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a b s t r a c t

The potentiometric polymeric membranes for ion-selective electrodes were evaluated by analyses of the
proton spin–spin relaxation times T2 with pulsed NMR. The T2 measurements were performed using the
Hahn-Echo, Solid-Echo and CPMG pulse sequences. The T2 values and fractions F of each component
were obtained by analyses of the FID signals measured with the Hahn-Echo pulse sequence. The softer
potentiometric polymeric membrane possessed the main fraction FL, providing a relatively longer T2L
value. A linear relationship existed between the weight ratio of the membrane solvent and ln T2L (or
ln total T2� F). This analysis method could quantify the degree of hardness or softness of the
potentiometric polymeric membranes with the differences in the membrane solvent weight. The
normalized derivative spectra were acquired from the transverse magnetization M(t) data measured
by using the Solid-Echo and CPMG pulse sequences. In the normalized derivative spectra of the
potentiometric polymeric membranes, most PVC peaks in the short time region shifted to a larger area of
long time regions by plasticization, and the softer potentiometric polymeric membrane incorporating
more membrane solvent exhibited a relaxation peak in the relatively longer time region. Thus, the
normalized derivative spectra were effective in elucidating the compatibility of the PVC with the
membrane solvent.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ion-selective electrodes (ISEs) form one of the most important
groups of chemical sensors [1–3]. Moreover, solvent polymeric
membrane electrodes are attractive due to the facile design of
their novel ionophores as analytical agents. An ionophore, which is
dissolved or dispersed in a potentiometric polymeric membrane,
actually discriminates ions. A typical potentiometric polymeric
membrane for ISEs is composed of 1–7 wt% ionophore, 30 wt%
poly(vinyl chloride) (PVC) as the polymer, 66–67 wt% membrane
solvent, and 1–2 wt% salt additive [4,5]. Although ionophores
mainly discriminate ions in a potentiometric polymeric mem-
brane, all the components of ISEs influence their ion-sensing
behavior [4]. Therefore, the properties of not only the individual
components but also the entire membrane matrix appear to be
quite critical to the ion-sensing behavior of ISEs. Among the
various physical properties of ISEs such as impedance, membrane
resistance, dielectric constant and ionic conductivity, etc., plasti-
cization (i.e., the hardness or softness and compatibility with the

membrane solvent) of the potentiometric polymeric membranes
will particularly affect their ion-sensing behavior. Nevertheless, a
suitable and valid analysis method to evaluate the plasticization of
potentiometric polymeric membranes has yet to be developed.

Nuclear magnetic resonance (NMR) analysis has provided
considerable insight into molecular relaxation in various morpho-
logical domains and the ways in which it influences the overall
macroscopic properties of polymers [6]. Pulsed NMR analyses [7]
can also quickly determine the spin–lattice (T1) and spin–spin (T2)
relaxation times [8–20]. In fact, in recent times, the evaluation of
various materials using T2 measurements has been widely applied
in various scientific fields [21–27]. The study of T2 can, thus, be
considered a useful tool in elucidating the properties of potentio-
metric polymeric membranes. We have previously demonstrated
that the difference in hardness or softness of plasticized potentio-
metric polymeric membranes by different membrane solvents
appears in the sum of the product of the T2 value and its fraction
F value (total T2� F) acquired by pulsed NMR analysis [28]. It was
the first report on the characterization of potentiometric poly-
meric membranes for ISEs using T2 data obtained from pulsed
NMR investigations. However, the total T2� F value merely indi-
cated a rough degree of their hardness or softness due to the
difference in the membrane solvents.
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In this study, plasticization of potentiometric polymeric mem-
branes incorporating the same membrane solvent is investigated.
Evaluations with pulsed NMR analyses were carried out by applying
three pulse sequences, the first being the same pulse sequence used
in a previous study [28]. The Hahn-Echo pulse sequences [7] were
applied, and this 901–τ–1801 pulse sequence was suitable in
obtaining FID signals for the T2 values and its fraction F value of
the viscoelastic electrode membranes. The second and third pulse
sequences were utilized for the normalized derivative spectra. The
Solid-Echo [29] and Carr–Purcell–Meiboom–Gill (CPMG) [30,31]
pulse sequences were applied, and the 901–τ–901 and 901–τ–
{[1801–2τ–]M 1801�τ�measurement�τ}N pulse sequences were
suitable to obtain transverse magnetization M(t) data from the
short time region to the long time region for the normalized
derivative spectra. Such M(t) data may include much information
on the components and molecular motions, however, it is actually
too difficult to find such information from the M(t) data. We have
succeeded in acquiring the normalized derivative spectra by deri-
vative calculations of the M(t) data with respect to the logarithmic
time [32]. In fact, the normalized derivative spectra clearly depicted
the differences in plasticization.

2. Experimental

2.1. Reagents

All reagents were commercially available and used as such
unless otherwise specified. Tetrahydrofuran (THF) was dried over
sodium and distilled.

2.2. Preparation of ion-selective electrode membranes

The basic potentiometric polymeric membrane, as a potentio-
metric cation-sensing membrane, is composed of PVC (27.9 wt%)
as the polymer, 2-nitrophenyl octyl ether (o-NPOE) (68.5 wt% I'm)
as a membrane solvent, 5,10,15,20-tetraphenyl porphyrin (TPP)
(2.5 wt%) as an ionophore, and potassium tetrakis(4-chlorophenyl)
borate (KTpClPB) (0.6 wt%) as an anion excluder [33]. The compo-
nents were placed into a 5 mL glass tube and dissolved in ca. 3 mL
of THF. The PVC plasticized membrane was obtained by sponta-
neous evaporation of THF for a few days. Five kinds of potentio-
metric polymeric membranes with differences in their membrane
solvent weight were prepared by the same procedure. The weight
ratios of o-NPOE as a membrane solvent were altered from 58.5 wt
% to 78.5 wt%, although the total weight of the PVC and o-NPOE
was kept constant (96.5 wt%).

2.3. Pulsed NMR measurements and evaluations

Pulsed NMR measurements were carried out with a JEOL JNM-
MU-25 spectrometer operating at a frequency of 25 MHz. One
sheet of each type of potentiometric polymeric membrane men-
tioned above was arranged in a 10 mmϕ NMR tube for pulse
irradiation to its center. Digital images of these five types of
membranes before pulsed NMR measurements are shown in Fig.
S1 of the Supplementary materials. The free induction decay (FID)
signals were recorded at a probe temperature of 25 1C. The spin–
spin relaxation time T2 values were estimated by the Hahn-Echo
method (901–τ–1801 pulse sequence). The T2 values and the
fraction of each component were calculated by fitting the FID
signal to the Weibull function [34], while the T2 values were also
estimated by the Solid-Echo (901–τ–901 pulse sequence) and Carr–
Purcell–Meiboom–Gill (901–τ–{[1801–2τ–]M 1801–τ–measure-
ment–τ}N pulse sequence) methods. Likewise, the FID signals were
recorded at a probe temperature of 25 1C. FID signals for different

measurement ranges were collected to obtain high-accurate
transverse magnetization M(t) data and the normalized derivative
spectra.

2.4. EMF measurements and evaluations

The potentiometric polymeric membrane was formed on the
tip of the ISE body assembly with an electrode kit (DKK Co. Ltd.,
Tokyo) by a casting method. The obtained solvent polymeric
membrane electrodes were then conditioned overnight in an
aqueous 0.01 M AgNO3 solution. EMF measurements were per-
formed on cells of type Ag–AgCl | 0.1 M AgNO3 || membrane ||
sample solution | 0.1 M CH3COOLi || 3.3 M KCl | AgCl–Ag using a pH/
mV meter equipped with a double junction type Ag–AgCl refer-
ence electrode. The activity coefficients were calculated according
to the Davies equation [35]. EMF measurements of the solvent
polymeric membrane electrodes were carried out in increasing
AgNO3 concentrations at 25 1C. The selectivity coefficients of
the five ISEs were determined by the fixed interference method
(FIM) [2].

3. Results and discussion

3.1. Pulsed NMR studies with the Hahn-Echo pulse sequence

The hardness or softness and compatibility of a membrane
solvent in a polymer or the entanglement of a polymer vary as the
weight ratio or the kind of employed membrane solvent is
changed [36]. When the same membrane solvent is employed as
a plasticizer, the direction of hardness or softness for the potentio-
metric polymeric membrane can be quantitatively shaped by the
weight ratio of the membrane solvent. Likewise, the T2 value of the
potentiometric polymeric membrane is dramatically affected by
the weight ratio of the employed membrane solvent since con-
straints on the molecular motions in the potentiometric polymeric
membrane are directly influenced by their hardness or softness. To
estimate the degree of hardness or softness of the potentiometric
polymeric membrane, their T2 values were acquired by analyses of
the free induction decay (FID) signals measured at 25 1C using a
pulsed NMR spectrometer operating at a frequency of 25 MHz.
Fig. 1 shows the FID signals of the five potentiometric polymeric
membranes incorporating o-NPOE measured by using the Hahn-
Echo 901–τ–1801 pulse sequence.

The proton spin–spin relaxation times T2 and the fraction of
each component were calculated by fitting the FID signal to the
Weibull function [34]. Each FID signal of the potentiometric
polymeric membranes examined offered the relaxation times T2L

Fig. 1. The FID signals with the Hahn-Echo pulse sequence of five potentiometric
polymeric membranes incorporating o-NPOE as a membrane solvent.
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(long) and T2M (intermediate) [19], indicating that each fraction of
the different T2 belongs to a different mobility region by plastici-
zation. The longer T2L and the shorter T2M are attributed to a
mobile species and loosely entangled polymer, respectively. The T2
values and their respective fractions F are summarized in Table 1.

The softer potentiometric polymeric membranes incorporating
more o-NPOE possessed a larger fraction FL, providing a longer T2L
value. The softest membrane incorporating 78.5 wt% of o-NPOE
possessed the major fraction FL (81.5%), providing the longest T2L
value (27.12 ms). It is noteworthy that the degree of hardness or
softness of the membranes is quantitatively exhibited in the T2
values of the major fractions F; linear increases in the weight ratios
of the o-NPOE employed were accompanied by exponential
increases in the T2L values of the major fractions F. Likewise, the
linear increases in the weight ratios of o-NPOE were also accom-
panied by exponential increases in the sum of the product of a T2
value and its F value, namely the total T2� F values (see Fig. S2).
The total T2� F value expresses the average of the obtained T2
values. The plots for the weight ratio of o-NPOE vs ln T2L (or the
ln total T2� F) give a straight line, as shown in Fig. 2. Considered
with previous results [28], it was evidently demonstrated that the
total T2� F values could exhibit the degree of the relatively mobile
region for the potentiometric polymeric membranes, thus reflect-
ing the degree of hardness or softness of the entire membrane
matrix. The Hahn-Echo pulse sequence rather than the Solid-Echo
and CPMG pulse sequences was found to be suitable in acquiring
the T2 values of the viscoelastic electrode membranes.

3.2. Pulsed NMR studies with the Solid-Echo and CPMG
pulse sequences

In order to acquire the normalized derivative spectra, the FID
signals were measured by pulsed NMR with the Solid-Echo and
CPMG pulse sequences. The high-accurate transverse magnetiza-
tion M(t) data was given by a modification in the measurement
range. One item of M(t) data was gleaned from several FID signals
and smoothed, acquiring the normalized derivative spectra by
derivative calculations with respect to the logarithmic time. The
transverse magnetization M(t) is expressed by the following
equation, where τi is the relaxation time, mi is the Weibull
coefficient and ai is the intensity factor of the i-th component [37]:

MðtÞ ¼∑ðai � expð�t=τiÞmi Þ
Fig. 3 illustrates the M(t) data of five potentiometric polymeric

membranes incorporating o-NPOE with differences in weight ratio
measured with the Solid-Echo and CPMG pulse sequences in the
time range of 1 μs to 20,000,000 μs. Furthermore, the M(t) data of
PVC employed as a polymer and o-NPOE as the membrane solvent
for the membranes were included. The scale of the horizontal axis
is logarithmic. The remarkable difference between potentiometric
polymeric membranes and PVC was clearly observed in the M(t)
data. The T2 relaxation of PVC appeared only in short time regions
up to 100 μs. On the other hand, the T2 relaxations of potentio-
metric polymeric membranes were found in a wider field of long
time regions of 100 μs to 200,000 μs. Although the potentiometric
polymeric membranes incorporated PVC by weight ratio from
18 wt% to 38 wt%, they scarcely showed properties of the original
PVC in the M(t) data. These results establish that when PVC is
plasticized by the membrane solvent o-NPOE, the constraints on
the molecular motions of PVC are dramatically reduced. Further-
more, these M(t) data for the potentiometric polymeric mem-
branes were different from those for o-NPOE. However, between
the potentiometric polymeric membranes, differences in the M(t)
data, except for the intensity factor ai, were difficult to confirm.

Fig. 4 shows the normalized derivative spectra in the time
range of 1 μs to 20,000,000 μs for the five potentiometric poly-
meric membranes incorporating the membrane solvent o-NPOE
with differences in weight ratio. The normalized derivative spectra
of PVC and the membrane solvent o -NPOE are also illustrated in
Fig. 4. The data S(t) for the normalized derivative spectra was
calculated by derivation calculations of M(t) with respect to the
logarithmic time. The data S(t) for the normalized derivative
spectra is expressed with the following equation:

SðtÞ ¼ d MðtÞ=d ln t

Each peak, referred to as a relaxation peak, shows the time
when relaxation occurred. The remarkable difference between
potentiometric polymeric membranes and PVC is clearly depicted
in the normalized derivative spectra. The relaxation peaks of PVC
appeared in the short time region up to 30 μs. However, in the
normalized derivative spectra of the potentiometric polymeric
membranes, such relaxation peaks of PVC were slightly detected.
These results clearly indicate that a considerable blending of the
PVC into the membrane solvent o-NPOE occurs and that con-
straints on the molecular motions of PVC are substantially reduced
by plasticization. Most PVC peaks in the short time region shifted
to a wider field of long time regions by plasticization. The large
relaxation peaks of the potentiometric polymeric membranes
appeared around the time region of 10,000 μs. The softer poten-
tiometric polymeric membrane incorporating more membrane
solvent exhibited a relaxation peak in the relatively longer time
region.

Surprisingly, the normalized derivative spectra of all the
potentiometric polymeric membranes resembled those of the

Table 1
Result of spin–spin relaxation time T2 measurements by pulsed NMR.

NPOE (wt%) FID graphsa Total T2� F (ms)

T2M (μs) FM (%) T2L(ms) FL (%)

58.5 737 29.1 8.39 70.9 6.2
63.5 503 24.8 11.39 75.2 8.7
68.5 604 20.5 14.97 79.5 12.0
73.5 627 22.9 19.61 77.1 15.3
78.5 518 18.5 27.12 81.5 22.2

a Estimated from a Hahn-Echo FID signal.

Fig. 2. Changes of ln T2L and ln (total T2� F) values with the weight ratios of
o-NPOE as the membrane solvent.
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membrane solvent o-NPOE rather than PVC: the large relaxation
peaks of o-NPOE appeared around the time region of 300,000
μs. The ion-sensing behaviors of the potentiometric polymeric
membranes are influenced by the membrane solvents since such
physical properties greatly depend on the membrane solvents
employed. The differences among the membranes are also clearly
characterized in the normalized derivative spectra. The times
which provide the minimum S(t) values in the normalized deri-
vative spectra are observed to shift depending on the weight ratios
of the membrane solvent o-NPOE. The hardest potentiometric
polymeric membrane incorporating 58.5 wt% of o-NPOE possessed
the minimum S(t) value at the shorter time 8400 μs. The softest
potentiometric polymeric membrane incorporating 78.5 wt% of o-
NPOE possessed the minimum S(t) value at the longer time
13,600 μs. The membrane solvent o-NPOE possessed the mini-
mum S(t) value at the longest time of 280,000 μs. Namely, the
constraints on the molecular motions of PVC were noticeably
reduced by plasticization, while the constraint on the molecular
motions of o-NPOE were also markedly increased. These results
suggest that the compatibility of PVC with the membrane solvent
is increased by the increase in the weight ratio of the membrane
solvent o-NPOE.

In the data S(t) of the potentiometric polymeric membranes,
the peaks around the time region of 30,000 μs were gradually
appeared with increasing in the weight ratios of the membrane
solvent o-NPOE. Interestingly, the second peak with the minimum

S(t) value at 28,000 μs was clearly observed in the data S(t) of the
softest potentiometric polymeric membrane incorporating 78.5 wt
% of o-NPOE. It seems that the second peak is attributed to the
molecular motion of the o-NPOE which is poorly compatible with
PVC and the appearance of the peak indicates the presence of a
little excess of the membrane solvent.

3.3. Potentiometric studies

To investigate the influence of plasticization on the ion-sensing
behaviors of the potentiometric polymeric membranes, the selec-
tivity coefficients were obtained from EMF measurements of the
ISEs. As shown in Fig. S3, all the solvent polymeric membrane
electrodes displayed high sensitivity and fast potential response to
the Agþ ion. The solvent polymeric membrane electrode incorpor-
ating 68.5 wt% of o-NPOE responded to the Agþ�activity changes
with slopes of 57.7 mV decade�1 over the activity ranges of 10�4.5

to 10�1.1 M. The slopes and linear ranges of the calibration graph
are summarized in Table S1. Fig. 5 illustrates the selectivity
coefficients of five ISEs determined by the fixed interference
method (FIM). The ion selectivity sequences were affected by the
weight ratios of the o-NPOE employed. The ion-sensing behavior
of the potentiometric polymeric membrane incorporating 68.5 wt
% of o-NPOE was best. This result demonstrated that the increase–
decrease change in the weight ratios of the membrane solvent will
be effective for the improvement of the ion-sensing behavior.

Fig. 3. Time dependence of the transverse magnetizations M(t) with the logarithmic time.

Fig. 4. Normalized derivative spectra of the potentiometric polymeric membranes incorporating o-NPOE as the membrane solvent.
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However, it was indicated that the increase of the plasticization
did not necessarily improve the ion-sensing behavior. This is
because a little excess of the membrane solvent presumably
influenced the ion-sensing behavior. The proposed normalized
derivative spectra can illustrate the presence of a little excess
of the membrane solvent. The change in ion selectivity depends on
both the chemical and physical properties of the employed
membrane solvent.

4. Conclusion

In summary, to obtain useful information on plasticization, the
proton spin–spin relaxation times (T2) of ion-selective electrode
membranes with differences in membrane solvent weight were
measured using a pulsed NMR spectrometer (with the Hahn-Echo,
Solid-Echo and CPMG pulse sequences). We were able to demon-
strate that the degree of plasticization for potentiometric poly-
meric membranes incorporating the same membrane solvent is
quantitatively exhibited in the T2 values of the major fractions F: a
linear relationship was found to exist between the weight ratio of
the membrane solvent and the ln T2L (or ln total T2� F). The T2
measurements using the Hahn-Echo pulse sequences provided
valuable information about the degree of plasticization for the ion-
selective electrode membranes. Moreover, we demonstrated that
the normalized derivative spectra acquired from the T2 measure-
ments using the Solid-Echo and CPMG pulse sequences remark-
ably characterized the differences among the potentiometric
polymeric membrane in the compatibility of PVC with the mem-
brane solvent. Thus, analysis of the normalized derivative spectra
was seen to be a useful tool in elucidating the mechanisms behind
the plasticization of potentiometric polymeric membranes.
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