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Abstract In solvent acetone, ethyl ester hydrochloride of
N,N-diallylmethionine I having sulfide motifs underwent al-
ternate cyclopolymerization with SO2 to give copolymer II
(i.e. I-alt-SO2), while in DMSO (Me2S = O), it gave terpoly-
mer III containing sulfide and sulfoxide motifs in a 1:1 ratio
as a result of oxygen transfer fromMe2SO. Remaining sulfide
group in III upon oxidation with H2O2 afforded polymer sulf-
oxide IV and polymer sulfone V. Likewise; copolymerization
of hydrochloride salt ofN,N-diallylmethionineVIwith SO2 in
DMSO gave copolymer VII containing sulfide/sulfoxide mo-
tifs in a ≈ 1:1 ratio. VII was oxidized to polymer sulfoxide
VIII. The chemical and physical properties of these polymers
were determined by FT-IR, NMR, TGA and surface tension.
The solution properties of these polymers were studied in
detail. The critical micelle concentration of the polymers
was determined to be ≈ 7 ppm. The presence of polymers
III, IV, V, VII and VIII at a very low concentration of ≈
6 ppm in 1 M HCl imparted superb inhibitions of mild steel
corrosion of 89, 94, 87, 96, and 94%, respectively.

Keywords Cyclopolymerization .Methionine .Methionine
sulfoxide, Diallylamine salt . Corrosion inhibition

Introduction

Cyclopolymerization [1–3] of diallylammonium salts or their
alternate copolymerization [4–7] with SO2 have etched an
important place in the synthesis of a plethora of industrially
significant ionic polymers. Utilization of one such alternate
copolymerization, a methionine-based diallylamine salt
monomer 3 was synthesized, and copolymerized with SO2

in solvent ethanol or acetone to give water-insoluble copoly-
mer containing sulfide 4 (Scheme 1). Surprisingly, the copo-
lymerization in solvent dimethyl sulfoxide (DMSO) led to the
formation of water-soluble polymer as a mixture of sulfide/
sulfoxide 5. During the polymerization ≈50% of the sulfide
motifs has been oxidized to sulfoxide as a result of oxide
exchange from DMSO. The polymer’s water-solubility paved
the way to study its inhibitive behavior against corrosion of
mild steel in the hostile environment of 1 M HCl. Polymer 5
having so many centers of lone pair of electrons and the
unquenched nitrogen and sulfur valences imparted remarkable
inhibition of mild steel corrosion in 1 M HCl, as evinced by
the preliminary study [8]. At a concentration of 5 ppm,
L-Methionine ethyl ester hydrochloride (1), methionine-
based monomer 3 and polymer 5 imparted inhibition of
mild steel corrosion to the extent of 57, 58 and 96%,
respectively. A polymer backbone containing numerous
chelation centers associated with the pendants are ex-
pected to undergo stronger adsorption onto the metal
surface, thereby achieving greater corrosion control than
their monomeric analogs [9–11]. The effect of sulfoxide
motifs in 5 on the corrosion inhibition could not be
quantified and compared with that of the sulfide motifs
because of water-insolubility of polymer 4. It is worth
mentioning that repeated attempts to hydrolyze the ester
functionalities in 4 under basic or acidic conditions re-
sulted in failure.
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In the current work, the ester functionality in monomer
precursor 2 was hydrolyzed to zwitterionic and cationic
monomers 8 and 9, respectively with the anticipation that
the corresponding polymers 10 and 11, obtained via Butler’s
cyclopolymerization protocol [1–7], would be water-soluble
(Scheme 2). The obtainment of the polymers and changing
their functional motifs would allow us to study their
solution properties, and a preliminary study to compare
the corrosion inhibition efficiencies of these polymers
imparted by carboxylic acid, ester, sulfide, sulfoxide,
and sulfone functional motifs.

Experimental

Physical methods

Perkin Elmer 16F PC FTIR was used to record IR spectra,
while 1H and 13C NMR were collected in a JEOL LA
500 MHz spectrometer for the determination of the chemical
composition of the synthesized compounds. A Perkin Elmer
Elemental analyzer (Carlo-Erba: 2400) was utilized for ele-
mental Analysis. The viscosity values of synthesized com-
pounds were determined in CO2-free water using an
Ubbelohdeviscometer (ViscometerConstant 0.005317mm2s−2)
under N2. Thermogravimetric analysis (TGA) was performed
under N2 (flow rate 50 mL/min) using an SDT thermogravimet-
ric analyzer (Q600: TA Instruments, New Castle, DE, USA).

Surface tension was measured using a surface tensiometer
(PHYWE, Germany).

Materials

Ethyl ester hydrochloride of L-Methionine (1) was obtained
from Fluka Chemie AG. Hydrogen peroxide (35 w/v %) and
potassium carbonate (K2CO3) were purchased from BDH
Chemical Ltd. (Pool, England). Azoisobutyronitrile (AIBN)
(Fluka Chemie AG) was recrystallized from CHCl3-EtOH.
All solvents were of HPLC grade. Dimethylsulfoxide
(DMSO), dried over CaH2 overnight, was distilled (bp 4

mmHg 64–65 °C). Diallyl derivative of methionine 2 and its
hydrochloride salt 3 were prepared from L-methionine ethyl
ester hydrochloride 1 as described [8].

Synthesis of monomers and polymers

Cyclocopolymerization of monomer 3 with SO2

Polymer 5was prepared as described [8]. Briefly, a mixture of
3 (2.70 g, 9.19 mmol) and sulfur dioxide (SO2) (0.588 g,
9.19 mmol) in DMSO (2.02 g) was polymerized using an
initiator (AIBN, 0.066 g, 0.4 mmol) at 60 °C for 24 h. The
mole ratio of monomers (3 and SO2) to initiator was thus kept
at 46:1. After dialysis against deionized water, the polymer
was freeze dried. The isolated polymer sulfide/sulfoxide 5
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was obtained as a white powder (2.23 g, 66%). Polymer 4was
synthesized following the same procedure except that ethanol
(2.02 g) or acetone (2.02 g) was used as a solvent.

Conversion of polymer sulfide/sulfoxide 5 to polymer
sulfoxide 6

Hydrogen peroxide (35 w/v %) (0.888 g, 9.14 mmol) was
slowly added to a solution of 5 (0.802 g; 2.20 mmol) in glacial
acetic acid (2.37 g) at 20 °C. The reaction mixture was stirred
at 20 °C for 5 h or until the completion of oxidation of the
sulfide to sulfoxide as indicated by the 1H NMR spectrum.
The resultant solution was dialyzed against de-ionized water
for 3 h followed by 30 min in 0.2 M HCl then 30 min again in
de-ionized water. The freeze-drying of the dialyzed solution
afforded polymer 6 as a white solid (0.720 g, 88%). Elemental
analysis of C13H24ClNO5S2 found: C, 41.4; H, 6.6; N, 3.6; S,
16.8; requires: C, 41.76; H, 6.47; N, 3.75; S, 17.15%; νmax

(KBr) 3427, 2924, 2609 (br), 1741, 1634, 1408, 1378, 1305,
1214, 1129, 1016, 946, 854, 782, 670 and 514 cm−1.

Conversion of polymer sulfide/sulfoxide 5 to polymer
sulfone 7

The sulfide to sulfone oxidation was carried out using a slight-
ly modified procedure [12]. Hydrogen peroxide (35 w/v%)
(0.586 g, 6.03 mmol) was slowly added to a solution of poly-
mer 5 (0.537 g; 1.47 mmol) in glacial acetic acid (1.50 g) at
room temperature. After stirring the reaction mixture at 35 °C
for 4 h or until the 1H NMR indicated the completion of
oxidation to sulfone 7, the polymer solution was dialyzed

against de-ionized water for 4 h followed by 30 min in
0.2 M HCl to reduce the cloudiness of the solution then
30 min again in de-ionized water. The solution was then
freeze-dried to obtain polymer 7 as a white solid (0.470 g,
82%). Elemental analysis of C13H24ClNO6S2 found: C,
39.7; H, 6.4; N, 3.4; S, 16.1; requires C, 40.05; H, 6.20; N,
3.59; S, 16.44%; νmax (KBr) 3414, 2926, 2609 (br), 2361,
1742, 1633, 1451, 1409, 1377, 1304, 1216, 1128, 1038,
966, 851, 771, 669 and 510 cm−1.

Synthesis of cationic monomer 9 and its zwitterionic
counterpart 8

A heterogeneous mixture of monomer precursor 2 (20.6 g,
80 mmol), CH3OH (50 mL), H2O (20 mL), and sodium hy-
droxide (3.60 g, 90 mmol) was stirred for 4 h at 40 °C. After
concentrating the homogeneous mixture, the residue was di-
luted with water (15 mL), acidified with concentrated HCl
(37%) (8.87 g; 170 mmol) (i.e. two equivalents of HCl), and
then freeze-dried to obtain a mixture of cationic acid hydro-
chloride monomer 9 and NaCl. After trituration with acetone
(100 mL) and filtering off the insoluble NaCl, the filtrate was
concentrated to obtain monomer 9 as a colorless thick liquid
(20.2 g, 95%). Elemental analysis of C11H20ClNO2S found:
C, 49.4; H, 7.7; N, 5.2; S, 11.8; requires C, 49.71; H, 7.58; N,
5.27; S, 12.06%; νmax. (neat) 3348, 3088, 2921, 2848, 2360,
2331, 1735, 1635, 1448, 1425, 1388, 1325, 1201, 1157, 1078,
995, 946, 872, 770 and 736 cm−1; δH (D2O) 1.98 (3H,
s), 2.06 (1H, m), 2.52 (1H, m), 2.65 (1H, m), 3.70 (2H,
m), 3.81 (2H, m), 4.09 (1H, d, J 9.2), 5.48 (4H, m), 5.79
(2H, m), (residual H in D2O at 4.65 ppm); δC (D2O):

log Ki = pH - log [(1 - )/ ] (1)

log Ki = log Ki
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15.00 (1C, SCH3), 26.0 (1C, CH2CH2S), 30.4 (1 C,
CH2CH2S), 55.1 (2C, NCH2), 62.9 (1C, NCH), 126.44
(2C, CH = CH2), 127.79 (2C, CH = CH2), 171.3(1C,
CO2), (67.4, dioxane). The 13C spectral assignments
were confirmed by DEPT- 135 NMR analysis.

In a separate experiment, the above procedure was follow-
ed in one-tenth scale. Here, instead of two equivalents, one
equivalent HCl (9.00 mmol; based on NaOH used) was used
to neutralize the CO2

−Na+ salt to generate zwitterionic mono-
mer 8 as a white solid (1.74 g; 93%). Mp. 55–59 °C.
Elemental analysis of C11H19NO2S found: C, 57.4; H, 8.4;
N, 6.0; S, 13.7.; requires C, 57.61; H, 8.35; N, 6.11; S,
13.98%; νmax. (KBr) 3415, 3082, 3024, 2976, 2964, 2918,
2838, 1627,1455, 1426, 1357, 1339, 1302, 1275, 1219,
1154, 1121, 1080, 1060, 1012, 994, 951, 773, 760, 718,
694, 666, 628, and 575 cm−1; δH (D2O) 1.98 (3H, s), 2.02
(2H, m), 2.46 (1H, m), 2.57 (1H, m), 3.65–3.75 (5H, m),
5.45 (4H, m), 5.79 (2H, m); δC (D2O): 15.1 (1C,
SCH3), 27.0 (1C, CH2CH2S), 30.6 (1 C, CH2CH2S),
54.4 (2C, NCH2), 65.6 (1C, NCH), 126.7 (2C,
CH = CH2), 127.2 (2C, CH = CH2), 172.9 (1C, CO2),
(67.4, dioxane). The 13C spectral assignments were con-
firmed by DEPT- 135 NMR analysis.

Cyclopolymerization of monomer 9 and SO2 in acetone

As described in Table 1, sulfur dioxide (0.962 g, 15 mmol)
was adsorbed onto a solution of monomer 9 (4.0 g; 15 mmol)
in acetone (8.0 g) at 0 °C in a 25-mL round bottom flask. After
addition of the specified amount of AIBN [150 mg
(0.91 mmol) or 200 mg (1.22 mmol)], the closed flask was
heated at 60 °C for 48 h. The mole ratio of monomers (9 and
SO2) to initiator was thus kept at 33:1 or 24.6:1. Within 2 h,
the polymer started to separate as a white precipitate. After the
time elapsed, the polymer was filtered, dissolved in NaHCO3

solution, and dialyzed against deionized water for 3 h, 0.1 M
HCl for 3 h, followed by de-ionized water for additional 24 h.
Phase separation occurs within the dialysis tube. The resultant
polymer 10 was thereafter isolated and dried under vacuum at

60 °C. Elemental analysis of C11H19NO4S2 found: C, 44.8; H,
6.7; N, 4.6; S, 21.6; requires C, 45.03; H, 6.53; N, 4.77; S,
21.85%.νmax. (KBr) 3570, 2971, 2921, 2852, 2553 (br), 1622,
1456, 1397, 1303, 1126, 1017, 954, 877, 768, 654, and
514 cm−1.

Cyclopolymerization of monomer 9 and SO2 in DMSO

As described in Table 1, sulfur dioxide (0.962 g, 15 mmol)
was adsorbed onto a homogeneous mixture of monomer 9
(4.0 g; 15 mmol) in DMSO (3.5 g) in a 25 mL round bottom
flask. After the addition of the specified amount of AIBN, the
closed flask was heated at 60 °C for 48 h. Noted that few times
the reaction flask was cooled and opened to release N2 gas
obtained from the decomposition of the initiator. The resultant
reaction mixture was dialyzed against deionized water for
10 h, then freeze-dried to obtain polymer 11. Elemental anal-
ysis of polymer 11 having an approximate 1:1 ratio of sulfide
(C11H19NO4S2) and sulfoxide motifs (C11H19NO5S2) found:
C, 43.4; H, 6.2; N, 4.4; S, 20.8; requires C, 43.87; H, 6.36; N,
4.65; S, 21.29%; νmax. (KBr) 3425, 2922, 1626, 1452, 1400,
1305, 1128, 1021, 947, 876, 766, 653 and 515 cm−1.

Conversion of polymer sulfide-sulfoxide 11
to corresponding sulfoxide 12

Hydrogen peroxide (35 w/v %) (0.237 g; 2.44 mmol) was
slowly added to a solution of polymer 11 (0.675 g; 2.24mmol)
in glacial acetic acid (2.24 g) at 20 °C. The reaction mixture
was then stirred at 20 °C for 5 h or until the completion of
oxidation as indicated by 1H NMR spectrum. After the time
elapsed, the resultant mixture was dialyzed against de-
ionized water for 8 h, and then freeze-dried to obtain
polymer 12 (0.496 g, 72%). Elemental analysis of
C11H19NO5S2 found: C, 42.4; H, 6.3; N, 4.4; S, 20.4;
requires C, 42.70; H, 6.19; N, 4.53; S, 20.72%; νmax

(KBr) 3481, 2923, 2678 (br), 1632, 1456, 1401, 1305,
1128, 1021, 787, 677 and 507 cm−1.

Table 1 Cyclocopolymerizationa

of monomer 9/SO2
Entry No. Monomer (mmol) SO2 (mmol) Solvent (g) AIBN (mg) (Polymer)

Yield (%)
[η]b

(dL g−1)

1 15 15 Acetone (8) 150 (10) 71 0.0928

2 15 15 Acetone (8) 200 (10) 63 0.0895

3 15 15 DMSO (3.5) 150 (11) 62 0.0552

4 15 15 DMSO (3.5) 200 (11) 51 0.0532

a Polymerization reactionswere carried out at appropriate concentrations ofmonomer 9 and SO2 in the presence of
azoisobutyronitrile (AIBN) at 60 °C for 48 h to give polymer 10 in solvent acetone and 11 in DMSO
bViscosity of 1–0.25% solution of 10 (or 11) treated with 1 equivalent of NaOH in 0.1 M NaCl at 30.0 ± 0.1 °C
was measured with Ubbelohde Viscometer (K = 0.005317 mm2 s−2 )
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Potentiometric titrations

The protonation constant (K) of basic nitrogen was calculated
by potentiometric titration at 23 °C in salt-free water following
the published literature procedure described elsewhere [13,
14]. As described in Table 2, a certain amount of zwitterionic
polymer 12 (ZH±) in CO2-free water (200 mL) was titrated
using step-wise addition of 0.0959 M NaOH solution (0.05–
0.15 mL). After each addition, the solution was stirred briefly
using a magnetic stir bar under N2 and the pH values were
recorded, and the logKs were calculated using the Henderson-
Hasselbalch Eq. (2) (Scheme 2). Where degree of protonation
(α) is defined as the ratio [ZH±]eq/[Z]o. The [Z]o and [ZH±]eq
are the respective initial analytical concentration of the mono-
meric units in 12 (ZH±) and its concentration at the equilibri-
um as given by: [ZH]eq = [Z]o - COH

− - [H+] + [OH−]. The
COH

− is the concentration of the added NaOH, while [H+] and
[OH−] at equilibrium were calculated from the pH value.

The Eq. 2 (Scheme 2) describes the apparent basicity con-
stants of typical polyelectrolytes; in the case of sharp basicity
constants log Ko = pH at α = 0.5 and n = 1. The pH vs. log
[(1-α)/α)] plot gave log Ko and ‘n’ as the intercept and slope,
respectively.

The modified Henderson-Hasselbalch Eq. (3) (Scheme 2)
is obtained by inserting the value of pH from Eq. 2 into Eq. 1
whereby (n – 1) gives a measure of the deviation of the studied
polymers from the behavior of small molecules which show
sharp basicity constants with an n value of 1.

Surface tension

A surface tensiometer (PHYWE, Germany) as described [15]
equipped with torsion dynamometer (0.01 N) and platinum
iridium ring (diameter = 1.88 cm) was utilized to determine
the surface tension of 1 M HCl containing various concentra-
tions of the synthesized polymers at 60 °C.

The standard free energy of micelle formation (ΔG°mic)

TheΔG°mic of the synthesized polymers were determined by
Eq. (4) [16]:

DG-mic ¼ RT ln Ccmcð Þ ð4Þ
where Ccmc represents the polymer concentration at the CMC.

Inhibition efficiency by gravimetric measurements

The inhibition study of synthesized polymers were performed
by gravimetric weight loss method following published liter-
ature procedure [15], using steel coupons having the dimen-
sions 2.5 × 2.0 × 0.1 cm3 in 1 M HCl (250 mL) for an immer-
sion time of 6 h.

Results and discussion

Monomer and polymer syntheses

Cationic monomer 3 underwent cyclopolymerization with
SO2 in ethanol or acetone solvent afforded cyclocopolymer
4, while in DMSO solvent to give alternate copolymer 5 in
which the sulfide and sulfoxide were formed in an approxi-
mate ratio of 1:1 (Scheme 1) [7]. Copolymer 5 upon oxidation
using H2O2/HOAc at 20 and 35 °C afforded polymer sulfox-
ide 6 and polymer sulfone 7, respectively, in excellent yields.

Upon hydrolysis of the ester group in trivalent amine 2 [8]
with NaOH followed by acidification with one and two equiv-
alents of HCl led to zwitterionic 8 and cationic acid hydro-
chloride monomer 9, respectively (Scheme 2). Monomer 9
underwent AIBN-initiated copolymerization with SO2: while
in acetone medium it gave copolymer 10 after depletion of
HCl during dialysis, the polymerization in DMSO afforded
polymer 11. The formation of polymer 11 with a ≈ 1:1 ratio

Table 2 Protonation of polymer 13 (Z−) at 23 °C in salt-free water

run ZH± a (mmol) CT
b (mol dm−3) α-range pH-range Points c Log K1

o d n1
d R2, e

1 0.2586 (ZH±) −0.09594 0.85–0.12 5.37–9.27 19 7.28 2.52 0.9963

2 0.2893 (ZH±) −0.09594 0.87–0.10 5.32–9.35 22 7.27 2.54 0.9975

3 0.3232 (ZH±) −0.09594 0.88–0.12 5.27–9.30 24 7.34 2.46 0.9982

Average 7.30 (4) 2.51 (4)

LogKf
1¼ 17:30þ 1:51log 1−αð Þ½ =α�For the reaction : Z− þ Hþ ⇌K1 ZH�

a ZH± represents polymer 12
b (−)ve values describe titrations with NaOH
cNumber of data points
d Standard deviations in the last digit are given under the parentheses
eR = Correlation coefficient
f log Ki = log Ki

o + (ni – 1) log [(1 - α)/α]
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of the sulfide/sulfoxide moieties is a result of oxygen ex-
change between the sulfide in the polymer and sulfoxide in
DMSO (Me2S = O) [17]. The polymers are obtained in mod-
erate to good yields (Table 1) despite possible degradative
chain transfer owing to the presence of allylic motifs [18]
and the ability of sulfide functionality to act as chain transfer
agent. The sulfide groups in copolymer 11 was oxidized to
polymer 12 having fully oxidized sulfoxide motifs.

Solubility behavior

Like polymer sulfide 4 containing ester functionalities
(CO2Et), copolymer (±) 10 having zwitterionic motifs
[−NH+ − CO2

−] was found to be insoluble in water.
However, (+) 6, (+) 7, (+) 9, (±) 11 and (±) 12 were water-
soluble owing to the greater polarity of the sulfoxide motifs
which dominates over the zwitterionic motifs in dictating the
solubility behavior. While overall hydrophobicity of polymer
sulfide (+) 4makes it water-insoluble, the electroneutral poly-
mer sulfide/sulfoxide (±) 11 and sulfoxide (±) 12, like the
majority of known as polyzwitterions [19–21], was expected
to be insoluble in water owing to intragroup, intra- and inter-
chain attractive interactions leading to the formation of ionic
crosslinks. Their water solubility, therefore, is attributed main-
ly to the presence of polar sulfoxide motifs. The presence of
salts of smaller masses is known to impart water-solubility
causing disruption of the attractive forces [22]; however
polyzwitterion (±) 10 having sulfide groups remained insolu-
ble in the presence of NaCl (0–5 M) or HCl (1–12 M). A
1 wt.% solution of copolymer 10 in 2 M NaI was found to
be partially soluble. Being softer (more polarizable), io-
dide ions effectively neutralizes the ionic crosslinks so
as to disrupt attractive interactions [22]. Note that the
treatment of polymer (±) 10 with 1.0 equivalent NaOH
changes the zwitterionic motifs [−NH+………CO2

−] to

anionic motifs [−N………CO2
−Na+] thereby imparting

water-solubility.

TGA curves, FT-IR, NMR spectra, andmolarmass by end
group analysis

The TGA curves of 6, 7, 10, and 12 are shown in Fig. 1; a loss
of ≈2–7% up to 180–200 °Cwas accounted for the removal of
moisture. An accelerated loss of ≈ 40% for the polymers in the
range ≈ 200–250 °C resulted from the release of CO2 and SO2

whose combined masses are calculated to be ≈ 36%. A further
loss of ≈ 30% may be linked to the removal of the methionine
pendants occurred in the range 250–400 °C. Overall, all these
polymers were asserted to be stable up to ≈200 °C.

The IR spectrum of monomer (+) 9 revealed a strong ab-
sorption band at 1735 cm−1 attributed to C = O stretch of
CO2H group, while the band was absent in the spectrum of
zwitterionic monomer (±) 8. Likewise, this band was absent in
the spectra of polymers (±) 10–12; instead peaks at ≈1400
(symmetric stretching) and ≈1427 cm−1 (anti-symmetric
stretching) were assigned to the COO− motifs in the dipolar
zwitterionic form of the polymers [23]. The strong bands at ≈
1305 cm−1 and ≈1128 cm−1 in the IR spectra of all the as-
synthesized polymers are due to the SO2 stretching vibrations,
while a band at 1021 cm−1 can be assigned to the S = O
stretching absorption in 5, 6, 11 and 12.

Elemental analysis of C13H24ClNO6S2 found: C, 39.7; H,
6.4; N, 3.4; S, 16.1; requires C, 40.05; H, 6.20; N, 3.59; S,
16.44%; νmax (KBr) 3414, 2926, 2609 (br), 2361, 1742, 1633,
1451, 1409, 1377, 1304, 1216, 1128, 1038, 966, 851, 771,
669 and 510 cm−1.

Figures 2, 3, and 4 display some representative 1H and 13C
NMR spectra of monomer 9 and several polymers. As can be
seen, the methyl protons marked ‘c’ and ‘c′’ of 5 appeared at
δ2.0 and 2.6 ppm, respectively (Fig. 2a). The downfield signal

Fig. 1 TGA curves for 6, 7, 10,
and 12
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at δ2.6 was attributed to the sulfoxide motifs as a result of
greater electron withdrawing ability of S = O as compared to
sulfide group. Upon oxidation, the sulfide group in 5 is con-
verted into sulfoxide 6 as evident by disappearance of the
signal marked ‘c’ (Fig. 2b). Further oxidation resulted in the
formation of sulfone motifs in 7; the methyl protons marked ‘c
′’ appeared at a downfield shift of δ3.0 ppm because of greater
electronegativity of sulfone groups in 7 (Fig. 2c).

Polymers 10–12 even after extended dialysis contain ≈ 3–
4% residual alkene as revealed by alkene protons and carbons
in the range δ5.4–5.8 (Fig. 3) and ≈125 ppm (Fig. 4), respec-
tively. The presence of pendant double bonds [13] could be
resulting either from chain propagation without cyclization or
transfer to the monomer [4]. The SMe protons of polymer 10
marked ‘g’ appeared at δ 2.0 ppm (Fig. 3b), while partial
oxidation of SMe to O = SMe is confirmed by the presence
of additional signal of methyl protons of polymer 11 marked
‘g′’ at ≈ δ2.6 ppm (Fig. 3c). Complete oxidation of sulfide to
sulfoxide polymer 12 is assured by the missing SMe signal
both in the 1H and 13C spectra of polymer 12; carbon signal of
SMe (marked g) and O = SMe (marked g′) appeared at ≈ δ15
and 37 ppm, respectively.

As reported earlier [24] and found in the current work, the
molar masses of the polymers could not be obtained by GPC

presumably owing to the strong adsorption of amine and car-
boxyl motifs to the column materials. End group analysis,
however, helped [25] us to calculate the approximate number
average molar masses (Mn) of some of the polymers 10–12.
The (CH3)2C(CN) group (originating from the AIBN initiator)
attached to the chain end is displayed as a broad singlet at
δ1.31 ppm and was not interfered with any competing signal
(Fig. 3). However, the calculation is complicated by the lack
of understanding of the mode of chain termination. In the
absence of chain transfer, while the coupling mechanism
would lead to two initiator fragments at two chain ends, ter-
mination by disproportionation on the other hand would have
only one terminal with the initiator fragment. Low molar
masses (vide infra) are suggestive of the chain termination
by a degradative chain transfer process [18] involving transfer
of an allylic hydrogen frommonomer 9 to a chain radical. The
resultant stable allylic radical cannot reinitiate polymerization
and as such the transfer would amount to a termination pro-
cess. However, chain transfer to the sulfide motifs may give a
radical which may able to reinitiate a new chain which may

Fig. 2 1H NMR spectra of (a) 5, (b) 6 and (c) 7 in D2O

Fig. 3 1H NMR spectra of (a) 9, (b) 10 (+1 equiv. NaOH), (c) 11 and (d)
12 in D2O
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not have the initiator fragment (CH3)2C(CN) at either end of
the dead polymer. Even though sulfide group may act as a
chain transfer agent, its chain transfer constant, Cs (i.e. the
ratio of rate constant of the chain transfer of a propagating
radical to the rate constant for propagation of the radical) value
of ≈ 0.0022 does make it an insignificant process. Keeping in
view the degradative chain transfer as the main process, it can
be assumed that each polymer chain on average will have one
initiator fragment. The integrated area (A) at δ1.31 is attribut-
ed to the 6 H of the end group (CH3)2C(CN), while the area B
covering signals in the range δ1.5–4.3 ppm belongs to all the
18 H of each repeating unit (RU). The degree of polymeriza-
tion (DP), calculated by taking the area ratio of 1 H of the RU
and the end group, thus equals to (B/18)/(A/6). The average
DP is thus found to be 40.9 and 42.1 for polymer 11 and 12,
respectively. The similar values are expected since polymer 11
was transformed to 12. The DP value of 40.9 was translated
into a number average molar mass of 12,300 g mol−1 for
polymer 11. Likewise, the DP of polymer 10 was calculated
to be 95 with a molar mass of 27,900 g mol−1 suggesting that
polymerization in solvent acetone led to polymer 10 having
higher molar mass than polymer 11 obtained in DMSO
solvent. End group analysis cannot be carried out for
polymers 5–7 since the signal for the initiator fragment

(CH3)2C(CN) is expected to overlap with that of the
methyl protons marked ‘a’ (Fig. 2).

Viscosity measurements

The viscosity plots for polymers 5–7 are shown in Fig. 5. In
salt-free water, reduced viscosity increases with decrease in
concentrations of 6 as expected of a polyelectrolyte. In 0.1 M
NaCl, the viscosity plots become normal. The polymers have
very low intrinsic viscosity [η] values thereby suggesting low-
er molar masses for the polymers.

The viscosity plots (Fig. 6) of 10 and 11 (both treated with
1 equivalent of NaOH) in 0.1 M NaCl revealed that the for-
mer, obtained from polymerization carried out in acetone,
have higher [η] (0.0928 vs. 0.0552 dL g−1) (cf. Fig. 6: a vs.
f). The data are in line with the end group analysis (vide supra)
which revealed higher molar mass for polymer 10 as com-
pared to that of polymer 11. As expected, polymers 11 and
12 have similar [η] since the latter was derived from the for-
mer by oxidation (cf. Fig. 6: f vs. g). The anti-polyelectrolyte
behavior of the zwitterionic motifs in (±) 12 is demonstrated
by the increasing viscosity values with increasing salt concen-
trations (cf. Fig. 6: b,c,d) [26]. The Cl− ions bind more strong-
ly to the positive nitrogens as compared to the binding of Na+

to the CO2
− thereby leaving an excess of negative charge on

the zwitterionic dipoles of polymer 12, the repulsion among
which leads to an increase in the hydrodynamic volume hence
viscosity with increasing NaCl concentration [20, 27, 28].
Polyzwitterion, PZ (±) 11 on treatment with 1 equivalent
NaOH is converted to an anionic polyelectrolyte as a result
of the change of the zwitterionic motifs (NH+...CO2

−) to an-
ionic motifs (N...CO2

−). As such the viscosity curve of PZ (±)
11 in the presence of NaOH became concave upwards in salt-
free water (Fig. 6e). The viscosity values of PZ (±) 12 in the

Fig. 4 13C NMR spectra of (a) 9, (b) 10 (+1 equiv. NaOH), (c) 11 and (d)
12 in D2O

Fig. 5 Using an Ubbelohde Viscometer at 30 °C: the viscosity behavior
of (a) ●6 in salt-free water, (b) □ 7 in 0.1 M NaCl, (c) ■ 6 in 0.1 M NaCl,
(d) ○ 5 in 0.1 M NaCl
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presence of NaOH is found to be like that of (±) 11 and
almost overlaps with the plot in Fig. 6e; as such it is
not shown in the Figure. In 0.1 M NaCl, the viscosity
decreases and the plot becomes linear demonstrating its
polyelectrolyte behaviour (Fig. 6f).

Lower viscosity values as revealed in Fig. 6 are indicative
of lower molar masses of the polymers. This is expected since
monomer 9 have degradative chain transfer allylic groups
[18], as well as the sulfide functionality capable of initiating
chain transfer.

Basicity constant

The apparent basicity constant of amine nitrogens in polymer
13 is described by Eq. (3) (Scheme 2) where log Ko = pH at
α = 0.5 and n = 1 observed for basicity constant of small
molecules. The slope and intercept of the straight line plot of
pH vs. log [(1-α)/α)] gave the values of ‘n’ and log Ko, re-
spectively (Fig. 7a). In salt-free water, basicity constant logKo

was determined to be 7.30 (Table 2), which is found to be less
than the log Ko value of 9.93 for a similar polymer having a
glutamic acid residue [29]. Lower basicity constant of nitro-
gens in polymer 13may be attributed to the higher electroneg-
ativity of the sulfoxide motifs. Since logK of a base (B−) is the
pKa of its conjugate acid (HB), the presence of sulfoxide mo-
tifs in polymer 12 makes it a stronger acid.

The n value of 2.51 reflects the Bapparent^ [30] nature of
the basicity constant. A measure of the polyelectrolyte index n
is shown in Fig. 7b displaying a greater variation of K with α
signifying a strong polyelectrolyte effect (because of n being
greater than 1). With increasing α, a gradual decrease of log K
[involving (Z−) 13 + H+ ⇋ (ZH±) 12] is a result of decreasing
overall negative charges that induces protonation. The greater
n value confirms the consequence of entropy effects [30, 31].
Since anionic polymer (−) 13 is expected to be more hydrated
than the zwitterionic (±) polymer 12, water molecules from
the repeating unit of anionic polymer 13 is released as it is
transformed to zwitterionic polymer 12. With each proton-
ation, the excess average negative charge in the polymer back-
bone of polymer 12 or 13 decreases as does the average num-
ber of water molecules associated with each repeating unit.

Fig. 6 Using an Ubbelohde
Viscometer at 30 °C: the viscosity
behavior of (a) ♦10 in 0.1 MNaCl
(+ 1 equiv. NaOH), (b) □ 12 in
0.5 M NaCl, (c) Δ 12 in 0.1 M
NaCl, (d) 12 in salt-free water, (e)
■ 11 in salt-free water (+ 1 equiv.
NaOH), (f) ● 11 in 0.1 M NaCl (+
1 equiv. NaOH), (g) ○ 12 in 0.1M
NaCl (+ 1 equiv. NaOH)

Fig. 7 Variation of (a) pH versus log[(1-α)/α] and (b) log K versus
degree of protonation (α) for the determination pronation constant (K)
of polymer 13
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Therefore, there will be lesser and lesser number of water
molecules to be released from the polymer backbone of poly-
mer 12 or 13with increasingα, and associated entropy change
dictates the decrease of K with increasing α.

Surface tension

The plots of surface tension γ versus concentration of the
polymers to determine the CMC of 5–7 and 11were measured
in 0.1 M HCl at 60 °C are shown in Fig. 8. The polymers may
be considered as cationic surfactants because of the presence
of ionic hydrophilic head and moderate hydrophobic pendants
of (CH2)2SMe. The polymer backbone consisting of -CH2-
CH-CH-CH2-may as well be considered as hydrophobic.
Polymers are found to show moderate surface active property
having CMC values in the range 18.1–22.0 μM (i.e. 6.3–
8.58 ppm) (Table 3). The molarity of polymers is calculated
on the basis of molar mass of the repeating unit having a unit
each of the monomer (average of S and S = O) and SO2.
ΔGo

mic of micellization was calculated to be ≈ − 30 kJ mol−1.

Inhibition of mild steel corrosion

Gravimetric weight loss method [15, 32], the most reliable
protocol, was utilized to determine the inhibition efficiency
(IE) of the synthesized polymers on mitigating mild steel cor-
rosion in a hostile environment of 1 M HCl for 6 h at 60 °C.

The IEs were determined as described [32] after immersing
steel coupons into 1 M HCl (250 mL) in the absence (blank)
and presence of the synthesized polymers. The %IE was then
calculated using Eq. (5):

%IE ¼ Wb−W i

Wb
� 100 ð5Þ

where Wb and Wi represent weight loss in the absence and
presence of the polymers, respectively. At a meager concen-
tration of 17.5 μM (in terms of repeating unit) (≈ 6 ppm) of
polymers 5, 6, 7, 11, and 12, IEs of 89, 94, 87, 96, and 94% are
achieved, respectively. Usually, the %IEs are expected to in-
crease with increasing inhibitor concentration. In the ester
(−CO2Et) series, the increase of IE of the polymers in the
order: 6 > 5 > 7 suggests the greater effectiveness of the
sulfoxide (S = O) motifs as compared to sulfide (S) and sul-
fone (O = S = O) in mitigating the mild steel corrosion.
Polymers 11 and 12 having carboxy groups (CO2

−) performed
even better, presumably owing to the protection of the metal
surface via the formation of coordinate type of bond involving
the chelating motifs of amino carboxylate (N….. CO2

−) with
the vacant d-orbitals of iron [33–35]. Note that amino ester
motifs (N….. CO2Et) in 5–7 cannot provide such a chelating
motifs to cover and safe guard the metal surface.

Conclusions

Cationic and zwitterionic polymers 4–7 and 10–12 based on
amino acidmethionine and its derivative methionine sulfoxide
and sulfone have been synthesized via cyclopolymerization of
diallylamine salts. The TGA indicated that the synthesized
polyelectrolytes were stable up to 200 °C. The solubility of
the polymers is greatly influenced by the oxidation state of the
sulfur; while the sulfide pendant imparts water-insolubility,
polymers bearing polar sulfoxide and sulfone pendants were
found to be water-soluble. Water-soluble polyzwitterion (±)
12 bearing sulfoxide pendants showed anti-polyelectrolyte be-
havior as demonstrated by increasing viscosity with increas-
ing NaCl concentrations. Surface tension measurement indi-
cated the polymers (+) 5, (+) 6, (+) 7, and (±) 11 as moderately
surface active agents to aid the formation of surface film on
the metal surface to assist in the inhibition of metal corrosion

Table 3 Surface properties of
compounds 5, 6, 7, and 11 in 1 M
HCl solutions at 60 °C

Compound Surface tension (mN m−1) Ccmc (μmol L−1) Ccmc (ppm) ΔG°mic (kJ mol−1)

1 M HCl 60.2 – – –

5 40.3 18.1 6.62 −30.2
11 43.0 20.9 6.30 −29.8
6 48.3 20.1 7.52 −29.9
7 44.1 22.0 8.58 −29.7

Fig. 8 Surface tension versus concentration of inhibitor compounds 5, 6,
7, and 8 in 1 M HCl solution at 60 °C
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in hostile environments. A preliminary investigation has dem-
onstrated that the synthesized polymers containing
unquenched nitrogen and sulfur valences acted superbly in
mitigating mild steel corrosion in 1 M HCl. The presence of
nonbonding electrons in nitrogen as well as in the more po-
larizable sulfur motifs, leads to the formation of coordinate
type of bond with the vacant d-orbitals of iron or accumulated
Fe2+ especially on anodic sites of the metal surface thereby
imparting corrosion inhibition. The molar masses, surface ten-
sion and protonation constant of the nitrogens in these
polymers are expected to affect corrosion inhibition ef-
ficiency. We are currently examining the corrosion inhi-
bition of these amazing and apparently green polymers
in detail using various electrochemical techniques. The
study would focus on the long-term inhibition activity
especially near CMC of the polymers [36].
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