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Abstract 

The chloride ion activity, pH and conductance of an aqueous solution of branched poly(ethylenimine) (BPEU were 
measured as a function of polymer concentration C, and degree of protonation (Y or degree of neutralization /3. BPEI is a 
highly branched polyelectrolyte and has ionizable groups mainly on the main chain. The conductometric titration curve 
shows a sharp increase before complete protonation, and its starting point, /3,, depends on C, and does not coincide with the 
equivalent point determined by potentiometric titration. The chloride ion activity coefficient is very low and decreases with 
p, but it has a minimum point at about 0.6-0.8, roughly corresponding to &. The sharp conductance increase, in the region 
of /3 < I, is explained in terms of the weakness of the bases in the highly branched spherical polyion. The low values of the 
counterion activity coefficient is explained in terms of the two-phase model of spherical polyelectrolytes. 

Ke)‘~~rtl~c Polfiethylenimine), branched; Conductometric titration; Potentiometric titration; Activity coefficient; Polyelectrolytc, spherical 

1. Introduction 

In the field of aqueous polyelectrolyte solutions, a 
large number of studies have been carried out in 
order to understand the relationships between charge 
density and polyion-counterion interaction [ 1 - 171, 
because the solution properties are greatly influenced 
by this interaction. The activity coefficient of 
counterions in a polyelectrolyte solution is lower 
than that in a simple salt solution at the same con- 
centration, due to quite large interaction between 
counterions and polyelectrolytes. The higher the 
charge density of the polyelectrolyte becomes, the 
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larger is the interaction between the polyelectrolyte 
and counterions. These situations were explained by 
several authors [ 13,141. Also, it has been reported 
that the ionization behavior depends not only on the 
charge density but also on polymer configurations 
[ 15171. For example, the dissociation behavior is 
different for poly(fumaric acid) and poly(maleic 
acid), having the same charge density. Most samples 
used in these studies, however. were anionic rod-like 
polyelectrolytes which contain charged groups on 
side chains. There are several studies on cationic 
polyelectrolytes [1X-30], but only a few studies can 
be found on the polyelectrolytes having charged 
groups on the main chain [24-301. 

Branched poly(ethylenimine) (BPEI) was used in 
the present study to investigate the counterion activ- 
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ity and its effect on the electrical conductivity. BPEI 
is a weak cationic polyelectrolyte because its ioniza- 
tion is provided by protonation of amine groups. Due 
to highly branched chain conformation, its overall 
shape in solution is regarded as a typical example of 
a spherical polyion [31]. About 50% of the ionizable 
groups is secondary amine, and about 25% is tertiary 
amine, which are located on the polymer main chain. 
Thus, the groups charged by protonation are posi- 
tioned on the main chain of BPEI. Such overall 
features and arrangement of the ionized groups are 
not necessarily common for polyelectrolytes usually 
studied. 

Several experimental and theoretical studies have 
been proposed to explain potentiometric titration 
curves and activity coefficients of counterions for 
BPEI [28,29]. In the work described in the present 
paper we have measured the activity coefficients of 
counterions, and carried out conductometric titrations 
and potentiometric titrations. Considering these re- 
sults, we finally discuss the distinctive feature of 
protonation for BPEI. 

2. Experimental 

2.1. Sample preparation 

The polymer sample used was a commercial BPEI 
(SP-200, Nippon Shokubai Kagaku Kogyou Co., 
Ltd.), whose MW was 10000. This BPEI was highly 
branched and contains primary, secondary and ter- 
tiary amine groups in the ratio of approximately 
1:2:1 [27]. The sample solutions were prepared by 
dialysis for two days by cellulose membrane (Spec- 
tra/Por@ 3 MWCO = 3500 Spectrum Medical In- 
dustries, Inc.) and deionized by an ion-exchange 
resin column (Dowex 1 and Dowex 50, The Dow 
Chemical Company) before use. The polymer con- 
centration C, was changed by dilution of this solu- 
tion. 

2.2. Potentiometric titration 

The potentiometric titration was carried out with 
HCI in salt-free or in 2.0 M KC1 solution to clarify 
the ionization behavior as well as to measure C, 
accurately with a TOA HM-60V pH meter and a 

GST-5 11 C pH combination glass electrode. All mea- 
surements were carried out in a stirred solution 
thermostated at 25.0 + O.l”C under a nitrogen atmo- 
sphere. C, was varied from 9.10 to 91.0 mM. 

2.3. Conductometric titration 

The electrical conductivity was measured with a 
TOA CM-20s conductivity meter and a CC-5 11B 
conductivity cell. The frequency was selected to be 
80 Hz and 3 kHz, respectively. All measurements 
were carried out with HCl as titrant in a stirred 
solution thermostated at 25.0 _t O.l”C under a nitro- 
gen atmosphere and under salt-free conditions. C, 
was varied from 4.55 to 9 1 .O mM. 

2.4. Activity coejficient 

The electromotive force (EMF) was measured 
using a TOA IM-40s ion meter with a CL-125B 
chloride ion selective glass electrode and an HS- 
305DS double-junction reference electrode. All mea- 
surements were carried out with HCI as titrant in a 
stirred solution thermostated at 25.0 + O.l”C under a 
nitrogen atmosphere. Calibration was made with a 
TOA Cl- standard solution before and after each 
measurement, and the average value was used for 
calculation. C, was varied from 9.10 to 91.0 mM. 

3. Results and discussion 

The concentration of BPEI solution was measured 
by potentiometric titration with HCl in the presence 
of 2.0 M KCI. The end point for this titration is not 
clear, because BPEI is a weak base. However, to 
subtract the contribution of free H+ by a blank 
titration, the end point of the titration could be 
determined clearly in order to decide the equivalent 
concentration [ 161. The polymer concentration has to 
be determined by weighing the polymer sample. The 
weights of BPEI, however, cannot be found exactly, 
owing to absorption of atmospheric water vapor 
during the measurement, because of the hygroscopic 
nature of the polymer. It is also reported that proto- 
nation does not exceed about 70% of the total num- 
ber of basic nitrogen atoms under fully neutralized 
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conditions [27]. Therefore, we cannot determine the 
equivalent concentration by weighing the polymer. 

For weakly basic or acidic polyelectrolytes the 
ionization is interfered by the interaction of the 
neighbour charged groups. Therefore, the degree of 
ionization and neutralization do not coincide with 
each other. For cationic polyelectrolytes, the degree 
of protonation (Y is related to degree of neutraliza- 
tion b as. 

cr=p- [H+]/C, 

If the protonation-deprotonation process of an amine 
group is described in terms of an apparent dissocia- 
tion constant K,, we have 

pK,, = pH - log[( 1 - ~,/a] (2) 
Here we disregard the difference in protonation be- 
havior among primary, secondary and tertiary amine 
groups. The pH of the solution is defined by 

pH=pK,+log[(l -CY)/CX] 

- (0.4343/RT)(dG,,/dcr) (3) 

where K, is the intrinsic dissociation constant, R 
the gas constant, T the absolute temperature, and G,, 
is the electrostatic free energy for dissociation of an 
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a 

Fig. 1. Potentiometric titration curves for BPEI at various C,: (e) 
91.0, (0) 45.5, (0) 18.2 and (a) 9.10 mM. 
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Fig. 2. Plot of pK, vs. LY for BPEI at various C,. Symbols are the 
same as those in Fig. I. 

equivalent of protons. From Eqs. 2 and 3, pK,, is 
given by 

pK, = pK, - (0.4343/RT)(dG,,/da) (4) 

In general, (dG,,/da) increases with (Y and pK, 
decreases with (Y because of repulsion between near- 
est-neighbour and the other charged groups. 

Figs. 1 and 2 show the results of potentiometric 
titration without salt and pK, curves calculated by 
using Eq. 2 at various polymer concentrations rang- 
ing from 9.10 to 91.0 mM. Fig. 2 shows that pK, 
decreases with the degree of protonation cr. except 
for the regions close to cr = 0 and cr = 1, where the 
accuracy of the measurement becomes quite poor. 
This trend for BPEI is the same as for other poly- 
electrolytes [ 14,201, although p K, decreases with (Y, 
opposite to the cases of polyacids. No significant 
change in pH value can be found by changing the 
polymer concentration as can be seen in Fig. 1. More 
precisely, at first the pH decreases sharply and then 
slowly, but again decreases a bit sharply at p > 0.5. 
and finally slowly. The second sharp decrease in pH, 
although not clearly observed, may correspond to the 
release of H+ and Cl-, as observed clearly in con- 
ductance measurements described below. The pH 
curves clo not show a single step nor multiple steps, 
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Fig. 3. Conductometric titration curves for BPEI at various C,: 
(0) 91.0, (0) 45.5, (0) 18.2, (A) 9.10 and (A) 4.55 mM. 

although BPEI has three kinds of charged groups. 
Precise discussion is not attempted here, although 
there are some studies to explain the quantitative 
evaluation of this curve [29]. 

Fig. 3 shows the conductometric titration curves 
for various C, values without salt. The polymer 
concentrations are 91.0, 45.5, 18.2, 9.10 and 4.55 
mM, respectively. For all polymer concentrations 
studied, the larger the polymer concentrations are, 
the smaller are the equivalent conductance and the 
gradient of increase with increasing p. The conduc- 
tance increases sharply with p in the region of p 
less than 0.2. This increase corresponds to a large pH 
drop in the corresponding region of CY, which is 
shown in Fig. 1. The conductance increases slightly 
in the region of p > 0.2. In general, protonation of 
an amine group with increasing p is influenced by 
the interaction between counterions and the other 
charged groups in weakly basic polyelectrolytes. 
Therefore, the increase in conductance is largely 
interfered. Finally, a sharp increase in conductance is 
observed with /3 larger than about 0.6. These trends 
are the same for all polymer concentrations. In an 
ordinary conductometric titration, the starting point 
of the sharp increase in the conductance, due mainly 
to the increase in free acid, can be determined as an 
equivalent point, namely, this point should be unity 
for most polyelectrolyte studies. Fig. 3 shows, how- 
ever, that the starting point of the sharp increase in 
the conductance p, is less than unity and increases 
with polymer concentration C,. 

The conductance of the solution At is defined by 
the following equation 

R,=A,+h,,+R,+Ao, (5) 

where A,, A,,, A, and Aon are the contributions 
of the conductance of the polyelectrolyte, Cl-, H+ 
and OH- to the total conductance, respectively. 
Here, the values of A, were determined by subtract- 
ing other contributions from A,. 

These contributions are assumed to be written by 

Ap= PCpAp 

A,, = PC&, A,, 

A H = IO-P”A H 

A OH = 10-(14-~")~~~ 
(6) 

where A,, A,,, A, and AOH are the equivalent 
conductance of the polyelectrolyte, Cl-, Hf and 
OH-, respectively. The value of A,, is the equiva- 
lent conductivity of Cl- in a KC1 solution at the 
same concentration, calculated from the literature 
[32]. The value of pH and yc, are given by the 
results of the present study. Here the above expres- 
sions are written on the basis of the formulation of 
Huizenga et al. [33], because the contribution of 
counterions to the conductance is primarily approxi- 
mated by that of free counterions for any size and 
shape of polyions in solution, although an expression 
with a slightly different numerical factor was pro- 
posed for a rod-like polyion [34]. It is also assumed 
that the equivalent conductance of the polyelec- 
trolyte exhibits no serious change in the region where 
the acid was added, more than at the starting point of 
the sharp increase in the conductance. Strictly speak- 
ing, Ap is proportional to cr, instead of p. In most 
regions of p, however, the difference between (Y 
and p is quite small, and yc, is given as a function 
of /3, so that CY is replaced by /3 in Eq. 6. 

Fig. 4 shows each contribution to equivalent con- 
ductances at C, = 45.5 mM. Above the point of p,, 
A, + A,, and A,, increases sharply. The sharp 
increase in conductance may be due mainly to the 
increase in free HCl at /? > p,. 

Fig. 5 shows the dependence of the values of p, 
on the polymer concentration, plotted as a function 
of cp’. The values of & tend to 1.0 as the polymer 
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Fig. 4. Contribution of each ionic species to the equivalent 
conductance at C, = 45.5 mM: (0) AI/C,, (0) A,, /Cp. (B) 
11,/C, and (A) A,,+o,,/C,. 

Fig. 6. Difference in equivalent conductances between BPEI and 
those of the blank titration at C, = 9.10 mM. 

concentration increases, but its dependence is not 
well known quantitatively. 

BPEI has three kinds of charged groups as de- 
scribed before. Fig. 2 tells us, however, that there is 
no large difference in the apparent dissociation con- 
stant among these charged groups, because no step- 
wise changes are observed. Thus, it is assumed that 
BPEI is composed of one kind of charged groups. In 
this system, BPEI can be charged by protonation as 
shown in Eq. 7. 

H++Cl-+R-NH e R-NH; +Cl- 

P R-NH;Cl- (7) 

Fig. 6 shows the conductance of BPEI solution, 
diminished by the contribution of the blank titration, 

1 ,““‘“““““““““‘I 

0.9 

0.8 

0.6 

0.5 

0.4 
0.0 0.5x1 02 1.0x1 02 1.5~10’ 2.0~10~ 2.5~10’ 

C,-l (equiv:‘) 

Fig. 5. Plot of the values of the sharp increase in the conductance 
p, vs. c, ‘, to indicate that p, tends to 1.0 as C, increases. 

as a function of p larger than I at C, = 9.10 mM. 
This figure indicates that the apparent contribution to 
the conductance from the polyion decreases and 
finally becomes constant by adding HCI when /3 is 
greater than unity. It is also understood from Fig. 4 
that BPEI is not protonated perfectly at p = 1. The 
more [H+] increases, the more the protonation ad- 
vances, and the difference in the conductance, A, - 
A,, decreases with p at p > 1, as suggested by Eq. 
7. The difference in the conductance expresses the 
extent of incomplete protonation and anion conden- 
sation, which occurs at high concentrations of acids. 
The data indicate that the protonation occurs quite 
gradually. This final constant value corresponds to 
the sum of the conductance of the polyelectrolytes 
and counterions. The value at p = 1 is the sum of 
the conductance of polyelectrolytes, counterions and 
the acid added which cannot protonate the polyelec- 
trolytes. If C, increases, the protonation increases 
and the starting point of the sharp increase in the 
conductance shifts to higher values. The sharp in- 
crease in A, in Fig. 3 at p > 0, is considered to be 
due to the free acid. The protonation becomes in- 
complete as C, decreases, due mainly to the nature 
of the amine groups, as well as the repulsion from 
other protonated groups in case of a highly branched 
spherical polyion [31]. 

Activity coefficients of Cl- (y-1 for various C, 
are plotted as a function of degree of neutralization 
/3 in Fig. 7. Usually the higher the charge density of 
the polyelectrolyte becomes, the lower the activity 
coefficient should be as discussed above. Fig. 7 
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radius to be 17 A, leading to a value of y- = 0.1 (M. 
Higa et al., to be published). These values are rea- 
sonable to explain the present results. 

In this study, we considered only a single protona- 
tion process of amine groups. Actually there are 
three kinds of amine groups in BPEI, and the effect 
of the distribution of these charged groups on a 
polymer chain is neglected. More detailed study may 
be needed for further refined analysis. 

0 0.2 0.4 0.6 0.8 1 

s 

Fig. 7. Plots of activity coefficients of ClI for BPEI at various 
C,: (0) 91.0, (0) 45.5, (0) 18.2 and (A) 9.10 mM. 

indicates that y- decreases with p at low /3 values 
and has a minimum at /3 values between 0.6 and 0.8 
and then increases with p at higher p values. The 
values of /3 at the minimum points of y- shift 
toward higher ones with C,, which corresponds to 
the starting point of the sharp increase of the conduc- 
tance at the same C,. Therefore, the increase in y- 
is due to the contribution of added HCl which cannot 
protonate BPEI. 

There are two anomalous characteristics of BPEI 
in the present results; increase in the conductance 
before complete neutralization, e.g., 0.6 to 0.8, and 
quite low values of y-. The former is ascribed to be 
the weakness of the bases, that is, the protonation is 
limited to some extent, leading to the release of 
protons for further titration. On the other hand, the 
latter means that the counterions are bound strongly, 
irrespective of the weakness of the bases. The reason 
for the low values of y- may be due to the overall 
conformation of BPEI. Since BPEI is highly 
branched, the overall shape is more or less spherical 
with a large number of ionizable groups inside in the 
spherical region. The two-phase model for the spher- 
ical polyions in solution can be applied to this case, 
as follows [3 11. 

According to this model (p. 15 of Ref. [31]), the 
activity coefficients of the counterions are calculated 
to bz 0.125, assuming the radius of the polyion to be 
2.5 A [35]. The radius can also be estimated by a 
computer simulation of the polymer growth based on 
the attachment of a monomer with one of the three 
kinds of amine groups, which gives the value of the 
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