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A series of well-defined poly(arylene ether sulfone)s were synthesized (1P—4P) by chain-growth
condensation polymerization with amide initiators having various numbers of initiating sites.
Differential Scanning Calorimetry (DSC) study of the polymers revealed that branched polymers (3P
and 4P) had higher glass transition temperatures (7) than linear polymers (1P and 2P) when they had
the identical concentration of end groups. However, the viscosity of the polymers decreases as the
number of branches increase due to the change of the hydrodynamic volume. Interestingly physical
gelation of THF solution of these polymers was observed. Analyses of the self-assembled structure by
FE-SEM, FE-TEM, temperature-dependent '"H NMR, FT-IR, and XRD indicated that the formation
of fibrillar network was driven by the hydrogen bonding of aromatic amides.

Introduction

Control of polymer architecture is very important to make
polymers with controlled properties.'® Star-shaped polymers,
for example, have a number of arms that are joined at the core
and possess different characteristics compared to linear polymers
such as smaller hydrodynamic volume and reduced viscosity
because of their compact nature.®'! For the synthesis of well-
defined star-shaped polymers with a controlled number and
length of arms, use of controlled polymerization methods is
essential and controlled polymerization with a multifunctional
initiator has been used.’*'* However, most of star-shaped
polymers synthesized are aliphatic polymers mainly because
controlled condensation polymerization of aromatic polymers
has been difficult. A recent development of chain-growth
condensation polymerization (CGCP) opens an easy access for
well-defined aromatic polymers such as aromatic polyamides and
polyethers,'®'7 and synthesis of star-shaped aromatic polyamides
have been demonstrated.'®*

Poly(arylene ether sulfone) (PAES) is one of the well-known
high-performance polymers with excellent thermal and
mechanical properties,®® but the synthesis of well-defined star-
shaped PAES was reported only recently.** In this contribution,
we report the first synthesis of well-defined PAES with various
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numbers of arms which show that their properties are strongly
dependent on the architecture. Interestingly, self-assembly of the
well-defined PAESs having amide initiators induced a physical
gelation of the THF solution. Only a few examples of thermor-
eversible gelation induced by star-shaped polymers have been
reported.?*® This study introduce a new family of polymers
which self-assemble and induce a gelation through hydrogen
bonds in the core.

Results and discussion

Synthesis of poly(arylene ether sulfone)s from multi-arm
initiators

For the synthesis of well-defined PAESs via CGCP, multifunc-
tional initiators with controlled number of initiating sites were
necessary. In this study, four kinds of initiators were synthesized
by amidation reaction between 4-fluoro-3-tri-
fluoromethylbenzoylchloride and aromatic amines as shown in
Scheme 1. The number of initiating sites was simply controlled by
using aromatic compounds with a different number of amine

& e | AF
1,2.4,5-benzenetetramine letrahydrochloride 4
(1A4A)

Scheme 1 Synthesis of multi-arm initiators (1A, 2A, 3A, and 4A).
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groups. Because the fluorine groups in the initiators were
activated by the amide carbonyl group at para position and the
trifluoromethyl group at ortho position, the initiators were
expected to initiate CGCP of the AB type monomer 1, 4-fluoro-
4'-hydroxydiphenyl sulfone potassium salt.

With the synthesized initiators, polymerization of 4-fluoro-4’-
hydroxydiphenyl sulfone potassium salt (1) was carried out
according to the reported procedure for linear PAES? with some
modification (Scheme 2). In a typical run, polymerization was
conducted in DMSO with 5 wt% monomer concentration using
18-crown-6 as an additive. The feed ratio of monomer to initiator
was varied to control the molecular weight of the polymer, and
the reaction temperature was maintained at 100 °C to avoid self-
polymerization of the monomer. GPC analysis of the resulting
polymers in THF indicates that narrow molecular weight
distributions (PDI < 1.3) were obtained in every polymerization,
suggesting that polymerization proceeded in a controlled manner
(Fig. 1).

The chemical structure of the polymers was analyzed by 'H
NMR spectroscopy, which showed that the proton integration
ratio of the initiator moiety to the end group is close to 1 as
shown in Fig. 2 and S1 (see ESIf{). Also, the number average
molecular weights (M,)s of the polymers were obtained by
comparing the integral value of the repeating units (A) and the
end group (1). The M,s obtained by '"H NMR were smaller than
the M,s measured by GPC. The 4-arm star-shaped polymer (4P)
has the smallest difference between the M,s determined by 'H
NMR and GPC analyses, indicating the polymers possess rela-
tively smaller hydrodynamic volume and elute later during the
GPC analysis compared to their linear analogues of similar
molecular weight. MALDI-TOF mass spectroscopy analysis
(Fig. 3) was conducted to obtain absolute molecular weights of
the polymers. The molecular weights measured by MALD-TOF
analysis were consistent with M s based on the '"H NMR anal-
ysis. The entire identified mass fraction, separated by the mass of
repeating units, contained the mass of the initiator, confirming
that PAES with a controlled number and length of arms was
synthesized without self-polymerization. ~Characterization
details of the polymers are summarized in Table 1.

Thermal properties and viscosities

Thermal properties of the synthesized polymers were studied by
DSC. Fig. 4 shows thermograms of the polymers recorded during
the 2" heating cycle at the heating rate of 5 °C min~' in
a nitrogen atmosphere.

All the polymers exhibited glass transition temperature (7)
between 150 °C and 180 °C which was strongly dependent on the
molecular weight as well as the architecture. According to
Ueberreiter and Kanig, the inverse of the 7, can be expressed as
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Scheme 2 Synthesis of PAESs initiated from 1A, 2A, 3A, and 4A
initiator.
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Fig. 1 THF-GPC profiles of synthesized polymers (RI detector).

a function of the inverse of M,, as shown in eqn (1), considering
a polymer as a copolymer of internal units and end groups.3°
Eqn (1) includes Fox—Flory relation as an approximation limited
to higher molecular weight polymers where the weight fraction of
the end groups is small.?"3?

1 1 K

T, T M,

(M

Roovers and Toporowski accounted the effect of the number
of arms in the cases of star-shaped polymers by multiplying the
number of arms (4) to K because the inverse of M, can be
considered as the concentration of the end groups (eqn (2)).** In
Fig. 5, the inverse of T is plotted against the number of ends (i.e.,
end groups) per molecule divided by M, (NMR), which should
be proportional to the volume concentration of end groups in the
polymer.
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Contradictory to Roovers’ results where the identical trend
was found for four-/six-arm star-shaped and linear polystyrenes,
Fig. 5 showed a distinct difference between the linear polymers
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Fig. 2 'H NMR spectrum of 1Pg 3 (DMSO-ds, 400 MHz).
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Fig. 3 MALDI-TOF mass spectra of (a) 1Pg 3 and (b) 2Pg 3.

(1P and 2P) and the star-shaped polymers (3P and 4P). While
1Ps have the T,. and K’ values same as 2Ps due to the linear
architecture, 3Ps and 4Ps have different values. Star-shaped
polymers (3P and 4P) possessed higher 7, when they had the
identical concentration of end groups (i.e., DP per arm). This
effect was attributed to the presence of the central branch point
in the star-shaped polymers which encumbers the segmental
motion as pointed out by Meares and Bywater.**3* This archi-
tecture-dependent effect was detectable because the polymers
used in this study had lower molecular weights compared to
Roovers’ study and therefore the weight fraction of the central
branch points/end groups was significant.

These architectural differences of the polymers also affected
the viscosities of polymer solutions. Intrinsic viscosities of the
polymer solutions were measured in DMF using Ubbelohde
viscometer (Table 1). It is obvious that polymer with higher M,
possessed higher [n] because of larger hydrodynamic volume.
However, it is also observed that introduction of a central branch
point decreased [n] by reducing the hydrodynamic volume when
the molecular weights of the polymers were similar. It can be
quantitatively accounted by introducing the branching factor (g’)
which is calculated by dividing the intrinsic viscosities of
a branched polymer by that of a linear one with the same
molecular weight. For the polymers with M,, of ~3500 g mol~' in
this study, g’ of 3P4 4 was estimated as 0.93 and that of 4P, ¢ as

0.72, when 2P¢ 3 was used as a linear reference. Again, theses
values clearly show the effect of the branching architecture on the
physical properties of the polymer.

Physical gelation in THF

Conventional poly(arylene ether sulfone)s are usually soluble in
methylene chloride and polar aprotic solvents such as NMP and
DMF, while insoluble in THF.** However, the polymers
synthesized in this study via CGCP showed fairly good solubility
in THF. Even it was possible to make 10 g L' solutions except
for 1Pg 3, of which the maximum solubility was less than 10 g L™!
even at elevated temperature. However, the transparent solutions
in THF (10 g L") gradually turned into milky gels at room
temperature, except 3P4 4 and 4P, (Fig. 6a). Gelation occurred
within 10 minutes in the cases of 1Ps 7, 2Ps 4, and 2Pg 3, while it
took several hours for 3Ps 3 and 4Ps,. These gels were stable at
room temperature but became sol again upon heating. The
transition was fully reversible showing no indication of decom-
position, after a number of cycles of heating and cooling.
Field-emission scanning electron microscopy (FE-SEM)
showed that the gel was composed of a dense network of fibers
with diameters ranging from 10 to 100 nm which immobilized
THEF inside (Fig. 6b-f), while THF-soluble 3P4 4 and 4P, did
not produce such a morphology (Fig. 6g). No notable differences

Table 1 Polymerization results, molecular weights, and physical properties

Entry No. of arms DP per arm (NMR)“ M, (NMR)* M, (GPC)’ PDI? M, (GPC)/M,, (NMR) T [m)%em? g~
1Ps, 1 5.7 1610 2270 1.08 1.41 151 5.4
1Ps 5 1 8.3 2210 2950 1.18 1.33 164 6.3
2Ps, 2 5.4 2940 4440 1.14 1.51 173 10.9
2P 5 2 6.3 3400 4750 1.20 1.40 177 12.0
3P4, 3 44 3730 5550 1.15 1.49 177 11.2
3Ps; 3 5.3 4370 5750 1.30 1.32 185 12.2
4P, 4 29 3580 4440 1.12 1.24 165 8.6
4Ps, 4 5.0 5570 6740 1.26 1.21 179 12.9

“ On the basis of the integration of "H NMR spectra of polymers. © Determined by THF-GPC using polystyrene standards (RI detector). ¢ Measured by
DSC with a heating rate of 5 °C min~' (2™ scan). ¢ Intrinsic viscosity, measured in DMF at 30.5 °C.
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Fig. 4 DSC thermograms of the polymer (2" heating scan with the
heating rate of 5 °C min~" in N,).

were observed between the polymers having different numbers of
arms. Fig. 6h and i show electron micrographs of 2Pg3 gel
obtained with a field-emission transmission electron microscope
(FE-TEM), indicating the amorphous nature of the fibers.

The solubility of the polymers was tested in other solvents,
including n-hexane, ethanol, ethyl acetate, methyl ethyl ketone,
acetonitrile, acetone, 1,4-dioxane, methylene chloride,
chloroform, ethylene dichloride, toluene, chlorobenzene, and
o-dichlorobenzene. As expected, the polymers showed good
solubility in chlorinated aliphatic solvents and moderate solu-
bility in acetone but were insoluble in other solvents.

Table 2 summarizes the gelation behavior of the polymer in
THEF. It turned out that the number of repeating units per arm,
not the number of repeating units per polymer, was critical in the
formation of gel. The polymers having approximately 5
repeating units per arm formed a gel regardless of the number of
arms. The polymers with repeating units less than 5 per arm were
soluble in THF and did not form a gel. If the number of repeating

24.0 5

235 1P

| ]
22.0 & 4P,

215 —T T, f I r d1 °r FE ¢ I & & r 1
5 6 7 8 9 10 14 12 13

10" number of ends/M, (NMR)

Fig.5 Dependence of glass transition temperature on the number of end
groups per molecule divided by the molecular weight of the polymer, i.e.,
the end group concentration in the sample.

Fig. 6 (a) Optical image of 1Ps 5 gel (left) and 2Ps 4 gel (right). FE-SEM
images of the xerogel of (b) 1P5, (c) 2Ps.4, (d) 2Pg 3, (¢) 3P53, (f) 4Ps,
and dried sol of (g) 4P, 9. FE-TEM images of the xerogel of (h) 2Pg 3, and
(i) a magnified fiber of 2Pg 3 in high resolution mode (inset: FFT image).

units per arm were much greater than 5 (i.e., 1Pg3), the polymer
became insoluble in THF like conventional PAES. These solu-
bility properties suggest that the unusual solubility of PAES
synthesized in this study originates from the end groups and
initiating moiety of the polymers. Because the molecular weights
of the polymers are quite low, both the end groups and the
initiating moiety occupy significant fractions. Especially the
initiating moiety should play an important role since it contains
aromatic secondary amides and trifluoromethyl groups which
enhance the solubility in THF. Based on the group solubility
approximation, relative energy difference (RED) value of PAES
in THF was 1.237, indicating that PAES would be insoluble.*®
The existence of aromatic secondary amides and trifluoromethyl
groups seems to decrease the RED value. If the number of
repeating units is less than 5, it is expected that the RED value
will be less than 1, making the polymer soluble in THF. As the
number of repeating units per arm increases, the relative fraction
of the initiating moiety decreases compared to the repeating unit
and the enhancement on the solubility in THF should become
insignificant.

It seems that the initiating moiety played an important role not
only in the enhancement of solubility in THF, but also in the
gelation by forming hydrogen bonds between the amides.
Temperature-dependent '"H NMR spectroscopy experiments
were conducted for 2P¢ 5 and 4P, ¢ in THF-ds to investigate the
role of hydrogen bonding. Fig. 7a illustrates "H NMR spectra of
2P3in THF-dg (10 g L") recorded at 27 °C (gel state) and 60 °C
(sol state). When the temperature increased, the peak corre-
sponding to the amide proton shifted from 9.6 ppm to 9.3 ppm
(4 = 0.27 ppm), indicating the disruption of hydrogen bonds
between the amides at elevated temperature. Compared to that,
the solution of 4P5 ¢ in THF-dg (10 g L") maintained its sol state

This journal is © The Royal Society of Chemistry 2011
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Table 2 Gelation of polymers in THF (10 g L")

Entry
State”

1P5 5 1Pg3 2Ps4

2Ps; 3P44 3Ps; 4P,y 4Ps,
G4 1

G447 G@45 S GO S G (10)
“ G: Gel, S: soluble, and I: insoluble. ® In parentheses: CGC (g L.

at 27 °C as well as at 60 °C, and the extent of the upfield shift of
the peak corresponding to the amide proton was smaller (4 =
0.17 ppm) than that of 2Pg 3 solution.

FT-IR measurements of the polymer solutions in THF also
support the importance of hydrogen bonding in gelation. Fig. 8a
shows the amide I and amide II vibrational bands of 2Pg 3 in the
gel and the sol state, respectively. When the solution became gel
upon cooling, the bands showed large red-shift, clearly indicating
the formation of hydrogen bonds. The intensity of hydrogen
bonding of 3Ps 3 was relatively weak reflected in the small red-
shift of the amide I and amide II vibrational bands when sol to
gel transition occurred (shown in Fig. S27). The polymer 4P,
did not show any shift of the amide absorption band as it did not
show a sol-gel transition.

Taking the evidence together, we propose that gelation of the
polymer solution (THF) is mainly driven by the aromatic amide
motif at the initiating site which forms hydrogen bonding upon
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Fig. 7 Temperature-dependent '"H NMR spectra of (a) 2Pg3 and (b)
4P, ¢ (THF-dg, 400 MHz) at 27, and 60 °C.
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Fig. 8 FT-IR spectra of the (a) 2Pg3 and (b) 4P, (10 g L', THF).

cooling and produces self-assembled nanofibers. It seems that the
stability of the gel comes from the effective protection of the
hydrogen bonds by surrounded PAES chains which are solvo-
phobic in THF, hence prevents THF molecules from the access
to the amide. The suggested mechanism resembles to those

proposed for low-molecular weight organogelators®*! rather
42-45

than polymers, which can be understood considering
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Intensity (a.u.)
1

2P, , (xerogel)
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Fig. 9 Wide-angle powder XRD patterns of the polymers.
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well-defined but rather low molecular weight of the polymers
used in this study.

Powder X-ray diffraction patterns of the xerogels shown in
Fig. 9 also support the above explanation. Because the PAES
itself is amorphous,*®*” the as-synthesized 1Ps.7 did not show any
diffraction. However, xerogel of the polymers showed peaks at
the region of 18-30° which can be attributed to the structural
periodicity of hydrogen bonded aromatic amides. It is also noted
that 1Ps; and 2Pg3 showed the peaks with relatively higher
intensities compared to 3Ps3. It is speculated that the aromatic
amides are more crowded as the number of arms connected to the
initiator increases and the hydrogen bonds between the amides
become weaker. These results are also found in the critical
gelation concentration (CGC) of the polymers shown in Table 2,
showing higher CGC for polymers with more number of arms.

Conclusions

Well-defined poly(arylene ether sulfone)s with various numbers
of arms were successfully synthesized from multi-arm amide
initiators (1A—4A) via chain-growth condensation polymeriza-
tion. The physical properties of the polymers including 7, and
viscosity were strongly affected not only by the molecular weight
but also by the polymer architecture. Unexpected physical
gelation of the polymer solutions attributed to the self-assembly
of the polymers induced by the hydrogen bonding between the
aromatic amides at the initiating moiety.
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