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ABSTRACT: Synthesis of ortho- and para-acryloylaminophenylarsonic acids (o-AAPHA

and p-AAPHA) monomers and their homopolymers, useful as ion-exchange materials,
are reported. Both the monomers and homopolymers are synthesized with >90%
yield. The structures of the new compounds are determined by NMR and FTIR spec-
troscopy. Molecular weights of the polymers are determined from light scattering
measurements and found to be M, = 38,759 g/mol for o-AAPHA polymer and M,
= 31,347 g/mol for p-AAPHA polymer. Good thermal stability of the new compounds
derived from their intra- or intermolecular hydrogen bondings suggests their applica-
tions as proton-exchange membrane at high temperatures. © 2006 Wiley Periodicals, Inc.
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INTRODUCTION

In recent years, extensive efforts have been de-
voted to the development of new ionomers and
polyelectrolytes for their applications in fuel
cells,! water splitting,® electro-organic synthe-
sis,? catalysis,* and nanoparticle synthesis.’ Ion-
omers are defined as polymers with a relatively
small content of ionic groups.® One of the most
important characteristics of the ionomers is the
nature of their low content monomers with spe-
cific ionic group, which are responsible for pro-
ton exchange in the aforementioned processes.
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DISCOVER SOMETHING GREAT

The most common ionic groups used in the
preparation of ionomer membranes are the car-
boxylic, sulfonic, and phosphonic acid groups,
although recently the use of different heteropolya-
cids like silicotungstic acid,” phosphotungstic acid,
phosphomolybdenic acid, or phosphotin acid® has
been reported. All the ionomers have been studied
for their potential applications as proton-exchange
membrane (PEM) in fuel cells. Among the PEMs
for polymer electrolyte fuel cell applications, the
perfluorsulfonic acid polymer Nafion® is the one
which has been studied most extensively. How-
ever, the high cost, complicated manufacturing
process, high methanol permeability, and poor per-
formance at temperatures above 80 °C due to loss
of water are its main drawbacks, which lead to
the development of new PEMs to replace it.

Though the successful use of carboxylic, sul-
fonic, and phosphonic acid groups to prepare
PEMs with efficient ion-exchange characteris-
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tics® has been reported, there is no report on the
synthesis of ionomers or polyelectrolytes with
arsonic acid side group. —AsO(OH), group is a
proton exchanger very similar to phosphonic
acid that has been largely used in analytical
separation of different metals such as Al, Be, In,
Th, and Zr'® as well as for concentrating and
separation of trace metal ions from hard- and
sea-water.!’ Arsonic acid compounds manifest
enhanced selectivity to metal cations in the order
of Mg?" < Ca®" < Mn?" < Co®" < Ni*" < Zn?"
< Cu?".'2 Owing to the ion-exchange capacity
and selectivity of the —AsO(OH)y functional
group, polymers containing this group might
have potentials for use as PEMs in fuel cells.
Though its lower acidity in comparison with the
sulfonic acid group may result in slower ion-
exchange process at high pH values, its capacity
to interexchange two protons might be advanta-
geous in PEM applications.

In the present work, we report the synthesis,
characterization, and polymerization of two new
metallorganic monomers containing arsonic acid
group (AsO(OH),) attached covalently to the phe-
nyl ring of the molecule: the o-acryloylaminophenyl-
arsonic acid (0-AAPHA) and p-acryloylamino-
phenylarsonic acid (p-AAPHA). In the first, the
arsonic acid group is localized at the ortho-position
of the phenyl group, whereas in the second, the
arsonic acid group is placed at the para-position
and relatively distant from the double bond site of
the alkene group. The polymerization of o- and
p-AAPHA was carried out via free radicals, using
2,2'-azoisobutyronitrile (AIBN) as a free radical ini-
tiator. Formation and molecular structures of the
synthesized monomers and polymers were con-
firmed from their '"H NMR, '°C NMR, and infrared
(IR) spectra as well as from their elemental analy-
sis. Molecular weights of the polymers were deter-
mined by light scattering measurements. Thermal
stabilities of the new compounds were studied by
thermogravimetric analysis (TGA).

EXPERIMENTAL

Materials

o-Arsanilic acid was purchased from Sigma-
Aldrich. p-Arsanilic acid and acryloyl chloride
were purchased from Fluka Co. Acryloyl chlo-
ride was purified by distillation. Initiator AIBN
was recrystallized using methanol. All solvents
were used as delivered.
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Figure 1. Condensation reaction of the o-arsanilic
acid or p-arsanilic acid with acryloyl chloride.

Synthesis of 0-AAPHA and p-AAPHA

The monomers were obtained by condensation of
acryloyl chloride with the corresponding arsanilic
acid (Fig. 1). A 100 mL three-necked flask
equipped with a mechanical stirring device was
charged with 10 g (46.10 mmol) of o-arsanilic acid
(or p-arsanilic acid), and then 40 mL of ethanol
was added under stirring. After the complete dis-
solution of the o- or p-arsanilic acid, 3.72 mL
(46.15 mmol) of pyridine was added, and the mix-
ture was cooled to 5-6 °C in an ice bath, followed
by a drop wise addition of 3.75 mL (46.15 mmol)
of freshly distilled acryloyl chloride. The tempera-
ture of the exothermic reaction was maintained at
5-6 °C under stirring for 20 h. The resultant mix-
ture was carefully poured into 100 mL of acetone,
obtaining a white precipitate with a 98% yield.
For purification, the crude compounds were dis-
solved in ethanol-water (80:20) mixture and re-
crystallized. The solid was filtered off, washed with
water, and dried at 80 °C in vacuum for 12 h.

Synthesis of Poly(o-AAPHA) and Poly(p-AAPHA)

The monomers o-AAPHA and p-AAPHA acids
were polymerized in DMF solution, using AIBN
as a free radical initiator. 1.694 g (6.25 mmol) of
monomer and 4.2 mg (0.026 mmol) of initiator
were completely dissolved in 25 mL of DMF in a
glass test tube and bubbled with argon gas for
20 min. The test tube was then sealed under ar-
gon and placed in a constant temperature
(70 °C) water bath for 48 h. After this period,
the reaction mixture was cooled to room temper-
ature, and the polymers were isolated by precip-
itation of the viscous products in acetone (10
times the volume of the reaction mixture), and
with subsequent drying at 80 °C in vacuum for
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Figure 2. Photographs of the powdered o-AAPHA
(left) and p-AAPHA (right) samples. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

12 h. The polymers of 0-AAPHA and p-AAPHA
were obtained with a (1.517 g) 89 and (1.643 g)
97% yield, respectively. Both the polymers were
obtained in a powder form. While the p-AAPHA
polymer was white in color, the 0o-AAPHA poly-
mer was of light yellow-brown (Fig. 2).

Characterizations

'H NMR and '*C NMR spectra of the samples were
recorded on Varian Mercury 400 (400 MHz/100
MHz) or Varian Mercury 300 (300 MHz/75 MHz)
NMR spectrometer, using deuterated DMSO and
D50 as the solvents and TMS as the internal refer-
ence. IR spectra were recorded on a Perkin—Elmer
Spectrum GX FTIR spectrophotometer, with a
spectral resolution of 4 cm . Elemental analysis
(C, H, N) of the samples was carried out on a Per-
kin—Elmer C, H, N analyzer (model 2400). Ther-
mogravimetric measurements of the monomers
and polymers were carried out with a Metler Tol-
edo thermal gravimetric analyzer (model 851). The
measurements were performed from room temper-
ature to 550 °C, at a heating rate of 10 °C/min
under nitrogen atmosphere. Average molecular
weights of the polymers were determined by static
light scattering measurements using a ALV-5000
digital correlator system (Langen-GmbH, Germany)
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fitted with a temperature controller set at 25
+ 0.1 °C. For light scattering measurements,
samples of o- and p-AAPHA polymers were dis-
solved in DMF and water respectively, in three
different concentrations: 21.6, 25, and 29 mg/mL
for o- and p-AAPHA; 3.4, 5.2, and 7.0 mg/mL for
p-AAPHA. A vertically polarized argon laser
(30 mW, 4y = 632 nm) was used as excitation
source. The intensity of the scattered light was
measured at an angle of 90°. The reduced elastic
scattering I(q)/Kc, with K = 4n*nZ(dn/dc)*(I°%/
Rgo)/iﬁN A, Was measured, where n is the refrac-
tive index of the standard (toluene, 1.339), c is
the sample concentration in g/mL, I(g) is the in-
tensity scattered by the sample, and N, is the
Avogadro’s number. I° and R®° are the scattered
intensity and the Rayleigh ratio for the standard
at 0 = 90°, respectively. The increment of refrac-
tive index of the polymer solutions (dn/dc) was
measured with a refractometer (Mettler-Toledo,
model RE40D), resulting in 0.1386 L/mg for
0-AAPHA and 0.1817 L/mg for p-AAPHA. The
expression of the scattering angle g is given by: q
= (4nn/lo) sin(0/2). A Zimm plot was constructed
to extract the average molecular weight using
the following equation®®:

Ke/R® = (1/M) + 2Ac (1)

where M is the average molecular weight and A
is the second virial coefficient. The average mo-
lecular weight was obtained from the Y-axis inter-
cept of the Kc/R%° versus c plot at ¢ = 0.

RESULTS AND DISCUSSION

Monomer Characterizations

The 0-AAPHA was found to be soluble in polar sol-
vents like ethanol, methanol, water, DMF, and
DMSO at room temperature; whereas p-AAPHA
was soluble in methanol, DMF, and DMSO, and
partially soluble in ethanol and water. Both the
monomers were insoluble in toluene, ether, chloro-
form, acetone, tetrahydrofuran, benzene, and hex-
ane. Elemental analysis revealed 39.89% C, 3.73%
H, and 4.22% N contents in the monomers;
whereas, their exact formula values for the com-
pound CoH;7004NAs would have been 39.87, 3.71,
and 5.16%, respectively.

The 'H NMR and '3C NMR spectroscopic re-
sults of the synthesized monomers are summar-
ized in Tables 1-3. The most important signals for
both the compounds, which indicate their forma-
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Table 1. Assignment of "H NMR Peak Positions of the 0-AAPHA Acid Monomer

Chemical
Shift é(ppm)

Integration Multiplicity Jy_ g (Hz) Assignment

11.96
8.57
7.70
7.62
7.27
6.31
6.25
5.80

= e e e
ngaﬂﬁgnm

Structure

H(NH) |
8.8 H® 2
7.34; 6.36 HS
7.32; 8.8 H® A o
7.32; 7.36 H’ (HOJOMs ,
8.32; 8.8 H!
7.32; 9.8 H! i 8
9.8 H2 7

s, singlet; d, doublet; t, triplet; m, multiplet.

tion, were the multiplets assigned to the protons
on the CHy=C at 6.31 and 6.25 ppm for 0o-AAPHA
acid and at 6.45 and 6.30 ppm for p-AAPHA acid
monomer, respectively. The 'H NMR signal that
appeared at 5.80 ppm, for both the monomers, was
assigned to the proton of the CH, and the singlets
at 11.96 and 10.52 ppm were assigned to the pro-
tons of the amide group of o0-AAPHA and
p-AAPHA respectively. The 'H NMR data of the
0-AAPHA acid revealed four signals at 8.57, 7.70,
7.62, and 7.27 ppm, arising from four different aro-
matic protons, whereas the p-AAPHA acid
revealed signals at 7.88 and 7.73 ppm due to its
two different types of aromatic protons. In the **C
NMR spectra, the signal of the amide group car-
bon appeared at 164 ppm for both the monomers;
while the signals corresponding to the vinylic car-
bons appeared at 129.13 and 132.48 ppm for
0-AAPHA and at 128.58 and 132.04 ppm for
p-AAPHA. Finally, the signals of the aromatic car-
bons were localized between 120 and 144 ppm for
both the monomers.

Formation of the acid monomers is also evident
from their IR spectra (Fig. 3), where the absorption
bands due to primary amine group are absent. The

spectrum of the 0-AAPHA acid revealed the bands
due to the C=0 stretching vibration mode (amide I
band) at 1662 cm !, N—H bending (amide II band)
at 1546 cm !, C—N stretching (amide III band) at
1279 ecm 2, all of secondary amide group; and C=C
stretching at 1621 cm ™! of vinyl group. Also, there
appeared intense bands in the range of 900-
700 cm ! due to As—O stretching. Further, the IR
spectra of the monomer revealed absorption bands
at 3120 (N—H stretch), 2213 (O—H stretch), and
1643 cm ! (C=O0 stretch), confirming the presence
of three different types of hydrogen bonds, as iden-
tified from its crystallographic data.'* Such obser-
vations are not unexpected, since our compounds
have donor and acceptor groups, and hydrogen
bond formation between them is favorable. The
occurrence of N—H stretching band at frequencies
lower than 3400 cm ™! indicates the participation of
secondary amide N—H group in the hydrogen bond
formation.'® We believe that this band arises from
an intramolecular hydrogen bond involving the
atoms N—H--O—As in a single monomer.
Although the bands located at 2213 and 1643 cm ™ *
correspond to the intermolecular O—H..-O—As'®
and C= O--H—O hydrogen bonding, respectively.

Table 2. Assignment of "H NMR Peak Positions of the p-AAPHA Acid Monomer

Chemical
Shift 6 (ppm)  Integration  Multiplicity Jy_g (Hz)  Assignment  Structure
10.52 1 s H(NH) 2
7.88 2 d 5.6; 8.8 H® S
7.73 2 d 5.8; 8.8 H®
6.45 1 m 7.32: 9.8 H! FI "~-|
6.30 1 m H! oo
. 2
5.80 1 d 1.6;1.2 H | -

s, singlet; d, doublet; m, multiplet.
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Table 3. Assignment of 13C NMR Peak Position of
the 0-AAPHA and p-AAPHA Acid

Chemical Shift 6 (ppm)

o-AAPHA p-AAPHA Structure
ct 129.13 128.58
c? 132.48 132.04 P
c? 164.85 164.21 L
ct 141.32 143.51 Sy
c? 122.61 120.18 -
e 132.12 131.67 "
(o 125.42 128.20 0 b
c8 135.11 |
C? 121.60 ‘

Structure determination by X-ray diffraction of the
monomer revealed'* a 12.2° dihedral angle between
the acrylamide group (CH,=CHCONH—) and the
carbon atom of the benzene ring. Such conforma-
tion allows the formation of an intramolecular
hydrogen bond between the NH group of amide
and the O atom of the arsonic group. Crystal struc-
ture of 0-AAFA is built up from classical centro-
symmetric double hydrogen bonds involving O and
OH of the arsonic acid, forming dimers connected
in turn through a hydrogen bond between the OH
group of arsonic acid (as donor) and the O atom of
the amide functionality (as acceptor). The resulting
network in the crystal is a 1-D chain.

The p-AAPHA acid IR spectrum, in addition
to the bands due to As—O stretching modes,

—— o-AAPHA i
— «— p-AAPHA ;
80 {
g
Iy : 3
L] &
c i .
= : Ao
E ! I S
@ i £ oy
® 401 | f 3.
= foo J
0+——————— — .
3500 3000 2500 2000

Wave number [cm'1)

Transmitance (%)
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exhibits the bands corresponding to the vibra-
tional modes of C=0 stretching (amide I band)
at 1673 cm !, N—H bending (amide II band) at
1537 em ™!, C—N stretching (amide III band) at
1295 cm ! of secondary amide group, and C=C
stretching at 1621 cm ! of vinyl group, respec-
tively. In this case, the N—H stretch region of
IR spectrum revealed a band at 3310 cm ™!, with
a shoulder at 3440 cm ™!, which indicates the ex-
istence of both hydrogen bonding and free sec-
ondary amide N—H groups'” in the sample. In
p-AAPHA, as the —AsO(OH)y group is placed at
the para-position of the phenyl group, the intra-
molecular hydrogen bonding is impossible, and
only the intermolecular N—H:--O—As hydrogen
bonds can be formed. The bands observed at
2340 and 1641 cm ™! can be associated with the
presence of intermolecular O—H--O—As and
C=0--H—O hydrogen bonds in solid state.

Polymer Characterizations

The p-AAPHA polymer was soluble in highly polar
solvents like DMF, water, and DMSO; whereas,
the 0-AAPHA polymer was soluble only in DMF
and DMSO. Elemental analysis revealed 38.52,
4.52, and 5.93% of C, H, and N, respectively, for
the 0-AAPHA and 38.81, 4.81, and 5.63% of C, H,
and N, respectively, for the p-AAPHA polymers.
Our light scattering measurements offered M.,
= 38,759 g/mol for 0-AAPHA and M, = 31,347 g/
mol for p-AAPHA polymers, respectively.

100

60 |

ﬂ"’"‘l""l’""1"’"
1700 1650 1600 1550 1500

Wave number (cm"jl

Figure 3. IR spectra of 0-AAPHA and p-AAPHA monomers in the spectral range of

3600-2000 cm ™! and 1700-1500 cm L.
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Figure 4. IR spectra of the polymers in the spectral
range of 1800—-1400 cm .

Formation of the polymers was followed by
'H NMR and IR spectroscopies. Principal evi-
dence of polymer formation came from the dis-
appearance of the protonic signals on the
CH>=C of the monomers and the subsequent
appearance of the methylenic proton signals in
between 2.4 and 3.0 ppm for the polymers. Also,
the signals corresponding to the aromatic pro-
tons were observed in the 6.5-8.0 ppm interval.
Figure 4 shows the IR spectra of the o- and p-
AAPHA polymers, where the absorption band
due to C=C stretching of vinyl group is absent,
confirming the formation of the polymers. The
peaks corresponding to the C=O stretching
vibrational modes of secondary amide group
appeared at 1663 and 1672 cm ! for o- and p-
AAPHA polymers, respectively. The absence of
the absorption band corresponding to the inter-
molecular C=0--H—O hydrogen bonding indi-
cates that the hydrogen bond interactions are
markedly reduced in the polymers.

Thermal Stability

The thermal stabilities of the new monomers
and polymers are studied through thermogravi-
metric measurements (Fig. 5). The thermogravi-

metric curve of 0-AAPHA [Fig. 5(a)] shows three
distinct regions of weight loss with the increase
of temperature. The first, a gradual weight loss
of about 15.5% beginning at 120 °C and ending
at 176 °C, is associated to the residual water
loss. In the second region, about 33% of the
weight is lost between 280 and 330 °C. This
weight loss is probably due to the initial decom-
position of organic components. Above 340 °C, a
complete decomposition of the organic compo-
nents of 0-AAPHA occurs. For the p-AAPHA,
the thermogravimetric curve shows a 6.45%
weight loss in between 185 and 218 °C. The p-
AAPHA shows excellent thermal stability up to
340 °C and then a drastic weight loss in be-
tween 360 and 450 °C. These weight losses rep-
resent the residual water release and decompo-
sition of organic components respectively.

Figure 5(b) shows the thermogravimetric
curves for the polymers. While the o-AAPHA
loses about 7.7% of weight in between 62 and
205 °C, the p-AAPHA loses about 11% of weight
in between 69 and 273 °C. Such a gradual
weight loss in the polymers can be attributed
entirely to the loss of water from them. Above
330 °C, the final decomposition of the polymers
begins.

As shown in Figure 5, the p-AAPHA com-
pounds are thermally more stable than the cor-
responding 0-AAPHA compounds, since both
the water loss and initial decomposition begin
at higher temperatures for the former. These
results suggest that the intermolecular hydro-
gen bonding in p-AAPHA compounds give a
better thermal stability than do their ortho
counterparts where the intramolecular hydro-
gen bonding is in vogue. The process of dehy-
dration in polymers starts at higher tempera-
tures than in the monomers and ends at signifi-
cantly higher temperatures. While the weight
loss curves for the monomers show clearly sep-
arated regions, indicating the involvement of
distinct decomposition processes, absence of
such distinct weight loss regions for the poly-
mers indicate that the decomposition process in
them is rather complicated.

CONCLUSIONS

In conclusion, new metal-organic compounds con-
taining AsO(OH), group capable of cation exchange
are synthesized. The 0-AAPHA acid forms both in-
tramolecular and intermolecular hydrogen bonds,
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Figure 5. TGA curves of the (a) monomers and (b) polymers.

and the p-AAPHA acid forms only intermolecular
hydrogen bonds. The hydrogen bond concentration
in the compounds reduces drastically on polymeri-
zation. 0-AAPHA, p-AAPHA, and their polymers
are of good thermal stability. Owing to the ion-ex-
change capacity and good thermal stability of these
new compounds they should be the promising can-
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didates for the applications as thermally stable
PEMs.
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