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High speed supercritical fluid
extraction has no solvent dis­
posal problems. These new
Isco SFXD' systems give you
all the advantages of SFE with
automated, hands-off operation.
Extract two samples at a
time - in minutes - with
low-cost, non-toxic C02.
Snap-in sample cartridges
with finger-tight caps .~

speed up loading and i
increase throughput. Pro­
grammed, precise modifier
addition lets you tailor
solvating power for
the results you want. ~

Robust, reliable HPLC systems give you modular
flexibility and programmability at a
fair price - so you can still get great
HPLC value even on a tight
budget. And the new
ProTeam LCTM Inert
option assures
maximum bio­
compatibility ­
including metal­
free columns
for biopolymer
separations.
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Volumes on fluorescence, immunoassays, and biosensors are reviewed

Joseph Jordan, former Advisory Board member, passes away.• Real­
time blood glucose monitor using near·IR light.• Hydrocarbon emission
from trees. • New DNA SRM available
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964 AREPORT
Solids analysis by GFAAS. Di­
rect analysis of solids can provide
analysts with special information
that is not obtainable by conven­
tional techniques that require dis­
solution. Nancy J. Miller-Ihli of
USDA discusses historical per­
spectives, describes potential
problems, and compares solid
sampling to slurry sampling

971A
On the cover. Acousto-optic
devices. Seventy years ago, Bril­
louin theorized that light could be
diffracted by an acoustic wave.
Chieu D. Tran of Marquette Uni·
versity describes the theory of iso­
tropic and anisotropic acousto-op·
tic diffraction and emphasizes the
principles and applications of de·
vices such as light deflectors,
mode lockers, and acousto-optical
tunable fIlters
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Consistent, accurate results - sample after sample,
column after column, year after year

.. .and then scale up to prep. We guarantee it.

LiChrospher® RP-18, RP-8, and
RP-select B Guaranteed
Reproducibility Reversed Phases
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Rheodyne's Series-25 line of
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four models:

I. For biotechnology and ion
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9125

2. For low-dispersion and
microbore chromatography,
the 8125

3 For general applications,
the widely used 7125 or the
new 7725.

Choice of loading.
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of loading sample
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2. Front-end pressure screw
for easy maintenance.

3 Wide port angles for
improved access to fittings.

4. 2-J.lL loop accessory
5. Optional internal position
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UPCOMING
RESEARCH

Tandem Mass Spectrometry of Peptides Using a Magnetic
Sector/Quadrupole Hybrid-The Case for Higher Collision
Energy and Higher Radio-Frequency Power
Operation of a hybrid mass spectrometer at a laboratory
collision energy of 500 eV results in enhanced fragmenta­
tion for peptides of RMM > 1 kDa that resembles the
fragmentation achieved on four-sector instruments.
Caroline D. Bradley, Jonathan M. Curtis\ and Peter J.
Derrick, Institute of Mass Spectrometry and Department of
Chemistry, University of Warwick, Coventry CV4 7AL, England
and Barry Wright, Kratos Analytical, Barton Dock Road,
Urmston, Manchester M31 2LD, England

All-Solid-State Sodium-Selective Electrode Based on a
Calixarene lonophore in a Poly(vinyl chloride) Membrane
with a Polypyrrole Solid Contact
An all-solid-state sodium-selective electrode is con­
structed. A polypyrrole membrane doped with NaBF4 is
the charge transfer mediating layer between the sodium­
selective PVC membrane and the platinum substrate.
Aodhmar Cadogan, Zhiqiang Gao, Andrzej Lewenstam,
and Ari Ivaska*, Laboratory of Analytical Chemistry, Abo
Akademi University, SF-20500 Turku-Abo, Finland and Der­
mot Diamond, School of Chemical Sciences, Dublin City Uni­
versity, Dublin 9, Ireland

Spike-Correction of Weak Signals from Charge-Coupled
Devices and lis Application to Raman Spectroscopy
A multiple missing point fitting method is developed for
the correction of spectra that have been contaminated by
spikes due to cosmic events, other outliers, or missing
points.
Wieland Hill* and Dirk Rogalla, Institut fUr Spektrochemie
und Angewandte Spektroskopie (lSAS), P.O. Box 101352,
W-4600 Dortmund 1, Germany

Application of Neutral Networks To Identify
Two -Dimensional Fluorescence Spectra
Because of the high noise resistivity of the formal neural
network, it can be used to identify two-dimensional fluo­
rescence spectra in cases where classical methods are un­
successful. This new approach is general and reliable
enough to be used as an automatic method for spectra
identification.
A. L. A11anic, J. Y. Jezeque1*, and J. C. Andre, GRAPP­
DCPR-UA 328 du CNRS, ENSIC-INPL, BP 451, 54001 Nancy
Cedex, France

These articles are scheduled to appear in
AC RESEARCH in the near future.

*Corresponding author

Scanning Electrochemical Mass Sensitivity Mapping of the
Quartz Crystal Microbalance in Liquid Media
A scanning electrochemical method is used to obtain
mathematical descriptions of the spatially resolved fre­
quency response to mass changes on the surface of a
quartz crystal microbalance immersed in liquid media.
The role of the crystal contour, solution properties, and
electrode mass on the sensitivity distribution and field
fringing is revealed.
A.. C. Hillier and M. D. Ward*, Department of Chemical Engi·
neering and Materials Science, University of Minnesota, 421
Washington Avenue Southeast, Minneapolis, MN 55455

Effect of Source 1/( Noise on Optical Polarimeter
Performance
An optical polarimeter is modeled using optical calculus
computer simulations that accurately account for the ef­
fects of the polarizer extinction ratio, the polarization
modulation frequency, the analyte concentration, and
preamplifier noise.
Edward Voigtman, LGRT-102 (Chemistry), University ofMas­
sachusetts at Amherst, Amherst, MA 01003-0035

Quartz Crystal Detector for Microrheological StUdy and Its
Application to Phase Transition Phenomena of Langmuir­
Blodgell Films
The resonant frequency and the change in resonant resis­
tance of a quartz crystal is used for the rheological study
of thin films. The method is applied to the characteriza­
tion of the phase transition phenomena of Langmuir­
Blodgett films of 1,3-dioctadecyl-rac-glycero-2-01.
Hiroshi Muramatsu* and Kazuhiko Kimura, Technology
Center, Seiko Instruments Inc., 563 Takatsuka-shinden, Matsu­
do-shi, Chiba 271, Japan

On-line Coupling of in Vivo Microdialysis with Tandem
Mass Spectrometry
In vivo microdialysis is coupled with MS using a coaxial
continuous-flow FAB interface. By using MS/MS,
changes in blood levels of xenobiotics in dosed rats can be
morutored in real time.
Leesa J. Deterding, Kelly Dix, Leo T. Burka, and Kenneth
B. Tomer*, Laboratory of Molecular Biophysics and Experimen­
tal Toxicology Branch, National Institute of Environmental
Health Sciences, P.O. Box 12233, Research Triangle Park, NC
27709
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Guess who got the grant?
Because PcakFit· uses sophisticated non-linear
(UI\'C fitting techniques, it is br more eftcctiYc
than other data analysis toob in reducing noise
JIH.i separating unresolnxi peak.s~ In tact, Pcakfir
is OIlL' of the most powcmll sottw;.m..' packages
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troscopy dara Jnalysis. For chromatographcrs,
Pcakfit extracts important system suitability
information such as peak areas, asymmetries,
and resolutions - plus column efficiency
(number oftheoreti'al pbtes) from raw data.
For spectroscopists, PeakFit cakubtes peak
Jmplitudes, areas, centers and widths -
with complete uncertainty Jilalysis, too!

Usc PeakFit's 30 built·in pe,'k n.lllct;ons
(including Gaussian, bponenri.llly·Moditicd
Gaussian,Voighr and many others specitically
suited for chromatography and spCl.:rroscopy) or
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data to O\'cr 150 printcrs, including PostScript""
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Quantitative Determination of Glucose in Blood Plasma
and in Fruit Juices by Combined WATR-CPMG lH NMR
Spectroscopy
The method is applied to the determination of total glu­
cose in blood plasma, and the results are compared with
those obtained using the standard glucose oxidase
method. The accuracy of the results obtained with the
WATR-CPMG method is generally within 5% of those
obtained with the glucose oxidase method.
Shiyan Fan, W. Y. Choy, S. L. Lam, and S.C.F. Au-Yeung*,
Department of Chemistry, The Chinese University of Hong
Kong, Shatin, New Territories, Hong Kong and L. Tsang and
C. S. Cockram, Department of Medicine, Prince of Wales Hos­
pital, The Chinese University of Hong Kong, Shatin, New Terri­
tories, Hong Kong

Impact of Polycation Adsorption on Efficiency and
Electroosmotically Driven Transport in Capillary
Electrophoresis
Cationic polymer adsorption on CZE has an impact on
electroosmotically driven transport, peak symmetry, re­
covery, and efficiency. Polycation fouling of as little as 2%
at the inlet of the capillary reduces efficiency by 50% due
to nonuniform axial distribution of i; potential. .
John K. Towns, Eli Lilly and Company, Lilly Research Labora­
tories, Indianapolis, IN 46285 and Fred E. Regnier·, Depart­
ment of Chemistry, Purdue University, West Lafayette, IN
47907

Effects of Redox System Structure on Electron -Transfer
Kinetics at Ordered Graphite and Glassy Carbon Electrodes
The electron transfer kinetics for 13 redox systems on
low-defect highly ordered graphite and laser-activated
glassy carbon electrodes are described. The dramatic dif­
ferences in rate are attributed to several factors, includ­
ing varying homogeneous self-exchange rates and the
physical properties of ordered graphite.
Kristin R. Kneten and Richard L. McCreery·, Department
of Chemistry, The Ohio State University, 120 West 18th Ave.,
Columbus, OH 43210

High-Performance Capillary Electrophoresis of SDS­
Protein Complexes Using UV-Transparent Polymer
Networks
The application of UV-transparent polymer networks to
the separation of SDS-protein complexes on the basis of
molecular weight is demonstrated.
Katalin Ganzler, K. S. Greve, A. S. Cohen, and B. L.
Karger·, Barnett Institute, Northeastern University, Boston,
MA 02115 and Andras Guttman and N. C. Cooke, Beckman
Instruments, Inc., 2500 Harbour Blvd., Fullerton, CA 92634

Use of Capillary Zone Electrophoresis To Evaluate the
Binding of Anionic Carbohydrates to Synthetic Peptides
Derived from Human Serum Amyloid PComponent
CZE is used to quantitate the binding of peptides to an­
ionic carbohydrates by measuring the amount of unbound
peptide that is electrophoretically separated from pep­
tide-carbohydrate complexes.
Niels H. H. Heegaard· and Frank A. Robey, Peptide and
Immunochemistry Unit, Laboratory of Cellular Development
and Oncology, National Institute of Dental Research, National
Institutes of Health, Bethesda, MD 20892

Unsymmetrical Calix[4]arene 10nophore/Silicone Rubber
Composite Membranes for High-Performance Sodium
lon-Sensitive Field-Effect Transistors
High-performance sodium ISFETs are fabricated using a
calix[41arene derivative that is highly soluble in silicone
rubber. The ISFETs show high sodium ion selectivity and
durability.
Keiichi Kimura*, Tasushi Matsuba, Yutaka Tsujimura,
and Masaaki Yokoyama, Chemical Process Engineering, Fac­
ulty ofEngineering, Osaka University, Yamada-oka, Suita, Osa­
ka 565, Japan

Predictive Mode of Kinetic Analysis and Transient
Detection Responses. Evaluation of aRecursive Algorithm
The suggested algorithm can be used to extrapolate tran­
sient responses when the explicit mathematical function
is unknown. It is tested on the responses of ion-selective
electrodes and evaluated for a wide range of parameters.
The algorithm performs better than least-square fitting.
Israel Schechter, Max-Planck-Institut fur Quantenoptik,
D-8046 Garching, Germany

Fluorescence Imaging of Electrode-Solution Interfacial
Processes
Fluorescein fluorescence generated through electrochem­
ical production of hydroxide is collected with a micro­
scopic imaging system and used to spatially resolve elec­
trochemical activity at the micrometer level.
Royce C. Engstrom', Shahrokh Ghaffari, and Hongwei
Qu, Department of Chemistry, University of South Dakota, Ver­
million, SD 57059

Evidence for a Water- Rich Surface Region in Poly(vinyl
chloride)-Based lon-Selective Electrode Membranes
Optical imaging and gravimetric desorption methods
demonstrate the presence of a water-rich surface region
in poly(vinyl chloride) based on ion-selective electrode
membranes and allow estimation of water concentration
and diffusion coefficients.
Andy D. C. Chan, Xizhong Li, and D. Jed Harrison', De­
partment of Chemistry, University of Alberta, Edmonton, Al­
berta, Canada T6G 2G2

Laser Two-Photon Ionization Detection of Aromatic
Molecules on a Metal Surface in Ambient Air
Sensitive and selective ionization of aromatic molecules
on a metal surface is demonstrated using laser two-pho­
ton ionization. The detection limit is 10- 13 mol/em2

.

Teiichiro Ogawa· and To-om Yasuda, Department ofMolec­
ular Science and Technology, Kyushu University, Kasuga-shi,
Fukuoka 816, Japan and Hirofumi Kawazumi, Division ofSci­
ence, Kitakyushu University, Kitakata, Kokura-Minami, Ki­
takyushu 802, Japan
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NEWS

Joseph Jordan
The JOURNAL regrets to report the
death of Joseph Jordan on Aug. 14.
Jordan, a professor of chemistry at
The Pennsylvania State University
for more than 30 years, was a pio­
neer in bioelectrochemistry and the
study of heat effects in chemical re­
actions. He served on the Advisory
Board of ANALYTICAL CHEMISTRY
from 1968 to 1970.

Blood Glucose and IR light
Sandia National Laboratories and the University of
New Mexico (UNM) School of Medicine have combined
IR spectroscopy and chemometrics to develop a painless,
real-time blood glucose monitoring system for diabetics.

Near-IR light, which has slightly longer wavelengths
than visible light, can penetrate tissue-in this case, a
finger inserted into the monitor. The various wave­
lengths are absorbed by the tissues of the finger, the
light is dispersed into a spectrum, and the data are ana­
lyzed for glucose-specific absorptions to determine glu­
cose concentration. The algorithm used takes into ac­
count variations in skin coloring, blood chemistry, and
finger thickness.

Sandia and UNM are looking for an industrial part­
ner to help them develop a commercial monitor. The
eventual goal of those working on glucose monitors is a
programmable insulin pump and monitor system that
would act as an artificial pancreas, replacing the daily,
self-administered injections of insulin. Diabetes, the
leading cause of blindness in people aged 25-74, is esti­
mated to contribute $20 billion annually to health care
costs.

Hydrocarbons from Trees
Most of us are aware that trees replenish the oxygen in
the atmosphere, but our beloved trees may also be pol­
luters.

According to the National Center for Atmospheric Re­
search (NCAR) in Boulder, CO, the Environmental Pro­
tection Agency has found that reducing hydrocarbon
emissions from cars has not helped to reduce ozone con­
centrations in rural and urban areas. NCAR hypothe­
sizes that nonmethane hydrocarbon emissions, such as
isoprene and terpenes from vegetation, may be promot­
ing ozone formation.

NCAR will monitor isoprene emissions from trees at
Oak Ridge National Laboratory through the use of a
chemiluminescence detector (Anal. Chern. 1990, 62, 1055­
60) and an existing 33-m tower equipped with leaf en-

closures as well as light and temperature sensors at
four levels in the forest canopy. They will also gather
data from various instrument packages suspended at
different levels on a tethered line hung from a balloon
1 km in the air. This project will be the first opportu­
nity researchers have had to take measurements of this
type from several acres of trees at the same time.

DNASRM
DNA fingerprint matching is the latest weapon in law
enforcement's arsenal against crime. It is also used in
paternity cases, and the Army is beginning a new pro­
gram to use it as "dog tags" for soldiers. However, be­
cause it is relatively new, attorneys have not always
had an easy time getting the results introduced as evi­
dence.

The National Institute of Standards and Technology's
newly formed Biotechnology Division, with support from
the National Institute of Justice, hopes to help change
that by making available Standard Reference Material
2390. This new QA standards set is the first developed
by the division. It contains male and female DNA mole­
cules extracted from living cells; precut fragments of a
viral DNA that can be used as a genetic ruler; and
tubes, each containing 3 million human cells from which
DNA can be extracted and tested. Laboratories that use
FBI protocols for DNA profiling can effectively use the
SRM to check their performance at each step of the pro­
cedure.

DNA molecules are cut at specific points, using en­
zymes separated by electrophoresis, and transferred
onto a nylon membrane. The fragments are tagged with
radioactive probes and photographed. The DNA finger­
print appears as lines in specific positions, much like
the bar coding used in grocery stores. A combination of
five probes is used to discern an individual's unique
DNA pattern. The chance of two unrelated individuals
having the same pattern is less than about one in hun­
dreds of thousands.

SRM 2390 costs $374 and can be obtained from the
Standard Reference Materials Program, Rm. 205, Bldg.
202, Gaithersburg, MD 20899 (301-975-6776; fax 301­
948-3730).

For Your Information
A new, Canadian-based, bimonthly publication entitled
Scientific Exchange is designed to provide a venue for the
advertising of surplus and used scientific equipment.
The vendor supplies a brief description of the item for
sale or exchange or the item that is wanted, along with
a point of contact. For subscription, classified, and ad­
vertising rates, contact Scientific Exchange, P.O. Box 484,
Osgoode, Ontario, Canada KOA 2WO (613-826-0742;
fax 613-826-0489).
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Nancy J. Miller-Ihli
u.s. Department of Agriculture
Nutrient Composition Laboratory
Beltsville, MD 20705

Graphite furnace atomic absorption
spectrometry (GFAAS) is one of the
most cost-effective, sensitive tech­
niques available. GFAAS provides
sub-part-per-billion detection capa­
bility using microliter-sized samples
and has been used extensively for
metal determinations in a wide vari­
ety of sample matrices. Most ana­
lysts dissolve the sample so that it is
in a liquid form for injection and
analysis, but there are benefits to di­
rect solids analysis by GFAAS.

Advantages of solid sampling over
conventional sample preparation
procedures, such as acid digestion or
fusion, include reduced sample prep­
aration time, decreased analyte loss
through volatilization before analy­
sis, reduced analyte loss related to
retention by an insoluble residue, re­
duced sample contamination, in­
creased sensitivity (because samples
are not diluted), elimination of haz­
ards associated with the use of acids,
and easier selective analysis of mi­
croamounts of sample. Unlike nebuli­
zation techniques, GFAAS does not
suffer significantly from particle size
effects because it offers longer resi­
dence times. As a result, samples
may be placed directly in the graph­
ite furnace atomizer and, in most in­
stances, are completely atomized.

Direct analysis of solids can pro­
vide analysts with special informa­
tion that is not obtainable by conven­
tiona� techniques requiring sample

dissolution. In addition, direct solids
analysis is important when only
small amounts of sample are avail­
able or when there is interest in the
distribution of analyte. Forensic ap­
plications, including analyses of gun­
shot residues, are well suited for
solid sampling. Environmental moni­
toring often can be accomplished
with direct solid sampling.

The two principal methods for an­
a�yzing solids by GFAAS are to intro­
duce the solid material directly into
the furnace and to prepare a slurry
or a suspension, then inject the sam-

pie by using conventional liquid sam­
pie delivery techniques. The merits
of each technique will be compared.
Because both methods provide for the
analysis of solids, the following defi­
nitions apply: Direct solids analysis
means that the solid is placed di­
rect�y in the furnace; slurry analysis
means that the sample is prepared as
a slurry or a suspension.

Historical perspective

Several reviews have focused on solid
sampling using GFAAS (1-5). The
most comprehensive of these is a re­
cent paper by Bendicho and de Loos­
Vollebregt (5), which includes more
than 250 references. The idea of do­
ing direct solids analysis was first
reported by L'vov, who introduced
the concept of graphite furnace de­
terminations in the 1950s (6). Early
pioneers included Kerber (7), who in
1971 reported the use of the first

commercial tube-type furnace to de­
termine gold in polyester fibers.

Much of the early work was done
with specially built atomizers or
modified commercial graphite fur­
naces, Both resistively and induc­
tively heated furnaces were used. A
variety of commercial and noncom­
merciaI atomizers, some of which
were specially designed for solid
sampling, have been reported in the
literature. Solid sample analyses
have been performed with the follow­
ing types of atomizers: Massman­
type graphite tube, Hitachi's cup cu­
vette, platform, Grtin-Optiks' boat
system, Thermo Jarrell Ash's micro­
boat, Perkin Elmer's cup-in-tube,
Varian's transversely heated carbon
rod, graphite probes, Schmidt and
Falk's ring chamber, and Rettberg
and Holcombe's second surface atom­
izer.

The only commercial graphite fur­
nace AA spectrometers designed spe­
cifically for direct solids analysis are
the systems built in Germany by
Grtin-Optiks, More recently, Analyte
Corporation has produced the Atom­
source system, which is a commercial
glow discharge AA system.

Although each of the above­
mentioned systems offers special ad­
vantages for solid sampling, a gen­
eral improvement in graphite
furnace technology probably had a
more significant impact on the direct
analysis of solids, A noteworthy im­
provement during tbe past decade
was the introduction of the stabi­
�ized-temperature platform furnace
(STPF) concept by Slavin et a1. (8, 9),
which provided conditions leading to
reproducible, high-accuracy determi-
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nations that were not significantly
affected by matrix effects.

The STPF approach strives for
more isothermal conditions for atom­
ization using a conventional Mass­
man-style furnace that is known to
have a longitudinal temperature gra­
dient. This concept facilitated the di­
rect analysis of solid samples and
also encouraged the use of aqueous
standards for calibration. The key
points of this approach include using
good background correction (such as
the Zeeman effect), platform atomi­
zation' and integrated absorbance
measurements for quantitation.

As Bendicho and de Loos- Volle­
bregt (5) point out, the annual num­
ber of solid-sampling applications re­
ported has increased since 1970. The
STPF concept was introduced in
1982, and in 1987 a record was set,
when more than 20 papers on direct
solid sampling were published. Inter­
estingly enough, the average number
of publications on direct solid sam­
pling between 1970 and 1992 has
been approximately 10 per year.

Potential problems

Although it seems obvious that solid­
sampling GFAAS is a powerful tech­
nique, it is rather limited for direct
solids analysis. Many authors have
reported disadvantages such as cali­
bration, microweighing, and sample
introduction difficulties; lack of solid
standards; problems attributable to
sample inhomogeneity; increased
background (requiring good back­
ground correction); residue buildup;
sample-dependent peak shapes;
problems with refractory elements
and with automation of sample intro-

duction; too much sensitivity; poor
precision; and limited sample size.

Admittedly, some of these prob­
lems justify serious consideration;
successful determinations may be
impeded if certain criteria are not
met. However, many problems can be
avoided by using state-of-the-art
technology and equipment. Calibra­
tion can be successfully performed in
most instances with aqueous calibra­
tion standards, thereby avoiding the
need for solid standards for each
sample matrix of interest. Sample in­
homogeneity can be a problem if one
is trying to get an accurate estimate
of the mean concentration of analyte
in the bulk sample; bowever, direct
solid sampling can provide detailed
information and facilitate homogene­
ity characterization of materials at
milligram and submilligram levels.

Use of Zeeman effect or Smith­
Hieftje background correction pro­
vides adequate compensation for
background in most instances. The
buildup of residual material can of­
ten be avoided by using oxygen ash­
ing during the char step in the fur­
nace program. The fact that solid
sampling produces signals with sam­
ple-dependent peak shapes is typi­
cally unimportant as long as quanti­
fication is done using integrated
absorbance measurements.

Poor precision is usually the result
of inhomogeneous distribution of an­
alyte in the solid material. Precision
can be improved by reducing the par­
ticle size of the material being ana­
lyzed and by increasing the number
of samples analyzed. Limited sample
size can be a physical restriction, or
it can be attributable to the analyti-

cal signal relative to the working
range. In the latter case, larger
amounts of material may be used
when an alternate, less sensitive
wavelength is available.

The two disadvantages related to
sample introduction are not easily
dismissed. Analysts agree that mi­
croweighing is difficult and time con­
suming, and that transport of milli­
gram quantities of material requires
special care-even if the sample is
weighed directly on a boat, a plat­
form, or a cuvette that can be directly
inserted into the furnace.

Griin-Optiks developed a partially
automated commercial solid sampler
consisting of a powder sampler, a
balance, and a transport system to be
used with its Griin Zeeman AAS in­
struments (10). Powdered sample is
transferred, using a piston and vi­
bration, onto a graphite boat that is
subsequently weighed and inserted
inside the graphite tube. As one
might expect, several factors affect
the amount of material placed on
the platform: particle size, moisture
content, fat content, and specific
gravity. Obviously, such a system
works best with dried powders con­
sisting of particles of uniform size
and density. An alternative approach
to the automation of direct solid sam­
pIe introduction is the preparation of
a slurry or a suspension that facili­
tates using conventional liquid sam­
pIe-handling technology. This ap­
proach will be discussed later in this
REPORT.

Solid-sampling applications

Table I lists 15 references in which
direct solid sample insertion into the
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Table I. Solid-sampling applications

sample Element Reference Comments

Ni alloys n, Bi, Te, Se, Pb 11 STPF, cup-in-tube
Plastics Cd, Cu, Mn, Rb 12 Cup-in-lube
Wheat Cd 13 Milled
Biological samples Pb, Cd 14 Special platform
Biological samples Cu 15 Ringed chamber,

integrated
absorbance

Biological samples AI 16 Constant-temperature
furnace

Bovine liver Pb 17 Wall, probe, platform,
oxygen ashing

Airborne particles Cd, Pb, Ni, Cu, Mn 18 Probe
Coal, fly ash Cd,Ni 19 Cup-in-lube,

oxygen ashing,
alternate
wavelength

Inorganic Se 20 Graphite dilution.
materials nickel powder

modifier
Riter material Cd 21 Ground, punched
Waterborne Cd,Pb,Cu 22 Filtered

suspended
matter

Biological samples As, Cd, Zn, Ph, Mn 23 Minicup
Fly ash. ash, filter Cd, Ph, n, Cu. Mn. 24 Second surface

paper Ag atomizer
Coal, fly ash As, Cd, Cr, Hg 25 Graphite dilution

REPORT

graphite furnace is used. These fairly
recent references typically report
data based on calibration against
aqueous standards (11-25). Table I
highlights the suitability of this ap­
proach for the successful determina­
tion of many elements in a wide va­
riety of sample matrices. Some other
applications have been reported that
indicate that strong matrix interfer­
ences have been observed, necessi­
tating the method of additions or cal­
ibration against matrix-matched
reference materials.

One serious problem with the use
of reference materials for calibration
is that analysts treat the mean refer­
ence value as absolute, ignoring the
uncertainty. The certified concentra­
tion of Cd in Standard Reference Ma­
teria� 1568 Rice Flour is 0.029 ±
0.004 ~/g (26). Thus the uncertainty
is ±14% compared with the mean
concentration. If calibration is per­
formed by using this material, then
by deimition, the computed analyti­
cal concentrations can have no
smaller uncertainty than ±l4%. This
level of uncertainty is not uncommon
in commercial reference materials,
and some uncertainties are as high
as 25%. Also typically, minimum rec­
ommended amounts for commercial
materials are on the order of 250 mg.
When using these materials for di­
rect solids sampling, 0.5-5.0 mg is
commonly used. The use of small
amounts creates the possibility that
the analyte will not be sufficiently
homogeneously distributed to be rep­
resentative of the bulk material.

If analysts want to use solid mate­
rials for calibration, special materi­
als must be developed that are well
characterized with small elemental
concentration uncertainties. In addi­
tion, these materials must be charac­
terized at milligram and submilli­
gram levels. These concerns strongly
support the benefit of calibration
with aqueous standards whenever
possible.

Calibration using aqueous stan­
dards for direct solids analysis re­
quires absolute accuracy of the liquid
sample delivery system, because the
accuracy of the determination will
depend on the volume delivered by
the autosampler or the pipet. This
method differs from digest analyses
in which both samples and standards
are pipetted and the absolute vol­
umes delivered do not affect calibra­
tion accuracy.

Slurry sampling

As mentioned earlier, a convenient
way to introduce solid material into
the graphite furnace is to prepare a

slurry or a suspension. Conventional
liquid sample-handling devices such
as autosamplers and pipets may then
be used to inject material into the
furnace for analysis.

Because of the ease of sample in­
troduction' Stephen and co-workers
(27) concluded that slurry sampling
combines the benefits of both solid
and liquid sampling. To ensure that
a representative aliquot is injected
into the furnace, the slurry must be
either stabilized or homogenized.
Stabilization has been attempted
with the use of thixotropic agents
such as viscalex (27) and glycerol
(28). In each instance, the authors
reported difficulty with reproducible
autosampler pipetting because of
material adherence to the exterior of
the autosampler capillary. Problems
with incomplete delivery of the sam­
pie with more viscous solutions were
also reported. Such results suggest
that sample homogenization using
agitation, such as a magnetic stir bar
(29), vortex mixing (30), gas bubbling
(31), or ultrasonic agitation, is pref­
erable.

Reports of magnetic stirring of
slurries followed by manual pipetting
are frequently found in the litera­
ture. Many researchers have re­
ported good results, but this ap­
proach is limited because manual
pipetting provides poorer precision
than that which can be achieved with

an autosampler, and most modern
laboratories require automated
GFAAS analyses. Lynch and Little­
john (32) developed a miniature stir
bar mixing method that was used
with an autosampler to facilitate au­
tomatic mixing of food slurries in the
autosampler cup before analysis.
Hinds and Jackson (33) found mag­
netic stir bar mixing inadequate for
some applications, because soil sam­
pIes often contain particles that ad­
here to the stir bar due to their mag­
netic properties.

Vortex mixing can provide ade­
quate agitation of slurries before
analysis, but sample aliquots re­
moved for injection must be hand­
pipetted directly into the furnace to
avoid rapid sedimentation of larger,
dense particles that may occur when
vortexed samples are subsequently
placed in an autosampler cup (28).
Because automated sample introduc­
tion using an autosampler is virtu­
ally impossible when using vortex
mixing, this mixing technique has
limited applicability for modern
slurry analyses.

Workers in our lab tried gas bub­
bling for slurry mixing and found
that this method typically provided
low analyte concentrations when the
analyte of interest was associated
with larger. dense particles. Bendi­
cho and de Loos-Vollebregt (31) also
reported poor homogenization when

966 A • ANALYTICAL CHEMISTRY, VOL. 64, NO. 20. OCTOBER 15, 1992



Table II. Slurry-sampling applications

Sample Element Reference Comments

Soil Pb 33 Vortex mixing
Airborne V, Cd, Ni, Cu, Pb, 39 U~rasonic mixing

partiCUlates Fe, Mn
Biological RMs Cr, Co, Pb, Mn 40,41 Manual agitation,

oxygen ashing,
zirconium beads

Iron oxide As, Pb 42 Magnetic stirring,
manual pipetling,
nickel modifier

Glass Cu, Co, Cr, Mn, Fe, 43 3% HF, argon
Ni bubbling

Spinach RM Mn, Fe, Cu, Cr, AI 44 Ultrasonic mixing,
homogeneity study

Coal, fly ash As, TI, Pb 45 Ultrasonic mixing
Sediment As, Fe, Mn, Pb 30 Ultrasonic and

vortex mixing
Biological samples Mn 46 Ultrasonic mixing
Milk powder Zn, Cu, Mo, Pb 47 Magnetic stirring
Food Pb 32 MiniOOr mixing,

palladium modifier
Biological samples Mn, Zn, Fe, Cu, Pb, 28 Ultrasonic mixing

Cr, Ni, Mo, AI, Ca

using argon mixing for glass slurries
containing particles in the 82­
34l-llm range, but they found that
the argon bubbling method could be
used to extract analyte from glass
slurries into a 3% HF solution (34).

Mixing with the use of a compact
portable ultrasonic processor pro­
vides superior agitation of slurry
preparations (28). High-power ultra­
sound depends on cavitation and its
secondary effects. Ultrasound can be
effective in dislodging mechanically
interlocked particles, dispersing sol­
ids, and wetting particles; and the ef­
fectiveness often increases with de­
creasing particle size (35). In
addition, ultrasonic agitation can in­
crease the extraction of analyte into
the liquid phase of the slurry. Com­
mercial 40-50-W units designed to
process small samples (100 IlL-25
mL) effectively disaggregate and dis­
perse particles. The titanium ultra­
sonic probe may be mounted on the
autosampler tray and its operation
synchronized with that of the au­
tosampler, providing fully automated
slurry analyses (36, 37). Perkin
Elmer has commercialized this con­
cept and sells an ultrasonic mixing
device (USS-lOO) (38) as an au­
tosampler accessory to facilitate au­
tomated slurry analyses.

Slurry-sampling applications

Table II lists 13 references in which
slurry graphite furnace determina­
tions were made. Like the applica­
tions cited in Table I, these references
contain data based on calibration

against aqueous standards (28, 30, 32,
33, 39-47). Table II illustrates the
utility of this approach and suggests
that a wide range of samples can be
accurately analyzed by using aqueous
standards and modem furnace tech­
nology. All applications in Table II use
one of the mixing methods discussed
previously. The only mixing methods
that have been automated are the
minibar (32) and ultrasonic agitation
(28, 30, 44-46).

In some instances, matrix modifi­
ers have been used. Oxygen ashing to
avoid buildup of carbonaceous mate­
rial has also been used successfully
in some studies. Bradshaw and
Slavin (45) reported a method that
omitted both the pyrolysis step and
use of a matrix modifier, providing
rapid furnace analyses. Such a
method requires the use of an effi­
cient background correction system
such as the Zeeman effect.

Comparison of techniques

Direct solids sampling and slurry
sampling each have advantages and
disadvantages. Both may require
some sample pretreatment, such as
grinding, if the sample is not in the
proper form or if the analyte is not
homogeneously distributed.

Direct solids sampling is desirable
when only a small amount of sample
is available or when there is interest
in the distribution of analyte in the
solid. Most solid-sampling insertion
devices are manual and require skill
to obtain reasonable precision. Direct
solids sampling may require the use

of matrix -matched standards or the
method of standard additions for cal­
ibration. Direct solids sampling can
easily handle alloys, pure metals,
and plastics. Slurry sampling is best
suited for powdered samples such as
sediments or soils.

Slurry sample introduction is
straightforward when using conven­
tiona� liquid autosamplers and al­
lows matrix modifiers to be used eas­
ily because they are miscible with
the liquid phase. Slurry mixing can
be automated by using the mini-stir
bar method or ultrasonic agitation.
Calibration using aqueous standards
may be applicable for a wide range of
samples for both solid and slurry
sampling. Slurry samples may be di­
luted easily to facilitate analysis in
the linear range; solid samples can be
diluted only with graphite powder,
increasing the risk of sample con­
tamination. Both techniques, how­
ever, may take advantage of other
methods for reducing sensitivity,
such as selecting an alternate ab­
sorption line.

Analysts using slurry sampling
must have some knowledge of the an­
alyte distribution in the solid and
liquid phases of the slurry to derive
maximum benefit from the tech­
nique. If a large percentage of the an­
alyte is extracted into the liquid
phase, the precision will approach
that obtainable with a conventional
liquid digest. If, on the other hand,
none of the analyte is extracted into
the liquid phase, slurry sampling can
provide an easy and reproducible
method for the introduction of micro­
gram amounts of solid into the
graphite furnace.

Factors of interest in optimizing
either direct solids analysis or slurry
sampling include homogeneity of the
solid material, distribution of analyte
in the solid, density, and particle
size. Density and particle size should
be used to calculate the number of
particles in a mass. A large number
of particles will reduce sampling er­
rors (48). Both techniques offer the
unique opportunity for homogeneity
characterizations of materials at mil­
ligram and submilligram levels.
When working with inhomogeneous
samples, both direct solids analysis
and slurry sampling will benefit
from smaller particle sizes.

Several authors have reported a
preference for either direct solids
analysis or slurry analysis. In my
opinion, slurry sample introduction
should be used whenever possible be­
cause it is easy, it uses liquid sam­
ple-handling technology, and it pro­
vides both accurate and precise
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results with calibration using aque­
ous standards. Bendicho and de
Loos- Vollebregt (5) state that the
slurry technique gives better analyt­
ical performance than direct solid
sampling. Brady and co-workers (49)
also endorse the use of slurries be­
cause of the ease of sample introduc­
tion. Schmiedel and co-workers (50l
support slurry GFAAS and state that
ultrasonic mixing provides optimum
homogenization of the slurry before
analysis.

A generalized approach

Compared with other techniques for
direct solids analysis, GFAAS clearly
offers the analyst a unique combina­
tion of excellent sensitivity and sim­
p�icity at moderate cost. Modern
methods must address the need for
increased sample throughput, neces­
sitating faster analyses. This re­
quires minimizing chemical sample
pretreatment, including decomposi­
tion procedures. Analysis of solids by
either direct analysis or slurry sam­
pie introduction facilitates rapid
analyses.

Regardless of whether the analyst
chooses direct solids or slurry analy­
sis, a systematic approach can be
identified. Calibration with aqueous
standards represents the most sensi­
ble approach for identifying general­
ized procedures for solids and slurry
sampling. Calibration with aqueous
standards does, however, require
that the absorption signal be inde­
pendent of the bulk matrix and be
dependent only on the concentration
of the analyte (5). Using peak area
measurements for calibration is
therefore imperative, because peak
area measurements minimize the ef·
feet of varying vaporization rates (at·
tributable to matrix differences).

The analyst must also be con­
cerned with sample homogeneity, be­
cause results will be affected by the
distribution of analyte in the solid. If
increased homogeneity is desirable,
samples may be ground to a small
« 10 lJ.II1) particle size before analy­
sis (48). All samples should be
weighed on an electronic microbal­
ance, and care must be taken to
avoid sample contamination. Analyt·
ical conditions must be optimized for
each sample type. Wavelength selec­
tion will depend on analyte concen­
tration' and less sensitive nonreso­
nance wavelengths may prove useful.

GFAAS conditions must be sys­
tematically optimized, because ana­
Iyte volatilities may be affected by
the sample matrix. Charring and at­
omization optimization studies must
be performed to identify optimum

conditions. The use of matrix modifi­
ers or oxygen ashing may prove use­
ful to avoid carbonaceous buildup in
the furnace. Modem furnace technol­
ogy should be used, including good
background correction, platform at­
omization, and calibration with
aqueous standards using peak area
measurements. Optimized furnace
conditions make it possible to obtain
accurate and precise analytical de­
terminations by using either direct
solids analysis or slurry analysis.
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Seventy years ago, Brillouin theo­
rized that light could be diffracted by
an acoustic wave (1). This prediction
was based on the fact that when an
acoustic wave is propagated in a
transparent material, it produces a
periodic modulation of the index of
refraction. The perturbation in the
refractive index arises from the
change in the number density of the
acoustic medium induced by the com­
pression and rarefaction of the trav­
eling sound wave. As a consequence,
the propagating acoustic wave pro­
duces a moving grating that will dif­
fract portions of an incident light
beam.

This sound-light interaction phe­
nomenon' which is called the acous­
to-optic interaction, was initially ob­
served by Debye and Sears in 1932
(2). Early studies were limited to in­
teractions of low-frequency acoustic

waves with incoherent light sources
in liquids and gases. As a result, the
phenomenon had an impact prima­
rily on the academic community; ex­
perimental results provided a basic
understanding of the thermal and
acoustic properties of liquids and
gases.
Th~ first applications of the acous­

to-op:ic interaction did not appear
until the 1960s. Since then, signifi­
cant scientific and technological ad­
vances have occurred in optics, elec­
tronics, and materials chemistry.

The Edvent of the laser, the develop­
ment of new piezoelectric materials
with high coupling factors that facil­
itate high-frequency (GHz) acoustic
techniques, and the development of
new crystals that have low acoustic
loss at high frequencies and require
low radio frequency (rl) drive power
mad~ it possible to realize practical
applioations of acousto-optic devices

for the deflection, temporal and am­
plitude modulation, and spectral
tuning of light. Today, acousto-optic
devices are used in applications
ranging from sophisticated scientific
instruments such as astronomical
spectrophotometers and picosecond
laser systems to the commonplace
neighborhood supermarket scanner.

Diffraction by acoustic waves may
lead to a change in the amplitude,
frequency, direction, or wavelength
of the incident light. Optical proper­
ties of the medium where the acous-

to-optic interaction occurs usually
dictate the type of transformation of
the diffracted light. Acousto-optic in­
teractions, when observed in an opti­
cal isotropic medium, lead to a
change in the frequency, direction,
and amplitude of the light. The dif­
fraction in this case can be explained
by using the classical Bragg diffrac­
tion principle. Acousto-optic devices
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(3)

k d = k a + k, (2)

Conservation of energy dictates that

It is evident from Equation 3 that
the diffracted beap) is shifted in fre­
quency by an amount equal to the
sound frequency. These relationships
facilitate the use of propagation of
the applied acoustic wave to either
increase or decrease the frequency of
the diffracted beam by an amount
equal to wa . Figure 2b illustrates the
upshift case in which the conserva­
tion of energy requires addition of
the phonon energy to that of the an­
nihilated (incident) photon to form a
new (diffracted) photon. As a conse­
quence, (Od = (OJ + OOa' If the direction
of the sound wave in Figure 2b is re­
versed (as shown in Figure 2c), the
diffraction process is the one in
which a new (diffracted) photon and
a new phonon are generated while
the incident photon is annihilated. In
this case, conservation of energy
yields

W d = Wi - wa (4)

This process is generally known as
downshift Bragg diffraction.

Because the energy of the acoustic
waves is much smaller than that of
the photons, k i = k d may be assumed.
The momentum-matching triangle is
isosceles; thus, the incident and dif­
fracted angles are the same (6, = 6d )

and are related to the wavelength of

Consider the collisions of photons
and phonons, as shown by Yariv (5).
From a quantum theoretical pcint of
view, the interaction of sound and
light can be treated as a collision of
photons and phonons. The incident
light beam with a wave vector k i and
the frequency Wi can be considered as
consisting of a stream of particles
(photons) with momentum hki and
energy hwi • Similarly, the sound
wave can be thought of as particles
(phonons) with momentum hka and
energy hwa .

As illustrated in Figures 2b and 2c,
the diffraction of light by the acoustic
beam involves a series of collisions,
each consisting of the annihilation of
one incident photon at frequency Wi

and one phonon (wa ) as well as the
simultaneous creation of a new (dif­
fracted) photon at a frequency wd •

For these collisions to occur, conser­
vation of energy and momentum
must be observed. Conservation of
momentum requires that the mo­
mentum h(ki + kal of the colliding
particles be equal to the momentum
hkd of the diffracted photon. There­
fore

(1)

(where Aand A are the wavelength of
the optical wave and the sound wave,
respectively), is less than one (3-5).
The diffraction process (Figure 2a)
has multiple orders, because the in­
teraction length is relatively short
and can be approximated as a thin
grating (i.e., the diffraction spread­
ing of the light between adjacent
compression and rarefaction regions
overlaps).

When the interaction length I is
large (or when Q» 1), the diffrac­
tion is in the Bragg region (3-5). In
this case, only first-order diffraction
is observed (Figure 2b). Because the
thin grating approximation is no
longer valid, higher diffraction or­
ders will undergo complete destruc­
tive interference if the incident light
beam is normal to the sound beam.
For constructive interference to take
place, the angle of incidence must be
tilted with respect to the acoustic
beam direction.

includes regions of compression and
rarefaction in the crystal. This effect
can be considered as generating a
diffraction grating that moves at the
speed of sound and comprises peri­
odic changes in the optic phase.

The diffraction process can be ex­
plained by the optical wavefronts il­
lustrated in Figure 1. Because the
velocity of light is about 5 orders of
magnitude greater than the velocity
of sound, the acoustic wave is consid­
ered to be stationary during the time
required for the optical beam to tra­
vel through the crystal. Suppose that
the half- wavelength region labeled
n + 6n is under compression, and the
region labeled n -I'.n is under rare­
faction. The portion of the optical
wave passing through the compres­
sion will be slowed (relative to the
undisturbed material of index n),
whereas the portion passing through
the rarefaction will be accelerated.
The emerging optical wavefront will
be "corrugatedJl and, if the corruga­
tions are joined by a continuous
plane, its direction will be tilted rel­
ative to that of the incident wave­
fronts.

Depending on the interaction
length I between the acoustic wave
and the light wave, the diffraction
process can be divided into two dif­
ferent types: Raman-Nath diffrac­
tion (sometimes called Debye-Sears
diffraction) and Bragg diffraction.
The diffraction is in the Raman­
Nath region when the interaction
length I is relatively short or when
the Raman-Nath parameter Q, de­
fined as

Optical I~t\,
wave n+l:1n IIIn-6n ill.

such as light modulators, deflectors,
scanners, and mode lockers are
based on this type of interaction.

Interesting results are observed
when aCQllsto-optic interactions oc­
cur in an anisotropic medium. This
type of interaction leads to a change
not only in the frequency and direc­
tion of the incident beam but also in
its wavelength. Here the diffraction
process cannot be explained by the
normal Bragg diffraction principle.
This so-~alled abnormal Bragg dif­
fraction process has been success­
fully exploited to develop devices
such as the acousto-optic tunable fil­
ter (AOTF). The AOTF is a compact,
solid -state monochromator that can
be tuned electronically in a matter of
microseconds over a wide spectral
range encompassing the UV and IR
regions. This device has been called
the "new generation monochromator"
and provides a unique means for the
development of spectroscopic instru­
ments.

In this INSTRUMENTATION article
the theory of isotropic and anisotrop­
ic acousto-optic diffraction will be
described. Emphasis will be placed
on the principles and applications of
specific devices such as light deflec­
tors, mode lockers, and AOTFs.

Acousto-optic interactions in an
optical isotropic medium

Theory. The diffraction of a light
beam by an acoustic wave can be ex­
plained in terms of wave interactions
or particle collisions. In the former
case, the acoustic wave produces a
change in the refractive index of the
optical medium and generates a
traveling pressure disturbance that

Figure 1. Diffraction of optical
wavefronts by an acoustic wave.
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tion (i.e., the laser beam is oriented
at the Bragg angle of incidence 9 in
relation to the acoustic beam of fre­
quency wa)' Because the Bragg condi­
tion is satisfied, diffraction is opti­
mized and the momentum vector
diagram shown in Figure 3 is closed.
After being diffracted by the sound
wave, all light rays emerge in phase
at an angle 9 and interfere construc­
tively.

The sound frequency is then varied
from fa to fa + ~J. while the incident
angle is kept constant at 9. Because
ka = 2nfalv, (where Vs is the acoustic
velocity), this frequency variation
causes a change M a = 2n8f/vs in the
magnitude of the sound wave vector,
as shown in Figure 3. To satisfy the
conservation of momentum, all dif­
fracted wave vectors must lie on the
circle through A and B, with 0 as the
center. Because the incident angle 9
and the magnitude of the diffracted
wave vector remain unchanged, the
tip of the diffracted wave vector, as
previously explained, must lie on the
circle. The momentum diagram can­
not be closed, and the momentum
therefore is not strictly conserved.
The beam will diffract in the direc­
tion that gives the least violation
(i.e., along the direction OB), causing
a change of ~9 in the diffraction an­
gle. The value of ~9 is calculated
from the figure as (5)

~9 =~k/k; =A~falnvs (6)

Thus the deflection angle is propor­
tional to the change of the sound fre­
quency.

Another important parameter is
the number of resolvable spots N or
the factor by which ~9 exceeds the
beam divergence angle. If the diffrac­
tion angle 9d;r is assumed to be A.lnD
where D is the beam diameter, the
number of resolvable spots is

N = 9/9M = (Alvs)M/(AID) =

~J.(Dlvs) = Ma~ (7)

where ~ = Dlvs is the time it takes the
sound to cross the optical beam di­
ameter.

It is evident from Equations 6 and
7 that materials with low acoustic
velocity Vs will provide a large angle
of deflection and a large number of
resolvable spots. However, such ma­
terials cannot be used in high-speed
operation and in the high -frequency
region because they have high acous­
tic attenuation. Usually, a compro­
mise must be made in designing such
devices. This type of acousto-optic
device has been used not only as a
deflector but also as an optical scan­
ner' an intracavity Q switch, and a
cavity dumper (6-8).

Ie,,=k;-ka

~
.

a·
---' ka

ad

Ie"

the light Aand of the sound A by the
well-known Bragg equation

sin 9 = k/2kd = A/2A (5)

Applications

Deflectors. Acousto-optic deflectors
are based on the deflection oflight by
a propagating acoustic wave in an
optical isotropic medium. Incident
light is deflected in one or more di­
rections by periodic variations in the
refractive index produced by the
propagating ultrasound wave. A
change in the deflection angle (de­
fined as the angle between the trans­
mitted and the diffracted beam) is
achieved by changing the applied
acoustic frequency. This change can
be accomplished only if the operation
is near the Bragg diffraction condi-

Transducer

AcoustIc
absorber

,,,,-

(b)

(a)

Figure 2. Diffraction of light by an acoustic wave in an isotropic medium.
(a) Raman-Nath diffraction into multiple orders, (b) upshift Bragg diffraction, and (c) downshift Bragg
diffraction.

\ 8ka
A

O~=---I-=-------j

Figure 3. Wavevector diagram
illustrating the deflection of light from 9
to 9 + ~9 when the frequency of the
acoustic wave changes from fa to
fa + t1fa -
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Modulators and mode lockers.
In addition to modulating direction
and frequency as in the deflector, an
aCQllsto-optic device can be used to
modulate the diffracted beam ampli­
tude. Two types of modulators are
possible, depending on whether the
applied acoustic wave is a propagat­
ing wave or a standing wave.

When the applied acoustic wave is
a propagating wave, the modulator
consists of a combination of an
acousto-optic deflector and a spatial
fIlter, a device with a lens and a pin­
hole. The fIlter is aligned so that it
will reject the deflected beam and
pass the undeflected beam. The de­
flected beam will be turned on and
off as the wave propagates across the
crystal, and the amplitude of the
beam emerging from the spatial fil­
ter will be modulated (3, 4).

The second type of modulator is
different from other acousto-optic
devices in that it has no damper to
absorb the propagating acoustic
wave. Thus the acoustic wave gener­
ated by the transducer will be re­
flected by the opposite face of the
crystal. Interference between the
propagating and the reflected waves
produces standing waves inside the
crystal. The diffraction of light by
standing waves produces some inter­
esting phenomena, notably the lock­
ing of the longitudinal modes of the
laser or mode locking (5).

A mode locker is an acousto-optic
modulator placed inside a laser cav­
ity. An acoustic standing wave is pro­
duced inside the modulator when an
rf signal is applied to the crystal
through the transducer. According to
Bragg diffraction, the modulator will
introduce a periodic loss into the la­
ser cavity at twice the frequency of
the acoustic standing wave. As a con­
sequence of the loss, the energy in­
side the laser cavity is compressed to
very short pulses. These compressed
pulses must travel at the same fre­
quency and in phase (i.e., the longi­
tudinal modes have to be locked to­
gether) to produce a very short
output pulse.

To mode lock a laser, the frequency
of the modulator must be in synchro­
nization with the traveling time of
the compressed pulse inside the cav­
ity. To make a round trip in the laser
cavity, a pulse requires a time of
2L1c (where L is the cavity length
and c is the speed of light). Thus the
frequency of the standing wave in­
side the modulator must be c/4L if
mode locking is to be achieved. This
condition enables the modulator (the
mode locker) to act as a very fast
shutter that is in synchronization

(a)

Figure 4. Wavevector diagrams for
diffraction of light by an acoustic wave
in an anisotropic medium.
(a) Collinear aCQusto-optic interaction and
(b) noncollinear acousto-optic interaction.

with the pulse. It will open only once
per round -trip transit time to allow
passage of the pulse; the shutter is
closed at all other times, and the only
light that can circulate between the
output coupler and the high reflector
is the mode-locked pulse. Because
this pulse experiences minimum loss
and maximum gain, it will be ampli­
fied. Light traveling in the cavity
when the mode locker is closed will
be attenuated and cannot reach
threshold.

The output of a mode-locked laser
is, therefore, a train of very short
pulses. The time separation between
pulses is the time it takes for each
pulse to make one round trip inside
the cavity, 2L1c; and the frequency of
the mode -locked pulses is therefore
c/2L For example, a laser that has a
distance of 30 em between the high
reflector and the output coupler will
produce a mode-locked pulse train at
500 MHz.

Acousto-optic interactions in an
optical anisotropic medium

Theory. For acousto-optic diffrac­
tion to occur in an isotropic medium,
the phonon vector is normal to the
bisector of k d and k; and

[kd ] = [k;] (8)

Because [kd ] =21tniA and [k,] =
21tn;!A, Equation 8 is valid only
when the refractive index for the in­
cident and diffracted waves is iden-

tical (i.e., n, = nd ). However, this is
not true when the light is diffracted
by shear acoustic waves in an optical
anisotropic medium. In a shear
acoustic wave, the displacement of
matter is perpendicular to the direc­
tion of its propagation. A light beam
propagating as an extraordinary ray
(e-ray) is converted into an ordinary
ray (o-ray) by interaction with and
diffraction from the shear acoustic
wave propagating in the same me­
dium. This 90° rotation of the polar­
ization stems from the fact that the
disturbance caused by the shear
wave induces a birefringence that
acts on the incident light as a bire­
fringent plate (3, 4, 9, 10). Thus the
plane of polarization of light is ro­
tated. Because the crystal is birefrin­
gent, the rotation of the plane of po­
larization results in a significant
change in refractive index (",,. "d),
and a change in momentum and
wavelength must occur.

The associated momentum vector
diagram is no longer symmetric as it
was in Figures 2b and 2c. Instead, it
appears as shown in Figures 4a and
4b, where ad may be significantly dif­
ferent from ai . The same effect also
occurs in isotropic crystals. However,
in isotropic materials, the wavevector
for the incident and diffracted beams
is the same (because "i = nd ); thus,
there is no effect on the diffraction
processes (3, 4, 9, 10).

Consider Figure 4, where the inci­
dent light is an e-ray and the dif­
fracted light is an o-ray. The associ­
ated wavevectors are

k; = (21tn.)/Ao and k d = (21tno)/Ao (9)

As expected, a, ,. ad' The angles ai
and ad are related (10) to the acoustic
frequency f., the refractive indices
for the incident and diffracted light
polarizations n i and nd , and the
acoustic velocity Vs by

and

In Figure 5, a, and ad are plotted
against the acoustic frequency for
paratellurite (Te02) at A= 632.8 nm,
n, = 2.45, nd = 2.26, and v. = 6.17 X

10' cm/s. The minimum frequency at
which an interaction may occur cor­
responds to a, =90° and ad =_90°. At
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(b) Acoustic absorber
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Figure 6. Types of acousto-optic
tunable filters: (a) collinear,
(b) noncollinear with linear polarized
incident light, and (c) noncollinear with
unpolarized incident light.
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the acoustic wave is brought in as a
longitudinal wave, which is then con­
verted to a shear wave upon reflec­
tion at the input face of the crystal
(Figure Ga). The acoustic wave and
the input optical beam then propa­
gate collinearly down the crystal
along which the acousto-optic inter­
action occurs. The diffracted wave,
whose polarization is orthogonal to
that of the incident beam, also prop­
agates down the crystal collinearly
with the incident beam and the
acoustic wave. The transmitted (or
zero-order diffraction) and diffracted
beams also emerge collinearly from
the AOTF. Because polarization of
the diffracted beam is orthogonal to
that of the transmitted beam, it is
separated from the latter not by a
pinhole but rather by a polarizer
(Figure Ga). The interaction length
between the incident wave and the
acoustic wave is relatively long in
this type of filter. AOTFs fabricated
from birefringent crystals that have
relatively small acoustic figures of
merit (e.g., quartz and MgF2) are of­
ten of the collinear type.

As explained in the previous sec­
tion, it is sometimes impossible to
construct collinear AOTFs because of
crystal structure. N oncollinear
AOTFs have been reported. Figures
6b and 6c illustrate the case where

acoustic wavevector so that the tan­
gents to the incident and diffracted
wavevector loci are parallel. Figure
4b shows the incident e-beam (whose
wavevector is k'!) diffracted by the
acoustic wave (k.l to a diffracted
o-beam (whose wavevector is kg).
The two optical beams do not sepa­
rate until they exit the crystal, at
which time the diffracted beam is
separated from the transmitted beam
(i.e., the zero-order diffracted beam).
This separation facilitates isolation
of the diffracted beam by an aperture
(9,10).

The relationship between the
acoustic frequency f. and the incident
angle e is given by

fa = [vs (n, - nd)] (1/\,) (sin4 e, +
sin2 28,)"2 (14)

When ei = 90°, Equation 14 reduces
to Equation 13, the collinear case.

In an anisotropic crystal in which
the phase-matching requirement is
satisfied, diffraction occurs only un­
der optimal conditions. These condi­
tions-are defined by the frequency of
the acoustic waves and the type of
crystal. For a particular crystal and
at a given acoustic frequency fa' only
light whose wavelength satisfies ei­
ther Equation 13 or 14 is diffracted
from the crystal. The crystal can,
therefore, be spectrally tuned by
changing the frequency of the acous­
tic wave.

The acousto-optic interaction in an
anisotropic medium has led to the
development of AOTFs (9, 11-19). As
indicated previously, an AOTF is an
electronically driven optical disper­
sion device capable of performing
spectral analysis of optical signals. It
is constructed from a birefringent
crystal, such as quartz or Te02 , onto
which an array of piezoelectric trans­
ducers (e.g., LiNbOg , LiTaOg , LiIOg )

is bonded. When an rf signal is ap­
plied to the transducer, acoustic
waves are generated in the crystal.
The propagating acoustic waves pro­
duce a periodic moving grating that
will diffract a portion of the incident
beam. For a fixed acoustic frequency
and sufficiently long interaction
length, only a very narrow band of
optical frequencies can approxi­
mately satisfy the phase-matching
conditions necessary for diffraction.
The narrow spectral bandpass of the
filter can thus be tuned over large
optical regions simply by changing
the frequency of the applied rf signal.

Based on the configuration of the
optical and acoustic wavevectors, the
AOTFs can be divided into two dif­
ferent types: collinear and noncollin­
ear 19, 11-19}. In collinear AOTFs,

-90
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Frequency (GHz)

Ik, I + Ik a I = Ik d I (12)

The frequency for which collinear
diffraction takes place is

fa = [vs (n, - nd)]/Ao (13)

Because of this collinearity, the in­
teraction between the incident and
acoustic waves is relatively long and
the bandwidth of the diffracted light
is narrow (high resolution). The ac­
ceptance angle is relatively large:
When the incident wave vector
changes from k, to k:, the diffracted
wavevector becomes k/ and the mo­
mentum matching condition is still
approximately maintained (kd ' = k,'
+ k a ; see Figure 4a).

If the incident light were an o-ray
rather than an e-ray, the direction of
the acoustic wave in Figure 4a would
be reversed. In fact, the roles of the
two curves in Figure 5 would be re­
versed by interchanging n, and nd'

Collinear acoustic diffraction can
only be achieved in a uniaxial crystal
where the incident and diffracted
light are normal to the optical axis of
the crystal. Because of the symmetry
of crystals, it is sometimes not possi­
b�e to have this type of interaction.
The common type of interaction is
noncollinear, as shown in Figure 4b,
where the incident and diffracted
wavevectors and the acoustic
wavevector are not collinear. To sat­
isfy the momentum-matching condi­
tion, it is necessary to select the

these angles, the three wavevectors
k" k d , and k. are collinear, as shown
in Figure 4a, and the conservation of
momentum can be written as

Figure 5. Angles of (extraordinary)
incident (e,) and (ordinary) diffraction
(ed ) as a function of acoustic
frequency for diffraction of 632.8-nm
light by an acoustic wave in an
anisotropic crystal (Te02 ) with
n, =2.45, nd =2.26 and acoustic
velocity of 6.17 x 104 cm/s.
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10,-------------------------,

Figure 7. Spectral profile of the light diffracted from a noncollinear TeOz
acousto-optic tunable filter as a function of the frequency of the applied rt signal.
The incident light is the multiline output 01 an argon ion laser. (Adapted with permission from
Reference 12.)

plotted in three dimensions against
the frequency and the acoustic power
of the applied rf signal (20). The in­
tensity of the diffracted light can be
controlled by controlling either the
frequency or the power of the applied
rfsignal.

Other characteristics of the AOTF
include its resolution, spectral tuning
range, and response time. The filter
resolution, defined as the full width
at half maximum, is given by

L'.A= "-oz/21L'.n sinz 8; (17)

where L'.n = ne - no and 1..0 is the
wavelength of observation (9). The
resolution of a noncollinear TeOz
AOTF with I = 1 em and L'.n = 2.:15 ­
2.26 = 0.19 is calculated as 3A at
632.8 nm (3). It is evident from
Equation 17 that the AOTF resolu­
tion is dependent on the wavelength.
The resolution is higher at shorter
wavelengths and becomes degraded
as the wavelength increases. Other
factors such as increasing the inter­
action length 1 can also be exploited
to enhance the resolution. For a par­
ticular AOTF, 1 can be increased by
increasing the number of acoustic
waves in the optical aperture of the
crystal. To achieve good perfor­
mance, the acoustic frequency should
be high and the aperture should be
large. Finite aperture and attenua­
tion of the acoustic waves at high fre­
quencies (through absorption by the
AOTF) determine the final resolu­
tion. AOTFs with resolutions of a few
angstroms are commercially available
from Brimrose Corp. (Baltimore, MD)
and Matsushita Electronic Compo­
nents (Kodama, Osaka, Japan).

457.9 nm

476.5 nm

Important criteria for selecting bi­
refringent materials for AOTFs in­
clude the acousto-optic figure of
merit Mz and the high-frequency
acoustic loss. According to Equation
16, materials with high Mz values
will provide diffracted light with
higher intensity. Higher resolution
AOTFs will be achieved when the fil­
ter is constructed from material that
can tolerate acoustic waves with
higher frequency (i.e., low absorption
loss). A relatively large number of
materials with the required trans­
mission range and optical quality are
available.

Quartz is used to construct collin­
ear AOTFs that operate over the
240-400-nm wavelength region (13),
MgFz is used for noncollinear AOTFs
for the 200-700-nm region (21),
CaMo04 for collinear AOTFs for the
510-670-nm region (22), TeOz for
noncollinear AOTFs for the visible
range from 370 nm to the IR region
of 4.5 ~m (12, 14-20, 23), and
Tl3AsSe3 for noncollinear AOTFs for
1.23-17 ~m (9). TeOz is perhaps the
most widely used material because,
in addition to its high Mz value, low
acoustic attenuation, and good trans­
mission range, it is available in large
quantities and has good optical qual­
ity. The spectral tuning range for an
AOTF is limited not by the transmis­
sion of the crystal but by the band­
width of the acoustic transducer. A
piezoelectric crystal (LiNb0 3 ) is
bonded to the AOTF crystal on a spe­
cific crystal face to inject an acoustic
wave in the required direction. A
single transducer provides one or two
octaves of scan range. Multiple

488.0 nm I,
514.5 nm

i\8

2

~
'0;

2 6
.E

.~ 4

~
a:

the incident, diffracted, and acoustic
waves are noncollinear. In Figure 6b,
the acoustic wave diffracts the verti­
cally polarized incident beam into a
horizontally polarized beam. Because
the transmitted and diffracted beams
are well separated, the latter can be
readily isolated by an aperture. Be­
cause of the birefringence of the crys­
tal and the noncollinearity of the
transmitted and diffracted beams, an
incident horizontal polarized light
beam will be diffracted into a vertical
polarized light beam, and an incident
unpolarized light beam will be dif­
fracted into two beams that have or­
thogonal (vertical and horizontal) po­
larization propagated in different
directions (see, e.g., Figure 6c). AOTFs
of this type are often reserved for crys­
tals that have relatively high acousto­
optic figures of merit, such as TeOz (9,
11-19).

A typical spectral profile of dif­
fracted light as a function of the ap­
plied rf for a noncollinear TeOz
AOTF is shown in Figure 7 (l2). The
incident light in this case is a multi­
line argon ion laser beam that was
a mixture of six different wave­
lengths: 514.5, 501.7, 496.5, 488.0,
476.5, and 457.9 nm. As indicated in
Equation 14, the wavelength of the
diffracted light depends on the fre­
quency of the applied rf signal. Light
with relatively shorter wavelengths
will be diffracted from the AOTF
when the filter is applied with a
higher rf signal. For example,
514.5-nm light is diffracted when a
64.3115-MHz rf signal is applied to
the AOTF. Increasing the frequency
to 75.8522 MHz changes its wave­
length to 457.9 nm.

As illustrated, the intensity of the
diffracted light is very sensitive to
the frequency of the applied rf signal.
A very small change in the frequency
may result in a large change in the
intensity of the diffracted light (12).
The power of the applied rf signal
also affects the intensity of the dif­
fracted light, I, because it is a func­
tion of the acoustic power density Pd'
1 is given by (9, 10)

1 =10 sincz (eJd/2rr) (15)

where I::1k is the wavevector mis­
match; 1 is the interaction length be­
tween the acoustic and the optical
beams; and sinc is defined as sinc(x)
= sin (rrx)/(rrx). 10 is a function of
acoustic power density Pd , the aCQllS­

to-optic figure of merit Mz, and the
interaction length I, and is given by

10 = sinz (rrzM ZPdlz/2"-o)'12 (16)

Figure 8 shows the intensity of the
light diffracted by the TeOz AOTF
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Figure 8. Plot of the intensity of light diffracted from a noncollinear TeOz
acousto-optic tunable !mer as a function of the power and frequency of the
applied rl signal.
Powers of the applied rf are A: 122.5 mW, B: 90.0 mW, C: 62.5 mW, 0: 40.0 mW, E: 22.5 mW, and
F: 8.1 mW. (Adapted with permission from Reference 20.)

random or sequential wavelength ac­
cess, and imaging ability.

Applications

The advantages of the AOTF allow
development of novel instruments
that could not otherwise be easily ac­
complished. In initial applications,
AOTFs were used mainly as rapid­
scanning dispersive devices. Exam­
pies of novel AOTF-based instru­
ments include rapid-scanning UV­
vis (22), near-IR (18), and mid-IR
(25) spectrophotometers; a circular
dichroism spectropolarimeter (19); a
fluorescence spectrophotometer (11);
a near-IR microscope (14); and an as­
tronomical photometer (26) and polar­
imeter (24).

In addition to dispersive and scan­
ning capabilities, AOTFs can serve
as electronic shutters for amplitude
modulation of the diffracted beam
(12,23). This function is possible be­
cause the wavelength of the dif­
fracted light is dependent on the fre­
quency of the applied rf signal: No
light will be diffracted from the
AOTF when the applied frequency
does not correspond to any wave­
lengths in the input beam. Therefore,
by controlling the frequency duration
and the scanning speed of the applied
rf signal, spectral scanning and am­
plitude modulation of the diffracted
light can be readily achieved.

This feature makes the AOTF par­
ticularly suited for the development
of multiwavelength photothermal
and photoacoustic spectrophotome­
ters that require a dark period fol­
lowing each excitation period for a
sample to relax to its original state.
In fact, an AOTF-based multiwave­
length thermal lens spectrophotome­
ter has been developed (23).

The intensity of the diffracted light
is dependent on the frequency and
the power of the acoustic wave. Thus
the AOTF provides a unique way to
maintain the intensity of light of dif­
ferent wavelengths at a constant
level. By incorporating a feedback
system into the driver, either the fre­
quency (12) or the power (20) of the rf
signal can be controlled. Two sys­
tems based on controlling one of
these elements have been reported
(12, 20). The capability of the AOTF
to stabilize the amplitude of the dif­
fracted light is important in optical
spectroscopic techniques-particu­
larly in the IR region. Even though
other devices can stabilize the ampli­
tude of the light (e.g., an electro­
optical modulator or a Pockels cell
driven by a feedback driver [27]),
they can only be used in the UV-vis
region. These devices lack a suitable

1
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5 moo x 5 moo). However, an AOTF
as large as 25 moo x 25 moo has been
constructed (24). Such a large AOTF
is quite expensive because not only
does it employ a large crystal and a
large number of transducers, but it
also requires an extensive scheme to
dissipate the heat generated. The re­
quired acoustic power density (or the
power of the applied rf signal) in­
creases as the aperture and as the
square of the wavelength increase
(24). Thus long-wavelength and
large-aperture AOTFs generate a
considerable amount of heat that
must be dissipated quickly for the fil­
ter to remain in operation. However,
small-aperture AOTFs are suitable
for almost all applications because
they have acceptance angles as large
as 20°.

Coliectively, when compared with
other dispersive devices (such as a
grating or a prism), the advantages
of the AOTF include the following: a
compact, solid-state design that is
rugged and contains no moving
parts, a wide angular field (i.e., wide
acceptance angle), a wide tuning
range (from the UV through the visi­
ble to the IR regions), high spectral
resolution (bandwidth of light dif­
fracted by the filter is about 1-6 A),
rapid scanning ability (on the order
of a few microseconds), high-speed

0.9
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transducers have been bonded to
AOTFs to enhance the scan range
andlor to increase the interaction
length. For example, two arrays of
transducers are employed to provide
the MgFz AOTF with a spectral tun­
ing range of 200-700 nm (13).

In selecting a material for an
AOTF, one must remember that a
polarizer is needed to separate the
diffracted light from the transmitted
light for the collinear AOTF. Noncol­
linear AOTFs should be used in the
short-wavelength region of the UV
and in the IR region, where no suit­
able polarizers are available.

The scanning speed of an AOTF is
controlled by the transit time of an
acoustic wave across an optical
beam. In the case of the TeOz AOTF,
because the acoustic velocity in the
crystal is known to be 6.17 X 10z mls
(13), it takes an acoustic wave 1.6 J.ls
to travel across an optical beam of
1 mm diameter. It is thus evident
that the tuning speed of the filter can
be as fast as a few microseconds. Of
course, rapid scanning of the filter
may lead to degradation of the filter
resolution.

The demand for rapid scanning
and the requirement for materials
with high optical and acoustic homo­
geneity often limit the aperture of
AOTFs to a few millimeters (e.g.,
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electrooptic crystal for the IR region,
a compact, low-extinction IR polar­
izer, and a compact, sensitive IR de­
tector. The AOTF, which can be used
in the UV-vis and the IR regions, is
not limited by restrictions such as
stabilizers based on Pockels cells.

The AOTF can also be used to gen­
erate images of a sample. The AOTF­
based imaging spectrometer usually
has one of two possible configura­
tions. In the first, the AOTF is placed
in front of a broadband light source
to select the wavelength. Normally,
the filter sweeps through hundreds
of nanometers at predetermined
wavelength intervals, recording one
frame with the focal plane array de­
tector at each wavelength interval.
Hundreds or even thousands of
frames may be collected to generate
images of the sample. This method of
imaging is particularly suited for
transmission measurements, and an
AOTF-based near-IR imaging micro­
scope has been described (J4).

Alternatively, the AOTF can be
placed in front of the imaging detec­
tor, and the sample directly excited
by a broadband light source. This
configuration is often used for tech­
niques such as fluorescence and Ra­
man scattering. An AOTF-based flu­
orescence imaging spectrometer that
employs this configuration has been
developed (11).

The IR region is perhaps the most
scientifically and industrially impor­
tant region for spectral and/or chem­
ical imaging, and IR imaging sensors
based on the use of the AOTF have
been reported. Difficulties such as
the requirement of operating the fil­
ter at cryogenic temperature, the
mismatch in the thermal expansion
of the crystal and the transducer ma­
terial' and problems associated with
heat assimilation impede progress in
this field. However, a cryogenic
AOTF device that can operate in the
2.3-5.2-11m range has been reported
by Tracy (28).

Applications of the AOTF are not
limited to rapid-scanning electronic
gratings. In conventional systems, at
any given time only a single rf signal
is applied into the filter to diffract
out a single-wavelength beam. It is
possible to apply several rf signals
simultaneously into the filter. This
capability was investigated recently
in a study in which a Te02 AOTF
was used (29).

Previously it was determined that
this filter provided diffracted light at
514.5 or 488.0 nm when an rf signal
of 64.310 or 69.200 MHz was applied
individually. When these two rf sig­
nals are simultaneously applied, the

filter diffracts light that has two dif­
ferent wavelengths: 514.5 and 488.0
nm. The total number of wavelengths
in the diffracted light is determined
by the total power of the applied rf
signals that the AOTF can tolerate
and the relationship (for each wave­
length) between the applied rf signal
and diffraction efficiency. Thus it is
dependent on the type of crystal and
the construction of the filter. Specifi­
cally, it is known that the maximum
rf power that an AOTF can tolerate
is dependent on its construction. This
is normally on the order of a few
watts. For a given wavelength, the
relationship between the applied rf
power and the diffraction efficiency
is a parabolic curve.

For crystals such as Te02, which
have high acoustic figures of merit,
20-mW rf power can provide diffrac­
tion efficiency as high as 90% (3, 9).
Therefore up to 100 different wave­
lengths can be diffracted simulta­
neously from a Te02 AOTF mter. The
AOTF can be used not only as a mono­
chromator but also as a polychroma­
tor. Compared with a conventional
grating polychromator, the AOTF
polychromator can provide an output
beam that has unique features such as
being well collimated (all wavelengths
will be diffracted from the filter at ap­
proximately the same angle) and be­
ing individually and differently ampli­
tude-modulated.

The latter feature is accomplished
by modulating the amplitude of each
applied rf signal at the desired fre­
quency. For the Te02 AOTF de­
scribed above, when the applied
64.310- and 69.200-MHz signals
were individually and sinusoidally
modulated at 100 and 66 Hz, respec­
tively, the diffracted light was a mix­
ture of the 514.5-nm light modulated
at 100 Hz and the 488.0-nm light
modulated at 66 Hz. There was no
cross talk (there was neither a mod­
ulated component at 66 Hz in the
514.5-nm light nor a 100-Hz modu­
lated component in the 488.0-nm
light). This feature should allow the
use of an AOTF to develop a multi­
dimensional fluorometer (29).

Conventional multidimensional
fluorometers such as those based on
the (grating) polychromator and mul­
tichannel detector (e.g., diode array,
vidicon, charge-coupled device, or
charge-injection device) use the abil­
ity of the polychromator to spatially
focus different wavelengths of light.
For instance, in the first videofluo­
rometer, the polychromator was set
on its side to provide excitation
wavelengths in the vertical plane
(30). Two-dimensional spectra can be

acquired because the emission is de­
tected by use of a diode array detec­
tor in the horizontal plane.

Because the AOTF-based poly­
chromator diffracts all wavelengths
of light to approximately the same
point, the same principle could not be
used to develop an AOTF-based mul­
tidimensional fluorometer. In such
an instrument, each excitation (and
emission) wavelength is differenti­
ated from another wavelength not by
spatial resolution but by the fre­
quency of the amplitude modulation.
In the example above, if the sample
is excited by the light diffracted from
the Te02 AOTF, the fluorescence sig­
nal detected at 100 Hz is attributable
only to the 515.4-nm excitation,
whereas the 488.0-nm excitation
leads to the fluorescence component
modulated at 66 Hz (29). This AOTF­
based multidimensional fluorometer
has been used successfully to simul­
taneously analyze two-component
samples (29). In the AOTF-based
multidimensional fluorometer, the
AOTF is used as a polychromator to
disperse excitation and emission.
Only a single -channel detector such
as a photomultiplier is needed; thus,
the sensitivity of the instrumenta­
tion is increased and the cost is low­
ered.

Descriptions of the AOTF applica­
tions have thus far been limited to
the (laser) extracavity use of this de­
vice. The extracavity use may, in
some cases, lead to a waste of laser
power and the need to operate the la­
ser at high current. For instance, be­
cause the 457.9-nm line is a weak
output line of an argon ion laser,
when the AOTF is used as an extra­
cavity device and this line is selected
from the multiline output, the laser
must be operated at a higher current
to achieve adequate power for this
line. Stronger lines such as 514.5,
488.0, and 476.5 nm transmit
through the filter and are wasted.
This can be eliminated by inserting
the AOTF into the laser cavity. In
fact, when used inside the cavity of a
standing wave dye laser, a Te02
AOTF can provide scanning from 560
to 610 nm in as little as 50 llS. The
output beam has a power output as
high as 130 mW and a bandwidth of
0.3 nm (31). In another example, the
AOTF constructed from Te3 AsSe3
and inserted in the cavity of a pulsed
CO2 laser provided rapid scanning
from 9 to 11 11m (32). An intracavity
AOTF tuning device for solid-state
lasers such as Ti:sapphire was re­
cently reported (33).

Because of the relationship be­
tween the applied rf and the dif-
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fracted wavelength, the AOTF can,
in principle, be exploited in both di·
rections. Thus far, only one facet of
applications has been described: the
application of different rf signals into
the AOTF to disperse and/or analyze
optical signals. The AOTF can also
be used to analyze the frequency dis­
tribution of rf signals (34). In this
case rf signals collected through an
antenna and processed by an ampli­
fier are fed into the filter (34). A sta­
b�e' well-characterized light source is
then introduced into the AOTF. Be­
cause of the applied rf signals, the
filter will diffract the incident light
beam into different wavelengths. The
frequency distribution of rf signals is
then calculated from the rf optical
wavelength relationship and from
wavelengths of the diffracted light,
An rf spectrum analyzer based on
this principle has been recently con­
structed and reportedly can measure
rf signals with bandwidths as large
as 5 GRz (34).

Future prospects

It would be misleading to conclude
this discussion with the idea that
acousto-optic devices have reached
technological maturity and that they
do not have disadvantages and de­
fects. In fact, the field has not been
fully developed. Disadvantages and
defects do exist, and much funda­
mental as well as technological reo
search needs to be performed. Fur­
thermore, some improvements have
been proposed in theory but have not
been experimentally realized. Some
of these are discussed below.

Te02 remains the best material for
devices operated in the visible and
near-IR regions (up to 5 ~). In the
UV region, where the absorption of
many compounds of interest occurs,
there are very few birefringent crys­
tals suitable for acoustic devices.
Those currently available (quartz,
MgF2) have low acoustic figures of
merit and small photoelastic tensors.
AOTFs fabricated from these materi­
als are usually collinear or noncollin­
ear, but with very small deflection
angles, A polarizer is needed to iso­
late the diffracted light. Because po­
larizers in this region are currently
unavailable, it is essential to find
new materials with better acousto­
optic properties for the UV region,
The situation is better for AOTFs in
the mid-IR region. Several new bire­
fringent materials that have rela­
tively good acousto-optic properties
and are transparent up to 17 ~m

were recently described (9).
As mentioned earlier, acousto­

optic materials must have low acous-

tic attenuation. It is possible to reo
duce the acoustic attenuation of a
given crystal by cooling it, as demon­
strated in a recent report of the
acoustic attenuation of a Te02 crys­
tal, which was reduced sixfold when
the crystal was cooled to 4 K (35).

As shown in Equation 15, the in­
tensity of the diffracted light is a
sinc2 function. It is, therefore, simi­
1ar to that of the diffraction grating.
That is, for each specific diffracted
wavelength, there are several side
bands in addition to the main band,
An example of this was shown in Fig·
ure 7. Because the incident beam
was a multiline output from an argon
ion laser, side bands and the main
band have the same spectral purity
(i.e., they have exactly the same
wavelength). Therefore, their pres­
ence does not degrade the filter reso·
lution.

The same cannot be said when an
incoherent continuous light source
such as an incandescent or a xenon
arc lamp is used. In this case, side
bands of one wavelength may overlap
with those of another wavelength
and hence degrade the filter resolu­
tion. Several methods may be used to
depress these side bands. For exam­
pie, appropriate adjustment of the
power of the applied rf signal may
substantially reduce the side bands
(36). As an example, it was found
that the diffraction efficiency (and
hence the intensity of the diffracted
light) of a noncollinear Te02 AOTF is
proportional to the power of the ap­
plied rf signal (36). The proportional­
ity constants are, however, different
for the main band and the side
bands.

Appropriate selection of the power
will lead to a substantial reduction
of the side bands. For 488.0-nm light
at a lO·mW applied rf signal, the
ratio of the main band to the first
side band is 9.0. An increase in rf
power to 35 mW, which is the opti­
mal power for maximum diffraction
efficiency (for the main band), will
increase the main band and will also
increase the side bands (36). Because
the side bands increase more than
the main band in this region, the ra­
tio of the main band to the first side
band decreases to 4,5 (36). Alterna­
tively, the side bands can also be re­
duced by apodizing the acoustic pro­
file. It has been reported that by
using the apodization method based
on the Ramming window, the first
side bands were reduced 30 dB below
the main band (37),

The resolution of an AOTF filter
can, in principle, be improved sub­
stantially by using the filter in the
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wavelength region close to the ab­
sorption edge of the crystal. This
prediction is based on the fact that,
according to Equation 17, the resolu­
tion of the AOTF is inversely propor­
tional to the dispersive constant /j,n,

and /j,n is known to be wavelength
dependent. It becomes very large
near the absorption band edge of the
crystal.

The resolution of the AOTF, as
shown in Equation 17, also depends
on the wavelength. This dependency
makes it somewhat difficult to use
the AOTF to develop a spectropho­
tometer based on a continuous white
light source. Efforts are being made
to develop an AOTF that has con­
stant resolution and spectral band­
width (38).

This article is limited to the sub­
ject of acousto-optic interactions in
bulk materials and their applications
in optical spectrometry. Other areas
of acousto-optic interactions, includ­
ing integrated optics and surface
acoustics, are also important­
particularly in the fields of electron­
ics' communications signal process­
ing, and sensing (39), where intense
investigations are under way.

I am grateful to my co-workers, whose work is
cited in the references; and I also acknowledge
the National Institutes of Health, National
Center for Research Resources, Biomedical Re­
search Technology Program for financial sup­
port of some of the work reported here.
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A number of books on immunological
techniques have been published in
the past couple of years. This new
book concentrates on fluorescence
immunoassay and its applications in
various areas, especially in diagnos­
tic medicine.

The 11 chapters cover more than
the title reveals. The first four chap­
ters present general aspects of im­
munoassays that are applicable to
any detection technology. Although
brief, these introductory chapters
can be useful to readers whose back­
ground in immunoassay techniques
is limited. Chapter 5 deals with gen­
eral aspects of photoluminescence
spectroscopy. The instrumentation
for fluorescence immunoassay is cov­
ered in Chapter 6, which contains a
useful compilation of available f1uo­
rometric readers as well as more in­
tegrated instruments that perform
mechanized functions and random
access analysis. The latter is an area
of intense activity, and Table 5 may
well be obsolete by now.

Various fluorescent probes, includ­
ing fluorescein, rhodamines, couma·
rines, and phycobiliproteins, are de­
scribed in Chapter 7. Major emphasis
is placed on the fluorescent lan­
thanide chelates (the fluorophores
used in time-resolved fluorometric
immunoassay), which is the author's
primary area of expertise. Fluores­
cence immunoassay techniques are
discussed in Chapter 8. Homoge­
neous and heterogeneous assays are
covered, and applications for each
method are assembled in tables with
numerous references. Again, time­
resolved fluorometric assays are

prominent. A short Chapter 9 covers
enzymatically labeled fluorescence
immunoassay.

Chapter 10, which is also short,
covers nonimmunological assay, with
some emphasis on nucleic acid hy­
bridization. Chapter 11 covers multi­
analyte immunoassay principles, a
concep" that is now drawing atten­
tion, although some advances made
this year are not discussed.

The book has an impressive list of
references, an invaluable source of
primary information. The 1991 cita­
tions account for more than 20% of
the pages. The index is satisfactory.

The major strength of this book is
the concise description of fluores­
cence immunoassay and its applica­
tions' especially in the field of clini­
cal chemistry. The book should be
suitable for analytical chemists in­
terested in using immunological as­
say and for clinical chemists, medical
technologists, graduate students, and
diploma candidates in clinical chem­
istry programs.

Practical Fluorescence, 2nd ed.
George G. Guilbault, Ed. 812 pp.
Marcel Dekker, 270 Madison Ave.,
New York, NY 10016. 1990. $155

Reviewed by Linda B. McGown, Depart­
ment ofChemistry, P. M. Gross Chemical
Laboratory, Duke University, Durham,
NC 27706

The second edition of Practical Fluores­
cence expands and updates topics
covered in the previous edition and
provides new information on photo­
biosensors and process applications.
The book includes 13 chapters writ­
ten by 10 contributors. This volume
is a worthwhile investment as a basic
source of information on fluorescence
techniques and their applications to
measurements of chemical, biolOgi­
cal, and environmental systems.

The first chapter is an introduction
to luminescence and its applications.

. The tables of quantum yields and
lifetimes are interesting, although

some of the values-which are taken
from older literature-provide over­
simplified views of complex systems.
Chapter 2, on instrumentation, is the
least current chapter; it covers only
the most basic types of traditional in­
struments. No mention is made of
modern innovations such as lasers or
array detectors, which are available
on many commercial instruments.
Fortunately, some of these topics are
discussed in other chapters.

The chapters on the effects of mo­
lecular structure and molecular envi­
ronment on luminescence cover basic
concepts of fundamental photophysi­
cal processes, structural factors fa­
voring luminescence, types of com­
pounds that luminesce, solvent
relaxation, polarity, temperature,
hydrogen bonding, and pH, and pro­
vide excellent discussions of mea­
surements in supersonic expansions,
solid surfaces, and organized media.
Chapters on organic, inorganic, and
enzymatic determinations follow the
format of the previous edition; they
are organized by groups of com­
pounds. These chapters provide
quick answers to questions about
which compounds luminesce, the
characteristics of their luminescence,
and optimal conditions for their mea­
surement. Although many of the
methods and references are from
older literature, these chapters pro­
vide a good starting point for identi­
fying possible applications.

The chapter on environmental
analysis is particularly good, not
only for its excellent coverage of this
topic but also for its introduction of
synchronous luminescence, low­
temperature techniques, time­
resolved luminescence, room-tem­
perature phosphorescence, optical
sensors, and laser-based techniques.
The chapter on phosphorescence
analysis is written as a review and is
somewhat out of step with the in­
structional format of the rest of the
book. This chapter will be most use­
ful to researchers already familiar
with the subject. A chapter on pesti­
cides and enzyme-related substrates
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on solid surfaces is somewhat out­
dated; it contains photographs and
descriptions of instruments that are
no longer modern.

Chapters on chemiluminescence,
photobiosensors, and enzymology
are good sources of information
about general approaches and spe­
cific applications. The chapter on
proteins and peptides is excellent;
it provides important concepts of
fluorescence probe techniques and
areas of application ranging from
characteristics of fluorescent amino
acids and proteins to measurements
of antigen-antibody binding. Fluo­
rescence anisotropy, lifetime, dy­
namic depolarization, and quenching
are explained; and both extrinsic and
intrinsic probe techniques are dis­
cussed. The final chapter, on moni­
toring bioprocesses, emphasizes in
situ sensors. The discussion focuses
on measurement of coenzyme F420 in
methanogens, measurement of mi·
crobial ATP by bioluminescence, and
application ofNADH-dependent sen­
sors in the control of bioprocesses.
This is an interesting chapter that il­
lustrates the important role of lumi­
nescence in process monitoring and
control.

Numerous references are provided
at the end of each chapter (except for
the chapter on instrumentation,
which has no references), and most
extend through the mid-1980s. Sev­
era� chapters can provide the basis
for advanced courses on lumines­
cence; others will be most useful for
identifying groups of fluorescent
compounds and methods for their de­
termination. The book is weakest in
its coverage of modern instruments­
tion. There are also small annoy­
ances, such as photographs of out­
dated instruments and incorrect
usage of terms such as "assay."
These points aside, this book will be
a valuable resource for analytical
laboratories and researchers.

Immunochemlcal Assays and Bio­
sensor Technology for the 199Os. R.
M. Nakamura, Y. Kasahara, and G.
A. Rechnitz, Eds. 411 pp. American
Society for Microbiology, 1325 Mas­
sachusetts Ave., N.W., Washington,
DC 20005. 1992. $51

Reviewed by Susan R. Mikkelsen, Depart­
ment ofChemistry and Biochemistry, Con­
cordia University, 1455 de Maisonneuve
Blvd. West, Montreal H3G 1MB, Canada

The preface states that this book is
intended to summarize current tech­
nology in immunochemical assays

and to show how the use of nonradio­
active labels has aided the develop­
ment of biosensor technology. It is di­
rected toward intermediate-level
students. More than 40% of the cited
works were published after 1986, and
many from early 1991 are included.
The book is divided into three parts:
Concepts oflmmunochemical Assays,
Nonisotopic Immunochemical As­
says, and Biosensors.

Part I contains five contributed
chapters: "General Principles of Im­
munoassays" (Nakamura; 61 refer­
ences), "Nonisotopic Immunoassay
Labels" (Howanitz; 16 references),
"Use of Different Labels in Immu­
noassays" (Kricka; 76 references),
"Advances in Monoclonal Antibody
Technology" (McCormack, Ludwig,
and Wolfert; 125 references), and
"Evaluation and Validation oflmmu­
noassays" (Feldkamp; 36 references).

The first chapter describes the
general nature of antibodies and in­
troduces kinetic and equilibrium con-

" S .... ummanzes
current

technology in
immunochemical

assays. "
cepts, immunologic reactions, mono­
clonal and polyclonal antibodies, and
a classification system for immu­
noassays. The contribution by Kricka
is a thorough overview of enzyme,
fluorescent, particle, and secondary
labels, with and without amplifica­
tion systems; extralaboratory appli­
cations also are considered. McCor­
mack and co-workers discuss general
properties of antibodies, the produc­
tion of monoclonals, and engineered
reagents for immunoassays. The fi­
nal chapter by Feldkamp introduces
statistical rigor for the quantitative
evaluation ofimmunoassays and pro­
vides useful material for student
training as well as for clinical immu­
noassay validation.

Part II includes eight contribu­
tions and is organized according to
label type: "Light-Scattering Immu­
noassay" (Ritchie; 42 references),
"Particle Immunoassay" (Kasahara;
31 references), "Heterogeneous En­
zyme Immunoassays" (Nakamura
and Kasahara; 61 references), "Ho­
mogeneous Enzyme Immunoassays"
(Kasahara; 28 references), "Ultrasen­
sitive Enzyme Immunoassay"
(Ishikawa; 17 references), "Fluores-

cence Immunoassays" (Nakamura;
60 references), "Enzyme Immunoas­
says with Chemiluminescent Detec­
tion" (Bronstein and Sparks; 94 ref­
erencesL and "Time-Resolved
Fluorescence Immunoassays" (Dia­
mandis and Christopoulos; 70 refer­
ences).

Within each chapter, the authors
present fundamental research and
descriptions of commercially avail­
able systems. The chapter by Ritchie
includes sections that underline the
importance of sample collection and
storage conditions. Kasahara's dis­
cussion of particle immunoassay in­
cludes a theoretical section on agglu­
tination kinetics and a survey of
particles used as solid phases.
Ishikawa's chapter on ultrasensitive
enzyme immunoassay considers non­
competitive systems for antigen and
antibody detection at attomole levels.
Bronstein and Sparks review both
luminescent labels and luminogenic
enzyme substrates. Diamandis and
Christopoulos describe immunoas­
says that measure long-lived fluo­
rescence emission from Eu3

+ che­
lates.

Part III contains seven chapters:
"An Introduction to Biosensors" (Ho
and Rechnitz; 110 references), "Im­
munoassay with Electrochemical De­
tection" (Xu, Halsall, and Heine­
mann; 41 references), "Fiber-Optic
Biosensors" (Arnold; 51 references),
"Amperometric Biosensors" (Yacyn­
ych; 116 references), "Polymeric
Membrane Anion-Selective Elec­
trodes" (Wotring, Johnson, Daunert,
and Bachas; 51 references), "Native
Chemoreceptor-Based Sensors" (Bel­
li; 21 references), and "Pharmacolog­
ical Biosensors" (Eldefrawi, Elde­
frawi, Rogers, and Valdes; 72
references).

The introductory chapter reviews
potentiometric biosensors and sur­
veys a variety of biochemical recogni­
tion elements. It would have been
more appropriate to include the
chapter by Xu and co-workers in
Part II, because the excellent cover­
age of electrochemically detectable
immunoassay labels complements
the reviews of optically detectable la­
bels. Arnold's summary of optical
sensors states that fundamental ad­
vances are required for miniaturiza­
tion and for the prevention ofbiomol­
ecule photodegradation. Yacynych's
chapter is a thorough review of am­
perometric enzyme electrodes, al­
though immunosensors are not dis­
cussed. The final chapter, by
Eldefrawi and co- workers, considers
sensors based on acetylcholine recep­
tors.
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prochirality, asymmetric syntheses,
enantiomeric purity, resolution of
racemates, methods for the control of
stereochemistry, conformational
analysis, the anomeric effect, and at­
tractive and repulsive gauche effects.
Bibliogra'phies are provided at the
end of each chapter, and author and
subject indexes are included.

Analysis of Substances in the Gas­
eous Phase. E. Smolkova-Keule­
mansova and L. Feltl. xiv + 480 pp.
Elsevier Science Publishing Co., P.O.
Box 882, Madison Square Station,
New York, NY 10159. 1991. $205

Current and future methods for
the analysis of gaseous substances
are described. The theoretical basis,
instrumentation, analytical steps,
and areas of application of each ana­
lytical method are discussed. Topics
include the history of the chemistry
of gases; characteristics of gas analy­
sis; temperature, pressure, and vol­
ume determination; qualitative,
semiquantitative, quantitative,
chemical, physicochemical, and phys­
ica� methods of analysis; and GC. A
bibliography and a subject index are
included.

The ZetaPlus uses electrophoretic light scattering
to determine the zeta potential of colloidal-sized

material suspended in water or polar solvents.

V Easy to Use: Simple cell design: one piece, easy fill
and throwaway.

1/ Automatic: Single push-button operation: pre-aligned
optics and no cell calibration.

II' Compact: Small footprint: integral powerful 386/387
computer.

Particle sizing by Dynamic Light Scattering is available as an option.
Ideal for use in QC and R&D labs. The ZetaPlus has the best
p:ice/performance ratio of any zeta potential analyzer.

For free technical literature contact:

N. Deming. xix + 325 pp. CRC Press,
2000 Corporate Blvd., N.W., Boca
Raton, FL 33431. 1991. $50

One of the Chemometrics Series
books, this volume describes three
sequential simplex methods used in
evolutionary operation. The book dis­
cusses in detail the logic behind se­
quential simplex optimization and
the calculations of simplex algo­
rithms. Worksheets, a glossary, a
bibliography of sequential simplex
applications, and a subject index are
included.

Introdllction to Stereochemistry and
Conformational Analysis. Eusebio
Juaristi. xv + 331 pp. John Wiley &
Sons, 605 Third Ave., New York, NY
10158. 1991. $50

Designed to provide an under­
standing of the principles of stereo­
chemical phenomena, this textbook
covers a variety of topics and in­
cludes references to both historical
and recent literature. The 18 chap­
ters discuss the following subjects:
chirality, absolute configuration, ste­
reochemical and conformational de­
scriptors, chiroptic properties, stereo­
chemistry of organic reactions,

Applications of Plasma Source Mass
Spectrometry. Grenville Holland and
Andrew N. Eaton, Eds. viii + 222 pp.
Royal Society of Chemistry, Distribu­
tion Center, Blackhorse Rd., Letch­
worth, Herts SG6 1HN, U.K. 1991.
$95

This 21-chapter volume is based
on the Second Durham International
Conference on Plasma Source Mass
Spectrometry. Among the wide range
of topics are glow discharge MS and
analyses using ICPMS, including
analyses of thermal waters, drinking
water, terrestrial water, gold in hu­
mus, ion formation, whole blood and
body fluids, and environmental sam­
pies. Various sampling and detection
techniques are also discsussed.

Books Received
Factor Analysis in Chemistry, 2nd
ed. Edmund R. Malinowski. xii +
350 pp. John Wiley & Sons, 605
Third Ave., New York, NY 10158.
1991. $55

Topics in this 10-chapter book in­
clude the basic steps of factor analy­
sis, mathematical formulation of tar­
get factor analysis, effects of
experimental error, special chemo­
metric methods based on factor anal­
ysis, the application of factor analy­
sis to qualitative and quantitative
analyses of various analytical meth­
ods, and the applicability of factor
analysis to other chemistry prob­
lems. The appendices contain a dis­
cussion of pseudoinverse and com­
puter programs that can be used for
factor analysis. Author and subject
indexes are also included.

High Pressure NMR. P. Diehl, E.
Fluck, H. Gunther, R. Kosfeld, J.
Seelig, and J. Jonas, Eds. 263 pp.
Springer-Verlag New York, 175 Fifth
Ave., New York, NY 10010. 1991. $98

This book, volume 24 of the NMR
Series, has six chapters on the fol­
lowing topics: high-pressure solid­
state NMR studies; motion and
phase transitions in molecular sys­
tems; dynamics in liquids and com­
plex systems; studies of water and
aqueous solutions; high-resolution
variable-pressure NMR for chemical
kinetics; and the glass-cell method
for high-pressure, high-resolution
NMR measurements. An author in­
dex for volumes 21-24 is included.

Sequential Simplex Optimization: A
Technique for Improving Quality
and Productivity in Research, De­
velopment, and Manufacturing. Fre­
derick H. Walters, Lloyd R. Parker,
Jr., Stephen L. Morgan, and Stanley

BROOKHAVEN INSTRUMENTS CORP.
750 BLUE POINT ROAD
HOLTSVILLE, NY 11742 USA
TEL: (516) 758-3200· FAX: (516) 758-3255
TWX: WUI6852252 BRKHAVN INSTR
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Model 1020 LC Plus controller provides system control and chromatography
monitoring for the Model 250 pump, the 155-200 autosampler, and the LC-135CI
235C diode array detector. Perkin Elmer 406

Instrumentation
Laser. Model 6102 continuously tun­
able diode laser, with output cen­
tered at 670 nm, has 1O-100-kHz
bandwidth and tunability over more
than 12 nm. Stability of the laser is
± 5 mK, and front panel modulation
to 1 MHz is possible without affect­
ing the frequency noise. New Focus

401

Ammonia measurement. Model
404 Colorimetric On-Line Analyzer
uses the phenate analysis method to
determine ammonia in water and
wastewater without using toxic re­
agents such as mercury and zinc.
Ammonia can be measured in 0-1­
and 1-1O-ppm ranges. Ionics 402

Ion chromatography. Integrated
ion chromatography system consists
of the Model 320 conductivity detec­
tor, the Model 325 digital HPLC
pump, the Model 330 column heater,
and the Model 9125 Rheodyne injec­
tion valve. The system is metal- free
and can be used for the determina­
tion of anions, cations, transition
metals, amines, organic acids, and
surfactants. AIltech 403

CCD detector. InstaSpec IV detec­
tor features a direct link between the
detector head and the PC interface
hoard and software that allows the
acquisition of up to 256 spectra at ef­
fective rates of up to 74,500 spectra
per second. The detector is 100 times
more sensitive than linear diode ar­
ray detectors. Data are displayed as
2D, overlaid, stacked, or 3D plots.
Oriel 404

HPLC. Glass-lined Develosil mi­
crohore and semimicrobore columns
feature low consumption of mobile
phase and increased mass sensitiv­
ity. The columns, which are available
in 0.3-, 0.5-, 1.0-, 1.5-, and 2.0-mm
diameters, can also be used for MS or
SFC applications. JM Science 405

Sulfur detection. Courier Model
10-S, designed to help petroleum re­
finers meet EPA regulations on sul-

fur in diesel fuel, measures sulfur in
the 50 ppm-10% range with an
X-ray fluorescence method that is
similar to the ASTM D4294 tech­
nique. Outokumpu Electronics 407

FT-IR spectroscopy. Model 74­
5041 self-contained FT-IR purge-gas
generator is designed to produce a
purified carbon dioxide-free gas from
compressed air. The gas contains no
suspended impurities larger than
0.1 1J.IIl. Balston 408

TEM. Model CM10-BioTWIN, de­
signed to increase contrast and
sharpness of electron images, incor­
porates a large pole-piece gap in the
objective lens desigo. The specimen
can be tilted ± 80°; a high-tilt goni­
ometer provides enhanced eucentric­
ity and positional reproducibility;
and switching between TEM imag­
ing, low-dose operation, and the
small-probe mode for microanalysis
does not require realignment. Philips
Analytical 409

TOC measurement. Model TOC­
5000/5050 on-line process analyzer,
desigoed to withstand adverse envi­
ronmental conditions, measures total
carbon, inorganic carbon, and total
organic carbon concentrations from

40 ppb to 4000 ppm. Optional fea­
tures include a module that can be
used to measure suspended particles
up to 800 11m. Shimadzu 410

Magnetic separation. Beadprep-96
separation system, designed to ac­
commodate a 96-well microplate or
other flexible microplates, has two
shaking speeds and uses uniformly
sized paramagnetic particles as well
as a series of rare-earth magnets to
pelletize or move the magoetic beads.
Applications include immunoassays,
nucleic acid assays, cell sorting, and
other bioprocesses. Techne 411

Trace metal analysis. AMEL
Model 433A Trace Analyzer for po­
larographic analysis consists of a po­
tentiostat and an electrode housed in
a single cell stand. An onboard com­
puter synchronizes operations, ac­
quires data, ensures a precise drop­
ping (or static) mercury electrode,
and drives the potentiostat. Software
allows the use of a range of voltam­
metry and polarography techniques.
Electrosynthesis 412

Radiochromatography. Flow­
Count detectors count gamma,
positron, and high-energy beta emit­
ters over a range of 102_10'2 dpm.
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The detectors are compatible with all
recorders, integrators, and chroma­
tography data systems. Applications
include monoclonal antibody re­
search, protein labeling and purifica­
tion' and nuclear medicine. Bioscan

413

Formaldehyde monitoring. Model
TGM 555 air monitor measures
formaldehyde levels in the part-per­
billion range. The monitor uses the
pararosanaline procedure, which cor­
relates with the NIOSH chromotro­
pic acid technique within ± 3%. The
instrument can be run from a battery
or an ac and can be used for continu­
0us atmospheric monitoring of work­
places where formaldehyde may be
produced. CEA Instruments 414

Protein chemistry. HP GlO04A au­
tomated benchtop protein chemistry
station concentrates, purifies, frag­
ments, and modifies protein before
HPLC or sequence analysis. Samples
can be loaded directly onto the col­
umn; sample solutions containing
contaminants such as salts, nonvola­
tile buffers, detergents, and surfac­
tants will not interfere with the reac­
tions; and chemistries are performed
in a closed, inert environment.
Hewlett Packard 415

Moisture measurement. Model
DL37KF titrator uses the Karl
Fischer coulometric titration method
to measure moisture in the 10 lJ.g­
100 mg range in solid, liquid, and
gaseous samples. The instrument
features an automatic start mode; a
built- in printer; and display of
set-up menus, test conditions, and
self diagnostics. Mettler 416

Software
Chromatography. EZChrom soft­
ware revision 2.0 aids laboratories
with GLP compliance and includes
system log-in, audit trail, multipoint
calibration, and standard bracketing.
A multiple-document interface mode
allows viewing, analysis, compari ­
son, and interpretation of chromato­
grams. Shimadzu 418

X-ray microanalysis. Sorcerer,
which is available on Macintosh plat­
forms, performs data acquisition,
analysis, and report generation. The
software identifies and quantifies
spectra in real time and provides
autocalibration, image analysis (in­
cluding fast Fourier transform fea­
ture analysis), elemental distribution
mapping, and principal component
analysis. Horiba Instruments 419

Manufacturers' literature
Surface analysis. Product guide de­
scribes instrumentation for surface
analysis, including instruments for
industrial quality control applica­
tions; XPS and AES instrumenta­
tion; a SIMS system; and the
ECLIPSE data system, which runs in
a Windows environment and consists
of software applications that support
all surface analysis techniques. 8 pp.
Fisons 420

Coatings. "Metal Soaps, Specialty
Addicives, and Biocides for the Coat­
ings Industries" describes typical use
levels, performance expectations, ap­
plications, and incorporation proce­
dures for a variety of coatings addi-

tives. A problem -solving chart lists
the appropriate products for correct­
ing problems in conventional and
high-solids solvent-based coatings as
well as in waterborne coatings sys­
tems. 8 pp. Hiils America 421

Newsletter. "The Supelco Report­
er," Vol. XI, No.3, contains articles
on carbon layer open tubular capil­
lary columns, separation of oxygen­
ated compounds in complex hydro­
carbon matrices, monitoring
oxygenated and polar volatile com­
pounds in wastewater, quantifying
benzene and other hydrocarbons in
environmental systems using ther­
mal extraction, and analytical refer­
ence standards for monitoring disin­
fection byproducts in drinking water.
16 pp. Supelco 422

Polyphosphates. Application note
describes the use of the PRP-XI00
anion -exchange column to separate
polyphosphates in fertilizer, water,
and detergents. An 8-min gradient
separation allows the determination
oftripolyphosphate, phosphate, pyro­
phosphate, and sulfate. The column
works with most ion chromatographs
and high-performance liquid chro­
matographs. 2 pp. Hamilton 423

Catalogs
Reflectance products. Catalog de­
scribes reflectance standards and
targets, integrating spheres and in­
tegrating sphere sources, photome­
ters, radiometers, and reflectome­
ters. Technical information on
properties of reflectance materials,
comparative properties of reflective
materials and coatings, and illumi­
nance from uniform lambertian
sources is also included. 112 pp. Lab­
sphere 424

Inorganic spectroscopy. "Tools of
the Trade" includes QC samples for
environmental analysis; organome­
tallic oil standards; solution stan­
dards for plasma emission spectros­
copy; multielement solution
standards for the Superfund contract
laboratory program and for environ­
mental analysis; instrument check
standards for ion chromatography;
and solution standards for AAS, opti­
cal emission spectroscopy, and X-ray
spectroscopy. 44 pp. Spex 425

Preparative 20 electrophoresis system combines the Rotofor preparative iso­
electric focusing cell with the Model 491 preparative cell to purify proteins from
crude preparations such as cell culture media, tissue homogenates, whole cell Iy­
sates, sera, plasma, and plant or fungal extracts. Bio-Rad 417

For more information, please circle
the appropriate numbers on one of
our Readers' Service Cards.
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Rapid Screening for Taxanes by Tandem Mass Spectrometry
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liquid chromatography (HPLC) is widely used to determine
taxane concentrations,13-IS but it is not suited for rapidly
screening numerous samples at low levels. Recently, enzyme­
linked immunosorbant assays (ELISA) have been used to
screen plant extracts for taxanes, butwith current technology
cephalomannine cross reacts with taxol.!" Other methods of
taxane analysis including multimodal thin-layer chromatog-

culturing plant tissues in a laboratory setting has been
accomplished on a small scale.8 Total synthesis of taxol has
not been achieved because of the number of asymmetric
centars and the complexity of the diterpene skeleton,~ll

However, a method ofpartial synthesis oftaxol which couples
the simpler diterpenoid, baccatin III, with the synthetic
carboxylic acid side chain has been developed,12

Because of the potential usefulness of taxol analogs in the
partial synthesis oftaxol, methods which screen various plant
materials for taxol and other taxanes such as cephalomannine
and baccatin III are highly desirable. High-performance

Baccati:1ill

Ccphalomanni:te

R
Bl Taxa!

A highly specific and senslllve method Is described for
determining taxol, cephalomannlne, and baccalln I JI lin crude
plant extracts. Radical anions of the taxanes are -formed by
desorption chemical lonlzallon, and a parent tandem mass
spectrometric scan Is used 10 recognize these compounds by
their characteristic dissociations. The limit of detection of the
Individual taxanes In typical plant matrices Is lell$ than 500
pg when all three species are screened simultaneously.
Because of the sensitivity of the method, extraction limes can
be shortened to 30 min and crude extracts can be examined
at the rate of 6th. Detection of all three taxanes extracted
from a single TaxuscuspldBfB needle In a combined extraction!
analysis lime of less than 1 h Is demonstrated.

The clinical trials of the natural product taxol have shown
extremely promising results for treatment of ovarian, hreast,
and skin cancers.I-' Taxol is isolated from the bark of the
Pacific yew tree, Taxus brevifolia;' however, the yield oftaxol
is only approximately I gilD kg of harkS and it has been
estimated that this natural supply of taxol will be consumed
within the next 5-10 years." In addition, many of the trees
are located in areas where logging is prohihited to protect the
hahitat of the spotted owJ.7 It is this dilemma which led
Bruce Chabner of the National Cancer Institute to call the
procurement of taxol "the ultimate confrontation between
medicine and the environment".7

Ai; a result of this natural shortage, altarnative methods of
taxol production are being explored. Production of taxol by

INTRODUCTION
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P.O. Box 10157, Jacksonville, FL 32247.
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EXPERIMENTAL SECTION

Figur. 1. MS/MS product ion spectrum of the taxol radical anion
produced by collision-lnduced dissociation using an argon target and
a collision energy of 24 eV. The loss of the neutral species, R,
corresponds to cleavage of the acyl-oxygen bond of the C13 side
chain.
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Figure 2. (a) Fui~scan, singie-stage, mass spectrum of a piant extract
containing less than 10 ng of each of the taxanes. (b) Parent ion
spectrum of mlz526 of the same plant extract. (c) Parent ion spectrum
of a mixture of taxal, cephalomannine, and baccatin I II standards.
Spectra in (b) and (c) were produced hy collision-induced dissociation
on an argon target at 40 eV. Taxol (mlz 853), cephalomannine (mlz
831), and baccatln III (mlz 586) are represented in all three spectra.

Collisional activation was generally achieved with 30-eV
collisions Lpon an argon target gas at 0.5 mTorr in quadrupole
2 during the parent ion scan of mlz 526. To decrease the limit
ofdetection, multiple reaction monitoring was performed in which
a IO-Da window around the molecular ion regions of taxol,
cephalomannine, and baccatin III was scanned in 0.05 s.
Quantitation data were taken in the profile mode.

Analysis of each plant extract required two measurements.
First, 1 iLL of the plant extract (1 mg/mL) was placed on the
filament and the ion currentfor each ofthe taxanes was recorded.
Second, 1 iLL of the sample was spiked with taxol, cephaloman·
nine, and haccatin III and reexamined. The spike was typically
1, 5, or 10 ng depending on the ion current recorded from the
sample alone. This entire process took approximately 10 min.
The concentration ofeach of the taxanes in the sample was then
determined. from a plot of the ion abundance verses the amount
of taxane added.
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raphy (TLC) ,17 fast atom bombardmentmass spectrometry, IS

and combinations of techniques such as HPLC and thermo­
spray mass spectrometry,'Odo not provide both rapid analysis
of crude extracts and low limits of detection.

Tandem mass spectrometry (MS/MS) is particularly well
suited for trace analysis of target compounds in complex
matrices.20-24 This report presents a highly specific and
extremely sensitive parent tandem mass spectrometric meth­
od for screening plant extracts for taxol, cephalomannine,
and baccatin III using a triple quadrupole mass spectrometer.
A preliminary account ofthis result has been given elsewhere.25
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Extraction Procedure. Plant needle and bark samples were
collected, dried, ground, and extracted in 95% ethanol overnight.
The resulting solution was filtered and evaporated to dryness.
After partitioning between methylene chloride and water (1:1),
the methylene chloride fraction was dried and partitioned
between hexane and (90%) methanol and the methanol fraction
was analyzed using the MS/MS parent scan.

Analysis Procedure. A Finnigan triple-stage quadrupole
(TSQ) 700 was used for the analysis of samples. Radical anions
ofthe taxanes were generated in an ammonia chemical ionization
plasma by electron attachment26-28 after sample molecules had
been thermally desorhed from a direct evaporation probe. Under
the ionization conditions used during these experiments. some
[M - Hl- was also produced but was not utilized in the screening
procedure.
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RESULTS AND DISCUSSION

The MS/MS product ion spectrum of taxol (Figure 1) is
recorded by mass-selecting the radical anion in quadrupole
I, effecting collision-induced dissociation in quadrupole 2,
and scanning quadrupole 3 to determine the masses of the
fragment ions. This spectrum shows several neutral losses
which are characteristic of taxol including the loss of acetic
and benzoic acids. A prominent peak at m/z 526 is observed
in this spectrum and also in the MS/MS product ion spectra
of cephalomannine and baccatin III.

Because the ion m/z 526 is common to the product ion
spectra of these three taxanes, a parent ion scan was utilized
to screen for all three taxanes simultaneously. With this type
of scan, the ion current recorded by the electron multiplier
results from ions that lose a neutral species and form m/z
526; therefore, the method is selective for molecules containing
the same diterpene skeleton as taxo!.

To illustrate the selectivity of the method for the target
compounds, the parent ion spectrum (Figure 2b) is compared
to a conventional single-stage mass spectrum (Figure 2a) of
the same plant extract. Note the presence of ions represen­
tative of the three species of interest, taxol (m/z 853),
cephalomannine (m/z 831), and baccatinm (m/z 586) in both
spectra. However, there are many unknown ions present in
the mass spectrum and the signal to noise ratio is poor
compared to the parent scan. Figure 2c is a parent scan of
a mixture ofthe threestandard compounds. All three taxanes
have been recognized in plant extracts at levels less than 500
pg; however, the ion current recorded for the taxanes is
expected to decrease in matrices containing high concentra­
tions of species with positive electron affmities.

The parent ion scan of m/z 526 was tested as a rapid
screening method for taxanes by examining needle and bark
extracts from a variety of TlJ%us species. Table I displays
the weight percentages ofeach ofthe taxanes in various plant
samples as determined by the MS/MS methodology. The
TlJ%us brevi/alia barkextractcontained the largest percentage
oftaxol, as expected.5.16 A TlJ%us cuspidata fresh barkextract
was run four times with the concentrations of the taxanes
determined as 3.70 :i: 1.15 ng/ILL for taxol, 3.15 :i: 1.01 ng/ILL
for cephalomannine, and 0.56 :i: 0.11 ng/ILL for baccatin m,
with the 90% confidence interval displayed. The reproduc­
ibility of the method is adequate, but its main value is in
rapidly screeninglarge numbers ofplantextracts to determine
approximate taxane concentrations.

Table I. Weight Percentages of Taxol, Cephalomannine,
and Baccatin III in Various TBJrUS Species As Determined
by MS/MS

plant % % %
sample part texol cephalomannine baccatin III

T. cuspidata needle 0.0050 0.0015 0.00022
(dry) twigbsrk 0.0065 0.0023 0.00042

T. cuspidata needle 0.0069 0.0066 0.00035
(fresh) twig bark 0.0030 0.0025 0.00045

T. brevi/alia needle 0.0036 0.00054 0.00078
bark 0.084 0.0096 0.021

T. /loridana needle 0.012 0.0054 0.00067
old bsrk 0.0046 0.0013 0.00090

T. canadensis needle 0.019 0.0043 0.00073
bark 0.0029 0.0013 0.0022

T. boccata needle 0.0070 0.0020 0.00040
old bark 0.0026 0.0011 0.00059

Because intense ion signals were recorded for most of the
samples analyzed, a T. cuspidata fresh needle sample was
extracted using an abbreviated procedure. The sample was
ground and extracted for 30 min in 95 % ethanol. The taxanes
were determined as 0.0046 % (wt %) for taxol, 0.0017 % for
cephalomannine and 0.00031 % for baccatin m. Using this
3O-min extraction procedure, 5.0 rng of extract was obtained
from a single T. cuspidata needle. This extract was dissolved
in ethanol (1 mg/mL), and 1 ILL of the resulting solution was
analyzed. The presence of these three taxanes in a single
needle was conftrmed in less than I-h combined extraction
and analysis time. These results demonstrate the great
potential of tandem mass spectrometry for rapid selection of
high taxane producing species from hybrid yews cultivated
hy numerous nurseries or from plant tissue culture specimens.
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Application of a Trochoidal Electron MonochromatorIMass
Spectrometer System to the Study of Environmental Chemicals

J. A. Laramlle,t C. A. Kocher,l and M. L. Deinzer··t
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A trocholdal electron monochromator has been Interfaced to
a _ spectrometer to perform eleCtron capture negative
Ionm_specbOllllllrlc(ECNIMS)~oIenvtronnenlaIy

relevant chemicals. The kinetic energy 01 the electron beam
can be varted from 0.025 to 30 eV under computer control.
No reagent gas Is used to moderate the electron energl... An
electron energy spread 01 :0.1 to :0.4 eV IuU width at hafI­
maximum (Iwtvn) can readly be obtained at a tre'*l1llted
current 01 2 X 10'" A, Improvlng to :0.07 eV at 5 X 10-7 A.
Compartsons 01 ECNI resutts from the electron rnonoc:tvo­
mator/mass spectrometer system with those lrom a standard
lnatnment that uses a mocIaratlng gas show UnIJar spectra
lor heptechlor but not lor the HrtuIna herbIclcIas, as for
example, atrazlna. Tbls compound showsn_actctuct
Ions by 8landard ECNIMS that .. almtnated by IIlIIng the
electron monochromator to generate the mass spectra.
Isomeric tatrachlorodlbanzo-p-dloxlns llhow dJatlnct dJlfer­
_Intheelectron anargIas needed to~thamaximum
amount 01 parent and fragment anions. MuItIpIar_
atat.. resulting In stabla radical a~ (M-) are ealily
observed lor nitrobenzene and lor polycyclic aromatic
hydrocarbons. Ionicproducts 01 dlssoclaUve electron capture
invariably _ from Mvera! resonance statas.

. INTRODUCTION

Standard electron capture negative ion mass spectroscopy
(ECNIMS) is a sensitive and selective method for the analysis
of electrophilic compounds,'" but the requirement for a
buffer gas in the ion source to moderate the electron energy
introduces additional variables that are difficult to control.
Differences in the reagent gas pressure cause changes in the
electron energies and in the resulting relative ion intensities.M
Various ions and neutral molecules in the source can react
to give unpredictable spurious product ions,5.6 making it
difficult to interpret the spectra. Thus, the advantages in
sensitivity and specificity in ECNIMS for the analysis of
electronegative compounds often are negated by poor pre­
cision and inaccurate results.

The need for a reliable but general and simple analytical
device for electronegative compounds remains an important
goal in environmental research. An ion source with the

• Conesponding author.
, Department of Agricultural Chemist7y and Environmental Health

Sciences Center.
t Department of Physics.
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sensitivity and specificity of the ECNIMS method but one
that is notdependent ona reagent gas to moderate the electron
energies can be envisioned. This device, the electron mono­
chromator, uses a magnetic field to confine the very low energy
electrons and crossed electric and magnetic fields to disperse
the electrons ofdifferent energies. Aseries oflenses collimates
and focuses the energy-selected electrons to increase the
electron beam brightness. The device has the further
advantage of being tunable to give just the right energy for
ionizing specific isomers. This should be particularly ad­
vantageous for environmental chemicals ofconcern, since they
derive from compound classes that are highly isomeric.

The trochoidal electron monochromator was f1rllt brought
to practice by Stamatovic and Scbultz7 and has been used
since by several investigators.s The design adapted here
follows closely that of illenberger9 and essentially involves
interfacing the monochromator to a quadrupole mass fJlter.lO,ll
We discuss the utility of the instrument for environmental
chemical analysis.

EXPERIMENTAL SECTION

Instrument Design and Calibration. An electron mono­
chromator/mass spectrometer system has been assembled via a
modified design of Illenberger.s The electron monochromator
was interfaced to a Hewlett-Packard5982A (Palo Alto, CAl mass
spectrometer (Figure 1). The system is pumped by 6-in. and
4-in. oil diffusion pumps, which give a base pressure of 1 X 10-8
Torr. To minimize surface charging problems, the electron optic
components in the monochromator were made of 99.999% pure
molybdenum. Other components and the entire high-vacuum
manifold were constructed from 303 stainless steel, and the
filament holder was made of oxygen-free high conductivity
(OFHC) copper. Electrodes and deflectors, 1.6 and 19 mm in
thickness, respectively, were machined with six equally spaced
holes, each of 1.2-mm diameter, on a 13-mm bolt center diameter.
These holes serve as seats for 1.6-mm diameter sapphire balls
(General Ruby and Sapphire, New Port Richey, FL) which
function as insulators and spacers between the components. The
electron monochromstor and fJlament are held together by two
end-plstes; four bolts join the upper and lower end-plates. The
entire assembly is spring-mounted on three supports to s 6-in.
flange which houses a 20-pin feedthrongh (Ceramaseal, New
Lebanon, NY). The other end of the assembly fits into the ion
source of the mass spectrometer via two off-axis asymmetrical
pins. This arrangement allows for rapid and reproducible
realignment after cleaning. The rest ofthe ion opticcomponents
and mass analyzer are as supplied by the instrument manufac­
turer.

(7) Starnatovic, A.; Schultz, G. J. Rev. Sci. IMtrum. 1970, 41 (3),423­
427.

(8) Christophorou, L. G. Electron-Molecule InteractioM and Their
Applicationsj Academic Press, Orlando: 1984;Vo!s.l and 2and references
therein.

(9) Illenberger, E.;Scheunemann, H.-D.; Baumgiirtel, H. Chern. Phys.
1979.37, 21-31.

(10) Laramee, J. A.; Mahiou, B.; Dein2er, M. L. The 39th Conference
on Mass Spectrometry and Allied Topics May 19-24. 1991. P 170.

(11) Laram~, J. A.; Deinzer, M. L. The 40th Confereru:e on Mass
Spectrometry and Allied Topics May 31-June 5, 1992.
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(12) Bleakney, W.; Hipple, J. A. Phys. Rev. 1938,521-529.
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Figure 1. Schematic diagram of the trocholdal electron monochro­
matorIITlllS$ spectrometer system.
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Ion Formation and Detection. Ions formed in the ion
chamber are extracted by a small electric field (-0.7 V/cm) and
are focused onto the entrance aperture ofan HP 5982Adodecapole
mass spectrometer by a six-eomponent ion-extraction system.
The extraction potential is applied so that the potential on the
axis of the electron beam has a potential equal to that of the
entrance and exit apertures ofthe ionsource, thereby estsblishing
a uniform potential along the electron's path through the ion
chamber (Figure 1). The electron beam is undisturbed by the
ion extraction optics since the current measured at the electron
collector does not change when the lenses are energized. Either
negative or positive ions can be analyzed. The ion detector
consists of a Spiraltron (DeTech 450, Brookfield, MA) operated
in a pulse-eounting modeat 2kV, preceded bya conversiondynode
at +5 kV for anion detection or -5 kV for cation detection. Thus
two 5--kV power supplies are required (Bertain PMT-50A,
Hicksville, NY). Three additional electrodes are located at the
electron exit side of the ion source and serve a dual function for
monitoring beam intensityor for determining the total scattered­
electron cross section.IS." An electrometer (Keithley 6ooA,
Cleveland, OH) monitors the electron beam intensity at the
electron collector (Figure 1).

Helmholtz Coils. The magnetic field is produced by a pair
of series-connected Helmholtz com (Western Transformer,
Portland, OR) external to the vacuum system. The Helmholtz
geometry, with two parallel circular coils having a separation
equal to their radius R, provides a nearly uniform axial magnetic
field at its center, where the monochromator is located. In this
central region the field magnitude, B, in the thin-coil limit, is
related to the current i by B = (4/5)'/'p.oNiIR in SI units, where
N is the number of turns per coil and I'<l is the permeability of
free space. WithR = 22.7 cm andN= 96 tumsofdouble-stranded
no. 4 copper wire, the cross section of each coil is approximately
a square having dimensions of 4.8 cm. The thin-coil calculation
must, therefore, be generalized by integration over the coil cr08S
section. The results ofthis calculation yield a calibration Bli =
3.794 GIA, in agreement with direct gaussmeter measurements
of B.

The coil windings are constructed for continuous operation at
fields to 400 G. Total diaaipation in both coils is about 300 W
at the usual operating value of B = 130 G. Since the resulting
increase in temperature causes the resistance of the windings to
increase, the magnetic-field power supply (Hewlett-Packard
6296B) is operated in a current-regulated mode.

Data Acquisiton. Pulses from the Spiraltron detector are
counted and stored in a multichannel analyzer. The data
acquisition system consists of a fast preamplifier (Ortee 9305),
a main amplifier/diacriminator (Ortee 9302) which has been
modified by the addition ofa very fast NIM-to-TI'L pulse-shape
converter (Paulus Engineering Co., Knoxville, TN), a ratemeter
(Ortee 9349), and a multichannel analyzer (ACE-MCS) which is
housed in an ffiM-XT computer with 20 MB hard drive; data
are displayed on a Princeton HX-12E monitor and printed on
an ffiM Proprinter II XL. The electron energy potential is
generated by converting the channel number from the multi­
channel analyzer (ACE-MCS option 1) into an analogous voltage
signal which is buffered and reshaped byan operationalamplifier
(B&B 3627) and then connected via a Wheatstone bridge to a
lOA fIlament power supply (Power--ONE, Inc., Camarillo, CAl.
This arrangement allows a linear conversion between channel
number and electron energy.

Electron EnergyCalibrationandEnergyResolution. The
electron energy distribution was measured using several com­
pounds with generally accepted electron attachment energies.
Thermal energy electrons (0.025 eV) were defmed with sharply
peaked resonances for the capture of electrons by sulfur hexaflu­
oride to produce the molecular radical anion viz. SF. + e- ­
SF.- l&-18with a natural line width of6 meV.18 Sulfur hexafluoride

(13) Jordan, K. D.; Burrow, P. D. Chem. Rev. 1987, 87, 557-588.
(14) Sanche, L.; Schultz, G. J. J. Chem. Phys. 1973,58,479-493.
(15) Hicksm, W. M.; Fox, R. E. J. Chem. Phys. 1956, 25, 642~7.
(16) Stamatovic, A.; Schultz, G. J. Rev. Sci. Instrum. 1968, 39, 1752-

1753.
(17) Brion, C. E. Int. J. Mass Spectrom. Ion Phys. 1969,3,197-202.
(18) Foster, M. S.; Beauchamp, J. L. Chem. Phys. Lett 1975,31,482­
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FIgIn 2. Operating prlnclpIe of thelrochoIdBI eIeclron monochromator.

Operating Principle. Electrons emitted by a rhenium
filament outside the monochromator are collimated and focuaed
by four electrodes into a magnetic field produced by a pair of
Helmholtzcoils located outside thevacuum system. ThefIlament
and the apertures of the first four electrodes are offset 3.18 mm
from the ion chamber center. The apertures in the electrodes
have diameters of 3.18, 0.99, 0.99, and 0.51 mm, in sequence. A
small electric field of about 0.4 VIem is established between a
pair of vertical deflecting plates, oriented perpendicular to the
electron beam. Theapplied potentials, referenced to the fIlament
center, create a transverse electric field E. This field, together
with a magnetic field B parallel to the initial beam direction,
results in the trochoidal motion of the electrons. The electrons
then move trochoidally until they reach the exit aperture, which
is funnel-shaped (0.51-l.oo-mm diameter) to prevent reflection
of electrons from the aperture walls.

Electrons are deflected in a direction perpendicular to both
the magnetic and electric fields and disperse according to their
initial kinetic energies, P{)o The transverse displacement depends
on the number of trochoids completed by the electrons during
their residence time in the croased field region (Figure 2).
Calculations for the geometry used in this design show that the
transverse displacement is given by D = u,J,(m/2po)1/', where the
trochoidal drift velocity is given by Ud = (E XB)!B' in SI units.'
Energy selection results from the electron's time-of-flight." A
special feature of the exit electrode is its dual apertures: one
on-center and funnel-shaped to p888 a narrow range of electron
energies, and the other (0.24-mm diameter) in line with the
filament for alignment of the magnetic field, which is acoom­
plished by switching off the deflectors and maximizing the
electron current measured at the next electrode on the stack.
This set of three electrodes before the ion source functions as an
Eir12ellens to focus the electrons from the monochromator into
the ion source. The assembly of electron optic components
produces an intense electron beam even at thermal energies.
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Scheme I

INTERNUCLEAR SEPARATION

figure 3. Potential energy Sll'faces foreleclron caplu'e with subsequent
eIeclronlcdlssocIallons. The ellectof obeerved peak shape Is Illustrated
for a dissociation 11m" (Dol lying below the anergy of the anion In the
Franck-eondonregion. M'- (01)represents aspecific molecularmotion
In the moIacular radical anion which leads to formation of the product
Ion.

but the minimum energy required for ion formation is the
appearance potential (AP). Within the Bom--()ppenheimer
formalism, the AP is the energy difference from the ground
vibrational stateofthe neutral molecule to the anionic surface
(Figure 3). The energy associated with maximum ion
production (E""",) is manifest as the topmost position in the
ion yield curve measured as a function of electron energy
(Figure 3, RHS). A useful operational variant for peak shape
identification is the centroid energy (.........u which is dermed
as the energy with 50% of the ion current below E"","';d and
50% above E"","';d' Regardless ofthe criteria used to describe
the peak, its energetic poeition and shape are governed by
Franck-{;ondon factors which as a function ofelectron energy
simply reflect the wave function of the ground vibrational
state in the neutral molecule (Figure 3). This is true regardless
ofthe mechanism responsible for producing the fragment ion
as long as the dissociation limit (Do) lies below the energy of
that portion ofthe anionic surface which is located within the
Franck-Condon region. An additional though less likely
violated condition is that the potential energy along the
reaction coordinate also must lie below the Franck-Condon
region. An experimental consequence of these conditions is
that the measured peak widtha can be much wider than the
width of the electron energy distribution.

Heptachlor (1,4,5,6,7,8,8-HeptachIoro-3a,4,7,7a-tet­
rahydro-4,7-methanoindene). Heptachlor was analyzed
using the electron monochromator/mass spectrometer in­
strument tuned to transmit monoenergetic electrons at 0.3
eV (Figure 4) or with a broad range ofelectron energies from
oto 3 eV. The spectra were essentially identical under these
two conditions. A comparison of data produced by buffer
gas generated thermal electrons at 0.6 Torr of pressure on a
Finnigan 4023 instrument shows the same ions, but with
different ion intensities. Mass scans from both systems yield
spectra showing (M - 2HCl)-, C12-, and Cl- ion peaks. A
small molecu1ar anion cluster at m/z 370 is observed in the
spectrum produced by the buffer-gas-moderated electrons.
This ioncluster is probablystabilizedagainst autodetschment
of the electron by the buffer gas because it is not observed
with the electron monochromator/mass spectrometer system
even with scale expansion.

Do

o

Do

>­
<!)
0::
W
Z
W

tends to produce memory effects in the instrument; therefore
0.025 eV electrons were more often defined using nitrobenzene20

and bexafluorobenzene.21 The process SF6 + e- - SF,- + F' was
used to calibrate at 0.37 eV;22 CsF6 + e- - CsF,- + F' (first
resonance) to calibrate at 4.5 eV;21 and CO + e- - Q-(2}» +
C'(2}» at 9.62 eV."

The fractional electron energy distribution, 4 W/ W, is ap­
proximately constant over the range ofenergies employed in the
experiment «}-1O eY), as predicted by Stamatovic and Schultz.7

Our electrostatic lens configurations were chosen to give a flat
transfer function over the energy range in these experiments.24

Peak centroids were used to assign the electron energy scale;
thus the electron energy scale corresponds to the median energy.
Calibration is performed immediately before and after data
acquisition to check for drifts in the energyscale, which sometimes
resultfrom contamination ofthe electrodesurfaces by the sample.
Using the deviation of the pre- and poetcalibration data versus
their accepted resonance values, we estimatethe abeolute accuracy
to be ±O.07 eV at the 99% confidence level. Trade-offs between
the energy resolution and energy-resolved electron currents were
used to obtain optimum results. Most spectra were obtained at
±O.l-Q.4 eV (fwbm) energy distributions at 2 X 10-<' A.'o The
narrowest energy spread obtained thus far is *0.07 eV at 5 X 10-7
A (fwhm). All electron optic components were maintained at
105 ·C. Samples were introduced into the ion source using a
l.8-mm (o.d.) X 21-mm Pyrex capillary tube on the end of a
direct insertion probe.

Gas-Moderated ECNIMS. In addition to the trochoidal
electronmonochromator/mass spectrometersystem, mass spectra
were obtained on a Finnigan 4023 mass spectrometer operating
under ECNI conditions using methane as buffer gasat 0.6 Torr.M

Chemicals. The chemicals were obtained from commercial
sources. Pyrene (99%), chrysene (95%), fluoranthrene, and
hexachlorobenzene were obtained from Aldrich Chemical Co.;
zone-refined pyrene of99+ % purity was a gift from M. M. Labes,
Temple University. Hexachlorobenzene was recrystallized three
times and was more than 99% pure. Anthracene was obtained
from MC&B Co., and naphthalene (99%) and nitrobenzene (ACS
grade) were obtained from Baker Chemical Co. Heptachlor
(1,4,5,6,7,8,8-heptachlor-3a,4,7,7a-tetrahydro-4,7-methanoin­
dene) (99.5%) was obtained from Velsicoland l,2,3,4-tetrachloro­
(99%) and l,3,6,8-tetrachlorodibenzo-p-dioxins (99%) were
obtained from Ultra Scientific Co. Atrazine (98%) was obtained
from Ciba Geigy Co.

Two ionic processes which are of concern in this study are
resonance electroncapture to form the molecular radical anion
and dissociative electron capture to produce fragment ions
with the charge residing on either of the two fragmenta
(Schemen. These processesare distinguished by their energy
requirements (E" .., E3) which can be defined in several ways,

RESULTS

(19) Chutjian, A.; Alajajian, S. H. Phys. Rev. A 1985,31,2885--2892.
(20) Chriatophorou, L. G.; Compton, R. N.; Hurst, G. S.; Reinhardt,

P. W. J. Chern. Phys. 1966.45,53&-547.
(21) Fenzlaff, H.·P.; Wenberger, E. Int. J. Moss Spectrorn. Ion Proc.

1984, 59, 18&-202.
(22) Johnson, J. P.; Christophorou, L. G.; Carter, J. G. J. Chern. Phys.

1977,67,2196-2215.
(23) Sanche, L.; Schultz, G. J. Phys. Rev. A 1972, 6, 6l}-86.
(24) Harting, E.; Read, F. H. Electrostatic Lenses; Elsevier: Amster­

dam,I976.
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CHLORINE ISOTOPE ACCURACY MEASUREMENT
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figure 8. Isotope acc....cyperformance test. Relative errorbetween
expectedand observed isotopeoccurrence probablllty Is %1.4% (99 %
conlldence level).

than 0.5 eV.'lfJ Several PARs were analyzed to determine
whether they show molecular radical anions on the basis of
their calculated EAs and if so whether their energy distri­
butions could be used for their identification. Anthracene
has a calculated EA of 0.49 eV and shows a molecular radical
anion with mlz 178 at energy centroid values of 0.17 % 0.04
and 7.3 % 0.3 eV. The isomers pyrene and fluoranthrene
withEA's of0.45 and 0.63 eV'n showmaximumM-production
at 0.21 % 0.04 and 0.26 % 0.03 eV, respectively. These results
are in contrast to the results obtained under ECNI conditions
using methane as buffer gas'lfJ where no molecular ion was
observed for anthracene or pyrene. Experimental electron
affmities have been reported recently for pyrene at 0.50 and
0.59 eV28 and bracket the value 0.53 eV which was obtained
from our predictive model.29

It is assumed the ionizing electrons enter the lowest
unoccupied molecular orbitals (LUMOs), which for PARs
would be 11: orbitals. Under standard ECNIMS conditions
stabilization ofthe radical anion is achieved by the buffer gas
in the ion source. This appears not to be necessary in the
presentcase,althoughsensitivitymight verywell be enhanced
with buffer gas present. The energy spectra of anthracene,
pyrene, and naphthalene also show ion signals around 7.7 eV
(Figure 7). These higher-energy signals can be nicely ex­
plained as ions resulting from captureofelectrons by" orbitals
with concomitant breaking of an inner Sp2 bond and loss of
the aromatic stabilization energy in two rings. Indeed the
LUMO +2 orbital has two very strong antibonding nodes
located atthe innermostC-e bond. The energy requirements
for these processes are -116 kcallmol for dissociation of a
carbon-carbon bondoo and 54.5 kcallmo131for loss of half of
the resonance energy from pyrene. This amounts to 7.4 eV.
Some additional energy requirements, such as repulsion of
the radical site from the charge site which will occur during
electron capture to give an sp3-hybridized carbon in the
aromatic system,32 could account for the remaining 0.3 eV to
bring the total to 7.7 eV.

Nitrobenzene. Nitrobenzene provides an interesting
substrate for analysis by electron capture mass spectrometry.

(26) Buchanan, M. V.; OJerich, G. Org. Mass Spectrom. 1984,19 (10),
486-489.

(27) Zander, M. In Handook of Polycyclic Aromatic Hydrocarbons;
Bjerseth, A., Ed.; Marcel Dekker: New York, 1983; pp 1-26.

(28) Lias, S. G.; Bartm.... J. E.; Leibman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988,17,supp.l, NSRDS.

(29) Laram~, J. A.; Arbogast, B.; Deinzer, M. L. Anal. Chem. 1989,
61, 2164-2160.

(30) Benson,S. W. ThermochemicaIKinetics;Wileylnterscience: New
York,1976.

(31) Streitwieser, A. Molecu14r Orbital Theory for Organic Chemists;
Wiley: New York, 1961.

(32) Chang, Y.-S.; Laram6e, J. A.; Dienzer, M. L. Anal. Chem. 1991,
63, 2715-2718.
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FIgure 4. Comparison 01 ECNI mass spectra 01 heptachlor obtalned
on the electron monochromatorlmass spectrometer system uslng
electrons with energies 01 0.3 eV and on a Finnigan 4023 GC/MS ""Ing
methane as buffer gas. The data In the top flgure were obtained by
scanning the rf and de voltages 01 the quadrupole at fixed electron
energy and then plolllng the resulting peek areas using commerclal
software. Data In the bottom flgure were obtained using the standard
INCOS software package.

ELECTRON MONOCHROMATOR
MASS SPECTROMETER

Figur. 5. Raw data mass spectrum 01 the molecular Ion region 01
hexachlorobenz_ beginning at mass 282 using 0.5 eV electrons.

Hexachlorobenzene and Carbon Tetrachloride.
Hexachlorobenzene was used in this study to test the capacity
ofthe electron monochromatorsystem to reproduce a complex
string of peak shapes derived from isotopes of 12(;, 13C, 35CI,
37Cl. Peak shape analysis on the raw data spectrum (Figure
5) reveals a moment coefficient of skewness 0.04 which
compares well with an expected value of zero, and a moment
coefficient of kurtosis 2.2 which compares very well with the
value of 2.35 for a triangular peak. Mass resolution (Figure
5) also is excellent. The fragment anion abundances from
carbon tetrachloride were used to test the ability of the
instrument to reproduce chlorine isotope clusters accurately.
Excellent agreement has been observed between measured
and theoretical""' relative probability of occurrence of the
isotopes (Figure 6) with a relative error of %1.4% at the 99%
confidence level.

Polyaromatic Hydrocarbons. Isomeric polycyclic aro­
matic hydrocarbons (PARs) are difficult to distinguish by
mass spectrometry. Certain isomers, however, capture low­
energy electrons and form stable radical anions. In this case
the electron affinities (EA) have been calculated to be greater

50
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FIgon 7. Anion yield curve for the molecular radical anion of pyrene.
The ion of mass 202 Is energy-<esoIved Into two major components
wtth energy centroids at 0.21 ± 0.04 and 7.7 ± 0.2 eV.

Figure 8. ECNI mass spectr\lITI of atrazlne (MW = 215) obtained on
the Fmnlgan 4023 GC/MS. Butter gas pressure of methane is 0.6
Torr.
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FIgon 8. Anion yield Cll'V8S with respect to electron energy for
nitrobenzene molecular anion (C,H,NO,--) and lis two major fragment
Ions, viz. NO,- and C.Ho-.

It has a high EA (ea. 1.0 eV) (28) and clearly shows three
distinct negative ion resonance states for the molecular radical
anion with mlz 123 and two states each for the phenyl ion
with mlz 77 and NO.-with mlz 46 (Figure 8). The molecular
ion shows maximum production at energies of 0.06, 3.3, and
6.9 eV. The electron energies for maximum nitrobenzene
radical anion production have been reported to be 3.8 and 7.2

e\1'" as measured by an electron-swarm technique;" a tech­
nique whereby the rate of electron removal in the swarm is
monitored as a function ofdensity-reduced electric field. The
values are in reasonable agreement with those measured in
this study. It should be pointed out that the electron-swarm
technique does not allow the observation of ion production
below 1 eV,s at least not very well. And since the values
obtained for the measured variables are averaged over the
electron energy distribution," the dependence of the attach­
ment process on electron energy is difficult to determine
accurately. The first and second resonances are assumed to
be 11'* states and the third because of the high energy, a 0'*

state. The maximum amount of phenyl anion is produced at
energies of 3.56 and 6.02 eV, whereas the NO.' ion appears
at 1.20 and 3.53 eV. These electron energies for production
of the nitro group ion agree well with those reported, i.e. 1.06
and 3.53 eV, in a study using the swarm technique." It is of
special interest that the nitro group ionarises from a relatively
low energy resonance state, i.e. at 1.2 eV. If this represents
a 11'* state then the high electron affmity of the NO, group
(-3.1 eV) and the energy gained by rearomatization of the
ring system from the molecular radical anion must be the
driving force for cleavage of the nitro group.

s-Triazine Herbicides. s-Triazine herbicides represent
a class of environmental chemicals with a large number of
derivatives whose gas-moderated ECNIMS spectra are es­
pecially complex. Numerous adduct ions with masses cor­
responding to (M + 1)', (M + 2)', (M + 14)-, (M + 28)-, and
(M + 35)' are reported to have significant ion intensity."
Relative abundances of these species, however, vary widely
and in a complex fashion depending on ion source temper­
ature, cleanliness, and pressure." Thus, atrazine with a
molecular weight of 215 shows an abundant (M + 35)- ion at
mlz 250 when ionized under gas-moderated ECNIMS con­
ditions (Figure 9). Likewise, the 2-(alkylthio)-s-triazines,
ametryne, for example, reportedly show (M + 1)-, (M + 13)",
and (M + 25)- ions." These ions are not observed in the
spectraofs-triazine herbicides when ionized withthe electron
monochromator. The energy spectra of these derivatives,
however, are rich in information. Atrazine, for example,
produces an (M - H)- ion with mlz 214, (M - HCl)-, and Cl­
with intensitiesto be observable from justone resonance state
each (Figure 10), whereas ametryne produces each fragment
ion with high abundance from several resonance states (Table
n. Although a systematic study has not yet been carried out,

(33) Jiger, K.; Henglein, A. Z. Naturforsch. 1967,220',700.
(34) Huang, L. Q.; Mettins, M. J. LBiomed. Environ. Mass Spectrom.

1989, 18, 828-835.
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ECNI MASS SPECTRUM WITH 1.81 eV ELECTRONS
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Figure 10. Anion yield curves lor (M-Hr and cr from atrazine, together with mass spectra obtailed at a peak production energy of 1.8 and
0.03 eV. At 0.03 eV there are sorne noise peaks In the mass spectrum which do not correspond to fragment Ion peaks.

Table I. Electron Energy Centroids (eV) Producing Ions from s-Triazine Herbicides under ECNIMS Conditions

a-triazine herbicide (M-H)- (M-HCI)" (M-CHa)- (M-HSCHs)-

0.21
1.98

1.97 0.97 0.95

atrazine

0.30
2JJ7

0.35
2.05
5.63
9.20

1.15
5.00
7.22

-0
4.82

4.75

amatryne

~=O.4eV

Io 1 234 5
Electron energy (eV)

figure 11. Separation 01 M" from 13C (M - H)- on the basis of their
molecular orbital energy differences lor mlz 215 of atr8zlne.

electron monochromator could be advantageous for using
energy rather than mass discrimination as a basis for
separation and identification of certain ions.

Tetrachlorodibenzo-p-dioxins. Polychlorodibenzo-p­
dioxins are uniquely suited for analysis by ECNlMS. These

it appears from initial examination that other 2-chloro-s­
triazines and 2-(alkylthio)-s-triazines show similar behavior
with respect to single versus multiple resonance states from
which these ions arise. With the electron energy set at 0.03
eV, which is the appearance energy for production of the
chloride ion, no other ions with any intensity are observed in
the spectrum. With the electron monochromator set to
transmit electrons of1.81 eV, which is the electron energy for
maximum production of (M - H)', the chloride ion peak is
still the most intense one in the spectrum. Scale expansions,
however, allow both the (M-Hl' and the (M-HCl)'" ion peaks
to be observed (Figure 10).

In a separate experiment the mass spectrometer was set to
transmit m/z 215 ions which consists ofM- and I3C(M - H)­
species,34 and the electron energy was scanned. Two peaks
in the energy-resolved spectrum were found with 'max 0.38
and 1.78 eV (Figure 11). The latter value must be the 'max
for l3C(M - H)' production. This value is within the
experimental error (±0.07 eV) of 'mu for production of the
12C(M - H)' ion peak with m/z 214 (Figure 10), and there is
no reason to believe that the electron energy needed to ionize
the carbon-13 isotope willbe significantly different from that
producing the carbon-12 isotope. Thelower energyresonance
at 0.38 eV therefore must be due to M'- production. The
mass resolution required for separation of M'- from (M - H)­
with one carbon-13 is48 000, but their separation on an energy
basis can be achieved with a resolution of about 50. The
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Table II. Centroided Electron Energies for Producinc IODS
from Tetrachlorodibenzo-p-dioDD8 under ECNI MS
Conditions

M- Cl- (M-Cl)-

CI 0.23 0.78 0.43

CI)~()QJ
3.75

CI °CI
CI 0.38 0.66 0.64

CI¥0:©l 3.81 3.81

° CICI

compounds absorb electrons and yield molecular radical
anions if the electron affInities are sufficiently high.3 More
highly chlorinated dioxins produce (M'-), and the lower
chlorinated ones produce (M- Ht.· Electron energyscanning
with the electron monochromator shows energy maxima for
production of molecular ions from isomeric 1,2,3,4-TCDD
and 1,3,6,8-TCDD of 0.23 and 0.38 eV, respectively (Table
II). These electron attachment energies follow the same
orderingas their calculated lowest unoccupiedorbitalenergies,
0.96 and 1.59 eV, respectively, ohtained by CNl)()35 calcu­
lations and their ratios are almost identicaL The 1,2,3,4­
tetrachlorodibenzo-p-dioxin isomer shows the production of
chloride ion from two states at 0.78 and at 3.75 eV and the
loss of a chlorine atom at 0.43 eV. These different energy
states for the loss of chlorine atom and chloride ion are in
marked contrast with the results for 1,3,6,8-tetrachloro­
dibenzo-p-dioxin which show identical energies from which
these fragmentations occur.

DISCUSSION

Thereareadvantages in using the electronmonochromator
as an electron source in ECNIMS experiments. First, the
need for using a moderating gas to generate electrons with
thermal or epi-thermal energies is eliminated. This helps to
remedy a recurring problem in standard ECNI experiments
which is the spontaneous and most often undesirable ion/
molecule reactions between sample ions and buffer gas
molecules or ions. Sensitivity is enhanced in the negative ion
mode because electron capture is an on-resonance phenom­
enon and the electron kinetic energy can be tuned to that
resonance. Also the discrete energy of the electron prevents
simultaneous formation of positive and negative ions due to

60,(~~1~~~'J. A.; Arbogast, B. C.; Deinzer, M. L. Anal. Chern. 1988,

the wide energy separation of electron affinities (ca. 0--3 eV)
from molecular ionization potentials (ca. 8--15 eV). Thus,
sensitivity reducing anion/cation charge neutralization is
eliminated. Stabilization of radical anions to prevent auto­
detachment is an importantfunction ofthe buffergas inECNI
experiments, and the effects of not having the buffer gas for
this purpose still must be evaluated. Sensitivity may be
compromised, but this may be corrected by introducing a
buffer gas whose only purpose is to stabilize the molecular
ion. Such a gas would have a high ionization potential and
a negative electron affinity.

Ions are generated at specific electron energies, and this
information is potentiallyvaluable for determining positional
isomers in a given class ofcompounds. The unique energetic
position and shape of the ion yield curve for isomeric
polyaromatic hydrocarbons, polychlorinated dibenzo-p-di­
oxins and dibenzofurans, and other halogenated environ­
mental chemicals could be beneficial in the analytical
chemistry of these compounds, particularly when standards
are not available. This information could complement or
supplement general GC/MS data in confIrmation studies.
Moreover, the ability to produce ions at specific electron
energies will facilitate investigations of the energies and
electronic states involved in dissociative electron capture
processes. Illenbergerand co-workers36 haveused the electron
monochromator extensively to study the attachment of low­
energyelectrons to hexafluorobenzene, haloalkyl compounds,
van der Waals' complexes, and other electron-absorbing
compounds. The electron monochromator should have an
impact on such theoretical studies as well as on the practical
aspects in theanalysisofmany otherenvironmental chemicals.
Presently we cannot accurately assess the sensitivity of our
system because an ordinary insertion probe is used to
introduce samples. A GC inlet will allow meaningful com­
parisons of sensitivity. These modifications have been
initiated.
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High-Performance Liquid Chromatographic Assay of Taxol

Steven L. Richheimer,' David M. Tinnermeier, and Daniel W. Timmons

Hauser Chemical Research, Inc., Boulder, Colorado 80301

Arev~h_ ~onnance lqulcl chromatographic
(HPLC)melhocIfor-,tnglaxoibulkdrugor~8ampIea

Is dasc:rlbed. Tha method uIlUz... commarcl.11y .van.bIe
pantafluorophanyl (PFP) packing malarial th.1 h.. grealer
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INTRODUCTION

Taxol (I) is isolated in large quantities from the bark ofthe
Pacific yew tree, Taxus brevifolia. It is a unique antitumor
drug that appears to exert its activity as a result ofinterferenoe
with microtubular structure and function.! Several other
HPLC assays for taxol using reversed-phase media have
appeared in the literature.2-9 However, these methods have
focused on the separation of taxol (I) from the closely eluting
analog cephalomannine (III) and tend to be long and tedious.
None of the published methods separate taxol from another
closely eluting taxane: 7-epi-l0-deacetyltaxol (II), which
tends to elute between I and IlIon reversed-phase columns.
This report describes a new reversed-phase liquid chromato­
graphic (HPLC) method that adequately separates I from II
and III and from other closely eluting compounds that occur
naturally in the bark and leaves of Taxus species.

EXPERIMENTAL SECTION

Reagents and Materials. Aoetonitrile and water (HPLC
grade) and methanol (reagent grade) were purchased from Fisher
Scientific Co. (Fair Lawn, NJ). Reagent-grade phosphoric acid
(ca. 85%), hydrochloric acid, glacial acetic acid, and methylene
chloride were purchased from Baxter Scientific Products (McGraw
Park,IL). I and II were isolated in-house from barkofthe Pacific
yew tree. Taxol was shown to be over 99% pure by chroma­
tography. 7-Epitaxol (XII) was prepared by heating taxol at 140
·C for 70 h. Cephalomannine (III), baccatin ill (VII), and 10­
deacetylbaccatin III (X) were obtainedfrom the National Cancer
Institute (Bethesda, MD). Phenyl HPLC columns (4.6 mm x
250 mm), packed with 5-l'm diphenyl material, were purchased
from Supelco, Inc. (Bellefonte, PA) and Metachem Technologies,
Inc. (Redondo Beach CAl. Pentafluorophenyl (PFP) HPLC
columns (4.6 mm x 250 mm, 5/LM, 60 A) were purchased from

(1) Schiff, P. B.; Faut, J.; Horwitz, S. B. Nature 1979, 277, 665.
(2) Harvey, S. D.; Campbell, J. A.; Kelsey, R. G.; Vance, N. C. J.

Chromatogr. 1991, 587, 300.
(3) Witherup, K. M.; Look, S. A.; Stasko, M. W.; McCloud, T. G.;

Issaq, H. J.; Muschik, G. M. J. Liq. Chromatog. 1989, 12 (11), 2Il7.
(4) Longnecker, S. M.; Donehower, R. C.; Cates, A. E.; Chen, T. L.;

Brundrett, R. B.; Grochow, L. B.; Ettinger, D. S.; Colvin, M. Cancer
Treat. Rep. 1987, 71,53.

(5) Magri, N. F.; Kingston, D. G. J. Org. Chern. 1986,51, 797.
(6) Senih, V.; Blechert, S.; Colin, M.; Guenard, D.; Picot, F.; Potier,

P.; Varenne, P. J. Nat. Prod. 1984,47,131.
(7) Hamel, E.; Lin, C. M.; Johns, D. G. Cancer Treat. Rep. 1982, 66,

1381.
(8) Miller, R. W.; Powell, R. G.; Smith, C. R., Jr.; Arnold, E.; Clardy,

J. J. Org. Chern. 1981, 46, 1469.
(9) Wani, M. C.; Taylor. H. L.; Wall. M. E.; Coggon, P,; McPhail, A.

T. J. Arn. Chern. Soc. 1971, 93, 2325.

Ill: Cephalomannine

ES Industries (Marlton, NJ) and Metschem Technologies. A
4.6-mm x 20-mm phenyl guard column (Jones Chromatography,
Lakewood, CO) was used for all analyses. Crude extracts were
filtered through 0.2-l'm, 13-mm PVDF filters (Baxter Scientific
Products).

Apparatus. The HPLC system consisted of a Model L-6200
pump, Model AS-4000 autosampler equipped with a l()()."L loop,
and a Model L-4000 or L-3000 UV/VIS/DAD detector (Hitachi
Instruments, Inc., Fremont, CAl. The system was equipped with
an NEC 286 computer with 40M hard drive (Boxborough, MA)
and Lab Manager HPLC software (Hitachi Instruments, Inc.).
Chromatographic reports were printed ona Star Micronics Model
NX-l000 dot matrix printer (New York, NY) or a Panasonic
Model KX-P445Oi laser printer (Chicago, IL). Partial loop fill
method of injection was used.

Phenyl Column Conditions. The mobile phase for elution
of taxanes on diphenyl columns was a linear gradient beginning
with 25:75 MeCN/water at a flow rate of 1 mL/min, reaching
60:40 after 35 min.

PFP Column Conditions. The mobile phase for isocratic
elution on PFP columna consisted of a 45:55 (v/v) mixture of
acetonitrile (MeCN) and water or 0.1 % phospboric acid solution
(l mL of phosphoric acid/L of solution). The flow rate was 1.5
mL/min. Under these conditions, I eluted in about 10 min. For
chromatographic purity testing with the PFP column, the initial
isocraticconditiona were 36-39% MeCNwith the remainderwater
or 0.1 % phosphoric acid solution; this was held for 35 min at a
flow of 2 mL/min. This was followed by a linear gradient to

0003-2700/92/0364-2323$03.00/0 © 1992 American Chemical Society
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60:40 MeCN/water at 50 min. Under these conditions, I eluted
in about 30 min. Detection was at 227 nm throughout, and 10
ilL of sample was injected for all samples except for chromato­
graphic purity testing, where 15 !'L was injected.

Sample and Standard Preparation. Pure I (100 mg) was
dissolved in 100.0 mL ofmethanol containing approximately 100
ilL (0.1 %) ofacetic acid. Aceticacid was used to neutralize traces
ofalkali present in the methanol and increase the shelf-life ofthe
standard solution. Crude extracts of T. brevi/olia biomass were
obtained byexhaustive soxhletextractionwithmethanolfollowed
by dilution to known volume with methanol.

Assay Procedure. Standard and sample preparations (l mg/
mL) were injected on the PFP column under isocratic conditions
(45:55, 1.5 mL/min). Either peak areas or peak heights were
measured. Taxol was quantitated by comparing the average peak
response of the sample to that of the standard.

Ultraviolet Spectra. UVspectra oftaxoland related taxanes
were obtained in the range of200-360 nm with the Model L-3000
diode array detector and DAD Manager software (Hitachi
Instruments, Inc.). All spectra were normaIized.

NMR Spectra. Proton NMR spectra were obtained on a
Varian EM-390 operating at 90 Mhz for or on a Brulter ACP-300
operating at 300.13 MHz. Spectra were acquired at ambient
temperature using a 5-mm probe in deuterated chloroform at
approximately 20 mg/mL. All chemical shifts are reported
relative to tetramethylsilane.

RESULTS AND DISCUSSION
Identification of 7-Epi-lo-deacetyltaxol (II). II was

nrstdescribed byMcLaughlin.!O II was isolated from a crude
methanolic extract of T. brevi/alia bark by silica column
chromatography followed by crystallization from ethyl ace­
tate. The UV spectrum of II was identical to that of 10­
deacetyltaxol (IV), and heating IV at 120 ·C converted it
partially to II. It has been previously reported that epimer­
ization at C-7 decreases the polarity of the epimer, probably
due to intramolecular hydrogen bonding between the 7a­
hydroxyl and the carbonyl oxygen of the 4a-acetoxy groUp.IO
Hence, 7-epitaxol (XII) eluted after I by reversed-phase
chromatography, and similarly, II eluted after IV. The
structure of II was confumed by two-dimensional proton
NMR.

Preparation and Identification of Taxol Acid Side.
Taxol acid side chain [!3(SHbenzoylamino)-a(R)-hydroxy­
benzenepropanoic acid, XI] was prepared by treating I,
dissolved in a 1:1 mixture of methanol and water, at room
temperature with concentrated ammonium hydroxide. XI
was extracted from the acidified solution with methylene
chloride. The methyl ester of the taxol acid side chain (IX)
was prepared similarly in the absence of water. NMR, UV,
and HPLC retention times were consistent with the assigned
structures.

Chromatography and Comparison to Other Methods.
Witherup et al. reported good separation of I and III using
a phenyl column and a mobile-phase mixture ofacetonitrile,
methanol, and water." We found that when methanol was
eliminated from the mobile phase, the chromatographic
separation of I and III improved on a phenyl column.
However, II still coeluted with I under these conditions.
Several brands of phenyl columns were tried with mixed
resulta. However, we found that a high carbon load diphenyl
column (Supelco or Metachem Technologies), using a meth­
anol-free gradient, could achieve baseline separation of these
closely eluting taxanes (see Figure 1). In comparison, a
pentafluorophenyl column was found to better separate these
closely eluting taxanes (see Figure 2). The PFP column
appeared to be more selective for I, II, and III and could
achieve baseline separation of I, II, and III under isocratic
conditions (45% MeCN and 55% H20 at 1.5mL/min) in less

(10) McLaughlin, J. L.: Miller. R. W.; Powell, R. G.: Smith Jr., C. R.
J. Nat. Prod. 1981,44,312.

Minutes

FIgure 1. CIYomBtogamofa lTixllnoI1axol(1). 7-ep1-1Q..deecetytlaxol
(1I),andcephalornanr*le(llI)onaphenylcolumn. Chromatogaphlc
conditions: _ gra<Ienl at 1 mlImin s1artIng at MeCN/H,O (25:75)
and going to MeCN/H,O (60:40) alter 35 min.

Minutes

Flgure2. ClYonBtogamola lTixllnoflaxol (I), 7-ep1-1Q..deecetytlaxol
(II), and cephalomaMlne (III) on PFP column. ChromatOlJ'Bp/lIc
conditions: !socratic lor 35 min at 2 mlImin wlth MeCNIH.o (37:63),
lolowed by a R..... gra<Ienl to MeCNIH.o (60:40) at 50 rm.

111 II

Minutes

FIgure 3. Chromatogamola ITixllnoflaxol (I), 7-<lp~1Q.<leacetyllaxol
(II), and cephaIomannlne (III) on a PFP column. Chromatographic
conditions: Isocratlc lor 1.5 mlImln wlth MeCN/H,O (45:55).

Minutes

figura 4. Chromatogram 01 a sample 01 degraded taxol standard on
a PFP column. Chromatographic conditions: Isocratic lor 35 min at
2 mlIrm wlth MeCNlH,O (37:63), IoIowed by a Unear lJ1IdIent to
MeCNIH.oI60:4O)aI50rm. 1= laxol; II = 7.1Q.Qlacelyltaxol;
IV = 1Q.Qlacelyltaxol; V = 7-.p1:1accatln III: VI = methylbenzoate:
VII = beccatln III: IX = methyl a(S)-(benzoylamlno.-tl<R)-hydrox­
ybenzenepropanoate;X = 1<l-de&cetylbeccatln III; XII = 7-<lp1taxol.

than 10min (see Figure3). These chromatographicconditions
were found suitable for assaying both I bulk drug, and I in
crude TO%U8 extracts. Figure 4 shows the chromatogram
obtained on a sample of alkali-degraded I using the PFP
column. Figure 5 illustrates the chromatogram obtained on
the same sample using the diphenyl column. The phenyl
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Figura 7. Arrhenius plots for the degradation of taxol: (0) In Iso­
butanol; (0) dry state.
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figura 5. Chromatogram of a sample of degraded taxol standard on
aMetachem Intersl5-junphenytcolLmn. CIYomatographiccondllions:
Hnaar gradient at 1 ITUmln stat1Ing with MeCN/H,O (25:75) and going
to MeCN/H,O (60:40) aftar 35 mln. I = taxol; II = 7-epl-10­
deacelyltaxol; IV = lG-deacelyltaxol; V = 7-<!PlbBccatin III; VI =
methyl benzoate; VII = baccatin III; VIII = 7-epI-10-deacetyl­
baccatin III; IX = methyl a(SKbenzoylamJno~Il(R)-hydroxybenzane­
propanoate; X = 1G-deacetylbaccatin III; XII = 7-epllaxol.

Minutes

1000~------------------...,

FIgln 8. Taxol standard UneIlrily curve. CIYomatographiccondllIons:
tsoerallc at 1.5 ITUmln at MeCN/H,o (45:55): (0) area counts; (~)

height counts.

The plot has approximately the same slope, but the rate of
degradation was approximately 5-6 times faster in solution
than in the dry state (see also Figure 7).

Stability of Standard and Sample Solutions. Taxol
underwent hydrolysis and transesterification in methanolic
solutions. A standard consisting of reagent- or HPLC-grade
methanol typically lost about 30% of the taxol peak area
after storage for 2weeks at room temperature (see also Figure
1). A samplewith 0.1 % acetic acid added to the methanol
showed no sign of degradation. The preservation effect of
acetic acid appeared to be due to its ability to neutralize
traces of alkali (probably ammonia) present in methanol.
Experiments indicated that taxolstandards containing 0.1 %
acetic acid showed no detectable degradation when stored 7
weeks at room temperature or 3 months at 4 ·C.

Chromatographic Purity Testing. The PFP column
run under isocratic conditions with less MeCN achieved
separation ofl from other closely eluting compounds such as
the closely eluting taxane U (see also Figure 8). No peak
corresponding to U was seen in the chromatogram of the
same sample using a phenyl column, and presumably U co­
elutes with I under these conditions. !socratic conditions of
approximately 37:63 MeCN/water on the PFP column were
found toseparate I from impurities and degradation products
that might normally be encountered in process samples and
bulk drug. Less polar compounds such as XII, which elute
after I, were eluted by increasing the MeCN to 60% after the
completion of the isocratic phase. This chromatographic
method is suitable for performing chromatographic purity
testing of the bulk drug.

Degradation of Tuol by Alkali. In aqueous or meth­
anolic alkaline solution, I was destroyed rapidly and totally.
In aqueous solution, the acid side chain (XI) and benzoic
acid were isolated. In methanolic solution, IX was produced
in addition to VII and X. Other deacetylated and deben­
zoylated derivatives of VII were probably also produced by
alkaline hydrolysis, but debenzoylated derivatives of VII

20.00

Minutes

figure 8. Chromatogram of a sample of taxol bull drug: Peak
assignments are the same as In Figure 1. The closely eluting unknown
compound (U) Is separated from I by the method. Chromatographic
condltions: tsoerallc for 35 min at2 ITUmln with MeCNlH,o (37:63),
IoIowed by a IlMar graclenl to MeCN/H,o (60:40) at 50 min. I =
taxol; II =7-epl-l G-deacelyltaxol; III =cephaJomannlne; IV = 10­
deacetyltaxol; VII =baccatin III.

80 80 100 120 140 180
CONC. uG/ML

4020

column was superior in separating naturally occurring tax­
anes from one another, while the PFP column was more
selective for I and was superior in separating I from closely
eluting taxanes. Most of the base-catalyzed degradation
products have beendescribed previouslylO and were identified
by their relative retention time and UV spectra, and in some
cases by spiking with known standards. II tailed on new
PFP columns. This tailing could be eliminated by adding
phosphoric acid (1:1000) to the mobile phase. The addition
of phosphoric acid had no effect on the chromatography of
other taxanes, and after such treatment, water could be
substituted for the dilute phosphoric acid and the tailing did
not return.

Linearity. The linear peak response for I was determined
over the range of 0.25--1.5 mg/mL. The standard curve was
linear (r = 0.9999) for both peak area and peak height. The
standard curves are shown in Figure 6.

Precision. The injection precision was measured by
performing 10 replicate injections of both 5 and 10 I'L of a
standard preparation (1 mg/mL). The standard error (2 (1

%) was 0.8% for a 5-~ injection and 0.6% for a lQ-I'L
injection. The overall assay variability was determined by
performing five separate assays on a sample of bulk I
(concentration 0.9-1.1 mg/mL). The ratio of milligrams of
I to peak area was calculated; the standard error was 2.0%.

Stability of the Bulk Drug. Heating pure, previously
dried I at 80 ·C or higher converted it primarily to XII. An
Arrhenius plot (seeFigure 7) wasgenerated for the conversion
of I to XII. Extrapolation of the curve to 25 ·C indicated
that about 0.02% would degrade per year. An Arrhenius
plot was also generated for the degradation of I in solution.
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FIguree. C1Yomalogram of a sample of taxel subjected to dl9adatlon
for 9 min In a 1:1 m1xllJre of methanol and concentrated HCI.
C1Yomatographlc conditions: isocratic at 2 mLlmkl at MeCN/H.o (39:
61). I taxel; II =7.10-deacetyltaxel; IV =10-deacetyltaxel; VI
=methyl benzoate; IX = methyl a(S)-(benzoylamino}-p(R}-hydrox­
ybenzene propanoate.

0'
FORMALITY OF HCl

figure 10. IogIIog plot of the rate of degradation of taxel in methenoIlc
HCI solution vs the formality of the solution.

would be poorly retained on the column and have weak UV
absorbance at 227 nm, and none were observed.

Degradation of Taxol by Acid. Taxol was degraded
rapidly at room temperature in a 1:1 mixture of methanol
and concentrated HCl. Several polar degradation products
were produced, including II, IV. VI, and IX (see also Figure
9). However, unlike base-catalyzed degradation of I, the
chromatographic and UV data indicated that no derivatives
of VII formed. In contrast to weakly alkaline solutions, I
was stable in methanol containing 0.1 %acetic acid. In dilute
methanolic HCI solutions, the rate of degradation of I was
dependent on the concentration of acid (see Figure 10).

Usefulness of the Method for Analyzing Crude Bio­
mass Extracts. The phenyl column method was superior
to the PFP method for separating polar taxanes such as bac­
catin III (VII) and 10-deacetylbaccatin III (X) from other

Minutes

FIgure 11, CIYomaf<9am of a crude methanoIIc extract of Tsxus
brevIfoIia leaf. CIYomatCllJllPhlC concIlIons: isocratlc at 2 mLlmin at
MeCNlH,o (35:65). I = taxol; II = 7.10-deacetyltaxel; III =
cephaIomannIne.

polarmaterialoccurring in methanolextractsofTaxus. Meth­
anolic extracts of T. brevifolia bark were found to contain
only traces of II and could be analyzed by either the phenyl
column method or the PFP column method. On the other
hand, some Taxus leaf samples had several non-taxane
compounds that eluted between I and III, and near II (see
also Figure 11). Using the PFP column, these unknown
compounds were separated from I, while they interfered with
the analysis of I using the phenyl column method. Even
after multiple analyses of crude methanolic Taxus extracts
neither the PFP columns nor the phenyl columns developed
high back pressure. Bothcolumnsshowedlong lifetimeswhen
protected with a standard phenyl guard column. Therefore,
preliminary cleanup steps appear to be unnecessary when
using these columns, and crude methanolic extracts of Taxus
can be analyzed directly.
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On-lIne liquid chromatography/mass spectrometry (LCIMS),
In combination with low-voltage electron-lmpact Ionization
(LVEI)/medlum-rellOlutlon mass spectrometry (MRMS, r....
oIut1on -10 000) and advanced data analy. procedlll''',
provld.. us with an opportunity for In-depth molecular level
characterization of high-bolllng petroleum or synthetic fuel
fractIons. This combined technique hes been app.ed to th8
studies 0' molecular transformation of a petroleum hydro­
treating proce88 on different levels: overa. changea of
hydrocarbons and heteroatom-contalnlng hydrocarbons, c0m­

positional chang.. In terms of compound series, and changea
In carbon number distribution wftNn IndIvlcIuaI~ earIlIs.
The useluln_ of LC/LVEIIMRMS for UlVaveing some 01 th8
complex chemistry associated with heavy hydrocarbon
processes has been cIemonstrated.

INTRODUCTION

Many technical challenges are present in the character­
ization of high-boiling petroleum fractions due to the com­
plexity of these fractions and limitations in analytical
technology.! Recent endeavors in combining liQ.uid chro­
matography and mass spectrometry (LC/MS) enable us to
address important science issues and obtain previously
unattainable results in petroleum fractions boiling between
650 and 1050 OF. Using a moving-belt interface and low­
voltage electron-impact ionization (LVEl) medium·resolution
mass spectrometry, on-line LC/MS takes advantage of the
unique characteristics associated with LC and MS to dif­
ferentiate between aromatics and naphthenoaromatics (hy­
droaromatics) and between aromatic hydrocarbonB and hard­
to-resolve sulfur compounds. The combination of LC and
MS reduces the resolution requirement for accurate mass
measurements of aromatic and sulfur compounds.2

To effectively process enormousamounts ofhigh..resolution
mass spectral data obtained from on-line LC/MS, we devel­
oped an innovative data analysis procedure including the use
of the Kendrick mass scale (CH2 = 14.000 000), indigenous
mass calibrants, and nominal mass series groupings for the
determination of compound type distributions at each LC/
MS scan. Higher speed and accuracy than can be obtained
byconventionalmethodsare achieved bypresorting, grouping,
and using statistically averaged mass defects for the deter­
mination of the elemental composition of each compound
class. Thus, the elution characteristics of individual com­
pound classes within each LC peak can be delineated."

t Present Address: W. R. Grace & Co.-Conn, Washing1;on Research
Center, 7379 Route 32, Columbia, MD 210«.
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In this paper, we report our studies of molecular trans­
formation occurring in an important petroleum refming
process, hydrotreating, using on-lineLC/MS operatedatLVEl
medium-resolution MS mode. As discussed later, hydrotreat­
ing greatly alters the molecular composition of the hydro­
treated productfrom its precursor. Our results suggestseveral
reaction pathways taking place in the hydrotreating process.
The study demonstrates the roles of on-line LC/MS in the
molecular-level understanding of complex chemistry ass0­

ciated with heavy petroleum processes.

EXPERIMENTAL SECTION

A thermally cracked petroleum distillate (8.5% 430-650 OF
and 91.5 % 65(}-1050 OF) was hydrotreated at mild conditions to
yield a product containing 1.5% naphtha (430 OF), 14.5% 43(}­
650 °C, and 91.6% 650-1050 OF fractions. The 650-1050 OF
fractions of the distillate before (containing 2.77 wt % of sulfur
and 0,45 wt % of nitrogen) and after (containing 0.34 wt % of
sulfur and 0.23 wt % of nitrogen) hydrotreating were subjected
to combined LC/MS analysis with instrumental conditions
described in our previous paper." In brief, each sample was
separated by high-performance liquid chromatography (HPLC)
into elution regions of saturates, monoaromatics, diaromatics,
triaromatics, tetraaromatics, and polars. An Applied Chroma­
tography Model 750/14 evaporative mass detector (EMD) was
used to determine the weight percent of all components in each
LC region.' The EMD outputs of the distillates before and after
hydrotreating are shown in Figure 1. In the LC/MS experiments,
the LC eluants were continuously transported into the ion source
ofa VG-70 VSEdouble-focusing mass spectrometerbya moving­
belt interface. Low-energy electron-impact ionization was used
to selectively ionize aromatic hydrocarbons with minimal frag­
mentation for obtaining the distribution of molecular ions. The
resolution of the mass spectrometer was set at 10 000 (medium
resolution).

RESULTS AND DISCUSSION

The 650-1050 OF fractions of the thermally cracked
distillate before and after hydrotreating were characterized
using a moving belt LC/MS. The moving-belt interface is
particularly suitable for analysis of 65(}-1050 OF fractions
because the low-boiling fractions are evaporated along with
the solvent during sample transport by the belt and high­
boiling fractions cannot be completely evaporated by a nose
heater located inside the ion source of the mass spectrometer.
For fractions with boiling points greater than 1000 OF a
different type of LC/MS interface, such as particle beam or
thermospray, would be needed to evaporate high-boiling com­
pontents.

Table I compares the overall compound distributions of
the distillates before and after hydrotreating, determined by
low-voltage electron-impact ionization mass spectrometry
(LVEIMS) and an evaporative mass detector (EMD), in each
LC elution regions. The LVEIMS values of aromatics and

(4) VanderMeeren, P.; Vanderdeelen, J.; Baret, L. Anal. Chem. 1992,
64, 1056-1062 and references cited therein.
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Table I. Comparison of Componnd Distributions
Determined by Low·Voltage Electron·lmpact Ionization
Maos Spectrometry with Evaporative Maos Detector"

aromatic hydrocarbons and thiophenes) is difficult because
very few of the compounds needed for the measurement,
especially those which are alkyl substituted and naphthe­
noaromatic,areavailablecornmercially. Itisnotunreasonable
to assume that sensitivities among heavy hydrocarbon isomers
are averaged out and almost equal among various compound
series (molecular types),lO thus the percent of ionization can
be regarded as weight percent. Table I shows a fairly good
agreement in compound distributions determined by LVE­
IMS and EMD. The LVEIMS values are slightly lower than
those ofEMD for smaller aromatic cores and higherfor more
condensed aromatic compounds which have relatively higher
ionization cross sections than less condensed aromatic com­
pounds.

Table I also illustrates that upon hydrotreating there was
a dramatic increase in monoaromatics accompanied by
decreases in tetraaromatics and polars. Some increase in di­
aromatics and decrease in triaromatics are also observed. The
table only represents gross changes in compound distribution
observed in the LCseparationand does not provide any insight
into compositional changes in corresponding LC peaks. Ai!
discussed later, a detailed LC/MS analysis revealed upon hy­
drotreating an increase in naphthenoaromaticsanda decrease
in heteroatom-containing compounds occur in all of the LC
elution regions. The observation ofgross changes byLC alone
does not unravel the complex chemistry occurring in the hy­
drotreating process.

Figure 2exhibits massspectra integrated over the LC peaks
corresponding to monoaromatics, diaromatics, triaromatics,
tetraaromatics, and polars (including 4+ ring aromatics) of
the distillate before hydrotreating, while Figure 3shows those
after hydrotreating. A general feature of these two flglll'es
is that the more polar (or aromatic) the LC region, the lower
the average molecular weight. However, direct comparison
bstween the mass spectra of the corresponding LC elution
regions before and after hydrotreating is difficult because
the hydrotreating process converts compounds in one LC
region with their products appearing in another LC region.
For example, dibenzothiophenes appear in the triaromatic
region before hydrotreating. Their products, biphenyls, are
present in the diaromatic region after hydrotreating. It is
therefore necessary to analyze these spectra in more detail
in order to realize how the molecules transform during the
process.

Figures 2 and 3also show complexity of the spectra. When
operated at a medium/high-resolution mode, multiple peaks
appear at each nominal mass, resulting in hundreds of mass
peaks at each LC/MS scan. To process these enormous
amounts of data, we have developed an effective data
processing procedure to sort out and group the components
in each compound series according to their nominal mass
series and Kendrick mass defects and then used the averaged
mass defect of the group for the identification of compound
series. Thus, this procedure provides a rapid and convenient
means of scan-to-scan qualitative and quantitative analysis
for the determination ofcompound series distributions. The
elution characteristics of each compound class appearing in
the LC peaks can then be delineated.3

We used the new procedure outlined above to analyze the
mass peaks appearing in Figures 2 and 3 to obtain the
distributions ofmajor compoundseries in the distillate bsfore
andafter hydrotreating, as illustrated inFigures4-13. Figures
4-8 exhibit the hydrocarbon series present in the monoar­
omatic, diaromatic, triaromatic, tetraaromatic, and polar
regions of the LC chromatograms, respectively, and Figures
9-13 show the monosu!fur compound series present in each
of these LC elution regions.

24.2 (24.2) 36.7 (36.7)
13.5 12.4 21.9 18.6
13.2 11.5 14.9 15.7
14.8 12.7 11.9 10.0
19.4 23.1 9.9 12.3
14.9 16.1 4.7 6.7

100.0 100.0 100.0 100.0

before hydrotreating after hydrctreating

EMD LVEIMS EMD L VEIMS

saturates
monoaromatics
diaromatics
triaromatics
tetraaromatics
polars
total

LC elution region

polars shown in the table are normalized to the total of
aromatics and polars (excluding saturates) as determined by
EMD. The percentagevalues from EMD are weight percenta,
while those from LVEIMS are percents of total ionization.
The sensitivity ofeach individual component determined by
LVEIMS is dependent on its isomeric structure and molec­
ular weight.'Ho However, sensitivity measurement of the
heavy compounds boiling in the rangeof650-1050 OF (mainly

'Note: The LVEIMS values are normalized to the total of
aromatics and polars determined by EMD. The percentage values
from EMD are weigbtpercent, while those from LVEIMSare percent
of total ionization.

(5) Lumpkin, H. E. Anal. Chern. 1958,30,321-325.
(6) Crable, G. F.; Kearns, G. L.; Norris, M. S. Anal. Chern. 1960, 32,

13-17.
(7) Lumpkin, H. E.; Aczel, T. Anal. Chern. 1964,36, 181-184.
(8) Schulz, J. L.; Sharkey, A. G., Jr.; Brown, R. A. Anal. Chern. 1972,

44,1486-1487.
(9) Schiller, J. E. Anal. Chern. 1977,49, 1260-1262.
(10) Severin, D.; Deymann, H.; Glinzer, O. Anal. Chern. 1982,54,824­
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Figure 2. Mass spectra of monoaromatics. diaromatics. triaromatics, tetraaromatics, and polars before hydrotreating.

Scheme I
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"Polars" Tetraaromatics Triaromatics Diaromatics Monoaromatics

Let us examine Figure 4 which represents the dintribution
of compound series in the monoaromatic region before and
after hydrotreating. The numbers shown in the abscissa are
the z numbers, as in CnH(2n+')X where X stands f(or the het­
eroatoms (S, N, 0, S2, SO, etc.) in the molecules. In Figure
4, the z =--6 series are benzenes. There is a difference between
"compound series" and "compound class". Acompound series
can contain several compound classes. For example the z =
-12 and -18 series in the monoaromatic region are not
naphthalenes, and phenanthrenes; they are actually trinaph­
thenobenzenes and hexanaphthenobenzenes wi,;h typical
structures shown in the figure, At this point, we would like
to introduce a new nomenclature system for aromatics and
naphthenes. The trinaphthenobenzenes contain four rings
with only one of them being aromatic; they are denoted as
4R1A. Similarly, hexanaphthenobenzenes, naphtluuenes. and
perhydrochrysenes are denoted as 7R1A. 2R2A. !Uld 4ROA,
respectively. Therefore, the z =-18 series in the monoar­
omatic. diaromatic, and triaromatic regions are 7RIA, 5R2A,
and 3R3A, respectively. This coded system would be con-

venient in describing molecular types present in mixtures
containing large numbers of hydroaromatics.

In the monoaromatic region. the compound series on the
right of the z = --6 series are hydroaromatic compounds.
Similarly. the compound series on the right of the z = -12.
-18. -22/-24, .... series in the diaromatic. triaromatic, tet­
raaromatic...., regions are hydroaromatics as well. Although
there are no clear cuts in many cases. the suggested boundaries
between aromatics and hydroaromatics are indicated in
Figures 4-13.

For hydrocarbons as shown in Figures 4-8. compound type
distributions change dramatically in the monoaromatic. di­
aromatic. and triaromatic regions. smaller changes are found
in the tetraaromatic and polar regions. Before hydrotreat­
ing, the most abundant compound series in the monoaro­
matic, diaromatic. and triaromatic regions are CnH2n-<l (ben­
zenes. 1R1A), CnH2n-16 (acenaphthenes. dinaphtheno­
naphthalenes. or vinylbiphenyls; 2R2A), and CnHZn-18 (phenan­
threnes, 3R3A). respectively. After hydrotreating. the most
abundant series in these regions are CnH2n-14 (tetranaph-
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Scheme II
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thenobenzenes, 5R1A), CnH2n- 18 (trinaphthenonaphthalenes,
5R2A), and CnH2n- 22 (dinaphthenophenanthrenes, 5R3A).
These series may contain molecular types representing various
degrees of benzopyrene (CnH2n-28) hydrogenation, shown in
Scheme I. Another possible molecular type represented by
these series is derived from the hydrogenolysis of dinaph­
thalenothiophenes and their isomers (CnH 2n.,.8), shown in
Scheme II. Evidently, these simplified schemes do not
account for all of the complicated reaction pathways respon­
sible for the molecular transformation in the hydrotreating
process. The total decrease in highly condensed aromatic
hydrocarbons and thiophenes is less than the total increase
in naphthenoaromatics. Some of naphthenoaromatics are
possibly formed from cyclization of side chain of alkyl
aromatics, ll,12 which can be further hydrogenated to form
naphthenoaromatics with larger numbers ofnaphthenic rings.

With LC/MS, aromatic hydrocarbons and thiophenes with
different aromatic ring numbers can be differentiated via the
LC ring type l2 separation. However, some ambiguities still
exist for r,esolving overlapping aromatic hydrocarbons from
thiophenes that elute in the same LC region.2 The mass
differences between the difficult-to-resolve compound series
are typically 3.4 millimass units.s,l3 It would require a mass
resolution of over 100 000 to resolve them for compounds in
the boilinl: ranges beyond 650 OF (molecular weights >340).
For samples containing rather high concentrations of sulfur
compounds, such as the distillate before hydrotreating, the
identification of sulfur compounds can be corroborated by

(11) Sullivan, R. F.; Egan, C. J.; Longloi., G. E. J. Cotol. 1964,3,183­
195.

(12) Sullivan, R. F.; Boduszynski, M. M.; Fetzer, J. C. Energy Fuels
1989,3,603'-£12.

(13) Lumpkin, H. E.; Aczel, T. ACS Symp. Ser. 1978, 70, 261-273.
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the use of US-containing peaks that are 2 mass units higher
than the correaponding compounds of intereat." However,
for samplea containing sulfur compounds in low concentra­
tions, such 88 hydrotreated distillates, the overlapping
compounds can only be reaolved by using a high-reaolution
mass spectrometerwith reaolving power greater than 100 ()()()
because of the difficultiea ofdetecting insignificant amounts
of US-containing peaks. Therefore, at 10 ()()() resolution it is
necessary to split the overlapping hydrocarbon and sulfur
compound seriea in the hydrotreated distillate based on the
sulfur value determined by elemental analysis.

For the monosulfur compound series shown in Figures 9­
13, the major seriea before hydrotreating are in the diaro­
matiCo triaromatic, and tetraaromatic regions, with the most

(14) Johnson, B. H.; Aczel, T. Anal. Chern. 1967,39,682-685.

abundant series in each region to be C.H2.-IOS (ben­
zothiophenea, 2R2A), C.H2n- I oS (dibenzothiophenes, 3R3A),
and C.H2n-zzS (benzonaphthalenothiophenes, 4R4A), respec­
tively. Upon hydrotreating, all of the monoeulfur series are
reduced in significant amounts. Thiophenes are more ef­
fectivelyremoved thannaphthenothiophenea. For example,
the C.H2n- I oS seriea (dibenzothiophenes) is reduced ina larger
extent than the C.H2n- l oS (naphthenodibenzothiophenes,
4R3A) and C.H2n-wS (dinaphthenodibenzothiophenes,5R3A)
seriea.

The carbon number distribution of each compound series
can also be studied in great detail. Figures 14 and 15 show
the carbon number distribution for the C.H2n- IS (phenan­
threnea) and C.H2n- I oS (dibenzothiophenes) in the triaro­
matic region. The distribution ofphenanthrenes maximizes
at C17 and C's (Cs- and C.-substituted) before hydrotreating,
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0.2

but at C20 and C.I (C6" and C,-substitutedl after hydrotreat­
ing. This indicates that the least-substituted and shortest
side chain phenanthrenes are most effectively converted into
hydrophenanthrenes. The additional Coo and C.I phenan­
threnes after hydrotreatingcome from many different sources,
such as hydrogenolysis of phenanthrenethiophenes and
hydrogenation of aromatics followed by ring opening:

In the C.H2n- 16S series, more effective removal of diben­
zothiophenes occurs among lower members ofthe series that
have low alkyl substituents. The less effective removal of
dibenzothiophenes with higher carbon numbers is possibly
due to the presence of more isomers with steric hindrance
around the sulfur center. The sterically hindered thiophenes
are known to be refractory to hydrodesulfurization and
referred to as "hard" sulfur compounds. In both C.H2n- IS

and C.H"-l~ series, there is no evidence of hydrocracking
from the carbon number distributions observed before and
after the bydroprocessing. In fact, theaverage carbon number
is shifted to a higher rather than a lower value after hydro-
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figure 15. Carbon number dlslrtbutlona of the C"H....,.S (dlben­
zothlophenes) series In the trtarornaUc region before and after hy­
drotreaUng.
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treating. This is reasonable considering the short side chain
nature ofthermally crackeddistillatesand mildhydrotreating
conditions used. On the other hand, hydrocracking is an
important refining process for residuum-derived vacuum gas
oils (VGO's) that are rich in aromatic compounds with long
alkyl substituente,13

The overall compoeitional changes in the LC aromatic ring
regions of the distillate before and after hydrotreating can be
summarized in Figure 16. The relative abundances of
different compound types are normalized to the largest LC
peaks (in peak area) found in each sample. Six compounds
types, i.e., hydrocarbons, monosulfur, disulfur, monooxygen,
dioxygen. and mononitrogen, are identified in the thermally
crackedpetroleum distillate. As intended, the hydrotreating
substantially reduces the amounte ofmonosulfur compounds
in all LC regions, accompanied by a large increase in the
amounte of hydroaromatic hydrocarbons. The other het­
erocompounds in the feed are more narrowlydistributed with
oxygen compounds mostly in the diaromatic and triaromatic
regions and nitrogen compounds abundant in the tetraaro­
matic and polar regions. Further studies showed that the
nitrogen compounds are mainly 5-membered nitrogen het­
erocyclics (pyrrolic nitrogen compounds. such as carbazoles)
and 6-membered nitrogen heterocyclics (basic nitrogen com­
pounds. such as quinolines) with the z-distributions ranging
from -15N to -27N. Upon hydrotreating, most of the
hydroaromatichydrocarbonsformed are in themonoaromatic
and diaromatic regions. Disulfurand oxygenated compounds
are almost completely removed, while certain amounte of
monosulfur and nitrogen compounds survive from hy­
drotreating. Disulfur compounds appear to contain external
thiophene rings which are less sterically hindered and more
susceptible to hydrogenolysis than monosulfur compounds.
Partial conversion of disulfur compounds could account for
some of the monosulfur compounds remaining after hy­
drotreating.

CONCLUSION

On-line LC/MS in combination with low-voltage EI/
medium-resolutions MS provides us with an unprecedented
opportunityfor the in-depth molecular level characterization
of high-boiling petroleum or synthetic fuel fractions without
the need of using high-resolution mass spectrometry. With
an advanced data analysis procedure to process medium/
high-resolution data, the compoeitional changes within each
LC peak can be studied in great detail. This combined
technique has beenapplied tostudymolecular transformation
of a hydrotreating process on different levels: (1) overall
changes of hydrocarbons and heterocompounds, (2) compo­
sitional changes in terms ofcompound series. and (3) changes
in carbonnumberdistribution ofindividual compoundseries.
The combination of LC and MS enhances either technique
to obtain previously unattainable resulte in the character­
ization of heavy hydroaromatics and heteroaromatics. thus
demonstrating the value of on-line LC/MS for detailed mo­
lecular transformation studies to unravel complex chemistry
associated with heavy hydrocarbons refining processes.
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Cloud Point Preconcentration and High-Performance Liquid
Chromatographic Analysis with Electrochemical Detection

Carmelo Garda Pinto, Jose Luis Perez Pav6n, and Bernardo Moreno Cordero·

Departamento de Quimica Analitica, NutriciOn y Bromatologia, Facultad de Quimica, Universidad de Salamanca,
37008 Salamanca, Spain

One of the maJor dlsaclvantages of cIoucI point preconcentratlon
prior to HPLC analyllls Is the high absMlanc:e back~d
due to the surfactant that, In manyc_, despite the optimum
performance of the 88paratlon step, makes thll rnethodoIogy
...Iess when optical detection II.-ed. In lhI8 paper
electrochemical detection II propoaecl for the first time to
overcome this problem due to the eleclrocllc inactivity of
commercially available 8UrIectanta 88 Triton X-114. Vitamins
A and E end the pe8lIckIe parathion heve been .-ed In order
to test the suitability of electrochemical detection efter the
cloud point preconcentratlon-chromatographlc analyllls of
Important biological and environmental compound••

INTRODUCTION

Organized molecular assemblies (aqueous and reversed
micells, microemulsions, vesicles, bilayers, etc.) have been
used in practically all fields of analytical chemistry in order
to improve existing methods and to develop new analytical
procedures.l-£ During the last 10 years many separation
processes mediated by organized media have been
developed;H in particular, applications including high­
performance liquidchromatography, extraction, gel filtration,
ultracentrifugation, and electrokinetic capillary chromatog­
raphy have opened new possibilities for the separation of
molecules in certain research areas such as analytical bio­
technology, public health, or the study of environmental
pollutants.

The use oforderedmedia in separation processesalso allows
the direct injection of untreated biological fluids (plasma,
urine, or saliva) or waste water samples in any hydrodynamic
analytical system (i.e. HPLC or flow injection analysis) which,
in turn, will facilitate sample preparation and reduce the
analysis time.

In addition, in several instances, the use of appropriate
surfactants allowsfor the improvementofthe analytical signal
in chromatographic detection.s.lO

It is well-known that aqueous micellar solutions ofnonionic
surfactants such as n-alkylsullmyl alcohols, alkyl methyl
sulfone diimines, dimethylalkylphosphine oxides and alkyl
(or aryl) poly(oxyethyelene) ethers are capable ofundergoing

(1) Hinze, W. L. In Solution Chemistry of Surfactants; Mittal, K. L.,
Ed.; Plenum Press: New York, 1979, pp 79-12'7.

(2) Pe1izzetti, E.; Pramauro, E. Anal. Chirn. Acta 1985, 169, 1-29.
(3) Hinze, W. L.; Sing, H.; Baba, Y.; Harvey, N. G. Trends Anal. Chem.

1984,3, 193-199.
~4) Moreno Cordero, B.; Perez Pav6n, J. L.; Hemandez Mendez, J.

QUlm. Anal. 1989,8,231-240.
(5) Moreno Cordero, B.; Perez Pav6n, J. L.; Hernandez M~ndez, J.

Anal. Chim. Acta 1990,234,239-245.
(6) McIntire, G. L. Crit. Rev. Anal. Chern. 1990, 4, 257-2'74.
(7) Armstrong, D. W. Sep. Purif. Methods 1985, 14, 213-304.
(8) Hinze, W. L. Ann. Chim. 1987, 77, 167-207.
(9) Hinze, W. L. In Ordered Media in Chemical Separatiom; Hinze,

W. L., Amstrong, D. W., Eds.; ACS Sympoaium Seriee 342; American
Chemical Society: Washington, DC, 1987.

(10) Xia, F. Cassidy, R. M. Anal. Chem. 1991,63,2883-2887.
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a phase separation (i.e. temperature changes) known as the
cloud point phenomenon;U-15 that is, when the aqueous
solution of surfactant is heated above a critical temperature
the solution suddenly becomes turbid (cloud point) due to
the diminished solubilityofthe surfactant in water. At higher
temperatures than thecloudpointandafter some time interval
(centrifugation can speed up this step) the solution separates
into two transparent liquid phases: a surfactant-rich phase
and an aqueous solution in equilibrium with a surfactant
concentrationclose to the cmc (criticalmicelle concentration).
This surfactant-rich phase can be used for the preconcen­
tration ofsome analytes prior to gasor liquid chromatographic
analysis with the obvious benefits (safety, cost, compatibility
with micellar and hydroorganic mobile phases, etc.).

The cloud point methodology has been used in different
applications: Watanabe et al,16-1S have reported the use of
poly(oxyethylene) nonylphenyl ether (PONPE 7.5) as a
nonionic surfactant for the preconcentration ofseveral metal
ions after converting them into sparingly water-soluble
chelates. Bordier'"has described the separation ofperipheral
membrane proteins using Triton X-114. Hinze et al.21 have
reported the preconcentration of polynuclear aromatic hy­
drocarbons, and Pramauro2" has studied the separation of
different chloroaromatic pollutants from aqueous solutions
using equal amounts ofpoly(oxyethylene) (4.5) dodecylether
and poly(oxyethylene) (8) dodecyl ether.

When cloud point extraction prior to HPLC analysis is
used, two important disdvantages arise: a high background
absorbance at UV detection (no optical transparency) and
the lengthy operating time (up to several hours) required for
total elution ofthesurfactant injected. These two drawbacks
clearlyaffect the use ofthis methodology in chromatographic
determinations with optical detection.

When the analytes under study are species of very low
polarity, these problems may be overcome owing to the fact
that for the elution of such molecules, in analytically
reasonable times, mobile phaseswitha highcontent inorganic

(11) KjeUander, R J. Chern. S"". Faraday Trans. 1982, 2, 78-81.
(12) Cort~ M.; Minero, C.; Degiorgio, V. J. Phys. Chern. 1984,88,309.
(13) Degiorgio, W.; Piazza, R; Corti, M.; Minero, C. J. Chern. Phys.

1985,82, 1025-1031.
(14) Degiorgio, V. In Physics of Amphiphilic: Micelles, vesicles, and

Microemulsions; Degiorgio, V., Corti, M., Eds.; Nortb·Holland: Am­
sterdam, 1985; pp 303-335.

(15) Goldstein, R E. J. Phys. Chern. 1986, 84, 3367-3378.
(16) Watanabe, H. In Solution Behaviour of Surfactants; Mittal, K.

L., Fendler. E. F., Eds.; PlenumPr...: New York,1982; Vol. 2, pp 1305­
1313.

(17) Kwamorita, S.; Watanabe, H.; Haraguchi, K. Anal. Sci. 1985,1,
41-45.

(18) Wal=abe, H.; Tanaka, H. Talanta 1978, 25, 5Sl;-589.
(19) Saitoh, T.; Kimura, Y.; Kamidate, T.; Watanabe, H.; Haraguchi,

K. Anal. Sci. 1989, 5, 577-581.
(20) Bordier, C. J. Bioi. Chern. 1981,25, 1604.
(21) Hinze, W. L.; Sing, H. N.;Fu, Z. S.; WiIIiama,R W.; Kippenherger,

D. J.; Monia, M. D.; Sadek, F. S. In Chemical Analysis of Polycyclic
Aromatic Compounds; Vo-Dinh, T., Ed.; John Wiley &Sona: New York,
1989; Chapter 5, pp 15&-157.

(22) Pram.uro, E. Ann. Chim. 1990,80, 101-109.
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modifier (i.e. >95 %methanol) are needed, thus enabling rapid
elution of the injected surfactant.

For analytes of intermediate polarity, mobile phases with
lower organic content are used and the problems of high
absorbance due to the slowly eluted surfactant can be
circumvented in two different ways:

(1) By using surfactant species that display the cloud point
phenomenon and do not show high absorbance at the
customary working wavelengths in HPLC (254-280 nm).
Recently Hinze et al. 23 have used this alternative with two
synthesized zwitterionic surfactants: 3-(nonyldimethylam­
monium)propyl sulfate (~SO,) and 3-(decyldimethylam­
monium)propyl sulfate (CIOAPSO,). These new surfactants
undergo phase separation like nonionic surfactants but do
not appreciably absorb in the UV zone of the spectrum,
thereby permitting their use in cloud point preconcentration
methodology prior to HPLC analysis. Both surfactants have
been employed for the preconcentration of several hydro­
phobic organic compounds (steroidal hormones, vitamin E)
and the extraction ofthe membrane protein bacteriorhodopsin
from the hydrophilic cytochrome c protein.

(2) By using detectors that under certain experimental
conditions will make the surfactants employed in the sur­
factant-mediated phase separations transparent. In the
present work we propose for the first time the use of
electrochemical detection as a simple and cheap alternative
for solving the problem of the lack of optical transparency of
many nonionic surfactants in cloud point extractions prior
to HPLC determination.

This alternative has three clear advantages. Firstly, its
applicability is high because ofthe numberofboth biologically
and environmentally interesting species that can undergo
oxidation or reduction processes on an electrode.2' Secondly,
electrochemical detection is more sensitive (50-100-fold) and
more selective than UV detection; thus, electrochemical
detection in HPLC has become a useful method for the
determination of analytes in complex samples such as
biological fluids, natural productsorpharmaceuticalproducts.
Thirdly, many commercially available nonionic surfactants
that show a cloud point close to room temperature (Triton
X-114 or PONPE 7.5), and hence suitable for the separation
of molecules of biological interest, do not contain any
functional groups subject to electrodic reactions.

The nonionic surfactant Triton X-114 was chosen owing
to its favorable characteristics regarding price, toxicity, and
commercial availability; additionally its cloud point (23-26
·C) permits its use in the extraction/preconcentration of a
large number of molecules, even though these are thermo­
labile. In order to prove the suitability of electrochemical
detection for cloud point preconcentration prior to HPLC
analysis, two types of molecules of different polarity were
chosen. As highly hydrophobic molecules, the liposoluble
vitamins A and E, which require mobile phases with high
methanol or acetonitrile concentrations for elution, were
chosen. As an analyte of intermediate polarity, the organ­
ophosphorus pesticide parathion was chosen as a represen­
tative of molecules of considerable environmental interest.
In view of its higher polarity as compared with those of
vitamins A and E, for elution this latter molecule requires
mobile phases with lower proportions of organic modifier,
thus hindering rapid elution of the surfactant injected.

EXPERIMENTAL SECTION

Reagents. The nonioDicsurfactantTritonX-114 was obtained
from Fluka and used without further purification, the pesticide

(23) S.itoh, T.; Hinze, W. L. Anal. Chem. 1991,63,2520-2525.
(24) Hart, J. P. Eleclroana!ysis of Biological Important Compounds.

Ellis Horwood. New York 1990.

parathionwas purchased from Riedel-de Haen (Seelze-Hannover,
Germany), vitamin A was obtained from Sigma, and vitamin E
was obtained from Fluka. All other reagents were of analytical
grade.

Mobile phases were99:1 (v/v) mixtureofmethanol/water (flow
rate = 1.0 mL/min) to which 0.1 M LiCIO, had been added as
supporting electrolyte for vitamins and 70:30 (v/v) mixture of
methanol/water (flow rate = 1.25 mL/min) to which 0.0025 M
acetic acid + sodium acetate has been added as supporting
electrolyte for parathion.

All solvents and analytes were filtrated throughO,45-"m nylon
membrane filters (Millipore) and ultra-high-quality water ob­
tained from a Elgastat UHQ water purification system was used.

Apparatus. A modular component liquid chromatographic
system was used consisting ofa Spectra Physics SP 8800 ternary
pump, an SP 8450 UV detector, an EG&G PARC 400 electro­
chemical detector, and an S1' 4290 integrator. The electrodes
were as follows: Ag/AgCl/O.l M KCl reference electrode, gold
auxiliary electrode, and single glassy carbon electrode MP 1305
and dual glassy carbon electrode MP 1304 for the detection of
vitamins and parathion, respectively. The two detectors were
connected in series, the electrochemical one being the later. In
all experiments, a Rheodine 7125 injection valve, with a 10-"L
sample loop and an 224- x 4.6-mm Spheri 5 ODS-224 stationary
phsse column from Brownlee labs were used.

ProcedUl'lls. Cloud Point Determination. The cloud point
for Triton-X114 was determined by observing the appearance of
the two phases on heating different previously cooled aqueous
solutions of surfactant in a thermostatted bath. Within the
concentration range studied (1-5%) the cloud point remained
constant at 25 ·C. This value is consistent with that reported
by other authors.'I

Ratio of Phases. The volumes of the respective phases were
measured in tubes calibrated for different amounts ofsurfactant
under the same experimental conditions as those used for the
phaseseparation (heating at 40 ·Cand centrifugingat3500 rpm).

Cloud Point Preconcentration. Aliquots of 15.0 mL of the
cold solutions containing the analytes in 1.3% Triton-X114 for
the vitamins and in 1.0% Triton X-114 for parathion were kept
for 5 min in a thermostatic bath at 40 ·C. Separation of the two
phases was achieved by centrifugation for 5 min at 3500 rpm.
From thesurfactant-richphase,60!tL wascollected ina Hamilton
syringe, and 10 "L of this was injected into the chromatographic
system.

Electrochemical Detectionand Electrode Pretreatment. The
detection of vitamins A and E was performed by oxidation on
a single glassy carbon electrode at +800 and +1150 mV
respectively. This electrode was electrochemically pretreated
daily by applying for 10 min a potential of --600 mV followed by
30 min at +1300 mV;2S after that the potential was set at the
appropriate working value for the vitamin studied.

The detection of parathion was carried out with a dual glassy
carbon electrode in the series confIguration (reductive--oxidative
mode); the working potentials were E 1 = -1500 mV (generating
electrode) and E, = +400 mV, the intensity at E, being the
analytical signal. The electrodes were electrochemically pre­
treated as follows:'" E 1 was kept for 10 min at -1500 mVand then
10min at +1500 mV, andfInally itwassetattheworking potential
(-1500 mV);meanwhileE,was kept for 10 min at +1000 mV and
then 10 minat-l000 mV, and after that another 10 min at +1000
mV, and finally it was setat the measuring potential (+400 mV).

RESULTS AND DISCUSSION

Cloud Point Preconcentration-HPLC of Vitamins A
and E. Figure 1shows the signal obtained witha UV detector
at260nm and the signals atdifferentapplied potentials when
10 ILL ofa surfactant-rich phase containing only Triton X-114
is injected after cloud point separation. When spectropho­
tometric detection is employed, the baseline is not recovered

(25) EG&G Princeton Applied Research Model 400 Electrochemical
Detector. User's Manual. p 13.

(26) Hern8ndez Mendez,J.; Car.bias Martinez, R.; Rodriguez Gonzalo,
E.; Garay Garcia. F. Presented at the Symposium on Fungicides.
Herbicides and Insecticides, London, 1992.
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FIgon 1. Chromatograms obtained for the Injecllon of a SU'factant-rlch phase after cloud point separation with uv detection at 260 nm (first
on the left) and .....ctrochemical detection (applied poten1lals on the peaks). Chromatographic conditions as desaibed In the 1ext.

+800 and + 1200 mV. However, in view of the retention time
and the signal provided by Triton X-114 (see Figure 1) a
working potential of +800 mV should be chosen for the
detection of vitamin A, at which the signal afforded by the
surfactant is small and there is no appreciable loss of
sensitivity, although its quantification, ifnecessary, could be
carried out at higher potentials.

The chromatograms shown in the upper part of Figure 3
correspond to the injection of 10 I'L of a solution containing
0.37 ppmofvitamin A(3.7 nginjected) byboth electrochemical
and UV detection. In the lower chromatograms of Figure 3,
the signals for the injection ofthe cloud pointpreconcentrated
solution are shown. AIl can be seen, electrochemical detection
offers much greater sensitivity in addition to a perfectly
defined peakwhile UV detectioncanbe considered absolutely
inadequate for the quantification of vitamin A after the
preconcentration step. The preconcentration factor P was
calculated from the ratio of the signals obtained with the
preconcentrated and unpreconcentrated samples; this value
was 20 by both electrochemical and UV detection for vitamin
A. The recovery attained in the preconcentration process
was calculated by the expression R = P/PR, where PR is the
volume phase ~atio; the obtained value was 67 %.

If the molecules under study are eluted at times longer
than 10 min, quantification with both UV and the electro­
chemical technique is adequate, although electrochemical
detection is more sensitive. AIl an example, Figure 4 (upper
part) shows the chromatograms obtained for the injection of
10 JU,'of a solution containing 0.57 ppm of vitamin E (5.7 ng
injected) both with electrochemical and UV detection; the
lower part of the figure shows the chromatograms obtained
for the injection of the cloud point preconcentrated solution.
The potentialused (+1150mV) was higher than that necessary
for vitamin E, but it was selected to show that for analyte8
eluting at these times there is no influence of the surfactant
signal even at these high potential values. The increase of
sensitivityobtained with electrochemicaldetection is obvious
and for the nonpreconcentrated solution the analyte is not
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FIgon 2. Hydrodynamic voltammograms for vitamins A and E.
Chromatographic conditions as _ In the text.

until at least8min have elapsed. This indicates thatanalyte8
with elution times shorter or close to this value would yield
chromatograms that would be very difficult to quantify.

Under these experimental elution conditions, the electro­
chemical signal afforded by Triton X-114 strongly depends
on the potential applied owing to the different adsorption
capacity shown by the surfactant on the working electrode
at different potentials. Thus, for example, when detection
was carried out at+800mV, the baseline needs approximately
4 min to recover, while if detection is performed at +1200
mV, at least 10 min are required for the recovery. The choice
of the optimum potential for detection depends on the
retention time and hydrodynamic voltammogram of the
species chromatographed.

AIl an example, Figure 2 shows the hydrodynamic volta­
mmograms corresponding to vitamins A and E (whose
retention times are close to 4 and 13 min, respectively) when
10 JU, of a solution containing 3.7 ng of vitamin A and 5.8 ng
ofvitamin E is injected. The results obtained show that both
vitamins can be detected in the range of potentials between
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figure 3. Upper chromatograms: electrochemical (left, E = +1150
mY) and UV (right, 280 nm) detection of 0.37 ppm of vltamin A (10
1'1. Injected). Lower chromatograms: electrochemical (left) and UV
(right) detection of the surfactant-rich phase obtained after the cloud
point preconcentratlon of 15 mL of the same solution.

detected. The calculated values for P and R were 30 and
100%, respectively; they are higher than those obtained for
vitamin A due to the lese hydrophobic character of vitamin
A.

It can be concluded that when mobile phases with high
organic modifier content are used, both electrochemical and
UV detection are suitable after cloud point preconcentration
with Triton X-114 for analytes eluted at long times, elec­
trochemical detection being, in general, more Slensitive.
However, under the same experimental conditions, electro­
chemical detection permits the detection and quantification

E

12

Time/min

figure 4. Upper chromatograms: electrochemical (left, E = +800
mY) and UV (right, 280 nm) detection of 0.57 ppm of vltamln E (10
ilL Injected). Lower chromatograms: electrochemical (left) and UV
(right) detection of the surtactant-rlch phase obtained after the cloud
point preconcentratlon of 15 mL of the same solution.

of analytes at shorter elution times for which UV detection
is not suitable as shown for vitamin A.

Cloud Point Preconeentration-HPLC of Parathion,
When it is desired to determine molecules of intermediate
polarity, the amount oforganic modifier should be lower than
that used when strongly hydrophobic molecules are eluted.
Under these experimental conditions, if the surfactant-rich
phase is injected, the mobile phase is unable to completely
elute the surfactant in a short time. Accordingly, if spec­
trophotometric detection is used, the surfactant signal can
be seen for several hours; this time depends on the relative
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CONCLUSIONS
The main advantage of electrochemical detection after

cloud point preconcentration arises from the fact that it allows
the use ofcommerciallyavailable surfactants as Triton X-114
owing to its electrodic transparency, thus making this
methodology useful for the determination of important
compounds at very low concentration levels.
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FIgure 8. Upper chromatograms: electrochemical (Jell, £, = -1500
mV and £, = +400 mV) and UV (right, 280 non) detection of 0.50 ppm
of parathion (1 0I'llnjected). Lower chromatOlJ"llms: electrochemlcaJ
(Iell) and UV (right) detection of the surlactant-i"lch phase obtained
alter the cloud point preconcentratlon of 15 mL of the same solution.

Figure 6 (upper part) shows the chromatograms obtained
with electrochemical and UV detection when 10 ilL of a
solution containing 0.50 ppm of the pesticide parathion in
1% Triton X-114 is injected. The lower chromatograms are
obtained following the cloudpointpreconcentrationstep after
which 10 ilL of the surfactant-rich phase is injected in the
chromatographicsystem. Withelectrochemicaldetection the
chromatogram is perfectly well dermed and it is possible to
quantify the pesticide. However, with spectrophotometric
detection, quantification of parathion is almost impossible.
The calculated values for P and R were 47 and 94%
respectively.

12 16
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amount of organic modifier in the mobile phase. In most
cases, this prevents suitable quantification of the species
chromatographed.

The electrochemical behavior of parathion, the species
chosen for chromatographic conditions of mobile phase with
low organic content, has been previously described.27 It can
undergo electrochemical reduction processes, butno oxidation
waves are obtained on glassy carbon electrodes. As the
oxidative mode is the preferred one for detection in chro­
matography, a dual glassycarbon electrode was used in which
the reduction products generated on the upstream electrode
are reoxidized on the downstream electrode. This latter
oxidation intensity is the signal being monitored.

Figure 5 shows the comparative chromatograms obtained
when 10 ilL of a surfactant-rich phase of Triton X-114 is
injected after cloud point separation with UV detection at
260 nm and with the dual glassy carbon electrode. For UV
detection, the signal obtained displays three perfectly dis­
tinguishable zones; during the first 5 min, no signal of the
Triton X-114 is observed because the surfactant, at this
composition ofmobile phase, is not eluted; this would permit
quantification of a species whose retention times are lower
than this value. The second zone ranges between 5 and 18
min in which the surfactant affords a set of perfectly
reproducible peaks, probably due to the presenceofimpurities
in it, and then a pronounced broad peak is obtained due to
the elution of mostof the surfactant injected. Detection and
quantification of species whose retention times are longer
than 6 min is practically impossible with UV detection.

However, under thesame experimentalconditions butusing
electrochemical detection, the surfactant does not yield any
signal. This electrodic inactivity allows detection and quan­
tification of species for which UV detection would be
impossible. Even though no signal is obtained for Triton
X-114, it is obvious that most of the surfactant injected
remainl n the column and, in order to obtain reproducibility
in the cnromatographic process, a washing cycle of 5 min
with 100% methanol was included at the end of every run
(run time 15 min). This time was enough to elute the
surfactant injected as proved byfollowing the signal provided
by the UV detector; no electrode pretreatment was needed
in between runs. The retention time stability, measured as
its relative standard deviation for 10 consecutive injections,
was 2.7% when no washing cycle was used and 0.5% if the
5-min methanol cycle was included.

(27) HernAndez Mendez, J.; Car.bias Martinez, R.; SAncbez Martin,
J. Anal. Chern. 1986,58, 1699-1972.
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High-Resolution Determination of 147Pm in Urine Using Dynamic
Ion-Exchange Chromatography

Steve Elchuk, Charles A. Lucy;'! and Ker!"3' I. Bums

AECL Research, General Chemistry Branch, Chalk River Laboratories, Chalk River, On.tario, Canada KOJ lJO

A procedure has been developecl for me-mng 147Pm In
~y samples, baHd on the lMIp8I'atlon and preconcen­
tratlon of '''Pm from the urlna matrix by acIIorptIon onto a
conventional catlo....xchanga cOlumn with final separation
and purification by HPLC U8Ing dynamic Ion-exchanga chro­
matography. TINt concentrallon of 147Pm 18 determined by
cohcllllllthe appropriate HPLC fraction and me88llrlllllthe
'''Pm by IIquIcI acInUlalion counting. TINt Imlt of detection
18 0.1 8q (3 fSl) 147Pm baeed on a 500-mL aample of urine and
a counting time of 30 min with a background of 100 cprn. Ten
aampl.. can be procneed In 1.5-2 day..

INTRODUCTION

Within CANDUreactors, 3H and volatile, long-lived fission
products suchas 137CS and 9OSr/OOY are the radionuclides which
are most closely monitored to ensure the health and safety
of personnel. However, in the production of separated
radionuclides for radiopharmaceutical applications or during
the maintenance of reactor components, rare-earth nuclides
such as wPm and '''Ce can be ofconcern as well. If ingested
or inhaled, only a smaIl fraction of the rare-earth inventory
is absorbed, however that portion is translocated to the liver
and skeleton where it is retained with a biological half-life of
3500 days.' These long biological residence times can lead
to significant radiation doses, thus making it necessary to
regularly monitor personnel who come in contact with these
radionuclides.

Monitoring ofpersonnel for internal exposure can be based
on the following approaches: direct in vivo monitoring of the
radionuclides, measurement of radionuclides in excreta, or
estimation of intake based on a personal air sampler. The
choice of measurement approach is dictated by the mode of
decay of the radionuclide (i.e. ", fJ, or 'Y-ray), its metabolic
behavior, and the sensitivity, availability, and convenience
ofthe appropriate measurement facilities.2 Directmonitoring
ofthe whole body or specific organs provides a reliable means
to measure the retained activity within the body following an
intake. "Whole-body scanning" is usually performed using
'Y spectrometers3and is the method of choice for 'Y·emitting
radionuclides suchas '+ICe and 137CS.2 Whole-body scanning,
however, is of little value in assessing retained activity of
pure fJ-emitters such as "'Pmand 9OSrjfJoy, exceptwhen there
is high internal contamination and when the body burden of
other radionuclides is very low.3-5

At levels appropriate to routine internal dose monitoring,
internal contamination by pure fJ-emitting radionuclides is

1 Present address: Department of Chemistry, University of Calgary,
2500 University Drive NW, Calgary, Alberta, Canada T2N IN4.

(1) ICRP. Limits for Intakes ofRadionuclidea by Workers. Publication
30; Pergamon Preas: Oxford, U.K., 1981.

(2) ICRP. Individual Monitoring for Intakea of Radionuclidea by
Workers; Design and Interpretation. Publication 54; Pergamon Press,
Oxford, U.K., 1988.

(3) IAEA. Directory of Whole-Body Radioactivity Monitors; STI/
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determined by measuring their concentration in urine. The
Dosimetric Research Branch at the Chalk River Laboratories
(CRL) routinely screens personnel for radiologically signif­
icant fJ contaminants by coprecipitating the radionuclides
withcalcium oxalate from buffered urine (pH 3.8). The dried
precipitate is measured with a low hackground gas flow
proportional counter.6 Although this technique is satisfactory
for detecting high-energy fJ emitters such as 9OSr/90Y, it has
poor counting efficiencies for low-energy fJ emitters due to
attenuation in the precipitate. Thus while this procedure
may be useful as a screening test, it cannot be readily used
to identify the contaminant, determine the level of intake, or
establish the committed dose equivalent.2

To determine the committeddose equivalent, it is necessary
to know the identity and concentration of each radionuclide
contributing to the total body burden. Previously, if the
screening indicated possible contamination, a solvent ex­
traction procedure based on bis(2-ethylhexyl) phosphoricacid
(HDEHP) in n.-heptane was used to separate 9OSr, 9OY, 14'Pm,
and 1+ICe from urine.7 However, a number ofdifficulties were
encountered when this procedure was used to measure
14'Pm: formation of precipitate in the liquid scintillation
cocktail; poor precision in the results because of variability
in the recovery; interference due to the presence of other
radionuclides in the 14'Pm fraction; long sample preparation
times.

In this work, chromatographic procedures have been
developed for the determination of rare-earth radionuclides,
most notably 14'Pm, in urine. Urine is a complex solution
containingan array ofinorganicsalts and organic constituents,
and its composition varies considerably depending on the
dietary habits of the individual. In this matrix, the concen­
tration of the radionuclides of interest will be at femtogram
levels, because of their long biological half-life. Therefore a
cation-exchange sample preparationstepwas used to minimize
the interference from the inorganic salts in the urine matrix
and to preconcentrate the rare earths. The resultant rare­
earth sample was then analyzed by dynamic ion-exchange
chromatography. Previous studies have shown that dynamic
ion-exchangechromatography, whencoupledwith postcolumn
reaction detection, enables precise and accurate determina­
tions of nanogram amounts of lanthanides in complicated
matrices.8-1O It has also been used as a rapid and convenient
procedure for separation and determination of lanthanides
for nuclear fuel burnup measurements",12 and in the sepa­
ration of actinides prior to their measurement by " spec-

(5) Johnson, J. R Report AECL-5854: Atomic Energy of Canada Ltd.:
Chalk River, Ontario, 1977.

(6) Mawson, C. A.; Fischer, I. Report CRM·455: National Research
Council, Research Division: Chalk River, Ontario, 1950.

(7) Kramer, G. H.; Daviea, J. M. Anal. Chem. 1982,54, 1428-1431.
(8) Knight, C. H.: Cassidy, R M.: Recoskie, B. M.: Green, L. W. Anal.

Chem. 1984,56, 474-478.
(9) Cassidy, R M.; Elchuk, S.: Elliot, N. L.; Green, L. W.; Knight, C.

H.; Recoskie, B. M. Anal. Chem. 1986,56, 1181-1186.
(10) Barkley, D. J.: Blanchette, M.: Cassidy, R M.; Elchuk, S. Anal.

Chem. 1986, 58, 2222-2226.
(11) Elliot, N. L.; Green, L. W.: Recoskie, B. M.: Cassidy, R M. Anal.

Chem. 1986,56, 1178-1181.

© 1992 American Chemical Society



2340 • ANALYTICAL CHEMISTRY. VOl.. 64. NO. 20. OCTOBER 15. 1992

trometry.'2,l3 In this work, '."Pm is separated from other
rare-earth elements by dynamic ion-exchange chromatogra­
phy and determined off-line by liquid scintillation counting
of the appropriate HPLC fraction.

EXPERIMENTAL SECTION

HPLC System. The HPLC system consisted of a Spectra
Physics pump (Model 8700, Spectra Physics, Santa Clara, CAl,
a Rheodyne sampling valve (Model 7125, Rheodyne, Berkeley,
CAl fitted with a 1.O-mL sample loop, a 150-mm- x 4.6-mm-i.d.
Supelco column packed with 5-l'm C18 reversed-phase particles,
a Rheodyne switching valve (Model 7(00), a fixed-wavelength
(658-nm) detector (Model «1, Waters Aasociates, Milford,MA),
and a Spectra Physics Computing Integrator (SP4100). The
eluted metal ions, except for promethium, were measured
colorimetrically hy a poetcolumn reaction with 3,6-his[(o­
arsenophenyl)azo]-4,5-dihydroxy-2,7-naphthalenedisulfonicacid
(Arsenazo III). The postcolumn reagent was added to the eluate
downstream of the fraction collection valve via a screen-tee
reactor," using a syringe pump (ISCO M314, Lincoln, NE).

Reagents and Standards. a-Hydroxyisobutyricacid (HIBA)
(Aldrich Chemical Co., Milwaukee, WI) was purified by passage
through a 3- x 200-cm AG 50W-X8 cation-exchange column and
filtered through a 0.8-l'm/OA5-l'm cartridge mter (Nalge Co.).
The modifier used for the reversed-phase column was I-octane­
sulfonate (Regis Chemical Co., Martin Grove, TN). All other
reagents were reagent grade, and all aqueous solutions were
prepared from quartz double-distilled and deionized water
(Milli-Q system). All eluents were mtered through OA5-l'm
Millipore filters before use to remove any particulate and to degas
the solvent.

Dilute solutions of lanthanide standards were prepared from
Spex Industries standard solutions. The "'Pm standard was
from Amersham Canada (Oakville, ON, Canada) and bad an
activity of651.3Bq mg-' at reference time 87-Nov-23 @12hEST,
based on calibration by 4'1r1J counting with "'Co as an efficiency
tracer. A half-life of 958.18 ± 0.15 days was used to calculate the
concentration of "'Pm at the time of use.

Sample Preparation. To aid in the development of this
procedure, a number oflare-earth tracers (l40La, 147Nd, 149,151Pm,
and '·'Ce) were prepared by irradiating the appropriate lan­
thanides (10~ of La, 2.0 mg of Nd, and 1 mg of Ce) in the NRU
reactor (Chalk River Laboratories, Chalk River, Ontario) for a
period of 19 h at a flux of 2 x IOU n cm-' so,. In initial studies,
a 100-I'L aliquot of each tracer containing 8 ng of Nd, 4 ng ofCe,
40 pg of La, and - 20 pg of Pm was added to 500 mL of urine,
while in subsequent recovery studies 100 ng ofU, 11 Bq oP·'Pm
(0.32 pg), and 10< Bq of '.'Cs tracer were added to the sample.
In all cases, 100 ng ofYand Sm carrier were added tothe500-mL
urine samples. The urine samples were not pooled, so that the
effect ofvariability in the urine matrix on the analysis procedure
could be assessed.

Initial experiments with urine spiked immediately before
processing indicated that acidifying the urine to 0.5 M HNO,
and heating to 80 °C resulted in complete recovery of the tracer
lanthanides on a lO-mL cation-exchange column. However, when
this same procedure was applied to urine samples which had
been spiked and then allowed to equilibrate for 4 days, only 4()­
50% ofthe tracer inventory was retained on the cation resin. The
poor recovery was attributed to incomplete destruction of organic
lanthanide complexes that had formed in the urine and which
were not retained on the ion-exchange column. Additional
experiments using urine which bad been spiked and allowed to
equilibrate for 4 days indicated tbat acidifying the sample to 0.5
M HNO, and boiling for 1 h successfully destroyed any complexes
which had formed and resulted in complete adsorption of the
lanthanides on the cation column. In all subsequent experiments
the urine specimens were acidified to 0.5 M HNO, and boiled for

(12) Cassidy,R. M.; Miller,F. C.; Knight, C. H.; Roddick,J. C.; Sullivan,
R. W. Anal. Chem. 1986,58, 1389-1394.

(13) Elchuk,S.; Burns,K. L; Cassidy,R. M.; Lucy, C. A.J. Chromatogr.
1991,558, 197-207.
~~) Cassidy, R. M.; Elchuk, S.; Dasgupta, P. K. Anal. Chem. 1987,59,

a period of 1 h before processing. The samples were then cooled
to room temperature, ftltered by gravity using Whatman No. 41
ftlter paper and passed through a 10-mL bed of AG 5OW-X8
cation-exchange resin (10()-200 mesh). The resin was washed in
turn with 25 mL of water and 250 mL of 1.0 M NH.Cl (pH 5.0)
and again with 25 mL of water, and the lanthanides were eluted
from the resin with 35 mL of 0.03 M citric acid (pH 5.0).

The citrate solution was evaporated to dryness and then ignited
at 52l>-550 °C for 30 min. The lanthanides were converted to
the nitrate form by dissolving the residue in 3-4 mL of
concentratedHNOsl2% HF and evaporatingto dryness. Finally,
the lanthanide nitrates were dissolved in 1.0 mL ofHIBAsolution
(0.05 M at pH 3.5) containing l-octanesulfonic acid (0.01 M).

Sample Analysis by HPLC. The 1.O-mL sample loop was
flushed with distilled-deionized water, the sample was loaded
into the loop through a O.45-jLm syringe cartridge mter, and then
valved "in-line" with the eluent. The solvent for the gradient
elution was varied from 0.05 M HIBA to 0.25 M HIBA over 15
min at a flow rate of 1.5 mL/min; for both eluents the pH was
4.6. The concentration of l-octanesulfonate was constant
throughout a given gradient, and ranged from 7.5 X 10-' to 1 X
10-' M in the various studies. The eluted fractions of "'Pm and
'·'Ce were collected using a manually operated switching valve,
for subsequent determination by liquid scintillation counting
and'Y spectrometry, respectively. The elution times required
for collecting the fractions were determined prior to the analysis
using lanthanide standards and were verified during the sample
runs using the Sm peak as a marker.

Radiochemical Analysis. Two milliliters of the wPm
fraction were mixed with 18.0mL ofScintiverse liquid scintillation
cocktail (Fisher Chemical Co.) and counted on a Beckman LS
2800 counter (Beckman Instruments Inc., Nuclear Systems
Operation, Irvine, CAl for 30 min. Calibration of the liquid
scintillation counter using a '·'Pm standard gave a counting
efficiency of 91 ± 3% for '·'Pm under these conditions. The
background for the liquid scintillation counter was 100 cpm.

The '<lCe fraction (2.0 mL) was counted on a EG&G Ortec
PopTop high-purity germanium 'Y spectrometer (30% relative
efficiency). The recovery of the '.'Cs was determined relative
to 2.0 mL of eluent containing the same quantity of '·'Ce as
spiked into the urine.

ICP Analyses. Samples from intial cation-exchange studies
were analyzed with an Applied Research Laboratories 3520 B
inductively coupled plasma-atomic emission spectrometer using
a 1.O-mPaschen-Runge vacuummonochromatorwith a 1080 linesl
mm grating. The specific conditions were rf power 1.5 kW, torch
viewing height 14 mm above the load coil, nebulizer uptake rate
-3.0 mL/min, integration time 5 s/step, and argon flow rates
(nebulizer) 1.5L/min, (plasma) 1.0L/min,and (coolant) 10L/min.
The lines used for each element were Sm 359.280 nm, Nd 430.357
nm, Sr 407.771 nm, Ca 317.933 nm, and Y 371.030 om.

RESULTS AND DISCUSSION

Cation-Exchange Pretreatment. The recovery of the
rare-earth elements from the cation exchange pretreatment
was determined by adding '40La, '·'Nd, '.S,'5'Pm, and '·'Ce
tracers to urine specimens obtained from seven individuals,
along with 100 ng of Y and Sm carrier. The lanthanide­
amino acid complexes were destroyed by acidification and
boiling, and then the metals were preconcentrated on a 10­
mL bed of AG50W-X8 cation-exchange reain. Monitoring of
the eluting urine matrix by 'Y spectrometry indicated that
less than 1 % of the lanthanide tracers were lost during the
preconcentration step.

The bulk of the inorganic urine matrix retained on the
cation exchanger was calcium. It was determined that citric
acid quantitatively elutes the lanthanides while leaving
calcium on the column. Best removal was achieved at pH <
4, but even at pH 9 only 1.5~/mLof Ca was present in the
citric acid. The pH ofthe citric acid eluent also affects the
elution ofthe lanthanides (Figure 1), with only a minor portion
of the lanthanides being eluted below a pH of 5. However,
as the pH is increased above pH 5, the lanthanide recovery
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pH

FIgura 1. Effect of pH on elution of lanthanides and yttrium In urine
from AGSOW-X8 catlon-exchange resln by 0.03 M citric acld.
Experlmental conditions are as descrlbed in the Sample Praparatlon.
The sample was spiked wtth 1 mg each of Sm, Nd, and Y, and their
concentrations In the eluate _re determined by ICP-AES.
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and for all other samples. Whereas the I41Ce and 147Pm
recoveries differed at the 95% confidence interval for 3 of the
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figure 2. Dynamic iorHlxchange separation of a standard solution
containing 100 ng of each lanthanide, yttrium, and uranium and 8 I"g
of Ca. The standlard solution was processed as descrlbed In the
ExperImental SectIon.

figure 3. Dynamic ~xchangeseparation of a urine sample spiked
wtth 100 ng of Sm, Y, and U. Condltlons are as described In the
Experlmental Section.

gradually decreases. Based on Figure I, a pH of 5 was used
toelute the lanthanides. Initial studies were conducted using
a citrate concentration of 0.3 M, however a reduced concen­
tration of 0.03 M was found to elute the lanthanides equally
well and reduced the subsequent combustion time to 30 min.

Tracer studies and ICP analyses indicate that 7(}-90% of
the lanthanides and 55% of the yttrium are recovered from
this procedure. However, as can be seen in Figure I, there
are significant differences in the recoveries ofthe lanthanides.
This will impacton the internal standard, as discussed below.

Dynamic Ion-Exchange Separation of Lanthanides.
Thechromatographic conditions used in this work were based
on those previously developed for the separation of lan­
thanides in spent thorium-uranium dioxide fuels.' Figure 2
shows the separation of an aqueous standard containing 100
ng/mL ofthe lanthanides, uranium, and yttrium and 81'l:!mL
of Ca. The peak at 1.4 min is composed of transition-metal
impurities from the HF.

If calcium is not removed from the urine sample prior to
the dynamic ion-exchange chromatography, the large con­
centration of calcium will overload the column and alter the
elution times ofthe lanthanides, resulting in incorrect fraction
collection and enoneous determination of the radioisotopes
present.

Determination of u7pm and 1«ce in Urine. Thirteen
urine samples were 8piked with 11.0 Bq of u7pm, 104 Bq of
141Ce tracer, and 100 ng of inactive 8m canier and processed
through the full separation and detection protocol. These
samples were not pooled so that the effect ofvariations in the
urine matrix on the analysis could be assessed. The fmal
seven samples were spiked with a further 100 ng each of Y
and U. The results for Y and U will be discussed below.

Atypical sample chromatogram is shown in Figure 3, where
the peak at 1.4 min is attributed to the presence oftransition
metals in the urine. The baseline shift at the retention times
conesponding to Pm and Ce results from the diversion of the
eluent from the column to a collection vial at these points.
The Pm and Ce fractions wereanalyzed by liquid scintillation
counting and 'Y spectrometry, respectively.

The recoveries of 147pm, 141Ce, and the inactive 8m carrier
are reported inTables I and n. Sample 5 ofTable I represents
a "catastrophic" sample preparation incident, wherein the
sample was spilled after the cation-exchange pretreatment
resulting in the loss ofapproximately one-third of the sample
solution. Nevertheless, the recovery of 147Pm is equivalent
at the 95 % confidence interval to that of 8m for this sample
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Table I. Recovery of Lanthanide Spikes from Urine
Samples·

Smyield 14'Pm yield wCe Yield
sample (HPLC)' (LSC)' (oy spec)'

1 800103 85010 5 820102
2 90010 3 79010 5 730103
3 93010 3 91010 5 820103
4 910103 90010 5 820103
5' 500104 60010 5 67010 3
6 7l± 3 680105 640104

avd 850109 830109 770108

>- ~E
V1

."
z~

0..

'"u

..
u

, A 500-mL aliquot of each urine sample was spiked with 11.0 Bq
oP''Pm, 10' Bq opuCa, and 100 ng ofSm and handled as described
in the Experimental Section. • Errors are the standard deviations
(at 1, level) associated with the peak area measurement (HPLC) or
the counting statistics (liquid scintillation counting and oy spectros·
copy). ' Sample was accidentally spilled, resulting in the loss ofahout
one-third ofthe sample volume. d Sample number 5 isexcluded from
the average.

Table II. Recovery of Lanthanide, Yttrium, and Uranium
Spikes from Urine Samples-

, A 500-mL aliquot of each urine sample was spiked with 11.0 Bq
of "'Pm, 10' Bq of IUCe, and 100 ng of Sm, U, and Y and handled
as described in the Experimental Section. 'Errors are the standard
deviations (lr) associated with the peak area measurement (HPLC)
or counting statistics (liquid scintillation counting and oy spectroscopy).

13 samples. Therefore the internal standard should be as
chemicallysimilar to promethium as possible-i.e. samarium
or neodymium.

An additional urine sample was spiked with 147Nd and
,uCe, and passed through the cation-exchange and HPLC
separation stages. The resultant Pm fraction was analyzed
by 'Y spectrometry, and contained undetectable quantities of
these radionuclides, Thus, on the basis of the minimum
detectable activity for "'lNd, the decontamination factor for
adjacent lanthanides is ~790.

On the basis of an average recovery of 80% and a counting
efficiency of 91 %, the limit ofdetection for ""'Pm in 500 mL
of urine is 0.1 Bq for a 3O-min count on a liquid scintillation
counter with a background of 100 cpm. Use of a low­
background liquid scintillation counter or a longer count time
would further improve the sensitivityofthe method; however
the current sensitivity was sufficient for our application,

Determination of Other Radionuclides. Preliminary
studies were also performed on two other radionuclides, U
and Y, Uranium and yttrium were separated from the bulk
cations of the urine matrix using a cation-exchange column
in the same fashion as for the lanthanides. Tracer studies
determined that U recoveries from this initial step were
comparable to those of the lanthanides, However ICP-AES
analyses showed that Y had significantly lower recoveries
(Figure 1).

To improve the dynamic ion-exchange separation between
U and Y, the octanesulfonate concentration was reduced to
7.5 X 10-3M. Yttrium and the lanthanidesare retainedsolely
by ion exchange with the octanesulfonate, whereas the
uranium forms a much more hydrophobic complexwithHIBA

FIgwe 4. Dynamic ion-exchange separation of a standard solution of
..-IDe containing 100 ng of each 1an1I'enkIe, uranium, and y\triIm and
8 I'll of Ca. ConcIlIons are as descrIled In the ExperirnentaI SectIon,
except that the l-octanesulfonlc acid concentration Is 7.5 X lO-S M.

andso is less affected by changes in the ion-exchange capacity
of the column.6,15,'6 Thus by decreasing the concentration of
l-octanesulfonate, the retention of uranium on the column
can be adjusted so that it does not coelute with any of the
lanthanides or yttrium (Figure 4).

Table II shows the recoveries of each of the radionuclides
in the urine samples. The results for the lanthanides were
discussed above. The standard deviation for the U recovery
is greater than that of Sm, which was also determined using
postcolumn reaction with Arsenazo ill, because the U peak
tends to tail, making peak area determinations lesa precise.
For all casesexceptsample 3, the U recoveries were equivalent
to those of Sm, ""'Pm, and "'Ce within the 95% confidence
interval. Sample 3 was within the 99% confidence interval.
Therefore, it is concluded that a lanthanide carrier can be
used as a recovery marker for U as well as '."'Pm, The limit
of detection for U in urine by HPLC separation and
postcolumn reaction detection with Arsenazo-ill is 10 ng in
a 500-mL urine sample, This is much more sensitive than
the 1-l'g detection limit achieved by using anion-exchange
purification followed by spectrophotometric detsrmination
of the uranium-Arsenazo ill complex," or the 1 I'g/L U
detection limit of the fluorometric method.'8

The recoveries observedfor yttriumfor the cation-exchange
pretreatmentand overallprocess wereconsistently lower than
those obtainedfor the rare-earthelements (Figure 1and Table
II). Therefore inactive Y would be the only accurate internal
standard which could be used to assess the recovery of 9OY,

(15) Cassidy, R. M.; Elchuk, S.; Green, 1. W.; Knight, C. H.; Miller,
F. C.; Recoekie, B. M. J. Rodioonal. Nut:l. CMTn., Art. 1990, 139,~.

(16) Kerr, A.; Kupferschmidt, W.; Attas, M. Anal. CMm. 1988, 60,
2729-2733.

(17) Kressin, I. K. Anal. CMm. 1984,56,2269-2271.
(18) Kramer, G. H.; Johnson, J. R.; G,een, W. Report AECL-8251;

Atomic Enorgy of Canada Ltd.: Cbalk River, Ontario, 1984.
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This would preclude collection of the Y fraction prior to the
addition of the Arsenazo ill postcolumn reagent, and so it
would be necessary to decolorize the solution by wet asbing
with HN03 prior to analysis by liquid scintillation counting.

Thorium could not be determined using this procedure,
since it was lost during filtration (most likely as an insoluble
phosphate) prior to the initial cation exchange.
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Carboxylated Starburst Dendrimers as Calibration Standards for
Aqueous Size Exclusion Chromatography
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Jiulin Xia!

Departments of Chemistry and Physics, Indiana University-Purdue University at Indianapolis, Indianapolis,
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Stand.rds commonly employed to c:albr.t. liz••xcluslon
chromatography coIurnns uauaIy donott~h.v. well­
dlItlnecl liz... ear.1uIy ch.racterlzed sp/NIrlC.1 lOIutes In
the apporprl.t. liz. r.nge .... therefor. of c-'derable
Interest. TIle ctvomatogrllPhlc behavtor of carboxytated
8l.rbursl dendrlmera-ch...acterlzed by qU8llelasttc light
sc.ttertng .nd vIlIcornetry--on • Superose BIz. .xcluelon
column has been .xplored. Carboxylated81.rburlItdenclrmers
.ppe.r to beh.v••• nonlnter.cllng aphere. during chrom.­
togr.phy In the pre..nce of .n .pproprl.te .qu80ue mobile
ph.... The dependence of the ratentlon tim. on 8Olut. liz.
_ to coincide with d.t. collected on the lI8Ift8 column
for Flcoll, en unch.rged, quasHpherlc.1 potyeaccll8rlde.
Chromatogr.phy 01 the denc1r1mer8 ylelcls • remarkable
correl.tIon 01 the chrom.tographlc p.rtttton coeIIIclent with
the gener.tlon nlllllber; thIe reeull Ie In p.rt • coneequence
01 the exponential rel8llonehlp between the generation number
.nd the moIecuI.r volume 01 the cIencIrImere.

INTRODUCTION

Size exclusion chromatography (SEC) is often referred to
as a relative molecular weight (MW) method, in the sense
that a chromatographic system must be calibrated with
standards of known molecular weight. There are in fact three
aspects to the problem of obtaining correct MW values from
SEC. The first is the determination of the relationship
between the solutes' molecular sizes and the retention time
for the column in use. This can be carried out in principle
with almost any well-characterized set of solutes. preferably
of narrow molecular weight distribution. However, we must
recognize at the outset that the molecular size relevant to
SEC may not be well-defined (strong convictions exist in the
biochemical community that this size is the Stokes radius'
and in the polymercommunity thatit is the viscosity radius.2,3a

but this matter is unresolved4 atthe present time). Thesecond
requirement is that of knowing the relationship between the

t Department of Chemistry.
I Department of Physics.
§ Current address: Department of Chemistry. University of Illinois.

Urbana-ehempaign. IL 61820.
I Department of Chemistry and Molecular Architecture.
(1) Cantor. C. R.; Schimmel. P. R. Biophysical Chemistry. Part II.

Techniques for the Study of Biological Structure and Function; W. H.
Freeman: New York, 1980; p 675.

(2) See,for example: Rosen,S. L. Fund<JmentalPrinciplesofPolymeric
Materials; John Wiley & Sona: New York, NY, 1982; P 70.

(3) The term "hydrodynamic radius" is inexact because either the
intrinsic viscoeity or the diffusion coefficient may be used to obtain an
"equivalent sphere" radius for any solute, the former via the Einstein
relation and the latter via Stokes' equation. Although both of these are
hydrodynamic measurements, the radii so obtained will not be identical
for a highly asymmetric solute, since the first arises from energy transfer
among adjacent solvent layeno, and the latter from the frictional solute­
solvent interface. Therefore, we follow Pot8chka3b in referring to R" as
the viscosity radius. (h) Potschk.. M. Anal. Biochem. 1987. 162. 47.

(4) Potschka. M. Macromolecules 1991.24.5023.

molecular dimension and the molecular weight for the solute
of interest. Such relationships are often available. e.g. via
the Mark-Houwink equation for flexible chain macromole­
cules.5 The third consideration is the question of solute­
packing interactions; ifthe analyte or the reference compounds
are adsorbed onto or partitioned into the stationary phase,
the separation is not based on size alone. and attempts to
determine either molecular dimensions or mass are probably
useless. In practice, the first two questions are usually
answered simultaneously: if the calibration is done with
compounds similar in structure to the analyte, it is assumed
that the empirical relationship between MW and retention
time so established is valid for the unknown. The third step
is usually not studied explicitly, but the absence ofsignificant
interactions is commonly assumed on the basis of prior
experiencewitha given class ofsolutes on a particular column.

It should be evident from the preceding comments that
the ideal calibration standards would fulIill the following
requirements: (a) their MWdistributionsshould be negligibly
small; (b) it should be pOBBible to determine their molecular
dimensions in an unambiguous manner; (c) they should not
adsorb to the packing in question. Few solutes satisfy these
criteria. and the situation is particularly problematic in the
area of aqueous SEC. Proteins, which are commonly used
for calibration standards, fulfill item (a) but are less satis­
factory with regard to (b) and (c). Typically. one fmds
deviations around the best common curve for any calibration
curve constructed with proteins, and it is difficult to know
whether these deviations arise from variations of geometry
for the different solutes (some of which are more spherical
than others) or from differences insolute-packing interactions,
due to differences in protein charge character or hydropho­
bicities. Nonionic polysaccharides, such as dextrans or
pullulans, are representative of the class of flexible-chain
water-soluble polymers. These are structurally uniform and
do not interact with any stationary phase. but the interpre­
tation of measured dimensions-such as radius of gyration
or viscosity radius-in terms of the molecular volume
controlling SEC is problematic. We have previously utilized
in this regard fractions ofFicoll. a densely branched nonionic
polysaccharide which may more closely approach a nonin­
teracting sphere. However, its molecular weight polydis­
persity and its deviation from full compactness both impose
difficulties in interpretation of SEC partition coefficients
measured at chromatographic peaks vis-a-vis dimensional
measurements, which themselves correspond to different
averages over the distributions of molecular weights and
conformations.

Carboxylated starburst dendrimers6 would appear to
embody several of the features sought for aqueous SEC
standards. While these materials are not yet commercialized,

. (5) Brandrup, J., Immergut, G. R., Eds. Polymer Handbook, 2nd ed.;
John Wiley: New York, 1975; Chapter 4.

(6) Tomali.. D. A.; Naylor, R. M.; Goddard. W. A.• m. Angew. Chern.•
Int. Ed. Engl. 1990.29, 138.
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Table I. Hydrodynamic and Chromatographic
Characterization of Carboxylated Starburst Dendrimers

[~I. R" 10. D. R..
generation lo-3MW cm.3jg DIna cm2/s nmb KSF£c

0.5 0.92 2.66 0.92 0.74
1.5 2.17 1.91 1.28 0.68
2.5 4.67 4.15 1.45 1.67 1.47 0.62
3.5 9.67 4.58 1.92 1.00 2.45 0.56
4.5 19.7 4.77 2.46 0.79 3.10 0.51
5.5 39.7 4.88 3.13 0.67 3.65 0.45
6.5 79.6 5.16 4.03 0.54 4.50 0.39
7.5 160. 5.87 5.30 0.41 5.95 0.34

• From data in columDG 2 and 3, via eq 4. b From data ill column
5, via eq 3. C From measured peak retention volumes, via eq 5.

their uses in many areas ofresearch have been explored. With
regard to SEC, their compact and symmetrical structures
could make them rather close to rigid spheres so that the
dimensions obtained by a variety of scattering or hydrody­
namic techniques could be unambiguously identified with
the dimension controlling SEC migration. The mode of
synthesis guarantees that they are monodisperse. Lastly, the
negative charge on the distal groups would preventadsorption,
since nearly all commonly used aqueous SEC packings have
some negative surface charge.? With regard to repulsion
effects. one would expect some decrease in retention times
at higher pH's and low ionic strength, under which conditions
the negative charge on typical SEC stationary phases would
enhance the exclusion ofthese solutes. These effects become
essentially negligible at moderate ionic strength and pH on
most columns.

In the current work we evaluate carboxylated starburst
dendrimers (hereinafter referred to simply as dendrimers) as
calibration standards on a Superose column. For this
stationary phase, we know that electrostatic repulsive forces
are negligible, even for, e.g., highly charged DNA fragments,
in a 0.38 M pH 5.8 phosphate mobile phaseS and furthermore
thatproteinsofvarious isoelectricpoints elute along s common
curve in this same medium.9 Inorder to properly characterize
the dendrimers, we obtained the Stokes radius byquasieiastic
light scattering (QELS) and the viscosity radius from the
known MW and intrinsic viscosity (all measurements made
in the SEC mobile phase solvent). The nature of the
calibration curve obtained with these solutes is discussed vis­
a-vis current understanding of the SEC separation mecha­
nism.

EXPERIMENTAL SECTION

Materials. Carboxylatedstarburstdendrimers were prepared
by methods described elsewhere. lo These molecules are syn­
thesized by a series of stepwise condensation reactions on an
initial trifunctional amine, and consequently molecular sizegrows
in three dimensions with each subsequent step (called a "gen­
eration") .10 The samplesemployed in these studies are described
in Table 1. All measurements were made in a 9:1 mixture of
NaNO,:NaH,PO,. pH z 5.5,0.38 M, which had been previously
shown to minimize electrostatic interactions between a variety
of proteins and this stationary phase.9 This solvent is referred
to below as the "standard mobile phase".

Methods. Quasielastic Light Scattering (QELS). Light­
9cattering measurements were made u9ing one of two systems.
With a Brookhaven (Holtsville, NY) system equipped with a
72-channel digital correlator (BI-2030 AT) and using a Jodon
15-mW He-Ne laser (Ann Arbor, MI), QELSmeasurementswere

(7) Dubin, P. L. In Aqueous Size Exclusion Chromatography; Dubin,
P. L., Ed.; Elsevier: Amsterdam, 1988; Chapter 5.

(8) Dubin, P. L.; Principi, J. M. Macromolecules 1989.22, 1891.
(9) Dubin, P. L.; Principi, J. M. J. Chromatogr. 1989, 479, 159.
(10) Tomalia, D. A.; Berry, V.; Hall, M.; Hedstrand, D. M. Macro­

molecules 1987,20, 1164.

made at scattering angles from 30 to 150°. Dendrimer samples
at concentrations of ca. 2 mg/mL were filtered through 0.20-1'lD
Acrodisc filters (Geiman) prior to analysis. Counts were typically
collected for 1 h. We obtained the homodyne intensity-intensity
correlation function G(q,t), with q, the amplitude ofthe scattering
vector, given by q = (4rn/>.) sin (8/2), where n is the refractive
index of the medium, >. is the wavelength of the excitation light
in a vacuum, and 8 is the scattering angle. G(q,t) is related to
the time correlation function ofconcentration fluctuatioDG g(q,I)
by

G(q,t) =A(1 + bg(q.I)') (1)

where A is the experimental baseline and b is the fraction of the
scattered intensity arising from concentration fluctuations.

The diffusion coefficients were calculated using

D = fA'/16r' sin' (8/2) (2)

where r is the reciprocal of the diffusion time constant, which
is obtained from the slope of In g'(q,t) vs I plots. The diffusion
coefficient. D, is directly related to the Stokes radius. Rs• by
Stokes' equation

D = kT/67.'T/Rs (3)

where k is Boltzman'9 constant, T is the absolute temperature.
and " is the viscosity of the solvent.

QELS was also carried out with an Oros (Biotage Co.
Charlottesville, VA) Model 801 "Molecular Weight Detector"
which employs a 30-mW solid-state 780-nmlaser and an avalanche
photodiode detector. Samples were introduced into the 7-uL
scattering cell (maintained at 26.5 ± 0.4 °C) through 0.2-um
Anotec mters. Scatteringdata (90°) were analyzed via cumulants.
There were no significantdifferences betweenthe results obtained
using the two instruments. (General discussions of QELS data
analysis may be found in ref 11.)

Viscometry. Measurements were made with a Schott AVSN
automatic viscometer equipped with a 10-mL capacityglass Type
531 capillary viscometer, at 25.0 ± 0.02 ·C. Dendrimer samples
were dissolved in our standard mobile phase at concentrations
ranging from 6 to 17 mg/mL and filtered through O.45-umGelman
filters. Efflux times were obtsined with precisions of ±0.05 s.
However, the very low viscosities of these materials made it
difficult to obtain [,,] with better than 2% precision. Theviscosity
radius was obtained as12

R, = {3["IM/lOrNAI1/
3 (4)

where the units of R, and ["I are em and em'/g, respectively.
Chromatography. The chromatographic system was a Beck­

mann "system Gold" HPLC equipped with refractive index (ri)
and UV detectors and a Superose 12 column (Pharmacia Fine
Chemicals, Uppsala, Sweden). This last component consists of
10.5-I'lD-mean-diameter cross-linked 12% agarose particles packed
into a 30- x 1-cm-i.d. column. The initial column efficiency was
ca. 10 000 theoretical plates, butduringthe periodofuse described
here declined to ca. 3500. The average pore size was 170 A, as
determined by the slope of a plot of 1 - KSF;CI/' (for definition
of KSF£. see below) vs R, for the nearly spherical solute Ficoll13

The characteristics of Superose 12 packings and columns are
described in detail in ref 14. Flow rates were determined by
weighing ofcollections oftimed eluant and were precise to better
than ±O.2%. Peak retention volumes, V., were determined by
triplicate injections with a repeatability of ±0.5%. The chro­
matographic partition coefficient then could be determined
according to

KSF£ = W. - Vol/W, - Vol (5)

where Vois the exclusion volume (interstitial packing volume).
determined as 8.05 mL from the elution of DNA, and V, is the
total column liquid volume, determined as 21.82 mL from the

(11) Phillies, G. D. J. Anal. Chern. 1990.62, 1049A.
(12) Flory, P. J. Principles ofPolymer Chemistry; Cornell University

Press: Ithaca, NY, 1953; P 606.
(13) Dubin, P. L.; Kuntz, M. Manuscript in preparation.
(14) Andersson, T.; Carlsson, M.; Hagel,L.j Pememalm, P.-A.; Janson,

J.-A. J. Chromatogr. 1985, 326. 33.
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F1gure 1. Double-logarlthmlc plots of the MW-<lependence of intrinsic
viscosity (upper) and dllfuslon coefflclant (lower) of dendrlmers, In
standard mobIIa phase solution.

elution of acetone. KSEC could thus be measured with a relative
precision of about 2%.

Dendrimer samples typically exhibited a number of peaks in
both ri and UV detection. That these were not chromatographic
artifacts was established by collection and reinjection of the
individual peaks. However, only the earliesteluting (and largest)
peakchanged with generation number, G. Furthermore,all other
peaks had retention times too large to be consistent with the
expected MWs or either R, or Rs. We therefore conclude that
these peaks are low-MW impurities, likely to be synthetic
precursors of the fmal products. While the nature of these
impurities is clearly of concern, there are a number of findings
that support the conclusion that these species may be neglected
in the evaluation of 1~I,R.. or KSF£. First, the plotoflog I'll vs
log MW (Mark-Houwink plot) is quite linear (correlation
coefficient of0.98), whereas an abundance oflow-MW impurities
would be expected to produce more erratic error in the intrinsic
viscosities. Furthermore, when the values of R, obtained from
[~l were plotted against Rs, a regression coefficient of 0.99 was
obtained. (It is noteworthy that because the values of I~l are
small and do not vary much (as one would expect for spherical
solutes), the effect oferrors in I~l tend to be overwhelmed by the
much larger and more variable MW term). The parameter Rs,
obtained by light scattering, may be assumed to be relatively
insensitive tothe Iessmassive, hence weaklyscattering, impurities.
We therefore suggestthat the presenceofthe chromatographically
detectable low-MW subspecies does not contribute significantly
to eithermeasurements ofdimension. Consequently, their elution
was neglected in the determination of Ksp£.

RESULTS AND DISCUSSION

Table I contains the results of viscometry and QELS for
the dendrimers in the standard mobile phase, along with the
chromatographicpartition coefficienta, measured in the same
solvent. The dependences of the intrinsic viscosity and the
diffusion coefficienta on the MW are shown in the double­
logarithmic plots in Figure 1. From the exponents of the
equations [171 =KMa and D =K'Ma', namely a =0.086 and
a' = -<l,36, it is evident that the dendrimers approach the
compactness of an impenetrable sphere, for which a = 0 and

figure 3. Dependence of chromatographic partltlon coefflclant on
generation nurrber.

a' = -<l.3:l. The relationship between the Stokes radius and
the viscosity radius is given by Rs = 1.15R,. For hard spheres,
we would expect Rs = R,: for flexible chains, Rs!R, = 0.5­
0.8. '5 The somewhat greater value for Rs in the present case
may arise from the highly charged nature of the dendrimer,
so that it diffuses along with a number of counterions. In an
analogous system, we have found that the effective charge of
anionic micelles measured by electrophoretic light scattering
is far smaller than the formal charge.IS This means that the
diffusing species encompasses a large number ofcounterions,
i.e. that the electrophoretic shear plane is some distance from
the average micellar ionic headgroup. The relevance to the
presentcase is that the mutual diffusion coefficient is reduced
by the counterion cloud, leading to somewhat elevated values
for Rs.

Figures 2-·4 show calibration curves for the dendrimers,
presented in several ways: as KsEe VB log MW in Figure 2,
as KsEC vs generation number in Figure 3, and as KsEC vs
solute dimensions-Rs or R.-in Figure 4. Figure 4 also
includes data for another compact, spherically symmetric
solute, Ficoll, eluted under identical conditions, which were
reported elsewhere."

The coincidence of the Ficoll and dendrirner curves in
Figure 4 is compelling evidence that both behave as spheres
of radius R, i.e. that Ficoll and dendrimer samples of the
same R, or Rs are chromatographically indistinguishable.
Since the former solutes are uncharged, these results also
suggest that solute--substrate interactions are negligible for
the latter. It is certainly possible that early elution of the
dendrimers might be observed at higher pH and lower ionic

(15) Doi, M.; Edwards, S. F. The Theory ofPolymer Dynamics; Oxford
Science Press: Oxford, U. K., 1986.

(16) Xia, J.; Dubin, P. L.; Kim, Y. J. Phys. Chern. 1992,96,6805.
(17) HUS&ain, S,; Mebta, M. S.; Kaplan, J. L; Dubin, P. L, Anal. Chern.

1991, 63, 1132.
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Since the value ofR. is strongly influenced by the MW value
for each dendrimer, which in turn is not a measured quantity
but is rathera calculatedonebasedon the synthetic procedure
and some indirect evidence,' we chose to verify the relation­
ships of eqs 6a and 6b by examining the logarithmic forms
of these two equations using measured values for Rs as well
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Carboxylated starburst dendrimers appear to behave as
noninteracting spheres during chromatography on Superose
size exclusion columns, in the presence of an appropriate
aqueous mobile phase. The dependence ofthe retention time
onsolutesize coincides withdatacollectedon thesame column
for Ficoll, an uncharged, quasi-spherical polysaccharide.
Chromatography of the dendrimers yields a remarkable
correlation of the chromatographic partition coefficient with
the generation number; this result is in part a consequence
of the exponential relationship between the generation
number and the molecular volume of the dendrimers.

CONCLUSION

asR•. This isdone inFigure5 inwhich we plot the dependence
of both KSEC and Gon In II, where R is the mean of the radii
measured by viscometry and QELS. The horizontal bars in
this figure indicate the discrepancy between R. and Rs. We
observe that both KSEC and G are linear functions of the
logarithm of the solute radius.

The structure of the dendrimers ensures' that the solute
volume increases exponentially with G; and since solute
volume varies as R3, the linear relationship between In R and
G is not surprising. The observed dependence of KSEC on
In R was not expected and does not conform to any of the
commonlycited theoretical expressionsfor sizeexclusion,19-22

although experimental calibration curves often display a
roughly linear dependence of. e.g.• In {['IlM} ~ In R. on K SEC
in the region of intermediate K SEC prior to the sigmoidal
inflections at small and large permeation. In the present
case, it is the exact linear relationship between KSEC and In R
that leads to the remarkable correlation ofK SEC with Gshown
in Figure 3. The theoretical .ignificance of this behavior
merits further attention.

IDli
FIgon I. Dependence on solute radius 01 generation nurnI!er (lett
axIa) and etwom8lolT8ph1c par!llIan coeIlk:Ient (~axIa). R Is the
mean 01 the Stokes and viscosity ,aell. The horizontal bars IncIcata
the difference between these two dImensIona: the lett end ot each
bar con-esponds to R". and the~ end to Rs.
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strength. The somewhat greater divergence for the Rs plots
ofFigure 4 may arise from the effect of the electrical double
layer ofthe dendrimerson theirdiffusion coefficients, without
a parallel effect on their permeation behavior.

The values ofRs are consistently larger than R. for Ficolls
as well as for dendrimers. As suggested above, the surface
charge and concomitant electrical double layer of the den­
drimers may contribute to this effect. The Ficoll fractions
are uncharged but differ from the dendrimers also in being
polydisperse with respect to MW. Since the Stokes radius
from QELS corresponds to the z-average component of the
distribution, it must exceed the viscosity radius, which
corresponds to the (smaller) viscosity average of the distri­
bution. This is not a consideration for the monodisperse
dendrimers and is unlikely to be very important for the
viscosity radius plots for Ficolls. because for polymers with
Iowa values. such as the value of ca. 0.35 found for Ficolls,"
the MW weight of the component corresponding to the
measured viscosity radius is unlikely to diverge much from
the MW of the component eluting at the chromatographic
peak. However, these small uncertainties preclude any
assertions about whether the effective dimension controlling
SEC is the viscosity radius or the Stokes radius, based on the
current data alone.

The dependence ofKa&::: on generation numher, G, is seen
in Figure 3 to he strikingly linear; the correlation coefficient
for this plot is found to be r > 0.995. This remarkable
correlation deserves further analysis. We observed that the
dependence of R. on KSIlC and on G, respectively, is fit very
well by the two empirical equations

(18) LavreDko. P. N.; Mikryuk6va, O. I.; DideDko. S. A. Polyrn. Sci.
U.s.S.R. (Engl. Tra""l.) 198i.28, 576; Vy.okomol. Saed. 1986, A28. 517.

(19) Giddinp. J. C.; Kucera, E.; RueeeIl, C. P.; Meyers, M. N. J. Phy•.
Chern. lK8, 72, 4397.

(20) Waldmann·Meyer. H. J. Chromotogr. 1985.350,1.
(21) (a) Laurent, T. C.; Bjork, I.; Pielzuazielriewitz. A.; Penaon. H.

Bi<K:hirn. Biophy•. Acta 1963,83.351. (h) Laurent, T. C.; Killander. J.
J. Chromotogr. 1_.14.317. .

(22) Ackers. G. K. Adv. Pro",i" Chern. 1!70. 24. 343.
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Enhanced Separation of DNA Restriction Fragments by
Capillary Gel Electrophoresis Using Field Strength Gradients

Andras Guttman; Bart Wanders, and Nelson Cooke

Beckman Instruments Inc., Fullerton, California 92634

Th. eIIect 01 eIectrlc field atrength lIradlenla on Ih.eeparatlon
01 DNA re8lrlct1on fragments w.. InYMlIgalecl. Aa reported
In_.erlerwark,the~oI...,...dcluIIllHlrended
DNA 11lCIllIcuIea .. a function of the appIacI alac:trlc IleIcI which
1UlllI.... thaI the 1M of a _unlIorm (lima varylng) eIactrIc
IleIcI rnay Incr._ the raotvlng pow.... w. cIamonItrate thaI
In capllary gel alac:trophor" enhanced aapar.lIon of DNA
reslrlclJon fragments up to 1353 baH pairs (bp) In me can
be achIevad by employing the IleIcI atranglh gradient method.
The shape of the lIradlanl can be continuous or &lap.... ov...
lime. Both mathoda can be UMd 10 Incre_ aapareUon
.fflclency and raaolutlon In capillary gel ateclrophorella 01
double-atranded DNA molecul...

INTRODUCTION

Recently, there has been a great deal of activity in DNA
analysis by capillary electrophoretic methods.,-a Using this
new and powerful technology, results have been published on
the separation of single-stranded DNA molecules, such as in
syntheticDNAanalysis' as well as in the separation ofdouble­
stranded DNA molecules, particularly concerning PCR prod­
ucts and restriction fragments.5 It was also demonstrated
that high-efficiency, fast separations of DNA molecules can
be achieved by the use of linear polyacrylamide gel-filled
capillary columns.6•7 Even fragments ofthe samechain length
with different sequences were separated by this method due
to differences in molecular conformation.s

Different field operation techniques have been described
recently to achieve better separation of different size DNA
molecules, mainly with slab gel electrophoresis. Dennison et
al.9 employed conical or wedge-shaped slab gels to linearize
the logarithmic distribution of bands (nonlinear voltage
gradient method). Biggin et al.'o studied the usefulness of
a high ionic strength anode buffer where the resistance ofthe
gel in the direction of the anode decreases and creates a
negative field strength gradient along the DNA's migration
path. They concluded that this particular method is not
practical for ultrathin gels, as is also the case for capillary gel

• To whom correspondence and reprint requests should be addressed.
(1) Cohen, A. S.; Najarian, D. R.; Paulus, A.j Guttman, A.j Smith, J.

A.; Karger, B. L. Proc. Natl. Acad. Sci. U.S.A. 1988,85,9660-9663.
(2) Paulus, A.; G....mann, E.; Field, M. J. Electrophoresis 1990, 11,

702-708.
(3) Yin, H. F.; Lux, J. A.; Shomburg, G. J. High Resolut. Chromatogr.

1990,13,624-627.
(4) Guttman,A.; Coben, A. S.; Heiger,D. N.; Karger,B. L. Anal. Chern.

1990, 62, 2038-2042.
(5) Schwartz, H. E.; Welder, K; Sunzeri, F.; Busch, M.; Brownlee, M.

G. J. Chromatogr. 1991,559,267-283.
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electrophoresis." Ansorge et al. tried using an increasing
croes-sectionalareaoftheslabgels, producinga field gradient
to achieve enhanced sharpening of bands, thereby increasing
the number of resolvable bases per gel12 Cantor et al.'3
introduced the pulsed-field method (changing the direction
and magnitude of the field in an oecillating manner), that
takes advantage of the elongated and oriented conflgllf1ltion
of large DNA (>50 kbp) molecules in gels. Heiger et aL6

described the capillary gel electrophoretic separation of
double-stranded DNA molecules up to 23 kbp in size using
the pulsed-field technique with very low gel concentrations.
Although in slab gel operation there are some mechanical
difficulties involved in handling low-concentration gels," this
does not present a problem in capillary electrophoresis
techniques. Demana and co-workers'5 used an analyte
velocity modulation method to increase separation power in
capillary gel electrophoresis of DNA restriction fragments.

In this paper, a simple field strength gradient method is
described that provides enhanced resolution of double­
stranded DNA molecules in capillary polyacrylamide gel
electrophoresis.

EXPERIMENTAL SECTION

Apparatus. In all of the experiments, the PlACE S)'lltem
2100 capillaryelectrophoresisapparatus (Beckman Instruments,
Inc., Fullerton, CAl was used with the cathode on the injection
side and the anode on the detection side. Therefore, the
negatively charged DNA molecules migrate toward the anode in
the gel (i.e., polymer network) filled capillary column. The
separations were monitored on column at 254 nm. The tem­
perature of the capillary column was kept constant at 20 ± 0.1
·C by the liquid cooling system of the PlACE instrument. The
electropherograms were acquired and stored on an Everex 3861
33 computer.

Chemicals. The ~X174DNA Haem digest and the pBR322
DNA MspI digest restriction fragment mixtures (New England
Biolabs, Beverly, MA) were diluted with deionized water to a
concentration of 25 I'/{/mL before injection and were stored at
-20 ·C. mtrapure grade acrylamide, Tris, boric acid, EDTA,
anunonium persulfate, and tetramethylethylenediamine
(TEMED) were used in tbe experiments (Schwarz/MannBiotech,
Cambridge, MA). All buffer and acrylamide solutions were
filtered through a O.2-l'm-pore-size ruter (Schleicher and Schuell,
Keene, NH) and carefully vacuum degassed.

Procedures. Polymerization ofthe linear polyacrylamidegel
was initiated byammonium persulfateand catalyzed by TEMED
in 100 mM Tris-borate, 2 mM EDTA buffer (pH 8.35) prior to
inserting the reaction mixture into the O.I-mm-i.d. fused-silica
capillary tubing (DB-225, J&W, Inc., Sacramento, CAl. The
polymerization reaction mixture was injected into the capillary
by means of a gastight syringe (Dynatech, Balton Rouge, LA).

(11) Guttman, A. Beckman lnstrumen18, Inc., Research and Devel­
opment. Unpublished results, 1991.

(12) Ansorge, W.; Labeit, S. J. Biochern. Biophys. Methods 1984, 10,
237-243.

(13) Cantor, C. R.; Smith, C. L.; Mathew, M. K. Annu. Reu. Biophys.
Biophys. Chern. 1988. 17, 287-304.

(14) Fangman, W. L. Nucl. Acids Res. 1978,5,853-665.
(15) Demana, T.; Lanan, M.; Morris, M. D. Anal. Chern. 1991, 63,

2795-2797.
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The use oflow-viscosity linear polyacrylamide, not bound to the
capillary wall, permits replacement of the gel-buffer system in
the capillary column by means ofthe rinse operation mode of the
PIACE apparatus. The total length of the gel-filled capillary
column was 470 and 670 mm (400 and 600 mm to the detection
point), respectively. The samples were injected by the pressure
injection mode of the PlACE system, typically 5 s, 0.5 psi
(estimated injection amount: 0.1 ng of DNA).

Field strength gradients were programmed in the PIACE
apparatus with continuously increasing or decreasing voltage
separationmodes. Inthestepwise field gradientseparationmode,
constantvoltages were used for different time periodsas specified
in the corresponding figure.

The relative standard deviation (RSD) of the migration time
was less than 2% (n 2 12) when the temperature ofthe gel-filled
capillary column was maintained within :1:0.1 ·C. The same
capillary column could be used for approximately 100 runs with
or without replacement of the separation gel-buffer system.

RESULTS AND DISCUSSION

By the use of a low concentration gel (less than 5% linear
polyacrylamide) in capillary electrophoresis, it is poesible to
achieve goodseparationofa widesize range ofdouble-stranded
DNA molecules. Separations are comparable to or better
than those achieved with agarose inslabgel operation.5 Using
arelativelyhigh electric field, DNAmoleculescanbe separated
with high resolution in a relatively short time. However, at
high field strengths, the elecrophoretic mobility of DNA
molecules becomes field-dependent. IS Furthermore, it is
known that chain entanglementplays a significant role in the
separation of DNA molecules in a gel of a given pore size;17
this entanglement is a function of the molecular size and the
applied electric field.15 The main challenge is to find the
appropriate field for the optimal separation of a mixture of
DNA molecules with different chain lengths in a given gel
matrix. At low field strengths a sieving effect applies and an
inversely proportional relationship between mobility and
molecular size is observed.IS With higher field strengths, a
different phenomenon appears. The DNA chain becomes
more oriented because the field biases the direction of the
leading end of the molecule. IS This leads to an increase in
mobility with increasing field strength, particularly for the
larger size molecules. In other words, by application of a
high electric field, the longer chain length DNA molecules
mightbe partiallyorcompletelystretchedalong the alignment
of the field. Thus the electrophoretic mobilities of these big
molecules become size-independent causing poor separation
at high field strengths.IS It should be noted that in capillary
polyacrylamidegelelectrophoresis thiseffectappears to occur
with fragment lengths longer than 1000 bp. Interestingly,
for veryshortchain length fragments «300bp) theseparation
power might be increased by using a high applied electric
field.5.19

Figure 1 compares the separations ofa q,X174 DNAHaeIIl
restriction fragment mixture using different constant field
strengths. Figure lA shows the electropherogram ofthe test
mixture when 100 V/cm electric field is applied to the gel­
filled capillary column. At this low field strength DNA
molecules act more like random coila, so good separation can
be achieved evenfor fragments above 1()3 bp (sieving effectlll).
This separation ofthe larger fragments is attained at the cost
ollonger separation time (>50 min). However, some of the
smaller fragments are not fully resolved. As Figure 1Ashows,

(16) Flint, D. H.; Harrington, R. Eo Biochemistry 197%,11, 4858-4864.
(17) Smizek, D. L.; Hoagland, D. A. Science 1990,248,1221-1223.
(18) De Geones, P. G. Scaling Concepts in Polymer Physics; Cornell

Univeraity Preas: Ithaca, NY, 1979; Chapter 3.
(19) Lumpkin, O. J.; Dejardin, P.; Zimm, B. H. Biopolymers 1985,24,

1573-1593.
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Flgure1. Separation 01 1he q,X174 DNA res1rlctlon fragment_e
by capIIary gel elec1rophoresls using constant applied electric 1Ie1d
(Ieoelectrostallc~ (A) 100, (8) 200, (e) 500 Vfem. Peaks wereldentllled
by their Increasing area, whIcll correlates to 1he chain lengths: 1 =
72,2= 118,3 = 19<4, <4 = 234, 5 = 271, 8 = 281, 7 = 310, 8 =
603, 9 a 872, 10 = 1078, 11 = 1353 bp. Conditions: replaceable
polyacrylamide gel column. ellectlve length to detector <40 em, total
length <47 em; buller, 0.1 M Tris-bOrate, 2 mM EDTA (pH 8.35).

there is an incomplete separation between peak 6 and peak
7 (271- and 281-bp fragments). Similar results have been
attributed by Karger and co-workers6 to diffusional band
broadening due to the long separation time in very diluted
gel-filled capillary columns. Increasing the applied electric
field to 200 V/cm completes separation of all 11 fragments
in 27 min (Figure 2B). The larger DNA molecules prohably
start to align with the electric field, and therefore resolution
in the large-size range is not as complete as in Figure 1A. A
further increase in field strength to 500 V/cm (Figure Ie),
causes stronger alignment'" of the larger fragments with a
concomitant loss of resolution, since the sieving matrix can
no longer separate some of the aligned molecules (peaks 9
and 10). However, the separation time decreases to 7 min
and the lower molecular weight fragments (peaks 6 and 7) are
separated completely due to the high applied electric field. IS

On the basis of the results shown above we reasoned that
enhanced separation ofDNA molecules could be achieved by
applying a nonuniform electric field (field strength gradient)
at time. In this way all the different molecular weight range
DNA molecules can be exposed to the electric field strength
that is optimal for their separation.

In capillary polyacrylamide gel electrophoresis of DNA,
when a uniform electric field (E) is applied toa charged polyion
under steady-state conditions,7 the electrophoretic velocity
(v) can be expressed by the product of the electric field and

(20) Slater, G. W.; Noolandi, J. Biopolymers 1986,25,431--454.
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thus

theelectrophoretic mobilityofthe DNA molecule at the given
field strength (,,):

Peak efficiency (N) and resolution (RJ are also affected by
the momentary field strength.22 Thus, we conclude thatafter
the proper substitutions, the change in the theoretical plate
number is a linear function of the acceleration

FIgura 2. Separation 01 the q,X174 DNA res1rfclIon fragment _e
by capllary poIyaaylamlde gel~ using an increaIlng
volIage gradient. The doltecI Ine ,epr_ the current output.
Condltlona: con1Inuous IIeId strength gradient, ll-4OO Vlem In 20 min;
other conditions as In FigI.re 1.

is proportional to the square root22 of the acceleration, dRJ
dt - d(a1/2j/dt, when a linear field strength gradient is used.

Since different applied electric fields are optimal for the
separation of different size DNA fragments,'3'-16.19-2' the use
of a field strength gradient gives the opportunity to increase
significantly the resolving power of the technique. Field
strength gradients can be used in increasing, decreasing, or
stepwise modes or in any combination thereof, if necesaary.

Figure 2shows a separation oithe q,X174 DNA restriction
fragment mixture using increasingelectric field strength over
time (~V/cmin20 min). Full separation of all the test
mixture components was achieved in less than 19 min. As
Figure 2 shows, the apparent efficiency (Le., theoretical plate
number' of the last several peaks (9-11) is greater compared
to Figure IB, where full separation of all the sample
components was also attained. In this example, these
fragments migrate faster past the detector window due to the
higher field strength appliedat the lastpartofthe separation.
Thus, consistent with the above, the apparent theoretical
plate value N (eq 9, Table I), seems to be higher. (It is
important tonote here that theeffectofthesame phenomenon
should be considered in peak area quantitation). Separation
time was decreased by one-third by using the increasing field
strength gradient method (compare to Figure IB).

Conversely, the applied electric field can be decreased over
time, as shown in Figure 3. Here, a decreasing field strength
gradient of 400-100 V/cm in 20 min was applied to the linear
polyacrylamide-filled capillary column. Baseline separation
of all 11 components of the q,X174 restriction fragment
mixture was achieved in le88 than 10min, which is comparable
to the separation time shown in Figure IC. In the case of
Figure 3, the larger fragments migrated past the detector
window slower due to the lower field strength at the end of
the separation. This cauaee an apparent loss in efficiency (eq
9, Table I) and resolution, particularlyfor the last three peaks.

In some instances the continuous ramping does not give
sufficientseparation betweenveryclosely related compounds
(e.g., same chain length but different sequence DNA frag­
ments). During continuous ramping, the time the DNA
molecules are exposed to the field that is optimal for their
separation may be too short. In this case a stepwise field

(8)

(Ia)u = JJE

a = const, + tconst2

u(t) = ,,(ElE(t) (lb)

Equation Ib states that the actual velocity, u(t), of a DNA
molecule is influenced by the field strength in use at a given
time and by the mobility, which is also a function of the field
strength. Thus, when a nonuniform electric field is applied,
the electrophoretic acceleration (a) can be expressed as the
change in electrophoretic velocity, Le. the product of the
electrophoreticmobilityand the field strengthata given time:

a = du/dt = d(!'El/dt (2)

where du and dt are the electrophoretic velocity and the time
increments, respectively. On the basis ofour earlier results,2'
as a Ilnlt approximation we can consider that the mobility of
the double-stranded DNA molecules has a field-independent
(1'0) and a field-dependent component:

" = "0 + 8,E (3)

where 1'0 is an extrapolated value of the electric field vs the
mobility plot to zero field strength for a given chain length
DNA molecule and 8, is the slope value of the same plot (r2
= 0.987). Since this slope values show a linear relationship
with the chain length of the DNA molecules in the range we
examined," the following equation will hold:

8, =A+81' (4)

where A is a constant for a given gel-buffer system, 82is the
slope of the 8, versus n plot (r2 = 0.992), and n is the chain
length (base pair number) ofthe DNA molecule. Combining
eqs 1--4 we obtain

a = du/dt = dll'o + (A + 81')E]E/dt (5)

dN = .!!.(l!f.) =.!!.(I"o + (A + 81')ElEl ) (9)
dt dt 2D dt 2D

where I is the effective length of the capillary and D is the
diffusion coefficient of the solute. The change in resolution

a = "odE/dt + (A + 81')dE2/dt (6)
I n

where term I is the field strength only and term II is the field­
and chain-length-dependent component. As an example,
when the electric field strength is a linear function of time

E=B+Ct (7)

where B and C are constants, then the electrophoretic
acceleration of the polyion can be simply expressed as in eq
6:

However, this basic equation should be modified when a
nonuniform field is applied [E(t)] since then the applied
electric field is changed with respect to time (t), causing a
change in the electrophoretic velocity of the polyion. We
also should consider that the electrophoretic mobility of the
DNA molecule is a function of the electric field lI'(El] , as we
reported earlier,2' 80 we can write

(21) Guttman, A.; Cooke, N. Anal. Chern. 1991, 61, 203&-2042.
(22) Karger, B. L.; Cohen, A. S.; Guttman, A. J. Chromo!ogr. 1ts9,

492,~14.
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Table I. Theoretical Plate Number Values (RSD < 5%, D = 9) of the Peaks on Figures 1-4, Calculated by Using the System
Gold Software Package (Beckman Instruments, Inc, FullertoD, CAl

peak no. no. of base pairs
100 V/cm 200 V/cm
(Figure 1A) (Figure 1B)

5OOV/cm
(Figure 1C)

Q-4OOV/cm
(Figure 2)

400-100 V/cm
(Figure 3)

1
2
3
4
5
6
7
8
9

10
11

72
118
194
234
271
281
310
603
872

1078
1353

267315 285 570
314 173 296 041
295 187 288 121
266 028 296 556
234 530 286 551
2« 754 294 239
143 187 191 094
147648 194 253
110304 149061
86 257 100 610
61032 88550

231663
225221
233902
226452
201401
255325
146538
164 707

147018

2238 505
1659932
1565 342
1555 559
1274003
1380669
1483 281
1411394
1325371
1162954
1131967

233525
207590
215614
207 910
189 650
197177
204 222
145678
101351
113796
116819

Figure 3. Separation of the "'X774 DNA reslricllon fragment mIxllre
bycapllarypoIyaaytamide gel eleclI ophoiesis usklgdeaeaslng vollage
lTlldient. The dotted Ine represents CIrl"ent output. CondItIons:
continuous lleld strength gradient, 400-100 V/em In 20 min; other
condttIons as In FIgure 1.

strength gradient is better because closely related molecules
are exposed to their optimal separation field strength for a
longer period of time, resulting in better resolution. Figure
4shows the separation ofa pBR322DNA restriction fragment
mixture employing a stepwise voltage gradient method in a
longer capillary column (effective column length: 60 em).
The method consisted of three consecutive steps, 100 V/em
from 0 to 30 min, 200 Vlem from 30 to 70 min, and 400 V/em
from 70 to 100 min. In this way, full separation of almost all
the components was attained. It is worth noting the baseline
separation of peaks 8 and 9 (147-mers) and peaks 10 and 11
(l60-mers), since these components have the same chain
lengths butdifferent sequences. These fragments couldhave
been separated previously only by means ofcapillary affinity
gel electrophoresisusingethidiumbromideas an intercalating
affmity ligand.21

20 21

19"

g

using a continuously decreasing applied electric field. It is
important to note that with the use of field strength gradient
methods, the apparent peak efficiency and resolution may be
midleading since the different size components migrate past
the detector window with a velocity that is determined by the
voltage in use at that point in time. Other types of gradients
may be employed, such as current, power, and temperature,
and the combination of those can also be used to optimize
capillary gel electrophoretic separations of a given sample
mixture.

~ :z: ~ min 8;

FIgure 4. Separation of the pBR322 DNA restrlcllon fragment mixture
by capillary polyacrylamide gel electrophoresis usklg an increasing
stepwise gradient field. Channel B represents CUlTent output.
CondItIons: IIeId strenglhs, 100 Vlem for 0-40 min, 200 Vlem lor
40-70 min, 400 Vlem for 70-100 min; effective column length, 80 ern;
other conditions as In Figure 1. Peaks: 1 = 26, 2 = 34, 3 = 87, 4
= 78, 5 = 90, 8 = 110,7 = 123,8 = 147,9= 147, 10 = 180, 11
= 180, 12 = 180, 13 =190, 14 = 201, 15 = 217, 18 = 238, 17 =
242, 18 = 309, 19 = 404, 20 = 527, 21 = 822 bp.

8'"
min 2

10

11

..

g
.;

CONCLUSION

A simple field strength gradient method was introduced in
order to increase the resolving power in capillary polyacryl­
amide gel electrophoresis separation of DNA restriction
fragment mixtures. The use of increasing, decreasing, or
stepwisevoltage gradienttechniquesshowed thattheresolving
power can be optimized for a given DNA chain length range,
andseparation timecan be significantly reduced. Inourstudy
on the separation of the ",X174 DNA restriction fragments
by capillary polyacrylamide gel electrophoresis, the best
separation with minimum time requirement was achieved by
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Collection Efficiency of Solid Surface and Sorbent Traps in
Supercritical Fluid Extraction with Modified Carbon Dioxide

L. J. Mulcahey and L. T. Taylor·

Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Th. etlect 01 modlller on soIkI-phase trapping etllcl.ncy In
off-lne supercrltlcailluld .xtractlon waa lItudIed. Two types
of tr...--aofld lUI1ace (stainlesssteel) and8G1lenl (octadecyl
..lea)-wer. stucled with IU. carbon dioxide ancI1 %, 2%,
4%, and 8% methanol-modllled carbon dloxlde. Th.lrapplng
.fflcl.ncy 01 a polarity I.st mix consisting 01 N.I\klIm.th­
ylanllln8. acetoph.non•• naphthOl, decanolc acid, and ,..t.t­
r_was studied at trap tempera...... ranging from 5 to
80 ·C with .ach 1IuId. For low concentraftons 01 methanol
and the ODS sorbent. trap temperat.... below 20 °c were
necessery for volatll. (bp < 200°C) analyles. With Ie88
volallle analyles, trapping was n.ar 100% regardl... 01 the
Irap temperatur.. To achlev. maximum recov.ry at high
(>2%)methanoIconcentretlons....vatedtraptempera......
w.r. req,*ed. AI 8% methanol, efficiency was 18.. than
50 % lor all analyles regarclless of the tempera.......xcept
letracosane. Stalnlea steel trapping was .... satl8lactory
sine. analyles boiling I... than 200°C yl.lded approxlmat.1y
15 % recovery with 100% CO2, With 1% methanoHnoclllIed
CO2• coIectIon eIIIclency waa actually Improved to n.ar 50%
because trapping was beIleved 10 be via a thin layerof methanol
absorbed on the stainless steel surface. Higher concentrations
01 methanol, how.ver, rasulted In _ntlally no trapping. For
Ih.l_volalli. analyl.s collactlon .fficlency was quantltatlv.
with 1% methanol-modHI.d CO2 lor trap t.mperatur.s 50-80
·C. Higherconcentrations of methanol r88Ulted In....eflIcIent
trapping.

INTRODUCTION

There are two general requirements that must he met in
order to successfully perform off-line analytical supercritical
fluid extraction (SFE). First, the extraction parameters must
he chosen correctly, given that the analyte is soluble in the
extraction fluid. Even at tbis point strong matrix interactions
may preclude direct extraction of the analyte. Second, the
trapping system used must perform efficiently. Two basic
trapping pbilosopbies have heen espoused: liquid solvent
and solid matrices. The majority of reports to date have
utilized trappingin liquid solvents. SFE collectionefficiencies
of 66 compounds with a wide range of volatility and polarity
have recently been reported.! Greater than 90 % trapping of
all test analytes with 100% CO. waa attained by controlling
the trap temperature at 5 °C with methylene chloride aa the
solvent (e.g. 2-10 mL ofsolventmaintained bysmall additions
during SFE). A systematic evaluation ofseveralsorhent traps
and a solid surface trap haa recently been presented with a
five-component polarity mix and with a series of both
hydrocarbons and phenols.' In all of this work only pure
carbon dioxide waa used. The effect of modifiers on solid

(1) Langenfeld, J. J.; Burford, M. D.; Hawthorne, S. B.; Miller, D. J.
J. Chromatogr. 1992,594,297.

(2) Mulcahey, L. J.; Hedrick, J. L.; Taylor, L. T. Anal. Chern. 1991,
63,2225.

0003-2700/9210364-2352$03.00/0

phase and solvent traps haa not heen seriously studied. If
the trap is maintained above the boiling pointof the modifier,
the modifier should vaporize upon contact with the trap and
vent to waate. However, the analytes of interest may not
trap effectively at the temperatures required to vaporize the
modifier. On the other hand, if the trap temperature is
maintained at temperatures below the boiling point of the
modifier the modifier may condense on the stationary phaae
and influence the trapping efficiency. It should he noted,
however, that there are a numher of reports that describe the
quantitative collection (and extraction) of both more and
less volatile and more and less polar analytes using modified
CO. by liquid trapping.3-5 Data describing collection of
analytes into liquid solvents under identical pressure/tem­
perature/flow conditions employing modified fluids are
however not available. Instances employing solid matrix
trapping and modified fluids have heen less numerous in
quantitative SFE studies.6

The goal of the work reported here waa to determine what
effect modifier haa on the efficiency of solid surface and
sorbent traps. Stainless steel beads were investigated aa the
solid surface trap and octyldecyl bonded silica (ODS) waa
used for the sorhent trap. The effect of modifier on the trap
is an extremely important parameter. Often modifier is added
to a fluid in an attempt to improve extraction recoveries or
decreaae extraction time. However, ifmodifier is causing the
trap to perform less efficiently than it would with a pure
fluid, the benefit of adding the modifier may he reduced or
lost. A searchofthe literature resulted in no studies regarding
the influence of modifier on trapping efficiency for off-line
SFE with sorhent or solid-phaae traps.

EXPERIMENTAL SECTION

A Hewlett Packard (Avondale, PAl 7680A supercritical fluid
extractor waa used for all work reported here. Tbis instrument
was modified so that a reproducible amount (50 ItL) of sample
could be introduced into the system. A six-port extemalloop
injectionvalve (Valco, Houston, TX) waa plumbed in-line between
the extraction vessel and the pressure isolation valve. A O.5-mL
dead volume (Le. empty extraction vessel) waa introduced after
the injection valve so that mixing of the injected components
and the extraction fluid would occur.

The trapping system on the 7680A consists of a temperature­
controlled stainless steel housing with frits on both ends.
Approximately 1 mL of either 100-ltm stainless steel beads or
4O-Itm silica-baaed ODS chromatograpbic packing material
(Hypersil) filled the trap. The trap temperature during the
extraction step varied from 5 to 80 ·C. After the SFE simulstion
step (no matrix) was completed, analytes were recovered from
the trap by rinsing with methylene chloride, wherein the trap
temperature and solvent rinse volume were controlled. The trap
temperature was maintained at 30·C during rinsing, and 2.6 mL

(3) Wheeler, J. R.; McNally, M. E. J. Chromatogr. Sci. 1999,27,534.
(4) Janda, V.; Steenbeke,G.; Sandra, P. J. Chromalagr. 1989,479, 200.
(5) Hawthorne, S. B.; Miller, D. J. Anal. Chern. 1987,59,1705.
(6) Howard, A. L.; Taylor, L. T. Supercritical Fluid Extraction of

Chlorsulfuron and Sulfometuron Methyl From Aqueous Matrices.
Pittsburgh Conference and Exposition on Analytical Chemistry and
Applied Spectroecopy, New Orleans, LA, March 1992; Paper No. 308.
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• Acetophenone: 120.15 amu, mp = 20 ·C, bp = 202 ·C. b N,N­
Dimethylaniline: 121.18 amu, mp = 2 ·C, bp = 193 ·C.

Table III. Percent Recovery and RSD'. for the Volatile
Compounds with 1% and 2% Methanol-Modified CO2 on the
ODS Trap

acetophenone N ,N-dimethylaniline

trap 1% 2% 1% 2%
temp ('C) % ree RSD % ree RSD % ree RSD % roc RSD

5 101.9 1.8 90.6 3.8 100.7 1.8 90.2 3.6
10 101.2 1.7 95.3 1.8 100.4 1.7 94.7 1.8
20 101.3 2.0 95.7 3.5 101.6 1.9 93.6 3.6
30 12.9 1.0 40.8 1.1 84.8 3.7 88.0 1.4
40 1.4 0.3 1.1 0.2 7.4 1.2 10.1 0.4
50 0.9 0.1 0 4.6 0.4 4.9 0.4
65 0.6 0.1 0 1.9 0.1 2.4 0.4
80 0 0 1.3 0.1 1.0 0.4

96.3 1.7 94.7 2.7
102.3 2.1 100.4 2.8
102.2 2.8 100.4 2.8
58.2 3.4 61.5 3.7
23.6 0.6 19.2 0.8
27.3 0.7 21.8 0.6
15.4 0.6 15.1 0.7
9.6 0.6 10.8 0.4

5
10
20
30
40
50
65
80

trsp
temp (·C)

Table I. Percent Recovery and RSD'. for Selected Volatile
Compound. with Pure Carbon Dioxide on the ODS Trap

acetophenone" N,N-dimethylanilineb

% roc RSD % ree RSD

- 100'110 C02 -+- 1'110 MaOH ......... 2'110 MaOH

(7) Analytical Superentieal FlUid Chromatography and Extraction;
Lee, M L., Markid.., K. E., Eds.; Chromatography Conferences Inc.:
Provo. UT, 1990; P 320.

methylene chloride rln..

Flgwa 1. Acetophenone recovery versus trap temperature for 100%
co.. 1% methanol. and 2 % methanol.

10020 40 eo 80

Trap Temperature

120
1

10J~+

80~
80~

I
40 [

20r
oL-_--'-__~""""~.........__----l

o

(200 ~ of 1 mg/mL) was added as an internal standard, and
then the mixture was analyzed by GC. The values for peak area
ratios obtained (peak area of compound/peak area of internal
standard) for five replicate experiments were used for 100%
numbers. The relative standard deviations obtained for the peak
area ratios were typically in the range 1-2 %.

RESULTS AND DISCUSSION
Experimental Considerations. With neat sample in­

troduction through a sample loop the kinetics of extraction
are eliminated in this study since an actual extraction (I.e. no
matrix) is not occurring. On the basis ofthe knownstructure/
solubility data7 and the absence of any clogging of the
extraction system after more than 150 injections of the "test
mix", it is safe to assume that all of the components of the
teat mixture are sufficientiy soluble in carbon dioxide.
Furthermore, the weight percent ratio of compound to
trapping phase was low (0.3%), indicating that anaiyte
breakthroughwas veryunlikely (i.e. 1 Jlg/I"L X 5O-I"L injection
volume X 5 components = 250 ~ loaded onto 100 mg of
sorbent material).

Because there are residual silanol groups present on the
ODStrapping materialused in this work, two types ofsorptive

Table II. Percent Recovery and RSD'. for the Nonvolatile
Compound. with Pure Carbon Dioxide on the ODS Trap

trap n-decanoic aeida 2-naphtholb n-tetracoeane'

temp (·C) %rec RSD %rec RSD % ree RSD

5 75.1 3.0 94.8 2.0 97.5 1.6
10 78.2 3.4 99.8 2.5 100.7 2.7
20 76.4 3.4 99.2 2.5 99.5 1.7
30 76.7 4.8 96.6 1.6 97.7 1.1
40 80.1 3.9 94.9 1.8 98.0 2.0
50 83.4 4.9 93.4 1.5 97.7 1.1
65 85.3 4.0 92.6 5.6 97.4 1.1
80 90.1 4.6 91.3 2.4 97.1 1.7

• n-Decanoic acid: 172.26 amu, mp • 31.4 ·C, bp • 270 'C. b 2­
Naphthol: 144.16 amu, mp =122 ·C, bp =285 'C. 'n-Tetracosane:
398.63 amu, mp =125 ·C, bp =300 ·C.

ofrinse solvent was passed throughthe trap (two 1.3-mLfractions)
to colleet the sample. Any. irreproducibility in rinse solvent
volume was elim.inated through the use of an internal standard
(anthracene) that was added to each 2-mL autosampler rinse
vial before rinsing so that analyte/anthracene peak area ratios
and not absolute peak areas could be used.

The compounds used to evaluate trapping efficiency consisted
of a mixture of acetophenone, N ,N-dimethylaniline, n-decanoic
acid, 2-naphthol, and n-tetracosane dissolved in methylene
chloride at approximately 1 mg of component/mL. Since CH..­
Cl2 has a density of 1.317 g/mL at 25 ·C, each component was
present in solutionat approximately 0.07 % (w/w). The moleeular
weights and melting and boiling points for these compounds are
listed in Tables I and n. The test mix components were all
obtained from Aldrich Chemical Co. (Milwaukee, WI). Carbon
dioxide was obtained from Air Products (Allentown, PAl while
the 1%, 2%, 4%, and 8% methanol-modified carbon dioxide
was provided by Scott Specialty Gases (Plumsteadville, PAl.
Methanol-modified tanks were supplied with 1500 pei of helium
headspace, while the pure carbon dioxide had no headspace.

The specific protocol for trap evaluation with the previously
stated polarity mix was as follows. Analytes were transferred to
the trap by placing the filled sample loop (50 I"L) in line with the
fluid path for a period of 10 min at a liquid flow rate of 2 mL/min
at 340 bar with an oven temperature of 75 'C and a nozzle
temperature (variable restrictor) of 50 ·C. Recovery of analyte
was monitored at trap temperatures of 5, 10, 20, 30, 40, 50, 65,
and 80 ·C. Three replicate "extractions" were done at each trap
temperature. Theextracts were analyzed bygas chromatography
on a HewlettPackard (Avondale, PA) 5890 Series II GC equipped
with an autosampler. The column used was an HP-5 (5%
phenylmethylsilo:rane) and was 25 m X 0.2 mm with a fJlm
thickness of0.33I"m. A 1-I"L purged splitiess injection was used.
The initial column temperature was held at75'C for 0.5 min and
ramped to 300 ·C at 25 'C/min.

Peakarea ratios representing complete recovery were obtained
as follows. The injection valve was plumbed so that the 5O-I"L
loop was filled in the load position with the sample of interest
through a needle port. Once the loop was filled the position of
the valve was changed from load to inject. The loop was then
rinsed with methylene chlo!ide into a 2-mL vial where anthracene
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Table IV. Percent Recovery and RSD'. for tbe Nonvolatile Compound with I % and 2% Methanol-Modified CO, on tbe ODS
Trap

2-naphthol n-tetracoaanedecanoic acid

trap 1% 2%
temp ("C) %rec RSD %rec RSD

5 91.2 8.2 75.6 13.5
10 87.9 2.0 75.9 1.4
20 91.1 2.1 76.1 4.9
30 83.2 2.9 77.6 2.0
40 86.4 3.5 74.6 2.0
50 87.0 2.4 74.9 2.0
65 92.3 3.0 78.0 4.2
80 91.4 2.1 75.2 1.4

1%
% rae RSD

99.8 2.9
99.6 2.5
98.9 2.9
94.2 2.6
95.3 4.3
94.9 2.6
97.9 3.5
95.7 2.5

2%
% rec RSD

95.4 4.6
94.0 1.3
93.2 4.2
87.7 1.8
91.3 1.3
90.8 1.8
92.6 3.4
90.3 1.3

1%
% rec RSD

102.5 2.5
100.3 2.1
100.7 2.4
92.8 2.0
97.2 2.4
94.5 2.3
97.4 2.6
96.7 2.2

2%
% rec RSD

93.7 5.8
90.1 1.8
90.4 4.6
86.3 2.3
94.4 1.8
93.9 2.4
96.5 3.5
94.7 1.8
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trap temperatures from 5 to 20 ·C. As was the case when
pure carbon dioxide was used, recoveries of the volatiles
dropped drastically when a trap temperature of 30 ·C was

(8) Janssen, J. G. M.; Schoenmaken, P. J.; Cramen, C. A. HRC & CC
1989,12,645.

(9) Snyder, L. R.; Kirkland, J. J. Introduction to Modern Liquid
Chromatography; John Wiley & Sons, Inc.: New York, 1979; p 276.

(10) Hedrick, J. L.; Taylor, L. T. HRC & CC 1990, 13, 312.

interactions can occur.· There can be sorptive interactions
between the solutes and the ODS phase (dipersive forces)
and there can be sorption between the silanol groups and the
analytes (hydrogen bonding or forces stronger than dipser­
sive). At the trap temperatures used in this work (5-80 ·C)
the ODS phase should be stable since there is flow of carbon
dioxide passing through it when it is heated (i.e. the phase
is not being "baked") and the temperatures used were not
high enough to remove any physically adsorbed water.• It is
unlikely that carbon dioxide at 80 ·C would be able to
dehydrate the stationary phase since the solubility of water
in supercritical carbon dioxide is 10w'O (0.1 %). The stainless
steel beads used in this work were 100-l'm 316 stainless steel
with high nickel content. These beads have low carbon
content and are not subjected to acid or heat pretreatment.
The mechanism of action for analyte trapping on stainless
steel beads is suppoaed to be cryotrapping only. However,
there may be an oxide layer present that could lead to
appreciable adsorption of either methanol or other analytes.

ODS Trap Studies. Table I shows the percent recoveries
and their associated relative standard deviations for the two
most volatile components of the test mixture, acetophenone
andN,N-dimethylaniline. At trap temperatures of5,10, and
20 ·C high recoveries and low relative standard deviations
were obtained. At a trap temperature of 30 ·C, however, the
recoveries ofthe volatiles dropped to approximately 60%. At
trap temperatures of 40 and 50 ·C recoveries of both
compounds dropped even further to 20-25%, and finally at
temperaturesabove50·Crecoveriesoflo--15% wereobtained.
For efficient solid-phase trapping of volatile compounds (bp
<200 ·C) it therefore appears that two trapping mechanisms
are required-cryotrapping and absorption. Table II shows
the percent recoveries and relative standard deviations
obtained for n-decanoic acid, 2-naphthol, and n-tetracosane
on the ODS trap with 100% CO2, As can be seen from the
table the behaviorofthese less volatile (bp > 200 ·C) analytes
is drastically different from the more volatile analytes.
Decanoic acid yielded the lowest recovery (75-80%) at low
trap temperatures (5-40 ·C). However, as the trap temper­
ature was increased above 40 ·C, decanoic acid recovery
surprisingly m.proved until it reached 90% at a trap tem­
perature of 80 ·C. Since the rinse conditions were constant
at all trap temperatures, it can be assumed thatany variation
in recoveries was due to the trapping portion of the exper­
m.ent. Trapping of 2-naphthol and n-tetracosane was
statistically unaffected by trap temperature.

Table ill shows the percent recoveries obtained for
acetophenone and N ,N-dimethylaniline over 5-80 ·C with
1% and 2% methanol as the fluid phase. The recoveries
(>90%) and RSD's «4%) of the volatiles were very good at
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used (Figure 1). Acetophenone recoveryata trap temperature
of 30·C with 1% methanol was 12.9%, while N,N-dimeth­
ylaniline recovery was 84.8%. This disparity in recovery was
also observed with 2% methanol. At trap temperatures of
40 ·C and above the recoveries of both compounds were low,
with the recovery ofacetophenone generally being the lowest
of the two. The disparity in recovery of acetophenone and
N,N-dimethylanilineat30 ·Cean be explained byexamining
the interactions ofeach compoundwith the stationary phase.
Both compounds are soluble in CH2Cl2, and their boiling
points are similar. However, N ,N-dimethylaniline would be
expected to have stronger interactions with the stetionary
phase, especially the silanolsites, than acetophenone would,
since N ,N-dimethylaniline is basic. It should also be more
difficult for the CH2Ch rinse to removeN ,N-dimethylaniline
from the stationaryphase than toremove acetophenone, which
is not held as strongly.

Table IV shows recoveries versus trap temperature for the
nonvolatile components of the test mixture with 1% and 2%

methanol in carbon dioxide. Upon first examination of the
figure it appears that there is little effect on recovery for the
nonvolatiles when methanol is present relative to pure CO2
over the entire temperature range. However, when pooled
t-tests were performed, differences at the 95% confidence
level were revealed. For example, recoveries ofdecanoic acid
were statistically higher at low trap temperatures (5-40 ·Cl
when 1% methanolwas used as the mobile phase ascompared
to recoveries obtained with pure carbon dioxide. The role of
the methanol at this concentration may be to form a thin film
on the ODS phase, thereby providing an additional trapping
mechanism in the polar methanol As the trap temperature
increases, the amount of methanol on the stationary phase
decreases so thatrecoveries do notdiffer significantlybetween
pure carbon dioxide and 1% methanol at trap temperatures
above 40 ·C.

When 2% methanol was added to the mobile phase the
recoveries of decanoic acid dropped in comparison to those
obtainedwith 1%methanolovertheentire temperature range.
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and 8 % methanol were not statistically different from those
obtained with 2% methanol.

StaiDle8s SteelTrap Studies. Figure4 shows the percent
recovery versus trap temperature curves obtained over 5-80
·C for the volatile components of the test mixture with pure
CO. by employing singly ODS and stainless steel traps.
Neither of the trends that were observed with the ODS trap
was observed on the stainless steel trap. Acetophenone
recovery at 5 ·C was 11.7%, while N ,N-dimethylaniline
recovery was 3.6%. Obviously a lower trap temperature is
needed for these two polar compounds. The difference in
recoveries of these compounds at low trap temperatures
reflects the slightdifferences in volatilityofthese compounds.
Figure 5 shows the recoveries versus trap temperature for the
nonvolatile components with 100% CO. employing ODS and
stainless steel individually. Decanoic acid recovery was low
at low temperatures (26.3% at 5 ·C) and increased as the
trap temperature increased up to 50 ·C, after which recovery
(~50%) remained constant. In compar.ison, the recoveries

There are three possible explanations for this behavior. First,
methanol could again be forming a film on the surface of the
bonded phase. However, with the greater concentration of
methanol the film may be thick and not mechanically stable.
Therefore, as decompressed carbon dioxide passes through
the trap at flow rates from 200 to 2000 mL/min, analyte and
methanol could be mechanically pushed through the trap.
The second way that 2% methanol could cause a decrease in
recovery relative to 1% methanol is by forming a film over
the ODS stationary phase and preventing some of the
dispersive interactions to occur that lead to the efficient
trapping. The third way that 2% methanol could be causing
a decrease in decanoic acid recovery relative to 1% methanol
is by increasing the strength of the fluid phase and causing
more decanoic acid to partition into it.

When 2-naphthol and n-tetracosane recoveries obtained
with pure carbon dioxide and 1 % methanol were compared,
nostatisticaldifference was found over theentire temperature
range. When the recoveries ofboth analytes with pure carbon
dioxide were compared to those obtained with 2% methanol
it was found that recoveries were statistically higher when
pure carbon dioxide was used over the 5-40 ·C temperature
range. At temperatures above 40 ·C there was no difference
in recovery.

Figure 2 shows the results obtained for acetophenone and
N ,N-dimethylaniline over the 5-80 ·C range with 4% and
8% methanol. As can be seen by comparing Table ill and
Figure 2, the trend observed with 1 % and 2% methanol is
no longer observed. Instead ofthe high recoveries at low trap
temperatures and low recoveries at high trap temperatures,
a maximum recovery was obtained at a temperature that is
dependent on the methanol concentration. With 4% meth­
anol in the fluid phase maximum recoveries were obtained
at30 ·C, while a trap temperature of5·C resulted in recovery
maximafor 8% methanol. The shape ofthe percent recovery
versus trap temperature curves for the volatile components
is believed to be a result of two competing mechanisms. At
low trap temperatures methanol condenses on the stationary
phase whereN ,N-dimethylanilineand acetophenone dissolve
init. These componentsare then mechanically removed from
the trap by the decompressed carbon dioxide. As the trap
temperature is increased, methanol begins to vaporize, and
the amount of methanol on the stationary phase decreases.
The decreased amount of methanol on the stationary phase
allows the acetophenone and N ,N-dimethylaniline to more
strongly interact with the stationary phase, leading to an
increase in recovery. Above the maximum recovery tem­
perature the percent recovery curves followed the same trend
seen with 100% carbon dioxide, 1% methanol, and 2%
methanol for the volatiles (i.e. as trap temperature increases
the vapor pressure of the analytes increases and recovery
decreases).

Figure 3 shows the recovery versus trap temperature curves
for the nonvolatile compounds with 4% and 8% methanol.
The percent recovery versus trap temperature curves for
decanoic acid and 2-naphthol are similar to what was seen for
the volatiles at low temperatures (i.e. recoveries increased as
trap temperature was increased). Since the boiling points of
these analytes lind the volatile components of the test mix
are so different, their similar behavior may be due to the fact
that decanoic acid and 2-naphthol are very soluble in
methanol. Unlike the volatile components, the recovery of
both compounds did not decrease at temperatures above 40
·C. Instead, recovery remained constant, although statis­
tically lower than what was obtained with 2% methanol. When
methanol concentration was increased to 8 % the same trend
as was seen with 4 % methanol was observed, but with lower
recoveries. Recoveries obtained for n-tetracosane with 4 %
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were generally higher on the ODS phase, indicating that the
dispersive interactions between the hydrophobic chain of
decanoic acidand the ODSphase contributed to the recoveries
obtained. Recoveries of 2-naphthol and n-tetracosane on
stainless steel were generally high and unchanged with trap
temperature, as was also the case for the ODS trap.

Table V shows the recovery profiles for each compound
with the stainless steel trap with 1% methanol as the fluid
phase. Thevolatile components are shownas only two points
since at trap temperatures greater than 5 ·C recoveries of
N ,N-dimethylaniline and acetophenone were 0%. Recoveries
of the volatiles were greater at 5 ·C with 1% methanol as
compared to the recoveries obtainedwith pure carbon dioxide.
This increase in recovery is probably due to the formation of
a thin fWn of methanol which is physisorbed to the stainless
steel surface. The recovery of decanoic acid followed the
same trend as seen before, with increased recovery as trap
temperature increased. Recoveries were constant from 5 to
40 ·C at 70--75 % for both naphthol and n-tetracosane. Both
of these compounds are fairly nonpolar and therefore do not

Table V. Percent Recovery for Components of Polarity Mix
with I % Methanol-Modified CO. on Stainless Steel

trap N,N-
temp acet<>- dimethyl· decanoic 2- n·tetra·
(OC) phenone aniline acid naphthol cosane

5 61.3 46.3 32.6 68.5 72.8
20 0 0 45.0 69.3 72.8
30 0 0 50.0 71.0 74.1
40 0 0 56.6 76.7 79.6
50 0 0 67.0 92.9 100.2
65 0 0 69.7 91.7 96.2
80 0 0 71.6 91.7 95.5

trap as efficiently in the thin film of methanol suspected to
lie on the stainless steel surface as the polar analytes do.
However, as the trap temperature was increased, the amount
ofmethanol on the solid surface decreased, and the recovery
of both compounds increased to the 90-100% range.

Because the only compounds to be significantly affected
by 1% methanol were the volatiles, recoveries of only the
volatiles were determined with 2% and 4% methanol as the
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fluid phase ata trap temperature of5 ·C. When 2% methanol
was used, the recoveries ofthe volatiles were lower than those
obtained with purecarbondioxide. The greater concentration
(71 %) of methanol apparently forms a thicker film that can
be mechanically pushed through the trap by the decompressed
carbon dioxide. The volatile components are believed to
dissolve in and travel with the methanol and exit the trap,
resulting in lower recoveries. At a methanol concentration
of 4%, recoveries of acetophenone and N ,N-dimethylaniline
were negligible. The maximum recoveries for the volatiles
on the other hand occurred with 1% methanol rather than
pure CO, which gives credence to the idea that these analytes
were trapped in a thin film of methanol that coated the
stainless steel beads.

CONCLUSIONS

The effect of methanol on trapping efficiency of solid
surface and sorbent traps was found to vary greatly with
methanol concentration. For methanol concentrations of2%
or less on the ODS trap, it was not necessary to maintain the
trap temperature above the boiling point of the methanol.
For methanol concentrations above 2% on the ODS trap, low
trap temperatures resulted in inefficient trapping due to the
presence of condensed methanol on the stationary phase.
Recovery maxima were obtained in the 30-50 ·C range,
depending on the methanol concentration. For the nonvol­
atile compounds trap temperature had no effect on recovery
when 1% and 2% methanol was used. However, when greater
concentrations of methanol were used, trap temperatures of
at least 40-50 ·C were required to obtain efficient trapping.
For efficient recovery of the volatile compounds on the
stainless steel trap, the addition of a modifier to establish a
thin film on the surface drastically improved recovery.

However, the addition oftoo great a concentrationofmodifier
allowed for mechanical rinsing ofthe trap. For the nonvolatile
compounds high recovery could generally be obtained when
methanol was in the fluid phase iftrap temperatures el[ceeded
40 ·C.

Several things should be kept in mind in order to view
these data practically. Although the compounds in the test
milO: were referred to as volatiles and nonvolatiles in this ten,
all of the compounds were GC detectable. During an actual
emaction, if acetophenone and N ,N-dimethylaniline were
the analytes of interest, it is likely that pure carbon dioxide
and an ODS trap would be used. Modifiers are generally
used in dealing with more polar or higher molecular weight
compounds. With these types of compounds it would be
reasonable to e%pect behaviorclosertothatofC,.. Itisobvious
from this work that the addition of modifier can have drastic
effects on the ability of a solid-phase trap to function. The
vapor pressure of the components, their solubility in the
modifier, and the type oftrap material must all be considered
in order to successfully trap emacted components.
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Processing Analytical Data Obtained from Second-Order
Reactions by Using Continuous Reagent Addition
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where k is the second-order rate constant. If a solution of a
reagent at a concentration [Rl. is added at a constant rate
u to a volume Vo of a solution containing the analyte, its
concentration can be expressed by

V,

Figure 1. Simulated plots 01 translormed fraction vs volumetric ratio
01 added reagenl lor the hypothetical secon<kJrder reaclton 01 eq 1
at different "( values, with reaction monitoring via (-) the product or
(- - -) the analyte. Curve (-) corresponds to the dilution process.
These curves also correspond to the varlalton 01 the addttlon rate lor
3, 12,30, and 60 ml/mln and "( between 1000 and 50, respectively.
(k = 1.0 S-1 M"', [Rl. = 1.0 M, and V. = 50 ml).
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formed, the reaction rate can be written as

ut ([Al.V. )
[Rl = [Rlo V

o
+ ut - V

o
+ ut - [Al (3)

If [Rlo » [Alo and the addition rate is such that throughout
the amount of reagent consumed is very much smaller than
that which is added, this equation can be simplified to

ut
[Rl = [RloVo + ut

INTRODUCTION

Thls paper reports a new approach to second-order kinetic
analy_ based on the continuous ackItlon of the reagent to
the analylesolutlon at a constant rate. A mathematical model
was developed to study the kInetics of the proc_. Methods
lor the determination Of the analyle and the seconckwder rate
constant were developed and tested experimentally. The
Fe( I I l/SeN- system In the presence Of hydrogen perOXide as
analyle was used as the model reaction. The methoclllor the
determination of hydrogen peroxide th.. developed are
compared by using a least-.quares '" procedure; those used
to obtain the second-order rate constant perform quHe well
wHh relative standard deviations between 2-5 %.

The significance of kinetic approaches to analytical chem­
istry has been widely recognized1,2 and emphasized in recent
reviews.3,. In the lastfewyears, new techniques for the kinetic
determination offirst- andgeneral-orderdirect reactions have
been developed.5-8 In this work we developed a novel
approach to processing analytical data from second-order
reactions by using a mathematical treatment that relates
kinetic parameters with the experimental variables involved
in a open system based on the continuous addition ofa reagent
solution at a constant rate to another solution containing the
analyte to be determined. This mathematical treatment also
allows the second-order rate constant of the system to be
determined. The chief advantages ofthis approach lie in the
fact that it allows the kinetic response curve to he readily
obtained from both slow and fast reactions (for which the
first-order condition is commonly used) with straightforward
instrumentation since the reaction is made second-order.

Two unconventional analytical kinetic methods and five
procedures for determining the second-order rate constant
by using the above-mentioned treatment are presented and
discussed. The Fe(I1)/SCN-/H20, system was (:hosen to
illustrate the applicability of this new approach.

For a second-order irreversible reaction such as that shown
in

A+R-P (1)
where A is the analyte, R the reagent, and P the product

THEORETICAL BASIS OF THE METHOD

(1) Mottola, H. A. Kinetic Aspects of Analytical Chemi,try; Wiley:
New York, 1988.

(2) P~rez-Bendito. M.; Silva, M. Kinetic Methods in Analytical
Chemistry; Ellis Horwood: Chichester, U.K., 1988.

(3) Pardue, H. L. Anal. Chim. Acta 1989,216,69.
(4) Mottola, H. A.; Perez-Bendito, D.; Mark, H. B. Anal. Chem. 1990,

62,441R.
(5) Lai05, I.; Fast, D. M.; Pardue, H. L. Anal. Chim, Acta 1986,180,

429.
(6) Sarson, J. A.; Pardue, H. L., Anal. Chim, Acta 1989,224, 289.
(7) Fitzpatrick, C. P.; Pardue, H. L. Anal. Chem. 1989,61,2551.
(8) Schechter, I. Anal, Chem. 1991,63,1303,

The dilution rate of the analyte A is given by

_[d[Al] = [Al-u -
dt dilution Vo + ut

and the overall rate is found to be

d[Al ut u
---cit = k[AJ[Rl·V• + ut + [A1 Vo + ut

(5)

(6)

0003-2700/92/0364-2359$03.00/0 © 1992 American Chemical Society



2380 • ANALYTICAL CHEMISTRY, VOL. 64, NO. 20, OCTOBER 15, 1992

where XA is the transformed fraction of A, which is a
concentration fraction instead ofa molar fraction. Fromthis, 0.50
the concentration of A at any time can be calculated from [Al
= [Alo(l- Xpj. V, is the volumetric ratio ofthe added reagent,
which is a temporary variable, and 'Y is a parameter directly
related to the second-order rate constant. By substitution of
these variables into eq 7, this can be rewritten as 0.30

In (1- XA) = -y[V, -In (1 + V,)l-In (1 + V,) (9)

or, in a exponential form

I V,
X P = 1 - exp(-yV,Hl + V,rr- - 1 + V, (13)

0.300.20

0.70

0.90

exp maxreacn initial reacn
param (dX/dV,)m dX/d<V,') 'Y 1m

[RIo yn n n llyn
u yn n lin llyn
Vo llYn lin n yn
k yn n n llyn
[Alo n n I I

molar absorptivity of the product at the same wavelength.
Thus, the difference between both signals will be

t.S = 8 - 8 0 = [Alo[ (Ep - 'A)XA- Epl :'vJ (14)

taking into account the [Al and [PI values stated above. If
the product does not absorb at this wavelength, then eq 14
can be written as

-t.S = 'A[AloXA (15)

whereas, if the product is the only absorbing species, then

Table I. Effect of the Variability of Experimental
Parameters on the Performance of the Analytical Methods

actual value obtained for an n-fold
change in the corresponding exp param

t.S = 'p[Al.,xp (16)

taking into account the ratio between XAand Xp. Equations
15 and 16 show the linear relationship between the analytical
signal and the initial analyte concentration.

Analytical Method•. Two methods were developed using
two different regions ofthe kinetic response (Figure 1). They
relate the measured parameterwith the analyte concentration
and are described in detail below.

Maximum Reaction Method. The unconventional kinetic
profiles shown in Figure I, have an inflection point at which
the slope (reaction rate) is maximal and is bounded by a

Xp

Vr
Figure 2. Typical Xp vs V. plots obtained at different 'Y values. The
a-b segments correspond to the uselul zone lor application 01 the
maxtmum reaction method, while the shaded portion corresponds to
the initial reaction method. c's are Inllectlon points.

(8)

(12)

k[RloVo
'Y=---

u

Plots of X Aor X p as calculated from eqs 10 and 13 as a
function of V, atdifferent 'Y values are shown in Figure 1.The
'Y values used in both equations lay in the same range as their
typical experimental counterparts. The shape ofthese curves
depends directly on the 'Y value; therefore, for a givenchemical
system, this behavior is also closely related to the selected
addition rate. These curves show three distinct zones: the
initial and final portions which are concave and convex,
respectively, and a virtually linear zone which is of great
analytical interest. On comparison of the two types of
dependency obtained by monitoring the process via analyte
or the product, it is seen that the straight portion is larger
in the former case (in the latter, the maximum rate is followed
by a decrease resulting from the dilution of the product).
Such a decrease conforms to Vof V = 11 (1 + V,). Obviously,
these differences increase with decreasing 'Y. The plots shown
in Figure 1 are in fact kinetic curves because V" X N and Xp
depend linearly on time and the analytical signal, respectively.
The dependencies of XAand X p are commented on below.

Let us again consider thesecond-order irreversible reaction
of eq 1 with, for instance, photometric detection, in which
only the analyte and product absorb at the wavelength where
the reaction is monitored. At time t = 0, the absorbance (the
analytical signal, 8 0 ) can be expressed as 8 0 = 'Al[Alo, where
'A is the molar absorptivity of the analyte and I the path
length (generally 1 em). Afrer a reaction time t the absor­
bance can be expressed as 8 = 'A[AI + .p[PI where 'p is the

XA = l-exp(-yV,Hl + V,).,-I (10)

If the reaction is monitored via the product formed, the
concentration fraction of A transformed in product, Xp =
[Pl/[Al", must be used in order to obtain a dependence similar
to that ofeq 9, [PI being the concentration ofproductformed
at any time. This concentration can be expressed as

[
PI _ [AloVo- [AlV _ [AloVo- [AlVo(1 + V,) (11)

- V - Vo(1 + V,)

because the volume at any time can be expressed as V = Vo

+ ut = Vo(1 + V,). Rearrangement of eq 11 yields

the integrated form of which is

[Al k[RloVo [Yo + ut] [Yo + ut]1n-=-k(Rl t+--In -- -In --
[Al

o
0 u Vo Vo

(7)

In order to simplify the above expressions we can define
the following dimensionless variables:
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straight portion. The following mathematical treatment
supports application of this methodology.

The slope of the X Avs V, plots can be obtained by taking
the derivative of eq 10

dXA V V V r2dV, = (l + 'Y ,) exp(-y ,)(1 + ,) (17)

The V, value corresponding to the inflection point (max­
imum reaction rate) can beobtained by imposing the condition
d2XAldV,2 = 0, so

transformed fraction. The linearity of these portions was
also checked by calculating their respective regression c0­

efficients, which were r2 :;:< 0.9998 in all cases.
Initial Reaction Method. The application of this method

is based on the use of kinetic data acquired at the reaction
start. Under these conditions, eqs 10and 13 can be expanded
in series

X =V +~V2_~V3_3'Y2_261+ 24v ,+
A , 2" 3" 4' ,'". . . (24)

(V) vy=l-1 (18)
,m 'Y

By combining eqs 10 and 17, the maximum reaction rate
can be written as

(25)X - YV 2 5'YV 3 31
2

_ 26yV' +
p - 2 ' - 3f ,- 4! ,'"

and, under these initial conditions, i.e. when V, is smaller
than 0.5(V,)m (see Figure 2), only the fJrSt few terms in the
series are significant. This simplification reduces eq 25 to

X p :;:< 0.5'YV,2 (26)

Taking into account the relationship between the analytical
signal and the transformed fraction ofthe product, eq 26 can
be written as

M = 0.5<pUVo·lk[Rlo[Alot2 (27)

This equation shows the linear dependence between the
analytical signal and t2 in the initial step of the reaction and
allows the initialanalyte concentration to be determined from
the slope. When the reaction is monitored via the analyte,
the initial reaction method can also be applied, though with
some constraints because the initial portion of the XA VB V,
plot cannot be transformed to a linear form, since the first
two terms of the expanded series are required from eq 24. In
this case, depending on the 'Y value, these terms can be similar
('Y ca. 50--1(0) or the second term may feature a greater
contribution ('Y ;:: 10(0). In the latter case, the initial reaction
method can be applied to the analyte with minimal errors.
By using a treatmentsimilar to that ofthe maximum reaction
method, one can also determine the X p values at which this
method is applicable. Suchvalues (marked inFigure 2), range
between 5 and 17 % of the transformed fraction of product
for 'Y between 50 and 4000.

On comparison of the two methods it is seen that the
maximum reaction method is subject to errors smaller than
thoseofthe initial reaction method, which however, is affected
less by side reactions since measurements are performed
during the initial step of the reaction. On the other hand, the
two methods show a different dependence in the second­
order rate constant (see eqs 21 and 27). Thus, if two analytes
yield the same product with different second-order rate
constants, the initial reaction method allows greater descrim­
ination between them thanks to the linear dependence
between the analytical signal and k (in the maximum reaction
method, the analytical signal is related to k1/2j. This behavior
can be exploitedfor the resolution ofmixtures ofthese species
by using a differential kinetic method based on a combination
of both methodologies. In addition, these methods allow
application of the corresponding fixed-time approach-and
other kinetic methodologies-which involves measuring the
reactant concentration at a preset time from the reaction
start.

Variability of the Experimental Parameters. The X
VB V, profiles and the maximum and initial reaction methods
are affected by various experimental parameters such as the
addition rate, initial volume in the reaction vessel, initial
concentrationofreagentandanalyte, and second-orderkinetic
constant. The influence ofthese parameters on 'Y. maximum
and initial reaction methods, and tm (time corresponding to

(22)

(21)

(20)[~~d ~ 0.6-y°·5
, m

and, by substituting for dXAand dV" it becomes

Similar expressions can be obtained if the reaction is
monitored via observation of product formation. Equation
21 shows the linear relationship between the maximum
reaction rate and the analyte concentration. An important
aspect of this methodology is that it reduces errors due to
between-run variations in the second-order rate constants,
owing to the square root dependency between the reaction
rate and the rate constant according to this equation.

In order to determine the interval over which the X Aor X p

VB V, plots are linear (the slope will be proportional to the
analyte concentration), we assumed the linear zone should
encompass a region where the slope yields a relative average
deviation with respect to the maximum reaction rate (mea­
sured at the inflection point) that is not greater than 5%.
Thus, at any point along this portion, the relative deviation
of its slope (reaction rate) with respect to the maximum
reaction rate will be

(dX/dV,) - (dX/dV,)m
6 -
, (dX/dV,)m

where the subscripts of X have been removed since this
expression holds whether the reaction is monitored via an­
alyte or the product. By application of the average-value
theorem, the relative average deviation can be expressed by

[
dXA] 1 + 'Y(V,)m
dV, m= (1- XA)m 1 + (V,)m (19)

The value of (1 - XAlm in the above equation ranged between
0.60 and 0.57 for 'Y values over a wide range (20 000-1(0).
Taking into account that 'Y is generally much greater than 1,
the (V,)m value can be simplified to (V,)m :;:< 'Y-o.5• Thus, the
maximum reaction rate can be written as

a = a = 1 f(V,h6 dV (23)
, (dX/dV,)m (V,)c-(V)J(V,),' ,

whereais the average deviation. Ifthe a, value is fIXed at0.05
(i.e. a 5% relative average deviation), the corresponding (V,),
and (V,>C values can be calculated from eq 23 and be used in
turn to determine the X Aand Xp values from 'Y using eqs 10
and 13. These portions are marked in the plots shown in
Figure 2 which shorten slightly as 'Y decreases; however, this
zone is wide enough so that even at smaller 'Y values (e.g. for
'Y = 50), the useful portion lies between 11 and 43%
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Table II. Useful ExprellioD8 for the DetermiDation of "y

method monitoring the resen via the analyte monitoring the reaen via the product

Rerording of the Full Kinetic Curve

V, -In (l + V,)
'Y::: (V,)m-2 - 2(V,)m-l + I

'Y=

[
S-S ]

In S _S"(l+V,)
° "'Y=

V, -In (l + V,)

'Y '" <V,)m-L 2(V,)m-1 - 2

integrated equation

inflection point

half-reaeD time
'Y = In 2 -In (l + <V,),/,)

<v,J,/, -In (l + (V,)l/')

'Y = In 2 -In (l - <V,),/,)

<v,),/, -In (I + (V,),/,)

msxreacn

initial reaen

Recording of Only a Portion of the Kinetic Curve

dS V-I O~-"dt = m.,.[AJoU ° 'Y ~ = m [AJ." Ie -1'Y0"dt pEp u- °
'Y= __2S__

Ep[AJo(V,)'

(V,)m) is illustrated in Table I, which shows how an n-fold
change in each parameter affects the performance of the
method. Thus, if the addition rate is doubled, the maximum
reaction is increased by a factor of v2 = 1.41 and the initial
reaction by 2,0, while 'Y is decreased by a factor of2.0 and the
tm by v2 = 1.41. This table is of great interest for practical
application of this approach.

Comparison with Pseudo-First-Order Methods. The
performance of this approach with second-order reactions in
which the reagent is added at a constant addition rate to a
reaction vessel containing the analyte solution can be com­
pared with that of fIrst-order methods in which solutions of
the analyte and excess reagent are mixed simultaneously.

Ifthe proposed approach is applied at the start ofa reaction
monitored via the product, the analytical signal at any time
can be expressed by

(28)

where k 2 is the second-order rate constant, [Ail. is the initial
concentration of analyte, and [Rl = [RloUt/V., provided
dilution phenomena are negligible.

When the reaction in eq 1 develops under fllSt-order
conditions, the analytical signal at any time can be written
as

8 1 = <p[Pl = <p[A,J.[l- exp(-k,t)l (29)

where k, is the pseudo-fllSt-order rate constant and [A,l. is
the initial concentrationofthe analyte under these conditions.
If the analytical signal is monitored at the start ofthe reaction,
the term in brackets in eq 29 can be simplif"1ed to k,t and
hence this equation can be written as

8, = <p[A,l.k,t (30)

If we assume the initial analyte concentration to be the
same in both situations, by combining eqs 28 and 30 and
taking into account thatk, = k2[Rl, the relationship between
the analytical signals will be 8 2 ,. 0.58,. Thus, if the same
reaction is developed by this continuous-addition-of-reagent
technique, the average reaction rateat thestartofthe reaction
(time at which the initial rate method was applied for pseudo­
fIrst-order kinetics) would be half that obtained when the
analyte and excess reagent are mixed simultaneously. This
behavior is ofgreat interest to the monitoringof fast reactions
since the use of this approach slows down these reactions.

Determination of the Second-Order Rate Constant.
As stated above, the second-order rate constant is directly
related to 'Y, so we developed several methodologies to
determine it, Two situations were considered according to

whether the reaction was monitored via the analyte or the
product: one in which the full curve was recorded and the
other in which only a portion (useful for slow reactions) was
recorded.

By using full plots of the transformed fraction vs volu­
metric ratio of reagent added we developed three methods.

(a) The fllSt is based on the integrated eq 9, into which the
relations between X A and Xp and the analytical signal (ab­
sorbance) are substituted. In the fmal expressions obtained
(Table II), 8. is the absorbance at time t ,. 0, and 8. is the
fmal absorbance (both for the analyte), 8d is any value of
absorbance for the product measured in the dilution zone
(see Figure 1) after the maximum of the plot, which corre­
sponds to a V, value (V,)d, and 8 is the absorbance at time
t (both for the analyte and the product).

(b) The second method uses the relation between (V,)..
and 'Y at the inflection point according to eq 18. In this case,
by using the plot for the analyte, the (8. - 8.) difference
yields (8. - 8..), at the inflection point because the (8. ­
8.)/(8. - 8..) ratio is virtually constant, Such a ratio ranged
between 2.55 and 2.69 for the analyte and between 2.53 and
2.54 for the product for 'Y values over a wide range (20000­
100). Once (8.-8m) is known, (VJ..can be readily calculated,
and so can 'Y by using the expressions listed in Table II. An
iteration procedure can be used in order to increase the
accuracy of this method.

(c) The third method is based on a very useful parameter
for kinetic measurements, viz. the half-reaction time, which
is directly related to (V,hj2. This volumetric ratio of reagent
added corresponds to the XA/2 or Xp/2 values and to an
analytical signal of (8. - 8.)/2 and 8,(1 + V,)d)/2 for the
analyte and product, respectively. By substituting the..
conditions into eq 9, one can obtain the expressions listed in
Table II.

Application ofthe proposed methods to the determination
of'Y does not require EA, Ep, or [Al. to be known, and in all
cases, the 'Y values can be obtained from the slope of the
linear regression of the corresponding expressions.

The methods based on recording only a portion of the
typical plot supported by this approach can be useful for
slow reactions, in which recording the full curve can be time­
consuming. The fllSt proposed method is based on the
dependency between the maximum reaction rate and 'Y, as
shown in eq 20, which can be expressed in a general form by
(dXA/dV,)m = m'Y'/2, m being a parameter ranging between
0,60 and 0,57 for the analyte and between 0.60 and 0.49 for
the product for 'Y values a over wide interval (20 000-100). By
measuring the maximum reaction rate, it is very easy to
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Table Ill. Effects of the Experimental Variables on the Maximum and Initial Reaction Methods, as Well as on "y Values

varisble regression slope ± SD intercept ± SD std error of the estimate regression coeff

iron(II) dA/ ~t va [C••II/' (1.55 ± 0.06) x 10-' (A L1/')/(s moP/,) (-1.4 ± 0.7) x 10-3 Ns 7.3 X 10-' Als 0.9956 (n = 7)
~t' va C.. (4.5 ± 0.1) X 10-' (A L)/(s' mol) (1.4 ± 2.0) X 10-5 Als' 3.1 X 10-5 Als' 0.9979 (n = 7)
"y va C.. (4.4 ± 0.2) x leo Llmol (1.6 ± 0.2) x 10' 50 0.9947 (n = 7)

addition rate ~~t va ul/' (7.8 ± 0.1) X 10-' N(sl/' mLl/') (1.8 ± 0.8) X 10-3 Als 1.5 X 10-3 Als 0.9980 (n =16)
~t' va u (1.02 ± 0.01) X 10-' N(s mL) (1.0 ± 0.6) x 10-4 Ns' 1.5 X 10-4 Ns' 0.9990 (n = 16)
"y va u-I 84.1 ± 0.7 mLjs 58 ± 25 90 0.9995 (n = 16)

(9) Willis, B. G.; Bittikofer, J. A.; Pardue, H. L.; Margerum, D. W.
Anal. Chern. 1970, 42, 1340.
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Several chemical variables such as pH and iron(II) and
sodium thiocyanate concentration affect the development of
this system. The pH was adjusted in all experiments with
O.OS M sulfuric acid since, according to the literature,9 this
is a suitable medium for the iron(III)/thiocyanate complex
to be formed. The concentration of iron(ll) added from the
automatic buret, CF•• was varied between 1.79 X 10-3 and 2.86
x 10-' M. According to expressions 21 and 27, a linear
dependency was found both by the maximum and by the
initial reaction method. A similar behaviorwas observedwhen
'Y values were plotted against the iron(II) concentrations. The
first three rows of Table III show the linear regression
parameters found for these dependencies. We chose an iron­
(II) concentrationof8.9S X10-3M (500 "g/mL) for subsequent
exPeriments.

The influence ofthe sodiumthiocyanate concentration was
assayed over a wider range (between 0.01 and 1.0 M). In this
case, as is shown in Figure 3. there was a logarithmic
relationship between the concentration of this spcies and the
measured rates (and 'Y). The effect of this chemical could be
directly related to the reactions involved in this system. In
fact, as the concentration of thiocyanate increases, both
measured rates increase as a result of the higher degree of
formation ofthe iron(llI)fthiocyanatecomplexupon oxidation
ofthe iron(ll) added from the autoburet byhydrogen peroxide.
However, at higher concentrations, thiocyanate can also react
appreciably with iron(ll) (the formation constant of the iron­
(III)/thiocyanate complex is only SO-fold that of the iron(1l)
complex), so theeffective iron(ll) concentration in the reaction
vessel decreases. We selected a O.S M concentration ofsodium
thiocyanate as optimal for further experiments, this con·
centration lay in a dependency region in which minimal
variations in its concentration resulted in no appreciable error
in the measured rates.

The rate of addition of the iron(II) solution, u. the most
important instrumental variable, was studied over a wide

0.2 0.4 0.6 0.8 1.0

[Na seN],'"
FIgure 3. Effect 01 sodium thiocyanate on the results obtained by
using (0) the maximum and (e) the Initial reaction method.

determine 'Y from the expression listed in Table II. An
iteration procedure can also beused here to achieve increased
accuracy.

The second method is based on measurements at the start
of the reaction and on plotting X p as (V,), according to eq
26 (see fmal expression in Table II) or using an alternative
involving the plot of 2Xp/(V,)' against V" the intercept of
which allows 'Y to be obtained. All stated above, this method
is onlyuseful when the reaction is monitored via the product.

Application of these methods requires the product [A).'A
or ,p[A). to be known depending on whether the analyte or
product is used to monitor the reaction. These values can be
obtained from the final absorbance of the reaction.

EXPERIMENTAL SECTION

Reagents. Sodium thiocyanate (Merck), 30% hydrogen
peroxide (Merck), and ammonium iron(II) sulfate (Merck) were
ofreagent grade and used without further purification. Distilled
water wss used to prepare all solutions except for the Mohr salt
solution, which WaB made in 0.05 M sulfuric acid.

Apparatus. A Metrohm Model 662 spectrophotometer
furnished with an immersion probe for measuring the trans­
mittance or absorbance in the visible region and a Metrohm Do­
simatModel665automatic buretwas used to develop and monitor
the acid oxidation of iron(m by peroxide and the subsequent
complex formation with thiocyanate. The spectrophotometer
output WaB interfaced to a Hewlett-Packard 98561AE computer
for dataacquisition, storage, and analysis. Allcomputations and
simulations were performed on this processor by using software
written in BaBic 4.0 language.

Kinetics Measurements. Solutions ofSM NaSCN, 9 x 10-3

M ammoniumiron(II) sulfate, and 2.94 x 10-3 M H,O, were freshly
prepared. The automatic buret WaB loaded with ferrous reagent
solution, and the reaction vessel with hydrogen peroxidestandard
solution (0.44-4.4 "mol), 6 mL of sodium thiocyanate solution,
and 0.05 M sulfuricacid up to 60 mL. The reaction wasdeveloped
by continuous addition of iron(m solution at a rate of 5.0 mLI
min. with stirring at 200 rpm, and the increase in the absorbance
at 460 nm was monitored for 60 s. The temperature was kept
constant at 20 ± 0.1 ·C throughout the analysis. Each data set
was stored for subsequent retrieval, analysis, and display.

RESULTS AND DISCUSSION

The main objective of this study was to evaluate the major
features ofthe proposed approach by applying the maximum
and initial reaction methods to the determination of an an­
alyte and using the above described procedures for the
calculation of the second-order rate constant. The oxidation
of iron(ll) added from the autoburette by hydrogen peroxide
in the presence of thiocyanate yielding the classical iron­
(III)/thiocyanate red complex was choaen as the chemical
system, with hydrogen peroxide as the analyte. The involve­
ment of two consecutive reactions (oxidation and complex
formation) in this chemical system allows the variation of 'Y
to be monitored over a wider range, which is ofgreat interest
in order toobtain a more thorough assessmentofthe proposed
methodology.

Effects of Experimental Variables. So far we have
COD8idered the effects ofexperimentalvariables, both chemical
and instrumental, upon measured rates (maximum and initial)
as well as one the 'Y values.
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Table IV. Regrellion Data and Analytical Featurel of the Determination of Hydrogen Perolrlde Ullng Different
Determinative Methods

kinetic determinative method

param

lioear range. M
slope
intercept
RSD of the estimate
regression coefl
detection limit, M
precision, RSD, %

maxreacn

7.35 X 10-"-7.35 X 10-"
(4.16: 0.06) X 10' (A L)/(s mol)
(9.2 : 2.8) X 10-' Ais
4.0 X10'" Ais
0.9991
1.35 X 10-"
:1.02

initial reacn

7.35 X 10-"-7.35 X 10-"
12.8: 0.2 (A L)/(I' mol)
(2.0 : 0.1) X 10-" Ail'
1.4 X 10-' Ai.'
0.9988
2.27 X 10-<
:1.70

flIed time

7.35 X 10-"-1.03 X 10-'
(6.18: 0.07) X 10' (A L)/mol
(7.6 : 4.2) X 10-' A
7.3 X 10-' A
0.9993
1.94 X 10-<
:1.38

Table V. Statiltical Relults for tbe Determination of 'Y
Usine the Proposed Methods

CONCLUSIONS

Second-order kinetic data were processed by using a
mathematical treatment that describes the kinetics involved
in adding a reagent continuously at a constant rate to a

thoughthe differences were verysmall This can beattributed
to the fact that the former methods are based on the recording
of the full kinetic curve, whereas the latter rely on only a
portion of it. On the other hand, the integrated equation
method, because of its very nature, is a multipoint method,
whereas the other can be applied by means of a simple
graphical treatmentofthe kinetic curve (allofthem, however,
perform similarly). The integrated equation method can be
the method of choice for the determination of the seeond­
order rate constant on account of its multipoint nature.

In order to check the applicabilityofthe proposed methods
for the determination of second-order rate constants, the
experimental and stimulated kinetic curves shown in Figure
4 were obtained. The 'Y value used to generate the simulated
curve was that obtained by using the integrated equation
method (see Table IV). Thefit was verygood, whichsupports
the theoretical assumptions made above.

Taking into account that the chemical system used in this
work involves two chemical reactions, viz. oxidation of iron­
(II) by hydrogen peroxide and subsequent formation of a
complex between iron(lIl) and thiocyanate, the value ofthe
second-order rate constant found corresponds to the overall
reaction [(1.25 % 0.04) X 1()2 L/(mol s) as calculated by using
the integrated equation method].

range (between 0.5 and 55 mL/min). Increasing rates of
addition linearly increased the measured rates and decreased
'Y, consistent with the behavior predicted by eqs 8, 21, and
27. These dependencies are quantified in the data in rows
4~ in Table m. A rate ofadditon of 5 mL/min was selected.

Some other instrumental variables were also investigated.
The stirring speed (65-250 rpm) did not significantly affect
the measured parameters, so 200 rpm was selected. The
influenceofthe initial samplevolume, V., was studied between
50 and 80 mL at a constant concentration of added iron(II).
The dependencies found were consistent with the dilution or
concentration phenomena involved. An initial samplevolume
of 60 mL was thus selected.

From this study of variahles one can conclude that the
most appropriate conditions include using a high 'Y value and
a measurement time that is neither too long (otherwise the
method would be rather tedious) nor too short (which would
call for a highly efficient agitation system to ensure thorough
mWng and avoid bubble formation).

Approaches to the Analyte Determination, The ab­
sorbance vs time curves recorded under the selected exper­
imental conditions for different amounts ofanalyte (hydrogen
peroxide), were analyzed by using three approaches, viz the
maximum and initial reaction methodsand theclassicalfixed­
time methodology (measurement time, 24 s). Data relevant
to these calibration graphs are summarized in Table IV. The
detection limit, calculated on the basis of the variation ofthe
analyte response at low concentrations,lo and the precision,
RSD, calculated from 11 samples containing 4.45 X 10-" M
hydrogen peroxide each, are also shown in Table IV for the
three methods. As can be seen, all of the approaches are
useful for the determination of hydrogen peroxide; however,
the initial reaction methodology performs slightly worse
because ofits very nature. To further evaluate the consistency
between results obtained with the maximum and initial
reaction methods, which are the two main approaches
proposed in this work, the results yielded by both were
suhjected to a least-squares fit. The regression equation and
statistics were

method

iotegrated equation
inflection poiot
half·reacn time
maxreacn
initial reacn

'Y

802.8
774.7
801.4
829.8
825.5

SD

26.6
19.8
27.2
38.5
44.3

RSD,%
3.3
2.6
3.4
4.7
5.3

m= (0.996:1:: 0.017)MR + (0.017 % 0.075) X 10-5

S. z 0.110 X 10-5 r = 0.9989

where IR and MR denote the initial and maximum reaction
method, respectively, and S. the standard error of the
estimate. Both the standard deviations of the slope and
intercept, the standard error of the estimate, and the
correlation coefficient COnllrm the high degree of correlation
between the two methods.

Determination of Second-Order Rate Constant. The
methods described above for the determination of'Y (see Table
II) were tested by using the selected chemical system. The
results found are shownin Table V. The integrated equation,
inflection point, and half-reaction time methods provided
smaller relative standard deviations than the others, even

(10) Wolf. W. R.; Stewart. K. K. Anal. Chern. 1979.51. 1201.

6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.0 54.0 60.1

Tim~. 5

Figure 4. Simulated data (-) compared with the analylleal working
c..-ve (e). 'Y Z 802.8; [Fe(II)] = 8.95 X 10-" M; [SCN-] = 0.5 M;
[H,o,] =5.88 X 10-' M; u =5 rrUmkl.
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reaction vessel containing the analyte. According to the
results obtained, themaximwn reaction method is the better
of two proposed in this paper. In addition, its offers the
following advantages over pseudo-fll8t-order initial rate
methods: (a) it is lees sensitive to between-ron variations in
the rate constant since the measured parameter is a function
of k1/ 2; (b) it allows a much wider linear portion ofthe kinetic
curve to be used, which avoids errors arising from measure­
ments made at the reaction start in the traditional initial rate
methode; (c) it permits rate measurements to be made in a
region ofsmaller instrumental errors. The above advantages
arise from thespecialmanner inwhichthesample and reagent
are mixed, which allows kinetic data to be obtained for a wide
variety of reactions and is particularly useful for rapid

reactions, which can be addressed with much more straight­
forward instrumentation than is normally required (the
stopped-tlowtechnique). Inaddition, the proposed technique
allows the rate of a given reaction to be altered not only
through the reagent concentration, but aJeo through the rate
of addition.
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For hydrogeno_ targets that are thinner than thay are wide,
element aenlllllville. (count.·.-1.mg-') for determining c0n­

centration. of element. by neutron capture prompt "r-ray
activation analy.l. (PGAA) are enhanced relative to HMI­
tlville. obtained from mea_ement. on nonhydrogenous
matertals. Th_ enhancements are caused mainly by e1aalle
neutron scalterlng by H, which changes the average neutron
fluence ,ate wllhln tha malrlx. The magnllucle of tha ellect
depends on the macroscopic scalterlng and abaorptJon croaa
Hcllons and on tha size, shape, and ortenlallon of the target
wtlh reapecl to the neutron beam. SenaIt/vlllea Incr_
lnearly wllh H denlllly for lhln targets of conatant size and
shape and also vary wllh target shape. T1IeorelIcal work was
shown that eIemenl aenaIIIvIllea for hyclrogenoua targets In
the form of apher.. are leaal ellected by neutron scaltertng.
Methods were devised for creating solid sphar.. and for
containing liquid. In spherlcal shapes. Element HnlIllJvtllea
were determined for.phar..and dlak.ofHveralhydrou-_
materlala. For H, B, CI, K, Br, and Cd, HnlIlllvllle. for sphare.
were found to be I... affected by neutron acalterlng.
Exceptions were sm and Gel aenlIllIvIllea measured In IIqulcIa
contained In quartz gIobea.

INTRODUCTION

For neutron capture prompt 1'-ray activation analysis
(PGAA), the sensitivity for a given element (where sensitivity
is the slope of the analytical response curve, counts-s-'·mg-')
depends on the average neutron fluence rate (4)) within the
target. Therefore, determinations ofelementconcentrations
are valid only if 4> is the same for the standard and unknown
matrix, or ifappropriate correction factors are used toaccount
for any differences. Assuming that the incident fluence rate
(4)i) is constant, the two processes that affect the average
fluence rate within the target are neutron absorption and
neutron scattering. In matrices containing large concentra­
tions of absorbing nuclides, a decrease in the overall fluence
rate is due to neutron absorption within the target. This
self-shielding effect is well understood theoretically and, for
simple geometries, can be corrected by application of an

t Present address: Inorganic Analytical Raearch Division, Chemical
Science and Technology Laboratory, National Institute ofStandarde and
Technology, Technology Adroinistration. U.S. DepartmentofCommerce.

1 Deceased.

0003-2700/92/0364-2366$03.00/0

absorption law.' The effects of neutron scattering on the
average fluence rate cannot, in general, be accounted for by
simple correction factors. For several target shapes, results
obtained using the University of Maryland and National
Institute of Standards and Technology (UM/NIST) PGAA
facility2" showed that when hydrogen, a strong scatterer, is
present in the matrix, element sensitivities are enhanced
relative to thoee obtained from nonhydrogenous materials.
As the neutron beam at this facility is well thermalized, the
sensitivity enhancements are unlikely to be significantly
affected by inelastic neutronscatteringor neutron moderation.

Theoretical work using Monte Carlo methods to calculate
the probability for neutron absorption within a scattering
matrix has shown that these enhancements are largely the
resultofelastic scattering.',6 Elastic neutron scatteringaffects
absorption reaction rates (or sensitivities) by altering the
average distance traveled by the neutrons within the target
or, equivalentlystated, byaltering the average neutron fluence
rate. The magnitude of the effect is dependent on the size
and shape of the target and on the density of the scattering
and absorbing nuclides comprising the matrix. Depending
on the size and shape of the target, absorption reaction rates
may be either increasedordecreased relative to thoee obtained
from materials poesessing much smaller scattering cross
sections. This problemhas beenstudied experimentallyusing
the UMlNIST PGAAfacility2.3 and theoreticallyusing Monte
Carlo methods.'·' Results from Monte Carlo calculations for
disks showed the same trends that were observed experi­
mentally.- SinIilar enhancement effects were recently re­
ported by researchers at the Center for Nuclear Research in
Strasbourg, France, but thoee authors attribute the enhance­
ments to inelastic scattering.7

Researchers using the UM/NIST facility obtain accuracy
in theanalysis ofhydrogenous materials bycarefullymatching
the target shape and matrix of test materials and standards.

(1) Fleming, Ronald F. Int.J. Appl. Radiat. I.ot. 1t82,33,1263-1268.
(2) Mackey. Elizabeth A.; Gordon, Glen R; Lindstrom. Richard M.;

AnderllOn, David L. Anal. Chem. 1991.63, 28&-292.
(3) Mackey, Elizabeth A. Ph.D. Thesis, Univenity of Maryland,

Department of Chemistry and Biochemistry, 1991.
(4) Copley, John R. D.; Stone, Craig A. Nucl. Instrum. Methods Phy•.

Res. 1989, A28I, 59:HlO4.
(5) Copley,JohnR.D.Nucl.lnstrum.MethodsPhy•. Res.I99I.A307,

389-397. '
(6) Mackey, Elizabeth A.; Copley. John R. D., .uhmitted to J. Ra­

dioonal. Nucl. Chent.
(7) Truhert, Didier; Duplatre, G.; Abbe, Jean-Charles I"t. J. Radiat.

Appl. Isot. 1991, 42A, 699--705.
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For example, Anderson et al.8 described a procedure for the
analysis ofhydrogenous materials in which element standards
of varying H concentrations are used to determine element
sensitivities as a function of the mass of H, to yield accurate
results from analyses. Enhancements due to other scatter­
ers commonly present in biological materials, e.g. C, N, 0,
have not been observed in PGAA measurements, probably
because ofthe lower scattering cross sections ofthese elements.

In previous study, we showed that the use ofspheres largely
eliminates the effects of neutron scattering on H sensitivity.2

In that study, only one element in one matrix (paraffm) was
determined. Hydrogen sensitivities remained consumt over
the range of sphere sizes measured, whereas sensitivities for
disks of the same material (over the same range of mass)
showed increasing sensitivity with decreasing disk thickness.
Theoretical work has shown that, for targets having a given
scattering and absorption cross section, sensitivities for
spheres should be least affected by neutron scattering.5•6 To
determine ifthe use ofspheres would eliminate enhancements
for elements in addition to H in other matrices, we have
measured sensitivities for several elements in various hy­
drogenous materials. For this work, methods were devised
for preparing solid spheres and for containing liquids in quartz
spheres. Elementsensitivities were measured for both liquid
and solid materials that had been studied in other geometries
so that comparisons could be made and the magnitude of I.he
effects of scattering could be assessed.

EXPERIMENTAL SECTION

Test Sample Preparation. Aseries ofdisks ofconst.ant 1.27­
cm diameter and varying thicknesses and a series of spheres of
varying diameters were prepared from each of the following
substances: urea [6.71 % (w/w) HI, tris(hydroxymethyl)­
aminomethane [THAM, 9.15% (w/w) Hl, NIST Standard
Reference Material (SRM) 1570 spinach leaves [5.57% (w/w)
Hl, SRM 1577a bovine liver [6.98% (w/w) Hl, SRM 1632a
bituminous coal [3.85% (w/w) HI. Disks were formed from
powders of each substance with a commercial stainless steel die
and hydraulic press. For each material, up to 14 disks were
prepared ranging in thickness from approximately 1 to 12 mm.

Spheres of the same materials were formed using steel dies.
Six dies, capable of forming spheres of diameters 4.76, 6.35, 7.94,
9.53, ILl, and 12.7 rom, were designed and fabricated at NIST.
The dies were made by first machining steel into two cylinders
that were oil-hardened to withstand the pressures necessary for
forming solid spheres from powders. Ahemisphere was hollowed
into the end of each cylinder by electric discharge machining
with carbon electrodes. The two cylinders and a push rod fit
into a sleeve so that when the two pieces of the die met to form
a spherical cavity, the push rod was flush with respect to the top
of the sleeve (Figure 1). Due to difficulties in compressibility or
in obtaining uniform density with the use of these dies, some
materials were first formed into disks using the standard 1.27­
cm-diameter disk-shaped die (described above), carved into
roughly spherical shapes using a scalpel and, fmally, smoothed
into spheres using those dies capable of forming sphe es. This
procedure often resulted in spheres with diameters not equal to
the internal diameter of the die and thus allowed for a greater
number of diameters than six (the number of dies). Spheres of
urea, THAM, and SRM 1632a were created in this marmer. The
diameter ofeach spherewas measured and the density calculated
to ascertain the degree of uniformity over the range of sphere
sizes used. The average densities of the spheres were 2-4 % less
than those of the disks of the same material, the except.ion being
average densities for THAM for which the spheres were 5% more
dense than the disks. Relative standard deviations ofthe densities
of spheres for each material were about 2-3 %. All targets were
packaged in bags formed from 0.0025-cm-thick Teflon fllm.

Hollow, spherical fused-quartz containers, prepared aI.the glass
shop at NIST, were used for irradiation of liquids (Figure 2).

(8) Anderson, David L.; Cunningham, W. C.; Mackey, Elizabeth A.
Bioi. Trace Elem. Res. 1990,27,613.

Flgure1. Stainless steel die used to prepare 1.27-crTKliameter spheres
from powders and spheres of THAM, SRM 1577a, and SRM 1632a
formed using this die.

Figure 2. Quartz globes used to contain liquid matrices and two solid
1.27-crTKliameter spheres (THAM and SRM 1570).

External diameters were measured with a micrometer, and
internal diameters (5.40,7.54,8.22,10.1,11.7 mm) were deter­
mined based on the volume of H,O that each could contain.
Differences between the external and internal diameters yielded
approximate thicknesses of the walls of the globes which ranged
from 0.5 to 0.7 rom. Irradiation ofempty globes (blanks) showed
that the quartz was slightly contaminated with B, and to a lesser
extent with Na, but were otherwise very clean. The count rates
for B and Na measured in the globe blanks were about 2-3 times
greater than the count rates obtained during irradiation of Tef­
lon bag blanks. Data from measurements on materials containing
B were corrected for the presence of Band Na in the quartz. The
globes were filled using a syringe and placed in Teflon bags to
facilitate positioning in the neutron beam. For these experiments,
sensitivities for eight elements in 100% H20, four elements in
100% D,O, and five elements in 50% solutions of H20 and D20
were measured. Compositions of the 25 solutions are listed in
Table L

PGAA Method, Data Reduction, and Analysis. Most
experiments were carried out at a reactor power of20 MW. which
corresponds to a neutron fluence rate at the target position of
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1.170: 0.033 0.183 : 0.0062
1.307 ± 0.017 0.189 ± 0.0067
1.312 : 0.028 0.182 ± 0.0096
1.160 : 0.013
1.160 : 0.009
1.180 : 0.014
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Table II. Average H and K Sensitivities for Spheres of
Urea, THAM, Paraffin, and SRMs 1570, 1577a, and 1632a

H sensitivity- K sensitivity"
(counts·s"· (counts..-'·

mg-') mg-')

4 6 8 10
Disk Thickness (mm)

Figure 3. Hydrogen sensitivities measlKed In disks (0) and spheres
(e) 01 THAM.

a Uncertainties represent one standard deviation of the average
sensitivity.

I I I

ments for which these materials were not certified include H
for all SRMS and B, Si, Cl, Sm, and Gd for SRM 1632a;
concentrations for these elements were taken from a com­
pilation of literature values. I '

Generally, measurementa on disks showed the same trends
that have heen previoualy observed for disks of paraffm and
of SRM 1571 orchard leaves,' i.e., element sensitivities
increased with increasing disk thickness over the range of
Q-2mmandbeyond2mmdecreasedwithinaeasingthickness.
On the average, element sensitivities measured in diaks of 2­
and 12-mm thickness (ofthe same material) differed by about
15 %. For most materials, the sensitivities for diaks for which
thicknesses were approximately equal to the diameter (I.e.,
targets for which the shapes were closest to spherical) agreed
best with those for spheres.

Sensitivities for H in disks and spheres ofTHAMare shown
in Figure 3. For spheres of all sizes, sensitivities remained
constant within the errors shown which include the uncer­
tainties associated with counting statistics, background
subtraction, and fluence-rate normalization factors. Similar
results were obtained for H sensitivities from measurementa
on the other materials; as shown in Table II, H sensitivities
for spheres of a given material were constant within :1:2%.
Average sensitivities in spheres of urea, TRAM, and SRM
1570 spinach leaves agree within one standard deviation of
the average value. However, average H sensitivity values
were greater for SRMs 1577a and 16328 than for the other
materials, probably due to insufficient drying of these

(13) Gladney, Erneat 5.: Burna, C. E.: Perrin, D. R: Roe1andts, I.:
Gillo, Thomas E. National Bureau ofStondDrda Special Publication No.
260-88: U.S. Government Printing Office: Washington, DC, 1984: P 9.

801utionA solution B 801utionC
801u- ele- ("1/;/") (V) (i.8JmLl
tiOD ment compound H 10,0

1 H (H,O) 111.9 50.74
2a B H,BO, 5.291 5.462
2b B H,BO, 1.334 1.097
2c B H,BO, 0.533 0.483
3 Cl NaCI 58.68 58.75 58.69
4 K KCI 90.59

CI KCI 82.15
5 Br NoBr 119.9
6 Cd CdC!, 0.577 0.523 0.576
7a 5m 5m,o, in 1 M HNo, 0.561 0.588
7b 8m Sm:aOa in 1 M HN03 0.927
7c 8m 5m,O, in 1 M HNo, 1.961
sa Gd Gd,o, in 2 M Hel 0.272 0.205 0.331
8b Gd Gd,o, in 2 M HCI 0.541

(9) Failey, Michael P.: Anderllon, David L.: Zoller, William H.: Gordon,
Glen E.: Lindatrom, Richard M. Anal. Chem. 1979, 51, 2~2221.

(10) Ander1lOn, DavidL.: Failey, Micbael P.: Zoller, William H.: Walters,
William B.: Gordon, Glen E.: Lindatrom, Richard M. J. Radioanal. Chem.
1981,63,97.

(11) Lindatrom, Richard M.: Fleming, Ronald F. Proceedings of the
4th InternatioruJl Conference on Nuclear Methods in Environnumtal
and Energy Research: Vogt, J. R, Ed.: Univerllity of Miaaouri: Columbia,
1980; p 25.

(12) AnderllOn, David L.: Mackey, Elizabeth A., submitted to J.
Radioanal. Nucl. Chem.

RESULTS AND DISCUSSION

approximately 3.3 x lOS em" s".' Disks were placed at an angle
of 45° to the neutron beam, and the or-ray spectra were obtained
during irradiations. The UM/NIST PGAA facility is described
in detail elsewhere.'·!· Targets were suspended in the central,
uniform portion of the neutron beam. Liquids, urea and tris­
(hydroxymethyl)aminomethane (TRAM), were irradiated for :S30
min, and the SRMs were irradiated from 5 to 12 h, depending
on the counting statistics desired. or radiations over an energy
range of approximately 100 keV to 8 MeV were observed using
a germanium detector (27 % efficiency relative to a 7.6- x 7.6-cm
Nal crystal) with a Nuclear nata (ND) 16K-channel analog-to­
digital converter (ADC). The ADC was connected to a ND9900
Workstation through a ND Ethernet multichannel analyzer.

nata reduction was accompli.shed using a VAX 11/730 com­
puter. Nuclear nata programs PEAK and PILEUP and a code,
SUM, written by one of us (Lindstrom) were used for data
reduction. All data were corrected for the effects of the pileup
ofpulses at high count rates,!! for temporal variations in neutron
fluence rate, and for neutron self-shielding' except where noted
otherwise. ATifoil(l2.7-mmdiameter,139.8mg)wasirradiated,
and its or-rays were observed before and after irradiations to
monitor temporal variations of the neutron fluence rate. Over
a typical 5-week fuel cycle, the fluence rate varied by :1.5%.
Additional corrections were applied to H and B data to account
for the presence of these elements in the hackground. When
measured during the irradiation of a Teflon bag blank, neutron
capture reactions in the shielding materials produce hackground
equivalent to approximately 4 mg of H and 0.5 p.g of B at the
target poeition. When scatteriug materials are irradiated, these
count rates are enhanced as a result of the increased number of
neutrons that are scattered into the surrounding shielding and
support structures.',12

Table I. Compounds and Element Concentrations for Stock
Solutions 1-8

1.45

Solid Disks and Spheres. Element sensitivities were
measured for diaks and for spheres of five hydrogenous
materials: urea, TRAM, SRM 16328 bituminous coal, SRM
1570 spinach leaves, and SRM 1577a bovine liver. Sensi­
tivities for H were measured in all materials, sensitivities for
K were measured in the three SRMs, and sensitivities for six
additional elements were measured in SRM 1632a. For urea
and THAM, H sensitivities were calculated using the nominal
H concentration; for the SRMs, element sensitivities were
calculated using the certified values, when available. Ele-
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Table III. Sensitivities (counts·s-1·mg-1) for Elements
Measured in Aqueous Solutions Contained in Quartz
Globes

element, solu- sensitivity in standard."
ET (ke\TJ tion 100% H,o 5O%H,o 100% D,O (0% H)

H (2223) 1 1.24 010 om 1.180100.02
B(477) 2c 730.30109.3 732.20108.7 7150109.1 71401014
Cl(787) 3 1.940100.04 1.91010.01 1.90 010 0.03 1.890100.03
Cl(787) 4 2.010100.05
K(770) 4 0.195010 0.010 0.185 010 0.002
Br (245) 5 0.298 010 0.007 0.308 010 0.005
Cd (558) 6 219.20103.2 212.4 010 2.4 211.40103.2 2450105
Sm (334) 7a 8510104 8600106
Gd (182) 8a 103401017 960010 14 9480108

• Nonbydrugenousatsndards used: B,C, NaBr, NaCI, KCI, KN03,

and CdC!> in 0,,0; uncertainties represent the stsndard deviation of
the average of as many as six measurements.

%H (wlv)

figure 5. Gadolinil.rn sensitivity measured In aqueous solutions
contained in Teflon bags (X) and In quartz globes (.). Oats were
COlTectsd by fa.

bags represent single portions, and the uncertainties shown
represent the propagated uncertainties associated with count­
ing statistics and background subtraction. Sensitivities
remained constant for spheres, as reflected by the small
relative standard deviations in Table III, but increased with
increasing H concentration for the pillow-shaped bags.
Sinillarresultswere obtained from measurements on aqueous
solutions containing CI. However, Gd sensitivities measured
in spheres showed enhancements similar to those measured
in Teflon bags (Figure 5). Sensitivities were constant for the
five spheres; the average of the five for each of the three
matrices is plotted.

Sensitivities for most elements (H, B, CI, K, Br, Cd) were
constant over the range of sphere sizes studied <Table III).
For each of these elements, the standard deviation of the
average ofthe five values (for a given matrix) is approximately

%H (wlv)

Flgwe 4. Boron sensltlvllies~ed in boric acid solutions contsInecI
In Tellon bags (X) and In quartz globes (.). The dotted line represents
the average sensltlvlly of the three values for the globes, 726 cps.

(14) Mughabghah, Said F., Divadeenam, Mundrathi, Holden, Nor­
man E., Eds., Neutron Cross Sections; Academic Press: New York, 1981.
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materials. (The disks and spheres were stored in a desiccator
over P20.; however, the powdered SRMs were not dried prior
to forming disks and spheres.)

Similar results were obtained from measurements of K
sensitivities in disks and spheres ofthe three SRMs. Average
values for K sensitivity in spheres, listed in Table II, are the
same (within uncertainties listed) as those measured in a solid
disk of KNOs, 0.185 % 0.002 counts·s-'·mg-'. That the value
of the average K sensitivity for spheres is the same within
error as that measured in a nonhydrogenous disk-shaped
standard indicates that the use of spheres eliminated sen­
sitivity enhancement. Enhancementshave not beenobserved
for matrices containing other (weaker) scatterers such as C,
N, or O. For example, B sensitivities measured in a graphite
matrix (100% C) and in a D20 matrix (20% D and SO% 0)
were the same within the errors of the method.s

Sensitivitiesfor H and B in disks and spheres ofSRM 1632a
showed the same trends as those measured in other materials.
Sensitivities for S,CI,K,Si,Ti,Sm, andGd were also measured
in disks and spheres of SRM 1632a. For some of these
elements, the trends were less clear due to the lower H
concentration in this material (so that less enhancement was
expected) and due to lower sensitivities (S, Si, K), or lower
concentrations of the elements (Ti, Sm, Gd), causing uncer­
tainties associated with counting statistics to be appreciable
(~2.5%). However, the sensitivity averages and standard
deviations of the averages for these elements were greater for
disks than for spheres.

Liquids Contained in Globes. We previously measured
element sensitivities in liquid matrices to determine the
magnitude ofenhancementas a function ofH concentration.2

Liquid H20 and D20 matrices provided a wide range of H
concentrations and ensured homogeneity. For this work,
aqueous solutions contained in quartz globes were used to
determine whether the use of spheres would eliminate
enhancements for liquids. Sinillar matrices were used (100%
H20, 100% D.o, and 50% H20/50% D20) so that results
from previous measurements on liquids contained in Teflon
bags could be compared with results from spheres.

Element sensitivities for B, CI, Cd, and Gd were measured
in all three matrices; H and Sm sensitivities were measured
in 100% H20 and in the 50/50 mixture, and those for K and
Br were measured in 100% H20. The values for the
macroscopic absorption cross section, r:a, ranged from ap­
proximately 0.01 to 0.25 cm-'. These values are defmed as:
r:a = f.N',(uJ" where N, is the number of atoms of element
i per unit volume and Ua is the cross section for neutron
absorption. Values for the macroscopic scattering cross
section, I:" are controlled largely by the amount of H present
and are estimated by I:, =f.N',(U')i, using u, =SOb (the hound
atom cross section) for H, and the free atom u, values for all
other elements.'· Values for r:, ranged from approximately
5 cm-' for 100% H20 solutions to 0.0004 cm-' for 100% D20
solutions. The average sensitivity and standard deviation
(for five spheres) for each element in each matrix are listed
in Table III.

Results of measurements on aqueous boric acid solutions
(contained in quartz globes) for three different H concen­
trations are compared in Figure 4 with those from previous
measurements2 on horic acid solutions (ranging in H con­
centration from 0 to 11 %) contained in pillow-shaped Teflon
bags. The three sensitivity values for spheres represent the
average of the five spheres of different sizes measured for
each value ofH concentration (0, 5.6, and 11.2% H), and the
uncertainties shown represent one standard deviation ofthis
average. The data shown for solutions contained in Teflon
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702.0';' 9.24
730.9';' 7.32
739.8';' 6.67

not corrected
by fa

769.6';' 9.12
763.4';' 2.70
760.6';' 6.67

B sensitivity"
corrected by fa

0.2476
0.0946
0.045

H.omatrix
solution2a
solution 2b
solution 2c

boric acid
stock solution

for that element, causing more self-shielding, or cause a
decrease in the number of neutrons within a given energy
range, i.e., spectral80ftening or hardening. However, any of
these effects would decrease the average fluence rate within
the target. We know ofno mechanism by which the presence
of isotopes possessing absorption resonances might increase
sensitivities. Although all resonances enhance scattering as
well as absorption, the scattering cross sections at thermal
neutron energies are about 2 orders of magnitude smaller
than the absorption cross sections; the contribution from Sm
or Gd to the macroscopic scattering cross section for the
solutions measured is negligible.

The relative importance of any energy-dependent process
depends on the details ofthe energydistribution ofthe neutron
beam and the values of the relevant cross sections for that
particular energydistribution. Copleyand Stone' have shown
that elastic scattering alone can account for sensitivity
enhancements of the magnitude observed at the UM/NIST
PGAAfacility. Theextenttowhich inelastic scatteringaffects
sensitivities is not known. The neutron beam at this facility
is well thermalized9 so that inelastic scattering should not be
a large factor in sensitivity enhancement. However, for
elements that possess low energy neutron absorption reso­
nances, changes in the energy spectrum of the neutron beam
may be important. Further work is necessary to determine
the energy spectrum of the neutron beam and the effect of
any changes in the energydistribution on elementsensitivities
for scattering matrices.

Data shown in the preceding figures and tables have been
corrected by a factor, f., which accounts for the decrease in
the neutron fluence rate caused by absorption within the
target. (The measured count rates are divided by fa to correct
for neutron absorption). The value off.depends on the target
shape and on the amount of absorber present. As defined in
ref 1, for spheres, fa - 3/%3[%2/2 - 1 + (1 + %)~j where %=
La' and r = sphere radius, and for disks the approximation
fa =l/%[l-e->j, where %=La(t/cos45) andt =disk thickness,
was used. This factor is appropriate for pure absorbers, but
does not accout for any changes in the average fluence rate
caused by neutron scattering. The general correction factor
that accounts for both scattering and absorption of neutron
isf = <1>1<1>,.5.6 (If the material is a pure absorber, thenf = fa).
Scatteringmay either increaseofdecrease the average neutron
fluence rate, so the appropriate correction factor may be either
greater or less than fa. Theory predicts that, all other factors
being equal, spheres will be least affected by neutron
scattering, but not necessarily unaffected.5•6 For most ofthe
solid spheres studied, element sensitivities were constant
within ±2 %. These materials encompass a broad range of
values for La (from approximately 0.5-5 cm- l ) but only a
relatively small range of La values (approximately 0.02--{).05
cm-l ). Corrections for neutron self-shielding were typically
~3%.

To determine whether the correction factors required to
account for both scattering and absorption if) are greater or
less than those required for pure absorbers ifJ, apparent
correction factors, i.e., the factors that would be required to

Table IV. Boron Sensitivities (counta.s-'·mg-') for Several
Aqueous Solutions of Varying B Concentrations M.....ured
in Quartz Globes

• Boron sensitivity at 0% His 730 ,;, 9 (counts..-'·mg-').
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±2% , which is greater than the uncertainties associated with
counting statistics, but much less than the magnitude of
sensitivity enhancements observed for nonspherical targets,
up to 25%. The exceptions were Sm and Gd sensitivities
measured in aliquots of solutions 7b and 7c, and 8b,
respectively. Sensitivities for these elements increased with
increasing sphere size (constant H concentration). Hydrogen
sensitivities measured in these solutions showed the same
trends as those of the analytes, i.e., H sensitivities increased
with increasing sphere size for three solutions containing Gd
and Sm, but were constant for the solutions containing B, Cl,
or Cd. Results for Sm and H sensitivities measured in ali­
quots of solution 7c are shown in parts a and b of Figure 6,
respectively. That the analyte and H sensitivities showed
the same trends indicates that any change in the neutron
distributions within these targets affects both elements in
the same manner, regardless of differences in the absorption
cross-section curves. However, sensitivities for these same
elements (Sm and Gd) measured in solutions 7aand 8a, which
were more dilute than solutions 7b and 7c, and 8b, were
constant over the range of sphere sizes studied, suggesting
that the effect might be dependent on the concentration of
absorber.

To determine whether the amount ofabsorber would affect
sensitivities, B sensitivities were measured over a wider range
on::a. Boron sensitivitieswere constantas a function ofsphere
size for each of three H20 solutions, and the average
sensitivities for each matrix were thesame within 1.2% (Table
IV). These solutions were more strongly absorbing than
solutions 7b, 7c, and 8b, for which sensitivity enhancements
were observed, so the concentration of absorber is probably
not the cause of the observed enhancements for Sm and Gd.

Both Gd and Sm possess isotopes for which the absorption
cross-section curves include broad (full widths at half­
maximum of about 0.08 eV), low-energy neutron capture
resonances (atenergiesofaboutO.03 and 0.1 eV, respectively).
No enhancements were observed for the "l/v" nuclides. A
resonance mightincrease the effective absorption cross section

(b)

Figure 8. samarium (a) and hydrogen (b) sensitivities measured In
stock solution 7c. The upper CU"V8S In a and b represent data that
were corrected by fa and the lower represent uncorrected data.
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figura 7. SeII-.hIeIdIng (X) and apparent (+) correction factors lor
data obtalnedlrom~olB In bor1cacldaolullons contaInad
In quaI1Z globee.

correct the measured seD8itivity to the sensitivity obtained
from measurements on nonhydrogenous materials, were
compared with the calculated self-shielding factors (jJ for
the same targets. Results from measurements on boric acid
solutions ofvarying concentrations contained inquartz globes
showed that the correction factors required for spberes that
both scatter and absorb neutrons are greater than thOllll
required for purely absorbing spheres (Figure 7). (That is,
becaUllll the value ofthe apparent correction factor is greater,
the percent by which the values are corrected is less.) This
finding indicates that, for spheres, neutron scattering coun­
teracts the effects of neutron absorption; thus, the UllIl of
neutron self-shielding factors alone to correct data would
overestimate the true correction factor that accounts for the
effects of both scattering and absorption. This rmding is not
consistentwiththeoreticalwork6.Bthatpredicts thatcorrection
factors for spheres that scatter and absorb will be less than
those that only absorb.

CONCLUSIONS

Ingeneral, toensureaccuracyin theanalysis ofhydrogenous
materials (of any size or shape), analytical portions and
standards should be matched with respect to size, shape, and
matrix, where "matrix" refers to the concentrations of
individualelements. Usingthismethod, elementsensitivities
for the (hydrogenous) standards and analytical portions will
be enhanced relative to tbollIl obtained from nonhydrogenous
standards, so that a new set of standards must be prepared
for each typeofmatrixand targetshapeana1yzed. SeD8itivity
enhancements were not observed in conjunction with other
scatterers commonlypresent in biological materials (C, N, 0)
so that, in most cases, it is sufficient to match portions and
standards with respect to H concentration, size, and shape.
To eliminate the need to prepare a different set of standards
for each matrix, spheres may be employed as, in many cases,
the UllIl of spheres will eliminate sensitivity enhancements.

(15) Reynolds, Samuel A.; Mullins, W. Thomas. Int. J. Appl. Radiat.
Isot. 1963, 14, 421.

For materials that are both strongly scattering and absorbing
(especially hydrogenous materials containing large amounts
of Gd or Sm), standards and analytical portions should be
closely matched with respect to element composition (as well
as size and shape).

Although measurements using instrumental neutron ac­
tivation analysis (lNAA) were not performed for this work,
enhancementofINAAsensitivities for hydrogenous materials
have been reported twice, and those investigators attributed
the observed enhancements to neutron moderation.7.15 Ac­
cordingto theory, little ornoenhancementshould beobserved
for INAA or for in-reactor PGAA in which irradiations in a
nearly isotropic neutron field are used.5

Theoretical work',s and comparison of theoretical and
experimentaldata6 indicate that thesensitivityenhancements
observed using the UM/NIST PGAA facility are large the
result of elastic neutron scattering by H. However, it is
unlikely that the anomalous results from measurements on
spheres containing Sm and Gd solutions can be accounted
for by this model. As discussed above, these results suggest
a possible role oflow-energy neutron absorptions resonances,
which are quite strong in both elements, but a mechanism by
whichthe presence ofa resonance might increase sensitivities
for all elements in the matrix is not known.
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Voltammetrlc reduction of perchlorlc, phosphoric, acetic, and
ascorbic acid w88lnvestlgated under staady-81ate condltl_
at platinum- and gold-cl18k mlcroelectrod... T1I8 dependence
of the wave height of proton In perchlorlc acid on the
concentration of supporting electrolyte (lithium perchlorate)
was compared with the theory for currenl8llmlted by migration
and dlffu8lon. 11Ie wave height depends linearly on hydrogen
Ion concentration without and with supporting electrofyle up
to 0.04 and 0.08 M, respectively. AI8o, acetic and 8ICOrbic
acids exhlbllllnear calibration plots with current proportional
to concentration of undl880clated acid up to 0.1 M. 11I1s 18
a8 would be predicted for reduction of profon BUb8equentto
fast dl8eoclatlon of the acid. 11Ie fairly well-defined limiting
current for dlhydrogen phosphate Indlcat.. that weak ack18
with pK. In exce.. of 7 are aCC8881ble to vollamrnetrlc
Investigation.

INTRODUCTION

Microelectrodes of some geometries, for example, the
embedded circular geometry, yield steady-state currents at
fairly short times. l For example, an embedded circular
electrode of diameter 25 I'm exhibits a chronoamperometric
current within 5 %of the steady state for times greater than
0.8sfor D = 10-< cm2 S-l. Inthemass-transport-limitedrange
of potential, this current is independent of charge-transfer
kinetics and of surface properties of the electrode. This
suggests that voltammetric monitoring of proton concentra­
tion under these conditions could be useful analytically.
Examples in which this approach could be competitive with
potentiometric measurements employing the glass electrode
include measurements in media containing charged colloidal
particles (where standard pH electrodes carmot be used2),

probing proton concentrations in a small region (e.g., near a
large electrode), or any situation where one cannot wait for
the potential ofa pH electrode to stabilize. Otherapproaches
have also recognized the need for nonpotentiometric pH
sensors.3

Reduction of hydrogen ion also has the potential to be an
excellent test system for electrochemical examination of
microelectrodes. We have employed perchloric acid as a test
system because it does not contaminate the cell. That is,
both HsO+ and CIO.- are easily rinsed from most surfaces,
and carry-over perchlorate would not interfere in most
electrode reactions. The sensitivity for proton reduction is
large due to the high value ofthe diffusion coefficient (usually

(1) Wightman, R. M.; Wipf, D. O. In Electroanalytical Chemistry;
Bard, A. J., Ed.; Marcel Dekker: New York, 1989; Vol. 15, p 267.

(2) Morris, S. E.; OBteryOung, J. In Electrochemistry in Colloids and
Dispersions; Mackay, R.o Texter, J., Eds.; VCH: New York, 1992.

(3) Hickman,J.J.;Ofer,D.;Laibinis,P.E.;Wbitesides,G.M.;Wrighton,
M. S. Science 1991, 252, 688.
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about 1 x 10-< cm2 sol). This makes it attractive for
examination ofthe effects ofionic strength on mass transport
properties. The diffusion coefficientofproton is well-known
for many different experimental conditions. Thus diffusion­
limited current for steady-state reduction ofproton at a disk
can be compared with the value predicted by

id = 4nFDCr (1)

where r is the electrode radius, to test the fidelity ofthe actual
electrode to the presumed shape and size.

The first objective of this work is to explore these aspects
ofproton reductionatplatinum andatgold embeddedcircular
microelectrodes. Also considered is the relation between the
proton concentration as determined voltammetrically and
the pH. In particular, the voltammetric reductions of
phosphoric, ascorbic, and acetic acids are compared with that
for perchloric acid.

EXPERIMENTAL SECTION

All reagents were used as received. Volumetric dilutions to
0.05 M stock solutions were made from perchloric acid (9.2 M,
purlss, Fluka) and acetic acid (glacial, reagent grade, J. T. Baker).
All further dilutions were made from the same 0.05 M stock
solution. Electrolyte concentrations were adjusted with lithium
perchlorate (Aldrich) or sodium acetate (Sigma) prepared by
weight in the appropriate acid solutions. Ultrapure water (Milli­
Q, Millipore Corp.) was employed in all solutions and in rinsing.
Cyclic staircase and square-wave voltammetries were applied
with a Model 273 potentiostat (EG&G PARC) and controlled via
software on a PDP8/e minicomputer (Digital Equipment Corp.).
A BAS·100 electrochemical analyzer was also used. Except as
specified, the experiments were performed in a jacketed ceO (25
'C) enclosed in a solid aluminum Faraday cage. Solutions were
deoxygenated before voltammetric scans and then blanketedwith
a stream of water-saturated argon.

A platinum-wire counter electrode and a SCE reference
electrode were used. The reference junction was isolated from
the low-electrolytesolutionswith an auxiliary Vycor-tipped bridge
containing 0.01 M HClO•. Electrodes were supported via press­
fitting into holes drilled in a neoprene-disk ceO cap. Working
microelectrodes were 1l.25-"m-radiusPt and 12.5-"m-radius Au
(Project Ltd., Warsaw, Poland). The electrodes were initially
polished to mirror finish with 1-"m alumina on a very wet pad
(Buehler Ltd.). Subsequently, the surface was renewed before
voltammetric scans by polishing briefly with O.05-"m alumina
on a wet pad. The electrode was rinsed to remove alumina with
a direct stream of water from a wash bottle impinging on the
electrode surface. Water was wicked from the surface using a
dry tissue. Bulk viscosities ofsolutions ofLiClO. were measured
at 25 'C using an Ostwald-type viscometer.

Even with repeated rinses, electrolytes and particulates carry
over on the electrode surface from polishing and wiping and
contribute to irreproducibility of initial scans in solutions with
extremely low concentration of supporting electrolyte. Repro­
ducibility of plateau currrents for initial scans is improved by
allowing the electrode to remain at the open circuit potential in

© 1992 American Chemical SocIety
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Figur. 1. Voltammetrlc waves lor reduction 01 proton at a micro­
electrode (11.25-I'm-radlus PI disk, top) and at a conventional electrode
(0.15-<:m-radlus PI disk, bottom). Conditions: linearscan voltamrnatry,
20 mV S-I; T =20 ·C; supporting electrolyte, 1 mM LICIO,. HCIO,:
0.005 M(1), 0.025 M(2).

solution before voltammetric scans for 3-5 min, which allows
electrolyte on the surface of the electrode to disperse in the bulk
acid solution. Rinsing after polishing with 0.5 M HClO, and
then with H20 accomplishes the same purpose, indicating that
alumina particles carriedover from polishingarea primary source
of the adventitious electrolyte. The best results are obtained
when the electrode is maintained for 3-5 min at +0.2 V VB SCE
in the acid solution. During that period electrolyte is dispersed
and adsorbed oxygen species also are reduced and their products
dispersed before the voltammetric scan is begun.

For an appropriately prepared surface, initial scans exhibit a
steeply sloped wave with a well-defined plateau. The plateau
level is maintained on subsequent scans, but the slope of the
wave decreases.

RESULTS AND DISCUSSION

Voltammograrna for reduction of proton at an electrode of
conventional size and at a microelectrode are compared in
Figure 1. The purpose of this comparison is to demonstrate
that oscillations related to formation of bubbles at the
electrode surface appear at much lower concentrations at the
larger electrode. This is despite the fact that the current
density at the Pt-microdiak electrode is about 1 order of
magnitude higher than at the conventional disk electrode.
Apparently, larger bubbles are not formed easily at the
microelectrode. We attribute this to faster removal, in the
spherical diffusional field, of the hydrogen formed in the
reaction.'

Linear scan voltammetry ofproton at platinum electrodes
in nonaqueous solution has been suggested for analytical
purpoaes.5 However the linear rangeofthe i VB C relationship
was reported to terminate at4 mM. At higher concentrations
the current dropped. That report is consistent with our
findings. Formation of gaseous hydrogen at a conventional

(4) Bockris, J. O'M.; Reddy, A. K. N. Modem Electrochemistry;
Plenum: New York, 1970; Vol. 2, p 1250.

(5) Nelson, R C.; Adams, R N. J. Electroonal. Chern. Interfacial
Electrochem. 1968, 16,437.
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Flgwe 2. Cyclic staircase voltammogram oi 0.01 MHCIO. at a PI
mk:roalectrode distorted by lormatlon 01 a bubble. No electrolyte was
added. Condltlons: liE, = 5 mV, f = 4 Hz.

disk has also been investigated recently by the electrochemical
microbalance method.6

Curve 2 in the bottom part ofFigure 1 reflects consecutive
formation of many bubbles. At a microelectrode one bubble
can kill the current, and a bubble once started grows very
fast. The average rate of growth for the radius of a bubble
is estimated to be 12.2 I'm S-I. It is assumed that bubbles
form at the electrode surface and are anchored there. An
example of the resulting behavior is given in Figure 2. Note
that the proton concentration for Figure 2 is less than that
for curve 2 of Figure 1. The formation of bubbles depends
on concentration but also on the state ofthe electrode surface.
A "properly polished" microelectrode can be used at much
higherconcentrations than0.01 M, the concentration ofFigure
2, with no evidence of bubbles. After formation of a bubble,
the microelectrode usually needs repolishing or washing in a
sharp stream of water.

Influence of Supporting Electrolyte. The curves
presented in Figure 1 were obtained in solutions containing
1 mM LiClO. as supporting electrolyte. Under conditions in
which supporting electrolyte is not in excess, the limiting
current is determined by both diffusion and migration. This
behavior ofproton (or otherreducible cations) has been known
in electrochemistry for a long time.7 Rigorous theoretical
treatments of microelectrode voltammetry with little sup­
portingelectrolyte have appeared in the literature recently.8-10

The dependence of the height of the wave for reduction of
9.14mM hydrogen ion on the concentration ofthe supporting
electrolyte (lithium perchlorate) is given in Table 1. The
large concentration of proton was chosen to ensure a good
starting point, that is, a high ratio of the concentration of
proton to that ofother adventitious cations, and to eliminate
pOSBible change in the wave height due to reduction of traces
of dissolved oxygen, which produces hydroxide. In order to
compare the dataofTable I with the predictions oftheories9•10

the currents are corrected for the change in solution viscosity
and for change in activity coefficient.

Relative viscosity for solutions of LiCIO, varies linearly
with concentration in the range 1-2 M, with slope equal to
0.106 M-l and intercept equal to 0.966. Below 1 M, relative
viscosity values depart positively from the line and approach

(6) Carr, M. W.; Hillman, A. R; Lubetkin, S. D.; Swann, M. J. J.
Electroanal. Chern. Interfacial Electrochem. 1989, 267, 313.

(7) Heyrovsky, J.; KUla, J. Principles of Polarography; Academic
Press: New York, 1966; p 68.

(8) Oldham, K. J. Electroonal. Chern. Interfacial Electrochem. 1988,
250, 1.

(9) Amatore, C.; Fosset, B.; Bartlett, J.; Deakin, M. R; Wightman, R
M. J. Electroonal. Chern. Interfacial Electrochem. 1988, 256, 255.

(10) Baker, D. R; Verbrugge, M. W.;Newman,J.J.Electroonal. Chern.
Interfacial Electrochem. 1991, 314, 23.
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Table I. Influence of Concentration of LiCIO. on Limiting
Current for Reduction of Proton-

2. or---~--~---~--~--,

CLiCIOiM iJ!p.A CLiCiOiM iJ!p.A

(0)' 0.734 0.0633 0.356
0.0002 0.663 0.180 0.340
0.0022 0.538 1.00 0.264
0.0041 0.494 1.11 0.257
0.0079 0.451 1.25 0.250
0.0149 0.417 1.43 0.240
0.0277 0.390 1.67 0.227
0.0474 0.371 2.00 0.209

1.6

1.2

, 10 mM HCIO.. No electrolyte added; the background concen­
tration may be as large as 10-5 M; Pt microelectrode (r = 11.25 Jim).

a value of 1.0 in very dilute solutions ofLiCIO•. The limiting
current value is multiplied by the relative viscosity for the
appropriate LiClO. concentration to adjust all currents to
those which would be obtained in dilute solution. The
maximal value of 1//1/0 is 1.178.

A linear variation of ionic diffusion coefficient with the
square root ofionicstrength is expected11 as a result ofchange
in activity coefficient. In this medium with only univalent
salts, we assume

D = DO(l- 0.512CI /2/2) (2)

where D is the value of diffusion coefficient in solution with
electrolyte concentration C. Limiting currents for high
electrolyte concentration (C> 1 M), where transport is purely
diffusional, are normalized by the relative viscosityand plotted
VB C1/2. The slope and intercept are respectively 411.1 nA
M-1/2 and 375 nA, with the standard error of estimate 'y =
1.42 nA M-1/2 and the coefficient of correlation r = -{).996.
These values, together with eq 1, yield values of DO of 0.90
and 0.94 X 10-< em2 S-I, respectively, which agree reasonably
well with the value 0.93 x 10-< cm2 S-I for DO in water from
limitingconductivity at infinite dilution.12 Normalized values
of diffusion-limited current, ii, for intermediate concentra­
tions of electrolyte are obtained from this plot.

The data ofTable I are used to test theoretical predictions
bycomparing experimental and theoretical values ofthe ratio
(il1//1/o)/ii for various values of log 'Y, where 'Y is the ratio of
excess electrolyte, CLiCIO/CHCIO••

To summarize, we compare currents corrected to inf'mite
dilution for changes in viscosity but not corrected to inf'mite
dilution for changes in activity coefficient. The reason for
this mixed procedure is that it allows us to separate the effects
of changes in viscosity and activity and, thereby, to test
directly the resonableness of the assumption that eq 2 is
appropriate. We emphasize that the changes in viscosity are
quite large (here about 20%) and need to betaken into account
to reach reasonable agreement with theory.

As seen in Figure 3, deviations between the theory and the
experiment are small. One theory!' assumes both substrate
and product are soluble with equal diffusion coefficients.
Another theorylO applies where the substrate is soluble and
charged, whereas the product is neutral and insoluble,
consistentwith a processsuchas electrodepositionorevolution
of a gas. While these assumptions differ, no difference is
seen in the predictions of migrational.currents by the two
theories for the reduction of a univalent cation in a 1:1
indifferentelectrolyte,which is shown bythe continuous curve
of Figure 3. It is not surprising that predictions concerning
the transport-limited current are insensitive to the assump­
tions made about the transport of product. Reduction of

(11) Bockris, J. M.; Reddy, A. K. N. Modern Electrochemistry;
Plenum: New York, 1970; p 384.

(12) CRC Handbook ofChemistryand Physics; CRC Press: West Palm
Beach, FL, 1978-9.
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log l'

figura 3. Um~lng current ratio U1/I1/0/0') as a function of the ratio of
supporting electrolyteto proton concentration ('Y). Dataare from Table
I. Values of ~' are obtained as described In the text.

proton comes close to the assumptions of ref 8. Solubility of
hydrogen in water is reported to be 1.91 em3/100 cm3 13 which
corresponds to 0.8 mM. A certainamountof H2 must dissolve
in platinum. The diffusion coefficient ofH2 in water is (3.43­
7.07) X 10-'cm2 s-I ." The value ofDH+ in water from limiting
conductivityat inf'mite dilution11 is 9.3 X 10-6cm2S-I, whereas
the value is 7.45 X 10'" em2 S-I in 1 M KC!."

It is possible that H2 can form an oversaturated solution
in the diffusion layer, which would narrow the gap between
the theoretical assumptions and the real experimental sit­
uation. To test this point, the ratio of currents measured in
the presence and the absence of supporting electrolyte was
measured also for 1 mM acid solution. The values obtained
agree with the data of Figure 3 within 2%.

We examined the semilogarithmic plot (log «id - i)/i) VB

E) for the curves obtained in the absence and the presence
of supporting electrolyte and found that the slopes at the
wave foot were similsr, 59and56mV, respectively. Forhigher
parts of the waves the semilogarithmic plot displayed two
points of curvature to give two successively larger values. It
has been remarked by Swanl6 that multiple waves may be
observed for reduction ofprotonon platinummicroelectrodes.
Because the relative heights of these poorly resolved waves
depend onelectrode radius, electrodeactivation (preparation),
and potential scan rate, itwas speculated thatthe waves reflect
differing contributions to the current from two mechanisms
for proton reduction on the platinum surface. The diffusion­
limited current for the overall process, reduction of proton
to hydrogen, is not sensitive to the surface kinetic process,
so the height of the wave at steady state is unaffected. We
did not examine more closely the kinetics of this process.

The amplitude of the wave for proton reduction depends
linearly on concentration both with and without added
electrolyte, as shown in Figure 4. The range of linearity is
limited by the formation of bubbles at sufficiently high
concentration. In the absence of deliberately added elec­
trolyte the linear range extends from 0.01 to 40 mM. The
correlation coefficient for this line is 0.999 94, and the
detection limit is estimated as 0.01 mM.

Absence of supporting electrolyte is a very demanding
condition, as was described in the Experimental Section.
Addition of supporting electrolyte at the 0.1 M level is
advantageous for a variety of reasons. First, the linear range
of i VB C is wider, extending up to 0.1 M. Second, the
reproducibility of the waves is enhanced. Third, as shown in

(13) Encyclopedia of Electrochemistry of the Elements; Bard, A. J.,
Ed.; Marcel Dekker: New York, 1982; Vol IX, Part A, p 407.

(14) Koryta,J.; Dworak,J.:Bohacll:Ova, V. Lehrbuch derElektrochemie;
Springer Verlag: Wien, 1975.

(15) Swan, D. N. Ph.D. Thesis, University of Southampton, 1980.
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(16) Kuhn, A. T.; Byrne, M. Electrochim. Acta 1971, 16, 391.
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(4)

(3)

(17) Organic Electrochemistry, 2nd ed.; Baizer, M., Lund, R., EdB.;
Marcel Dekker: New York. 1983.

(18) Fleiochmann, M.; Lasaerre, F.: Robinson, J.; Swan, D. J. Elec­
troanal. Chem. Interfacial Electrochem. 1984, 177,97.

without added supporting electrolyte the voltammograms on
gold are shifted substantially toward more negative potential.
Under the conditions of Figure 5 the shift is 0.40 V. The
heights of the waves at the gold electrode are directly
proportional to acid concentration and should be as useful
for analytical purposes as those obtained at platinum elec­
trodes.

Reduction of Weak Acida. Weak acids also are reduced
at a platinum microelectrode. In our studywe chose ascorbic,
acetic, and dihydrogen phosphate acids (pK. = 4.17, 4.8, and
7.21, respectively). There is no doubt that the reduction
process in solutions of these acids is the reduction of proton.
The height of the wave in each case diminished gradually
with addition of NaOH and disappeared completely when
the amount of NaOH equivalent to titration of one proton
per molecule was added. In the case of ascorbic acid, which
also can be oxidized in a two-electron process at +0.40 V,'7
the ratio of anodic to cathodic wave height was very close to
2. (The cathodic wave is located at -{).52 V). Ascorbic and
acetic acids dissociate negligibly in water, so wave heights are
virtually independent of the supporting electrolyte concen­
tration. That is, thediffusingspecies is neutral, so the current
limited by transport of reactant is unaffected by migration.
(The limiting current for reduction of acetic acid depends on
concentration of sodium acetate in the range 0-0.5 mM. We
are currently investigating this behavior.)

Reduction of proton from acetic acid follows the reactionls

Proton is reduced at a potential similar to that for perchloric
acid, but the limiting current is controlled by the diffusion
coefficient for acetic acid. As an example of the CE kinetic
case, it can be seen from a comparison of the reaction layer
thickness with the diffusion layer thickness that the diffusion
control observed is reasonable. Consider the experimental
conditions ofa 5-mVstepheight at 4 Hz. The limiting current
is measured about 30s into the scan (the deviation from steady
state is about5%). The steady-state diffusion layer thickness
is given approximately by I =1rr/4 =8.8 x 10-' cm. The
reaction layer thickness is given by I' = (DHJ.!k_I)I/2. With
kb = 4.2 X 1010 M-I S-I IS and CA =0.1 M, iLl =kbCA =4.2
X 109 S-I, and with D = 10-5 cm2 S-I, I' = 4.9 X 10-8 cm. Thus
1'/I = 6 x IG-5, or the current is controlled by diffusion of the
undissociated acid.

A somewhat more sophisticated treatment takes into
account the diffusion of H+, but assumes kb is large and the
bulk concentrations have the relation [H+j « [HAj « [A-j.
For spherical diffusion the result is 18

i/iHA = [1 + DHA(CA/k~H)lf2/KArrl (5)

where i is the observed current and iHA is the putative steady­
state current for direct reduction of HA. Thus for i = iHA it
must be the case that K A »DHA(CA/k~H)lf2/r. Using the
nominal values given above, the condition is K A » 2 x IG-5
M.

Calibrationcurves for strong and weakacids in 0.1 M LiClO,
are linear up to 0.1 M, as shown in Figure 6. The diffusion
coefficient values, calculated using these data and eq I, for
acetic and ascorbic acids are (1.08 ± 0.03) x 10-5 and (5.7 ±
0.1) x IG-5cm2s-I,respectively. Reported values under similar

d

0.1 moljdm3 LiCI04

Figure 5, the currentplateau is welldeveloped ata less extteme
potential, which makes measurements faster and more simple.

Referring once again to Figure 3, note that the limiting
current depends only weakly on the ratio of supporting
electrolyte to proton concentration when that ratio is much
larger than unity or much less than unity. The data ofFigure
4 are for log 'Y =1 and log 'Y =-3 (nominal), respectively. It
might be expected that in the intermediate range, say 0 2: log
'Y 2: -2, there would be experimentalproblems withgenerating
acceptable calibration curves, because it would be difficult
to maintain log 'Y constant while the concentration of proton
varied. We did not test our patience by exploring this point
experimentally. In related work we have obtainedsatisfactory
analytical results by obtaining a matrix of points at various
values of 'Y and C and effectively interpolating to obtain a
calibration curve at fIXed 'Y.2

Reduction ofProton at a Gold Microelectrode. Usually,
the overpotential for cathodic reduction of proton at gold is
not much larger than thatat platinum.16 Itdepends strongly,
however, on the current density. Typical cyclic staircase
voltammograms obtained at the gold microelectrode are
compared withthoseobtainedatthe platinum microelectrode
in Figure 5. For these conditions, the current densities were
in tbe range of0.1 A cm-2, that is, rather high. Both with and

E / V

figure 5. Cyclic staircase voIlammetrlc curves obtained In 0.01 M
HCIO, at 11.25-l'rn-radlus PI <lsi< (a. b) and 12.5o-l'rn-radlus Au disk
(c, d). Concentratton of supporting electrolyte: 0 M(a, c), 0.1 M(b,
d). Conditions: tiE, = 5 mV, , = 4 Hz.

0.1

OD3 C IHCI~1 """..,fl.06

Figure 4. Urn1llng cwrenl for reducIlon of proton vs concentration of
HCIO, at an 11.25-l'rn-radlus PI <IsI<.
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Figur. 6. Um~lng current vs acid concentration for acetic, ascorbic,
and perchlorlc acids at 20 ·C.

- 0 ~ ~L.~2~-----"0~."""'4--------;O~.sC------=--no,--.ois
E / V

Figure 6. First, second, and sixth scans obtained for reduction of 0.01
M proton (HCIO,) In 0.1 M UCIO,: (A) steady-state curves; (B) net
current In SWV, net currents offset by -0.1 /LA. Cond~ns: tiE. =
5 mV, E•• = 25 mV, , = 2 Hz.

CONCLUSIONS

current. A diffusion coefficient value calculated from the
limiting current is 6.3 X 1Q-6 cm2 S-I. In the case of reduction
of a singly charged anion, the limiting value of i,jid is 0.85 in
the absence of supporting electrolyte.9 Thus the diffusion
coefficient is calculated from eq 1 using i,j0.85 for id. Direct
titration of the proton from H~O,- with base yields a linear
decrease of limiting current to zero, with an end point
corresponding within 3.5% to the titration of one proton.
Therefore diffusion-controlled limitingcurrents for reduction
ofHA occur up to at least pKA = 7.2 under these conditions.

The development of eq 5 ignores diffusion of A-, which
should be taken into account to describe our results in more
detail. The simple requirement KA » DHA(CAik"D,}'/2/r is,
for these conditions, K A » 1.4 X 10-" M. Since KA for H2PO,­
is 6.2 X 10-8 M, the approximate treatment of eq 5 is in
reasonable accord with the results.

Square-Wave Voltammetry. The net current in SW
voltammetry has the virtue of providing sensitivity and good
rejection of background and unwanted signal.21 For totally
irreversible systems, the sensitivity is less because there is no
backward reaction. Substantial increase in the pulse am­
plitude will increase the peak amplitude at the expense of a
broader peak.21 The cathodic reduction of proton is totally
irreversible. Furthermore, the wave has a tendency to
decrease in slope in consecutive scans, as shown in Figure 8A.
Therefore the net current decreases in consecutive runs, as
shown in Figure 8E. However, the height of the forward
current plateau, at a frequency low enough to produce the
steady state, is as stable in time as that for linear scan or
staircase voltammetry, that is, the choice of the technique
employed to achieve the steady state does not influence the
result.

Voltammetry in a Mixture of a Strong and a Weak
Acid. The half-wave potentials of HClO. and acetic acid
differ in value by approximately 100 mV, which is not
sufficient to resolve the waves. After differentiation the
voltammogramexhibits two peaks corresponding to two acids.
However, this procedure can be applied only for a qualitative
treatment, since the sensitivenessofthe slopes ofbothsteady­
state waves to kinetic factors, as described above, leads to
unacceptable variations in the magnitude of the differential
curve.

The steady-state transport-limited current for reduction
of proton in solutions of strong acids with excess supporting

CHAC is changed

pH • constant (4.8)

0.01

0.2

0.4

conditions of concentration and temperature are 1.2 x 10-5

em2 S-I for acetic acidl9 and 5.7 x 1Q-6 cm2 S-I for ascorbic
acid.20 These values are sufficiently close to the values
determined here from the slopes of the calibration plots to
suggest that the rates are controlled by diffusion of the
undissociated acid.

Several experiments were done for acetic acid in solutions
buffered with sodium acetate. Upon a change in NaOAc
concentration from 0.01 to 0.1 M the slope of the calibration
plot decreased by 8.1 %, while the half-wave potential shifted
from -{).54 to -{).64 V. Typicalwaves for reduction in solutions
of acetic acid are presented in Figure 7, where also the wave
height is plottedversus the concentrationofHOAcatconstant
pH (pH 4.8, i.e., equal concentrations of HOAc and NaOAc).

To explore the limit ofacid dissociation constant for which
these simple relations obtain, we investigated the reduction
of dihydrogen phosphate ion, which has pKA = 7.21 (25 ·C).
A wave at -{).65 V is observed for reduction of proton on Pt
in 10 mM solution of H2PO,-, without added supporting
electrolyte. The wave is progressively less well defmed with
increasing concentration of electrolyte. The wave is poorly
resolved from the background (reduction of H20), and the
limiting current is somewhat irreproducible. These phe­
nomena appear to be related, that is, the irreproducibility
results from the difficulty of subtracting the background

0.05 /' 0.10
CCH3COOH mol dm-

Figure 7. Um~lng current for reduction of acetic acid vs concentretion
of acetic acid at constant pH of 4.8 c...c = (1) 0.Q19 M (2),0.031 M,
(3) 0.042 M, (4) 0.050 M.

(19) GostiSa-Mihelcic; V. B.j Vielstich, W. Ber. Bunsen-Ges. Phys.
Chem. 1973, 77, 476.

(20) Gillam, W. S. Ind. Eng. Chem., Anal. Ed. 1945, I7, 217-221.
(21) Osteryoung,J.; O·Dea,J. J. In Electroanalytical Chemistry; Bard,

A. J., Ed.: Marcel Dekker: New York, 1986; Vol. 14, p 209.
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electrolyte obeys quantitatively the equation for steady-state
diffusion ata disk. It illuseful therefore notonlyfor analytical
purposes but also for testing microelectrodes. The same
reactionexaminedovera rangeofconcentrations ofsupporting
electrolyte yields a limiting current which varies from the
value of the predicted diffusion-limited current at high
electrolyte concentration to a value about twice as large as
the predicted diffusion-limited current at low electrolyte
concentration. The limiting current ill affected strongly by
changes in both viscosity and activity coefficient. These
changes must be taken into account in order to compare the
experimental results with theoretical predictions. With this
limitation in mind it ill possible also to test microelectrodes
by measuring the transport-limited current over the entire
range ofelectrolyte concentration. Theanalyticalapplication,
which can rely on calibration rather than absolute measure­
ments, applies over the entire range as well.

The reduction of weak acids also ill useful analytically.
Neutral weak acids display diffusion-limited steady-state
currents over a wide range of electrolyte concentration. An
acid as weak as the dihydrogen phosphate ion (pKA = 7.2)
displays a reasonably well-defined limiting current which
appears to be diffusion-controlled.

In mixtures the quantity measured is proportional to the
sum of the products of diffusion coefficients and concentra­
tions for all of the strong and weak acids present. Because
the current response depends on both diffusional and
concentrative properties, it is not a useful direct measure of
total acidity inthecase ofmatures. However, it is anexcellent
signal for detection ofthe end point in an amperometric acid­
base titration. The ill-definedkinetic propertiesofthe charge­
transfer process make it impoesible to resolve the reduction
process associated with the weak acids from the direct
reduction of proton.
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Data-Processing Method To Reduce Error Coefficients for
Membrane-Based Analytical Systems. 1.
Amperometric-Based Sensor Evaluated for Quantification of
Oxygen

Christopher E. Uhegbu and Harry L. Pardue'

Department of Chemistry, 1393 BRWN Building, Purdue University, West Lafayette, Indiana 47906-1393

This paper describes the .... 01 a predictive, curve-fitting
method to reduce the effects of experimental variables on
results obtained with membrane-based device.. Multipoint
data from the transient regions 01 responses are used with
suitable models and curve-fitting methocl8 to predict the signal
that would be measured for the system at equilibrium. The
resulting equilibrium response usually Is much Ie.. dependent
on experimental varlabl.. than the transient rellpOl1S8s used
to predict It. The approach Is evaluated for the membrane­
based amperometrlc electrode for oxygen. Current vs time
data are used to predict the equilibrium current expected
when oxygen concentrations are the ssme on both sides 01
the membrane. Predicted equilibrium currents vary linearly
with oxygen concentration. Relative to the more common
steaely"'ate method, the sensitivity of the predictive method
Is about 5-fold higher, the measurement time Is about 17-fold
shorter and the dependencies on membrane thlckne.. and
stirring rate are 125- and a-fold lower, respectively. Pooled
standard deviations (n =40) correspond to uncertainties In
oxygen concentration 01 about 0.009 mmol L-1.

An amperometric electrode' coupled with an oxygen­
selective membrane is one ofmany types ofmembrane-based
devices'-' used in analytical chemistry. As with most such
devices, what is usually measured with the oxygen-selective
electrode is a nonequilibrium steady-state response."'· i.e., a
response that remains constant with time even though the
system is notat equilibrium. For the oxygen-selective device,
the steady-state response corresponds to a situation in which
the rate ofmass transfer to and across the membrane is exact1y
equal to the rate of mass transfer from the membrane to the
surface of the sensing electrode where oxygen is reduced as
rapidly as it reaches the electrode surface. Analogous types
of rate processes control steady-state responses frequently
measured with other types of membrane-based devices.

Because rate processes usually depend more on experi­
mental variables than equilibrium conditions, methods based
on nonequilibrium steady-state responses from membrane­
based devices usually have large dependencies on experi­
mental variables. This means that variables must be
controlledwithin much tighter tolerances to achieve the same
leveL! ofreliability that would be possiblewithan equilibrium­
based method. For example, the oxygen-selective device used

(1) Hitchman, H. L. Measurement of Dissolved Oxygen; Wiley: New
York,1978.

(2) Bright, F. V.; Betts, T. A.; Litwiler, K. S. Anal. Chem. 1990,62,
1065-1069.

(3) Bruckeostein, S.; Symanski,J. S. Anal. Chem.1986, 58, 1788-1770.
(4) Melcher, R. G. Anal. Chim. Acta 1988, 214, 299-313.
(5) Maney, K. H.; Okun, D. A.; Reilley, C. N. J. Electroanal. Chem.

1962, 4, 65-92.
(6) Wang, H. Y.; Li, X. Biosensor 1989, 4, 273-265.

0003-2700/92/0364-2378$03.00/0

in the steady-state mode is very dependent on variables such
as stirring rateand the properties ofthe membrane that isolate
the working electrode form the bulk solution.S,.

One way to reduce variable dependencies and improve the
ruggedness of such devices is to use measurement and data­
processingapproaches thatdepend onequilibriumconditions
rather than rates ofmass transfer or chemical reactions. One
such approach developed for the oxygen-selective device has
been to equilibrate the electrode/membrane system with each
test solution and to measure the initial rate of the current­
time response.5,. The rationale for this approach is that the
measured rate represents a near-equilibrium condition in
terms of the oxygen concentration on either side of the
membrane. This approach was shown to be effective in
reducing effects of membrane thickness and stirring rate in
the external (sample) solution on results for oxygen concen­
tration.5,. However, this approach obviously replaces one set
of rate processes for another which could be subject to
influences from other types ofvariables. Also, the approach
is applicable only to membrane-based systems in which there
is a rate process that is directly related to the equilibrium
condition.

This paper describes an alternative measurement/data­
processing approach for membrane-based devices that offers
the reduced variabledependenciesdemonstrated for the initial
rate methods5•• without the potential limitations mentioned
above. The objective for the proposed approach is to obtain
a signal corresponding to an equilibrium condition between
solutions on either side of the membrane. This is accom­
plished by fitting suitable models to time-dependent (tran­
sient) data in a manner such that signals corresponding to
equilibrium conditions can be predicted. This is anextension
ofa general approach developed initially for chemical kinetic
processes7•S and subsequently called a predictive kinetic
method."

We used the oxygen-selective device' as a model for this
initial study ofthe general approach. The electrode was first
immersed in the sample solution long enough to permit
equilibration between oxygen concentrations inside and
outside the memhrane. 'l'he polarizing voltage was applied
across the electrode and time-dependent current values were
measured for a predetermined time period and stored in a
computer. Then a suitable model was used to extrapolate
the data current VB time to t = O. The initial current, I.,
should represent the equilibrium condition and therefore
should be independent of variables that influence rate
processes.7-9 Effects ofmembrane thickness and stirring rate
are evaluated and compared for the conventional steady­
state and proposed predictive methods.

(7) Mieling, G. E.; Pardue, H. L. Anal. Chem. 1978,50,1611-1618.
(8) Mieling, G. E.; Pardue, H. L.; Thompson, J. E.; Smith, R. A. Clin.

Chem. (Winston-Salem, NC) 1979,25,1581-1590.
(9) Pardue, H. L. Anal. Chim. Acta 1989,216,69-107.

© 1992 American Chemical Society
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EXPERIMENTAL SECTION

Instrumentation. The oxygen-selective device (ModeI5331,
Yellow Springs Instrument Co., Yellow Springs OH 45387) was
used with different thicknesses (25, 50, 75 I'm) of Teflon
membranes (YSI 5775, 25 I'm thick, Yellow Springs Instrument
Co.). A low-impedance electronic power supply was connected
by a high-quality mechanical switch to the working electrodes.
The polarizing voltage was 0.80 V for all results reported here.

Electrolysis current was measured with an operational­
amplifier system with a current-t<>-voltage converter input stage
with current offset and one stage of voltage amplification. A
gain setting of 5 V/I'A was used for these studies.

The amplified signal was interfaced (Lab Master, Scientific
Products, Corp., Cleveland, OH 44139) to a microcomputer
(PC6300, AT&T, lselin, NJ 08830). nata were transferred from
the microcomputer to a supermicrocomputer (MC 550 work­
station, Massachusetts Computer Corp., Westford, MA 01886).
Thecomputersystem'Oanddata-processing algorithms8,9·11.'2 have
been described previously. All measurements were made at 25
·C. Samples were equilibrated in a water-jacketed cell through
which water was circulated from a temperature-controlled water
bath.

Procedures. Oxygen-free water was prepared by bubbling
oxygen-free nitrogen through distilled deionized .water." Mea­
sured aliquots of oxygen-free water were placed ill the temper­
ature-controlled sample compartment and a stream of oxygen­
free nitrogen blanketed the solution in the cell at all times. After
the oxygen-selective device was immersed in the oxygen-free
sample, measured volumes ofair-saturated water (0.26 mmol L-'
oxygen) were added and sufficient time (-30 s) was allowed f?r
the oxygen content inside and outside the membrane to equil­
ibrate. Then potential (0.80 V VB Ag/Agel) was applied acroas
the electrodes and current was measured at two data rates for
about 4 s. The flrBt 100 points were collected at intervals of
0.0006 s/point and the last 150 points were collected at intervals
of 0.027 s/point.

RESULTS AND DISCUSSION

All imprecisions are reported at the level of one standard
deviation (2:1 sd) unless state otherwise.

EquilibrationTime. Itia importantthat the equilibration
time be long enough that oxygen concentrations inside and
outside the membrane become the same but short enough
that the oxygen content of the sample does not change
significantly. Figure 1 shows response curves for different
time periods between the time when the air-saturated oxygen
sample is added and the time when polarizing voltage is
applied (at t =0); the solutions were stirred continuously
throughout the delay and measurement periods. The peak
current continues to increase with the waiting period up to
the longest period (30 s) inc1udedon the plot. Longer waiting
periods would have given more complete equilibration
between oxygen concentrations inside and outside the mem­
brane; however, substantially longer waiting periods would
have been required to improve the equilibrium condition by
significant amounta. Accordingly, we chose a wai~ pe?od
of30 s as a compromise between the need to reachequilihnum
and the need to avoid significant losses of oxygen to the
nitrogen stream over the samples.

All results reported below were obtained with a waiting
period of 30 s between addition of air-saturated samples to
the well-stirred blank in the sample compartment and
application of the polarizing voltages.

(10) Skoug, J. W.; Weiser, W. E.; Cyliak, 1.; Pardue, H. L. Trends
Anal. Chem. 1986,5, 32-34. .

(11) Willia,B.G.;Woodruff, W. H.; Frysinger, J. R.; Margerum,D. W.;
Pardue, H. L. Anal. Chem. 1970, 42, 135(H355.

(12) L81'88OD, J. A.; Pardue, H. L. Anal. Chim. Acta 1989. 224, 289-

3°~i3) Uhegbu, C. E.; Pardue, H. L. Anal. Chim. Acta 1990.237, 413­
420.
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figure 1. Effects of delay time on current VB time responses.
CondItIons; Co, = 0.16 mmol L-'; poIartzIng voltage, 0.80 V VB Agl
Agel; membrane thickness. 25 /UTI; delay time (bottom to top) 5, 10,
15, 20. 30 s.

Response Curves. Figure 2A shows a typical set of
response curves for different oxygen concentrations. The
origin, t = 0, corresponds to the point at which potential is
applied across the reference and working electrodes. Because
of the faster data rates used during the early parts of the
responses, the rising portions appear as solid lines. In all
cases, currents rise very quickly when potential is applied,
pass through smooth maxima, and then decay toward the
steady-state values that are usually measured.

Most responses require about 30 s to reach steady state.13

The smooth maxima likely result from uncompensated iR
drops and interactions between charging and electrolysis
currents. These interactions make it virtually impossible to
measure the equilibrium current at t = 0 directly. Our goal
was to fit a suitable model to the current-time profiles in
order to extrapolate each prome back to t = O.

Our first problem was to select a model that would fit the
data satisfactorily. Although a theoretical model has been
developed for the transient response of this device,S we were
unable to obtain satisfactory fits with that model. Accord­
ingly, we tested three empirical models, namely a.first-order
model,8,9 a parallel first-order model,ll and a var,able-order
model.'2

To test these options, data from 0.33 to 4.1 s after
application ofthe polarizingvoltage were fit with each model.
A starting point of 0.33 s was used to reduce complications
caused by curvature at the peak maxima. Although all the
models fit the data reasonahly well, hest fits were obtained
with the first-order model. Accordingly, unless state other­
wise, data reported below were obtained by using a fllSt­
order model to fit the data.

Figure 2B shows fits of the first-order model to data in
Figure 2A. Experimental and fitted data are virtually
superimposed from about 0.2 s to the end of the range for
which data were recorded. Rate constants for the first-order
modelwere reasonablyconsistent for different concentrations.
For five replicate runs on eight different concentrations
between 0.05 and 0.26 mmol L-', apparent first-order rate
constants varied from 2.6 s-' at the lowest concentration to
2.1 s-' at the highest concentration with a pooled standard
deviation of 0.05 s-'. The average ofall the rate constants (n
= 40) was 2.3 2: 0.2 s-'. There were significantly larger
variations among rate constants that gave best fits for the
other two models.

Apparent first-order rate constants were virtually inde­
pendent ofmemhrane thickness. For membrane thicknesses
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(1)EC= I1C/I1V

EC 8 (8, - 8 1)/b(V, - VI) (2)

where 8, and 81 are signal values for values VI and V, of the
variable of interest and b is the slope of a calibration plot of
signal (current in this case) vs concentration. This error
coefficient is used below to compare effects of membrane
thickness and mixing rate on results by the steady-state and
predictive options.

Membrane Thicknesses. Responses similar to those in
Figure 2 were obtained for membrane thicknesses of 25, 50,
and 75 "m by using one, two, and three thicknesses of the
25-~membrane. Results obtainedbyboth the steady-state
and predictive methods are compared in Figure 3. The plot,
which compares the ratios of values for 50- and 7S-"m
thicknesses to that at 25 ~, shows that the relative change
in steady-state current between 25- and 5o-"m thicknesses
is much larger than that for the predictive method.

These differences can be quantified by computing error
coefficients as described above. For a change in membrane
thiclmess from 25 to 50 "m, the error coefficients for the
steady-state and predictive methods are -{l.099 and 0.000 78
mmol L-I "m-I, respectively. Thus, the steady-state method
is 125-fold more dependent on membrane thickness than the
predictive method in the 25-50-"m range (see Figure 3). The
difference is smaller between 50- and 7S-"m thickness.

StirringRate. Figure 4 shows effects ofdifferent stirring
rates on results by tbe steady-state and predictive methods.
At the lower stirring rates, the predictive option is much less
dependent on stirring rate than the steady-state option. In

For systems such as this in which the measured signal varies
linearly with concentration (8 = a + be), it is easily shown
that the error coefficient is given by

All the models and data ranges have intercept values of
about I "A on the current axis. The intercept values are
quiteconsistentand probably result from the charging current
when the potential is fll8t applied across the electrodes.
Whatever the source ofthe intercept, it is just slightly amalIer
than the extrapolated Faradaic value for the lowest concen­
tration (0.05 mmol L-I) examined (0.7 "A VB 2.5 ~).

In light ofthe fact that good results are obtained for fitting
ranges as short as 1.7 s and that 30 s is required for most
responses to reach steady state,!s it follows that the mea­
surement time is about 18-fold shorter for the predictive
method than for the steady-state method.

Reproducibility. Pooledstandarddeviations for five runs
at each of nine concentrations (including zero) are included
as the last column in Table 1. With one exception (shortest
fitting range for parallel first-order model), the pooled
standard deviations are consistent at about 0.25~. This
represents a concentration uncertainty ofabout 0.25 "A/28.9
p.Af(mmol L-I) = 0.009 mmol L-I. Under the assumption of
a Gaussian distribution, this would correspond to an uncer­
tainty of about 0.02 mmol L -I at the 95% confidence level.

Effects of Variables. The primary driving force for this
study was the possibility of reducing effects of experimental
variables relative toeffectswith the more conventional steady­
state measurement approach. We used membrane thickness
and stirring rate as the variables to test our hypothesis that
this approach would reduce effects of such variables.

Data such as those shown in Figure 2were used to compare
effects of these variables on results obtained by the steady­
state and proposed predictive methods. To quantify effects
of variable dependencies, we introduce the concept of error
coefficients. The error coefficient, EC, is defmed as the
concentration change, I1C, per unit change in the variable of
interest, 11V. This is expressed as

:;;j'
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FIgon 2. Response curves lor different conoen1nIUons 01 oxygen:
(A) experimental responses (M'); (8) experlmental (-) and lilted (-)
responses, ftrst-<ll'der model. CondIIlons as In Figure 1 except as
loIlows: equlilbraUon time, 30 $; conoen1nIUon (bottom to top) 0.0,
0.05, 0.11, 0.13, 0.16, 0.21, 0.26 mrnoI L-'.

of 25, 50, and 75 "m, average (n = 5) apparent rate constants
were 1.8 :I: 0.03, 2.0 :I: 0.02, and 1.9 :I: 0.002 S-I, respectively.

Concentration Dependence. Initialcurrents,1",obtained
byextrapolatingdata for current VB time to t = 0, as illustrated
in Figure 2B, varied linearly with oxygen concentration for
the full range examined (0.Q-{).26 mmol L-I). Linear least­
squares statistics for results obtained by each of the three
models for different fitting ranges are summarized in Table
1.

The first-order model gives the best and most consistent
values of least-squares statistics. Except for the shortest
fitting range, the parallel first-order model gives results
consistent with those for the first-order model. For example,
when the slope for the 0.3-1.7-s fitting range is dropped, the
average value of the remaining three slopes is 29.4 :I: 0.5 p.Af
(mmol L-I) relative to the value of 28.9 :I: 0.2 p.Af(mmol VI)
for the flrst-order model. The parallel f1l8t-order model
requires data over wider ranges to take adequate account of
the slower component. The variable-order model gave the
poorestand least-consistentvalues ofleast-squares statistics.
At fll8t glance, this may be a surprising result because the
added flexibility of this model is expected to give better fits.
However, as noted earlier,!' the model is undefined for fll8t­
order processes; this process appears to be too close to first
order for the variable-order model to be used successfully.
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el<llD1ple of many analogous devices that involve mass
transport across membranes. It is probable that analogous
measurement and data-processing approaches can offer
similar advantages for other analytes quantified with this
electrode system",15 as well as for other membrane-based
systelll8......
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Recognition of Chemical Markers in Chromatographic Data by
an Individual Feature Reliability Approach to Classification

Rachhpal S. Sahotat and Stephen L. Morgan'

Department of Chemistry and Biochemistry, University of South Carolina, Columbia, South Carolina 29208

A dl8c:rlmlnant ana'" algorithm based on the c1aulflc:atIon
rellablllly of Indlvlclual f.atures was appIed to GC and GC-MS
data. Two f.atur. Hlectlon rnethocIs were Inv8llt1g.ted In
which f.atur. weights were deflned either by Fisher ratios or
by c:IaaIfIcation accuracy In slngIe teat... clmenelonL The
dl8crfmlnant function employed was a line. function of tMse
f.atur. weights where the c::oetfIclents of lUIlrllatlon were
rellabilly value8, ranging from -1 to +1, meuurlng the
confidence with which claulflc:atlon can be made on the b....
of that f...... alone. The two f.at... HIectIon math0d8
U88d In combination wfth thllI classifier were compelllb. wtth
the c18181ca1 dllcrln1fnant .pproach of FIIher on the data ....
t8llted. ThIs approach provlcles Infannallon uMfuI for the
recognition of unique chemical markers characterlatlc of
particular groups of 1IllfIlfIlelI. The emph.... on chemlcel
mark_Is Inlportant beca_ wider _ of p.ttern recognition
with GC and GC-MS requ..... under8tanclng the chemical
basis for dlscrlmlnatlon.

INTRODUCTION

Computer-controlled instrumentation usually generates
multidimensional data that are difficult to visualize and
interpret. Even single runs from chromatographic or spec­
troscopic instruments can generate enormous amounts ofdata.
Whether the analytical data (characterizing a sample or
object) represent a chromatogram or a spectrum or some other
setofmeasurements, the resulting pattern can be represented
as a row vector of signal intensities, x:

(1)

where n is the number of features (peak areas, spectral
wavelengths, etc.), and the value ofXi represents the measured
signal intensity for the ith feature. For example, the raw
data defining a chromatogram might consist of signal inten­
sities measured every tenth of a second for 20 min. Even if
the raw data are processed to a peak area report, the chemist
may have to deal with several dozen peak areas for each
chromatogram. When multiple samples are analyzed, the
manual comparison ofso many peaks across more than a few
chromatograms becomes quite difficult. The difficulty of
visualizing data in higher than three dimensions also limits
the usefulness of graphical data display.

Pattern recognition has a long and successful history of
application in analytical chemistry}-<> Two fundamentally
different approaches to pattern ciaasification-unsupervised

" To whom correspondence should be addressed.
tCurrent address: Research & Development, Procter & Gamble

Pharmaceuticals, P.O. Box 191, Norwich, NY 13815-0191.
(1) Kowalski, B. R.; Bender, C. F. J. Am. Chem. Soc. 1972,94,6632­

5639.
(2) Harper, A. M.; Duewer, D. L.; Kowalski, B. R.; Fasching, J. L. in

Chemometrics: Theory and Application; ACS Symposium Series 52;
Kowalski, B. R., Ed.; American Chemical Society: Washington, DC. 1977;
pp 14-52.

(3) Jurs. P. C. Science 1986, 232, 121~1224.

and supervised learning-are co=on. Unsupervised learn­
ingattempts ciaasification basedon the inherent relationships
amongobjects without prior assumptions about the structure
or clusteringofthe data. Unsupervised methods often involve
either the discovery of natural groupings in the data (e.g.,
cluster analysis7) or the mapping of higher dimensional data
sets into a lower number of dimensions for display (e.g.,
nonlinear8 or principal component mapping"). Supervised
learning develops rules for classification ofunknown samples
on the basis of samples whose classification is known in
advance. Atraining set is used to defuie the c1assesofinterest
via mathematical models derived from the variables relevant
to ciaasification. Discriminant analysis is a supervised
technique that attempts to differentiate groups of samples
by deriving ciaasification rules based on the probability
distribution of the data (parametric) or based on other
methods that do not assume any particular underlying
distributions (nonparametric).

Recognizing whether a unique feature (e.g., a chromato­
graphic peak or spectral wavelength) or a small subset of
features distinguishes one pattern from another is often a
major goal for the chemist. Such discriminating features may
be indicative of the presence of a chemical marker that is
unique to a particular group of samples. Multivariate
ciaasification approaches often confound individual features
(e.g., as eigenvectors in principal component analysis). The
significance ofa feature in determininga ciaasificationdecision
is usually a function of how that feature varies with other
features, as in Fisher's discriminant function. This gestalt
treatment of multivariate data, though undoubtedly more
powerful than the more easily comprehensible ·one factor at
a time" approach, has an inherent problem--;\imple quali­
tative interpretation of these combined features, in chemical
terms, may be difficult. This lack ofamenability to chemical
interpretation makes these techniques less appealing to many
investigators.

Many pattern recognition techniques use some collective
function of all the features to assign ciaas membership to a
pattern. Often (especially in linear discriminant analysis), a
feature with larger feature value contributes more to the fInal
discriminant score than a feature with smaller feature value,
evenwhen the twofeatures have equal discriminating abilities.
This is an undesirable outcome when discriminating chemical
markers are represented by very small feature values (e.g.,
small chromatographic peaks).

The objective ofthe claasification approach described here
is to recognize more clearly the ciaasification ability of
individual features. Since weights are assigned on the basis

(4) Jur., P. C.; isenhour, T. L. Chemicol Application of Pattern
Recognition; Wiley-Interscience: New York, 1975.

(5) Sharaf, M. A.; l1lman, D. L.; Kowalski, B. R. Chemometrics; Jobn
Wiley: New York, 1986.

(6) Maaaart, D. L.; Vandeginste, B. G. M.; Deming, S. N.; Michotte,
Y.;Kaufman,L.Chemometrics,A. Te%tbook;Elsevier: Amaterdam,l987.

(7) Massart, D. L.: Kaufman, L. The Interpretation of Analytical
Chemical Data by the Use of Cluster Analysis; R. E. Krieger: Malabar,
FL,1989.

(8) Sammon, J. W., Jr. IEEE Trans. Comput. 1969, C-l8, 401.

- - -'lOO3.27.JllWl?11\3Jl~23.S3Sll3..QOLQ__ © 11192 fu:neriCan~I SocIety



2384 • ANALYTICAL Ct£MISTRY, VOL. 64, NO. 20, OCTOBER 15, 1992

~I

.-.s.
u­~_I

-,
.­
<:>......
~.
~

FIgure 1, Projection of 43 data points In the space of the first three
principalcoponentslordataS8t1. Sy_ L,Lsg.\oneIB;T, TatloclclB;
F. FIuoribacter.

Figure 2. Projection of 37 data points In the three-dImensional space
of the IIrstlhree principal components for data set 2. Symbols: G,
carbohydrate containing galactose; N, carbohydrate not containing
galactose.

(12) Morgan, S. L.; Jacquee, C. A. Anol. Chern. 1982,54,741-747.
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fACTOR(2)
figure 3. Projection of 150 data points onto the plane of the first two
prlnclpaI components for data set 3. Symbols: A, Iris SBtosa; B, Iris
versJc%r, C, Iris vIrgJnIca.

-(

deleted for reasons described below. Data set 1C consists of
the 13 samples of T. micdadei plus the 10 samples of F.
bozemanae; discrimination between these two groups was
the objective.

Dataset2 was basedon 37 pyrograms obtained by pyrolysis­
gas chromatography (Py-GC) of15 different sugars dissolved
in boric acid.I' Each pyrogram consisted of 16 GC peak
heights. All but two sugars were pyrolyzed in duplicate or
triplicate. Of the 15 monosaccharides, disaccharides, and
trisaccharides, five contained a galactose moietyand theother
10 did not. The classification objective was to discriminate
13 pyrograms of sugars containing galactose from the other
24 pyrograms of sugars not containing galactose. A plot
showing the projection of these data points, without nor­
malization or autoscaling, in the space of the fIrSt three
principal components (explaining 82% of the variation in
the data) is shown in Figure 2.

Data set 3 is Fisher's Iris data set.' This data set has
measurements from three classes of Iris flowers (Iris setosa,
Iris versicolor, and Iris virginica). The data set includes 50

(9) Fisber, R. A. Ann. Eugenics 19~, 7, 179-188.
(10) Green, P. E. Analyzing Multivariate Data; The Dryden Press:

Hinsdale, IL, 1978.
(11) Fox, A.; Leu, P. Y.; Brown, A.; Morgan, S. L.; Zhu, Z. T.; Le~a,

M.; Walla, M. In Proceedings of the Second Internattonal Symposlu'!1
on Legionella; Thornsberry, C., Ballows, A., Feeley, J. C., Jakubowski,
W., Eds.; American Society of MicrobIOlogy: Wasbing1on, DC, 1984; P
71-73.

METHODS AND TERMINOLOGY

Computing and Plotting. Programs were written in
Turbo Pascal version 5.5 (Borland International, Scotts
Valley, CAl and QuickBASIC version 4.5 (Microsoft Co~.,
Seattle, WA), compiled, and executed on ffiM PC compatlble
computers. Principal component analysis and graphics were
performed using SYSTAT version 5.0 (SYSTAT Inc., Evan­
ston, IL). Graphics were plottedon a LaserJetSeries II printer
<Hewlett-Packard Co., Palo Alto, CAl. Copies of data sets
and programs used in this work are available from the authors.

Data Sets. Four data sets, referred to as data sets 1-4,
respectively, were used to test classification algorithms.

Data set I was based on 43 capillary gas chromatograms
representing carbohydrate proflles of bacteria.ll Twenty of
these chromatogramswere carbohydrate profllesofLegionelln
pneumophila samples, 13 samples were Tatlockia micdadei,
and the remaining 10 samples were Fluoribacter bozemanae
samples. Each chromatogram consisted of quantitated
amounts ofeight sugars (Rhamnose, fucose, ribose, mann08e,
two isomeric aminodideoxyhex08es, muramic acid, and glu­
cosamine) derivatized to alditol acetates. Figure I presents
a projection of the 43 data points, without normalization or
autoscaling (explained later), onto the first three principal
components (showing 84 % ofthe total variation in the data).
Three different dichotomies of this data set were employed
for testing classification algorithms. Data set lA consisted
of all 43 samples with the objective of classifying L, pneu­
mophila samples from the combined Tatlockia and Fluor­
ibacter groups. Data set IB is data set 1A with two samples

ofthe discriminating potential ofeach feature taken by itself,
we call this method the "individualfeature reliabilityapproach
to classification" (IFRAC). The performance ofthe classifier
and the weights assigned to features are comparedwith results
from the classic linear discriminant method of Fisher.··lo
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C" is the within-groups covariance matrix given by

C" =p,C, + P.C. (4)

where C, and Co are the n x n covariance matrices for groups
1 and 2 and P, and P. are the a priori probabilities for clllJlSes
land 2.

Mean discriminant scores t, and t. for the two groups are
computed using

(5)

The classification threshold, to, is computed as the weighted
average of the mean discriminant scores of groups 1 and 2:

t, = P,t, + Pot. (6)

Alternatively, the threshold, to, can be specified as the product
ofthe weight vector and M, the n x 1vector ofoverall feature
means:

(7)

The threshold value t, represents the discriminant function
value at the overall feature mean. If the variance of each
feature is the same within each group and there is no
covariance among the features (zero off-diagonal terms in
the within-groups covariance matrix), computing the dis­
criminant function for a particular date point is equivalent
to projecting that pointonto the line connecting the two group
means. Date points that have a smaller value of the
discriminant function lie to one side ofthe overallmean (mean
of the entire date set) and belong to group 1. Similarly, date
points that project onto this line on the opposite side of the
overall mean will have a discriminant function value larger
than the threshold value and are classified in group 2. When
the features have different variances, the discriminant line
is weighted toward the feature with smaller variance. C<>­
variance between features also affects the orientetion of
Fisher'sdiscriminant line (eq3). Inthiswork,Fisher'smethod
was applied without feature selection to reduce the number
of features.

Feature Selection Method 1. With the IFRAC algorithm
two feature selection methods were investigated. In the first
method, each feature is assigned a weight on the basis of the
difference in the two group means compared to the within­
group variance. More specifically, Wi, the weight for the ith
feature is given by

Wi = (Mi(l) - Mi(2))'/(P,s,' + P....) = d,'/(P,s,' + P....) (8)

where Mi(l) and Mi(2) are the group means and S,' and s.'
are the group variances for the ith feature for groups 1 and
2 and P, and P. are the a priori probabilities for groups 1 and
2. These weights, often termed the Fisher ratios,S have a
lower bound ofzero andare not boundedatthe upperextreme.
Ifthe group means are well separated andlor the samples are
tightly clustered within each group, the Fisher ratio will be
large, signifying a discriminating feature. The Fisher ratios
of eq 8 are univariate measures of discrimination ability
whereas the weightsofFisher's discriminant function dermed
in eq 3 are multivariate measures involving covariances as
well asvariancesoffeatures. Fisher ratios have beenemployed
for transforming date prior to discriminant analysis or
nonlinear mapping'· and have been used for evaluating the
importsnce of single features in other analytical chemical
dats.""

A subgroup of features that gives a minimum number of
misclassifications on cross-validating the training date set is
chosen in the following manner. Initially, the subsetcontsins
only the feature with the highest weight. The feature with
the next highest weight is added to this subgroup, one at a
time. At each stage, cross-validation of the training date set
is performed to record the number of misclasaifications. On
the last iteration, the subgroup includes all n features. The
features in the first subset producing a minimum number of
misclassifications are retsined for further classification.
Features of lower weight that were added following this
subgroup are dropped from further consideration. Thus, the

(19) Ting, K. L. H.: Lee, R. C. T.; Chang, C. L.; Guarino,A. M. Cornput.
BioI. Med. 1975, 4, 301-332.

(20) Duewer, D. L.; Kowalski, B. R. Anal. Chern. 1975, 47, 526-530.
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selectedsetoffeatures includes the fewest number offeatures
that give the lowest number of misclassifications. Other
feature combinations were not investigated, as the goal of
rmding features with individuallyhighdiscriminatingabilities
had priorityoverachieving the bestclassification performance.
The discriminant algorithm defined by the use ofthis feature
selection method. in combination with the individual feature
reliability function described below. is designated ~IFRAC­

1".
Feature Selection Method 2. The second feature se­

lection method evaluated with the IFRAC algorithm is
philoeophicallydifferentfrom thatofmethod 1. Ratherthan
looking at the distance two groups are separated relative to
their dispersion. method 2 looks simply at classification
accuracy in each individual feature. Let the total number of
cases in the training sets for class 1 and class 2 be m, and Tn2,

respectively. Figure 5 displays two simulated distributions
of feature values for a single feature. The midpoint. Mi(O).
of the two group means is used as a decision point. This
midpoint will differ from the overall mean in that feature if
the two groups have a different number of samples. Let z,
and Z2 be the number of cases in classes 1 and 2. respectively.
that are classified correctly by this single feature alone. The
ratios
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(9)

(10)

are calculated. If either R i(l) or R i(2) is less than a
predetermined threahold TR (the same for every feature),
then feature i is excluded from further consideration. Oth­
erwise, the feature is assigned a weight equal to its classifi­
cation ability. given by the ratio

Wi =(Zt + zJ/(mt + mJ (11)

For the ith feature to be assigned a maximum weight of 1.0.
both Ri(1) and R i(2) must equal 1. The threshold T R (with
a value between 0.5 and 1.0) is determined by minimizing the
number of misclassifications obtained on cross-validation of
the training set.

In summary. this second method of assigning feature
weights calculates the weight for the ithfeature. Wi. as follows:

These weights can range from 0 to 1. This feature selection
method. in combination with the reliabilityfunction described
below. is designated ~IFRAC-2".

Individual FeatureReliability Classifier. The present
classification method differs from most existing methods of
discriminantanalysis in thatclassification ofan n dimensional
distribution is treated as a combination of n separate and
independent univariate distributions. The classification
function is based on anadditivecombination ofthe classifying
ability of individual features. Treating features indepen­
dently in this waydoes notentirely ignore covariance between
features because prior normalization of the data set takes
into account how features collectively vary with one another.

We propose the following discriminant function:

t(x) = wtR[x,.M,(I). M t (2)] + W~[X2' M 2(1). M 2(2») +
... + w,.R(x•• M.(l). M,,(2») (13)

where W = (Wt. W2• •..• w.) is vector of individual feature
weights for each feature Xi. The reliability /unction for each
feature. R[Xi. Mi(I). Mi(2)l. takes values from -1 to +1.

0.0

Feature Number
F1guN 80 Feall6e slgnlllcance (see text for daflnltion) accorded to
feall6es by three classification algor1thms for (A) data set 1A. (8) data
set 18, and (C) data set 1C. Open histogram bars represent resulta
from FIsher's dIscr1n*lant method. cross-hatched bars represent r88lAts
from algor1lhm IFRAC-1, and sold bards represent results from algorflhm
IFRAC-2.

Although not necessary. the two hypotheticaldistributions
ofvalues of a single feature Xi shown in Figure 5 are assumed
to be Gaussian for simplicity in perception. The lines marked
M i(l) and M i(2) represent the feature means for class I and
2 respectively and the line marked as Mi(O) represents the
midpoint of the two group means for that feature. In Figure
5A. the two class means are well separated relative to the
variability of eacb group; no samples are misclassified using
the midpoint of the two group means as the decision point.
Such a feature is considered ideal for classification. Figure
5B shows two class distributions that overlap significantly.
Such behavior in training makes this feature less significant
for classification and such a feature may be deleted by the
feature selection process.

The design of the reliability function. R[Xi. Mi (I). Mi(2»).
can be understood in reference to Figure 5A. Let us assume
that this ith single feature is adequate for discriminating
between the two classes (as shown). Ifthe value ofthis feature
for an unknown sample lies to the left of the mean. M i(1), for
group 1 (e.g., at point 1 in figure 5A). we can assign that
unknown to class 1 with highest reliability. In this situation.
the reliability function is set to the maximum allowable value
of 1. Sintilarly. if the unknown feature value lies to the right
of the mean. M i(2). for group 2 in this feature (e.g.• at point
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2 in Figure 5A), the reliability function will also be set to a
value of 1. Since, the reliability in making a class assignment
decreasesas the value oftheith feature in the unknown moves
closer to MilO) (e.g., at point 3 in Figure 5A), the absolute
value of the reliability function decreases linearly from 1 to
oas the feature value changes from Mi(l) (or from Mi(2» to
Mi(O). The reliability function is assigned a negative sign
when Mi(l) and the value of feature i in the unknown are
either both greater than or both less than Mi(O). The sign of
the reliability function is positive otherwise. This sign
assignment gives the reliability function for the ith feature
a negative value when that feature classifies an unknown
sample in group 1 and a positive value when that feature
classifies the unknown in group 2. The complete algorithm
used to compute the reliability function for the ith feature
is summarized in Figure 6. An unknown sample is assigned
to class 1 if the value of l(x), the discriminant function over
all features (eq 13), is negative and to class 2 if this value is
positive. A zero value of the discriminant function is
indecisive.

Validation Methods. The IFRAC classifier with each of
the two feature selection methods was tested by (1) cross­
validation and (2) training with one data set and testing with
another. Cross-validation involved leaving each observation
out, oneata time, from thetrainingsetand building a classifier
from the remaining observations; the classifier was then used
to classify the deleted observation. The second validation
method involved dividing each data set into two halves. One
half was used for training and the other half for testing. The
performance ofIFRAC was also compared withclassification
results and feature weights from Fisher's discriminant
method.

RESULTS AND DISCUSSION

Selective Normalization. Plots of the feature standard
deviations against the feature means for the four data sets
are shown in Figure 7. In Figure 7A, the feature means and
standard deviation for the Legionella sugar profiling data
(data set 1) are plotted. No single feature standa out as
unusual in this plot, and normalization ofthe dataset included

Table I. CompanIOn of the Classification Performance of
the IFRAC-l and IFRAC-2 Al.orithms ..ith Fisher's
Dioeriminant Function When Cross·Validation 10
Performed·

data no. of no. of no. of mioclassificatioDl

set features data points Fisher IFRAC·l IFRAC-2

lA 8 43 4 6 4
IB 8 41 3 2 1
lC 8 23 0 0 0
2 16 37 0 1 0
3A 4 100 0 0 0
3B 4 100 0 0 0
3C 4 100 4 5 3
4 36 24 11 2 2

• Data sets and algorithms are described in the tert.

all eight features. Figure 7C for the Iris dataalso reveals that
all four features indataset3have similar meansand standard
deviations; normalization included all four features for this
data set. Parts B and D of Figure 7 for data sets 2 and 4,
respectively, show features with means and standard devi­
ations that differ significantly from the rest of the features.
InFigure 7Bfor thePy-GC carbohydrate data, a singlefeature
(feature 9) has a higher mean and higher variability than the
other 16 features. The data in this set were selectively
normalized by dividing each feature value in the chromato­
gram by the sumofall features in thechromatogram excluding
feature 9. Figure 7D shows a similar effect in the Py-GC/MS
mouse fibroblast dataset (dataset4): a singlefeature (feature
16) was therefore excluded from the feature sum for nor­
malization, as described. With the IFRAC-1 and IFRAC-2
algorithms raw peak intensitieswerealways normalized before
feature selection. Fisher's discriminant method invariably
performed better without normalization and thus raw peak
intensities were employed in Fisher's method.

Clusifieation Results and Features Significance.
Table I presents a comparison of the cross-validation clas­
sification performance for the two algorithms, IFRAC-1 and
IFRAC-2, with results from Fisher's discriminant method.
The number of misclassifications for all four data sets are



ANALYTICAl CHEMISTRY, VOL. 64, NO. 20, OCTOBER 15, 1992 • 2388

1.0

J.5r----.,----,----r-----,----,

eq 12 (for IFRAC-2) in combination with the feature selection
process. That is, if a feature is excluded during feature
selection, its weight is set to zero. For Fisher's discriminant
method, feature significance was determined by multiplying
the feature weights assigned by eq 3 with the value of the
mean in each feature. Since the absolute values ofthe feature
weights varied among the data sets and algorithms, these
weights were normalized for comparison by dividing by the
square root of the sum of the squares of the weights for all
features. In all cases the feature weights were computed from
all samples in the respective data sets.

Data Set 1. The classification results for data set 1A are
shown in Tables I and II, and the feature significance values
are plotted in Figure 8A. In discriminating L. pneumophila
from the other two groups ofLegionella-like organisms, cross­
validation performance was not perfect. This was expected
because the principal component map of Figure 1 shows the
points representing Legionella samples surrounded by the
Fluoribacter and Tatlockia samples. IFRAC-1 assigns
weights to three features (features 8, 2, and 7 in order of
increasing significance). IFRAC-2 assigns weights to four
features (features 4, 5, 7, and 8 in order of increasing
significance). All other features were deleted from consid­
erationby the feature selection process in IFRAC-1 or IFRAC­
2. Fisher's method assigns high weights to features 2, 3, and
4 but still assigns small weights to the other features.
Examination of the data set revealed that two samples of F.
gormanii contained much more glucosamine than the other
samples of Fluoribacter, for which the glucosamine levels
were very low. These two samples were excluded from data
set 1A to create data set lB. The classification performance,
as shown in Tables I and II, increased significantly. As shown
in Figure 8B, IFRAC-2 now recognizes that only a single
feature, the amount ofthe sugar glucosamine, is required to
distinguish between the remaining species of Fluoribacter
and Tatlockia from those of L. pneumophila. Although
IFRAC-1 assigns [mite weights to all eight features, only two
features (7 and 8) are given high weights.

The three classifiers were also used to classify Tatlockia
from Fluoribacter species with the results shown as data set
1C in Tables I and II. There are wide differences between
the chromatograms of these two classes, and perfect classi­
fication was achieved with all three algorithms, as could be
expected from Figure 1. The feature significance plot for the
IFRAC-1 and IFRAC-2 algorithms shown in Figure 8C
indicate that these two genera can be separated from each
other on the basis of only the first two sugars, rhamnose and
fucose. IFRAC-1 selects only the rust feature, the amount
of rhamnose. IFRAC-2 gives equal weight to rhamnose and
fucOlle and, in this case, either peak discriminates Tatlockia
fromFluoribacter. Thefeature significancevalues for Fisher's
method are scattered over all features with the highest weight
also given to the first feature, rhamnose.

The feature significances noted here for data set 1 agree
with thOlle previously reported" with only one exception:
discrimination between L. pneumophila and the other
organisms by the relative amount of glucosamine had not
been noted.

Data Set 2. Classification performance for the Py-GC
carbohydrate data set is shown in Tables I and II, and feature
significance values are plotted in Figure 9. Both croBS­
validation and test data set validation show only one
misclassification with the IFRAC-l algorithm. IFRAC-1
selects, in order of increasing significance, features 8, 5, 16,
and 9 as the features bestdiscriminatinggalactose-containing
sugars from thOlle not containing galactose. IFRAC-2 selects
features 8 and 9 and achieves 100% classification. Fisher's
method, as before, spreads its weights around all the features,
with the highest weight assigned to feature 5. The ability of
feature 9 in these pyrograms to discriminate between galactose

no. of misclassifications

1 1 1
o 0 1
o 0 0
o 1 0
o 0 0
o 0 0
3 4 2
5 1 3

Fisher IFRAC-l IFRAC-2

21
20
11
18
50
50
50
12

no. of
data points

lA 8
IB 8
lC 8
2 16
3A 4
3B 4
3C 4
4 36
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Flgur. 10. Feature signiflcance (see text for defln~ion) accorded to
features by three Classification algorithms, for data set 3A (A), data
set 38 (8), and data set 3C (C). Open hlst~am bars represent resu~
from Fisher's discriminantmethod, cross-hatched bars representr~
from algorithm IFRAC-1, and solid barsrepresentres~ from algorithm
IFRAC-2.

tabulated for each algorithm in the three right-hand columns.
Table II shows a similar comparison of the three algorithms
for all four data sets when the data sets are split into training
and testing halves.

The relative significance of the features in determining
classification is shown for the four data sets in Figures 8-11.
Feature significance in the case of the IFRAC algorithms was
determined by the weight assigned by eq 8 (for IFRAC-l) or

Table II. Comparison of the Classification Performance of
the IFRAC-l and IFRAC-2 Algorithms with Fisher'.
Discriminant Function When Half the Data Set Is Used for
Training and Half Used for Teotinlf'

, Data sets and olgorithms are described in the text.

A
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FIgure 11. Feallre significance (see text for deftnllion) accorded by FIsher's discriminant aJgorllhm, to feafures In deta set 4.

and glucose was previously noted: for a typical galactose
pyrogram this single peak height is about 63 % of the peak
height sum for the 16 peaks while for glucose the same peak
is only 38% of the peak height sum." Although Fisher's
discriminant method performs well as a classifier, the weights
do not identify this prominent chemical marker in this data
set. In the three-dimensional principal components plot of
Figure 2, it is the third factor that tends to separate the two
groups: the eigenvector for this third factor is dominated by
feature 9.

Data Set 3. Fisher's Iris data was partitioned in three
different ways to test the discrimination ofeach combination
of two groups. As seen in Tables I and n, I. setosa samples
were discriminated from both I. versicolor and I. virginica
(data sets 3A and 38) with 100% accuracy by all three
algorithms. The other two classes, I. versicolor and I.
virginica, resemble each other more closely, and several
misclassifications occurred with all three algorithms during
both cross·validation and testing-training. These results are
consistent with the principal components plot of this data
shown in Figure 3. The feature significance plots in Figure
10A,B reveal that IFRAC-1 achieves its 100% classification
between I. setosa and either I. versicolor or I. virginica with
only one feature, feature 3 (petal length). IFRAC-2 assigns
equal weights to all four features but can achieve 100%
classification between these groups with anyone of the four
features. This observation is often neglected in many
presentations ofdiscriminant analysis applied to Fisher'sIris
data. The feature significance plot for the discrimination
between I. versicolor and I. virginica (Figure lOC) does not
emphasize anyone of the features.

DataSet 4. WiththePy--GC/MS dataon mouse fibroblast
cells, the IFRAC-1 and IFRAC-2 algorithms outperform
Fisher'sdiscriminant method in Closs-validationbyproducing
fewermisclassifications (better than90% accuracy). Fisher's
classifier performs very poorly, giving 11 misclassifications
out of a total of 24 patterns. One reason for this poor result
is that Fisher's discriminant function depends upon the
covariance structure of the data set and 24 observations are
inadequate for determining the covariance matrices required

for the purpose. The principal components plot of Figure 4
does not show clear separation of the two groups of samples.
Feature significance values for Fisher's discriminant method
and the two IFRAC algorithms are shown in Figure 11. The
performance of both IFRAC algorithms was better than that
of Fisher's discriminant method [two versus 11 misclassifi·
cations in Closs·validation (Table nl. Fisher's discriminant
weights do not identify any particular feature as discrimi­
nating. What is surprising is that only one feature, feature
16, was retained by the two IFRAC algorithms. This single
discriminating feature was identifiedas furfuryl alcohol, which
has been previously noted as a prominent pyrolysis product
from DNA.21 DNA is present at higher levels in malignant
cells22 and thesignificance ofthis result is discussed inanother
paper.I3

Effect of NormalizatioD, As noted above, normalization
is performed to compenaste for variations in sample amounts.
Normalization expresses each feature intensity as a fraction
of the total pattern intensity. Normalization is employed
(e.g., with chromatographic or mass spectral data) when the
sum of the feature intensities should be constant but is not:
if the weights of replicate samples vary, there will be
differences in the absolute peak intensities or areas but not
in the relative amounts of the peaks.

On all the four data sets tasted here, Fisher's discriminant
function performed better with raw data (not normalized),
in contrast to the two IFRAC algorithms that gave better
results when the data were normalized. These results were
expected. Fisher's discriminant function depends upon
covariance relationships betweenfeatures, and normalization
disturbs this relationship. Featureselectionand the reliability
function used in the IFRACalgorithms depend upon thescalar
distancesoffeature values from the midpointofthe two group
means. Normalization sca1ing of these distances is required
for IFRAC to function properly. Using normalization can be
dangerous when one or more features dominate the patterns,

(21) Eudy, L. W.; Walla, M. D.; Hudson, J. R.; Morgan, S. L.; Fox, A.
J. Anal. AppL PyroL 1985, 7, 231-247.

(22) POpetlCU, N. C.; DiPaplo, J. A. Cancer Ru. 1990,50, 131&-1323.
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Table III. Comparison of the Clas.ification Performance of the IFRAC-l and IFRAC-2 Algorithm. with Fi.her'.
DiocrimiDant Function When C.....-Validation II Performed on the Simulated Data (50 Data Points) of Figure 12

feature .ignificonce no. of mioclassificationo

FiBber IFRAC-l IFRAC-2 FiBher IFRAC-l IFRAC-2

Data Set A
raw data 0.682" Qb 0.564" 0

0.732' l' 0.826'
normalized data a" Qb 0.707" a

a' l' 0.707'

DataSetB
raw data 0.736b Qb 0.564" 0

0.677' l' 0.826'
normalized data ab Qb 0.707" a

a' 0' 0.707'

9

10

16

18

16

• FiBher's discriminant method weights are unstable because of ill-conditioning. " Feature significonce for feature 1. ' Feature significonce
for feature 2.

as pointed outpreviously.IS Selectivenormalization alleviates
this adverse effect by excluding features exhibiting extreme
feature velues, but does not completely solve the scaling
problem.

When highcorrelation existsamong two features important
to clasaification, both features together may provide sepa­
ration of groups while the two features taken individually
may not. Parts A and B of Figure 12 show two simulated
data sets (50 data points each) illustrating high correlation.
Parts C and D of Figure 12 show the same data after
normalization. Normalization tends to smoothoutvariations
induced by differences in sample amount that are reflected
in positive correlations among the features, such as seen in
Figure 12A. Since the sum of the feature velues is made
constant by normalization, the two feature velues after
normalization must be negatively correlated. The effect of
normalization is to project the data onto a diagonelline elong
a direction ofnegative correlation. This is seen clearly in the
plotof the normalized data (Figure 12C,D). Ifthe two classes
are separated as in Figure 12B, the projection of the space

between the two clusters of data overlaps with projections of
points from both classes. In this case normalization has an
adverse effect on the separability of classification.

These two simulated data sets were classified before and
after normalization by the three algorithms with the results
listed in Table m. On cross-velidation, Fisher's algorithm
classified the two groups perfectly using the raw (not
normalized data) data. IFRAC-l and IFRAC-2 algorithms
showed a classification accuracyof82 % and 64%, respectively,
with the data set plotted in Figure 12A. When the data were
normalized, clasaification accuracy ofboth the IFRAC-l and
IFRAC-2 algorithms improved to98%. With the data set of
Figure 12B, the clasaification accuracy of IFRAC-l and
IFRAC-2 was 80% and 98%, respectively. After normel­
ization, the clasaification accuracy of both the algorithms
dropped to 68 %.

Effect of Autoscaling. Autoscaling, or subtracting the
mean and dividing by the standard deviation ofeach feature,
converts each feature in the data set to having a mean ofzero
and a standard deviation of one. This common data trans-
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formation removes inadvertentweighting caused by different
means or different magnitudes of variation in each pattern
dimension. The effect of autoscaling was tested for each
algorithm on each data set. Autoscaling does not have a
significant effecton the classification performance or feature
weights of Fisher's discriminant method. This makes sense
because calculation of covariance matrices involves subtract­
ing the mean from the data. For the two IFRAC algorithms,
autoscaling decreased classification performance, and nor­
malizing before autoscaling did not improve results. If a
chemical marker is present in a data set, autoscaling tends
to reduce its prominence. Autoscaling had no effect on the
performance of the IFRAC algorithms on the simulated data
set of Figure 12 because no single discriminating feature is
present.

CONCLUSIONS

Achieving statistical significance in multivariate classifi­
cation is often suggested to require a number ofsamplesmuch
larger than the number of features.3,4,23-25 This requirement
is difficult to satisfy with chromatographic or mass spectral
data sets where the dimensionality (number of chromato­
graphic peaks or number of masses) is high. Ritter and
Woodruff26 point out that the critical factor for linear
separability ofgroups is not the number offeatures measured
but is the intrinsic dimensionality of the data, given by the
number of orthogonal dimensions spanned by the data.
Principal components analysis is often used to reduce the
dimensionality of the data prior to discriminant analysis.21

However, eigenvectors determined by principal components
analysis are orthogonal directions of maximum variability
and specifically targeted groups in the data may not neces­
sarily separate along these directions. For example, Figure
4 does not clearly reveal separation of groups for data set 4.

The individnal feature reliability classifier discussed here
treats n dimensional data sets as n independent dimensions.
This important characteristic of our approach helps to
alleviate the 'curse of dimensionality". Data set 4, with only
24 samples in 36 dimensions, is particularly illustrative in
this regard. One reason for the better performance of the
IFRAC algorithms on this data set is that feature selection
deleted variables contributing onlynoise to the dataset. Even
when all features were retained, the accuracy of the IFRAC-l
algorithm on data set 4 remained high at 80% correct
classifications. Independent verification confirms that the
feature assigned a high weight by the IFRAC algorithms
(feature 16) is a discriminator having biologicalsignificance.13

Classification performanceofbothclassifierswas compared
for normalized versus nonnormalized data. Data normal­
ization is a prerequisite for the IFRAC methods described
here. Fisher's discriminant function performed better with
the original data in contrast to the IFRAC classifiers that
gave better results with normalized data.

The two feature selection methods used here with IFRAC
differ from each other in that the feature weights assigned
by IFRAC-2 are affected to a lesser extent by the within­
group variances. For example, let a and b represent two
features, each of which can discriminate between the two
groups with 100% accuracy. If feature a has a large within­
group variance and/or smaller difference in group means as
compared with feature b, it will be assigned a lower weight
than feature b by IFRAC-l. IFRAC-2 on the other band will
assign equalweights to the twofeatures, because bothfeatures

(23) Derde, M. P., Massart, D. 1. Anal. ClUm. Acta 1989,223, 1lf-44.
(24) Lavine, B. K.;JII1ll, P. C.; Henry, D. R. J. Chemam. 1998,2,1-10.
(25) Devijver, P. A.; Kittler, J. Pattern Recognition.: A Statistical

Approach; Prentice/Halllntemational: EDlllewood Cliffs, NJ, 1982.
(26) Ritter, G. 1.; Woodruff, H. B. Anal. Chem. 1977,49,211&-2118.
(27) YendIe, P. W.; MacFie, H. J. H. J. Chemam. 1989, 3, 58~.

can independently discriminate between the two groups. For
that reason, IFRAC-2 assigns equal weights to all the four
features for classification of the Iris data in data sets 3A and
3B (Figure 10A,B).

Both IFRAC algorithms show classification performance
competitive with Fisher's discriminantfunction, The IFRAC
algorithms presented here do not require the large number
of samples generally required for data with a large number
of features, The simplicity and efficiency of not having to
compute or invert covariance matrices can be importantwith
a large number of features and close-to-singular covariance
matrices (as was the case in data set 4), When covariance
matrices are ill-determined, itmaynot be possible to compute
the inverse, or round-off error becomes significant, Because
covariance matrices or inverses need not be computed, the
algorithmic efficiencies of the IFRAC classifiers discussed
here are high, Feature extraction procedures that combine
original features to form more discriminating features are
not required, Information on the individual discrimination
significance ofthe original features is retained, Transforming
a feature value into a reliability function ensures that the
contributions of small but well-discriminating features are
not overlooked simply because of the size of their feature
values.

Features with the highest weights given by IFRAC and
Fisher are different. Even though IFRAC selects a different
set offeatures (usually fewer) than Fisher, the classification
performance is comparable to Fisher on the data sets tested.
IFRAC provides additional information that the selected
features are individually important for classification. The
chemist is ultimately interested in translating a statistical
discrimination between two groups of samples into actual
chemicaldifferences. Thesearchfor uniquechemicalmarkers
for different classes of chemical and biological materials
represents an extension of the same goal. The optimal set of
features for discriminating among two groups, in a multi­
variate sense, may not correctly project features that can
individually provide best discrimination among these given
groups in the sense of chemical markers.

illtimately, the chemist is interested in interpreting the
statisticalachievementofdiscrimination in terms ofchemical
markers. The individual feature reliability approach to
classification described here provides a powerfuland effective
method of realizing that goal.
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Flow Determination of Dissolved Inorganic Carbon Using the
Alternate Washing System Equipped with a Potentiometric Gas
Electrode

Hirokazu Hara; Yohzoh Okabe, and Tomoko Kitagawa

Department of Chemistry, Faculty of Education, Shiga University, Otsu, Shiga 520, Japan

The a"ernate washing system equipped w"h a potentiometric
carbon dIoxJcle MnBIllvell8_ eIec:lrocIe W88 prepared for the
determination of cIIe80Ived inorganic carbon. The delIIgn of
lhlB system IB b88ed on the a"ernate Inlroductlon of a amnple
8OlulIon and a w88hlng stream Into a flow cell by means of
a four-way valve controlled by a mlcrocompuler. ThIB enab1e8
Blmple. quick, and aelectlve determination of dlBBolved
Inorganic carbon In dlBcrete 88mpleB. The 11m" of linear
reaponae W88 ca. 2 X 1~ M. Determination at pH 5 IB
propoeed becauulhe Interference from var\oua volat" weak
8CIdlI such .. nIlr"e. auIfIcIe. or hydrogen 1II""e can be much
reduced w"houl 88crlflclng aenelllv"y. ThIB system wa_

applied to natural water ana".... and the relllb were
compared -"h U- of 81kalln"Y.

INTRODUCTION

Dissolved inorganiccarbon (DIC) is one ofthe major anionic
components in natural waters in addition to sulfate and
chloride. Although its form can be varied according to the
samplepH, bicarbonate is believed to be the majorcomponent
in natural waters having neutralorslightly alkaline pHvalues.
The concentration of DIC is related to the activity of
photosynthesis of phytoplanktons or the respiratory activity
of microorganism. The equilibrium concentration of DIC in
pure water is about 1.5 X 10-5 M (1 M = 1 mol dm-3) due to
the diBBolution of carbon dioxide from the air.l while the
concentration ofDIC in river water lies in the range of (2-20)
x 10'" M in the Shiga prefecture.

Carbon dioxide sensitive gas electrodes have been utilized
for the determination ofDIC in various samplessuch as power
station water,2 sea water,3 pond water used for a growth
experiment ofphytoplanktons.' and others.5-7 Though this
type ofgas sensor has a perfect selectivityagainst ionic species
due to the microporous hydrophobic membrane, some volatile
inorganic andorganicacids are reported to cause interference.
The interference has been examined from the viewpoint of
a steady-state modelS or a dynamic response.9

(1) Kolthoff, I. M.; Sandel, E. B.; Meehan, E. J.; Bruckenstein, S.
Quantitative Chemical Analysis, 4th 00.; Macmillan: London, 1969; p
781.

(2) Midgley, D. Analyst 1975, 100, 386-399.
(3) Nagashima, K.; Washio, Y.; Suzuki, S. Bunseki Kagoku 1984,33,

TlOll-T112.
(4) Kawai, T.; Miyamoto, K.; Umezawa, Y. Bunseki Kogaku 1990,39,

64!Hl53.
(5) Takano, S.; Kondoh, Y.; Ohtsuka, H. Anal. Chern. 1985,57,1523­

1526.
(6) Collison, M. E.; Aebli, G. V. ; Petty, J.; Meyerhoff, M. E. Anal.

Chern. 1989,61,2365-2372.
(7) Nikolelis, D. P.; Krull, U. J. Analyst 1990,115,883-888.
(8) Lopez, M. E. Anal. Chern. 1984, 56, 2300-2366.
(9) Morf, W. E.; MOtltert, I. A.; Simon, W. Anal. Chern. 1985,57,1122­

1126.
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Recently, we developed a new design of a flow analysis
system called the alternate washing method. lO With this
system. we demonstrated that the selectivity of an ammonia
gas electrode for some volatile antines was improved because
the so-called pseudoequilibrium potentials were measured.

In this paper. this method was used in the determination
ofDIC using a carbon dioxide gas electrode. The interference
from six inorganic and organic acids was examined and
compared with the results from the conventional continuous­
flow method. Although the pH ofa sample solution was found
to be the most important factor in reducing the interference,
the alternate washing principle was also effective in reducing
the interference in some cases. The system was applied to
the analysis of natural water samples.

EXPERIMENTAL SECTION

Apparatus. The body of an ammonia gas electrode (Orion
95-12) equipped with a flow-through cap (Orion 95-12-25) and
a PTFE membrane (Orion 95-12-04) was used as a carbon dioxide
gas sensor. The internal filling solution was a mixture of 0.001
M sodium bicarbonate and 0.019 M potaBBium chloride and was
saturated with silver chloride. For the measurement of a sulfide
solution, silver chloride was not added in order to avoid the
reaction between a silver ion and dihydrogen sulfide. Potentials
at 25 ± 1 °C were measured by a digital ion meter (Orion 701A)
and were transmitted every 0.6 s into a microcomputer (NEC
PC8801 MkIl) through an 8-bit parallel I/O interface.'· The
general I/O port of the microcomputer was used to send an on­
off signal to an automatic four-way valve (Kusano Kagakukikai
Model KAV--4L) and two pinch valves (Takasago Electric Inc.•
PK-0305-NC) to control the switchover. The potential values
were also recorded by an analog pen recorder (Rikadenki Model
R11). The response time, washing time, and their sum (measuring
time) were also measured bya microcomputer and recorded with
a printer together with measured potentials. Three peristaltic
pumps were used to deliver the sample and buffer solutions (Atto
Model SJ1211H x2) and the wash solution. i.e., 0.01 M sodium
hydroxide (Atto Model AC2110).

In the continuous-flow measurement. the sample and buffer
solutions were mixed in a small mixing chamber before transfer
into the flow-through cap.

Reagents. Guaranteed reagent-grade reagents were purchased
from Nacalai Tesque (Kyoto). Ultrapure water prepared with
a Milli-Q Labo purificiation system (Millipore) was used for the
preparation ofdilute standard bicarbonate solutions (0.5, 1, and
2 X 10-4 M).

To control the pH of a sample solution, 0.14 M sulfuric acid
was used for pH 2 and a mixture of citric acid and disodium
hydrogen phosphate (Mcllvaine's buffer") was used to keep the
pH at 3. 4, 5, and 6. The actual pH after mixing with sodium
bicarbonate standard solutions was found to be 1.96, 3.07. 4.06,
5.07, and 6.05 on the average. The concentrations of citric acid
and Na,HPO. are 0.048 and 0.103 M at pH 5 after mixing with

(10) Hara, H.; Motoike, A.; Okazaki, S. Anal. Chern. 1987,59,1995­
1999.

(11) Mashiko, Y. Theory and measurement of pH; Tokyo kagaku
dojin: Tokyo, 1967; p 67.

© '992 American Chemical Society
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a sample solution, which was high enough to keep the pH of all
the sample solutions within +0.06.

Scheme of Alternate Washing System. The scheme and
operation principle of the system was essentially identical to
that described in detail in a previous paper.IO A sample solution
premixed with a buffer and a wash solution was alternately
introduced into the flow cell via a four-way valve. The system
was modified so that the wash solution returned into the reservoir
via the pinch valve at the measuring stage of a sample solution.
The flow rates ofsample, buffer, and wash solutions were adjusted
to 8.0, 0.6, and 15.6 mL min-I so as to get the maximum sample
throughput. The switchover of the four--way valve from sample
towasb was programed to occur when the potentialfllStdeereased
below the predetermined value, Le., the measured potential at
5 x 10-6 M minus 10 mV. The switchover of the four-way valve
from sample to wash occurred when a potential difference within
,1,0.1 mV was observed more than 40 times between two sueceasive
measurements. The number 40 was determined by the prelim·
inaryexperimentsatpH 5sothat the measured potentials reached
atleast97% ofthe final equilibriumpotential inthe concentration
range of 2 x 10-< and 1 x 10-' M. The time difference between
the switchovers from wash to sample was defined as the response
time, that from sample to wash was defined as the washing time,
and the sum, the measuring time, was the time required for one
measurement.

Selectivity. The interference from nitrite, hydrogen sulfite,
sulfide, acetate, formate, and ben20ate was evaluated by the
selectivity coefficient calculated from the following equation:

J(POt = [(10(E,-EJJ/Sl -1) x 10-sI/C; (1)

where E; and Eb are the measured potentials for a 1O-s M sodium
bicarbonate solution with and without an interferent of con­
centration Ci. The slope Swas calculated from the linear portion
ofacalibrationeurve, Le., 2 x 10-< to 1 x 100'M. Hthedifference
between E i and Eb was equal to or leas htan ,1,1.0 mV, the value
of Kpot was defmed to be zero.

Alkalinity. The pH 4.8 alkalinity was measured according
to the testing method for industrial water." A l00-mL portion
ofsample solutions was titrated with sulfuric acid to pH 4.8. The
pH 4.3 alkalinity was also measured for comparison. IS

RESULTS AND DISCUSSION

Optimization ofthe System. The effect of the flow rate
ofsample solutions on the measuring time was examined with
1 X 10-4 M and 1 X 10-' M bicarbonate solutions at pH 2. The
flow rates were varied from 4 to 8 mL min-I; the ratio of flow
rates of the sample and wash solutions Were kept constant.
The response time at 1 X 10-' M was almost independent of
the flow rate, while the response time at 1 X 10-4 M decreased
with increasing flow rate. The washing time at 1 X 10-' M
decreased with increasing flow rate, while the washing time
at 1 X 10-4 M was independentofthe flow rate. Consequently,
the measuring time became minimum at the highest flow
rate tested at both concentrations.

Nagashima et al. recommended using a 0.1 M sodium
hydroxide solution as a wash solution in their flow system for
the DIC measurement in Sea water.S In our experiment,
distilled water was not effective as a wash solution probably
because ofthe slow dissolution rate ofcarbon dioxide. Though
the blank level of DIC in ultrapure water was less than that
in distilled water, the washing time became rather long in
comparison with that of a sodium hydroxide solution. The
best concentration of sodium hydroxide was determined to
be 0.01 M based on ease of treatment and experimental cost.

As an internal filling solution, three compositions Were
tested: (1) 1 X Hr' M NaHCOs + 1 X 10-' M KCI, (2) 1 X
IO-s M NaHCOs + 1.9 X 10-' M KCI, and (3) 1 X 10-4 M

(12) Japan Industrial Standards: TestingMetbodsfor IndllBtriaIWator
KOIOI, 1986.

(13) Han'ya, T.; Ogura, N. Examination of water quality, 2nd ed.j
Maruzen: Tokyo, 1985; p 244.
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figure 1. pH depelldet ICe of the ealbrallon CI.IV88. The CINeS were
mea....eel al pH 2 (0), 3(e), 4 (X), 5, and 8. The smaR triangle shows
the Nemstlan slope.

NaHCOs + 1.99 X 10-2 M KCL In order to stabilize the
potential of the internal silver/silver chloride reference
electrode, these solutions Were saturated with silver chloride.
In the calibration graphs at pH 2, the abnormally low peak
potential at 10-< M bicarbonate solution was observed with
internal filling solution I, probably due to the very slow
response. Although the response speed was normal, the slope
ofthe calibration curve wasratheramall (4&-53mV decade-I)
with solution 3. A Nemstian slope was obtained with solution
2, which was used for further experiments.

pH Depdendence 01 the Calibration Graph. The form
of DIC changes according to the sample pH. Below pH 4.4,
the DIC should mainly exist as carbonic acid (or aqueous
carbon dioxide). The ratioofbicarbonate increases at higher
pH values, but this is believed to cause a decrease in
sensitivity."14 Figure 1 shows the pH dependence of the
calibration eurves. At pH 2-4, the three calibration eurves
were almost identical. The linear response range was from
1 X 10-' M down to 2 X 10-< M. At pH 5, a linear response
down to 2 X10-< M was also obtained; however, the potentials
at each concentrationdecreased 2--6 mV. This linear response
range was sufficient for natural water analysis.

At pH 6, the potentials decreased so much that a linear
response was observed only down to 5 X 10-4 M. Further
experiments were performed at pH 5, considering the
improved selectivity as shown later.

Performance 01 the Systemat pH 6. Figure 2 shows the
dynamic response time eurves for standard sodium bicar­
bonate solutions. A potential undershoot was observed in
the washing process in the low concentration ranges. The
reproducibility of two peaks was usually within 1 mV. The
reproducibility of the mean value of two peaks for two runs
was 0.9,1.5,1.9,3.1,3.2, and 3.8 mV for 30, 10, 5, 2, 1,0.5 X
10-4M solutions, respectively. This resuJtshows the existence
of carry over, which seems to be a weak point of the gas
electrode. It is usually the best way to reduce carry over by
repeating the measurement of the same solution.lo For
example, the error caused by carry over from 1 X 10-' to 1 X
10-3 M was +15% on the average of 15 independent data
(range: 9.9-20.4%), and five repeated measurements of 1 X
10-3 M Were enough to eliminate carry OVer.

(14) Fiedler, U.; Hansen, E. H.; RUziCka, J. Anal. Chim. Acto 1975, 74,
423-435.
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-100

-50 Nonetheless, the error was within 7% in all cases listed, which
was not very bad, considering the logarithmic character of
the sensor.

Selectivity, Lopez studied the selectivity of the poten­
tiometric carbon dioxide gas-sensing electrode.8 Her impor­
tant conclusion was that the selectivity is governed primarily
by the acidity rather than the volatility of the interferents.
Among the interferents she tested, six substances which are
sources of the possible interference in natural water analysis
were selected. Table III gives the apparent selectivity
coefficients for six interferentsatpH 2and5 bythe continuous
flow method and the alternate washing method. The repro­
ducibility of these values is rather poor as judged from the
standard deviation, partly because they are rather sensitive
to the slight variation of the slope of a calibration graph.
Nevertheless, several conclusions can be deduced from the
table.

First, the pH is of primary importance relative to the
selectivity coefficient obtained by both methods. Only
benzoate showed little interference at both pHs, probably
because of the low vapor pressure of benzoic acid.8 The
percentage of undissociated species versus the total concen­
tration can be calculated using the pK. values given in the
table. AtpH 2, over 95%ofthese ions exists in undi880Ciated
form except HSO,- (about 37%). On the contrary, the
percentage decreased to 2%,0.06 %, 37%,and 5%for nitrite,
hydrogen sulfite, acetate, and formate at pH 5. This is the
reason forthe remarkabledecrease in the selectivitycoefficient
atpH 5. Onlysulfide exists in undissociated form even atpH
5. The decrease in interference from sulfide at pH 5 cannot
be explained by the difference in the degree of dissociation
at each pH.

Morf et al. reported that the sharp increase and the
subsequent gradual decrease in potential could be expected
after the step change from a 10-< M CO2 sample to a 10-2 M
solution of H 2S with a CO2 gas electrode having a silicone
rubber membrane." However, the time response curve was
monotonous in everycontinuous-flowmeasurement including
the case of sulfide, although the rapid increase in potential
was observed in some cases. Further examination will be
necessary to understand the interfering behavior of sulfide
when the microporous PTFE membrane is used.

When the results ofthe alternate washing method (AWM)
are compared with those of the continuous-flow method
(CFM), the interference can be said to decrease at both pHs,
except for the cases when the interference is very large. In
theAWM, the pseudoequilibriumpotential, which was usually
smaller than the equilibrium potential obtained by the CFM,
was measured. It is natural that the apparent selectivity
coefficient of the AWM was usually smaller than that of the
CFM. This is the significant feature ofthe AWM: the ability
to measure a signal that is transient but very near to the true
equilibrium for a standard bicarbonate solution and relatively
far from the equilibrium for solutions containing the inter­
fering substance. In the AWM, the interference at pH 5 was
almost completely removed for all interferents tested except
sulfide at least in the concentration range below 10-< M.

The observed sequence of the interference at pH 2 was as
follows: hydrogen sulfite> nitrite> sulfide > formate >
acetate> benzoate. This sequence is in accordance with that
ofthe pK. only for hydrogensulfiteand nitrite and for formate
and acetate. This result seems to be in conflict with the
conclusion of Lopez, at least for sulfide and benzoate.
However, part of the discrepancy with the results of Lopez
may be ascribed to differences in the experimental conditions
such as the concentration of NaHCO, in the internal filling
solution (0.01 M was used), the concentration of the inter-

504020 30
Time/min

UJ

[NaHCOaJ,M % rei
smtadded found (mean) stddev stddev % error

2 X 10-< 2.03 X 10-< 0.0297 X 10-< 1.5 1.5
5 X 10-< 5.34 X 10-< 0.0888 X 10-< 1.7 6.8

10-' 1.07 X 10-' 0.0096 X 10-' 0.9 6.5
3 X 10-' 3.14 X 10-' 0.0724 X 10-' 2.3 4.7

10-2 1.01 X 10-2 0.0169 X 10-2 1.7 0.6

response washing messuring
[NaHCO,I. time,s time, s time,s

M mean" .tddev mean" stddev mean" .tddev

10-< 72.2 7.38 20.1 5.92 92.4 11.4
10-' 76.1 6.99 39.9 13.4 116.1 18.7
10-2 75.2 7.90 68.3 19.1 143.9 24.0

Table II. Bepeatabllity of 20 Succalsive Mealurementl at
pH5

>
E

Table I. DylllLDlic Be8ponse CbaraCteriitiCI of the SYltem
atpH5

FIguN 2. The po1IllnIIaI response Cl.fV8 for sodIuT1 bicarbonatestandard
soIulIons at pH 5. The concentrations of blcarbonate corresponding
to 88m psi" of peaks are increasing In IIle order of 5 X 10-'. 1, 2.
5 X 1~, 1.3 X 10-' and 1 X 10-2 M,IIle" decreasing In the reverse
order. The tnt peak meas"ed for 5 X 10-' M bicarbonate was
necessary for IIle detern*lallon of IIle base potential (shown by IIle
broken Ine).

" Results of 12 independent messurements. Two peaks of each
concentration were used for calculstion.

Table I summarizes the response time, washing time. and
measuring time from 12 independent measurements. Inter­
estingly, the concentration dependence of the response time
was insignificant, while the washing time strongly depended
on the concentration of bicarbonate. AB a result, the
measuring time became longer as the concentration increased.
It can be concluded that the measuring time for one sample
was 1.5--3 min in the concentration range examined. (It is
noteworthy that the measuring time of a sample of a certain
concentration depends on the concentration of the base
solution.)

Table IT gives the results of 20 successive measurements
performed after one set of a calibration run from 5 X 1~ to
1 X 10-2 M (and several repeated measurements of 1 X 10-'
M for 2 and 5 X 10-< M solutions in order to reduce the effect
of carry over). Concentration ofeach peak was calculated by
the equation of the regrellllion line obtained from the linear
partofacalibration graph (2 X10-< to 1 X10-2 M). ABjudged
from the relative standard deviation of 20 peaks, the
repeatability is fairly good. However, a positive drift in peak
potentials was observed at 3 X10-' M. Carry over is also the
reason of the positive error at 5 X 10-< and 1 X 10-' M.
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Table In. Selectivity CoefficieDt for Volatile InterfereDttI

apparent selectivity coefficient"

at pH 2 atpH5

interferent pK. concn,M AWMb CFM' AWMb CFM'

nitrite 3.29 l()~ 0 700 % 200 (n = 4) 0 0
10-< 1000 % 100 (n - 4) 1000 % 200 (n - 4) 0 1%0.9(n=4)
10-3 800 % 100 (n =3) 800 % 200 (n =4) 0.1 % 0.05 (n - 4) 10 % 2 (n =4)

hydrogen sulfite 1.76 10-5 20%10(n=6) 2000 % 1000 (n =3) 0 0
10-< 5000 % 700 (n - 3) 5000 % 1000 (n =3) 0 0
10-3 4000 % 400 (n = 4) 4000 % 500 (n = 3) -0.1 % 0.02 (n =6) 4%2(n=4)

sulfide 7.0 1~ 0 30% 10 (n = 4) 0 10% 1 (n = 3)
10-< 2%0.4(n=6) 1oo%4O(n=4) 0.6 % 0.1 (n =4) 2%2(n=4)
10-3 300 % 100 (n = 4) 300% 100 (n - 6) 0.3 % 0.05 (n =6) 0.6 %O.4(n = 6)

acetate 4.76 10-< 0 2%1(n=3) 0 0
10-3 <0.1 20%6 (n = 4) 0 1%0.4(n-4)

formate 3.75 10-< 0 3%1(n=4) 0 0
10-3 <0.1 1OO%50(n-4) 0 0

benzoate 4.21 10-< 0 1%0.8(n-3) 0 0
10-3 0 0.3 % 0.2 (n =3) 0 0

a Mixed solution method """" used for 10-3 M sodium bicarbonate. Mean % SD is shown with number of data. b Alternate washing method.
C Continuous-flow method.

FIgon 4. The lime response c..".,. of 10-' M bicarbonate aoIutIon
In the pr-.ce of 10-'. 10-<, and 10-" M IIOdkITI nltrlle (CWVlIS 1, 2.
and 3, reopectIvely) -..red by the contInuouB flow method at ..ch
pH.

change is very fast (see curve 1 at pH 2, 3, or 4), the potential
of the horizontal part is also recorded in the AWM as in the
CFM. However, potential values much nearer to that of the
10-3 M bicarbonate solution are measured in the AWM, if the
rate of potential change is slower than 10 mV min-' as was
the case for curve 3 at pH 2. Thus, the method of potential
measurement in the AWM is useful for improving the
apparent aelectivity.

Nattual Water Analyais. Table IV shows the results of
the DIC measurement for natural water samples. The
alkalinities ofpH 4.8 and 4.3 are included in the table because
these values have often been used as a measure of the DIC
in aquatic chemistry.

The interference fromvolatile inorganicand organicspecies
was concluded to be negligible because the values with the
pH 2 buffer agreed with those with the pH 5 buffer very well

>
E

UJ
<3

50

o
4 5

pH

fig... 3. pH dependenceof the interference from nItrtte. The potential
<lfference betw-. the two 10-' M bicarbonate sOOlIons with and
w1lhoul 10-', 10.... and 10-' M sodl.." nltrlle (ClI'VeS 1, 2. and 3.
respectively) is plotted against the pH of a sample solution after mixing
with a buffer stream. The error bar corresponds to the standard
deviation of lour independent data 01 the continuous flow method. -

ferents and the difference in the method used to obtsin the
selectivitycoefficient (aseparatesolution method was usedS).

Among the interferents tested, nitrite is most important
for river water analysis because its concentration in polluted
river waters sometimes exceeds 1 X 10-5 M in the Shiga
prefecture. The effect of the coexistence of nitrite was
examined by the continuous-flow method and the results are
shown in the following two figures. Figure 3 shows the pH
dependence of the increase in potential caused by the
coexistence ofsodium nitrite in sodium bicarbonate solution.
The interference almost disappeared at pH 5 for 1 X 10-< M
nitrite solution (curve 2) even in the continuous-flow mea­
surement. Figure 4 shows the time response curves of a
mixture ofnitrite and bicarbonate at each pH. In the AWM,
the potential value is recorded after 40 occasions in which the
potential difference of two successive measurements every
0.6 s was within ,1,0.1 mY. This means that the maximum
potential change during 24 s should be below 4 mV (i.e., dE
dt-' <10 mVmin-') for the switchover. ITthe rate ofpotential

>200~PH2
E ,

wlOO
<l

3

o
o 30

Time/min

>200b
H4

E 1
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o 30

Timel min
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Table IV. Beall1ts of Natural Water ADalYlil

(15) Kuwaki,T.;T&i,K.;Akiba,M.;Oahima,M.;Motomizu,S.Bunseki
Kogaku 1987, 36, TI32-T135.

• Diaaolved inorganic carbon measured by the alternate washing
method with the buffer of pH 2 or 5.

(correlation coefficient r - 0.9986). The concentration of
nitrite was below 1 x 10-5 M in all samples.

The alkalinity was obtained by titration with a sulfuric
acid solution. Both the pH 4.8 alkalinity and the pH 4.3
alkalinity are often used as a measure of the concentration
of bicarbonate. Although the correlation between the DIC

values measured with the pH 5 buffer and the alkalinity was
very high (r '" 0.996 for the pH 4.8 alkalinity and r =0.997
for the pH 4.3 alkalinity), the slopea of the regression lines
are 0.78 and 0.79, respectively. This result means that the
alkalinity is not directly correlated with the DIC measured
in thia method. On the other hand, Kuwaki et al.15 reported
that the DIC values in natural waters measured by a gas
diffusion/flowinjection analysis with a photometricdetection
syatem agreed well with the results obtained by indirect
photometric ion chromatography (the error was within :1:2.2%
for five river water samples). Because their syatem used also
the gas diffusion principle, the DIC values measured in our
syatemmaycorrespondto the total concentration ofcarbonate
species. The reasonable interpretatino of the alkalinity is
beyondthe scope ofthis paper andwill require further studies.
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2.36 2.28 2.11 2.62
6.62 6.89 6.04 6.57
2.39 2.29 2.36 2.81
5.68 5.62 5.14 5.62
5.96 5.93 5.31 5.82
7.23 7.19 6.49 6.97
9.92 9.63 7.92 8.47
9.96 9.91 8.15 8.69

DIe," x 10' M slkalinity, x 10' equiv L-1

pH2 pH5 pH 4.8 pH 4.3

pond water
Lake Biwa

river 1
2
3
4
5
6

sample
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Theory of the Interfacial Potential Distribution and Reversible
Voltammetric Response of Electrodes Coated with
Electroactive Molecular Films

Chrietopher P. Smith and Henry S. White'

Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapol~, Minnesota 55455

An analytical expreaalOn for the Interfacial potential dlstrlbutton
at m.tal.lectrod..coated with rnonoIayer end eubmonolay.r
IIrns 01 electroacllv. molecules Is reported. The drlvtng force
for reversible electron transfer between the meteI and
eIectroactIve ecI80rbete Is calculated from the interfacial
potential distribution end Is used to predict the curr....-voItage
wave 8hepe In cyclic voHenwnetrIc:.xperIments. The Ihepe
01 the voltammetrlc wave and the potenUal at which It Is
observed are shown to be IunctIOna 01 the thlck_ end
dielectric constant of the ed80rbate film, the eurlace con­
centration 01 .Iectroacllve adeorbate, the concentration and
type 01 supporting electrolyte, the 80Ivent dielectric constant,
end the potential 01 zero charge (E,.zc). An eneIyUcal
exprealon Is also presented for the capacitance oIacl8orbate­
covered electrodes.

INTRODUCTION

Cyclic voltammetrY is the most frequently used electro­
chemical method for investigating the structure andelectron­
transfer dynamics of redox species that are adsorbed or
covalently attached to an electrode surface. The established
theoryl of the voltammetric response of an electrode coated
with a molecular film containing a reversible electroactive
couple, O'o/R"',

0'" + ne- """ R" (1)

yields three major predictions concerning the shape of the
voltammetric wave: (i) the maximum value of the voltam­
metric current (i.e., the peak current) is directly proportional
to the total surface concentration of redox centers, r T (mol
m-2), and occurs at the standard redox potential, EO, of eq 1;
(ii) the voltammetric wave issymmetricaboutthepeakcurrent
and has a width of90.6 mV/n, wheren =ZO-ZR; and (iii) the
position ofthe voltammetric wave and its width are invariant
with rT. These predictions are frequently not born out in
experimental results. In particular, voltammetric waves of
the adsorbed redox species are usually significantly broader
than predicted. Electrochemical investigations of self­
assemblying redox films2--9 (e.g., alkanethiols deriviti2ed with
a pendant ferrocene group2,3), also show an unusual depend­
ence of the apparent Eo on rT3,7 in addition to the usual wave

(1) Bard, A. J.; Faulkner, L. R Electrochemical Methods; J. Wiley:
New York, 1980.

(2) Creager, S. E.; Rowe, G. K. Anal. Chim. Acta 1991,246, 233. Rowe,
G. K.; Creager, S. E. LangmUIr 1991, 7, 2307.

(3) Chidsey, C. E. D.; Bertozzi, C. R; Putvinski, T. M.; Mujsce, A. M.
J. Am. Chem. Soc. 1990, 112, 4301.

(4) Lee, K. A. B. Langmuir 1990,6,709.
(5) De Long. H. C.; Buttry, D. A. Langmuir 1990, 6, 1319.
(6) Collard, D. M.; Fox, M. A. Langmuir 1991, 7, 1192.
(7) Acevedo, D.; Abruila, H. D. J. Phys. Chem. 1991, 95, 9590.
(8) Diaz. A.; Kaifer, A. E. J. Electroanal. Chem. 1988,249,333.
(9) Bae, I. T.; Huang, H.; Yeager, E. B.; Scberson, D. A. Langmuir

1991,7,1558.

0003-2700/9210364-2398$03.00/0

broadening. Excluding the effects of slow electron transfer
(which introduce an asymmetrY in the wave shape and can
readily be diagnosed as such), these nonideal behaviors are
frequently attributed to one or more ofthe following: surface
activityeffects,'0,1l inhomogeneities in the chemicalstructure
of the film,3,12 an oxidation state dependence of the redox
species' pemranentdipole,IS and ionpairingbetween the redox
film and electrolyte counterions.2,7 Various models baaed on
these effects have heen developed to predict the nonideal
voltammetric response which, under favorable cirClllD8tances,
allows one to extract empirical fitting parameters from the
data (e.g., "interactionparameters"). While these parameters
characteri2e the departure oftheexperimentalvoltammogram
from ideal behavior, theycannotbederived from the molecular
properties of the film in a straightforward manner.

In addition to the heuristic nature of the above mentioned
models, a significant omission of each is that they do not
consider the effects of the interfacial potential distribution
on the energetics ofthe electron-tranafer reaction. Consider,
for instance, Figure I, which schematically depicts the
structures of two electroactive fthns. In each case, the redox
center of the molecule is assumed to be located at a fmite
distance from theelectrodesurface, correspondingto the plane
of electron tranafer (PET). If ions are unable to penetrate
into the molecular film, the interfacial potential profiles that
we anticipate to find in these systems are characterized by
a linear potential distribution between the electrode surface
and the PET and a nonlinear potential decay in the solution
phase, Figure 1A. Ifaportionofthe moleculeextends beyond
the redox centers, Figure 1B, then a second linear potential
drop is introduced between the redox center and the solution.

A dependence of the reversible voltammetric response on
the interfacial potential distribution can be anticipated by
considering the factors controlling the driving force for the
electron-transfer reaction. From Figure I, it is clear that
only a fraction of the total interfacial drop (q,M - q,g) occurs
between the electrode surface and the PET. Thus, it
immediately follows that the surface concentrations of Q'O
and R'.will begoverned by an equilibrium electrode potential
that is a function of the electrostatic potential at the PET,
q,PI!:r. In tum, this potentialwill be a function ofthe molecular
structureofthe flInt andany parameterofthe electrochemical
cell that effects the potential distribution (e.g., solvent
dielectric constant). In addition, if the electrostatic charges
of the redox couple (zo and zRl are not the same, as in most
experimental systems, q,PET will also be a function of the
oxidation state of the fl1m. Consequently, the driving force
for electron transfer will continuously vary during the
voltammetric experiment in a manner that is not intuitively

(10) Brown, A. P.; Anaon, F. C. Anal. Chem. 1971, 49, 1589.
(11) Matsuda, H.; Aoki, K.; Tokuda, K. J. Electroanal. Chem.

Interfacial Electrochem. 1981, 217, 15.
(12) Albery, W. J.; Boutelle, M. G.; Colby, P. J.; HiIlmaD, A. R. J.

Electroanal. Chem. Interfacial Electrochem. 1982, 133, 135.
(13) Geriscber, H.; Scherson, D. A. J. Electroanal. Chem. Interfacial

Electrochem. 1985, 188, 33.
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Figure 1. Schematic drawing of irreversibly adsorbed alactroaetlve
films in contact with an alactrolyte solution. The alactroaetlva O/R
centers are indicated by open circles and are separated from the
Sll'face by a dIalactrIc 11m (z!lJ.zag Ines) oIlinMe thlcknass. In A and
B, the interfacial potantllll proIIa(soId Ina) Is _ across lha dIeIaclrtc
region between the metal and the PET. In B, a sacond dIalactrlc layer
extends a flnMe distance beyond the PET introducing a second linear
potential decay. For both A and B, the potential proflla in the solution
phase is nonlinear.

straightforward. In this paper, we show how the effects of
the interfacial potential distribution can account for typical
voltammetric behaviors reported in the literature.

RESULTS AND DISCUSSION

The concepts introduced above are developed in the
following order. In Section I, we provide explicit definitions
of the equilibrium electrode potential in terms of the surface
concentrations of (}ZO and Rz. and the electrostatic potential
at the PET. The underlying assumptions of our model are
presented in this section, allowing the problem to be posed
mathematically. In Section IT, an electrostatic model of the
interface is introduced and general analytical expressions are
developed for the interfacial potential distribution. These
results are used in Section m to derive the potential profile
and the general current-voltage (i-E) response expected in
a cyclic voltammetric experiment. Finally, in Section IV, we
calculate the theoretical voltammetric response for two redox
systems and qualitatively compare the results to data in the
literature.

I. Def'mition of the Equilibrium Electrode Potential
for an Irreversibly Adsorbed Film. In a voltammetric
experiment, the instantaneous faradaic current (i) at a
specified electrode potential (E) is determined by the surface
concentrations of (}Zo and RZR, hereafter referred to simply as
o and R. Thus, to calculate the voltammetric response for
a reversible electrode reaction (eq I), it is first necessary to
establish the relationship between the equilibrium surface
concentrations (fo and fa) and the electrode potential To
avoid the concept of an absolute interfacial potential, it is
convenient to cast the discussion of the thermodynamics of
eq 1 in terms of a complete cell Thus, consider the
electrochemical cell

M/OPET' RpET, cnAgCVAg

where the left-handelectrode, M, represents a metalelectrode
that is coated with a molecular firm containing the O/Rredox
couple (e.g., Figure 1) and immersed in an aqueous solution
containing CI- ions. The right-hand electrode represents an
ideally nonpolarizable AgiAgCl electrode (AgCl + e- ;=' Ag

+ Cl-). Combination of the reference electrode reaction and
eq 1 yields the overall cell reaction

0PET + nAg + ncrs + ne-M ;=' RpET + nAgCl + ne-Ag (2)

where M and Ag represent the left. and right-hand electrodes,
respectively, and S represents the bulk solution phase. At
equilibrium

p.~ET+ np.~ + np.~l- + np.~ = p.~ET + np.~l + np.~ (3)
where iii represents the electrochemical potential of species
i in phase j. Employing the standard thermodynamic
defmitions and relationships <iii = II-r + RT In (aI) + z;Fq,i;
aI = activity of ion i in phase j; aGo = 'Lvill-°i, where Vi is the
stoichiometric coefficient; and aGo = -nFEO) and noting that
(</>M - ~Ag) = E, yields

E - eo - (~ET - ~s> = (RT/nF) In [(a~ET) (a~I-l"/(a~ET)]

(4)

where F, R, and T are Faraday's constant (C equiv-'), the
molargas constant (J mol-' K-'), andthe absolute temperature
(K), respectively, and ~ is the electrostatic potential in the
bulk solution (Figure 1). Approximating the activities of 0
and R by their respective surface concentrations, fo and fR,
and assuming a~ = 1 for simplicity, yields the following
relationship between the equilibrium surface concentrations
of 0 and R:

E - eo - (~ET - ~s> = (RT/nF) In [foffRl (5)

Thus, to determine f O/fR, it is necessary to explicitly specify
a value of (~PET - ~). Since (~PET - ~s) is an electrostatic
quantity, its value will depend on the particular model chosen
to evaluate the interfacial potential distribution (Section IT).

It is useful at this point to examine a limiting case of eq
5. Keeping in mind the physical pictures drawn in Figure 1,
consider a situation in which all of the potential drop acrosa
the interface (~M - ~s) occurs within the fllm between the
metal surface and the redox centers at the PET. Then ~PET

= ~, and the left-hand side of eq 5 simplifies to (E - EO),
yielding the Nernstequation. Thisapproximation is assumed
in developing the ideal Nernstian voltammetric response of
monolayer films,' as well as inall existing models thatattempt
to account for nonideal behavior. However, it is clear from
Figure 1 that the quantity (~PET - 4>s) must be known to
accurately predict the i-E response.

The criterion for irreversible adsorption follows directly
fromeq 5and the preceding discussion. Ifthe adsorbed redox
couple (OpET and RPET) is in equilibrium with the solution
phase containing the same, but dissolved, redox pair (Os and
RaJ, the solution concentrations of Os and Ra far from the
electrode surface will adjust their values in accordance with
the electrode potential (E) specified in eq 5, as dictated by
the conditions of equilibrium (/J.~ET = ~ and p.~ET = p.~.
Since the thermodynamic properties depend onlyon the initial
and fmal states of the system, eq 5 will again reduce to the
Nernst equation (Le., 4>PET = 4>s) where the surface concen­
trations of 0 and R are replaced by the concentrations of 0
and R in the bulk solution. In practice, equilibrium between
the surface and dissolved species may occur by rapid
adsorption and desorption ofthe redox species or by electron
transfer reactions (e.g., Rs + OPET;=' Os + RPET). Thus, a
simple experimental criterion for the condition of irreversible
adsorption is that (i) the redox couple is not present in the
bulk solution phase (or is present at such low concentrations
that electron-transfer reactions between bulk and surface
species are negligible) and (ii) the total surfaceconcentrations
of redox species (fT = fo + r R) does not vary during the
timescale ofthe experiment. These conditions are frequently
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rpM

... ···f···· "'1"'" "'J""'" .'.C: ';C:" :~J ...:'.:.:.:.: ..:.::.:.:.:...

O"M + O"pET + O"dif =0 (hox 4) (IOd)

O"dif = -'o'3.(2kT/ze) sinh (ze(t/>po - 4>s)/2kTj (hox 3)

(10e)

4>M - </!Pin' = ec - Epzc - (RT/nF) In [(1- f)/fl (11)

where the quantity Epzc (= 4>s - 4>104) is equivalent to the
potential of zero charge of the uncoated electrode, in the
absence of specifIc ion adsorption, measured with respect to
the reference electrode.' Substituting eq 11 into eq lOa yields
an expression for the charge density on the metal, O"M,

(14) Equation 10 m118t be solved iteratively if E i. 118ed as the
independent variable instead of f.

x = 0 dl d] + d2 00

figure 2. Model system used to calculate the polentIsJ prolle across
the adsorbed redox film.

When d2 =0 (Figure IA), a similar set of equations can be
derived, but the result can be obtained from eq 10 byomitting
eq lOb and replacing t/!. with </!Pin'. In either ease, three of
the unknowns must be specified to obtain a solution since
there are three more unknowns than there are equations.

Equation 10 is perfectly general, subject to the limitations
imposed by the initial assumptions of the model. Although
it was derived with an electrochemicalsystem in mind, where
UPin' is determined by an applied electrode potential (vide
infra), the equations contain no assumptions regarding the
redox properties of the flim. In fact, the results could even
be applied to an electrochemically inert flim.

III. Potential Distribution and Voltammetric Re­
sponle. Using eq 10, it is possible to describe the interfacial
potential distribution as a function of the applied potential
and redox parameters (e.g., Eo, ZR, ele.). It is convenient to
describe the potential distribution in terms of the oxidation
state of the flim." Defming the fraction of molecules in the
oxidized state as f = rO/rT (where rT a ro + rRl, and using
E = t/!M - t/!A4' eq 5 may be rewritten as

faces of the boxes parallel to the electrode surface. Thus

QendO&ed = EEof.""ac,E.d4 a A('+'oiEl+ - ,-..lED (9)

where the subscripts "+" and "-" corresponds to the right
and left ends of the boxes, respectively. Applying Gauss' law
to the four boxes shown in the lower half of Figure 2 yields
the following systemofequations relating thecharge densities
(0" = QenclO&ed!A) and interfacial potentials

%<0
0<% < d,

d, < % < (d, + d.J
% > (d, + d.J

IE! =

~
0 (by deimition)
(t/!M - t/!pln')/d,

(</!Pln'- t/!.)/d2
~(2kT/ze) sinh (ze(t/Jx - t/!s)/2kTj

(7)

Without specifying exact values, the charge densities (C m-2)
on the electrode surface (lTM), at the redox plane (O"PET), and
in the solution (the diffuse layer) (O"diC) are given by eq 8

{

O"M %=0
0" = O"PIn' %=d, (8)

O"dif (d, + d2) < x < 00

Since the volume charge density in the solution, p(x) (C m-3),

varies with distance according to the Boltzmann distribution,
O"difrefers to the net charge density ofthe entire diffuse layer,
i.e., O"dif = Sd,+d, p(%)dx.

The electric fIelds and the charge densities are related
through Gauss' law. It is convenient to use the boxes shown
in Figure 2 to enclose the charges ofinterest. For the assumed
planar geometry, the electric fIeld passes only through the

tanh (ze(t/!x - t/!g)/2kTj =
tanh (ze(t/Jp - t/!s)/2kTj exp(-«% - d, - d.J) (6)

where t/!x is the potential (V) in the electrolyte solution at
position %, • is the inverse Debye length (m-') given by • =
ze(2no/,,,,okTj'/2, e is the charge of an electron (C), nO is the
number concentration of the ions in the electrolyte (m-3), Eo
is the permittivity of free space (C2 N-1 m-2j, and k is
Boltzmann's constant (J K-').

In addition to assuming that the only charge in the flim is
associated with the redox centers at the PET, we also make
the following simplifying assumptions:

(1) Charges on the metal surface (at %=0) and on the redox
centers (at the PET) are delocalized (i.e., discreteness of
charge is ignored).

(2) The electrolyte ions approach the flim no closer than d,
+ d2 (or d, when d2 = 0).

(3) The contribution to the interfacial potential from mo­
lecular dipoles is negligible.

The model we have described is purely electrostatic in
nature. The potential prome through the interface can be
expressed simply in terms of the electric fIelds and charge
densities throughout the system. With the potential distri­
butions defmed above, the magnitude ofthe electric fIeld (IE!
= -dV/dx) in each region of Figure 2 is given by eq 7

met, or closely approximated, in voltammetric experiments
reported in the literature.

II. Interfacial Potential Distribution. Figure 2 shows
the model system used to compute the interfacial potential
distribution across the electroactive fIlm shown in Figure IB.
It consists of a planar metal electrode of area A at % = 0
covered by two dielectric fIlms of thickness d, and d2 with
dielectric constants '1 and E2, respectively, corresponding to
the portions ofthe molecule surrounding the redox center at
the PET at % = d,. The outer surface of the fIlm-eoated
electrodeat% = d, +d2is in contactwith an electrolytesolution
that has a dielectric constant of '3 and contains a symmetric
z:z electrolyte.

Assuming that there is no charge in the mm except that
associated with the redox centers at the PET, the potential
decays linearly from t/!M to t/!pln' and from t/!pln' to t/!.. In the
solution phase (% > d, + d2), the potential distribution is
assumed to be governed by the Gouy-Chapman model and
decays to 4>s in the bulk solution'



ANALYTICAL CHEMISTRY, VOL. 64, NO. 20, OCTOBER 15, 1992 • 2401

dependent interfacial capacitance of the system:

CT- I =

$cl-I + (C2-
1+ Cdif-

IH1 + iJ"PET/iJ"M) for d2 "" 0

lcI-
I + Cdif-

l(l + iJ"PET/iJ"M) for d2 = 0

(electroactive mm) (21)

Thevariationof"PETwith lTM reduces the effective capacitance
of the layers beyond the PET by the quantity (1 + iJ"PETI
iJlTM). Ai> the fl1m becomes either fully reduced (j - 0) or
oxidized (j - 1), iJ"PETIiJ"M - 0 and eq 21 reduces to eq 16.
Equation 21 also reduces to eq 16 ifthe film is electroinactive
(in which case iJ"PF:r1 iJlTM = 0) orifiJ"PETIiJlTM« 1 (i.e., n2F'rTI
4RTCI « 1).

Before proceeding to derive the faradaic current, it is
instructive to note that the total interfacial capacitance, CT,
given by eq 21, is a function of two potential-dependent
quantities: Cdif and iJ"PETIiJ"M. The importance of these two
quantities can be demonstrated by the following example.
Consider, a monolayer redox fl1m with d2 =0, dl =1 nm, 'I
= 4, and rT = 10-10 mol cm-2, immersed in an aqueoussolution
('3 = 78) contsininga 1M 1:1 electrolyte. Equation21 becomes

CT-
I = dl/'o'l +

('O'gK cosh [ze(q,F - q,s)/2kTlr\1 + (n2J!2rTIRTCI)I(l-m
Evaluating the diffuse layer capacitance at its minimumvalue
(i.e., at q,F = q,s) and iJ"PETI iJlTM at its maximum value (which
occurs when the film is half-oxidized, i.e. I = 112) yields

CT-I = 28.3 + 0.439(1 + 26.5) m2y-I

In itself, the term resulting from the diffuse layer capacitance
(Cdif-I = 0.439) is insignificant relative to the term from the
fl1m capacitance (CI-I = 28.3), but since (1 + iJ"PET/iJlTM) is
large near I = 1/2, the diffuse layer capacitance significantly
affects the total interfacial capacitance. Furthermore, even
if it is assumed that the diffuse layer capacitance is constant
(see, for example, the analysis in ref 15), it is clear from the
preceding example and eq 21 that the total interfacial
capacitancewill varywith potential, with the largestvariation
occurring near potentials corresponding to I = 112 (i.e., near
the voltammetric peak). Since the charging cunent is directly
proportional to the total interfacial capacitance (eq 15), the
voltammetric charging current may not be constant (as is
generally assumed). The variation ofthis "baseline" current
near the voltammetric peak potential will be discussed later
with the numerical results. The effect that the variation of
Cdif has on the voltammetric wave shape is further discussed
in the Appendix.

In addition to the charging current, electrons will flow
between the electrode and the redox centers to maintain the
chemical equilibrium dictated by eq 5. This faradaic current
is computed in terms of the rate of change of the oxidized or
reduced species asl

(14)

Cdif = 'O'3K cosh [ze(1/Jp - Q>s)/2kTJ (l7c)

CT + iJ"PET/iJE =C2(iJ</>pET/iJE-iJl/Jp/iJE) (lSb)

iJ"mJiJE =-C~l/Jp/iJE (18c)

(electroinactive film) (16)

where CI and C2represent the capacitances of the film to the
left and the right of the PET in Figure 2, respectively, and
Cdif is the potential-dependent diffuse layer capacitance:

ic = VACT (15)

where CT is the total interfacial capacitance (F m-2). For an
electroinactivemm, the reciprocalcapacitanceofthe interface,
CT-I, is given by the sum of the reciprocal capacitances of the
mm and the solution,15

Fc
-I + C -I + C -I

C -I I 2 dif
T = CI-

I + Cdif-I

If the electrode potential is scanned at a constant rate v (V
S-I), the charging current is

Equation16,however, isnotgenerallyvalid for an electroactive
film. The conect expression can be obtained by using the
formal definition of the total interfacial capacitance: CT =
iJ"M!iJE.I Differentiating eq 10 with respect to E (with iJq,MI
iJE = 1) yields the following system of four equations in five
unknowns, written in terms of the capacitances defmed in eq
17:

The charge density at the PET, "PET, is given simply by eq
13

"PET = FTT(Zo! + zR(l - m (13)

For a given value ofEpzc and I (and the corresponding values
of lTM and "PET), the potentials E F = q,F - q,~, EpET = q,PET
- q,~, and E = q,M - q,~ may be calculated from eq 10, by
working from the last equation to the f11'8t, using the identity
sinh-I [u] = in [u + (u2 + 1)1/2] to solve eq 10c.

The total voltammetric current that is measured as a
function of applied electrode potential is the sum of the
charging (ic) and faradaic (if) currents:

The fifth equation is obtainedbyusing the following definition
for iJ"PETI iJE:

iJ"PETIiJE =(iJ"pF:r1iJ"MHiJ,,~ iJE) =(iJ"PETIiJ"M)CT (19)

where the dependenceof lTM on "PF:r is found bydifferentiating
eqs 12 and 13 with respect to I to give

iJ"PETliJ"M = (iJ"PETliJf)I(iJ"M/iJfj = (n2J!2rTIRTCN(1- fj
(20)

Solving eqs 18 and 19 for CT yields the conect potential-

(15) Widrig, C. A.; Chung, C.; Porter, M. D. J. Electroanal. Chem.
Interfacwl Electrochem. 1991, 310, 335.

iflnFA = iJro(t)/iJt = -arR(t)liJt = rTiJlliJt (22)

Differentiating eq 11 with respect to time, solving for iJIIiJt,
multiplying by rT, and using the equalities iJq,MIiJt = iJEIiJt
=v and iJq,PET/iJt = (iJq,PETliJEHiJEliJt), yields the following
relationship between the faradaic current and the oxidation
state of the 111m:

if = (n2J!2IRT)vArTI(1- fj(l- iJq,PET/iJE) =

(n2J!2IRT)vArTI(1- fjCTICI (23)

where the equivalence of (1- iJq,pET/aE) and CT/CI is derived
from eq 18a.

Substituting eqs 15 and 23 into eq 14 and using the
definition ofeq 20 yields the reversible voltammetric response
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figure 3. Vollammetrlc behavior lor an electroactlve 111m (d.z = 0)
which undergoes the reaction 0+ + e- "'" R. The six sets 01
vollammograrns are arranged In two columns and three rows. The
columns correspond tova~ of E!' = 200.2 V(indicated by the vertical
dashed Hnes). The rows correspond to values 01 <,/E3d,K. VoItam­
mograrns within each set (lor a given E!' and ,,1E3d,K) are plotted as
a function 01 Fr,I<O'3KRT. The solid lines (-) correspond to the total
voltammetrlc current (both faradaic and charging components)
calculated from eq 25. The dashed lines (- - -j correspond to the
charging current (eq 15). Both E and E!' are reported with respect to
Epzc. Va~olT= 298Kandz= 1were used lor each voltammogram.

"'s<RT = 0.1, '1/'sdIK = 0.01 with FlrT/"'a<RT = I, <J 'adlK
= 0.1. Figure 3 cannot be used to determine the dependence
of the voltammograms on the independent variables Tor z.

The 0+IR electroactive ftlm exists in an essentially
uncharged state when E « Eo or in a charged state when E
»Eo. The maximum charge density at the PET is FI'T. For
small values of both FlrT/..<a<RT and <J<adiK (bottom row
ofFigure 3) the faradaic componentofthe voltammetric wave
approaches that expected in the absence of interfacial
potential effects. As eitherF'rTI<o<¢lTor 'J..a,K increases,
the maximum current decreases, the wave shifts toward more
positive potentials, and the peak broadens and becomes more
asymmetric. For instance, for the above mentioned set
reference parameters (EI/..a,K Z 0.01; FlrTI<o<¢lT = 1), the
faradaic peak current is ca. 20% less than that predicted by
assuming that 4>PF:r Z </>S, the peak width is correspondingly
wider, and the peak position is shifted slightly positive ofEo
by ca. 15 mV for both positive and negative values of Eo.
Theseeffects mayresultfrom increasingthesurface coverage,
decreasing the electrolyte concentrstion, increasing Etldb or
using a solvent with a lower dielectric constant.

A physical interpretation for the origin of the nonideal
voltammetric shapes can be obtained by examining the
potentialdistribution across an electroactive f'tlm as a function
ofthe applied potential. InFigure 4, a representative example
ofthe interfacial potentialdistribution is shown. While most
of the potential drop occurs within the mm, there is a small
drop in the solution phase (i.e., 4>PF:r #- 4>.). For the particular
case shown in Figure 4, the potential at the f'tlmlelectrolyte
interface 4>PF:r increases by ca. 40 mV between the reduced
and oxidi2ed state. Figure 5 shows the continuous variation
of the potentials at the metal electrode surface and the PET
as a function of the applied electrode potential (va Epzc of
the uncoated electrode). As the f'tlm is oxidi2ed, the potential
drop in the solution phase (4)PF:r - t/>s) increases, reducing the
driving force for electron transfer def'med by eq 5. At
potentials near Eo, dapF:r1dE is large as a consequence of the
change in the charge density at the PET, resulting in the
asymmetric, drawn out shape of the voltammetric wave.

Severalofthe voltammograms in Figure 3 have hackground
currents which vary significantly near the peak current. In
these cases (e.g., FlrTI<o<¢lT = I, ,J<adiK = 0.1), surface
coverages calculated from the area under the linear back-

0.1

0.01

O++e-~ R

EO ~..,...:;E"~~~

~J
kJ
0.1& I !OJ
~.~

O.l

, 110

. "... 100

,

(both faradaic and charging currents) for an irreversibly
adsorbed redox species

it = .AU + ihrpF:r/daM)CT (24)

where the potential-dependentquantities, CTand dapF:r1d<JM,
are given by eqs 20 and 21. The voltammetric current, 4, can
be specified by the following independent parameters: z, (Eo
- Epzc), and ..E<;./d, (when d, #- 0); the two dimensionless
groupsFlrTI...sdlTand <J..aIr. and the usual voltammetric
variables: Zo, ZR, T, rT, 1', and A.

IV. Computational Results. In this section, we examine
the voltammetric behavior of the two redox systems

Since electron-transfer reversibility is assumed, cathodic and
anodic currents are the mirror image of each other. Only
anodic currents (positive .) will be shown in the figures. All
currents are normalized to (n'FlIRT).ArT, and both E and
Eo are referenced to Epze.

As alluded to earlier, the interfacial capacitance ofthe mm,
CT, is not constant as is usually assumed in analyzing
experimental data, so the charging current (eq 15) varies as
a function of the film oxidation state. IO Often, background
subtraction is used to remove the charging current from the
total voltammetric current. There are situations, however,
corresponding to reasonable values for system parameters,
where the charging current displays a pronounced minimum
atpotentialsnear thepeak potential, and a simple hackground
subtraction of the charging current would lead to a large
underestimation of the redox activity of the ftlm. In all the
voltammograms, both the total current (eq 24) and the
charging current (eq 15) are plotted to show when a simple
hackground subtraction is and is not warranted.

All results presented in the f'tgures and in the text were
calculated using T = 298 K and z = 1 (corresponding to a 1:1
electrolyte).

Results for d2 = O. Figure 3 shows the voltammetric
behavior for the 0+ + e- "'" R system as a function of Eo,
<J..aIK, and FlrT/..<a<RT. Voltammograms and charging
currents are plotted for 0.01 :s; <J<adiK :s; 10 and 1 :s; FlrTI
..<a<RT :s; 10, which include, but are not limited to, combi­
nations of the following ranges of physical parameters: 5;$
<I ;$ 20,0.5 ;$ d l ;$ 2 nm, 20 ;$ <a ;$ BO, 0.1 ;$ c ;$ 1 M (c is the
supporting electrolyte concentration), and 0.1 ;$ rT;$ 10 X

10-10 mol cm-'. In examining the results, it is useful to have
a specific reference set of physical parameters in mind that
correspond to the dimensiouless groups. For this purpose,
rT = 0.61 X 10-\0 mol cm-'; <I = 5; d l = 2 nm; <3 = 78; and
c = 1 M correspond to <II<adlK = 0.01 and FlrTI<o<a<RT = 1.0.

The voltammograms are arranged in the following way.
Columns correspond to values of Eo = 200.2 V vs Epze, while
the rows correspond to different values of <II<3dIK. For given
Eo and <II<adlK, a set of voltammograms are presented that
are a function of FlrTI"'a<RT.

The effect ofthe four experimental variables (EO, rT, 'IIdb
or <sc) on the voltammetric response can be deduced from
Figure 3. For example, to examine the effect of changing rT,
compare voltammograms within a given family of curves. To
examine the effect of changing .,c, which is proportioual to
«3<)', compare voltammograms for which the parameters 'J
<adiK and FlrTIfOEsdlT change by the same factor, e.g., to see
the effect ofd~easing.,c by a factor of 100, compare FlrTI

(16) Although this variation in the charging CWTent reauJ18 from
faradaic chemistry, CT is a true interfacial capacitance that can be
calculated at all potentials from eq 21, not a "pseudocapacitance"
associated with the instantaneous flow of faradaic cunent.
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..... 4. Interfacial potenlIal profile as a function of the oxldatlon
state. f =r oIrT. for an eIeclroactive ftlm (do =0) which undergoes
the reaction. 0+ + e- ... R. The parameters used for the calculation
_e "f~,« = 0.019; prTf...."RT = 1.6; E!' = 0.2 V va fi.zc
(corresponcIng to, for example, .. =80. c = 1 M, d, = 2 rvn, ., =
10. r T = 10-'· mol em-'). The potenlIaIs are reported with respect
to fi.zc.
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..... e. Voltammograms for an eleclroacttve ftlm (do =0) which
undergoes the reaction, 0>+ +e-'" R+. The sixsetsofvoltammograrns
are arranged In two columns and three rows. The columns correspond
to values of E!' = ±0.2 V (Indicated by the vertical dashed lines). The
rows correspond to values 01 .,f.od,•. Voltammograms wItI*I each
set (for a given E!' and ."~,.) are plotted as a lunction 01 prTf
f<)f"xllT. The solid lines (-) correspond to the total voltammetrlc
C<ITlIIll (both faradaic and charging components) calculated from eq
25. The dashed IMs (- - -) correspond to the charging current (eq 15).
Both E and E!' are reported wlth respect to Epzc. Velues of T =296
Kand z =1 were used lor each voltammogram.
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as a function of the applied electrode potentIsl E (vs Epzc) for the data
In FIg.... 4.

ground-subtracted current would be too smalL If either of
the following two conditions is met, the background current
may be sUcce88fully subtractedfrom the total cunent: (i) the
charging current is insignificant compared to the faradaic
current, or (ii) the charging current is relatively constant
during the oxidation of the film. The first condition is met
when ir/ic » 1. Taking the ratio of eqs 15 and 23 and using
f = '12 yields ir/ic = n2FirTd,/f<)f,4RT (which is also the ratio
of the dimensionless parameters used in Figure 3, divided by
4). Thus, the faradaic current becomes less significant,
relative to the charging current, 88 the film capacitance (C,
= f<)f,1d,) increases. The second condition is met when the
total interfacial capacitance (CT, eq 21) is relatively inde­
pendent ofthe electrode potential. For d2 z 0, this condition
requires that C,-' » C,lir'(1 + iJtTpFJrliJf$M) which, using the
smallestvalue ofCclifand the largest value of iJtTpFJrIiJlJ"M, yields
the condition that FJ-rTI fQf3ICRT « 1 and .Jf3d,. « I, ie.,
bothofthe dimensionless variables used inFigure 3 are smalL

Shifts in the apparent Eo for a reversible electroactive
monolayer have been observed by Chidsey et al.s in their
studies of mixed monolayers composed of w-( (ferrocenylcar­
bonyl)oxy)alkanethiol (an 0+IR redox couple) and n-al­
kanethiols. In their experiments, the electroinactive n-al­
kanethiols act as spacers between the w-«ferrocenyl­
carbonyl)oxy)alkanethiol molecules, reducing interactions
between ferrocene groups. The experimental parameters

reported by Chidsey et al. (rT = (0.8-5) x 10-'0 mol cm-2, "
"" 7, d, "" 2.2 nm, [HClO.l = 1 M, f3 = 78, yielding .J.ad,.
"" 0.01 and FJ-rTI fQf3xRT "" 1-10) correspond to the set of
voltemmograms in the lower right comer of Figure 3. For
FJ-rTI_xRT",,1-10, our results predict that the voltammetric
wave should have a nearly ideal shape at low coverages (rT
< 1 X 10-'0 mol cm-2) and be centered at Eo, be broadened
andshifted to potentials slightly positive ofEoat intermediate
surface coverages (rT = 3 X 10-10 mol cm-'), and develop a
shoulder and shift positive of Eo by ca. 0.1 V at high surface
coverages (rT "" 6 X 10-'0 mol cm-'). These behaviors are in
semiquantitative agreement with the experimental results,
although the shoulder predicted at high surface coverages is
less pronounced than observed in the experiment. Note that
the results in Figure 3 indicate that the voltemmograms for
.Jf3d•• "" 0.01 are essentially independent of Eo. Thus, the
above comparison with experimental data does not require
a precise knowledge of Enc.

It is poeaible to see two currentpeaks in the voltemmogram
for the 0+IR couple when .,1.ad,."" I, FJ-rTI...sxRT"" 10, and
Eo =-0.2 V (e.g., rT =1.4 x 10-'0 mol cm-',., =20, d, =0.34
nm, f3 = 78, C = 0.1 M). The voltemmetric peaks occur at
positive and negative potentials of Eo and have relative
magnitudes that depend on the value of FJ-rT/"'sxRT. At
FJ-rTIf<)fsxRT = 10, the voltammetric peak atE <Eo is greater
than the peak at E > Eo; when FJ-rT/..f3xRT = 100, the more
negative peak has nearly disappeared. In the results we have
examined, this is the only system and value ofEo and .J'sd••
that exhibits twin peaks, although a shoulder on the wave
can be seen for many ofthe voltemmograms in Figure 3. There
is also a minimum in the voltemmetric current near E = 0 for
.J<sd,. =1, FJ-rTlfQf3ICRT = 10, Eo =0.2 V, but this results
from a minimum in the diffuse layer capacitance, not a
minimum between faradaic peaks. We were unable to obtain
an analytical criterion to predict when double peaks will
appear, but we are able to say that they are not predicted if
one erroneously uses a potential-independent diffuse layer
capacitance (Appendix).

Figure 6 shows the voltemmetric behavior for the 0'+ + e­
... R+ system. The 0'+IR+ electroactive film always exists
in a charged state. When E « Eo the charge density at PET
is FI'T, and when E » Eo the charge density is 2FI'T. The
voltammetric behavior of this system is similar to that of the
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FIgure 7. VoItarrrnetric response of electroeetlve fIms (top, ()2+ +
e- -= R+; bottom, 0+ +e- -= R) in which the redox centerIs_
be_ two dielectric fIms (Fogu'e 1B). The redox center Is posIlloned
at a distance do from the end of a 2-nm-thlck lim O.e., d, + do = 2
nm). The solid liMs (-) correspond to the total voItammetric CUTent
(both faradaic and charging components) calculated from eq 24. The
dashed lines (- - -) correspond to the charging CUTenl (eq 15). " =
" =10; Eo =80; c =1 M; ~ =0.2 V; f T =1(t-'· mol CITr'. Both
E and~ are reported with respect to Eoze. Values of T = 298 K and
z = 1 were used for each voItammogram.

0+IR system except that the peaks are more symmetric
because the relative change in the charge density at the PET
upon oxidation is smaller. The double peaked voltammogram
in Figure 3 ('1/'3dIK =l,FJTT/""3KRT =10,Eo =-{).2 V) and
the diffuse layer minimum in Figure 3 ('1/'3d,K = I, F'fTI
'0'3KRT =10, Eo =0.2 V, near E =0) are no longer visihle
in this system because the magnitude of the charge denaity
at the PET when f = 1/2 is approximately 3 times greater
than for the 0+/R couple. (Recall that for the 0+IR couple
the average charge per molecule atf = II, is II" while in the
02+/R+ systemthe average charge is31,.) The potential profile
and the variation of potentials with the electrode potential
for this system (not shown) are qualitatively similar to those
shown for the 0+IR couple in Figures 4 and 5, respectively.

Acevedo and Abruila have studied the reversible, one­
electron oxidation of [Os(bpy),(dipy)CI]+ (an 0'+IR+ couple
where bpy = 2,2'-bipyridine and dipy =4,4'-trimethylene­
dipyridine) as a function of the dielectric constant of the
electrolyte solvent (ranging from 8 to 78) and the surface
coverageofthe electroactive molecule (range (0.1-1.1) X 10-10

mol cm-').7 Except in very low dielectric solventa in which
ion-pairing is suspected, the voltammetric peak poeition, Ep

(and, thus, the apparent Eo), shifts to poeitive potentials as
the surface concentration of adsorbate increases. Using the
variation of Ep with f T and extrapolating back to fT = 0
(where they poetulate that ion pairing is least important),
theyshowthatEp shifts to more negative potentials insolvents
with larger dielectric constants. These findings are in good
accordance with the model presented here.

Results for d. ... O. The voltammetric response of
electroactive films in which the redox center (i.e., the PET)
is positioned between two dielectric regions of the molecule
is shown in Figure 7for both the 0+IR and the 0'+IR+ couples
(corresponding to the schematic in Figure 1B). Voltammo­
grams are shown for films of constant total thickness (dl +
d, = 2 nm) as a function of the distance between the PET and
the f"ilm/solution interface (other parameters are stated in
the figure caption). The effect of the outer dielectric region
of the molecule on the voltammetric behavior is dramatic,
shifting the potential of the peak current from Eo by 600 mV
(for the 02+IR+ couple) when d, = 0.3 nm. For comparable
values ofd l and d, (dl '" d, '" 1.0 nm), the voltammetric waves
are broadened and shifted to the extent that they are no
longer recognizable as such.

The interfacial potential distribution across the electro­
active film comprised of the 0+IR couple with d l = 1.7 nm,
d, =0.3 nm is shown in Figure 8 as a function ofthe oxidation
state. In contrast to the potential profIle when d, =0 (Figure
4), a large increase in 4>PFJr occurs as the film passes from the
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FIgure e. Interfacial polentIal proltle as a fwlctIon of the oxldatlon
_, f= folfT, for an electroeetlve lIm(d, =1.7 rm;do =0.3nm)
which undergoe8the reaclIon, 0+ + e- - R. Other~_
are the same as In figure 7. Thepotenllals are reported wlIh respect
to Ene.

reduced to oxidized state. The dependence of .pM, .pPF:T, and
4>P on the electrode potential are shown in Figure 9, where it
is evident that the variation in E near Eo is nearly matched
by an increase in "'PET, i.e., iJ4>PF:TIiJE - 1. This reduces the
effective electrode potential (E - (4)PET - t/ls), eq5) and faradaic
current (eq 23) near Eo. Figure 9 also shows that moet of the
potential drop occurs within the film (i.e., 4>F '" t/ls). The
changea in tPF in this system for d, ... 0 are comparable to
those for which d, = 0 (e.g., Figure 5).

The unusually strongdependenceofthe voltammetric wave
shape on the thickness of the outer dielectric portion of the
molecule, d" challenges our aasumption that elactrolyte iona
may be described as point charges having a closest approach
of d l when d, = 0 (Figure 1A). In many situationa, the
electrolyte ions will be prevented from approaching the
molecular film closer than a few tenths of a nanometer due
to the finite size of the solvated iona and redox centeno Thus,
even if the PET is poeitioned at the outer edge of the film,
the film structure shown in Figure 1B may be a better
approximation of the interfacial structure where d, is inter­
preted as being the closest approach of iona.

Although we are not aware of any study in which these
details of the interfacial structure are known, the extreme
senaitivity of the wave shape to changea in d, suggeats that
the effect of a finite distance of closest approach of the
electrolyte iona could be measured by varying d2 or by using
ionsofdifferent dimenaions. Roweand Creager,' for instance,

FIgure'. Plot of the electrostatic potentlals ",,", 4>PFr, and tPs (va .ps)
as a funetton of the applied electrode potentlal E (vs EPzcl for the data
In figure 8.
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have studied mixed monolayers comprised of ca. 30%
ferrocene-n-hexanethiols and 70% n-alkanethiols. As the
lengthofthe n-alkanethiol exceeds the length ofthe ferrocene­
n-hexanethiol, the voltammetric wave is significantly broad­
ened and shifted toward positive potentials (ca. 200 mV).
Although the authors attribute this behavior to stabilization
of the ferrocene by the alkane environment, we note that the
portion of this n-alkanethiols extending past the ferrocene
redox center may exclude electrolyte ions, giving rise to
behavior expected of a film with a portion of a molecule
extending past the PET (Figure 1B).

The fact that voltammograms as broad as those in Figure
7 are not usually observed experimentally may indicate that
ions permeate into the fIlm to the PET. Indeed, unless
counterions intervene, the electrostatic repulsion between
charged species would be very large. Chidsey et al,l7 have
shown that ion-permeation increases as the field within an
adsorbed ftlm reaches a critical value of ca. 107V/cm. This
suggests that at sufficiently high fields, our model for d2 "'"

owill break down.

CONCLUSIONS

We have presented a simple electrostatic model that
qualitatively explains many of the nonideal voltammetric
behaviors associated with electroactive ftlms which undergo
reversible electron tranafer reactions. The effect of the
interfacial potential distribution is significant and should be
included in analyzing the voltammetric behavior of electro­
active ftlms unless it can be reasonably assumed that the
entire interfacial potential drop occurs within the adsorbed
film between the electrode and the PET.

It is frequently assumed in the analyses ofself-assembling
monolayers that the diffuse layer capacitance, Cdif, is a
potential-independent parameter that is large relative to the
ftlm capacitance. Our results have shown that although Cdif

is typically mucb larger than the ftlm capacitance, it is not
constant, even in relatively concentrated solutions (e.g. >0.1
M). In addition, the large variation ofthe charge at the PET
amplifies the variation of the diffuse layer capacitance near
the peak potential, causing a distortion of the voltammetric
wave from its normal symmetric shape. The large variation
ofthe chargeat thePETmayalso cause a significantminimum
in the charging current near the peak potential (if n2FJ-r-rdJ
f{)f,4RT is not much greater than 1), making the separation
ofthe faradaic and charging components ofthe voltammetric
current impoesible, as discussed previously. In such cases,
it is equally impoesible to estimate the charging current near
the peak potential in a separate experiment in which the
redox-active ftlm is replaced by a structurally similar,
electroinactive film. The voltammetric response from the
latter will obviously not display a minimum in the charging
current near the peak potential since its oxidation state does
not change.

Many of the concepts contained in this paper are similar
to those developed by Frumkin','8 in correcting kinetic rate
constantsof irreversible electron transfer reactions involving
a soluble redox species (the "<P2-correction"), and later
employed by Lane and Hubbard'9 in a similar treatment of
the redox kinetics of adsorbed redox species. Here, we have
shown that the voltammetric response of a reversible redox
couple is affected by irreversible adsorption. The reSults
serve as a reminder that the observed response ofa reversible
electron-tranafer process is affected by the reversibility ofall
preceding and following steps in the overall reaction.

Finally, our electrostatic model can be readily modified to
describe the voltammetric response ofredox reactions or ftlm

(17) Chidsey, C. E. D.; Loiacono, D. N. Langmuir 1990, 6, 682.
(18) Frumkin, A. F. Z. Physik. Chern. 1933, 164A, 121.
(19) Lane, R. F.; Hubbard, A. T. J. Phy•. Chern. 1973, 77, 1411.

structures not considered here. For instance, the voltam­
metric behavior of reversible electron-transfer reactions
involving protons would require simple inclusion of the
concentration ofprotons in equilibriumwith the electrostatic
potentialat the PET. Similarly, extension ofthe electrostatic
model to bilayer or multilayer redox films of any general
configuration should be routine using the procedure outlined
in Section II. These subjects will be considered in future
papers.
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APPENDIX

If one assumes that the capacitance of the diffuse layer is
constant, the voltammograms would appear symmetric about
the peak current located at the potential corresponding to f
='/2, since E(f = '/i) - E(j) =E(l - fl - E(f = '/2) and i,(j)
= i,(1 - fl for all f. That the peak is located at f - '/2 may
be determined by fmding where the change in the current
with respect to the potential is zero. Differentiating eq 24
with p "" a"PF:r/aUM yields

aiJaE = (aiJafl(iJf/aE) =

(CT ap/af + (1 + p) aCT/af)(nF/RT)f(l- flGr!C, (AI)

where, differentiating eqs 20 and 21 (with aGdlfiaf = 0),

ap/af = (n2F2rT/RTC,)(1- 2fl (A2)

aCT/af = -C/(C,·' + c du•
1)ap/af (A3)

Substituting eqs A2 and A3 into eq Al and rearranging yields

aiJaE = (n3~rT/R2'J'lcl)(CT-

(1 + p)Cdif
2(C,·' + Cd,,'))(l - 2f)f(1- flCTiC, (A4)

which may be zero onlywhenf = 0, '/2, or I, since neither CT
nor the second term in parentheseS can be zero. (It may not
be obvious that the second parenthetical term may never be
zero, but setting it to 0 and rearranging yields the condition,
CT·' =(Ct-' + Cdif')(l + p) which is inconsistent with the
definition ofCTin eq 21.) Onlyf = 'hcorresponds toamarima
in the currentsincef = 0 andf = 1 correspond to the physically
unattainable limits ofE = -a> and E = +a>, respectively. Thus,
only a single peak in the current-voltage relationship would
be calculated if one assumes that Cdif is constant in eq 21.
Therefore, thedouble peaksseenforthe O+/Rsystem inFigure
3 at .J.~,K '" I, FJ-rT/ f{)f3tcRT '" 10, and Eo = -0.2 V must
result from the combined effect of the varying cbarge at the
PET and the varying capacitance of the diffuse layer.

When the variation of Cdif is included in the differentiation
of eq 21 to obtain eq A3, eq A4 becomes unwieldy. For this
reason we are unable to present a tractable expression that
can be used to predict the position of the current marlmum
(or marima). By using the approrlmation presented above,
however, it is poesible to calculate potentials that are within
30 mV of the true peak positions for all voltammograms
presented in this paper except for those exhibiting more than
one peak (i.e., the voltammograms for the 0+/R couple at
.J.~,K= 1, Eo = -0.2 V, Figure 3). This approrimate peak
potential is calculated from eq 10 with values of UM (eq 12)
and "PF:r (eq 13) corresponding to f = '12.
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indicated.

= VJR.c, variable from 0.2 to 6.0 V/s by means ofvarying input
voltage V,'or resistance R2• The output ofthe integrator applies
tbe desired voltage to the sensor. The sensor outputis monitored
by operational amplifier A2 functioning as a current - voltage
converter and is registered on a strip chart or an X- Y recorder.
The output of A2 can be varied by the switcb-selectable gain
resistor R,. (0.1-200 kll). Operational amplifiers Ao and A. were
respectivelyused as triangularandsquare-wavegenerators. When
A. output reaches around +6 V (limited by the zener diode Z),
the red light emitting diode (LED) Re is lit. During this time,
A, output is --0.46 V (limited by transistor T>, because diode D,
is reverse biased and does not conduct. The period over which
--0.46 V is applied to the sensor depends on the integrating
capacitor Co and the resistor R,. At the end of this period,
comparator A. switches and this output swings to -ii V (limited
by the zener diode Z) and a green LED, Gr, isill~~ted. Diode
D, is now forward biased and T conducts, causmg mtegrator A,
to begin scanning. The maximum output of A, is limited by the
base voltage of T, this can be adjusted by potentiometer ~.
Thus a scanning voltage is applied to the sensor. The scannmg
time is dependent on resistor R. and the integrating capacitor
Co. Together, V2, Rs. and R. provide comparator A. with a
reference voltage. SwitchS, provides for manualoperation. When
activated, a scanning voltage is applied to the sensor. When ~e
switch is open, the operation is fully automatic an~ CYc;lic.
Typically, the following preset values were used: scannmg time
2 s (including the time at the applied voltage limit), scan limit
--4.00 V, scan rate 3.00V/s, initialvoltage--o.46V, and 60sbetween
pulses. The outpute of the individual amplifiers are depicted in
Figure 2. It is important to note that the voltages cited above
are the outputs of the amplifiers VB the common power supply
ground and not absolute potentials in the electrochemical sense.
Someexperimentswereconductedwithsensorscontaininga third
electrode, a chIoridized silver wire, to function as a reference
alongwithappropriateiYmodifiedelectronics. Thesignal to noise
ratios were consistentlypoorer than those from the two electrode
systems and this avenue was not further pursued.

Sensor Fabrication. A number of different sensor confIg­
urations were explored; two are described below. The fIrst design
contains a cylindrical ceramic element (6.3-mm diameter) on
which two rhodium wires (200-/'Dl diameter, 200 mm long) are
wound in parallelon precutthreads without contactingeachother

(center to center spacing 320 /'Dl). The base material for this
device was obtained from EG&G Inc., Chandler Engineering
Division (Tulsa, OK). A variation of the above design utilized
7-mm-diameter threaded (64or 46 threads/in., double lead, center
to center spacing 400 or 550 I'm, respectively) Nylon rods on
which electrode wires (typically Pt, 25-200-l'm diameter, 250
mm long) were wound in parallel witbout contacting each other.
The ffim was formed on these sensors bydip coating the polymer.
After the solvent was evaporated at room temperature, the ftIm
was thermally cured at 60--120 °C for 4 h. Without the thermal
curing step, the sensor behavior changed with time. Sensors
with increasing ftIm thickness were fabricated by repeating the
steps of dip coating, room temperature evaporation, and heat
curing.

In the second design, referred to as the coil sensor, a O.8-mm­
Ld. and l.D-mm-o.d. Naf"1on tube segment (20 mm in length) was
swelled in methanol and then slipped over a 0.9-mm-diameter
stainlesa steel rod segment (7 em in length). After thermal
treatmentat120°C, 20emof200-l'm-diameterPt wire was wound
on the membrane with a turn spacing of - 300 /'Dl. The excess
lengths of the platinum wire and the stainless steel rod were
respectively insulated with an encapsulating Teflon tube and
Teflon tape.

Test Arrangements. To determine sensor performance, the
sensor was affl:led to a cap which in turn was sealed to the vial
containing the liquid sample. The entire assembly was encloeed
in a glovebox (Dri-Lab HE 113, Vacuum Atmospheres, Los
Angeles,CA). The lead wiresofthe sensor passed throughsealed
conduits to the outside of the drybox and connected to the
analyzer electronics.

The moisture level in the drybox was maintained well below
100 ppm water by means of nitrogen gas circulated through a
drying train by a blower integral to the drybox. The dry train
was periodically regenerated by the passage of a gas mixture
containing 10% hydrogen and 90% nitrogen while the train was
heated.

Sample•• Solvente tested as sample matrices were generally
purchased in the driest grade available (typically in septum­
sealed bottles packed under nitrogen and opened only inside the
drybox) and in other cases were dried in-bouse by distilling over
molecular sieves, metallic sodium or magnesium, and anhydroUs
K2Co", etc., following procedures outlined in reference compi­
lations.7 Relatively high concentrations ofwater standards were
prepared gravimetrically by adding known amounts of water to
the dry solvents. In solvents in which water solubility is limited,
saturated solutions of water in the solvent were prepared;
saturated water concentrations in such solvents have been
reported in the literature." Microaliquots of these high-concen­
tration standards were added with a microliter syringe to the
known amount of the sample contained within the test vial. All
manipulations were conducted within the dryboL Incremental
additions were made, and the data were interpreted following

(7) Penin, D. D.; Armar~o, W. L.; Perrin, D. R. Puri/icotion of
Laboratory Chemicals, 2nd 00.; Pergamon: New York, 1990.

(8) Sorensen, J. M.; Arit, W. Liquid-Liquid Equilibrium Data Col­
lection. Binary Systems; ChemistryData Serires; Deutsche Gesellschaft
fur Chemisch.. Apparateweeen: Dechema. Frankfurt, Germany, 1979;
Vol V, Part I.
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standard addition procedures. It is important to note that for
many of the test solvents, significant amounts of water remain
in the solvent despite best efforts to dry it. Standard addition
is therefore the only means to judge the true response of the
sensor to water in the particular sample matrix.

RESULTS AND DISCUSSION

Estimation orSensorFilmThickness. In the cylindrical
sensors, the PFSI film is formed not only on the span of the
wire electrodes (0.5 and 1 cm, respectively for the ceramic
and Nylon substrate sensors), the active region ofthe sensor,
but also aboveand belowthis region. Consequently, the mean
film thickness in the active region is difficult to estimate.
Based on microscopic examination, we estimate that from
70% to 80% of the applied PFSI occupies the active region.
On the basis of gravimetric measurements and a polymer
density" of 2 g/em3 and under the assumption of a uniform
fUm, a sensor with three dip coatings bas a -4-l'm fUm when
coated thrice with the 2.5% solution of the Dow PFSI and
a -8-/lID film when coated thrice with a 5% Nation solution.
If sensors of similar fUm thickness but composed of the two
different PFSImaterialsare compared, the DowPFSIsensors
bearing the lowerEW polmer show higher response. However,
the latter polymer is not commercially available and Nation
can be substituted for the Dow PFSI in all the recipes given
here with only a marginal loss of sensitivity at identical fUm
thickness.

Film thicknesses of other composite films or polymer film
overcoats were similarly estimated from gravimetric mea­
surements and polymer density. Typically, a single coat of
CTA, PVA-H,PO., and the PVA-H'pO.-PFSI composite
(vide infra), respectively, produced approximately 2-, 3-, and
1.5-l'm-thick fUms.

Protective and Composite Membranes. As previously
mentioned, bare PFSI sensors are generally impractical for
long-term use. Even when swelling-induced loss of integrity
is not a problem, intrusion of undesirable species can foul the
measurement system. For example, in the early stages of
these studies it was discovered that drying of acetone by
molecular sieves leached some material from the desiccant
that results in a slow discoloration of the PFSI film. This
darkening is accompanied by a decrease in sensor sensitivity.
Furthermore, a bare PFSI sensor may have a large enough
response to many of the more polar test matrices to make any
meaningful measurement of water impractical at low levels.

If the sensing film can be protected by a barrier that bas
a greater selectivity for water transport, the detection limit
for water can be effectively improved. The absolute current
levels in the PFSIsensors operated in the pulsed voltammetric
mode are relatively large; consequently, the absolute sensi­
tivity can be substantially sacrificed if the discrimination
against the matrix can be increased.

However, an acceptable compromise between overall
transport efficiency and transport selectivity is not obtained
with any arbitrarilychosen barrier layer. Whenan 8-l'mPFSI
sensor was coated by a single dip in 1% AQ 55D, the decrease
in response was acceptable (-40% oforiginal) but it provided
little protection against transport of the matrix solvent. At
the other extreme, if coated with 28% AQ 55D solutions, the
matrix transport was inhibited but the sensor essentially lost
its response to the analyte as well. Barrier layers of silicone
rubber and Nylon were largely unusable for similar reasons.
PVA or PVA-PAA layers cured by initiating cross-linking
with UV irradiation of the persulfate-containing solutions
produced the onlyovercoatsamong the above to resist swelling
by high polarity solvents like methanol, DMF, or DMSO.

(9) E. I. dePont de Nemours and Co. Product Information Literature.
Nafion Perfluor08ulfonic Acid Product. Wilmington, DE, 1976.

Unfortunately, it also reduced the response of the underlying
PFSI fUm to water by a factor of 1000. Thinner films ofsuch
material may be more useful. Nonetheless, an appropriate
overcoat on the PFSI or a composite sensingfUm does produce
attractive sensors; these are described below in more detail.

Cellulose Acetate Protective Film. It is well recognized
that CTA fUms can be subjected to controlled hydrolysis to
govern the effective size cutoff of molecules that permeates
the film.lO,ll Wang and TuzhiI2 have shown that determi­
nations of small analyte molecules in complex matrice with
Nation-coated electrodes are simplified by an overcoat of a
hydrolyzed CTA fUm. Our experience indicates that unhy­
drolyzed CTA films are the best for discriminating against
the relatively small solvent molecules of major concern to us.
Barrier layers of CTA over PFSI have been found to be
particularly well suited for use in polar solvents such as
acetone, acetonitrile, and diethyl ether and nonpolar solvents
such as toluene. We have also found that CTA films formed
from ethylene dichloride or chloroform solutions swell easily
and lose integrity in a variety of organic solvents. When
formed from the solutions prescribed in the experimental
section and cured for 2-4 h atS<HlO ·C, the CTA fUms formed
are vitreous and resist solvent-induced swelling. If cured at
120 ·C for 2-4 h, the fUm becomes dark brown and is
accompanied by a further increase in swelling resistance and
discriminationagainst solvent transport, albeit at the expense
of sensor sensitivity. For either cure protocol, two dip-cure
cycles are recommended for use in polar solvents such as
acetonitrile or acetone that exhibit large background current
levels with a bare PFSI sensor. The sensors cured at higher
temperature are profitably used in acetone and acetonitrile
while those cured at lower temperature are well suited for
lower polarity solvents, e.g., diethylether, toluene, etc. CTA­
overcoated sensors cannot be used in halogenated organic
solvents, DMF and DMSO; these solvents destroy the fUm.

PVA-H;,1'04Film. Anelectricallyconductivewater-soluble
complex of PVA and lIsPO. was reported by Polak et al. '3

Oxygenated anions with multiple -oH functionalities such
as borate or silicate rapidly crOBB-link PVA; pedagogic
demonstrations based on these reactions are widely used. ' '''''
We have found that if PVA is dissolved in boiling dilute lIs­
PO. and such a solution is used to form a barrier layer by dip
coating, followed by curing at S<HlO ·C, such a film is not
only insoluble in DMF or DMSO, it is unaffected by boiling
methanol or water. Equilibration of such a fUm with the
water activity of the surrounding medium is slow, however;
films thicker than 5 I'm require ~10min to reflect the sample
water content. Films of -3-l'm thickness produce response
times acceptable for most applications-approach to equi­
librium withdifferent barrier layers/sensingfilms is illustrated
in Figure 3. Response time also appears to depend on the
tested solvent and is generally somewhat larger in less polar
solvents.

The PVA-H,PO, overcoating is the only protective mem­
brane that fully resists dissolution and exce88ive swelling by
highly polar solvents such as methanol, DMF, DMSO, etc.
However, even for this fUm, the response signal ratio to water
relative to DMF, DMSO or methanol is <100 and measure­
ment of water below the percent level is impractical. The

(10) Wang, J.; HutchiDs, L. D. Anal. Chern. 1985,57, 1536-1541.
(11) Wang, J.; HutchiDs·Kumar,L. D. AMI. Chern. 1986,58.402--407.
(12) Wang, J.; Tuzhi, P. AMI. Chern. 1986,58,3257-3261.
(13) Polak, A.; Petty-Weelrs,S.;BeuIher, A. J. Chern. Eng. NewB 19M,

63 (48), 28.
(14) C888888, E. Z.; Sarquis, A. M.; Van Dyke, C. H. J. Chern. Ed. 1986,

63,57-60.
(15) S81quiB, A. M. J. Chern. Ed. 1986, 63, ~1.
(16) Sarquis, M. Instructor 1985, No. 10, 142.
(17) Burke, B. A.; Haworth, D. T.; Raab, M. F. J. Chern. Ed. 1986,65,

895.
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PVA-H3P04 800 = Sonser. 5O-400-8(Nl-CTA
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figure 3. Speedofsensor responee to water Inacetonllrtle with cIfferent
ov«coats: (a)PVA-HsPO•• (b)CTA, (c)composIlallm. Theanalyzer
pulses ara 60 s apart. Note !he slower approach of !he PVA-HsPO.
11m to 8QulIIlrUn.
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figure 5. Reponse of a 50(Pt)-4OO-8(N)-Comp (888 taxt) sensor to
water In various solvents. Scan -0.5 to 4.0 V at 3.0 VIs.

Water added to all other solvents, ppm
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50 1

ppm Water Added to Hexone
figure 4. Response of eTA and composlta fllm coated sensor to
water added to hexane.

Nafion (N, the Dow PFSI is represented by D), overcoated
by the composite membrane) operated under a scanning
protocol of0.5/4.0/3.0 (scanned from -0.5 to-4.0 V at 3.0 Vis)
deployed in six different solvents. The ratio of the best-fIt
slopes for the linear portion of the response region for
acetonitrile:acetone:ether:dichloromethane:benzene:hexane
in Figure 5 is 1:1.5:3.6:69:100:170.

Linearity of Response. During the application of the
analyzing pulse, H+ and OH- formed from the dissociation
of water in the flim are respectively reduced at the cathode
and oxidized at the anode:

H+ + e -1/2H2 OK" - e -1/,°2+ 1/2H 20 (2)

The linearity of the overall current response as a function of
the sample water contentmay depend on a number offactors.
Many of these are interrelated and the contribution of
individual causes cannot generally be isolated. The ohmic
resistance of the sensing ffim itself is dependenton [H.O]fiIm,
and the resistance can be high in relatively dry nonpolar
solvents. Consequently, the actual electrode potentials at
any given applied voltage may become dependent on the
sample water content in such situations. In the example
shown in Figure 4, although the response over the entire

(1)

II

Compclllt8

1

1

CTA

discrimination against ethanol is somewhat better, and the
response current is linearly related to water content in ethanol
above a concentration of 2000 ppm.

PVA-HaPO.PFSI Composite Sensing Films. As indi­
cated above, the utility of PVA-HsPO, barriers are compro­
mised by their slow equilibration. We have found that PFSI
can be incorporated in the PVA-~O.solution to form a
polymer composite that resists swelling. Because the PFSI
network is presentthroughout, only limitedprotection against
matrix solvent penetration is afforded, however. Neverthe­
less, it has been found that very useful sensors are formed by
(a) dip coating thrice with a 5% Nafion solution, allowing
solvent to evaporate between coats, (b) coating again with a
blend containing 1% PYA, 1% PFSI, and 4% HsPO" (c)
thermally curing at 8<HlO ·C for 2-4 h, and (d) repeating
steps b and c twice more. These sensors can be used in
nonpolar solvents like hexane, benzene, or toluene, and
halogenated solventswith dichloromethane. Theywithstand
polar solvents such as acetone or acetonitrile, but since they
offer little discrimination against the solvent matrix, they
are useful in such solvents primarily for the measurement of
relatively high water levels; the upper measurement limit
extends to several percent water. The overall permeability
of the composite polymer overcoat to water is only slightly
lower than a CTA overcoat; this is illustrated in Figure 4 for
the measurement of water in hexane. (The plotte4 ordinate
value is the observed peak current less the peak current
observed before the deliberate addition of water, hence
designated as delta current.)

Sensor Performance, Beaponll8 Behavior, and Para­
metric Effects. Dependence of the Response on the Solvent
Polarity. ThefIrst step in sensor operation is the partitioning
of water from the sample to the sensing flim:

where Ko is a distribution constant that is dependent on the
sample matrix. The value ofK o is expected to be higher for
solvents with low water affinity, e.g., hexane, relative to
samples ofhigh water affinity, e.g., acetonitrile. At the same
concentration, wateractivity is higher in low polaritysolvents,
resulting in correspondingly larger sensor currents. This is
illustrated in Figure 5 for a 5O(Pt)-40<l-S(N)-Comp sensor
(this abbreviated designation, followed hereinafter, indicates
5O-jLm Pt electrodes with 4()()-jLm spacing, an 8-jLm flim of
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The extent to which this happens is likely to be dependent
on the thickness of the sensing film, interelectrode distance
(for the fixed thread geometry of the cylindrical sensors, the
interelectrode distance effectively decreases with increasing
wire diameter), and the permeability of the overlayed
membrane to the anodic products. These factors affect the
probability ofdiffusion ofthe anodic products to the cathode
relative to the bulk solvent. (Note that the uptake of the
anodic products by the solvent at the solvent-sensor interface
may also be influenced by the nature of the solvent, i.e., its
affinity for water or O2. A nonlinear dependence of i on C
is thus more likelywith low-polarity solvents from this aspect
as well).

Figure 7 shows the results for the measurement of added
water to -house" acetone, Data are shown for aCTA­
overcoated cylindrical sensor with an 8-pm Nation mm and
after coating again with 7-8-jLlIl Nation, and for a coil type
sensor. Quadratic fits are shown as the solid lines, while
dashed lines are extrapolated linearly from the lower portion
ofeach response curve to determine the water content of the
original sample. Within limits of experimental error and

o 0
-4000 1000 6000 11

ppm Water Added to Acetone
figure 7. Response to water added to acetone for different senacn
(see text). Scan protocols were 0.5/3.0/3.0 lor the cylindrical sensors
and 0.5/6.0/3.0 lor the colt sensor.

SOS-] = [RoO+]. If the PFSI is in excess and the above
equilibrium proceeds only weakly to the right

[HsO+] tt [H20]O.5 (6)

Ifwe make the assumption that the mobility of HsO+ in the
mm is linearly related to the water content of the mIll, eq 3
will indeed predict that i tt [H20F5.

Response Linearity in Polar Solvents. Film Thickness
and Interelectrode Separation. When data over a large
concentration range are considered, response nonlinearity is
also observed with polar solvents. This appears to be more
related to the precisenatureofthe sensorandthescanprotocol
under which it is operated. The reason for this nonlinearity
may have an altogether different reason from those cited
above. The water formed at the anode can both diffuse back
into the bulk solvent or reenter the electrolytic cycle.
Similarly, if the anodically formed O2 can diffuse to the
cathode, it may be reduced to water and/or H20 2; both may
reenter the electrolytic cycle:

then

[HSO+]2 =K[polymer-SOsH] [Ho°] (5)

where K is the equilibrium constant for eq 4 and [polymer-

concentration range shown is certainlynonlinear, it is readily
apparent that a linear equation will adequately predict the
response at the higher concentration end. This may be
rationalized in terms of the relatively lower importance of
the iR drop as thesolventbecomeswetterand the mm becomes
more conductive. An alternative and equally plausible
explanation of the observed response behavior is that in eq
I, Ko is truly constant for a given solvent system only if the
concentration terms written are replaced with activity terms.
Fornonpolar solvents, the natureofthe nonlinear relationship
between water concentration and water activity at least
qualitatively predicts the same type of nonlinear response
behavior as shown in Figure 4. The solubility of water in
hexane at room temperature is :S 400 ppm.

In nonpolar solvents at water concentrations low enough
to be substantia1ly below saturation (where the nonlinearity
of the concentration-activity relationship may not have
become pronounced), we have consistently made the obser­
vation that the peak current is approximately proportional
to the 1.5th power of the concentration ofwater. A preferred
wayoflookingat such a response behavior is to plot,"/sagainst
the added water concentration; this approach eliminates the
necessity ofpreciselyknowiug the water concentration of the
original-dry" solvent, and the abscissa intercept permits the
estimation of the original water content of the sample, in the
typical manner standard addition computations are made.
Such a plot is shown in Figure 6 for four different low-polarity
solvents at relatively low waterconcentrations. The excellent
linear fits shown may not be entirely fortuitous. Consider
the following: Thecurrent is likelyproportional tothe product
of the concentration of the principal charge carrier (which is
most probablyHsO+ for apolar solvents that cannoteffectively
solvate the proton) and the mobility of the carrier:

i tt [HSO+P'H,O+ (3)

where [HsO+] and AH,O+ are the concentration and the
mobility. If we recognize that in the highly apolar environ­
ment, the PFSI may only be weakly ionized

polymer-S0sH + H20 = HsO+ + polymer-SO; (4)

0.00 in"=~50,,""=,:'JOr.:O=""':':15r:O""'""::20;r,07"'""';;2'r50:;""rn;3;;(0

ppm Water Added
Flgwe 8. Relationship between 1l/3 and [water1 Is linear at low
concentrations of water In nonpolar solvents. The Inset gives sensor
and scan protocols (see text). Differsnt y intercepts Indicate varying
initial water content of the different samples.
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sample-to-sample variation, essentially the same water con­
tent of the original sample is predicted; this validates the
applicability of linear extrapolation over a small range.

It is notable that in the same water concentration range,
the coil sensor (with no protective membranes and the anode
in direct contactwith the sample) displays very good linearity
(r = 0.9994), even though a higher scan limit was used for this
experiment and this would normally tend to induce greater
response nonlinearity (vide infra). Figure 8 shows the
voltammograms for (a) the S-"m fIlm cylindrical sensor and
(b) the coil sensor; the nonlinear i--G response of the fIrst
device is very clearly seen.

The thickness of the fIlm in the cylindrical sensors is an
important factor. In acetone, a 2oo(Rh)-32Q-4(DHCTA, 105
'C, 2hh sensor exhibited a linear response (r = 0.9991-{).9995)
up to 9000 ppm added water under a variety of experimental
conditions-initial water contents ranging from <300 ppm
(dried with 4-A molecular sieves) to -1700 ppm and varied
scan rates (0.5-4.0 VIs). Nonetheless, the same thin sensing
flim cannotproducea linear response in alow-polaritysolvent
like toluene (linear r < 0.975).

Nonlinear behavior is thus predictably more commonly
observed with larger wire electrodes. Although the absolute
level of the response current decreases substantially, more
linear sensors result with thinner electrodes. Fabrication is
diffIcult, however, with the very fragile 25-"m wires; we have
chosen to perform most of our work therefore with 50-"m­
diameter electrodes and these are recommended.

Influence of the Scan Conditions. The scan protocol can
influence both the magnitude and the linearity of response.
At least in polar solvents, where a thin fIlm sensor, e.g.,
2oo(Rh)-320-4(DHCTA, 105 'C, 2hh, exhibits linear response
to water, the linearity is unaffected by changes in the scan
rate. Further, in such solvents the peak current is proportional
to the square root of the scan rate over a large range of water
concentrations. The peak current from the above sensor was
linearly related (r = 0.9997-{).9998) to (scan rate)1/2 over scan
rates 0.2~.0 VIs at water levels <300 to several thousand
ppm in acetone. Extending the scan limit increases the peak
current, as shown in Figure 9 for a 5Q-4OQ-6(N)-PVNHoPO.
sensor in acetonitrile. As long as the scan limit is suffIciently
high, the initial water content predicted by linear extrapo-

200

<l: 150
::J.

.....
C
<ll....
L 100
~

U

l:IIIIJ scon limit -3.5 V
~ scon limit -4.5 V
CIJJJ:) scan limit -5.5 V

0+4<~~,..,..,~,..,..,~,..,..,,,...,..,..,~,..,..,,,...~
-400 SO,SOO 2600

ppm Water Added to Acetonitrile
FIgure 9. Effect of scan limits, 5C-40D-6(NrPVA/H3PO. sensor.

lation also remains independent of the scan rate, as Figure
9 indicates. The i-C response of a sensor can become more
linear with a decrease in the scan limit, whether due to lower
iR drops or less electrolytic product formation. Thenonlinear
behavior of the sensor 2oo(Rh)-320-8(NHCTAh (see Figure
7) is signifIcantly changed when the scan limit is reduced to
-2.4 V; the linearity of response up to 12000 ppm added
water is excellent (r = 0.9995). Attempting to obtain linear
response simply by reducing the scan limit is fraught with
peril, however; the overall signal decreases, and the contri­
bution of the charging current (which we have thus far
neglected) becomes large enough such that the water content
of the original sample is seriously overestimated by the
standard addition approach.

In our judgment, it is not especially productive to try to
obtain a linear sensor response over a large range of water
concentration. Over a small range, Le., with small amounts
of water added to perform standard addition, linear extrap­
olation to determine the initial water content is acceptable
and the response curve over a large range is always well
predicted by a quadratic response equation. In over 50
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Figure 10. Reproducibility 01 successive measurements In acetone.
sansor 200(Rh)-321HD~TA, scan protocol 0.5/4.0/4.0. The peaks
are 60 s apart, and the peek current Is 0.3 mA at the highest
concentration.

Table I. Detection Limits and Applicable Range

ppm water

solvent sensor overcoat studied range LOD

acetone CTA 100-20000 3
acetone composite 1000-52000 50"
acetonitrile CTA 100-20000 5
acetonitrile composite 1000-85000 100"
acetonitrile PVA-HaPO. 70-2500 <1
dietbyl etber CTA 100-4000 9
dietbyl etber composite 2OQ-9OOO 30"
toluene CTA 20-400 2
toluene composite 20-500 3
hexane composite 20-250 5"
dichloromethane composite ~ 3
benzene composite 20-500 2

"LowerLOD·smaybepooaihle. Tbecited valueoarelargelylimited
by the wster content of tbe original oample.

experiments in 7 different solvents with more than 25
individual sensors of different types and a variety of exper­
imental conditions, a second degree equation always satis­
factorily described the response behavior (quadratic r =
0.9993-1.0000, mean 0.9998). For nonpolar solvents at low
levels of water, the preferred ordinate plotted is ;2/3.

Reproducibility and Detection Limit.. The response
reproducibility ofthe sensors with repeated analyzing pulses
is generally excellent, especially considering the difficulty of
measuring low levels ofwater. An example is shown in Figure
10 for acetone, Detection limits were calculated on the basis

(18) Ruzicka, J.; Giibeli, T. Anal. Chern. 1991,63,1680-1685.
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figure 11. MonRorIng the temporal prollle of acetone deslccellon by
molecular sieves. The Inaet8 show the peak proflles at 0 and 1350
min. The deslgnallon Indicates 50-I'm PI electrodes _ 400-I'm
spacing and an 8-l'm lllm of Naflon (N, Dow PFSI Is abbrevlated 0)
ovarcoated by a compoolte membrane.
of 3 times the standard deviation of the blank and the linear
slope at the low end of the water content. These are shown
for different solvents and sensors in Tahle I. In all cases, the
cited detection limits are substantially below the minimum
waterlevels thatwe could experimentallyattain; it is therefore
especially important to point out that these detection limits
are estimated from data at substantially higher concentra­
tions.

Finally, an application ofthesensor toward the desiccation
ofsolvents, conceived and carried out at Shell Development,
is shown in Figure 11. A flow-through cell was designed to
accommodate the sensor and was connected to a sequential
analysis injectionsystem." Atdesired intervals, the sinusoidal
pump aspirated a sample from a reservoir containing the
sample under dessication and then pushed it into the sensor
cavity. The data shown are for the desiccation ofacetone hy
molecular sieves. Measurements were made in replicate eacb
timeand resulted in relativestandarddeviationvalues ranging
from 0.13 to 1.01 %.
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Use of a LaserIPhotodiode Array Detector System To Study
Mass Transport across Membranes
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A new InstlU'll8l1t has been developed to rapidly me.-a the
rate 01 maa trlll18PO'1 a_lntert_or membralMS wIthoul
the need lor sample axtractlon. ThII lnlItrument utllz.. a
puIlIed laser .. the Ight _ce and a photodlocle array as the
detector. together with a spacIaIy dMIgnad cIfIusIon cal to
acquire spatially resolved data. Meaaur-ms ara made In
quiet solutions where the concentration gradients on one or
both sidell 01 an Interlace or a membr_ are viewed by the
diode array detector. Graater -.nrvrty compared to tra­
cIllonal spectrophotometric meaMll'ernenls can be achieved
bec_ the material crossing the barrier Is not dluted Into
the bulk solution lorme--m. The 8y8tam Is automated
to mea_e concentratlon-dlstance profiles at program­
controllable tim... Alter mountlllll the membrana and loadlllll
the solution. there Is a"'-l no m_1 Involv-m. Con­
centratlon-<lllltance proIIIes 01 lerrlcyanlda Ion developed
during electrolysis In the solution above a graphlta eIectrocIe
were acquired as a function 01 time. The experimental r....
are In agre-m with theoretical r..... predicted by the
Cottr.. equation. The parmaabllty 01 methyl ora. acrws
Nuclepore mambralMS was determined In Ie.. than 3 min
with a12~ diode array detector. The ma.. transport
01 4-nftrophenol acrws silicone rubber membranes was
quantllled within 15 min with an Improved 512-alamenl array
detection system. Conventional dIfIusIon studIas take much
longer lor completion.

0003-2700/92/0364-2413$03.00/0

developed in quiet solutionson one or bothsidesofan interface
or a membrane without the need for sample extraction. The
instrument provides an instantaneous measurement or
"snapshot" ofthe amount ofa substance that has left one side
of a membrane and appeared on the other side. Greater
sensitivity compared to traditional spectrophotometric mea­
surements can be achieved because the material crossing the
barrier is not diluted into the bulk solution for measurement
as in a stirred compartment. The system is automated to
measure concentration--<iistance profiles at program-con­
trollable times. After the membrane is mounted and the
solution is loaded, there is almost no manual involvement.
The permeability of methyl orange across Nucleopore mem­
branes was determined in less than 3 min with a 128-element
diode array detector. The mass transport of 4-nitrophenol
across silicone rubber membranes was quantified within 15
min, whereas conventioual diffusion studies take much longer
for completion.

INSTRUMENTATION AND CELL DESIGN

Instrumentation Overview. The laser/photodiode array
detector system developed is schematicallydepicted in Figure
1. The detection is based on absorption spectroscopy. A
Molectron DIAl tunable dye laser, pumped by a Molectron
UV-22 (Molectron Corp., Sunnyvale, CA; presently Laser
Photonics, Orlando, FL) pulsed nitrogen laser, is used to
provide a source of highly monochromatic and parallel light
of a selected wavelength. The light is filtered down to the
desired intensity level and expanded. Originally, a set of
biconvex lenses of focal lengths 4.06 and 34.54 cm were used
to expand the laser beam from 0.25- to 2.13-cm diameter. In
the new and improved system, a Newport (Fountain Valley,
CAl Model 910 spatial filter (2.9-mm microscope objective
and 5-"m pinhole) along with a plano-convex lens (75.6 mm)
achieves a more uniform beam expansion. The beam then
passes through a slit and travels normal to the diffusion cell
to minimize light refraction. The variable slit allows the width
of the beam to be decreased reducing the possibility of stray
light reaching the detector from the sides and also provides
another means of controlling the power of the beam. With
a nitrogen laser pulse width of 10 ns, the dye laser has a
nominal pulse width of 6-8 ns. With such short light pulses,
the energy absorbed by the solution is not enough to cause
temperature differences that might induce convection. A
photodiode array, arranged orthogonal to the interface and
beam, serves as the detecting unit. To minimize light
diffraction off the membrane, which would complicate
positional intensitymeasurements, the detector is positioned
within 1 em of the diffusion cell. This approach of using a
photodiode array to acquire spatially resolved absorption
measurement is similar to those described by Fukanaka et
al.2 and McCreery and co-workers3,4 for imaging the elec-

(2) Fukanaka, Y.; Dempo, K.; Iwata, M.; Maruoka, K.; Kondo, Y. J.
Electroclu!m. Soc. 1983,130,2492-2500.

(3) Jan, C. C.; McCreery, R. L.; Gamble, F. T. Anal. Clu!m. 1985,57
(8),1763-1765.

@ 1992 American Chemical Society
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Figure 3. Scan saquencer c1rcun board design. Key: U1, U2, 7474
dual Ootype flip-flops; U3, 7408 quad lwcHnput AND gale; U4. 7414
hex Inverter; OP, 741 operational amplifier.

opening, but not stick out over the edges. Two blackened
polyethylene pieces (b) were made to hold the two half-cells
together with the membranesandwichedinbetweenandapply
even tension in the vertical direction to prevent leakage. This
assembly is inserted into a hollow Nylon cylinder (c), which
has two screws on the side to secure the assembly in place,
Windows were milled out in the holder to allow light passage
through the diffusion cell. The diffusion cell is always
assembled with the bottom half filled with solution and the
membrane in place. After the cell is positioned, the top
compartment is filled with solution through a hole drilled
through the center of the polyethylene top holder. The
diffusion cell assembly is housed in a cuvette holder which
is mounted against a kinematic mirror mount so that the tilt
of the cell, if any, can be corrected. The kinematic mirror
mount is in turn mounted on a rotation stage, which helps
position the cell normal to the light beam. Three miniature
tranalationalstagesstacked underthe rotationstageoptimally
align the cell with the detector.

Detector and Sean Sequencer. The detector of the
original system was an S-series 128-elementphotodiode array
(EG&G Reticon Corp., Sunnyvale, CAl operated by an RC­
1024SA evaluation board. The detector chip contains phD­
todiode sensor elements for simultaneous light intensity
measurements in 128 planes with a center-to-center spatial
resolution of 25 jilll. In the inlproved system, a 512-element
array operated by a Reticon RC1000 Mother board and
RC1001 Satellite board set6 is used. A scan sequencer was
built to supply power for the diode array's evaluation boards,
adjust the videooutput to be compatiblewith the LabMaster's
AID converter input, and process the input/output signals of
the evaluation boards for total computer control. The circuit
diagram is shown in Figure 3. In the lower part circuitry, R
is assigned to 14.8 kG; the video output of the array, Vin (<Hi
V), is thus amplified by a factor of 3.2, which sets the output
to 0-19 V. The 5-kG varisble resistor provides an offset
adjustment so that the video output range of the diode array

«)

o
nylon cylinder
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(b)

cell
polyethylene
lOP holder

Plano-Convex
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polyethylene
bOllom holder
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Figure 1. Schemalic diagram of the laser/pholodlode array syslem.

FIgure 2, (a) Diffusion haIf-celIs(O.9-<TmwaI_)and membrane.
(b) Polyethylene dlffusion eel holder. (c) Nylon cylinder.

Tecmar
Dye Interrace Board
Laser

Nitrogen
Laser

trochemicaldiffusion layeratasolid electrodeand byHarrison
etal.5 for measuring the concentration promes insidea nitrite
ion selective electrode membrane.

Because these "quiet solution" studies are very sensitive to
convection, allofthe equipment is located ona floating optical
table (Newport) to isolate theequipment from room vibrations
which would otherwise limitacquisition times to perhaps less
than 1 min at a typical lab bench. An mM-PC equipped
with a Tecmar LabMaster data acquisition subsystem (Sci­
entific Solutions, Inc., Solon, OH) is used to control laser
puiaing, acquire data from the photodiode array, and analyze,
display, and store the data. Initial processing of the diode
array video signal is accomplished by a home-built circuit
board called a scan sequencer, through which the computer
controls the diode array and collects the data. Software has
been developed to set up and coordinate the tasks necessary
to run and evaluate an experiment.

Diffusion Cell Assembly. The diffusion cell shown in
Figure 2a ismadeoftwo piecesofrectanguiarbore glass tubing,
2-mm by 6-mm inner dimensions (Wilmad WR-0206). The
ends that make contact with the membrane are polished to
a high degree of smoothness and flatness. While the top
compartment remains open, the bottom compartment is
sealed with clear silicone Windshield Glass Seal (General
Electric, Waterford, NY). Bottom cells of various depths
were made. The membrane of study is cut to cover the

(4) Wu, H. P.; McCreery, R. L. Anal. Chern. 1989,61 (21),2347-2352.
(5) Li, X.; Harrison, D. J. Anal. Chern. 1991,63 (19), 2168-2174.

(6) RCl000/RCl00l Operation and Alignment Instructions; EG&G
RetiCOD Corp.: Sunnyvale. CA.
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at Vout becomes -9.5 to +9.5 V. The upper part is the signal
processing circuitry that dermes the 512 pulses required to
trigger the ND converter for each scan. MCLK is the free­
running on-board master clock signal. When a data acqui­
sition request is received from the LabMaster's counter 4 at
"New Data", the rlfSt in-sequence Sync. Output and EOSE
(both output from the evaluation board) allow 512 ND
triggering pulses for the rlfSt complete scan of the array to
be generated at "Clock Out".

Software. The program is written in Microsoft Quick
. BASIC using Assembly subroutines to effect rapid data

collection. The program sets the integration time ofthe diode
array, programs the counters of the Tecmar LabMaster to
trigger the nitrogen laser and the scan sequencer, initializes
the ND converter, and calls the Assembly subroutines to
collect data. The program then retrieves data from the
Assembly subroutines and performs statistical analysis and
data rejection. It also plots, prints, and/or stores the
experimental data. Old experimental data can be reviewed
as well.

EXPERIMENTAL SECTION

Reagents. Analytical reagent grade chemicals were used
without further purification unless otherwise specified. De­
mineralizeddouble-distilled water was usedtoprepareall aqueous
solutions. Phosphate buffer solutions (0.2 F) of pHs 2.2, 3, 5,7,
and 10 were prepared. The 10mM K.F'e(CN). (Baker Lot33407)
in 0.2 M KCVO.02 M HCl stock solution was purged ofdissolved
oxygen by bubbling (Znjvanadyl sulfate scrubbed) nitrogen
througb it for 15 min and then stored away from light. Fresh 4
mM K.F'e(CN). test solutions were prepared upon use. Methyl
orange solutions of 5 x 10-< and 5 x 1()""6 M were prepared by
serial dilution from the 1 mM stock solution. Yellowish needle
crystals of4-nitrophenol (K& K Laboratories, Inc. 66855X) were
obtained by recrystallization from water.

MembJ'lUle8. Nuclepore membranes <Nuclepore Corp., Pleas­
anton, CAl were chosen for the preliminary membrane transport
studies because they are thin (6--10 I'm) yet relatively sturdy,
flat, and chemically and biologically inert. The 25-mm disks
were presoaked overnight in phosphate buffer before use.
Nonreinforced Silastic Medical-Grade silicone rubber sheeting
from Dow-Corning (Midland, Michigan) was used in the study
of mass transport of 4-nitrophenoL Silastic membrane is
permeable to uncharged lipophilic drug molecules and imper­
meable to charged species. It is homogeneous and inert and has
little or no tendency to imbibe water. These characters make it
attractive as a membrane for simulation of the drug transport
phenomenon. Contrary to this, microporous membranes are not
a good model for skin, for example. However, microporous
membranes have been used as growth support systems on which
cell monolayers have been grown to study transport across cell
layers. 4-Nitrophenol was studied because it has beenfrequently
used in diffusion studies, and data pertaining to this system have
been reported.' Silastic membrane pieces of 2 em square were
stored in the phosphate buffer to be used for the donor solution
after being washed and thoroughly rinsed.

SpectroeleetrochemicalStudy oIKaFe(CN).. To evaluate
the performance ofthe laser/photodiodearraysystemfor spatially
resolved concentration measurements, the formation of an
electrochemical diffusion layer was rll'St studied because it is a
well-dermed system. The concentration-distance promes de­
veloped during electrolysis as a function oftime are theoretically
predictable.· The potassium ferroeyanide/ferricyanide redox
couple was chosen because the reaction is reversible and
uncomplicated and the compounds do not adsorb onto the
electrode surface. Also the diffusion coefficients of both species
are known.' The molar absorptivity of the ferricyanide ion is
1020 (em M)-l at 420 nm.

(l) Jetzer, W. E.; Huq, A- S.; Ho, N. F. H.; Flynn, G. L.; Duraiswamy,
N.; Condie,L., Jr. J. Pharm. Sci. 1986, 75 (11), 1098-1100.

(8) Bard, A. J.; Faullmer, L. R. ElectrochemicalMethods; Wiley: New
York, 1980; Chapters 4 and 5.

(9) Adams, R. N. Electrochemistry at the Solid Electrode; Dekker:
New York, 1969.

Fine-grain, low-permeability graphite (DFP-1 grade, POCO
Graphite Inc., Garland, TX) was used as the working electrode.
A graphite rod of 6-mm diameter and 14-mm length was
impregnated with Nujol and polished. A 20-gauge silver wire
coated with silver chloride served as the reference electrode and
was enclosed in a shortened disposable Pasteur pipet. A 31­
gauge platinum wire wrapped around the glass-encased AgjAgCl
electrode served as the auxiliary electrode. A piece of polished
rectangular borosilicate glass tubing, 2-mm by 4-mm inner
dimenaionsand 2em long, was used as theapectroelectrochemical
cell. A holder made of three specially machined plastic pieces
secured the graphite electrode upright squarely against the
polished surface of the bore glass cell. With the vertical tension
properly maintained, the graphite surface completely sealed the
glass tubing from the bottom. A disposable pipet was used to
introducesolution into the cell from the top ofthe holder through
a hole. The reference and auxiliary electrodes also made contact
with the solution through this opening.

Toperform the experiment, the dark currentofeach individual
diode was recorded. The intensity signal was then measured
with the laser beam directed through the clear 4 mM K.F'e(CN).
solution to obtain the 100% transmittance values. After the
electrode potential was stepped from -{J.1 to +0.6 V va Ag/AgCl,
the colored oxidation product, KsF'e(CN)., started to form at the
electrode surface and diffused away. At 1, 5, 9, 17, 25, 33, 49, 65,
97, and 120 s after the potential step, the positionally resolved
transmittance of the solution was again measured. Nine scans
were averagedper series collection. Thediffusion-limited current
was simultaneouslymonitored withanmMEC/225 voltammetric
analyzer interfaced to the mM-PC.

Transport of Methyl Orange across Nuclepore Mem­
bJ'lUle8. Transport experiments of methyl orange across Nu­
clepore membranes were conducted to examine the applicability
of the laser/photodiode array system in studying the transport
process. To restrict maas transport to diffusion, the floating
optical table was necessary to reduce room vibrations in the
solutioncells, the shortpulsed dye laser avoided the introduction
ofheatinto the solutions, andmigration due to electricalgradients
was minimized by using the phosphate buffer, the concentration
of which was at least 100 times the species of interest, in both
the donor and receiver solutions.

Because both the donor and receiver solutions were initially
homogeneous and the diffusion layer developed during the
measurement time period would not run into any walls that
restricted its growth, the theoretical concentrationprom..could
be calculated at a selected time and distance away from the
interface for a given species with a known diffusion coefficient.
The aasumption made here was that the concentration ofmethyl
orange at the interface of these two solutions remained constant
and equal to half of the initial bulk concentration. The total
amount transported at a chosen time, Q(t), was derived to be
proportional to ACd(D/t)I/', where A was the croBB-section area
for transport, Cd the initial bulk concentration in the donor cell,
and D the diffusion coefficient of the species. When Q(t)
multiplied by the square root of time was plotted against time,
a linear plotwas obtainedthathada siope proportionalto AC;,l)I/'.
The experimentaldata could only be evaluatedup to 75 I'm (three
diode elements) of the membrane surface, on each side, due to
light diffraction caused by the surface edges of the membrane.
Fortunately, when the same restriction was applied to the
theoretical data, it still yielded a linear Q(t) X tIl' plot. By
analyzing the slope against D1/', the following equation was
derived:

measured slope = 223.5D1
/' - 0.1103

D thus deterntined was an "effective" diffusion coefficient (or
permeation constant), because the Nuclepore membranes are
thin impermeable sheets with pores through which transport
occurs. Only a fraction of the total croBB-section area is actually
available for transport.

To conduct the experiment, the sealed bottom half-cell was
filled with phosphate bufferofdesignated pH, and the membrane
was carefully laid on top of the solution without forming any air
bubbles. This was placed in the bottom part of the polyethylene
holder, and the other empty glass compartment was gently set
on top of this. The top polyethylene piece was then closed in to
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figure 4. PostlIonal (a, lop) IntenslIy and (b, bottom) absortlance
~surament of K,Fe(CNle at times 9, 25, 49, and 97 8.

Transport Measurement Results for Methyl Orange.
The results for the transport of methyl orange aeroes a
Nuelepore membrane of 0.2-1'ffi pore size at pH 7 are shown
in Figure 5. The initial bulk concentration is 1 x 10-' M, and
the concentration in (a) is a fraction of this value. Plot b
depicts the amount (integrationofconcentrationstartingfrom
75 Ilmofthe membranesurface) ofmethyl orange whichleaves
the donor compartmentand that whichappears in the receiver
compartment at various times. Both curves should be the
same andare in fact reasonably close. Thedifference between
these two curves (shown near the baseline) may be due to the
material within the membrane and near the membrane in a
"detector hidden" area. When the integrated amount at a
giventime is multiplied bythe square root oftime and plotted
against time (c), linear plots inagreementwith diffusion theory
are obtained. The slopes are 0.361 and 0.382 and the effective
diffusion coefflcients are 4.45 x 10-8 and 4.85 x 10-8 em2/8 on
the basis of the measurements in the receiver and donor
compartments, respectively. It is believed that the results
based on the measured amount of methyl orange that leaves
the donor compartment are mOre dependable because the
material in the membrane and detector hidden area is
"invisible".

Permeation constants at pHs 3, 5, and 10 are found to be
4.85, 4.32, and 4.25 x 10-8 cm21s, respectively. The variations
could be due toactual differences in the diffusion coefficients
at the different pH values or to experimental variability. It
is found that the permeation constant is unchanged over a
concentration range of 1 x 10-5 to 2 X 10-' M for pHs 5, 7,

RESULTS AND DISCUSSION
Spectroelectrochemical Results for K,Fe(CNlo. The

results of the KsF'e(CN)6 measurements are shown in Figure
4. The intensity data collected at 9, 25, 49, and 97 s as well
as the dark current and the 100% transmittance are shown
in (a). The fluctuations observed (except the dark current)
may be due to intensity variationsinherent in the Isser beam
and differences in the gains of the individual diodes. The
pattern is reproducible as this fIgure shows. The positional
absorbance (b) is derived by applying the equation, A = ­
loglO (If10), to each individual diode, where I is the intensity
measured at various times and 10 is the intensity of 100%
transmittance. Both I and 10 are dark current corrected. It
is evident that the systematic noise is largely eliminated after
conversion. These measured profiles are in good agreement
with the theoretically predicted values, where the diffusion
coefflcients of KsF'e(CN)6 and K.¥e(CN)6 are 7.63 and 6.5 x
10-6 em2/s, respectively.. This indicates that the laser/
photodiode array system functions well as a spatially and
temporally resolved spectrophotometer.

hold the cells together, and the entire assembly was inserted into
the Nylon cylinder till the light paths lined up. The top
compartment was filled with 100 ilL of the same background
solution after the cell was positioned. The dark current and the
100% transmittance signals were recorded first. A syringe was
used to introduce 25 !'L of the methyl orange solution into the
top compartment. The solution in the top compartment was
gently pulled into the syringe and replaced back to the top
compartment several times to achieve solution homogeneity in
the donor half-cell. At 30, 60, 90, 120, 150, and 180 s after the
introduction of methyl orange, the light intensity promes were
measured. Methyl orange transport across 0.2-llm Nuelepore
membranes was measured at pHs 3, 5, 7, and 10. For pHs 5, 7,
and 10, 465 nm was the Amu. with a molar absorptivity of 25 200
(em M)-l. At pH 3, A.,.. was 503 nm and the molar absorptivity
34 300 (em M)-'. Methyl orange transport across Nuclepore
membranes of various pore sizes was also measured in pH 7
phosphate buffer.

Transport of 4-Nitrophenol acrOS8 Silicone Rubber
Membranes. 4-Nitrophenol is a weak acid, with a pK. of 7.15.
Flynn et al.7 suggested the donor pH be mainteined at 2.2 to
suppress ionization and the receiver pH be at 10 to best assure
sink conditions when the permeation of silicone rubber mem­
branes by 4-nitrophenol is studied. These conditions were
mimicked to evaluate the performance of the 1sser/photodiode
array measurement system against the data they reported. At
pH 2.2, 4-nitrophenolsolution is colorless; at pH 10, the yellow
solution has an absorbance peak at 400 nm with a molar
absorptivity of 20 200 (em M)-'.

Experiments were first conducted with a l.8-mm-deep bottom
cell filled with pH 10 receiver buffer andthe pH 2.2 donor solution
(50 mg/l00 mL) was introduced into the top compartment at the
onset of experiments. Concentration-distance promes were
acquiredat I, 2, 3, 4, 6, 8, 10, 12, and 15 min after the introduction
of 4-nitropheno!. It was observed that 4-nitrophenol reached
the bottom of the receiver cell after 4 min. An 18-mm receiver
cell was then used to allow 4-nitrophenol to diffuse without
restriction. A lower bulk concentration of 25 mg/l00 mL was
used and the profiles were recorded at 2, 4, 8, 13, 20, 30, 40, and
50 min.

The experimental results indicated that quiet solution con­
ditions did not hold as expected, which may be due to density
gradient induced turbulence caused by the transport of 4-ni­
tropheno!. The orientation of the diffusion cell was therefore
inverted. That is, the bottom cell was filled with the pH 2.2
donor solution, the top compartment was empty when the dark
current and the 100% transmittance were measured and pH 10
receiver buffer was introduced into itat the onsetofexperiments.
New membranes were used in all the experiments conducted so
far to avoid the time-consunling membrane recovery procedures.
However, in final studies, membranes were used over and over
with proper recovery treatment between experiments. The
bottom cell is again the donor chamber.
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and 10. At pH 3, however, the transport of methyl orange
is concentration dependent between 5 X 10-5 and 1 x 10-' M.
The reasons were not pursued. The permeation constant is
also found to generally increase with membrane pore size and
pore area.

Transport Measurement Results for 4-Nitrophenol.
Figure 6 shows the partofthe concentration-distance profiles
that were viewed by the diode array when an 18-mm-deep
bottom cell was the receiver. Distance zero is the position of
the fIrst measurable diode outside the diffraction limited
region. In a diffusion-controlled transport system like this,
the diffusion layer thickness should be proportional to the
square root of time. It is observed that the diffusion layer
doesnotgrowwith time as theoretically predicted throughout
the experiment. In this example, the diffusion layer increases
with the square root of time for the fIrst 8 min, after which,
the diffusion layer thickness becomes larger than expected.
The profiles go beyond the view window of the diode array
after 20 min. The humps observed indicate that the solution
is no longer under quiet conditions after 8 min and induced
stirring/mixing of the solution occurs. This phenomenon is
repeatedlyobserved, butthe onsetand extentofmixingdiffers
from one experiment to another. To quantify the amount of
4-nitrophenol transported, the concentration profiles have
to be completely within view and shorter receiver cells are
thus required.

When the amount of 4-nitrophenol transported vs time is
compared among experiments, it is found that data are
reasonably consistent for the fIrst few minutes, then the rate
of mass transport starts to vary. A permeability coefficient
of 29.2 (::1:4.2) x 10-3 cm/h is derived from the slopes of the
linear portions, A lag time of about 1 min is also determined
by extrapolating the linear portions of the curves to the time
axis. It is suspected thatthe transportof4-nitrophenol causes
density gradient induced turbulence which is highly irre­
producihle and uncontrolled so that the rateofmass transport
differs from one experiment to another.

These assumptions are confIrmed by the data obtained
(Figure 7) when the cell orientation is inverted. Although
the receiver solution is 20 mm high in the top compartment,
the profiles stay within 3 mm ofthe silicone rubber membrane
throughoutthe experiment (15min). The membrane/receiver
solution interface is located tp the right in Figure 7. When
the diffusion layer thickness is plotted against the square
root of time, linearity is observed which implies that mass
transport in this inverted confIguration is diffusion-controlled.
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It is therefore determined that for the remainder of the
experiments the top compartment should be the receiver to
minimize the density gradient induced turbulence caused by
4-nitrophenol. When the amount transported VB time is
analyzed, the lines seem more linear and better dermed.
However, the results are not very reproducible among
experiments. The permeabilitycoefficientranges (19.7-28.7)
x 10-3 cm/h,with a standarddeviation of14%. The averaged
value, 23.7 x 10-3 cm/h, is 20% smaller than that obtained
with the bottom cell being the receiver. The lag time
previously observed is no longer detectable. That is because
the membrane has been laid on top of the donor solution for
minutes before the receiver buffer is injected. Themembrane
is alreadysaturated with 4-nitrophenol when the experiment
starts; there is no breakthrough time.

Because the diffusion cell is verysmall, with a cross-section
area of0.12 em2, membrane inhomogeneity may be observed
that was unnoticed by others who used larger membranes in
their studies (e.g., 10.4 and 2.10 em2 in refs 10 and 11). Thus
measurement reproducibility may depend upon the homo­
geneity of the stock material the small membranes are cut
from. Experimental results (Figure 8) showthatthe transport
of4-nitrophenol is very reproducible when the same piece of
membrane is used repeatedly for a series ofexperiments. The
line separated from the others is obtained after the used
membrane was recovered by soaking in pH 10 instead of pH
2.2 buffer overnight. Under that circumstance, a small initial
amountof4-nitrophenol in the donor is ionized and diffusion
is delayed upon contacting the membrane; a lag time is
therefore observed. However, the linear portion after the
breakthrough has essentially the same slope as the other
measurements. The permeability coefficients derived from
these slopes vary between 23.1 and 23.4 x 10-3 cm/h, with a
standard deviation of less than 1%. The permeability
coefficients of another membrane also repetitively used are
26.8, 25.8, and 26.5 x 10-' cm/h, with a standard deviation
of less than 2%. Although highly reproducible results are
obtained from both membranes, their permeability coeffi·
cients are quite different (23.2 VB 26.4 x 10-3 cm/h). It is
concluded that the photodiode array system makes repro­
ducible measurements, but that the silicone rubber sheeting
is not very homogeneous. The standard deviation ofthe data

collected byusinga newmembrane for eachexperimentranges
from 13 to 15 %, which mayverywell index the inhomogeneity
of the sheeting.

CONCLUSION

Fromthe spectroelectrochemical data, it can be stated that
the laser/photodiode arraysystem performswell as a spatially
resolved spectrophotometer that can measure concentration
as a function ofboth time and distance. The measured results
are in agreement with those theoretically predicted. The
technique is also applicable to the measurement of transport
of methyl orange across Nuclepore membranes. The mea­
surement system is useful in determining the permeability
coefficient of 4-nitrophenol at pH 2.2/10 as well. The
permeation was quantified within 15 min, whereas conven­
tional diffusion studies take much longer for completion. The
permeability coefficientdetermined is 23.7 x 10-' cm/h, which
is somewhat smaller than 34.7 x 10-3 cm/h reported by Flynn
et al.7 This may be because they used a 37·C water bath for
their diffusion cell and the solutions were stirred, whereas
our measurements were taken in quiet solutions at room
temperature. Diffusion is known to increase ~1-2% per
degree increase in temperature.

This instrument is expected to be useful for studying mass
transport across skin andother biological and pharmaceutical
membranes, in which somewhat slower or comparable dif·
fusion is expected. However, this technique is limited to the
study ofcompounds that absorb light. The photodiode array
is subject to thermally generated dark current and its
associated statistical fluctuations (noise). Dark current
buildup imposes a limit upon the integration time allowed,
which in tumlimits the sensitivityofthe measurementsystem.
Because the dark current is halved for each 6.7 ·C reduction
in temperature, sensitivity ofthis measurement system could
be dramatically improved by cooling the array. In addition,
with a cooled detector, integration time can be increased
permitting the use of much more stable but lower energy
conventional light sources.
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U8Ing platform atomization wIlh a lH rllll1p to temperatu....
above 230c.-2400 DC, IeacI appearsto form a refractory8pecIelI
In the pr_ of palladium and graph"e. Evldence lor this
was the appearance of two lead abeorpllon peak. when
atomizing above 2700 DC. The refractory behavior was so
great that the ablIorbance muImum Of the HCOfId lead peak
occurred even alter U- Of chromium and molybdenum
atomized under the _ c:ondIlIona. AJao, a portion Of lead
was retained on the plalform even alter MhIng at 2400 °c
lor 15 • wnh the Inert gas IIow on. Hydrogen, II prM8lll durlng
atomization, calMed an~ Of the refractory peak.
AJao, the refractory peak was more promInenl when uncoated
or Impregnated graph"e pIalforrna, as oppoaed to pyrolytlc
_, were lMed. It .. hypothealzed that the refractory
behavtor Of lead .. calMed by hlglHemperature lormatlon of
a 8pecIelI comprlMd Of lead, carbon, and paladlum. The
refractory behavtor can~ analytlcaI &rTOrS In graph/le­
~ atomtc abeorpllon apecbometry when paladlum"
lMed as a matrlx~IorIeacI and atomIzatlon temperatures
Of 2400 °c or greater are lMed.

INTRODUCTION

Palladium is widely used in graphite furnace atomic
absorption spectrometry as a modifier for many elements.l-5

In the case of lead determinations, palladium substantially
reduces lead volatility during the ashing step, shifting the
lead absorptionl.6,7 or emissionS peak to later times. The
modifier mechanism appears to involve three steps: (a)
reduction of palladium salts to the metal,l" (b) palladium­
induced low-temperature reduction ofPbO to metallic lead,·
and (c) formation oflead-palladiumintermetallic compounds.
Evidence for the latter is Ph-Pd bond formation revealed by
X-ray photoelectron spectroscopy7 and X-ray diffraction
identification ofthe intermetalliccompounds Pl4Pb and Pba­
Pd•. IO PbaPd. was stable only at temperatures below about
1470 ·C, while Pl4Pb was stable above 1370 ·C and
decomposed above 1770 ·C into liquid components.lO Ther­
ma! stabilization of lead during ashing is achieved because
the formation of intermetallic compounds lowers the vapor
pressure of lead.1o
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(5) Fagioli, F.; Locatelli, C.; Vecchietti, R.; Torsi, G. Appl. SpectTosc.
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1988,3,83-87.
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This study describes hitherto unobserved lead refractory
behavior in the presence ofpalladium. This behavior appears
unrelated to previous investigations because the effects occur
only at temperatures well above those at which known Ph­
Pd intermetallic compounds are stable.

EXPERIMENTAL SECTION

Apparatus. Exceptwhere indicatedotherwise, measurements
were made on a Perkin-Elmer HGA-400 graphite furnace with
an AS-GO autosampler mounted on a Varian Model 775-ABQ
spectrometer. Pyrolytically coated and uncoated graphite tubes
and pyrolytic graphite L'vov platforms were purchased from the
manufacturer. Impregnated (proprietary technique) tubes and
platforms were purchased from Delta Scientific Co., Ottawa.
Uncoated graphite platforms were prepared by machining an
uncoated graphite tube into an approximate platform shape.
Platforms were placed loosely in each tube rather than using
tubes with the platforms fixed in grooves.

Reagenta. Deionized water was of ASTM Type ill quality.
Lead solutions were prepared from lead nitrate, NIST SRM No.
928. Acids were subboiling distilled. The palladium solution
was prepared from the metal bydissolution in concentrated nitric
acid containing a minimum of hydrochloric acid. After disso­
lution, most of the additional hydrochloric acid was removed by
boiling with excess nitric acid. All other reagents were of
analytical reagent quality or better, and none contributed any
measureable blank. Graphite powder, "F"purity, was purchased
from IDtra Carbon Corp., Cat. No. UCP-3-325.

Procedures. Unless otherwise indicated, the conditions and
procedures outlined below were followed. The standard furnace
temperature program used was that described in Table I. The
actual temperatures referred to are those produced by the
atomizer without additional calibration. The gas flow was
stopped 5 s precedingatomization and during the full atomization
period. The inert gases used were argon and 8% hydrogen in
argon.

Lead, cadmium, chromium, and molybdenum measurements
were made at 283.3, 228,8, 357.9, and 313.3 DID, respectively.
Aliquot volumes of 10 ILL of standard, 2 ILL of 2% nitric acid as
a pipet rinse, and 4 ILL of modifier (Pt, Pd, or blank solutions)
were pipetted into the furnace for each atomization. Deuterium­
continuum background correction was used throughout. All
measurements were evaluated for the potential contribution of
background and blank8.

Ashing temperature studies were performed by changing the
atomization step in Table I to an ashing step. This was
accomplished by deleting the clean-out step and leaving the gas
flow on throughout the cycle. After the temperature program
had fInished, the third drying step (300 ·C) was converted to an
atomization step (2800 ·C, o-s ramp with gas flow off, read), and
the temperatures of the first and second drying steps (200 ·C
and 250 ·C) were reduced to 40 ·C. The furnace was thenstarted
manually and turned off manually after atomization. A manual
clean-out step was then included.

RESULTS AND DISCUSSION

Refractory Behavior of Lead and Parameters Affect­
ing It. Figures 1 and 2 illustrate the behavior oflead in the
HGA-400 graphite furnace using an atomization temperature

0003-2700/92/0364-2419$03.00/0 _ 1992 by the American Chemical Society



2420 • ANAlYTICAl Ct£MISTRY. VOl. 64. NO. 20. OCTOBER 15. 1992

Table I. Graphite Furnace Temperature Program A8S
•.5

Tl•• <••cand..)

...

.--.

T 1_ ( ••concl.)

•

-'--,
-

; ,..,.,'__-.j(!',...J{l",te.-- :o..•i'.'~""""" __ .....,

-.1

•.2

•. 1

...

...

...

(14) McLaren, J. W.; Wheeler, R. C. Analyst 1977. 102, 542-546.
(15) Regan, J. G. T.; Warren, J. At. Absorp. Newsl. 1978. 17, 89-90.
(16) !mai, S.; Hayashi, Y. Anal. Chem. 1991, 63, 772-775.
(17) Salmon, S. G.; Davis, R H., Jr.; Holcombe, J. A. Anal. Chem.

1981, 53, 324-330.
(18) Sabbatini, L.; Tessari, G. Ann. Chim. 1984, 74, 779-793.
(19) Bass, D. A.; Holcombe, J. A. Anal. Chem. 1987,59,974-980.
(20) Cbaudhry, M. M.; Littlejohn, D.; Whitley, J. E. J. Anal. At.

Spectrom. 1992, 7, 29-34.

to either physical artifacto, such as uncorrected hackgroundII

or partial occlusion of lead within the oample matrix,'2 or to
the simultaneous presence on the atomizer surface of two or
more lead compounds, e.g. Pb and PbO,13.18 having different
volatility.13-l7.I. Examination ofahoorbance and background
signals under a wide range of conditions in the presence and
ahoence of palladium, platinum, lead, and cadmium revealed
that the second lead peak in Figure 3 reflected true lead
absorption and was not caused by any of the following
potential artifacto: uncorrected background, tube emission,
palladium absorption, and readsorption of lead atoms on
cooler surfaceo followed by a second atomization. Thus, the
presence oftwo absorptionpeaks in the presence ofpalladium
(Figure 3) appears to bedue to volatilizationfrom the platform
of two lead specieo which have different volatility.

The positions of the fIrst lead peaks were approximately
identical irrespective ofwhether platinum or palladium was
used as a modifIer (Figure 3). The shifts of fIrst peaks to
later atomization tinteo with increasing concentrations of
platinum or palladium suggeot that the vaporization mech­
anism is diffusion of lead dissolved in a surface-deposited
metallic modifier. The greater the volume of palladium, the
longer the time for diffusion of lead from the liquid.
(Palladium is assumed to be in the liquid state during lead
atomization because, under the oame conditions, absorption
of 1 J.lI{ of palladium is observed during the full time interval
of both lead peaks.)

The second lead peakobserved with palladiummodification
(Figure 3) appeared to be an element-specific surface inter­
action between the two elemento because (a) the second peak
was absent when platinum was used instead of palladium
(Figure 3) and (b) only one cadmium peak was observed when
cadmiumwassubetituted for lead in the presence ofpalladium
(not illustrated).

The close agreement in peak areas (all within 7%) taken
over the full atomization periodfor the four absorption proIDeo
in Figure 3 suggesto that the second lead peak is not due to
reatomization of lead which had been atomized and then
deposited on a cooler area of the furnace, a potential artifact
ohoerved for manganese in the Philips SP9 atomizer.20

ConfIrmationof the absence of this artifact is the observation
of two lead peaks at 217.0 nm using the Perkin-Elmer Model
4100-ZL spectrometer with Zeeman hackground correction

Flgure 3. 1n-.ce 01 pIotinum and pa-..m concentration on the
absofptIon prolle 01 1 ng 01 lead In 2% nllrtc acid using a new
Impregnated .,aphIle tube and pIollorm, 8% hydrogen In the Inert gas,
and an atomization temperature 012800 ·C. Amour.ts 01 pIotinum O¥
paIadIum present were (1) and (3) 5.0 ng, and (2) and (4) 20 I'll.
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of 2000 ·C and show how the position of the lead peak, a
function ofthe kinetics ofleadvolatilization from the surface,
shifts to longer timeo in the preoence of increasing amounto
ofplatinum or palladium. Shifts caused by identicalamounto
of platinum and palladium are approximately the oame
although the shape of the ahoorption curveo differ suhotan­
tially. In all cases, however, only a single absorption peak is
present. Figure 3, taken with the same tube, platform, and
conditions as Figures 1and 2 except for a 2800 ·C atomization
temperature, shows the appearance of one lead peak in the
preoence of 5 or 20 J.lI{ of platinum, and two lead peaks in the
presence of 5 or 20 J.lI{ of palladium. The second lead peak
(Figure 3), with an ahoorbance maximum almost a full second
later than the fIrst, reflecto unusually high lead thermal
stability and is the subject of this investigation.

Double lead ahoorption peaks in the absence of palladium
have been observed previouslyll-17 and have been attributed

-.2

F9o'e2. Inlluence 01 pallodlum coneen1ratlon on the absorption pralle
011 ng 01 lead In 2% nitric acid using. new Impregnated graphtte lube
and pIollorm, 8% hydrogen In the Inert gas, and an atomization
temperature 012000 ·C. Amounts (micrograms) 01 pa-.n present
were (1) 0.0. (2) 0.2, (3) 1.0, (4) 5.0, and (5) 20.

TI"E (SECONDS)
-.2 1 3 4 5

Flgwe1. Influence 01 platinum concentration on the absorption pralle
011 ng 01 lead In 2% nitric acid using a new Impregnated graphtte lube
and plallorm, 8% hydrogen In the Inert gas, and an atomization
temperature 01 2000 ·C. Amounts (micrograms) 01 platinum present
were (1) 0.0, (2) 0.2, (3) 1.0, (4) 5.0, and (5) 20.

(11) Manning, D. C.; Slavin, W. Anal. Chem. 1978, SO, 1234-1238.
(12) Karwowska, R; Jackson, K. W. J. Anal. At. Spectrom. 1987,2,

125--129.
(13) Sturgeon, R E.; Mitchell, D. F.; Berman, S. S. Anal. Chem. 1983,

55, 1059-1964.
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Time (seconds)
figure 4. Elfect of added~ on 2 ng of Ieed In 5% nitric acid.
Results obtained using the THGA Iu'llace with pyrolytlc graphite cuvette
at 2600·C atomization tamperalU'a and 8% hydrogen In argon gas:
(A) 10 I'Q of paIedk.m wtlh approximately 10 mg of~ powder
lidded to the platform; (8) 10 I'Q of peI8dIum with no added lJlIPhlte;
IC) 9 I'Q of platinum wtlh lidded lJlIIlhIte.

ADS
2.8

9.1

9.9

TI•• (second.)

-.1 1 2 3 4

figure'. Effect 01 ashlng temperatura on the amount 01 raslduallead
Jell on the platform alter ashlng 10 ng 01 lead with 81'Q of peIedIum
lor 15 s with lull gas (8% hydrogen In argon) flow cb1ng ashlng and
().s ramp to the ashIng step. AbsorptIon and back~ound peaks .-a
sImuIlaneousIy recorded using a 2800 ·C atomization tamperalU'a.

ABS
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9.4

9.3

9.2

9.1

9.a

-.1 1 2 3 4

figure 7. Effect 01 ramp time during the ashlng step on the amount
01 residual lead Iell on the platform alter ramp and ashlng times 01 (1)
oand 15 s, and (2) 2 and 10 at an ashIng tamperalU'8 01 2400 ·C.
Ten~ of lead and 8 I'Q 01 palladk.rn _a ashad using an
old Impregnatad lJlIIlhIte platform with lull gas (8 % hydrogen In argon)
flow. Ab8orplIon peaks _a recorded at 2800 ·C atomization
temperalU'8.

-.4 2 4 6
figure 5. Elfect of atomlZ4t1on temperalU'8 on atomization prolle of
1 ng of Ieed In a matrix of 8 I'Q of Pd and 1% nltrlc acid uelng an old
Impregnatad lJlIIlhIte platform In a new tWa.

and transverse-heated graphite atomizer (THGA) (Figure 4).
The integrated-contact cuvette of the THGA does not have
cooler ends upon which condensation can occur. Two lead
peaks in the presence ofpalladium were also observed when
a Varian GTA-95 furnace on a Varian model 875-ABQ
spectrometer was used with an atomization temperature of
2800 ·C, a plateau-type pyrolytically coated tube, and a
pyrolytic graphite platform. However, unlike the data from
HGA-400, the two peaks were clearly separated in time (not
illustrated).

Figure 5 illustrates the effect of atomization temperature
on the double peak formation in the presence of palladium.
At 2400 and 2500 ·C, only a single lead peak was present. The
reason for this is that only the nonrefractory lead is observed.

ATOI"I IZAT I 0"

TDtPEIlATURZ
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B.4

B.B
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I" 27aa
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TI•• C••con".>

At these temperatures, the refractory lead species is 80

involatile thatlead isvolatizedmuchslowerfrom the platform
than its diffusion from the furnace. As a result, the
concentration of lead released from the refractory species is
too low to give a noticeable absorbance. As the atomization
temperature increased, the second lead peak appeared and
became more prominent because of more rapid release of
lead from its refractory form.

The thermal stability of 10 ng of lead on the platform in
the presence of81'/fofPd was examinedbyvarying theashing
temperature using a (}.S ramp and a 15-s hold time with the
inert gas flow on. After the ashing step, the temperature
sensor was set to 2800 ·C, and atomization was carried out
to check for the presence ofresidual lead. Figure 6 illustrates
that a small trace of lead remained on the platform after
ashing at 1800 ·C for 15 s. However, when the ashing
temperature was increased to 2400 ·C, the amountofresidual
lead increased. This unusual behavior indicates that the
refractory lead species requires a high temperature (2400­
2500 ·C) for its formation. At lower ashing temperatures
lead is100from the furnace. Confirmationofthis is illustrated
in Figure 7 where the effect of ashing temperature ramp time
on the retention of lead on the platform is examined. Ifa (}.s
ramp time followed by a 15-s hold time is used, then a
significant amount of lead is retained on the platform. If a
2-s ramp time followed by a l(}.s hold time is used, then, even
though the total heating time is 3 s less than with a (}.S ramp,
mOO of the lead is lost from the furnace, i.e., the lead is lost
during the ramping process before it has a cbance to form a
refractory species.
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-.2 2 4 6
...... 8. Relative posllIon of the r.fractory peak (1.4 ng of lead with
8 I'Q of paladlum) (3) compared with peaks from 0.5 ng of chromium
In 1% nl1ric acid (1) and 2 ng of molybdenum in 10% nitric acid (2).
Measuremen1s were made under the oeme conditions using a new
Impregneled graphite tube and platlonn. 8% hydrogen In argon. and
an atomization temperature of 2800 ·C.

-.2 1 2 3

FIgure 10. Effect of 4 I'l. of <liferent acld8 on the absorption proIIe
of 1.4 ng of lead with 81'Q of palledlum: (1) 10% suIfII1c acid, (2) 1%
parchIorIc acid. (3) 20% hydrochIortc acid. (4) 70% nl1ric acid. and
(5) 2 % nl1ric acid. An Impregnated graphite platform and tube were
used with an atomization tempara!ll'e of 2800 ·C and Inert gas
containing 8 % hydrogen In argon.

ABS
1.B

B.8

B.6

B.4

B.2

B.B

J~L • L

1'1 ~1Il, •
.....".., ........

2

IJ '~CJ.
(1\ i.

\
•
"'''~''r'''~'

:3

:~
• •

I I

Ti.e (seconcl.)

ADS
1.8

B.B

B.6

a.'

B.2

a.a

ABS
2.B

1.6
\

T i.. (..can4.)

••

"--; .~....

TY
~";"-....i-.-:r~j ~

1.2
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...... 11. Effects of hydrogen and graphite on the absorption proIIe
of 1.4 ng of lead and 4I'Qof pallaclum In 2% nitric acid. (1) Uncoated
graphite p1atlonn and tube In the abeence of hydrogen and (2) In the
presence of 8 % hydrogen In argon. (3) PyroIytIc graphite p1atlonn
and pyroIytIcaIy coated tube with 8% hydrogen In argon. (4)
Impregnated grapMB p1atlonn and tube In the abeence of hydrogen
and (5) In the presence of 8 % hydrogen In argon.

The second lead peak was sensitive to the presence of
different chemicals, and the addition of 4 1'1. of 15 % citric
acid, 1% magnesium nitrate or 1% ammonium dihydrogen
phosphate caused its disappearanceas well as a corresponding
increase in the integrated absorbance of the first peak. The
addition of 41'L of 70 % nitric acid or 1% perchloric acid did
not significantly affect the magnitudeofthe second lead peak
(Figure 10). Four microliters 10 M hydrochloric acid caused
a slightenhancement, while 41'L oflO% sulfuric acid resulted
in two peaks, both of which appeared before the refractory
peak (Figure 10).

Graphite played a role in formation of the second peak.
UsingtheTHGA,nosecondpeakwasobaervedunleesgraphite
was actually added to the platform (Figure 4), suggeeting
thatthe pyrolyticgraphite used for construction oftheTHGA
cuvettes is sufficiently inert to preventnoticeable interaction
of the graphite with lead and palladium. On the HGA-400
atomizer, going from an impregnated or uncoated graphite
tube and platform to a pyrolytic graphite platform and
pyrolytically coated tube in the presence of hydrogen de­
pressed the refractory peak (Figure 11). The magnitude of
the second peak depended only on the platform material and
did notchangewhen impregnated,uncoated, and pyrolytically
coated tubes were interchanged. The shift of both the first
and second lead peaks with changes in tube and platform
types was likely due <a) to observed slower heating of the
uncoated and pyrolytically coated tubes as compared with
the impregnated one, and (b) toan additionaldelay in heating
the pyrolytic platform because of its greater mass (0.070 VB

0.077 g for the impregnated one).
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...... t. Effect of peIadIum concenlratlon on absorption proflles of
1.4 ng of lead in 2% nl1ric acid. Atornlzatlon was conducted at 2800
·C In an old Impregnated graphite platlonn and tube. PaJlacium amounts
present were (1) 0.08 1'9, (2) 0.8 1'9. and (3) 8 1'9.

B.6

The refractory nature of the second lead peak can be
qualitatively judged from Figure 8 where a comparison is
made with molybdenum and chromium absorption profJies
taken under the same conditions with the same tube and
platform. The maximum of the second lead peak actually
occurred after the maxima ofthe chromium and molybdenum
peaks, indicating an unusually high thermal stability of the
refractory lead species. Confirming this conclusion, at an
atomization temperature of2700·C theabsorption maximum
of 1 ng of palladium in 10% nitric acid using an old impreg­
nated platform precedesthatofthesecond lead peakbyabout
0.1 s (not illustrated).

Increasing the amount of palladium from 0.08 to 0.8 jLg

resulted in an increase in the second absorption peak and a
corresponding decrease in the first one (Figure 9). Thus, at
least at the low lead concentrations used in this study, a large
excess of palladium is needed to maximize the percent of
deposited lead forming the refractory species. Once the
percentoflead in its refractory form reaches some maximum,
however, the addition of more palladium does not substan­
tially alter the magnitude or position of the second lead peak
(Figure 9). The insensitivity of the position of the second
lead peak to the amount of added palladium suggests that
the lead is present as a distinct species prior to release from
the surface. Figure 9 also indicates that the refractory peak
was not due to artifactual atomic absorption by palladium
because increasing the amount of palladium from 0.8 to 8 jLg

did not change the magnitude of the second lead peak.
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activation energy of the refractory species as well as its
composition; and (e) the nature of the species, i.e., whether
the species is a solid-phase solution or crystal structure and
whether chemical binding is involved.

Suggestions as to future experimental approaches include
(a) X-ray diffraction and X-ray photoelectron spectroscopy;
(b) the use of capacitive discharge or metal-tube atomizers
to effect more rapid heating and cooling in the presence of
a platform; and (c) the use of thinner platforms to effect
more rapid heating and cooling.
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Determination of Inorganic Halogen Species by Liquid
Chromatography with Inductively Coupled Argon Plasma Mass
Spectrometry

Valeri V. Salov,t Jun Yoshin&ga, Yasuyuki Shibata, and Masatoshi Morita"

National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba, Ibaraki 305, Japan

An analytical procedure baaed on Inductively coupled argon
pl.""a _ apectrometry and hIgh-performance liquid c1vo­
matograph, Is developecl for a determination 01 six inorganic
halogen anions 10.-, BrOs-, cr-, CIOs-, Sr, 1-. Abeolute
detection ImIta lor I, Br, and Ct apectes are 25 pg, 0.8 ng,
and 38"l1, reapectlver,. The In)ec:tlon volume can be changed
In the Interval 1-25 I&L. The method has been applied to the
analy818 of drinking water, "MIBo" soup, and human urlne.
Three unkIentIIIed halogen compouncIB _ detected In human

urlne b, the developecl method. LImIt8 of detection and a
88fl8ItIvttr 01 the procedure _ dIBcusaecI.

INTRODUCTION

Halogens are importantelements in the chemical industry.
Many industrial materials contain and are produced from
halogen compounds. Halogen compounds are also important
in life processes as osmolytes, for maintaining ion balance,
hormonal function, etc. Trace analysis of halogen species is
thus important for industrial purposes, for understanding
geochemical cycles ofthe elements and for the understanding
of their nutritional and toxicological implications. Recently
developed inductively coupled plasma mass spectrometry
(ICP-MS) is known to be an extremely sensitive method for
the analysis of metalsl-B and nonmetal1ic elements. I,7" Bro­
mine and iodine are elements that can be sensitively deter­
mined by ICP-MS.lO

Combining ICP-MS or atomic emission spectrometry with
modem liquid chromatographic techniques is an effective
method of speciation analysis.I ,9,1l The present paper is
devoted to the application of high-performance liquid chro­
matography (HPLC) with ICP-MS detection to the trace de­
temtination of halogen species in aqueous samples.

EXPERIMENTAL SECTION

Reagents. Potassium iodide, iodate, bromide, bromate,
chloride, chlorate, and perchlorate ("G" grade) were obtained
from Kanto Chemical Co, Inc., Japan. Potassium periodate and
ammonia solution ("AAS" grade) were obtained from Wako Pure
Chemical Industries, Ltd., Japan. Tetramethylammonium hy­
droxide (TMAH) and malonic acid ("GR" grade) were supplied

t Visiting scientist from Vernadsky Intitute of Geochemistry and
Analytical Chemistry, uI. K08ygina 19, 117975 GSP-1, M0800W, RIl88ia.

(1) Thompson, J. J.; Hook, R S. Anal. Chem. 1986,58, 2541-2548.
(2) Gray, A. L. Spectrochim. Acta, Part B 1985, 4GB, 1525-1537.
(3) Douglas, D. J.; Houk, R S.hog. Anal. At. Spectrosc. 1985,8, 1-18.
(4) Fasse1, V. A. FreBemus' Z. Anal. Chem. 1986,324,511-518.
(5) Vaughan, M. A.; Horlick, G. Appl. Spectrosc. 1986,40,434--460.
(6) Houk, R S. Anal. Chem. 1986,58,97-105.
(7) Date, A. R; Cheung, Y. Y.; Stuart, M. E. Spectrochim. Acta,Part

B 1981, 42B, 3-20.
(8) Houk, R S.; Thompson, J. J. Mass Spectrom. Rev. 1986,7,425-

461.
(9) Shibata, Y.; Morita, M. Anal. Sci. 1989,5, 107-109.
(10) Olivares, J. A.; Hook, R S. Anal. Chem. 1986, 58, 2()-25.
(11) Morita, M.; Uehiro, T. Anal. Chem. 1981, 53, 1997-2000.

0003--2700192103&4-2425$03.0010

by Nacalai Tesque, Inc., Japan. The reagents were used without
further purification. Other reagents were of the highest grade
commercially available.

Standard Solutions. Stock solutions (0.0500 M) for each
anion were prepared. A working Standard Solution (mixture of
5 x 10-5 M IO,-, 1-, 5 x 10-< M BrO,-, Br, and 5 x 10-' M Cl-,
ClO,-) was prepared each week from stock 90lutions.

Sample Preparation. A sample (8 mL) of "Miso" soup was
centrifuged and r.Itered (Minisart NML, 0.45 I'm, Sartorius
GmbH, Germany). Other samples were used without any
preparation.

BPLC. A Perkin-Elmer 410 Bio LC system was used with
HPLC columns GS-220M, GS-220H, and GS-220 (gel-permeation,
7.6-mm i.d. X 100,250, and 5OOmm, respectively; Asahi Chemical
Industry Co., Ltd., Japan). The column outlet was connected by
a short Teflon tube (i.eI. 0.25 mm) to the inlet of the pneumatic
nebulizer. Theeluent flow rate was 1mLlmin. Samples (aqueous
solutions) were injected with a 25-I'L syringe (Hamilton).

ICP-MS. The operation conditions of the ICP-MS (PMS­
2000, Yokogawa Electric, Japan) were as follows: ~ flow rate
nebulizer 0.78 L/min, auxiliary 0.5 L/min, plasma 13 L/min;
sampling height, 4.5 mm from top of the induction coil; power,
1.3 kW; spraychambercooling temperature, 5 ·C.9 Thefollowing
isotopes were monitored: 1271+, 79Br+, 35Cl+.

Calculations. The chromatogram peak areas and retention
times were calculated by using PMS-2000 Yokogawa software
and an NEC PC-9801RA computer with an Intel 80386 CPU.
Special simulation and statistics programs in C were developed
by means ofBorland C++ software (Borland International). The
PC-8041 computer with Intel 80386 CPU (Sharp Co.) was used
for these calculations.

RESULTS AND DISCUSSION

Separation of Halogen Anions. Iodine is the most
interesting halogen for ICP-MS since itcan be very sensitively
detemtined. The chromatographic behavior of 103 and 1­
has been describedP-14 In order to establish appropriate
separation conditions, an ion chromatographic procedure"
was examined. By this method, however, the adsorption
isotherm for 1- already showed a nonlinear shape at 10-5 M.
It was also noted that the retention time was long (more than
30 min) and depended on the concentration. For these
reasons, it was considered not appropriate to apply these
chromatographic conditions to low-concentration analysis.
During the search for good separation conditions, itwas found
that the use of an Asahipak GS-220 gel permeation column
with 0.025 M TMAH, 0.025 M malonic acid buffer solution
adjusted to pH 6.8 by NH,OH9 made it possible to separate
10,-and 1-. Using a SOO-mm length column, the total analysis
time was about 25 min. In order to reduce retention times,
36 TMAH-malonic acid-ammonia buffer solutions with
different compositions and 3 columns with different lengths

(12) Oikawa, K.; etallonChrornatography; Kyoritau Shuppan: Tokyo,
1988 (in Japanese).

(13) Mullins, F. Analyst 1987, 112, 885--671.
(14) Ito, K; Shoto, E.; Sunahara, H. J. Chromatogr. 1991, 549, 2~

272.

© 1992 American Chemical Soclety
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BKG(I-127,

10 cps

0.32 0.64 0.96 1.28 1.60, ml/mln
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,.

.p.
BKOCCI-35)X10-4

(15) Boulos, M. M.; Barnes, R M. In Inductively Coupled Pkum4
Emiuion Spectroscopy; BoWlWl8 P. W. J. M., EeL; John Wiley &Sona:
New York, 1987; Part 2, pp 289-352.

U6) Korn, G. A.; Korn, T. M. Mathem4tical Handbook for Scientut,
and Engineers; McGraw-Hill Book Co.: New York. 1968.

Background signals decreased in the order 37Cl » SSCI »
·'Br > 79Br > ""I. When we consider that the isotope
abundance ofSSCI is higher than 37Cland thatof79Bris alm08t
the same as &lBr, spectral interferences at mle = 37 and 81
can be present.

Pure water or 1 N nitric acid were used to wash the ICP­
MS tube connections to suppress memory effects. There was
no difference between them ifthe concentration ofthe iodine
species was less than 5 X 10-< M. Chromatographic memory
effects tended to appear if the columns were not used for
severaldays. In this case 3-4h ofblankoperation was needed
to wash the columns.

Calibration Curves. Calibrationcurves for six ion species
were straight lines. The chemical form of the element had
no influence on the ICP-MS response; i.e. the response (peak
area) was the same for the elementwithin each ofthe following
pairs (10.-, 1-), (BrO.-, Br) and (Cl-, ClO.-). The data for
each pair were therefore combined, and three calibration
curves for I, Br, Cl were obtained (the second strings for I and
BrandastringforClintheTablem. With60 pointscovering
large concentration intervals (0.0002~.5nmol) the calibration
curve was linear with a small negative intercept for I. This
was critical for low-concentration determinations. To obtain
more accurate results, itwas better to use different calibration
curves for low and high concentrations. The situation was
the same for Br. For iodine the concentration range (0.0002­
0.03 nmol) of the calibration was better suited to trace-level
determinations. The injection volume could be changed
within the range 1-25 ,.r. without altering retention times
and peak widths.

Sensitivity. The measure of the sensitivity is the slope
of the calibration curve. Other conditions being equal, it
depends on the number density of the detected ions in the
plasma.'· The degree of ionization a can be used for relative
sensitivity estimations. The a values for 79 elements at T •
7500 K, and electron density ... = 10'· em-3 bave been
calculated" from the Saba equation." Expected relative
sensitivities for I, Br, and Cl did not match the observed

..... 2. Dependence of the background count from pin water on
the IIow rate.

r[

374.7,5

Retention time

13.13

Count

Figure 1. Separation of six halogen anions (GS-220M, 10 ILL of the
mixed solution containing 5 X 10-' M Ct", 003-, 5 X 104 M ero,-,
Br, and 5 X 10-5 M 10,-, 1-).

were investigated. The retention mechanism of the 7 anions
under investigation was considered to be an ion pairl
hydrophobic interaction.

For the simultaneous and quick (5-min) determination of
six anions no,-, BrO,', Cl-, ClO.-, Br-, 1-), 0,05 M malonic
acid + 0.0375 M TMAH buffer solution and a GS-220M
column were used (Table I, Figure 1). These conditions were
a compromise between the number of determinants and the
analysis time. The total analysis time could be reduced to
2.5 min, if it was required to determine 10.- and 1- only.

Background. The background count directly influences
the limitofdetection in ICP-MS. Itdepends on manyfactors
including possible ultratrace concentrationsofhalogenspecies
in pure water and reagents, spectral interference by molec­
ular ions and photons, memory effects, and so on.

The background count from pure water depends on the
flow rate, as shown in Figure 2. The data were obtained by
use of the Yokogawa PMS-2ooo instrument's own peristaltic
pump. In the present work, it was observed that the
background standard deviation depended linearlyon the total
count. One equation could be applied to all three halogens:
SDBq (cps) =(0.094 ± O.OO4)Bkg (cps) - (68 ± 197); n =18;
r =0.997; So = 332 (the intercept is simply zero).

• The total extra column delay 7.9 ,I, 1.6 s is not subtracted from
the retention time.

Table t. Retention Times (8) of Investigated Species, p =
0.95'

species GS-22OM n GS-22O n

10,- 166.1,1, 0.4 6
10,- 166.1,1, 0.1 32
BrO'- 160.4 ,I, 0.5 23 781,1, 13 2
CI- 186.4 ,I, 0.6 12 829,1,5 3
CIO,- 207.7,1,0.5 12
Br- 210.9,1,0.8 23 958,1,4 3
1- 304.8,1,0.2 32 1462,1, 6 3
I compound 199.5,1, 1.4 7 not detected 3
Br compound-l 171.4,1, 0.7 21 701,1, 12 3
Br compound-2 748,1,3 3
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Table II. Uled Calibration Line Parameten, Y (Peak Area Count) = bX (mol) + a, p = 0.95·

atom a IO-12b n So interval, nmol

Br

CI

248~ 169
-1777 ~ 1308

50 ~ 290
-1531 ~779

21 ~ 2382

I03O~ 20
1174 ~ 8
62~ 1
67.6 ~ 0.4
6.05 ~ 0.09

42
60
30
42
24

0.999
1.000
0.999
1.000
0.999

436
4583
539

2168
4243

0.0002-0.03
0.03-0.5
0.002-0.5
0.5--5
2-3000

• n = number of points, r • correlation coefficient, So • standard deviation from line.

Table III. Analyled Samples

time of
no. sample place or man date sampling

I drinking water National Institute for Environmental Studies, Tsukuba 91.12.17 7:15p.m.
II drinking water T.ukuba, 91.12.18 8:00a.m.

bome 1baraki305
ill Japanese BOUP Institute 91.12.18 0:15p.m.

"Miso" Restaurant
IV buman urine girl 91.12.18 9:30a.m.

1 year and 5 months
V human urine boy 91.12.17 10:05 p.m.

3 years and 2 months
VI human urine man 91.12.17 8:15p.m.

31 years

analysis
time

7:32p.m.
10:50 a.m.

2:20p.m.

11:20 a.m.

1:10 p.m.
next day

8:30p.m.

Table V. Concentrations (ppb) of Unidentified Compounds
in the Analyzed Samples, p = 0.95

Table VI. Molar Concentration Relations for Some Species

sample Cl-:Br- Br:l- Cl-:I- Br-:(unknoWD, 1 + 2)

ill 2.03 X 10' 794 1.62 X 10' not found
IV 1.69 X 10' 192 3.24 X 10' 16.5
V 1.60 X 10' 187 3.00 X lOS 17.1
VI 1.53 X 10' 212 3.25 X lOS 8.7

similar to reported data. l9 It is interesting to note that the
ratio of CI-, Br-, and 1- seems rather constant (Table VI).

Unidentified Compounds. With the GS-220M column,
a peakwas observedclose to the bromatepeak in urine samples
IV-VI (Table I). From statistical analysis of repeated
retention time measurements, it was shown that the peak
was not bromate. This was further checked and proved by

4 GS-220M
6 GS-220M
6 GS-220M

2.0~ 0.5 8
not detected 6
not detected 6

IV (25)
V (5)
VI (5)

Table IV. Concentrations of Different Species in .the
Analyzed Samples, II = 6, p = 0.95

88mple 10,-+ 10,- 1- Br CI-
no. IOSC, 100C, 10'C, 10'C,

(amt,)lli) M (Ppb) M (Ppb) M(ppm) M(g/L)

1(20) 4.1 ~0.5 not found not found 0.918 ± 0.001
(5.2±0.6) «3260 ± 4) X 1lr6)

II (20) 2.5~0.5 not found not found O.780 ~ 0.001
(3.2 ~ 0.6) «2734 ± 4) X 1lr6)

III (5) not found 9.3~ 1.8 7.38 ~ 0.07 150~ 2
(12~2) (5.90 ± 0.06) (5.33 ~ 0.08)

IV (5) notfound 33±2 6.35~ 0.05 107~2

(42 ~ 1) (5.08 ~ 0.04) (3.81 ~ 0.06)
V (5) not found 26±2 4.87 ~ 0.02 78± 1

(34~2) (3.90 ± 0.02) (2.78 ± 0.04)
VI (5) not found 83 ~ 1 17.59 ± 0.06 270±4

(106 ± 1) (14.07 ± 0.05) (9.6~0.1)

samp~ Br Br
no. I compound compound

(amt,l'1-) Compound n first second n column

IV (25) not detected 3 60.8 ~ 10 184 ~ 7 3 GS-220
total

357 ~ 40
285 ~ 48

1611 ~ 20

sensitivities quantitatively, but there was a qualitative
agreement.

Limits of Detection. Limits of detection may be deter­
mined by peak height or peak area. The conventional way
of defining the detection limit from the peak height is to use
SIN (signal height to noise level) =2. Very small peaks with
20:0...heightfromI,Br,andClcan be detected ifthese elements
are present in absolute amounts 0.2 pmol, 10 pmol, and 1
nmol and 25 pg, 0.8 ng, and 36 ng respectively.

Peak area detection limits could be determined as peak
width X 30:0... (at flow rate 1 mL/min, 0:0... for I, Br, and CI
were 73, 449, and 10550 cpa, respectively; Figure 2 and the
above-mentioned 0:0... (Bkg) dependence). By using 12 s for
peak width (in this experiment, a condition was selected in
which30%ofthe total time was spent monitoring each of the
three elements while the remaining 10% was spent switching
themaas condition from one elementto the next), we obtained
a detection limit peak area count of 788 (I), 4849 (Br), and
113940 (Cl). This corresponded to detection limits for I, Br,
and CI of 0.52 pmol, 77 pmol, and 19 nmol and 66 pg, 6.2 ng,
and 0.67 ~, respectively.

Calibration line parameters can be used for the estimation
ofdetection limits." This method gave values between those
described above.

Application. Several samples were analyzed (Tables m­
V). Drinking water contains a small amount of 103- but not
1-. Iodate may be present as the result of purification of
water (chlorination). The dominant existence of103- is also
found in German mineral water. lS In soup prepared from
drinking water (sample ill) we found 1- but not 103-, Long
heating with "organic' compounds may cause the reduction
ofl03- - 1-. The total amount ofiodiDe in sample III is more
than that in sample I. Bromide was found in high concen­
trations. The excess amount of Br was considered to come
from food materials.

The concentrations ofhalogen species in human urine can
depend on the water and food consumed, the time of the day
the sample was taken, urine volume, and many other factors.
Br- and 1- concentrations in urine in this experiment were

(17) Doerfe~ K. Statistika v analitichukoi Khimii; Mookva: Mir.
Mookva, 1969 lin RUBBian).

(18) Heumenn, K. G.; Seewald, H. FreBemus' Z. Anal. Chern. 1985,
320, 493-..97.

(19) Iyengar, G. V.; Kollmer, W. E.; Bowen, H. J. M. The Elemental
Composition ofHuman Tissues and Body Fluids; Verlag Chemie: New
York, 1978.
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Count

l=~"
Br ? a

19 _ ..~:"....~ ?' .,...~ ..... ,.........

~.n 3"'." ?''1.~

Retention time

Count

1aa

I
127

a.a

?

374.7 l 5
figure 3. Separation of Br compounds (GS-220, 25 1'1-): (a) sample
IV; (b) sample IV containing 7.5 X 10-" M added BrO,').

use of a longer column. With along column. the "unknown"
peak was shown to be composed of at least two different
compounds (Figure 3). When the injection volume was
increased to 25 I'L. a very small but dermite "unknown" peak
appeared in the iodine window (Figure 4). Concentrations
were estimated on the basis that an "unknown" molecule
contained one iodine or bromine atom (Table V). The
identification ofthese compounds is a subjectoffurther study.
The present method will have a wide range of applications
in the fields of biological and environmental science.

CONCLUSION

Inorganic halogen species can easilybe determined by ICP,
MS coupled with liquid chromatography. The sensitivity of
the ICP-MS detector is very high and greater than that of
other detectors"'l4 for Br and I. Halogens are selectively
determined by ICP,MS. They can be rapidly separated and
analyzed with minimal preparation procedures.

Retention time
FIgure 4. Chromatogram of the sample IV (GS-22OM. 25 1'1-).
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Photoacoustic Spectroscopy and the Effect of Amplified
Spontaneous Emission
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AmpIIfted spontaneous emIAIon (ASE), which rHulls from
dye ftuor_, ca.- !MMd dye IaHrlI 10 produce an
output that Is spectraly Impw.. The effect 01 such an output
can er.at. lnaccurat. analytical Information, particularly In
absorption and photothermal spectroecoples. The spectral
output 011_ dye LD-488 has been characterized. ASE was
shown to hay. a IJroad.band tpeCtrai output, 445-495 nm,
and was most Int_ when IaaIng was 1nefIIcIenl, on the
edges 01 the dye gain curv.. A 10-' M pr+ IOIuIIon procIucecI
similar pholoacoudc wayeforms from lasing and ASE. LInear
calbratlon curves w.... generated wtth the..., '-d to 488
and 495 nm. At 495 nm pr+ has no abeorbance and the
photoacoustlc signals w.... produced from ASE.

INTRODUCTION

The ability to select laaing wavelengths over a broad spectral
range makes dye lasers versatile light sources for the analytical
chemist. Laser dyes are available which cover wavelengths
from around 400 nm to greater than 900 nm with some
individual dyes spanning as much as 80 nm. In high-gain
short-pulse dye lasers the broad tuning range of the dye can
result in an output which is not spectrally pure. l Amplified
spontaneous emission (ASE), a broad-band spectral hack­
ground resulting from the dye fluorescence, exhibits laserlike
properties (e.g. low divergence and spectral narrowing),"
reduces the laser efficiency, and increases background noise
in the laser output"-' Dye lasers operate most efficiently at
the maximum of the dye gain curve. As the laser is tuned
toward the extremesofthe dye gain curve, the lasing efficiency
is reduced and the amount of ASE increases. Minimization
of ASE can be attained by reducing the number of amplifier
stages in the laser cavity with a trade-off of reduced power.

Many studies have concentrated on the fundamentals of
ASE without much focus on its effect on analytical experi­
ments.H .S Nogar and Keller'l described the effects of laser
sidebands on resonant ionization mass spectroscopy of
lutetium. Their study concentrated on a narrow bandwidth
(50 cm") around the laser line. In ours and other labora­
tories,'o-'3 a pulsed dye laser is routinely used to perform

f Lawrence Livermore National Laboratory, L-234, Livermore, CA
94550.
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photoacoustic spectroscopy. Spectra of the analyte under
different matrix conditions are collected and used to deter­
mine complexation information. Thus, a nonspectrally pure
output ofthe dye laser could alter the spectra. In this study,
we examined the spectral output for a laser dye, LD-466, over
the operating range ofthe dye. The ASE is shown to generate
a photoacoustic signal and provide a linear calibration curve
similar to a lasing line.

EXPERIMENTAL SECTION

Dye Laser Spectra. The experimental setup used to study
the spectral output of the dye laser is shown in Figure 1. A
pulsed (20pulses/s) Nd:YAG laser (Spectra Physics, ModelDCR­
3) was used to pump a tunable dye laser (Spectra Physics, Model
PDL-2). The SpectraPhysics dye laser has separately tranverse­
pumped oscillstor, amplifier, and preamplifier cells. Wavelength
selection is achieved in the oscillator by changing the angle of a
grating (600 lines/mm) which is in the Littrow configuration and
is fully illuminated with a prism beam expander. Each dye cell
increases the output power, but will also add to the amount of
ASE. The major contribution to ASE was from the preamp. In
studies where the preamp of the dye laser was not involved, the
Nd:YAG pump beam was blocked from irradiating the preamp
dye cell instead ofremoving it from the optical path, assuring the
same alignment of the laser. A grating acting as the back mirror
of the laser cavity determines the output wavelength. The dye
laser spectral output should be Lorentzian with a line width of
0.07 em-'.

The dye laser beam was scattered off of a diffuser and the
image of the scattered beam was aligned slightly off center ofthe
entrance slits (20 I'm) of the 0.85-m double monochromator
(SPEX Model 1404, 1800 lines/mm grating) to avoid saturation
of the PMT. Two neutral density fJ.lters (ND 1 and 2, optical
density 1 and 3, respectively) were also needed when scanning
the laser line (as in Figure 2) to avoid saturation of the PMT. An
optical density of 1 (ND 1) was used to study the ASE with the
preamplifier stage in the dye laser. Scattered light off the prism
was observed by a fast photodiode (United Detector Technology,
Model PIN-I0DFP) which was used to monitor fluctuations in
the pulse power of the dye laser. A gated integrated boxcar
averager (Stanford Research Systems, Model SR250, SOoll input
impedance) was used to acquire the signal from the photodiode.
The width of the boxcar was 6 DB, which is approximately the
width ofthe laser pulse. An ffiM-PC recorded the measurements
on a pu1se-by-pulse basis with an AID board (Dats Translation,
Model DT-2801A). Ateach wavelength, 50 pulses were averaged
to yield the laser output spectra.

Photoacoustic Spectroscopy (PAS). The photoacoustic
spectroscopy setup has been described previously." Briefly, the
tunable pulsed dye laser beam passes through a rectangular
cuvette containing the analyte solution. A piezoelectric crystal
attached to the bottom of the cuvette monitors the amplitude
ofthethermalexpansion pulsegenerated bythe opticalabsoprtion
and nonradiative relaxation of the analyte species. In these
experimenta praseodymium was chosen as the analyte. Laser

(11) Beitz, J. V.; Bowers, D. L.; Doxtader, M. M.; Maroni, V. A.; Reed,
D. T. Radiochim. Acta 1988, 44/45, 87-93.

(12) Pollard, P. M.; Liezers, M.; McMillan, J. W.; Phillips, G.;
Thomason, H. P.; Ewart, F. T. Radiochim. Acta 1988,44/45,95-101.

(13) Torres, R. A.; Palmer, C. E. A.; Boisden, P. A.; Russo, R. E.; Silva,
R. J. Anal. Chem. 1990,62, 299-303.

This article nat sOOjeet to U.S. CopyrIgtt. PublI8hed 1992 by the American Chemical Society
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Figure 1. Experimental setup for measuring ASE. Key: NO = neutral
denslty fitters. PO =photodlode. NL =nonlinear crystals. VA =variable
attenuetor. PMT = photomultiplier tube. P = prism (ASE experimental
or pholoecoustlc cell (PAS experlmenta).

dye LD-466 (Exciton) with an operating range from 445 to 495
nm was found to be suitable to overlap the 468- and 481-nm
absorption bands of praseodymium. The dye was prepared in
1L ofmethanolwith 1g ofDABC014added to extend the lifetime
of the dye. A high-power variable attenuator (NRC Model 935­
5) was placed between the dye laser and the cuvette to control
the laser power. The average laser power was measured with a
power meter (Scientech 365 with a Model 380101 head).

Conventional Spectroscopy_ The ahsorbance spectrum of
praseodymium was obtained using an mM Model 9420 UV/vis
spectrophotometer. A 0.04 M Pr'· in 0.1 M HCIO. sample was
referenced with a 0.1 M HClO. solution.

Reagents. A 1000 ppm stock solution of Pr3+ was prepared
from tbe ehlor-de salt (Fisher Scientific) in 0.1 M perchloric acid.
Aseries ofanalyte solutions were preparedfrom the stocksolution.

RESULTS AND DISCUSSION

To demonstrate the influence of ASE on photoacoustic
spectroscopy, the spectral output over the lasing prome of
the dye, LD-466, was characterized. A series of wavelength
scans was recorded, first by tuning the dye laser with the
monochromator at a fixed wavelength (Figures 2 and 3) and
then byscanning the monochromator with the laser at a fixed
wavelength (Figure 4). These results provide information as
to where in the dye gain curve ASE starts to appear and the
spectral range that it covers. The broad-bandspectraloutput
from the ASE is expected to follow the gain curve (fluores­
cence) of the dye. Thus, as the dye laser is tuned to wave­
lengths on the ends ofthe dye gain curve (leas efficient lasing),
the ABE can be observed by setting the monochromator to
a wavelength in the center of the gain curve.

(14) Von Trebra, R; Koch. T. H. Chern. Phys. utt. 1982.93,315-317.

7

445 450 455 460 465 470 475 480 485 490 495
Laser-.glh (nm)

figure 3. Laser scan In 0.2-nm Increments with lTlOllOCIYomator set
at 466 nm, without (sold) and with (dashed) the preampllller In the dye
laser and a _I denslty IIIar (00 = 1).

For Figure 2, the monochromator was set to 466 nm and
the dye laser was tuned over this region with the smallest
allowable increments of the dye laser grating, 0.005 nm. The
spectrum shows that the 466-nm dye laser peak actually
appears at 465.67 nm and has a fwhm of 0.007 nm with a
shoulder on the red side of the peak. The wavelength
mismatch is due to the laser scanning controls being slightly
out of calibration; however, this has no significant effect on
the results. The specifications for the PDL-2 indicate the
line width should be 0.Q7 em-I (0.0015 nm at 466 nm) and
have a Lorentzian profile. The monochromator band-pass
(20 I'D1 slits, 0.2 em-I, 0.004 nm at 466 nm) and scanning
increments of the dye laser contribute to the measured line
width and the shoulder. Two neutral density mters which
reduced the total intensity by 4 orders of magnitude were
used to prevent saturating the PMT. In the narrow spectral
region around the 466-nm laser line, the peak of the dye gain
prome, amplified spontaneous emission does not seem to be
present in any significant amount due to the high efficiency
of lasing.

The 466-nm wavelength was monitored over the operating
range ofLD-466; the dye laser was tuned from 445 to 495 nm
in 0.2-nm increments with the monochromator at 466 nm
(Figure 3). When the laser is not tuned to 466 nm, the light
thatis recorded by the PMT is strictlydue to ASE. The ASE
starts to appear when the dye laser is tuned to wavelengths
less than 455 and greater than 485 nm. The spectrum
represented by the dashed curve was obtained with 5 mW of
average 1asingpower (measured at the peak lasing wavelength,
466 nm) without the preamplifier cell in the dye laser. The
solid curve represents the spectrum with the preamp in the
laser and using the same power. In the latter case a neutral
density f1lter (OD = 1) was required to prevent the ASE at
the shorter dye laser wavelengths from saturating the PMT.
Without the preamplifier, no neutral density mter was needed.
Including the preamplifier increased the amount of ASE at
445-nm dye laser wavelength by 6O-fold. The true magnitude
of the laser line was shown in Figure 2 and is not represented
heredue to inexactoverlap ofthe monochromator wavelength
with the dye laser scan rate. In obtaining these spectra, the
neutral density filters which were used for obtaining the data
in Figure 2 have been eliminated. The actual magnitude of
the laser line would be 3 and 4 orders of magnitude larger
than is shown with and without the preamp, respectively.
The laser line width appears to be broad with a shoulder on
the blue side of the peak, again due to the band-pass of the
monochromator and the tuning of the dye laser.
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figure 5. PhotO<lode response with (dashed) and without (aoIId) the
preamplfler In the dye 18_.

ABE and lasing, similar to using a power meter. With the
laser beam blocked, the response ofthe photodiode was offset
to a value of zero. Figure 5 shows the photodiode response
as the dye laser is scanned from 445 to 498 nm. For both
spectra, the dye laser outputwas adjusted toan average power
of 5 mW at 466 nm. Without the preamp (solid curve), the
photodiode response has a maximum around 466 nm and
goes to zero at the extremes of the dye gain curve. When the
preamp is in the dye laser (dashed curve), the photodiode
response is broader and is nonzero at the extremes. Even
when the laser is tuned below 450 nm, where the response of
the photodiode falls off by 50%, the signal is approximately
0.6 V. The photodiode is responding to the broad-band ABE
and not the wavelength set by the laser. Although the
photodiode provides a good measure of the relative intensity
of all the light as seen by the sample, the actual intensity at
the wavelength indicated by the laser grating position may
be misrepresented.

Figure 6 shows the absorbance spectra for a 0.04 M }>r3+

solution in 0.1 M HC1O. using the IBM spectrophotometer.

~ 1.

J::
fr

ABC D E F

Figure 4. Spectra obtained by scanning the monochromator with the dye 18_ set at lIxed wavelengths: (A) 440 nm. (8) 445 nm. (C) 450 nm,
(O) 490 nm. (E) 495 nm, (F) 500 nm.

To show the broad-band output of the ABE, the dye laser
wassetata wavelengthwhile the monochromatorwasscanned
from 440 to 500 nm; several spectra are presented in Figure
4. These spectrawere obtained without the preamplifier cell
in the dye laser (minimal ABE) and by keeping all the
recording settings constant. With the laser at 440 or 445 nm
(A,B},no lasingwas observedand the ABEhas a noisy spectral
output that spans from 445 to 495 nm, i.e. the gain profile of
the LD-466 dye. Setting the laser to 450 nm (C), lasing was
observed and ABE was still present, although reduced
significantly. On the high end ofthe dye gain curve, a similar
trend was expected as the dye laser was set to nonlasing
wavelengths. In Figure 4D, with the dye laser set at 490 nm,
a strong lasing line with a small amount of broad-band ABE
was present. When the dye laser was set further out on the
dye gain curve at 495 nm (E), a weak lasing line and increased
amount of ABE were observed. With the dye laser set to 500
nm, offthe dye gain curve, itwas expectedthata large amount
ofABE and no lasing would be present. As seen in Figure 4F,
a surprise lasing line appeared at 472 nm, in the middle of
the broad-band ABE. This anomaly has been attributed to
a "grating ghost" which diffracta light at 472 nm when the
grating is tuned to500nm, as wellas lightat 500nm. Gratings
which have been mechanically ruled are prone to imperfec­
tions, resulting in grating ghosts. The ghost wavelength is
much weaker than the desired wavelength and is offset by
some increment, in this case approximately 28 nm. InFigure
4E, a peak appears on the blue side of the broad-band ABE
at 467 nm, which is 28 nm le88 than the 495 nm to which the
dye laser is tuned. When the dye laser is tuned to 500 nm
(F), the 472-nm ghost increases the efficiency of the laser
cavity at that wavelength to the point where lasing is
stimulated. Spectra obtained with the preamplifier cell in
the dye laser showed the ABE to have similar spectral
characteristics with increased intensity.

Pulse-to-pu1se variations of the laser intensity during
experiments are monitored with a fast photodiode which has
a flat response (:1::7 %) over a spectral range of 450-950 nm.
The response of the photodiode will be the sum of all the
light in the wavelength response range, which includes both
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Table I. Photoacouotic ReOPODse (PAS) for Selected Dye
Laser WaveleDgthe and Photodiode Signals (PD)

o.o-l---~--~--~--~--~----l
440 450 460 470 480 490 SOD

Ulser waveleng1h (nm)

FIgon 6. Photoacoustlc spectra of p,03+ with (dashed) and wtthout
(solid) the preamplf!er In the dye laser.

at445 nm, a relativelystrong PAS response was also recorded
whichoccurred strictlyfrom the ASE. At450nmwherelasing
is observed (see Figure 4C), the PAS signal is smaller due to
a reduction of the ASE intensity, even though there is a small
amount of absorption of the Pr"+ from lasing at 450 nm
contributing to the PAS response. The ASE intensity was
less at longer wavelengths (see Figure 2), and this is reflected
in the PAS response at 495 nm. Although lasing is present
at 495 nm, there is no Pr"+ absorption and the weak PAS
signal is due to ASE. The anomaly observed in Figure 4F
with the laser set to 500 nm is also reflected in the observed
PAS signal. Compared to a laser setting of468 nm, the PAS
response is larger than would be expected given the PD
response. The ASE and the lasing observed in Figure 4F
both overlap the absorption spectra of Pr"+ and contribute
to the PAS signal.

Photoacoustic spectraofPr3+ obtainedwith (dashedcurve)
and without (solid curve) the preamplifier are presented in
Figure 8. The data were collected simultaneously with the
photodiode responses shown in Figure 5. Inboth spectra the
468-nm band has the same shape and amplitude; however,
the absorption hand at 481 nm is larger with the preamp.
When normalized to the PD response, the peak amplitudes
are the same. The majordifferences in the two spectraappear
on the ends where ASE is more prevalent. Below 450 nm, the
PAS signal should start to increase due to the large Pr"+
absorption band at 446 nm. Without the preamp, the PAS
signal decreases due to inefficient lasing. With the preamp,
the signal begins to increase as expected; however, this is due
to the absorption ofthe broad-hand ASE and not lasing below
450 nm. Above 490 nm (weak lasing but no Pr"+ absorption),
a strong PAS signal is generated with the preamp, whereas,
without the preamp the photoacoustic spectrum closely
resembles the absorption spectrum. With the preamp in the
laser cavity, the ASE significantly alters the Pr3+ spectrum.
Normalization ofthese spectra near'the ends is not possible
due to the near zero division without the preamp. Note that
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Figure 6. Absorbance spectra of 0.04 M p,03+ in 0.1 M HClO•.
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Fig... 7. Oscilloscope traces of the photoacoustlc waveforms: (A)
lasing, (B) ASE.

The spectrum shows the bands at 468 and 481 nm that can
be excited by the LD-466 dye. In photoacousticspectroscopy,
pulsed light passing through the cuvette will be absorbed by
theanalyte and will generate a thermoelastic expansion pulse
which is monitored by the piezoelectric transducer. Oscil­
loscope traces of the transient photoacoustic waveforms
generated from ASE and lasing are very similar, as seen in
Figure 7. The PAS signal is obtained by gating a boxcar and
measuring the amplitide of the second peak as a function of
wavelength. To obtain the photoacoustic spectrum, which is
identical to an absorption spectrum, the intensity ofthe peak
is plotted versusdye laserwavelength. Curve Ais theacoustic
waveform generated with the laser tuned to the 468-nm peak
of Pr"+ and an average power of 20 mW. When the laser
grating was tuned to 495 nm (weak lasing, strong ASE) and
the average power adjusted to 20 mW (preamp in cavity),
ASE generated the photoacoustic waveform in curve B.
Although ASE is more intense when the laser is at 445 nm,
we chose to use 495 nm where Pr"+ has no absorption. The
delay in the signal, approximately 20 ns, is most likely due
to a slight change in the position of the laser beam in the
cuvette. The 20 ns time delay may correspond to a shift in
position of only 10-' em, which may be due to adjusting the
grating in the dye laser.

Table I presents the measured photoacoustic amplitude at
different laser wavelengths with approximately the same
photodiode (PD) response, Le. same average power. With
the laser set at 468 nm (no ASE), a strong photoacoustic
signal was observed, as expected. In the absence of lasing,
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figure e. Calbratlon curves produced from lasing at 468 nm (solid)
and ASE wItIl !he laser tuned to 495 nm (dashed).

ASE is still present without the preamp, although the effects
are not as noticeable.

Calibration curves shown in Figure 9 were generated with
the laser set at 468 (solid) and 495 nm (dashed). In both
cases, the laser was adjusted to yield an average output power
of 20 mW. The calibration curve for 495 nm is due to the

broad-band ASE absorption. In a separate experiment, a
solution on Nd3+ was scanned using laser dye LD-466.
Neodymium bas absorption bands at 510 and 521 nm and no
absorption in the 445-495-nm range. Only the water back­
ground was measured, indicating that the ASE must overlap
an absorption band of the analyte to generate a PAS signal.

CONCLUSIONS

In this study, we bave demonstrated that the impure
spectral output of dye lasers can play an important role in
photoacoustic spectroscopy. ASE may also effect other
analytical techniques, in particular. other photothermal
spectroscopies.
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Acrylamide Polymerization Kinetics in Gel Electrophoresis
Capillaries. A Raman Microprobe Study

Tracey L. Rapp, Will K. Kowalchyk, Kevin L. Davis, Elizabeth A. Todd, Kei-Lee Lin, and
Michael D. Morris"

Department of Chemistry. University of Michigan, Ann Arbor, Michigan 48109-1055

Tha formation of 3.5 %T, 3.3 % C croM-llnked polyacrylamide
Ismonitored In 75-jIln-l.d. electrophor...capllarles by Raman
microprobe spactrosc:opy. 11le dlsappearanca of the aeryl­
amIda 1292-cm-1 band Is IoIIowacl with so.. lima raaolullon

for 30"*" and 2-4"*' rllllOlullon for up to 10 h. PoIymarlzatIon
Is 18 % compIala In 1.5 h and greater than 99 % c:ompIala
aller 2 h. In the 10G-1700-cm-1 region no bands attributable
to Cl'OlIS-Inklng ara obHrYabIa. Reacllon In the capllary
folio.. saconcI-ordar klnallcs. 11le reaction Is feater In the
buI< system beea_ heat dlsslpatlon Is not sulllc:1enl to
maintain a conalant temperatura.

INTRODUCTION

Capillary gel electrophoresis (CGE) is an attractive com­
plement to slab gel electrophoresis. CGE was first developed
by Cohen and Karger for the separationand molecular weigbt
determioation ofpeptides and proteios.I The capillary ioner
diameter dimensions of less than 100 I'm permit efficient
heat removal and facilitate the use of high field strengths.
The technique is iocreasingly used io gene sequenciog by the
Sanger dideoxy chaio extension method.'.3 Pulsed field
capillary gel electrophoresis for separation of large nucleic
acid fragmenta has been demonstrated,'" and the benefits of
capillary gel affinity electrophoresis, with separation io a
buffer contaioiog an iotercalator, have also been shown.6

While the utility of CGE is clear, column lifetime is a
significant problem. At high field strengths (typicallygreater
than 300 V/cm), or after repeated use, gel performance
deteriorates. Analyte mobilities increase, resolution decreas­
es, and sometimes the gel fails completely.'·7 Bubble for­
mation in the capillary during polymerization of the gel or
duriog later use is one catastrophic failure mode. However,
little is known about the gel structure io the capillaries and
the processes which cause the slow deterioration. As the first
step io a study of capillary gel structure and dynamics, we
report the iotracapillary polymerization kinetics of cross­
linked polyacrylamide. In doiog so, we also iovestigate the
utility of Raman microprobe spectroscopy for measurement
of intracapillary gel properties.

The Raman microprobe provides spectra with I-IO-I'm
spatial resolution.8.9 The microprobe retains the well-known
strengths ofRaman spectroscopy, including easy applicability

(I) Cohen, I.- S.; Karger, B. L. J. Chromatogr. 1987,397,409-417.
(2) Droosman, H.; Luckey, J. 1.-; Koetichka, A. J.; D'Cunha, J.; Smith,

L. M. Anal. Chem. 1990, 62, 900-903.
(3) Swerdlow, H.; Zhang, J. Z.; Chen, D. Y.; Harke,H. R; Grey,R.; Wu,

S.; Dovichi. N. J.; Fuller. C. Anal. Chem. 1991,62, 2835-2841.
(4) Heiger.D. N.;Cohen, I.-S.; Karger,B. L.J. Chromatogr.1990,516,

33-48.
(5) Demana. T.; Lanan, M.; Marris, M. D. Anal. Chem. 1991,63,2795­

2797.
(6) Guttman, A.; Cooke, N. Anal. Chem. 1991, 63, 2038-2042.
(7) Karger, A. E.; Harris, J. M.; Gesteland, R. F. Nucl. Acids Res. 1991,

19, 4955-4962.
(8) Clark,RJ.H.,Hester,R.E.,Eds.AduancesinlnfraredandRaman

Spectroscopy; Heyden and San: London, 1980; Vol. 7, pp 223-282.
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to aqueous systems. Raman microscopy is routioely used io
polymer mm and fiber production for the identification of
impurities. It has also been successfully used to identify local
differences io crystallioity and local concentration of copol­
ymers io polymer processes.9 As evidenced by its use for
these applications, Raman microprobe spectroscopy could
also provide a direct method for monitoring gel structure and
chemistry withio an electrophoresis capillary.

The Raman spectra of polyacrylamide gels have been
reported by Bansil and GUpta,I•.ll who assigned most bands.
SERS spectra of polyacrylamide have been reported by Sub
and Michaelian.12 Ahem and GarrellIS used SERS to probe
polymerizationona silver colloid. There is general agreement
on the assignment of major bands io the region 900-1700
em-I, but there is disagreement on whether Raman spec­
troscopy can detect polybisacrylamide sequences io cross­
linked polyacrylamide gels, especially with a low percentage
of cross-linker (% C). Gupta and Bansil attribute bands at
1035, 1063, and 1075 cm-I to the skeletal (-{;-{;-{;-{;-)
stretches of the cross-linked polymers and 418, 441, and 462
cm-I to the (-{;-{;--e-) bending vibration ofthe gel.ll Ahem
and Garrell could not fmd any of these bands but did observe
a band at 705 cm-I which could possibly be attributed to the
polybisacrylamide. They also observed that monomeric
bisacrylamide itself has a peak at 705 cm-I and left this band
unassigned. IS

Polymerization of cross-linked and linear polyacrylamide
gels has been monitored io bulk by various methods such as
viscosity measurements,IU5 titrationofunreacted monomer,16

UV ahsorption,l7 Tyndall effect (iocrease io light scattering
due to gel formation).'8 and NMR spectroscopy.'9 However,
there have been no attempts to study the polymerization
kinetics of linear or cross-linked polyacrylamide gels io the
environment of the microbore fused-silica capillary.

EXPERIMENTAL SECTION

Raman spectra wereobtaioed with a modified Spex 1877 triple
spectrograph fitted with either an 1200-groove/mm or 1800
groove/mm grsting io the spectrograph stage and a Photometrics
series 200 cryogenicallycooled CCD detector.20 The light source

(9) Gardiner, D. J., Graves, P. R., Eds. PracticalRaman Spectroscopy;
Springer-Verlag: Berlin, 1989; pp 119-151.

(10) Gupta, M. K.; Bansil, R. J. Polym. Sci.: Polym. Phys. Ed. 1981,
19, 353-360.

(11) Gupta. M. K.; Bansil, R. J. Polym. Sci.: Polym. Lett. Ed. 1983,
21, 969-977.

(12) Sub, J. S.; Michaelian. K. H. J. Raman Spectrose. 1987,18,409­
414.

(13) Ahern, I.- M.; Garrell, R L.1Angmuir 1988, 4, 1162-1168.
(14) Gromov, V. F.; Galperina, N. L; Osmanov, T. 0.; Khomikovskii,

P. M.; Abkin. A. D. Eur. Polym. J. 1980, 16, 529-535.
(15) Fens, X. D.; Guo, X. Q.; Qiu, K. Y. Makromol. Chem. 1988, 189,

77-83.
(16) Boeisio, A. B.; Loeherlein, C.; Snyder, R. S.; Righetti, P. G. J.

Chromatogr. 1980, 189, 317-330.
(17) Pegon, Y.; Quincy, C. J. Chromatogr. 1974,100, 11-18.
(18) Gelfi, C.; Righetti, P. G. Electrophoresis 1981, 2, 213-219.
(19) Gromov, V. F.; Bogachev, Y. S.; Bune, Y. V.; Zhuravleva, I. L.;

Teleehov. E. N. Eur. Polym. J. 1991, 6, 505-508.
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Figure 1. Raman spectrum of 5% monomer solutions. (A) 8lsacryl­
amide. (8) Acrylamlde. Integration times were 60 s.
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figure 2. Raman spectrum of T = 3.5%, C = 3.3% polyacrylamide
gels. (A) Bulk spectrum: 2 min, 32 min, and 10.5 h alter Initiation.
(8)Capillary spectrum: 2 ancl32 min alter In~lation. Integration times
were 60 s.

We have deviated slightly from common capillary elec­
trophoresis in twoways. First, fluorocarbon-coated capillaries
were used instead of the more common polyimide-coated
capillaries. The fluorocarbon coating is nonfluorescent, but
strong laser-excited fluorescence from the polyimide coating
obscures the much weaker polyacrylamide Raman spectra.
Second, via the method of Feng and co-workers,l5 we have
degassed solutions with nitrogen rather than helium. Al­
though helium is used because of its low water solubility, we
have chosen to maintainconsistencywith the polyacrylamide
polymerization kinetics literature, where nitrogen or vacuum
degassing are common.

Early in the course of the reaction, bands of monomeric
arylamideand bisacrylamide are still clearlyvisible, although
the bands of the polymer are already measurable. The
monomer bands observed 2 min after initiation (Figure 2) are
identicalto their positions in the individualmonomerspectra
(Figure 1). At 32 min after initiation, the spectrum largely
resembles the spectrum of completely polymerized acryla­
mide. The shift in frequency of some bands and the
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was a frequency-doubled CW Nd-YAG laser, 532 nm (ADLAS
DPY 305 c/315) providing 30--40 mW of power at the sample.
The spectrographslitwidth was adjusted to maintain 5- or S-cm-l
resolution. illuminationand back-scattered light collectionwere
through an Olympus, IMT-2 inverted research microscope using
a 20X/0.4 NA ultralong working distance objective for bulk
measurements or a 20X/0.7 NA objective for intracapillary
measurements. Capillaries were held stationary by a locally
constructed Delrin stage to prevent heat loss to the metal of the
microscope frame.

A 3.5%T/3.3%C polyacrylamide gel was prepared by com­
bining 1.4 mL of50% stock solution made from solid acrylamide
and N,N'-methylenebisacrylamide monomer (Sigma) with 4.00
mL of 5 X Tris-borate-EDTA (TBE) and 420 ILL of 3%
ammonium persulfate (BioRad) diluted to 20.00 mL. The stock
solution was deoxygenated by bubbling N2 through for 2-3 min.
The TBE was prepared by mixing 0.5 M EDTA (Mallinckrodt),
Tris base (Boehringer), and boric acid (Baker).

Fluorocarbon-coated fused silica capillary (Polymicro Tech­
nologies) with 75-jLm i.d. and 360-jLm o.d. was cut to 30-cm total
length. The inner capillary walls were cleaned with 1 M HCl, 1
MKOH,andmethanoL To bind the gel to the walls,a 1:1 mixture
of methanol and 3-(trimethoxysilyl)propyl methylacetate (Al-
drich) was pumped into the capillary and allowed to stand for
a minimum of4 h. Polymerization was initiated by mixing 5 ILL
ofTEMED (Life Technologies, Inc.) with the 20 mL of monomer
solutiondescribed above. Themixturewas then pumped through
the capillaryfor 1min, after which time the pumping was stopped
and Raman spectra were collected. The time between addition
of the catalyst and the start of Raman data collection did not
exceed 2 min. Bulk solutions were prepared in the same manner
as the solutions used in the capillaries. The reaction was
monitored in a 20-mL aliquot contained in a 25-mL glaas sample
vial placed on the Delrin microscope stage.

Reaction-monitoringspectra were obtained with an integration
time which varied during the course of the reaction. During the
first 15 min, a 30-s integration was used. For the second 15 min
a 2-min integration time was employed. For later spectra (30
min to 10 h) a 5-min integration time was used. By increasing
the integration time as the reaction proceeded, we were able to
monitor small amounts of starting material late in the reaction
without undue compromise in time resolution. All reactions were
performed at room temperature (approximately 24 ·C). Tem­
perature inside the bulk reaction vessel was monitored using a
type k thermocouple (Omega). The signal was amplified with a
low-noise amplifier constructed locally.

To derive kinetic information, band intensities were taken as
areas under bands, calculated with the integration routines in
Spectra-Calc (Galactic Industries). Reactions were followed as
the attenuation ofthe acrylamide C-H bending vibration at 1292
em-I. For presentation, all spectrawere subjected to a Savitsky­
Golay quadratic-cubic amooth (n = 9) using the routines in
Spectra-Calc. For the extraction of kinetic data, however, only
simple background subtraction or ratioing was employed. Sec­
ond-order kinetic fits were performed using DeltaGraph
(DeltaPoint).

RESULTS AND DISCUSSION

Figure 1shows the Raman spectraofbulk solution samples
ofthe reactionstartingmateria1a: 5.0%by weight acrylamide
and bisacrylamide. The band positions agree well with those
reported byothers-lO,I' Figure2 showsspectraobtainedduring
the bulk and capillary polymerization ofa 3.5%T/3.3 %C gel.
Representative curves early (2 min) and late (32 min) in the
reaction are shown. For the bulk sample, a spectrum of
completelypolymerized (10.5 h) monomer isalsoshown. There
is little difference between the corresponding spectra of the
bulkand capillarysamples. Thecorresponding band positions
are identical within experimental error (:1:1-2 em-I), and in
both cases the observed band positions are in agreement with
literature values.

(20) McGlashan, M. L.: Davis, K. L.; Morris, M. D. Anal. Chern. 1990,
62, 846-849.
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spectrum is not especially sensitive to the presence of cross­
linking.

We have investigated the feasibiity oftime-resolvedRaman
microscopy for kinetic studies of the polymerization of
acrylamide. We have chosen to follow the disappearance of
the acrylamide C-H bending vibration at 1292 em-'. The
intensity of this bending vibration and other weaker bands
sbouldnotbe affected by the potentialproblem ofthe Tyndall
affect. Gelfi and Righetti'S reported only a 5% transmission
loes by scattering for gels containing 3%C. Therefore the
Tyndall effect in our gels should be negligible. The use of an
array detector allows us to simultaneously monitor several
bands in the spectrum, but we are constrained by the length
ofthe spectral window (approximately 280 em-' with an 1800
grooves/mm grating).

The bands chosen for kinetics should be intense and well­
resolved from nearby strong bands. In the 800-1700-em-'
interval, there are several strong monomer bands, including
those at 1292, 1442, and 1639 cm-'. The 1442-em-' band was
excluded because ofthe presence ofpolyacrylamide bands at
1435 and 1462 cm-' which appear as the reaction proceeds.
Similarly, the 1639-cm-' region was rejected because of the
proximity of amide I and IT bands at 1680 and 1602 cm-'.
Therefore, the C-H bending region was employed. The C-H
bending mode of acrylamide at 1292 em-' was monitored for
the disappearance ofmonomer. The growthofthe 1329-em-'
polymer band could also be monitored in this spectralwindow,
but because this band is weaker than the monomer band,
intensities could not be measured with adequate accuracy for
kinetic studies.

The lowest detectable amount of unreacted monomer was
determined by measuring the integrated peak areas under
the 1292-em-' band for a series ofunpolymerized acrylamide/
bisacrylamide solutions. The total monomer concentrations
(%T) of the solutions were varied while the bisacrylamide
content (% C) remained constant. We obtained a linear
calibration curve (r = 0.9995) with a detection limit of
0.035%T, or 1.0% of the 3.5%T initial concentration used
in the kinetics experiments.

Second-order kinetics for acrylamide polymerization have
been reported hy Gelfi and Righetti's and by Chen and
Crambach.21 Figure 3A,B demonstrates that the reactions in
the bulk and capillary have different behaviors. After an
initial induction period of about 7 min, the capillary polym­
erization follows the expected second order kinetics. We can
fit to a second order rate constant of 1.5 x 10-3%'1'"' s-' out

15

Time (Min)

...... 3. Reaction klneUc plots lor T - 3.5%, C 3.3%
poIymer1zalions (A) In buI< and (8) In an elecIrophoreals capillary.
AaylamIde reciprocal concentration Is plotted In unlta 01 1/(% T).
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disappearance or growth of others can be understood by
comparison of the observed bands with literature band
assignments.

At the high-frequency end of the monomer spectrum (or
the spectrum 2 min after initiation), the three bands at 1680,
1639, and 1602 em-I are assigned to C=O stretching (amide
I), C=C stretching, and NH, bending (amide mvibrations,
respectively. The 1639-cm-' band disappears as the C=C
double bond is broken during the course ofthe polymerization.
The 1680- and 1602-cm-' amide bands undergo small to
moderate frequency shifts to 1680 and 1615 cm-' in response
to the changing environment. An intense peak at 1442 cm-'
in tbe monomer spectrum is assigned to the superposition of
a CH2 bending mode and a C-N stretching mode (amide ill).
After polymerization, these two bands are observed at the
shifted frequencies of 1462 and 1435 em-', respectively.
Another intense monomer peak in the spectrum is the vinylic
C-Hbendingmodeatl292cm-'. This banddisappearsduring
the course ofthe reaction. In its place, a broad aliphatic C-H
bending vibration in the polymerized gel appears at 1329
cm-'. This is an expected frequency shift when a C=C bond
is broken.

Two partially unresolved pew at 1223 and 1187 cm-' grow
in as the polymerization progresses. These two bands are
assigned to a NH2 wag and a polymer skeletal vibration. A
strong, broad peak around 1128 cm-' from a C-e skeletal
stretching mode in the acrylamide monomer can also be
observed. This asymmetric band moves to a lower frequency
of 1114 cm-' upon polymerization. Weak bands at 1083 and
1064 cm-' in the initial polymerization spectra (2 min after
initiation) can still be observedafter 32 min in the polymerized
gel spectrum. These two weak bands are no longer visible
approximately 2h (±15min) after the initiationofthe reaction
when polymerization is 99% complete. Another weak band
in the monomer spectrum at 979 cm-, which is assigned to
an out of plane HC-eH bend disappears during the initial
stages of polymerization. During the later stages of the
polymerization, a new band at 987 cm-' may be attributed to
the same vibration in the polymer.

In the region between 1000 and 1100 cm-', Gupta and
Bansil" have assigned three bands (1075,1063,1035 em-') to
different C-e skeletal stretching vibrations which may arise
from structurally different forms of highly-branched poly­
acrylamide. These bands were absent in the spectra of
completely reacted cross-linked polyacrylamide reported by
Ahern and Garrell.'3 There are several reasons why Gupta
and Bansil may have observed these unconfirmed bands.
Percent conversion (polymerization efficiency) drops as the
concentration of TEMED (reaction catalyst) is increased.
Feng et al.'5 reported only a 95 % conversion for the
concentration of TEMED used by Gupta and Bansil. Also,
BosisioetaI.'6found that athigh bisacrylamideconcentrations
(>20% C) only an 80% polymerization was observed after 1
h. However, if the system was left standing overnight, 96%
conversion was achieved. Gupta and Bansil reported spectra
after 8 h of polymerization. Therefore, it is possible that
they may have been observing incompletelypolymerized gels
containing free monomer.

We observe only two bands, at 1083 and 1064 cm-', in the
l~l1oo-em-' region. The 1083-cm-' band is from the
initiator ammonium persulfate and is easily observed in
solutions evenas dilute as 3 X 10-3 M. The l064-cm-' vibration
is found in the monomer spectrum ofacrylamide (Figure 1B).
These assignments are reasonable because both bands even­
tually disappear from the completely polymerized gel spec­
trum. We concur with Ahern and Garrell,13 who concluded
thatatlowcross-linkerconcentration, this regionofthe Raman
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"",e 4. Temperature rise during bulk polymerization of T = 3.5 %,
C = 3.3 % (A) with 30 mW of 532-nm Illumination and (B) without laser
Illumination.

of polymerization temperature.'s We propose that conclu­
sions about polyacrylamide chemistry and structure from
experiments in bulk solution cannot be applied uncritically
to the chemistry and structure of the stoichiometrically
equivalent gels in electrophoresis capillaries.

Raman microprobe spectroscopy has been shown to be a
useful tool for probing structures of molecules within an
electrophoresis capillary. Our system is based on a modified
f/9 spectrograph. An optimized instrument could easiy have
10times better throughput. In that case, it should be possible
to observe changes in Raman spectra under electrophoresis
working conditions with an acquisition time of 1-3 s. Even
more information should be obtainable at low (50--500-cm-')
frequencies, where vibrational modes ofthe polymer backbone
are observed. Recently developed holographic beam splitters
allow high throughput Raman microscopy in this region24

and should allow Raman probes of polyacrylamide confor­
mation under field-free or biased conditions. Finally we note
that anti-Stokes Raman intensities measure thermal popu­
lation of vibrational excited states and have long been used
for temperature measurement. Anti-Stokes Raman micros­
copy may prove useful as a direct probe of intracapillary
temperatures during electrophoresis. Experiments toward
these goals are underway in our laboratories.
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to about 28 min. Beyond this time the acrylamide concen­
trations are too low for a reliable fit.

In the bulk, however, we fmd a limiting rate constant of
about 8.1 x lo-3%T-' s-' over the period 16-30 min, which
corresponds to the interval of IIllIXimum temperature (see
below). After the induction period of 5 min, short sections
of earlier parts of the curve can be fitted to second-order
kinetic equations, but we find such agreement fortuitous
because the system is not at constant temperature. We do
observe an induction periodofabout6 min before measurable
decrease in acrylamide Raman intensity begins.

Thirtyminutes after initiation, the polymerizationwas97 %
complete in the bulk and 88% complete in the capillary. The
reaction was >98% complete after 1.5 h in both the bulk and
the capillary. These times are longer than the times reported
by Gelfi and Righetti'S for 5%T/3%C gels (95% complete
after12-15min). However, slower reaction rates are expected
for gels with total monomer content below 5%T because of
the lower availability of the acrylamide monomer to the
growing polymer chain.'s

The identity of the Raman spectra at intermediate points
during the reaction strongly suggest that the reaction mech­
anisms and fmal products are similar in the 75-1'JD-i.d.
capillary and bulk solution. However, the kinetics differ
significantly. Ithasbeenreported thatas the polymerization
temperature is increased, the reaction rate increases and the
induction perioddecreases.22,23 Therefore, the rate constants
and induction periods for the bulk and capillary polymer­
izations should be identical only if the reactions proceed at
the same temperature.

We have made thermocouple measurements of the tem­
perature rise in the bulk system during the course of the
polymerization (Figure 4). For the first &-9 min, i.e. during
the induction period, the temperature remains at the initial
temperature, 23-24 ·C. It then rises 5.0--5.5 ·C to about 29
·C over 6-7 min and then drifts slowly downward as the
reaction rate declines. The laser wavelength (532 nm) is far
removed from any acrylamide absorption bands; therefore,
laser-induced heating should be negligible. To test this
assumption, we have made temperature measurements with
and without laser illumination. Comparison of Figure 4A
(laser on) and B (laser off) shows that laser heating does not
contribute to the observed temperature change.

In the bulk polymerization, the induction period is 2 min
shorter and the fmal rate constant is 5 times larger than
observed inside the capillary. The entire edifice of capillary
electrophoresis is built upon the observation of good heat
dissipation in lOQ-"m-i.d. and smaller capillaries. The 5 ·C
temperature rise accompanying the exothermic reaction in
the bulk polymerization system would be expected to be
smaller in the capillary. This difference in thermal envi­
ronments accounts for the apparent difference in reaction
rates between the bulkand thecapillary. The good adherence
tosecond-order kinetic equations in the capillary implies that
the temperature change is under 1 ·C. It has been suggested
that the resulting cross-linked polymer structure is a function

(22) Gelfi, C.; Righetti, P. G. Electrophoresis 1981,2,220-228.
(23) Greasel, J.; Rosner, A.; Cohen, N. Anal. Biochem. 1975, 69, 84-91.
(24) PelJister, D.; Liu, K.-L.; Morris, M. D.; Owen, H. Appl. Spectrosc.,
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Fiber-Optic Ammonia Sensor for Measuring Synaptic Glutamate
and Extracellular Ammonia

Satyajit Kar and Mark A. Arnold'

Department of Chemistry, University of Iowa, Iowa City, Iowa 52242

A fiber-optIc ammonia gas sensor designed for neurochem­
Ical applications Is presented. Parameters evaluated In terms
01 effect on the sleady-state and dynamic response 01 this
sensor Include the Indicator dye, concentrations 01 Indicator
and total ammonia nllrogen In the Intemal solution, volume 01
the Internal solution, structure 01 the gas-permeable membrane,
and temperature. The final ammonia sensor responds over
the concentration range from 7 to 3000 nM wllh a Ilmll of
detection 01 7 nM and response times ranging from 2 to 5 min.
Glutamate oxidase Is Immobilized at the tip of this ammonia
sensor to provide a glutamate biosensor wllh a detection Ilmll
01 O.1 I'M when operated at pH 7.8. In addlllon, this ammonia
sensor Is used to measure extracellular ammonia levels In
perfused retinal and eylH:Up tissue preparations. These
measurements Indicate a calclum-dependent, potassium­
evoked release of ammonia during these depolarization
condllions.

INTRODUCTION

Weare interested in developing biosensors for the primary
aminoacidergic neurotransmitterglutamate.1-4 One strategy
is based on the immobilization of glutamate oxidase at the
tip ofan ammoniagas sensing probe. This enzyme selectively
catalyzes the oxidative deamination of glutamate according
to the following reaction;

glutamate + O2- a-ketoglutarate + H20 2+ NH3

The steady-state production of ammonia at the probe tip is
detected and related to the amount ofglutamate in thesample
solution.

Others have recently reported the general analytical
properties ofglutamate biosensors based on immobilized glu­
tamate oxidase in combination with the detection of either
oxygen or hydrogen peroxide."" Guilbault and co-workers
have discussed the potential of a glutamate biosensor based
on the amperometric detection ofhydrogen peroxide for neu­
rochemical experiments.1O Theyconcluded that interference
by easily oxidizable endogeneous species such as ascorbate
and tyrosine is the major limitation of this approach.

(1) Wang, A. J.; Arnold, M. A. Anal. Chem. 1992,64,1051-1055.
(2) Kaltenbach, M. S.; Arnold, M. A. Mikrochim. Acta, in press.
(3) Arnold, M. A. In Immunochemical Assays and Biosensor Tech­

nology for the 19908; Nakamura, R. M., Kasabara, Y., Rechnitz, G. A.,
Eds.; American Society for Microbiology: Washington, DC, 1992; Cbapter
16.

(4) Arnold, M. A. Proc. SPIE-Int. Soc. Opt. Eng. 1988,906,128--133.
(5) Chen, C. Y.; Su, Y. C. Anal. Chim. Acta 1991,243,9-15.
(6) Dremel, B. A. A.; Schmid, R. D.; Woifbeis, O. S. Anal. Chim. Acta

1991, 248, 351-359.
(7) Wollenberger, D.; Scheller, F.; Pawlowa, M.; Muller, H. G.; Ris­

inger, L.; Gorton, L. In GBF Monograph; Schmid, R. D., Scheller, F.,
Eds.; VCH Publishers: New York, 1989; Vol. 13, pp 33-36.

(8) Hale, P. D.; Lee, H. S.; Okamoto, Y.; Skotheim, T. A. Anal. Lett.
1991,24,345-356.

(9) Yau, T.; Yamamoto, H.; Wasa T. Anal. Chim. Acta 1990,236,437­
440.

(10) Villarte,R. L.; Cunningham,D. D.; Guilbault, G. G. Talanta 1991,
38,49-55.

0003-2700/92/0364-2438$03.00/0

The limit of detection for glutamate at neurochemically
relevant pH values is the critical issue for our approach based
on the detection of ammonia. In this regard, the detection
limit of the internal sensing element for ammonia is the key
parameter. Extracellular glutamate concentrations range
from 1 to 10 I'M during typical neurochemical experiments.ll
Atphysiological pH, onlya smallfraction ofthe total ammonia
nitrogen generated from the glutamate oxidase catalyzed
reaction will be in the detectable form of ammonia. For
example, the physiological pH for the photoreceptor cells
within the toad retina is 7.8.12 Only3.4 % ofthe total ammonia
nitrogen is ammonia at pH 7.8, where asnearly97% is in the
form of the undetectable ammonium ion. Under ideal
circumstances where glutamate is quantitatively converted
to ammonia at the sensor tip, 1 I'M glutamate requires the
ability to measure 34nM ammonia. Such lowdetection limits
are not possible with conventional gas-sensing technology.

We report here our success in developing a fiber-optic
ammonia sensor (FOAS) with nanomolar detection limits.
This sensor is constructed by trapping a thin layer of an
internal indicator solution between a microporous Teflon
membrane anda fiber-optic probe. Ammoniafrom thesample
solution diffuses across this membrane, enters the internal
solution and reacts with the indicator dye in the following
manner:

NH3+ HIn - NH/ + In-

The nonprotonated form of the indicator is detected by a
fluorescence measurement through the fiber-optic probe.
Nanomolar detection limits are possible with this sensor
design because of the inherent sensitivity of fluorescence
measurements and because ammonia is trapped by the
indicator dye. Duringoperation, ammoniacontinues toenter
the indicator solution until the ammonia partial pressure is
equivalent on both sides of the gas-permeable membrane. A
majority of the ammonia that enters the indicator solution
is converted to ammonium ions which results in an accu­
mulation ofthe detected nonprotonated indicator species and
an enhancement in the detection limit. The extent of this
enhancement is governed by the pK. and concentration of
the indicator dye}3

The analytical properties are reported for our FOAS and
the correspondingglutamate biosensor. The ammoniasensor
possessesa detection limitof7 nM withresponse times ranging
from 2 to 5 min. The detection limit for the corresponding
glutamate biosensor is 0.1 I'M when operated at pH 7.8. The
FOAS has been used to measureextracellular ammonialeveIs
in eye-cup and retinal tissue preparations. Extracellular
ammonia has been measured to establish the feasibility of
monitoring glutamate superimposed on a basal level of
ammonia. We expected to fmd low background ammonia

(11) Shank, R. P.; Campbell, G. L. In Handbook of NeurochemiBtry;
Lajtha, A., Ed.; Plenum Press: New York, 1983; Vol. 3, Chapter 14.

(12) Miller, R. F.; Slaughter, M. M. In Retinal TraMmitter. and
Modulators: Model for the Brain; Morgan, W., Ed.; eRe Press: Boca
Raton, FL, 1985; Vol. II.

(13) Rhines, T. D.; Arnold, M. A. Anal. Chem. 1988, 60, 7&-80.
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levels that did not vary during the experiment." ·'5 Surpris­
ingly, we measured a calcium-dependent, potassium-evoked
release of ammonia from both the isolated retinal tissue and
the intact eye-cup. The ramifications of this fmding are
discussed with an emphasis on the potential analytical utility
of this FOAS for neurochemical investigations.

EXPERIMENTAL SECTION

ApparatusandReagents. Fluorescence measurements were
made with a fiber-optic spectrometer. The light source consisted
ofa 100-W tungsten-halogen lamp maintained in an Oriel Model
66184 illuminator housing and powered by an Oriel Model 6393
transformer. Light from the source first passed through an IR­
blocking filter and then a 490-nm interference filter before being
focused into a bundle of quartz optical fibers by an Oriel Model
77800 fiber-optic input assembly. The fiber bundle directed the
light into a home-built light-tight box that contained the sensor,
chopper, and detector optics. Light exiting the bundle was
collimated before passing through an EG&G PAR Model 197
mechanical chopper which was operated at a frequency of 1.995
kHz. The chopped radiation was focused into a set of plastic
optical fibers. This set of plastic fibers directed the excitation
radiation to the internal solution at the tip of the gas sensor. A
second set of plastic optical fibers collected a portion of the
luminescence from the internal solution and directed this light
to the detector optics. Light from the sensor tip was fll8t
collimsted and then passed through a 540-nm interference filter
to isolate the fluorescence radiation. Finally, the filtered light
was focused onto the face ofa photomultiplier tube (PMT) which
was operated at 650 V. An EG&G PAR Model 5209 lock-in
amplifier was used to measure the PMT current. Data were
stored on an 8088-based mM personal computer with a Nationai
Instruments Model GPm IEEE interface between the lock-in
amplifier and the computer.

5-Carboxy-4',5'-dimethylfluorescein (CDMF) and 2,7-bis(2­
carboxyethyl)-5-carboxyfluorescein (BCECF) were used as re­
ceived from Molecular Probes, Eugene, OR. All other solutions
were made with reagent grade chemicals that were obtained from
common commercial suppliers. All solutions were made with
distilled-deionized water that was prepared immediately before
use by passing the house-distilled water through a Milli-Q three­
house water purification unit. Toads of the type Bufo marinus
(5.lHl.0 in.) and Bufo americanus (2.0-2.5 in.) were purchased
from Charles D. Sullivan Co., Nashville, TN.

Procedures. SensorConstruction. Ammonia sensors were
constructed by trapping a small volume of the intemal solution
betweena gas-permeable membrane and a fiber-optic probe. The
fiber-optic probe was fabricated by inserting 17 individual plastic
optical fibers into a custom made glass tube and securing these
fibers with an adhesive sealant. The glass tube was prepared by
grinding the closed end of a common glass capillary tube to a
thin, flat surface and then polishing this surface to a smooth,
optically transparent finish. The plastic optical fibers were type
Super ESKA Ek-1O from Mitsubishi Rayon America, Inc., with
a numerical aperture of 0.47 and an outer diameter of 250 p.m.
The fiber-optic probe was inserted into a conical-shaped plastic
tube and held in place by an adhesive sealant. A small reservoir
was created at the tip by slightly recessing the fiber-optic probe
relative to the outer edge of the tube. The outer diameter of the
resulting sensor tip was 2 mm and the volume of the reservoir
was leBB than II'L. The intemal solution and gas-permeable
membrane were added by inverting the sensor body, applying
approximately II'L ofsolution to the reservoir, stretchinga small
squareofmembrane over the solution and holding the membrane
in place with a plastic O-ring. The intemal solution contained
0.115 M sodium chloride, 0.100 mM ammonium chloride, and 50
I'M CDMF, unIeBB stated otherwise. Gas-permeable membranes
were microporous Teflon membranes from Gore and ABBociates,
Elkton, MD. UnieBB stated otherwise, all membranes had an
average pore size of 1.0 I'm.

Glutamate biosensors were constructed by immobilizinga thin
layer of glutamate oxidase on the outer surface of the Teflon

(14) Cooper. A. J.; Plum, F. Physiol. Rev. 1987, 67, 440-514.
(15) Benjamin, A. M. In Handbook of Neurochemistry; L.jtha, A.;

Ed.; Plenum Press: New York, 1982; VoL I, Chapter 4.

membrane of the FOAS. Glutamate oxidase was immobilized
by physically entrapping approximately 0.02 mg (0.04 units) of
enzyme with a cellulose diacetate dialysis membrane.

Sensor Characterization and Ammonia Calibration
Curves. Unless stated otherwise, measurements were made in
thermostated glass jacketed cells and the temperature was
maintained at 25 ·C with a Fisher Model 80 water bath. Two
procedures were used to collectdata for sensor calibration curves.
In the Ill8t procedure, the sensor tip was initislly immersed in
a 1O.00-mL aliquot of the working buffer to which ammonium
chloride had been added to give a total ammonia nitrogen
concentration of 2 I'M. The working buffer was composed of
10.0 mM Trizma base, 100 mM sodium chloride, 5 mM glucose,
and 0.005% 5-fluorouracil (added as an antimicrobial agent)
adjusted to pH 7.8 with 6 M hydrochloric acid. Various ammonia
concentrations were then generated by adjusting the pH of this
solution with either acid or base. The solution pH was measured
continuously with a Ross-type combination pH electrode (Orion
No. 810200) in conjunction with a Beckman Model 71 pH'mV-I
meter. In the second procedure, the sensor tip was immersed in
a 10.00-mL aliquot of a 0.01 M sodium hydroxide solution that
contained 0.105 M sodium chloride. Various ammonia concen­
trations were obtained by making microliter additions of an
ammonium ion standard. In both cases, the sensor response was
collected as a function of time until a steady-state value was
identified. Calibration curves were constructed by plotting the
steady-state response as a function of ammonia concentration.
Response times were measured as the time required to achieve
95% of the overall change in response.

Extracellular Ammonia Measurements. Extracellular
ammonia concentrations were measured in perfusion buffers in
contact with either retinal tissue from B. marinus or complete
eye-cups from B. americanus. In both cases eyes were removed
from toads that were Ill8t anesthetized by submersion in ice for
1 h. Eye-cup preparations were prepared by dissecting the eye
and removing the lens. Freshly prepared eye-cups were per­
fused with generous portions ofa pH 7.8 Ringer's buffer solution.
After removing the lens from the eyes of the B. marinus toads,
the retinal tissue was isolated by touching and then lifting a
square of absorbant paper to the vitreal surface of the eye-cup
preparation. The retinal tissue adhered to the paper and was
removed as a single-layer sheet from the underlying pigment
epithelium. The retinal tissue was maintained in the pH 7.8
Ringer's buffer throughout. The time required to isolate the
retinal tissue was approximately 45 min.

Depolarization experiments were carried out with either half
of a retinal tissue or a complete eye-cup. In both cases, the
preparation was incubated in a series of buffer solutions at room
temperature in the dark. The buffer volume was 1.5 and 1.0 mL
for the retinal tissue and eye-cup preparations, respectively, and
the incubation time was 15 min throughout. Initially, prepa­
rations were incubated in a normal Ringer's buffer (2.5 mM
potaasium). Next, the cells were depolarized with a high­
potassium Ringer's buffer (56.0 mM potaasium). Calcium-de­
pendent release proceBBes were then blocked with a cobalt­
containing, normal potaasium Ringer's buffer (4.0 mM cobalt
and 2.5mMpotaasium). Finally, the preparations were incubated
witha cohalt-containing, high-potaasium Ringer's buffer (4.0 mM
cobalt and 56.0 mM potaasium). After incubation, each sample
was carefully removed by aspiration and stored frozen at -25 ·C
until it could be analyzed. Preparations were rinsed with the
next buffer between steps.

Ammonia concentrations were determined by either a cali­
bration curve or standard addition procedure. In the Ill8t case,
an ammonia calibration curve was constructed over the 50-300
nM concentration range in a 0.5-mL aliquot of the correspond­
ing working buffer. The sensor was then immersed in a fresh
O.5-mL aliquot of this buffer in order to reestablish the baseline
condition. A small volume ofthe sample was then added and the
sensor response was monitored. If the detected ammonia
concentration was leBB than 50 or greater than 300 nM, then the
volume of sample added was adjusted and the measurement
repeated. The required sample volumes ranged from 25 to 200
!LL. In the standard addition procedure, the sensor was initislly
immersed in a fresh 0.5-mL aliquot of the working buffer to
establish the baseline response. Two standard additions of a 10
I'M ammonia solution were added sequentially and the corre-
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1 shows this plot from which 50 ILM is clearly identified as
the optimum concentration of CDMF.

The total ammonia nitrogen concentration in the internal
solution (CNHal also has a major impacton the sensorresponse.
The effect of CNH, on the steady-state response is illustrated
in Figure 2 where responses for sensors with 4 and 0.04 roM
CNH, are presented. A high CNH, results in an increase in
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RESULTS AND DISCUSSION

spondingsensor responses were recorded. An appropriate volume
ofthe sample was then added, and the sensor response was again
recorded. The volumes of standard and sample were adjusted
such that the fmal concentration ofammonia from all additions
did not exceed 300 nM. All measurements were made at 25 ·C.
In addition, each measurement was made by using a working
buffer tbat matched the buffer used to collect that particular
sample.

(16) Haugland, R. P. Molecular Probes: Handbook of Fluorescent
Probes and Research Chemicals; Molecular Probes, Inc.: Eugene,
OR, 1989; pp 86-94.

(17) Bates, R. G.; Pinching, G. D. J. Am. Chern. Soc. 1950, 72, 1393­
1396.

Responses of fiber-optic gas sensors depend on several
nonspectroscopic parameters which include pK., stability,
and concentration of the indicator dye, concentration of
ammonium chloride in the internal solution, volume of the
indicatorsolution, propertiesofthe gas-permeablemembrane,
and temperature. We have systematically examined these
parameters with the goalofnanomolar detection ofammonia.

Sensor Parameters. CDMF was selected as the indicator
for this sensor because ofits acid-base properties andstability
compared to other fluorescein derivatives. Initially, a pK. of
7.0 was identified by our previously reported simplex opti­
mization routine" as the ideal indicator pK. for a sample
ammonia concentration range from 2 to 200 nM. Of the
fluorescein derivatives commercially available, BCECF and
CDMF were selected as potential indicator dyes because their
pK. values are reported to be 7.0. '6 Stability tests revealed
that BCECF was less stable both thermally and photochem­
icallycompared to CDMF. Asecondfactor in favor ofCDMF
is its larger Stokes shift. Finally, BCECF issignificantly more
expensive.

Spectroscopically, CDMF is characterized by a molar
absorptivity of 6.23 (±O.03) X 10< M-1 em-" a high quantum
efficiency and wavelengths of maximum excitation and
emission of 505 and 538 nm, respectively. The effective pK.
for CDMF was measured by titrating the indicator inasolution
with an ionic strength of 0.115 M at 25 ·C. These are the
same conditions used in the internal indicator solution. The
titration was monitored by measuring the fluorescence of the
nonprotonated form of the indicator. The pK. was 6.95 %
0.01 under these conditionswhich corresponds to an effective
equilibrium constant of 159.3 % 3.7 for the reaction with
ammonia based on a value of 9.1522 % 0.0006 for the pK. of
ammonium ions at 25 ·C and an ionic strength of 0.11 M.17

The total dye concentration has a dramatic effect on both
the steady-state and dynamic response properties of the
sensor. Theseeffects wereexamined bymonitoring thesensor
response to an ammonia concentration step from zero to 200
nM for a series ofsensors with CDMF concentrations ranging
from 10 to 70 ILM. The results from this experiment are
plotted in Figure 1. As the concentration ofthe indicator dye
increases, more ammonia must enter the internal indicator
solution in order to establish the steady-state condition. As
such, larger amounts of dye provide higher signals, which
propagates into greater sensitivityand lower detection limits.
The response begins to level-off at high dye concentrations
because of self-absorption by the indicator. In terms of the
dynamic response, high dye concentrations bave an adverse
effecton responsetimes. The need formore ammoniarequires
more time to establish the steady-state condition. In this
case, response times become insensitive to the amount of
indicator when the concentration of CDMF drops below 20
ILM. The ideal indicator concentration can be identified by
plotting the ratio ofthe response magnitude and the response
time as a function of dye concentration. The inset in Figure
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linearity over the entire concentration range with a corre­
sponding decrease in both sensitivity and limit of detection.
A low Cmr., on the other hand, provides superior sensitivity
at low concentrations but levels offrapidly to provide limited
sensitivity at high concentrations. Such responses are
predictable.13

The CNH, also has an effect on the stability of the steady­
state signal. Figure 3 shows typical intensity-time profiles
for sensors with Cmr.levels of 0.04 and 0.1 mM. This figure
shows that the steady-state signal slowly degrades with time
athigher sample ammoniaconcentrations. This degradation
in signal is faster with lower Cmr. and it can be essentially
eliminated by decreasing the intensity of the incident
radiation. These results are consistent with photobleaching
ofthe nonprotonated form ofthe indicator being responsible.
With lower CNH"larger amounts of the nonprotonated form
of the indicator are generated, thereby increasing the pho­
tobleaching process.

The volume of the indicator solution affects both the
magnitude of response and response times. Responses to
ammonia concentration steps from 0 to 200 nM were
monitored for a series of sensors with different volumes of
internalsolutions. Volumes were varied by altering the depth
of the reservior into which the internal solution was placed.
With our sensor geometry, an increase in solution volume
also results in an increase in the optical path length. Figure
4 summarizes the effectofsolutionvolume on both the steady­
state and dynamic properties of the sensor. As expected,
increasing the optical path length provides larger signals up
to the point where the path length no longer increases as the
depth of the reservoir is increased. The sensor response is
independent of sample volume above 0.5 I'L, which corre­
sponds to a O.l-mm-thick solution, thereby indicating that
our fluorescence measurements are only capable of sensing
the first 0.1 mm of the internal solution. In regards to the
dynamic response, sensor response times increased with
respect to solution volume, as more ammonia is needed to
equilibrate larger volumes. These results indicate that mass
transport within the internal solution is rate limiting under
these conditions. Extrapolation to zero volume gives the

Internal Soln Vol, (ILL)

Figure 4. Ellect ollntemal solution volume on the (el magnttude 01
responseand (Al response time. The Inset shows the ratio 01 magnttude
01 response and response time asa function ollntemal solution volume.

minimum response time possible based on sensor components
other than the internal solution, such as type, porosity, and
thickness of the gas-permeable membrane.

The effect of the gas-permeable membrane on the fluo­
rescence measurement has been evaluated by comparing
fluorescence signals measured with and without the Teflon
membrane in place. In this experiment, the tip of a sensor
without a membrane was inlmersed in a 0.13 M phosphate
buffer that contained 50 I'M CDMF. The concentration of
the nonprotonated form of the indicator was controlled by
adjusting the pH of this solution. These measurements were
repeated with the same sensor and optics, but with the
membrane in place. In this latter case, the indicator solution
reservoir was filled with the pH-adjusted 50 I'M CDMF
solution and the fluorescence intensity was measured after
inlmersing the sensor tip into a solution that was identical to
this internal solution. Overall, the membrane provided a 1.5­
fold enhancement in the sensitivity of the measurement.
Diffuse reflectance off the membrane surface enhances both
the intensity of the excitation radiation and the amount of
emitted radiation captured by the collection fibers.

Sensors constructed with different gas-permeable mem­
braneswere evaluated in order to identify gross effects caused
by membrane parameters. In all cases, microporous Teflon
membranes were used; however, a complete series of mem­
branes was not available, thereby making it impossible to
performa systematicstudyofthese parameters. Nevertheless,
sufficient membrane types were available to demonstrate that
the sensor response is relatively insensitive to membrane
parameters incomparison to parameters involving the internal
indicator solution.

The examined membranes were composed of either plain
microporous Teflon or microporous Teflon with a laminated
layerofpolyethylene. Table I summarizes the results in terms
of the relative magnitude of response and response times
obtained from sensors responding to a 0--200 nM ammonia
concentration step. Plain and laminsted membranes with
average pore sizes of1.0 I'm resulted in similar response times.
The magnitude of response, however, was significantly larger
with the plain membrane. The plain membrane is more
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microporous Teflon membrane with an average pore size of
1.0/LID and an internal indicator solution composed of 0.115
M sodium chloride, 0.100 roM ammonium chloride, and 50
!LM CDMF. Respectively, the open squares and open circles
show the responses obtained by using the standard addition
and pH adjustment methods described in the Experimental
Section. Raw signals from these sensors were normalized in
order to account for slight differences in the geometries of

average plain' laminated'
pore response response
size % rei time rei time
u.m) porosity response (min) response (min)

1.0 91 100.00, 6.2 4.00, 0.3 51.00,7.3 5.10,0.8
0.2 78 89.60,13.0 7.00,0.4
0.02 50 79.90,11.9 10.10,1.6

membrane

o Mean ± 1 standard deviation for fOUl replicate measurements.
• Microporous Teflon.' Microporous Teflon with polyethylene
lamination.

(18) Arnold, M. A. Anal. Chim. Acta 1983, 154, 33-39.

flexible compared to the laminated membrane which causes
it to bow under the weight of the indicator solution. Larger
indicator solution volumes with the corresponding longer
optical path lengths account for the higher sensitivity.
Apparently, the layer of polyethylene slows the rate of
ammonia mass transport across the membrane, thereby
counteracting the expected advantage of a smaller volume of
internal solution in terms of the response time. In fact,
response times were slightly longer with the laminated
membrane. When the pore size of the laminated membrane
was decreased from 1.0 to 0.2 "m, both the magnitude of the
response and the response time increased. Presumably, the
decrease in porosity lowers the flux across the membrane and
increases the response time. The increase in magnitude of
response is caused by a significant difference in the texture
of these two laminated membranes. The 0.2-/LID membrane
was shinier than the 1.Q-"mmembrane which provided higher
incident intensity ofthe excitation radiation due to enhanced
reflectance off the membrane surface. Although both mem­
branes were laminated with polyethylene, the structures of
these laminated fihns differ, whichaccounts for thedifference
in reflectivity. Decreasing the pore size of the plain mem­
branes from 1.0 to 0.02"m resulted in longer response times
and a lower magnitude of response. Once again, the smaller
flux across the membrane as the porosity decreases explains
the slower rate of response. In this case, however, the
difference in magnitude of response is caused by a difference
in rigidity of the membranes. The 0.02-"m membrane is
considerably stronger and bows much less than the 1.Q-"m
membrane which corresponds to a shorter optical path length
andamaller responses. Similar results were found when plain
membranes were compared for use in ammonia gas sensing
electrodes.IS

The final parameter investigated is temperature. For the
most part, the application dictates the temperature of the
measurement. Nonetheless, the temperature profile is im­
portant because the temperature sensitivity of the sensor
dictates the extent to which the temperature must be
controlled. Temperature profiles for ourFOAS are presented
in Figure 5 for both the magnitude of response and the
response times. In this experiment, sensor responses were
monitored for a 0-200nM concentration step in a background
solution of 0.01 M sodium hydroxide. Both the magnitude
of response and response times decrease with increasing
temperature over the range from 5 to 45 ·C. The highest
response to response time ratio isobtained at20·C (see Figure
5 inset). The decrease in magnitude ofresponse is consistent
with a decrease in the equilibrium constant at elevated
temperatures. Shorter response times are provided byfaster
mass transport processes at the elevated temperatures. The
shape ofthese profIles reveals a large temperature sensitivity
which necessitates rigid temperaturecontrol during operation.

Response Curves. Ammonia calibration curves are pre­
sented in Figure 6 for a FOAS constructed by using a plain
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Figur. 8. Concentrations of ammonia found In various extracellular
fluids during the potassium-<lvoked depolarization of retinal and eye­
cup preparations.

monitoring the synaptic modulation of glutamate in perfu­
sates, endogenous ammonia levels must be established. We
expected the ammonia level to be low and constant under our
conditions.I' Ammonia levels detected during potassium­
evoked depolarization of cells in our tissue preparations,
however, revealed that endogenous ammonia is not constant.
Figure 8 summarizes the results obtained. Overall, higher
levels ofammoniawere measured in the eye-cup preparations
because of the larger number and variety of cells present.
Potassium-evoked depolarization results in a significant
increase in the level of ammonia in the perfusion buffer. The
addition ofcobalt, which blocks calcium-dependent synaptic
events, resulted in less ammonia released during depolar­
ization with elevated potassium. This effect is particularly
evident for the retinal tissue preparation where the elevation
of ammonia is only 20 % of that measured in the absence of
cobalt. This result suggests a significant calcium-dependent
release ofammonia during potassium-evoked depolarization.
After exposure to cobalt, cells associated with the eye-cup no
longer responded to depolarizationconditions which indicates
cellular damage caused by the toxicity of cobalt.

Overall, modulation of ammonia by potassium-evoked
depolarization precludes the use of this FOAS as the internal
sensingelement for a biosensor to measure synaptic glutamate
during depolarization experiments. Although a second am­
monia sensor could be used to account for extracellular
ammonia variations, such an arrangement would be cum­
bersome and subject to systematic errorsbased on nonuniform
ammonia distribution within the tissue matrix. The impor­
tant discovery, however, is the apparent modulation of
ammoniaconcentrations during synapticprocesses. Ofcourse
many more experiments are needed to better define the
potantial neurochemical role of ammonia, but our results
suggest that ammonia is a neurochemically active compound.
The low detection limit of our FOAS makes it ideally suited
to investigate this exciting phenomenon.
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Glutamate Cone, (/-lM)
Figure 7. Glutamate calibration curve for the glutamate biosensor
based on ammonia detection. The inset shows the pH profile for this
biosensor.

individual sensor bodies. After adjustment, the signals
overlap throughout the ammonia concentration ranges tested
which were from 50 to 300 nM for the standard addition
method and from 5to 294 nM for the pH adjustment method.
The solid line was generated by fitting these data to the
previously described response function.'s This curve shows
the expected nonlinear response with a detection limit (SIN
= 3) of 7 nM. Precision at 50 nM ammonia was found to be
5.8%. Response times ranged from 2 to 5 min with faster
responses at higher ammonia concentrations. In terms of
sensorstability, photodegradationlimited the utility ofa given
sensor to 1 day. Sensor calibration was accurate throughout
this time period with no appreciable drift in the baseline
signal.

In addition to the nonlinear response, the response function
predicts a linear relationship for a double reciprocal plot of
the data (IIiF vs 1/[NHs]). The inset in Figure 6 shows such
a plot for this sensor. The transformed data can be modeled
by a linear function with a slope of721 ± 15 M·A-I,y-intercept
of (2.0 ± 0.8) X 109A-I, and a correlation coefficient of0.9983.

The detection limit for ammonia is below that needed for
making glutamate measurements in the 1-10 I'M concen­
tration range at pH 7.8. A glutamate biosensor was then
fabricated to verify the utility of the FOAS for such an
application. Figure 7 shows the resulting glutamate cali­
bration curve which was obtained in a pH 7.8 Ringer's buffer.
The expected nonlinear response was observed over this
concentration range. The detection limit for glutamate was
0.100 ± 0.003 I'M. Response times ranged from 8 to 19 min
and recovery times were even longer, ranging from 25 to 30
min. The pH profile is shown as the Figure 7 inset. Because
the maximum enzyme activity is obtained over the pH range
from 7.0 to 8.0,19 greater sensor responses with increasing pH
is caused by the increased sensitivity to ammonia.

Endogenous Ammonia in Retinal and Eye-Cup Prep­
arations. Before the glutamate biosensor can be used for
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Speciation of Mercury and Lead Compounds by Microbore
Column Liquid Chromatography-Inductively Coupled Plasma
Mass Spectrometry with Direct Injection Nebulization

Sam C. K. Shum, Ho-ming Pang, and R. S. Houk'

Ames Laboratory-U.S. Department of Energy, Department of Chemistry, Iowa State University, Ames, Iowa SOOl1

Various cationic lIIMIdM or Hg (ttg>+, MeHg+, EtHg+, and
PIIHg+) and Pb (f'b'+, (Me>.Pb+, and (Et>.Pb+) ..eeepareted
as Ion pairs by reveraed-phaM IquIcI Chromatography, Lead
Is detected at ~,2 PSI and Hget ""7 PSI by inductively coupled
pl_ mass spectrometry, A dtrect InJeellon lNIbuIIzar
mll*nlz.. band broadenkIg and yields good -.ttIYtty by
injecting a. the sample Into the plasma, Chromatographic
concItIona MICh as moblIe-phaM compoeItJon and the c0m­

pound UlIad for Ion pairing are aalectad basad on the mutual
requlrementa of chromatographic performance and detection
aensttlYtty. The Inorganic1_P!I"i" andHtr can be monitored
directly In human urine by a1mpty diluting and Injecting the
liquid sample. The organolead and organomercury Ion8 were
not concentratad enough to be _ directly In urtne, but good
aeparatlonawere obtained whentheescompclUlllk_iplked
Into the sample.

INTRODUCTION

The toxicological and biological roles of trace elementa
depend on their chemical forms andlor oxidation states.H

Thus, analytical methodology for measuring trace element
speciation is necessary. The atomic spectroscopic methods
that are usually used for elemental analysis generally do not
distinguish the various species present for each element.
However, speciation information can be obtained bycoupling
chromatographicseparationswithelement-selectivedetection
byatomic spectroscopy.5-10 Inductivelycoupled plasmamass
spectrometry (ICPMS) is oneofthe most attractive detection
systems for elemental speciation because of its excellent
detection limits, its multielement capability, and its ability
to measure isotope ratios}I-28

• Corresponding author.
(1) Goyer, R.A. In Casarett andDouU's Toxicology: TheBa%icScience

01 Poisons, 4th ed.; C.......,tt, L. J., Amdur, M. 0., Doull, J., Klaassen, C.
D., Eds.; Pergamon Press: New York, 1991; Chapter 19.

(2) Cappon, C. J. LCIGC 1988, 6, 584-599.
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In most experimenta with plasma detection for liquid
chromatography (LC) separations, the nebulizer is one of the
weakest links in the whole process because it causes band
broadening and loss of much of the sample.29 Several recent
papers30,31 describe the basic properties and analytical per­
formance of a new version of the direct injection nebulizer
(DIN), originallydeveloped byFassel and co-workers.32,S3 The
DIN is a microconcentric pneumatic nebulizer placed inside
the ICP torch. The DIN bas a low dead volume «21£1,) and
producesamistoffmedroplets(l-IQ-l'mdiameter).34 Rinse­
out times for memory-prone elements such as Hg, I, and B
are also reduced greatly compared to those obtained with
conventional nebulizers.30 When used for LC-ICPMS ofAs,
Se, and Sn species, the DIN providesabsolute detection limits
that are superior by1-2orders ofmagnitude tothose obtained
with conventional nebulizers. In addition, the low dead
volumeand abseneeofa spraychamber minimize postcolumn
hand broadening and facilitate the use of microscale LC
columns and liquid flow rates (30-100 I'L min-I) that are low
enough for all the column effluent to be introduced into the
plasma.24,81

The present work reports the capabilities of LC-DIN­
ICPMS for measuring charged species of Hg and Pb. The
species chosen (Hg2+, MeHg+, EtHg+, PhHg+, Pb"+, (Meh­
Pb+, and (Et)sPb+), where Me = methyl, Et = ethyl, and Ph
= phenyl, are known or potential toxins and are ofsubstantial

(14) Matz, S. G.; Elder, R. C.; Tepperman, K. J. Anal. At. Spectrom.
1989,4, 767-771.

(15) Crews, H. M.; Dean, J. R.; Ehdon, L.; Massey, R. C. Analyst 1989,
114, 89&-899.
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a TYPical values cited. These parametero, marked with an asteriok,
were adjusted daily to maximize ion signal (see text) and differed
slightly from day to day.

interest in medical and environmental sciences.I~39 Opti·
mumchromatographic conditionofor separatingtheoespecies
as ion pairs by reversed-phase LC are discussed. Finally,
application of this methodology for the speciation of Hg and
Pbdirectly in human urine with very little sample preparation
is described.
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Myero, G. G. Environ. Re•. 1989, 49, 318-332.
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EXPERIMENTAL SECTION

ICPMS and Direct Injection Nebulizer (DIN). The
inductivelycoupled plasma mass spectrometer used was the Elan
Model 250 (Perkin-Elmer SCIEX, Thronhill, ON, Canada). The
instrumental system and conditions are described in Table I.
The plasma and sampling conditions indicated with an asterisk
were optimized daily to maximize the signal from the analyte of
interest.

The DIN used in this work was similar to one described
previously (Figure 1 or ref 30). In order to operate at a liquid
flow rate of 100 ILL min-I while maintaining low backpressure
«750 psi), a 5O-ILm·Ld. X 45-cm·long fused silica capillary was
used. In addition, the 5O-ILm DIN plugged less easily than the
3Q-jLmone used for the previous LC work." Tolerance to plugging
was necessary for the analysis of urine, since the salt matrix was
not removed beforehand. The width ofthe annular gap between
the inner capillary and the nebulizer tip was = 25 ILm, the same
as in the previous work.

Instrumentation,Columns,and MobilePhases. A digital
LC pump (SSI Model 2220) with a bioclean microflow pump
head (Scientific Systema, Inc., State College, PAl was employed.
Samples were injected using a Rheodyne 7410 microinjectorwith
a 2-ILL internal sample loop disk. The analytical column used
in most of this work was a 5-cm-long, l.6-mm-Ld. PEEK column
packed with reveroed-phase CIBmaterial (CETAC Technologies,
Omaha, NE). A similar but longer column (15 em) was used for
Hgspeciation in urine. A precolumn rilled with Adsorbosilsilica
(Alltech Aasociation, Inc., Deerfield, IL) was placed between the

pump and the analytical column to saturate the mobile phase
with silica and to extend the lifetime of the analytical column.
The outlet of the analytical column was connected through a
switching valve <Rheodyne 9010) to the DIN with a narrow bore
polysil tube (50-jLm-Ld. X 5-cm-long, Scientific Glass Enginerring,
Inc., Austin, TX). The narrowbore connecting capillary mini­
mized extracolumn band broadening.

Standard solutions for optimizing ICPMS conditions were
loaded to a I-mL loop on the switching valve and then injected
to the nebulizer. The fused silica capillary of the DIN was
connected to the outlet of the switching valve. The outlet of the
analytical column was directed to the DIN at all times except
during optimization. A solution containing 5 mM ammonium
pentanesulfonate in 20:80 vlv acetonitrile (ACN)-water served
as the mobile phase. Separations were performed isocratically
at a flow rate of 100 ILL min-I.

Data Acquisition. New Elan 500 upgraded hardware and
software have been installed on this ICPMS. Data were acquired
by peak hopping in the multielement monitoring mode using
O.5-s measurement time, a 2O-ma dwell time, and 1 measurement
per peak. The mass spectral resolution was 0.9amu at 10% peak
height. Them08tabundantisotopes ofHg+ (mlz = 202) andPb+
(mlz = 208) were monitored. The ICP operating conditions and
voltages applied to the ion lenses were optimized to provide
maximum signal for inorganic Pb at 100 /Lg L-I and inorganic Hg
at 250 /Lg L-I in 20:80 vlv ACN-H20.

Chromatograma were recorded in real time and stored on the
hard disk of an ffiM PS/2 Model 70 computer. These data (as
ASCD mes) were then processed using a spread sheet program.
The raw count rates were first smoothed with a five-point
Savitzky-Golayroutine." Peakareawas determined bysumming
all the count rates under each peak. The background was
measured while nebulizing only the mobile phase by summing
the total counts in the particular chromatographic region
corresponding to each peak. For this work, the detection limit
was defined as the amount of the element necessary to give a
peak area equal to three times the standard deviation of the
background count rate at each analyte mass.

Rea«ents and Samples. The mobile phases were prepared
as follows. Ion-pairing reagents S5 (0.5 M sodium psntane­
sulfonate), S7 (0.5 M sodium heptanesulfonate), and S12 (0.5 M
sodium dodecanesulfonate) were purchased from Regis Chemical
Co. (Morton Grove, IL). Sodium salts in the eluent would be
expected to cause pluggingofthe DIN," pluggingofthe sampling
orifice,<H3 and matrix effects (usually suppression) on the signal
for Hg+ and Pb+.......... Therefore, the ion-pairing reagents were
converted to their ammonium salts by passing them through a
column filled with cation-exchange resin Dowex 50W-X8 in the
ammonium form. The nitrogen and hydrogen present in the
ammonium cation did not depooit as solids on the sampler and
did notcause serious matrix effects. The resulting stocksolutions
of ammonium salts of S5, S7, and S12 were then diluted with
ACN (HPLC grade) and deionized water (DW). Nitric acid (5%)
and ammonium hydroxide (l M) were added to adjust the pH.
All mobile phases were mtered through a O.45-jLm-pore nylon
mter and degassed under light vacuum from an aspirator for 10
min. At the end ofeach working day, the LC system was flushed
overnight with 75% methanol in water as instructed by the
supplier.

Chloride salts ofMeHg+, EtHg+, PhHg+, (Me),Pb+, and (Et>.­
Pb+ were obtained from Alfa Producte (Danvero, MA) and were
used without further purification. Stock solutions ofvarious Hg
and Pb compounds at =300 mg L-l each were prepared from the
above reagent-grade compounds in DW. Stock solutions of

(40) Savitzky, A.; Golay, M. J. E. Anal. Chem. 1964,36, 1627-1639.
(41) OlivareB, J. A.; Houk, R. S. Anal. Chem. 1986, 58, 20-25.
(42) Jiang, S.-J.; Houk, R. S. AnaL Chem. 1986,58,1739-1743.
(43) Douglas, D. J.; Kerr, L. A. J. Anal. At. Spectrom. 1988,3,749­

752.
(44) Tan, S. H.; Horlick, G. J. Anal. At. Spectrom. 1987,2,745-763.
(45) Beauchemin, D.; McLaren, J. W.; Berman, S. S. Spectrochim.

Acta 1987, 42B, 467-490.
(46) Gregoire, D. C. Spectrochim. Acta 1987,42B, 895-007.
(47) Vandecasteele, C.; Nagels, M.; Vanhoe, H.; Dsms,R. Anal. Chim.

Acta 1988,211,91-98.
(43) Crain, J. S.; Houk, R. S.; Smith, F. G. Spectrochim. Acta 1988,

43B, 1355-1364.

l.OTorr
3 X lo-<'Torr

Sciex EIon Model 250
modified Sciex abort torch: injector

tube orifice diameter :II: 1 mm;
6-mm-o.d. X 4-mm-Ld. quartz
tee attached at torch base

12* a

1·
0.30* regulated by IIUl88 flow

controller
0.4·
100 ILL min-I typical
l.4kW·
20 mm from load coil, on center·
Copper, l.Q-mm-diarneter orifice
Nickel, 0.9-mm·diameter orifice
-4000 V

-19.80 V
-11.00 V
+5.42 V
-7.46 V·

In.trument Condition. and Operatinc Proeedureo

argon flow rateB (L min-I)
outer
auxiliary
make-up

ICPMS
ICPtorch

nebulizer gas
sample flow rate
forward power
sampling pooition
sampler
skimmer
detector voltage
ion lens setting

bessel
plate
barrel
photon stop

operating pressures
interface
quadrupole chamber

Table I.
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inorganic Hg andPb at 100 mgL-1 each wereprepaIed by diluting
l000mgL-l standarda(PLASMACHEMAssociates,Inc.,Bradley
Beach, NJ) in DW. Allstandarda were prepaIed fresh daily by
diluting stock solutions using DW. ACN was HPLC grade from
Fisher Scientific, DW (resistance = 18 Mil) was obtained from
a Barnstead Nanopure-II system (Newton, MA), and ethylene­
diaminetetraacetic acid (EDTA) was reagent grade from Fisher
Scientific.

Two urine samples were used. First, a freeze-dried urine
standard reference material (SRM 2670, National Institute of
Standardsand Technology, Gaithersburg,MD) was reconstituted
as instructed and used without further dilution for Pb speciation
in urine. Second, a 24-h human urine specimen was collected
from the fIrSt author for Hg speciation.
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FIgure 1. Determination olsyslem dead volume and system _nee.
The line represents a least squares lit. See text lor conditions.

(54) Kirkland, J. J.; Yau, W. W.; Stoklosa, H. J.; DUb, C. H. J.
Chromatogr. &i. 1977, 15, 303-316.

Retention Time (min)
FIgure 2. Effect 01 ACN percentage an peek shape lor MeHg+. Each
peak Is normaIzed to the same rnaxImI.m value so thet the peek
wId1hs can be compared reedIy. See text lor conditions.

Two methods were used to estimate the system variance.
First, uoys2 was estimated from the y-intercept of the plot in
Figure I and was found to be4.1s2. Second, U.,.2was estimated
using flow injection peaks. In this method, the analytical
column was removed from the HPLC system; that is, the
injector was connected directly to the switching valve (by 8

polysil tube) which was connected to the DIN. A 2-ILL sample
of MeHg+ (500 pg Hg L-l) and AuC4-

'
(100 pg Au L-I) waa

injected to the plasma. The carrier solvent contained S5 at
5 mM in 20:80 v/v ACN-H20. The standard deviations of
these measurements were determined by five replicate
injections.

Thepeak asymmetryfactors measuredat 10% peakheight"'
were 1.3 ± 0.2 for MeHg+ and 1.2 ± 0.1 for Au. Thus, the flow
injection peaks were approximately Gaussian, and the WI/ 2
values for these flow injection peakscould be used to calculate
u... and u...2 for MeHg+ and Au, respectively. The system
variance was found to be 5.0 ± 0.3 82 for MeHg+ and 4.0 ±
0.2 S2 for Au. The chromatographic peak for MeHg+ shown
subsequently (e.g., Figure 2) had a variance of q2 '" 56 S2.
Thus, the estimated value of u...2 =4-5 82 indicated that

(1)

(49) Novotny, M. LC Mag. 19l1S, 3, 876-886.
(50) Guiochon,G.: Colin, H. InMicrocolumnHigh-Performance Liquid

Chromatography; Kucera, P., Ed.; Elsevier: New York, 1984; Chapter I.
(51) Saito, M.; Ribi, K.; Ishii, D.; Takeuchi, T. In Introduction to

Microscak High-Performance Liquid Chromatography; 1shii, D., Ed.;
VCH Publisbers: New York, 1988; Chapter 2.

(52) Gluckman, J. C.; Novotny, M. In Microcolumn Separatio",,:
Columns, Instrumentation, and Ancillary Techniques; Novotny, M. V.,
Ishii, D., Eds.; Elsevier: New York, 1985; pp 57-72.

(53) Fritz, J. S.; Schenk, G. H. Quantitatioe Analytical Chemistry;
Allyn and Bacon, Inc.: Newton, MA, 1987; Chapter 21.

System Dead Volume and System Variance. The
general advantages of microbore columns compared to
conventional packed columns include high separation effi­
ciencies, better detection limits, decreased solvent consump­
tion and lower costs, compatibilitywith on-line detectors like
MS, and the possibility of using exotic mobile phases or
reagents.'·,50 However, attention must be paid to the extra­
column volumes in connecting tubes, injector devices, and
detectors; otherwise, the efficiency of a separation may be
compromised by extracolumn broadening.51•52 This problem
is especially important for microbore columns operated at
low liquid flow rates.

In chromatography, peak broadening is often expressed in
terms of peak variance.53 In the simplest terms, the total
variance of a peak is

wbere ucoI2represents the contributionofthe analytical column
and u...2 is the contribution ofthe rest ofthe system (injector,
connecting tubing, detector, etc.) to the peak variance. Here
u,ys2 is the juxtaposition of all broadening occurring outside
the analytical column. ForGaussianpeaks,ucaDbecalculated
from the full width at half-maximum (WI/z) of the peak:

W I / 2 = 2.35u (2)

In this section, both the system dead volume ua.) and u,ys2
(S2) are estimated to evaluate the contribution ofthe nebulizer
to peak broadening relative to that from the chromatographic
column.

The systemdead volume was determined by adding known
dead volumes and measuring the resulting effect on peak
variance. Tubing of different sizes was used to connect the
outlet of the analytical column to the switching valve. A
2-i<L samplecontainingMeHg" (500pg Hg L-I) was introduced
to the 5-cm-long column. The mobile phase was 20:80 v/v
ACN-H20, and no pairing reagent was used. Under these
conditions, MeHg+ was not retained and eluted at the void
time.

A plot of q2 vs added volume is shown in Figure 1.
Extrapolation to u2 = 0 gave the system dead volume. The
system dead volume was found to be 1.6 ILL, which was close
to the value of2 ILL estimated previously for the 50-ILmDIN.30
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FIgure 3. Effect 01 various Ion pairing reagents on peak shape lor
MeHg+ Each peak Is normaJIzed to the same maxinum vakJe. See
text lor concItIons.

most of the peak broadening W88 caused by the column, and
less than 5% of the peak broadening W88 caused by the DIN.

Chromatographic Conditions. When coupling HPLC
with ICPM8 by the DIN, the separation conditions must be
carefully selected so that the analytical performance of the
nebulizer and pl88ma are notcompromised. Thecomposition
and flow rate of the mobile phase are particularly impor­
tant.24,30

The effect of the ACN concentration (v/v) in the mobile
phase on the peak shape W88 studied. Results for MeHg+ are
given in Figure 2. A 2-,.L sample containing MeHg+, EtHg+,
and PhHg+ (500 I'l: Hg L-I for each species) W88 injected to
the 5-cm-long column. The pairing reagent used W88 5 mM
85. Figure 2 shows that the overall peak broadening and
retention time of MeHg+ were sensitive to the percentage of
ACN in the mobile phase. With more ACN present, the
MeHg+ peak became sharperand retention timew88 reduced.
In fact, W,/2 increased by 150% from 40% ACN to 10% ACN.
Although not shown in Figure 2, the same effect W88 also
found for EtHg+ and, to a lesser extent, for PhHg+.

Figure 3 shows the effect of various ion-pairing reagents
on the peak shape of MeHg+. Each reagent W88 present at
5 mM in 20:80 v/v ACN-H20. There were no significant
differences in peakshapesobtainedwith 85 and 87. However,
812 broadened the peak greatly, so this reagent W88 not used
further. When the concentration of 85 in 20% ACN (v/v)
W88 varied from 5 to 20 mM, and the pH W88 varied from 3.0
to 6.5, no significant effect on peak shape W88 observed.

The effect of the percentage of ACN in the mobile phase
on retention timefor twotrialkylleadandthreeorganomercury
compounds W88 also studied (Figure 4a,b). As expected, the
retention decreased 88 the concentration of the organic
modifier incre88ed. In particular, the percentage of ACN
exerted a stronger effect on the retention times of the
compounds with the large organic groups (i.e., PhHg+ and
(Et);?b+). In the separation of the organomercury com­
pounds, even though good separations were achieved using
5% ACN, the peaks were broad (Figure 2). On the other
hand, sharp peaks were achieved using 40% ACN, when each
Hg species was injected individually, but the peaks from the
mixture of the three Hg species could not be resolved.

The effectofflow rate and percentage ofACN on ion signal
with the DIN has been described elsewhere.'" No green C2

emission was observed visually from the plasma when the
solvent contained less than 50% ACN. The pl88ma stayed
on and remained stable when 75% ACN W88 nebulized, but
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rate, 100 1'1. mIn-'; mabie phase, 5 mM IlITlI'I'lOl1lI pentaMslAlonate
In various percentages 01 ACN (vlv) In _ter. Injectlon volume, 2 pl;
sample size, 40 pg (as Pb) of each species. (b) Effect of mobu.phase
compoeItIon on the retention time 01 MeHg+, EtHg+, and PhHg+.
Conditions as in part a. Sample size: 2 ng (as Hg) 01 each species.

carbon deposition55,56 on the sampling cone did cause sub­
stantial signal drift. In addition, maximum ion signal W88
attained when the DIN W88 operated at a liquid flow rate of
"'12O,.L min-I and when a solvent containing 15--25% ACN
W88 nebulized. Fortunately, this mobile-phase composition
alsosuppressed tailingofthe chromatographic peak, 88 shown
in curve b of Figure 2. Finally, at a liquid flow rate of 120
"L min-I, the rinse-out time for Hg in 2% HNOs W88 15 s or
less.so

In summary, 5 mM 85 in 20:80 v/v ACN-water at 100 ,.L
min-I W88 chosen 88 the optimum mobile phase and liquid
flow rate. These conditions represent a compromise between
maximum sensitivity, reasonable rinse-out time, reasonable
separation time, and resolution. The performance ofpl88ma­
based detection methods for LC is generally sensitive to the
composition and flow rate ofthe mobile phase,6,ll and ICPM8
with the DIN is no exception.

Speciation ofHgandPbCompoundsinaTest Mixture.
An aqueous test mixture containing MeHg+, EtHg+, PhHg+,

(55) Hutton, R. C. J. Anal. At. Spectrom. 1986,1,259-263.
(56) Hausler, D. Spectrochim. Acta 1987, 42B, 63-73.
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Figure 5. Separation of two trialkyllead 8nd three organomercury
species. Column, 1.6-mm I.d. X 5 em long; flow rale, 100 I'L mln-';
mobile phase, 5 mM ammonium pantanesulfonale In 20:80 v/v ACN­
H,o (pH =3.4); Injection volume, 21'L; sample size, 40 pg (as Pb) tor
(Mel3Pb+, 80 pg (as Pb) for (Elj,Pb+, and 2 ng (as Hg) for each of the
organomercury species.

Table II. Analytical Figures of Merit for the Separation of
Lead Species

(A) In Aqueous Sample (Figure 5)
reteDtioD time (min) 0.9 2.0
sensitivity" (counts/pg of Pb) 750 730
RSDb (%) 1.7 2.0
detectioD limits'
~~~ U U
(pg L-', ppb) 0.1 0.1

(H) In Urine (Figure 6)
reteDtioD time (min) 0.6 0.9 2.0
sensitivity" (counts/pg of Pb) 850 800 750
RSOd (%) 2.8 1.7 2.5
detectioD limits'

(pg of Pb) 0.2 0.2 0.2
(pg L-', ppb) 0.1 0.1 0.1

• Sensitivity was calculated based OD peak area and amount
injected. b Relative standard deviatioD ofpeak area for five replicate
injections of 40 pg (as Pb) of each species. See Figure 5 for LC
coDditions. ' DetectioD limit defined as amount of Pb required to
yield a Detpeakthatwas 3 timee the standard deviatioDofbackground.
Peak areas were used in theee calculations. d Relative standard
deviatioD of peak area for three replicate injections of SRM 2670 +
40 pg (as Pb) spike of each of the trialkyllead species. See Figure
6 for HPLC conditions.

(Me13Pb+, and (Et),Pb+ was prepared. A separation ofthese
species in a single injection is shown in Figure 5. The
analytical figures ofmerit under these separation conditions
are shown in Tables II and III.

The peaks for (Me),Pb+ and (Et13Pb+ were easily resolved,
and the separation was completed in less than 3 min (Figure
5). Peak area measurements indicated that the Pb sensitivity
(total counts/pg of Pb) was similar (i.e., within 5%) for the
two forms (Table 11). Precision based on five separate
injections of",40 pg (as Pb) ofeach species and measurement
of peak areas was better than 2% RSD for both species.
Calibration curves for each species based on peak areas from
injectionsofO.04, 0.1, 0.4, and 1 ng (as Pb) were all linear with
conelation coefficients ofO.9998 for (Me),Pb+ and 0.9993 for
(Et),Pb+. Absolute detection limits were ",Q.2 pg of Pb for
both species (Table II). These absolute detection limits were
superior by 1-4 orders of magnitude over those obtained

Table III. Analytical Figures of Merit for the Separation
of Mercury Species

Hg2+ MeHg+ EtHg+ PhHg+

(AI In Aqueous Sample (Figure 5)
reteDtioD time (min) 1.2 1.8 4.4
sensitivity" (counts/pg of Hg) 30 35 37
RSDb (%) 2.7 2.8 3.0
detectioD limits'
~ofHg) 7 7
(pg L-', ppb) 4 4

(H) In Urine (Figure 8)
retentioD time (min) 1.7 2.8 4.7
sensitivity" (counts/pg Hg) 30 13 16
RSOd (%) 3.7 3.8 4.1
detectioD limits'
~ofHg) 7 18 16
VigL-',ppb) 4 9 8

• Sensitivity was calculated based on peak area and amount
injected. b Relative standard deviatioD ofpeak area for five replicate
injections of 2 Dg (as Hg) of each species. See Figure 5 for LC
coDditions. ' DetectioD limit def'med as amount of Hg required to
yield aDetpeak thatwas 3times the standard deviatioD ofbackground.
Peak areas were used in theee calculations. d Relative standard
deviatioD of peak area for three replicate injections of diluted urine
spiked with Hg'+, MeHg+, and EtHg+. See Figure 7 for HPLC
conditions.

previoua1y by electrochemical detection,57 UV-vis absorp­
tion,58 ICPAES,25,59 and LC-ICPMS.25 Relative detection
limits for Pb species were ",0.1 /'g L-1.

In the separation of organomercury species, previoll8
work27,60 reported a high background for Hg, presumably due
to bleeding of species containing Hg from the column or to
memory effects in the spray chamber or desolvation system
of the nebulizer. For the present work, the Hg background
was '"100 counts!s, which was comparable to the background
118ually seen at m/z '" 200 when the DIN is used with this
particular ICPMS device.so The PEEK column and tubing
used and the ability of the DIN to operate without a spray
chamber probably helped keep the Hg background at a
reasonable level. However, the Hg peaks bad longer tails
than the Pb peaks, presumably due to some memory for Hg
in either the column or the DIN. Despite this tailing, the
peaks for MeHg+, EtHg+, and PhHg+ were resolved ade­
quately (Figure 5).

Peak area measurements indicated that sensitivity (total
counts/pg ofHg) was similar for all three forms ofHg (Table
11I). Precision based on five separate injections of ",2 ng (as
Hg) ofeachspecies and measurement ofpeak areas was ",3 %
RSD for all three species. Calibration curves for each species
based on injections ofO.2, 0.5, 2, 5, and 10 ng (as Hg) and peak
areas were all linear with conelation coefficients 0.9995 or
better. Absolute detection limits were ",7 pg of Hg for all
three forms (Table nI). These absolute detection limits were
superior by factors 5-1000 over those obtained previoua1y hy
LC-cold vapor ICPMS,27 LC-ICPMS,27 and LC-ICPAES.61
The improvement in absolute detection limits is expected
beca118e all of the sample reaches the plasma with the DIN.
Relative detection limits for all three forms were ",41'g L-',
which are comparable to those obtained with conventional
nebulizers.

(57) Macerehan, W. A.; Durst, R. A.; Bellams, J. M. Anal. Lett. 1977,
10, 1171HI88.

(58) Blaazkiewicz, M.;Baumhoer, G.; Neidhart, B. Fresernu.' Z. Anal.
Chern. 1984, 317, 221-225.

(59) Ibrahim, M.; Nisamaneepong, W.; Mass, H. 1.; CIlfWIO, J. A.
Spectrochirn. Acta 1985, 4OB, 367-376.

(60) Hook, R. S.; Jiang, S. J. I.u Trace Metal Analysis and Speciation;
Krull, L S., Ed.; Elsevier: New York, 1991; Chopter 5.

(61) Krull, I. S.; Bushee, D. S.; Schleicher, R. G.; Smith, S. B., Jr.
Analyst 1986, III, 345-349.
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freeze-<lrled ""'" splked wf1h 40 pg (as Pb) of each of the trtalkylead
species.

Pb Speciation in Freeze-Dried Urine. The proposed
method was tested for measurement of Pb and Hg species in
human urine. The NIST SRM 2670 freezed-dried urine
(normal level) was used for experiments in Pb speciation.
Inorganic PiJ2+ was retained permanently on the column;
presumably, the reversed-phase column was not completely
end-capped, a problem noted previously." The Pb2+ was
removed by flushing the column with EDTA, which yielded
a substantialPb signal thatwaswell above the Pb background
of",,200 counts/sin EDTA. In order to elute the Pb2+, excess
EDTA was added to the urine sample before injection to
ensure a metal to ligand molar ratio of 1:50 or larger.
Background was determined by injecting a blank containing
the same amount of EDTA as in the urine sample.

Chromatograms for the separation ofinorganic Pb and two
tria1kyllead species spiked into urine are given in Figure 6.
Injection 1shows the peak for Pb2+in NIST SRM 2670 freeze­
dried urine (normal level). Only the inorganic peakwasfound.
Using a standard addition method, the sample was found to
contain 10.3 ~ L-, of Pb, which is close to the suggested
value (10 /'g L-') from NIST.

Since the NIST SRM did not contain measurable levels of
(Me)~b+ and (Et)~b+, these compounds were spiked into
the NIST urine to test the suitability of the method for this
separation in the presence of a difficult matrix. Injection 2
of Figure 6 shows the separation of all three Pb species. The
retention times for the two trialkyllead species remained the
sameasintheirseparationfromasimpleaqueoustestmixture
(Table II). Peak area measurements showed that sensitivity
was similar for all three forms and was comparable (within
10%) to those obtained for Pb species in the test mixture.
The reproducibility of the peak areas was better than 3%
RSD (n = 3). Absolute detection limits were 0.2 pg for all
three Pb compounds in urine.

In injection 2, the peak height for PiJ2+ was the same as
that in injection 1. Also, reasonable chromatographic peaks
were seen for (Me)~b+ and (Et)~b+. These observations
showedthat the use ofEDTAto preventpermanent retention
of Pb2+ did not disturb the relative amounts of the alkyllead
ions or perturb their chromatographic behavior. Undesired
interconversions between different chemical forms of an
element or instability of particular species are common
problems in speciation experiments. The simple procedure

-----(f)

"- 160
(f)
+'
C
:::J 140

0
U

120'-.../

())
+' 1000
0:::

+' 80
c
:::J
0 60
U

40

a 5

Retention Time (min)
FIgura 7. Hg2+ In a 24-11 human urtne speelmen. CondItions 88 In
Figure 5. Cok.mn: 1.6-mm I.d. X 15 em long.

for preparing the sample (i.e., mere dilution) also may help
prevent problems from interconversion or instability of the
species present.62

Hg Speciation in 24-h Human Urine. A 24-h63 urine
specimen (""2 L) from the first author was analyzed for Hg
species. A chromatogram from one injection of the urine
specimen is given in Figure 7. Only the inorganic mercury
peak was found. Using a standard addition method, the
specimenwas found to contain 25~L-, ofinorganic mercury.
The totalmercurycontentofthis urinesamplewasdetermined
to be 28l'g L-' by flow injection and standard addition, i.e.,
no chromatographic column was employed. None of the
organomercuryions were present at sufficient concentrations
to be observed directly in urine, as was the case for the
organolead ions described in the preceding section. A
preliminary preconcentration procedure would be required
to see these species.54

The chromatographic procedure described in the present
work wasevaluatedfurther by the following spike experiment.
Another urine aliquot was diluted by a factor of 10 with
deionized water and spiked with 0.75 ng ofHg2+ and 2 ng (as
Hg) of each of the alkylmercury species. The dilution
minimized the matrix effect of Na on Hg signal. A longer
column (15 cm) was also required to resolve the Hg2+ peak
from that for MeHg+.

Figure 8shows the separation ofthese three Hg compounds
in urine. Since a longer column was used, the retention times
for MeHg+ and EtHg+ were almost twice as long as those
reported for Hg speciation in the aqueous test mixture. Peak
area measurements indicated that the sensitivity for Hg2+
was similar to that obtained for the Hg species in the simple
aqueous solution. However, the sensitivities for MeHg+ and
EtHg+ were reduced by a factor of 2 in the urine matrix,
presumably due to matrix suppression from Na (""1000 ppm
Na). With the anionic pairing reagent in the eluent, Na+ was
weakly retained and eluted at ",,2 min after the sample was
injected, Le., after the Hg2+ peak but before the subsequent
peaks for MeHg+ and EtHg+. Thus, sensitivity for Hg2+ was
not affected by the urine matrix, because the Na from the
urine had not yet reached the plasma when Hg2+ eluted. In

(62) Sheppard, B.; Caruso, J.; Heitkemper, D.; Wolnick, K. Analyst
1992,117,971-976.

(63) Jacobe, D. S.; Kasten, B. L., Jr.; Demott, W. R.; Wolfson, W. L.
Laboratory Test Handbook with DRG Index; LeD-Comp Inc.: OH,1984;
p 514.

(64) Blaszkiewicz, M.; Baumhoer, G.; Neidhart, B. Fresnius' Z. Anal.
Chern. 1986,325, 12!f-135.
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As a final note, the reversed-phase ion-pairing separation
reported here proved remarkably robust and resilient even
when a difficult matrix (urine) was analyzed. Chromato­
graphic retention times were not affected by repeated
injections ofthe urine matrix. Chromatographic resolution"
was only slightly poorer in the presence of the urine matrix
than that obtained for the test solutions. For eumple, the
resolution between (Me)sPh+ and (Et)sPb+ peaks was 3.7 in
Figure 5 (for the test solution) compared to 3.0 in Figure 6
(for the spiked urine matrix).

SAFETY NOTE

The Hg and Pb compounds described in this paper could
be severe toxins and should be handled with extreme care.
Avoid inha1ing the fme droplets produced by the DIN,
particularly when these Hg and Pb compounds are present.

Retention Time (min)

FlguN 8. Separation of Hg species In a dIlUd 24-h luna" lI1ne
speclrrwl. CondIUons as In Flgtre 7. Sample: urine dIuled by a
factor of 10 with deionized water and spkad with 0.75 ng (as Hg) of
Hg2+ and 2 ng (as Hg) of each of the orgal1<lll1erCl.<)' species.

contrast, becauseofthe tailon the Na+ chromatographicpeak,
some Na was present in the plasma when MeHg+ and EtHg+
eluted. Hence, the Hg+ signa1 from these species was
diminished by a matrix effect caused by Na. For this
separation, the precision was still 5% RSD or better (n = 3).
Absolute detection limits were 7-18 pg ofHg for the three Hg
compounds in urine.
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Selective Detection of Brominated Hydrocarbons by the
Photodetachment-Modulated Electron Capture Detector
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A yttr*ln of thepholocIlttac:Iltedeleclron capture
detector (PDM-ECD) Is deec:rIbed by which the intentional
8ddItIon of $IF. to the detector gasca_MIectIye relflOllHS
to tr_ leyels of RnpIe bromInated cornpouncIs, including
CF..... and CH...... In the pr_ of RnpIe chlorinated
compoundI, IncIulIngCFa.. CHao. andca.. n-r..-e
charecteNtlcs are created by the lIlrnuItaneous oc:currence
of the following e--Ph-~ within the PDM-ECD:
electron capture by the halogenated hydrocarbons, RX, to
form halide negative 1onI, X-; electron photodetac:hment of
Br IonI by a broact-bancI UV IIghl _; and preyentallon
of ct" photodetac:hment by the MIOCIaIlon of ct" with the
Lewis acid, S1F.. and other fIuoroellc:on compouncIs that rHUII
from the aclclllion of $IF. to the PDM-ECD detector ga.. this
deYlce Is Moshown to provlde MlectlYer~ to locInated
hydrocarbons In the~ of chlorlnllted and bromlnated
compouncIs.

INTRODUCTION

compounds, however, because their background concentra­
tions in the lower atmosphere are much lower, in the low pptr
range, and, therefore, they are much more difficult to detect
and quantify. One ofthe greatestdifficulties associated with
the the trace analysis of brominated compounds in the
atmosphere by the GC-ECD approach is presented by the
fact that the earth's atmosphere now contains many chlo­
rinated compounds (in addition to the major ones mentioned
above) whose individual concentrations are at least in the
low pptr range. Therefore, the ECD's sensitive response to
these chlorinated compounds confuses the detection and
determination of the atmospheric brominated compounds.
In order to study the atmospheric chemistry of brominated
compounds, itwouldclearly be desirable to have a GC detector
that responds sensitively to the brominated compounds and
does not respond at all to the chlorinated compounds.

In a recent report from our laboratory, we described a
version ofthe photodetachment-modulated electron capture
detector (PDM-ECD) that responded sensitively to iodinated
but not to chlorinated compounds.13 The PDM response of
this detector was shown to be determined by the following
set of gas phase reactions:

Electron capture bychlorinsted or iodinated compounds (RX)
led to the formation of chloride or iodide ions (X-), respec­
tively, by reaction 1. With small amounts of water inten­
tionally added to the detector gas, hydration ofX- by reaction
2 was extensive for the chlorinsted compounds where X- z

Cl- and was not extensive for the iodinated compounds where
X- =1-. The PDM response ofthis detector was proportional
to the rate of photodetachment (PD) as shown by reaction
3 using a 100-W Hg arc lamp as a light source without a
monochromator. TheUVlight ofthis source caused extensive
PD of the 1- ions, but little PD ofthe Cl- ions because the Cl­
ions were extensively hydrated through reaction 2. The
potential of the H20-modified PDM-ECD for providing
selective responses to brominsted in the presence of chlori­
nated compounds was also investigated. However, theextent
ofhydration of Br- by reaction 2 is significantly greater than
for 1- and more closely resembles that of Cl-. Therefore, it
was much more difficult to establish conditions within the

Since its invention about 30 years ago, the electron capture
detector (ECD) for gas chromatography (GC) has become
invaluable for the trace environmentalanalysis ofa wide range
of halogenated compounds. I This is because the ECD
responds strongly to many halogenated compounds and only
weakly or not at all to many other classes of compounds that
mightalso be present in an environmental sample. However,
in addressing an increasing array of complex environmental
problems thatare associated with halogenated hydrocarbons,
an even greater level of response specificity than afforded by
the conventional ECD is often needed. One example of this
concerns the relationship between atmospheric halocarbons
and stratospheric ozone. Most of the attention in this area
has been directed toward the role ofchlorinated compounds,
such as CF2Cl2, CFCi:J, CHsCCi:J, CCI., and CH3Cl.2 Since
the concentrations of these chlorinated compounds in the
lower regions of the atmosphere are in the high pptr (parts
per trillion) range, they have been relatively easy to monitor
by existing GC-EC])3,' or GC-mass specUometric",6 tech­
niques, and a great deal is now known about the atmospheric
chemistry of chlorinated compounds. It is now thought that
brominated compounds, such as CF3Br, CF2BrCl, CH~r,
CHzBrCHzBr, CHBr3' and CH2Br2, may also play an impor­
tant role in stratospheric ozone depletion.2.7- 12 Much less is
known about the atmospheric chemistry of the brominated

X-+h.~X+e

(1)

(2)

(3)

(1) Zlatkis, A.; Poole, C. F. Electron Capture, Theory and Practice in
Chromatography; Elsevier: New Yark, 1981.

(2) Prather, M. J.; Watson, R. T. Nature (London) 1990,344,729-734.
(3) Lovelock, J. E. Nature (London) 1971,230, 379.
(4) Lovelock, J. E.; Maggs, R. J.; Wade, R. J. Noture (London) 1973,

241, 194-196.
(5) Grimarud, E. P.; RasmU88en, R. A. Atmos'-Environ. 1975,9, 10l()­

1013.
(6) Grimarud, E. P.; RasmU88en, R. A. Atmos. Environ. 1975,9, 1014­

1017.
(7) Fabian, P.; Borchers, R.; Penkett, S. A.; Prosser, N. J. D. Nature

(London) 1981, 294, 733-735.
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(10) Hammitt, J. K.; Camm, F.; Connell, P. S.; Mooz, W. E.; Wolf, K.
A.; Wuebbl06, D. J.; Bamezai, A. Nature (London) 1987, 330, 711-716.
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figure 1. Schematic dlalJ'am of the phoIodetactvnent-l11Cldu8ted
electron captu-e detector (POM-ECO) used here. The normal ECD
ClITent, Ino and a PD-modulated component of the ECD ClIT8nt, 1m,
are sImuIlaneously monitored. The lui Intenslty of a l00-W Hg arc
lamp is used wtlhoul a monochromator or light liter and is chopped
at a frequency of 83 Hz. Detector temperature Is 150 ·C.

H 20-modifiedPDM-ECDinwhichstrong,selectiveresponses
to brominated compounds in the presence of chlorinated
compounds could be attained.

In the present study we report the use of SiF" instead of
H,O, for increasingthe selectivityofthePDM-ECD's response
to brominated compounds in the presence of chlorinated
compounds. Babcock, Taylor, and Herd have previously
shown"thatSiF,undergoesafastLewis acid-base association
reaction (shown generally for a halide anion, X-, in reaction
4) with Cl- at room temperature in which the Cl- ion becomes
bonded to the electron deficient Si atom to form a penta­
coordinate ion complex, Cl-·SiF,.

x- + SiF, r= X-·SiF, (4)

Babcock et al. also reported that the corresponding reaction
of SiF, with Br- ion was too slow to be reliably measured by
their flowing afterglow technique. The PDM-ECD mea­
surements to be reported here will be accompanied by pulsed
e-beam high-pressure mass spectrometry (PHPMS) mea­
surements of reaction 4 in which equilibrium constants for
the cases, X- = Cl- and Br-, have been determined. Also, the
PHPMS measurements will indicate the importance of SiF,­
derived impurities in affecting the responses of the SiF,­
modified PDM-ECD to halogenated compounds.

EXPERIMENTAL SECTION

PDM-ECD. A schematic diagram ofthe PDM-ECD is shown
in Figure 1. Many of its components have been described
previously in detsil.13,16". For the present study, the ECD has
an internal diameter of 1.0 em and length of 1.5 cm. Ionization
of the atmospheric pressure detector gas is caused by a 15 mCi
63Ni-on-Ptfoil thatforms the cylindrical interior wall oftheECD.
A stainless-steel pin of'l..-in. diameter protrudes 'I.. in. into one
side of the active volume and serves as the anode of the ECD.
Pulses of +50-V amplitude, 2.5-,," width, and 3-kHz frequency
were continuously applied to the anode. The time-averaged
electron current thereby obtained is then amplified by an
electrometer. The total emission from a 100-W Hg arc lamp
shown in Figure 1 is mechanically chopped at a frequency of 83
Hz and passed through the qusrtz windows of the ECD. In a
single GC analysis by the PDM-ECD, two responses are simul­
taneously observed at a dual-pen recorder. An normal ECD
response (61.) is provided at pen 1 by monitoring the decrease
in the electrometer current as an EC-active compound passes
through the detector. Aphotodetachment-modulated response

(14) Babcock, L. M.; Taylor, W.; Herd, C. R Int. J. Moss Spectrom.
Ion Processes 1987,81, 25!f-272.

(15) Mock, R S.; Grimsrud, E. P. Anal. Chem. 1988,60,1884-1694.
(16) Mock, R S.; Grimsrud, E. P. J. Am. Chem. Soc. 1989,111,2861­

2870.

(61,.) is provided at pen 2 of the recorder by the lock-in amplifier
that extracts the 83-Hz component of the electrometer current.

Samples were introduced to thePDM-ECD by a 100ft X '/..in.
stainless-steel column packed with 10% SF-96 on Chromosorb
W which was maintained at room temperature. Nitrogen carrier
gas (30 mL/min) was ftrst passed through oxygen- and water­
removingtraps prior to the GC. Adetectormake-upgas (nitrogen,
15mL1min)wasalsopassedthroughoxygen-andwater-removing
traps and then through a 1.35-L stainless-steel exponential
dilution vessel prior to mixing with the column effluent at the
base of the detector. SiF, was added to the make-up gas by its
injection into the exponential dilution vessel using a gas-tight
syringe. The PDM-ECD was maintained at 150·C by a pair of
cartridge heaters controlled by a thermocouple sensor. Asecond
thermocouple sensor provided an independent measure of the
detector temperature.

The halogenated methanes studied here were obtained in pure
form from commercial suppliers. Mixtures of these in nitrogen
gas were made by successive dilution into gas-tight glass vessels
with fmal storage in a 4.5-L glass carboy. This carboy was
pressurizedslightlywithnitrogengas, allowing numerous samples
to be transferred by a 5O-mL syringe to a 1.OomL gas sampling
loop attached to the head of the GC column. The amount of
each halogenated compound added to the carboy was adjusted
so that the normal ECD responses did not exceed 15% of the
total ECD standing current. While two different sources ofSiF,
were tested (Matheson, 99.99% pure, and PCR, 99.5% pure), no
significant differences in their effects on PDM-ECD responses
were observed.

PBPMS. Thepulsede-besmhigh-pressuremasaspectrometer
(pHPMS) has also been previously described in detsil17- l9 and
was used here with selection of the following parameters: buffer
gas, methane; ion 80urce preBSure, 4 Torr; temperature, 150 °c;
pulse width, 20 ""; pulse repetition rate, 10 s-'. The PHPMS
allows identification of the nagative ions formed under thermal
electron capture conditions and, by use of its temporal mea­
surement capabilities, allows determinstion of equilibrium
constants for ion clustering reactions.l7

RESULTS AND DISCUSSION

In attempting to identify a gaseous Lewis acid that might
interact preferentially with Cl- ion versus Br ion, BFs W811
first tested'" 811 an additive to the detection g811 of the PDM­
ECD, and promising resultswere initiallyobtained. However,
it was also noted that BFs tends to adhere strongly to the
surfaces of the gas transfer lines and the PDM-ECD, so that
many hours were typically required in order to either rid the
syetem of BFs or to achieve a stable PDM-ECD response
after changing the concentration of BFs in the makeup g811.
Therefore, when initial experimenta with SiF. also looked
promising and were not accompanied by noticeable memory
effects, subsequent attention was devoted entirely to the use
of SiF•.

In Figure 2, the PDM-ECD responses, including a normal
response, aID, and a PD-modulated response, aIm, to a
multicomponent sample containing CF,Br2, CHsL CH~,

Ca., and CH2Br2 in pure nitrogen buffer gas is shown. Since
all of these halogenated methanes are known to capture
electrons rapidly, sensitive aI. responses to each of them are
observed (the first peak shown is due to residual oxygen).
Since the total emission from a Hg-arc lamp has been used
without a monochromatoror filter, aIm responses are observed
for all of the halocarbons.13,16 In Figure 3, the same sample
has been analyzed after adding 350 ppb (parts per billion)

(17) Knighton, W. B.; Zook, D. R; Grimsrud, E. P. J. Am. Soc. M...
Spectrom. 1990, I, 372-381.

(18) Knighton, W. B.; Grimsrud, E. P. Int. J. M... Spectrom. Ion
Processes 1991, 109, 83-94.

(19) Knighton, W. B.; Grimsrud, E. P. J. Am. Chem. Soc. 19U, 114,
2338--2342.

(20) Larson, J. W.; McMahon, T. B. J. Am. Chem. Soc. 1985, 107,
786-773.
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figure 3. f'OM.CCO responses to the sample descrlbed In figure 2
wtlh 350 ppb SF.added to the detector gas supply. The aIm responses
to CHCIo and 00. have been eIn*lated. The ECO standing current
Is ".2 nA.
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(21) Zook, D. R.; Knighton, W. B.; Grimsrud, E. P. Int. J. Mas.
Spectrom. Ion Processes 1991, 104, 63-80.

(22) Kebede, P. Annu. Rev. Phys. Chern. 1977,28,445-476.

time (minutes)
figure". POM-ECO responses to the sample described In figure 2
wtlh 30 ppm (pat1s per-l S1F. added 10 the detector gas supply.
The 81m responses to CHCI., CCI., and CH,Br, have been ellmInated.
The ECO standing current Is 3.6 nA.

K. = [X-.SiF.lf[XjPSiF• (5)

At least five determinations of K. were performed for each
case, X = Cl- and Br, using a range of SiF. concentrations
spanning more than one order of magnitude. K. was found
to be 2.0 (::to.1) X 107atm-I for X- = CI- and 2.1 (±0.1) X 103
atm-I for X- = Br at 150 ·C. Our determination of K. for
X- = Cl- is in excellent agreement with a previous measure­
ment of this system by Larson and McMahon20 who found
K. =1.9 X 107atm-I at 150 ·C. In an attempt to determine
K. for the case X- = 1-, no cluster ion of the type I-,SiF. was

by this compound in an atmospheric pressure buffer gas
produces about 20%Br.- along with the major ion, Br-, while
electron capture by CH.Br2 producesonlyBr.21 Apparently,
under the conditions ofFigure 4 photodetachment of the Br­
ions is prevented by its interaction with the detector gas
dopant while photodetachment of the Br2- ions is not.
Another important point illustrated in Figure 4 is that with
use of relatively high concentrations of SiF. no disturbances
of any kind to the PD-modulated signal is observed as the
chlorinated compounds pass through the detector. Therefore,
a problem previously noted13 in which inverse responses to
chlorinated compounds were observed when relatively high
concentrations of protic clustering agents (water, methanol,
and ethanol) were added to the detector gas is absent with
use of SiF. as a complexing agent.

In order to more completely understand the effects ofSiF.
on the PDM-ECD responses shown above, measurements of
the ion-molecule reactions between halide ions and SiF. were
made with a pulsed e-beam high-pressure mass spectrometer
(PHPMS). Using the temporal capabilities of this instru­
ment,17 equilibrium measurements of reaction 4 for the cases
X- = CI- and Br were obtained by measurements such as the
two shown in Figure 5. In part A, Cl- is first produced
following an e-beam pulse by electron capture to CF2Cls and
then undergoes equilibrium reaction 4 with SiF. to form
CI--8iF.. In part B, Br is first produced by electron capture
to CH~r2 and then undergoes equilibrium reaction 4 with
SiF•. In each ofthese experiments, a constant intensity ratio
for the X- and X-·SiF. ions is reached very quickly after the
e-beam pulse. Byassumingthatthe ion intensity ratios reflect
the ion concentration ratios within the source22 and from the
known partial pressure of SiF. (PsiF.) in the ion source, the
equilibrium constant for reaction 4 is calculated from the
relation
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time (minutes)
Figure 2. Normal (81") and modulated (81m) POM-ECO responses
simultaneously obtained In the GC analysis 01 a 1.lknI. nitrogen gas
sample contaklIng the loIIowtng amounts 01 halogenated methanes:
1.6 ppb (pat1s per blIIIon)CF,Br., 1.1 ppb <:HoI, 27 ppb CHCI., ".2 ppb
00., and 8.3 ppb CH.er.. In lhis case, the detector gas Is pll'e
nitrogen. The ECO standing currenlls ".2 nA.

c
>-<
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SiF. to the detector gas. It is noted that the level of baseline
standing current and the normal ain responses to all five
compounds in Figure 3have not been changed by the addition
of SiF•. However, it is also noted that the aIm responses to
the two chlorinated compounds, CHCl3and CCl., have been
completely eliminated in Figure 3. At the same time, the aIm
response to CH:J in Figure 3 has been unaffected by the
presence ofSiF. and the aIm responses ofthe two brominated
compounds, CF~r2andCH~r2,remain about two-thirds as
great as in Figure 2.

A repeated analysis of the same mixture after the con­
centrationofSiF.hadbeen raised to30ppm (parts permillion)
is shown in Figure 4. Even with this relatively large amount
of SiF. added to the carrier gas, the ECD standing current
is diminished by only 15% relative to that in Figure 2 and,
the normalain responses to allcompoundsare not significantly
altered. The aIm response to CH:J in Figure 4 remains about
65 %as great as in Figure 2 while the aIm response to CH2Br2
has been completely eliminated. It is interesting to note,
however, that the response to CF~r2 has not been entirely
eliminated. This residual level of aIm response to CF,Br. is
presently thoughtto be relatedtothe fact that electron capture
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FIgure 5. Measurements of !he equillbrfum constant. K., for !he
association 01 5lF. with Cr- and Br Ions by !he pulsed e-beam hiljl­
pr8SSll'e mass spectrometer (PHPMS). In part A, !he Ion SOI.rce
contalns 0.2 mTorr 01 CF,c!", 0.46 mTorr 01 SIF., and 4.0 Torr 01
methane. In part B, the ion source contalns 0.2 mTorr of CH,Br2' 3.7
mTorr 01 SF., and 6.0 Torr of methane. The source temperature Is
150 ·C.

detected. On this basis, K 4 for 1- is estimated to be smaller
than 1 X 1()2 atm-1 at 150 ·C.

The results shown previously in Figures 2-4 can now be
considered in terms of the K4 values just determined for
reaction 4. In Figure 3, it was shown that the addition of 350
ppb SiF4 to the detector gas caused the PDM-ECD responses
to the chlorinated compounds to completelydisappear, while
the responses to the brominated compounds decreased by
about 33%, and the response to CH,I was unchanged. Since
we now know that K 4 (CI-) »K4 (Br-) »K. (1-), the results
shown in Figure 3 are at least in qualitative agreement with
the possibility that reaction 4, alone, prevents the photode­
tachment of the X- ions. Upon closer inspection, however,
it will be shown below that processes in addition to reaction
4 are also operative. Under the equilibrium conditions in
Figure 3 (Ps;}', =3.5 X 10-7 atm, K. (CI-) =2.0 X 107atm, and
K4 $r') = 2.1 X 1()2 atm), application of eq 5 indicates that
about 12% of the total chloride ions would be expected to
remain as free CI- ions, unbound to SiF., and that 99.9% of
the total bromide ions would be expected to remain as free
Br- ion. Therefore, reaction 4, alone, does not appear to
adequatelyaccountfor the complete loss ofthe PDMresponse
to the chlorinated compounds and the 33 % reduction in the
PDM response to the brominated compounds in Figure 3.
Similarly, the complete loss of the PDM response to CH2Br2
observed under the conditions of Figure 4 (Ps;}'. = 3.0 X 1<r5
atm) is not consistent with the prediction by eq 5 that 94%
of the total bromide ion would remain as free Br ion under
these conditions.

Additional evidence for processes other than reaction 4
was also noted in the PHPMS experiments. For example,
the full mass spectrum recorded in one of the measurements
ofK. for the CI- ion is shown in Figure 6A. In this spectrum,
significant intensities are noted for ions in addition to the
expected CI- and CI-·SiF. ions. These additional ions are

H,O + 2SiF. - Si,F.O + 2HF (6)

cr + HF - Cr·HF (7)

Cr·HF + SiF. - F'·SiF. + HCI (8)

F'·SiF. + S~F.O - F'·S~.O + SiF. (9)

H 20 + SiF. + SiF,H - Si,FsHO + 2HF (10)

cr + Si,FsHO - Cr·Si2FsHO (11)

SiF. + H20 - SiF30H + HF (12)

SiF30H + CI- - Cr·SiF3OH (13)

thought to be F-·SiF4, Ci-·SiF,OH, F-·Si2F.0 and Ci-·Si2F.0.
Since Si,F.O is known to be a common impurity in SiF.," the
CI-·Si2F.0 ion is thought to be formed by the association of
Ci- with this impurity. A means by which the other
unexpected ions are possibly formed is suggested by the mass
spectrum shown in Figure 6B which has been recorded under
the same conditions as in Figure 6A except that 1.0 mTorr
of water vapor has also been added to the ion source. With
added water vapor, the relative intensities of the unexpected
ions, F-·SiF4, CI-·SiF,OH, and F-·Si,F.O, have been signif­
icantly increased. It is also noted in Figure 6B that the
intensity of the CI-·Si2F.0 ion has been decreased and that
a new ion, CI-·Si2F~O, has been formed. In parallel
experiments in which SiF. and water vapor, but not CF2CI2,
were present in the methane buffer gas, no negative ions of
significant relative intensity were observed.

Most of the synergistic effects of SiF4 and water vapor on
thespectrum in Figure 6B can be explained by reactions 6-11,
each of which has precedence in the literature:

By reaction 6, HF is produced from water," along with
additional Si2F.0. While HF will bind strongly to CI- by
reaction 7,22 the CI-·HF cluater ion is notobserved apparently
because it is quickly converted to F-·SiF. by reaction 8 (from
literature data,20 reaction 8 is estimated to be slightly
exothermic). The F-·SiF. ion will tend to be converted to
F-·Si2F.0 by F- transfer to the common impurity Si,F.O, as
shown by reaction 9. SiFaB is also known to be a common
impurity in SiF•." In the presence of water, Si,F~O can
then be formed by reaction 10, leading to CI-·Si2F~O by
reaction 11. Note that the ion F-·Si,F~O is not formed by
a reaction analogous to reaction 11 because the free F- ion is
not thought to be present. It is also noted in parts A and B
of Figure 6 that the intensity of the ion CI-·SiF,OH was
increased by the addition of water vapor. This suggests the
occurence of reaction 12 followed by reaction 13. A reaction
analogous to reaction 12 has been previously reported for
SiCI,."

The full mass spectrum for one of the measurements ofK.
for the Br- ion in showninFigure 7A. Even though the partial
pressure of SiF. used in Figure 7A is 1 order of magnitude
greater than for the corresponding experiment involving CI­
inFigure 6A,itis seen that the fraction ofBr thatis complexed
by SiF4 or impurities in SiF4 is very small. In Figure 7B, the
addition of! mTorr ofwater vapor to the Brsystem is shown
to cause a significant reduction in the concentration of free

IJ:~~~..nts, W. D.; Wood, D. L.; Mujace, A. M. Anal. Chern. 1985,57,

(24) Rand, M. J. Anal. Chern. 1963, 35, 2128-2133.

2
c
:J
0

"c
0g
5

~
'in
c
~

."
'"E



ANAlYTICAL CtEMISTRY, VOL. 64, NO. 20, OCTOBER 15, 1992.2455

1.0

(25) Lepine, L.; Archambault, J. Anal. Chern. 199Z, 64, 81()-814.
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CONCLUSIONS

atmospheric pressure buffer gas is likely in spite of our best
efforts to remove traces of water. Therefore. the greater­
than-expected reductions in the PDM-ECD responses to both
chlorocarbons and bromocarbonsnoted previously in Figures
3 and 4 are probably caused by additional reactions of the
type shown in reactions 6-13. In corresponding PHPMS
experiments involving 1- only one complexing reaction of I­
with either SiF. or with the impurities that accompany SiF.
and water vapor was observed. This reaction produced a
small amount «5% relative intensity) of the complexed ion
I-·SiFsOH under the conditions described in Figure 7B.
Therefore, it seems likely that the impurity SiFsOH causes
the approximately one-third reduction of the PDM-ECD
response to CHsI noted previously in Figure 4.
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A means of obtaining specific PDM-ECD responses to
simple brominated compounds inthe presence ofchlorinated
compounds has been demonstrated here. The addition of
350ppbSiF. to the detectorgas at150·Ccauses nodetectable
diminution ofthe ECD standing current; no detectable effect
on normal ECD responses to compounds; the complete
removal of PDM-ECD response to chlorinated compounds
from whichCl- is formed byelectron capture;andthe retention
of two-thirds of the PDM-ECD response to brominated
compoundsfrom which Brisproducedupon electron capture.
Since SiF. does not stronglyadhere to surfacesofthe detector
or the transfer lines, a stable PDM-ECD response is quickly
established following either a change in the concentration of
SiF. in thedetectorgasor the removalofSiF. from thesystem.
By parallel mass spectrometric measurements, it has been
shown here that Cl- bonds much more strongly to SiF. than
does Br, and this undoubtedly accounts for part of the
specificity of the PDM-ECD for brominated versus chlori­
nated compounds. However, the K. values and mass spec­
trometric measurements reported here also indicate that a
major portion of the effects of SiF. on the PDM-ECD
responses is actually caused by impurities in the SiF.-doped
detector gas. While some of these impurities are known to
originate with the supply of SiF•• the most chemically active
ones are thought to be produced in the ion sourcebyreactions
ofSiF. with residual water vapor. Any future improvements
in the elimination or control of these impurities would be
expected to lead to even better response specificity for
brominated compounds than has been demonstrated here. It
has also been shown that the SiF.-modified PDM-ECD
provides an excellent means of obtaining selective responses
to iodinated compounds in the presence of chlorinated and
even brominated compounds. Along with standard methods
for analyte preconcentration from either air6 or water26

samples, the SiF.-modified PDM-ECD can be expected to
provide a powerful tool for the selective trace analysis of
brominated or iodinated compounds in environmental sam­
ples.
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FIgure'. IlIus1rallons 01 complete mass spectra observed In PIf'MS
e~ involving a- Ion (note that .. Ions containing a- appear
as an IsolopIc doublet of 3:1 relative Intenslty). In spectrum A, tha
Ion source contains 0.2 mTorr 01 CFA and 0.30 mTorr 01 SF,In 4.0
Torr 01 methane buller gas. In spectrum B. 1.0 mTorr 01 water vapor
has also been added to tha Ion source. Tha temperature Is 150 ·C.
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FIgure 7. IlIus1rallons 01 complete ma.. spectra observed In PHPMS
expertmenta involving Br Ion (note that aillona containing Br appear
as an isotopic doubIel 01 1:1 relative intensity). In spec1rum A, tha
Ion source contains 0.2 mTorr CHoBr. and 3.0 mTorr 01 SF,In 4.0 Torr
01 methane buller gas. In spectrum B, 1.0 mTorr 01 water vapor has
also been added to tha Ion source. Tha ~ture Is 150 ·C.

Br ion and an increase in the concentration of ions F--8iF••
Br·SiFsOH, and F-·Si2FsO. This indicates that reactions
6-13, which were suggested above to lead to unexpected ions
for the Cl- system, are also operative for the Br- system. In
the PDM-ECD experimentsshown previously in Figures 2--4,
the presence ofapproximately 1 mTorr ofwater vapor in the
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When proteins are dissolved in 0,0, the amide hydrogens
are gradually replaced with deuterium. Some amide hydro­
gens in proteins exchange within seconds, while others resist
exchange for months. The rates at which amide hydrogens
in proteins undergo isotopic exchange depend on the sec­
ondary and tertiary structures of proteins, as well as on
experimentalvariables such as pH and temperature. Because
amide hydrogen e~change rates are sensitive to protein
structure, they have been used extensively as probes for
detecting and understanding conformational changes in
proteins. For example, amide hydrogen exchange rates have
been used to investigate binding in enzyme/substrate' and
antibody/antigen complexes,' to study allosteric changes in
hemoglobin,3and to identify intermediates in protein folding.'

Avariety ofexperimental methods ofvaried simplicity and
resolution have been used to quantify the levels ofdeuterium
in proteins. IR5 and UV6 spectroscopy have proved useful
for determining the deuterium content ofentire proteins but
give no information about the levels of deuterium in specific
regions of a protein. Both one- and two-dimensional NMR
have been used to follow deuterium exchange at specific sites
in small proteins, suchas cytochrome c7 and bovine pancreatic
trypsin inhibitor.a Although exchange ratesofspecific amide
hydrogens can be determined by NMR, this method does
require assigning the amide hydrogen resonances and is
generally restricted to small, highly soluble proteins. Neutron
diffraction has also been used to determine rates ofhydrogen
exchange in proteins.9

A medium-resolution method that is potentially suitable
for investigationsoflarge proteins has been described by Rosa
and Richards'o and subsequently refined by Englander et
al.11 Their approach involves exchanging tritium into a
protein, fragmenting the protein into peptides with acid
proteases, isolating peptides, and determining the levels of
tritium per molecule of peptide. Englander et al.3 have used
this method effectively to investigate allosteric changes in

(1) Brandt, P.; Woodward, C. Biochemistry 1987,26,3156-3162.
(2) Paterson, Y.; Englander, S. W.; Roder, H. Science 1990,249,751;­

759.
(3) Ray, J.; Englander, S. W. Biochemistry 1986, 25, 3000-3007.
(4) Roder, H.; Elove, G. A.; Englander, S. W. Nature 1988,335,700­

704.
(5) Osborne, H. B.; Nabedryk-Viala, E. Methods Enzymol. 1982,88,

676-680.
(6) Englander. J. J.; Calhoun, D. B.; Englander, S. W. Anal. Biochem.

1979, 92, 517-524.
(7) Jeng, M. F.; Englander, S. W.; Elove, G. A.; Wand, A. J.; Roder,

H. Biochemistry 1990,29, 10433-10437.
(8) Wagner, G.; Wuthrich, K. J. Mol. Bioi. 1982, 160, 343-364.
(9) Kossiakoff, A. A. Nature 1982, 296, 713-721.
(10) Rosa, J. J.; Richards, F. M. J. Mol. Bioi. 1979,133,399-416.
(11) Englander, J. J.; Rngero, J. R.; Englander, S. W. Anal. Biochem.

1985, 147, 234-244.
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hemoglobin. The goal of the present study was to determine
whether this method could be modified so that the levels of
amide deuterium can be quantified by mass spectrometry.
To demonstrate the feasibility ofthis approach, we have used
both continuous-flow fast atom bombardment mass spec­
trometry (CF FABMS) and proton NMR to determine the
rates atwhich two peptides undergo hydrogen exchange under

slow-exchange conditions. The potential for using CF
FABMS for determining amide hydrogen exchange rates in
proteins is discussed.

EXPERIMENTAL SECTION

Materials. lIe-Ser-bradykinin and bovine hemoglobin were
purchased from Sigma Chemicsl Co. Deuterated water (99.9%
deuterium) was purchased from Cambridge Isotope Laboratories.
The N-terminal fragment comprising residues 1-14ofthe fl-chain
ofhemoglobin was isolated by reversed-phase HPLC from a peptic
digest of hemoglobin. The identity of this fragment was
established by its FAB mass spectrum (MH+ 1494.8) and its E/B
linked sean daughter ion mass spectrum.

Isotope Exchange. The test peptides, lIe-Ser-bradykinin and
the 1-14 segment of the fl-chain of hemoglobin, were dried then
dissolved in D.O (20 ·C, pH > 5) and incubated for at least 2 h.
This exchange-in solution was placed in an ice bath to lower the
temperature to 0 ·C, and 20 volumes of exchange-out solvent
(H.O/CH3CN/trifluoroacetic acid, 90/10/0.1,0 ·C) were added.
Aliquots of this solution were removed at intervals of increasing
time and analyzed by CF FABMS.

Hydrogen Quantitation. The CF FABMS apparatus used
in this investigation consisted of a Kratos MS-50 RF mass
spectrometer, a Rainin Instruments gradient HPLC pump
system, and a CF FAB probe constructed in our laboratory."
Samples were injected into the flowing solvent (H.O/CH,CN/
glycerolll-thioglycerolltrifluoroacetic acid, 84/10/3/3/0.1) via a
Rheodyne injector (Model 7520) fitted with a l'I'L sample loop.
Solvent flowed into the mass spectrometer at a rate of3 iLL/min.
The mass spectrometer was operated at a sean rate of30 s/decade
and an accelerating potential of 8 kV. Data were acquired with
a Kratos DS-90 system and subsequently analyzed with a
Macintosh computer where the number ofdeuterium atoms per
molecule was deduced from the isotope pattern ofthe protonated
molecule ion.

All proton NMR data were obtained on a Varian VXR-500S
spectrometer equipped with a 5-mm variable-temperature in­
direct detection probe. The peptide and the D.O were cooled to
O·C prior to mixing andanalysis. Eachspectrumwas a collection
of 16 transients where each transient was acquired using a 4-,..
rf pulse (35· tip angle), an 80kHz spectral width, and 64K data
points (4-s acquisition time). A recycle time of 4.5 a/transient

(12) Smith, D. L. In Continuous-flow Fast Atom Bombardment Mass
Spectrometry; Caprioli, R. M., Ed.; Wiley & Sons: New York, 1990.
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gave a total acquisition time of 72 s for each spectrum. Spectra
were collected at time intervals ~ 300 s. The digital integrals
and peak intensities ofthe amide protons were used to follow the
displacement of protium with deuterium.

~1\? Il'\? ~3\? '/<\? 'Io\? \l<\? ~7\? \l<\? 1lo\?~10\?~11\?
H2NCHC~CHC~CHCNCHCNCHC~CHC~CHC~CHCNCHC~CHC~CHCOH

®® ®®® ®®

RESULTS AND DISCUSSION

(13) Englander, S. W.; Kallenbach, N. R. Quart. Rev. Biophys. 1984,
16,521-655.

(14) Englander, S. W.; Poulaen, A. Biopolymers 1969, 7, 379-393.

-ND + Olr.= -ND·-Olr.= -~·-DOH.=-~+ DOH
(2)

lie Ser Arg Pro Pro Gly Phe Ser Pro Phe Arg

Flgwe1. Amino acid sequence of lie-Ser-bradyklnln Iluslrating different
types of hydrogens that undergo isotopic exchange at different rates.

The pK.'s of hydrogen bound to carbon are generally much
larger than 18.5 and effectively do not undergo exchange. In
contrast, hydrogens bound to oxygen in Ser, Thr, Tyr, Glu,
and Asp have pKa's much less than 18 and undergo isotopic
exchange much more rapidly than peptide amide hydrogens.
Likewise, hydrogens located on the N-terminus (-NH,.) and
C-terminus (-DH), as well as amide hydrogens on asparagine
and glutamine exchange rapidly.13 These large differences
in the exchange rates of different types of hydrogens can be
used to ensure that the deuterium content of protonated
molecule ions is in fact a direct measure of the number of
peptide amide deuteriums.

Two model peptides used in this investigation, ne-Ser­
bradykininand the 1-14segmentofthe ,8-chain ofhemoglobin,
were fully deuterated by incuhating them in D20 at high pH
(>5) where the exchange rate is fast. The incubation solution
was then chilled and diluted 20-fold with acidified H20 (pH
2.1,0 ·C). The rate of amide hydrogen exchange decreases
by approximately a factor of 3 for a lQ..deg reduction in
temperature.14 Based on the pK;s of the deuterated groups,
all but the peptide amide deuteriums were expected to be
replaced with hydrogen within seconds.

Aliquots ofthe exchange-out solution were analyzed by CF
FABMS. An example ofthe isotopepattem ofthe protonated
molecule ion for the deuterated sample is given in Figure 2B.
Mass spectra of aliquots of the exchange-out solution were
corrected for the natural abundance of isotopes (Figure 2A)
to give a more accurate measure of the deuterium content of
the peptides (Figure 2C). The number of deuterium atoms
per molecule ofpeptidewasdeterminedfrom the first moment
of the corrected isotope pattern. For example, the corrected
spectrum in Figure 2C indicates that there are 8.9 deuteriums
per peptide. Based on the amino acid composition of this
peptide (Figure 2), there are 12 peptide amide hydrogens
that could be replaced with deuterium. Although all 12 of
these amide hydrogens would have undergone isotopic
exchange during the exchange-in step, 3.1 have undergone
back-exchange prior to analysis.

Mass spectra similar to the one illustrated in Figure 2C
were used to follow hydrogen/deuterium exchange with the
time that fully deuterated peptides were incubated in H20,
as illustrated in Figure 3 for the ,81-14 peptide. Linear
regression analysis of three separate sets of data gave the
three lines in Figure 3. These results, as well as results
obtained with several other peptides, demonstrate that rate
constants for isotopic exchange in peptides canbe determined
with a precision of :1:10%. Rate constants for hydrogen/
deuterium exchange in the ,81-14 peptide and in ne-Ser­
bradykinin were calculated from such plots (Table I).

To verify that the CF FABMS procedure is an accurate
measure of the amide deuterium content of peptides, hy­
drogen/deuterium exchange was determined at the same pH
and temperature by proton NMR. The reverse exchange
reaction (i.e., replacement of hydrogen with deuterium) was
used to facilitate the NMR measurements. Except for isotope
effects, which are about 5%, the rate constants for the two
isotopic exchange reactions are expected to be the same. I<

Similar results <Table I) were indeed obtained by NMR and
CFFABMS. The validity ofthe presentexperimental results
is also indicated by comparing them to values obtained by

(3)

(1)

fraction =106l>K/(104pK + 1)

ofH20 and peptide amide -NH, 15.7 and approximately 18.5,
respectively, it is evident that only one collision in a thousand
proceeds to the right in eq 2. The process described in eq 2
illustrates the base-catalyzed removal ofa hydrogen from an
amide nitrogen. Thehydrogen-exchange process is completed
by reversing this reaction. The rate of the reverse reaction
is usually much faster than the rate of the forward reaction
because [water]» [hydroxide] and because 6.pK is positive.
A more complete discussion of the mechanism of hydrogen
exchange has beendescribed by Englander and Kallenbach.13

The structure of ne-Ser-bradykinin is given in Figure 1 to
illustrate some of the different types of hydrogens that are
present in peptides. The peptide amide hydrogens, which
are of principal interest to this study, are located below the
peptide backbone. Peptides with a total of m residues and
n proline residues have m - n - 1 peptide amide hydrogens.

little secondaryor tertiarystructure, allowing their hydrogens
to collide and form hydrogen bonds with proton acceptors
(OH-) atthe diffusion-limited rate. The intermediatecomplex
can be visualized as two bases, -N- and OH- vying for the
proton. The partitioning of protons between the two bases
is related to the pK.'s of their conjugate acids. The fraction
of complexes proceeding to the right of eq 2 is described by
eq 3, where ApK is pK.(H20) - pK.<-NH>. With the pKa's

The average m/z of the protonated molecule ion is a direct
measure of the total number of deuteriuma per molecule of
peptide, but gives no information about the locations of the
deuterium atoms in the peptide. To determine the number
of peptide amide deuteriums from the average m/z, it is
eBBential to prepare samplessuch thatonly the peptideamides
are labeled. This requirement can be met by exchanging all
"exchangeable" hydrogens, followed by removal of rapidly
exchanging hydrogens through a back-exchange step,leaving
only amide nitrogens deuterated.

Hydrogen exchange in peptides can be either acid- or base­
catalyzed. Asa result, the rateconstantfor hydrogen exchange
can be written as in eq 1. The rate at which peptide amide

hydrogens undergo isotopic exchange is a minimum around
pH 2-3 and increases by a factor of 10 for each pH unit away
from this region." Hence, decreasing the pH from 7.5 to 2.5
decreases the rate of hydrogen exchange by approximately
5 orders of magnitude. For the present study, exchange-in
was performed around pH 7 where the reaction is base­
catalyzed, and the rate ofexchange-out (k.J was determined
at pH 2.1 where the acid- and base-catalyzed reactions are
approximately equal.

To understand the feasibility and limitations ofthis sample
preparation procedure, it is important to understand the
hydrogen-exchange reaction. Stepe in base-catalyzed hy­
drogen exchange are illustrated in eq 2_ Small peptides have
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A
Table I. Rate Constants (min-I) and Half·Lives (min) for
Amide Hydrogen Exchange in lIe-Ser-bradykinin and the
1-14 Segment of the /I-Chain of Hemoglobin Determined by
CF FABMS and Proton NMR~II

~lIJ.
1....9$ ....'--=----=---.....",---~

MlZ

peptide

ne-Ser·bradykinin
/11-14

FABMS

k half·life

0.0186 37
0.0132 53

k

0.0174
0.0120

NMR

half·life

40
58

Time (sec)

Figure 3. Plot of the deuterium content of the 1-14 segment of the
,B-<:haIn ofhemoglobin versus the deuterium exchange-out line. ResUts
for three analyses are given with lines fftted to each set of data.

CONCLUSIONS

ACKNOWLEDGMENT

The present results demonstrate that the amide deuterium
content ofpeptides can be determined byCF FABMS. These
measurements are possible because the experiments are
performed under slow-exchange conditions (pH 2-3, 0 ·C),
because rapidly exchanging deuteriums are completely ex­
changed-out in the continuous-flow solvent, and because
analyses are performed very rapidly by CF FABMS. The
ability to quantitatively determine the number of amide
deuteriums in a peptide is relevant to an established method
for following hydrogen exchange in proteins, as described
previously by Rosa and Richards lO and Englander et al,a
Proteins are subjected to various tritium exchange-in con­
ditions, followed by transfer into slow-exchange conditions
(pH 2-3, 0 ·C) where they are digested with pepsin. Peptides
are isolated and analyzed for isotope content. Since the
amount of tritium per peptide is determined from their
radioactivity and UV absorbance, peptides must be isolated
to relatively high purity, and the isolation procedure must be
completed before substantial exchange-out has occurred.
Ideally, the entire analysis would be completed within the
time equal to 1 half-life for exchange. Analytical methods
used to correct for the loss of hydrogen isotopes during the
analysis have been described. a

Substituting deuterium for tritium and using directly­
coupled HPLC-<::F FABMS to determine the deuterium
content of peptides may substantially improve this approach
for investigating the multidimensional structures ofproteins.
The most attractive feature relates to the fact that peptide
molecular weight maps of proteolytic digests can be made by
HPLC-cF FABMS on a time scale that is less than 1 half-life
for exchange. Furthermore, the rate at which deuterium is
lost from each peptide could be determined as illustrated in
Figure 3and used to correct for the smallamountofdeuterium
that is lost during analysis. Since the number of deuteriums
per peptide is determined directly from the mass spectrum,
assumptions about the UV extinction coefficient, which was
used previously to quantify peptides, are not necessary.
Hence, the accuracy with which isotope exchange occurs, and
therefore the ability to detect subtle changes in protein
structure may be significantly improved by the proposed
modification.
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Figure 2. Isotope patterns of the protonated molecule Ion of the 1-14
segment of the /l-chaln of hemoglobin (VaI-HMet>-Thr-Pro-Glu-Glo.>­
Ly...Ser-AIa-Va~Thr-AIa4.eu) obtained by direct Injection CF FABMS.
(A) Theoretical Isotope pattern for a molecular Ion with the natural
abundance of Isotopes. (B) Deuterated sample Illustrating the shift In
mlz upon deuteratlon. (C) Spectrum B after removal of contributions
from the natural Isotopes.
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semiempirical calculations described by Molday etal.ls After
adjustments for pH and temperature, these calculations
suggest that the rate constants for hydrogen exchange in these
peptides should be approximately 0.011 min-I, which is in
adequate agreement with the present experimental results.
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(3)

(5)

INTRODUCTION
There is renewed interest in chromatographic focusing by

simultaneous programming of column parameters in time
and distance (along the column).H Can such nonuniform
(coordinate dependent) time-varying separation achieve
better resolution than the separation in the equivalent
uniform time-invariant separation? A theoretical solution
to the problem was not found in the literature.

Apparently, for any linear7,8 (independent of a solute
concentration) separation, such improvement is not possible.

The purpose of this short communication is to report the
major results of the theory which led to that conclusion and
to outline the flow of its logic. To stay close to the results
ofthe previous work,S this report, for the most part, is limited
to the media where the distance-based velocitygradients are
nearly constant within a zone. Amore general study requires
additional development of the theory for the evolution of a
zone in a nonunifor medium, and the reexamining of such
fundamental concepts as the resolution in a nonuniform
separation, etc. These topics go beyond the capacity of a
briefreport and are beingseparatelyprepared for publication.
Besides, a nonuniformity where the distance-based velocity
gradients are nearly constant within the zones is practically
the most important one. (More dramatic nonuniformity can
significantly distort the zones or even split them.)

THEORY
Throughout this paper, a chromatographic separation is

assumed to be one-dimensional (all solutes follow the same
path) and linear. It is important to emphasize that the
properties of the medium where the separation takes place
can be functions of distance and time.

Consider a migration oftwo zones ofdifferent solutes. Let
at a certain time, the distance, I, between the zones be I = Zb
- z. where z. and Zb are the centers of masses of the zones,
and the difference, tw, between velocities of the zones be tw
=Ub - u.. Assume that the solutes are almost identical, so
that the zones remain just barely separated having coordi­
nates, z. and Zb nearly equal to the coordinate z = (z. + zb)/2
of the center ofmass ofboth zones. Similarly, the difference
ofvelocities of the zones is so small compared to the average
U = (u. + ub)/2 that both u. and Ub are nearly equal to u.
Finally, both zones have nearly the same variances a2•

The rati09

R =R (z) = I(z) (1)
• , 4a(z)

represents the distance-based resolution of the zones when

(1) Rubey, W. A. J. High Resolut. Chromatogr. 1991, 14, 542-548.
(2) Phillips, J. B.; Jain, V. Abstracts of papers presented at the 1991

Pittsburgh conference and npasition on analytical chemistry and
applied spectroscopy; AmericanChemicalSociety: WashiDgton, DC 1991;
P 831.

(3) Reighetti, P. G.; Gianzza, E.; Bianchi-Booisio, A.; Sinha, P.; Kottgen,
E. J. Chromatogr. 1991, 569, 197-228.

(4) Van Puyvelde, F.; Cbimovitz, E. H. J. Supercrit. Fluids 1990,3,
127-135.

(5) Fuggerth, E. Anal. Chern. 198',61, 147&-1585.
(6) Schomburg, G.; Roeder, W. J. High Resolut. Chromatog. 1989, 12,

21&-225.
(7) Guiochon, G.; Guillemin, C. L. Quantitative Gas Chromatography

for Laboratory Analysis and on-line Process Control; Elsevier; Amster­
dam,19SS.

(8) Blumberg, L. M.; Berger, T. A. J. Chromatogr. 1992,596,1-13.
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their center of mass is at a coordinate z. The rate

(2)

of resolution tells how the separation of the zones evolves
during their migration. Substitution of relation dl/dz = (dl/
dt)(dt/dz) = tw/u and eq 1 into eq 2, and replacement of
da/dz by (da2/dz)/(2a) yields

R '= tw _ R. da
2

• 4ua 2~ dz

In further discussions, a sample introduction is said to be
ideal if 0-2(0) = O. A basic separation is a uniform time­
invariantone. An ideal basic separation is a basic separation
with an ideal sample introduction. A separation is smooth
if within the zones of solutes, the velocities of the solutes are
nearly linear functions of distance for any z.

In a basic separation, the velocity ofa solute can be viewed
as the sole representative ofthe identity of the solute. If two
is the difference between the velocities of two solutes in a
basic separation then the ratio a = li.uJu (the reduced
difference in the velocities of the solutes) can be referred to
as the identity gap between the solutes. Due to the possible
nonuniformity of an arbitrary separation, additional differ­
ence in the velocities of the zones at a given time can come
from the difference of the condition in the medium for the
two solutes at that time. The latter can be represented by
the local distance-based gradient, g = g(z), of velocity of the
solutes at z. The net difference, tw, between the velocities
of the two zones is the sum tw = two + gl = au + gl.
Substitution of tw in eq 3 and taking account of eq 1 yield

R,=1.-+gR,_~da2 (4)
, 4a u 2~ dz

Further simplification of this expression is possible due to
previous results.8 The model and derivations developed in
ref 8 lead to the conclusion that for any smooth separation
one has da2/dz = H + 2a2g/u. In the rhs of this expression,
the first term, H = H(z), is the plate height at z which reflects
the dispersion in the medium while the second term reflects
the change in a2 caused by the deformation of the zone due
to the distance-based velocity gradients. Substitution of this
expression into eq 4 results in the simpler relation

R ' =1.-_HR, =1.-(2 _ 4HR,)
, 4a 2~ 8a aa

The purpose of this study is to compare an arbitrary
separation with the appropriately defined equivalent ideal
basic separation. Notice that the local properties of a
chromatographic medium are completely described by the
two parameters8 H and u. Two media are z-equivalent to
each other for a given zone of a solute if for that zone they
have the same H(z) and u(z). The values R.. = RIO (z) and
RIO' = RIO' (z) are the resolution and its rate in the z-equivalent
ideal basic separation. For such separation9 1=az, a2 =Hz.

(9) Giddings, J. C. Unified Seporation Science; John Wiley & Sons:
New York, 1991.
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Substitution of these relations into eqs 1 and 2, yields for It." 100.+----,-------,----,------,------,-,...,
and Roo'

R =~ - Ii =~ R '= li0- ~H) =.!. (6)
oo 4 V Ii ill oo 4,,\ 2Hz 8"

These relations suggest that at any z, the specific resolution,
R.,,/o (the resolution per unit of the identity gap), depends
only on ,,(z) and H (z) while the specific rate of resolution,
Roo'/o, depends only on ,,(z). With Roo and Roo', eq 5 can be
rewritten as R;/R,,/ = 2 - RJRoo, or

Rs RB'
Roo + R'; = 2 (7)

Also, let E =E(z) =RJRoo -1 and , = ,(z) =R;/Roo' - 1
beexcesses (relative to the z-equivalentidealbasicseparation)
of the resolution and its rate, respectively. Eq 7 becomes

Equations 7 and 8 represent the main result of the theory.
For simplicity in reasoning, the equations were derived for
a medium with constant gradients of velocities of the solutes.
It can be shown that these equations are valid for arbitrary
velocities as well. In the general theory, however, the local
values for plate height, the velocity, and its distance-based
gradient should be replaced with their aggregateS (effective)
counterparts. Also the notion of resolution in a nonuniform
separation and the entire strategy ofcomparisonofthe quality
ofa nonuniform separation with that ofa uniform separation
needsto be more carefullyscrutinized. All these developments
were beyond this briefreport. Nevertheless, in the remaining,
it is assumed that eqs 7 and 8 are valid for any linear
separation. (The proof of the general case will be submitted
for the publication later.)

Equations 7 and 8 have important implications. They
indicate that the sum of the reduced resolution, RJR"" and
the reduced rate, R,'/Roo', of resolving any two solutes, as
well as the sums of the excesses of these quantities are the
important invariants of a separation. The sums always
remain the same for any separation. Also, the ratios as well
as the excesses E and , represent figures ofmerit for the local
qualities of a separation and its evolution.

According to eq 7, resolution of two solutes in any medium
evolves in such a way that RJRoo and R,'/Roo' can never
simultaneously exceed unity. Ifone is larger than unity, the
other must be smaller than unity. Thus, at any location, the
quality ofthe resolution and its rate can never simultaneously
exceed similar qualities in the z-equivalent ideal basic
separation. Ifone is better than the respective quality in the
ideal basic separation, the other must be worse than its ideal
basic counterpart.

Similarly, the sum of the excesses of resolution and its rate
is an invariant which always remains zero. If at any
coordinate, z, resolution is excessive relative to the z-equiv­
alent basic separation, its rate must have a deficiency (a
negative excess). Conversely, only when the zones are under­
resolved (have a negative excess of resolution) can the rate
of their resolution exceed that in the z-equivalent ideal basic
separation.

This discussion can be summarized in a form of the law of
[an arbitrary1 chromatographic separation (uniform or
nonuniform, time-varying, or time-invariant).

E+, =0

RESULTS AND DISCUSSION

(8)

so+----f-----+----+~'--+--__j

60+----f---~-'f---_+---+_,;,....;6:.:''""'1.4
/v

4O+---~I_--_+----+....,.,O<'--_+_----I

//
20.f-,;--+----+V----.,,.L.--+---+---~

I ~ -_!.~

b=-:::"::------

Flgwe 1. Speclflc resolullon, 4R.lo, vs cootdInate, z (In meters), of
the center 01 mass of two zona. All grBIlhs reprMeflt evolving
resoIulIon 01 two solutes with the same IdenlIly gap, 0, In a 5-m-long
column with H = 0.5 mm. The averaga, U, of velocities 01 the zona
Is also the same lor all separations and does not change along the
column. The dotted line, 4R./o =(zJHj1/2r~ theunllormllm&­
Invartanl separation with the Ideal sample 1n1roductIon. The daahed
illes, 4RJo = zJ(u'{O) + Hz)'I2, also rellects uniform tIme-lnvariant
separation but with the sample In1roductIon which took 10 tlrMs longer
than the aIutIon lime 01 a nonrelained peek In the previous separation.
The solid line represents the separation with the same nonldeal sample
Introductton as In the previous case, and with the locuslng by the
negative d1stance-based gradient (1 = au where C - -1 m-'. The
gadIent (nonunlformlly of the separation) travels along the column
with the velocity, U, of the ZOMS. Hence, the zona always "_" the
same dlstanC&-based velocity gadIent. Ho_, at a given -..ce
from the column Inlet, the dlslance-ba8ed gradient changes with time
providing lor the nonuniform llm&-varylng separation.

Consider two one-dimensional linear separations
of the same nearly identical solutes: an arbitrary
separation A and a uniform time-invariant sep­
arationB with the ideal sample introduction. Let
A and B be z-equivalent at a coordinate z. Then
at z, the rate ofresolvingofthe solutes in A CSJJJlot

exceed the rate ofresolving them in B UJllBBB the
resolution in A is lawer than the resolution in B.

Simply, no focusing can providebetter resolution than
the one available from the equivalent ideal basic 1eP­
aration. However, the negative implications of the theory
should not be overestimated. While establishing the limits
to the focusing, the theory helpe to recognize its potential.
After all, no separation ill ideal and the room for the focusing
always exists.

A computer simulation of the focusing after a nonideal
sample introduction is shown on Figure 1. Under the
conditions of Figure I, the nonideal sample introduction
causes more than the l(Hold loss of the resolution compared
totheideal basicseparation. Thefocusing providesa dramatic
(better than 6-fold) recovery from the same nonideal sample
introduction.
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INTRODUCTION

Capillary zone electrophoresis (CZE) has become an
important separation method as a result of its high resolving
power and speed. Separationswith more than 1()6 theoretical
plates in less than 20 min has been demonstrated.1,2 Due to
the extremely small volumes of sample zone encountered in
CZE, on-column detection, such as UV absorption and
fluorescence detection, are the m08tcommonly used methods.
On-column detection eliminates zone dispersion owing to the
joints, fittings, and connectors that are necessary for con­
ventional off-column detection systems. However, in some
applications, such as CZE coupled with off-column electro­
chemicaldetection orcontinuoussample collection, a capillary
outlet free from the applied potential field is generally
required. To isolate the column end from the high voltage,
specialdevices like a porous glass joint,3porous graphitejoint,'
and on-column glass fritShave been applied to create a current­
free zone at the capillary outlet, where an electrochemical
sensor or a fraction collector is placed. Although these
techniques work well with direct electrochemical detection
and off-column sample collection, the problem is how to
produce such structures reliably and inexpensively.

Recently, Linhares and KisBinger6 reported a sample
introduction system for CZE based on a bare on-column
fracture near the inlet end of the capillary. When a potential
is applied between the fracture and the outlet end of the
capillary, electroosmotic flow pulls sample into the capillary
through the inlet. This sample introduction system can be
viewed as an "electroosmotic syringe". The on-column
fracture is easy to construct, and it can also be used as a
general method to separate the column into two segments.
We have tried using this technique to create a current-free
segment ofcapillary for off-columnelectrochemical detection.
However, we did observe some sample leakage through the
fracture assembly. This is probably caused by the back­
pressure generated inside the shorter segment of capillary
because of the laminar type of flow in it, which forces the
analyte ions to diffuse through the open fracture.

In this paper, we describe a modified capillary joint for
CZE. Insteadofusinga barefracture as the coupler, a cellulose
acetate (CA) membrane was uniformly coated over the
fracture. This design is basically similar to the porous glass
joint used by Ewing,3 except that a porous polymer joint is
created here. CA membranes are known to be permselective
primarily based on size; only small molecules (H20 2, au and
ions (Na+, Cl-, etc.) can diffuse rapidly through the mem-

(1) Jorgenson, J. W.; Lukacs, K. D. Anal. Chem. 1'll1, 53,129&-1302­
(2) Jorgenson, J. W.; Lukacs, K. D. Science 1983, 222, 26&-272.
(3) Wallingford, R. A.; Ewing, A. G. Anal. Chem.1987, 59,1762-1766.
(4) Yik, Y. F.; Lee, H. K.;Li, S. F. Y.; Khoo, S. B. J. Chromotogr.1991,

585, 139-144.
(5) Huang, X.; Zare, R. N. J. Chromotogr. 1990,516, 185-189.
(6) Linhares, M. C.; Kissinger, P. T. Anal. Chem. 1991, 63, 207&-2078.
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brane.7,8 Larger analyte and solvent molecules are excluded
from permeating through the pores. CA-coated electrodes
have been commoly used by electrochemists to build a size­
exclusion selectivity into electrochemical detection in static
solution" and a flowing stream.'Q-12 Problems of electrode
poisoning, due to protein adsorption or accumulation of
reaction products, can be effectively eliminated. In the
present case, the CA-coated fracture will ensure that only
small buffer ions and, therefore, current will pass but does
not allow the larger analyte ions to pass through it. In
comparison with a bare on-column fracture, the CA-coated
porous polymer joint provides better efficiency and minimal
sample loss. Besides, it has the advantages oflong durability,
inexpensiveness, and easy construction.

EXPERIMENTAL SECTION

Apparatus. The CZE system was assembled in-house. A
high-voltage power supply (Glassman High Voltage, Inc., White­
house Ststion, NJ; Model PS/EH40R02.S) was used to generate
the potential across the capillary. Fused-silica capillaries
(Polymicro Technologies, Phoenix, AZ) of 50-I'm Ld., 360-l'm
o.d., and 7o-cmlengthwere used in this study. After the polymer­
coated jointwas formed (described below), the capillarYwas filled
with buffer solution. The high-voltage end of the capillarY and
the buffer reservoir were contained in a Plexiglass cabinet
equipped with an interlock for operator safety. Platinum wire
was used as the electrode. Detection of UV absorption was
performed at 254 DID usiug an UV detector (Linear Instruments,
Reno, NY; Model UVIS 200) equipped with an on-column
capillarYcellmodule. Theoutputsignal was recorded with either
a strip-chart recorder (pantos, Kyoto, Japan; Model U·228) or
an integrator (Shimatzu, Kyoto, Japan; Model C-R3A). In the
determination ofpossible leakage from the porous polymer joint,
aconstsnt-flowHPLC pump (Eldex, San Carlos, CA; Model9600)
and a fluorescence spectrophotometer (Hitschi, Tokyo, Japan;
Model 16o-1OS) were used.

Reagents. All chemicals were of analytical-reagent grade.
Thianline,nicotinamide, and riboflavin wereobtainedfrom Sigma
Chemical Co. (St. Louis, MO). Pyridoxal hydrochloride and
sodium fluorescein were purchased from E. Merck (Darmstadt,
FRG). Cellulose acetate (39.8% acetyl content) was obtained
from Aldrich Chemical Co., Inc. (Milwaukee, WI). A 12% (w/v)
cellulose acetate (CA) solution was prepared with HPLC-grade
acetone. The electrophoresis buffer was a mixture of 10 mM
sodium dihydrogen phospbate and 10 mM sodium tetraborate,
pH9.0. The buffersolutionwas preparedwithdistilled-deionized
water, obtained usiug a Sybron/Barnstead (Boston, MA) NAN-

(7) Lonsd.ole, H. K.; Cr088, B. P.; Graber, F. M.; Milstead, C. E. in
Permselective Membranes; Rogers, C. E., Ed.; Marcel Dekker: NewYork,
1971; pp 167-187.

(8) Colton, C. K.; Smith, K. A.; Merrill. E. W.; Farrel, P. C. J. Biomed.
Mater. Res. 1971,5. 45H86.

(9) Kuhn, L. S.; Weber, S. G.; Ismail, K. Z. Anal. Chem. 1989,61,
303-309.

(10) Sittampalam, G.; Wilson. G. S. Anal. Chem. 1983,55,160&-1610.
(11) Wang. J.; Hutchins, L. D. Anal. Chem. 1985,57, 153&-1541.
(12) Hutchins, L. D.; Wang, J.; Tuzhi, P. Anal. Chem. 1985,58.1019-

1023.
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Flgwa 1. Cellulosa acelale-coaled fractura assembly and buffer
reservoi': (a) lused-slllce capHlaJy; (bl platlnum-wlra electrode; (c)
1Q..rrL plastic vial; (d) buffer solution; (a) epoxy glue; (I) CA-coated
fractura; (g) glass plata.

Opure II system. The solution was ftltered through a 0,45-I'm
membrane ftlter prior to use.

Cellul....., Acetate-CoatedCapillary Joint. The procedure
for construction of an on-column fracture was similar to that
described by Linhares and Kissinger.' A small section (- 3 mm)
of polyimide coating was burned off 9 em from the end of a 70­
em-long fused-silica capillary. The capillary was placed over a
2-em X I-em microscope slide, on which a V-shaped breach (about
4 mm wide and 3 mm deep) was created near the center of one
edge. The exposed section of capillary was situated on top ofthe
breach and was glued in place with epoxy glue (Spar Chemical
Industry Co., San Francisco, CAl at each end of the exposed
region. By using a glass-fiber cleaver (Newport; Fountain Valley,
CA), a small scratch was made on top of the uncoated silica. The
capillary was then pushed up gently from the bottom, directly
under the scratch, with a small pointed stylet thereby forming
the fracture. By use of a micropipet tip, a small drop (-3 I'Ll
of12% (w/v) CA solution (in acetone) was carefully dripped onto
the fracture. Under a gentle stream ofair and with slight rotation
of the whole microscope slide, a thin film of CA membrane was
uniformly coated over the fracture region. After drying in air for
1h, the ftlm thickness was found to be about80 I'm. as estimated
under a microscope.

The fracture assembly was then placed in a ID-mL plastic vial
with a I-mm hole drilled in the bottom. The microscope slide
was vertically glued to the inner wall of the vial with the short
section of capillary stretching out of the hole in the bottom. The
length of the stretched capillary was about 8 em. With the
capillary in position, the hole was sealed using epoxy glue. The
vial was then ftlled with buffer solution and a platinum-wire
electrode was dipped in the solution. This electrode was
connected in series to a digital current monitor (Keithley
Instruments, Inc., Cleveland, OH; Model 177 DMM) and the
ground terminal on the high-voltage power supply. A detailed
schematic ofthe polymer-coatedcapillaryjoint is shown in Figure
1.

CZE Procedure. A detection window 4 em either before or
after the capillary joint was formed by burning off a small region
of polyimide coating. The capillary was then carefully inserted
into the UV detector, and the detection window was aligned with
the focusing lens. The capillary was first washed (pressurized
flow) with 0.1 M NaOH for 3 min, followed by a 2-min rinse with
water and a 2-min flush with the running buffer. Finally, the
column was equilibrated with the buffer under and electric field

4 II
TIME {minI

Flgwa 2. Electropher<9llm 01 lOll' vttamlns with UV detection 4 em
belora the fracture. Condlllons: column 50-~ I.d. X 360-~ o.d.
X 7O-cm total length, on-<:olumn fracture 9 em lrcm the end 01 capIIaJy;
buffer solution 10 mM phosphate + 10 mM borate, pH 9.0; voltage
applied 23 kV (18 p.A) acroea the anocIc end 01 capIIaJy and the
fractura; 5-s~vIyInjeclIona115-cm hel\tll; UV delecIIon wavelength
254 nm. Peek identities; (1) thIemIne; (2) nicotinamide; (3) rtbolla....;
(4) pyT1doxal.

of 200 VIem for 1 h. Sample injection was performed by gravity.
The capillary inlet was lifted 15 em higher than the capillary
outlet for 5 s.

RESULTS AND DISCUSSION

On a fused-silica capillary with a thick wall (145 I'm in this
study), an on-column fracture assembly can be easily con­
structed following the published procedure.· This fracture
functions as a joint connecting two segments of capillary,
which is generally required for sample collection, electro­
chemical detection, or other off-column detection methode
in CZE. The fracture created is veryfme,and the two sections
ofcapillaryare never separated. Since the fracture is sosmall,
minimum bulk flow through the fracture ahould be expected.
However, during a serieeofCZE e:<periments using capillariee
with the fracture assembly for off-column electrochemical
detection, we did observe some leakage ofsample components
through the fracture.

In order to e:xamine the characteristic of a capillary with
a bare on-columnfracture, two detection windows were created
on the capillary with one at 4 em before the fracture and the
other 4 em after the fracture. Four water-soluble vitamins,
viz., thiamine (vitamin B,), nicotinamide. riboflavin (vitamin
B,,), and pyrido:ml (vitaminBs>. were usedas teet compounds.
In a buffer of pH 9.0, nicotinamide behavee as a neutral
marker. High voltage was applied between the anodic end
of capillary (in a Plexiglas box) and the cathodic end at the
fracture assembly. A typical electropherogram of the four
vitamins is illustrated in Figure 2. A significant decrease in
peak size of the four compounds was observed when the
electropherogram obtained after the fracture was compared
with that obtained before the fracture. The losses of peak
area range from 22%for riboflavin (molecular weight - 376.4)
to 38% for nicotinamide (molecular weight = 122.1). The
average loes of N (theoretical plate number) is about 20%.
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Table t. Migration Times (t",), Theoretical Plate Numben (N), aDd Peak Area (A) of Four VitamiDs Detected before aDd
after the CA-Coated Fracture"

before the fracture after the fracture

compd tml S lO'N A tm. s lO'N A

thiamine 222(2) 1.08 (0.18) 662 (34) 300(2) 1.00 (0.23) 590 (31)
nicotinamide 288(3) 1.71 (0.14) 1271 (100) 372(3) 1.56 (0.22) 1232 (48)
riboflavin 330(4) 1.60 (0.21) 1376 (159) 426 (5) 1.53 (0.15) 1316 (102)
pyridoxal 426(4) 2.04 (0.24) 2635 (SO) 548(3) 1.76 (0.12) 2562 (129)

• nata are represented aa mean (standard deviation); n = 5. Experimental conditions aa in Figure 2.

Altogether we have tested four capillaries with a carefully
constructed on-column fracture; none of them gave a loss of
peak area smaller than 18% for nicotinamide, the compound
with the smallest molecular weight (and size) in the test
sample. We believe this is caused by leakage of sample
through the open fracture, with components of smaller size
leaking the most. It has been shown that the length of the
second capillarybehind the jointwill have a pronounced effect
on the column efficiency.3 This is because the volume of
buffer within the second capillary must be driven by the
electrOO8motic flow generated in the separation capillary. The
formed laminar flow of buffer within the second capillary
will create a back-pressure which is proportional to the length
of the second capillary. The optimal efficiency can be
obtainedwith a short «2em) segmentofcapillary. However,
due to the geometric restriction of the UV detection cell
module used here, the detection capillary behind the joint
cannotbe shortened to less than9.0cmwithoutcontsminating
the optical parts of the detector. The observed sample loss
maybe causedby the hack-pressuregenerated in the relatively
longdetection capillary, which forces anaIyte ions to permeate
through the open fracture before entering the detection
capillary.

In order to solve the leakage problem, a thin layer of CA
membrane was coated over the fracture region. This CA­
coated fracture can be viewed as a "porous polymer joint",
similar to the "porous glass joint" used by Ewing3 for off­
column amperometric detection. Using a CA-coated porous
polymer joint, no significant loss of peak size or column
efficiencywas observed, even witha 9-cm segmentofdetection
capillary behind the fracture. This is to be expected because
the CA membrane creates a diffusion barrier which allows
only small buffer ions and molecules to pass through it. The
larger analyte ions are excluded from permeating through
the pores and are pushed downstream into the detection
capillaryby tbe electrOO8moticflow. Inorderto quantitatively
examine the effect of the CA-coated fracture on the perfor­
mance of the capillary, five consecutive injections of the four
test vitamins were made and were detected 4 em before and
after the fracture. The average migration times (tm), theo­
retical plate numbers (N), and peak areas (A), as well as the
standard deviations, were calculated. The results are listed
in Table 1. The relative standard deviations (RSD) of
migration times for the four compounds are about 1%. The
average loss of peak area is about 5% with a range of 2% for
pyridoxal to 9% for thiamine. The average loss of N values
(triangular approximation) due to the presence of a porous
polymer joint is about 9% with a range of4% to 14% for the
four vitamins tested, which is better than that reported for
a porous glassjointwitha similar lengthofdetection capillary.3
Basically, the CA-coated porous polymer joint should be
expected to have a smallerband-broadening effect. According
to Ewing,3 the porous glass joint was constructed by sliding
a small section (2-5 mm) of "thirsty glass" tube over the
capillary fracture, followed by sealingboth ends ofthe porous
glass segment with epoxy glue. The inner diameter of the
porous glass tube must be slightly larger than the outer
diameter of the fused-silica capillary; therefore, a small dead

volume will form around the fracture region. On the other
hand, the CA membrane is tightly adhesive to the fracture
region in a porous polymer joint, leaving no stagnant zone
formed between capillary surface and membrane. This "zero
dead volume" nature probablyexplains its betterperformance.

Under conditions of equal capillary length and electrical
field strength, the current measured with the CA-coated
fracture system was about 10% smaller than that observed
witha normal CZE systemwithout fracture. This is prohably
due to the relatively large size of the borate buffer ions
<8.0f-), which makes their diffusion through the CA
membrane pores more difficult. However, we found that the
film thickness of a CA membrane coated over the fracture
had no significant influence on the total resistance of the
capillary. Under an electrical field of 380 V/cm and with a
buffer mixture of 10 mM phosphate and 10 mM borate,
changing the fJlm thickness from 60 to ~300 I'm only caused
a 7% decrease in current. Although the performance of the
CA membrane was not significantly affected by its thickness,
the success of preparatiofl of a porous polymer joint was
empirically found to be dependent upon the original CA
content in acetone. As described in the Experimental Section,
the porous polymer joint was formed by dripping a small
drop of CA solution (in acetone) onto the capillary fracture
and drYing it under a stream of air. Because acetone is very
volatile, a thin fJlm of CA membrane will rapidly form at the
fracture region. With a 10% (w/v) CAsolution, thevisc08ity
would be too low and CA molecules could easily penetrate
into the fracture before drying, causing blockage of the
capillary. If the percent of CA in acetone was raised to 15%
(w/v) ,the solutionwould be too viscous and the fracture could
not be coated evenly. The optimal content was found to be
12% (w/v) CA in acetone. To avoid a change of CA content,
the coating procedure should be performed as quickly as
possible.

The reliability of the porous polymer joint was tested by
connecting the capillary (50-~ i.d. x 65-cm length) to an
HPLC pump. A CA-coated fracture was constructed 3 em
from the low-pressure end of the capillary. The fracture
assembly was placed ina smallvial filled with 7mL ofdistilled
water and an aqueous solution of 20 I'M sodium fluorescein
was pumped through the capillary at a constant flow rate.
After 20 min the flow was stopped and the solution in the vial
was taken out for fluorescence measurement. The sample
vial was refilled with fresh distilled water and the HPLC
pump was started again with a higher flow rate. The variation
of measured fluorescence intensity as a function of flow rate
is schematically represented in Figure 3. The CA membrane
joint did not leak until the flow rate exceeded 40 I'L/min. The
corresponding pressure at this flow rate was about 110 psi.
Sucha high flow rate (or pressure) was seldomfound in normal
CZE experimente, even during pressure injection or pressure
flushing the capillary with a syringe. The reliability of the
porous polymer joint is clearly demonstrated.

One of the problems observed with the porous polymer
joint was the rapid loss of membrane integrity in an
electrophoresis buffer containing a small amount of aceto­
nitrile (e.g. 15%). This was probably caused by dissolution
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Table II. Migration Times (t.), Theoretical Plate Numbers
(N), and Peak Area (A) of Thiamine and Nicotinamide
during a Series of Electrophoretic Separation. with a 50%
Methanolic Bntfer'

no. of thiamine nicotinamide
injections tml S 10'N A tm, S 10'>N A

1 282 6.49 672 399 1.18 471
8 285 6.53 663 402 1.17 438

17 266 6.26 687 401 1.12 426
24 292 6.50 630 406 1.17 445
30 294 6.24 633 410 1.20 431
38 300 6.13 638 414 1.20 436
47 298 6.36 647 415 1.17 430
55 301 6.26 670 420 1.13 442
60 303 6.26 641 423 1.14 435
6S 304 6.17 6S3 427 1.12 453

• Experimental conditions: column 5O-I'm i.d. X 360-_ o.d. X
6O-cm total length, on-column fracture 9 em from the end ofcapillary,
detection window 4 em after the fracture; voltage applied 23 kV (20
jtA); 1-8 electromigration injection. Other conditions as in Figure 2.

of CA in acetonitrile-contained buffer. On the other hand,
methanol did not affect the CA membrane. Table II shows
the migration times (tml, the theoretical plate numbers (N),
and the peak area (A) ofthiamine and nicotinamide obtained
during a series of electrophoretic separations using a buffer
of 50% (v/v) methanol content, The porous polymer joint
was immersed in the methanolic buffer all the time, and a
detection window was formed 4 em behind the joint. No
significant losses of efficiency and peak area were observed,
even after 65 consecutive injections. The slight increase of
migration time was due to column aging because the capillary
was not rinsed between injections. If the column had been
washed with0.1 M NaOHfor 2min betweeninjections, almost
no change of migration time could be observed.

Another problem found with the joint assembly was the
gradual deterioration of epoxy glue in buffer solution. Since
the capillary with the joint assembly was affixed to a glass
microscope slide with epoxy glue for rigidity (see Figure 1),
deterioration of epoxy glue would destabilize the porous
polymer joint. This problem can be alleviated by keeping
thejointassembly immersed in distilled-;leionizedwaterwhen
not in use. Under normal conditions, the porous polymer

joint can last for more than 1 week without deterioration.
Inconclusion, a porous polymerjoint for CZE can be easily

constructed by fracturing the capillary followed by covering
the fracture with a layer of CA membrane. Unlike the bare
on-column fracture, sample loss is minimized with the CA­
coated fracture. In comparison with the porous glasa joint3
or the porous graphite joint,' the CA-coated porous polymer
jointhas the advantages ofhigh performance,long durability,
inexpensiveneas, and easyconstruction. We believe this joint
should be useful in some CZE applications, such as sample
introduction by electroosmotic syringe," continuous sample
collection, and off-column electrochemical detection, where
a segment of capillary free from the high electrical field is
required.
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Synchronization of Timing in Chemiluminescence Thin-Layer Chromatographic System
by Coupling Pneumatic Nebulization with Optical Fiber-Based Detection

Nian Wu and Carmen W. Huieo

Department of Chemistry, State University of New York at Binghamton, Binghamton, New York 13902-6000

INTRODUCTION

The peroxyoxalate chemiluminescence (CL) reaction in­
volving the oxidation of oxalate derivatives, typically bis­
(2,4,6-trichlorophenyl)oxalate (TCPO) or bis(2,4-dinitrophe­
nyl)oxalate (DNPO), in the presence of a sensitizer is among
the most efficient nonenzymatic reactions known and has
been extensively investigated for the postcolumn detection
of various fluorophores or compounds derivatized with
fluorescent labels in high-performance liquid chromatography
(HPLC). For example, peroxyoxalate CL detection in HPLC
has been demonstrated to be highly sensitive and selective
for the determination of catecho1amines,' secondary and
tertiary amines,2,3 polycyclic aromatic amines and hydrocar­
bons,·" steroids,· and carboxylic acids.7 In addition, HPLC
determination ofcompoundssuch as cholineandacetylcholine
using an immobilized enzyme reactor followed by peroxy­
oxalate CL detection has also been reported.· Recently, a
number of dansyl amino acids have been used as model
systems for the optimization of CL detection in HPLC based
on the oxidation ofTCPO or DNPO, and the average detection
limit and relative standard deviation on reproducibility were
found to be about 200 fInol (0.07 ng) and 4%, respectively.·
In contrast, very little work has been reported on the use of
CL detection methods for the determination ofanalytes after
separation by thin-layer chromatography (TLC). The reason
for this is perhaps in large part related to experimental
difficulties encountered in the synchronization of timing
between the introduction of the CL reagents onto the TLC
plates and detection of the rapidly decaying CL emission
generated from the analytes adsorbed on the plate surface.
This particular timing problem, however, can be overcome
with relative ease in HPLC since all experimental parameters
can be controlled with good accuracy.·

The use of CL detection in TLC was fl1'llt demonstrated by
Curtis and Seitz involving the measurement ofvarious dansyl
amino acids by successively spraying the plate with TCPO
and H20 2 solutions and subsequently collecting the CL
emission with an optical fiber-based detection system. lO

Although in general this CL detection method was shown to
be comparable to conventional fluorescence detection, it was
found that the CL intensity changed rapidly with time under
optimized conditions, leading to loss in sensitivity during a
complete scan of the TLC plate. To minimize this problem,

(1) Kobayashi, S.; 8oltino, J.; Honda, K;!mai, K Anal. Biochem. 1981,
122, 99-104.

(2) DeJong, G. J.; Lammers, N.; Spruit, F. J.; Brinkman, U. A. Th.;
Frei, R. W. Chromatographia 1984, 18, 12&-133.

(3) KWakman, P. J. M.; Brinkman, U. A. Th.; Frei, R. W.; DeJong, G.
L.; Spruit, F. J.;Lammers, N.; Van Den Berg,J. Chromatographia 1987,
24, 395-399.

(4) Sigvardson, K. W.; Birks, J. W. Anal. Chem. 1983,55, 432-435.
(5) Sigvardson, K W.; Kenniah, J. M.; Birks, J. W. Anal. Chem.19M,

56, 1096-1102.
(6) Koziol, T.; Grayeaki, M. L.; Weinberger, R. J. Chromatogr. 19M,

317, 355-366.
(7) Grayeski, M. L.; DeVasto, J. K Anal. Chem. 1987,58,1203-1206.
(8) Van Zoonen, P.; Gooijer, C.; Velthorst, N. H.; Frei, R. W. J. Pharm.

Biomed. Anal. 1987,5,485-492.
(9) Baeyens, W.; Bruggeman, J.; Dewaele, C.; Lin, B.; Imai, K. J.

Biolumin. Chemilumin. 1990. 5, 13-23.
(10) Curtis, T. G.; Seitz, W. R. J. Chromatogr. 1977, 134, 343-350.
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CL detection was coupled with a vidicon rapid scanning
spectrometer, since this detection system is capable of
simultaneously measuring CL emission from all areas of the
plate, thus reducing errors associated with the measurements
of the rapidly changing CL signal.ll However, this modifi­
cation introduced complexity and cost to the CL instrumen­
tation, making it difficult, for example, in the application of
CL detection methods for analyses in routine clinical labo­
ratories.

In this note a novel experimental setup involving the use
of a pneumatic nebulizer to provide relatively uniform and
reproducible spraying of the premixed peroxyoxalate CL
reagents (TCPO and H20.> onto the TLC plates and its
coupling with an optical fiber to synchronize the timing
between chemical excitationand measurement ofCL emission
is reported. Experimental parameters such as nebulization
conditions, positioning and size of the optical fiber, microen­
vironment of the sample spot, scan speed, and particle size
of the TLC plate were optimized to achieve sensitive and
reproducible detection of three dansyl amino acids.

EXPERIMENTAL SECTION

Apparatus. Figure 1 shows a diagram of the experimental
setup. A commercially available TLC scanner (CAMAG) was
modified to serve as a precision two-dimensional stsge for
scanning the TLC plate in the x-y directions. Situated at a fixed
position directly above the translational stage was a pneumatic
nebulizer mounted in series with an optical fiber along the
x-direction using an aluminum plate (dimensions 1.5 x 6 cm2),

which was designed to allow for adjustment of distance between
the nebulizer and optical fiber and of their respective heights
from the TLC plate. Pneumatic nebulization provides a means
by which a stesdy flow of reactive aerosol is aprayed onto the
sample spots that are traveling directly beneath the nebulizer
along the x-direction; the optical fiber allows for CL emission
generated from the sample spots to be rapidly and reproducibly
transported to the detection system in synchronization with
chemical excitation.

A concentric pneumatic nebulizer obtained from an atomic
absorption spectrophotometer (Model 82-810, Jarrell Ash) was
used for the generation of aerosol. As shown in Figure I,
appropriate concentrations of TCPO and H20 2solutions were
placed in separate containers and the solutions were forced to
move toward the direction of the nebulizer under the influence
of pressurized argon gas. A gas flow controller obtained from a
gas chromatograph (Model 376000, Varian) and a fme metering
valve (Part No. 180502, PGC Scientifics) were placed between
the gas flow controller and the CL reagent containers to allow
for fine adjustment of the liquid flow rates of TCPO and H20 2.
These two CL reagents were mixed within a stainless steel tee
('fur·in. Swagelok), and this premixed solutionwas then delivered
to the nebulizer via a SO-cm-long x 75-l'm-inner-diameter fused­
silicacapillary (Catalog No. Tsy-Q75375, PolymicroTechnologies).
After the premixed solution entered the nebulizer, an argon gas
stream (nebu1izing gas) with flow rate controlled by another gas
flow controller interacted with the liquid stream ofpremixed CL
solutions, resulting in the formation ofaerosol which was sprayed
onto the TLC plate. It should be noted that one or more reactive

(11) Curtis, T. G.; 8oit2, W. R. J. Chromatogr. 1977, 134, 513-516.
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RESULTS AND DISCUSSIONS

propanol-aqueous ammonia (9:7:2). The plates were air-dried
for a few minutes at room temperature after development. If
added, CL enhancers, i.e., various organic solvents, were pre­
sprayed onto the sample spots using a compressed gas sprayer
(Catalog No. 14654, Alltech) prior to CL measurements. A hand­
held UV lamp was used to generate visible fluorescence from the
sample spots to aid in the alignmentofthe samplespots separated
on the plate along the x-direction with respect to the position of
t~enebulizer and o~tical~ber. Afterward, the plate was sprayed
With the aerosol while bemg scanned along the x-direction at an
optimum scan speed of 2 mm/s.

Chemicals and Materials. TePO was prepared by the
procedure d~scribed by Mohan and TurrO.I' Dansyiglycine,
dansyl-L-argmme, and dansyl-L-Ieucine were purchased from
Sigma. Hydrogen peroxide (30 %) and all other chemicals were
obtained from Aldrich. The dansyl amino acids were dissolved
in a 20% 0.04 M Li,CO,-HCI buffer of acetonitrile and kept at
below 0 ·C. Stock solutions of TCPO and H.O. with concen­
trations of 3-5 mmol/L in ethyl acetate and 0.88-1.2 mol/L in
acetonitrile, respectively, were used. Separationswere performed
on either conventional silica gel TLC plates (Whatman LK6) or
5-/Lm silica gel HPTLC plates (Whatman LHP-K) which were
purchased from Alltech.

o 15 30 .5 60 75 90 105 '20
Time (seconds)

Figur. 2. CL Intensity-time curves of five semple spots of equal
amounts of densylglyclne (3.1 ng/spot) separated on the same HPTLC
plate using the acid solvent system. The spots were detected (a)
wtthoul prespraylng with any organic solvent and after prespraytng
with (b) ethyl acetate, (c) dioxane, (d) Trion X-100/chioroform mixture
(1:4 v/v), and (e) lIqukl paraffin/chloroform mixture (3:2 v/v). TCPO
and H,o. concentrations were 3 mM and 0.88 M, respectively.

Figure 2a shows a CL emission intensity-time prome of
dansylglycine spotted on a HPTLC plate. Itcan be seen that
the CL intensity reached its maximum within ~5 s after the
sample spot had been sprayed with the aerosol, followed by
a rapid decay ofthe CL signal. This observation is consistent
with those obtained by Curtis and Seitz who investigated the
effects ofTCPO and H.02 concentrations on the CL intensity
ofdansylglycine adsorbed on silicagelTLC surfaces and found
that at high peroxide concentrations, i.e., 0.8-1.2 M, the CL
intensity was the highest but lifetime was very short, and the
converse was true for low peroxide concentrations. 'O However,

o
n

A

Melering TepO
Valve

X .l----~

Figur. 1. experimental setup used for the CL detection of densyt
amino acids separated on HPTLC or TLC plates.

intermediates may be formed due to reaction of TCPO with
H.O•." .

Two types of optical fibers were evaluated for the transport
of CL emission to the detection system: an optical fiber bundle,
61-cm long X 1.6-mm diameter with a numerical aperture of0.55
and an acceptance angle of 68· (Part No. 77520, Oriel) and a
single optical fiber, 5O·em long X O.4-mm diameter ~th a
numerical aperture of 0.22 and an acceptance angle of 47.2·
(Superguide G, Fiberguide). One end of the optical fiber was
placed adjacent to the nebulizer as shown in Figure 1 and the
other end was interfaced to the detection system. The CL
emission was isolated by a 10-nm band-pass filter centered at
520 nm (Corion) and was then detected by a photomultiplier
tube (Model 9558B, EMI) operated at a voltage between 700 and
800 V. The photocurrent was fed to a picoammeter (Mode170SO
Oriel) and the signal was recorded on an integrator (Chromjet:
Spectra-PhYSIcs) .

Optimization of Detection Sensitivity, A TLC plate was
sprayed successively with a diluted dye solution of rhodamine B
to completely wet the plate surface. The dye molecules adsorbed
on the silic~ gel surface were then excited chemically using the
aerosol aspirated from the nebulizer to determine the optimum
flow rates for the ~L ~eagentsolutions and the nebulizing argon
gas stream by adJustmg the corresponding gas flow controllers
andlor fme metering valve and monitoring the characteristics of
the CL emission. It was found that at a pressure reading of 20
psi (flow rate: 6 L/min) and 3 psi (flow rate: 0.03 mL;min) for
t~e nebulizing argon gas and CL reagent solution flows, respec­
tlvely, the aerosol aspirated from the nebulizer appeared to
produ~e ~ relatively strong and steady electronic signal. This
CL emISSIon can also be observed visually from the plate surface
as ye,! well-defmed luminescence zones. Using this set of
optlmlzed flow conditions, the optimum distance between the
nebulizer and optical fiber and their respective heights from the
pl~~ surface which give the highest CL intensity while main­
tal~g good chromatographic resolution were also briefly in­
ves~lga~. Itwas found that, for the CL detectiun ofthree dansyl
ammo aCids separated on HPTLC plates (vide infra), the optimum
distances between these experimental components were as
follows: nebulizer and optical fiber = 8 mm; optical fiber and
plate surface = 4 mm; tip of nebulizer and plate surface = 5 mm
(corresponding to 15 mm from the aerosol exit orifice).

Procedures. Development was carried out in either an acid
solvent system ofchloroform"thylacetate-methanol-aceticacid
(9:15:4.5:0.2) or a basic solvent system of methyl acetate-2-

(12) Alvarez, F. J.; Parekh, N. J.; Matuszewski, 8.; Given.,R. S.; Hizuchi,
T.; Schoweu, R. L. J. Am. Chern. Soc. 1986, 108, 643H439. (13) Mohan, A. G.; Tuno, N. J. J. Chern. Ed"". 1974,51, 52&-530.
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3.8 ng ofdanayk.-lauclne) daIIeloped In (a) tha acid solvent sys18m and
(b) tha baslc solvent sys18m. TCPO and H.c>, ccinoantrattons were 3
mM and 0.88 M, reepectIvely.

variation in TePa concentration in the range above 10-3 M
appeared to have little effect on the CL intensity-time
behavior. Using the present experimental setup, rapid and
reproducible measurements of the CL emission at the peak
maximum region as shown in Figure 2a is possible, thus
allowing for significant enhancement in sensitivity and
precision for the quantitation of analytee using the perox­
youlate CL reaction in TLC. At a distance of 8 mm between
the nebu1izer and optical fiber, a scan speed of 2 mm/s was
found to produce the beat sensitivity while good resolution
was maintained for the detection of three dansyl amino acids
separated on a HPTLC plate using an acid solvent system,
as shown in Figure 3&. At this scan speed, each sample spot
travels past the light collection zone of the optical fiber at -4
s after it has been sprayed with the aerosol, which happens
to fall within the time period at which the peak maximum of
CL emission occurs, as shown in Figure 28. The average limit
of detection (LaD) based on a signa1-to-noise ratio (S/N) of
3 for the three dansyl amino acids was found to be -0.45 ng,
which is about 1 order ofmagnitude lower than that reported
by Curtis and Seitz (LaD for dansylglycine -7 ng) using
their optical fiber-based detection system. lO Relative stan­
dard deviation (n =6) for dansylglycine (3.1 ng/spot) was
found to be -6%, which could arise from inconsistency in
the manual spotting of the small volume (O.l<H).50 I'L) of
samples onto the HPTLC plates using a I-ilL syringe and/or
variations related to chemical excitation, e.g., CL efficiency.
Calibration plots of dansylglycine indicated linear responae
from LaDs uptoO.l,.g (r =0.995). Figure3bshoweaHPTLC
chromatogramofthe three dansyl aminoacidsobtainedunder
the same experimentalconditions as in Figure 3a except using
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FIgura 4. HPTLC chromatograms of two dansyl amino acids (Arg =
4.B·ng ofdansyk.-arglnlne and GIy = 4.3 ng ofdansylglyclne) developed
In the basic solvent system and detected using (a) an optical flber
bundle and (b) a single optical flber. TCPO and H,O, concentrations
were 3 mM and 0.88 M, respectively.

a basic solvent system for development. It can be seen that
significant peak overlap occurs between dansylglycine and
dansyl-L-arginine. To minimize the extent of this overlap,
higher resolution was obtained by employing an optical fiber
with significantly smaller core diameter as the light guide
while other experimentalconditionswere kept the same. Parte
a and b of Figure 4 compare the resolution and sensitivity of
the two dansyl amino acids separated on the same HPTLC
plate using an optical fiber bundle and a single optical fiber,
respectively. It is clear that significant enhmcement in
resolution was achieved by employing the optical fiber with
the smaller core diameter, but this gain in resolution was
accompanied by a loss in sensitivity.

It has been demonstrated that luminescence intensity of
certain amino acid derivatives generated by conventionalTLC
fluorescence detection methode can be enhanced by -100­
fold after the plate has been sprayed with a viscous and
nonvolatile organic solvent system containing liquid paraffin
or Triton X-Ioo.I< Thus, it seems that further gain in
sensitivity for the CL detection of dansyl amino acids
separated on TLC plates may be achieved by exploiting the
capabilities of the present experimental setup to detect CL
signalsenhancedby prespraying thesamplespots with organic
solvent systems having appropriate physical properties.
Interestingly, parte a and b of Figure 2 indicate that the CL
intensity ofdansylglycine was slightly higher when the sample
spot has been presprayed with ethyl acetate; however, when
compared to Figure 2c which shows the effect of prespraying
dioxane onto the sample spot, enhancement in CL intensity
is even higher. This observation was surprising since it is
well-known that CL intensity is greatest in ester and ether
solvents. A similar observation has also been reported by
Curtis and Seitz, who suggested that when compared to ethyl
acetate, the stronger interaction of dioxane with the TLC
plate may play an important role in providing greater CL
intensity for the dansyl amino acids. lO Perhaps more inter­
estingly, parts d and e of Figure 2 show that a CL intensity­
time prorJle of dansylglycine changed significantly, Le.,
increased in peak intensity and lifetime, after the sample

(14) Uchiyama,S. Uchiyama, M. J. Liq. ChroTOOtogr.l980, 3,681~1.
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(15) Hanaoke, N.; Tanaka, R; Nakamoto, A.; Takada, M. Anal. Chem.
1991, 63, 2680-2685.

spots were presprayed with two different viscous and non­
volatile organic solvent systems.

To evaluate the gain in detectability ofdansylglycine after
treatment with the viscous and nonvolatile organic solvent
systems, parts a-c of Figure 5 show the relative CL intensity

figure 5. Relattve CL Intensityof three samplespotsofequelemounts
of densytglyelne (3.1 ng/spot) seperated on the same HPTlC plate
using the eeld solvent system. The spots wera detected (e) without
prespreylng with any organic sotvent end elter prespreytng with (b)
Triton X-l00/chloroform mixture (1:4 vlv) end (c) Hquld peralftn/
chloroform (3:2 vlv). TCPO end H20 2 concentrations were 5 mM and
1.2 M, respectively.

RECEIVED for review April 13, 1992. Accepted July 23,
1992.

Recistry No. Dansylglycine. 1091-85-6; dansyl-L-arginine,
28217-22-3; dsnsyi-L-Ieucine, 1100-22-7.

of three equal amounts of dansylglycine samples eluted
simultaneously on the same HPTLC plate and detected with
the present experimental system at identical R/ values. It
can be seen that the Triton X-lOO/chloroform and liquid
paraff'm/chloroform solvent systems enhanced the CL in­
tensity~5- and7-fold, respectively, whichyield corresponding
average LODs (S/N =3) ofaboutO.l0and0.08 ng, respectively.
The average relative standard deviation (n = 6) on repro­
ducibilityusing both solventsystemswas ~4% (3.1ng/spot).
Lastly, the detectability of dansyl amino acids separated on
HPTLC plates as compared to conventional TLC plates was
also briefly investigated. It was found that without the
influence of any organic enhancers, the average LOD (S/N
= 3) obtained for the CL detection of the three dansyl amino
acids separated on TLC plates was ~0.80 ng, which is only
slightly higher than that found on HPTLC plates (~0.45

ng).
More detailed studies are necesaary for the further opti­

mizationofvariousexperimentalparameters to achieve better
analyticalfJglll'eBofmerit. To this end, a betterunderstanding
of the fundamental processes involved in the chemical
excitation of analytes adsorbed on the plate surface and of
the physicochemical basis for the increase in CL observed
when plates treated with a viscous and nonvolatile solvent
are used is essential; of particular interest would be a
comparison study of CL intensity-time behavior of analyte
and hackground signals generated from the plate surface,
since the kinetics of these signals have basn shown to be
different when CL detection is performed in HPLC, which
leads to significant improvement of detection limits of the
analytes.16
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INTRODUCTION

Immobilized enzyme reactors are gaining considerable
importance in flow analysis.1-5 Such reactors serve mainly
to facilitate the analyte conversion into a detectable species.
Indeed, of all the conversion methods used in flow injection
analysis (FIA), biocatalytic reactors are by far the most
common. Three types ofbiocatalytic reactors have thus been
used: the packed bed, open tubular and single string reactors.
Such reactors often require high enzyme loadings and very
stable preparations, and maysuffer from the build-up ofback­
pressure under continuous use. l ,2 Significantamounts oftime
and resources are thus being invested for optimizing enzyme
reactors for maximum efficiency.

The present note describes the utility of tissue bioreactors
for the elimination ofpotential interferences in FlA. Enzyme
reactors have been used previously for the removal of
interferences in connection with electrochemical monitoring
of flow stream.B•7 Tissues possess several advantages over
their enzymatic counterparts, including improved stability,
higher biocatalytic activity, and low cost. Such advantages
have received considerable attention in connection with the
preparation ofelectrochemical biosensors.8,9 However,little
attention has been given to the use of plant tissues (in place
of isolated enzymes) as reactor columns in flow analysis. A
kidney reactor was employed in flow measurements of
glutamine, with a downstream potentiometric detection of
the generated ammonia.lo Unlike substrate measurements
(for which low conversion efficiencies are sufficient), the
destruction ofinterferences requires high enzymatic loadings,
as provided by cellular materials. In particular, on-line
degradation of surface-active proteins and electrooxidizable
interferants (e.g. ascorbic acid and acetaminophen) is ac­
complished in the presentwork by exploiting the rich papain,
ascorbic acid oxidase (AAO), and polyphenoloxidase activities
of the papaya, zucchini, and potato tissues, respectively. The
optimization and characterization of these low-cost and yet
highly efficient tissue-eliminator bioreactors are reported in
the following sections.

EXPERIMENTAL SECTION
Apparatus. Amperometric measurements were performed

with an EG&G PAR Model 264A voltsmmetric analyzer, the
outputofwhicb was displayed on a X-Y-trecorder (Bioanalytical
Systems (BAS), Model RXY). The flow injection system
consisted ofa 5O-mL syringelcarrier reservoir, held by the syringe
pump (Model 341B, Sage), interconnecting Teflon tubing, a
Rheodyne Model 5020 injection valve (20-,u. loop), the tissue
reactor, and a carbon paste thin-layer detector (Model TL-4,
BAS). The Ag/Agel reference electrodeand the counterelectrode
were locsted in a downstream compartment (ModeIRC-2A,BAS).

The tissue reactor consistedofa polyethylene cartridge (usually
of 5.0-cm lengtb and 1.0-cm i.d.), filled with tbe desired tissue.

(1) Bowers, L. D. Anal. Chern. 1986, 58, 513A.
(2) Cliffe, S.; Filippini, C.; Schneider, M.; Fawer, M. Anal. Chirn. Acta

1992, 256, 53.
(3) Yao, T.; Akasaka, R; W_, T. Electroanalysis 1989,1,413.
(4) Maaoom, M.; Townshend, A. Anal. Chirn. Acta 1986, 179, 399.
(5) Almuiabed, A. M.; Townshend, A. Anal. Proceedings 1989,26,56.
(6) AdllDlll, R N.; Bradberry, C. W. Anal. Chern. 1983,55,2439.
(7) Risinger, L.; Yang, x.; Johansson, G. Anal. Chirn. Acta 1987,200,

313. .
(8) Rechnitz, G. A. Science 1981, 214, 287.
(9) Wang, J. Electroanalysis 1991,3,255.
(10) Mascini, M.; Rechnitz, G. A. Anal. Chirn. Acta 1980, 116, 169.
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A central hole (usually of 1.0- or 2.o-mm diameter) was made,
with a cork borer, in the tissue cylinder to obtain a desired open
tubular reactor configuration. Luer fittings (to the connecting
Teflon tubing) served for the solution inlet and outlet.

Reagents. All solutions were prepared witb doubly distilled
water. The supporting electrolyte was 0.05 M phosphate buffer
(pH 7.4). Acetaminophen, dopamine, casein, bovine albumin
(Sigma), potassium ferrocyanide, and ascorbic acid (Baker) were
used without further purification. Tbe plants used in this study
were purchased from a local grocery store.

Procedure. Amperometric detection proceeded under flow
injection conditions. The working potential (usually +0.60 V)
was applied, and transient currents were allowed to decay to a
steady-state value. All measurements were performed at room
temperature.

RESULTS AND DISCUSSION

Theuse oftissue reactors as effective matrix isolation tools
in flow analysis offers the advantages of high activity and
stability, self-supported rigidity, and extreme simplicity. Such
unique application was examined and demonstrated in
connection with amperometric measurementa at a thin·layer
detector. Passage of the samples through the biocatalytic
reactors was used to alleviate two major interferences
characteristic of amperometric monitoring, including bio­
fouling and overlapping signals.

For example, tissue reactors can circumvent protein
passivation effects and hence impart high stability during
amperometric detection. Such prevention of biofouling is
illustrated in Figure 1 utilizinga papaya reactor. The papain
enzyme, present in the papaya reactor, rapidly cleaves proteins
into smaller peptide fragmentsll,I2 that do not passivate the
detecting electrode. When tbe protein-rich ferrocyanide (A)
and acetaminophen (B) solutions bypass the papaya reactor
(top), a rapid decrease of the flow injection response of these
anaiytes is observed (up to 68 and 60%, respectively). This
passivation problem is eliminated by passing the samples
through the papaya reactor (bottom). No loss of the
amperometric response is observed throughout these pro­
longed series (RSD of 1.7 (A) and 1.2% (B». Note also that
the speed inherent to the flow injection operation is not
compromised by the use ofthe tissue reactor (i.e. sharp peaks
with no dispersion).

Ascorbic acid is an easily oxidizable endogenous compound
which exists in relatively high concentrations in most bio­
logical fluids. Hence, amperometric assays ofsuch fluids often
suffer from a large ascorbic acid response which masks the
peaks of interest. The high enzymatic (AAO) activity of the
zucchini tissuel3 can greatly facilitate the elimination of the
ascorbic acid interference, in accordance to eq 1:

AAO
ascorbic acid + 1/20 2 - dehydroascorbic acid + H 20 (1)

Figure 2 (bottom) demonstrates the interferant·removal
efficiency obtained with the zucchini reactor. It shows
amperometric peaks for a 1 x 1(}-5 M ascorbic acid solution
obtainedwith (B) and without (A) passage through the reactor.

(11) Hill, R 10 Hydrolysis of Proteins; Anfinsen, C. B., Anson, M. L.,
Edsall, J. T., Richard, F. M., Eds.; Advances in Protein Chemistry;
Academic Pre..: New York, 1965; Vol. 20.

(12) Wang, J.; Wu, L. H.; Martinez, S.; Sanchez, J. Anal. Chern. 1991,
63,398.

(13) Wang, J.; Naser, N.; Ozsoz, M. Anal. Chirn. Acta 1990,234,315.

© 1992 AmerIcan Chemical Society
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Figure 1. Amperometrlc response to repet~lve Injections 01 1 X 10--<
M lerrocyanlde (A) and 4 X 10--< M acetaminophen (B) solutions
containing 500 ppm casein and albumin, respectively, without (a) and
with (b) passage through the papaya reactor. Operating potential,
+0.50 V; flow rate, 1.0 mL/mln; carrier/electrolyte, phosphate buller
(pH 7.4). Reactor length and Inner diameter, 5 em and 1 mm,
respectively.
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Figure 3. Dependence 01 the degree 01 conversion upon the volume
flow rate (A) and tube dlarneter(B). Injeetlonsola 1 X 1Q-6MascorbIc:
acid solution. Zucchini reactor 011-mm tube diameter (A) and :H:m
length (B); flow rate (B), 1.0 mLlmln. Carrier/electrolyte and potential,
as In Figure 2.

reactor increases (i.e. slower flow rates or longer reactors) the
conversion efftciency increases. For the 1-5-em-longreactors,
at 0.33-3.0 mL/min rates, the conversion efftciency ranges
between 0.76 and 0.99. The attainment of such high efft­
ciencies (at moderate flow rates or reactor lengths) is
attributed to the rich AAO activity of the tissue. (It should
be pointed out that the use of the pure enzyme for the same
task would beextremelyexpensive,as 1mg ofAAO, containing
only 700 unita, costa $70!). The inner diameter of the open­
tubular reactor is another parameter affecting ita efftciency.
Figure 3B shows the dependence of R upon the diameter for
a 3-cm-long reactor. R increases (from 0.88 to 0.94) by
increasing the reactor diameter between 1 and 5 mm. Note
also the broadeningofthe FIApeaks (i.e. increaseddispersion)
associated with the increasing diameter. Hence, longer (5
em) reactors of 1-mm diameter were employed for achieving
effective interferant elimination while maintaining high
sample frequencies.

Thehighbiocatalyticconversion efftcienciesare maintained
over relativelylong periods. Noapparentmecbanicaistability
problems were ohserved with "soft" tissues, e.g. zucchini.
Indeed, the same zucchini reactor was operated for a period
of 10 days, with no apparent loss in ita efftciency (as was
indicated daily from the effective removal of 1 X 10-6 M
ascorbic acid). Suchperformance isattributed to the inherent
stability of the enzyme within ita own natural environment.
Considering the broad availability and extremely low cost
of plant tissues, they can be easily replaced when needed.
The reactor-to-reactor reproducibilitywas estimated byusing
six different sections of the zucchini plant (conditions as in
Figure 2). The mean conversion efftciency found was 0.91,
with a range of 0.89-0.93 and a relative standard deviation
of 2.6%.

Effective elimination of phenolic interferanta can be
accomplished utilizing a potato reactor, which is rich with
polyphenol oxidase. In particular, the common analgesic
acetaminophen (paracetamol) is easily oxidized and often
interferes inamperometric measurementa intheanodicregion.
AB illustrated inFigure 4 (bottom),passageofacetaminophen
solutions through the potato reactor resulta in 92 % dimi­
nutions ofthe drug response. The potato polyphenol oxidase
can facilitate also the biodegradation of catecholamines; ca.
90% decrease ofthe response for dopamine is indicated from
the flow injection peaks displayed in Figure 4 (top). Obvi­
ously, the detection of numerous nonphenolic compounds
should beneftt from suchdestructionofphenolic interferences.

In conclusion, it has been shown that tissue reactors can
be used for the removal of interfering substances, hence
impartinghigh stabilityandselectivityonflow amperometry.
Highconversion efficienciesare coupled to extreme simplicity
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Figure 2, Bottom: flow Injection amperometrlc peaks lor 1 X 10-'
M ascorbic acid, with (B) and without (A) passage through the zucchini
reactor. Top: response to 1 X 10-6 M ascorbic acid solutions,
containing 0 (a), 1 X 10-5 M (b), 2 X 10-6 M (c), and 3 X 10-6 M (d)
dopamine, with (B)and without (A)passage through the zucchini reactor.
Operating potential, +0.60 V; reactor length and Inner diameter, 4 em
and 1 mm, respectively. Carrier/electrolyte and flow rate, as In Fig.
1.

The short (4-cm) tissue reactor resulta in more than 90%
diminution of the ascorbic acid response. The biocatalytic
degradation capability is maintained throughout this pro­
longed series of 30 repetitive injections. Following this
operation, the zucchini reactor was bypassed, and the resulting
peaks were similar to those recorded in the beginning of the
experiment.

The bioanalytical utility of the ascorbic acid destruction
process is also illustrated in Figure 2 (top), using the common
interference of ascorbic acid on measurementa of catechola­
mine neurotransmitters. This figure displays flow injection
peaks for ascorbic acid solutions containing increasing level
of dopamine. An additive response, that precludes the
measurement of dopamine, is observed without passage
through the plant reactor (A). In contrast, the 94% removal
of ascorbic acid when the sample mixture is flowing through
the reactorpermita a nearlyselectivequantitationofdopamine
(B).

Crucial to the successful use of a tissue-eliminator reactor
is appropriate optimization of experimental conditions for
maximum conversion efftciency (R, i.e., the fraction of
substrate consumed). Figure 3A shows the dependence ofR
upon the volume flow rate for different reactor lengths. AB
the residence time ofan elementofsolutionwithin the zucchini



A A

L..LJ
ffi
~f--A--~L A

~~[

I\NALYTICI\l ct£MISTRY, VOL 64, NO. 20, OCTOBER 15, 1992 • 2471

withamperometricdetection for flow injection systems, tissue
reactors may benefit other analytical flow systems and
detection modes. Additional advantages may be gained by
couplingseveral tissue reactors (for the simultaneous removal
ofvarious interferants), or byemployingflowreversal schemes
(for quantitative conversion w'1\:h 8horte~ cotumnl!>\. The
conversion efficiency should be adjusted to meet the re­
quirement of each sample (with 100% conversions used for
a large excessofthe interferingspecies). In addition, periodic
calibrations should be employed to detect possible losses in
the efficiency. Besides their great analytical utility, tissue
reactors may fmd importantenvironmental applications, i.e.,
low-cost cleanup of water streams from pollutants (such as
phenols or peroxides).

TIME
Flgura4. Flow Injection amperometr1Cpeeks for 1 X l()-6Mdopamlne
(top) and 1 X 1()-4 M acetaminophen (bottom). wI1h (8) and without
(A) pasaage lhroug> 1he potato reactor (5-cm length, 1-nm tube
dlameter). Other condIIIons, as In Figure 2.
and low cost (compared to analogous applications of immo­
bilized enzyme reactors). The diversity of cellular materials
holds great promise for the removal of other target inter­
ferants. While the concepthas been illustrated in connection
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