
Control in Both Backbone and Branch
Segment Lengths of Poly(tetrahydrofuran)
Polymacromonomers by Electrostatic
Self-Assembly and Covalent Fixation

Hideaki Oike, Hideki Imamura, and
Yasuyuki Tezuka*

Department of Organic and Polymeric Materials,
Tokyo Institute of Technology, O-okayama, Meguro-ku,
Tokyo, 152-8552 Japan

Received June 28, 1999

Revised Manuscript Received September 28, 1999

Introduction
Polymacromonomers are a novel class of branched

polymers, composed of a linear backbone segment with
densely substituted side chains of either linear, flexible
polymer segments1,2 or highly branched, dendritic seg-
ments (dendron-jacketed polymers).3-5 They are unique
in forming anisotropic cylindrical three-dimensional
structures, as observed directly by means of an AFM
or SFM technique, where the otherwise flexible back-
bone segment is forced to adopt an extended rodlike
form rather than its entropically favored random-coil
form.6-10 In consequence, polymacromonomers can pro-
duce, through self-assembly, a variety of mesoscopically
ordered structures. The precise control, therefore, over
structural parameters in polymacromonomers such as
the backbone segment length and the number of graft
segments in addition to the graft segment length
becomes an important prerequisite for the design and
eventual modulation of the supramolecular structures
achieved by them.

Polymacromonomers of high branch numbers have so
far been prepared by a radical homopolymerization
process under rigorously controlled conditions.11 While
the control over the number of branch segments (the
DP of the product) has been difficult to achieve. Very
recently, a living radical polymerization process has
been applied, and uniform size polymacromonomers
have been synthesized using macromonomer molecular
weights of a few thousand.12

A macromolecular coupling reaction between a poly-
functional prepolymer and complemental end-functional
polymer precursors, on the other hand, is an alternative
means to produce a polymacromonomer with controlled
structures, since both polymer precursors are, in prin-
ciple, prepared by a living polymerization technique and
fully characterized prior to the coupling reaction.13 In
practice, however, polymer coupling processes by con-
ventional reaction mechanisms have scarcely been ap-
plied because of the inefficiency by the low concentration
of reactive groups located only at the chain end of a
polymer precursor, as well as by the repulsive interac-
tion and eventual macroscopic phase separation of two
immiscible polymer precursors.

We have proposed an effective macromolecular cou-
pling reaction process by addressing the above-men-
tioned drawbacks.14,15 Thus, a series of poly(THF)

polymacromonomers were prepared in high yields by
use of poly(THF) having an azetidinium salt,16 as well
as a tetrahydrothiophenium salt,17 as a single end
group. A highly efficient ion-exchange reaction of the
poly(THF) precursor was observed to occur with poly-
(sodium acrylate), by precipitation of the former into
aqueous solution of the latter. During this process an
ionically self-assembled product is presumed to be
formed, and this has been assumed a critical intermedi-
ate for the exceptionally efficient polymer coupling
reaction. In this particular reaction, however, the ioni-
cally self-assembled precursor could not be isolated,
since the azetidinium (four-membered ammonium) group
and the tetrahydrothiophenium (five-membered sulfo-
nium) group undergo a quantitative ring-opening reac-
tion by carboxylate anions in poly(acrylate) at ambient
condition to produce amino-ester and thio-ester (thus
covalent bond) groups, respectively.

The isolation of the ionically self-assembled polymac-
romonomer precursor has subsequently been achieved
by use of poly(THF) having a less strained N-phenylpyr-
rolidinium salt as a single end group.18 The relevant
ion-exchange process with poly(sodium acrylate) could
produce the ionically self-assembled and isolatable
polymacromonomer precursor, and the subsequent heat
treatment could convert the ion pair into covalent bond
quantitatively to produce a polymacromonomer in high
yield. In this relevance, a variety of noncovalently self-
assembled, comb-shaped polymers and copolymers ei-
ther by hydrogen bonds or by ionic interactions have
also been reported to exhibit unique phase behaviors
in bulk.19-21

As a further extension of our “electrostatic self-
assembly and covalent fixation” process, we report
herein an efficient synthesis of a series of poly(THF)
polymacromonomers with controlled backbone segment
length as well as graft segment length. Thus, uniform
size poly(THF) having an N-phenylpyrrolidinium salt
group was subjected to the coupling reaction with poly-
(sodium acrylate)s of defined DP values, prepared
through the living polymerization of tert-butyl acrylate
and subsequent saponification treatment.

Experimental Section

Materials. THF was dried over sodium benzophenone ketyl
and distilled just before use. tert-Butyl acrylate was distilled
from CaH2. n-Butyllithium (hexane solution) was titrated as
1.6 M. Unless otherwise noted, materials were obtained from
commercial sources.

Synthesis of Poly(THF)s Having an N-Phenylpyrro-
lidinium Salt End Group (1). Poly(THF)s of different
molecular weights (Mn ) 2100, 3000, 5600, and 6200) having
an N-phenylpyrrolidinium salt end group (1) were prepared
by the termination of a living poly(THF), initiated by methyl
trifluoromethanesulfonate (methyl triflate), with N-phenylpyr-
rolidine.18 The number- (Mn) and weight-average (Mw) molec-
ular weight as well as polydispersity index (PDI ) 1.16-1.21)
of 1 were estimated by means of SEC after the conversion from
an ionic pyrrolidinium salt end group into a covalent amino-
ester group by the reaction with sodium benzoate (Scheme
1),18,22 since 1 itself caused an elution delay and a peak tailing
due to the interaction between the ionic end group of 1 and
polystyrene gel of SEC column.

Synthesis of Uniform Size Poly(sodium acrylate)s (2).
A living anionic polymerization of tert-butyl acrylate was
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performed with a initiator prepared in situ by reacting 1,1-
diphenylethylene with n-butyllithium in the presence of
lithium salt such as LiCl or LiClO4 (dried sufficiently in
vacuo prior to use) at -78 °C to produce a living poly(tert-
butyl acrylate).23,24 Uniform size poly(tert-butyl acrylate)s
having different degrees of polymerization (DP ) 24 and 52;
PDI ) 1.22 and 1.22, respectively)25 were isolated after the
termination of living polymers by methanol, followed by
saponification with a catalytic amount of p-toluenesulfonic
acid in toluene at 80 °C, and finally neutralized by an equal
amount of methanolic sodium hydroxide in THF at room
temperature to give uniform size poly(sodium acrylate)s (2)
(Scheme 2).26

Procedures. Ion-Exchange Reaction between 1 and 2
and Ring-Opening Reaction of Pyrrolidinium Salt End
Group. A THF solution of 1 (10-20 wt %) was added dropwise
into a cold water containing a weighed amount of 2 (ca. 1 equiv
with respect to ionic groups) under vigorous stirring. After
stirring for 1 h, the precipitated ion-exchange product was
collected by filtration and dried in vacuo for 2 h. This
precipitation treatment was repeated to complete the ion-
exchange reaction. The recovered ionically self-assembled
products 3 were then subjected to a heat treatment at 100 °C
for 5 h.

Fractionation of Polymacromonomer. The precipitation
treatment was carried out in the THF-methanol system at
-15 °C in order to isolate the polymacromonomer fraction.
Thus, 0.15 g of pure polymacromonomer was obtained from
0.35 g of the crude mixture after the second fractionation
treatment (entry 5 in Table 1).

Measurements. IR spectra were recorded on a JASCO FT/
IR-410 infrared spectrometer by casting the sample from the
chloroform solution on a NaCl plate or using a KBr pellet. 1H
NMR spectra were recorded with a JEOL JNM-AL300 ap-
paratus in CDCl3 or in D2O at 40 °C. The proton chemical
shifts (ppm) were referenced from the signal of tetramethyl-
silane. SEC measurements were performed using a Tosoh
model CCPS equipped with a refractive index detector model
RI 8020, a UV detector model UV 8020 at 254 nm, and a
conductivity detector model CM 8010. A column of either TSK
G3000HXL, TSK G4000HXL, or TSK G5000HXL was em-
ployed with THF as an eluent at a flow rate of 1.0 mL/min.

Results and Discussion

The macromolecular ion-exchange reaction between
a series of uniform size polymer precursors, i.e., poly-
(THF)s having an N-phenylpyrrolidinium salt group (1)
and poly(sodium acrylate)s (2), was performed as in the
previous study (Scheme 3).18 Simple precipitation of 1
into an aqueous solution containing 2 was thus carried
out repeatedly. The progress of the ion-exchange reac-
tion was monitored by IR spectroscopic analysis of the
recovered products, and the precipitation treatment was
repeated until absorptions at 1030 and 639 cm-1 due
to the initial counteranion of 1, i.e., triflate, totally
disappeared. The supplementary precipitation treat-
ment was required for the reaction of 1 with 2 having
higher molecular weights. Thus, twice was enough for
the complete reaction of 1 of the MW of 2K with 2 of
the DP of 24 (entry 1 in Table 1), while as many as six
times was required for that of 1 of the MW of 5K and 2
of the DP of 52, resulting in a low yield of final product
(entry 5 in Table 1).

The subsequent heating treatment was performed at
100 °C for 5 h. 1H NMR as well as IR spectroscopic
analysis indicated that the ionically self-assembled
product was converted into the covalently linked poly-
macromonomer through a selective and quantitative
ring-opening reaction of pyrrolidinium salt groups in 1
by carboxylate anions in 2 to produce amino-ester
groups.18 Figure 1 shows, for example, 1H NMR spectra
of the ionically self-assembled product (top) and of the
isolated covalently linked polymacromonomer after the
heat treatment (bottom, entry 5 in Table 1). In the
spectrum of the polymacromonomer, the signals due to
an N-phenylpyrrolidinium salt group visible in the
spectrum of the assembled precursor were completely
replaced by the signals at around 4.0 ppm due to the
ester methylene protons and at around 6.6 and 7.1 ppm
due to the N-phenyl protons on the produced amino-
ester group. There are only assignable signals visible
in the spectrum, demonstrating the covalently linked
polymacromonomer was successfully obtained with high
efficiency.

SEC analysis was performed for a series of polymac-
romonomer products of different combination of precur-
sors 1 and 2. As has been commonly observed in star
polymers and polymacromonomers, the apparent MWs
of a series of polymacromonomers by SEC were sub-
stantially smaller than those calculated from multiply-
ing the MW of 1 by the DP of 2 (Table 1). It is also shown
in Figure 2 that the SEC profiles for the products
obtained from 1 of the MW of 2K and 2 of either the DP

Scheme 1

Scheme 2

a Determined by SEC with the calibration using polystyrene
standards.25 b Determined by 1H NMR
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of 24 or 52, as well as that from 1 of the MW of 5K and
2 of the DP of 24 (solid lines; top, middle, and bottom,
respectively), possess significantly larger sizes (thus
hydrodynamic volumes) than the starting 1 (dashed
line) and maintain consistently uniform size distribu-
tions (small PDI values). These products showed neither
the absorption due to carboxylate salt and/or carboxylic
acid groups by IR measurements nor the conductivity
response by a SEC detector. These results demonstrate
that the complete ion-exchange reaction took place to
replace the countercation of carboxylate groups in 2
from sodium cations into pyrrolidinium cations in 1. And
hence, the size of each product obtained from 1 of the
MW of 2K with 2 of the DP of either 24 or 52 and that
from 1 of the MW of either 2K or 5K with 2 of the DP
of 24 are clearly distinguished by SEC (Figure 2). It is
also observed definitely that the size of the product from
1 of the MW of 2K with 2 of the DP of 52 is apparently
larger than that from 1 of the MW of 5K with 2 of the
DP of 24, while the molecular weights of these two
polymacromonomers are in close each other. This im-
plies that three structural parameters of the polymac-
romonomer may well influence on its size and/or on the
elution behavior in SEC measurements.

During the present ion-exchange process between 1
and 2, the counteranion of pyrrolidinium groups in 1
was observed to be exchanged, in minor part, into
hydroxide anion present in an aqueous reaction media.
The subsequent heat treatment produces the amino-
hydroxyl-ended poly(THF) (Scheme 4), whose elution
volumes corresponds to covalently end-capped poly-

(THF) precursor 1′ detectable in SEC profiles in Figure
2 (starred peak). This side product fraction was observed
to be significant for the product from 1 of the MW of
5K and 2 of the DP of 52 as shown in Figure 3 (top).
The higher the MW of 1 or the DP of 2, the less efficient
in the ion-exchange reaction between 1 and 2 (both
polymer molecules), presumably due to the enhanced
repulsive interaction between large polymer reactants.
On the other hand, the ion-exchange reaction of 1 with
hydroxide anion (small molecule) is thought to be
scarcely affected by the MW of 1 and should become
gradually a competitive process. Despite this limitation,
it must be stressed that the polymacromonomer pro-
duct from 1 of the MW of 5K and 2 of the DP of 52 could
be isolated by a fractional precipitation from THF/
methanol at -15 °C as demonstrated in Figure 3
(bottom).

Table 1. Ion-Coupling Reaction between Poly(THF) Having an N-Phenylpyrrolidinium Salt End Group (1) and
Poly(sodium acrylate) (2)

prepolymer

entry
1a

Mn

2b

DP
repetition times
of precipitation

recovered
yield (%)

polymacromonomer
yield (%)c

Mn (SEC) (PDI)d

[×10-4]
Mn (calc)e

[×10-4]

1 2100 24 2 86 89 1.6 (1.20) 5
2 5600 24 4 50 84 5.6 (1.18) 13
3 2100 52 3 49 90 2.7 (1.23) 11
4 3000 52 3 71 88 4.7 (1.48) 16
5 5600 52 6 64 68 5.9 (1.43) 29
6 6200 52 5 64 84 7.8 (1.65) 32

a See also Scheme 1. b See also Scheme 2. c Estimated from SEC peak area ratio. d Determined by SEC with a calibration using linear
polystyrene standards by a conversion factor of 0.556.22 e Calculated from the length and the number of branch segments.

Scheme 3

Figure 1. The 300 MHz 1H NMR spectra of ionically as-
sembled precursor 3 (top) and covalently linked polymac-
romonomer 4 after the fractionation treatment (bottom)
(sample: entry 5 in Table 1, CDCl3, 40 °C, * ) satellite signal,
× ) impurity).
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As for the SEC measurement of polymacromonomers
and “dendron-jacketed” polymers of cylindrical struc-
tures, an elution anomaly has been often reported in
contrast to those of the flexible, random-coil shaped
polymers.27,28 In our experiments with a series of
polymacromonomers, the products listed in Figure 2
consistently showed symmetrical, uniform size distribu-
tions in a reproducible manner. On the other hand, the
product of largest size, as shown in Figure 3, showed
noticeable broadening before and after the fractionation
treatment in comparison to its smaller size analogues.
Since all polymacromonomers prepared in the present
study are thought to be consistently uniform in their
structures with both defined backbone and graft seg-
ment lengths, this anomaly may well be regarded as a
characteristic feature of polymacromonomers in solu-
tion.

In conclusion, we have demonstrated that the “elec-
trostatic self-assembly and covalent fixation” process
has been successfully applied for the synthesis of a

series of polymacromonomers having both controlled
backbone and graft segment lengths. The isolation of
ionically self-assembled precursors is a critical step of
this effective methodology, and it may provide a unique
opportunity to perform a subsequent manipulation of
this ionically self-assembled precursors. Thus, further
attempts to construct novel polymacromonomers, in-
cluding a polymacromonomer having mixed graft seg-
ments, are currently in progress in our laboratory.
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(4) Neubert, I.; Schlüter, A. D. Macromolecules 1998, 31, 9372-
9378.

(5) Jahromi, S.; Coussens, B.; Meijerink, N.; Braam, A. W. M.
J. Am. Chem. Soc. 1998, 120, 9753-9762.

(6) Sheiko, S. S.; Gerle, M.; Fischer, K.; Schmidt, M.; Möller,
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ecules 1999, 32, 2629-2637.
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