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A Multivariate Statistical Approach To Identifying

Organic Compounds Using An Oscillating Plasma Glow

Discharge Detector For Gas Chromatography

INTRODUCTION

Gas chromatography detectors fall into two groups,

universal and selective. Universal detectors respond to

almost every type of sample that reaches the detector.

Selective detectors respond only to molecules that contain

a specific type of atom but offer no information about the

structure of the molecule. Mass spectroscopy, when used

as a detector for gas chromatography, does provide analyte

structural information, but it is complicated and

expensive to use. There would be widespread interest in a

simple, inexpensive detector capable of providing both

structural and quantitative information.

Electrical plasma oscillations in a glow discharge

detector are studied to determine the extent of structural

and quantitative information that can be obtained from
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this detection technique. Discharges or plasmas have

historically been used as excitation or ionization sources

in analytical instrumentation. In the present

application, however, the glow discharge is being used as

the detection system and not as the excitation or

ionization source.

Reports on gas discharges date back as far as the

seventeenth century. Nonetheless, scientific study on

discharges did not really begin until the nineteenth

century. A discharge is typically a low pressure gas

phenomenon that results from the transfer of electrical

energy to a gas by the interaction of ions, atoms and

electrons. This interaction causes the gas to break down,

and thus the degree of ionization in the gas increases.

Equilibrium is achieved when the rate of formation of ions

equals the rate of their recombination. Gas discharges

are usually classified by the amount of the current

flowing through the gas. Thus, the glow discharge is

characterized by a current on the order of milliamperes.' -5
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Under some conditions, the current in the discharge

is continually oscillating. The frequency of these

oscillations is very stable and can be measured with

outstanding precision and accuracy with a common frequency

meter. The discharge is extremely sensitive to the

presence of impurities in the gas. An impurity molecule

produces a change in the discharge oscillations frequency

and current. Since the changes in these signals can be

measured, analyte detection is possible. The first

reports of glow discharge detectors for gas chromatography

date back to the late 1950's. Voltage changes across

argon and nitrogen discharges were observed when organic

impurities passed through the discharge.8-7

More recently, analyte impurities are reported to

produce changes in both the discharge current and

oscillation frequency signals.8 Single and multiple

frequency oscillations are obtained by controlling

experimental conditions. When an oscillation of a single

frequency is obtained, the concentration of an analyte
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passing through the detector is linearly related to the

resulting change in oscillation frequency. In some cases

the linearity in the frequency response extends four

decades beyond the detection limit. The change in average

cell current is also linearly related to concentration.

The changes in the current and oscillation frequency

differ for structurally different compounds, making

identification possible.'

The discharge is sustained by applying a voltage

across two electrodes in a reduced pressure, inert gas

atmosphere. The physical parameters of the discharge, the

electrode size, shape, composition and spacing, the cell

pressure and the applied voltage all influence the

oscillation frequency and current in the discharge. The

changes produced in the discharge oscillation frequency

and the average cell current by an analyte molecule are

dependent upon both the physical parameters of the

discharge and upon the structure of the analyte molecule.
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Most chromatography detectors produce a signal in the

form of a peak. In the case of the glow discharge

detector, both a frequency and a current peak are

obtained. The direction of the peaks, whether they are

positive or negative with respect to the baseline signals,

appears dependent upon both the physical parameters of the

system and on the chemical structure of the sample

molecule. Under controlled conditions, the two peaks may

be positive, negative, or even opposite in direction.

The emphasis of the first part of this research is to

determine if analyte structural information is contained

in the peak height and peak area data collected from the

glow discharge detector. The physical parameters are

first fixed to study the dependence of the frequency and

current peak responses upon the structure of the analyte

molecule. Chemical systems are examined systematically by

analyzing classes of structurally different molecules.

The carbon-carbon multiple bond character, the first

structural dependence investigated, is examined using the
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n-alkane, 1-alkene, and 1-alkyne homologous series. The

presence of a heteroatom such as oxygen may also affect

the detector response so the aldehyde and 2-ketone

homologs are used to further define how the makeup of the

multiple bond affects the detector response. Additional

study of alcohols and ethers is conducted to discover if

the discharge responds differently to the various

functional groups containing oxygen.

The influences of the physical parameters on the

discharge and the detector response are investigated to

determine the realm of qualitative information obtainable

from this detection technique. Several of the physical

parameters are methodically altered while baseline

frequency and current information and analyte peak

response data are recorded. Trends and correlations

between the analyte peak response data and the discharge

operating conditions are discussed. These physical

parameters are carefully studied to determine the optimum
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discharge conditions to obtain the maximum identification

information from the detector.

Multivariate Statistical Data Analysis

The very methodical, systematic studies described

above result in the generation of considerable amounts of

data. Multivariate statistical analyses are conducted to

extract the maximum amount of useful information from the

data. Multivariate methods of data analysis are

relatively new to analytical chemistry. The term

chemometrics was introduced in the 1970's when chemists

began to apply multivariate techniques to analytical

data.9 Massart, et al." have since defined chemometrics

as the discipline of analytical chemistry that uses

mathematical, statistical and other methods of formal

logic to:

a) design and optimize measurement procedures and
experiments and
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b) obtain the maximum amount of relevant chemical
information by analyzing chemical data.

Thus, chemometrics is considered an application of

multivariate statistics that allows large data sets to be

efficiently reduced into chemically-meaningful

information.0

Multivariate statistical techniques can be used to

analyze complicated data sets with many independent and/or

dependent variables, all correlated to different

degrees.12 Correlations between variables are not

considered by univariate methods so important information

might be overlooked when these methods are applied to

complex data sets. Multivariate techniques identify

relationships between variables and determine the relative

importance of the experimental measurements to providing

the desired information. Such information aids in the

design of efficient experiments. 13-19
Thus, multivariate

techniques allow important, often hidden, information to

be extracted from large amounts of data.15
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Multivariate data analysis is often referred to as a

pattern recognition approach to data analysis. The

multivariate techniques are used to reduce the

dimensionality (each variable or instrumental response is

considered as one dimension) of a data set to three or

fewer dimensions. The need for using multivariate

statistical techniques can perhaps best be understood by

considering the pattern recognizing abilities of human

beings. Our ability to recognize patterns is superb,

however, this ability is limited to three or fewer

dimensions. Hopefully, the multidimensional data set can

be effectively reduced to three or fewer dimensions so the

analyst can make use of his or her powerful visual

pattern-recognizing abilities and begin to look for

patterns or clusters in the data. The methods used to

reduce the dimensionality of the data set are unique to

each multivariate technique. Conclusions are then based

on the presence or absence of patterns, or groupings in

the experimental data. In the present application, the
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data set of analyte peak responses is scanned for patterns

or clusters that represent classes of compounds or even

individual analytes. Such clusters would indicate the

detector peak responses can provide analyte identification

information.
10,16

Multivariate statistical techniques can be separated

into three main categories as illustrated in the schematic

diagram in Figure 1. The exploratory techniques of

hierarchical cluster analysis (HCA) and principal

component analysis (PCA) are used extensively in this

work. The agglomerative approach to hierarchical

clustering is used because it is the most common and

frequently used clustering technique.
17-19

Exploratory techniques (unsupervised learning) aid in

the interpretation of the data by revealing natural

clusters or patterns in the data that are not known in

advance. Relationships between the samples and variables

that might not be obvious from a visual inspection of the

13,15,19data set can also be identified.



MULTIVARIATE APPLICATIONS

Exploratory Data Analysis
(unsupervised learning)

Calibration Classification
(supervised learning)

Cluster Analysis Principal Component Probability Separability Similarity

1/1

Analysis (PCA) Techniques Techniques Techniques

1\,
Hierarchical Nonhierarchical\
Agglomerative Divisive

(HCA)

kNN SIMCA
(HCA) (PCA)

Figure 1. Schematic diagram showing the relationships between multivariate
applications.
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Specific details about the exploratory techniques

used in this work are introduced as the results from the

data analysis are presented.

Classification methods (supervised learning) use

known groups or patterns in a data set to develop a rule

that can be used to assign an unknown sample to a

previously defined group or pattern. 19-20
Calibration

techniques are used to develop models based on a

continuous property rather than on categories or groupings

in the data. The classification and calibration methods

are not used in this work.
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INSTRUMENTATION

The following section will provide a detailed

description of the instrument used throughout this

research. Specific details about each study are presented

in their respective chapters.

Detector Cell

The effluent from a Model 5710A Hewlett-Packard

packed-column gas chromatograph is directed out of the

side of the instrument into the glow discharge detector

cell. The gas chromatograph is electrically insulated

from the detector cell by connecting the 1/8 in.-o.d.

outlet of the chromatograph to a 3-cm length of 1/8

i .-o.d. Teflon tubing using a stainless steel, Swagelok

connector. The Teflon tubing is then connected to the

detector cell using a 7-cm length of 1/8 in.-o.d.

stainless steel tubing and two Ultra-Torr unions (Cajon

Co.). The body of the detector cell is machined from a 5



14

x 5 x 9.75-cm block of Delrin and is shown in Figure 2.

The tubing between the chromatograph and the detector cell

is surrounded by a heating sleeve to maintain an even

temperature.

A 1/2-in. Ultra-Torr male connector is sealed to the

cell body with an 0-ring. This connection is made on the

back of the cell but is shown on the side of the cell in

Figure 2. The 1/2-in. male connector is connected to a

1/2-in. Ultra-Torr tee. One meter of 1/4-in. tubing is

connected to the tee using a 1/2-in. to 1/4-in. Ultra-Torr

reducing union and is used to include a port for a

capacitance manometer (Validyne Engineering Corp.) that

monitors the cell pressure. A 1/2-in. hand-operated "BW"

series bellows valve (Nupro) is also connected to the tee

and is used to help adjust the cell pressure. The bellows

valve is connected to the 2.54-cm-i.d. 81-cm-long vacuum

line with a 25-cm length of 1.27-cm-i.d. tubing and a

1/2-in. to 1-in. union (Cajon Co.). To minimize the

length of the vacuum line, the vacuum line has a 90° elbow
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Figure 2. Schematic diagram of the oscillating plasma
glow discharge cell described in the text.
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located 48 cm from an Edwards Model ED200 vacuum pump that

was located away from the cell to reduce vibrations. The

front of the cell is fitted with a 3/4-in. Ultra-Torr male

connector in which a glass window with 0-rings is fitted

instead of a tube. This window allows the discharge to be

viewed from the front of the cell.

Electrodes

The position of the anode with respect to the entire

cell is shown in Figure 2. A stainless steel anode is

entirely wrapped with Teflon tape, and a small notch is

made in the bottom of the tape exposing approximately a

3-mm2 area on the side of the anode. This provides better

baseline stability than exposing the point of the anode.

This anode configuration was used during the analyte

identification, n-octane detector calibration, detector

classification and the electrode spacing studies.

A pointed brass anode with a 60° occluded angle and

an exposed surface area of 0.18 cm2 was used during the
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system parameter investigations. A 1/8-in.-i.d. glass

tube 1 cm long is slipped over the pointed end of the

brass anode. Three to four turns of Teflon tape are

wrapped around the outside of the anode to provide a press

fit to help secure the glass tube. The distance from the

tip of the anode to the open end of the glass tube is 4

mm. The highly visible anode glow of the glow discharge

appears in the glass tube. The purpose of the glass tube

is to confine the anode glow to this region to improve the

oscillations. The electrode spacing is measured in a

coaxial direction from the edge of the cathode to the end

point of the anode. The brass anode was machined from

Linde Oxweld 25-M braising rod with the following

composition: 58% Cu, 40% Zn, 0.86% Sn, 0.80% Fe, 0.08% Si

and 0.04% Mn.

One brass cathode was used throughout this work. The

end of the 1.5-cm-diameter cathode is concave, with a

radius of curvature of 1.8 cm. The cathode surface area

is 2.6 cm2. This cathode was machined from alloy #360 and
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had the following composition: 62% Cu, 35% Zn and 3% Pb.

The distance between the two electrodes can be changed

along the axis of the cell by turning a micrometer

adjustment connected to the cathode.

The discharge is not run in a cathodic sputtering

mode, and the anode does not have hot spots that would

vaporize the anode material. Therefore, insignificant

amounts (if any) of the electrode material in the

discharge are expected to influence the oscillations.

This is confirmed by the absence of Cu emission that

otherwise becomes obvious when the current is increased to

cause cathodic sputtering.

Flow Meter

Argon gas (99.995%) was used throughout this work and

is supplied from a tank and passes through a series of

oxygen traps; the first is an Oxy-Purge N trap and the

second is a High Capacity Indicating Oxy-Trap (Alitech

Associates). The gas flow then passes through a 0-30 psi
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oxygen regulator (Beckman Instruments) followed by a Model

FC-280, 10 sccm full-scale mass flowmeter (Tylan Corp.)

that is connected to the input of the gas chromatograph.

Mass flow rates of 3.0 +/- 0.1 sccm were used during data

collection.

Power Supply

The discharge is powered by one of two power

supplies. A regulated, adjustable 400-V dc power supply

(Model EUW-15, Heath) set to a maximum voltage of 407-410

V during the analyte identification, n-octane detector

calibration and electrode spacing studies. The cell

current was well below the 100-mA rating of the power

supply. A regulated, adjustable 1600-V dc power supply

(Model 6515A Harrison/Hewlett Packard) operated between

300 and 600 V was used during the detector classification

and the cell pressure and applied voltage system parameter

investigations. A 22.5 -kQ, 2-W resistor is connected

between the power supply and the anode to help limit the
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current, as shown in Figure 3. A zero to ten k0 variable,

ten-turn resistor set to 0.9918 kQ, as measured with an

ohm-meter, is connected between the cathode and power

supply ground to sample the average cell current and

oscillation frequency.

Current Meter/Measurement

The cell current is monitored by connecting the

cathode with a 1-k0, 5% protection resistor to a follower-

with-gain operational amplifier circuit with a gain of 2

(Analog Devices AD844 operational amplifier with two

10-k0, 0.5% resistors). A Fluke Model 45 multimeter

monitors the average cell current at the output of the

follower with gain. When the signal is below 10 V, the

meter is set to obtain a resolution of 100 V. When the

signal exceeds 10 V the meter is set to obtain a

resolution of 1 mV.

The multimeter actually measures the voltage drop

across the current sampling resistor connected between the



+V

Figure 3. Circuit diagram showing the electrical components used to monitor the cell
current and oscillation frequency.
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cathode and power supply ground. Since the voltage drop

across a resistor is proportional to the current flowing

through the resistor, the voltage can be converted to a

current. The voltage response is calibrated at the

beginning of the day to convert the voltage measurement to

the current flowing through the detector cell. The

conversion is accomplished through the following

calculation:

id = (Vd-V2) (Calibration Factor) 1offset

where id is the calculated current for data point d.

Vd is the measured voltage for data point d.

V2 is the measured voltage for the reference
data point (point number 2).

Calibration Factor is (i2 -i1) / (V2 -V1) and is

calculated within a QuickBasic program. The

calibration is conducted by setting the applied
voltage to a low, starting value and measuring
the voltage drop V1 across the resistor with the
multimeter. The corresponding value of the
current, i1 is measured by the current meter

located directly after the current limiting
resistor. Both values are entered into the
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QuickBasic program. The applied voltage is
changed to a second, high value and the process
in repeated to obtain the values for V2 and i2.

ioffset is the baseline current measured with the

current meter and is recorded at the beginning
of the measurement period.

Since the current sampling resistor is in series with the

detector cell the current flowing through the resistor

equals the current flowing through the detector cell.

Frequency Counter/Measurement

To monitor the oscillation frequency of the cell, the

output of the amplifier circuit described in the current

meter/measurement section is connected via a 0.62-gF,

1-k0, 1% high-pass filter to a gain-of-13 follower

operational amplifier circuit, as shown in Figure 3. An

Analog Devices AD844 operational amplifier with a 1 -ku, 5%

resistor (inverting input to ground) and a 12 -kQ, 5%

feedback resistor is used for this follower with gain.

Additionally, this amplifier is followed by another

0.12-gF, 0.8-1(0, 5% high-pass filter. This signal is then
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fed into a Philips Model PM 6654C high-esolution

timer/counter set to measure to within 2 ns the exact time

it takes to accumulate an integral number of oscillations

of the signal. The counter then calculates the frequency

and displays it to 8 significant digits. A Tektronix

Model 7904 oscilloscope is also connected to this terminal

to view the oscillations.

Computer Interface

Both the Fluke multimeter and the Philips

timer/counter are programmable and are interfaced to an

IBM-PC using a National Instruments, General Purpose

Interface Bus (IEEE-488). Data collection and

manipulation are computer controlled using a QuickBasic

program.

Data collection begins by triggering the frequency

counter to measure the oscillation frequency of the

current signal. While the frequency counter is counting

the oscillations, the multimeter is triggered and the
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current measurement is taken. After the current

measurement is complete, the frequency counter is

interrogated and the frequency measurement is recorded.

The frequency counter is counting during the entire

current measurement period. This process has been

optimized so the data are collected at 0.73-s intervals.

A frequency counter gate time (the period of time that the

oscillations are counted) of 0.1-s was used during the

analyte identification and electrode spacing studies.

However, the current measurement is the time limiting step

and requires 0.4 s to complete, so the frequency gate time

was increased to 0.4-s for all other studies. The

extension of the frequency gate time allows the

oscillations to be counted over the entire current

measurement period.

Data Processing

When the analyte material passes through the detector

cell, the changes in both the oscillation frequency and
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average cell current baseline signals are recorded in the

form of a peak. Frequency and current peak heights and

peak areas are determined for each analyte. The

beginning, center and ending data points of each peak are

identified by the operator. The QuickBasic algorithm uses

the beginning and ending points of the peak to determine

the peak baseline. The center mark is used to calculate

the peak height. The peak area is then calculated by

summing the individual heights of each data point in the

peak. Once data processing is complete, a report is

generated for each injection and the data is imported into

a spreadsheet (Quattro Pro, Borland International Inc.)

for further manipulation and processing in preparation for

multivariate statistical analysis.

The peak areas and peak heights for the

identification study were also determined using the

curve-fitting program PeakFit (Jandel Scientific, San

Rafael, CA) .
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Multivariate Statistical Software Packages

The principal component analysis and hierarchial

cluster analysis were done using Pirouette (Infometrix,

Seattle, WA). Data were preprocessed using autoscaling.

The Euclidean distance metric was used with the

hierarchial techniques. The seven hierarchial linking

procedures used are the single link (nearest neighbor),

the complete link (farthest neighbor), and the five

centroid linking methods (cluster center), centroid,

incremental, median, group average, and flexible methods.

The intervariable correlation coefficients were obtained

using DataMax (ECHO Data, Inc., Orem, Utah).
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Abstract

An oscillating plasma glow discharge detector for gas

chromatography can be used to help identify an analyte by

combining the current and oscillation frequency signals.

Five homologs each of the n-alkanes, 1-alkenes, 1-alkynes,

2-ketones and aldehydes were studied. Although triplicate

determinations had some scatter due to noise, they showed

clustering that allows several of these compounds to be

distinguished from the others by using a two-dimensional

plot of the ratios of frequency peak area to current peak

area and frequency peak height to current peak height.

Introduction

A relatively simple gas chromatographic detector that

provides chemical structural information would be helpful

in aiding the identification of peaks. Most available

detectors respond indiscriminately, offer limited

identification information, or are relatively complex and
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expensive. The use of low-pressure glow discharges for

detecting chemicals was first reported in the late

1950's.6-7 More recently, a linear relationship between

the cell current oscillation frequency and impurity

concentration in the support gas of a low-pressure

oscillating plasma glow discharge detector for a

chromatograph has been reported.' In the present work,

both the oscillation frequency and average current signals

in a low-pressure glow discharge detector are used to help

identify an analyte. The discharge is sustained by

applying a voltage across two electrodes. When

appropriate plasma operating conditions are chosen, the

current (in the sub-milliampere range) in the discharge

oscillates continually. The frequency of these

oscillations is stable and can be measured with excellent

precision and accuracy with a common frequency meter.

The discharge is extremely sensitive to the presence

of impurities in the gas. An impurity molecule alters the

composition of the discharge, producing a change in both
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the average cell current and oscillation frequency. The

change in both signals is recorded while an analyte

species passes through the detector cell. Since the

change in the average electrical current and oscillation

frequency differ in their dependence upon the structure of

a molecule, analyte identification should be possible.

The chromatograms for each analyte species have a

frequency response peak and a current response peak that

differ in relative heights and shapes from each other.

The reason for the difference in these responses is

unknown at this time. One possible explanation is that

the changes in the signals are produced by different

mechanisms that occur in different regions of the

discharge. In this study, the peak area and height are

determined for each response. In addition, the ratios of

the frequency to current responses (areas and heights) are

calculated. The relationships between the responses are

studied to determine the most appropriate set of variables

to obtain analyte identification information. The
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intervariable correlation coefficients are used to help

decide which axes to eliminate before further evaluation.

Multivariate exploratory techniques offer an unbiased

insight into the data structure and are useful in

generating hypotheses.
18,21 In this application, the

exploratory technique of principal component analysis

(PCA)1° is used to determine which responses provide the

most distinguishing information, the number of variables

necessary to describe a significant amount of the

variation in the detector's response, and if natural

clusters representing triplicate injections of individual

species are present in the data collected. If so, it can

be concluded that structural information can be obtained

from the glow discharge detector.

PCA reduces the n-dimensional space into a smaller

set of new, uncorrelated dimensions that are linear

combinations of the original variables in the data set. A

reduction in the dimensionality of the data set, to two or

three dimensions, allows structure in the data to be more
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easily recognized. The new dimensions are called

principal components. The principal components are ranked

according to the amount of variance in the data that they

account for. The relative importance of each measured

variable to each principal component can be determined

from PCA. The results for each sample can then be plotted

in three dimensions, using the first three principal

components as the axes, so that groups or clusters within

the data set may be recognized and identified.

The influence of chemical structure is studied by

systematically analyzing five members of five homologous

series. The n-alkanes, 1-alkenes and 1-alkynes are used

to investigate the dependence of the detector responses on

analyte unsaturation. The influence of a heteroatom in

the multiple bond is also investigated by analyzing the

aldehyde and 2-ketone homologous series. Five members of

each series are used to assess differences in the

responses with increasing carbon number.
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Experimental

The discharge operating conditions were held constant

throughout this study. The applied voltage was maintained

at 400-410 V, the cell pressure was held at 0.3-0.4 Torr,

the carrier gas flow rate ranged from 2.95-3.04 sccm and

the electrode spacing was 0.762 cm. Twenty-five different

analyte species were used to determine if the change in

both the electrical current and oscillation frequency

signals differ in their dependence upon the structure of

the analyte. The carbon-carbon multiple bond character is

studied by using the n-alkane, 1-alkene and 1-alkyne

homologs. The 2-ketone and aldehyde homologous series are

used to determine if the detector can be used to

distinguish between the carbon-carbon and carbon-oxygen

multiple bond character of an analyte. Finally, five

members of each series were selected to determine if

different members of the same series can be identified

from the information obtained. Each of the five mixtures
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was injected in triplicate to determine the

reproducibility of the detector response.

Chromatographic Columns\Sample Injections

Two chromatographic columns were used for the

separation of the five homologous series investigated.

The first column is a non-polar, 3% OV-1 (100% dimethyl-

polysiloxane) on Chromosorb W-HP, 80/100 mesh and was used

for the separation of the n-alkanes, 1-alkenes and the

1-alkynes. The second column a very polar, 3% OV-225 (50%

cyanopropyl, methyl-50% methyl, phenyl-polysiloxane) on

Chromosorb W-HP, 100/120 mesh, was used for the separation

of the aldehydes and 2-ketones. Both glass columns are

1 /4- in. -O.D. x 2-mm-I.D. x 3-m long (Alltech Associates).

All 0.01-gL injections into the GC were made using a

0.01-pL Dynatech precision syringe. The syringe was held

in the injection port for 60 s after injection to ensure

complete evaporation of the sample. Twenty-five

different compounds were injected in triplicate with data
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on all six variables being determined for each compound

analyzed. The OV-225 column was used during the detector

classification study and the OV-1 column was used during

the n-octane detector calibration.

Chemical Solutions

All chemicals used were of the highest purity

available (98-99%) and were purchased from one of the

following companies: Aldrich Chemical Co., Alfa Products,

EM Scientific, J. T. Baker, or Sigma Chemical Co.. Five

mixtures were prepared by combining equal volumes of five

members of the same homologous series. No additional

solvent was added to the mixtures. The homologous series

members containing six through ten carbon atoms were used

for all series investigated except the 2-ketones, where

the five-carbon rather than the six-carbon member chain

was used for better peak resolution. All solutions were

refrigerated when not in use.
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Detector Classification

The classification study was conducted using an

applied voltage of 436.7-437.0 V, a pressure range of

0.536-0.542 Torr and an electrode spacing of 0.762 cm.

Six different carrier gas flow rates ranging from 2-7 sccm

argon were used. The first flow rate was 4 sccm, the flow

rate was increased by 1 sccm until a flow rate of 7 sccm

was obtained. The flow was then decreased to collect data

at 2 and 3 sccm respectively. Three to five injections of

a mixture containing 0.50 pg of n-hexane, 0.53 pg n-octane

and 6.2 pg n-decane were made at each flow rate.

No internal reference was used during this study, so

the responses at each flow rate were carefully checked for

reproducibility. The most reproducible responses at each

flow rate were used to observe changes in the peak heights

and peak areas with flow rate.
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Detector Calibration

The detector was calibrated for the n-octane

responses. Eight calibration standards were prepared with

the amount of n-octane injected ranging from 0.035 to 5.3

pg. A constant n-hexane internal reference corresponding

to 0.50 pg was used in each standard. The solvent was

n-decane.

The detector calibration was conducting using an

applied voltage of 405.6 V, a pressure range of 0.327-

0.349 Torr, and an electrode spacing of 0.508 cm. Eight

calibration standards were injected in random order with

four of the standards being injected in duplicate. Single

injections of the remaining standards were made.

Duplicate injections were made for some of the standards

because the n-hexane response of the first injection

differed from the n-hexane responses obtained from

previous injections.
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Results And Discussion

The frequency and current chromatograms for the

n-alkanes, hexane through decane, are shown in Figure 4.

The frequency and current peak areas (FA and CA,

respectively), the frequency peak heights (FH) and the

peak height frequency/current ratio (FH/CH) tend to

increase with the number of carbon atoms. Current height

(CH) remains relatively constant with carbon number. The

matrix of intervariable correlation coefficients is given

in Table 1. Several of the variables in the n-alkane

series are very strongly correlated; the exceptions are

the frequency/current ratio of peak areas (FA/CA) and the

current heights. The correlated variables provide

redundant information and all are not necessary to

distinguish between the members of this series.

For comparison purposes, the frequency and current

chromatograms for the 1-alkynes, hexyne through decyne,

are shown in Figure 5. A visual inspection of the

chromatograms clearly shows that the peak heights and peak
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Figure 4. Chromatograms showing the n-alkane frequency
and current peak responses: column, 3% OV-101 on
Chromosorb W-HP 80/100 mesh; carrier gas, 3 sccm Ar; cell
voltage, 409.4 V; cell pressure, 0.346 Torr.
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Table 1. Matrix of Intervariable Correlation
Coefficients for the n-alkane Peak Responses

FHa FAb CH` CAd FH/CHe FA/CAf

FH

FA

CH

CA

FH/CH

FA/CA

1.0000

0.9141

-0.4692

0.9383

0.9158

0.4827

1.0000

-0.6622

0.9375

0.9417

0.6945

1.0000

-0.6941

-0.7815

-0.2547

1.0000

0.9682

0.4112

1.0000

0.4551 1.0000

afrequency peak height. bfrequency peak area. `current
peak height. dcurrent peak area. afrequency to current
peak height ratio. (frequency to current peak area ratio.
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Figure 5. Chromatograms showing the 1-alkyne frequency
and current peak responses: column, 3% OV-101 on
Chromosorb W-HP 80/100 mesh; carrier gas, 3 sccm Ar; cell
voltage, 409.0 V; cell pressure, 0.341 Torr.
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areas no longer tend to increase with carbon number as

with the n-alkane responses. In fact, the peak height and

peak area trends change for each series investigated

(chromatograms not shown). Tables 1-5 show that the

intervariable correlation coefficients also change with

each of these homologous series. The changing

intervariable correlations indicate that the information

provided by the variables changes with each homologous

series, further suggesting that analyte identification

should be possible.

The PCA loadings results shown in Table 6, support

these findings by confirming that the relative importance

of each original variable to each principal component

changes for each series investigated. The magnitude of

the loadings value indicates the relative importance of

the original variable to each new principal component

axis. The loadings values can range between minus one and

plus one. A value of plus one indicates that the new

principal component axis is totally coincident with the
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Table 2. Matrix of Intervariable Correlation
Coefficients for the 1-alkene Peak Responses

FHa FAb CH` CAd FH / CHe FA / CAf

FH

FA

CH

CA

FH/CH

FA/CA

1.0000

-0.0463

0.5479

0.0906

-0.2098

-0.1076

1.0000

-0.6578

0.8326

0.7260

0.9539

1.0000

-0.5968

-0.9263

-0.5877

1.0000

0.7307

0.6433

1.0000

0.6036 1.0000

afrequency peak height. bfrequency peak area. ccurrent

peak height. dcurrent peak area. afrequency to current
peak height ratio. 'frequency to current peak area ratio.
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Table 3. Matrix of Intervariable Correlation
Coefficients for the 1-alkyne Peak Responses

FHa FAb CHe CAd FH/CHe FA/CAf

FH

FA

CH

CA

FH/CH

FA/CA

1.0000

0.0428

0.9707

-0.4734

-0.8759

0.1959

1.0000

-0.0879

0.5202

0.2231

0.9307

1.0000

-0.5428

-0.9633

0.0756

1.0000

0.6438

0.1918

1.0000

0.0316 1.0000

afrequency peak height. bfrequency peak area. ccurrent
peak height. dcurrent peak area. afrequency to current
peak height ratio. (frequency to current peak area ratio.
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Table 4. Matrix of Intervariable Correlation
Coefficients for the 2-ketone Peak Responses

FHa FAb CHc CAd FH/CHe FA/CAf

FH

FA

CH

CA

FH/CH

FA/CA

1.0000

0.4197

0.9381

-0.7406

0.7863

0.9769

1.0000

0.6975

0.1669

-0.2031

0.5006

1.0000

-0.5237

0.5309

0.9497

1.0000

-0.9362

-0.7459

1.0000

0.7323 1.0000

'frequency peak height. bfrequency peak area. 'current
peak height. dcurrent peak area. 'frequency to current
peak height ratio. (frequency to current peak area ratio.
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Table 5. Matrix of Intervariable Correlation
Coefficients for the Aldehyde Peak Responses

FHa FAb CH` CAd FH / CHe FA/ CAf

FH

FA

CH

CA

FH/CH

FA/CA

1.0000

0.3464

0.9182

0.0116

0.4743

0.5940

1.0000

0.6329

0.8674

-0.5146

-0.2355

1.0000

0.3616

0.0933

0.2922

1.0000

-0.7506

-0.6536

1.0000

0.8518 1.0000

afrequency peak height. bfrequency peak area. `current
peak height. dcurrent peak area. afrequency to current
peak height ratio. (frequency to current peak area ratio.



Table 6. PCA Loadingsa

n-alkanes 1-alkenes

PC1b PC2c PC3` PC1 PC2 PC3

FH6 0.42896 0.05465 0.52531 -0.1240 0.82025 -0.3012

FAf 0.45905 0.15741 0.00574 0.46952 0.23086 0.32610

CHg -0.3434 0.48332 0.71353 -0.4408 0.37681 0.26435

CAh 0.44914 -0.1704 0.23657 0.42334 0.30375 -0.2848

FH/CH' 0.45665 -0.1788 0.04551 0.45467 -0.0964 -0.4972

FA/CA1 0.27758 0.82317 -0.3960 0.42882 0.17421 0.63606

'The loadings show the contribution of each variable to each of the first three principal
components. bprincipal component 1. cprincipal component 2. cprincipalcomponent3. 'frequency
peak height. (frequency peak area. gcurrent peak height. hcurrent peak area. frequency to
current peak height ratio. ifrequency to current peak area ratio.



Table 6. Continued

1-alkynes 2-ketones

PC1b PC2° PC3` PC1 PC2 PC3

Fir -0.4923 0.24446 0.24320 0.47859 0.04779 0.43189

FAf 0.17343 0.65694 -0.0146 0.18487 0.72200 -0.2776

CHg -0.5237 0.15914 0.25339 0.44341 0.30656 0.17073

CAh 0.41065 0.21186 0.83059 -0.3928 0.42400 0.73011

FH/CHi 0.53095 -0.0590 -0.1217 0.39570 -0.4389 0.37135

FA/ CA1 0.05177 0.65952 -0.4144 0.47879 0.10019 -0.1904

b
principal component 1. cprincipal component 2. principal component3. °frequency peak

height. (frequency peak area. gcurrent peak height. ''current peak area. ifrequency to current
peak height ratio. ifrequency to current peak area ratio.



Table 6. Continued

aldehydes

PC1b PC2` PC3°

FH° 0.17366 0.58518 -0.3392

FAf -0.4022 0.40425 0.58789

CH' -0.0467 0.60852 -0.3683

CAh -0.5311 0.19871 0.08373

FH/CH' 0.53736 0.12739 0.03319

FA/CAJ 0.48471 0.26103 0.62888

bprincipal component 1. `principal component 2. `principal component3. °frequency peak
height. (frequency peak area. 'current peak height. hcurrent peak area. 'frequency to current
peak height ratio. 'frequency to current peak area ratio.
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original variable axis. A loadings value of minus one

indicates that the new principal component axis is totally

coincident with the original variable axis but in the

opposite direction. Thus, the magnitude of the loadings

values indicate which variables are the most useful, which

variables are similar and which contribute little

information."

The variables that load the highest in the first two

principal components in Table 6 are highlighted in bold.

A careful review of the data show that the variables load

differently for each homologous series. The differences

in the way the variables load indicate that the

information provided by the variables changes with each

series. The loadings suggest that a variable may provide

distinguishing information about the members of one series

but provide very little information about the differences

between the members of a second series. The fact that the

variables do load differently for each series indicates

that the detector can provide identification information.
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Although all variables may not be necessary when

distinguishing between the members of a given series, they

may be required when distinguishing between members from

different series.

The correlation coefficient between the frequency

peak area and the current peak area, which are independent

of retention time, varies from 0.17 to 0.94 (Tables 1-5).

The two peak area responses would be highly correlated if

the frequency and current signals track each other. The

fact that the area responses are not highly correlated

over all data sets indicates that the frequency and

current responses are dependent upon the characteristics

of the analyte and therefore would be helpful in

identifying or classifying the analyte. The frequency

peak height and current peak height responses show higher

correlations than the peak areas, but the correlation

between the height responses ranges from -0.47 to 0.97

(Tables 1-5) indicating they are not always highly

correlated.
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Typically, in a chromatographic analysis, the peak

area or peak height is used to correlate the detector

response to analyte concentration. The correlation

matrices show that the peak heights and peak areas are

providing different types of structural information about

the analyte. Both types of data are important for

structure elucidation.

Zone broadening in the chromatographic system

influences the peak shape. Analytes with longer

chromatographic retention times tend to spread out

(broaden), proportionally decreasing the peak height and

increasing the peak width. Although chromatographic

broadening influences the peak shape in this way, the

observed differences in the responses discussed above are

not entirely due to the chromatographic process. For

example, the observed trend in the n-alkane frequency peak

heights (Figure 4) is that they increase with retention

time. This is opposite from what would be expected if the

differences in the peak heights were caused by zone



54

broadening alone. Additionally, n-decane and 1-decyne

have nearly the same retention time (Figures 4-5), yet the

peak heights and peak areas differ significantly,

indicating that the differences in the peak responses are

produced in the detection system and not in the

chromatographic column.

One goal of the multivariate exploratory techniques

is to reduce the dimensionality of the data set so

clusters or groups in the data may be observed and

identified more easily. The accuracy of the reduction in

the dimensionality of the data set is contained in the PCA

eigenvalues. The eigenvalues help determine the number of

variables necessary to describe the variation in the

detector's response by showing how much of the overall

variance in the data is explained by each principal

component.13 The PCA eigenvalues for each series are

listed in Table 7. The eigenvalues for each separate

series show that greater than 87% of the variation in the

data can be accounted for in two dimensions, and greater



Table 7. PCA Eigenvaluesa

n-alkanes 1-alkenes 1-alkynes 2-ketones aldehydes
all series

combined

PC1 77.0597 65.9122 55.6050 71.1104 50.6785 45.8873

PC2 13.8555 21.2341 34.6111 26.9151 42.7721 25.1871

PC3 8.51132 8.92853 8.27532 1.57268 4.10259 15.8476

PC4 0.51351 3.76370 1.40809 0.34505 2.24730 12.6031

PC5 0.05893 0.12268 0.09039 0.04351 0.16912 0.37821

e*The eigenvalues show the percent of variation in the data accounted for
by each principal component axis. Eigenvalues for each series are presented
separately in columns 2-6. Eigenvalues for a data set containing all 25
compounds combined are presented in the last column.
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than 95% of the variation in the data can be accounted for

in three dimensions, indicating that possibly as few as

two variables will provide enough information to identify

an analyte species.

Once the principal components are determined, a three

dimensional plot is constructed using the principal

components as the axes. The data points are translated

from the raw variable space into the space of the

principal components. Groupings that exist in the data

set will be intensified in this new plot. A plot of

triplicate injections of five different 2-ketone species

plotted on the three principal component axes is shown in

Figure 6. The replicate injections of each species are

close to each other while five distinct groups, each one

representing an individual 2-ketone, can clearly be

observed on this plot. Separate clusters representing the

individual analytes can be seen on the PCA scores plots

for each of the homologous series investigated (plots not

shown).
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Figure 6. PCA scores plot, for the 2-ketone series,
showing the data points plotted on the 3D principal
component axes (z points out of the page). Triplicate
injections of the five 2-ketone species form five distinct
clusters. The X axis is principal component 1, Y is
principal component 2 and Z is principal component 3.
(v) 2-pentanone, () 2-heptanone, () 2-octanone,
(1.) 2-nonanone, and (-) 2-decanone.
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The scores plot clearly shows that analyte

identification information is contained in the data

collected from the glow discharge detector and the

eigenvalues indicate that possibly as few as two

dimensions will provide the necessary distinguishing

information. Several factors must be considered when

selecting the most appropriate set of detector responses

to obtain identification information. The dependence of

peak area and peak height on analyte concentration make

these terms unsuitable for providing direct identification

information. Peak height also depends upon concentration

and, in addition, is correlated inversely with the square

root of the retention time, making the peak height

responses more unsuitable for providing direct

identification information. For this study it is

desirable to remove retention time information from the

data set so the ability of the detector to distinguish

between analtyes can be assessed independent of the

chromatographic conditions. The two frequency/current
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ratio terms are independent of concentration and retention

time and therefore are chosen to assess the detector's

ability to provide identification information.

The correlation matrices show that the two ratio

terms are uncorrelated or only weakly correlated across

the n-alkane, 1-alkene and 1-alkyne data sets. However,

some correlation exists between the ratio terms for the

aldehyde and 2-ketone data sets. The correlation between

the ratio terms for the carbonyl series indicates that

they do provide some redundant information. However, the

two ratio terms would be necessary when distinguishing

between members of different series.

The two-dimensional plots of the ratio terms for

each of the five series investigated are shown in Figures

7-11. The axes in the figures all have the same scales so

the results can be more easily compared. The replicate

injections of each species are close to each other while

separate groups representing individual species can be

observed on these plots. Clearly, the detector is
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responding differently to structurally different

compounds. For example, the n-alkane, 1-alkene and

1-alkyne frequency/current height ratios tend to increase

with carbon number while the groups containing a carbonyl

functionality (2-ketones and aldehydes) show an inverse

relationship between the height ratio and carbon number.

In addition, the oxygenated compounds tend to have lower

frequency/current area ratios than the nonoxygenated

compounds.

The ability of the detector to distinguish between

members of a single series is illustrated in these

figures, where the members differ only by the number of

carbon atoms. However, it is also desirable to

distinguish between different functional group types.

Figure 12 shows the two-dimensional plot of the

frequency/current ratio terms for four different

functional groups where each member contains six carbon

atoms. (2-Hexanone was not included in the original

mixture; 2-pentanone was used instead for better peak
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resolution.) The nonoxygenated compounds have similar

height ratio responses around 100 kHz/mA, a sudden jump

occurs for hexanal with a height ratio response near 150

kHz/mA. Figure 13 shows that almost the opposite behavior

is observed for the compounds containing ten carbon atoms.

The results for all 25 compounds have been combined

in one data set and the eigenvalues from a PCA are listed

in Table 7. The eigenvalues show that greater than 70% of

the variation in the data is accounted for in two

dimensions. The matrix of intervariable correlation

coefficients for this data set is shown in Table 8. A

correlation coefficient of 0.91 between the frequency and

current peak height responses indicates that a strong

linear relationship exists between the two responses.

However, since the peak height responses are dependent

upon concentration, a change in the concentrations of the

compounds will change this correlation. The calculated

peak ratios are independent of concentration and are,
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Table 8. Matrix of Intervariable Correlation
Coefficients for the Peak Responses for the
Combined Data Set

FHa FAb CRC CAd FH/CHe FA/CAf

FH

FA

CH

CA

FH/CH

FA/CA

1.0000

0.4413

0.9110

0.0722

0.3015

0.4556

1.0000

0.3270

0.4638

0.2915

0.9007

1.0000

0.0460

-0.1033

0.3867

1.0000

-0.0354

0.1007

1.0000

0.2207 1.0000

afrequency peak height. bfrequency peak area. `current
peak height. dcurrent peak area. efrequency to current
peak height ratio. (frequency to current peak area ratio.
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therefore, used to determine the identification of the

analyte. A correlation coefficient of 0.22 for the two

frequency/current ratio terms, peak heights and peak

areas, shows that these two responses continue to provide

different types of structural information when the data

sets are combined. Figure 14 shows a two-dimensional plot

of the frequency/current ratio terms for all 25 compounds

combined. There is overlap between some groups but there

are clear differences in the detector's response toward

these compounds.

Detector Classification

A comparison between detection systems requires

knowledge of the type of detector because different

detection systems have different units of response. A

concentration type of detector responds to the

concentration (mass/volume) of the analyte in the detector

cell, making the cell volume an important parameter for

this type of detector. The response from a mass flow rate
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detector (mass/time) depends only on the actual mass of

the analyte passing through the detector and thus, is

independent of the detector cell volume.22

The two types of detectors have very different

responses to changes in the flow rate. The peak area

responses obtained from a concentration detector are

dependent upon the flow rate but the peak area responses

obtained from a mass flow rate detector are independent of

flow rate. The peak height responses obtained from a

concentration detector are independent of flow rate but

the peak height responses obtained from a mass flow rate

detector are dependent upon the flow rate.22 Changes in

the peak area and peak height responses with flow rate are

studied to classify the glow discharge detector as a

concentration or mass flow rate detector.

Figure 15 shows the change in the n-decane frequency

peak response with flow rate. Both axes were adjusted so

all peaks could be overlaid for comparison purposes. At

first glance it appears that both the peak heights and
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peak areas change with flow rate. The peak heights

however, do not change in a systematic way. The peak

height increases with flow rate from 2-5 mL/min but then

decreases slightly at 7 mL/min. The peak height has a

relative difference of 20% over all responses, which is

within the 15-20% relative standard deviation of the peak

height response obtained from repeated injections of

several n-alkanes under constant flow conditions. Thus,

the peak height responses remain relatively constant with

flow rate.

A review of the peak responses shows that the peak

areas decrease systematically with increasing flow rate.

The 45% relative difference between the peak area

responses over all flow rates is greater than the 15-20%

deviation expected for injection variations. However, the

observed change in the peak areas is much smaller than the

change predicted by the classification model. Thus, the

results indicate that the frequency response does not fit

into this type of classification scheme. The results from
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similar studies with the current peak responses were also

inconclusive.

A second type of detector classification is between

selective and universal detectors. Selective detectors

respond to particular types of compounds or functional

groups while universal detectors respond to all species.22

Both the frequency and current signals in the glow

discharge detector are universal in their response.

Two final detector classifications cannot be made at

this time since the mechanisms responsible for the

detector response are unknown at this time. Once the

response mechanisms are determined, the frequency and

current responses can be further classified as bulk

property or specific property detectors and as destructive

or nondestructive types of detectors.

Calibration Curves

Calibration curves for the frequency and current

responses for n-octane using a n-hexane internal reference
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are shown in Figure 16. The responses appear linear below

2 pg within the point scatter. The current responses

showed more curvature at the higher concentrations than

the frequency responses. The amount of analyte,

approximately 1 pg, used to obtain the data discussed

above is within the linear range of each working curve.

Detection Limit

The detection limit for n-octane, using an n-hexane

internal reference, was calculated using the frequency

peak area response of the lowest calibration standard. A

root-mean-square noise of 12 Hz was calculated from 100

data points of the baseline frequency signal. The

frequency peak of n-octane consisted of 27 data points

with a peak half width of 7.7 seconds. The detection

limit, based on a signal to noise ratio of two, is 1 x

10-12 g/mL of carrier gas. Such detection limits compare

favorably with currently available detectors. The

detection limit calculations are included in the appendix.
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Conclusions

The two-dimensional plots of the frequency/current

area and height ratios clearly show that an oscillating

plasma glow discharge detector provides different

responses toward structurally different compounds. These

findings support the hypothesis that the detector can

provide analyte identification information. These results

are obtained by holding all of the instrumental operating

conditions constant. The relative importance of the

applied voltage, cell pressure, and electrode parameters

(size, shape and composition) is currently being studied.

These operating parameters will have an impact on the type

of response obtained. As an understanding of the

importance of each variable develops, the parameters may

be tuned to maximize the distinguishing information

obtained about all analyte species. It is conceivable

that an array of detector cells may be used, each

selectively tuned to obtain the maximum amount of

discriminating information.
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The use of retention time has not been included with

these results because the goal of this work is to

determine the extent of the discriminating ability of the

detector. It is not very likely that all 25 species

studied in this work would elute from a gas chromatograph

in the same time frame. Thus, the detector would not be

required to distinguish between all these species. It is

desirable, however, to be able to identify a species

eluting from the chromatograph without being concerned

about the chromatographic conditions. Once the influence

of the detector operating parameters is better understood,

multivariate statistical classification algorithms will be

applied to determine quantitatively how well the detector

can distinguish between many different species, especially

those species that elute close together.
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Abstract

Fingerprint identification information obtained from

an oscillating plasma glow discharge detector for gas

chromatography is improved by changing the cell pressure,

applied voltage and electrode spacing. Changes in the

discharge operating conditions produce changes in the

analyte peak responses. The relative magnitudes of the

analyte current and frequency peak responses also change

with respect to each other under different discharge

conditions. Unique fingerprints or patterns of responses

are created for each analyte by changing the discharge

operating conditions. The detector responses toward 9

organic compounds, representing six different functional

groups, are recorded under 56 different combinations of

discharge conditions. The ratios of the frequency to

current peak responses (heights and areas) for three of

the 56 sets of conditions investigated provide enough

information to distinguish between 9 compounds. Principal

component analysis and hierarchical cluster analysis,
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multivariate exploratory techniques, are used to observe

natural clustering in the data.

Introduction

A low-pressure glow discharge detector for gas

chromatography was first reported in 1956.6 A voltage

change was observed across an argon discharge when organic

impurities, on the order of 10-12 mole, were present in the

gas. More recently, a low pressure oscillating plasma

glow discharge detector for gas chromatography was

described.' A linear relationship between the oscillation

frequency and impurity concentration in the support gas of

the discharge was demonstrated. The frequency to current

peak height ratios were observed to differ from one

compound to the next, suggesting the detector could help

to identify analytes and perhaps even provide analyte

structural information.

The variations in the detector responses of 25

organic compounds have been studied under constant
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discharge conditions; the results are presented in the

previous chapter. This study showed that fingerprint

identification of compounds is possible by using the

ratios of the frequency to current peak responses (areas

and heights) of the oscillating plasma glow discharge

detector. The compounds clearly respond differently.

However, limited identification information can be

obtained due to the overlapping responses of some

compounds caused by peak measurement uncertainties.

The conditions used to sustain the discharge are

known to influence the current, 23-26
the oscillations, 27

and

the analyte detector responses. The geometry and type of

electrode materials used also influence the discharge.2

In the present work, the effects of electrode spacing on

the baseline signals and detector responses are reported

under constant applied voltage and cell pressure using a

stainless steel anode and a brass cathode. In addition,

the useful applied voltage and cell pressure ranges are

studied at two electrode spacings using a brass anode and
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cathode. The relationships between the discharge

conditions and the baseline signals and detector responses

are discussed.

The changing detector responses with discharge

conditions are used to improve analyte identification.

Fifty-six different combinations of applied voltage, cell

pressure and electrode spacing are investigated using two

sets of electrodes. The frequency and current

chromatographic peak responses of nine organic compounds,

representing six functional groups, are monitored and

recorded under each combination of discharge conditions.

The discharge conditions clearly influence the detector

response. More important, however, is the fact that the

analtye responses shift relative to one another with

changing discharge conditions.

The frequency to current peak ratios (areas and

heights) are determined for each analyte under each set of

discharge conditions, each ratio is considered as a unique

variable or dimension. Two independent multivariate
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exploratory techniques are used to determine if

triplicates of each species appear as unique clusters in

the multidimensional data structure. Principal component

analysis (PCA), the first exploratory technique used was

introduced in the previous chapter. Hierarchical cluster

analysis (HCA), a second exploratory technique is based on

the assumption that the nearness of points in

n-dimensional space reflects the similarity of their

properties.
Is

The distances between all pairs of objects

in the n-dimensional space are calculated in the first

step of a cluster analysis. The objects are linked

together based on the distances using one of many

available linking procedures. Results of the cluster

analysis depend on which linking procedures are applied.1°

The same results will be obtained from all linking

procedures if the data sets have well-separated clusters.

However, the results will be different for data sets that

have overlapping clusters. 28
Therefore, it is highly

recommended that several different linking procedures be
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used.'°'28 Identifying the same clusters using several

linking procedures adds validity to the claim of

significance between the clusters. The results from

several clustering procedures applied to data obtained

from the glow discharge detector are presented. The PCA

and HCA results indicate that the ratios of the frequency

to current peak responses (heights and areas) for three of

the 56 sets of conditions investigated provide enough

information to distinguish between nine compounds.

Experimental Section

The electrode spacing influence on the baseline

signals and the detector responses was investigated first.

The applied voltage and cell pressure were held at 405-410

V and 0.34-0.35 Torr respectively, and the electrode

spacing was varied from 0.254 to 2.159 cm by moving the

brass cathode. Ten different electrode spacings were

investigated. Each of the n-alkane, 1-alkene, 1-alkyne,

2-ketone, 1-alcohol and aldehyde mixtures were injected a
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minimum of three times, at each electrode spacing.

Although 30 compounds were used during the electrode

spacing investigation, the number of compounds was reduced

to 10 during the applied voltage and cell pressure

investigations. However, only nine of these ten compounds

were used in both investigations.

The applied voltage and cell pressure influences on

the baseline signals and the detector responses of ten

organic compounds were studied using the two brass

electrodes. The applied voltage and cell pressure were

first set to the lowest settings that still provided a

useful oscillation at an electrode spacing of 2.184 cm.

The pressure and voltage were increased in small

increments to the highest settings that still produced

useful oscillations. A voltage range of 340-575 V and a

pressure range of 0.30-0.60 Torr were used. Cell

pressures and applied voltages outside of these ranges

could not be used because the discharge either went out or

the current signal stopped oscillating.
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Once the above process was complete, the electrode

spacing was changed to 1.016 cm. The distance was very

carefully decreased from 2.184 cm to 1.016 cm while the

cell pressure and applied voltage were changed as required

to ensure the signal did not stop oscillating or jump to a

different oscillation. A separation distance of 1.016 cm

was the shortest distance that could be obtained for the

oscillation under investigation. The cell pressure and

applied voltage were again varied over their entire useful

ranges at this electrode spacing. This oscillation could

be maintained over a voltage range of 315-400 V and a

pressure range of 0.95-1.55 Torr. A total of 46 different

combinations of cell pressures and applied voltages were

investigated at the two electrode spacings. Two mixtures

of five compounds each were injected in triplicate under

each pressure and voltage combination.
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Chromatographic Columns\Sample Injections

A non-polar, 3% OV-1 (100% dimethyl-polysiloxane)

column on chromosorb W-HP, 80/100 mesh packed in a

1/4-in.-0.D. x 2-mm-I.D. x 3-m long glass column (Alltech

Associates) was used for the separation of the n-alkanes,

1-alkenes and 1-alkynes during the electrode spacing

study. A very polar, 3% OV-225 (50% cyanopropyl,

methyl -50% methyl, phenyl-polysiloxane) column on

Chromosorb W-HP, 100/120 mesh, packed in a 1 /4- in. -O.D. x

2-mm-I.D. x 3-m long glass column (Alltech Associates) was

used for the separation of the 2-ketones, 1-alcohols and

aldehydes during the electrode spacing study and for the

separation of the two mixtures used during the study of

cell pressure and applied voltage.

All 0.01-pL injections (Dynatech precision syringe,

Alltech Associates) of each mixture were made in

triplicate, under each combination of discharge

conditions. The syringe was held in the injection port

for 60 s after injection to ensure complete evaporation of
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the sample. Additional injections were made only if the

responses obtained in the initial three injections varied

significantly.

Chemical Solutions

Six mixtures were used during the electrode spacing

study and were prepared by combining equal volumes of five

members of the same homologous series. No additional

solvent was added to the mixtures. The compounds

containing six through ten carbon atoms were used for all

homologous series investigated except the 1-alcohols and

2-ketones, where the five-carbon rather than the

six-carbon member chain was used for better peak

resolution.

The ten organic compounds used during the cell

pressure and applied voltage investigation were divided

into two additional mixtures of five components each.

Again, no additional solvent was added. The 10 compounds

were selected to represent each of the functional groups
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being investigated as well as the range of carbon atoms.

The first mixture contained equal volumes of 1-hexene,

1-heptyne, 2-pentanone, 1-decene and 1-decyne. The second

mixture contained equal volumes of n-hexane, di-n-propyl

ether, n-decane, 1-pentanol and heptanal. All solutions

were refrigerated when not in use. All chemicals used

were of the highest purity available (98-99+%) and were

purchased from one of the following companies: Aldrich

Chemical Co., Alfa Products, EM Scientific, JT Baker, or

Sigma Chemical Co..

Results And Discussion

Electrode Spacing

The influence of electrode spacing on the discharge

and detector response was investigated under constant

applied voltage and cell pressure. The baseline signals

and analyte detector responses were recorded at each

electrode spacing. Figure 17 shows how the electrode
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spacing alters the baseline frequency and current signals.

The baseline frequency goes through a minimum near an

electrode spacing of 1.6 cm. Cook and Piepmeier29 suggest

that the oscillation frequency shifts with electrode

spacing as the discharge adjusts to maintain an integral

number of effective wavelengths between the electrodes.

The baseline current signal shows the opposite behavior

going through a maximum near 1.6 cm.

The influence of the electrode spacing on the average

frequency peak height for three of the compounds

investigated is shown in Figure 18. The analyte response

tends to decrease as the electrode spacing increases.

However, the magnitude of change in the frequency peak

height with electrode spacing differs for each of the

three compounds shown. A 0.762 cm increase in electrode

spacing from 0.762 to 1.524 cm produces a 20-kHz decrease

in the 1-pentanol response but only an 8-kHz decrease in

the 1-hexene response. Thus, the relative frequency peak

heights also change with electrode spacing. For example,
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at electrode spacings of 0.762 and 1.016 cm the analyte

responses decrease in order from 1-pentanol to heptanal to

1-hexene but at electrode spacings of 1.270 and 1.524 cm

1-hexene has a larger response than heptanal. Although

not shown, the frequency peak area tends to be highly

correlated with the frequency peak height over the

changing electrode spacing.

The current peak responses show changes with

electrode spacing that are similar to those of the

frequency responses. Figure 19 shows the dependence of

the average current peak area response on electrode

spacing for 1-pentanol, heptanal and 1-hexene. As with

the frequency peak response, the current peak response

tends to decrease with electrode spacing for shorter

spacings. However, the current peak response rises again

at larger spacings for some analytes. Similarly, the

relative differences between the analyte responses change

with electrode spacing. The 1-pentanol current peak area

decreases by more than 2 Amp-s from an electrode spacing
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of 0.762 to 1.270 cm but the heptanal response decreases

by only 0.5 Amp-s. The difference between the 1-pentanol

and heptanal responses is relatively large at 0.762 cm but

is quite small at 1.016 cm. The current peak responses

tend to decrease in order from 1-pentanol to heptanal to

1-hexene at most electrode spacings. An exception occurs

at 1.270 cm for the 1-pentanol and heptanal responses. As

with the two frequency responses, the changes in the two

current responses, height and area, tend to be highly

correlated with each other over the changing electrode

spacing. The strong correlation between height and area

indicates that the electrode spacing has the same

influence on each set of responses. Similar trends in the

frequency and current peak responses are observed for each

of the ten analytes investigated. However, the three

analytes included in the above discussions show the

greatest variation.

Although the trends in the frequency and current

responses are similar, there are considerable differences
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between the frequency and current responses for each

analyte. The different response patterns, over the range

of electrode spacings investigated, provide unique

fingerprint information for each analyte. Although the

electrode spacing influences the detector response, the

variation in the responses between analytes indicates

there is not a simple relationship between the electrode

spacing and the detector response.

The discharge conditions are known to influence the

baseline frequency and current signals. The relationships

between the baseline signals and the analyte peak

responses over the changing discharge conditions were

studied to determine if the behavior of the analyte

responses can be predicted from the magnitude of the

baseline signals. Figures 17 and 18 show that the

baseline frequency and the frequency peak height tend to

decrease with increasing electrode spacing for electrode

spacings less than 1.5 cm. Figures 17 and 19 show an

inverse relationship between the baseline current and the
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current peak area for electrode spacings less than 1.25

cm. The dependence of the analyte response on the

baseline signals vary for each analyte making it difficult

to use the baseline signal to predict how the detector

will respond.

Voltage/Pressure Influences On Baseline Signals

The applied voltage and cell operating pressure used

to sustain the discharge were changed to determine their

influence on the detector operation and analyte response.

Figures 20 and 21 show the useful voltage and pressure

operating ranges at the two electrode spacings

investigated. A relatively low voltage (315-400 V) and a

relatively high pressure (0.95-1.45 Torr) are required to

obtain useful oscillations at an electrode spacing of

1.016 cm when compared to the high voltage (340-575 V) and

low pressure (0.30-0.60 Torr) required to sustain the same

oscillation at 2.184 cm. Outside of the operating ranges

shown, the discharge either went out or the current signal
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stopped oscillating. At a given electrode spacing,

however, lower applied voltages tend to be useful only at

lower cell pressures and higher voltages tend to be useful

only at higher pressures. Figure 21 shows that at 1.016

cm an applied voltage of 315 V is useful over a pressure

range of 0.95 to 1.25 Torr and that an applied voltage of

400 V is only useful over a pressure range of 1.25 to 1.55

Torr. Figure 20 shows that at 2.184 cm higher voltages

are only useful at higher pressures.

Figures 20 and 21 show that the baseline current

increases almost linearly with both the applied voltage

and cell pressure for both electrode spacings

investigated. However, Figure 20 shows that at fixed

pressures the increase in the baseline current with

voltage is smaller at lower pressures, as indicated by the

smaller slopes in the curves obtained at lower pressures.

Similarly, Figure 21 shows that at fixed voltages the

increase in the baseline current with pressure is smaller

at lower voltages. The curve obtained at 315 V has a much
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smaller slope than the curve obtained at 400 V indicating

that the baseline current increases with pressure at a

faster rate at 400 V than at 315 V.

The influence of the applied voltage and the cell

pressure on the baseline frequency differs significantly

from the influence on the baseline current. Figure 22

shows the baseline frequency tends to increase with

applied voltage, at several different pressures. Unlike

the baseline current however, the baseline frequency

exhibits significant curvature with changes in voltage.

For example, at 1.016 cm and 1.35 Torr, the baseline

frequency increases slowly between 325-375 V but increases

quickly between 375 and 400 V. At 2.184 cm and 0.60 Torr,

a maximum in the baseline frequency occurs at a low of 425

V.

The relationship between the baseline frequency and

cell pressure is illustrated in Figure 23. Again, unlike

the baseline current, the baseline frequency exhibits

significant curvature with increasing pressure for each
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voltage investigated. At an electrode spacing of 1.016

cm, the frequency at 325 V increases with pressure.

However, the rate of the increase changes over the entire

pressure range. At 350 and 375 V, the signal shows a

convex curvature while at 315 and 400 V the signal

exhibits a concave curvature. At an electrode spacing of

2.184 cm, the baseline frequency tends to increase with

pressure for all voltages investigated, but the slope of

the increase changes with pressure.

The baseline signals may provide insight into how the

operating conditions influence the discharge processes.

Changes in the applied voltage, cell pressure and

electrode spacing clearly produce changes in the baseline

signals. However, the changes in the baseline frequency

are not related by a simple relationship to the changes in

the baseline current.
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Voltage/Pressure Influences On Analyte Responses

The chromatograms in Figures 24 and 25 clearly show

that the system operating parameters have a strong

influence on the detector response. For 340 V, 0.95 Torr

and 1.016 cm the five compounds in Figure 24 are all

responding negatively with respect to both the baseline

frequency and baseline current signals. A change in the

system operating parameters to 500 V, 0.50 Torr and 2.184

cm dramatically alters the detector response as

illustrated in Figure 25. The same five compounds now

respond positively with respect to the baseline frequency

signal yet most continue to respond negatively with

respect to the baseline current signal. Although the

current peaks tend to be negative under both sets of

conditions, the relative sizes of the peaks differ

significantly within and between the chromatograms. For

example, 1-hexene (1st peak) has a smaller response than

1-heptyne (2nd peak) in Figure 24 but a larger response in

Figure 25. Although 1-decene (4th peak) has a small
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Figure 24. Chromatograms showing the frequency and current
peak responses for compounds that elute in the following

order: 1-hexene, 1-heptyne, 2-pentanone, 1-decene and
1-decyne. Column: 3% OV-225 on chromosorb W-HP, 100/120
mesh; carrier gas: 3 sccm Ar; Cell Voltage: 340 V; Cell

Pressure: 0.95 Torr; Electrode Spacing: 1.016 cm.
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Figure 25. Chromatograms showing the frequency and current
peak responses for compounds that elute in the following
order: 1-hexene, 1-heptyne, 2-pentanone, 1-decene and
1-decyne. Column: 3% OV-225 on chromosorb W-HP, 100/120
mesh; carrier gas: 3 sccm Ar; Cell Voltage: 500 V; Cell
Pressure: 0.50 Torr; Electrode Spacing: 2.184 cm.
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negative response in Figure 24, it has a smaller positive

response in Figure 25. 1-Decyne (last peak) has a small

response in Figure 24, but it is virtually undetectable in

Figure 25. All possible combinations of positive and

negative frequency and current peaks are observed, (not

shown), by changing the discharge operating conditions.

The ratios of the frequency to current peak areas for

six analytes under five different combinations of cell

pressures and applied voltages are shown in Figure 26.

The combination of responses for each analyte, under the

five sets of discharge conditions, are grouped together to

observe patterns in the responses. All six analytes have

negative response ratios at 375 V and 1.25 Torr (left bar

in each group) and positive response ratios at 325 V and

0.95 Torr (right bar). The response ratios are mixed for

the remaining three sets of intermediate conditions. As

can be seen, the relative magnitudes of the responses

change with respect to each other under different

discharge conditions. Thus, each analyte has a unique
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Figure 26. Bar graph showing the fingerprint patterns for six analytes at five
different combinations of cell pressure and applied voltage.
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pattern or fingerprint of responses that provides a means

to more clearly distinguish different compounds.

The change in the frequency and current peak heights

with applied voltage and cell pressure for di-n-propyl

ether and 1-decyne are shown in Figures 27 and 28. The

frequency peak heights tend to increase with pressure at

constant voltage. However, the frequency peak heights

tend to decrease with voltage at constant pressure. Thus,

the cell pressure and applied voltage have opposite

influences on the analyte frequency response. The fact

that lower responses are observed under high pressure and

high voltage conditions indicates that the applied voltage

has a stronger influence on the frequency response than

the cell pressure.

The current responses behave in a similar manner, but

tending in the opposite direction, when compared to the

frequency responses. With some exceptions, the current

peak heights tend to decrease with pressure at constant

voltage but increase with voltage at constant pressure.
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As observed with the frequency responses, the cell

pressure and applied voltage have opposite influences on

the analyte current responses. Under high pressure and

high voltage conditions large current responses are

observed, indicating that the applied voltage also has a

stronger influence on the current response than the cell

pressure does.

The same trends observed for the di-n-propyl ether

and 1-decyne peak responses shown in Figures 27 and 28,

are observed for the other eight analyte species

investigated. However, the absolute magnitude of the

responses differ significantly between compounds. For

example, the di-n-propyl ether frequency peak height has a

60 kHz change over the range of applied voltages and cell

pressures investigated, but the 1-decyne frequency

response changes by only 20 kHz. Similarly, the

di-n-propyl ether current response changes by 0.09 mA

where the 1-decyne response changes by only 0.03 mA. In

addition, the slopes of the curves obtained in plots
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similar to those in Figures 27 and 28, vary for each of

the other eight analytes investigated.

The two frequency peak responses and the two current

peak responses tend to be highly correlated under changing

applied voltage and cell pressure conditions. However, no

direct relationships are observed between the frequency

and current peak responses obtained under changing

discharge conditions. The discharge operating conditions

influence both the baseline signals and the analyte peak

responses. However, the observed changes in the baseline

signals with pressure, voltage, and electrode spacing are

not directly related to changes in the analyte peak

responses. The baseline signals may provide insight into

the discharge processes but they cannot be used to predict

how an analyte will respond under changing discharge

conditions.
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Analyte Identification

The analyte responses obtained under 56 different

combinations of discharge operating conditions were

carefully reviewed to identify those conditions which

provided the most reproducible responses yet showed the

greatest variation between the nine analytes investigated.

The magnitude of the analyte responses differ

significantly at different discharge conditions. Figures

29-31 show plots of the frequency to current peak area

ratios versus peak height ratios for three sets of

conditions. These ratios are used because they are

independent of analyte concentration as discussed in the

previous chapter. Each of the triplicates is plotted to

indicate the spread in the points. A comparison of the

magnitudes of the axes in the three figures shows the

variation in the responses with discharge conditions.

Separate groups or clusters of replicate injections

representing the individual analyte responses can be

observed on these two dimensional plots. Figure 29 shows
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Figure 29. Plot of the frequency/current ratio responses
for triplicate runs of (a) 1-hexene, (b) 1-heptyne,
(c) 2-pentanone, (d) 1-decene, (e) 1-decyne, (f) n-hexane,
(h) n-decane, (i) 1-pentanol, and (j) heptanal. Cell
Voltage: 400 V; Cell Pressure: 0.34 Torr; Electrode
Spacing: 0.762 cm.
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that several of the analyte species (1-heptyne, 1-decene,

1-decyne, n-decane, 1-pentanol, and possibly 2-pentanone)

are clearly distinguishable from each other. However,

those analytes with responses that fall in the lower left

region of the plot may not be without further improvements

in precision. The responses obtained using the second set

of conditions are shown in Figure 30. The magnitudes of

the responses have shifted from positive to negative

values. Although many of the analyte responses are very

close and perhaps overlapping, the ratios have clearly

shifted with respect to each other when compared to Figure

29. Now, 1-heptyne (b) and n-hexane (f) may be the only

distinct groups under these conditions. A third set of

responses are presented in Figure 31. Again, the

responses have shifted with respect to each other when

compared to the previous conditions. Now n-hexane and

n-decane (f and h) are distinct from the other eight

compounds in the data set. When the outlined region in
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Figure 31 is expanded, clusters of some of the additional

eight compounds appear distinct from the others.

The results from all three of these sets of

conditions are combined to determine if a greater

distinction between analytes can be obtained using the

combined responses over any of the individual responses.

The data set becomes six dimensional and requires a

multidimensional data analysis. An exploratory principal

component analysis (PCA) was conducted and the eigenvalues

are presented in Table 9. A cumulative percent variation

of greater than 96% at the third principal component

indicates that the six dimensional data set can be

effectively reduced to three dimensions. The three

dimensional scores plot in Figure 32 shows nine distinct

clusters representing the nine analytes investigated.

None of the two dimensional plots showed as much

distinction between all the analytes as is observed on the

scores plot. Thus, the combined results provide greater

analyte identification information.
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Table 9. PCA Eigenvalues.a

Percent Cumulative
Percent

PC1b 70.6 70.6

PC2c 18.9 89.5

PC3d 7.1 96.6

PC4e 2.0 98.7

PC5f 1.0 99.7

aThe eigenvalues show the percent of variation, in the
data, accounted for by each principal component axis.
b cprincipal component 1. principal component 2. cij

principal
component 3. eprincipal component 4. (principal component
5.
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Figure 32. PCA scores plot showing the data points
plotted on the 3 principal component axes. The x axis is
principal component number 1, the y axis is principal
component number 2 and the z axis (z points out of the
page) is principal component number 3. Triplicate
injections of nine compounds under three sets of discharge
conditions form nine distinct groups. (a) 1-Hexene,
(b) 1- heptyrie, (c) 2-pentanone, (d) 1-decene,
(e) 1-decyne, (f) n-hexane, (h) n-decane, (i) 1-pentanol
and (j) heptanal.
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Hierarchical cluster analysis (HCA) a second

exploratory technique independent of PCA, was run on the

six dimensional data set to confirm the PCA results. For

each set of conditions, the height ratio was found to be

highly correlated with the area ratio as expected.

However, the correlations between the responses from

different conditions were weak. Since HCA is sensitive to

highly correlated variables, the area ratios are removed

from the data set.

The output from a cluster analysis is a dendrogram.

A dendrogram is a tree shaped distance map constructed

from the set of inter-sample distances. The horizontal

axis represents the distance between samples in

n-dimensional space. The larger the branch between

samples, the less similar the samples are. There are

three basic hierarchical clustering techniques that are

distinguished by the way the clusters are linked

together.13 The first, most simple procedure is based on

a nearest neighbor approach and is referred to as single
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link. The dendrogram obtained using the single link

procedure is shown in Figure 33. The single link

procedure assigns a sample to the cluster that contains a

member that is closest to the sample. The second, most

conservative linking procedure is known as the complete

link procedure. The dendrogram obtained using the

complete link procedure is shown in Figure 34. The

complete link method is based on the farthest neighbor

approach. A sample is assigned to the cluster whose

farthest neighbor is closest to the sample. The third and

final linking procedure is referred to as the centroid

procedure. A sample is assigned to the cluster whose

center is closest to the sample. Several centroid

algorithms exist and differ in the way the center of a

cluster is computed. The dendrogram obtained using the

flexible algorithm for the centroid linking procedure is

shown in Figure 35.

Figures 33-35 show that the same clusters are

observed on each of the dendrograms.
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Figure 33. The single link HCA dendrogram using the peak
height ratios from triplicate injections of nine organic
compounds under three sets of discharge conditions.



128

Dendrogram Construction Method: Complete Link
heptanal
heptanal
heptanal
1-decenen
1-decene
1-decene
1-decyne
1-decyne
1-decyne
n-hexane
n-hexane
n-hexane
1-hexene
1-hexene
1-hexene
heptyne
heptyne
heptyne
pentanol
pentanol
pentanol
pentanon
pentanon
pentanon
n-decane
n-decane
n-decane

3h

Pirouette, by Infometrix, Inc.

Figure 34. The complete link HCA dendrogram using the
peak height ratios from triplicate injections of nine
organic compounds under three sets of discharge
conditions.
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DendrograM Construction Method: Flexible
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Figure 35. The flexible, centroid HCA dendrogram using
the peak height ratios from triplicate injections of nine
organic compounds under three sets of discharge
conditions.
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The replicate injections of each species have relatively

close distances as can be observed by the shorter lines on

the horizontal axis. The difference between clusters of

the replicates is large because the lengths of the

horizontal lines joining the clusters are much longer.

One exception is 1-pentanol where one of the replicate

responses actually falls closer to the 2-pentanone cluster

than to the other two 1-pentanol responses. However,

separate clusters corresponding to individual analytes are

clearly being observed. The only difference observed by

using the different linking procedures was in the

similarity (horizontal line lengths) between the clusters.

Some linking procedures showed greater differences between

clusters than others. The fact that the same clusters are

observed using the different linking procedures indicates

that the clusters are well separated.28

A true test of the significance of clusters can only

be determined by running the multivariate classification

algorithms on unknown samples using predefined clusters.
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The classification algorithms are based on the exploratory

techniques so similar results are expected. The

classification algorithms are not planned at this time

because the system has yet to be optimized to provide the

maximum amount of distinguishing information. The

observed clusters were obtained using two sets of

electrodes corresponding to two different oscillations.

The discharge is rich in wave motion; perhaps with the use

of additional discharge conditions an even greater

distinction between analytes can be made.

The mechanisms controlling the distharge current and

oscillation frequency responses to analytes are not

completely understood. Although the current and frequency

mechanisms may be related, there are significant

differences in the way the discharge conditions influence

each of these signals and the analyte detector response.

The glow discharge is a complex combination of atomic and

ionic species from the discharge gas and possibly from the



132

cathode material and many chemical reactions are

possible. Although ionization is a prime feature of

the glow discharge,5 many discharge process have been

extensively studied for use in analytical

instrumentation.
30-32

The discharge conditions influence

the chemical reactions occurring in the discharge by

controlling the absolute and relative abundances and

energies of the species present in the discharge.
3,24-25,33-40

The experimentally observed differences between the

analyte responses may be due to different interactions

between the analyte molecules and discharge species that

change with discharge conditions. The presence of an

analyte molecule may enhance, decrease or even change the

primary discharge reactions.

The type and number of reactions occurring in the

glow discharge detector, the influence of the experimental

parameters, and the interaction of the analyte molecules

with the discharge species have yet to be determined. The

glow discharge chamber is essentially a small chemical
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reaction cell that can be controlled by the analyst.n

Once the mechanism or mechanisms responsible for providing

the differences in the analyte responses are understood,

the detector cell may be tuned to provide a maximum amount

of distinguishing information. In the future, an array of

detector cells in parallel or in series may be used where

each cell is selectively tuned to control the reactions to

obtain the greatest amount of analyte identification

information.
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CONCLUSIONS

The results presented in this thesis have shown that

the oscillating plasma glow discharge detector can be used

to obtain fingerprint identification information about

organic compounds. The two-dimensional plots of the

frequency/current area and height ratios clearly show that

the detector provides different responses toward

structurally different compounds. Limited identification

information is obtained, however, under constant discharge

conditions due to the overlapping responses of some

compounds caused by peak measurement uncertainties.

Fingerprint information is improved by changing the cell

pressure, applied voltage and electrode spacing. The

analyte peak responses shift in both their absolute and

relative magnitudes with changing discharge conditions.

Therefore, unique fingerprints or patterns of responses

can be created for each analyte by combining the results

from several different sets of discharge conditions.
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Multivariate statistical techniques aid in the analysis of

the multidimensional data.

The influences of the discharge operating conditions

were methodically studied to determine how the operating

conditions influence the detector responses. The cell

pressure and applied voltage are now known to have

opposite influences on both the analyte frequency and

current peak responses. In addition, under changing

discharge conditions the frequency peak response changes

in an opposite direction when compared to the current peak

response. Finally, the applied voltage is now known to

have a stronger influence on both the frequency and

current peak responses than the cell pressure does.

Knowledge of how the discharge conditions influence the

peak responses will aid in tuning of the detector cell to

provide the maximum amount of identification information.

The mechanisms controlling the discharge current and

oscillation frequency responses to analytes are not

completely understood. Although the current and frequency
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mechanisms may be related, there are significant

differences in the way the discharge conditions influence

each of these signals and the analyte detector response.

The glow discharge is a complex combination of atomic

and ionic species from the discharge gas and possibly from

the cathode material and many chemical reactions are

possible.
30 -31

The discharge conditions influence the

chemical reactions occurring in the discharge by

controlling the absolute and relative abundances and

energies of the species present in the discharge. 3,24-25,33-40

The experimentally observed differences between the

analyte responses may be due to different interactions

between the analyte molecules and discharge species that

change with discharge conditions. The presence of an

analyte molecule may enhance, decrease or even change the

primary discharge reactions.

The type and number of reactions occurring in the

glow discharge detector, the influence of the experimental

parameters on these reactions, and the interaction of the
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analyte molecules with the discharge species have yet to

be determined. The glow discharge chamber is essentially

a small chemical reaction cell that can be controlled by

the analyst.30 Once the mechanism or mechanisms

responsible for providing the differences in the analyte

responses are understood, the detector cell may be tuned

to provide a maximum amount of distinguishing information.

In the future, an array of detector cells in parallel or

in series may be used where each cell is selectively tuned

to control the reactions to obtain the greatest amount of

analyte identification information.

The use of retention time has not been included with

these results because the goal of this work is to

determine the extent of the discriminating ability of the

detector. It is not very likely that all the species

studied in this work would elute from a gas chromatograph

in the same time frame. Thus, the detector would not be

required to distinguish between all these species. It is

desirable, however, to be able to identify a species



138

eluting from the chromatograph without being concerned

about the chromatographic conditions. Once the response

mechanisms and the influences of the detector operating

conditions are better understood, the detector cells can

be optimized. The multivariate statistical classification

algorithms can then be applied to determine quantitatively

how well the detector can distinguish between many

different species, especially those species that elute

close together.
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APPENDIX

The minimum detectable quantity or detection limit is

considered the smallest concentration of analyte that can

be detected in the detector cell. 22 This definition

indicates that the smallest concentration of analyte that

can be injected and detected can differ from the minimum

detectable quantity due to the zone broadening process

that occurs on the chromatographic column.22 Although the

minimum detectable quantity is reported in concentration

units this concentration refers to the concentration of

analyte in the carrier gas that reaches the detector and

not to the analyte concentration in the original bulk

sample.41 The detection limit reported in the text is

based on a signal to noise ratio of two and is calculated

by taking the minimum detectable quantity and dividing by

the sensitivity. Thus, the detection limit will have

concentration units.22

The sensitivity is defined as the magnitude of the

signal generated by the detector divided by the
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concentration of analyte producing the signal.
22

The

concentration of the analyte is the total amount of

analyte in the system divided by the peak volume, the

volume of carrier gas in which the analyte is diluted.

The peak volume must be determined before the sensitivity

can be calculated. The sensitivity is calculated from the

frequency peak area response of the least concentrated

n-octane calibration standard.

The flow rate through the detector cell must be

considered when calculating the peak volume. The mass

flow rate of the carrier gas is measured at the head of

the chromatographic column. The mass flow rate does not

change through the column. However, the mass does occupy

different volumes as the pressure changes. The ideal gas

law is used to approximate the gas flow rate under the

reduced pressure conditions of the detector cell. The

measured mass flow rate is 3 sccm (standard cubic

centimeters per minute) which means the measured flow rate

has been corrected back to standard conditions of 273 K



and 760 torr. Thus, the flow rate through the detector

cell is calculated from the following equation:

PYITf

Vf =

TIPf

where Pi, Vi and Ti are the initial pressure, volume and

temperature respectively and Pf, Vf and Tf are the final

pressure, volume and temperature respectively. The

numerical values are as follows:

(760 torr) (3 sccm) (298 K)

Vf =

145

(273 K)(0.327 torr)

thus, the final flow rate through the detector cell is

approximately 7.6 L/min.

The peak half width of 11 data points is used to

measure the peak volume. Since each point took 0.7 sec to

measure, the peak volume is calculated as follows:

Peak Volume = (11 pts) (0.7 sec/pts) (1 min/60 sec) (7.6 L/min)
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Thus, the peak volume for the n-octane calibration

standard is approximately 1 L at the pressure in the

detector.

The sensitivity is now calculated as follows:

(detector response)
Sensitivity =

(concentration of analyte)

=
(detector response)(peak volume)

(mass of analyte)

The calibration standard produced a frequency peak area

response of 4558 Hzpoints for 3.5 x 10-a g of n-octane

injected. Thus, the sensitivity is

(4558 Hzpts)(1 L)
Sensitivity =

(3.5 x 10-8 g n-octane)

= 1 x le HzpointsL/g.
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Finally, the noise must be determined in order to

calculate the signal to noise ratio. To determine the

noise in the frequency measurement, 100 measurements of

the baseline frequency signal were made on the same day

the calibration standard was injected. The standard

deviation in the 100 data points was 12 Hz. Based on

these results the noise in each frequency data point is

12 Hz. Since the frequency response peak consisted of 27

data points the total noise in the peak measurement is

calculated as follows:

2 2 1/2
aR (a1 + cr27 )

where aR is the standard deviation of the peak area

response and ant is the variance of each data point.

Thus, the total noise for the peak area response is

12(27)1" Hzpoints.

The minimum detectable quantity is now calculated as

follows:
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2 (noise)

MDQ =

Sensitivity

(2) (12) (27) 1/2

1 x 1011

= 1 x 10-9 g/L

= 1 x 10-12 g/mL

Thus, the minimum detectable quantity or the detection

limit based on a signal to noise ratio of two for the

frequency peak area response is 1 x 10-12 g/mL of detector

volume. To compare this result with GC detectors that

operate at atmospheric pressure, we can multiply this

detection limit by the expansion factor of 232, which then

expresses the detection limit in terms of the

concentration just before it enters the detector. In any

case, we must use caution when interpreting these numbers

because it is not yet clear that this detector is a true

concentration detector.




