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The polymer matrix effect on the selectivity, response rate and reproducibility for coextraction type anion-selective 
optode membranes were investigated with DOA-plasticized PVC, PVC/hydroxylated PVC, PU/hydroxylated PVC and 
DOS-plasticized CTA matrices. Optode membranes were prepared with TDMAC1 and ETH2412 dissolved in one of 
the four solvent polymeric matrices. The PU/hydroxylated PVC and PVC-based membranes have almost the same 
selectivity coefficients, while the CTA-based membrane is more selective toward lipophilic anions. The membrane 
with PU/hydroxylated PVC adhered strongly to a glass surface, and showed highly reproducible and relatively rapid 
response. Very poor adhesion of PVC/hydroxylated PVC and CTA-based membranes limited the usability of those 
membranes as sensor components. Based on these results, and considering the biocompatibility for clinical samples, 
the optode made with PU/hydroxylated PVC was applied to determine the thiocyanate ion in human saliva. The 
results obtained with this simple device were comparable to those with rather complicated ISE methods.

Introduction

Optical methods have always played a dominant role in 
various fields of analytical sciences. Many opto-analytical 
methods exploit chromogenic molecular recognition process 
between analyte and indicator molecules: the presence and 
often quantities of specific analytes are determined by an 
appropriate spectroscopic technique or even by one's naked 
eyes for distinct color changes as in many spot tests. In 
recent years, with the use of some chromogenic and reversi
ble indicator molecules immobilized in (or on) an optically 
transparent medium, considerable efforts have been directed 
towards the development of chemical sensors with an optical 
transducer1 3. Optical chemical sensors, often called as "op- 
todesw, have been applied to measure various kinds of che
mical samples, such as gases, electrolytes and neutral biomo
lecules.

Among many chemical species, the measurement of var
ious cations and anions in industrial, environmental and cli
nical samples is one of the most frequently needed informa
tion in controlling chemical process, regulating the levels 
of pollutants, and diagnosing many health problems. Ion-se
lective electrodes (ISEs), especially those prepared with elec
trically neutral and lipophilic ionophores as sensing compo
nents in a polymeric membrane, are being widely used for 
such purposes4. Simon et al. shrewdly modified those kinds 
of ISEs to corresponding ion-selective optodes (ISOs) by add
ing proton-selective chromoionophores into the ISE membra
nes.5-6 A mass transfer of the ions from the sample solution 
into the bulk of sensing layer induces the chromoionophores 
to simultaneously lose or gain protons to conserve the elec
troneutrality of the ISO membrane. This ion-exchange or 
coextraction process between ion-ionophore complex and 
protonated or deprotonated chromoionophore generates opti
cal signals, which may be compared to the potentiometric 
signal of an ISE. Spectrophotometric responses for this type 
of ISO depend on the product or ratio of the ion activities 

of protons and other responding ions5. Numerous publica
tions have demonstrated that ISOs also exhibit the same 
excellent and analytically relevant selectivities for many ions 
as the corresponding ISEs do”，

Selectivities and response characteristics of ISOs are dic
tated by their active sensing components, ionophores and 
chromoionophores, as well as by their polymer matrices. Es
pecially, the anion-s이activity of a polymer matrix its이f is 
preset and rarely deviates from the well known Hofmeister 
series (ClO；>SCN >I->NO3>Br >C1>HCO3>CH3COO- 
>SO：—~HPC^ ), which reflects the relative hydration ener
gies (or lipophilicities) of those anions.8,9 The life time of 
an ISO is affected by the leaching out rate of the membrane 
components into the sample solution. The leaching out rate 
could be controlled, to a certain extent, either by increasing 
the lipophilicities of the membrane components or by em
ploying a polymer or a blend of polymers that has stronger 
chemical interaction with the components.10 In addition, the 
mechanical properties, such as adhesion, of a polymeric layer 
are also very important factors in fabricating a practicable 
optode.11 However, most studies on ISOs published to date 
are concerned only with the properties of active sensing com
ponents which can overcome the Hofmeister behavior of 
a polymer. The most popular matrix for both ISE and ISO 
has been poly(vinyl chloride) (PVC) because of its proven 
excellent electrical and optical properties. Other matrices, 
such as hydroxylated PVC, cellulose triacetate (CTA), poly
urethane (PU) and blends of these polymers, have been sel
dom used for optode membranes, even though they have 
been occasionally used to improve certain properties of 
ISEs.11

In order to understand the role of solvent polymeric ma
trices in ISOs, we fabricated coextraction type anion-selective 
optodes with four different polymer matrices and studied 
their response characteristics (selectivity, response time and 
reproducibility), as well as their adhesion properties to an 
optical material. The selection of four polymeric matrices 
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were based on previous ISE studies by Cha et al.; they were 
PVC, PVC/hydroxylated PVC, PU/hydroxylated PVC and 
CTA.11,12 The coextraction type optode membranes studied 
in this report contain a lipophilic additive (TDMAC1) and 
a proton-selective chromoionophore (ETH2412), both in a 
mixture of plasticizer (DOS or DOA) and one of the p이y・ 
mers.8,9 In these optodes, coextraction is facilitated by the 
two 사larged species, IND，and TDMA心”;

IND*” + TDMA；”, + H / + M INDHg, + TDMA+ …X吨
(1) 

where IND^ and TDMA二 represent the negatively char
ged chromoionophore in its non-protonated form and the 
positively charged lipophilic additive in the membrane phase, 
respectively. The positively charged sites attract anionic spe
cies in the sample electrostatically, but not s이ectiv이y. It 
simultaneously prompts the negatively charged indicator to 
extract protons from the aqueous sample solution to conserve 
the electroneutrality of the membrane. An analytic signal, 
in this case the absorbance changes of the indicator mole
cule, is obtained from the protonated chromoionophore. In 
this type of .optode, it is the properties of solvent polymeric 
matrices that determine the anion-selectivity. Thus, this type 
of optode would serve as a good model system for studying 
the characteristics of solvent polymeric matrices.

Since the optodes prepared in this experiment are highly 
selective toward lipophilic anions, they were applied for the 
measurement of thiocyanate in human saliva. It is known 
that highly toxic cyanide is metabolized to non-toxic thiocya
nate in human body.13 A major source of such cyanide expo
sure is smoking which contains significant level of hydrogen 
cyanide. Since the half-life of thiocyanate in physiological 
fluids (about two weeks) is much longer than other smoking 
substances inhaled, such as carbon monoxide or nicotine, 
its measurement in blood, urine, or saliva would be used 
to assess the long-term exposure of an individual to smoking. 
Thiocyanate in biological samples may be measured using 
colorimetric complexation methods, GC/mass, ion chromatog
raphy and ion-selective electrodes. Most of the known 
methods, however, require extensive sample pretreatment 
to remove the interferences from proteins or from other 
anions. ISE method has been the most successful method 
for the measurement of thiocyanate in biological samples. 
Recently, Brown et al. reported thiocyanate-selective polymer 
membrane electrodes in which 5,10,15,20-tetrakis(2,4f6-tri- 
phenylphenyl porphyrinato)manganese(III) chloride served as 
the membrane-active component.14 To our knowledge, opto
des have not been used for the measurement of thiocyanate 
in physiological samples. In this report, we will show that 
the results obtained with a very simple optode device are 
also comparable to those with rather complicated ISE devi
ces.

Experimental

Reagents. Poly(vinyl chloride), cellulose triacetate, bis 
(2-ethylhexyl)sebacate (DOS), bis(2-ethylhexyl)adipate (DOA), 
5-octadecanoyloxy-2-(4-nitrophenylazo)phenol (ETH2412) and 
tridodecylmethylammonium chloride (TDMAC1) were obtai
ned from Fluka (Buchs, Switzerland) while hydoxylated PVC

UV/VIS
Needle

Quartz cell

Figure 1. Flowing UV/VIS cell used in this experiment. An 
optode membrane is cast on a slide glass, which is then placed 
in a quartz cell. The sample s이ution flows into the cell by a 
peristaltic pump.

(a copolymer of vinyl chloride, vinyl acetate, and vinyl alcohol 
(PVC/Ac/Al), 80/5/15 wt%) was a product of Scientific Poly
mer Products, Inc. (Ontario, NY). Tecoflex polyurethane (SG- 
80A; hereafter will be denoted as PU), which was syn
thesized from methylene bis(cyclohexyl) diisocyanate, poly 
(tetramethylene ether glycol) and 1,4-butanediol chain exten
der, was from Thermedics, Inc. (Woburn, MA).

All other chemicals used were analytical-reagent grade. 
Standard solutions and buffers were prepared with deionized 
water.

Preparation of membranes. ETH2412 (2.3 wt%), TD- 
MAC1 (5 wt%) and DOA (61.8 wt%) were mixed with 30.9 
wt% of one of the following polymers: PVC, PVC(50 wt%) 
/hydroxylated PVC(50 wt%) and PU(80 wt%)/hydroxylated 
PVC(20 wt%). Each mixture was then dissolved in an appro
priate solvent. For the PVC, PVC/hydroxylated PVC and 
PU/hydroxylated PVC membranes, the mixtures were dissol
ved in 0.5 ml of THF. Since the solubility of CTA was poor 
in THF, the CTA mixture was dissolved first in 0.2 ml of 
dichloromethane for 4 hours and other components were 
added to it with 0.4 m/ of chloroform. CTA-based membrane 
was prepared with DOS plasticizer while the weight percents 
of all ingredients were the same as those of other mem
branes. Each cocktail was screen printed on a clean slide 
glass (0.7 X 4.0 cm) to form a thin film of 2-10 pm thickness. 
They were dried under a 500 ml beaker to keep dusts from 
the membranes. Before use, these membranes were soaked 
in 0.01 M Tris buffer (pH = 74) for three hours.

Measurements of Selectivities, Response Times 
and Reproducibilities. The glass plates carrying the mem
branes were mounted in a flowing cell (Figure 1) and 
placed in an UV/VIS spectrometer (Shimadzu UV-240). The 
calibration curves for four anions were obtained by measu
ring the absorbance of ETH2412 at 540 nm: standard elu
tions containing 10" ^lO-6 M of chloride, nitrate, thiocyanate 
and perchlorate in Tris buffer (pH = 7.4) were flowed th
rough the sample cell (see Figure 1) using a peristaltic pump 
(Ismatech 7331-00, Cole-Parmer Instrument Co.) at a flow 
rate of 2 m//min. Response times and reproducibilities of 
optode membranes were recorded at 540 nm by alternately
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Figure 2. Spectra of an optode containing ETH2412 and TD- 
MAC1, both in DOA-plasticized PU/hydroxylated PVC matrix, for 
sodium thiocyanate of different concentration at pH=7.4.

changing two different thiocyanate concentrations (10" and 
10 5 M). Since the response times are proportional to the 
square of membrane thickness,5 the membranes which have 
the same absorbance were carefully selected. For the deter
mination of selectivity coefficients, the absorbance changes 
for the 0.1 M anion solutions at different pH values were 
recorded using universal buffer solutions of pH's from 2 to
12. The stock solution of universal buffer consisted of 10 
mM NaH2PO4( 6.6 mM citric acid and 11.4 mM NazBQ? (all 
from Fluka). Portions of this solutions were adjusted to the 
desired pH value with H2SO4 or NaOH solution before ad
ding the anions.

Adhesion Test. In order to test the adhesion of mem
branes to a glass surface, 20 spots of membranes made as 
described in the preparation section were cast on a slide 
glass. In one test, each sample spot was firmly taped with 
Scotch tape and removed by slow pulling up. Another test 
was carried out by bathing the sampled glass in a sonicator 
for 30 minutes. The adhesion of polymer membranes were 
then gauged by counting the remaining spots.

Measurements of Thiocyanate in Human Saliva. 
Saliva samples were obtained from both smokers and nons
mokers in the Chemistry Department at the Kwangwoon 
University. About 5 m/ of samples were centrifuged at a 
speed of 4000 rpm for 10 minutes and the proteinaceous 
compounds were settled down. The supernatants were then 
taken and diluted ten times with TRIS buffer (pH = 7.4), 
which were then flowed through the specially designed UV- 
cell (IX 1X4.5 cm3) shown in Figure 1. In order to minimize 
the errors due to most abundant chloride ion, the standard 
samples containing 10_2-10-6 M of sodium thiocyanate were 
prepared with 100 mM of sodium chloride. The absorbance 
for the samples were read directly from the UV/VIS spectro
meter and used to derive the unknown concentrations with
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figure 3. Calibration curves for four anions (■ chloride; ▲ nit
rate; • thiocyanate; ♦ perchlorate) at pH 7.4 obtained by measu
ring the absorbance at 540 nm with the DOA-plasticized PVC 
membrane containing ETH2412 and TDMAC1.

PU/hydroxylated PVC: Rel. Abs. vs. pH 
[anion] = 0.1 M

pH

Rgure 4. Relative absorbance, a, of the chromoionophore ETH 
2412 in DOA-plasticized PU/hydroxylated PVC at 540 nm as a 
function of pH for 0.1 M anion solutions. The curves are fitted 
to the experimental points (■ chloride; ▲ nitrate; • thiocyanate; 
♦ perchlorate) using equation (2) by adjusting the equilibrium 
constants.

the calibration curve obtained from the standard solutions.

Result and Discussion

Figure 2 is an example of typical absorption spectra for 
the system with the charged carrier ETH2412 and TDMAC1 
embedded in a polymer membrane at varying thiocyanate 
concentrations; increased anion concentration induces the 
negatively charged ETH2412 to be protonated, which results 
in decreased absorbance at 540 nm. A series of similar ab
sorption spectra was also recorded for other three membra
nes. For each optode membrane, calibration curves for chlo
ride, nitrate, thiocyanate and perchlorate anions were obtai
ned by reading the absorbance at 540 nm. Figure 3 is an 
example of such calibration curves obtained from the PVC-
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Table 1. Selective coefficients Y-) for anion-selective op- 
tode membranes with different polymer matrices

Matrices

Ions PVC PU/hydroxylated
PVC

PVC/hydroxylated
PVC

CTA

cr — 396 — 3.95 -3.75 -4.31
NO- -2.11 -2.28 -2.11 -2.37
CIO； 0.96 0.68 1.01 1.32

based membrane; the curves clearly reflect the order of rela
tive hydration energies (or lipophilicities) of the four anions. 
Other membranes also have the same type of calibration 
curves as shown in Figure 3. However, their slopes and spa
cings between the curves vary from membrane to membrane. 
It indicates that the selectivities of optodes are dependent 
on the type of polymer matrices employed.

In order to obtain the selectivity coefficients for each 
membrane, a series of pH response curves was plotted at 
a fixed anion concentration (0.1 M). They are given in Figure
4. Considering the equilibrium constant and the law of mass 
action from equation (1), and introducing relative absorbance 
a = EIND ~ ]/EIND]t = (A — X0)/(A i — >10), the following depend
ence of a on the activities of anion, a^-t and of proton, aH+f 
can be derived:

(1 —a)(Lr/LIND]7'—a) m------------- ^2---------------Kwh+Rx- (2)

where IND, A, L, and K represent chromoionophore, abosor- 
bance at 540 nm, lipophilic additive, and equilibrium constant 
for the equation (1), respectively; subscripts T, 0 and I repre
sent total concentration, values at zero and concentrated 
anion concentrations (0.1 M), respectively. One may solve
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equation (2) with respect to a, which may be used to fit 
the experimental points to obtain the equilibrium constant 
of a membrane for the respective anion X~. If other interfer
ing anions coexist in the sample solution, equation (2) can 
be written analogous to the Nikolsky-Eisenman formular for 
ISE to include such effect5:

(1 —a)(Ly/[IND]La) _ 只 ( ,、*価叮 、
a2 —KxS+，0x- + ?Axy "y-) (3)

where is the selectivity coefficient of the anion 丫一 with 
respect to X-. If the experiments are carried out for each 
anion, the K?丁 may be expressed with the respective equilib
rium constants Kx and Xy：

政丁=Ky/Kx (4)

These results are summarized in Table 1 and the selecti
vity coefficients are estimated with respect to the thiocyanate 
ion. Comparison of selectivity coefficients for each anion in
dicates that PU/hydroxylated PVC-based membrane is very 
similar to PVC-based membrane, while CTA-based memb
rane is the most lipophilic in its character.

Response times and reproducibilities for each membrane 
were measured by alternately changing two different thiocy
anate concentrations, 10-5 and 10" M. Figure 5 shows the 
recorder traces of those experimental results; the reproduci
bilities of CTA-based membrane are too poor to use it as 
an optode, while those of other three membranes are suffi
ciently regular. The rising slopes of the traces, which corre
spond to the deprotonation process of ETH2412, determine 
the speed of response. The response time of an optode mem
brane was measured at the 95% of full response, denoted 
as ^95%- Theoretically, £95% is given approximately by f95% —1.13 
(P/Dm where d and Dm are the membrane thickness and the 
mean diffusion coefficient of the anions in the membrane

Figure 5. Recorder traces for four membranes obtained by alternately changing two different thiocyanate concentrations (IO-2 and 
IO-5 M) at pH=7.4.

PVC/hydroxylated PVC

10'5M

10mln
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Table 5. The concentration of thiocyanate in human saliva dete
rmined by the anion-selective optode system

Sample No. Smoker (mM) Non-smoker (mM)

1 1.00 0.14
2 1.32 0.18
3 1.45 0.21
4 1.65 0.42
5 1.90 0.68

at the Kwangwoon University, and the thiocyanate levels 
in these samples were determined with the PU/hydroxylated 
PVC membrane optode. Each measurement was made in 10 
minutes to ensure the complete response. The test results 
are calculated using the calibration curve in Figure 6 and 
they are summarized in Table 5. It is interesting to note 
that smokers have three to ten times higher thiocyanate con
centrations in their saliva than non-smokers, indicating the 
seriousness of cyanide exposure from smoking. These values 
are well compared with the previously reported values meas
ured with a thiocyanate-selective ISE.14 The thiocyanate lev
els determined here are neither the representative values 
nor of any clinical significance, since we did not pay much 
attention on the personal records of sample donors, such 
as the number of cigarettes smoked per day, their living 
environments and dietary habits. The purpose of this experi
ment was to demonstrate the workability of our simple op
tode system for the determination of physi이ogical thiocya
nate, and indeed the results were satisfactory.

Conclusion

In this experiment, we prepared ETH2412 and TDMAC1- 
based coextraction type anion-selective optode. Those sen
sing components were dissolved in four different kinds of 
solvent polymeric matrices; PVC, PVC/hydroxylated PVC, 
PU/hydroxylated PVC and CT A. We investigated the se
lectivity pattern, response times and reproducibilities, as well 
as adhesion properties of those membranes. The ISO made 
with common PVC matrix exhibited the problems of slow 
response times for lipophilic anions. The membranes with 
CTA and PVC/hydroxylated PVC were too easily peeled 
off from a glass surface when they were in a flowing cell. 
On the other hand, the sensing membrane with PU/hydroxy
lated PVC matrix showed highly reproducible and fast re
sponses for lipophilic anions, while its selectivity coefficients 
with respect to thiocyanate were comparable to those of 
PVC-based membrane. Furthermore, it had strong adhesion 
to a glass surface. It is also known that PU containing mem
brane provides an excellent biocompatibility for physiological 
fluids. On the basis of these results, we concluded that the 
anion-selective PU/hydroxylated PVC-based optode memb
rane may be used as a practicable sensor system for the 

determination of some lipophilic anions in physiological 
fluids. Thus, we applied this optode to measure the thiocya
nate ion in human saliva. The measurement of thiocyanate 
in physiological fluids would be a useful information in as
sessing an individual's exposure to cigarette smoking or 
other cyanide containing atmosphere. While ISEs are the 
most commonly used method for such purposes, we could 
demonstrate that comparable results could be obtained with 
very simple optode system.
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Table 2. Response times in minute and reproducibilities of four 
anion-selective optode membranes, which are standard deviation 
of reproducible absorbances

Concentrations

Matrices

PVC PU/hydr
oxylated PVC

PVC/hydrox
ylated PVC

CTA

10-5 MT10-2 M 2 2 5 10
10-2 MtIO-5 M 18 7 9 一

Reproducibilities + 6.7% ±2.7% ±6.3% —

Table 3. Adhesion test of PU/hydroxylated PVC and PVC-based
membranes to a glass surface

Membranes 
(20 spots)

% of membranes removed
Scotch tape test Ultrasonic bathing 

(30 min)

PU/hydroxylated PVC 0 0
PVC 100 50

phase, respectively.5 Thus, the comparison of response times 
was made with the membranes of the same thickness. Since 
the amount of ETH2412 was carefully monitored for each 
membrane cocktails, it was assumed that the membrane 
thickness would be proportional to the absorbance of ETH 
2412 at 540 nm. Response times for each membrane are 
given in Table 2. When the samples are changed from 10'2 
M to IO-5 M, it appears that the response times depend 
on the PVC contents of each membrane: the anions in mem
brane phase tend to diffuse out easily with low PVC contents. 
On the other hand, the diffuse-in response times, i.e.t when 
the thiocyanate ion concentrations were changed from low 
to high (10-5-*10-2 M), were not dependent on the PVC 
contents and much faster than the opposite case. In terms 
of response times and reproducibilities, the PU/hydroxylated 
PVC-based membrane has shown the best performance.

The adhesion of polymer membranes to an optical ma
terial is another important property to consider because it 
may become a major limiting factor in fabricating a practica
ble optode if the membranes are easily peeled off from the 
surface of their supporting material, in this case a glass. 
For example, PVC/hydroxylated PVC and CTA-based mem
branes would not stay on the glass surface when they are 
placed in a flowing cell. Thus, we tested the adhesion of 
PVC and PU/hydroxylated membranes to a glass surface by 
pulling out firmly taped Scotch tapes and sonicator bathing.11 
The results are summarized in Table 3. For both tests, 
PU/hydroxylated PVC membranes were not removed from 
the glass surface, indicating that they have sufficient adhe
sion. On the other hand, PVC-based membranes did not pass 
the sonicator bathing test; half of the sample spots has been 
removed from the glass surface after 30 minutes of sonic 
bathing.

Among the polymer matrices we tested, the selectivity 
coefficients of the membrane made with PU/hydroxylated 
PVC are very close to those of most popular PVC-based

Young Ki Hong et al.
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Table 4. Selectivity coefficients of the optode system with ETH 
2412/TOMAC1 pair embedded in DOA-plasticized PU/hydroxyla
ted PVC membrane for various interfering anions in comparison 
with the required selectivities for blood, serum and plasma.

Anion 95% normal range 
(mM)

Required Experimental

ci- 95-110 -4.9 -4.0
Br~ 0.009-0.17 -2.1
NO； 0-0.1 _ 1.8 ~2.3
r 0.0003-0.0005 0.5

SCN- 0.007-0.15 0 0
CIO； 0 0.7

1 ?

0.8 ..

0.6 一一

0.4-

0.2-

0--

-log(SCN]

Figure 6. Calibration curve used for the determination of thio
cyanate in human saliva. Relative absorbance values at 540 nm 
are plotted as a function of — log[SCN_] at pH=7.4.

membrane, while exhibiting faster response times, better re
producibilities and much stronger adhesion to its glass sup
port. Moreover, it is known that polyurethane containing 
membrane provides much better biocompatibility for physio
logical fluids than PVC-based membrane.11 Thus, we expec
ted that the anion-selective optode made with PU/hydroxyla
ted PVC membrane may be employed as a practical sensor 
system for the measurement of lipophilic anions, such as 
thiocyanate, in biological fluids. Some representative electrol
ytes in human blood, serum and plasma are listed in Table 
4 with the required selectivity coefficients for the determina
tion of thiocyanate, which were calculated using the equation 
(3) for a maximum interference of 1% by other anions.9 The 
dilution factor was not considered in this calculation. Though 
we did not measure the blood samples in this experiment, 
those representative values could be a useful guide for the 
estimation of possible interferences. For example, if we as
sume the electrolytes in saliva are not much different from 
those of serum, the increase in chloride concentration would 
be less than 10-20 mM for the ten times diluted saliva sam
ple. This amount would affect the result by less than 02% 
for the determination of thiocyanate, considering the selecti
vity coefficients (logK錦,c】=一3.95) of the PU/hydroxylated 
PVC membrane.

Ten human saliva samples were obtained from both smok
ing and non-smoking students in the Chemistry Departments


