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The condensation of tetraethylammonium cations on
poly(acrylic acid) is a progressive process and its extent is
limited ; the discontinuity of the titration curve, when a
approaches 0.40 (n Á 1), is probably an indication of several
polyion–counterion system internal changes.

The interactions between a polyelectrolyte and small ions in
solution have been modeled by two major analytical theories :
(1) ManningÏs counterion condensation (CC) model1 and its
later developments,2h8 and (2) models using the PoissonÈ
Boltzmann equation (PB model).9h11 In the original CC
model, Manning states that the ““condensationÏÏ of counter-
ions refers to a certain type of binding of counterions by a
polyion of suitably high charge density. Counterion conden-
sation occurs if the charge density parameter m exceeds unity
(for monovalent counterions). As a result of condensation, the
e†ective charge fraction on the polyion is reduced to 1/m ; thus
(1[ 1/m) counterions per polyion charge are bound, where m is
given by

m \ e2/(ekT b)

using SI units and standard symbols for physical constants.
The parameter b is the (average) axial separation between the
structural charges on the polyion. The PB model requires the
solution of a nonlinear second-order di†erential equation for
the electrostatic potential around the polyion. Commonly, it
assumes that the polyion solution can be modeled using a
cylindrical cell of radius R with the polyion at its centre (the
PB cell model). The polyion is taken to be a rod that is inÐ-
nitely long, with radius a and a uniform charge density. Solu-
tion of the PB equation for rodlike polyions must be carried
out by interactive methods, since (with added salt present)
there is no exact analytic expression for the potential.12 The
two theories provide di†erent molecular pictures of the con-
densation phenomenon. A molecular level titration should
reveal this process.13

A wide variety of physical methods have been employed to
study counterion ““bindingÏÏ to polyions.13 Among them, 23Na
NMR relaxation and measurements during(T1 T2)11,14h18titration provide much detailed information about the inter-
action of a charged polyion with counterions. However, the
complications arising from solvation upon the Na` and other
metal ion NMR relaxation in water have been ques-
tioned.14,19 There are neither Na` or Li` NMR relaxation
titration curves available, which disclose the critical onset of
counterion condensation, nor directly indicate that the pro-
gressive process of counterion condensation stops at a critical
neutralization point.

13C Nuclear magnetic relaxation occurs mainly through the
protons one bond away. In aqueous solution, a covalently
bonded carbon atom is much less solvated than a charged
sodium atom. In comparison to other nuclei, 13C NMR relax-

ation can thus provide more reliable information, being less
susceptible to solvation e†ects.20

Tetraalkylammonium cations, such as (CH3)4N`,
and have been used(CH3CH2)4N` (CH3CH2CH2CH2)4N`

in studies of polyelectrolyte interaction with small counterions
on a number of previous occasions, especially for 23Na`
nuclear magnetic relaxation in DNA solution and for poten-
tiometric titration of weak polyelectrolytes.11,13,18 Except for
the ““bindingÏÏ affinity, tetraalkylammonium cations behave in
the same way as Na` in interacting with other poly-
electrolytes. The study of counterion condensation by 13C
NMR relaxation was Ðrst reported at the 38th ENC.21

It has been found that 13C nuclear magnetic relaxation T1of the tetraethylammonium cation (TEAC) in water has a
linear or approximately linear concentration dependence in
the range of about 0.1 to 1 M (Fig. 1).21 When the concentra-
tion of TEAC in water increases from 0.1 to 1 M, the 13C T1of in the ethyl group decreases by about 500 ms andÈCH2Èthe 13C of in the ethyl group decreases by about 240T1 CH3Èms. It is known that the maximum counterion concentration
on the polyelectrolyte surface could be as high as about 1 M.
The change in 13C of TEAC with concentration is sufficientT1for monitoring precisely the counterion concentration change
on the polyelectrolyte surface by measuring the 13C ThisT1 .
phenomenon might be understood as being due to cation
aggregation, which reduces the mobility of the cation in solu-
tion. The linear relationship (Fig. 1) indicates that there is no
signiÐcant conformation change of TEAC in the studied con-
centration range.

Direct titrations of poly(acrylic acid) (PAA) with tetra-
ethylammonium hydroxide were carried out following the
method described by Leyte and his co-workers.14 The PAA
used (Aldrich) had an average RMM of 2000 (GPC). Elemen-
tal analysis showed it to contain 0.9% sodium, and the water

Fig. 1 13C of in 20% at 30 ¡C asT1 (CH3CH2)4NBr D2OÈ80% H2Oa function of its concentration. of ofT1 ÈCH2È : R\ 0.989 ; T1CH3È : R\ 0.980.
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content was 2.1% (KarlÈFischer). The concentration of tetra-
ethylammonium hydroxide from Fluka was determined by
titration. Longitudinal relaxation times were measured on a
Varian 400 MHz NMR spectrometer at 54.58 ppm for 13C

and 9.26 ppm for 13C using the inversionÈCH2È CH3Èrecovery method provided by Varian VnmrXTM software. All
experiments were performed at 30.0^ 0.1 ¡C using the NMR
spectrometer variable temperature control.

Fig. 2 shows the longitudinal relaxation times of 13C
and 13C in PAA solutions at various degrees(ÈCH2È) (CH3È)

(a) of neutralization. Both titration curves are ““VÏÏ shaped and
have a sharp slope discontinuity at a \ 0.71. The 13C ofT 1the titration curve can be separated into three sections.ÈCH2ÈIn the Ðrst section (0.12 \ a \ 0.40) the plot is a Ñat straight
line. This means that the average mobility of TEAC in this
system is almost the same at di†erent a. Tetraethylammonium
bromide was added to a 0.6 N PAA solution instead of tetra-
ethylammonium hydroxide. The 13C of andT1 ÈCH2È CH3Èis 450 ms larger than that when tetraethylammonium hydrox-
ide was used. (If comparing to the 13C obtained in 0.3 NT1PAA titration solution when tetraethylammonium hydroxide
was used, the 13C of tetraethylammonium bromide mea-T1sured in 0.6 N PAA solution is more than 250 ms larger.) This
suggests that the TEAC is ““bindingÏÏ with PAA or condenses
on the partially charged PAA surface even at this low charge
density (when a \ 0.35, m \ 1).7 Because the concentration of
TEAC on the PAA surface is too low to exhibit its 13C T1concentration dependence, the plot is a Ñat straight line. The
same titration has also been done in 0.6 N PAA solution. The
plot is a Ñat straight line in the range of a from 0.09 to 0.40.
Similar counterion condensation on polyions with m \ 1 was
also observed by Joshi and Kwak.22

In the second section (0.40\ a \ 0.71) of the plot, when a
increases, 13C decreases. The downward linear relationshipT1between them indicates that all of the freshly added TEAC
condenses on the PAA surface. The decrease of 13C resultsT1from the increase of the TEAC concentration adsorbed on the
charged surface.

In the last section (a [ 0.71) an upward linear plot (a posi-
tive linear relationship) is observed in which 13C increasesT1as a continues to increase. The linear plot suggests that TEAC
no longer condenses on the PAA surface, although negative
charge continues to be generated on the surface of PAA as
base is added. All of the freshly added TEAC goes into solu-
tion as ““ free ÏÏ TEAC. The 13C is linearly enhanced by theT1freshly added ““ free ÏÏ TEAC in solution. The titration curve
thus shows its second ““discontinuity ÏÏ. This means that only a

Fig. 2 13C of tetraethylammonium cation in 0.3 N poly(acrylicT1acid) aqueous solution at 30 ¡C as a function of the degree of neutral-
ization a.

limited amount of counterions can condense on the polyion or
only a limited amount of charge on the polyion can be neu-
tralized by counterions, meaning that the critical point should
be at a \ 0.7123 which is derived from Fig. 2 (see below). This
part of the titration curve has been reproduced by adding
TEAC bromide instead of TEAC hydroxide to the titration
solution.

The same results can be derived from the titration curve
obtained from plotting the 13C of vs. a. (Fig. 2) TheT1 CH3Èonly di†erence between the two titration curves is that the one

is linear for all values of a \ 0.71. There is no ÑatCH3Èsection in the region of 0.12 \ a \ 0.40. In comparison to
is at the end of the ethyl chain and exhibitsÈCH2È, CH3Èmore freedom of movement. Therefore, the 13C ofT1 CH3Èmay be more sensitive to the concentration change at low a

than that of When a [ 0.71, the slope (0.585) of theÈCH2È.
plot for is larger than the slope (0.425) of the plot forCH3Èbecause the 13C of is larger than that ofÈCH2È T1 CH3Èin TEAC. This further indicates that the increases inÈCH2Èresult from added TEAC, which remains ““ free ÏÏ in solution.T1The same shape titration curves have been obtained in oligon-
ucleotide aqueous solution. These results will be published
separately.

The titration curve allows us to derive the critical a by
extrapolating the second section and the last section towards
each other. The intersection value of 0.7123 agrees with the
result (0.70) derived from an analysis of measurements of spe-
ciÐc conductivity and the electrophoretic mobility of PAA at
various extents of ionization a.24,25 If we assume that the
decrease in 13C is mainly due to the increase in TEACT1concentration on the poly(acrylic acid) surface, then the
counterion (TEAC) concentration on the polyion can be esti-
mated from Figs. 1 and 2. The result is 0.66 M, which is based
on the titration curve of 13C of (If based on theT1 ÈCH2È.
titration curve of the 13C of the result is 0.70 M.) ItT1 CH3È,
is generally believed that the associated counterion concentra-
tion on the polyion is in the range of 0.6È0.7 M.

These experimental results demonstrate that TEAC pro-
gressively condenses on poly(acrylic acid) with a build up of
polyion charge, and the extent of the condensation is limited.
When a approaches 0.40 (m B 1), the titration curve of ÈCH2È(13C shows its Ðrst discontinuity in slope. This could beT1)induced by polyionÈcounterion system internal changes,
which include the start of the interaction between TEAC con-
densed on poly(acrylic acid), the change of charged
poly(acrylic acid) conformation, and the birth of the
counterionÈpolyion complex, as Manning has always empha-
sized.6 The same sort of observations have been made by
several researchers when the interaction between counterion
and polyion at m B 1 was studied.26 The titration curve of the
13C of vs. a does not show the slope discontinuity asT1 CH3Èa approaches 0.40. It may be that for being one moreCH3È,
bond away from the charge centre, the 13C is not sensitiveT1to the polyionÈcounterion system internal changes at m B 1 as
is the 13C of At a \ 0.71 (m B 2), both titrationT1 ÈCH2È.
curves have a sharp discontinuity in slope. Obviously, the
condensation of TEAC on poly(acrylic acid) has stopped even
though the negative charge on the polyion continues to
increase as TEAC hydroxide is added.13,27h30

In conclusion, the titration of the 13C NMR relaxation T1of TEAC in poly(acrylic acid) solution provides a molecular
picture of counterion condensation on a polyelectrolyte and
the interaction between them. TEAC condensation on PAA is
a progressive process and its extent is limited. The discontin-
uity of the titration curve, when a approaches 0.40 (m B 1), is
probably an indication of several polyion-counterion system
internal changes, such as the commencement of the interaction
between TEAC condensed on poly(acrylic acid), the confor-
mation change of charged poly(acrylic acid), and the start of
counterionÈpolyion complex formation.
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