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ABSTRACT: The intrinsic viscosity, [11], was measured for the betaine-type polyampholyte, 
poly(2-(methacryloyloxy)ethyl 2-(trimethylammonio)ethyl phosphate), in aqueous solution at 
various pH and ionic strengths, I. The linear relationship between 1/JT and [11] for ordinary 
polyelectrolytes was also observed for the polyampholyte at low I near isoionic pH and over a 
wide range of I at other pH. By comparing I dependence of the electrostatic expansion factor of 
the polyampholyte with that of poly(sodium acrylate), it is suggested that there is a pronounced 
intramolecular attraction between the segments due to the oppositely-charged groups even when 
pH deviates from the isoionic pH. 
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As is well known, phospholipids such as 
phosphatidyl-ethanolamine and -choline play 
important roles as one of constituents of 
biological membranes. Focusing on the unique 
features of phospholipids, some groups have 
been devoting their efforts to synthesize vi­
nyl polymers containing phospholipid ana­
logues.1 -s Recently, Nakaya et al. 6 • 7 report­
ed the preparation of one of betaine-type poly­
ampholytes, i.e., polymethacrylate containing 
phosphatidylcholine group, poly(2-(methacry­
loy loxy )ethyl 2-(trimethylammonio )ethyl 
phosphate), which has -POf- group. dis­
sociated as a weak acid and-NE!l (CH3h group 
dissociated as a strong base. Moreover, they 
suggested6 that the polyampholyte dissolved in 
water forms a loose hydrophobic area and 
some uncatalyzed polymerizations are possible 
in this area. However, the conformation of the 
polyampholyte chain in aqueous solution 
remains unclear. 

If either acidic or basic group in a poly­
ampholyte is a weak acid or base and the 
weak acidic or basic groups are more populated 
than the strong basic or acidic groups in the 
molecule, one can adjust pH to an isoelectric 
point where the net charge in the molecule 
reduces to null. Near the isoelectric point, there 
is the intramolecular attraction between the 
oppositely-charged groups on the chain so that 
the polyampholyte chain is expected to be 
tightly coiled8 •9 in salt free solution and to be 
expanded with increasing ionic strength, I. 
When one introduces the net charge into the 
molecule by setting pH apart from the iso­
electric point, on the other hand, it is expected 
that the chain is expanded and the expansion 
decreases with increasing I. In this work, 
therefore, we studied the pH and I dependences 
of the conformation of the polyampholyte 
chain by measuring intrinsic viscosity, [17]. 

65 



Y. MUROGA et al. 

EXPERIMENTAL 

Samples 
The synthesis of the polyampholyte (Figure 

1) was stated in detail in previous papers.6 •7 In 
order to reduce the effect of the molecular 
weight distribution on the experimental result, 
the fractionation was carried out as follows: 
The sample was dissolved in a mixture of 
methanol and acetone (2: 7 in volume ratio) so 
as to have a polymer concentration of -0.29 
(w/v %). To the resultant solution was added 
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Figure 1. The repeating unit of poly(2-(methacryloyl­
oxy)ethyl 2-(trimethylammonio)ethyl phosphate). 
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another mixture of the same components (2: 6) 
at room temperature (ca. 25°C) until a slight 
precipitation was effected under stirring. After 
standing the solution for one day, the con­
centrated phase was separated from the dilute 
one. For the polymer recovered from this 
concentrated phase, the similar fractionation 
procedure was repeated and the polymer re­
covered from the final concentrated phase 
was employed in the present study. 

The molecular weight distribution (M w! 
Mn= 3.6) was evaluated on the basis of pullulan 
as reference by gel permeation chromatography 
on Toso GPC HLC-802A (column G5000PW 
or GMPW) using a mixture of 0.5 M acetic 
acid and 0.5 M sodium acetate (pH= 4. 7) as 
elution solvent. The weight-averaged molecular 
weight (Mw= 1.18 x 107) was determined by 
light scattering with Automatic Light Scatter­
ing, Union Giken LS-601A for 0.1 NNaCl aq. 
solution of the sample having on/oc = 0.1235 
(mlg- 1). 

The tacticity of the sample (rr= 59%, 
mr=36%, mm=5%) was characterized from 
the peak intensity of a-methyl proton in the 
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Figure 2. Proton NMR spectrum of the polyampholyte in D 20 solution. Triplet centered at ca. I ppm, 
a bump at ca. 1.9 ppm, and a sharp peak at ca. 4.8 ppm are assigned to ix-methyl, methylene protons in 

the main chain and solvent, respectively. Other signals are assigned to the protons in the side chain. 
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proton NMR spectrum of its D 20 solution 
(Figure 2), which was recorded on Varian 
XL-GEMA 200 spectrometer. Such a tecticity 
means that the polyampholyte is so-called 
atactic polymer. 

Sample Preparation and Viscosity Measurement 
All solutions were prepared with distilled and 

deionized water. Ionic contaminants in the 
samples were removed by passing the aqueous 
solution through a mixed-bed of the ion­
exchange resins, Amberlite IRA-400 and 
IR-120B. The isoionic solution thus prepared 
showed pHiso = 3. 3 5. Since the polyampholyte 
is extremely hygroscopic in the dry state, the 
concentration of the solution was determined 
from the proton NMR spectrum of the solution 
dissolving a known quantity of a reference 
sample, phosphoric acid diphenyl ester. Thus, 
the concentration was determined to the 
precision of ± 3%. 

The viscosity measurements were carried out 
at 25 ± 0.01 °C by using a Ubbelohde-type 
capillarly viscometer at three pH values, 4.0, 
5.0, and 1.0, which were adjusted by the buffer 
solutions, i.e., a mixture of acetic acid and 
sodium acetate, a mixture of acetic acid and 
sodium acetate and a mixture of hydrochloric 
acid and pottasium chloride respectively. At 
each pH value, / was adjusted to a preassigned 
one by changing relative amounts of two 
components dissolved in each buffer solution. 

PH Measurement 
The measurements were carried out with 

Corning M255 pH meter at 20 ± 2°C, under 
bubbling of Ar gas over the solution in order 
to avoid contamination of the solution by CO2 

gas in the air. 

RES UL TS AND DISCUSSION 

The potentiometric titration of the poly­
ampholyte was carried out over both acidic and 
alkaline pH ranges by adding hydrochloric acid 
and sodium hydroxide, respectively, to the 
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Figure 3. Potentiometric titration curves (circles) of the 
polyampholyte in aqueous solution and solvent (dotted 
curve). The isoionic point is found at pH, .. =ca. 3.35. 
cp,w = 0.945 (g di- 1 ), CNaOH = 0.05 (N), Cuc,= 0.05 (N). 

isoionic solution (Figure 3). As is shown in the 
figure, an inflection point appears in the curve 
when a small amount of sodium hydroxide is 
added and this fact implies that the numbers 
of -POf- groups and -NEil (CH3h groups in 
the molecule are not equal, but a few bond 
scissions have occurred somewhere between 
these ionic groups during the polymerization 
and/or purification processes. 

Here, we assume that the molar weights of 
the monomer units in the polyampholyte are 
WN and Wp, respectively, when the unit has 
both -POf- and -NEil (CH3h groups and it 
has -POf group only. As a result of the 
dissociation equilibrium (the equilibrium con­
stant= Kiso) among -P030H- group and 
-POf- and HEil, the polyampholyte aqueous 
solution having the concentration of Cp,w 

(g dl- 1) and containing m0 mole of -POf­
groups and n0 mole of -NEil (CH3h groups in 
a volume V0 (ml) exhibits pHiso at the isoionic 
point. When VNaOH (ml) of CNaOH (N) sodium 
hydroxide is needed to neutralize the excessive 
m0 - n0 mole of -P030H- groups, these 
quantities are related through the following 
equations: 
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(2) 

CNaOH · V NaOH 

1000 
(3) 

{ n0 • (1000/V0) + [H+J}[H +] 
Kiso=-----------

(mo-no)· (1000/V0)-[H+] 
(4) 

If a few bond scissions have occurred 
between -PO£l- CH2 CH 2- group and -NEB 
(CH 3h groups, WP is evaluated to be 238. 
Thus, substituting WP=238 and WN=295 and 
the observed values of Cp.w = 0.945 (g dl- 1 ), 

pHiso=3.35, CNaoH=0.05 (N), VNaoH=0.16 
(ml) and V0 = 15 (ml) into eq 1 to 4, we obtain 
the ratio n0 /m0 = 0.983. From these values, we 
evaluate the pKiso of -P030H- group as 0.78. 
The magnitude of pKiso thus obtained is 
extraordinary small compared with that for the 
first step dissociation of phosphoric acid, 1.96. 
This fact seems to mean that the dissociation 
of -P030H- group was effectively promoted 
by the presence of -NEB (CH 3h group. Here, 

it should be noted that WP cannot unambig­
uously be known and takes a value between 
210 and 238. Such ambiguity of Wp, however, 
brings about a substantially negligible effect on 

the resulting pKiso· From these data, moreover, 
pH at isoelectric point, where the net charges 
in the molecule reduces to null, is evaluated as 
2.54, assuming that pK ( = 0. 78) of -P030H­

group is not charged between at the isoionic 
and at the isoelectric points. By using the 
same assumption, the mole ratios, k, of dis­
sociated basic to acidic groups at pH= 4, 5, 
and 1 are estimated as 0.984, 0.983, and 1.54, 
respectively. 

In Figure 4 are shown an example of plots 

of ln(17,e1)/c and 17sp/c vs. cat pH=4.0, where 
c is the polymer concentration in g dl - 1 . A 
good linear relationship between ln(17rei)/c or 
17sp/c and c is attained irrespectively of/. Such 
a good linear relationship is also fround at 
pH= 5.0 and l.O. To be noted here, it was 
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Figure 4. The plot ofln(11,.,)/c and 11,p/c vs.cat pH=4.0 
The ionic strength is 0.92 (circle), 0.020 (triangle), 0.0021 
(plus) and 0.00025 (cross). 

Table I. pH and ionic strength (/) dependence of the 
intrinsic viscosity ([11]) in (di g- 1). 

pH I [11] 

1.0 1.94 
1.0 2.3 X 10- 1 2.03 

I.Ox 10- 1 2.16 

9.2xl0- 1 2.08 
4.0 2.0 X 10- 2 2.01 

2.J X 10- 3 1.98 
2.5 X 10- 4 2.16 

6.7 X 10- 2 1.99 
5.0 6.7 X 10- 3 1.95 

6.7 X 10- 4 2.04 
3.4x10- 4 2.07 

confirmed by proton NMR that the hydrolysis 
of the polyampholyte was not occurred during 
the measurement of the viscosity. The [17] data 

obtained by linear extrapolation of ln(17rei)/c 
and 11sp/c to c=O are summarized in Table I. 

The relationship between [17] and If .JI for 
the polyampholyte is shown in Figure 5. In the 

region of If.JI> -20 at pH=4.0 and 5.0 
(Region I) and over a whole region of I at 

pH= l.O, [17] increases linearly with If.JI. 
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Figure 5. !/~/ dependence of [I/] at pH= I (diamond), 
4 (circle) and 5 (triangle). 

Such a linear 1/-Jl dependence of [11] is well 
known in ordinary polyelectrolyte such as 
poly(sodium acrylate), PNaA. 10 In the regions 
of I/JI< -20 at pH=4.0 and 5.0 (Region 
II), on the other hand, a reverse tendency is 
observed. The behavior in Region II at 
pH= 4.0 and 5.0 may suggest the release 
of attracting interactions between different 
charges with the increase of/. 

Generally speaking in ordinary polyelec­
trolyte, [11] can be linearly extrapolated to 
infinite /, / 00 , against 1/-Jl, and [11] thus 
obtained, [11] 00 , corresponds to a specified 
and shrinked conformation obtained if all 
charges in the molecule have been completely 
shielded. 10 As is shown in Figure 5, [11] of the 
polyampholyte showing a linear 1/-JI de­
pendency also converge to a common value of 
[11] 00 , 1.88, irrespectively of pH. From this 
observation, it is concluded that the poly­
ampholyte behaves as a polyelectrolyte not 
only when positive charges are excessively 
populated in the molecule (pH= 1.0), but also 
even when a slight amount of net charges exists 
in the molecule (pH= 4.0 and 5.0) as long as 
the magnitude / is sufficiently low. 

The cube of expansion factor of a polymer 
chain for viscosity, a;, is defined as the ratio 
of [11] of polymer perturbed by the excluded 
volume effect to that of the unperturbed 
polymer, [11] 6 : 
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3 [11] 
Cl( 

q [11]0 
(5) 

and the electrostatic part of aq 3 for poly­
electrolytes, aqe 3 , can be evaluated by10 

3 3 1· 3 ) aqe = a,,. - ( 1m aq - I 
1-00 

(6) 

where the extrapolation to the infinite ionic 
strength can be achieved by using the linear 
relationship between [11] or a/ and 1/-JI. As 
is well established, 10 aqe 3 of polyelectrolytes 
depends on 1/-Jl through the factors, f(i), <J, 

and DP (degree of polymerization): 

3 I f(i) Jni' 
aqe - oc-3- IT 

<J v / 
(7) 

where i is a net charge per monomer unit, f(i) 
is a factor reflecting i dependence of the 
electrostaic interaction of charges on a polymer 
chain and u is a factor reflecting the chain 
flexibility, which is defined as the ratio of the 
root-mean squared end-to-end distance of the 
unperturbed chain, <h2 )/12 , tothatoftheideal 
chain with free rotation about each carbon­
carbon bound, <h2 ) 0 ,r/12 . 

To clarify the difference in charge interac­
tions at polyampholyte and at ordinary poly­
electrolyte, we evaluate the ratio of f(i) for 
the former to that for the latter. From the data 
for the polyampholyte in Figure 5, we have 

~=I+~ 
[11]00 Ji (8) 

where A= 0.0022 and 0.040 for pH= 4 and 5, 
and I, respectively. Since eq 6 is rewritten as 

the electrostatic part of expansion factor for 
the polyampholyte (aqe 3)AMP is obtained by 
substituting eq 8 into eq 9: 

3 A 
(aqe )AMP= I+ IT 

k·-,.; I 
(10) 
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where k= [17]6/[17] 00 • When PNaA has the same 
degree of polymerization (DP= 4.0 x 104) as 
the polyampholyte, a,,e 3 for PNaA is given by: 

3 B 
(a,,. )PNaA = 1 + fl (11) 

where the B values are 1.85 and 3.94 for 
i=0.103 and 0.400, respectively. 1° From eq 7, 
10, and 11, the ratio of f(i) for the 
polyampholyte, f(i)AMP, to that for PNaA, 
f(i)PNaA, is given by: 

f( i) AMP A CT AM/ 
---=~X-- (12) 
f (i)PNaA k · B CT PNaA 3 

where er PNaA and er AMP are the er values for PN aA 
and polyampholyte, respectively. The er value 
can be evaluated from <h2 ) 0 determined by 

[11]0, 

(13) 

where <Pis the well known Flory constant10 at 
0 temperature, 2.87 x 1021 . Substituting [17]9 

for PNaA 10 and [17] 00 for the polyampholyte 
into eq 13, we have 

(14) 

CT AM/= 27.1 [17]9 = 27.1 k[17] 00 = 50.9 k (15) 

Introducing eq 14 and 15 into eq 12, we have 

j(i)AMP A 50.9 

j(i)PNaA B 10.6 
(16) 

Here, it is noticed that the net charges in the 
polyampholyte at pH= 4, 5 and 1 are equiv­
alent to that in PNaA having i=0.016, 0.017, 
and 0.54, respectively. Since a,,. of PNaA 
at i = 0.54 is comparable to that at i = 0.40 
owing to ion-binding, we have about 0.049 
for f(i)AMPlf(i)pNaA at pH= I. When i is 
smaller than 0.1, generally speaking, f(i) is 
proportional to i", where a is ranged from 1 to 
2. 10•11 Therefore, we have 0.047 -0.296 for B 
of PNaA at i=0.016---0.017. Using this values 
in eq 16, we have about 0.036---0.225 for 
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f(i)AMP/ f(i)PNaA at pH= 4 and 5. Thus, it is 
clarified that the contribution of f(i) in the 
1 / ,JI dependence ofo,,. 3 is 4.4--28 to 20 times 
smaller in the polyampholyte than in PNaA. 

Thus, the present study shows that a change 
in /brings about only minor modification in the 
expansion of the polyampholyte and such a 
behavior is due to the attractive interactions 
between oppositely charged groups in the 
molecule. This conclusion is consistent with 
our previous observation6 that the poly­
ampholyte forms a stable structure in water. 
When I is higher than 0.0025 at low net-charge 
(pH= 4 and 5), [ 17] is increased with / as is 
seen in Region II in Figure 5. This may be 
caused by the release of the attractive inter­
actions between the charges and between 
hydrophobic groups such as a-methyl groups. 
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