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Abstract

Non-ionic aliphatic polymers containing ester and sulfonyl moieties, poly(ester-sulfones) were found to show anode-
selective electrophoresis under electrophoretic deposition (EPD) conditions. Various polyesters containing a sulfide linkage
were prepared via low-temperature polycondensation using scandium trifluoromethanesulfonate [Sc(OTf);] as a catalyst in
order to clarify the relationship between the chemical structure and the electrophoresis. Subsequently, oxone oxidation was
carried out in order to obtain the expected saturated and unsaturated poly(ester-sulfone)s, and electrophoretic deposition
(EPD) of the poly(ester-sulfone) onto stainless steel was performed. For unsaturated poly(ester-sulfone) onto stainless steel,

subsequent UV irradiation cured the deposited film, improving the peeling strength of the coating.

Introduction

The design of new functional polyesters and the develop-
ment of new properties of these polyester-based frontier
materials are expanding in both academia and industry
[1-7]. Polyesters are usually produced by condensation
of a diol with a dicarboxylic acid or hydroxylcarboxylic
acid [8-12], or by the ring-opening polymerization of a
lactone [13—15]. Over the past decade, our group has
investigated the low-temperature polycondensation of diols
and dicarboxylic acids [16—24], which has allowed us to use
thermally labile monomers containing functional groups
[25-28]. The recent growth of click chemistry [29]
prompted us to investigate a new synthetic approach to
functional polyesters via click polymerization (polyaddi-
tion), and we have already reported polyesters containing
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triazole units [30, 31] and sulfide linkages [32] in the main
chain via Cu(I)-catalyzed click chemistry [33, 34] and thiol-
ene click chemistry [35—41], respectively. We have also
reported that oxone oxidation of poly(ester-sulfide)
prepared via thiol-ene-based click polymerization affords
the corresponding poly(ester-sulfone), and unexpectedly
found that the non-ionic poly(ester-sulfone) undergoes
anode-selective electrophoretic deposition (EPD) on stain-
less steel (Figs. 1, 2) [32]. This enabled us to coat both
bioactive glass [32] and titanium (IV) oxide (TiO,) [42]
anode selectively, and further, to fabricate electrophoretic
poly(ester-sulfone) gels [43]. In turn, this prompted us to
explore why the poly(ester-sulfone) is deposited onto the
anode, and what part of the sulfone-containing polyester
structure is responsible for this unusual electrophoretic
behavior. Recently, we synthesized a new poly(2-oxazo-
line) [44, 45] and a new poly(alkyl methacrylate) [46, 47]
containing pendent sulfones (for transparent -coating
applications) via ring-opening polymerization and atom
transfer radical polymerization (ATRP) procedures, and we
investigated the electrophoretic behavior. A dispersion of
these polymers in N,N-dimethylformamide (DMF)/ethanol
also moved to the anode, suggesting that the sulfonyl
groups are key to this phenomenon, and we concluded that
partial charge separation of protic alcohols is induced by the
pendent sulfonyl group at the interface under the influence
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of the electric field [48]. Now, a series of poly(ester-
sulfone)s must be synthesized in order to clarify the rela-
tionship between the chemical structure and electrophoretic
behavior, and polycondensation as a synthetic strategy is
likely to be a reliable approach.

Electrophoresis is employed in numerous engineering
applications such as in the separation of polyelectrolytes
and in coating via EPD. Smoluchowski presented the most
well-known model wherein he argued that the mobility of a
charged spherical colloid is given by p=e{/A4zn) in the
thin double-layer limit (where u is the mobility, e is the

power supply

Fig. 1 Schematic representation of EPD of poly(ester-sulfone) (Color
figure online)

dielectric constant of the solution, { is the electrostatic
potential at slip surfaces, and 5 is the viscosity of the
solution) [49, 50].

In this article, we report the low-temperature dehydration
polycondensation of a series of sulfur-containing dicar-
boxylic acids and diols to produce the corresponding poly
(ester-sulfide)s (Scheme 1). Successive sulfone oxidation
leading to the corresponding saturated poly(ester-sulfone)
enabled us to perform anode-selective EPD from DMF/
alcohol dispersions. Low-temperature polycondensation
enabled us to use unsaturated dicarboxylic acid to afford an
unsaturated poly(ester-sulfone) without cross-linking. After
the EPD, the coated film was cured by ultraviolet (UV)
irradiation. Properties of the coatings were evaluated via a
tape test, in which a cross-cut mark (1 mm x 1 mm) was
applied to the coating surface to evaluate peeling.

cathode (-)

anode (+)

-

Fig. 2 Anode-selective deposition of poly(ester-sulfone) after EPD
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Scheme 1 Synthesis of poly(ester-sulfone)s via low-temperature polycondensation
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Table 1 Polycondensation of 2,2-thiodiglycolic acid (TDGA) with
3-methyl-1,5-pentanediol using Nf,NH or Sc(OTf); as the catalyst

Run Catalyst* Temp Time MY MM Yield®
(%) (h) (x107%) (%)

1 Nf,NH 80 5 47 2.1 65

2 Sc(OTf); 80 5 6.5 1.8 81

3 Sc(OTf); 80 8 145 2.1 71

* 0.5 mol% catalyst to monomer

b M, and M /M, were determined via GPC with DMF as the solvent.
Poly(styrene) served as the standard

¢ Yields were calculated after purification by reprecipitation
Experimental procedure
Materials and methods

Chemicals were obtained from commercial sources
and used without further purification. '"H NMR spectra
were acquired at 27°C wusing a Bruker Analytik
DPX200 spectrometer (200 MHz) or a Bruker Analytik
DPX400 spectrometer (400 MHz). Tetramethylsilane was
used as the internal standard (0Oppm). FT-IR spectra
of the polyesters in KBr disks were obtained using a
JASCO/IR430 spectrometer. The number average mole-
cular weight (M,) and the polydispersity index (M/M,) of
each polymer were determined by size exclusion chroma-
tography using a Tosoh DP8020 pump system, an RI
(Tosoh RI-8020) detector, a TSK-Gel supermultiporehz-M
column (eluent, chloroform; flow rate, 0.35 ml/min;
temperature, 40 °C) or a TSK-GEL «-3000 column (eluent,
0.05% (w/v) LiBr/DMF; flow rate, 0.5 ml/min; temperature,
40 °C; Tosoh Corp.). The columns were calibrated with
polystyrene standards. Differential scanning calorimetry
(DSC) was performed from —90 to 180 °C to —90 °C, at
10 °C/min on a DSC6220S calorimeter (Seiko Instruments
Inc., Chiba, Japan). The instrument was calibrated with
indium and tin. Each polyester sample weighed between 5
and 8mg, contained in covered aluminum pan in the
calorimeter. The glass-transition temperature (1) was taken
as the inflection point of the DSC heat capacity jump. The
melting temperature (7,,) was defined as the minimum point
in the endothermic trough. Zeta potential ({) measurements
were performed using a Zetasizer Nano ZS (Malvern
Instruments, UK). The measurement principle was electro-
phoretic light scattering, and literature 7 values were used.

Synthesis of poly(ester-sulfide)s by
polycondensation

A typical procedure for bulk polycondensation at relatively
low temperature was performed using various monomers;
an example (Table 2, entry 3) follows. Sc(OTf); 49 mg

(0.1 mmol), 2,2'-thiodiglycolic acids (TDGA) 1.50g
(10 mmol), and 3-methyl-1,5-pentanediol (MPD) 1.18 g
(10 mmol) were mixed and then stirred at 80 °C until a
homogeneous state was observed. The pressure was gra-
dually decreased to 0.3—3 mm Hg for 10 h. For purification,
the products were dissolved in CHCI3, reprecipitated with
diethyl ether, and dried under reduced pressure. The pro-
duct, poly(TDGA-alt-MPD), was characterized by '"H NMR
spectroscopy. 'H NMR (200 MHz in CDCls, §): 4.18
[t, OCH,CH,CH(CHj3), 4H, 6.0Hz], 3.39 (s, O=
CCH,SCH,, 4H), 1.83-1.62 [brm, OCH,CH,CH(CHj3) and
OCH,CH,CH(CH3), 3H], 1.62-1.40 [brm, OCH,CH,CH
(CHj;), 2H], 0.97 [d, OCH,CH,CH(CH3)CH,, 3H, 6.0 Hz].

Oxone oxidation of poly(ester-sulfide)s to poly
(ester-sulfone)s

An example (Table 2, entry 3) of the oxidation of a poly
(ester-sulfide) to a poly(ester-sulfone) follows. The poly
(ester-sulfide), poly(TDGA-alt-MPD), (232 mg, 1.0 mmol
repeating unit), and oxone (1.23 g 2.0 mmol) in DMF
(20 ml) were added to a 20 ml round-bottom flask. After
stirring at room temperature for 24 h, the mixture was
filtered, and the solvent was evaporated under reduced
pressure. For purification, the product was then dissolved in
DMF, reprecipitated by addition of H,O, filtered, and dried
under reduced pressure. The product was characterized by
'H NMR spectroscopy. '"H NMR (200 MHz in CDCls, 8):
434 (s, O=CCH,SO,CH,, 4H), 4.31-4.17 [brm,
OCH,CH,CH(CH3;), 4H], 1.96-1.64 [brm, OCH,CH,CH
(CH3) and OCH,CH,CH(CHj), 3H], 1.64-1.42 [brm,
OCH,CH,CH(CHj3), 12H], 0.97 [d, OCH,CH,CH(CHj;)
CH,, 3H, 4.7 Hz].

Preparation of poly(ester-sulfone)/DMF dispersions
and EPD on stainless steel electrodes

The poly(ester-sulfone)s were stirred in DMF. Then, a
poor solvent was added to the solution, which was then
ultrasonically agitated for 5 min. To deposit the poly(ester-
sulfone)s onto the stainless steel electrodes via EPD, the
distance between the electrodes was 6.5 mm, and the
deposition time was 90s at a voltage of 200V. The
depositions were carried out on 0.2 X 15 x 25 mm stainless
steel SUS 301 electrodes obtained from the Japan Metal
Service (Saitama, Japan).

Photo-induced photo-curing of coated film
(unsaturated poly(ester-sulfone)) on a stainless steel
anode

UV curing of the unsaturated poly(ester-sulfone) was
performed using longer-wavelength UV light (in the near
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Table 2 Polycondensation of sulfide-containing dicarboxylic acids and diols® and subsequent oxidation to poly(ester-sulfone)s®

Run Carboxylic acid Diol Yield M, x10° T Oxone oxidation”
(%) (M /M) (°C) Yield M, x10° T,
(%)  (MW/My) (°C)
1 i i \)v 5.0(1.8) -52 69 6121 -2
As A, 0(1.8) - 11 -
O O
2 HO)]\/S\)J\OH \)Q oH 72 79(1.6) -18 66 7722 -15
i i 14.5
3 oS W (2'1) 29 61  135(14) -17
i i 19.5
4 oSy /\<:>\/OH 96 (2'3) 32 69 19.5(2.6) 0
0} o}
5 - -
o e~ e~ s \)@ 69  3.5(1.9) -52 61  33(1.8) -19
6 o} o}
83(2.1) -40 56 83(1.9) -7
HO)K/\S/\)kOH /\)\/\ 2.1) (1.9)
! HO SQCL /\)\/\
fs/\/ OH 8.1(2.2) -45 67 7.9 (1.9) -10
(0]
& All  reactions are bulk polycondensations at 80°C (at 90°C for run 4) under reduced pressure

(0.3-3.0 mm Hg)
® Performed in DMF at r.t. for 24 h

¢ M, and M/M, were determined by GPC with DMF as the solvent. Poly(styrene) served as the standard

4 Tg values were measured during the first DSC scan at a heating rate of 10 °C/min

visible region, above 430 nm). The curing performance was
evaluated via a tape test (peeling test), in which a cross-cut
mark (1 mm x 1 mm) was observed on the coating surface
after UV curing, while the mark disappeared on the uncured
unsaturated poly(ester-sulfone)-coated stainless surface.
The resultant images are shown in Fig. 4. A cross-cut mark
was applied onto the coating surface to evaluate the effec-
tiveness of the curing. This cut mark appears even after the
tape test, indicating that UV curing was successful.

Results and discussion

Synthesis of the poly(ester-sulfide)

Polycondensation of TDGA with MPD was used to
compare the effectiveness of two catalysts (Table 1, runs 1
and 2; conditions: 80°C, 5h reaction time, 0.5 mol%

catalyst/monomer). The M, values of the polyester when bis
(nonafluorobutanesulfonyl)imide (Nf,NH) [23] was used as

SPRINGER NATURE

the catalyst were less than when Sc(OTf); was used,
although Nf,NH produced a polyester with a similar
molecular weight distribution. When the reaction time was
extended from 5 to 8 h using Sc(OTf); as the catalyst, the
M, value of the polyester increased to 14.5kDa. These
results suggest the use of Sc(OTf); as an effective catalyst in
the polycondensation of TDGA with MPD.

Next, the Sc(OTf);-catalyzed polycondensations of
TDGA and 3,3'-thiodipropionic acid (TDPA) with several
diols including MPD, 2-methyl-propanediol (MPrD), 2,2-
dimethyl-1,3-propanediol (DMPrD), and 1,4-cyclohex-
anedimethanol (CHDM) were investigated at 80-90 °C
(Table 2). The results are summarized in Table 2, which
clearly shows that polyesters of greater molecular weights
(M, = 14.5kDa) were prepared (run 3). Polycondensation
of TDGA with CHDM did not proceed at 80 °C because
CHDM is not miscible in solid TDGA at that temperature.
When the polycondensation of TDGA with CHDM
was carried out at 90 °C, a polyester with an M, value of
19.5 kDa was obtained.
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Table 3 EPD of DMF/n-BuOH dispersions on stainless steel electrodes®

Run  Structure M,*x10°  Dispersion Zeta Picture Deposition
(M/M,")  DMF/n-BuOH  Potential (mg/cm®)
(v/v) (mv)
1 J[O S O\)\+ 6.1(2.1) 13 -0.2 Not deposited
2 J[O s ON 7722 13 -15 >0
o) o
3 J[Tol/;/,s\g\lof \/M/n 13.5(1.4) 13 -52 2.5
O oo ©O
4 \\S//
OJ\/ \)J\O/\O\J/ 19.5(2.6) 1525 -1.2 6.9
n
\/O O
o LA
19.5(2.6) 1/1 -7.2 49
n
o)
6
oJ\/\,/s\\/\)Lo 33(1.8) 173 2.9 Not deposited
00 "
; o)
J[OJ\/\/S\/\)kO 83(1.8)  1.5125 2.9 >0
O/\
8 \\//
J[\n/\/“\ \)J\ M\ 8121 13 32 5.6

# Deposition time of 90 s; voltage of 200 V

® M, and M,/M, were determined by GPC with DMF as the solvent. Poly(styrene) served as the standard

Synthesis of the poly(ester-sulfone)

Successive oxone oxidation of the poly(ester-sulfide)s was
then performed, producing the corresponding poly(ester-
sulfone)s (Table 2). According to our reported procedure
[32], 2 equiv. of oxone per sulfide quantitatively converted
the sulfides to sulfones (Supporting Information, Supple-
mentary Figs. S1, S2). The M,s of the poly(ester-sulfone)s
were similar to those of the parent poly(ester-sulfone)s
(Table 2).

Preparation of poly(ester-sulfone)/DMF dispersions
and EPD on stainless steel electrodes

According to our reported procedure [32], n-BuOH was first
used as the poor solvent for the poly(ester-sulfone)/DMF

dispersions. In all cases, stable dispersions were obtained,
and all of the dispersions visibly moved to anode, but
deposition of the poly(ester-sulfone) was not observed for
the reaction of TDGA and MPrD (Run 1, Table 3) and
TDPA and DMPrD (Run 6, Table 3). We considered that
the resulting selective affinity of the ions (charge-separated
alcohol) to this poly(ester-sulfone) prepared via room-
temperature polycondensation may also lead to finite elec-
trophoretic mobility, which coincides well with Uematsu’s
new theory [50] that electrophoresis of electrically neutral
porous spheres can be induced by selective affinity of ions.

The results described above indicated that the sulfonyl
groups in poly(ester-sulfone) main are key functionality
in the electrophoretic behavior. Therefore we synthesized
the poly(ester-sulfone) containing higher sulfonyl content
in the main chain by polycondensation of 1,2-ethylenebis
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SEI' 10kV. WD10mm SS60 x800 20 m  e—

Fig. 3 Scanning electron micrographs of poly(ester-sulfone) films
prepared via polycondensation of EBGA with MPD (run 8 in Table 3).
Thickness of the composite was estimated from a cross section of the
composite (x800 magnification) (Color figure online)

Table 4 EPD of DMF/MeOH dispersions on stainless steel electrodes®

(dithioglycolic acid) (EBGA) with MPD and subsequent
oxone oxidation (Table 2, run 7) (see also Supporting
Information, Supplementary Fig. S3). In the EPD, much
deposition was confirmed (run 8, Table 3), compared with
the results using other poly(ester-sulfone) (Table 3). The
composite thickness (run 8, Table 3) was 56 pum on average
(Fig. 3), which is thicker than that of poly(ester-sulfone)
prepared via polycondensation of TDGA and MPD (run 3
in Table 3 and please see also Supplementary Fig. S4).
The results well-coincided with that a poly(ester-sulfone)
colloidal suspension has formed and that the sulfone
moieties were responsible for anode-selective deposition.
Next, MeOH was used as the poor solvent (Table 4).
Stable dispersions were also obtained in all cases. All of the
dispersions were again visibly observed to move toward the
anode, but resulting in deposition of only two poly(ester-
sulfone)s consisting of TDGA and MPD (run 3, Table 4),
and TDPA and CHDM (run 4, Table 4) [13-24]. These

Run  Structure M,x107  Dispersion  Zeta Picture Deposition
(M,/M,") DMF/MeOH Potential (mg/cm?)
(v/v) (mv)

o e}

1 J[ O \)\t 612.1) 173 ~0.9 Not deposited
o 00 o
J[o o)q
S .

2 \g/;’/ \\OA(T n 7.722) 13 0.4 Not deposited

w

Jfo\n/\/,s\\/\r(o\/ﬁ/\”} 13.5(1.4)
o 00 o n

o0 9
) J[O)J\/S\)J\OW 19.5 (2.6)

5 3.3(1.8)
1L )J\A “)t %
¢ o
,/\\ . 8.3(1.9)

~
\\ E
//
//
g
=1
=
—_
~
4
—
~

173 -2.1 4.8
1.5/2.5 -1.8 2.4
1/3 -0.5 Not deposited
1/3 2.6 Not deposited
173 -20.8 4.9

# Deposition time of 90 s; voltage of 200 V

> M, and M,/M, were determined by GPC with DMF as the solvent. Poly(styrene) served as the standard
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Scheme 2 Synthesis of unsaturated poly(ester-sulfone)s via low-temperature polycondensation

o/\V/LV/\ofx / {g/\njio/\v/Lv/\ofy

i

Fig. 4 Pictures of cross-cut test before (left) and after (right) exposure to UV light with the corresponding schematic representation (lower).
A cross-cut mark (1 mm x 1 mm) was observed on the coating surface (Color figure online)

results indicate that the EPD behavior is influenced by both
the type of poly(ester-sulfone) as well as the poor solvent.
The thickest EPD film that obtained a higher molecular
weight poly(ester-sulfone) was used; [16—24] however, the
composite films cracked (runs 4 and 5, Table 3; run 4,
Table 4). These results indicate that the molecular weight of
the poly(ester-sulfone)s also influences the properties of the
EPD-coated film.

Zeta potential measurements of the poly(ester-
sulfone) emulsions

To characterize the electrophoretic behavior of the poly
(ester-sulfone), its zeta potential was measured in different
mixtures of DMF and n-BuOH or MeOH (Tables 3, 4). The
negative values measured support the anode-selective
deposition, and the larger the negative values were, the
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more stable the suspensions obtained were (runs 3, 4, and 7
in Table 4), when we used MeOH as the poor solvent for
the preparation of dispersions. From the results above, we
concluded that negative zeta potential coincided with the
anode-selective EPD behavior, in which we visibly
observed that the electrophoresis mobility is correlate with
the absolute value of zeta potential, but the deposition
mechanism is influenced by both the structure of poly(ester-
sulfone) as well as the solvent of dispersion.

Synthesis of unsaturated poly(ester-sulfone) by
room-temperature polycondensation

Next urgent subject in a series of these studies is to
strengthen as well as increase the coated film, in which
photo-induced cross-linking is the most accessible approach.
Recently, we reported a synthetic pathway via acyclic diene
metathesis (ADMET) polymerization [51]. As another syn-
thetic procedure, room-temperature polycondensation [25-
28] is the most reliable way in polymer science. We already
reported unsaturated polyesters using several unsaturated
dicarboxylic acid. In this work, we demonstrated ternary
polycondensation of TDGA, MPD, and itaconic acid (IA)
(Scheme 2) in which the polycondensation proceeded
smoothly at 80°C to give an expected unsaturated poly
(esfter-sulfide), poly[(TDGA-alt-MPD)-co-(I1A-alt-MPD)]
with M, of 10.1 x 10° (My/M, =2.9). Subsequent oxone
oxidation afforded the expected poly(ester-sulfone) with M,
of 9.8 x 10° (M,/M, = 2.8) (Scheme 2).

Photo-induced photo-curing of coated film (unsaturated
poly(ester-sulfone)) on a stainless steel anode

UV curing of the unsaturated poly(ester-sulfone) was per-
formed using longer-wavelength UV light (in the near visi-
ble region, above 430 nm), in which the UV irradiation was
confirmed by decrease of IR signal assigned to stretching
signal of C = C vibration at 1620/cm (Supporting Informa-
tion, Supplementary Fig. S5). The curing performance was
evaluated via a tape test (peeling test), in which a cross-cut
mark (I mm x 1 mm) was observed on the coating surface
after UV curing, while the mark disappeared on the uncured
unsaturated poly(ester-sulfone)-coated stainless surface. The
resultant images are shown in Fig. 4. A cross-cut mark was
applied onto the coating surface to evaluate the effectiveness
of the curing. This cut mark appears even after the tape test,
indicating that UV curing was successful.

Conclusion

Non-ionic saturated and unsaturated polyesters containing
sulfide groups linkages on the polymer backbone were
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synthesized via dehydration polycondesation using Sc(OTf)
3 as the more ideal dehydration catalyst. Subsequent oxone
oxidation was carried out, affording the corresponding poly
(ester-sulfone)s, and these poly(ester-sulfone)s were coated
onto stainless steel via anode-selective EPD. The EPD
behavior was influenced by both the type of poly(ester-
sulfone) as well as the poor solvent used. For unsaturated
poly(ester-sulfone), coating strength was evaluated via a
tape test, in which a cross-cut mark was observed on the
coating surface after UV curing, while the mark disappeared
on the uncured unsaturated poly(ester-sulfone)-coated
stainless surface. The fundamental results indicated that
room-temperature polycondensation as well as ADMET
polymerization are the beneficial synthetic procedures for
electrophoretic unsaturated polyesters.
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