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ABSTRACT 

Coated wire ion-selective electrodes (CWE's) based 

on a polyvinyl chloride (FVC) membrane using dioctyl 

phthalate (DOP) as a plasticizer and dinonylnapthalene 

sulfonate (DNNS) as a counterion were made for 

chlorpromazine, chlorprothixene, methdilazine, promazine, 

promethazine, and trimeprazine. Evaluation of the 

electrodes indicated that the potential measured was 

directly proportional to the logarithm of the particular 
-4.4 

phenothiazine's concentration down to at least 10 M in 
-5.8 

most cases, with detection limits usually less than 10 M. 

The time required for the electrodes to reach steady state 

was found to be less than one minute, and when stored at 
o 

less than 4 C, in the absence of light, the lifetimes or the 

electrodes depended on the number of calibrations for wnich 

they were used. 

Finally, the relative selectivities, and tne 

hysteresis effects could be related to the lipophilicities 

as previously described (1). 



CHAPTER 1 

INTRODUCTION 

The first ion-selective electrodes (ISE'S) were 

developed at the beginning of the century. They had a short 

response time, a wide dynamic range and were selective for 

hydrogen ions. To dater no other ISE has been able to match 

the performance of the pH electrode. While tnese devices 

used a glass membrane to effect a charge separation, 

non-glass ISE's were developed in the 1960's, and at the 

beginning of the following decade, coated wire electrodes 

began to be produced. Since then a number of books (2-5) 

and reviews (6-10) have been published about ISE's, and a 

journal (11) has been dedicated to review articles on these 

sensors. 

1.1 Polvmer Membrane Electrodes 

Polymer membrane ion-selective electrodes (PMISE's) 

have oecome extremely popular as the quantity of literature 

in this field has indicated (12-15). Conventional 

Moody-Thomas type PMISE's are tubes sealed at one end by a 

selective membrane and filled with a solution ot the 

ion to be detected. An Ag/AgCl reference electrode is 

usually used as an internal standard. This set-up can be 

seen in Figure 1. An electrical potential is established at 

1  
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the membrane by taking advantage of the solubility 

difference of the cation and its counterion. Electrodes for 

species which are more soluble in the membrane, more 

lipophilic, show greater selectivity (16). 

In order to increase the solubility of the ion ot 

interest in the membrane, a carrier or counterion is usually 

incorporated in the polymer. In such systems, ions which 

form lipophilic pairs can be detected. A plasticizer is 

also generally incorporated in the polymer to increase the 

ion pair mobility and thus reduce the diffusion potential 

across the membrane. 

When the membrane is made, the ion ot interest and 

the carrier or counterion are usually incorporated in 

stoichiometric quantities. A charge separation is 

established as the ion ot interest, being less lipophilic 

than the other species of the pair, partitions into the 

aqueous solution causing a charge separation. The detection 

limits ot these electrodes may be limited by the solubility 

of the ions in the aqueous phase (17, 18), and thus, 

electrodes for the more lipophilic species should have a 

lower detection limit. Another theory suggests response 

will be limited by the interference of other substances 
i 

present in the solution (19). 

While the ion pair and the plasticizer are 

hydrophobic, they do show a finite solubility in aqueous 

solutions, and the leaching of these species from the 
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Figure 1: Polymer Membrane Electrodes 
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membrane seems to limit the lifetime of the electrodes. 

Therefore, the electrodes with the more lipophilic 

complexes and plasticizers should last longer. 

Selectivity is the ability of an electrode to detect 

the ion for which it was made and not respond to others 

which may be present. This effect can be quantitated by the 

Eisenman-Nikolsky equation shown here as Equation 1. 

o' (n /n ) 
E=E + ((RT) / (nF)) In (a +Ka i j ) (1) 

i j 
o* 

where E is the measured potential in mV, E is the measured 

potential in mV under standard conditionsr R is the gas 
o -1 -1 o 

constant (8.3143 J K mol ), T is the temperature in K, 

n is the charge on the primary ion, n is the charge on the 
i j 

interfering ion, F is the Faraday constant 
4 

(9.64870x10 C/mol), a is the activity of the primary ion, 
i 

a is the activity of the interfering ion, and K is the 

selectivity ratio. A large selectivity ratio indicates poor 

selectivity toward the ion for which the electrode was made. 

More lipophilic interfering ions have proven to be greater 

interferences (16). 

Conventional electrodes are relatively simple, but 

they are too expensive to be practically used as disposable 

devices and are not extremely amenable to miniaturization. 

By eliminating the internal standard solution and replacing 

the Ag/AgCl reference electrode with a copper wire, a 

different type of PMISE can be constructed. Coated wire 
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electrodes (CWE's) are simply copper wires with a selective 

membrane applied directly to the wire. A number of these 

systems has been developed for a variety of ionizable 

species (20-26). The CWE's operate by the same process as 

the conventional PMISE's and although the internal reference 

is not entirely understood, it has been shown to be some 

oxidation-reduction system at the wire-polymer interface 

(26). The internal reference may not be a particularly 

stable system, but this does not present a problem since 

only nanoamps are passed through the cell. This current 

should not be enough to shift the potential significantly. 

As the popularity of PMISE's and CWE's grew 

researchers tried to extend their detection limits and 

lifetimes. To this end, several different counterions were 

employed with varying degrees ot success. One of these 

ions, dinonylnaphthalene sulfonate (DNNS) was found to be 

selective toward lipophilic organic cations and often snowed 
-6 

detection limits down to 10 M (27). 

More recently, DNNS has been used in conventional 

and coated wire PMISE's for monitoring pharmaceutically 

interesting substances (28, 29). The results of some or 

these studies are in Table 1. Each of these substances had 

a large organic portion which made them lipophilic, and an 

amine group which could be protonated. The responses of 

these electrodes were very reproducible and detection limits 

were close to micromolar. The selectivity of these 
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electrodes increased with the lipophilicity of the ion of 

interest. 

1.2 Phenothiazines 

Phenothiazines and their derivatives are currently 

prescribed more than any other group of substances for the 

treatment of psychoses. They have been known since the 

early 1800's, but their pharmaceutical applications were 

not realized until the 1950's when promazine and 

chlorpromazine were used as tranquilizers. Other 

applications of the drugs have included treatment for 

nausea, sedation, relief from itching and as antihistamines. 

These drugs are based on a tricyclic structure. The 

rings are fused with a sulfur at the 5-position and a 

nitrogen at the 10-position. The phenothiazines differ from 

one another in their substituents at the 5-nitrogen. Most 

of these groups are amines which are protonated at 

physiological pH's. The pK •s of these substances are in 
a 

Table 2. Some also have small substituents at the 

2-position. The structures of the drugs examined in these 

studies are in Figure 2. While chlorprothixene is not 

strictly a phenothiazine, it is structurally related. For 

the sake of this manuscript, chlorprothixene will be 

considered with the true phenothiazines of Figure 2. 

Because it is believed that the response of these 

electrodes is dependent on the lipophilicity, the calculated 
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Table 1: Characteristics of Pharmaceutical PMISE's 

Pharmaceutical Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + —5.0 —5.5 

Cocaine (29) 59.5-0.83 504-5 10 10 
+ + —5.0 —6.0 

Methadone (29) 58.-1.75 400-22 10 10 
+ + —5•0 —5.5 

Methylamphetamine 58.6-0.67 282-4 10 10 
(29) 

+ + —4.2 —5.1 
Phencyclidine (28) 59.2-0.59 3 92-1.8 10 10 

+ + —5.0 —6.5 * 
Protriptyline (29) 58.5-0.74 475-11 10 10 

Table 2: Some Properties of Phencthiazines Studied 

Pharmaceutical Octanol-Water pK 
Partition Coefficient a 

Chi or promazine 1.62 9.30 

Chlorprothixene >1.62 (9.3) 

Methdilazine 1.43 8.96 

Promazine 1.16 9.52 

Promethazine -0.53 9.01 

Trimeprazine 1.6 0 9.11 
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partition coefficients for octanol-water systems have been 

included in Table 2 (30). 

Presently, phenothiazines can be monitored by a 

great variety of processes, including chromatography (31), 

coulometry and voltammetry (32) , and mass spectroscopy (33). 
-9 

Host methods offer detection limits of about 10 M which is 

usually more than adeguate since the sera of interest 

generally have phenothiazine concentrations between one and 

two orders of magnitude higher. These processes do however 

require a fairly rigorous pretreatment to remove most of the 

interferences, and in this process the phenothiazine and its 

metabolites are concentrated about tenfold. 

Currently, detection is used to monitor a patient's 

adherence to a prescription or to determine the amount of 

the substance taken in cases of abuse. In these situations, 

the physcian is most likely interested in the metabolites ot 

the drug as well as the parent compound. 

Researchers have been successful in relating the 

serum concentrations of the active form of several 

pharmaceuticals to their therapeutic effect. This allows 

the pnysician to alter his prescription based on serum 

analysis. However such a relationship has not been 

developed for phenothiazines. Progress in this area has 

been hampered by a lack of well-organized, logical studies 

and will be helped by better, simplier, and cheaper 

detectors (34). Since the phenothiazine itself is the 
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active form, detection in such studies would not require 

monitoring the metabolites (34). 

CHE's may be applicable to quality control in the 

pharmaceutical industry, or to monitoring samples for 

research, e.g., for observing concentrations in biological 

fluids from laboratory animals. 

Initial studies have indicated that some 

Moody-Thomas PMISE1s based on DUNS may have characteristics 

which lend themselves to use as phenothiazine detectors 

(35). 

A number of the phenothiazines are known to 

decompose in solutions (36-39). Therefore, it is important 

to store any solution at low temperatures in the absence ot 

light, and to use it as soon as possible. 

1.3 Statement of Problem 

Phenothiazines cannot presently be monitored by an 

inexpensive and simple detector. Such a detector would be 

an important contribution to developing a relationship 

between the drugs' plasma concentration and their 

therapeutic effects. Industry would also benefit from an 

inexpensive sensor. 

Also the behavior of CWE's is still not completely 

understood. More insight into these devices will only come 

as more electrodes are characterized. 
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Recognizing that the substances are unstable, it is 

hoped that incorporating them into the polymer membrane will 

minimize the decomposition rate while the electrodes are 

being used. By storing the devices in solutions of the 

undecomposed phenothiazine the ion pairs snould be restored. 



CHAPTER 2 

EXPERIMENTAL 

2.JL Materials 

Chromatographic grade polyvinyl chloride (PVC) 

(Polysciences, Warrington, PA) and practical grade 

dioctyl phthalate (DOP) (J. T. Baker Chem. Co., 

Phillipsburg, NJ) were used as received. Reagent grade 

dinonylnaphthalene sulfonic acid (Pfatz and Bauerr Inc., 

Stamford) was treated to remove neutral impurities by a 

anion exchange (40) using Dowex 1-X8, 100-200 mesh (J. T. 

Baker Chem. Co.) converted from the chloride to the 

hydroxide form. 

Sixteen gauge copper wire (Consolidated wire, 

Chicago) was cut into ten centimeter sections and cleaned 

with water, acetone, and chloroform; three times in each in 

a Bransonic II ultrasonic vibrator. Once clean, the wires 

were hung in a hood to dry. 

All water used was first house-distilled and then 

passed through an ion-exchange column (Crystalab CL5 

Deeminizer). Ionic impurities were below parts-per-million 

as measured by conductance. All other substances were 

reagent grade and used as received. 

12 
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Phenothiazines were donated as salts by the 

suppliers listed in Table 3 and were kindly shared with us 

by Tom Huth and Dr. M. Bonner Denton (Chemistry Department, 

University of Arizona) . Where indicated, the phenothiazines 

were about 99% pure. These pharmacueticaisr as well as 
o 

their solutions were stored below 4 C in aluminum 

foiled-wrapped containers to avoid thermal decomposition and 

photodecomposition which-have been reported (36-39). 

2-m2 procedure 

2.2.1 Electrode Construction 

The procedure for making the OfE's is standard (3r 

20, 25,) and has been illustrated in Figure 3. 

2.2.1.1 Insulation. Once the wires were cleaned 

and dried as described in Materials they were insulated 

with a coating of PVC. 

First, one end of each wire was pushed into a cork 

ring so that the wires were about two centimeters apart. 

The cork ring was then clamped to a ringstand with the wires 

hanging down from the corkring, and tne entire assembly was 

located in a rumehood. 

At about the same time, enough PVC was dissolved in 

tetrahydrofuran (THF) to make a 7% PVC solution by mass. 

The wires were then individually dipped into this solution 

up to within a centimeter of the tip stuck in the cork. The 

THF was allowed to evaporate for about five minutes. The 
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Figure 3: Construction of Coated Wire Electrodes 
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procedure was repeated until the insulation was about 0.5 nun 

thick. Pinally, the wires were allowed to dry tor about a 

day. 

2.2.1. 2 Selective Membrane. Once the insulation 

had dried, the selective membrane was applied. To start, a 

razor blade was used to expose the bottom 2 mm of the wire. 

The "dip" procedure described in Insulation was 

then repeated. This time only the bottom 3 mm of the wires 

were dipped. The solution used was made by dissolving 0.9 g 

DOP, 0.1 g DNNS, and a stoichiometric amount of the 

phenothiazine (with respect to the DNNS) in 19 mL THF 

containing 5% PVC by mass. The process was continued until 

the tip was coated with a bead about 3 mm in diameter. This 

bead was calculated to be 50% PVC, 45% DOP, and 5% 

DNNS-phenothiazine. The electrodes were dried for a day 

before being stored. 

2.2.1.3 Storage. The electrodes were stored in a 
-4 

0.1 H acetic acid buffer solution containing 10 M of the 

phenothiazine of interest at a pH of 4.8. wires were 

suspended from hollow, Nalgene, polyethylene stoppers 

(Sybron Corporation, Rochester, NY) into the solution in 

40 mL extraction vials. The Bakelite caps which are 

standard with the vials have a paper insert coated with a 

thin layer of plastic. It was necessary to remove this 

insert since the plastic was dissolved by the buffer 

solution. 



2.2.2 Calibration 1 

2.2.2.1 Equipment. The cell was set up as shown 

in Figure 4. A 40 mL glass water-jacketed beaker was used. 
o 

The test solution was kept at 25 C by circulating either 

water or a water-ethanol mixture through the beaker using 

7/16 in. i. d. Oygon tubing (Norton, Akron, OH). This 

set-up could maintain the temperature of 20 mL of a 0.1 M 
+ o 

acetic acid buffer solution at 25.0-0.1 C. 

The reference electrode was an Ag/AgCl electrode 

made electrolytically (41) and immersed in a saturated KCl 

solution. The electrode-KCl assembly was enclosed in a 1 

portion of a 3 mm i. d. glass tubing with one end sealed 

around a small porcelain frit. The electrode was held in 

place in the KCl by sealing the open end of the glass rod 

with several tight wraps of parafilm. This entire assembly 

was housed in a similar 5 mm i. d. tube. The larger tube 

was filled about halfway with a 0.1 M ammonium nitrate 

solution. Because ammonium and nitrate have similar 

mobilities in aqueous solutions, the junction potential 

should be held to a minimum. 

Two model DV10 automatic burets (Mettler 

Instruments, Hightstown, NJ) with a DV102 1.000 mL 

attachment were used to disperse the standard solutions. 

The standards traveled through about 50 cm of 0.1 mm i. d. 

lygon tubing (VWR Scientific) and then through 10 mm of 

tapered glass tubing made from a Pasteur pipet (American 
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Scientific Products, McGraw Park, IL) and into the cell as 

shown in Figure 5. The tubing and electrodes were held by a 

teflon "rack". The tubing was held at the point the glass 

was inserted into the Tygon causing a bulge in the tube. 

The rack was positioned to hold the glass tube so that it 

barely broke the surface of the test solution. The 

electrodes were held by gold electrical contacts allowing 

the selective membrane to be entirely immersed in the test 

solution. These contacts were connected to the 

potentiometer. 

The stirrer, burets, and pH meter were controlled 

and monitored by one of two computers. A detailed 

description of these systems and ot the software has been 

reported elsewhere (42). 

Originally an Intel IMSAI 8080 microcomputer and a 

PHM 880 pH meter/potentiostat (Radiometer, Copenhagen, 

Denmark) were used. With this set-up, necessary programs 

were loaded into the computer from a floppy disk before the 

calibration. Potentials were read from the potentiostat by 

the IMSAI 8080 using a multiplexer which allowed each of 

five electrodes to be monitored. Once the data was 

collected, it was stored by transferring it to a Nova 3 

computer (Data General Corp., Southboro, MA) which 

controlled a Model 42334 10M disk drive. The IMSAI 8080 was 

only used for the first calibrations. 
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Figure 5: Standard Solution Dispenser 
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The most efficient set-up was based on the NOVA 3 

computer and a Model 801A pH meter/potentiostat (Orion 

Research, Cambridge, HA). Programs and data were stored on 

a disk in the same manner as the data from the IMSAI. The 

pH meter, the buret, and the stirrer were controlled by the 

NOVA 3 through a general purpose interface board (MDS 

Systems, Orange CA). This apparatus was also used in the 

other system to allow the IMSAI to control the burets and 

stirrer. 

Both set-ups also included a Decwriter III printer 

(Digital Equipment Corp., Maynard, MA), an ADM5 terminal 

(Lear Siegler Inc., Anaheim, CA) and a model WX4671 plotter 

(Watanabe Instruments, Tokyo, Japan). For quality plots, 

data could be transferred to another disk and plotted on a 

Model MP1000 plotter (Watanabe) using a Graphics Plus 

terminal (Northwest Digital Systems). The entire system has 

been represented in Figure 6. 

2.2.2.2 Simple Calibrations. The constant 

temperature bath was turned on about two hours betore the 

calibration. About an hour before the start or the 

calibration, 7.0 mL of a 0.1 M acetic acid buffer solution 

was pipetted into the cell and the electrodes were immersed 

into about 10 mL of the acetic acid buffer. 

Immediately before the calibration, the bare ends or 

the electrodes were inserted into the gold contacts in the 

Teflon rack. The electrodes were positioned so that the 
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Table 3: Suppliers or Phenothiazines 

Substance Trade Name Suppliers 

Chlorpromaz ine Thorazine Smith, Kline and French Labs 

Chlorprothixene Taractan Hoffman-LaRoche Inc. 

Hethdilazine Ta caryl Mead Johnson Research Center 

Promaz ine Sparine Wyeth Laboratories 

Promethaz ine Phenergan Wyeth Laboratories 

Trimeprazine Temaril Smith, Kline and French Labs 

Table 4: Simple Calibration Parameters 

Parameter Quantity 

Number of Electrodes 5 

Blank volume 7 mL 

Low Concentration 0.000001 M 

High Concentration 0.001 M 

Log (Concentration) Increment 0.2 

Standard Concentration 0.01 M 

Equilibration Time Allowed 5 min. 

Dri£t Allowed 0.1 mV 

Stirring in Each Solution 10 sec. 

Maximum Volume 1 mL 

Minimum Volume 0.001 mL 
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selective membranes were completely submerged in the test 

solution. The reference electrode was clamped into place so 

that the tip was about a millimeter from the bottom ot the 

cell. Then, the pH meter and the computer were turned onf 

-2 
and the buret was loaded with the 10 M standard solution. 

Before the calibration could be started, the 

parameters shown in Table 4 had to be given to the 

computer. It then calculated the number of pulses necessary 

to disperse the proper amounts of standard solution. The 

results were printed out on the Decwriter III and placed in 

memory. The calibraton was started by initiating the 

appropriate software (42). 

The computer started the calibration by sending 

pulses to the buret causing the desired amount ot standard 

solution to be dispersed to the cell. Simultaneously, the 

stirrer was turned on for the designated period of time. 

Once the solution was stirred, the computer monitored the 

potentials at each electrode once every minute. If the 

electrode continued to drift after the allotted time, the 

rate was recorded. Whether or not the drift continued, the 

potential was recorded, and the process repeated until 

measurements had been made on the most concentrated solution 

of interest. The results which were printed out included 

the concentration of each solution and the corresponding 

potentials. By calling the appropriate software, a 

calibration curve could be made or the slopes, intercepts, 
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their standard deviations, and the linear correlation 

coefficient could be determined. 

2.2.2.3 Selectivity Studies. These studies were 

initiated just as the simple calibrations weref except the 

additional parameters listed in Table 5 were required. In 

fact, the first half of these experiments were simple 

calibrations. When this portion was finished, the computer 

automatically printed out the resulting slope and intercept 

information. 

At this point the study continued by calculating the 

pulses necessary to deliver the proper amount ot standard 

interfering solution and then followed the procedure 

outlined for the simple calibration. 

The only difference was that before dispersing any 

of the solution, a reading was taken of each electrode's 

potential to establish the potential due solely to the 

primary ion. Once finished, potentials and selectivity 

ratios were calculated according to Equation 1 in 

INTRODUCTION. 

The instrumentation and software described in this 

section were developed by Dr. Lawrence Cunningham (42). 
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Table 5: Additional Parameters for Selectivity Studies 

Parameters Quantity 

Sign of Interfering Ion +1 

Buffer Concentration 0.1 H 

Size Parameter of Prim. Ion 6 

Size Parameter of Sec. Ion "Varied" 

Equilibration Time Allowed 5 min. 

Drift Allowed 0.1 mV 

Low Interfering Ion Concen. 0.000001 M 

High Interfering Ion Concen. 0.001 M 

Standard Interfering Ion Concen. 0.01 H 

Log(Int. Ion Cone.) Increment 0.2 

Get Slopes Down to Log(Cone.) -4.5 
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CHAPTER 3 

RESULTS AND DISCUSSION 

Data from each calibration has been included in 

Appendix A. 

2_J= Calibration Curve Characteristics 

Characteristics which were determined directly from 

the calibration curves have been listed in Table 6. These 

values are averages taken over several separate experiments. 

Data from a typical calibration of a single electrode is in 

Table 7. The standard deviations here are the uncertainties 

from rhe best linear fits to the data. For examples of 

calibration curves, see Figure 7 and Figure 8. 

3.1.1 Slopes 

The average slopes of the linear response portion in 

the calibration curves for each type of electrode has been 

included in Table 6. Theoretically, the slope should be 
o 

59.2 mV/log(a) at 25 C (a Nernstian response). The slopes 

for the methdilazine, promethazine, and trimeprazine 

electrodes were close to Nernstian. The chiorpromazine and 

promazine detectors were slightly sub-Nernstian, and tne 

slopes from the chlorprothixene electrodes were very low. 

26 
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Table 6: Calibration Curve Characteristics 

Substance Slope Intercept Linear Limit Detection 
(mv/log(a)) (mV) (M) Limit (M) 

+ + -4.6 -5.4 -5.8 
Chiorpromaz ine 53-5.0 740-72 10 -10 <10 

+ + -4.4 -4.6 -5.2 
Chlorprothixene 44-5.7 610-53 10 -10 <10 

+ + -4.0 -5.8 
Methdilazine 6 0-3.5 780-53 10 <10 

+ + -4.4 -5.4 -5.2 
Promazine 53-3.9 720-41 10 -10 <10 

+ + -4.4 -5.4 -4.8 
Promethaz ine 56-5.9 670-46 10 -10 <10 

+ + -4.4 -5.8 
Trimepraz ine 55-7.0 710-42 10 <10 

Table 7: Typical Calibration Curve Characteristics 

Substance Slope Intercept Linear Detection Slope 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + -5.4 -5.8 

Chiorpromazine 53.2-0.25 739-1.0 10 <10 
+ + -4.4 -5.2 

Chlorprothixene 43.46-0.083 634.8-0.23 10 10 
+ + -5.8 -5.8 

Methdilazine 61.4-0.48 844-2.1 10 <10 
+ + -4.4 -5.8 

Promazine 54.4-0.10 734.5-0.29 10 <10 
+ + -4.8 -4.8 

Promethazine 52.3-0.13 691.2-0.45 10 10 
+ -4.4 -5.8 

Trimeprazine 55.18-0.091 687.5-0.091 10 <10 
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Previous work has indicated that less lipophilic 

substances are usually those that respond with the most 

sub-Nernstian response. In Table 2, the partition 

coefficients of the substances between octanol and water 

have been presented. Using the partition coefficients as a 

measure of lipophilicity the greatest deviation from the 

expected Nernstian response should have been seen for the 

promazine and promethazine electrodes. The chlorpromazine, 

and the chlorprothixene electrodes should have responded 

ideally. The unexpected response of the latter two types of 

detectors may be due to a difference in the mobility of 

chlorpromazine and chlorprothixene into or within the 

membrane, or to a difference in the ion pair formation, or 

to the inherent instability of these substances in 

solutions. A correlation may exist between the chlorine in 

the 2-position on the ring system and the deviations. 

Substitution of a carbon-carbon double bond for the 

nitrogen-carbon single bond from the 10-position on the ring 

system also seems to be linked to the differences in 

response. 

While the slopes of the electrodes did vary from 

calibration to calibration, the only electrodes which 

changed in a consistent fashion were those for promethazine. 

These values decreased very slightly, but the trend can be 

seen by comparing the calibrations in Table A.7. 
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3.1.2 Intercepts 

The average intercepts are in Table 6. They were 

determined by extending the linear portion of the 

calibration curves to a value of zero for the log(activity). 

Using the slopes as an indication of the intercepts, one 

would expect the electrodes with the largest slopes to have 

the largest intercepts. The values for the chlorprothixene, 

methdilazine, and trimeprazine electrodes seem to have 

followed from their slopes. Present theory states tnat the 

more lipophilic substances are also those with the largest 

intercepts. The chlorpromazine and promethazine electrodes 

seemed to be offset from where their slopes would have 

indicated to a potential more in line with the values 

expected from their lipophilicities. The intercepts of the 

promazine detectors were higher than the slopes or 

lipophilicity would have predicted. 

The absolute intercepts in Table 6 have very litle 

signifance and serve only as a means for comparing the 

different types of electrodes. The values for at least 

chlorpromazine, promethazine, and trimeprazine continued to 

decrease in subsequent calibrations. The other electrodes 

seem to have shown similar trends, but the irreproducibility 

of the calibrations makes the phenomenon harder to see. 

Since the intercept seems to have been dependent on 

the number of calibrations, the change may be due to a 

leaching of DOP or the DNNS-phenothiazine complex from the 
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membrane, or to decomposition of the phenothiazine. The 

change in concentration may have shifted the internal 

reference potential at the membrane-copper wire interface. 

Because the potential does change, these devices 

need to be calibrated before they can be used. As discussed 

later, the equilibration times of the electrodes were less 

than a minute. Calibrations would thus require at most a 

few minutes and would be similar to those necessary for most 

potentiometric detectors, including pH electrodes. 

3.1.3 Linear Range 

All types of electrodes responded linearly at the 
-3 

highest concentration examined, 10 M. Values for the lower 

limit or the linear response are in Table 6. The table also 

indicates that except for the chlorprothixene and the 

trimeprazine electrodes, all values varied significantly 

from one calibration to another. 

While the linear ranges of most of the electrodes 

varied, only the values from the promazine and promethazine 

electrodes decayed continuously from calibration to 

calibration. Once again, this was probably due to leaching 

of the DNNS-phenothiazine complex since promazine and 

promethazine are the least lipophilic of the substances 

examined. 
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3.1.4 Detection Limits 

The final column in Table 6 contains the detection 

limits of the electrodes. The chlorpromazine, methdilazine, 
-5.8 

and trimeprazine electrodes responded to 10 H solutions. 

The chlorprothixene and promazine electrodes responded to 

this concentrations on several occasions, however in other 
-5.2 

calibrations, they could not be used below 10 M. 

Finally, the promethazine detectors had detection limits 
-4.8 

below 10 M. 

From the 1ipophilicities in Table 2, the promazine 

and promethazine electrodes would have been expected to have 

the worst detection limits, since the response is dependent 

on the solubility of the ion pair in the aqueous phase. 

This is in agreement with the values given in Table 6. 

The largest deviation from the expected detection 

limit was in the chlorprothixene electrodes. The 

1ipophilicity data and linear ranges indicated the detection 

limits should have been at least as low as those for the 

methdilazine or trimeprazine electrodes. While several ot 

these calibrations did go down to the expected lower 

detection limit in a significant number of calibrations the 

electrodes would not respond to concentrations below 
-5.2 

10 M. 

3.1.5 Linearity 

The correlation coefficients for linear ranges of 

the calibration curves were all at least 0.999. With the 
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exception of some calibrations for the methdiiazine 

electrodes, the relative standard deviations of the slopes 

were ail less than 1%, and for the intercepts, they were 

less than 0.1%. Some methdiiazine electrodes occasionally 

had relative standard deviations of up to five times the 

other electrodes. Some examples of individual calibrations 

are in Table 7. 

The linearity of the electrodes suggests that simple 

two point calibrations should be sufficient. Such a 

procedure would involve measuring the potential of two 

different standard solutions with the appropriate 

phenothiazine at different concentrations in the linear 

range of the calibration curve. The calibration curve would 

be made by drawing a line through the two points on a plot 

of potential against log(activity). The line could be 

extended to the lower linear limit. The calibration process 

should take no more than a few minutes. 

2L*2 Longevity 

The current age for the oldest set of each type of 

electrode is in Table 8. These electrodes were stored in 
o 

the absence of light at less than 4 C to reduce or eliminate 

any decomposition processes. A harsher environment, 

especially the presence of light may reduce the time over 

which the electrodes are functional. 
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Table 8 also Indicates that the chlorprothixene 

electrodes were no longer functional atter 7 months. From 

the 1 ipophllicity it would seem that these electrodes should 

last longer than the others which are still operational 

after at least 9 months. The response of the 

chlorprothixene electrodes started to decay after nineteen 

calibrations. This is two to three times the number of 

calibrations made with any of the other detectors. 

Therefore, the lifetime of the electrodes seems to be more a 

function of calibration number than age. 

This observation seems to support the theory that 

the response starts to decay when the concentration of 

either the plasticizer or ion pair gets below some critical 

value. Since a small amount of each substances is leached 

from the membrane in every calibration, it makes sense that 

the longevity of the electrodes depends on the number of 

calibrations made. Since these electrodes are cheap and 

easy to construct, they will probably be used only once or 

at most a few times. This should extend the time over which 

the electrodes can be used. 

The characteristics of a set of "dying" electrodes 

has been presented in Table 9. The first indication of a 

decaying response was an increase in the lower limit of the 

linear range. Then the intercepts and slopes began to 

decline at about the same calibration that the detection 

limits started to increase. 
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Table 8: Lifetimes of Electrodes 

Substance 

Chlorpromazine 

Chlorprothixene 

Methdilazine 

Promaz ine 

Promethazine 

Trimeprazine 

Age 

(Months) 

12 

7 

12 

9 

12 

9 

No Longer Functional 

Table 9: Response of Dying Chlorprothixene Electrodes 

Age Slope Intercept Linear Limit Detection Limit 

(Days) (mV/log(a)) (mV) (M) (M) 
+ + -4.4 -5.2 

193 42-2.4 524-8.9 10 10 
+ + -4.2 -4.9 

195 41-2.1 523-7.7 10 10 
+ + -4.2 -5.2 

202 43.8-0.93 575-8.2 10 10 
+ + -4.0 -5.2 

203 40.3-0.50 562-4.2 10 10 
+ + -4.0 -4.7 

204 3 2-1.8 540-10 10 10 
+ + -3.6 -3.8 

205 63-5.5 610-21 10 10 
+ + -4.1 -4.6 

206 29-3.8 487-9.4 10 10 
+ + -4.0 -4.8 

207 33.8-0.35 501-1.1 10 10 
+ + l w

 
• vo

 

-4.5 
207 28-1.3 489-9.0 10 10 



37 

3_*3 Sel activity 

Selectivity ratios (K) for some interfering ions are 

in Table 10. A ratio of 0 indicates that the true value was 

less than 0.005. As defined in Equation 1, K is related 

inversely to selectivity. 

Sodium was chosen as an inorganic interference. The 

responses of all types of electrodes to this interfering ion 

was negligable. This has been shown in Table 7. 

Surprisingly, Table 7 shows that only the 

trimeprazine electrodes responded to the rather bulky 

quinine ions. One would initially have thought that this 

large organic ion would be lipophilic enough to compete with 

the phenothiazines. 

All the electrodes responded to tributylammonium, 

and tetrabutlyammonium was was even a greater interference, 

as seen in Table 10. 

Lipophilicity of the ion of interest has been shown 

to be directly related to the selectivity of the electrodes. 

The selectivity ratios in Table 10 and partition 

coefficients in Table 2 indicate most of these electrodes 

supported this theory. The electrodes for the third most 

lipophilic substance, trimeprazine, were however 

surprisingly nonselective toward quinine and 

tetrabutylammonium. 
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Table 10: Selectivity Ratios 

Electrode lype Selectivity Ratios 

Sodium Quinine Tributylamine Tetrabutylamine 
+ + + 

Chlorpromazine 0.03- 0 0.17-0.026 0.32-0.049 

0.049 
+ + 

Chlorprothixene 0 0 0.11-0.063 
+ 

0.14-0.037 
+ 

Methdilazine 0 0 0.19-0.030 
+ 

1.1-0.13 
+ 

Promazine 0 0 0.42-0.070 
+ 

3.4-0.37 
+ 

Promethaz ine 0 0 0.70-0.14 3.8-0.30 
+ + + + 

Trimeprazine 0.03- . 0.31- 0.19-0.032 2.0-0.13 

0.062 0.055 

Table 11: Hysteresis Effects on Chlorprothixene Electrodes 

Interferences Selectivity Ratios 
Initial Ratio Subsequent Ratio 

Sodium 0 0 

Quinine 0 0 
+ + 

Tributylammonium 0.11-0.063 0.44-0.028 
+ + 

Tetrabutylammonium 0.14-0.037 0.25-0.048 
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While none of the electrodes showed hysteresis 

effects toward sodium or quininer they all responded to 

tributylammonium and tetrabutylammonium more after being 

exposed to these ions in previous calibrations. This 

phenomenon has been illustrated in Table 11 for 

chlorprothixene. As expected, the degree of hysteresis was 

greatest for the electrodes made for the least lipophilic of 

the phenothiazines. 

1LA Response Time 

The time necessary for these electrodes to reach 

steady state was less than 1 minute. This can be seen by 

comparing the characteristics from calibrations which 

allowed the electrodes to equilibrate for 5 minutes to those 

with reduced equilibration times. Table 12 is such a 

comparision of calibrations using 5 minute and 1 minute 

equilibration times. All values seem to be similar except 

the intercepts. While the intercepts are not the same, they 

do not differ by more than we have seen other calibrations 

vary. Also, if we had reached the minimal response time, we 

would expect to see the intercept drop. In the example ot 

Table 12, the intercept is greater for the calibration with 

the smaller equilibration time. While the standard 

deviations in Table 12 seem to indicate that the data from 

the shorter equilibrium time is better, this not true in all 

cases. The large differences in the deviations are merely 
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another form of the irreproducibility observed for these 

electrodes. 

Thus, calibration of these electrodes will require 

less than a minute in each solution. While the linearity of 

the electrodes' response requires only two points to 

establish the linear portion of the curve, any work done 

around the end of the linear range will require more 

calibrations to be made in this concentration range. Since 

the equilibration time is so small, and the procedure is 

simple, obtaining additional points for calibration curves 

requires a minimum of time and effort. In addition, it is 

beneficial to remove the electrodes from test solutions as 

soon as possible in order to reduce hysteresis effects from 

any interfering ion which may be present. 

3.5 Reproducibility 

Standard deviations for the slopes of several 

electrodes during the same calibration were almost always 

less than 10%, and the values for the intercepts were below 

5%. The relative standard deviations for the slopes between 

calibrations were slightly higher but were still usually 

about 10% as seen in Table 6. Deviations for intercepts, 

also shown in Table 6, were all less than 10%, however 

because of the overall decrease in these values, consecutive 

calibrations were usually much closer. 
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Potential readings from six consecutive calibrations 

are in Table 13. This data shows that the potentials change 

at a rate of less than 5 mV/day. Since a 5 mV change in the 

potential corresponds to a 20% variation in the 

concentration, measurements would probably have to be made 

within five hours after the calibration to keep the error 

below 5*. Uncertainty of this magnitude should be easily 

tolerable in clinical studies and probably acceptable for 

quality control applications. 

3 .S  Pr l f t  

Except for studies developed for the response time 

determination, all electrodes were allowed to equilibrate 

for 5 minutes in each solution. While the potential drift 

in the least concentrated solutions was at times above 

1 mV/min, the drift in most solutions was on the order of 

0.1 mV/min. 
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Table 12: Characteristics at Different Response Times 

Response Time 5 minutes 1 minute 
+ + 

Slope (mV/log(a)) 49-4.9 50.4-0.93 
+ + 

Intercept (mV) 590-11 6 23-3.6 
-4.8 -4.8 

Lower Linear Limit (M) 10 10 
-5.3 -5.6 

Lower Detection Limit (M) 10 10 

Table 13: Reproducibility of Chlorprothixene Electrodes 

(Concentration) Potential on Date Indicated (mV) 

5/1 5/21 6/4 6/5 6/9 6/10 

5.8 430 426 363 362 365 357 

5.4 430 427 363 364 3 56 361 

5.2 431 428 364 368 358 364 

5.0 433 431 367 372 361 368 

4.8 435 435 371 376 366 373 

4.6 440 441 376 381 372 378 

4.4 445 449 383 386 379 384 

4.2 452 457 390 392 3 87 391 

4.0 460 467 399 398 3 96 399 

3.8 469 476 407 405 404 407 

3.6 478 484 415 413 412 415 

3.4 487 493 424 420 421 423 

3.2 496 503 433 429 430 432 

3.0 505 514 444 439 440 441 



CHAPTER 4 

CONCLUSIONS 

Any attempts to explain the behavior of these 

phenothiazine electrodes willr of course, need to be 

consistent with the observations made. 

To begin with, the selectivity of the electrodes was 

related to the lipophilicity of the phenothiazine and to the 

lipophilicity of the interfering ion. Electrodes for the 

more lipophilic phenothiazines were more selective, and the 

more lipophilic interfering ions were more successful at 

masking the electrodes' potential dependence on the 

phenothiazines. Both of these observations indicate that 

the electrodes were more sensitive to lipophilic cations.. 

The electrodes also showed hysteresis effects. 

After an initial exposure to an interfering cation, the 

electrodes were less selective toward the phenothiazine of 

interest in the presence of this interference. In addition, 

the electrodes for the least lipophilic phenothiazines were 

more susceptable to these "memory" effects than those for 

the more lipophilic phenothiazines. This may limit the 

number of calibrations for which each electrode can be used 

in real world applications. 

In addition, the lower linear limit of the promazine 

and promethazine electrodes increased with subsequent 

A 3  
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calibrations. These were the only types of electrodes which 

showed this phenomenon, and these two compounds were the 

least lipophilic of the phenothiazines examined. 

Also, lifetimes of the electrodes were dependent on 

the number of calibrations carried out with the electrodes. 

The more frequently the electrodes were used the shorter the 

period over which they remained functional. This may not be 

true if precautions are not taken to protect the electrodes 

from light or heat which may cause the phenothiazines to 

decompose. 

The intercepts of the calibration curves were also 

dependent on the number of calibrations. From calibration 

to calibration, the intercepts decreased. This phenomenon 

indicates that something is either occurring at the 

interface between the copper wire and the polymer or between 

the polymer and the test solution. This can be seen by 

examining the system which was used: 

+ 
Cu / phenothiazine-DNNS / phenothiazine // 

(polymer) (aq) 

+ — + — 
NH (0.1 M) , NO (0.1 M) / K (sat)r CI (sat) / AgCl / Ag 

3 3 

The only interfaces at which the potential can vary are the 

copper wire-polymer and polymer-solution interfaces. 

Finally, the electrodes showed some 

irreproducibility and irregularities. The intercepts and 
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slopes were not as expected and varied from calibration to 

calibration. 

The trends observed in selectivity and the 

hysteresis effects have been described in other studies 

(16), and the explanation is straightforward. The 

potential at the polymer-solution interface is dependent on 

the solubility difference between the ion of interest and 

its counter ion. More lipophilic ions can partition into 

the polymer to a greater extent to form more ion pairs with 

the DNNS counter ions. The potential established becomes 

more dependent on a particular cation as the number of ions 

in the membrane increases. Thus, since the more lipophilic 

cations partition into the selective membrane to a greater 

extent more of these ions are at the polymer surface causing 

the potential at the polymer-solution interface to become 

largely dependent on this ion. After an initial exposure to 

a lipophilic ion, a large number of the cations in the 

membrane will contain this ion. In subsequent calibrations, 

the interfering ion will already be present in the membrane 

and the response of the electrode to these interferences 

will be even larger. 

The behavior of the promazine and promethazine 

electrodes, the lifetimes of the electrodes, and the changes 

in the intercepts may all have been due to depletion of the 

ion pair. With every calibration some of the ion pair is 

probably being leached from the membrane. As the ion pair 
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was depleted from the membrane, less would have been present 

to set up a potential difference across the polymer-solution 

interface. Eventually this depletion would have become 

noticeable since the electrodes' responses would become 

nonlinear at higher and higher concentrations. The 

promazine and promethazine electrodes would be especially 

susceptible to these effects since these compounds were the 

least lipophilic studied. The intercepts would have been 

shifted since a depletion of the ion pair would change the 

potential difference at the solution-polymer interface and 

at the wire-polymer interface. 

The irregularities seem to indicate that perhaps the 

phenothiazines in the membrane were decomposing. This would 

also explain the dependence of the electrodes' lifetime and 

of the intercepts on the number of calibrations. The only 

time these electrodes were exposed to light was during the 

calibrations. Therefore, as more calibrations were run more 

of the phenothiazine may have decomposed. Decomposition of 

the compounds in the membrane would have changed the 

concentration of phenothiazine-DNNS ion pairs and thus would 

have had the same effects as depleting the ion pair from the 

membrane. Because a change in the intercepts of other OfE's 

has not been reported, it seems unlikely that the cause is 

characteristic of the electrodes; more likely, some 

characteristic of the compound under examination is the 

cause. 
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While we cannot be sure whether something is being 

leached from the polymer or the phenothiazine is 

decomposing, both processes result in a variation in the 

composition of the polymer coating. We are aware of no 

studies which have examined the effects of systematically 

varying the concentration of DNNS in the membrane, but it is 

generally assumed the the amount used (5% of the polymer 

membrane by mass) is an excess. 

Because of this lack of studies, we cannot 

experimentally support the claim that the observed trends in 

the intercepts, detection limits, and linear ranges are due 

to altering the polymer composition, however the results do 
\ 

follow logically. First of all, as expected, the slopes of 

the calibration curves were not dependent on the number of 

calibrations. The detection limits and linear ranges did 

change. Again, this would follow from a change in the 

polymer composition since depletion of the DNNS from the 

membrane would reduce the effective number of "sites" 

available to establish the potential. One would also expect 

the intercept to vary as the composition at either the 

wire-polymer or polymer-solution interfaces changed. Once 

more, the intercepts of our electrodes were consistent with 

the expected behavior. 

The results of these studies suggest a number of 

other projects which may further clarify some of the 

characteristics of these electrodes. 
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The most obvious of these would be to examine the 

effects of varying the phenothiazine, DNNS, and DOP 

concentrations in the membrane. These studies would show 

experimentally what should be observed as the polymer 

composition changes. 

To distinguish between leaching and decomposition, 

one could add DOP and DNNS to the storage solutions of the 

electrodes. This has not been common practice since in real 

world applications addition of these substances would serve 

only to increase the cost of the devices. For academic 

purposes, such solutions would replenish any of these 

species which had been leached during a calibration. If the 

trends noted above are still seen, decomposition of the 

phenothiazine would be indicated. 

Another approach would be to monitor the 

decomposition process. This could be done by dissolving the 

polymer membrane in an appropriate solvent and examining the 

the phenothiazine and decomposition products using 

ultraviolet-visible spectroscopy thin layer chromatography 

or high pressure liquid chromatography. Examination of many 

electrodes after various numbers of calibrations would show 

how decomposition is related to the amount of electrode use. 

The results of these studies have significance in a 

number of aspects related to CWE's. First of all, we have 

supported the theory that polymer membrane electrodes with 

DNNS as a counter ion show increasing sensitivity to cations 
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cations of increasing 1ipophilicity, In addition, the 

trends we have observed are consistent with the idea that 

the lifetime of the electrode is dependent on the leaching 

of some species from the membrane. These electrodes are 

also one of the first applications of CWE's to monitoring 

compounds as sensitive as the phenothiazines. 

The characteristics of these electrodes indicated 
-6 

that they could be useful in determining 3x10 H (3 x limit 

of detection) concentrations in most cases and in all 
-4.8 

instances at least to 3x10 M. while not always 

understood, the properties of the electrodes suggested they 

would be useful in monitoring the phenothiazines studied. 

These electrodes seem to be most easily applicable 

to use in quality control. Here, no preconcentration would 

be needed and substances of similar or greater lipophilicity 

will either not be present or their identity will be known. 

If a sample does contain a compound which interferes 

substantially corrections would be, in principle at least, 

feasible. Alternatively, one may be able to remove them 

from the sample. 

Clinical studies in which the concentration of the 

drug itself and not of the metabolites is of interest are 

also possible applications of these electrodes. In these 

instances, some type of preconcentration technique will be 

required. The concentrations of the substances in plasma 
-7 -8 

are on the order of 10 or 10 M. Interferences from 
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lipophilic substances including any metabolites will 2d so 

need to be evaluated. Techniques currently used to monitor 

phenothiazines require rigorous pretreatment of samples to 

remove interferences. Any procedure prior to analysis by 

CWE's will probably be directed toward preconcentration more 

than isolation. 

A final application of these electrodes may be 

toward monitoring the decay of these sensitive compounds. 

Since the products of such reactions should not be as 

lipophilic, interferences should not be a problem, and 

preconcentration, in most instances, should be unnecessary. 



APPPENDIX A 

CALIBRATION RESDLTS 

Table A.l: Chlorpromazine Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mv) (M) (M) 
+ + -5.0 . 

#1 1-5 54.1-0.49 827-4.9 10 — 

+ + -4.8 -5.0 
*2 1-5 61.1-0.59 820-13 10 10 

+ + -5.4 -5.8 
*3 1-5 53.6-0.47 738-4.8 10 <10 

+ + -4.8 -5.8 
*4 2-5 45.1-0.50 699-4.2 10 <10 

+ + -5.2 -5.2 
*5 1-5 54.9-0.39 764-3.0 10 10 

+ + -4.8 -5.8 
*6 2-5 51.9-0.43 655-1.8 10 <10 
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Table A.2: First Set of Chlorprothixene Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + -4.4 

#1 1-5 40-4.5 630-20 10 -

+ + -4.4 -4.8 
*2 2-5 56-1.1 750-10 10 10 

+ + -4.6 -4.6 
*3 2-5 ' 29-3.7 590-10 10 10 

+ + -4.6 -4.9 
*4 3-5 49-9.2 670-26 10 10 

+ + -4.2 -5.1 
*5 1-5 50.4-0.84 681-2.2 10 10 

+ + -4.4 -5.6 
#6 2-5 38.8-0.27 590-4.0 10 10 

+ + -4.4 -5.4 
#7 1-5 42-2.2 640-12 10 10 

+ + -4.4 -5.2 
#8 2-5 42.8-0.77 642-5.1 10 10 

+ + -4.6 -5.8 
#9 1-5 45-2.3 670-22 10 <10 

+ + -4.4 -4.8 
#10 1-5 52.5-0.96 705-3.6 10 10 

+ + -4.2 -5.8 
#11 2-5 45-2.4 669-4.0 10 <10 

+ + -4.4 -5.2 
#12 2-5 43.6-0.94 638-3.4 10 10 

+ + -4.6 -5.2 
#13 1-5 44.0-0.64 646-3.4 10 10 

+ + -4.3 -5.2 
#14 2-5 42-1.1 572-7.9 10 10 

+ + -4.0 -5.5 
#15 2-5 37.2-0.96 551-3.2 10 10 

+ + -4.6 -5.4 
#16 1-5 40-2.8 550-18 10 10 

+ + -4.4 -5.8 
#17 1-5 40-1.8 560-9.9 10 <10 

+ + -4.6 -5.5 
#18 1-5 41-1.6 516-6.6 10 10 

+ + -4.4 -5.2 
#19 1-5 42-2.4 524-8.9 10 10 

+ + -4.2 -4.9 
#20 1-5 41-2.1 523-7.7 10 10 

+ + -4.2 -5.2 
#21 2-5 43.8-0.93 575-8.2 10 10 

+ + -4.0 -5.2 
#22 2-5 40.3-0.50 562-4.2 10 10 

+ + -4.0 -4.7 
#23 3-5 32-1.8 540-10 10 10 
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Table A.2 (Continued) 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + -3.6 -3.8 

#24 1-5 63-5.5 610-21 10 10 
+ + -4.1 -4,6 

#25 1-5 29-3.8 487-9.4 10 10 
+ + -4.0 -4.8 

#26 3, 5 33.8-0.35 501-1.1 10 10 
+ + —3.9 —4.5 

#27 3-5 28-1.3 489-9.0 10 * 10 



Table A.3: Second Set of Chlorprothixene Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (H) (M) 
+ + -4.4 -5.8 

#1 1-5 44.4-0.25 623-3.3 10 <10 
+ + -4.8 -5.3 

#2 1-5 46.4-0.59 652-2.6 10 10 
+ + -4.6 -5.0 

#3 1-5 43.9-0.44 648-3.6 10 10 
+ + -4.6 -5.3 

#4 1, 3-5 48.3-0.49 682-1.2 10 10 
+ + -5.2 -5.4 

#5 lr 3-5 38-1.1 648-3.5 10 10 
+ + -5.0 -5.8 

#6 1-5 46.5-0.25 609-2.5 10 <10 
+ + -4.4 -5.8 

#7 1-5 34.2-0.72 576-2.5 10 <10 
+ + -5.6 -5.8 

*8 1-5 40.7-0.65 584-2.7 10 <10 
+ + -4.7 -5.4 

#9 1-5 54.4-0.51 590-2.2 10 10 
+ + -4.8 -5.3 

#10 1-5 48.5-0.96 576-3.7 10 10 
+ + -4.8 -5.6 

#11 1-5 50.4-0.93 623-3.6 10 10 
+ + -3.9 -5.3 

#12 1-5 43-2.4 599-8.9 10 10 
+ + -4.6 -5.8 

#13 1-5 42.9-0.36 596-1.7 10 <10 
+ + -4.4 -5.2 

#14 1-5 43.4-0.28 538-2.0 10 10 
+ + -4.1 -5.0 

#15 1-5 47.9-0.59 558-3.2 10 10 

Table A.4: Third Set of Chlorprothixene Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (H) (M) 
+ + -5.4 -5.8 

#1 1-5 34-^1.3 594-5.0 10 <10 
+ + -5.0 -5.8 

#2 1-4 50.4-0.31 564-2.5 10 <10 
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Table A.5: Hethdilazlne Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + -4.2 -5.8 

#1 lf 3 r 4 61.8-7.4 820-55 10 <10 
+ + -5.8 -5.8 

#2 1-5 62-1.8 854-9.3 10 <10 
+ + - -4.0 —5.6 

#3 1-5 60-1.4 751-6.2 10 10 
+ + -5.8 -5.8 

#4 1, 3-5 53.7-0.39 730.3-0.28 10 <10 
+ + —4.4 —5.8 

#5 1-5 56-2.1 734-7.7 10 <10 

Table A.6: Promazine Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + -4.4 

#1 1-5 50.0-0.96 709-7.2 10 
+ + -4.8 -4.8 

#2 1-5 62-7.2 774-8.1 10 10 
+ + —4.5 —5.2 

#3 1-5 49-2.2 700-13 10 10 
+ + -4.4 -5.6 

#4 1-5 50-2.4 660-18 10 10 
+ + -4.4 -5.8 

#5 1-4 54.6-0.35 743-7.4 10 <10 
+ + -4.4 -5.8 

#6 1-4 52.8-0.57 753-5.7 10 <10 
+ + -4.6 -5.8 

#7 2-4 53.9-0.96 757-6.8 10 <10 
+ + -4.1 -5.2 

#8 1-5 53-1.3 681-6.0 10 10 
+ + -4.2 -5.8 

#9 1-5 51-2.8 676-5.6 10 <10 
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Table A.7: Promethazine Electrodes 

Calibration Electrodes Slope Intercept Linear Detection Electrodes Slope Intercept 
Limit Limit 

(mV/log(a)) (mV) (M) (M) 
+ + -5.4 

#1 1-5 53.3-0.33 730-95 10 -

+ + -5.0 -5.0 
#2 1,2,4,5 52-4.1 670-22 10 10 

+ + -4.8 -4.8 
#3 1,2,4,5 51.9-0.39 690-1.7 10 10 

+ + -3.9 -5.1 
#4 1,4,5 61-1.2 654-4.8 10 10 

+ + -4.4 -5.6 
#5 1,2,4,5 49.5-0.24 605-2.6 10 10 

Table A.8: Trimeprazine Electrodes 

Calibration Electrodes Slope Intercept Linear Detection 
Limit Limit 

(mv/log(a)) (mV) (M) (M) 
+ + -4.4 

#1 1-5 59-1.6 755-5.3 10 -

+ + -4.4 -5.8 
*2 1 »2 ,4, 5 47-2.6 727-8.6 10 <10 

+ + -4.1 -5.8 
#3 1,2 66-2.6 770-3 5 10 <10 

+ + -4.4 -5.8 
#4 1-5 54.2-0.78 680-17 10 <10 

+ + -4.8 

00 .
 

in 1 

#5 

in 1 
rl 

50-1.6 674-1.7 10 <10 
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