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Abstract Monomer pairs, dimethyl N,N-diallylaspartate hydrochloride [(CH2=

CH–CH2)2NH?CH(CO2Me)CH2CO2Me Cl-] (I)/SO2 and N,N-diallylaspartic acid

hydrochloride [(CH2=CH-CH2)2NH?CH(CO2H)CH2CO2H Cl-] (II)/SO2, under-

went alternate cyclocopolymerization to give cationic polyelecyrolytes (CPEs),

poly(I-alt-SO2) (III) and poly(II-alt-SO2) (IV), respectively, in very good yields.

(?) III upon acid hydrolysis was converted to cationic (?) IV, bearing in each

repeating unit the triprotic acid residues [(NH?…(CO2H)2] of aspartic acid

hydrochloride. Under the influence of pH, (?) IV has been equilibrated to water-

insoluble diprotic polyzwitterionic acid (±) V, water-soluble monoprotic

poly(zwitterion-anion) (± -) VI and finally its conjugate base polydianion (=) VII.
Basicity constants of CO2

- and amine group have were determined. The pH-re-

sponsive polymer was demonstrated to be an efficient antiscalant against CaSO4

scaling. For potential separation and purification of biomolecules, a recyclable

aqueous two-phase system (ATPS) was constructed using water-soluble (=) VII and

urethanized polyvinyl alcohol; the ionic polymer can be recycled by precipitating it

as (±) V at a lower pH.
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Introduction

Aspartic acid (1) is one of the 23 proteinogenic amino acids, the building blocks of

proteins; it plays an important role in the citric acid cycle, or Krebs cycle, during

which many other important amino acids are synthesized (Scheme 1) [1]. Aspartic

acid also plays a crucial role in generating cellular energy and, as such, gets its

reputation as a treatment for chronic fatigue. Poly(aspartic acid) (PASA) is a

biodegradable water-soluble poly(amino acid) which may replace many non-

biodegradable polymers [2]. Even though PASA has been found in nature as

fragments of larger proteins [3], to our knowledge it is yet to be isolated as a pure

homo polymeric material from any natural source [4]. Polyaspartate (PASP), a

30:70 mixture of a- and b-linked amino acid (3 and 4), is currently produced on the

industrial scale by the thermal polymerization process, through the polysuccinimide

(2) intermediate (Scheme 1) [5]. PASP and its derivatives are biodegradable [6] and

environmentally friendly; as such, they are attractive alternatives to polyacrylic acid

as corrosion inhibitors [5], antiscalant in desalination processes [7] and chelator of

metal ions in wastewater treatment. They have also found applications in

manufacturing super-swelling material in diaper products and food packaging [8],

biodegradable detergent and dispersant [9]. Recent research has also paved the way

for the use of PASA-based pH-sensitive hydrogel for controlled drug release [10].

Note that in the peptide bonds in PASP, the nitrogen loses its basic character

while each repeating unit consists of a single anionic center in the pendant

carboxylate motifs. Keeping in view the broad interest on this material by the

biomedical and material research community, diallyl derivative 5 of aspartic acid

was cyclopolymerized using Butler’s cyclopolymerization protocol [11–14] to

obtain low molecular weight polymer 6, in which the basic character of the nitrogen

Scheme 1 Aspartic acid, polyaspartate and polymer containing aspartic acid residues
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and the two anionic centers in the carboxylates are preserved [15]. However,

attempts to obtain homopolymer 6 having high molar masses were unsuccessful. It

has been reported earlier that diallylammonium salts having pendant carboxyl

functionality give low molecular weight homopolymers in lower yields even in the

presence of excessive amount of initiators [16]. No rationale was provided to

account for the difficulty associated with the presence of the carboxyl moiety. The

objective of the current work is to apply the copolymerization protocol [16] to

obtain 5/SO2 copolymer 12 (Scheme 2), which would allow us to study the effect of

SO2 spacer on its pH-responsive solubility behavior, basicity constant of the metal

chelation centers and antiscalant properties. We intend to exploit the pH-dependent

solubility behavior of 12 to develop recyclable aqueous two-phase system (ATPS)

for potential application in bioseparation technology [17, 18]. The titled alternate

copolymer would represent the first example of its kind, containing the residues of

an important amino acid, i.e., aspartic acid. The current work would pave the way to

utilize Butler’s cyclopolymerization protocol [19] to synthesize aspartic acid-based

cross-linked adsorbents for scavenging toxic metal ions from wastewater.

Experimental methods

Materials

For dialysis, membrane (Spectra/Por) with a MWCO of 6000–8000 was purchased

from Spectrum Laboratories, Inc. (Rancho Dominguez, CA, USA). 2,20-Azoisobu-

tyronitrile (AIBN) from Fluka AG (Buchs, Switzerland) was crystallized from

C2H5OH/CHCl3 mixture. Dimethylsulfoxide (DMSO) was dried over calcium

hydride overnight and then distilled under reduced pressure at a boiling point of

64–65 �C (4 mmHg).

Polyvinyl alcohol (PVA) 16 with a Mn of 72,000 g mol-1 and a degree of

hydrolyzation of 0.975–0.995 mol fraction was purchased from Fluka Chemie AG

(Buchs, Switzerland). Partly urethanized PVA (UPVA) 17 (urethanized to the extent

of 0.13 mol fraction) of Mn of 69,000 g mol-1 was synthesized by heating a PVA

16/urea in 1:1 mol ratio as described (Scheme 2) [20, 21]. Dimethyl N,N-

diallylaspartate (9) upon treatment with dry HCl gave hydrochloride salt 10, while

its hydrolysis with NaOH followed by acidification with HCl afforded N,N-

diallylaspartic acid hydrochloride 5 [15].

Physical methods

Perkin Elmer Series II (Model 2400) was used to carry out elemental analysis, and

IR spectra were recorded on a Perkin Elmer 16F PC FTIR spectrometer. The NMR

spectra were taken in a JEOL LA 500 MHz spectrometer using the residual proton

resonance of D2O at d 4.65 ppm as an internal standard and dioxane 13C peak at d
67.4 ppm as an external standard. Thermogravimetric analysis (TGA) was carried

out using an SDT analyzer (Q600: TA instruments, USA) in a nitrogen atmosphere.

Polym. Bull. (2016) 73:2179–2198 2181

123



Viscosities were measured in a Ubbelohde viscometer (viscometer con-

stant = 0.005317 mm2/s2) using CO2-free water under N2 at 30.0 ± 0.1 �C. The

pH of the solutions was measured by a Sartorius pH meter PB 11. Conductivity

measurements were carried out using an Orion Versa Star benchtop meter

Scheme 2 Cyclopolymerization protocol in the synthesis of pH-responsive polymers containing aspartic
acid residues
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Thermoscientific (Beverly, MA, USA). PL-GPC 220 from Agilent Technologies

equipped with a refractive index (RI) detector and two mixed bed columns (PL-

aquagel-OH mixed-H 8 lm, 300 9 7.5 mm) was used to determine the molecular

weight. A 50 ll portion of a 0.100 w/v % aqueous solution of the polymer was

injected into the GPC columns, and HPLC-grade water containing 0.003 M NaN3

was used as eluent at a flow rate of 1.0 mL/min.

Procedure for 10/SO2 copolymerization and physical characterization of 11

Table 1 describes the polymerization conditions. For instance, for the experiment

under entry 4, SO2 (2.56 g, 40 mmol) was absorbed in a monomer 10 (11.1 g,

40 mmol)/DMSO (12 g) solution in an RB flask (50 mL). The initiator AIBN

(0.120 g) was added and the mixture was stirred under N2 at 63 �C for 36 h. The

transparent reaction mixture was precipitated in acetone. The white polymer was

ground using mortar and pestle, filtered and washed with hot acetone. Copolymer 11
was then dried for 4 h at 60 �C under vacuum to a constant weight (11.8 g, 86 %).

Mp. (closed capillary): slight phase change was noticed around 170 �C; it became

darker on further heating and turned brown at 285 �C and black at 325 �C with no

further changes up to 400 �C. (Found: C, 41.9; H, 6.1; N, 4.0; S, 9.2. C12H20NO6SCl

requires C, 42.17; H, 5.90; N, 4.10; S, 9.38 %); vmax (KBr): 3438, 2962, 2920, 1745,

1635, 1446, 1376, 1307, 1227, 1126, 1052, 1002, 857, 775 and 514 cm-1. The 1H

and 13C NMR spectra are displayed in Figs. 1 and 2.

Acidic hydrolysis of copolymer 11

A solution of copolymer 11 (entry 4, Table 1) (10.3 g, 30 mmol) in 6 M HCl

(120 cm3) was stirred at 65 �C for 72 h to complete the hydrolysis of the ester

groups as checked by the absence of the ethoxy proton signals. During the

hydrolysis, polymer gradually precipitated from the initially clear solution. The

entire mixture was dialyzed against deionized water for 48 h to remove HCl. The

white polymer was ground using a mortar and pestle, filtered, washed with liberal

excess of water and dried under vacuum at 55 �C to obtain copolymer 13 (7.4 g,

89 %) as a white powder. Its spectral data are identical to that of the polymer

obtained via 5/SO2 copolymerization as described below.

Table 1 Cyclocopolymerization of 10/SO2 to copolymer 11 at 63 �C for 36 h

Entry Monomer (mmol) SO2 (g) (mmol) DMSO (g) AIBNa (mg) Yield (%) gsp/Cb (dL/g)

1 10 10 2.5 30 71 0.212

2 10 10 2.5 40 73 0.230

3 10 10 2.5 50 75 0.223

4 40 40 12 120 86 0.195

a Azobisisobutyronitrile
b Intrinsic viscosity of 1–0.125 % polymer solution in 0.1 M HCl at 30 �C was measured with an

Ubbelohde viscometer (K = 0.005317 mm2/s2)
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Fig. 1 1H NMR spectrum of (a) 10, (b) 5, (c) 11, (d) 13 (in the presence of KI) and (e) top layer (System
1, Table 5) in D2O
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Monomer 5/SO2 copolymerization

The conditions for the copolymerization is described in Table 2. For instance, SO2

(1.28 g, 20 mmol) was absorbed in a solution of monomer 5 (5.0 g, 20 mmol) in

DMSO (5.0 g) in an RB flask (25 mL). Initiator AIBN (0.100 g) was then added

under N2 to the homogeneous solution; the mixture in the RB flask was stirred at

63 �C for 36 h. The immovable gel was soaked in water for 24 h and the white

polymer was ground with mortar and pestle, filtered and washed with excess water

Fig. 2 13C NMR spectrum of (a) 10, (b) 5, (c) 11 and (d) 13 (in the presence of KI) in D2O
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to obtain copolymer 13, which was dried under vacuum at 60 �C to a constant

weight. Its spectral data are identical to those of the polymer obtained via hydrolysis

of the diester polymer 11 (vide supra). The thermal decomposition: turned tan on

heating, became dark brown at 290 �C, and darker on further heating up to 400 �C
with evolution of gas at 330 �C. (Found: C, 43.0; H, 5.6; N, 4.9, S, 11.2.

C10H15NO6S requires C, 43.32; H, 5.45; N, 5.05; S 11.56 %); vmax. (KBr): 3459,

3041, 2977, 2920, 1728, 1628, 1386, 1305, 1127, 862, 780, 669 and 512 cm-1. The
1H, 13C NMR spectra and TGA curve are displayed in Figs. 1, 2 and 3a,

respectively.

Table 2 Cyclocopolymerization of 5/SO2 to copolymer 13 at 63 �C for 36 h

Entry Monomer (mmol) SO2 (g) (mmol) DMSO (g) AIBNa (mg) Yield (%) [g]b (dL/g)

1 20 20 5.0 80 71 0.585

2 20 20 5.0 100 73 0.573

a Azobisisobutyronitrile
b Intrinsic viscosity of 1–0.125 % polymer solution in the presence of 1 equiv. NaOH in 0.1 N NaCl at

30 �C was measured with an Ubbelohde viscometer (K = 0.005317 mm2/s2)

Fig. 3 a TGA curve of PZA 13; using an Ubbelohde viscometer at 30 �C, the viscosity behavior of b (?)
CPE 11 (entry 4, Table 1) in (i) filled square salt-free water, (ii) filled circle 0.1 M HCl and (iii) open
square 0.1 M NaCl; c (±) PZA 13 (entry 1, Table 2) in (i) filled square 1 equivs NaOH, salt-free water,
(ii) open square 2 equiv NaOH, salt-free water; (iii) filled circle 2 equivs NaOH, 0.1 M NaCl, (iv) open
circle 1 equivs NaOH, 0.1 M NaCl, (v) filled triangle PZA 13 (prepared from entry 4, Table 1) 1 equiv
NaOH, 0.1 M NaCl
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Solubility measurements

The critical (minimum) salt concentration (CSC) values were determined by

titrating a 1 % w/w aqueous solution of PZA 13 containing salts at a higher

concentration than their CSC values at 23 �C with deionized water. The average of

the triplicate results of the CSCs were determined to be 4.73 M NaBr and 2.90 M

NaI with approximate accuracies of ± 2–3 %. The polymer was found to be

insoluble in the presence of any concentration of NaCl or HCl (0–12 M).

Potentiometric titrations

Protonation constants (K) were determined using potentiometric titration as

described elsewhere [22]. In each trial, a certain mmol of PZA 13 (ZH�
2 ) was

dissolved in a known amount of 0.1106 M NaOH (2.50 equivalent), then diluted to

200 cm3 using CO2-free water (Table 3). After each addition of 0.05–0.15 cm3 of

0.1222 M HCl, the recorded pH values were used to calculate the log Kis by the

Henderson–Hasselbalch Eq. (2) (Scheme 2 contains Eqs. 1–3). Because of the

solubility problem of PZA 13, log K3 associated with the equilibration 13

(ZH�
2 ) ? H?

… (ZHþ
3 ) 12 could not be determined in salt-free water.

Table 3 Determination of protonation constants of polymer 15 (Z=) and 14 (ZH��) at 23 �C in salt-free

water

Run ZH�
2 (mmol) CT

a

(mol dm-3)

a-range pH-range Pointsb Log K0
1
c n1

c R2d

Polymer 13 in salt-free watere

1 0.2171 (ZH�
2 ) ?0.1222 0.44–0.90 10.25–8.30 19 9.95 1.68 0.9984

2 0.2528 (ZH�
2 ) ?0.1222 0.33–0.90 10.51–8.34 27 9.88 1.73 0.9897

3 0.2885 (ZH�
2 ) ?0.1222 0.32–0.92 10.55–8.13 23 9.91 1.71 0.9915

Average 9.91 (4) 1.71 (3)

LogK
f
1 ¼ 9:91 þ 0:71 log ð1 � aÞ=a½ � for the reaction:Z¼ þ Hþ

�
K1

ZH��

1 0.2171 (ZH�
2 ) ?0.1222 0.15–0.81 6.40–4.62 20 5.39 1.38 0.9925

2 0.0.2528 (ZH�
2 ) ?0.1222 0.11–0.83 6.49–4.45 24 5.30 1.31 0.9940

3 0.2885 (ZH�
2 ) ?0.1222 0.17–0.89 6.25–4.05 30 5.31 1.35 0.9988

Average 5.33 (5) 1.35 (4)

LogK
f
2 ¼ 5:53 þ 0:35 log ð1 � aÞ=a½ � for the reaction:ZH�� þ Hþ

�
K2

ZH�
2

a (?)ve values describe titrations with HCl
b Number of data points
c Standard deviations in the last digit are given under parentheses
d R = Correlation coefficient

e Known amount of polymer PZA 13 (ZH�
2 ) was dissolved in a known amount of 0.1106 M NaOH (2.50

equivalent), then diluted to 200 cm3 using salt-free water
f LogKi ¼ logKo

i þ n1 � 1ð Þ log 1 � að Þ=a½ �
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Evaluation of antiscalant behavior

Newly synthesized antiscalant 13 (dissolved using 1 equiv. NaHCO3, Table 2, entry

1) (20 and 30 ppm) was used to study the inhibition of calcium sulfate scale

formation at 40 ± 1 �C in a supersaturated solution of 2598 mg/L of Ca2? and

6300 mg/L of SO4
2- [23]. The induction time, defined as the time at which a rapid

decrease in conductivity occurs, indicates the beginning of CaSO4 precipitation

(Table 4).

Phase compositions of PZA 13 (12 equivs NaOH)—UPVE 17–H2O (NaCl)
systems

The tie lines by 1H NMR spectroscopy

The stock solutions (20 wt%) of PZA 13 (Table 2, entry 1: treated with 2.0

equivalents of NaOH) and UPVE 17 in 0.6 M NaCl were used in certain

compositions to make several ATPSs of total volume &7 cm3 in a calibrated

cylinder using diluents of 0.6 M NaCl. After mixing and centrifuging (ca. 5 min),

the separated layers were equilibrated at 23 �C for 24 h. Volumes of the top and

bottom layers were recorded and their densities measured. The 1H NMR of the

phases after exchanging H2O with D2O were taken to determine the molar ratios of

the polymers in each phase. Figure 1e displays the NMR spectrum of the top phase

of system 1 (Table 5); the 13 protons of the PZA 13 (?NaOH) appeared as NMR

signals in the range 2.3 B d C 3.7 ppm with an area integration of A, while the

two-proton signals for UPVA 17 is displayed around d 1.7 ppm with an area of

B. Integration of the signals thus provided the mole ratios of the polymers 13/17 in

each phase as (A/13)/(B/2). The molar mass of the repeat unit of PZA 13 and UPVA

17 are taken as 277.3 and 49.6 g mol-1, respectively. After determining the weight

fraction (w) in each phase as described [20], the tie lines were constructed.

Binodals by turbidity method

The binodal data for the 13–17-water (NaCl) systems at 23 �C were obtained by

turbidimetric method using a procedure described elsewhere [20].

Table 4 Percent inhibition against precipitation at various times in the presence of various concentra-

tions of the synthesized polymer 13 in 3 CB supersaturated CaSO4 solution at 40 �C

Entry Sample (ppm) Percent inhibition at times (min) of Induction

time (min)
10 20 30 60 90 1500

1 20 98.5 98.5 98 92 14 - 70

2 30 99.5 99.3 99 98 98 97.5 -a

Dissolved in water with the aid of minimum amount of NaHCO3

a No induction observed on the studied time range
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Results and discussions

Synthesis of polymers and their characterization

Dimethyl N,N-diallyl aspartate (9), the Michael addition product from diallyamine

(7)-dimethyl maleate (8), on treatment with gaseous HCl gave cationic monomer 10,

which upon hydrolysis with NaOH followed by acidification afforded the

hydrochloride salt of N,N-diallyl aspartic acid (5) (Scheme 2).

Monomers 10 and 5 underwent cyclocopolymerization in the presence of initiator

AIBN to give cationic polyelectrolyte (CPE) 11 (Table 1) and polyzwitterionic acid

(PZA) 13 (Table 2), respectively, in very good to excellent yields. The change in

initiator concentration from 3 mg/mmol monomer (Table 1, entry 1) to 4 and 5 mg/

mmol (entries 2 and 3) did not change either the yield or the intrinsic viscosity in

0.1 M HCl. However, the presence of higher amount of solvent DMSO (0.30 g/

mmol monomer in entry 4 vs. 0.25 g/mmol monomers in entries 1–3) afforded the

Table 5 Composition of the phases of the [UPVA ? PZA 8] system (2.0 equiv. NaOH, 0.6 M NaCl at

296 K) as shown in Fig. 4c

System Total system Top phase Bottom phase Volume

ratioa

PZA

w 9 100

UPVA

w 9 100

PZA

w 9 100

UPVA

w 9 100

PZA

w 9 100

UPVA

w 9 100

NMR method

1 1.62 3.33 2.29 0.342 0.101 10.1 2.4

2 1.31 3.20 1.89 0.406 0.139 8.78 1.9

3 1.10 2.76 1.59 0.491 0.169 7.41 1.8

4 0.557 3.54 1.11 0.645 0.196 5.63 0.5

System Binodal data

PZA

w 9 100

UPVA

w 9 100

Turbidity method

a 0.176 3.15

b 0.206 2.37

c 0.231 1.62

d 0.269 1.32

e 0.442 1.08

f 0.521 0.805

g 0.543 0.573

h 0.967 0.114

i 1.11 0.0892

j 3.04 0.0726

Urethanized poly(vinyl alcohol)

PZA 8 (?2 equiv. NaOH)
a Volume ratio of the top and bottom phase
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polymer in the highest yield (Table 1, entry 4). The amount of initiator also did not

have any considerable effect on the yield and viscosity values of PZA 13 (Table 2).

The polymers in Tables 1 and 2 were correlated by hydrolyzing CPE 11 (from entry

4) to CPE 12, which upon dialysis was converted into PZA 13 upon depletion of

HCl (Scheme 2).

Three major weight losses were revealed in the TGA curve of PZA 13 (Fig. 3a).

The first slow weight loss of 8 % up to 100 �C resulted from the release of moisture

trapped in the polymer. The polymer remained stable in the temperature range

100–150 �C; thereafter, a second sharp loss of 23 % in the temperature range

150–300 �C resulted from the release of SO2. The third steep loss of 40 % in the

temperature range 300–430 �C was associated with the decarboxylation and the

degradation of the nitrogenated organic fraction. At 800 �C, the residual mass was

found to be 17 %.

Attempts to analyze the molar masses of PZA 13 by GPC failed due to strong

adsorption to the column materials. A similar difficulty associated with polymers

containing amine and carboxy motifs has been reported [24]. However, CPE 11

from entries 3 and 4 (Table 1) were determined to have MW of 58,500 and

56,000 g mol-1, respectively, with a PDI of 2.2.

Solubility behavior

CPE 11 as well as poly(zwitterion-anion) (PZAN) (± -) 14 and polydianionic

electrolyte (PDE) (=) 15 are water soluble, as expected of any polyelectrolyte or

polymer backbone with a charge imbalance in favor of either of the algebraic signs.

It is the anionic portion in (± -) 14 that promotes water solubility. It is worth

mentioning that in 0.1 M NaCl, a 0.25 w/w% of (?) 11 remained homogeneous,

while at a concentration of 0.125 w/w%, it became a cloudy suspension rather than

precipitation. The dilution is expected to shift the equilibrium: (R0)2R00NH? (11) …
(R0)2R00N: ?H? toward right, thereby increasing the fractional contribution of the

water-insoluble neutral amine (R0)2R00N: on the polymer chain. However, in salt-

free water, 0.125 w/w % polymer remained soluble by shifting the equilibrium to

the left, since the ammonium salt is a weaker acid in salt-free water than in 0.1 M

NaCl [22]. As expected of the majority of electroneutral (±) polymers [25–28],

zwitterionic 13 was found to be insoluble in salt-free water, but soluble in the

presence of minimum critical salt concentrations (CSCs) of 4.73 M NaBr and

2.90 M NaI. The I- being more polarizable than Br- is more effective in

neutralizing the ionic cross-links, thereby disrupting the intragroup, intra- and

interchain attractive interactions [13]. Such large CSC values indicate the

remarkable strength of the zwitterionic interactions. It is quite surprising that the

polymer was found to be insoluble in the presence of any concentration of NaCl or

HCl (0.1–12 M). We find no rationale behind the insolubility in the presence of HCl

which is expected to push zwitterionic (±) 13 toward CPE (?) 12. It has been

revealed during potentiometric titrations that addition of NaOH to an aqueous

mixture of (±) 13 led to its solubility at a point where the backbone composition of
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repeat unit of (±) 13/(± -) 14 becomes less than 90:10. Increasing the anionic

portion thus leads to solubility in water.

Infrared and NMR spectra

The carbonyl frequency of the ester group in CPE 11 is confirmed by the presence of

the IR band at 1745 cm-1. The strong bands around 1306 and 1126 cm-1 were

assigned to the respective asymmetric and symmetric vibrations of the SO2 unit in

11 as well as in 13. The symmetric and anti-symmetric stretching of COO- in the

dipolar form 13 appeared at 1386 and 1628 cm-1 respectively, similar to those

observed for simple amino acids [29], while the absorption for the C=O stretch of

COOH appeared at 1728 cm-1.

The 1H and 13C NMR spectra of monomers 5 and 10, and polymers 11 and 13,

displayed in Fig. 1 and 2, respectively, reveal the absence of any residual alkene in

the polymers as a consequence of faster intramolecular cyclization than inter-

molecular propagation in the cyclopolymerization protocol. The chain termination

process by abstraction of an allylic proton of the monomer [30], as well as coupling

process [31], would also lead to the absence of residual alkene in the polymers.

Viscosity measurements

Viscosity data for CPE (?) 11 (entry 4, Table 1) are plotted in Fig. 3b–i. In salt-free

water, the viscosity plot for 11 was not typical of polyelectrolytes (i.e., concave

upward) (Fig. 3b–i); with decreasing concentration, the reduced viscosity decreases

as a result of increasing presence of the neutral amine form in the mobile

equilibrium: (R0)2R00NH? (11) … (R0)2R00N: ?H? (vide supra). The viscosity plots

move downward in 0.1 M NaCl as compared in salt-free water owing to the

shielding of the cationic charges by Cl- ions [Fig. 3b-iii]. The straight-line plot

changed direction downward at lower concentrations; the solution became a cloudy

suspension at 0.125 w/w % as a result of the presence of excessive amount of the

neutral amine. The reduced repulsive charges on the polymer chain therefore

decrease the hydrodynamic volumes and hence decrease the viscosity values. The

viscosity plot becomes normal in 0.1 M HCl (Fig. 3b-ii); added H? forces CPE 11
to be in the cationic form. The equilibrium mentioned above is shifted toward left,

and Cl- ions shield the positive nitrogens so as to give a normal linear plot. A

comparison between Fig. 3b-ii and b-iii confirms that the higher viscosity in 0.1 M

HCl than in 0.1 M NaCl is a result of the higher cationic charge density in the

polymer chain in the former medium.

PZA (±) 13 is water insoluble; however, in the presence of 1 and 2 equivs.

NaOH, it is converted into (± -) PZAN 14 and (=) PDE 15, respectively. The

viscosity plots of 14 (Fig. 3c-i) and 15 (Fig. 3c-ii) are concave upward in salt-free

water as expected of polyelectrolytes, while they became linear in 0.1 M NaCl

(Fig. 3c-iii and iv). It is surprising to note that dianionic (=) 15 has lower viscosity

values (Fig. 3c-ii) than zwitterionic/anionic (± -) 14 (Fig. 3c-i) in salt-free water,

as confirmed by careful triplicate measurements under N2. As per expectation, (=)

15 should have higher viscosity values as a result of greater repulsion among its
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repeating units having higher negative charge density. The expected trend is

observed in 0.1 M NaCl (Fig. 3c-iii versus iv), but not in salt-free water. One

possible rationale behind these findings is that in salt-free water, the shorter distance

between the positive nitrogens in the neighboring zwitterionic dipoles in (± -) 14
leads to greater repulsions than the repulsions experienced among more distant

negative oxygens in the neighboring repeating units of dianions (=) 15. In 0.1 M

NaCl, the Cl- ions effectively neutralize the positive nitrogens in (± -) 14,

permitting greater negative charges in (=) 15 to dictate the viscosity values. To

correlate two polymers (?) 11 (Table 1) and (±) 13 (Table 2), obtained via

respective monomers 10 and 5, diester 11 was hydrolyzed to 13 (Scheme 2). The

intrinsic viscosities of (± -) 14 [i.e., (±) 13 1 1 equiv NaOH] prepared from

Table 1 (entry 4) and Table 2 (entry 1) were determined to be 0.354 and 0.585 dL

g-1, respectively (cf. Fig. 3c-iv vs. c-v). Using Mark–Houwink equation

([g] = KMa) with an approximate ‘a’ value of 0.8, the sample from Table 2 (entry

1) is estimated to have an Mw of 105,000 g mol-1 as calculated from the known

Mw of 56,000 g mol-1 for the sample of Table 1 (entry 4) and the [g] values of

0.354 and 0.585 dL g-1 as presented above. The diester monomer 10 was thus

found to give polymers (Table 1) with lower molar masses as compared to its

hydrolyzed counterpart 5 (Table 2), presumably as a result of higher steric crowding

of the ester group (during cyclization) than its hydrolyzed counterpart.

Basicity constants

Basicity constants K1, K2 and K3 describe the protonation of repeat units in (=) 15,

(± -) 14 and (±) 13, respectively. Unlike small molecules, the Ki of a repeat unit is

‘apparent’ [32]; it depends on the type of charge and its density in the neighboring

units and as such varies with the degree of protonation (a). The Kis of anionic

centers is described by Eq. (3) (Scheme 2), where log Ki
o = pH at a = 0.5 and

ni = 1 in the case of sharp basicity constants. Using Eq. (2), the pH vs. log

[(1 - a)/a)] plots enabled us to determine the ‘ni’ and log Ki
o as the slope and

intercept, respectively, as described elsewhere [22]. In salt-free water, basicity

constants log K1 and log K2 were determined to be 9.91 and 5.33, respectively,

while the corresponding n1 and n2 were found to be 1.71 and 1.35 (Table 3). Log K3

involving the equilibrium: 13 (ZH�
2 ) ? H?

� (ZHþ
3 ) 12 could not be determined

owing to the water insolubility of the component polymers. It was revealed during

titration that a polymer backbone consisting of less than 90 % zwitterionic (ZH�
2 )

13 and more than 10 % zwitterionic-anionic (ZH��
2 ) 10 remained water soluble,

while higher percentages of zwitterionic fraction impart insolubility.

Any value of ni (i.e., polyelectrolyte index) other than 1 leads to variation of

K with a (Fig. 4a). The ni values greater than 1 lead to the decrease of K with a. A

strong polyelectrolyte effect is reflected by a greater value of n associated with a

greater variation of K with a. A gradual decrease of average negative charge density

per repeating unit with increasing a reduces the electrostatic field that induces

protonation. It is worth mentioning that log K of a base is the pKa of its conjugate

acid.
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Inhibition of CaSO4 scale formation by the synthesized polymer

In the reverse osmosis (RO) process, the inlet feed water stream is divided into

product water and reject brine which may become supersaturated with salts that may

lead to scaling, thus reducing the efficiency of the desalination membrane. The

percent inhibition (PI) of scaling is calculated using Eq. (4):

% Scale inhibition ¼
½Ca2þ�inhibitedðtÞ � ½Ca2þ�blankðtÞ

½Ca2þ�inhibitedðt0Þ � ½Ca2þ�blankðtÞ
� 100; ð4Þ

where ½Ca2þ�inhibitedðt0Þ, ½Ca2þ�inhibitedðtÞ and ½Ca2þ�blankðtÞ are the Ca2? concentrations

at time zero and t in the inhibited and blank solution (without antiscalant),

respectively.

For the current work, the scaling behavior of a supersaturated solution of CaSO4

containing 2598 ppm of Ca2? and 6300 ppm of SO4
2- in the presence of 30 and

20 ppm of synthesized antiscalant 13 was investigated, and the results of percentage

scale inhibition are given in Table 4. The effectiveness of an antiscalant depends on

its ability to scavenge metal cations [7] and interfere with crystal formation at the

Fig. 4 a Plot for the apparent log Ki versus degree of protonation (a) filled square (K1, entry 1, Table 3)
open square (K2, entry 1, Table 3). b Precipitation behavior of a supersaturated solution of CaSO4 in the
presence (20, 30 ppm) and absence of PZA 13 (?1 equiv. NaHCO3). c Phase diagram [filled square and
open square represent data obtained by respective NMR and turbidity method] at 296 K of PZA 13
(treated with 2 equivs. NaOH)–UPVA–H2O (0.6 M NaCl) at 296 K. d Correlation of phase diagram of
PZA 13 (2 equiv. NaOH)–UPVA–H2O (0.6 M NaCl)
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time of nucleation [33]. In the absence of antiscalant, the precipitation of CaSO4 is

indicated by a sudden drop in conductivity (Fig. 4b-iii: blank). To our satisfaction,

the presence of 20 and 30 ppm 13 registered scale inhibitions of 98 and 99 %,

respectively, for about 30 min as calculated using Eq. (4). In the presence of

30 ppm antiscalant, it registered a 97.5 % scale inhibition at a time of 1500 min.

Usually, a residence time of &30 min is required for the brine in the osmosis

chamber. At the inhibitor concentration of 20 ppm, an induction period of 70 min is

followed by a sharp drop in conductivity, which indicates an accelerated growth of

CaSO4 crystal (Fig. 4b-ii). However, at the time scale of over 3000 min, no

induction was observed at the inhibitor concentration of 30 ppm.

In the presence of an antiscalant, crystals having irregular shapes and loose

structures of smaller fragments are formed. The involvement of the antiscalant into

the nucleation process during the induction period leads to the prevention of the

normal growth of CaSO4�2H2O by poisoning the active growing sites in the crystal.

This leads to the increase in the internal stress of the distorted crystals, thereby

resulting in crystal fractures and prevention of deposition of microcrystals [33].

Later on, after all the antiscalant molecules are adsorbed into growing crystal, the

crystal growth can resume at a rate comparable to that of the unpoisoned systems.

So, the induction period depends on the concentration of the antiscalant; at a higher

concentration (30 versus 20 ppm), it is able to prolong the induction period and may

thus minimize the fouling of membranes by CaSO4�2H2O.

Phase diagrams using [PZA 13 1 2 equivs. NaOH]—UPVA 17–H2O (NaCl)
systems

The turbidity method was used to construct the binodal, while 1H NMR technique

was utilized for the tie lines in phase diagram of UPVE 17–PDE 15 (i.e., PZA

13 ? 2 equiv NaOH)–0.6 M NaCl in Fig. 4c. The Atotal represents the composition

of a total system, which splits into PZA-rich top (Atop) and UPVA-rich bottom

(Abottom) phases. The three compositions are connected by a tie line where volume

ratio (or the mass ratio) of the top and bottom phases Vtop/Vbottom is equated to the

ratio of the tie-line length: (Atotal - Abot)/(Atotal - Atop) [17]. Variation in the Atotal

is helpful in the construction of ATPS with a suitable volume ratio.

A binodal curve demarcates a single- and two-phase region and thus provides

information about the suitability of the polymers for industrial separation process.

Its position closer to the axes makes the ATPS more economical, since it will

require lower amount of polymers for phase separation to occur. For the current

ATPS, the phase separation occurs at total polymer concentrations of &5 %, which

is excellent from an industrial point of view. At higher polymer concentrations,

ATPS systems become more expensive. For bioseparation, the high water content is

expected to make this ATPS biocompatible and benign to biomaterials. One of the

most gratifying aspects of the current ATPS is the solubility behavior of the

component polymer PZA 13. Environmentally friendly use of ATPSs in separation

and purification of biomolecules demands a way to their recycling [17], which is

possible with the current polymer 13, since at lower pH values, it is practically

insoluble in water. Though outnumbered by construction and use of non-ionic

2194 Polym. Bull. (2016) 73:2179–2198

123



ATPSs, the application of ionic polymers in protein separation has also been

documented [18]. PZA 13 containing aspartic acid residues with pH-triggerable

functionalities (N and CO2
-) is anticipated to impart pH-responsive behaviors in

selective separation and purification of biomolecules, like proteins.

The correlation of the phase diagrams

Equations (5) and (6), based on Florey–Huggins theory, were developed by

Diamond and Hsu [34] to check the consistency of the tie lines.

lnK1 ¼ A1 w00
1�w0

1

� �
ð5Þ

and

lnK2 ¼ A2 w00
2�w0

2

� �
; ð6Þ

where the subscripts 1 and 2 represent polymer 1 (UPVA) and polymer 2 (PZA

13 ? NaOH), while w00 and w0 denote the polymer weight percent in the top and

bottom phase, respectively. The magnitude of the slopes A1 and A2 reflects the

effects of polymer molar masses and their interactions with water. The concentra-

tion ratio of the polymers in the top and bottom layer (Ct/Cb) represents the partition

coefficient K1 and K2. The simple model thus describes the phase behavior rea-

sonably well as shown by the good least square linear fits of the data in Fig. 4d. A

linear regression of ln K versus w00
i � w0

i, with zero intercept value afforded the

parameters A1 and A2. The root mean-square deviation (rmsd) was calculated using

the experimental Kexp and the calculated partition constants Kcal by Eq. (7) [35]:

rmsd ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1 ðKexp � KcalcÞ2

i

N � 1

s

; ð7Þ

where the parameters Ai (A1 = -0.371, A2 = 1.51) and rmsd values

[(rmsd)1 = 0.0257, (rmsd)2 = 2.87) of the correlation model for the partition

coefficients using N number of tie lines (Fig. 4d) ascertain that Eqs. (5) and (6) are

helpful in correlating the experimental data of the current work. The simple model

thus requires only a single phase composition to calculate A1 and A2, thereby it helps

to avoid extensive phase equilibrium determination.

Poly(N,N-diallylaspartic acid) 6 versus Poly(N,N-diallylaspartic acid-alt-
SO2) 13: a comparison of the homo- and copolymers

Several properties of homopolymer poly(diallyl aspartate) (6) and copolymer

poly(diallyl aspartate-alt-SO2) (13) are summarized in Table 6. The presence of

electron-withdrawing SO2 unit has decreased the log K1, i.e., log [basicity constant]

of the amine nitrogen by 1.2 unit as compared to the homopolymer. Since log

K1 = pKNH
? , the conjugate acid 14 of copolymer 15 is thus more acidic than its

homopolymer counterpart. The presence of SO2 is also expected to increase the

acidity of diester copolymer 11; its increased dissociation to the neutral amine form

Polym. Bull. (2016) 73:2179–2198 2195

123



led to its insolubility in dilute aqueous mixture (vide supra). Butler’s cyclopoly-

merization protocol gave copolymers having much higher molar masses than the

corresponding homopolymers (Table 6). Homopolymer 6 imparted much higher

scale inhibition than copolymer 13; at a 20 ppm concentration, the inhibition of

CaSO4 scale formation after the elapse of 1500 min was found to be 100 and 14 %,

respectively. It is to be noted, in this respect, that PASP (3/4) (Scheme 1) with lower

molar masses has been shown to impart better scale inhibition than the polymer with

higher molar masses. PASP with molar masses in the range 1000–2000 g mol-1

imparted an inhibition efficiency of 80 % in a supersaturated 0.1 M Na2SO4 and

CaCl2 solutions at 30 �C for 24 h [7]. Therefore, it is logical to conclude that the

better scale inhibition by homopolymer 6 as compared to copolymer 13 must be a

consequence of its lower molar mass. In future endeavor, attempts would be made to

obtain homo- and copolymers with molar masses as low as possible to achieve

better scale inhibition efficiencies. Polymers with smaller sizes can interfere more

effectively with the nucleation and growth of scale.

There is a great difference in the solubility behaviors of the homo- and

copolymers. The copolymer has higher CSC values for various salts i.e., higher

amount of salts are required to promote its water solubility (Table 6). As a result of

electron withdrawal by the SO2 unit, the positive charge on the nitrogens in

copolymer 13 is more dispersed and hence less hydrated. The enhanced zwitterionic

attraction in 13 in the absence of interference by hydration demands greater amount

of salts for its disruption to promote solubility. It is interesting to note that the

copolymer is practically insoluble in the presence of any amount of added HCl or

NaCl, thereby making it a suitable polymer component in a pH-controlled

recyclable ATPS.

Table 6 Basicity constant K1, molar mass and scale inhibition efficiency of homo- and co-polymer

Polymer pKNH+
a

or log K1

Mw (g 
mol−1)

Scale 
inhibitionb

(%)

CSCc

NaCl (M) NaBr
(M)

NaI
(M)

HCl (M)

[ ]n
N CO2

CO2H
H

6

11.1 10,100 100 0.640 0.360 0.228 0.0224

[ ] n

N CO2

CO2H

SO2

H
13

9.91 105,000 14 4.73 2.90Insolubled Insolubled

a In salt-free water at 23 �C
b After 1500 min using 20 ppm polymer in a supersaturated solution of CaSO4 (aq) at 40 �C
c Critical salt concentration required to promote solubility at 23 �C
d Insoluble in the presence of any concentration of NaCl or HCl
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Conclusions

Monomers 5 and 10 containing residue of aspartic acid have been cyclopolymerized

with SO2 to obtain alternate copolymers PZA 13 (i.e., 5-alt-SO2) and CPE 11 (i.e., 10-

alt-SO2) in very good yields. PZA 13 is practically insoluble in water or aqueous HCl or

NaCl, while soluble only in the presence of high concentrations of NaBr and NaI. The

addition of NaOH transforms PZA (±) 13 to water-soluble PZAN (± -) 14 and PDE

(=) 15, which has been used as a component polymer in the construction of a recyclable

ATPS. The interesting solubility behavior envisages its use at a higher pH value and

recycling by precipitating at a lower pH. The basicity constant K for the ligand centers

in the following equilibria (=) 15 ? H?
… (± -) 14 and (± -) 14 ? H?

… (±) 13
have been determined; the data would be of great value for proper utilization of the

polymer as a scavenger of toxic metal ions and inhibitor of metal corrosion.

The potential of PZA 13 as an antiscalant has been demonstrated; it imparted

excellent CaSO4-scale inhibition. The interesting pH-dependent solubility behavior

for the current polymers could well be exploited in forming blend films containing

zwitterion structure units for potential application in membrane separation [36].

Work is currently underway in our laboratory to utilize current monomers to

synthesize aspartic acid-based cross-linked resin as chelating adsorbents for the

removal of toxic materials.
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