymerization of PO in CH,Cl, by the 16-3f system ([PO],/[3f],/[16],=
50/1.0/0.2) was complete within 15 min at room temperature to give a polymer
with Mn and Mw/Mn of 4600 and 1.04, respectively [Fig.31 (I)]. When BO
(200 equiv) was added to the polymerization mixture, the second-stage polym-
erization of BO took place rapidly to attain 75.2% conversion in 60 min. The
GPC chromatogram of the polymer obtained at 75.2% conversion was observed
to shift towards the higher molecular-weight region [Fig. 31 (II); Mn=11,300,
Mw/Mn=1.18] from that of the prepolymer of PO (I), retaining the narrow
MWD.
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Fig.31. Block copolymerization of 1,2-epoxypropane (PO) and 1,2-epoxybutane (BO) in
CH,Cl, at rt by the alcoholatealuminum porphyrin (16, n=10)-methylaluminum bis(2,4,6-
tri-tert-butylphenolate) (3f) (1.0:0.5) system. GPC profiles of I The prepolymer of PO
([PO]y/[16]y=50, 100% conversion; Mn=4,600, Mw/Mn=1.04) and II The block copolymer
of PO and BO ([BO],/[16],=200, 75.2% conversion; Mn=11,300, Mw/Mn=1.18)
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2.6.2
Ring-Opening Polymerization of Epoxide with Various Aluminum Complexes as Initiators
in the Presence of a Lewis Acid

The key point of the “high-speed living polymerization” is the steric suppression
of an undesired reaction between the nucleophilic growing species and the Lewis
acid, for which not only the steric bulk of the Lewis acid but also that of the por-
phyrin ligand is considered important. The benefit of using a Lewis acid holds
even for the aluminum complexes with phthalocyanine (11), tetraazaannulene
(12), and. Schiff bases (13-15). As initiators, these complexes exhibit much lower
activity for the polymerization of PO than aluminum porphyrin 1 (X=CI).

As reported by Spassky et al. [62], aluminum complexes of Schiff bases as in-
itiators exhibit much lower activities than aluminum porphyrins for the ring-
opening polymerization of epoxides. In fact, the polymerization of PO
(500 equiv) using a Schiff base complex (Salphen)AICI (13) as initiator proceed-
ed extremely slowly at room temperature to attain only 4% conversion in 8 d.
Even at 80 °C, the polymerization was slow, and required 6 d for completion, af-
fording a polymer with broad and bimodal MWD (Fig. 32A).

(B)
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28 30 32 34 FIutionVolume
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Fig.32. Polymerizations of 1,2-epoxypropane (PO) by (Salphen)AICl (5) and the (Sal-
phen)AICl (13)-methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate) (3e) system.
GPC profiles of poly(1,2-epoxypropanes) obtained with A 13 ([PO],/[13],=500, [13],=
28.6 mM, without solvent, 80 °C, 6 d, 100% conversion; Mn=6,700, Mw/Mn=2.31) and B
The 13-3e system ([PO]y/[3e],/[13],=200/1.0/1.0, [13](=71.4 mM, without solvent,rt,7 d in
the absence of 3e and 70 min after the addition of 3e, 43.3% conversion; Mn=4200,
Mw/Mn=1.18)
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In the presence of methylaluminum bis(2,6-di-tert-butyl-4-methylphenolate)
(3e), the polymerization of PO with 13 took place smoothly even at room tem-
perature, affording a polymer with narrow MWD: An example is shown by the
polymerization of PO (200 equiv) with 13 without solvent at room temperature.
The polymerization proceeded up to 5.1% conversion in 7 d without 3e, while
the monomer conversion reached 29.5 and 43.3% in 15 and 70 min, respectively,
after the addition of 3e ([3e],/[13],=1.0). This corresponds to approximately
3200-times acceleration compared with the polymerization in the absence of 3e.
As estimated by GPC (Fig. 32B), the Mw/Mn ratio of the polymer produced at
43.3% conversion was 1.18,and the Mn was 4200, which is close to that expected
(5000) when every molecule of 13 forms one polymer molecule (Table 8, run 3).
In the presence of 3e, (Salen)AICI (14) and (Salpn)AICI (15) were also capable of
bringing about the polymerization of PO at room temperature under appropri-
ate conditions, where the degrees of acceleration are estimated to be 1300- and
1200-times, respectively (Table 8, runs 4 and 5).

A similar Lewis acid promoted anionic chain growth was realized in the ring-
opening polymerization of PO initiated with the aluminum complexes of phthalo-
cyanine 11 and tetraazaannulene 12. Although the phthalocyanine complex
(BuyPc)AICI (11) is structurally analogous to (TPP)AICI (1, X=Cl), the polymeri-
zation of PO (200 equiv) with (Bu,Pc)AICI (11) alone hardly took place at room
temperature, and the monomer conversion after 3 d was less than 1%. On the oth-
er hand, addition of 3e to the above mixture gave rise to the polymerization of PO,
where 51.0% conversion was attained in 3 d (Table 8, run 1). The polymerization
of 200 equiv of PO with a tetraazaannulene complex (Me,DBTAA)AICI (12) with-
out solvent at room temperature proceeded to only 29.9% conversion in 4 d in the
absence of 3e, but the chain growth progressed up to 74.0% conversion in only
90 s upon addition of 3e to this system. The extent of acceleration was estimated
to be 5200-times (Table 8, run 2). As shown in Fig.33, a rapid polymerization
proceeded from the beginning when PO (200 equiv) was added to a mixture of 12

Table 8. Polymerization of 1,2-expoxypropane (PO) with aluminum complexes (11-15) in
the presence of methylaluminum bis(2,6-di-tert-butyl-4-methoxyphenolate) (3e)?

Before addition of 3e After addition of 3e
Run Initiator Time/  conv®/ Time/ conv.’/ Mn° (Mn_,;) Mw/Mn®
days % min %
1 11 3 <1 3days 509 1,800  (5,900) 1.14
2 12 4 29.9 1.5 73.9 5,800  (8,600) 1.40
3 13 7 5.1 70 43.3 4,200  (5,000) 1.18
4 14 7 10.9 75 44.8 2,900  (5,200) 1.06
5 15 2 2.3 30 22.1 1,800  (2,600) 1.12

2 Without solvent under N,, [PO]/[initiator],/[3e],=200/1.0/1.0, [initiator];=71.4 mM.
b Determined by 'H NMR analysis of the reaction mixture.
¢ Estimated by GPC based on polystyrene standards.
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and 3e (1:1), where the Mn value of the produced polymer increased linearly with
monomer consumption (Fig. 34), while the Mw/Mn ratio was almost constant at
1.4-1.5.
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Fig. 33. Polymerization of 1,2-epoxypropane (PO) by the (Me,DBTAA)AICI (12)-methylalu-
minum bis(2,6-di-tert-butyl-4-methylphenolate) (3e) system, [PO],/[3e],/[12],=200/1.0/
1.0, [12]y=71.4 mM, without solvent, rt. Time-conversion curve
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Fig. 34. Polymerization of 1,2-epoxypropane (PO) by the (Me,DBTAA)AICI (12)-methylalu-

minum bis(2,6-di-tert-butyl-4-methylphenolate) (3e) system (reaction conditions, see
Fig. 33). Relationship between Mn (e ) [Mw/Mn (O)] of the polymer and conversion
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2.6.3
“Immortal” Polymerization of Epoxide with Aluminum Porphyrin—Alcohol Systems
inthe Presence of a Lewis Acid [63]

In 1985, we proposed "immortal” polymerization as a conceptually new meth-
odology for the efficient synthesis of polymers with narrow-molecular-weight
distribution [64] “Immortal” polymerization involves rapid, reversible chain
transfer (exchange) reaction (Fig.35). Since the chain transfer reaction takes
place much more rapidly than the propagation reaction, a polymer with narrow
MWD is formed with the number of the polymer molecules (N,,) exceeding that
of the initiator molecules (Nypp). This concept has been established in the ring-
opening polymerization of epoxides with aluminum porphyrin initiators. In the
presence of a chain transfer agent such as an alcohol (R'OH), the growing spe-
cies, an alcoholatealuminum porphyrin (16,), reacts with R'OH reversibly
(Scheme 8), so that the polymerization takes place from all the molecules of
1(X=Cl) and R'OH (N, =Nppp+Nypop). In this case, the exchange reaction
(Scheme 8) has been estimated to occur 10-times faster than the propagation re-
action (Scheme 7) [64]. “Immortal” polymerization of epoxide is therefore a
highly efficient synthetic method to narrow MWD polyethers. Unfortunately,
however, a practical problem exists in that the polymerization slows down con-
siderably when a high mole ratio [chain transfer agent],/[initiator], such as 49
is applied.

Propagation n
f——A’_ﬁ
1 m 1
Al=X (1) Nppp Al—M:-M..... M—X \
| \
~
H-Y H—M-M..... M-Y
H-Y H—M:-M:...-M-Y > No
kex 1 Nu.y k'ex 1
: F Kex » K'ex > kp E
H-Y ) ﬂ H—M-M..... M-Y )
Reversible Reversible

Np = Nppp + Ny
n=m/(Npp + Nyyy)
Narrow MWD

Fig. 35. Schematic representation of the concept and principle of “immortal” polymeriza-
tion. H-Y Protic chain transfer agent; M monomer; k., k',, rate constants of chain transfer
(exchange) reactions; k, rate constant of propagation reactiqn; Nppp Ny.y, and N, numbers
of the molecules of (TPP)AIX (1), H-Y, and polymer, respectively
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Fig. 36. Polymerization of propylene oxide (PO) initiated with the (TPP)AICI (1, X=Cl)-2-
propanol (2-PrOH) system in the presence of methylaluminum bis(2,6-di-tert-butyl-4-
methylphenolate) (3e) ([2-PrOH],/[PO]y/[1],=9/200/1) in CH,CI, at rt. Effect of the con-
centration of 3e on the rate of polymerization

This section describes the Lewis acid promoted immortal polymerization of
epoxide by aluminum porphyrin-alcohol systems in the presence of an orga-
noaluminum accelerator.

Polymerization of PO initiated with the (TPP)AICI (1, X=Cl)-2-propanol (2-
PrOH) system in the presence of methylaluminum bis(2,6-di-tert-butyl-4-meth-
ylphenolate) (3e) was carried out by the addition of a mixture of PO and 2-PrOH
to a CH,Cl, solution of a mixture of 1 (X=Cl) and 3e at room temperature in a
nitrogen atmosphere (Fig. 36). For example, when a mixture of 200 equiv of PO
and 9 equiv of 2-PrOH was added to the solution of 1 containing 0.3 equiv of 3e
(0.15 mol% with respect to PO), the color of the solution immediately turned
from dark reddish purple to bright reddish purple, characteristic of the alcoho-
latealuminum porphyrin family. The polymerizations proceeded very rapidly
with heat evolution to attain 57% monomer conversion in 3 min ( A). In con-
trast, the polymerization without 3e under similar conditions proceeded rather
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slowly to attain only 13% conversion (e ). The extent of acceleration became
more explicit by increasing the amount of 3e with respect to 1 up to 3.0
(1.5 mol% with respect to PO), whereupon 70% monomer conversion was at-
tained in only 30s (m). GPC analysis showed that the produced polymer
([3e]y/[1]p=3.0; 100% conversion) had a narrow MWD (Mw/Mn=1.13), with a
Mn value (1100) close to the theoretical one (1200) on the assumption that all the
molecules of 1 and 2-PrOH had participated in initiating the polymerization
(N,/Nrpp=10).

Polymerization of 1000 equiv of PO initiated with 1 (X=Cl) containing
49 equiv of 2-PrOH was carried out without solvent by the addition of a mixture
of PO and 2-PrOH to a flask containing 1 and 3e at room temperature. The reac-
tion proceeded rapidly when 0.1 mol% of 3e with respect to PO was present,and
86% monomer conversion was attained in 1.5 h (Table 9, run 1), and a polymer
with Mn and Mw/Mn of 1100 and 1.06, respectively, was obtained at 96% conver-
sion (Fig. 37). The ratio Np/Nrpp was estimated here to be 53, which is again
close to the theoretical value of 50.In sharp contrast, the polymerization without
3e under similar conditions proceeded very slowly, and required 380 h to reach
84% monomer conversion (Table 9, run 2).

When the initial monomer-to-initiator mole ratio ([PO],/[1 (X=Cl)],) was in-
creased, the Mn of the polymer formed at 100% conversion was increased line-
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Fig. 37. Polymerization of propylene oxide (PO) initiated with the (TPP)AICI (1, X=Cl)-2-pro-
panol (2-PrOH) system in the presence of methylaluminum bis(2,6-di-tert-butyl-4-methyl-
phenolate) (3e) ([2-PrOH],/[PO]y/[1],=9/200/1) in CH,Cl, at rt. Relationship between
NP/NTPP (o) [Mw/Mn (O)] at 100% conversion and the initial mole ratio [3e]y/[1],. Np and
Nrppp Numbers of the molecules of the produced polymer and initiator 1, respectively
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Fig. 38. Polymerization of propylene oxide (PO) initiated with the (TPP)AICI (1, X=Cl)-2-
propanol (2-PrOH) (1/49) system in the presence of methylaluminum bis(2,6-di-tert-butyl-
4-methylphenolate) (3e) without solvent at rt. Relationship between Mn (e ) [Mw/Mn (O)]
of the produced polymer and the initial monomer-to-initiator mole ratio ([PO]y/[1],) at
100% conversion

Table 9. High-speed immortal polymerization of propylene oxide (PO) with the (TPP)AIC]
(1,X=Cl)-2-propanol (2-PrOH) system in the presence of methylaluminum bis(2,6-di-tert-
butyl-4-methylphenolate (3e)?

Run  [2-PrOH]y/[PO]¢/[1], [3ely/[P0]y/% Time/h Conv./% Mn®  Mw/Mn® Np/Nqpp©

1 49/1000/1 0.1 1.5 86 900 1.10 55
2 49/1000/1 0 380 84 1100 1.08 45
3 99/2000/1 2.0 9 80 800 1.10 120
4 299/6000/1 3.3 19 81 800 1.11 340
5 999/20,000/1 1.5 250 62 600 1.13 1150
6d 999/20,000/1 1.5 120 61 600 1.14 1100
7 999/20,000/1 0 1900 10 - - -

: Without solvent under N, at rt.

Estimated by GPC based on poly(propylene glycol) standards.
¢ Number of polymer molecules (N,,)/number of molecules of
. 1 (Nypp)=58.08 ([PO]/[1]g)x(conversion/100)xM, L.

At 60 °C
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arly along the theoretical line (Fig. 38, broken line),based on the assumption
that the number of the produced polymer molecules is equal to the sum of those
of the molecules of 1 (X=CI) and 2-PrOH (N,/Npp=50). The Mw/Mn ratios of
the produced polymers remained almost constant at 1.1.

By taking advantage of this, narrow MWD poly(propylene oxide)s with an
Np/Nrpp of 55 to 1100 were synthesized by increasing the ratio of 2-PrOH to 1
(X=Cl) from 49 to 1000 in the presence of 0.1-3.3 mol% of 3e with respect to the
monomer. For example, when 2000 equiv of PO were added to 1 in the presence
of 99 equiv of 2-PrOH without solvent at room temperature, a polymer with
Mw/Mn of 1.10 and N,/Nrpp of 120 (Mn=800) was formed in 9 h (80% conver-
sion) when 2.0 mol% of 3e with respect to PO was present (Table 9, run 3). Sim-
ilarly, at a ratio [2-PrOH],/[PO],/[1], of 299/6000/1, a polymer with Mw/Mn of
1.11 and N/Nypp of 340 (Mn=800) was formed in 19 h (81% conversion) when
3.3 mol% of 3e with respect to PO was present (Table 9, run 4). Finally, we at-
tempted the immortal polymerization of PO with 1 by employing 999 equiv of 2-
PrOH and 20,000 equiv of PO. In the absence of 3e at room temperature without
solvent, the polymerization proceeded extremely slowly to attain only 10% mon-
omer conversion even in 1900 h (run 7). On the other hand, when 1.5 mol% of
3e with respect to PO was present under similar conditions, 62% monomer con-
version was attained in 250 h, affording a polymer with Mw/Mn of 1.13 and
N, /Nypp of 1150 (Mn=600) (Table 9, run 5).

In “immortal” polymerization, a reversible chain transfer reaction takes place
much more rapidly than a propagation reaction, thereby uniformity of the mo-
lecular weight of polymer is realized. The successful high-speed “immortal” po-
lymerization assisted by a Lewis acid, mentioned above, suggests that not only
the propagation step (Scheme 7) but also the chain transfer process (Scheme 8)
is accelerated by a Lewis acid.

In order to examine the effect of the Lewis acid on the rate of the chain trans-
fer reaction, the 'H NMR saturation transfer method [65] was applied to the
model system, a mixture of (2-propanolate)aluminum porphyrin [(TPP)
AlOCH(CHj;),, 1, X=0Pr] and 2-PrOH (1:13) in theabsence (Fig. 39) and pres-
ence (Fig. 40) of the Lewis acid 3e (3 equiv) in C;Dg at 21 °C.

In Fig. 39A, the signals due to the CH; groups of 1 (X=0Pr) and 2-PrOH
are observed at 8 -1.40 (a) and 1.20 (b), respectively. Although the signal b
was irradiated to saturate the CH; protons of 2-PrOH, the signal a was only
slightly decreased in intensity (Fig. 39B), where the relative intensity with and
without irradiation (I;,,4/I,) was approximately 0.96. In case where the Lewis
acid 3e is present, one important thing to note is that the alcoholatealuminum
porphyrin (1, X=0Pr) can survive without degradative nucleophilic attack to
the Lewis acid, as evidenced by the fact that the relative intensity of the signal
a (6H) to that of the porphyrin pyrrole-f-protons (8 9.33 ppm, 8H) satisfied
the required ratio. More interestingly, upon irradiation of the signal b, the in-
tensity of the signal a fell to 31% of the original intensity (I;;,,4/1,=0.31)
(Fig. 40). Therefore, it is concluded that the alcoholate-alcohol exchange re-
action at the axial position of the aluminum porphyrin (Scheme 8) is acceler-
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ated by the Lewis acid. Here, the ratio I;,,,4/1, is given by the following equa-
tion:

Iirrad/IOZ 1/( 1 +kex°OT1)

where k., and T, represent the rate constants of the exchange reaction and the
spin lattice relaxation time of the CHj protons of 1 (X=0Pr), respectively.
Thus, from the above two I, 4/, ratios observed in the absence and presence
of 3e, the exchange reaction is approximately 50-times accelerated by 3e under
the experimental conditions. In the presence of 3e, the alcohol is considered to
turn more acidic upon possible coordination to the Lewis acid, thereby the ex-

change reaction with 1 (X=0'Pr) is accelerated.

l /Cl'|3 /CH3
Al-O-CH + HO—C{I
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Fig. 39. 'H NMR spectra of a mixture of 1 (X=0Pr) and 2-PrOH (1/13) in C4Dg at 21 °C. A
Without irradiation. B With irradiation of the signal b ([1]=25 mM)
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Fig.40. '"H NMR spectra of a mixture of 1 (X=07Pr), 2-PrOH, and 3e (1/13/3) in CgDg at
21 °C: A Without irradiation. B With irradiation of the signal b ([1]=25 mM)

2.6.4

Lewis Acid Driven Anionic Polymerization of a Monomer with High Cationic
Polymerizability: Ring-Opening Polymerization of Oxetane with Aluminum Porphyrin
in the Presence of a Lewis Acid [66]

It has long been accepted that cyclic ethers with more than four-membered rings
are, in contrast to epoxides, only cationically polymerizable due to the high ba-
sicities of their ether oxygen atoms. The cationic polymerization involves O-
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alkylation of the monomer to give a highly reactive cyclic oxonium ion as the
growing species, which is regarded as the monomer activated for nucleophilic
attack. From this standpoint, one can expect that even cyclic ethers with high ba-
sicities, upon activation by electrophiles, can undergo anionic ring-opening po-
lymerization.

As described in the previous sections, the living anionic polymerizations of
epoxides and methacrylic esters initiated with aluminum porphyrins 1 [67] are
dramatically accelerated upon addition of sterically hindered Lewis acids such
as 3 [68,69], where the monomers are coordinated to and activated for nucle-
ophilic attack by the Lewis acids. Successful extension of this method is the liv-
ing anionic polymerization of oxetane [70].

Although 1 (X=Cl) is an excellent initiator for the living anionic polymeriza-
tion of epoxides, no polymerization of oxetane took place throughout the obser-
vation over a period of 3 h. On the other hand, when 3e (6 equiv with respect to
1) [71] was added to the reaction mixture ([oxetane],/[1],=100), the polymeri-
zation did take place to attain 47.4 and 88.4% conversion in 0.5 and 3 h, respec-
tively. The produced polymer showed a sharp GPC chromatogram, and the Mn
value [72] was increased proportionally to monomer conversion, retaining the
narrow MWD (Mw/Mn~1.1) (Fig. 41). The degree of polymerization of the pol-
ymer was in good agreement with the mole ratio of the monomer reacted to the
initiator, indicating that every initiator molecule produces one polymer mole-
cule. When 3b was used as the Lewis acid, a polymer with Mn and Mw/Mn of
19,000 (Mntheory=23,000) and 1.11, respectively, was obtained at 100% conver-
sion in 13.5 h by applying the initial monomer-to-initiator mole ratio of 400.
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Fig.41. Polymerization of oxetane with the 1 (X=Cl)-3e system in CH,CI, at rt (~20 °C)
([oxetane]/[1]y/[3e];=100/1/6). Mn (Mw/Mn)-conversion relationship
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After the completion of the first-stage polymerization of oxetane ([oxe-
tane]y/[1 (X=Cl)],/[3e],=50/1/3) at room temperature, 150 equiv of oxetane
with respect to 1 were newly added to the system, whereupon the second-stage
polymerization ensued, and the Mn of the polymer was increased from 2900
(Mw/Mn=1.09) to 8300 (Mw/Mn=1.22), retaining the narrow MWD.

A preliminary 'H NMR study indicated that 1 (X=Cl) is able to react with ox-
etane even in the absence of 3e at room temperature affording, however, a one-
to-one adduct, (TPP)AIOCH,CH,CH,CI [ -1.43 (¢),-1.26 (m),0.82 (t), CD,Cl,],
without any polymeric products. In conformity with this observation, the po-
lymerization of oxetane (100 equiv) at room temperature using a (porphina-
to)aluminum alcoholate such as 1 (X=0Pr) as initiator also took place in the
presence of 3e (3 mol% with respect to oxetane), affording at 100% conversion a
polymer with Mn and Mw/Mn of 8900 and 1.24, respectively. 'H NMR analysis
of the polymer, after hydrolytic workup, showed the presence of a 2-propoxy end
group [ 1.15,CHj, (d)] originating from 1 (X=0Pr) but no phenoxy group from
3e.

By using the aluminum porphyrin-Lewis acid system, we attempted the syn-
thesis of a narrow MWD block copolymer from oxetane and methyl methacr-
ylate (MMA). Methacrylic monomers can be polymerized radically and anioni-
cally but not cationically, so a block copolymer of oxetane and methyl methacr-
ylate has never been synthesized. As already reported, methacrylic monomers
undergo accelerated living anionic polymerization with the (TPP)AlMe (1, X=
Me)-3e system via a (porphinato)aluminum enolate as the growing species.

30 20 03  Mgpcx10*

Fig. 42.Block copolymerization of methyl methacrylate (MMA) and oxetane with the 1 (X=
Me)-3e system ([MMA],/[oxetane],/[1],/[3e],=100/50/1/6). GPC chromatograms of the

prepolymer of MMA I Mn=6500, Mw/Mn=1.13 and the block copolymer of MMA and oxe-
tane and IT Mn=15,000, Mw/Mn=1.20
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Thus, MMA (50 equiv with respect to 1) was first polymerized with 1 in the pres-
ence of 3e (6 equiv) {PMMA at 100% conversion, Mn=6500 [Mny,r,=5000],
Mw/Mn=1.13 [Fig. 42 (I)]}, and then oxetane (150 equiv) was added to this sys-
tem, whereupon the second-stage polymerization ensued and was complete
within 14 h. The GPC chromatogram of the product [Fig. 42 (II)] clearly shifted
towards the higher molecular-weight region, while retaining the narrow MWD
(Mn=15,000 [Mn,.,r,=11,000], Mw/Mn=1.20). The successful formation of the
PMMA-polyoxetane block copolymer demonstrates that the polymerization of
oxetane initiated with 1 (X=Cl) in the presence of 3e is anionic.

2.6.5
Ring-Opening Polymerization of Lactone with Aluminum Porphyrin in the Presence
of aLewisAcid [73]

Polymerizations of six- and four-membered lactones initiated with aluminum
porphyrins [(TPP)AIX, 1] proceed via (porphinato)aluminum alkoxide and car-
boxylate as the growing species, respectively (Schemes 9 and 10) [74,75] to give
polyesters with narrow MWD, although it is well known that the polymerization

l\AI—OMe + n p—— lAI 0-C4C—+OMe
lfoes)

o
( \\_/o
1 (X = OMe) Al alkoxide
Scheme 9

lAl—x + n Rj—--_ — lAl o—c—c—:": X
e A A

1 (X =Cl, 02CR) Al carboxylate

o/

(ii)

lAI—OMe + n RW*. — lA| o—'(':—c—c OMe
S

1 (X = OMe) Al alkoxide
Scheme 10



98 H. Sugimoto, S. Inoue

of lactone initiated with boron trifluoride, ferric chloride, aluminum chloride,
or aluminum isopropoxide cannot avoid inter- or intramolecular transesterifi-
cation to cause degradation of the once formed polyester by the attack of the ac-
tive chain ends to the polymer ester groups [76].

In the present study, the novel concept of the “Lewis acid assisted living po-
lymerization with the aluminum porphyrin-methylaluminum diphenolate (3)
system” was successfully extended from the accelerated living addition polym-
erization of alkyl methacrylates to the accelerated living ring-opening polymer-
izations of lactones.

(I) Polymerization of 8- Valerolactone with Aluminum Porphyrin in the Presence of
an Organoaluminum Compound. Aluminum porphyrin brings about the living
ring-opening polymerization of §-valerolactone (8-VL) to give polymers with nar-
row MWD [75]. A representative initiator is (TPP)AlOMe (1, X=OMe), and the
growing species is an aluminum alkoxide complex of porphyrin (Scheme 9). How-
ever, the polymerization of §-VL with 1 (X=0Me) ([6-VL]y/[1 (X=0OMe)],=200) at
50 °C without solvent proceeded rather slowly to attain only 7% conversion in 91 h
(Fig.43a). On the other hand, when 3 equiv of 3e with respect to 1 was added at
50 °C to this reaction mixture, a remarkable rise in the viscosity of the polymeri-
zation system was observed to attain 89% conversion in only 15 min after the ad-
dition of 3e. This corresponds to 2100-times acceleration of polymerization. The
Mn increased proportionally to the conversion of the monomer. The degree of po-
lymerization of the polymer was in good agreement with the mole ratio of the

100
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Fig. 43. Polymerization of §-valerolactone (8-VL) initiated with 1 (X=OMe) at 50 °C with-

out solvent, [8-VL]y/[1],=200, [1],=42.4 mM. Time-conversion relationships a Before and
b After addition of 3e ([3e],/[1],=3)
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monomer reacted to the initiator, indicating that every initiator molecule produc-
es one polymer molecule. The MWD of the polymer was very narrow at the earlier
stage of the polymerization (Mw/Mn=1.05 [Mn=2200] at 7% monomer conver-
sion), but tended to become broader at the later stage (Mw/Mn=1.58 [ Mn=27,000]
at 89% conversion). This broadening of the MWD is attributed to the possible ac-
tivation of the ester carbonyl group of the formed polymer by 3e, which would lead
to the accelerated intra- and/or intermolecular attack of the growing species to the
ester groups in the polymer main chain. In order to examine this possibility, the
polymerization of 8-VL (50 equiv) initiated with 1 (X=OMe) in CH,Cl, at room
temperature was brought to 89% conversion in 330 h to give the polymer with
Mw/Mn of 1.20 (Mn=>5400). Then 3 equiv of 3e was added to the mixture, and it
was left to stand for 50 h, whereupon the MWD became much broader (Mw/Mn=
1.50 [Mn=4200]).

Methylaluminum diphenolates (3f,g and j-m) brought about the accelerated
polymerization of 6-VL in dichloroethane at 50 °C, corresponding to an accelera-
tion by a factor of 100-4800 (3f,g and j-m) compared with the rate of polymeriza-
tion in the absence of 3 under similar conditions (Table 10, run 8), where the Mn of
the produced polymer was about 25,000 at 65-75% conversion (3f,g and j-1) except
for the case using 3m. On the other hand, a remarkable difference in the MWD of
the produced polymers at about 70% conversion was observed. In the case when 3f
was used , the MWD became broader at the later stage [Fig. 44 ((J)] to give the pol-
ymer with the Mw/Mn of 1.32 at 68% conversion (Table 10, run 1). A similar phe-
nomenon was observed in the polymerization in the presence of 3m. However, the
polymerizations in the presence of 3g, and j-1 gave the polymers with narrow
MWD (Mw/Mn=1.1-1.2) at 65%-75% conversion, respectively (Table 10, runs 2-
5). In particular, in the case when using 31 (Table 10, run 5), the MWD was kept
very narrow throughout the polymerization (Mw/Mn=1.12-1.14) [Fig. 44 (m)].

Table 10. Polymerization of §-VL with (TPP)AIOMe (1, X=0OMe) in the presence of various
methylaluminum diphenolates 3 and methylaluminum bis(triphenylcarbinolate) (4b)?

Run 3 or4b Time/h Conversion/%® Mn€ Mw/Mn€
14 3f 1.0 67.9 26,000 1.32
3g 3.5 70.1 21,000 1.19
3 3j 4.8 64.7 25,000 1.21
4¢ 3k 9.0 73.7 19,000 1.17
5 3] 3.5 74.0 24,000 1.13
6 3m 5.2 66.2 28,000 1.47
7 4b 63.0 83.3 15,000 1.50
8 f 147 3.6 - -

2 In DCE as solvent at 50 °C, [8-VL]/[3 or 4b],/[1],=200/3/1, [1];=14.6 mM.
b Determined by 'H NMR.

¢ Estimated by GPC based on polystyrene standards.

4 [1],=15.7 mM.

¢ [1],=11.3 mM.

f Without 3 or 4b.
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Fig. 44. Polymerization of d-valerolactone (8-VL) initiated with 1 (X=0OMe) in the presence
of 3f and 31 at 50 °C in DCE, [6-VL],/[3],/[1],=200/3/1, [1](=15.7 mM (3f), 14.6 mM (31).
Relationships between the monomer conversion and Mn (3f O,31 e ) [Mw/Mn (3f[],31m)]

Coordinative interaction between methylaluminum diphenolates (3f and 1)
and 8-VL or poly(8-VL) was investigated by *C NMR in CD,Cl, at 23 °C. The
spectrum of 6-VL alone is shown in Fig. 45 (I), where the signals a (8 170.7 ppm),
b (8 69.1 ppm), ¢, d, and e ( 29.5, 22.0, and 18.8 ppm) were due to C=0, CH,0,
and other CH, groups, respectively. When the spectrum of the mixture at the
molar ratio of 3f/6-VL of 1.5:1 [Fig.45 (II)] was compared with that of 3-VL
alone [Fig. 45 (I)], each signal for 8-VL in the mixture shifted to the signals a' (3
181.5 ppm), b' (6 74.3 ppm), ¢',d',and €' (6 29.9, 21.1,and 17.2 ppm), respective-
ly. The extent of the shift was most remarkable for the signal due to the carbonyl
carbon (Ad 10.8 ppm). Similar shifts were observed in the case of the mixture of
31 and 6-VL ([31],/[6-VL],=1.5), where the signal assigned to the C=0 shifted
most remarkably (downfield shift of 10.1 ppm) [Fig. 45 (III)]. Figur 46 shows the
13C NMR spectra of poly(8-VL) alone (I), poly(8-VL) in the mixtures of 3f and
poly(6-VL) (II), and 31 and poly(d-VL) (III) ([3],/[monomer units in poly(d-
VL)];=1.0) [77]. When the spectrum of the mixture was compared with that of
poly(d-VL) alone, each signal due to poly(d-VL) in the mixture turned out to
shift similarly to 8-VL in the presence of 3, and the extent of the shift was most
noticeable in the signal assigned to the carbonyl carbon, where the signal A (8
173.6 ppm) shifted to the signal A' (6 182.8 ppm) and A" (8 183.6 ppm) in the
presence of 3f and 31 (downfield shifts of 9.2 and 10.0 ppm), respectively. How-
ever, a clear difference was observed in these two spectra. In the spectrum of the
mixture of 3f and poly(3-VL) [Fig. 46 (II)], no signals were observed at the same
chemical shift as those due to poly(3-VL) in the absence of 3f [Fig. 46 (I)]. On the
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Fig. 45.13C NMR spectra in CD,Cl, at 23 °C of I §-Valerolactone (8-VL) ([8-VL],=0.3 M), I
A mixture of 3f and 8-VL, and III A mixture of 31 and 8-VL ([8-VL]y/[3],=1.5, [8-VL]=
0.3 M

other hand, the spectrum of the mixture of 2f and poly(5-VL) [Fig. 46 (III)]
showed the signals at the original chemical shifts [Fig. 46 (I)] in addition to the
shifted signals, where the relative intensity ratio of the shifted signals to the orig-
inal signals was 4:6. These observations indicate that 31 interacts more strongly
with 6-VL than with poly(8-VL), while 3f possibly interacts almost equally with
0-VL and poly(5-VL).



102 H. Sugimoto, S. Inoue

0]
C E
A C \c b
B 6 b CD,Cl,
B C '/D,/E
A
(i) ¢ E
R
o 9 HL F GI1 H
H M CD,Cl,
oo Sle)
2
)
K
B'
| 4
(i) o e
B R N
A C c” "¢
g N P

200 160 120 80 40 0
Sin ppm

Fig. 46.'3C NMR spectra in CD,Cl, at 23 °C of I Poly(3-valerolactone) [poly(8-VL)] ([mon-
omer units in poly(8-VL)];=0.6 M), II A mixture of 3f and poly(d-VL), and III A mixture of
31 and poly(8-VL) ([monomer units in poly(8-VL)],/[3],=1.0, [monomer units in poly(5-
VL)],=0.3 M)

As described above, methylaluminum phenolates (3e-m) accelerate the po-
lymerization of 8-VL initiated with 1 (X=OMe) (Fig. 43 and Table 10). Together
with the results of the NMR observations, the accelerated polymerization of 6-
VL with the 1 (X=0OMe)-3 system is concluded to be the result of (1) coordina-
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tive activation of 6-VL by 3 for the nucleophilic attack of 1 (X=0-polymer), and
(2) suppression of the undesired degradative attack of 1 to the Lewis acidic cent-
er of 3 because of the steric repulsion between the bulky porphyrin ligand of 1
and the substituents at the ortho positions of the phenolate ligands of 3.

The substituents on the phenolate ligand of 3 are considered to affect the abil-

ity of promoting the possible side reaction in the later stage of the polymeriza-
tion of 8-VL such as transesterification. The NMR analysis of the mixture of 3f
and poly(8-VL) (Fig. 46) indicate a coordinative interaction between 3f and po-
ly(8-VL) similar to that between 3f and 6-VL. This coordinative interaction be-
tween 3f and poly(3-VL) probably promotes the attack of the growing species to
the ester groups in the produced polymer main chain (transesterification) pro-
ceeding in competition with the accelerated propagation, and thus results in the
broadening of the MWD at the later stage of the polymerization. On the other
hand, 31 coordinates selectively with the §-VL monomer and thus effectively ac-
celerates the polymerization of 8-VL; however, the interaction of 31 with poly(d-
VL) is not enough to promote the unfavored transesterification [Fig. 46 (III)],
where the MWD of the produced polymer is kept very narrow throughout the
polymerization.
(II) Polymerization of B-Butyrolactone with Aluminum Porphyrin in the Presence
of an Organoaluminum Compound. [3-Lactone has been known to undergo
living polymerization initiated with aluminum porphyrins such as (TPP)AICI
(1, X=Cl) and (TPP)AIO,CR (1, X=0,CR) [74]. The reaction proceeds via the
cleavage of the CO,-C bond, and the growing species is an aluminum carboxy-
late [Scheme 10 (I)]. On the other hand, we have revealed more recently that the
polymerization of $-lactone also takes place with (TPP)AIOR (1, X=OR) as ini-
tiator though more slowly, where the ring is cleaved at the O-C=0 bond, the
growing species being an aluminum alkoxide, as evidenced by the 'H NMR stud-
ies of the reaction mixture [Scheme 10 (IT)]. The 'H NMR spectrum in CDCl; for
the reaction mixture of 3-BL and 1 (X=Cl) (10:1) for 200 h showed signals due to
(TPP)Al-O-CH(CHj), (TPP)Al-O-CH(CH;)-, and (TPP)Al-O-CH(CH,)-CH,- at
0 -1.95 (d, 3H), -1.84 (m, 1H), and -1.21 and -0.39 (dq, 2H) ppm, respectively
[74a], while the signals due to (TPP)AI-O-C(=0)-CH,-CH(CHj;)- and (TPP)Al-
0-C(=0)-CH,-CH(CHs;)- overlapping at 6 -0.4-0.6 ppm (5H) [74a] were not ob-
served.

A methylaluminum diphenolate such as 3e also exhibits an accelerating effect
on the polymerization of (3-lactone, and the extent of acceleration depends on
the mode of the ring scission. For example, in the polymerization of 3-butyrol-
actone (B-BL, 300 equiv) initiated with 1 (X=Cl) in CH,Cl, at room temperature,
the addition of 3e (1 equiv) brought about a 2-times acceleration (Fig.47,
m —[1). The Mn (5100 [Mw/Mn=1.1] at 22% conversion; 288 h) of the polymer
formed in the absence of 3e and that (15,600 [Mw/Mn=1.2] at 57% conversion;
384 h) of the polymer obtained in the presence of 3e were close to the expected
values (5700 and 14,700, respectively) from the initial $-BL-to-1 (X=CI) mole
ratio and the monomer conversion by assuming that every molecule of 1 pro-
duced one polymer molecule. In contrast, the polymerization initiated with
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Fig.47. Polymerizations of B-butyrolactone (3-BL) initiated with 1 (X=Cl) in the absence
(m) and presence ([J) of 3e,and with 1 (X=0Me) in the absence (e ) and presence (O) of 3e
at rt in CH,Cl,, [3-BL](/[1],=300, [1](=29.4 mM, [3e]y/[1](=0 (m and ® ) or 3 (] and O)

(TPP)AIOMe was slower (26% conversion in 552 h; Mn=6100 [Mw/Mn=1.2])
than by 1 (X=Cl), but the accelerating effect of 3e was more remarkable (6-
times) for the 1 (X=0OMe)-initiated polymerization (86% conversion in 362 h;
Mn=19,500 [Mw/Mn=1.2]) (Fig. 47, ¢ —QO).

The acceleration by 3e is also considered to be due to the coordination of the
carbonyl group of B-BL to 3e, as indicated by the broadening of the C=0 signal
(8 167.7 ppm) of B-BL in the '3C NMR spectrum when mixed with 3e (1:1) in
CD,Cl,. The coordination of the monomer is considered to affect the reactivity
directly when the carbonyl group is attacked by the growing species, while the
attack at the 3-carbon remote from the carbonyl group is less affected by the co-
ordination, resulting in different extents of acceleration depending on the mode
of ring cleavage.

Irrespective of the structure of the initiator employed (1, X=OMe, Cl), the
MWD of the poly($-BL) remained narrow throughout the accelerated polymer-
ization in the presence of 3e (Mw/Mn=1.1-1.2), in sharp contrast to the broad-
ened MWD of the poly(8-VL) at the later stage of the polymerization with 1 (X=
OMe) in the presence of 3e (Mw/Mn~1.5).
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3
Polymerization with Zinc Porphyrin

3.1
Living and Immortal Polymerizations of Episulfide Initiated with Zinc Porphyrin [79]

Aluminum porphyrins are good initiators for the living addition polymeriza-
tions of methacrylic ester, acrylic ester, and methacrylonitrile, and the ring-
opening polymerizations of epoxide, lactone, and lactide. However, contrary to
expectation, by the ring-opening polymerization of 1,2-epitiopropane (propyl-
ene sulfide, PS), a three-membered cyclic thioether, initiated with aluminum
porphyrin, a polymer of a narrow MWD was not obtained under similar condi-
tions. On the other hand, zinc complexes of N-substituted porphyrins are excel-
lent initiators for the living polymerization of PS which proceeds at the zinc-ax-
ial group bond of the initiator (Scheme 11).

Among the zinc N-methylporphyrins having various axial groups, such as SPr,
Cl, OAc, only the SPr complex initiated the polymerization of PS to give a poly-
thioether with a narrow MWD. The polymerization of PS with (NMTPP)ZnSPr
(17, X=SPr) ([PS]y/[17],=400) proceeded to 35, 61, and 69% conversion in 10, 30,
and 60 min, respectively,and was complete in ca. 80 min.

The GPC profiles showed that the produced polymer exhibited a unimodal,
sharp chromatogram, which shifted towards the higher-molecular-weight re-
gion as the polymerization proceeded. The Mn of the polymer, as estimated

MeJ “Zn-SPr + n Gt — . MeJ “Zn s—i—c SPr

17 (X = SPr)
Scheme 11

(NMTPP)ZnX

Structure 17
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from GPC, increased linearly with the conversion, while the Mw/Mn was almost
constant at 1.06 (Fig. 48). Furthermore, the estimated Mn values based on GPC
are in good agreement with those (dashed line in Fig. 48) obtained by assuming
that every initiator molecule produces one polymer molecule. Accordingly, the
Mn of the produced polymer can be controlled over a wide range by changing
the mole ratio of the monomer reacted to 17 (X=SPr) ([PS],.,./[17],) retaining
the Mw/Mn ratio close to unity. Thus, the polymerization of PS with 17 (X=SPr)
proceeds with living character without any chain transfer and termination reac-
tions. This is very different to the polymerization of PS initiated with zinc thi-
olates [Zn(SR),], where in some cases side reactions such as desulfuration of the
monomer occur.

Zinc N-phenylporphyrin (17) also brings about the living polymerization of
PS, affording a polymer of controlled molecular weight with a narrow MWD.
The polymerization with the initial mole ratio [PS],/[17], of 400 proceeded up
to 88% conversion in 50 min at 25 °C, giving a polymer with Mn and Mw/Mn of
24,400 and 1.05, respectively.

The 13C NMR spectrum in CCl,/C¢D (90:10, v/v) at 60 °C of poly(PS) ob-
tained by the polymerization of PS initiated with 17 (X=SPr) ([PS],/[17],=400,

Mw/Mn

Mnx 10

0 20 40 60 80 100

Conversion in %

Fig.48. Polymerization of 1,2-epithiopropane (PS) initiated with (NMTPP)ZnSPr (17, X=
SPr) in CH,Cl, at 25 °C ([PS]y/[17],=400). Relationship between Mn (O) [Mw/Mn (e )] of
the polymer and conversion
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69% conversion; Mn=26,600 [Mw/Mn=1.06]) indicated that the polymer con-
sists of regular head-to-tail sequences. The ratio of the peak areas of the two CH
signals indicated the atactic structure of the polymer.

When the polymerization of PS with 17 (X=SPr) was carried out in the pres-
ence of thiol as the chain transfer agent, a polymer of uniform molecular weight
was obtained with the number of the polymer molecules equal to the sum of
those of the molecules of the initiator and thiol (immortal character).

3.2
Visible Light Mediated Living and Immortal Polymerizations of Epoxides Initiated
with Zinc Porphyrin [80]

Polymerization of PO with (NMTPP)ZnSPr (17, X=SPr) takes place very rapidly
under the irradiation with visible light. For example, the reaction did not occur
in the dark in 100 min ([PO],/[17],=40) (Fig. 49), while the polymerization was
initiated rapidly upon irradiation and completed in 80 min. It should also be
noted that the polymerization, once photoinitiated, did not subside upon turn-
ing the light off. As shown by the GPC profiles of the polymerization with the
mole ratio [PO],/[17], of 430, initiated by irradiation for 40 min, the produced
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Fig.49. Polymerization of 1,2-epoxypropane (PO) initiated with (NMTPP)ZnSPr (17, X=
SPr) ([PO]y/[17],=40) at 26 °C in C¢Dy in the dark for the initial 100 min, followed by irra-
diation (A>420 nm) for 80 min. Time-conversion curve
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polymer exhibited a unimodal, sharp chromatogram, which shifted towards the
higher-molecular-weight region as the polymerization proceeded. The Mn of
the polymer, estimated from the GPC chromatogram, increased linearly with the
monomer conversion, while the Mw/Mn was almost constant at 1.05 (Fig. 50).
Furthermore, the Mn values based on GPC are close to those (broken line in
Fig. 50) calculated by assuming that every initiator molecule produces one pol-
ymer molecule [81]. When 200 equiv of PO were again added to the polymeriza-
tion system ([PO],/[17],=100; irradiation for the initial 1 h, then in the dark) af-
ter the complete consumption of the monomer, the second-stage polymerization
ensued in the dark and was complete in 22.5 h. The GPC chromatogram of the
polymer clearly shifted from curve to curve retaining the narrow MWD. Thus,
the visible light mediated polymerization of PO initiated with (NMTPP)ZnSPr
(17, X=SPr) is of a character of living polymerization.

The polymerization of PO using 17 (X=SPr) as initiator in benzene
([PO]y/[17]y=100) took place even in the dark when conducted at 70 °C, afford-
ing the polymer with Mn and Mw/Mn of 6100 and 1.07, respectively, after the
completion of polymerization (102 min).

1 25 2.00 §
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Fig.50. Polymerization of 1,2-epoxypropane (PO) initiated with (NMTPP)ZnSPr (17, X=
SPr) (reaction conditions: see Fig.49). Relationship between Mn ((J) or Mw/Mn (m) and
conversion
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Poly(PO) formed with 17 as initiator under irradiation showed virtually the
same *C NMR pattern as that for the polymer formed in the dark at 70 °C,
where the resonance due to the methyl group was very simple, indicating that
the polymer consists of regular head-to-tail linkages. The diad and triad tactic-
ities of the polymer, as determined by 13C NMR [82], indicated the atactic struc-
ture: For the polymer formed under irradiation at room temperature, i/s=
0.48:0.52,1/H/S=0.23/0.49/0.28; for the polymer formed in the dark at 70 °C, i/s=
0.49:0.51,1/H/5=0.24/0.50/0.26.

The polymerization of ethylene oxide (epoxyethane, EO) with 17 also pro-
ceeded by irradiation with visible light. For example, the polymerization with
the mole ratio [EO],/[17], of 190 in benzene at room temperature, where the
monomer conversion after 205 min was very low (<2%, determined by 'H NMR)
in the dark, proceeded to 97% conversion in only 80 min under irradiation. The
Mn of the polymer, as estimated from the GPC chromatogram, was 8700, which
is in excellent agreement with the expected value of 8100 provided that the num-
bers of the molecules of the produced polymer and 17 (X=SPr) are equal [81].
The Mw/Mn of the polymer (1.05) was close to unity, indicating the livingness
of the visible light induced polymerization of EO initiated with (NMTPP)ZnSPr
(17).

As described in the above section, the concept of “immortal” polymerization
in the polymerizations of epoxides and lactones initiated with aluminum por-
phyrin in the presence of a protic compound has been developed where poly-
mers of uniform molecular weight are formed with the number of the mole-
cules equal to the sum of those of aluminum porphyrin and the protic com-
pound [83]. This is due to the rapid, reversible chain transfer reaction between
the molecules of growing polymer and the protic compound, which takes place
much faster than the propagation reaction. In the presence of 1-propanethiol
(PrSH) as the protic compound, the polymerization of PO ([PO],/[HX],/[17
(X=SPr)],=400/10/1) proceeded to 93% conversion in 45.5 h at room tempera-
ture under irradiation, producing a polymer with Mn and Mw/Mn of 1660 and
1.11, respectively. The number of the polymer molecules relative to that of 17
(X=SPr) (Np/NZn), as estimated from Mn and the yield of the polymer [84], is
13.0, being close to the initial mole fraction ([PrSH],+[17],)/[17], of 11. In the
13C NMR spectrum in C4Dg of the polymerization mixture, the signals assign-
able to the propylthio (PrS-) group attached to the polymer terminal [85], the
CH, group of the terminal unit attached to the PrS- group and the CH group on
the other terminal of the polymer chain attached to the OH group were ob-
served in addition to the signals due to the polymer chain. The degree of po-
lymerization of the polymer, as estimated from the intensity ratio of the signals
due to CH, in the main chain and due to the terminal CHj in the PrS- group,
was 33.4, which nicely agrees with the mole fraction [PO] . ucted/
([PrSH],+[17],) of 33.8. Thus, every polymer molecule carries one propylthio
group. The polymerization of PO initiated with 17 (X=SPr) in the presence of
methanol (MeOH) also proceeded with immortal character under similar con-
ditions, giving at 100% conversion (under irradiation, 18 h) the polymer with
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Mn and Mw/Mn of 1680 and 1.08, respectively, and the number of the polymer
molecules relative to 17 being 13.8. The 1*C NMR spectrum of the polymer
showed a signal at 8=58.9 ppm due to the terminal CH;0 group, in addition to
one set of relatively weak signals due to the terminal PrS group originating
from 17. The degree of polymerization of the polymer (34.7), as estimated from
the intensities of these characteristic signals, was in good agreement with the
initial mole fraction [PO],/([MeOH],+[17],) of 36.

33

Copolymerization of Epoxide and Episulfide Initiated with Zinc N-Substituted
Porphyrin Under Visible Light Irradiation: The First Example of Photoinduced
Copolymerizability Enhancement [86]

Copolymerization is a facile method to diversify the structure of polymer mate-
rials. However, if the polymerizabilities of comonomers are far from each other,
copolymerization is essentially difficult, resulting in the formation of a mixture
of the homopolymers and/or the copolymer with block sequences. This is the
case for the anionic copolymerization of epoxide and episulfide, where the po-
lymerizability of episulfide is much higher than that of epoxide, and the copoly-
mer consisting mostly of -S-C-C-S- and -O-C-C-O- homo sequences is formed
[87]. As mentioned in the previous sections, the zinc complex of N-methylpor-
phyrin brings about polymerization of both epoxide and episulfide.

This section describes that the first example of photoenhanced copolymeriza-
bility of epoxide and episulfide in a reaction using the zinc complex of N-substi-
tuted porphyrin (NMTPP)ZnSPr (17, X=SPr) as initiator.

In the copolymerization of EO and PS with (NMTPP)ZnSPr in benzene in the
dark at room temperature ([EO],/[PS]y/[(NMTPP)ZnSPr],=50/50/1), the con-
sumptions of EO and PS took place rather slowly (25 and 80%, respectively, in
30 h), while both were accelerated by elevating the temperature to 70 °C (18 and
85% in 1 h) or irradiation with visible light (57 and 70% in 5.3 h). The consump-
tions of EO under the three different conditions are plotted against those of PS
in Fig. 51, which demonstrates that the relative consumption of EO to PS in the
dark at room temperature (® ) is far from unity. This tendency is unchanged un-
der accelerating conditions by elevating the temperature to 70 °C in the dark
(m). However, of particular interest is that the rates of consumption of the two
comonomers come closer to each other under irradiation with visible light (O).

The homopolymerizations of epoxide and episulfide initiated with
(NMTPP)ZnSPr (17, X=SPr) have been demonstrated to proceed with living
character via an (NMTPP)Zn-alcoholate and -thiolate, respectively, as the grow-
ing species by the repeated insertions of monomers into the Zn-S or the Zn-0
bond of 17 [88,89]. Therefore, the copolymerization of EO and PS with 17 (X=
SPr) as initiator is considered to proceed via the following four elementary reac-
tions: the reactions of an (NMTPP)Zn-alcoholate (EO growing end) with EO
producing an EO—EO homo sequence (-OCH,CH,0-) and with PS producing
an EO—PS cross sequence (-OCH,CH(CHj;)S-), and the reactions of an
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Fig.51. Copolymerizations of epoxyethane (EO) and 1,2-epithiopropane (PS) initiated with
(NMTPP)ZnSPr (17, X=SPr) ([EO],/[PS]y/[17],=50/50/1) in C¢Ds. Plots of EO consump-
tions vs. PS consumptions in the dark at rt. (e ) in the dark at 70 °C (m), and under irradi-
ation with xenon arc light (A>420 nm) at rt ((J)

(NMTPP)Zn-thiolate (PS growing end) with PS producing a PS—PS homo se-
quence (-SCH,CH(CHj3)S-) and with EO producing a PS—EO cross sequence (-
SCH,CH,0-). The contents of these four sequences in the products could be sep-
arately evaluated by 1*C NMR [90] and the results are summarized in Table 11.
In the copolymerizations in the dark (Table 11, runs 1 and 2), the contents of the
cross sequences in the products are both only about 10%, while those of the
homo sequences are both about 40% irrespective of the copolymerization tem-
perature. The ratios of the contents of the homo and cross sequences
[(EO—EOQ)/(EO—PS), (PS—PS)/(PS—EO)] in the products are thus calculated
to be in the range of 3.3 to 4.8. On the other hand, in the product formed under
irradiation with visible light, the sum of the contents of the cross sequences is
more than 40% with the ratios (EO—EQ)/(EO—PS) and (PS—PS)/(PS—EO)
being 1.6 and 1.3, respectively (run 3). A similar tendency was observed in the
copolymerizations starting from the molar ratio [EO],/[PS],/[1], of 200/200/1
(runs 4 and 5). Thus, by using 17 as initiator for the copolymerization of epoxide
and episulfide, the copolymerizability was enhanced by irradiation with visible
light.

All the above observations lead to the following conclusions: Irradiation with
visible light and elevation of the reaction temperature both result in the acceler-
ated consumptions of comonomers. At 70 °C in the dark, four elementary reac-
tions are almost equally accelerated, taking into account the unchanged se-
quence distribution and GPC chromatogram of the product compared with the
case at room temperature in the dark. On the other hand, irradiation with visible
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light is considered to accelerate the cross propagation steps much more than the
homo propagation steps, resulting in the contents of the four sequences coming
closer to one another, and a change in the GPC chromatogram of the product.

4
Polymerization with a Transition Metal-Porphyrin Complex

4.1
Living and Immortal Ring-Opening Polymerizations of Epoxide Initiated with
Manganese Porphyrin [91]

(TPP)MnOAc (18) is an excellent initiator of the polymerization of the ring-
opening polymerization of PO. An example is illustrated in Fig.52, where
400 equiv of PO was consumed completely in about 20 h at 30 °C. The 3C NMR
spectrum of the polymer shows a simple resonance pattern due to the CH; group
(0 17.4 ppm), indicating that the polymer consists exclusively of head-to-tail
linkages. The 13C NMR spectrum was also informative concerning the stereoreg-
ularity of the polyether, where the obtained polyether was almost atactic (i/s=
0.54:0.46, I/H/S=0.28/0.50/0.22). This is in contrast to the case with the alumi-
num porphyrin as initiator, which produces a polymer rich in isotactic triad se-
quences under similar conditions.

The gel permeation chromatogram of the polymer obtained with 18 shows a
bimodal molecular-weight distribution consisting of a sharp main peak and a
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Fig.52. Polymerization of 1,2-epoxypropane (PO) initiated with (TPP)MnOAc (18)
([PO],/[18],=400, 30 °C, without solvent). Time-conversion relationship
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small shoulder on the higher-molecular-weight side. As the polymerization pro-
ceeds, the chromatogram of the polymer shifts towards the higher-molecular-
weight region without changing the original shape. The molecular weight, cor-
responding to the top of the main peak (Mgpc), and the conversion gave a linear
relationship which was almost identical to the calculated line assuming that eve-
ry molecule of 18 produced one polymer molecule. The polymerization with
varying amounts of PO at 100% conversion gave polymers with Mgpcs close to
the expected values from the initial monomer-to-initiator mole ratios.

When the polymerization of PO (150 equiv, first stage) was carried up to
100% conversion with 18, followed by adding another 400 equiv of PO (second
stage), the GPC profile of the product clearly showed that the chromatogram of
the polymer formed at the first stage shifted towards the higher-molecular-
weight region, retaining the original shape in the second-stage polymerization.
Thus, the polymerization of PO initiated with 18 had a living character, in the
sense that the polymer molecules were still alive even after the monomer had
been consumed completely.

The IR spectrum of the polymer shows a carbonyl absorption at 1720 cm™!
characteristic of an ester group, indicating the incorporation of the axial acetoxy
group of 18 into the polymer terminal. Thus, the polymerization is considered
to start by insertion of the monomer into the central manganese atom-axial ac-
etoxy group bond, and proceed via a manganese-alkoxide as the growing spe-
cies.

The polymerization of PO initiated with manganese porphyrin has an im-
mortal nature. Some examples of the polymerization in the presence of metha-
nol (MeOH) as protic compound are listed in Table 12.

The polymerization of PO with 18 in the presence of MeOH ([PO],/[Me-
OH]/[18],=400/9/1) proceeded up to 100% conversion at 30 °C within 48 h
(run 1). The Mn and Mw/Mn of the polymer, as estimated from GPC, were 2400
and 1.08, respectively. The number of the polymer molecules relative to that of

Table 12. Polymerization of 1,2-epoxypropane (PO) initiated with (TPP)MnOAc (18) in the
presence of protic compounds (H-X)?

Run HX [PO]y/ Timeinh Conversion Mn®  Mw/Mn® Np/Ny,°
[HX]y/[18], in %
1 CH,0H 400/9/1 48 100 2,400  1.08 9.7
2 CH,0H 400/19/1 60 100 1,100 1.09 21.2
3 CH;0H 400/29/1 96 100 790 1.11 29.4
4 CH;0H 400/39/1 144 100 580 1.07 40.3
5 CH,0H 400/49/1 192 100 480  1.05 48.5
6 CH;COOH  400/9/1 72 100 2,200 1.08 10.5

2 Without solvent under N, at 30 °C.
b Determined by GPC.
¢ Equal to 0.58x[PO],x[18],xconversionxMn™!



Polymerization by Metalloporphyrin and Related Complexes 115

run 2 (Ny/Nyp,), as calculated from the Mn and the yield of the polymer, is 9.7,
and is therefore close to the initial mole fraction ([MeOH],+[18],)/[18], of 10.
Under similar conditions with varying amounts of MeOH, the Mn of the poly-
mer formed at 100% conversion decreased with the increasing initial mole frac-
tion ([MeOH],+[18],)/[18], while the Mw/Mn remained in the range 1.05-1.11.

4.2
Radical Polymerization of Methyl Methacrylate Initiated with Tin Porphyrin [92]

In contrast to the above polymerizations via anionic and/or coordination anion-
ic mechanisms, radical polymerization initiated with metalloporphyrins re-
mains to be studied. The only example of controlled radical polymerization by
metalloporphyrins has been reported by Wayland et al. where the living radical
polymerization of acrylic esters initiated with cobalt porphyrins was demon-
strated. In this section the radical polymerization of MMA initiated with tin por-
phyrin is discussed.

In general, the tin—carbon bond in organotin compounds is known to cleave
homolytically to give a carbon radical easily. As for the tin complex of porphy-
rin, it has been reported that when diphenyltin tetraphenylporphyrin (19) in
CHC, is illuminated with visible light (A>420 nm), phenyl groups are replaced
by chlorine [94]. This fact indicates that the tin porphyrin radical generated by
the homolytic cleavage of the central tin atom-axial phenyl group bond of 19 is
considered to participate in the reaction between 19 and CHCl;.

To a CHCI, solution of (TPP)SnPh,, prepared from (TPP)SnCl, and 5 equiv of
PhLiin toluene, MMA (200 equiv) was added at room temperature under dry ni-
trogen in the presence of MeOH (20 eqiuiv). When the mixture was irradiated
with visible light (A>420 nm) for 24 h, the viscosity of the mixture increased
gradually, indicating that the polymerization of MMA had proceeded. When
MeOH was added to the polymerization mixture in order to stop the reaction by
precipitating the complex and the products, a polymer was obtained as a MeOH
insoluble white powdery product in 10% yield after reprecipitation from CHCl;—
MeOH. The Mn of the polymer was estimated as 6500 by GPC (Mw/Mn=1.5).
The fact that the polymerization of MMA initiated with (TPP)SnPh, did take
place even in the presence of the excess MeOH indicates that the polymerization
proceeded via a radical mechanism. On the other hand, the polymerization of
MMA did not occur in the dark under otherwise similar conditions, indicating
that the visible light irradiation is indispensable for the polymerization.
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The main development in macromolecular complexation in aqueous media due to hydro-
gen bonding over the last decade has been a better understanding of the process of complex
formation. Meanwhile an ever growing interest has occurred in introducing hydrogen
bonding into the polymers which originally lack donor or acceptor groups. For such poly-
mer solutions it has been demonstrated that the transition from separated coils to complex
aggregates takes place when the content of introduced interaction sites reaches a certain
level. For the blends with controllable hydrogen bonding in the solid state, the relevant ex-
periments have shown that immiscibility-miscibility-complexation transitions occur upon
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PMEI poly(monoethyl itaconate)

PMMI poly(monomethyl itaconate)

PMPMA poly(N-methyl-4-piperidinyl methacrylate)

PMVAc poly[N-methyl-N-vinylacetamide]
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PS polystyrene
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PSe-OH polystyrene with end group of (2,2,2-trifluoro-1-hydroxy-1-

trifluoromethyl ethyl)
PSF polysulfone
PSVBDEP  poly(styrene-co-4-vinyl benzene phosphonic acid diethyl ester)
PVAc poly(vinyl acetate)
PVME poly(vinyl methyl ether)
PVPh poly(vinyl phenol)
PVPo poly(vinyl pyrrolidone)
s-PMMA  syndiotactic PMMA
SAA poly(styrene-co-allyl alcohol)
SBS poly(styrene-b-butadiene-b-styrene)
SEBS poly[styrene-b-(ethylene-co-butylene)-b-styrene]
SIS poly(styrene-b-isoprene-b-styrene)
SPS partially sulfonated polystyrene
STHFS copolymer of styrene and HFS
STVPh poly(styrene-co-vinyl phenol)
STVPy poly(styrene-co-4-vinyl pyridine)
ST2VPy poly(styrene-co-2-vinyl pyridine)
TEM transmission electron microscopy
VBA 4-vinyl benzoic acid
VPDMS 4-vinyl phenyldimethylyl silanol
VPh vinyl phenol

1
Introduction

In the literature, the term “macromolecular complexes” is used to refer to two
different objects: macromolecular metal complexes and intermacromolecular or
polymer-polymer complexes. The first object contains macromolecules and
metal ions that provide organic polymers with inorganic functions. The forma-
tion and structure of the complexes of this type and particularly their dynamic
interactions and electronic processes are summarized in Tsuchida’s book pub-
lished in 1991 [1]. The second object is actually an intermolecular associate of
two different polymers bound together by secondary binding forces. It is usually
divided into four classes, known as polyelectrolyte [2-5], hydrogen-bonding [2-
4], stereo [6] and charge-transfer [7] complexes, and the first two have received
most of the attention of researchers. In this review, we limit our discussion to the
complexation of synthetic polymers due to hydrogen bonding, and do not cover
as many of the topics that the two review articles published in the early 1980s did
[2,3].

The development made on polymer complexation in aqueous media since
these reviews has been mainly directed at a better understanding of its process
by the use of more sophisticated techniques, rather than adding more polymer
systems to the investigation. Therefore, instead of summarizing the complexa-
tion of a variety of polymers comprehensively, we focus on some typical topics
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important for exploring the process and mechanism of polymer complexation.
Section 2 deals with these subjects in relation to water-soluble polymers. While
the early studies chiefly directed interest to such polymers, the trendy subject
over the past decade has been polymer complexation in non-aqueous media.
Section 3 discusses the results of these investigations.

The work reviewed in Sects. 2 and 3 mostly concerns pairs of polymer com-
ponents each having either a proton-donor or proton-acceptor group as its in-
herent part. However, over the past decade, an ever growing interest has oc-
curred in introducing hydrogen bonding into the polymers which originally
lack suitable donor or acceptor groups, and much work has been done aimed at
enhancing miscibility of otherwise immiscible blends or, in other words, realiz-
ing an immiscibility-miscibility transition. This topic is briefly reviewed in
Sect. 4. Although work of this kind is not directly concerned with complexation,
it has raised the interesting question as to whether complexation can be caused
simply by strengthening the hydrogen bonding in a given system. Thus, over the
past decade, work has been done to incorporate more hydrogen bonds than just
necessary for achieving miscibility, and the results have shown that, in so doing,
ordinary miscible blends can be converted into complex blends. In addition, the
related study of mixing the polymer components with controllable hydrogen
bonding in solution has provided clear evidence for the complexation and its de-
pendence on the structure parameters. The complexation of polymer systems
with introduced hydrogen bonding in solution and also in the bulk state is re-
viewed in Sects. 5 and 6, respectively.

2
Interpolymer Complexation in Aqueous Media

Interpolymer complexation between water-soluble polymers by hydrogen
bonding was a frontier subject in the 1970s. Poly(carboxylic acids), mainly po-
ly(acrylic acid) (PAA) and poly( methacrylic acid) (PMAA), served as the most
common proton-donating components. As for the proton-accepting polymers,
poly(ethylene oxide ) (PEO or PEG) and poly(N-vinyl-2-pyrrolidone) (PVPo)
were often used. The important results on the formation of complex aggregates
and its dependence on the structur * prameters have been reviewed [2,3,8]. In
this section we select a few representative topics to look at recent advances in in-
terpolymer complexes in aqueous media, with the emphasis on fluorescence
probe studies.

2.1
Thermodynamics of Interpolymer Complexes

The thermodynamics of the complexation of a typical polymer pair consisting
of proton-donating polyacid and proton-accepting poly(ethylene oxide) (PEO)
has been studied since the late 1970s [9,10]. For complexes formed by coopera-
tive hydrogen bonding between a pair of polyacid and polybase with stoichio-
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metric composition, the stability constant K for the equilibrium between hydro-
gen bonded and free sites is given by

K=6/C, (1-6)? (1)

where 0 is the degree of conversion defined as the fraction of bonded carboxylic
groups and C, is the initial concentration of the polyacid in repeating units. If
the apparent dissociation constant of the polyacid is assumed not to vary with
complexation, 0 is given by

6=1-([H*]/[H"],)? @)

where [H*] and [H*], are the hydrogen ion concentrations in the presence and
absence of complementary polymers, respectively. Therefore, by measuring the
pH of the complex solution, it is possible to determine both 6 and K. Further-
more, by determining the temperature dependence of K, the basic thermody-
namic parameters can be calculated from the well-known equations:

AF’=-RT In K (3)
d(In K)/d(1/T)=-AH%R (4)
AS%=—(AF'-AH%)/T (5)

In their studies on the complexes PMAA/PEO and PAA/PEO, Tsuchida et al.
[10] found that AH? and AS? strongly depended on the molecular weight of PEO;
see also a recent review by Tsuchida and Takeoka [4]. The thermodynamics for
the complexation of PAA with PVPo was recently studied by pH measurements
at different temperatures [11], and it was shown that AH? and AS® were positive
at lower temperature and decreased continuously with increasing temperature.
The large positive AH values (70-80 Kcal/mol) at lower temperatures were in-
terpreted as due to hydrophobic interactions and conformational changes dur-
ing complexation, and the positive AS® values were considered as reflecting the
release of water during complexation. It was reported [12] that this method of
determining the thermodynamic parameters could also be successfully applied
to the complexation of PVPo with copolymers of methacrylic acid-methacryla-
mide and acrylic acid-acrylamide if the concentration C, was simply identified
to the concentration of active units in the copolymers.

The kinetics and equlibria of the complexation between PAA and PEO or
PVPo were studied by Morawetz's group [13-15],and it was shown that the com-
plex formation consisted of an initial diffusion-controlled hydrogen-bonding
process with a small activation energy and an extensive conformational transi-
tion of the two polymer chains which induces additional hydrogen bonding,
thus stabilizing the complex.
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2.2
Effect of Molar Mass of Polymers on Complexation

It is generally accepted that, because of the cooperative nature of the interaction,
no complexes are formed when the molar masses of the interacting polymers are
less than a “critical value”. Tsuchida and Abe [2] summarized some of the exper-
imental critical values; for example, the critical degrees of polymerization of
PEO for complexation with PAA and PMAA are approximately 200 and 40, re-
spectively [16,17]. Iliopoulos and Audebert [18] proposed a simple method for
estimating the minimal chain length (m.c.l.) for PAA complexation. By partially
hydrolyzing PAA, they prepared a series of modified PAA having different aver-
age AA unit sequences and measured the pH for their complexes with PEO in so-
lution, to determine 6 and m.c.l. For example, at a PAA concentration C=0.02
unit mol/L and a unit molar ratio [PEO]/[PAA]=1, the m.c.l. was about 7. It ap-
pears that this value is much less than the m.c.l. of PEO.

Using dansyl-labeled PAA (Dan-PAA), Chen and Morawetz [14] and Bedndr
etal.[19] investigated the effect of molecular weight on the complexation of PAA
with PEO or PVPo by fluorospectroscopy. This method takes advantage of the
sensitivity of the emission characteristic of the dansyl group to its microenviro-
ment. In fact, the fluorescence is about one order of magnitude more intense in
organic solvents than in water, so that complexation of PAA with proton-accept-
ing polymers may be monitored from the intensity increase caused by the dis-
placement of water molecules from the neighborhood of the label. When Dan-
PAA of 1.4x10° molecular weight was mixed with PEO of molecular weights
ranging from 3400 to 24,000 or PVPo of molecular weights ranging from 10,000
to 410,000 at different pH and NaCl concentrations, it was observed that the
higher the molecular weights of the proton-accepting polymers, the stronger the
interaction became; this is in good agreement with the observations of many
others [11]. It was also observed that although PAA/PVPo showed a 1:1 stoichi-
ometry for higher molecular weight PVPo, PAA/PEO did not show a definite sto-
ichiometry. In fact, PVPo was found to form more stable complexes with PAA
than PEO did, consistent with the literature [10,20-22].

When complexation of PAA with much higher molecular weight PEO was
studied by measuring fluorescent emission of Dan-PAA, some unexpected re-
sults were obtained [19]. In the solutions containing Dan-PAA and its counter-
part PEO-(16,000) or PEO-(24,000), the intensity increased steadily as the
PEO/PAA base mole ratio increased, reflecting the formation of a complex. For
both PEOs, the emission exhibited a blue shift, but the addition of much higher
molecular weight PEO (3.1x10° and 24.3x10°) induced a red shift with no appar-
ent intensity increase. This can be taken as indicating an increased exposure of
the dansyl label to water. Based on these and some additional experimental data,
Bednar et al. [19] proposed the following. In the complexes of Dan-PAA with
shorter chain PEO, the dansyl label has efficient access to the PEO and creates a
more hydrophobic environment, while in the complexes with larger chain PEO,
the Dan-PAA chain can contact the PEO only at widely separated points along its



128 M. Jiang, M. Lie, M. Xiang, H. Zhou

contour and the PAA chains between these points are stretched out. Thus, some
of the dansyl groups are removed from the aqueous environment or even more
directly contact water molecules than unassociated Dan-PAA chains. It is inter-
esting to note that this work indicates that not only the ability of complexation
but also the structure of the complex aggregates can be significantly affected by
the molecular weights of the component polymers.

Oyama et al. [23] utilized fluorescence spectroscopy to study how the molar
masses of both PAA and PEO affect complexation. Actually, they used the exci-
mer formation between the pyrene groups attached to the chain ends of PEO as
a molecular probe. The molecular weights of PAA used were 1850, 4600 and
890,000, and those of PEO were 4800 and 9200. The latter are much lower than
the PEO molecular weight in the work of Bedndr et al. [19]. In order to monitor
both intramolecular and intermolecular excimer formation, it was necessary to
distinguish the two types of excimers clearly, so Oyama et al. used two kinds of
solutions. One contained 99% of untagged PEO and only 1% PEO*, where PEO*
refers to PEO whose chain ends are tagged by pyrene. In this solution, PEO* is
believed to behave like an individual PEO chain, which provides only intramo-
lecular excimer. The other contained fully tagged PEO, which provides both in-
tramolecular and intermolecular excimers.

Figure 1a,b shows the changes in Ie/Im (the intensity ratio of excimer to mon-
omer) with addition of a PAA solution to the former solution containing
PEO(4800) or PEO(9200). We see that the initial value of Ie/Im is higher in Fig. 1a
than in Fig. 1b. This difference is due to the easier aggregation of terminal
pyrene groups of the shorter PEO chain as well as to the larger diffusivity of the
shorter PEO chain. The addition of PAA induced a marked decrease in Ie/Im of
PEO*, which is greater with PAA (890 K) than with PAA(1850). The intramo-
lecular mobility of the PEO chain is suppressed by addition of PAA, and this
renders intramolecular excimer formation difficult. The interaction is stronger
for the longer PAA as indicated by the larger decrease in Ie/Im.

These findings are further supported by the data on intermolecular excimer
formation shown in Fig. 2, which were obtained by subtracting the data in Fig.1
from the corresponding data for the latter solutions. Figure 2a shows that Ie/Im for
PAA (890 K) initially increases, passes a maximum and levels off at [PAA]/[PEO]=
3. On the other hand, Ie/Im for PAA(1850) increases more slowly to a plateau at
[PAA]/[PEO]=4. The initial Ie/Im increase in either case implies that the PEO
chains start to aggregate sidewise with added PAA by hydrogen bonding. Accord-
ing to Fig. 2a,b, this intermolecular aggregation at low [PAA]/[PEOQ] is stronger for
the higher molecular-weight PAA, but its dependence on the molecular weight of
PAA becomes weak at high [PAA]/[PEO]. Besides, it appears that the complexa-
tion is facilitated with the increase in the polymer concentration. Importantly,
these results from fluorescence studies do not support the previously reported
conclusion [3,24] that PAA/PEO forms complexes with a 1:1 base ratio at which the
two complementary components come to perfect match.

Oyama et al. [23] have pointed out that the fluorescence technique is more
sensitive to the formation of intermolecular complexes than the conventional
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methods including potentiometry, viscometry and turbidimetry. The following
reports substantiate this. Using the conventional techniques, Antipina et al. [16]
found that PAA and PEO started interacting significantly only when the PEO
molecular weight was increased to around 6000. Ikawa et al. [17] observed no
viscosity changes for PAA/PEO when the PEO molecular weight was lower than

I/l

0'00.0 ' 1fo ' zfo ' 3!0 ' 4fo ' 5To
MOLE RATIO OF [PAAJ/[PEQ]
0.4 T T T T T T T T T T
b
g )
0.3 4
_E
o
02} A
0.1 2 1 a1 1 L 1 1 1 1 1
0.0 1.0 2.0 3.0 40 5.0
MOLE RATIO OF [PAAJIPEQ]

Fig. 1a,b. Changes in Ie/Im, the intramolecular excimer-to-monomer intensity ratio with
the addition of PAA to PEO at 303 K. a Measured for the mixture of 1% PEO* (4800) and
99% PEO (4800), [PEO*+PEO]=1x10"3 M, [PAA]=1x10"! M: (A) PAA (890,000); (CJ) PAA
(1850); b Measured for the mixture of 1% PEO* (9200) and 99% PEO (9200) [PEO*+PEO]=
2x1073 M, [PAA]=2x10"1 M: (A) PAA (890,000); (1) PAA (1850) [23]
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8800. However, the fluorescence technique was able to detect complexation be-
tween PAA and PEO at a PEO molecular weight as low as 4800. It is worth noting
that Chen and Morawetz [13] and Bedndr et al. [15], who used dansyl-labeled
PAA, observed only a small change in fluorescence intensity at PEO molecular
weight of 8000 and no change at 3400.

3.0 —————————

I/l

0.0 " 1 " 1 " ! 1 1 2 1
0.0 1.0 2.0 3.0 4.0 5.0

MOLE RATIO OF [PAAJ/[PEO]

05 ——1——7——T——1——

0.4 -

I/l

0.0 L 1 L 1 " 1 L 1 L 1

0.0 1.0 20 3.0 4.0 5.0
MOLE RATIO OF [PAAJ/PEO]

Fig. 2a,b. Changes in Ie/Im, the intermolecular excimer-to-monomer intensity ratio with the
addition of PAA to PEO* at 303 K.a [PEO*(4800)]=1x10"3 M: (A) [PAA(890 K)]=1x10"1 M;
(O) [PAA(1850)]=1x10"1M; b PEO*(9200), (A) [PEO*]=2x10-3M, [PAA(890,000)]=
2x10°'M; (A) [PEO*]=1x103M, [PAA(890,000)]=1x10"'M; (m) [PEO*]=2x1073M,
[PAA(1850)]=2x10"1 M [23]
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From a study using pH, density, calorimetric and cloud point measurements,
Eagland et al. [25] also cast doubt on the previously suggested 1:1 stoichiometric
ratio for complexation and concluded that the critical molar mass of PEO for the
complexation with PMAA was as low as 200. They found that the molar mass of
PEO and the state of the resultant PEO solution play crucial roles in the mecha-
nism of complex formation. When the PEO molar mass is 2000, complexation
occurs between already pre-existing dimers of oxyethylene units (OE) with an
MAA unit via hydrogen bonding. When the PEO molar mass is higher than 2000,
the pair interaction between OE groups is minimal and single OE units make hy-
drophobic contact with MAA followed by hydrogen bonding of another OE or
MAA, depending on the relative concentrations of PEO and PMAA. This mech-
anism for the complexation of PEO with PMAA is more complex than those pre-
viously reported by Oyama et al. [23] and Tsuchida and Abe [2].

2.3
Effect of Structural Factors on Complexation

2.3.1
Hydrophobic Interaction in PMAA/PEO Complexes

The secondary binding forces leading to complexation include Coulombic, hy-
drogen-bonding, van der Waals, charge transfer and hydrophobic interactions.
The last is different from the others because the hydrophobic interaction is
caused by rearrangement of water molecules rather than by a direct cohesive
force between the molecules. Owing to the presence of 2-methyl groups, the con-
formation of PMAA, its coil structure in water, and its complexation with pro-
ton-accepting polymers receive strong hydrophobic effects. This problem has
been investigated in comparison with PAA by many authors [26-28]. PMAA is
more tightly coiled than PAA and the long-range attractive interactions between
its hydrophobic a-methyl groups more strongly oppose the expansion of
charged PMAA [26]. The local compact structure formed in uncharged PMAA
in aqueous solution was found to be stabilized by hydrophobic interaction [27].
Although hydrogen bonding is a significant driving force for complexation the
intermolecular complex PMAA/PEO is stabilized by hydrophobic interaction as
evidenced by a smaller minimal chain length and a larger critical pH for compl-
exation of PMMA than that of PAA [3].

Frank et al. [29] studied the effect of hydrophobic interaction by comparing
the fluorescent properties of PMAA/PEO* and with those of PAA/PEO*. Here
PEO* denotes pyrene end-labeled PEO. Figure 3 shows the intensity ratio Ie/Im
of intramolecular excimer pyrene for PMAA/PEO*(9200) and PAA/PEO*(9200).
It is seen that when added, PMAA more markedly reduces intramolecular exci-
mer formation in PEO than does PAA. This difference is thought to be due to a
stronger ability of PMAA to combine PEO* and the consequent suppression of
intramolecular cyclization of PEO.
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Fig.3. Comparison of intramolecular excimer formation in PMAA/PEO* (9200) and
PAA/PEO* (9200) at 303 K: (&) PEO*+PAA(1850); (1) PEO*+PAA (890,000); (A) PEO*+
PMAA (9500); and (®) PEO*+PMAA (1530) [29]

Figure 4 compares the changes in Ie/Im of intermolecular excimer pyrene in
PMAA/PEO*(9200) and PAA/PEO*(9200). The increase in intermolecular exci-
mer emission is much greater for PMAA than for PAA at low [PMAA]/[PEO],
even when the molecular weight of PMAA is lower than that of PAA, which sug-
gests that complexation of PEO* with PMAA causes much larger pyrene accu-
mulation in the complex than does that with PAA.Ie/Im for PMMA/PEO* passes
through a maximum at a composition much lower than the stoichiometric value
and decreases continuously as [PMAA]/[PEO] increases. This decrease can be
attributed to the more compact and rigid structure of the complex, as is support-
ed by an analysis of the peak position of the excimer emission.

The formation of a compact structure accompanying the complexation of
PMMA with PEO and the lower flexibility of the PMMA chain in the complex than
that of the PAA chain have been confirmed by viscometry [16], membrane contrac-
tion [2], and polarized luminescence techniques [3]. In addition, comparison of
the dynamic light-scattering behavior of PMAA/PEO and PMAA/PEO* in solution
shows that the pyrene label, which acts as a hydrophobic species, allows the labeled
PEO to aggregate intermolecularly much faster than unlabeled PEO does [30].

Working on the complexation of PAA [31] and PMAA [32-34] with PEO mon-
osubstituted with a variety of hydrophobic groups, Baranovsky et al. [31] found
that the groups attached to PEO strongly enhanced the stability of both PAA/
PEO and PMAA/PEO complexes, and pointed out that when complexation is ex-
amined using a fluorescently labeled component, the stabilizing effect of the hy-
drophobic fluorescent probes on complexation has to be fully taken into account
for the interpretation of experimental results.
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Fig.4. Comparison of intermolecular excimer formation in PMAA/PEO* (9200) and
PAA/PEO* (9200) at 303 K: (A) PEO*+PAA(890,000); ((J) PEO*+PMAA (9500); (<) PEO*+
PMAA ( 1530) [29]

2.3.2
Effect of the Degree of Hydrolysis of Polyacrylamide on Its Complexation with
Proton-Accepting Polymers

PAM is one of the most extensively investigated water-soluble polymers. Studies
on its complexation with PAA and poly(vinylpyrrolidone) started early [2,3]. By
controlling hydrolysis and adjusting pH, it is possible to change the relative
amounts of amide groups, undissociated and dissociated carboxylate groups in
the modified PAM, which is denoted below as HPAM. Thus mixing HPAM with
a counterpart polymer allows us to handle a broad range of interactions varying
in type, strength and density.

Complexation of HPAM with PVPo, PEO [35] and PAA [36,37] has been ex-
tensively studied by fluorospectroscopy, with Ie/Im of the pyrene attached to
HPAM used for estimating chain conformation. Ie/Im reflects the statistical con-
formation of a labeled polymer chain in such a way that a large value suggests
greater polymer chain contraction and a small value greater polymer expansion
and/or rigidity [35,36]. The changes in Ie/Im with pH for HPAM hydrolyzed to
different degrees and for their blends with PVPo were examined, and the typical
results obtained are shown in Figs. 5 and 6. For HPAM of low hydrolysis extent
(EH) (Fig.5), it is observed that its conformation is sensitive to pH. At low pH,
COOH groups stay undissociated and the chain takes a coiled conformation
leading to high Ie/Im. As the pH is increased, more acid groups dissociate and



134 M. Jiang, M. Lie, M. Xiang, H. Zhou

0.16

o HPAM ALONE
il &  HPAM+ PVPo
HPAM: 8 % EH
012 0.83 % PYRENE
1.S. =0.005 M NaCl
_E
o Al
010 |-
0.08 - A
x —A
om " 1 " L 1 1 L | I 1 " 1
2 3 4 5 6 7 8 9 10

Fig.5. pH dependence of Ie/Im for 8% hydrolyzed polyacrylamide and its mixture with
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Fig.6. pH dependence of Ie/Im for 42.8% hydrolyzed polyacrylamide and its mixture with
PVPo [35]

repulse each other to make the chain more expanded and Ie/Im lower. However,
for HPAM of high EH (Fig. 6), Ie/Im increases in the low pH range, which may
be attributed to intramolecular bonding between the amide and acid groups.
Mixing of PVPo with HPAM in solution, no matter how large EH may be, causes
Ie/Im to vary appreciably. However, the pH dependence of Ie/Im varies with EH.
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At low EH, Ie/Im is lowered to a nearly constant value over the entire pH range
in the presence of PVPo. This behavior may be attributed to the relatively weak
interaction between amide and pyrrolidone, both of which are non-ionic. In
contrast, at high EH, Ie/Im is almost suppressed to zero at pH lower than about
5.8, which indicates that highly hydrolyzed HPAM forms a rigid and compact
complex with PVPo. This remarkable Ie/Im suppression abruptly disappears
when the pH is increased to 6, at which most of the acid groups are supposed to
dissociate. In conclusion, the system of PVPo and HPAM should involve two
kinds of interaction, one between amide groups and VPo which is relatively
weak and pH-independent, dominates only when EH is very low, and leads to a
loose complex, and the other between acid groups and VPo which is strong and
pH-dependent, becomes dominant when EH is high and pH is low, and gives rise
to a compact complex.

The same technique as above was used to study the interactions between
HPAM and PEO [35]. The presence of PEO showed no detectable effects on Ie/Im
of HPEM over the whole pH range. This finding indicates that the PAM unitis a
very weak proton donor, not capable of forming a complex with PEO, in agree-
ment with earlier reports [2]. It also indicates that the interaction between PEO
and HPAM hydrolyzed up to 42.8 mol% is not strong enough to form a complex.
Probably, because the acrylic acid units and acrylamide units distribute ran-
domly along the HPAM chain [38], the sequence of acrylic acid units is not long
enough to interact cooperatively with the ether units of PEO.

The pyrene-labeled hydrolyzed PAM was also used to elucidate its interaction
with PAA by fluorospectroscopy [36,37]. The most remarkable feature of this
system is the strong pH-dependence of the interaction. An increase of EH will
reduce the number of possible amide/acid bonds between HPAM and PAA
chains and enhance the intramolecular hydrogen bonding between the amide
and acid groups. Therefore, for HPAM of high EH, complexation should occur
only at low pH. In fact, it was found experimentally that as EH increased, the pH
at which the interpolymer interaction began to occur shifted systematically to
lower values. Two extreme cases are as follows. One is the complexation between
PAM and PAA at pH lower than 5.0 and the other no complexation between PAA
and HPAM of highest EH (42.8 mol%) over the entire range of pH.

2.3.3
Effect of the Degree of lonization of Poly(carboxylic Acid) on Its Complexation with PEO

It is well known that poly(carboxylic acid) forms a hydrogen bond complex with
a proton-accepting polymer as well as a polyelectrolyte complex containing a
polycation. Partial ionization converts some carboxyl groups to dissociated car-
boxylate groups. The former is capable of hydrogen-bonding complexation but
the latter not, so that partial ionization of PAA and PMAA provides a convenient
way to adjust the proportion of active and inactive sites for complexation. Stud-
ies during the 1970s showed that there was a critical state of dissociation, above
which no hydrogen-bonding complex was formed. Thus, the presence of a cer-
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tain number of undissociated carboxyl groups is essential for PMAA and PAA to
form stable complexes with PEO [3].

Iliopoulos et al. [22] studied complexation of proton-accepting polymers in-
cluding PEO and PVPo with a series of PAA neutralized to different degrees,and
found that even a low content of carboxylate sites (less than 15%) in the PAA
chain was sufficient to prevent the chain from complexation. They emphasized
the importance of a sufficiently long acid sequence for complex formation; in
other words, complexation can occur only when the polyacid is neutralized be-
low a certain ionization degree o, characteristic of the system. Based on the re-
sults from viscosity and fluorescent polarization measurements on systems
composed of variously ionized PAA and PEO or PVPo, Iliopoulos et al. [22] tried
to explain the different structure characteristics of the complex as a function of
the ionization degree o in the following way. (1) When a is close to zero and the
polymer concentration is low, the acid group sequences are long enough so that
the complex has a compact structure and the viscosity of the solution is low; and
(2) when 0<a<a,, and, in particular, when a is close to a,;,/2, and the polymer
concentration and molecular weight are sufficiently high, the complexes form a
crosslinked structure. In fact, in the latter case, the PAA chain consists of long
complexable sequences and short, uncomplexable sequences, so that it can in-
teract with several polybase chains to give a gel-like structure. To mention more,
by using the fluorescence polarization technique, Heyward and Ghiggino [39]
found that only slight neutralization (<10%) of PAA was sufficient to break its
complex with PEO.

Oyama et al. [40] treated the complexation of PMAA with PEO by using the
same method as that for PAA/PEO [23]. The resulting Ie/Im for a series of PEO
and PMAA with different degrees of ionization showed that the decrease in in-
tramolecular excimer formation accompanying complexation diminished with
increasing ionization. It is apparent that the presence of carboxylate groups in
PMAA reduces the local PEO concentration in the complex, thereby suppressing
excimer formation between pyrene groups on different PEO chains. However,
the data for both intramolecular and intermolecular excimer formation indicat-
ed that the hydrogen-bond interaction between PMAA and PEO persists up to
30% ionization but no longer at 40%. This finding is in agreement with that of
Anufrieva et al., who used fluorescence polarity measurements [41]. If com-
pared with the results for the PAA/PEO system where complexation disappears
at ionization degrees greater than 10-15% [22,39], it seems clear that
PMAA/PEO has a much stronger ability to form a stable complex and tolerates
a much larger content of the inactive sites for complex formation, because, in
this system, hydrogen bonding is coupled with strong hydrophobic effects.

In addition to ionized acrylate groups being introduced into PAA chains by par-
tial neutralization, other kinds of “structure defects”, such as sulfonated groups
and non-ionic groups, e.g. isopropylamide [-CONHCH(CHj3),] and hydroxyethyl
(-CH,CH,0H), were incorporated into PAA by copolymerization or condensation
reactions, and their influence on complex formation was examined. Viscometry
and potentiometry studies [42] on the complex formation of PEO with PAA-copol-
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ymers containing carboxylate, sulfonate or isopropylamide groups revealed that
under the conditions of low and constant ionic strength and constant pH, a signif-
icant difference appeared in the association behavior between the AA copolymers
containing charged and neutral groups. No interpolymer complexation took place
when the degree of substitution (DS) of ionic groups in the polyacid chain exceed-
ed 10%, but the presence of non-ionic and relatively hydrophobic groups up to
DS=30% allowed interpolymer association to occur. These results may be ex-
plained by assuming that the inactive charged groups not only interrupt the asso-
ciating COOH sequences but also make the polymer chain less flexible owing to
intrachain electrostatic repulsion and make it more difficult to find the PEO chains
for interpolymer association. On the contrary, the presence of non-associating
neutral groups in PAA may not have much influence on chain flexibility and en-
hances interpolymer association by hydrophobic interaction.

Krupers et al. [43] observed that structure defects introduced by non-ionic
hydroxyethyl methacrylate (HEMA) into poly(acrylic acid) decreased the degree
of complexation of carboxylic acid groups with PEO and lowered the efficient
packing of PEO on the acrylic acid copolymer chains. When the AA/HEMA ratio
of the copolymer exceeded 1:1, no complex formation was detectable.

24
Cooperative Effects in Complexation

One of the most important concepts in looking at polymer complexation is the co-
operativity of the interaction between proton-donating and proton-accepting pol-
ymers. The existence of a minimum chain length needed for polymer association
is generally accepted [18,21,22,39,44]. As mentioned in Sect.2.3.3, only a small
amount of inactive sites introduced in PAA may destroy its complexation with
PEO or PVPo. It is preferable to avoid the complexities that, in partially ionized
PAA, owing to electrostatic repulsions, the uncomplexable acrylate groups do not
necessarily distribute randomly along the chain and their positions in the chain
may change during complexation. Iliopoulos and Andebert [45], therefore, treated
the complexation of a polybase (PVPo or PEO) with an acrylic acid based copoly-
mer containing sulfonic acid groups, which are disassociated and uncomplexable,
and observed a dramatic influence of the content of the sulfonic acid groups on the
complexation. In some cases, even a low content of sulfonate groups prevented
complex formation. These results are in good agreement with the prediction from
a theoretical model incorporating the cooperativeness of the complexation [44].
However, the study by Wang and Morawetz [46] on the complexation of PAA with
copolymers of acrylamide (AM) and N,N-dimethylacrylamide (DAAm) led to a
different conclusion. They assumed that under a suitable pH condition (pH=4)
only DAAm can be complexed by PAA while AM remains uncomplexable. Using
the fluorescent probe technique they found that at pH=4 even the copolymer con-
taining DAAm groups as low as 34 mol% underwent weak complexation. Obvi-
ously it contains only short complexable sequences. Based on these experimental
results and consisdering the possible steric hindrances due to some local structure
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of the complexed sequences, Wang and Morawetz [46] concluded that the forma-
tion of stable hydrogen-bonded interpolymer complexes in aqueous solution in-
volves no interaction of long sequences of monomer residues. In addition, Yang et
al. [47], on the basis of their data on the complexation between phenol-formalde-
hyde resin and poly(N,N-dimethyl acrylamide), which will be discussed in Sect. 3,
suggested reexamination of the need for many contiguous interaction groups to
achieve stable complexation.

Iliopoulos and Audebert [45] explained the above-mentioned results in a differ-
ent way. They reasoned that DAAm is a strong proton acceptor comparable to
PVPo,so that its critical chain length must be small (~13 units) and the probability
of finding such a sequence of DAAm in the copolymer is low though not negligible.
With respect to the steric hindrance due to the local structure of the complexed se-
quence, they suggested that rapid rearrangement of hydrogen bonds caused some
of them to break instantaneously and the system to stabilize dynamically.

In a series of investigations on polymer pairs having no inherent specific in-
teractions, Jiang's group found that introducing hydroxyl groups, which in some
cases was as small as less than 10 mol%, into one of the components, allowed
them to complex with proton-accepting polymers in inert solvents. Obviously,
in these systems with such low hydroxyl content, hydrogen bonds are separated
by long sequences of inactive units, and such a sparse distribution of hydrogen
bonds does not meet the requirement that a long sequence of uninterrupted hy-
drogen bonds be needed for complexation. The details of the work by this group
will be presented in Sects. 5 and 6.

3
Interpolymer Complexes from Non-aqueous Media

We now move to a discussion on interpolymer complexation in organic media.
The distinction from the previous section is only a matter of convenience. In
fact, some interpolymer complexation may take place in organic solvents as well
as in water. The investigation on complexation in non-aqueous media is relative-
ly new, receiving special attention in the last decade and allowing significant in-
formation about the complexes in the solid state to be obtained. In the majority
of the related reports, precipitates are regarded as complexes and solvent-cast
products from homogeneous solutions as ordinary miscible blends. This dis-
tinction has some practical value but should not be carried too far. In fact, com-
plexes, especially those formed with hydrogen bonds only in a small part of the
segments in dilute solutions, may exist stably in solution, while the free-polymer
component may co-precipitate with the complex.

31
Poly(vinyl Phenol) (PVPh) Used as a Proton-Donating Polymer

Among the proton-donating polymers used to study the complexation in non-
aqueous media, poly(vinyl phenol) has been the most extensively used. Pearce's
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group [48] took up the complexation of PVPh with a series of proton-accepting
polymers including poly(N,N-dimethyl acrylamide) (PDMA), poly(ethyl oxa-
zole) (PEOX) and poly(vinyl pyrrolidone) (PVPo). Depending on the solvent
used, the mixture may either precipitate one regarded as a complex. or give a
clear solution which can be used to obtain solvent-cast 'blend' film (Table 1).
Such solvent effect is ascribable to the difference in the hydrogen-bond-accept-
ing ability of the solvent, which can be interpreted by the enthalpy-frequency
shift relationship [49,50]. The relative strength of the solvent participating as the
acceptor in the hydrogen-bonding interaction with PVPh can be evaluated by
measuring infrared frequency shifts of the hydroxyl stretching absorption of
phenol (a model of PVPh), which are 350, 340,235, and 211 cmtin dimethylsul-
fone (DMSO), N,N-dimethylformamide (DMF), dioxane and acetone, respec-
tively. The shift of the hydroxyl frequency is 325 cm~! when phenol is mixed with
N,N-dimethylacetamide (DMAc), a model compound of PDMA. This value is
smaller than those of phenol in DMF and DMSO, the most strong acceptors, so
that precipitation due to interpolymer interactions cannot take place in these
solvents. Among the solvents used, methanol was the only proton-donating
type, but was found to be a weaker hydrogen-bond donor than PVPh as the hy-
droxyl frequency shift in methanol/DMAc was 160 cm™! smaller than 325 cm™!
in phenol/DMAc. Thus PVPh formed complex precipitates with both PDMA and
PVPo in methanol. In all these pairs, the glass transition temperatures T, of the
complex precipitates were higher than those of the corresponding solvent-cast
blends at the same compositions. This difference can be attributed to an exten-
sive degree of interpolymer hydrogen-bond formation.

The effect of annealing on the T, has been extensively studied. Thermal treat-
ment raised the T of the “blends” as well as the complexes in PVPh/PDMA. This
result can be considered as due to an increase in the number of hydrogen bonds
caused by enhanced chain mobility accompanying annealing, which makes it
easy for hydroxyl and amide groups to approach juxtaposition. However, this
idea has not enjoyed support by FTIR studies which showed for PVPh/PDMA
blends that the peak area of bonded carbonyl absorption relative to that of the
total absorption decreased when the temperature increased above 143 °C.
Therefore it was suggested that the increase in T, accompanying annealing aris-
es from improved chain packing, but no evidence has been obtained for the ex-
pected increase in macroscopic density.

The precipitates of PVPh/PDMA and PVPh/PVPo have T,s higher than the
weight averages of the T,s of the component polymer. For example, the T, of
50:50 PVPh/PVPo is about 210 °C, while the expected weight average is 150 °C.
However, not all systems show the same trend; for example, the Tgs of
PEOX/PVPh precipitates are always close but lower than the weight averages.

The precipitates of PVPh/PDMA from methanol and acetone solutions were
examined by CPMAS '*C NMR [51], and evidence for specific interaction was
obtained with a 3 ppm shift in the phenolic carbon resonance peak. The proton
spin-lattice relaxation times T, were shorter than those predicted by a linear
model, though the rotating frame spin-lattice relaxation times T, of the com-
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Table 1. Precipitation behavior of blends of proton-donating poly(vinyl phenol) and vari-
ous proton-donating polymers in different solvents

Proton acceptor Solvent Precipitation Ref
PDMA acetone yes [48,51]
~CHy~CH- dioxane yes
¢=0
M
H;C CHj
methanol yes
DMF no
DMSO no
PVPo methanol yes [48]
—CH~CH— DMSO no
N
e
PEOX dioxane yes [48]
—CH;N—CH;— DMEF no
0=C—C,H;s
PSVBDEP-13.3* THF yes [54]
—CH;—CH—
CH3CH,0 OCH,CH3
P4Vpy ethanol yes [58]
_CHZFj_ DMF no
®
P2Vpy ethanol yes [58]
—CHZiS— DMF no
ST2VPy-70? ethanol yes [58]
—CHzé—CHZiE— DMF no
PMPMA ethanol yes [59]
?H3 DMF no
(=0
(I;S
CH;

2 The numbers denote the molar fraction of interacting sites in the copolymer.
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plexes were consistent with the prediction. The scale of homogeneity estimated
from T, , data was about 2.5 nm.

Although many phosphonate compounds were reported to have strong pro-
ton-accepting strength [52], not much attention has been paid to phosphorus-
containing polymers. Sun and Cabasso [53] reported evidence for hydrogen
bonding between the hydroxyl group of cellulose acetate and the phosphoryl
group of poly(4-vinyl benzenephosphonic acid diethyl ester). Zhuang et al. [54]
studied cases where only part of the polymer segments contained interacting
sites, using a series of styrene copolymers containing 4-vinyl benzenephos-
phonic acid diethyl ester (PSVBDEP) as a hydrogen-bonding acceptor. Blends of
these copolymers with PVPh were examined by DSC, FTIR and NMR, with the
results showing that PSVBDEP-4.3 (the numerals denote the molar fraction of
interacting sites in the copolymer.) was immiscible with PVPh, but PVPh/PSVB-
DEP-7.5 had a single T, when the concentration of the copolymer was higher
than 60 wt%. Mixing of PSVBDEP-13.3 with PVPh caused both to precipite in
THE. The IR spectra gave 354 cm™! for the frequency shift of the hydroxyl group
of phenol in the mixture of the PVPh with the VBDEP monomer. This value is
comparable to the shifts reported for phenol in DMSO and DMFE.

The pyridine unit is known as a strong proton acceptor. Although the misci-
bility of polymer blends composed of pyridine-containing polymers has been
extensively studied [55-57], the complexation of these systems has received little
attention. Studying the complexation of PVPh with such pyridine-containing
polymers as poly(4-vinyl pyridine) (P4VPy), poly(2-vinyl pyridine) (P2VPy)
and poly(styrene-co-2-vinyl pyridine) (ST2VPy) containing 70% pyridine units,
Dai et al. [58] found that these polymers all formed complex precipitates in eth-
anol but not in DMF. The T,s of the interpolymer complexes were substantially
higher than the weight averages. PAVPy showed a stronger complexation ability
than P2VPy. This is probably because the former suffers less steric hindrance
than the latter in forming complexes. Recently, Jiang's group has made a system-
atic study on the complexation of copolymers containing pyridine units over a
broad composition range with various proton-donating polymers. We defer a
discussion of the results to Sects. 5 and 6.

Piperidine (pK;,=2.88) is a base stronger than imidazole (pK,=7.05) and py-
ridine (pK,=8.75). Therefore, polymers containing it are likely to form complex-
es with poly(vinyl phenol) by hydrogen-bond formation between piperidine and
hydroxyl groups. However, according to Luo et al. [59], although poly(N-methyl-
4-piperidinyl methacrylate) (PMPMA) complexed with PVPh in ethanol over
the entire composition as judged by precipitation, evidence by FTIR indicated
that the driving force for complexation would be the hydrogen bonding between
the carbonyl of PMPMA and the hydroxyl of PVPh. Furthermore, X-ray photo-
electron spectroscopy showed that the nitrogen atoms in the piperidine groups
were not involved in intermolecular interactions with PVPh, as likely due to the
steric effect of the N-methyl groups. Elucidating this steric effect needs the in-
vestigation of blends of polymers containing piperidine but no N-substituting

group.
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3.2
Phenol-Formaldehyde Resin Used as a Proton-Donating Polymer

The group of Pearce and Kwei [47,60] chose another phenolic hydroxyl-contain-
ing polymer poly[(1-hydroxy-2,6-phenylene)methylene] (PHMP) as a proton-
donating polymer for studying hydrogen-bonding complexation, though the
molecular weight of the sample was as low as about 1000. PDMA and PEOX were
selected as proton-accepting counterparts. According to the results obtained,
PHMP and PDMA form complex precipitates from acetone, dioxane and ethyl
acetate solutions, despite the fact that these solvents are proton acceptors. This
finding is understandable if the enthalpy-frequency shift relationship is taken
into account [49,50]. The hydroxyl frequency shift of phenol in DMAc, a model
compound of PDMA, is 340 cm™!, which is definitely larger than those of phenol
in the above solvents, i.e. 235,218 and 187 cm™! in acetone, dioxane and ethyl ac-
etate, respectively.

In order to gain further insight into the critical length of the hydrogen-bond-
ing sequence required for complex formation, Yang et al. [47] studied the com-
plexation of PDMA with PHMP whose hydroxyl groups were partially converted
to methyl ethers to reduce the hydrogen-bond density. Interestingly, precipita-
tion occurred up to a conversion of about 40%, but not at higher conversions in
dioxane. This finding implies that a much shorter uninterupted sequence than
expected is sufficient to cause precipitation, and supports the argument put for-
ward by Wang and Morawetz [46] (see Sect. 2.4) about the cooperative effect in
complexation.

As to the T, vs. composition relationship, PHMP/PDMA blend systems show
positive deviations from the weight-average law and PHMP/PEOX blends exhib-
it sigmoidal curves. Thus, in the latter, T, is higher or lower than the weight av-
erage depending on whether PEOX is the minor or major component. This be-
havior can be interpreted in terms of the competition of hydrogen bonding and
mixing [61].

PHMP/PDMA blends in some mixed solvents do not precipitate but allow cast-
film to be made. The T,s of the “blend” films are always lower than those of the
complexes and thermal treatment increases them. For example, T, of the 50:50
PHMP/PDMA blend increased from 101 to 129 °C after 3 h annealing at 180 °C.
Just as in the case of PVPh/PDMA discussed above [48], an intuitive explanation
of this increase in T, is that the extent of hydrogen bonding increases during the
annealing process. In fact, for PHMP/PDMA blends the ratio Ay/A; of the peak
area of the hydrogen-bonded carbonyl to the area of the total absorption increases
by annealing. However, this is not the case for the blends of PDMA and the modi-
fied PHMP. Annealing at 180 °C resulted in an increase in T, but a decrease in
Ay/A.. Yang et al. [47] proposed that this behavior of Ay/A, be viewed as a result of
the competition between two opposite effects: the normal breaking of hydrogen
bonding and the chain rearrangement by increased thermal agitation.

Chatterjee and Sethi [62] worked out the complexation of p-bromophenol-
formaldehyde copolymer (PPF) with PVPo and PEO in the mixed solvent ace-
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tone/methanol (v/v 84:16),and found that PEO on the PPF chain was substituted
with PVPo when the latter was added to the solution of PPF/PEOQ. This finding
indicates that PVPo has a stronger ability for complexation than PEQ, in con-
formity with the observations in aqueous solutions where PAA was used as the
proton donor (see Sect. 2.2).

3.3
Proton-Donating Polymers Containing Aliphatic Hydroxyl

In order to see whether polymers containing aliphatic hydroxyl groups, which are
proton donors weaker than the phenolic species, can also complex with polymers
containing substituted amide groups, Dai et al. [63,64] investigated blends con-
sisting of SAA copolymers of styrene/ally alcohol (AA) with 4.5 or 6.5 wt% AA
contents and each of three isomeric amide polymers, PDMA, PEOX and poly(N-
methyl-N-vinylacetamide) (PMVAc) (Table 2). These isomeric polymers have
different abilities to form complexes with SAA. Thus, PEOX actually forms no
complex with SAA in any of the solvents used. PDMA formed a complex in MEK
but not in THE, and PMVAc complexes in both THF and MEK, so that the compl-
exation ability is in the order of PMVAc>PDMA>PEOX, which is parallel with
their hydrogen-bonding strengths estimitated by IR studies [63,64].

3.4
Poly(alkyl Itaconate)s Used as Proton-Donating Polymers

During the past decade, the properties and applications of the monoesters and
diesters derived from itaconic acid have received growing interest because the
monomers can be obtained biotechnologically and a great variety of related
polymers can be synthesized thanks to two lateral esterifiable groups contained
in the monomer [65]. The first work on poly(monomethyl itaconate) (PMMI)/
PVPo complexes was done by Bimendina et al. [66], and it was followed by Pe-

Table 2. Complexation of SAA with some proton-accepting polymers

Proton donor  Proton acceptor Solvent Precipitation ~ Ref.

SAA-4.5 PDMA MEK yes? [63]
THF no

SAA6.5 PDMA MEK yes® [63]
DMF no

SAA4.5/6.5 PEOX MEK, THE, DMF no [63]

SAA4.5/6.5 PMVAc MEK yes¢ [64]
THF yesd
DMF no

2 When PDMA<50 wt%.

> When PDMA<75 wt%.

; For entire composition.

Only for SAA-rich cases.
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rez-Dorado et al. [67,68], who reported on poly(monobenzyl itaconate) (PM-
BI)/PVPo complexes. In recent years, Katime's group have systematically stud-
ied the complexation of polyitaconates with a series of proton-accepting poly-
mers including PMMI/PDMA [69], PMMI/PEOX [69], PMMI/PVPy [70], PM-
MI/PVPo [71], poly(monoethyl itaconate) (PMEI)/PVPo [72], and PMBI/PVPo
[73]. These polymer pairs showed the following characteristics in common.

Firstly, the formation or inhibition of intermolecular complexes, judged by
precipitation in common solvents, strongly depends on the solvent. As shown in
Table 3, they all form complexes in the weak proton-donating solvent methanol
or some mixed solvents, but not in pure strong proton-accepting solvents such
as DMF and DMSO. PMMI/PDMA, PMMI/PEOX and PMEI/PVPo all have a
strong tendency to precipitate in 1:1 mole ratio from methanol.

Secondly, the IR spectrum of PMMI is rather complicated owing to the pres-
ence of (a) two kinds of carbonyl in the ester and acid groups; (b) self-associa-
tion between the acid groups forming a dimer; (c) hydrogen bonding between
hydroxyl and ester carbonyl, and (d) anhydrides formed during the polymeriza-
tion process. Nevertheless, FTIR studies have confirmed that the dominant driv-
ing force for the complexation is hydrogen bonding between the proton-donat-
ing hydroxyl in the carboxyl groups of PMMI and the proton-acceptor groups in
the counterpart polymers. Thus, for example, for PDMA and PEOX the amide I
mode frequency, which mainly reflects the carbonyl stretching in amide groups,
was 1642 and 1643 cm™!, respectively. However, a new band at 1609 cm™! associ-

Table 3. Complexation of poly(monomethyl itaconate) with various proton-accepting pol-
ymers

Proton acceptor Solvent Precipitation Ref.
PV2Py, PV4Py methanol yes [70]
methanol/DMF
methanol/DMAG, etc.
SPV4Py-50 methanol yes [70]
SPV4Py-25 methanol/THF (50:50) yes [70]
PDMA methanol, ethyl glycol yes [69]
water, DMSO no
N-methylformamide (MF)  no
DME DMAc no
PEOX water, methanol yes [69]
DMSO, DME, ME, DMAc no
ethylene glycol no
PVPo methanol yes [66,71]
PVPo? methanol yes [67,68,73]
PVPo® methanol, ethanol yes [72]
DMAGg, dioxane yes

pyridine, DMSO,DME, MF = no

2 Poly(monobenzyl itaconate) was used the proton-donating polymer.
b Poly(monoethyl itaconate) was used as the proton-donating polymer.
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ated with hydrogen-bonded carbonyl appeared in both complexes [69]. The rel-
ative amounts of carbonyl groups associated and non-associated in the com-
plexes can be determined by using spectral curve fitting methods. For the com-
plex of PEMI with PVPo [72],a new band located at 1639 cm™! was found, which
can be associated with the hydrogen-bonded carbonyl in PVPo having a 41 cm™
red shift relative to the free carbonyl.

Thirdly, PMMI starts thermally degrading at about 154 °C to form an anhy-
dride [65,74]. Thermal analysis showed that the onset temperatures for degrada-
tion of the complexes PMMI/PDMA, PMMI/PEOX and PEMI/PVPo was sub-
stantially higher than those of the corresponding poly(monoalkyl itaconates),
and the difference was attributed to the fact that hydrogen bonds in the com-
plexes need to be broken before anhydride formation takes place.

In this series of studies on the polyitaconate-containing blends, too, the pre-
cipitates from solutions and the cast films from homogeneous solutions were
named complexes and blends, respectively. In the case of PMMI/PDMA, com-
plexes were obtained from methanol and blends from DMF. Interestingly, IR
spectra of the complexes did not differ from those of blends having the same
composition [69], but the two species had different properties, e.g. the complex-
es began degradation at temperatures higher than the blends did.

4
Miscibility Enhancement by Hydrogen Bonding

Progressive elucidation of the effect of specific interactions on the miscibility in
polymer blends has been one of the most noticeable achievements in the study
of polymer blends in the last two decades [75,76]. Many experimental results
have supported the conclusion that the presence of specific interactions in a
blend including hydrogen bonding, ion-ion pairing, etc. favors the enthalpy for
mixing and allows the components to mix completely. In the earlier investiga-
tions, this conclusion was drawn from studies on the blends composed of poly-
mers which contain interacting groups as an intrinsic part of the polymer struc-
ture. It has not only provided a practical guideline for making miscible blends
from existing polymers but has also opened up a new area that aims to enhance
miscibility in polymer blends by chemical modification or copolymerization
which incorporates some chemical groups capable of creating specific interac-
tions into one or both of the immiscible component polymers. In the early 1980s,
several approaches to this new area were reported. Thus, Eisenberg's group [77-
79] used cationic and anionic groups in immiscible polymer pairs, and Percec's
group [7] reported the miscibility enhancement by interaction between pendant
electron-donor and electron-acceptor groups. As for hydrogen-bonding interac-
tion, the group of Pearce and Kwei [80,81] studied blends of modified polysty-
rene comprising hydroxyl-containing units and a counter-polymer containing
carbonyl groups. Among all the interactions examined, hydrogen bonding
seems most attractive, since it quite efficiently improved the miscibility without
accompanying much change in the properties of the component polymers.



146 M. Jiang, M. Lie, M. Xiang, H. Zhou

4.1
Theoretical Considerations and Miscibility Expectation

The group of Coleman and Painter [82] has combined an association model with
the Flory-Huggins theory of polymer solutions to develop a theory describing
miscibility behavior of polymer blends with hydrogen bonding, see also a review
article [83]. Here we briefly describe their basic methodology and the conclu-
sions which are useful in discussing the miscibility in the systems with control-
lable hydrogen bonding.

The theory is built on the major assumption that the free energy of mixing
AGm is contributed by “weak” or “physical” interactions and “strong” or “chem-
ical” interactions. Thus, AG,, for a pair of polymers A and B is given by:

AG AG
R_IT=]€[_IZIH¢A +J(€I_ZIH¢B+X¢A¢B+ RTI"LI (6)

The first two terms, where ¢ and M are the volume fraction and polymeriza-
tion degree of A or B, respectively, represent the combinational entropy due to
mixing. Since these terms are usually small, AGm is dominated by the balance
between the third and fourth terms, i.e. ¢, ¢z and AGy/RT. The former refers to
the physical forces unfavorable for mixing and is controlled by the Flory param-
eter ¥, which may be estimated from solubility parameters for a set of carefully
chosen groups which are free from association effects as much as possible. The
latter comes from hydrogen bonding and is more difficult to estimate. Its mag-
nitude depends on two major factors. One is the relative strength of self-associ-
ation to inter-association. Simply speaking, if the strength of inter-association
between the two dissimilar polymers is greater than that of self-association of ei-
ther of them, miscibility is favored. The other is the density of specific interact-
ing sites in the blend. It is expected that otherwise immiscible blends will be
made miscible if this density is increased by incorporating interacting groups.

Hydrogen bonds are continually breaking and reforming by thermal agitation
and, according to the association model, there exist instantaneous distributions
of “free” monomers B}, hydrogen-bonded dimers B, and multimers B;, which
obey the reaction scheme:

B, +B,<2>B, 7)

By, +B,<Xt>B,, (h>1) (8)

where K, and Ky are the equilibrium constants for the self-associations of pro-
ton-donating species B.

The inter-association of the proton-donating and proton-accepting groups
can be described by:

B, +A<X45B,A 9)

where K, is the equilbrium constant for the inter-association.
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In the methodology of Coleman et al., K, and Ky for polymers containing hy-
droxyls are assumed to have the same values as those calculated from the FTIR
data on appropriate model compounds. In general, K, can be derived directly
from IR studies of the single-phase blends. With the values of K,, Ky and K,
known in this way, AGy can in principle be calculated and then the phase behav-
ior of the blend becomes predictable. The book by Coleman et al. [82] illustrates
a wide range of hydrogen-bond-containing blends whose calculated phase dia-
grams agree well with observed results. Here we take up the cases where vinyl
phenol (VPh) and p-(1,1,1,3,3,3-hexafluoro-2-hydroxy propyl)styrene (HFS) are
used as proton-donating units.

From Table 4, we see that although the K, values for these hydroxyl-contain-
ing units with the carbonyl or methacrylate are comparable, the self-association
ability of PVPh is much stronger than that of HFS (note the differences in the K,
and Ky values). The weaker self-association ability of HFS is probably due to the
steric hindrance of bulky hexafluoroisopropyl groups. The relative strength of
inter-association to self-association, as measured by the ratio K,/Kg, may be
taken as the relative efficiency that a particular hydroxyl group renders a poly-
mer blend miscible. The difference in K,/Ky between HFS and VPh gives rise to
distinctly different miscibility behavior as shown in Figs. 7a,b. These miscibility
maps predict that poly(alkyl methacrylates)s (PAMAs) with up to 3 methylene
groups (PBMA) are miscible with PVPh and those up to 35 methylene groups
with PHEFS. In practice, it is difficult to verify experimentally the prediction for
blends containing PAMA with very long side chains, though it has been reported
that PAMA with 17 methlene groups was miscible with STHFS-60 [83,84]. An-
other conclusion of particular importance for the subject of this review is that,
for both STVPh and STHEFS, only a few percent of the hydroxyl units introduced
render the copolymers miscible with PAMAs, provided that the side chain is not
very long. This conclusion agrees with a large body of experimental results,
which will be discussed below. However, in the experimental studies carried out
by Jiang's group, discussed mainly in Sects. 5 and 6, have shown that, in the sin-
gle phase area, a progressive increase in the content of hydroxyl in the copoly-

Table 4. Dimensionless self- and inter-association equilibrium constants values determined
from miscible polymer blends scaled to a common reference volume (100 cm®/mol) [83]

Polymer Self-association Inter-association with carbonyl in
K,, Kp methacrylate K,
~CH,CH- 21.0,66.8 37.8 [K,/K5=0.6]
H
~CH,CH- 43,5.8 21.8 [Ko/Kp= 4]
CF3CCF3
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mers transforms ordinary miscible blends to complex blends, in which unlike
segments tend to pair together. Nevertheless, no existing theory predicts such
behavior.
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4.2
Miscibility Enhancement in Various Blends

A systematic study on miscibility enhancement by the introduction of hydrogen
bonding has been made since the early 1980s by the group of Pearce and Kwei [85-
87]. Most of the proton-donating polymers they used were copolymers of styrene
and HFS, the latter being known as a strong hydrogen-bond donor [50,88]. These
copolymers were blended with a variety of proton-accepting polymers including
PMMA, PEMA, PBMA, PVAc, polycarbonate, amorphous polyamide and some
polyesters. None of these polymers are miscible with polystyrene. The miscibility
of the solvent-cast blends was judged by DSC measurements, with particular at-
tention to determining the minimum content of hydroxyl-containing groups in
the copolymers required to get a single phase for a given blend pair. The most re-
markable result obtained was that only very small amounts of HFS incorporated
in polystyrene were able to make the blends with PAMAs miscible. For example,
1.1,1.8,and 3.9 mol% of HFS were sufficient to achieve miscibility over the whole
composition range for PEMA, PBMA and PMMA, respectively. As for such coun-
ter-polymers having strong intrapolymer interactions as commercial polyester
and polyamide, a hydroxyl content as high as 40 mol% was needed. The potential
of HES as a strong proton donor is further demonstrated by the fact that HFS-
modified poly( dimethyl siloxane), which otherwise is immiscible with almost all
polymers, can be made miscible with PBMA and PEO [86].

Cloud point curves measured for the blends of STHFS with PMMA, PEMA
and PBMA, all had LCST, as expected for blends with specific interactions, and
depended strongly on the degree of PS modification. For example, the lowest

101
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Fig. 8. Cloud points of STHFS/PEMA blends at a heating rate of 2 °C min™! 1 STHFS-1.5, 2
STHFS-1.3, 3 STHFS-1.2,4 STHFS-1.1 [87]
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cloud point of the blend STHFS/PBMA was 169, 188 and 207 °C for the hydroxyl
contents of 1.8,2.4 and 2.9 mol%, respectively, in the modified PS (Fig. 8).

The influence of the stereoregularity of PMMA on its miscibility has been
studied using the blends with introduced hydrogen bonds. First, STVPh-5, i.e.
polystyrene with only 5 mol% vinylphenol units, was used as the counterpart
polymer, and it was shown by T, and NMR spin-lattice relaxation time measure-
ments that syndiotactic poly(methyl methacrylate) (s-PMMA) was miscible
with this modified PS over the entire composition range. However, so was iso-
tactic poly(methyl methacrylate) (i-PMMA) over only a narrow composition
range, i.e. i-PMMA being larger than 70 wt% [89]. Further studies showed that
a higher hydroxyl content, i.e. 10 mol% of HFS in STHFS, achieved miscibility
over the whole composition range for both s-PMMA and i-PMMA [90]. The ag-
gregation of PMMA segments became less by introduction of hydrogen bonding
in both series of blends, but the T, of STHFS-10/s-PMMA exhibited a positive
deviation from the weight-average law and that of STHFS-10/i-PMMA a slight
negative deviation. In addition, FTIR studies revealed that the s-PMMA blends
slightly favor hydrogen bonding between hydroxyl and carbonyl groups over the
i-PMMA blends.

Long-term research in Jiang's group on miscibility enhancement by intro-
duced hydrogen bonding was motivated by the encouraging results of Pearce
and Kwei, who showed the potential of the proton-donating group HES for con-
trolling miscibility of polymer blends. Instead of HFS, Jiang et al. chose a-me-
thyl styrene based comonomer p-(1,1,1,3,3,3-hexafluoro-2-hydroxypropyl)-a-
methyl styrene (HFMS) for their studies (Table 5) [91-93]. Considering that
free-radical homopolymerization of a-methyl styrene is difficult because of its
low ceiling temperature [94], we believe that HFMS groups are rather uniformly
distributed along the copolymer chains. PS(OH) and PI(OH), which denote
HFMS-modified polystyrene and polyisoprene, respectively, were prepared by

Table 5. Proton-donating units and the corresponding polymers in Sects. 4-6

Structure Polymers Ref
STHES [82-87,95,107]
F3C'(F"CF3
OH
(HFS)
H PS(OH), PI(OH) [84,91-93,108,111,112,121-

125,135,136,141-145,150]

F3C-C-CF;
OH
(HFMS)
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Table 5. Proton-donating units and the corresponding polymers in Sects. 4-6 (cont.)

Structure Polymers Ref
PS(s-OH) [141,142,158,159]
H‘?'CH}
OH
(HES)
PS(t-OH) [141,142,148,158]
H;C-(-CHs
OH
(HPS)
6 CPS [82,141,142,149,158,160]
COOH
6 SPS [107,113,114]
SOzH
- MPoaMS [96-98]
H'g'CH;;
H
H MPoMS [96-98]
H-C-CF5
OH
STVPh [82-84,89,107,141,142,

2%

(VPh)
copolymer of styrene
and VPDMS
H;C-$i-CHg
OH

(VPDMS)

146,147,152,153,157]

[100-103]
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Table 5. Proton-donating units and the corresponding polymers in Sects. 4-6 (cont.)

Structure Polymers Ref

poly(styrene-co-N-male- [99]
l_i imide)

(0] 1}1 (6]
H
(N-maleimide)

| PSe-OH [91,92]
F3C-(-CF;
OH

Table 6. Frequency of OH stretching in the H-bond between PS(OH)-9, 7 and the counter
polymers, and the frequency shifts related to free hydroxyl groups. Blend compositions:
PS(OH)/counter polymer 50:50 (w/w) [91]

Counter polymer PMMA PEMA PBMA PVA PBA PC PSF

Frequency (cm™) 3400 3398 3400 3370 3399 3440 3406
Shift (cm™) 200 202 200 230 201 160 194

free-radical polymerization, and PSe-OH, i.e. polystyrene with (CF;),(OH)C
end groups, was produced by anionic polymerization followed by termination
with hexafluoroacetone.

The IR spectra of the blends which consist of either PS(OH) or PSe-OH as one
component and one of a series of proton-accepting polymers as the counterpart
component have remarkable features in common. These are distinct decreases
in band intensity at 3600 and 3520 cm™!, characteristic of the free and self-bond-
ed hydroxyl groups, and the emergence of a new band at a lower frequency, giv-
ing evidence (Table 6) for the presence of strong interaction between the hy-
droxyl groups and the proton-accepting groups in the counter polymers.

Table 6 presents the frequencies of the bands for hydroxyl groups forming hy-
drogen bonds with the counter polymers and the corresponding frequency
shifts from the band for free hydroxyl groups. The shifts are almost equal to
those reported by Pearce et al. [85] for the corresponding blends, in which the
hydroxyl groups come from HFS. This fact indicates that the methyl substituent
in HFMS has no effect on the strength of intermolecular hydrogen bonding. In
addition, the IR spectra of all blends of PMMA with the HFMS monomer,
PS(OH), PSe-OH and PI(OH) show the stretching bonded hydroxyl located at
34001 cm™!, which means that the strength of the hydrogen bond is independ-
ent of whether the hydroxyl group is in the monomer or connected to polysty-
rene. Moreover, the shifts are the same for hydroxyl groups either randomly dis-
tributed along the polymer chain or located only at the end chain. Kwei et al. [95]
compared the FTIR spectra of the blends of HFS-modified polystyrene and sev-
eral polymers containing proton-accepting groups with those of the mixtures of
hexafluoroisopropanol and the corresponding proton-accepting low molecular
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weight compounds, all in dilute solutions of CCl,, and found that the shifts of the
hydroxyl stretching frequency were independent of the length of the chain to
which the functional groups were attached. This chain-length independence of
the frequency shift observed by the two groups implies that the hydrogen-bond-
forming ability of the (CF;),(OH)C- group is great enough to overcome the in-
fluences of other chemical environments.

The miscibility of blends composed of a poly(a-methyl styrene) based pro-
ton-donating polymer (MPoMS) and proton-accepting polymers were studied
by Cowie's group [96,97], who incorporated each of two proton-donor units, i.e.
methyl carbinol and trifluoromethyl carbinol (Table 5), into poly (a-methyl sty-
rene). They found it possible to prepare single-phase blends with such proton-
accepting polymers as PVME, PVAc, PVPo and PVPy if the concentration of the
donor unit in the MPaMS was larger than 4 mol%. For all blends examined
phase separation occurred when the temperature was raised. When poly(alkyl
acrylate)s and poly(alkyl methacrylate)s were used as the counterparts, the
blends containing trifluoro carbinol units exhibited LCST-type cloud point
curves 20-40 K above those of the blends containing methyl carbinol units [98].
This difference indicates that the former is a stronger proton donor than the lat-
ter. Cowie and Reilly [98] compared the miscibility of the blends comprising po-
ly(alkyl methacrylate) with different alkyl groups, and found that single -phase
blends were obtained for methyl, ethyl and t-butyl derivatives and two-phase
mixtures for n-propyl and n-butyl derivatives. The difference suggests that the
average distance between donor and acceptor should be small enough for stable
hydrogen-bond formation to occur. The n-propyl and n-butyl derivatives would
be more extended than ethyl groups. The t-butyl derivative, though quite bulky,
is equivalent to the ethyl unit with respect to the distance from the terminal me-
thyl to the carbonyl unit so that it allows the donor polymer to approach closely.
This idea is applicable to the blends comprising MPoMS and poly(dialkyl itaco-
nate)s as well [98]. Besides the blends comprising dimethyl, diethyl and di-t-
butyl derivatives, those comprising di-n-propyl or di-n-butyl derivatives also
gave single-phase miscibility, though much higher hydroxyl contents in the
MPaMS were needed. For example, for poly(di-n-butyl itaconate), the necessary
concentrations of trifluoromethyl carbinol and methyl carbinol were as high as
53 and 94 mol%, respectively. Here the copolymers are actually no longer re-
garded as “modified polystyrenes”.

In Sect. 4.1, we have discussed how the competition between self- and inter-
association affects the miscibility of a proton-donating polymer with its coun-
terpart. A good illustration of this effect is the experimental data presented by
Vermeesch and Groeninckx [99] for blends composed of PMMA and polysty-
rene copolymers containing different amounts (8, 14,21 and 45 wt%) of N-male-
imide units (NMI). DSC measurements showed that the copolymers containing
8, 14 and 21 wt% of NMI were miscible with PMMA, but that containing the
highest amount (45 wt%) of NMI was not. Undoubtedly, the driving force for the
miscibility in these systems is the hydrogen bonding between the -NH group in
N-maleimide and the carbonyl in PMMA. However, IR data indicate a strong
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self-association between -NH and carbonyl in maleimide which causes the NH
stretching band to shift from 3440 to 3352 and 3249 cm™! for the dimer and mul-
timer, respectively. When blended with PMMA, the bonded -NH shifts to
3275 cm™!, which means that the strength of inter-association is in between
those of dimer and multimer self-association. However, the blends become mis-
cible owing to the change in the interaction from NH--O=C (imide) to NH---O=
C (MMA) that occurs when the concentration of ester carbonyl of PMMA in-
creases above that of maleimide carbonyl (Fig. 9). In contrast, when the maleim-
ide concentration is higher, as in NMI-45, self-association dominates over inter-
association owing to a considerable increase in the maleimide carbonyl concen-
tration.

Another possible reason for the poor miscibility of the copolymer having the
highest maleimide groups with PMMA is the dispersion effect that the increased
content of maleimide in the copolymer makes the difference in solubility param-
eter between PMMA and the copolymer greater.

Competition between self- and inter-association for miscibility has also been
observed for silanol-containing polymers. In recent years, Lu et al. [100,101]
have developed a new convenient route for the synthesis of these polymers,
which utilizes direct oxidation of a polymer precursor containing an Si-H func-
tion with dioxirane. Strong self-association in the copolymers of styrene and 4-
vinyl-phenyldimethyl silanol (VPDMS) was made clear by a silanol stretching
shift as large as 303 cm™.. It is even stronger than that in polymers containing
HFS and vinyl phenol. The blends of the styrene/VPDMS copolymer and PBMA
cast from methyl ethyl ketone showed a “miscibility window”, i.e. miscibility oc-
curred only for the copolymers containing VPDMS between 9 and 34 mol%. In
the blends, the hydroxyl stretching shift due to inter-association was only about
94 cm™. The fact that the copolymers with silanol contents higher than 34 mol%
are not able to form miscible blends with PBMA can be attributed to the domi-
nance of self-association over inter-association. The miscibility window for the
blends cast from toluene, a typical inert solvent for hydrogen bonding, was
found to shift to lower silanol contents, i.e. between 4 and 18 mol% [102, 103].
FTIR studies also revealed that mixing of the silanol copolymer with PVPo led

— S
N
H\\ CHy
Q0
Hs

Fig. 9. Schematic representation of hydrogen bonding in styrene-co-NMI/PMMA blends



Interpolymer Complexation and Miscibility Enhancement by Hydrogen Bonding 155

to strong inter-associated hydrogen bonding between the silanol and amide car-
bonyl groups, with a silanol stretching shift of 277 cm™!. Thus, the blends not
only showed miscibility at silanol contents between 4 and 18 mol% but also pre-
cipitated at the silanol contents higher than 34 mol%.

4.3
Further Miscibility Study Using TEM and Fluorospectroscopy

Transmission electron microscopy (TEM) has been successfully applied to the
miscibility studies of polymer blends containing controllable hydrogen bond-
ing. Jiang et al. [91,92] reported the TEM observations for two groups of binary
blends obtained by mixing PS(OH) with PMMA and PBA. Since no unsaturated
bonds existed in these polymer components, the routine staining agent OsO,
was not applicable, and RuO, was used to stain the phenyl-containing compo-
nent selectively [104].

A common conclusion drawn by Jiang et al. is the regular morphological var-
iation with the hydroxyl content in PS(OH). To illustrate it the micrographs of
PS(OH)/PMMA (40:60), with PS(OH) having different hydroxyl content, are
shown in Fig. 10. Figure 10a for the polystyrene/PMMA blend containing no hy-
drogen bonding exhibits typical immiscible morphology, i.e. the PS phase as
large as 10-20 um is dispersed in a PMMA matrix with distinct phase bounda-
ries. The thin parallel stripes in the PS phase are believed to have arisen from the
“cutting effect” during microtoming rather than any finer structure. Incorpora-
tion of only 0.8 mol% of HFMS units in PS brings about an obvious morpholog-
ical change, i.e. the average size of the dispersed phase diminishes by about one
order of magnitude (Fig. 10b). A more marked change occurs when the HFMS
content reaches 1.2 mol% (Fig. 10c). Although it is still possible here to distin-
guish the relatively bright and dark areas, heterogeneity appears only on a scale
as small as a few tenths of a nanometer and no clear phase boundary can be seen.
It is expected that the specific interactions enhancing miscibility become strong
enough to overcome the unfavorable interaction between the component poly-
mers and make the blend completely miscible as more hydroxyl groups are in-
corporated. In fact, the blend PS(OH)-1.9/PMMA was transparent and showed
no phase structure under electron microscopy.

Ternary blends comprising PS(OH), PS and PMMA present complicated mor-
phologies. A typical micrograph (Fig. 11a) of the blend in which PS(OH) con-
tains 1.2 mol% hydroxyl content shows two kinds of dispersed phases in the
PMMA matrix, namely, a few large domains (3-5 pm) and many very fine do-
mains (0.1 to 0.3 pm). Considering the fact that incorporation of hydroxyl
groups into polystyrene greatly improves its dispersion in the polyacrylate ma-
trix, it is reasonable to attribute these fine and coarse phases to polystyrenes
with and without introduced hydroxyl groups, respectively. In fact, when more
hydroxyl groups are incorporated [e.g. PS(OH)-9.7], only the large dispersed
phase of PS is observed and the modified PS is completely dissolved in PMMA to
form a multicomponent matrix (Fig. 11b). It is significant that the complicated
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Fig. 11. TEM micrographs for ternary blends.a PS(OH)-1.2/PS/PMMA 1:1:3 and b PS(OH)-
9.7/PS/PMMA 1:1:3 [92]

morphologies of these ternary blends can be understood if the miscibility of
PMMA with PS(OH) by hydrogen bonding and the immiscibility of PMMA with
PS by the unfavorable enthalpy of mixing are taken into account. This fact im-
plies that introduction of hydrogen bonding into ternary blends makes their
complicated morphological features controllable.

Morawetz et al. [105,106] were the first to use non-radiative energy transfer
(NRET) fluorospectroscopy for exploring polymer-polymer miscibility. The ba-
sic principle is as follows. In a system containing two kinds of fluorescence
chromophore, if the emission spectrum of one (donor D) overlaps the absorp-
tion spectrum of the other (acceptor A), a non-radiative energy transfer from
the former to the latter may occur when the system is excited by irradiation that
the former selectively absorbs. The efficiency of energy transfer (E) inversely
proportional to I4/1,, where Id and Ia denote the emission intensities of D and A,
respectively,depends on the average distance r between D and A according to the
relationship:

E=R°/(R,’ +r°) (10)

Here, R, is the distance at which half of the excitation energy is transferred
and a constant for a given fluorescing pair in a given medium. E is sensitive to
changes in r when r is comparable in order to R, Conventionally, instead of E,
I4/1, proportional to its inverse is used as the variable for monitoring the prox-
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imity of a donor and an acceptor. For a polymer blend in which the components
are labeled with fluorescent donor and acceptor, respectively, Id/Ia is expected to
decrease as the system goes from a phase-separated state to a mixed state.

One of the great advantages of the NRET technique in miscibility studies is its
sensitivity to spatial heterogeneity amounting to the order of 2 nm for usual flu-
orescing pairs. Thus, this technique can be an important supplement to existing
techniques such as DSC and dynamic mechanical analysis which is limited to de-
tecting heterogeneity on a scale of about 10 nm, though it provides only relative
information about the change in the degree of mixing of the components.

Chen and Morawetz [107] applied NRET to the blends composed of carbazole-
labeled PS containing different hydrogen-bond donors and anthracene-labeled
poly(alkyl methacrylate). The results confirmed the study of Pearce [85] in regard
to the role played by the hydroxyl groups in HFS, showing that the phenol group
was almost comparable to HFS in the power of enhancing miscibility between
polystyrene and polymethacrylate. In addition, it was shown that the PK, value
of the hydrogen-bond donor is not the only governing factor for miscibility.

Jiang's group has made efforts to explore the variations of energy transfer ef-
ficiency and morphology in a series of blends composed of carbazole-labeled
PS(OH) and anthracence-labeled PMMA as a function of the hydroxyl content in
PS(OH), with the concentration of the chromophore labels kept at 5.2x10~> M
[108]. As shown in Fig. 12, with increasing the amount of hydroxyl groups intro-
duced, the intensity ratio of carbazole to anthracene, Ic/Ia, first decreases mo-
notonically and then suddenly levels off. The highest value of Ic/Ia for blend a,
which contains no intercomponent hydrogen bonding, is typical of immiscible
phases. The increase in the hydroxyl content enhances the energy transfer effi-
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OH mol% in PS(OH)-C

Fig. 12. Ic/Ia of blends PS(OH)/PMMA (50:50) as a function of hydroxyl content in PS(OH).
Concentrations of carbazole and anthrancene labels are 5.17x1073 M [108]
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ciency because it makes the phase size smaller and the phase boundary more in-
distinct. When the hydroxyl content reaches 1.2 mol% (blend d), the two phases
greatly interpenetrate each other and some domains shrink to only ~20 nm. A
further increase in the hydroxyl content, as small as less than 1.4 mol%, brings
about a substantial change in the morphology, i.e. the blend becomes transpar-
ent and TEM reveals no structure. Thus, the work by Jiang et al. has made clear
that the efficiency of energy transfer in a blend varies with the introduction of
hydroxyl groups and the variation reflects the transition of the blend from im-
miscibility to miscibility.

We note that all the films designed by e, f and g in Fig. 12 are transparent and
exhibit no phase structure when examined by TEM, but differ somewhat in the
degree of mixing when studied by the fluorescence technique. In fact, it was
found that Ic/Ia for film e was slightly but definitely larger than those of the oth-
ers. For the donor-acceptor pair used in this study, the characteristic distance is
2.7-2.9 nm [106], so that composition fluctuation on this scale in the films could
be detected by routine TEM observations. The failure to see the phase structure
in e, therefore, may be due to a great decrease in composition fluctuation by a
strong intercomponent interaction.

44
Scale of Homogeneity of Mixing

We have mentioned above that the introduction of only 1-3 mol% of hydroxyl
moiety to polystyrene allows the polymer to mix with poly(alkyl methacrylate)s.
However, since the hydrogen bonds in the miscible blends are sparsely distrib-
uted and there are long sequences of segments between hydrogen bonds in both
components, Pearce et al. [85] has put forward a question as to the scale of ho-
mogeneity of mixing. As is well known, the spin relaxation times T, and T}, in
solid-state NMR measurements provide information about homogeneity on a
scale of 20-30 nm and on a scale of 2-3 nm, respectively [109]. Thus, Pearce et
al.[87,110] and Jiang et al. [111] used them to study blends containing vinyl phe-
nol for the former, and hexafluoro carbinol for the latter as proton donors and
obtained similar results.

All carbon resonances of pure PMMA, PS(OH), and their blends showed sin-
gle-exponential decays in both T, and T,,,. The T, and T, values for the main
resonance lines are shown in Figs. 13 and 14, respectively. For each of PMMA
and PS(OH) containing different amounts of hydroxyl, the protons attached to
different carbons have similar relaxation times, which indicates that the spin dif-
fusion equalizes the relaxation rates of all protons. In addition, the T; and Ty,
values for PS(OH) show a gradual decrease and increase, respectively, as the hy-
droxyl content in PS(OH) is increased. The difference in either T, or T, between
PMMA and PS(OH) is substantial, encouraging the gathering of information
about the phase structure of their blends by NMR relaxation time analysis.

Figure 13 indicates for both blends PS(OH)-1/PMMA and PS(OH)-3 /PMMA
that the T, values associated with PMMA and PS(OH) protons are different but
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Fig. 13. Spin-lattice relaxation times T; of PS(OH) and PS(OH)/PMMA as functions of the
hydroxyl content in PS(OH). [ for different protons attached to different carbons in pure
PS(OH). A and O for different protons in PS(OH) and PMMA in the blends, respectively.
Thin horizontal line for pure PMMA as a reference [111]
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Fig. 14. Relaxation times in a rotating frame Ty, for protons attached to different carbons in
pure PS(OH) (A), PS(OH) in the blends (A), and PMMA in the blends (O) as functions of
the hydroxyl content in PS(OH). Thin horizontal line for pure PMMA as a reference [111]
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relatively close to those of the pure components. This suggests that the blends
have heterogeneity on a scale of 20-30 nm, but the situation changes considera-
bly when the hydroxyl content in PS(OH) increases. Thus, in PS(OH)-4/PMMA,
the T, of all protons of the components are almost the same, suggesting that in-
creasing hydrogen-bonding density diminishes heterogeneity.

A similar situation is also obtained for T, (Fig. 14). The values of T;, of
PS(OH) and PMMA for blends with low hydroxyl content, such as PS(OH)-
1/PMMA and PS(OH)-3/PMMA, are different, but the difference almost disap-
pears for the blends with high hydroxyl content, such as PS(OH)-4/PMMA. This
means that homogeneous mixing of the components takes place not only on a
scale of 20-30 nm but also on a scale as low as 2-3 nm, i.e. miscibility is attained
at a segmental level. In other words, the blends which are made miscible by the
introduction of only a few hydrogen bonds are identical on the homogeneity scale
to those whose components contain interacting sites in all of their segments.

On the basis of NMR data, the smallest OH content in PS(OH) capable of mak-
ing the blends miscible is estimated to be between 2.8 and 4.4 mol%. It is larger
than about 2 mol% by other techniques, and the discrepancy can be attributed
to the difference in blend preparation. The film samples used in previous work
were cast from toluene; a slow evaporation process favored interpolymer hydro-
gen-bonding formation. On the other hand, the powder samples used for NMR
were precipitates obtained by adding a large amount of methanol to toluene or
trichloromethane. Methanol, being a weak proton-donating solvent, probably
impedes interpolymer hydrogen bonding so that a larger hydroxyl content in
PS(OH) is required for miscibility.

It is interesting to note in Figs.13 and 14 that the relaxation behavior of
PS(OH)-18/PMMA and PS(OH)-4/PMMA is indistinguishable. However, as
shown in the next section, these blends have quite different chain arrangements.
This implies the limitation of routine NMR relaxation time measurements for
monitoring the blend structure at the molecular level.

Jong et al. [110] studied the NMR relaxation of blends STVPh/PBMA (w/w,
1:1) with introduced vinyl phenol groups. The differences in both T, and T, , be-
tween STVPh and PBMA decreased as the hydroxyl content increased and finally
disappeared as the content reached 4.4 mol%. Thus, it was concluded that the
blends become homogenous on a scale smaller than 2.2 nm at this hydroxyl con-
tent. However, Campbell et al. [112] reported some different results from an
NMR study on the blend of PS(OH)-1.5/PBMA (60:40). Though this blend was
found to be homogeneous by light scattering at room temperature, their NMR
data revealed compositional heterogeneity on a 0-12 nm scale remaining in it.
Although 1.5 mol% HFMS may allow PS(OH) to mix with PBMA, this hydroxyl
content is so close to the critical value that the degree of mixing of the compo-
nent polymers would be very sensitive to the conditions for the preparation of
the blend. No data for blends with higher hydroxyl content are available in the
report.
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4.5
Miscibility and Mechnical Properties

A lot of work has been done on enhancing miscibility of polymer blends by in-
troducing hydrogen bonding, but little attention has been paid to investigating
how the degree of mixing affects the macroscopic mechanical properties of the
blends with hydrogen bonding. Register's group [113,114] studied this problem
with two series of blends composed of a glassy component and a rubbery com-
ponent, i.e. STVPh/poly(ethyl acrylate) (PEA) and partially sulfonated polysty-
rene (SPS)/PEA.

At low functionalization levels, both STVPh/PEA and SPS/PEA showed en-
hanced interfacial mixing as the hydroxyl or sulfonic group was introduced,
when examined by DSC and dynamic mechanical analysis. However, at high
functionalization levels, they exhibited miscibility changes of opposite trends.
Thus, for STVPh/PEA, as the hydroxyl content increased, the glass transitions of
the component polymers first gradually broadened, and as the hydroxyl content
reached above 4.46 mol%, the transitions began narrowing and became more
well-defined, indicating the approach to miscibility. On the other hand, for
SPS/PEA, although clear evidence of miscibility enhancement was observed as
the sulfonyl content was increased from zero to about 4.7 mol%, further increase
of sulfonyl content brought about reappearance of the transition associated with
pure SPS. This may be due to SPS aggregation. Interestingly, this miscibility dif-
ference between the two blends led to different relationships between the mac-
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Fig. 15. Ultimate stresses for STVPh/PEA and SPS/PEA as functions of the functionality in
HPS and EPS [113]
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roscopic mechanical properties and the degree of functionality, as illustrated in
Fig. 15, where the ultimate stress is plotted against the functionality for the two
groups of blends. We see for both that as the functionality increases, the ultimate
stress first increases gradually owing to improved adhesion of the polymer and
then sharply increases reflecting their intensive mixing. However, with further
increase in functionality, the ultimate stress for STVPh/PEA reaches a plateau
and remains approximately constant, whereas the ultimate stress for SPS/PEA
begins to decrease owing to component segregation. This difference in the me-
chanical response was interpreted by using the association model of Coleman et
al. [82]. In fact, since the solubility parameters of polystyrene, poly(ethyl acr-
ylate), poly(vinyl phenol) and poly(styrenesulfonic acid) are 9.20, 9.52, 10.89
and 15.35 (cal/cm?)!/2, respectively, SPS with introduced sulfonic acid has larger
unfavorable dispersive interactions with PEA than STVPh does. At high levels of
functionality, the dispersive interactions in SPS/PEA may overwhelm those from
hydrogen bonding and induce phase separation leading to different mechanical
properties.

4.6
IPNs with Intercomponent Hydrogen Bonding

The existing methods of improving compatibility or miscibility in polymer
blends can be classified into two categories — physical and chemical. In connec-
tion with the former, interpenetrating polymer networks (IPNs) have been stud-
ied extensively [115,116]. In the process of preparing an IPN system, the pres-
ence of a crosslinked structure would retard phase separation, and enhance mix-
ing to some degree, which is called 'enforced miscibility'. A considerable body of
experimental evidence has led to the conclusion that the degree of mixing be-
tween the components in sequential IPNs gradually increases as the crosslink
density of either the first or second network is increased.

As for the chemical approach, introducing specific interactions into blends is
very practical and effective. Obviously, it is interesting to know how the phase
structure, miscibility and properties of blends vary with simultaneous introduc-
tion of both intracomponent crosslinking and intercomponent hydrogen bond-
ing. Nishi and Kotaka [117], studying IPNs formed with a complex-forming pair
of polyethylene oxide (PEO) and poly(acrylic acid) (PAA), found that only IPNs
with low crosslink density exhibited a single phase structure, but, as the
crosslink density increased, PEO-rich and PAA-rich phases coexisted with the
complex phase and finally existed exclusively. Thus, complexation between
highly crosslinked PEO and PAA networks was not possible. Such disadvanta-
geous effects of crosslinking on the miscibility was also reported by Bauer et al.
[118] for systems of polystyrene and poly(vinyl ether). Some semi-IPN systems
composed of miscible pairs were studied by Coleman et al. [82,119], and also by
Kim et al. [120]. For such a system consisting of a miscible pair of phenol-for-
maldehyde resin and PMMA, it was observed that at high crosslinking tempera-
ture, the dissociation of hydrogen bonding was so extensive that only a small
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fraction of the original hydrogen bonding was recovered on cooling. This was
probably because crosslinking hindered the attainment of equilibrium segmen-
tal interactions [120].

In order to elucidate the role played by crosslinking and specific interactions
in determining the miscibility in IPNs, it is desirable to have IPN systems in
which the densities of crosslinks and specific interaction are independently con-
trollable over a broad range. The IPNs composed of poly(alkyl acrylates) and
PS(OH), in which a strong proton donor containing -C(CF;),0H can be incor-
porated at will, meet this requirement. Jiang et al. [121,122] and Xiao et al. [123-
125] prepared a series of full IPNs of PBA and PS(OH) by a typical sequential
procedure and investigated with it the effect of hydrogen bonding at different
levels of crosslink density and the effects of crosslinking at different levels of hy-

Fig.16. TEM micrographs of PS(OH)-5/PBA (48:52) IPNs. The average molecular weight of
PBA between crosslinks is 4200 and the crosslink agent content in PS(OH) network isa 1%
and b 7% [123]
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droxyl content on the morphology, miscibility and some other properties. The
data from DSC, turbidimetry and TEM revealed that crosslinking favors misci-
bility for the IPNs with low hydroxyl contents (<1 mol%) in PS(OH), while the
corresponding uncrosslinked blends were immiscible. This advantageous effect
of crosslinking undoubtedly can be attributed to the formation of an IPN which
restricts molecular mobility and thus retards phase separation. However, for the
PS(OH)s with high(5, 30 and 50 mol%) hydroxyl contents, though the corre-
sponding uncrosslinked blends were miscible or even formed complexes (see
Sects. 5 and 6), the IPNs showed two phases having extremely fine structures as
illustrated in Fig. 16. Here, the phase structure is so fine and the phases so thor-
oughly interpenetrate each other that it is almost impossible to estimate the
phase size at the resolution of TEM used. The causes for this disadvantageous
crosslinking effect on miscibility on the segmental scale are complicated. A de-
tailed study [123,124] with DSC and DMA showed that these IPNs possess inher-
ent microheteregeneity owing to the presence of highly crosslinked microdo-
mains of PBA, which may not be solubilized with PS(OH), whose hydroxyl con-
tent is as high as 30-50 mol%.

4.7
Homopolymer/Block Copolymer Blends with Controllable Hydrogen Bonding

The miscibility and morphology of AB/A-type blends composed of a block co-
polymer AB and the homopolymer A have aroused great interest since the early
1970s. Such blends may assume a variety of morphologies depending on the na-
ture of phase separation, which are the microphase separation between unlike
blocks A and B only, the macrophase separation between AB and A, and the co-
existence of microphase and macrophase separation. Some great efforts in the
past 20 years have elucidated some general effect on the morphology of the
blends from the factors including the molecular weight of homopolymer A rela-
tive to that of the A block, the chain architecture of AB copolymer, the composi-
tion of the AB/A blend, the temperature and evaporation rate of solvent in cast-
ing [126]. In contrast to the many investigations with AB/A blends, AB/C-type
blends have received little attention, where C and A are chemically different but
may be miscible thanks to some specific interactions between them.

Tucker et al. [127,128] were concerned with systems composed of a homopol-
ymer poly(2,6-dimethyl phenylene oxide) (PPO) and polystyrene-containing
block copolymers such as diblock SI, triblock SBS, SIS and SEBS (here B and I
refer to polybutadiene and polyisoprene, respectively, and SEBS to hydrogenat-
ed SBS, where the central block can actually be regarded as a random copolymer
of ethylene and 1-butene). This selection of polymers for studying AB/C-type
blends is obviously based on the miscibility of PS with PPO [129-131]. Here the
specific interaction between the polymer chains is sufficient to overcome the un-
favorable entropy of mixing the “bound” and “free” chains. The main findings
are as follows: (1)The molecular weight of the PS block is a major factor deter-
mining the extent to which PPO/PS segments are mixed. (2) The solubilization
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of homopolymer PPO in the block domains of PS is obviously larger than that in
AB/A blends. (3) Neither the molecular weight of PPO over the range examined
(2.4-39x10%) nor the nature of the soft block and the location of the PS block sig-
nificantly affect the miscibility of PPO in PS domains. (4) The observed broad-
ening of the glass transition of the “hard phase” composed of PPO and PS blocks
can be explained by the “gradient segment density model” proposed by Xie et al.
[132-134]. For the study of AB/C type blends, aimed at elucidating the effect of
specific interactions on the miscibility, it is desirable to have blend systems
where the intensity of specific interactions between homopolymer C and block
A is adjustable. The blends of a diblock copolymer composed of polyisoprene
and poly(methyl methacrylate) blocks (PI-b-PMMA) and PS(OH) with different
amounts of hydroxyl-containing units meet this requirement [135,136].

A series of blends composed of PI-b-PMMA and PS(OH)-1 with different mo-
lecular parameters cast from toluene showed the typical feature of combined
macrophase and microphase separation, i.e. the immiscibility of PS(OH)-1 with
PMMA blocks because of the low density of hydrogen bonding between them.
However, the phase structure totally changed when the hydroxyl content in
PS(OH) was increased to 1.6 mol%. Regardless of the composition and the mo-
lecular weight ratio of PS(OH)-1.6 to PMMA block (M}/M,;), all the blends
showed only microphase separation, which indicates miscibility of PMMA
blocks with PS(OH). A typical example is shown in Fig. 17. In the whole area ex-
amined, spherical microdomains of PI are homogeneously distributed. The mis-
cibility of PS(OH) with PMMA block causes the average distance between the PI
microdomains to increase above that in the pure block copolymer. Differing
from the AB/A blend, in which miscibility was only achieved when the molecular
weight ratio My /My, was smaller than 1 [126], M; /M, had very little effect on the
miscibility for the AB/C blend. For example, miscibility between PS(OH)-1.6 and

ey L L f R

Fig.17. TEM micrograph of PI-b-PMMA/PS(OH)-1.6 cast from toluene [135]
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PMMA blocks was observed even when My /M, was as high as 4.1. A further in-
crease in the hydroxyl content to about 5 mol% in PS(OH) made the blend mis-
cible even at larger My /My, and high PS(OH) content.

It was generally difficult to examine the miscibility in PI-b-PMMA/PS(OH) by
DSC because the difference in T, between PMMA block and PS(OH) is very small.
The difficulty can be solved by employing enthalpy relaxation [137-140]. When
aged below the T, two separate enthalpy recovery peaks associated with PMMA
blocks and PS(OH) appeared for blends with low (0 and 1.0 mol%) hydroxyl con-
tents, but only a single peak for blends with higher (1.7 and 5.0 mol%) hydroxyl
contents. This finding was in good accord with that from the TEM observations
mentioned above. For the blend PI-b-PMMA/PS(OH)-1.7, a substantial broaden-
ing of the glass transition (ATg=45 “C) was observed in the DSC thermograph.
This phenomenon can be explained by the gradient segment-density model for
block copolymer/homopolymer blends proposed by Xie et al. [132-134].

The above discussion is concerned with the blends cast from toluene, a typi-
cal inert solvent for hydrogen bonding. The study [135] on the blends cast from
the proton-acceptor-type solvent THF gave quite different results. Thus, the
blends composed of PI-b-PMMA and PS(OH) with different hydroxyl contents
ranging from 1.6 to 5.0 mol% exhibited coupled macrophase and microphase
separation, even when M; /M, was much smaller than 1. Figure 18 shows a typi-
cal micrograph for PI-b-PMMA/PS(OH)-5 taken at a relatively high magnifica-
tion to see the interface between the block copolymer phase and the structure-
free phase. The microdomain structure is quite similar to that of the pure copol-
ymer, indicating rather complete phase separation of the block copolymer from
PS(OH)-5.1In fact, the homogeneous microphase structure characteristic of mis-
cible blends appeared only when the hydroxyl content reached 10 mol%. This
solvent effect on miscibility behavior is similar to that on complexation (see
Sects. 3 and 5).

Fig. 18. TEM micrograph of PI-b-PMMA/PS(OH)-5 cast from THF [135]
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5
Complexation of Blends with Controllable Hydrogen Bonding in Solutions

In Sects.2 and 3 we referred to intermacromolecular complexation due to hy-
drogen bonding. The research on this subject began as early as the 1960s, and
the polymers used in the early studies were usually limited to those which had
either proton-donating or proton-accepting groups as their inherent parts. In
Sect.4 we discussed the miscibility enhancement of otherwise immiscible
blends by introducing proton-donating groups into one of the components,
thereby to induce interaction with the proton-accepting polymer. This subject
began receiving attention in the late 1970s and the research on it has since be-
come progressively active.

As shown schematically in Fig. 19, in the traditional complexation studies,
every segment of each component often has a specific interaction group, while,
in the studies on miscibility enhancement, only a small amount of interacting
sites is introduced. However, the driving force for both complexation and misci-
bility is the same, namely, intermolecular hydrogen bonding. The question is
whether it is possible to change an ordinary miscible blend to a complex blend
by merely strengthening intermolecular hydrogen bonding. Jiang's group tried
to answer this by systematically studying systems in which the density of inter-
component hydrogen bonding is adjustable [141,142], and observed that the

Proton Donor

Polymer A
_ | Interpolymer

| Complex
Proton Acceptor Ax
Polymer B .
Polymer A i
Introducing Strengthening!

Immiscible | H-bonding [ Miscible | H-bonding : !
Blend > Blend

Proton Acceptor
Polymer B

Fig. 19. Schematic representation of the relationships between hydrogen bonding and mis-
cibility /complexation in systems containing inherent interacting sites and controllable hy-
drogen bonding
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transition from separated polymer coils to complex aggregates took place in so-
lution as the intermolecular hydrogen bonding was strengthened. Moreover,
Jiang's group found that, in the solid state, further strengthening of hydrogen
bonding transformed a miscible blend to the complex state. Complexation of
polymer blends with controllable hydrogen bonding in solution is discussed in
this section, and that in the solid state in the next section. The chemical struc-
tures of the proton-donor units mentioned in Sects. 4-6 are listed in Table 5.

5.1
Hydroxyl Content Dependence of Complexation [111,143-150]

Since polymer-polymer complexation in solution always accompanies contrac-
tion or collapse of the component polymer coils, viscometry has proved useful
for detecting complexation. The composition dependence of reduced viscosity
has been commonly used for estimating the composition of the complexes
formed [2]. Jiang's group has paid special attention to the effect of hydroxyl con-
tent and hence hydrogen-bond density on complexation. Figure 20 shows the re-
duced viscosity (n op/ c) of PS(OH)/PMMA in toluene as a function of the ratio of
the total moles of styrene and HFMS monomer units in PS(OH) to the moles of
PMMA [143]. The total concentration of 1.5x1073 g/ml is far below the overlap
concentration. It can be seen that, depending on the OH content in PS(OH), the

ngp /C (ML/g)
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Fig. 20. Reduced viscosities for PS(OH)/PMMA in toluene as a function of the PS(OH)/PM-
MA base ratio. The original concentrations of the individual polymers are 1.5x10~® g/ml.
The dashed line shows the data for PS(OH)-24/PMMA, taken after filtrating the precipita-
tion. The hydroxyl contents in PS(OH)-1, 3, 5, 8, 10, 18 and 24 are 1.0, 2.8, 4.4,7.9,9.5,17.4
and 24.0, respectively [143]
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solutions show two kinds of viscosity-composition relationship. The viscosity
for the mixtures containing PS(OH) with OH of 1,3 and 5 mol% changes monot-
onically with the PS(OH)/PMMA base ratio, following rather closely the weight-
average law. However, the viscosity for the mixtures with OH contents higher
than 8 mol% first decreases sharply and passes through a minimum. This quite
different viscosity behavior should reflect the difference in the assembly of the
component chains. The regular variation of 1, /c in the former may be taken to
indicate that the polymer chains exist as separate coils, while the sharp decrease
in g, /c in the latter may imply the collapse of the coils or their aggregation due
to the formation of interchain complexes.

We mentioned in Sect. 4.3 that the efficiency of energy transfer between a flu-
orescence donor and acceptor depends strongly on the distance between the two
species over the scale of ~2-4 nm. Since this scale is far smaller than the diame-
ter of ordinary polymer coils in solution, NRET measurement may be expected
to be sufficiently powerful to detect the chain interpenetration in solutions.
Thus, it has been successfully used for the characterization of hydrophobic asso-
ciation in aqueous solution [151]. For exploring complexation an energy donor
(c, carbazole) and an energy acceptor (a, anthracene) were incorporated into
PS(OH) and PMMA, respectively [143]. The results are shown in Fig. 21, where
the emission ratio of the donor to acceptor, I./1,, is plotted against the hydroxyl
content in PS(OH). Noting that the energy transfer efficiency is inversely pro-
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Fig.21. (] Ic/1a for carbazole-labeled PS(OH) and anthracene-labeled PMMA in toluene as
a function of the hydroxyl content in PS(OH); ® corresponding data taken after a small
amount of THF had been added [143]
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portional to I./I,, we see that the data can be classified into two levels. One is the
low energy-transfer level, that is associated rather well with separated coils of
the component polymers and observed at low hydroxyl content. The other is the
high energy-transfer level, that reflects interpenetration of the unlike chains and
is observed at high hydroxyl content. The transition from separate coils to com-
plex aggregate is seen to occur in the range of OH content from 5 to 8 mol%, well
consistent with the result from viscometry.

5.2
Direct View of Complex Aggregates by LLS [146-148,152-154]

Laser light scattering (LLS) has proved very useful for investigating aggregation
processes especially in very dilute solutions, where conventional viscometry is
often less sensitive. Although some LLS data was available on the aggregation of
polymer pairs without specific interactions in non-aqueous media [155,156] and
also polyelectrolyte pairs in water or in polar solvents [4,5], Xiang et al.
[146,147] and Zhang et al. [152,153] were the first to use LLS for detecting inter-
polymer complexation in systems with controllable hydrogen bonding. Here, we
refer to the study on the system STVPh/PEMA [157], in which vinyl phenol
serves as a proton-donating group.

Figures 22,23 and 24, respectively, depict the apparent hydrodynamic radius
distributions f(R;,) for STVPh-3,STVPh-9,and STVPh-15, as well as their blends
with PEMA in toluene. Here, the STVPh unit fraction Fr is defined as the total
moles of styrene and vinylphenol monomer units of STVPh relative to those of
PEMA plus STVPh. In LLS experiments done, PMMA cannot be “seen”, because
its dn/dc in toluene is close to zero. As seen in Fig. 22, the f(R;) of the STVPh-
3/PEMA (50:50, w/w) blend is similar to that of pure STVPh-3, indicating that
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Fig. 22. Hydrodynamic radius distributions f(R;) for STVPh-3 and STVPh-3/PEMA blends
(50:50, w/w) in toluene, determined at a total polymer concentration 1.0x10™* g/ml and
a scattering angle of 15° [147]
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the presence of PEMA has no significant effect on the distribution of Ry. The
f(R},) of pure STVPh-9 is rather broad, extending to R;,=100 nm (Fig. 23). This
feature should arise from self-association of the hydroxyls in STVPh-9.The f(R}))
of the blends STVPh-9/PEMA are quite different. The addition of only 3 wt%
PEMA changes f(R;,) to bimodal. The peak at a small Ry, (ca. 20 nm ) can be as-
signed to the free STVPh-9 and the peak at alarge R, (ca. 100 nm) to the STVPh-
9/PEMA complex aggregates. Although the peak at 100 nm has a larger area than
that at 20 nm, the weight fraction of the complex aggregates in the blend mixture
is actually much smaller than that of the free STVPh, because LLS is more sen-
sitive to larger molar mass particles. Further addition of PEMA causes the peak
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Fig. 23. Hydrodynamic radius distributions f(R;) for STVPh-9 and STVPh-9/PEMA with
various blend compositions in toluene. The measuring conditions are the same as in Fig. 22
[147]

6.00
Unit Fraction
0:0.13
0:0.50
535
> 0.
4.00 | >0
-
&
Gl s 9
2.00
0.00 Lswatlin . Nl |
10 10 10 10 10*

Ry, / nm

Fig. 24. Hydrodynamic radius distributions f(R;) for of STVPh-15 and STVPh-15/PEMA
with various blend compositions in toluene. The measuring conditions are the same as in
Fig. 22 [147]
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of the free STVPh-9 to gradually disappear and the peak of the complex aggre-

gates to move to a larger Ry. Finally, only a single peak appears at an R;, of

ca.1000 nm for the STVPh-9/PEMA blend with a 1:1 base ratio, whose solution
was unstable and began precipitating soon after mixing.

Formation of the complex aggregates becomes more apparent when the OH
content is increased to 15 mol% (Fig. 24). Even when the added PEMA is as little
as 1 wt%, it brings about a significant change in f(Ry,), with the appearance of a
small peak at as large an R}, as 100 nm, which signifies complex aggregates.
When the added PEMA reaches 7 wt%, f(R;,) shows only a single peak, indicat-
ing that most STVPh-15 chains have aggregated with PEMA. When the fraction
of STVPh approaches 0.5, the average R}, of the aggregates becomes even larger,
while their f(R;,) becomes narrower. It should be pointed out that complexation
between STVPh and PEMA takes place and becomes detectable even at a con-
centration as low as 1.000107% g/ml, which is 1/15th of the concentration used in
viscosity measurements. A combination of LLS and NERT data thus allows us to
conclude for STVPh/PEMA in toluene that intermolecular complexation occurs
when the hydroxyl content in STVPh reaches about 9 mol%.

The results mentioned above illustrate the power of viscometry, NERT fluor-
ospectroscopy and LLS for exploring intermolecular complexation, particularly
its dependence on the contents of the interacting sites in the component poly-
mers. The successful applications of these techniques can be seen in the studies
using (1) PS(OH) as a proton-donating polymer and PMMA [111,143,144],
PBMA [145], PCL [150,154], PEO [154], PES [154] as counter polymers, (2)
STVPh as a proton-donating polymer and STVPy [146,153] and PEMA [147,152]
as counter polymers, (3) PS(t-OH) and PS(s-OH) (Table 5) [158,159] as proton-
donating polymers and poly(butyl methacrylate-co-4-vinyl pyridine) (BVPy) as
a counter polymer [148], and (4) partially carboxylated polystyrene (CPS)
[158,160] as a proton-donating polymer and BVPy as a counter polymer [149].
Table 7 summarizes the main results obtained on these polymer pairs in differ-
ent solvents containing the minimum hydroxyl content required for complexa-
tion and allows us to draw the following conclusions:

1. All the systems studied undergo complexation strongly dependent on the con-
tent of the interacting sites. For a given system (proton-donating polymer, pro-
ton-accepting polymer and solvent), there exists a critical content of interacting
sites below or above which unlike polymer chains either behave as independent
coils or form complex aggregates. Each of the systems BVPy/PS(t-OH) and
BVPy/CPS has two variables, namely, tertiary hydroxyl in PS(t-OH) or carboxyl
in CPS as a proton donor and pyridyl (not butyl acrylate, Sect> 5.6) as a proton
acceptor. The experimental results show that there is a critical value for proton
acceptor content at a certain level of proton donor content and vice versa. How-
ever, we will not emphasize the critical values themselves, because they depend
to some extent on experimental conditions such as the molecular weights of
component polymers and temperature. Furthermore, the content intervals in
the polymer samples used for the measurements may be too large to make an
accurate estimation of the critical content. More important to recognize is that,
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in dilute solutions of the blends with controllable hydrogen bonding, the tran-
sition from separate coils to complex aggregates takes place when the content
of interacting sites and hence the density of intermolecular hydrogen bonds
reaches a certain level. In some cases, the proton-donating content needed for
this transition is only a few molar percent. This fact is not consistent with the
traditional picture for the complexation of polymer pairs, according to which
each segment of the polymer has its own interaction group and the polymer
pairs form complexes of a ladder type [2].

Table 7. Polymer pairs forming complexes in solution

Proton Proton Minimum Solvent? Method Ref

acceptor donor OH content

PEMA STVPh 9 toluene LLS,NRET  [147,152]

PEMA STVPh 22 PrNO,

PMMA PS(OH) 8 toluene Vis, NRET [143,144]

PMMA PS(OH) no complexation THF Vis, NRET

PBMA PS(OH) ~10 toluene Vis, NRET [145]

PBMA PS(OH) no complexation THF Vis, NRET

PCL PS(OH) 8 toluene Vis, LLS [150,154]
no complexation THF

STVPy-25 STVPh 6 CHCl, LLS [146,153]

STVPy-50 STVPh 6 CHCl4 Vis

STVPy-25 STVPh 6 Butanone  LLS

STVPy-25 STVPh 50 THF Vis, LLS

STVPy-50 STVPh 50 THF Vis, NRET

STVPy-75 STVPh 22 THF Vis, NRET

BVPy-45  PS(t-OH) 38 DCE Vis, LLS [148]

BVPy-51 PS(t-OH) 28 DCE Vis, LLS

BVPy-60 PS(t-OH) 21 DCE Vis, LLS

BVPy-68 PS(t-OH) 21 DCE Vis, LLS

BVPy-45 PS(t-OH)  no complexation butanone  Vis
BVPy-51 PS(t-OH)  no complexation butanone  Vis

BVPy-60 PS(t-OH) 29 butanone  Vis
BVPy-68 PS(t-OH) 21 butanone  Vis
BVPy-10 CPS 11 butanone  Vis [149]
BVPy-20  CPS 7 butanone  Vis
BVPy-29  CPS 7 butanone  Vis
BVPy<29  CPS no complexation THEF Vis
BVPy-29 CPS 11 THF Vis
BVPy-45 CPS 7 THF Vis

2 THE: tetrahydrofuran, PrNO,: nitropropane, DCE: dichloroethane
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2. The concentrations used for viscometry, NRET fluorospectroscopy and LLS
measurements were around 0.5-1x1072, 1x107> and 1x10~* g/ml, respectively.
Interestingly, although these concentrations differ considerably, the mini-
mum contents of interacting sites for complexation estimated by these three
techniques are similar. According to LLS studies [152,153], the concentration
has an influence on the growth rate and final size of the complex aggregate but
not on the critical content of interacting sites. This fact confirms that the con-
tents of interacting sites in the complementary polymers are the determining
factor for complexation.

3. As noted in Sects 2 and 3, one often identifies precipitates formed in mixing
component polymers as a complex and the mixture cast from a transparent
solution as a “blend”. This convention should be accepted with reservation,
since, in many cases, especially in LLS measurements, polymer complexes
may exist in homogeneous solutions. What we measure in such cases is actu-
ally the behavior of a soluble complex.

4. The data shown in Table 7 indicate strong solvent effects on complexation.
For example, PS(OH)/PMMA forms a complex in toluene but not in THE,
while BVPy/CPS forms a complex in THF but the complexation needs a much
higher content of interacting sites than in butanone. This kind of solvent ef-
fect as a basic feature of complexation is discussed in detail in Sects 5.5 and 6.

5.3
Time Dependence of Complexation [148,152]

In most cases of complex formation in polymer pairs in which each segment
possesses an interaction site, complex precipitates are formed immediately after
mixing, so that the process of complexation is too fast to be measured. However,
in the case where the number of interacting sites is only slightly higher than the
critical value and one of the component polymers is in substantial excess, it takes
a few hours for the complex to settle down to a stable dispersion, so that the time
evolution of complexation can be monitored. Figure 25 illustrates the evolution
of the translational diffusion coefficient distribution G(D) for STVPh-9/PEMA
in toluene. The initial broadening of the peak in G(D) reflects the formation of a
small amount of STVPh-9/PEMA clusters. The clusters gradually gather to form
larger ones. After ~70 min, two distinct peaks (1 and 2) appear in G(D). Peak 1
corresponding to the size of ~20 nm may be assigned to individual STVPh-9
chains, and peak 2 corresponding to the size of 150-300 nm to STVPh-9/PEMA
complex aggregates. With increasing time, peak 2 shifts to the left and its area
increases whereas peak 1 stays in the same position and its area decreases. This
behavior shows gradual incorporation of individual STVPh-9 chains into
STVPh-9/PEMA complexes. It should be noted that since the light-scattering in-
tensity is proportional to the square of the scatter's mass, the large area of peak
2 actually reflects only a small number of STVPh-9/PEMA complexes.

For a blend solution with one component in excess, it is also possible to meas-
ure the apparent average hydrodynamic radius <R, >and the relative Rayleigh
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Fig. 25. Time evolution of the translational diffusion coefficient distribution G(D) for blend
STVPh-9/PEMA after mixing, where the total polymer concentration is 1.0x10™* g/ml, the
weight ratio of STVPh-9/PEMA is 100:8, and the scattering angle is 15° [152]
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Fig. 26. Hydrodynamic radius <Ry,> for the blend PS(t-OH)-38/BVPy-60 in DCE as a func-
tion of segment fraction of PS(t-OH)-38 [148]

ratio Ry (q)/Ryy=0(q) as a function of time. The linear dependence of [R, -
t(@)/Ryy1=0(q)] on time indicates the increase in the weight-average molar mass
of the complexes at a constant rate and suggests that the complexation is diffu-
sion controlled. It was found at a fixed STVPh-9 concentration of 1x10~* g/ml
that the larger the concentration of PEMA, the larger the rate constants of both
<Rp>and R,y -(q)/Ry—0(q) became.

The blend PS(t-OH)-38/BVPy-60 forms stable complexes in the inert solvent
dichloroethane [148]. Figure 26 shows its <R;> measured as a function of the
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molar segment fraction of PS(t-OH)-38 at 15 min and 24 h after mixing. The
plotted <Ry > are all much larger than those of the component polymers, indi-
cating the formation of polymer aggregates. The data also show a gradual
growth of the complex aggregate with time, giving a size increase of about 15%
in24h.

54
Composition of Complex Aggregates [152,153]

The composition of a complex formed in solution is conventionally determined
by analysis of the complex precipitate or assumed to be the one at the minimum
in the plot of viscosity vs. composition. For STVPh/PEMA in toluene, LLS gave
the curves of <Ry,> against composition whose maxima appeared at the 1:1 base
ratio of STVPh to PEMA, at which the corresponding viscosity curves showed a
minima [147]. This finding means that the complexation attained the largest de-
gree at this composition. Furthermore, since STVPh/PEMA in toluene may form
a very stable dispersion when one component is in excess, LLS makes it possible
to determine the composition and structure of the complex aggregates. Thus it
was found from combined dynamic and static LLS measurements [152] that
complexes whose <Ry,> was about 10 times larger than that of the individual
STVPh-15 chain were formed when a very small amount (0.25-1%) of PEMA
relative to STVPh-15 was added to STVPh solutions and that the average
number of STVPh-15 in a complex particle was about 35 over this composition
range. This appears to indicate that PEMA chains act as nuclei for complexation
and that despite the fact that PEMA is only about 1 wt% relative to STVPh-15
was about 20 wt% if STVPh-15 was incorporated in the complex. When more
PEMA was added, the size of complex aggregates grew more, probably as a result
of further association of the particles.

Similar results were obtained for STVPh-50/STVPy-50 in THF [153]. For ex-
ample, in the solutions containing only STVPh-50 of 0.1-1 wt% relative to
STVPy-50, each complex aggregate contained one STVPh chain and 50-80
STVPy chains.

55
Solvent Effect on Complexation [111,143-150,152-154, 159]

The data in Table 7 for the blends with controllable hydrogen bonding clearly
show solvent effects. The Ngp/€ V. composition curve for PS(OH)/PMMA [143]
in toluene in Fig. 20 shows two kinds of behavior attributable to separate coils
and complex aggregates, depending on the hydroxyl content in PS(OH). Howev-
er, this blend in THF is transparent and shows 1,/c which varies with the com-
position nearly obeying the weight-average law, regardless of the OH content in
PS(OH). Thus, no complex can be formed in THF [143]. These results are con-
sistent with the ones from NRET fluorospectroscopy shown in Fig. 21, where the
values of I /I, for carbazole-labeled PS(OH) and anthracene labeled PMMA in
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toluene display two levels depending on the hydroxyl content in PS(OH). The
lower values of I/I, corresponding to the complexes in these solutions increase
to the same value when a small amount (<1%) of THF is added, which indicates
that the complex formed in toluene dissociates with the addition of THF, owing
to the stronger hydrogen-bond-forming ability of THF than that of PMMA with
PS(OH).

THE is also less favorable for complexation between STVPh and PEMA, where
the phenol groups serve as proton donors [147]. Figure 27, which illustrates the
variation of I./I, for STVPh/PEMA in toluene with the amount of THF added,
shows three different types of behavior. (1) At very low OH contents (1-3mol%),
I /1, stays at a high level almost independent of the THF concentration, which in-
dicates that the component polymer chains remain separated and the situation
does not change with the addition of THE. (2) When the OH content in STVPh is
increased to 6 mol%, I/1, increases a little with the initial addition of THE, which
may be due to the dissociation of interpolymer hydrogen bonding. (3) When the
OH content is further increased to 9 mol% or more, a marked increase in I /I, with
the addition of THF occurs and simultaneously the originally turbid mixture be-
comes clear, which evidences a decrease in the interpenetration of the unlike
chains due to disruption of hydrogen bonding. Finally, as more THF is added, all
the blends show nearly the same high I/I, values, and the complexes between
STVPh and PEMA are actually destroyed. Figure 27 also clearly shows that the
higher the OH content the more THF is required to destroy the complexes. Jiang et
al. have shown that THF completely depresses complex formation in PS(OH)/poly
(alkyl methacrylate) [143,145], PS(OH)/PCL [154], STVPh/poly(alkyl acrylates)
[147], PS(t-OH)/BVPy [148] and PS(s-OH)/BVPy [159]. However, STVPh/STVPy
[146] and CPS/BVPy [149] form complexes in THE, although much higher con-
tents of interacting sites are needed than in inert solvents.

5.01 r
g —&—STVPhl
= —O— STVPh3
3-0; —A— STVPh6
—0— STVPhY
\ —e— STVPhI2
1.0 —v— STVPh17
0.0 02 0.4 0.6 0.8
Cpp (mol/L)

Fig.27. Ic/TIa of STVPh/PEMA blend (50:50, w/w) in toluene as a function of the amount of
added THE, for different OH contents in STVPh. The total polymer concentration is
1.0x10~* g/ml. Concentrations of carbazole in STVPh and that of anthrancene in PMMA
are 0.52x107° and 1.31x107> M, respectively [147]



Interpolymer Complexation and Miscibility Enhancement by Hydrogen Bonding 179

Tsuchida and Abe [2] presented a simple scheme which assumes that the oc-
currence of complexation depends on the competition of the interaction forces
E,q and Eg,, where E 4 denotes the force between a pair of proton-accepting and
proton-donating polymers and E, the forces between solvent and polymer. The
net driving force for polymer-polymer complexation is thus written as:

Ecompleszad_Esp (11)

Complexation occurs when the favorable force, E,;, overcomes the unfavora-
ble force E,. This idea may be crude, yet it is a useful guideline in understanding
the basic factors controlling complexation. First, in any given system, there
should exist a certain critical content of interacting sites, which defines the
change from separated coils to complex aggregates. This is expected because in-
creasing interaction sites in proton-donating polymers should increase E 4. Sec-
ond, pronounced solvent effect reflects the competition between the solvent and
one of the component polymers for the formation of hydrogen bonds.

In systems such as PS(OH)/PMMA, PS(OH)/PCL and STVPh/PEMA, the pro-
ton-accepting ability of THF to form hydrogen bonds with the hydroxyl groups
is generally stronger than that of the carbonyl in proton-donating polymers, so
that no polymer-polymer complex may be formed in THE However, in
STVPh/STVPy and CPS/STVPy, pyridyl, a strong proton-accepting group, fa-
vors the hydrogen bonding with both phenol of STVPh and carboxyl of CPS over
that between THF and the proton donor in the polymers. Actually, the stable
complex between STVPh and STVPy in THF can be destroyed by use of even
stronger proton-accepting solvents such as DMF and water, as has been evi-
denced by LLS and NRET [146,153].

Figure 28 shows the water content dependence of the relative scattering inten-
sity I/I, and the average hydrodynamic radius <R;> for the STVPh-50/STVPy-
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Fig. 28. Water content dependence of the relative intensity ( I/Io) (e ) and average hydrody-
namic radius <Ry,> (O) for equimolar STVPh-50/STVPy-50. The total polymer concentra-
tion is 1.0x10~4 g/ml [153]
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50 complexes in which the molar ratio of the monomer units of STVPh-50 to
STVPy-50 is 1:1 in THE, with Xy, denoting the molar fraction of water added
and I the scattering intensity before addition of water. The substantial decrease
in I/, indicates the dissociation of complexes by the addition of water; note that
water has a stronger hydrogen-bonding ability than THF, and hence it tends to
destroy hydrogen bonding between STVPh and STVPy. Differing from I/I,,
<Ry> initially increases with Xj;,. This behavior indicates the swelling of the
complex prior to dissociation. The two curves show breaks at Xy, of about 0.12,
where decomplexation starts, and level off at Xy, about 0.16, where no poly-
mer-polymer complex exists any more.

It has been found that CPS is not miscible with poly(butyl methacrylate).
Hence, the effective interacting sites in CPS/BVPy must be carboxyl in CPS and py-
ridyl in BVPy [149]. A series of CPS/BVPy blends was prepared and studied in bu-
tanone and THF by viscometry. CPS is not soluble in a typical inert solvent like tol-
uene, but is soluble in butanone, which may have a weak effect on hydrogen bond-
ing. As mentioned in Sect. 5.1, the states of non-complexes and complexes can be
easily differentiated by viscosity profiles. Figure 29 shows a 'complexation map' for
CPS/BVPy in butanone and THE, made on the basis of viscosity data. It displays
the boundaries between non-complex and complex regions for both solvents.
First, the carboxyl content in CPS and the pyridyl content in BVPy affect complex-
ation and that complexation takes place only when the hydrogen-bonding density
exceeds a certain level. Second, we see the solvent effect that when compared with
the blends in butanone, those in THF possess smaller 'complex' areas. Thus, CPS-
11 can complex with BVPy having 10 mol% pyridyl content or more in butanone
but 30 mol% in THE.
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Fig. 29. Complexation map for CPS/BVPy blends in 2-butanone and THF. No complexation
in both solvents (W), complexation in 2-butanone but not in THF (), complexation in both
solvents (O) [149]
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5.6
Self-association vs. Inter-association [148,149,159]

Among some of the proton-donating polymers listed in Table 5, i.e. CPS,
PS(OH), PS(t-OH) and PS(s-OH), CPS differs from the others by its strong abil-
ity of self-hydrogen bonding, as can be inferred from the order of magnitude of
the PKa and K, of their monomers in bulk at 25 "°C [161],i.e.:

pKa=15(HPS-HES)>10(4-VPh)>7.4(HFS)>5(4-VBA)
K,=173,000(4-VBA)>21(4-VPh)>2.32(HFS)

Here, HPS stands for p-(2-hydroxyisopropyl)styrene, HES for p-(1-hydroxye-
thyl)styrene, 4-VPh for 4-vinyl phenol, HFS for p-(hexafluoro-2-hydroxyisopro-
pyl)styrene, and 4-VBA for 4-vinylbenzoic acid. Among these, 4-VBA has the low-
est pKa and the highest K,, which implies that the carboxyl group has the strongest
ability to form a dimer and to liberate its proton simultaneously. Thus, we can ex-
pect that CPS forms ring-like dimers and shows miscibility and complexation fea-
tures intrinsically different from PS(OH), PS(t-OH), PS(s-OH) and STVPh.

Viscosity measurements on a series of CPSs having the same polymerization
degree but different carboxyl contents have provided clear evidence for self-as-
sociation in solutions. Figure 30 shows the reduced viscosities in butanone and
THF (2 mg/ml) at 30.0 °C as a function of carboxyl content. When the carboxyl
content is below 3.4 mol%, the reduced viscosity decreases as carboxyl groups
are introduced into the CPS. This behavior reflects the constriction of polymer
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Fig. 30. Reduced viscosity of CPS in a 2-butanone and b THF as a function of carbonyl mo-
lar content in CPS [149]



182 M. Jiang, M. Lie, M. Xiang, H. Zhou

coils due to intramolecular association of the carboxylic acids. Then, this re-
duced viscosity turns to an increase with the increase in the carboxyl content, as
aresult of the suppression of intramolecular association by competing intermo-
lecular association. After reaching a maximum at a carboxyl content of about
11 mol%, the reduced viscosity falls owing to the decrease in solubility, the CPS
with the higher carboxyl content suffers.

The effect of strong self-association of a proton-donating polymer on its com-
plexation with proton-accepting polymers can be interpreted in terms of the
competition of E,4, Eg, and the self-association force Eyq of the proton-donating
polymer. Thus, the net driving force for interpolymer complexation is given by:

E =E,q-Eqp-Eqq (12)

complex

This expression indicates that for a polymer having strong self-association
power a greater polymer-polymer interaction is needed for complexation. In
fact, although CPS has a strong proton-donating ability as its low PKa suggests,
it is not miscible with PBMA, and much stronger proton-accepting pyridyl is
needed to get it miscible and complexed. Table 7 shows the critical contents of
carboxyl in CPS for forming complexes with BVPy having different pyridyl con-
tents. When Egyq is comparable to Eg, and E, 4, intramolecular hydrogen bonding
may still exist in the complex aggregates, so that part of the hydroxyl groups is
“wasted” in intramolecular hydrogen bonding, and loops may be formed to
render the complex a loose structure. This kind of complex precipitate often has
the base ratio of proton-donating polymer to proton-accepting polymer larger
than 1:1. However, if a solvent with a higher ESp is used, the intramolecular as-
sociation may be destroyed, and the complex may possess a composition close
or equal to 1:1 [149,159].

There have been conflicting opinions about the interaction between carboxyl
and pyridyl groups in polymer blends. Some authors considered it an acid-base
or proton-transfer interaction [162,163], while others considered it the hydro-
gen-bond interaction [164-167]. The FTIR spectrum of the CPS-11/BVPy-29
blend shows a characteristic absorption band at 1557 cm™! [149], assigned to the
C=C stretch in the pyridine ring [55], but no absorption band around 1635 cm™!
[167,168] characteristic of the pyridinium ion. Zhu et al. [149] took this fact as
indicating that the interaction between carboxyl and pyridyl groups is mainly of
hydrogen-bonding nature, not of proton-transfer interaction.

PS(t-OH) having tertiary hydroxyl groups tends to suffer both weak self- and
inter-association. The presence of electron-repulsing -CH; lowers its proton-do-
nating ability as suggested by the high PKa value of HPS, and the presence of
bulky (CH3),(OH)C- groups gives rise to steric effects. It was observed that the
reduced viscosity for a series of PS(t-OH), having the same polymerization de-
gree but different functionality, decreased in the almost inert solvent dichlo-
roethane (DCE), but remained unchanged in butanone when the hydroxyl con-
tent was increased. The latter behavior may be ascribed to the disappearance of
weak self-association [148,159].
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Being a weak proton-donating polymer, PS(t-OH) does not form either a mis-
cible or complex blend with PBMA, but can complex with BVPy of high pyridyl
contents. The large difference in proton-donating ability between the tertiary
hydroxyl in PS(t-OH) and the carboxyl in CPS can be clearly seen from their im-
miscibility-miscibility-complexation maps, which will be discussed in Sect. 6.2.

6

Complexation of Blends with Controllable Hydrogen Bonding
in the Solid State

In phase relationship, ordinary miscible blends and complex blends are indistin-
guishable because both appear as a single phase. The routine techniques charac-
terizing phase structure such as DSC, TEM and NMR relaxation time measure-
ments are generally incapable of elucidating chain arrangements at the molecu-
lar level. It is generally believed that the chains of different components are ran-
domly mixed in ordinary miscible blends, while unlike segments are paired to-
gether in polymer complexes. Although this difference is conceptually clear, its
experimental confirmation has not been easy to achieve. In fact, even for such
extensively studied “classical” complex systems as PAA/PEO and PAA/PVPo, we
still know very little about their structural characteristics in the solid state. In
this section, we discuss some of the results obtained for solid blends with con-
trollable interpolymer hydrogen bonding by using fluorescence techniques and
thermographic analysis. They give us some insight into the difference at the mo-
lecular level between ordinary miscible blends and complexes.

6.1
Complexation in the Solid State

6.1.1
Evidence from NRET Measurements

As discussed in Sect. 4.3, NRET fluorospectroscopy has been successfully used
for monitoring the transition from immiscibility to miscibility in toluene-cast
PS(OH)/PMMA film that accompanied the increase in hydrogen-bonding densi-
ty. This study has been extended to blends containing hydroxyls up to 17 mol%
in PS(OH) and has led to new findings [92,108]. Two series of blends,
PS(OH)/PMMA and PS(OH)/PBMA containing anthracene and carbozole fluo-
rescent labels, were studied, with the results shown in Fig. 31. Here we see that
the two series of blends give nearly parallel variations of Ic/Ia, with hydrogen-
bond density. The most remarkable feature is the appearance of two transitions
and two plateaus. An additional measurement was made on a miscible reference
blend consisting of anthracene-labeled PMMA and carbazol-labeled PMMA, at
the same concentration of fluorescence probes as that in the two series of blends,
and it gave 0.33 for Ic/Ia. This value is comparable with the first plateau values
[0.33 for PS(OH)/PBMA and 0.25 for PS(OH)/PMMA] in Fig. 31 and confirms
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Io/la

OH mol% in PS(OH)-C

Fig. 31. Variation of Ic/Ia for blends PS(OH)/PMMA (50:50, w/w) (¢ ) and PS(OH)/PBMA
(O) as a function of the hydroxyl content in PS(OH). PS(OH) is labeled with carbazole (do-
nor), and PMMA and PBMA are labeled with anthrancene (acceptor). Concentrations of
carbazole and anthrancene are 5.17x107> M [108]

the miscibility of these blends at the first plateau. Thus, in both cases, the de-
crease in Ic/Ia with further increase in the hydroxyl content from 3 to about
7 mol% may be taken as indicating that the segment contact between unlike
components becomes more favored than that between like components. Consid-
ering the large body of experimental results for the solutions of PS(OH) and po-
ly(alkyl methacrylate) mentioned in Sect.5 [143-145], we can reasonably at-
tribute the unusually large efficiency of energy transfer to the complexation be-
tween the proton-donating and proton-accepting polymers.

It is interesting to note that, in most cases studied, the range of hydroxyl con-
tent in PS(OH) which allows the miscibility-to-complex transition to take place
in solvent-cast films is almost the same as that allowing separate coils to trans-
form to complex aggregates in solutions [143]. This agreement suggests that
complexes formed in dilute solutions remain undestroyed during the process of
solvent evaporation.

6.1.2
A New NRET Approach to Monitor Complexation

In Fig. 31 we see that the decrease in Ic/Ia over the probable transition from mis-
cibility (0.3) to complexation (0.15) is much smaller than that over the transition
from immiscibility (0.6) to miscibility (0.3). Therefore, the NRET method has
been modified in order to differentiate more clearly molecular arrangements be-
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Fig.32. Ic/Ia for blends PS(OH)/PMMA-a/PMMA-c cast from toluene (O) and from THF
(@) as a function of the hydroxyl content in PS(OH). PMMA-a and PMMA-c refer to PMMA
labeled with anthrancene and carbazole, respectively [111]

tween an ordinary miscible blend and a polymer complex by partially labeling
one component with a donor and an acceptor, instead of attaching a donor to
one component and an acceptor to the other [111,169]. Among the blends made
of a donor-labeled polymer A, an acceptor-labeled polymer A’, and a chromo-
phore-free polymer B, the immiscible one will have the largest efficiency of en-
ergy transfer, because chains A and A’ are concentrated and randomly mixed in
their own phase. The efficiency is expected to decrease when the blend becomes
miscible since the labels are “diluted” with polymer B. A more pronounced de-
crease of the efficiency should occur upon complexation because A and A’ then
turn to bind with B in such a way that the donor and acceptor are to some extent
“isolated” by B. This efficiency change will become even more marked when A
is the minor component.

Figure 32 presents the relevant experimental data concerning these predic-
tions, obtained with the blends of anthracene-labeled PMMA, carbazole-labeled
PMMA and PS(OH) cast from toluene. The initial value of Ic/Ia (1.0) is for the
immiscible blend with no hydrogen bonding. Ic/Ia increases to 1.4 as the OH
content in PS(OH) increases to 2.0 mol%, at which the blend is miscible as evi-
denced by DSC and TEM. It monotonically increases with further increase in the
OH content and suddenly levels off to a value of 2.4 at an OH content of 9 mol%.
This change in Ic/Ia accompanying the increase in hydrogen-bonding density
above the value corresponding to the immiscibility-miscibility transition can be
taken as evidence for the difference in chain arrangements between “ordinary”
miscible blends and polymer complexes.
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Figure 32 also shows that the OH dependence of I¢/Ia is distinctly different for
PMMA/PS(OH) blends cast from toluene and THE. Ic/Ia for THF-cast films al-
most stay at the value (1.05) of the immiscible blend until the hydroxyl content
reaches 7 mol%, and increases a little when the hydroxyl content goes up
9 mol%, which indicates inception of miscibility. Then, a considerable increase
of Ic/Ia occurs to 2.4,a value comparable to that for toluene-cast complex blends,
when the hydroxyl content increases to as high as 24 mol%. Thus, a much higher
hydroxyl content (24 mol%) is needed to allow interpolymer complexation to
take place in THF than in toluene (9 mol%).

6.2
A Map of Immiscibility-Miscibility-Complexation Transitions

The important conclusion drawn from the above studies on PS(OH)/PMMA in
solution and bulk is that complexes formed in dilute solutions can be preserved
during the process of film casting. In particular, when we use an inert solvent
whose Eg, is close to zero, the critical hydroxyl contents in proton-donating pol-
ymers for complexation estimated by viscosity or LLS are comparable to that for
the miscibility-to-complex transition in bulk, which can be easily detected by
DSC or TEM. Therefore, by combining the results from both solution and bulk,
it should be possible to construct a map for a given blend system visualizing how
the immiscibility, miscibility and complexation of the blend depend on the con-
tent of interacting sites.

Here, we present such a map for the blends composed of PS(t-OH) and BVPy.
In this system, two variables, i.e. the contents of tertiary hydroxyl in PS(t-OH)
and pyridyl in BVPy, control the interaction of the polymer components [148].
Blends of 70:30, 50:50 and 30:70 in weight composition, each covering a range of
these variables, were prepared, their phase behavior was examined by DSC, and
the transition from separate coils to complex aggregates in the inert solvent
dichloroethane was detected by viscosity and LLS. Figure 33 shows the resulting
immiscibility-miscibility-complexation transition map. We see that the blend is
immiscible only when one or both components have very low contents of inter-
acting sites and that there is a large area of miscibility. In addition, complexation
can take place only for blends whose components have relatively high contents
of interacting sites. Furthermore, in the PS(t-OH)-38 series, the minimum pyri-
dyl content in BVPy for complexation is as high as 45 mol%. If the hydroxyl con-
tent in PS(t-OH) is less than 8 mol%, the blend forms no complex, no matter
how high the pyridyl content in BVPy is.

Figure 34 shows the corresponding map for the blend CPS/BVPy. Since CPS
does not dissolve in any inert solvents, butanone was used for solution measure-
ments as well as for film casting. The figure displays three regions representing
the immiscible, ordinary miscible, and complex blends. When the COOH con-
tents in both CPS and BVPy are low, or either of them is low, the blend is immis-
cible, but once the hydrogen bond density exceeds a certain critical level, it turns
to be miscible.
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Fig. 33. Map of immiscibility-miscibility-complexation transitions for PS(t-OH)/BVPy (m)
immiscible, (O) miscible and () complexed [148]
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188 M. Jiang, M. Lie, M. Xiang, H. Zhou

The most substantial difference between the blends CPS/BVPy and PS(t-
OH)/BVPy lies in the ability to form complexes. The proton donor in PS(t-OH)
is much weaker than that in CPS, so that much higher interaction site concentra-
tions are required for complexation. For example, BVPy with pyridyl less than
40 mol% does not complex with PS(t-OH), no matter how high the hydroxyl
content is. However, BVPy with a pyridyl content of only 10 mol% may complex
with CPS containing carboxyl more than 11 mol%.

6.3
Glass-Transition Behavior of Complex Blends

It is known that the T, of binary blends made miscible by hydrogen bonding
shows a composition gependence significantly deviated from the weight-aver-
age law or the Fox equation given by:

1/Tg=W,/Tgy+Wp/Tgg (13)

where W, and Wy are the mass fractions and Tg, and Tgg are the glass-transi-
tion temperatures of components A and B, respectively.

Generally, hydrogen bonding raises T, since it restricts the motion of polymer
segments. However, this does not mean that the increase in T, always appears as
a positive deviation from the weight-average law. For example, the T -composi-
tion curves of miscible blends consisting of PS and poly(vinyl methyl ether)
(PVME) display negative deviations from this law. Although the introduction of
hydrogen bonding into PS somewhat increases the T, of the blend, the Tg-com-
position relation for STHFS/PVME still appears below the weight-average law
[85]. Generally, the T,-composition curves of hydrogen-bonded blends are ei-
ther convex or sigmoidal. Kwei [61,170] have proposed the following equation
for composition dependence of T, for miscible blends:

W, Tgy, +kWgTgp

Ty
Wg +kWpg

+W,Wpeq (14)

where q is assumed to depend on intermolecular interaction and k is a fitting pa-
rameter.

By developing a model based on the arguments given by Goldstein [171],
Painter et al. [172] modified the Couchman equation [173] as follows:

¢ W, kW, +W, Wi (q',, (X)+4'5(T)) (15)

where k is the ratio of the specific heat increments in going from the glass to the
liquid state for A and B, i.e.

k=(AC,)5/(AC,)s (16)
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with A and B denoting proton-accepting and proton-donating polymer, respec-
tively, and the q' terms can be calculated from the spectroscopically determined
equilibrium constants. Note that Eq. (15) has no adjustable parameter. Painter et
al. [83] found that it gives a composition dependence of T, consistent with ex-
periments for PVPh/PVPy and PHMP/PMMA, which show convex and sigmoid
relations, respectively.

Usually, the T, of a complex blend is higher than that of the corresponding
miscible blend. Zhu et al. [148] compared the T,-composition relationships of
ordinary miscible blends and complex blends. Typical results are shown in
Fig. 35 for a series of blends consisting of PS(t-OH)-38 and BVPy containing py-
ridyl from 9.8 to 68 mol%. These blends are either miscible or complexed, each
having one T,. The T, vs. composition relationships shown are classified into
two types. When the hydrogen-bonding interaction is relatively weak as in BVPy
containing pyridyl below 45 mol%, the relationship is sigmoidal, giving T, be-
low and above the weight-average law at lower and higher PS(t-OH) contents, re-
spectively. On the other hand, when the pyridyl content is high, as in BVPy-60,
the relationship is convex, showing a positive deviation from the weight-average
law over the whole composition range. However, even though these two types of
relationships are roughly characteristic of ordinary miscible blends and com-
plexes, this distinction alone cannot be taken as an criterion for complexation,
as can be seen from Fig. 36, which concerns CPS-20/BVPy. When the 4-VPy con-
tent in BVPy is below or equal to 20 mol%, the r, vs. composition relationship is
sigmoidal. In fact, viscometry data indicate that CPS-20 may complex with all
BVPy having pyridyl contents larger than 10 mol%. This sigmoidal behavior is

—E—BVPy-10 |
—— BVPy-20
—A—BVPy-29
—v—BVPy45 |
—&—BVPy-60
—+—BVPy-68 |
20 T T T T T T T T T
0 20 40 60 80 100

PS(z-OH)-38 wt- %

Fig.35. T, of PS(t-OH)-38/BVPy-x as a function of the weight composition of the blend.
Dashed lines represent the weight-average law values [148]
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Fig. 36. T, of CPS-20/BVPy-x cast from 2-butanone as a function of the weight composition
of the blend. Dashed lines represent the weight-average law values [149]

understandable because when the CPS content is less than 40%, the total number
of the carboxyls may not match the need for allowing all BVPy chains to take
part in complexation owing to the self-association of carboxyl, though the
number of carboxyls in each CPS chain is comparable to that of VPy in each
BVPy chain. Actually, the blend with the low CPS content is a mixture of a com-
plex and free BVPy, so that its T, appears below the weight average.

It is noteworthy that the T, of the CPS-20/BVPy-45 (70:30, w/w) complex is
about 50 °C higher than the weight-average value. This fact allows us to expect a
possibility of producing complex blends which are more heat resistant than or-
dinary miscible blends.

6.4
Effect of Complexation on Crystallization

Crystallization behavior in miscible blends containing crystallizable compo-
nents has been extensively studied [174-180]. Generally, when a crystallizable
component is mixed with an amorphous component its melting temperature
goes down and its crystallinity lowers. The same trend has been reported for
blends with intercomponent hydrogen bonding such as PCL/STVPh [181],
PCL/poly(hydroxyl ether of bisphenol A) [182] and phenoxy resin/PEO [183].
Recently, Zhou et al. [150] studied the PS(OH)/PCL system, with special inter-
est in the effect of complexation on the crystallization of PCL. A miscibility
search by DSC showed that PS(OH)-3/PCL was miscible over a limited composi-
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Fig. 37. Crystallinity Xc of PCL as a function of the hydroxyl content in PS(OH)-x for the an-
nealed blend PS(OH)-x/PCL (60:40, w/w) [150]

tion range but PS(OH)-5/PCL was miscible over the whole range. Furthermore,
viscosity and LLS measurements revealed that the minimum hydroxyl content in
PS(OH) for complexation with PCL in the inert solvent toluene was about
8 mol%.

Figure 37 shows the crystallinity Xc of PCL plotted against the hydroxyl con-
tent in PS(OH) for the blend PS(OH)/PCL 60:40. The composition 60:40 is close
to the one at which the reduced viscosity exhibits a minimum, so that the blend
is expected to have a maximum degree of complexation. Xc was calculated from:

XC= AI_OI x100 (17)
AH ¢

where AH’, the melting heat of 100% crystalline PCL, is 136.08 ]/g [184] and ¢ is
the weight fraction of PCL in the blend.

As shown in Fig. 37, Xc markedly decreases with the increase in the hydroxyl
content in PS(OH), although not regularly. For PS(OH)-1/PCL, a typical immis-
cible blend, Xc is 0.58, which comes close to the Xc of pure PCL (0.73) prepared
under the same annealing conditions. A substantial decrease in Xc appears for
PS(OH)-3/PCL and PS(OH)-5/PCL, both judged to be miscible by T, analysis.
Crystallinity depressions similar to Fig.37 have been reported on miscible
amorphous/crystalline blends [182,183], although not quantitatively. The most
interesting fact revealed in Fig. 37 is that crystallization of PCL is almost com-
pletely depressed in the blends with PS(OH) having hydroxyl contents of 8, 17
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and 26 mol%. These blends are all exactly those found by viscometry to form
complex aggregates in solution. A similar fact has been found from the study on
another blend, STVPh/PCL, in which the hydroxyl content was varied over a
broader range from 1 to 50 mol% [154]. All these findings seem to explain why
the crystallizable components in complex blends undergo unusually large de-
pression of Xc. In connection with this it is worth emphasizing that the main
characteristics of a complex blend come from the pairing of unlike segments.
For PCL segments to enter the crystalline lattice, they must first get rid of the
pairing, and this needs cooperative dissociation of hydrogen bonds. At the crys-
talline temperature of PCL, it is very difficult for this process to occur, actually
making crystallization impossible.
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