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ncrease laboratory throughput,
reduce cost per analysis, improve

I

the consistency of your test results...
add Gilson’s 232-401 Automatic
Sample Processor to your chromato-
graph.

Gilson has designed the first high
capacity sample processor with
system control,

It handles more samples, faster. It
simplifies your chromarogram. It offers
precision and repeatihility. Fully pro-
grammable, it can be associated with
other analytical instruments, compu-
ters, and various sample preparation
satellites.

The 232-401 is all you need to auto-
mate routine handling of large series
of LC analytes, from sampling

and pretreatment procedures, up

to the end report.

The 232-401 is described in our
brochure, which explains how to
implement such modern rechniques
as sample clean-up and sample
concentration, column backflushing,
fraction collection in sealed vials,
and reinjection for tests of purity or
bioactivity.

4> GILSON

To receive your copy, please contact your nearest representative, or write (o -

Gilson, BP 45 - 95400 Villiers-le-Bel, France - Tel. - (1) 34 29 5000 - Tlx : 606 682

Fax: (1) 3994 51 83
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- With only 1/8 of its mass visible, a sharply-cleaved
iceberg drifts off the west coast of the Antarctic
‘Peninsula. :

Simplify youi' sample preparatlon with].I.Baker’s
Technical Support Program combined with
BAKERBOND spe columns. :

You’ve come to expect consistent, outstanding quality from BAKERBOND
spe solid phase extraction columns. But for optimum results, you also need
technical information and assistance to help you tailor column use to your
specific applications. :

That’s why JT.Baker has developed a four-part technical support program:

o A growing collection of over 100 pre-developed, step-by-step Application

Notes virtually eliminates method development time.

o Our manual, Solid Phase Extraction for
Sample Preparation, provides detailed
information on theory, method development
and troubleshooting.

© An experienced solid phase extraction
Application Specialist is only a phone call
away to provide additional personal
assistance.

o A Report of Analysis in each box of
BAKERBOND spe columns provides

you with actual data for those parameters

critical to column performance.

Sometimes it's what you can’t see that
makes all the difference.

To learn more about how we can help you,
contact ] T.Baker Inc., 222 Red School Lane, :

Phillipsburg, NJ 08865. 1800 JTBAKER. . JI Baker

(1-800-582-2537). FAX: 201-859-9318. :

1-800-JTBAKER

*BAKERBOND spe is a trademark of .T.Baker Inc.
Photo: © Gordon Wiltsie/Adventure Photo, 1989
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On the cover. Fluorescence diag-
nosis and photochemical treat-
ment of diseased tissue using la-
sers. In the second of a two-part
series, Sune and Katarina Svanberg
and co-workers from the Lund In-
stitute of Technology (Sweden) and
The Lund University Hospital de-
scribe the use of laser-induced fluo-
rescence for tumor and plaque diag-
nostics as well as imaging systems
that use LIF

BRIEFS

ANALYTIGAL APPROAGH 41A

Identification of a Bronze Age
resin. In 1982 a shipwrecked vessel
dating back to the fourteenth centu-
ry B.C. was discovered near Turkey.
Among the items retrieved from the
ship were numerous jars of yellow
resin. Hampton H. Hairfield, Jr.,
and Elizabeth M. Hairfield of Mary
Baldwin College discuss the analyti-
cal techniques used to identify this
unknown resin
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EDITORIAL
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Analysis in the service of medicine. Laser technology can aid in the diagno-
sis and treatment of diseased tissue, as highlighted in the two-part INSTRU-
MENTATION feature by Sune and Katarina Svanberg and co-workers in the

December 15 and January 1 issues

NEWS
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William Hancock, Alan Marshall, John Rabolt, Debra Rolison, and Shigeru
Terabe join ANALYTICAL CHEMISTRY’s Advisory Board. b Procter &
Gamble’s Summer Research Program. » Better scrubbers. p Detecting Lyme
disease

FOCUS 28A

Send in the robots. As the availability of laboratory robots and supporting
equipment grows, researchers are finding novel applications for these ma-
chines. Three unique and versatile robotic systems are being developed for
what were once considered specialized operations

NEW PRODUCTS & MANUFACTURERS’ LITERATURE 38A

AUTHOR INDEX 1

ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990 « 5 A




BRIEFS

Perspective: Analytical Biotechnology

Protein Structure Determination in Solution by Two-
Dimensional and Three-Dimensional Nuclear Magnetic
Resonance Spectroscopy

NMR spectroscopy has evolved into a powerful method for
determining structures of biological macromolecules. This
“Perspective” outlines the methodology used for solving
protein structures in solution, describes the basic NMR ex-
periments necessary, and introduces concepts on which the
computational algorithms are founded.

Angela M. Gronenborn* and G. Marius Clore*, Laboratory of
Chemical Physics, National Institute of Diabetes and Digestive and
Kidrey Diseases, National Institutes of Health, Bethesda, MD
20892

Articles

Reduction of Reequilibration Time following Gradient Elution
Reversed-Phase Liquid Chromatography 16

The addition of 3% 1-propanol to both components of a
reversed-phase solvent gradient reduces reequilibration
time.

Lynn A. Cole and John G. Dorsey*, Department of Chemistry,
University of Florida, Gainesville, FL 32611

Immabilized 8-Oxine Units on Different Solid Sorbents for the
Uptake of Metal Traces 2

The sorption of 8-hydroxyquinoline units on XAD-2 ST-
DVB resin or on an anion-exchange resin is used for the
uptake of a series of trace metal ions. Uptake mechanisms
are discussed. Enrichment procedures are derived and ap-
plied to the analysis of real samples at the ug/mL level.

O. Abollino, E. Mentasti*, V. Porta, and C. Sarzanini, Depart-
ment of Analytical Chemistry, University of Torino, Via Giuria 5,
10125 Torino, ltaly

* Corresponding author

6 A o ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990

Gopper Determination in Urine by Flow Injection Analysis with
Electrochemical Detection at Platinum Disk Microelectrodes of
Various Radii 21

The detection limit for flow injection analysis with ampero-
metric detection at microdisk electrodes is a function of the
electrode radius. A 28-um electrode is optimal for the deter-
mination of copper in urine.

Darryl L. Luscombe and Alan M. Bond*, Department of Chemi-
cal and Analytical Sciences, Deakin University, Geelong, Victoria
3217, Australia, David E. Davey, The South Australian Institute of
Technology, The Levels, P.O. Box 1, Ingle Farm, South Australia
5098, Australiz, and John W. Bixler, Chemistry Department, State
University College at Brockport, Brockport, NY 14420

Surface Acoustic Wave Sensor Response and Molecular
Modeling: Selective Binding of Nitrohenzene Derivatives to
(Aminopropyl)triethoxysilane 32

Nitroaromatics bind selectively to (aminopropyl)triethoxy-
silane covalently attached to the quartz substrate of a SAW
sensor. The selectivity is associated with hydrogen bonding
and is studied by the AM1 method.

Wolfgang M. Heckl, Francesca M. Marassi, Krishna M. R. Kal-
Jury, David C. Stone, and Michael Thompsen*, Department of
Chemistry, University of Toronto, 80 St. George Street, Toronto,
Ontario M58 1A1, Canada

How Long Does It Take a Microelectrode To Reach a
Voltammetric Steady State? 37

The potentiostatic and galvanostatic approaches of hemi-
spherical and disk microelectrodes to the steady state are
investigated.

Cynthia G. Zoski and Alan M. Bond, Department of Chemical and
Analytical Sciences, Deakin University, Geelong, Victoria 3217,
Australia and E. Tracey Allinson and Keith B. Oldham*, Depart-
ment of Chemistry, Trent University, Peterborough, Ontario K9J
7B8, Canada

Infrared Spectroscopic Determination of pH Changes in
Diffusionally Decoupled Thin-Layer Electrochemical Cells 45

Fourier transform reflection absorption infrared spectrosco-
py is used to monitor changes in the pH of thin-layer cells
induced by the passage of current between the working and
counter electrodes.

1. T. Bae, Daniel A. Scherson*, and Ernest B. Yeager, Case
Center for Electrochemical Sciences and the Department of Chem-
istry, Case Westen Reserve University, Cleveland, OH 44106



Discover

The System 800 represents
the new generation in research
tools. It is the svathesis of
advances in optical, electronic and
mechanical design. The Sy
800 combines an ultra-stable
imterferometer design with a
unique dynamic alignment system, for superior data
throughout the spectral ange.
The System 800 provides the stability, signal-to-
noise performance, and repeatability required for
(Sum»ﬂdmfﬁ applications. Whether your experiments
involve long-term data acquisitions or rapid short-term
dynamic spectroscopy applications, the 800 has the
capabilitics to solve your problems with confidence.

The System 800 incorporates the features demanded
by leading research investigators throughout the
world, Sstundard features include optical bench

communications, optical bench
configuration monitoring and
status, rapid spectral range
conversion, ultra-quiet electronics
train, highest throughput optical
design, dymonic alignment, fully
expandable optical path, ulira
high-output sources, and siroplificd experimental design
for multiple modulation techniques.

The System 800 supports the full range of experiments
including FT-Raman, Emission, Microspectroscopy,
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allow several different experiments or applications ro be
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“Spectyoscopy.
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on a wide range of applications

P.0. Box 371856 « Cincinnati, OH 45222-1856
(800} 543-4461 Sales = (800) 874-2004 Service
Fax (513)761-5183 « Telex 21-4221 y.

CIRCLE 130 ON READER SERVICE CARD
8 A o ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1890

EREEES

Multivariate Analysis of Carbon-13 Nuclear Magnetic
Resonance Spectra. Identification and Quantification of Average
Structures in Pefroleum Distillaies 49

Two series of distillate fractions from North Sea petroleum
samples are investigated using DEPT *C NMR and multi-
variate analysis. The content of saturated isoprenoid struc-
tures is quantitated and is used to discriminate between the
two oils in all fractions.

Trond Brekke*, Tanja Barth, Olav M. Kvalheim, and Einar
Sletten, Department of Chemistry, University of Bergen, Bergen
N-5007, Norway

Simultaneous Monitoring for Parent lons of Targeted Daughter
lons: A Method for Rapid Screening Using Mass Spectrometry/
Mass Spectrometry 56

A screening method used with MS/MS instruments that
employ a guadrupole mass filter as the first analyzer is
described.

Scott A, McLuckey*, Gary L. Glish, and Barry C. Grant, Ana-
lytical Chemistry Division, Oak Ridge National Laboratory, Oak
Ridge, TN 37831-6365

Laser Desorption/Fourier Transform lon Cyelotron Resonance
Mass Spectrometry of Polymer Additives &1

The formation of both Na* and K+ adducts of the additives
allows for the recognition of the guasimolecular ions in a
mixture spectrum. In one polyethylene extract, the molecu-
lar weights of seven compounds are determined, and two of
the compounds are identified.

Bruce Asamoto*, Judy R. Young, and Robert J. Citerin, BP
Research, Warrensville Research Center, 4440 Warrensville Center
Road, Cleveland, OH 44128-2837

Precise Relative lon Abundances from Fourier Transform lon
Gyclotron Resonance Magnitude-Mode Mass Spectra 70

The best FT/ICR measure of relative ion abundance is based
on least-squares fit to an (unphased) magnitude-mode spec-
trum.

Zhenmin Liang and Alan G. Marshall*, Department of Chemis-
try, The Ohio State University, 120 West 18th Avenue, Columbus,
OH 43210

Determination of Grganic Acids in Dilute Hydrocarhon Selution
tising Poly(ethylenimine)-Coated Piezoelectric Crystals %

Piezoelectric crystals coated with a water-soluble basic poly-
mer are used as sensing devices for organic acids dissolved in
neutral hydrocarbons. Their application as selective LC de-
tectors is demonstrated.

John M. Charlesworth, DSTO, Materials Research Laboratory,
P.0. Box 50, Ascot Vale, Victoria, Australia 3032
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Simuitaneous Multielement Determination of Trace Metals
Using 10 mL of Seawater by Inductively Coupled Plasma
Atomic Emission Spectrometry with Gallium Coprecipitation and
Microsampling Technigue 81
Concentrations of Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, and
Pb determined in seawater range from 10 to 500 ng/L with a

precision of 10%. Approximately 50 samples are preconcen-
trated and analyzed in 1 h.

Tasuku Akagi* and Hiroki Haraguchi, Department of Chemis-
try, Faculty of Science, University of Tokyo, Hongo, Bunkyo-ku,
Tokyo 118, Japan, and Department of Applied Chemistry, Faculty
of Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya
464, Japan

Technical Notes

Determination of Urinary Mercury with an Automated Micro
Batch Anatyzer 85
Liu Ping and Purnendu K. Dasgupta*, Department of Chemistry

and Biochemistry, Texas Tech University, Lubbock, TX 79409-
1071

Manuscript Requirements 89
Guide for Use of Terms in Reporting Data in ANALYTICAL
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The new METTLER DL70 Autotitrator.

It runs fitrations, automatically control-
ling up to four burettes and electroces.
And it lefs you create methods af the
same time, defining every step as you
want it through interactive menus. Link
other methods to the new one. Copy
functions, method 1o method. Reduce
fitrations fo a single keystroke for
roufine anclyses. Even work on the
method you're currently running.
Standard features include a six-line LCD
readout thot displays data and curves;
10 standard methods in memory; room
for 25 user methods; interfacing fo
balance and printer. The DL70 aiso
gives you room fo grow, with the optional
8720 Sample Changer for fotal auto-
mation, computer and LIMS interfaces.
And with four burettes right on the
instrument, you can buiid @ system in
the same bench space. Write or call

for information,

The DL70 Is bocked by

METTLER Service Plus® protection.
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Purification of -casomorphine from defatted human milk.
R-casomorphines are believed to play a role in postpartum
depression. The shaded area shows the f-casomorphine
(1-8) immunoreactivity. Column: Analytical Superpac® Pep-S. Analysis of synthetic A-sleep inducing hormornes
(9 residues) synthesized on the Biolynx® Plus Peptide
Synthesizer. Purity check on
PhastSystem®.

Purification of Brain IGE The final polishing step

with gel filtration chromatography afier cleavage. 5
The previous steps included affinity chromatography )
on IgG-Sepharose® followed by ion exchange and

reversed-phase chromatography.

Columm: Superdex™ 75 prep grade.

What'’s so special about peptides?

A lot. Peptides wouldnt be peptides otherwise.  techniques, applications and instrument systems
The fact is that the vast majority are biologically for peptide work. Thar’s one of our specialries.
active messengers of very special evenrs. Why not contact us to make it one of yours too?

Pharmacia LKB have been isolating and puri-
fying peptides for more than 30 years. Over the
years, we've gained unique insights into how to
optimize their separation, analysis and synthesis.

We maintain updated information on the latest Pharmacia

Pharmacia LKB Biotechnology

We help you manage biomolecules

Head office Sweden Tel 46 (018) 163000. Australia Tel (02) 8883622, Austria Tej {0222) 8866250 Belgium Tei (02) 2424660. Brazil Tel 55-11 2845815/2898967. Canada Tel (514) 4576681. Denmark
Tel (02) 265200. East Europe Tel 43 {0222) 921607. Federal Republic of Germany Tel (0761) 43030. Finland Tel {90) 5021077, France Tel (01) 3064 3400. Great Britain Tel (0908} 6611 01. Holland
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EDITORIAL

Analysis in the Service
of Medicine

This issue of ANALYTICAL CHEMISTRY
features Part II of an INSTRUMENTA-
TION article by Svanberg, Svanberg, and
co-workers detailing the applications of
laser fluorescence in medical diagnostics
and therapy. In addition to being an ex-
cellent review of an exciting new field,
this work serves as an example of the
successful melding of analytical science
and medicine.

In Part I (December 15, 1989 issue)
the standard medical applications of la-
ser technology were introduced in surgi-
cal practice and in laboratory atomic and
molecular analysis. The role of hemato-
porphyrin as a fluorescence tag for tu-
mor diagnosis and photodynamic thera-
py was also outlined. The use of photo-
chemistry to destroy cancerous cells was
particularly fascinating. By combining
fluorescence analysis with ablation, the
laser system becomes a “smart” scalpel.
In Part II the broader potential for tu-
mor and atherosclerosis diagnosis is ex-
plored, and the unique tool of laser fluo-
rescence imaging is discussed.

This work demonstrates the impor-
tance of practical problem solving when
biomedical applications are involved.
Far too often a technique is heralded as
having great utility in biology and medi-
cine before practical applications are ex-
plored. In the quest for funding, publi-

city, and prestige, methods are labeled
significant to the life sciences before a
single biological analysis is performed,
let alone a problem solved. The need for
advanced methods of analysis in systems
critical to biology and medicine cannot
be denied. This need can only be met if
the analytical chemistry community
maintains strong ties to the biologists
and physicians who target the problems.
It has always been our role as analytical
chemists to provide answers to other
scientists’ most pressing questions. This
can’t be done in a vacuum; it requires
constant communication and coopera-
tion. The importance of collaborative re-
search efforts in this regard cannot be
overemphasized.

The potential significance of modern
analytical chemistry to the biomedical
community is enormous. We must al-
ways, however, provide practical solu-
tions to real-world problems, regardless
of the impressive complexity or power of
a technique. The current tools of modern
analysis and those still to be developed
will allow biologists and physicians to
confront and solve problems previously
considered unattainable.

B oo
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VARIAN NMR FLEXIBILITY NOW
RESOLVES PROBLEM DIVERSITY

.

SOLDS LUQUIDS

UNITY lets you switch from one to the other with ease

Combine high performance capabilities with unparaileled flexibility using
Varian's new UNITY™ NMR spectrometer. This unique spectrometer is a
true, multi-capabifity instrument that performs high resoluticn micro-
imaging as easily as it analyzes liquid and solid samples.

UNITY’s revolutionary system architecture employs a modular design that
addresses all NMR applications with a single instrument.

Analyze liquid samples using a variety of techniques over a wide range of
nuclei, Perform CP/MAS, wideline and multipulse for solid samples.
Examine microimaging samples with ease. Maximum flexibility has been
built in to cover future experimental capabilities for every application.

Resclve problem diversity: invest in the most flexible technology of today
to better address the research of tomorrow. Investina UNITY NMR
spectrometer. For additional information, please cal:

800-231-8134. In Canada, call 416-457-4130.

Varian is your full-line
company for analytica
instrumentation
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New Advisory Board
Members Appointed

Five new mermbers have been selected to serve three-year
terms on ANALYTICAL CHEMISTRY’s Advisory Board.
Each January, membership on the board is rotated as new
appointees replace those members whose terms have ex-
pired.

New members of the board are William Hancock, Genen-
tech, Inc.; Alan Marshall, The Ohio State University; John
Rabolt, IBM Almaden Research Laboratory; Debra Roli-
son, Naval Research Laboratory; and Shigeru Terabe,
Kyoto University (Japan).

Leaving the board are Peter Griffiths, University of Ida-
ho; Nobuhiko Ishibashi, Kyushu University (Japan); Mary
Kaiser, E. I. du Pont de Nemours & Co.; David Nelson, Of-
fice of Naval Research; and Andrew Zander, Varian Re-
search Center.

Continuing to serve on the board are Bernard Bulkin, BP
America; Michael Epstein, National Institute of Standards
and Technology; Renaat Gijbels, University of Antwerp
(Belgium); Thomas Isenhour, Kansas State University;
James Jorgenson, University of North Carolina, Chapel
Hill; Peter Jurs, The Pennsylvania State University; Law-
rence Pachla, Sterling Drug Co.; Ralph Sturgeon, National
Research Council of Canada; George Wilson, University of
Kansas; Mary Wirth, University of Delaware; and Richard
Zare, Stanford University. In addition, the past chairman
of the ACS Division of Analytical Chemistry, Sam Perone
of San Jose State University, continues to serve as the 1990
ex officio member.

Established in the 1940s to advise the JOURNAL’s edi-
tors, the advisory board meets formally once a year at ACS
headquarters in Washington, DC. The board members are
a vital link between the editors and the analytical commu-
nity, providing guidance and advice throughout the year
with regard to editorial content and policy. Brief biographi-
cal sketches of the new members follow.

William Hancock received a B.Sc.
degree (1967) and a Ph.D. (1970) from
Adelaide University (South Australia)
and is currently head of the analytical
chemistry department at Genentech.
His work involves the separation and
structural analysis of recombinant
DNA-derived proteins and the appli-
cation of reversed-phase high-per-
formance liquid chromatography for
the anaiyms of polypeptides. Along with J. T. Sparrow,
Hancock co-authored A Laboratory Manual for the Isola-
tion of Bivlogical Materials by HPLC and edited HPLC in
Biotechnology as well as two volumes of the CRC Hand-

book of HPLC for the Separation of Amino Acids, Pep-
tides, and Proteins.

Alan Marshall, professor of chemis-
try and biochemistry and director of
the Campus Chemical Instrument
Center at The Ohio State University
(OSU), received a B.A. degree (1965)
from Northwestern University and a
Ph.D. (1970) from Stanford University

f under the direction of John Baldesch-
‘ l\ wieler. His research centers around

method development and the applica-

tion of Fourier transform ion cyclotron resonance mass
spectrometry. A fellow of the American Physical Society
and the American Association for the Advancement of Sci-
ence, Marshall is the 1988 recipient of the O8U Distin-
guished Scholar Award.

John Rabolt, of the Polymer Science
Department at IBM’s Almaden Re-
search Laboratory, studies the charac-
terization of solid-state polymer struc-
ture, morphology, and orientation us-
ing Fourier transform IR and Raman
spectroscopies. In addition, his re-
search spans the areas of Langmuir-
Blodgett films, polymer complexes, in-
tegrated optics, and interfacial inter- 1
actions. Rabolt received a B.S. degree (1970) from the State
University of New York College at Oneonta and a Ph.D. in
physics (1974) from Southern Illinois University. He is a
fellow and chairman of the American Physical Society Di-
vision of High Polymer Physics and recipient of the 1985
Coblentz Award and the 1990 Williams-Wright Award.

Debra Rolison received a B.S. degree
(1975) from Florida Atlantic Universi-
ty and a Ph.D. (1980) from the Uni-
versity of North Carolina, Chapel Hill,
under the guidance of Royce Murray.
As a research chemist at the Surface
Chemistry Branch of the Naval Re-
search Laboratory, she is studying the
interaction between zeolites and nano-
meter-size supported metals for use as
ultramlcmelectrodes She is also interested in the use of ex-
tended X-ray absorption fine structure spectroscopy
(EXAFS) to explore small-particle environments in the
presence and absence of electric fields,
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Shigeru Terabe received B. Eng.
(1963), M. Eng. (1965), and D. Eng.
(1973) degrees from Kyoto University.
From 1965 to 1978, he was employed
by the Shionogi Research Laboratory
in Japan. Currently Terabe is an asso-
ciate professor of industrial chemistry
at Kyoto University where his re-
search interests include capillary elec-
trophoresis, electrokinetic chromatog-
raphy, and open-tubular capillary liquid chromatography.
On April 1, Terabe will join the faculty at the Himeji Insti-
tute of Technology as a professor of chemistry.

Summer Analytical Research Program

Procter & Gamble has announced that it will again sponsor
a Summer Analytical Research Program for graduating col-
lege seniors majoring in chemistry. Students accepted in
the program will work full time for 10-12 weeks in an ana-
lytical research laboratory at one of four corporate techni-
cal centers in Cincinnati.

Applicants must be U.B. citizens or permanent residents
who are in their senior year and plan to enter graduate
school as Ph.D. candidates in analytical chemistry. Dead-
line for applications is March 1. For more information,
write to Coordinator, Summer Analytical Research Pro-
gram, Procter & Gamble, Miami Valley Laboratories,
Room 1D42, Cincinnati, OH 45247.

Lyme Disease Test

The polymerase chain reaction (PCR), which has become a
powerful tool in genetic testing and basic research, could
also aid in the diagnosis of tick-borne Lyme disease. Patri-
cia Rosa and Tom Schwan, researchers at the National In-
stitute of Allergy and Infectious Disease’s Rocky Moun-
tains Laboratory in Hamilton, MT, have developed a PCR-
based test that can detect as few as five of the spiral-
shaped bacterium, Borrelia burgdorferi, that causes the
disease.

Lyme disease is now the most commonly reported ar-
thropod-transmitted infection in the United States. (In
1988 there were more than 4500 cases.) Prompt treatment
with antibiotics usually eliminates the infection. Otherwise,
chronic arthritic, neurologic, or cardiac symptoms could
develop.

Lyme disease is commonly diagnosed by the appearance
of characteristic symptoms and from patient history. How-
ever, up to 40% of infected individuals never develop the
telltale skin rash, and about half do not recall being bitten
by a tick.

Tests for antibodies to B. burgdorferi can also identify
the disease. Unfortunately, it can take up to six months fol-
lowing infection for these antibodies to reach levels high
enough to detect, and antibodies to other bacteria can
cross-react, yielding false positive results.

On the other hand, B. burgdorferi collected in different
geographic areas and from a range of hosts—including
ticks, rodents, and humans-—has been detected in low con-
centrations by PCR. The test could become a standard
clinical test when researchers identify which human tis-
sue(s) harbor the disease, thereby avoiding false negative
results.

PCR targets a DNA sequence distinctive to the bacteri-
um, then copies the sequence. Repeated cycles quickly gen-
erate enough material for analysis.

New Process for Smokestack Scrubbers

Lawrence Berkeley Laboratory (LBL) researchers have de-
veloped what could be an economical and efficient process
for scrubbing SO, and NO, from smokestake emissions.
Decreasing the output of these pollutants could ease the
problem of acid rain and lung-damaging ozone in the lower
atmosphere.

The LBL process, discovered by a research team led by
chemist Shih-Ger Chang, removes 80% of SO, and up to
100% of NO;. The best system currently used, in some pow-
er plants in Japan and Europe, removes up to 90% of these
pollutants. However, that process is expensive and, unlike
the LBL method, requires separate systems for SO, and
NO,.

The Chang process modifies the standard limestone slur-
ry scrubber by adding yellow phosphorus, seen glowing in
the reactor in the accompanying photograph. Limestone re-
moves SOy, whereas the yellow phosphorus eliminates NO,.
Byproducts of the LBL treatment include commercially
valuable products such as phosphoric acid, ammonium
phosphate, and gypsum.

On the other hand, the high-efficiency scrubbers in Ja-
pan and Europe remove NO, by selective catalytic reduc-
tion, which reduces the oxides to ammonia at high tem-
peratures. Costs for selective catalytic reduction run as low
as around $2100 per ton of NO, eliminated. In comparison,
the LBL process is estimated to cost as little as $1300 per
ton each of NO, and SO, removed. A typical 500-MW fossil
fuel plant discharges 300-400 tons of SO, and NO, daily.
Tests of a scaled-up version of the new scrubber process are
now under way.

_ . 3 A
Lawrence Berkeley Laboratory chemist Shih-Ger Chang
tabulates results in his laboratory during a run of a new
power plant emissions treatment system invented by his
research team. The glowing glass c¢ylinder behind Chang is
the heart of the system, a scrubber capable of remouving
both sulfur dioxide and the oxides of nitrogen from
emissions. Phosphorus, an agent used in the process,
causes the glowing effect.
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In this two-part series, Sune and Ka-
tarina Svanberg and co-workers focus
on the spectroscopic aspects of laser
use in several emerging applications of
medical importance. Part I, which ap-
peared in the December 15 issue (1),
surveyed laser techniques for atomic
and molecular analyses of samples of
clinical interest, spectroscopic analy-
sis of the laser-induced plasma ob-
tained when a high-power pulsed laser
beam interacts with tissue, and the use
of tumor-seeking agents in combina-
tion with laser radiation to provide
new possibilities for malignant tumor
detection and treatment.

In Part I, we describe the use of laser-
induced fluorescence (LIF) for tumor
and plaque diagnosties. The diagnostic

0003-2700/90/0362-019A/$02.50/0
© 1989 American Chemical Society

potential is increased by including the
temporal characteristics of the fluores-
cence decay. The extension of point
monitoring to imaging measurements
also is described, together with impli-
cations for practical clinical work.

Tumor diagnostics using LIF

LIF studies are performed in a laser
regime where no change in the tissue is
induced. The photon energy is chosen
sufficiently below the limit for DNA
photodissociation to avoid mutageni-
city.

LIF has proven to be useful for diag-
nostic purposes, and early work was re-
ported by American (2, 3) and Chinese

radiationless relaxation to the bottom
of the excited band then oceurs on a
picosecond time scale. The molecules
remain here for a typical lifetime of a
few nanoseconds. Fluorescent light is
released in a broad band, which does
not normally exhibit any sharp fea-
tures. Intersystem crossing to the trip-
let state, internal conversion, and the
transfer of energy to surrounding mole-
cules are strongly competing radiation-
less processes. Tissue containing hema-
toporphyrin derivative (HPD) mole-
cules will exhibit sharp spectral
features in the red spectral region.

In exploiting tissue LIF for medical
diagnosis, it is useful to start with de-

INSTRUMENTATION

(4-6) groups as well as by our research
group (7, 8). The ground state and the
first excited electronic levels of large
molecules such as biological ones are
broadened by vibrational motion and
interactions with surrounding mole-
cules. Thus, absorption occurs in a
broad band, allowing a fixed-frequency
laser such as the nitrogen laser (A = 337
nm) to be used for the excitation. A

tailed laboratory studies of tissue sam-
ples. In most of our studies, a Ny laser
emitting 5-ns pulses at 337 nm has
been employed for excitation; a XeCl
excimer laser (A = 308 nm) and an ex-
cimer-pumped dye laser have also been
used. The radiation is directed onto the
sample by mirrors. Fluorescent light is
collected and directed to an optical
multichannel analyzer system that
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Figure 1. Fluorescence data obtained with 337-nm excitation in a scan over a tumor in the brain of a rat that received 1 mg/kg
body weight Photofrin Il (dihematoporphyrin ether/ester) prior to the investigation.
Left: Fluorescence spectrum of the central tumor is shown with flucrescence intensities A, A’, and B. Right: Fluorescence spectrum of the nonaffected normal
surrounding brain tissue. Note the different intensity scales. Functions of the fluorescence intensities along the scan are presented in the center. (Adapted with

permission from Reference 10.)

captures the entire fluorescent light
distribution for every laser pulse. The
system incorporates a gated image-in-
tensified diode array detector that is
placed in the focal plane of the small
spectrometer. The detector gating,
normally set to 500 ns, makes it possi-
ble to suppress continuous background
light while collecting all fluorescent
light. Spectra can be stored on floppy
disks and printed out on paper. Fluo-
rescence intensities are measured ac-
cording to a standard.

For clinical fluorescence studies we
have used a similar system that is
equipped with a fiber-optic probe.
Light from a Ny laser or a dye laser
pumped by the fixed-frequency laser is
focused into 600-um-diameter quartz
fibers via a dichromic beam splitter
that reflects the UV light but transmits
all visible radiation. Fluorescent light
from the sample is collected by the
same fiber and is directed to the en-
trance slit of the optical multichannel
analyzer system. The fiber can be in-
serted through the biopsy channel of an
endoscope for investigations of corpu-
lar lumina (9).

As a first illustration of tissue diag-
nostics, data from a fluorescence scan
through an experimental malignant
brain tumor in a rat are shown in Fig-
ure 1 (10). The animal received an in-
jection of dibematoporphyrin ether/
ester (DHE) corresponding to 1 mg/kg
body weight before the investigation.
The recorded spectrum on the left
shows a clear signature of DHE in the
600-700-nm wavelength region that
was obtained using 337-nm excitation.
In the right-hand part of the figure, the
HPD signal is absent in normal brain
tissue. In addition, the bluish auto-
fluorescence is strongly reduced in the
malignant tumor tissue.

To display these observations more
quantitatively, the intensity at 630 nm
was evaluated as the signal A”. By sub-
tracting the background, we obtain the
intensity A; the blue fluorescence in-
tensity at 470 nm is denoted by B. In
the plot the strong contrast enhance-
ment obtained by using the back-
ground-free intensity A is demonstrat-
ed, and the decrease in the autofluores-
cence intensity is clearly displayed. By
forming the ratio A/B, contrast can be
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further improved, as illustrated in Fig-
ure 1. Such a ratio forms a dimension-
less quantity, which has the attractive
feature of being independent of surface
topography and variations in distance,
excitation, and detection efficiency.
We have performed extensive stud-
ies in tissue fluorescence diagnostics in
rats (7, 8, 10-13) to explore the effect of
drug uptake and retention, tissue auto-
fluorescence, and optimization of exci-
tation wavelength. We have also com-
pared the tumor-marking capability of
different sensitizers. As an example,
fluorescence spectra from tumors in
rats injected with 15 mg/kg body
weight are shown in Figure 2 for
337-nm excitation (13). An interesting
feature of polyhematoporphyrin ester
(PHE) is that the fluorescence peak is
found further to the red compared with
the other porphyrins. PHE is a highly
aggregated and stable substance,
whereas DHE still contains a substan-
tial fraction of monomers. This might
indicate that PHE is not converted to
monomers in tissue, which is probably
the case for DHE. This theory is sup-
ported in the study of HPD using the
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Figure 2. Typical LIF spectra (relative
units) from rat tumors.

The rats were injected with 15 mg/kg body
weight of hematoporphyrin (HP), dihematopor-
phyrin ether/ester {DHE), polyhematoporphyrin
ester (PHE)}, and tetrasulfonated phthalocyanine
{TSPC). The excitation wavelength was 337 nm.
(Adapted with permission from Reference 13.)

HPLC method (illustrated in Part I of
this series), where a fluorescence red
shift was found for the more aggregated
components.

Human tumor demarcation is illus-
trated by data from a fluorescence
study of a metastasis of recurrent
breast cancer (Figure 3). The patient
received 2.5 mg/kg body weight of
DHE one day before the study (14, 15).
Again, the tumor exhibited an in-
creased red fluorescence and a de-
creased blue autofluorescence, which
in combination yield a distinct tumor
demarcation.

Plaque diagnostics using LIF

Atherosclerosis is another disease for
which the use of laser light in diagnosis
and therapy can have a great impact.
Atherosclerosis can affect all kinds of
arteries and most likely results from
risk factors such as hyperlipidemia, hy-
pertension, and smoking. The condi-
tion affects the endothelium cells at the
surface as well as the underlying layer,
the intima. A diseased region—a
plaque—starts to develop with inclu-
sions of different anomalies such as lip-
id droplets, cholesterol crystals, and
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Figure 3. Fluorescence data from a scan across a breast carcinoma metastasis one

day after DHE injection.

Sample spectra for tumor and surrounding tissue are shown with evaluated fluorescence intensities. The
drug dose was 2.5 mg/kg body weight. (Adapted with permission from Reference 15.)
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calcifications (Figure 4). The surface of
the lesion consists of fibrotic constitu-
ents such as collagen and elastin. The
pigment S-carotene is also present in
plaques. When the damage has reached
a serious level, calcification also occurs
at the surface and the endothelium is
severely disrupted, with the potential
for thrombosis formation.

The removal of plague in diseased or
obstructed vessels by laser radiation
administered through a fiber-optic
light guide (laser angioplasty) is an ex-
tremely attractive possibility (16, 17).
However, the risk of vessel perforation
presents a serious problem, and im-
proved diagnostics are needed to en-
sure that the fiber tip is placed at the
correct location within the vessel. An
interesting task is to try to spectroscop-
ically distinguish atherosclerotic
plaque from normal vessel tissue.

The first fluorescence experiments
aimed at spectroscopic guidance in la-
ser angioplasty were reported by Kit-
trell et al. (18), who used excitation at
480 nm. We find that by using N laser
excitation at 337 nm, prominent differ-
ences between atherosclerotic plague

Vessel lumen

_——.—-——-:'>

Bloodstream

<% Endothelium cell
¢&> Smooth muscle cell
wiyr  Collagen
® Macraphage
Lipid droplets

and normal artery wall can be found in
fluorescence spectra—for both large
vessels, such as the aorta and pulmo-
nary arteries, and small ones, such as
coronary vessels (19, 20}. Examples of
spectra can be found in Figure 5 (19).
The intensities at 390, 415, 480, 580,
and 600 nm are evaluated as signals a,
b, ¢, d, and e, respectively. We have
experimented with different dimen-
sionless contrast functions to obtain
good discrimination between plague
and normal tissue. As can be seen from
the fluorescence scan shown in the fig-
ure, ratios such as a/c and b/c discrimi-
nate well between plague and normal
artery wall, whereas d/e does not.
Fluorescence studies of arteries have
been performed by several groups us-
ing different excitation wavelengths
(21-24). Most of the studies have been
performed in vitro. The data shown in
Figure 5 are obtained from a resec-
tioned and rinsed segment of a human
artery. Although superficial blood is re-
moved, the spectra show clear signs of
hemoglobin reabsorption at 415, 540,
and 580 nm. Clearly, varying amounts
of blood between the tissue and the
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Thrombosis

el

Figure 4, lllustration of a cross section through a blood vessel with an athero-

sclerotic plaque.

A thrombosis is under development on the downstream side of the plaque.
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measurement fiber could strongly af-
fect the spectral characteristics of the
fluorescence spectrum. Thus, for reli-
able clinical applications, the plaque
identification criteria must be largely
independent of blood.

One way to achieve this is to evaluate
the fluorescence intensities at two
wavelengths where the blood absorp-
tion is the same, so that the blood inter-
ference is eliminated when a ratio of
the absorptions is formed (19, 25).
Such a wavelength pair is 380 and 437
nm. Another possibility is to use the
temporal characteristics of the fluores-

Intensity (arbitrary units)

cence decay. We have recently shown
that the signal attributable to plaque
has a longer decay time than normal
nondiseased vessel wall, as illustrated
in Figure 6a (26). A synchronously
pumped dye laser was cavity dumped,
and the 6-ps pulses were frequency
doubled to 325 nm in these studies.
The lifetimes are actually long enough
to allow the use of a N laser with 3-ns
pulses in conjunction with a dual-chan-
nel boxcar integrator, as illustrated in
Figure 7 (25). The gate of one channel
is set for “late” fluorescence (5-15 ns)
and the other is set for “early” fluores-
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Figure 5. Fluorescence spectra of normal and atherosclerotic aorta.

{a) The fluorescence intensities at five different wavelengths—390, 415, 480, 580, and 600 nm (a~e)—
are indicated. (b} Scan through an atherosclerotic plaque region with data from three dimensionless con-
trast functions displayed. The excitation wavelength was 337 nm. (Adapted with permission from Refer-

ence 19}
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Figure 6. Fluorescence decay curves of (a) a normal blood vessel and an atherosclerotic plaque as well as (b) normal muscie

tissue and a malignant tumor.

The excitation wavelength was 325 nm. Emission wavelengths were (a) 400 nm and {b) 630 nm. The colon adenocarcinoma tumor was subcutaneously grown on
the hind leg muscle of a rat injected with 15 mg/kg body weight of DHE.

cence (0-5 ns). By dividing the signals,
a higher value is obtained for the slowly
decaying plaque fluorescence than for
the normal wall.

In Figure 7, the different tissue types
can be readily identified when the fi-
ber-optic probe is moved from spot to
spot. Because the detection is per-
formed at a single wavelength (400 nm)
for which light absorption has a higher
cross section than scattering in blood,
and because the blood is nonfluoresc-
ing, the blood acts only as a passive
light attenuator and does not influence
the fluorescence decay.

Time-resolved fluorescence moni-
toring using porphyrin localizers is an-
other way to achieve enhanced tumor
detection. The HPD fluorescence at
630 nm has a longer decay time than
the autofluorescence background at
the same wavelength, as illustrated in

Figure 6b for the case of the rat tumor
(27). Thus, by gating the detection sys-
tem for late fluorescence, the HPD sig-
nal can be recorded background free.

Point monitoring for clinical work,
aimed particularly at HPD-assisted tu-
mor detection, has been constructed.
Filter spectrometers (28-30) and opti-
cal multichannel detection (31-32)
have been employed.

Fluorescence imaging

Medical imaging based on computer-
ized X-ray and NMR tomography has
recently reached an advanced state of
development. Clearly, fluorescence im-
aging systems with contrast enhance-
ment as discussed above would be of
considerable interest. However, nor-
mally one must make a choice between
monitoring the whole LIF spectrum at
one point and monitoring a spatial re-
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gion in one fluorescence band. Using
special optical arrangements and em-
ploying contrast functions of the type
discussed above, an interesting combi-
nation of these two possibilities can be
achieved (33). We will describe the de-
velopment of a multicolor imaging sys-
tem now under way in our laboratory
(34, 35).

To obtain spatial and spectral reso-
lution simultaneously, we divide the
fluorescence light with a multimirror
arrangement, as shown in Figure 8 (25).
The object is illuminated with a UV
light source, which may be a laser or a
flashlamp. Using a spherical mirror di-
vided into four individually adjustable
parts, it is possible to arrange four
identical images as quadrants in an in-
tensified matrix detector (charge-cou-
pled device, or CCD detector). An in-
terference filter arrangement in front
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of the split mirror is used to filter out
individual transmission bands for the
four images. From the four images a
dimensionless contrast function is cal-
culated for each spatial location using

the corresponding pixel values in the
fluorescence images. Finally, a general-
ized image that spatially displays the
contrast function is formed. By choos-
ing suitable passband filters based on
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INSTRUMENTATION

point measurements of the full spectral
distribution, as discussed above, and
by forming the relevant function to op-
timize contrast, tissues can be imaged
with a contrast far exceeding that ob-
tained by individual spectral bands or
visual inspection.

Our system incorporates a Delli-Del-
ta image-intensified CCD camera and
an IBM 386-compatible computer with
a Data Translation Model DT 7020
vector processor (35). An example of
the simultanecusly recorded images is
shown in Figure 9. When linear mathe-
matical operations such as image sub-
traction are performed, a system cali-
bration accounting for different detec-
tor efficiencies in two channels must be
applied. For precision processing, im-
aging vignetting and geometrical dis-
tortions must be eliminated. The imag-
ing correction information is provided
by a well-defined fluorescent test im-
age.

Modern microchannel plate image
intensifiers are gateable down to at
least 5 ns. Thus contrast can be further
enhanced by combining images of early
fluorescence with images of late fluo-
rescence. Ag discussed above, this time
response is sufficlent to allow time-re-

solved imaging of plaque in a blood-
free inspection field and for enhanced
tumor demarcation.

Image equipment monitoring the flu-
orescence from a certain area in a given
fluorescence band has been constructed
by Profio and co-workers (36, 37). Such
instrumentation has also been used sue-
cessfully for the detection of human
bronchogenic tumors. In one construc-
tion, Profio and co-workers have dem-
onstrated that background can be inter-
mittently subtracted by switching to a
blue-transmitting filter (38).

Future trends

Lasers in conjunction with fiber optics
provide new and fascinating possibili-
ties for the detection and treatment of
human malignancies as well as heart
and circulatory system diseases. Fur-
thermore, discomfort that results from
gallstones and kidney stones can be al-
leviated. Substituting simple fiber-op-
tic procedures for traumatic major sur-
gery is a challenge for doctors in col-
laboration with physicists.

Optical spectroscopy of laser-in-
duced phenomena in tissue is rapidly
increasing in importance. Fluorescence
diagnostics of tissue has potential as a

Figure 8. Two-dimensional fluorescence image of an aortic sample with an athero-

sclerotic plaque in the lower left corner.

The image was obtained using the experimental arrangement in Figure 8. The four detection wavelengths
are indicated in the photograph. The darker line in the right lower corner is a thin metal wire. (Adapted

with permission from Reference 25, © 1990 [EEE.)

26 A « ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990

clinical aid both for localizing small oc-
cult malignant tumors and for ensuring
proper surgical removal. It is important
to use all information available in the
spectral and temporal domains, partic-
ularly in the effort to keep the concen-
tration of tumor-seeking agents at the
lowest possible level to reduce light hy-
persensitization of the skin. New pho-
tosensitizers with attractive properties
are being developed. Tissue auto-
fluorescence also provides interesting
possibilities for enhanced tumor local-
ization and for plaque demarcation. In
using autofluorescence, one must pay
attention to eliminating the influences
of strong and nonspecific chromo-
phores, such as those in hemoglobin.
Point monitoring or imaging systerms
employing LIF also have important ap-
plications outside the field of medicine,
where they were first used. Other ap-
plications include industrial (3941)
and environmental monitoring (42, 43),
combustion (44-46), semiconductor
processing diagnostics (47, 48), and fo-
rensic science investigations (49).

‘This work was supported by the Swedish Cancer
Society (RmC), the Swedish Board for Technical
Development (STU), and the Knut and Alice Wal-
lenberg Foundation.
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aboratories that perform routine
Land repetitious analytical proce-

dures are automating many or all
of their operations, relieving human
workers of boring and, in some cases,
potentially hazardous tasks (I-4). At
the same time, the growing availability
of robots and other automated devices
is inspiring some creative applications
for these machines. Several speakers at
the recent Federation of Analytical
Chemistry and Spectroscopy Societies
(FACSS) meeting in Chicago described
robotic systems under development
that will convert what are often consid-
ered specialized procedures into rela-
tively routine operations.

At Purdue University, Gary Kramer,
who describes himself as an analytical
organic chemist, has teamed up with
faculty member Philip Fuchs, a syn-
thetic organic chemist, to develop a ro-
botic system that they claim will make
life easier for the practicing organic
chemist. Labeled the Purdue Automat-
ed Synthesis System (PASS), it pro-
vides “an automated environment for
the development and optimization of
both the synthesis and analysis of or-
ganic materials,” says Kramer.

High yields can be essential to com-
pleting a multistep organic reaction se-
quence or collecting enough material
for additional experiments. Unfortu-
nately, maximizing the yield of a
known organic reaction often involves
dull, routine, and repetitious opera-
tions.

Send in the
ROBOTS

Kramer and Fuchs recognized that
automation could free researchers from
these chores. They launched PASS
with four criteria in mind: The system
would rely on known analytical proce-
dures, all products and reactants would
be in solution, it would have inert at-
mosphere capabilities, and it would
handle research-size quantities—typi-
cally as little as 100 umol of starting
material dissolved in 3 mL of solvent.

As it now exists, PASS consists of
two work areas, each centered around a
Zymark robotic arm (Figure 1). The
synthesis table contains four indepen-
dent, self-cleaning reactors capable of
running reactions under inert atmo-
sphere and at temperatures ranging
from —80 °C to 150 °C. Chemical sup-
plies are taken from a “stockroom”
composed of up to 20 septum capped
serum bottles containing reagents al-
ready in solution. The appropriate re-
agents are introduced into a reactor by
a robot-operated syringe or computer-
controlled pump. Wherever possible,
internal standards are also added to
the stockrocom reagents, providing a
check on the automated delivery sys-
term.

Following the setup, reactions are
run to completion and quenched, or
sampled periodically by removing ali-
quots. The product can be isolated by a

FOCUS

technique such as liguid-liguid extrac-
tion, then derivatized for gas chroma-
tography studies or, via the evapora-
tion station, redissolved in an appro-
priate solvent for liquid chromatogra-
phy. Because PASS does not handle
solids, the final sample must be in solu-
tion.

The prepared analyte is then eluted
through a silica gel plug into a sample
vial marked with a bar code. The vial is
transported to the analysis workstation
on top of a modified model train engine

ANALYTICAL CHEMISTRY, VOL. 62, NC. 1, JANUARY 1, 1990 « 28 A
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Figure 1. Schematic of the Purdue Automated Synthesis Station.
A = syringe hand, B = general-purpose hand, C = liquid-liquid extractor, and D = arc of the syringe.

(Courtesy Gary Kramer.)

running on a computer-controlled
track (Figure 2).

At the analysis table, samples are
picked up and moved to either a high-
performance liquid chromatograph or
a gas chromatograph. To expedite sam-
ple handling, there are two injection
ports and columns on the gas chro-
matograph for simultaneous runs. The
samples are automatically injected into
the appropriate instrument, and the
data—stored on computer disk—are
either used to begin another experi-
ment or saved for later analysis. After
every five runs, a standard mixture is
injected to ensure the accuracy of the
chromatography data. The sample vi-
als are then automatically saved for fu-
ture reference.

The entire system is controlled by a
central executive computer that trans-

mits directions to a network of satellite
computers, called managers. In turn,
the managing computers delegate tasks
to the working devices.

When fully operational, PASS will
be controlled by three main programs:
a user interface program that works
like a laboratory notebook to establish
reaction conditions, a system-checking
program that makes sure that the reac-
tion conditions are reasonable and that
the various valves and components are
properly set to begin a robot-controlled
reaction, and a program that runs the
entire system.

PASS operates in two different
modes. In the system’s open-loop oper-
ation it stores data and waits for fur-
ther instructions. In the closed-loop
mode the computer turns the data into
an “analytical goodness factor” and
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then designs new experiments to opti-
mize the reaction. This goodness fac-
tor, which ranges from 0 to 1, is derived
from a mathematical relationship de-
fined by the operator. It can be as sim-
ple as relating the factor to percent
yield, or it can take into account several
variables such as remaining starting
material and reaction conditions.

A SIMPLEX method, using data
from at least three experimental runs,
designs the additional experiments. In
the future, the Purdue scientists hope
to introduce a more sophisticated arti-
ficial intelligence program for design-
ing new experiments.

Another analytical procedure, sel-
dom thought of as routine, is undergo-
ing automation because of its impor-
tance to the growing biotechnology in-
dustry. These companies are investing
in X-ray crystal structure determina-
tions of key proteins to aid in the devel-
opment of new drugs and the elucida-
tion of their pharmacological roles.

Before crystallographers can begin
collecting data they must grow a suit-
able crystal for X-ray analysis. Unfor-
tunately, that is often a tedious pro-
cess. The crystal structure of human
growth hormone, for instance, required
approximately 3000 crystallizations
performed manually.

Because it is such a tedious process,
most crystallographers use the first de-
cent crystal they find and seldom both-
er to optimize conditions for better
crystals. “Automation is faster in the
long run,” says crystallographer Noel
Jones, “and conserves protein.”

Jones and his co-workers at Eli Lil-
ly’s Research Laboratories in Indian-
apolis are developing what they believe
is the first fully automated robotic sys-
tem for growing protein crystals. La-
beled APOCALYPSE—‘“from the
Greek to uncover, literally meaning
revelation,” explains Jones—the name
also works as an acronym for Automat-
ed Protein Crystallization System.

APOCALYPSE, with some help
from its human creators, has already
performed more than 10¢ crystalliza-
tions since September 1988, providing
X-ray-quality crystals for six proteins
whose structures are unknown. The
present system can prepare, although
not regularly check or evaluate, crystal-
lizations. Eventually the entire process
will be fully automated.

To set up a crystallization, an opera-
tor selects conditions from a computer
menu. Up to 450 crystallizations can be
programmed at one time. “We define
an n-dimensional array of conditions,”
says Jones, ‘“protein concentration,
pH, how much precipitating agent or
other ingredients such as nonionic de-
tergent, and volume drop.” These pa-



Fagme 2. Vlai handier station.

The robot removes emply, capped vials from the storage rack (A}, the vacuum pick-off removes the cap
(C), the vial is rotated (D), and the bar code is read (E). After the vial is filled elsewhere, it is returned,
capped, crimped {F), checked for a cap (G}, and Ioaded onto the train {H). Analyzed samples return and
are stored under the tabie (B). A vial sits in the station {1). (Courtesy Gary Kramer.)

Figure 3. Crystal-growing plate.
Fifteen cells surrounded by troughs for oil. (Courtesy Noet Jones.)

rameters must be tightly defined. For
example, most proteins crystallize
within tolerances of £0.1 pH unit.

To maintain these limits, the buffer,
detergent, and other ingredients are
pumped by individual syringes. Any
drops clinging to syringe needle tips are
blown off. The chemicals are taken
from a bank of 16 commonly used crys-
tallization reagents, which are injected
into a mizer bowl and vortexed. This is
the reservoir solution to which protein
dissolved in a buffer solution is added.

The crystallizations are carried out
on 2 unigue plastic plate designed at
the Lilly Eesearch Laboratories in col-

laboraticn with Keith Ward and Mary
Ann Perozzo at the Naval Research
Laboratory in Washington, DC. The
plate is equipped with 15 cells for ex-
periments (see Figure 3). Each cell is
filled with as little as 2 uL of solution,
the transfer syringe touching the plate
to deliver the droplet of liquid. Because
the crystals grow by vapor diffusion,
some of the reservoir solution is added
to a well next to the droplet.

A glass cover is then placed over each
cell. If 5 uL or more of the protein solu-
tion have been placed in the cell, the
cover will touch the droplet, creating a
tiny column suspended between the

iy
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solution tank.
{Courtesy Noel Jones.)

top and bottom layers (Figure 4). The
cover also contacts vacuum pump oil in
troughs that surround the cell, effec-
tively sealing the protein droplet from
the outside environment. Inside the
cell, water slowly diffuses out of the
protein solution and into the more con-
centrated reservoir solution.

It takes a mere seven seconds for the
robot to deliver a protein droplet to the
crystallization plate and cover it. Set-
ting up each crystallization requires
about 5 min.

The completed plates are bar coded
and carefully stacked. From this point
on, humans take over. The plates are
stored and checked three days later un-
der a microscope equipped with a mov-
able x-y stage and a video camera. Each
droplet is examined, and “interesting”
images are recorded on a laser disk.
Currently a human operator deter-
mines whether an image is interesting.
Eventually the computer will examine
the image and generate a score for each
cell based on changes in birefringence
from growing crystals, edge analysis
(looking for straight lines), and particle
size analysis. High-scoring images will
automatically be recorded on the laser
disk along with a bar code number,
date, and experimental conditions.
These plates will then be flagged for
more frequent monitoring. The system
will monitor experiments for months, if
necessary.

APOCALYPSE’s hardware is con-
trolled by PC-based software written
in C language. To fully automate the
entire crystal-growing process, seven
software packages will be developed.
Already in operation are programs to
set initial crystallization conditions
and maintain bookkeeping on bar
codes. Future software will prompt the
system to check a plate, perform image
analysis, interpret the image analysis
and decide what to do next, and gener-
ate optimized conditions for the next
experiments. According to Jones,

Figure 4. Cell schematic with cross section showing protein droplet and reservoir

APOCALYPSE will also become more
flexible in the future. The system’s
software and hardware could easily be
modified to grow crystals by another
common technique, microdialysis.

Flexibility is the key consideration in
another robotic system. At the Upjohn
Company’s laboratories in Kalamazoo,
MI, an ambitious system called Gener-
ic Analytical Sample Preparation
(GASP) (8) is being developed to han-
dle everything from solids to ointments
to liquids.

Most robotic systems rely on unifor-
mity, analyzing large numbers of simi-
lar samples by one or two well-estab-
lished techniques. In addition, a robot
system may run with a customized op-
erating language that cannot commu-
nicate with another company’s device.

“We tried to develop our applica-
tions with [the automation vendors’]
materials,” says Robert Sharp. Howev-
er, because of the diversity of Upjohn’s

Generic Analytical Sample Preparation.
{Courtesy Robert Sharp.}
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Figure 5. Schematic of a typical workstation showing vertical arrangement of

products, Sharp and his colleagues
switched to what they describe as a
flexible, factory-line approach to ro-
botics. Analytical procedures are bro-
ken down in different classes of proce-
dures. “You can imagine a car assembly
line with the welder, painter, and rive-
ter,” says Sharp.

In the same spirit, GASP is being
designed around seven unique work-
stations. Bar-coded sample vials will be
shuttled back and forth by elevators
and conveyors to each area performing
specialized tasks. In the various work-
stations, pneumatically controlled
arms and devices working simulta-
neously will carry out their designated
functions. Each arm or device will per-
form just one specific task, thereby in-
creasing the precision of that opera-
tion, according to Sharp.

The system will adapt to samples
with varying needs. “It can handle one
or 100 samples,” says Sharp. The bar
code on the vial defines the operations
and the workstations that must be in-
volved in the sample preparation. At
the end, the prepared samples are col-
lected and physically carried to an
autosampler for chromatographic or
spectroscopic analysis.

What makes GASP generic is that
pieces snap in and out (Figure 5). A lab
can modify and use only those worksta-
tions that fit its sample preparation
needs. Furthermore, the entire system
is being constructed with “off-the-
shelf” equipment and materials. The
central minicomputer uses the UNIX
operating system, which Sharp says is
ideal for multitasking and data securi-
ty. The robotics are industrial-style
pneumatics, which Sharp predicts will
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Figure 8. Liguid-nandling workstation {left) adjacent to the automatic dilution work-

station.
{Couriesy Robert Sharp.}

have a long operating life.

At present, three of the workstations
are in operation: the central computer,
called the network manager; a liquid-
handling station; and an automatic di-
lution station. Still in the planning
stages are workstations for solids, oint-
ments, mixing, and separations.

The liquid-handling station has the

role of obtaining an aliquot of sample,
placing it into a tared vial, either pipet-
ting or weighing the sample, capping
the vial, and sending it to the next
workstation. The dilution station reads
the bar code and meters liquids into
the sample. To conserve laboratory
space, consumables are dispensed ver-
tically (Figure 6).

GASP’s central computer is hard-
wired to the PCs running each worksta-
tion. Programs for workstation opera-
tion are written in C language which, in
turn, talks to a database where prepa-
ration information is collected.

Like the other two systems, GASP
still requires lots of work before it can
reach its stated goals. However, as
these developing systems demonstrate,
robotics are becoming more responsive
to chemists’ needs and finding niches
in specialized activities.

Alan R. Newman
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Chromatography. Mac-Mod Forum
features articles on column voiding and
optimization of column conditions. In-
formation on local chromatography
discussion groups is also provided.
Mac-Mod Analytical 419

ICP. Brochure highlights the JY 50
PolyScan simultaneous inductively
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components, signal and data process-
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principles and applications of internal
reflection spectroscopy. Accessories for
dispersive and FT-IR spectrometers
are discussed. 12 pp. Foxboro 421
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Spe-ed Wiz automated solid-phase ex-
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ment Co. 426

Chromatography. Catalog lists col-
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automatic pumpdown from atmosphere
to ultra high vacuum with full interlock
protection. The system achieves pres-
sures down to 1072 torr. Danielson As-
sociates 402
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ANALYTICAL
APPROACH

Hampton H. Hairfield, Jr., and

Elizabeth M. Hairfield
John Baker Daffin Laboratory of Chemistry
Mary Baldwin College
Staunton, VA 24401

A late Bronze Age vessel, shipwrecked
at Ulu Burun near southern Turkey,
has been called the archaeological find
of the century. Found in 1982, it is the
oldest ship discovered (dating back to
the fourteenth century B.C.) and its
diverse cargo spans seven civilizations
(I, 2). Among the numerous items
found were approximately 100 ampho-
rae, or jars filled with a yellow resin.
This resin was one of the most abun-
dant commodities in the cargo.

The precise identification of the
Bronze Age resin is important for two

0003-2700/90/0362-041A/$02.50/0
© 1989 American Chemical Society

reasons. It is the first archaeological
discovery in which resin has been
fournd in abundance, and identifying
the resin can provide information
about the ship’s point of departure and
its destination.

Resins, the solid or sticky semisolid
secretions from various plants and
trees, have been used since ancient
times to prepare incense, medicine,
cosmetics, and perfumes. Today they
are also used to prepare varnish and
cement. Of the many resins that have
been important since antiquity, tere-
binth, mastic, and frankincense (oli-
banum) are likely candidates for the
Bronze Age resin because of their yel-
low color.

The source of the terebinth resin is
Pistacia terebinthus, a tree that grew
abundantly in anclent times in the

Identification
of a Late
Bronze Age
Resin

Mediterranean region. This resin was
called “sntr” by the Egyptians, who
burned it as incense to worship their
gods as far back as the 18th dynasty
(1500 B.C.) (3). In fact, because the
Egyptians burned such large quantities
of this resin, it seems likely that a large
cargo of terebinth would be destined
for Egypt.

Mastic, a resin secreted from Pisto-
cia lentiscus, is a close relative of tere-
binth and native to the Mediterranean
region. During the lifetime of Christ,
mastic was more valuable than frank-
incense (4). It was used to prepare
medicine and embalming mixtures in
ancient Egypt (5). Because terebinth
and mastic resins are similar in geo-
graphical origin (6) and odor, it would
be possible to confuse one resin for the
other.

Frankincense, one of the gifts of the
Magi, came from Arabia and the Horn
of Africa. It is secreted by trees of the
genus Boswellia and could have made
its way to Egypt via trade routes that
date back to the fifth dynasty (2800
B.C.). However, there is no official re-
cord of the resin in Egypt until the 18th

dynasty (4).

Identification of resins

For complex mixtures such as resins,
IR spectroscopy has limited usefulness;
the spectra only provide information
about which functional groups are
present in the substances. Because
these resins contain both acids and es-
ters, their spectra are virtually identi-
cal in the 4000-1250-cm ™! region. How-
ever, resing often afford a characteris-
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tic band in the 1200-700-cm™! region.
For example, amber can be identified
by succinate absorption (a sharp peak
preceded by a broad shoulder in the
1200-1150-cm~! region) (7). Unfortu-
nately, no characteristic IR bands were
found in the Bronze Age resin.

Gas chromatography/mass spec-
trometry (GC/MS) has been used suc-
cessfully to identify triterpenoids in
resins. Sample preparation involves ei-
ther steam distillation of the essential
oil fraction (which is volatile and can be
analyzed by GC or GC/MS) or extrac-
tion of the acidic fraction followed by
esterification with diazomethane.

John Mills and Raymond White of
the National Gallery in London stud-
ied the Bronze Age resin using GC/MS.
In the methanol:ether (1:9) extract of
the resin, they identified four acids as
their methyl esters: oleanoic acid, mo-
ronic acid, masticadienonic acid, and
iso-masticadienonic acid (Figure 1).
Because these acids are characteristic
of resins from the genus Pistacia, Mills
and White concluded that the Bronze
Age resin is from this genus (8).

Although they did not carry out fur-
ther analyses, they used an historical
argument to speculate that the un-

40
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Figure 1.

known resin is terebinth. This theory
was based solely on their belief that
mastic resin was in short supply during
the Bronze Age. A large terebinth tree
could easily yield up to 2 kg of resin,
whereas the more viscous mastic resin

25

Methyl masticadienonate

Major acid constituents of the genus Pistacia resins (R = CHa).

could only be collected one drop at a
time. Thus Mills and White believed it
was unlikely that the 100 jars discov-
ered on the shipwrecked vessel could
be filled with mastic resin.

We felt that it was essential to pro-
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Figure 2.

Mass spectra of major acid constituents {as their methyl esters) in the Bronze Age resin.

GC/MS analyses were performed on a 15 m X 0.25 mm bonded capillary column inserted into a gas chromatograph equipped with a mass selective detector.
Helium gas flow rate of ~1 mL/min was used. The injector and the transfer line were heated to 280 °C; the column was temperature programmed from 260 °C
10 264 °C at 0.1 °C/min, then raised to 280 °C and held for 7 min.
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duce chemical evidence to either cor-
roborate or refute their theory. A
chemical distinction between the res-
ins was needed to confirm from which
species the resins originated.

Both terebinth and mastic contain
the four acids that are found in the
Bronze Age resin. The mass spectra of
the four predominant acid constituents
(as their methyl esters) of the Bronze
Age resin are shown in Figure 2. Unfor-
tunately, the relative intensity pat-
terns of the esters from the acids donot
match one resin more than another.
Thus GC/MS did not provide suffi-

cient information for determining the
precise source of the Bronze Age resin.

In addition, the total ion chromato-
grams of the four major esters showed
that the percent of each ester in the
unknown resin does not match the per-
cent of each ester in either mastic or
terebinth resin (Table I).

Thin-tayer chromatography

A method that could differentiate
these resins was needed to confirm
from which species of Pistacia the un-
known resin originated. Because we
had distinguished commercial varieties

Table I. Percent of the four major esters in each resin determined
by ion chromatography
Methy! Methyl Methyl Methyl
Resin oleanate moronate ticadi iso ticadi
Bronze Age 10.7 344 33.4 21.4
Terebinth 175 236 34.4 24.5
Mastic 20.7 42.1 15.5 21.7

of frankincense using thin-layer chro-
matography (TLC) (9), we also used
this method on the unknown resin.

TLC can be highly selective for sepa-
rating compounds with small differ-
ences in polarity or potential for hydro-
gen bonding. It is sometimes possible
to distinguish compounds by color,
even when they have identical mobil-
ities. TLC can be used to analyze solids
and lquids; for a complex mixture such
as resin, TLC of fractions containing
both solid and lguid components can
provide more definitive identification.
Once the resin has been identified, the
chromatogram can serve as a finger-
print for future analysis.

Determination of the species

Three known resins from the genus
Pistacia: mastic (P. leniiscus), tere-
binth from Chios (P. terebinthus), and
terebinth from Cyprus (P. terebintaus,
var. atlantica) and olibanum, from the
genus Boswellia (B. papyrifera) were
used for this study.

A 20-mg chip of each resin was ex-
tracted with ethanol; a second 20-mg
sample was extracted with ether, then
separated into neutral and acidic frac-
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tions; and an aliquot of the acidic frac-
tion was ssterified with diazomethane.
The chromatograms of the methyl es-
ters of the Bronze Age resin and of the
Pistacia resins confirm their close rela-
tionship. In both daylight and under
UV light, the unknown resin can be dis-
tinguished from olibanum. However,
the Bronze Age and the two terebinth
resins produced a series of spots with By
(retardation factor) values greater than
that of the strong spots at 0.57. The
absence of these spots from the mastic
extracts suggests that the Bronze Age
resin is structurally similar to the tere-
binth resin.

TLC of the acidic fractions provides
evidence that the Bronze Age resin
(KW179) favors the Cyprus terebinth
resin (Figure 3). The small, faint spots
above Ry = 0.60 (which are dark in day-
light and pink under UV) are more pro-
nounced in the Chios terebinth chro-
matogram than in the Bronze Age or
Cyprus terebinth chromatograms. The
acidic fraction of the Bronze Age resin
also produces spots at R; = 0.54 and R,
= 0.42. The intensity and color of these
spots resemble the stronger spots in
olibanum; consequently, we have won-
dered whether the resin from Ulu
Burun could be contaminated witk
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Olibanum

Figure 3.

traces of olibanum.

The TLC data from the neutral frac-
tions also support the hypothesis that
the Bronze Age resin is a terebinth res-
in. In addition, the chromatogram from
the Bronze Age resin favors the Cyprus
terebinth resin—the spot at R; = 0.43
in the Chios terebinth chromatogram is
absent. Finally, TLC of the ethanol ex-
tract shows that the Bronze Age resin is
neither olibanum nor mastic resins
(Figure 4). Moreover, the Chics chro-
matogram has aspotat By = 0.46 thatis
not seen in the Bronze Age or Cyprus
terebinth chromatograms.

Future directions

From the TLC data, it is clear that the
Bronze Age resin originates from P.
terebinthus. However, several ques-
tions still remain unanswered. For ex-
ample, is atlantica a distinet variety?
Botanists disagree about whether there
are different varieties of terebinth, yet
our TLC data support the theory that
at least two different varieties do exist.
Furthermore, do the differences be-
tween the Bronze Age resin and the
terebrinth resins result from evolution-
ary changes or chemical decomposi-
tion? We are continuing to study tere-
binth resin samples from different

Cyprus terebinth
Chios terebinth

Olibanum

Thin-layer chromatography of the acid fraction.

TLC was carried out on glass plates coated with a 250-um layer of silica gel developed to a height of
15 cm with methylene chioride containing 2% acetone and visualized with chiorosulfonic acid (30% in
acetic acid). Left: in daylight; right: under 354-nm UV light.
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Figure 4. TLC of the ethanol extract.

Qlibanum

Cyprus terebinth
Chios terebinth

The ethancl exiract was developed in methylene chioride and visualized with antimony pentachioride (1 M
in chioroform). Left: in daylight; right: under 354-nm UV light.

trees in various locations in an effort to
resolve these questions.

Is the unknown resin contaminated
with olibanum? This question is not
easily answered. We attempted to iden-
tify the compounds whose R; values
suggest olibanum by scraping these
spots from the TLC plates followed by
extraction with methylene chloride, es-
terification with diazomethane, and
GC analysis. However, these results
were not conclusive. The peaks ob-
tained had retention times that were
substantially shorter than the reten-
tion times in the original sample. It is
possible that acidity caused the sample
to deteriorate, so we also extracted
some methyl ester spots from pure
B-boswellic acid and 8-acetyl boswellic
acid (the compounds that would be
present if the sample were contaminat-
ed with olibanum) and performed GC
analysis, This procedure was also un-
successful. We concluded that deterio-
ration occurs whenever these materials
are run on a TLC plate. Repetition of
this procedure in an inert atmosphere

has not yet been tried.

Determining the precise origin of the
unknown resin can help archaeologists
to better understand the Bronze Age
civilization. The fact that the ship was
probably traveling to Egypt sheds light
on ancient trade routes. The quantity
of terebinth found supports Egyptian
reccrds regarding the vast quantities of
incense that were burned. However, a
more extensive comparative study of
the terebinth resins is needed to eluci-
date mechanisms of decomposition and
to help botanists better understand the
history and structure of the terebinth
species. We hope that this aspect of the
mystery can be solved in the near fu-
ture through the application of known
analytical techniques.
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PERSPECTIVE: ANALYTICAL BIOTECHNOLOGY

Protein Structure Determination in Solution by Two-Dimensional
and Three-Dimensional Nuclear Magnetic Resonance

Spectroscopy

Angela M. Gronenborn* and G. Marius Clore*

Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes

of Health, Bethesda, Maryland 20892

Over the last decade, nuclear magnetic resonance (NMR)
spectroscopy has evolved into a powerful method for deter-
mining structures of biological macromolecules. This has
opened a unique opportunity for obtaining high-resolution
three-dimensional structures in solufion, in contrast to the
well-established methods of X-ray diffraction, which are ap-
plicable only to solids and in particular single crystals. This
rapid development has been spurred by several key advances
in the fleld, especially the introduction of two- and three-di-
mensional NMR experiments, high field spectrometers (500
and 600 MHz), and computational algorithms for converting
NMR derlved restraints into three-dimensional structures. This
review outlines the methodology employed for solving protein
structures in solution, describing the basic NMR experiments
necessary as well as introducing the concepts upon which the
computational algorithms are founded. A variety of exampies
Is discussed, illustrating the present state of the art, and future
possibllities are indicated.

INTRODUCTION

Over the last few years there has been a burst of renewed
interest in protein studies, especially aimed at understanding
their structures, functions, and physiological roles. Some of
this increased enthusiasm can be attributed to a variety of
technological advances in the area of modern molecular bi-
ology. The advent of molecular cloning, particularily of protein
encoding genes, and rapid DNA sequencing methods have led
to an explosion in the number of available protein sequences,
reaching over 15000 at the latest count. Whereas this wealth
of data is clearly impressive, amino acid sequences per se are
of limited value in understanding protein function. We need
to know the three-dimensional structure before we can begin
to make progress in analyzing the intricate reactions carried
out by proteins such as catalysis, ligand binding, gene regu-
lation, and assembly. The design of modified proteins and
rational design of ligands (drugs), as well as attempts at de
novo design of protein molecules, all have to be based on
concepts at the atomic level in three-dimensional space,
thereby creating an increasing need for detailed structural
analysis.

Until recently, the only experimental technique available
for determining three-dimensional structures had been sin-
gle-crystal X-ray diffraction, and most of our structural
knowledge about proteins is based on those crystal structures.
There are approximately 400 coordinate sets available to date,
comprising about 120 different protein folds. Analyzing

protein structures by erystallography can be a slow and dif-
ficult undertaking since the first, and possibly hardest task,
involves growing X-ray quality grade crystals, which have to
be well ordered to give rise to good diffraction spots. Even
if this task is accomplished, a second hurdle still needs to be
overcome, as the phases have to be solved, commonly achieved
by collecting data on heavy atom derivatives. Thus, despite
spectacular advances in protein crystallography, we are faced
with an enormous gap between the available primary sequence
data and the tertiary structure data on proteins.

Over the last ten years, a second method for determining
protein structures has been developed and is by now well
established. This method makes use of nuclear magnetic
resonance (INMR) spectroscopy. Unlike crystallography, NMR
measurements are carried out in solution under potentially
physiological conditions and are therefore not hampered by
the ability or inability of a protein to erystallize.

The principal source of information used to solve three-
dimensional protein structures by NMR spectroscopy resides
in short interproton distances supplemented by torsion angles.
The distances are derived from nuclear Overhauser effect
(NOE) measurements. The size of the NOE between two
protons is proportional to 7%, where r is the distance between
them. Torsion angles are obtained from an analysis of
three-bond coupling constants, which are related to dihedral
angles. An essential prerequisite for obtaining interproton
distance restraints and torsion angle restraints is the assign-
ment of the NMR spectrurn; that is to say the identity of every
proton resonance has to be determined. This is not a trivial
task considering that the proton spectrum of even a small
protein comprising only 80 amino acids contains approxi-
mately 650 resonances. All of these exhibit several cross-peaks
in the two-dimensional (2D) spectrum such that the number
of cross-peaks can easily reach several thousand whose identity
has to be ascertained. Complete spectral assignment is
therefore an integral part of the structure determination.

Although it was appreciated relatively early on that NMR
could in principle provide the necessary information to obtain
three-dimensional structures, it is only fairly recently that this
goal has been realized. The reasons for this are 3-fold: (i)
The development of 2D NMR experiments (1-3) alleviated
problems associated with resonance overlap, which for mac-
romolecules prevents any analysis of the traditional one-di-
mensional spectrum. This is achieved by spreading all the
information out in a plane, thereby permitting a detailed
interpretation of the pertinent spectral features. This con-
ceptual idea has been extended more recently to three-di-
mensional (3D) NMR (4-7) again relieving problems arising
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1. Sequential resonance assignment

{a) Identification of spin systems by means of experiments
demonstrating through-bond connectivities (COSY, MQF-COSY,
HOHAHA; PS-COSY; relayed HMQC-COSY: relayed
HMQC-HOHAHA).

{b) Identification of neighbouring amino acids by means of NOE

d ing through-space (<5 A) short range (li-jl<5)

interproton connectivities (2D-NOESY, 2D relayed HMQC-NOESY; 3D
HOHAHA-NOESY; 3D NOESY-NCESY; 3D HMQC-NOESY).

3. Measurement of three-bond coupling constants
using experiments such as DQF-COSY, E-COSY, PE-COSY and

2-COSY, in order to derive approximate torsion angle restraints.

4. Assignment of tertiary long range (Ji-j|>5) NOEs
2D-NOESY: 2D isotope cdited NOESY; 2D relayed HMQC-NOESY;
3D HOHAHA-NOESY; 3D NOESY-NOESY; 3D HMQC-NOESY

5. Quantification or classification of NOEs to
yield approximate distance restraints
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2. ldentification of regular secondary structure
elements

qualitative interpretation of the NOE and backbone amide exchange data.

6. Determination of the three-dimensional structure
on the basis of the approximate interproton
distance and torsion angle restraints

{2)  Manual and scmi-automatic model building methods

) Mcthods relying on data bases derived from X-ray
structures of proteins.

{¢)  Metric matrix distance geometry.

(@ Restrained least squares minimization in torsion
angle space with a variable target function or a scrics
of ellipsoids.

()  Restrained molecular dynamics.

(f)  Dynamical simulated anncaling.

(g) Hybrid merric matrix distance geomeiry-dynamical

simulated anncaling.

Figure 1. Flow chart of the various steps involved in determining the three-dimensional structure of a protein in solution by NMR.

from spectral crowding, and it is the 3D approach in particular
that will extend the present limits with respect to the size of
the proteins that can be studied. (ii) The availability of high
field magnets (500 and 800 MHz) has resulted in spectrom-
eters with both a significant increase in signal-to-noise ratio
and greater spectral resolution, and continuing development
in this area again will extend the limits even further. (iii)
Suitable mathematical algorithms and computational ap-
proaches that convert the NMR derived restraints into
three-dimensional structures have been developed (8~14) and
several robust and efficient methods are now available.

This article reviews the various stages involved in the de-
termination of a three-dimensional protein structure by NMR,
and the flow chart in Figure 1 illustrates the individual steps.
The general methodology is outlined; however, no attempt is
made to provide an in-depth description of either the general
NMR theory or the details of the mathematical algorithms.
Emphasis is placed on the application of NMR to structural
studies and several examples illustrating various points are
presented.

BASIS OF TWO- AND THREE-DIMENSIONAL
MR

The principles of 2D NMR have been discussed in depth
(see ref 15 for a comprehensive review) and only a very basic
and brief description will be given here. Each proton (spin)
possesses a property known as magnetization. When a
molecule is placed in a magnetic field, the magnetization lies
parallel to it. Rotation of this magnetization away from its
parallel orientation, either by a radio frequency pulse or a
combination of pulses allows one to follow the return of the
magnetization to its equilibrium state. In any 2D NMR ex-
periment this is called the preparation period. This is followed
by an evolution period in which this transient state of the spins
is allowed to evolve for varying time periods £;, a mixing period

preparation|  evolution | muing | detection
| | | w

:
! 7 Aian

kR

Figure 2. Generalized representation of the 2D NMR experiment.

during which the spins are correlated with each other, and
finally the detection period £, A number of experiments are
recorded with increasing values for ¢; to generate a data matrix
s(ty,t9). Two-dimensional Fourier transformation of s(¢y,t,)
vields the 2D spectrum S{w;.ws). The second frequency di-
mension in the 2D spectrum originates from the Fourier
transformation of the ¢; modulation paptterns in the 1D
spectra. The two frequency coordinates w; and w, of a par-
ticular resonance thus correspond to the ¢, and t, frequencies
associated with the observed magnetization. This is illustrated
schematically in Figure 2. Most homonuclear 2D experiments
contain the 1D spectrum on the diagonal with symmetrically
placed cross-peaks on either side of the diagonal representing
different kinds of interactions between the spins. The nature
of the interaction depends on the type of experiment, with
cross peaks arising from through-bond scalar interactions in
a COSY (correlated spectroscopy) (2) or HOHAHA (homo-
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Figure 3. Scheme for combining two 2D NMR experiments into a 3D
NMR experiment.

nuclear Hartmann-Hehn) (I6) experiment and from
through-space correlations in a NOESY (nuclear Overhauser
and exchange spectroscopy) (17) experiment.

Since every 2D NMR experiment consists of the basic
scheme

preparation-evolution (¢;)-mixing-detection (t,)

it is conceptually very simple to construct a 3D experiment
out of two 2D experiments by omitting the detection period
of the first 2D experiment and the preparation period of the
second one, combining both into a single pulse train as il-
lustrated in Figure 3. The new detection period is now called
t; and for every time variable ty, a complete (2;,t3) 2D data
set is acquired. Fourier transformation of ¢, sections taken
through these 2D data sets converts the set of 2D spectra into
the 3D spectrum. Since any two 2D experiments can be
combined into a 3D experiment, one can envisage an enormous
number of such experiments, starting from homonuclear
versions and progressing to various heteronuclear 3D exper-
iments. A recent overview over a large number of combina-
tions of 2D experiments for 3D versions can be consulted for
further reading (I8). The power of the 3D NMR experiments
lies in overcoming resonance overlap which for larger proteins
becomes again a major obstacle in the traditional 2D ones.
The first 3D experiments on proteins were of the homonuclear
type (4, 5). While elegant and no doubt useful in certain cases,
the applicability of these homonuclear 3D experiments to
larger proteins is limited, as the efficiency of magnetization
transfer is severely reduced with increasing line widths. This
is not a problem for 3D heteronuclear experiments (6, 7) which
contain a heteronuclear shift correlation (HMQC, heteronu-
clear multiple quantum coherence) experiment such as 3D
NOESY-HMQC or 3D HOHAHA-HMQC. For those the
heteronuclear magnetization transfer occurs via relatively large
one-bond couplings and is therefore very effective. Such
heteronuclear 3D experiments represent in essence a series
of 2D NOESY or HOHAHA spectra edited with respect to
the chemical shift of the directly bonded heteronucleus, such
as N or %C. Because these spectra can be regarded as
stretched out heteronuclear edited 2D spectra, their basic
appearance and features resemble 2D spectra, which allows
for easy interpretation and data analysis. A schematic drawing
of such a 3D spectrum is presented in Figure 4. Major ad-
vantages of these heteronuclear 3D experiments are their high
sensitivity (provided the protein is isotopically enriched) and
ease of analysis.

NUCLEAR OVERHAUSER EFFECT

NMR-derived protein structures are mainly based on NOE
measurements that can demonstrate the proximity of protons
in space and allow determination of their approximate sep-
aration (19-2I). The principle of the NOE is relatively
straightforward and is summarized in Figure 5. Considering
the simplest system with only two protons, each of which
possesses a property known as magnetization, exchange of
magnetization between the protons occurs by a process known
as cross-relaxation. Because the cross-relaxation rates in both
directions are equal, the magnetization of the two protons at
equilibrium is equal. The approximate chemical analogy of
such a system would be one with two interconverting species
with an equilibrium constant of 1. The cross-relaxation rate

2D

® F1 ('H)

F2 ('H)

Figure 4. Schematic illustration of a heteronuclear 3D NMR experi-
ment.

§ Hl‘_ rij MHJ%

Nij(t) ~ojj t

. ¥ A2 . 6Tapp
Y 10 rij6 P 1+ 4(1)27.‘app2

Figure 5. Basis of the NOE: r, distance between the protons /and
Jj5 o, cross-relaxation rate; N, NOE; 74, correlation time.

is proportional to two variables: ¢, where r is the distance
between the two protons, and ,, the effective correlation time
of the interproton vector. It follows that if the magnetization
of one of the spins is perturbed, the magnetization of the
second spin will change. In the case of macromolecules the
cross-relaxation rates are positive and the leakage rate from
the system is very small, so that, in the limit, the magnetization
of the two protons would be equalized. The change in
magnetization of proton ; upon perturbation of the magne-
tization of proton j is known as the nuclear Overhauser effect
(NOE). The initial build-up rate of the NOE is equal to the
cross-relaxation rate and, hence, proportional to r®.

In one-dimensional NMR, the NOE can be observed in a
number of ways, all of which involve the application of a
selective radio frequency pulse at the position of one of the
resonances. The simplest experiment involves the irradiation
of resonance I for a time £, followed by acquisition of the



spctrum. If proton j is close in space to proton i, its magne-
tization will be reduced and this is best observed in a dif-
ference spectrum subtracting a spectrum without irradiation
from one with selective irradiation. An alternative approach
involves the selective inversion of resonance i followed by
acquisition after a time ¢. This particular experiment is the
one-dimensional analogue of the two-dimensional experiment.
In the two-dimensional experiment cross-peaks between
proton resonances I and j are observed when the two protons
are close in space and thus exchange magnetization via
cross-relaxation.

SEQUENTIAL RESONANCE ASSIGNMENT

Sequential resonance assignment of the *H NMR spectra
of proteins relies on two sorts of experiments: (i) those
demonstrating through-bond scalar connectivities, and (ii)
those demonstrating through-space (<5 A) connectivities (22).
The former, which are generally referred to as correlation
experiments, serve to group together protons belonging to the
same residue. The latter involve the detection of NOEs and
serve to connect one residue with its immediate neighbors in
the linear sequence of amino acids.

The first step in the assignment procedure lies in identifying
spin systems, that is to say protons belonging to one residue
unit in the polypeptide chain. Such experiments have to be
carried out both in HyO and D,0, the former to establish
connectivities involving the exchangeable NH protons and the
latter to identify connectivities between nonexchangeable
protons. Some spin systems are characteristic of single amino
acids. This is the case for Gly, Ala, Thr, Leu, Ile, and Lys.
Others are characteristic of several different amino acids. For
example, Asp, Asn, Cys, Ser, and the aliphatic protons of all
aromatic amino acids belong to the AMX spin system (L. they
all have one C*H and two CFH protons).

The simplest experiment used to delineate spin systems via
scalar correlations is the COSY experiment, which was first
described in 1976 by Aue et al. (2) and demonstrates direct
through-bond connectivities. Thus, for a residue which has
NH, C=H, CfH, and C"H protons, connectivities will only be
manifested between the NH and C°H, C*H and CfH, and C*H
and C"H protons. This basic COSY experiment has now been
superseeded by slightly more sophisticated experiments such
as DQF-COSY (23) and P.COSY (24), which have the ad-
vantage of exhibiting pure phase absorption diagonals when
the spectra are recorded in the pure phase absorption mode.
This enables one to detect cross-peaks close to the diagonal.

Experiments that demonstrate only direct through-bond
connectivities are of limited value if taken alone, due to
problems of spectral overlap. In a protein spectrum, the
degree of spectral overlap tends to increase as one progresses
from the NH and C°H protons to the side chain protons. For
this reason, experiments that also demonstrate indirect or
relayed through-bond connectivities, for example between the
NH and CPH protons, are invaluable. In this respect, the most
useful experiment is the HOHAHA experiment (16) (also
referred to as TOCSY for total correlated spectroscopy (25)).
By adjusting the experimental mixing time, one can obtain
successively direct, single, double, and multiple relayed con-
nectivities. Further, the multiplet components of the cross-
peaks are all in-phase in HOHAHA spectra, in contrast to
COSY type spectra where they are in antiphase. As a result,
the HOHAHA experiment is in general more sensitive and
affords better resolution than the COSY type experiment. A
schematic representation of cross-peak patterns observed in
HOHAHA spectra for the various spin systems is illustrated
in Figure 6. Examples of protein HOHAHA spectra in H,O
and D,0 are shown in Figure 7.

Once a few spin systems have been identified, one can then
proceed to identify sequential through-space connectivities
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Figure 6. Schematic representation of cross-peak patterns observed
in HOHAHA spectra for various amino acid spin systems. Ina COSY
spectrum, only direct connectivities are observed.

involving the NH, C*H, and C®H protons by means of two-
dimensional NOE spectroscopy (NOESY). For the purpose
of sequential assignment the most important connectivities
are the C°H({))-NH (i + 1, 2, 3, 4), C°H(;)-NH( + 1), NH-
(i)-NH( + 1), and C*H(i)-C#H(i + 3) NOEs. This is illus-
trated schematically in Figure 8 and an example of a NOESY
spectrum is shown in Figure 9.

In the case of large molecules where the NH proton reso-
nances are broad, the sensitivity of the conventional COSY
spectrum can be improved by a factor of ~2 by recording a
15N-filtered COSY spectrum (26) (also known as PS-COSY
for pseudo single quantum COSY). Labeling the protein
uniformly with N allows for efficient generation of hetero-
nuclear zero and double quantum coherences whose relaxation
rates, to a first-order approximation, are not affected by
heteronuclear dipolar coupling. This permits one to eliminate
one of the major line broadening mechanisms for amide
protons in proteins, namely heteronuclear dipolar eoupling
to the nitrogen nucleus. As a result the multiple quantum
resonances are sighificantly narrower than the corresponding
NH resonances. The SN chemical shift contribution is easily
removed from the multiple quantum frequency, yielding
spectra that are similar in appearance to a regular COSY
spectrum apart from the line narrowing of the NH resonances.

As proteins get larger, problems associated with chemical
shift dispersion become increasingly severe. One approach
for alleviating such problems in the sequential assignment of
proteins involves correlating proton—proton through-space and
through-bond connectivities with the chemical shift of a di-
rectly bonded NMR active nucleus such as N or 1°C. In the
case of completely ¥N labeled protein, two sorts of experi-
ments are particularily useful. The first are relayed experi-
ments combining the heteronuclear multiple quantum co-
herence scheme (27-31) with experiments such as NOESY,
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Figure 7. 600-MHz HOHAHA spectrum of hirudin in H,0 showing the NH(F2)-aliphatic(F 1) region of the spectrum. Peaks are labeled at the positions
of the direct NH-C*H connectivities (A). 800-MHz HOHAHA spectrum of hirudin in D,0 showing the C*H(F 1)-aliphatic(F2) region of the spectrum.

A number of spin systems are indicated (B) (ref 50).

COSY, or HOHAHA (Figure 10) (32). These experiments
yield the same information as the homonuclear NOESY,
COSY, and HOHAHA experiments but the NH proton
chemical shift axis is replaced by that of the N chemical shift.
Because it is rare to find that both the 'H and N chemical
shifts of two NH groups are degenerate, NOEs and through-
bond correlations involving NH protons with the same

chemical shift can readily be resolved in this manner. The
second type of experiment involves the detection of long range
correlations between ®N and C*H atoms using 'H-detected
heteronuclear multiple-bond correlation (HMBC) spectroscopy
(33). In particular, the observation of two-bond BN(i)-C*H (i)
and three-bond IN(i)-C*H(i-1) correlations enables one to
connect one residue with the next (34). Additionally, because



Figure 8. Schematic illustration of the connectivities used for sequential
resonance assignment of protein spectra.
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Figure 9. 600-MHz NOESY spectrum of hirudin in H,0 showing the
NH(F 1}-NH(F2) region of the spectrum. A stretch of NH{/)-NH{/ -+ 1)
connectivities extending from residues 6 to 12 is indicated. In addition
several long-range NOEs are marked (ref 50).

the size of the N (i)~C*H (i — 1) coupling is very sensitive to
the ¥ backbone torsion angle, qualitative structural infor-
mation can readily be derived.

A further avenue for large proteins involves the application
of three-dimensional NMR. For ®N 3D spectra, the normal
rules for making sequence specific assignments can be readily
applied. The only difference to the normal 2D case is that
connections between one residue and the next must be made
not only between different sets of peaks but also between
different planes of the spectrum. The major advantage going
from 2D to 3D is that the distribution of overlapping or closely
spaced cross-peaks throughout the entire cube removes most
of the ambiguities present in the 2D spectrum. A comparison
of the N edited 2D spectra with slices from the corresponding
3D spectra is presented in Figure 11, demonstrating the
dramatic reduction in the number of cross-peaks. Combining
such slices from a 3D N NOESY-HMQC spectrum with
those of a N HOHAHA-HMQC spectrum allows the
straightforward sequential assignment by hopping from one
pair of HOHAHA /NOESY planes to another pair, connecting
them either via C*H({)-NH( + 1) or NH(})-NH( + 1) NOEs
in the same manner as for the 2D case. This is illustrated for
a stretch of residues for the protein interleukin-13 in Figure
12.

IDENTIFICATION OF REGULAR SECONDARY
STRUCTURE ELEMENTS

Because each type of secondary structure element is
characterized by a particular pattern of short range (Ji - j| <
5) NOEs (22, 35), qualitative interpretation of the sequential
NOE:s allows the identification of regular secondary structure
elements. This is illustrated in Figure 13. Thus, for example,
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helices are characterized by a stretch of strong or medium
NH(@)-NH( + 1) NOEs and medium or weak C*H(i))-NH(i
+ 3) and C*H(;) - CPH(i + 3) NOEs and C*H(i) - NH(i + 1)
NOBEs, sometimes supplemented by NH() - NH( + 2) and
CeH (i) - NH(i + 4) NOEs. Strands, on the other hand, are
characterized by very strong C*H{;) - NH( + 1) NOEs and
by the absence of other short-range NOEs involving the NH
and C°H protons. (3 sheets can be identified and aligned from
interstrand NOEs involving the NH, C*H, and CPH protons.
It should also be pointed out that the identification of sec-
ondary structure elements is alded by NH exchange data, in
30 far that slowly exchanging NH protons are usually involved
in hydrogen bonding, and by 3Jyy, coupling constant data.
Figure 14 illustrates the application of this method to the
protein interleukin-8 (36). Inspection of the short range NOE
data immediately enables one to identify three § strands,
several turns, and a long helix at the carboxy terminus.

Several factors should be borne in mind in assessing the
accuracy of secondary structure elements deduced by using
this approach. Essentially it is a data based approach in so
far that the expected patterns of short range NOE connec-
tivities for different secondary structure elements have been
derived by examining the values of all the short range dis-
tances involving the NH, C*H, and CPH protons in regular
secondary structure elements present in protein X-ray
structures. Thus, it tends to perform relatively poorly in
regions of irregular structure such as loops. In addition, the
exact start and end of helices tend to be rather ill-defined,
particularly as the pattern of NOEs for turns is not all too
dissimilar from that present in helices. Thus, a turn at the
end of a helix could be misinterpreted as still being part of
the helix. In the case of 8 sheets, the definition of the start
and end is more accurate as the alignment is accomplished
from the interstrand NOEs involving the NH and C*H pro-
tons. Therefore, although this secondary structure delineation
is a very easy and straightforward procedure, it can only be
used in a qualitative fashion and accurate positioning of the
identified secondary structure elements can be only accom-
plished after the complete 3D protein structure has been
determined.

INTERPROTON DISTANCES RESTRAINTS
The initial slope of the time-dependent NOE, N(t), be-
tween two protons { and j is equal to the cross-relaxation rate
0;; between the two protons (37)

dn;;

= g 1
ke )
a;; is simply the rate constant for exchange of magnetization
between the two protons. oy;, in turn, is proportional to (r,»ﬁ)
and 7.(ij), where ry; is the distance between the two protons
and 7.4(if) the effective correlation time of the i-j vector:

vih? Gj) 67e4(i))
o= —\rgll)) ~————
R (071 1 + 4a’74(if)?

@)

(v is the gyromagnetic ratio of the proton, # is Planck’s
constant divided by 2, and w is the spectrometer frequency).
It therefore follows that at short mixing times, 7, ratios of
NOEs can yield either ratios of distances or actual distances,
if one distance is already known, through the relationship

i/ = (og/ 03)M8 (3)

providing the effective correlation times for the two inter-
proton vectors are approximately the same.

In practice, initial slope measurements are not entirely
trivial. First the magnitude of the NOEs at very short mixing
times are small, inevitably posing a single-to-noise problem.
Second, the measured NOE at short mixing times may not
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Figure 10. 600-MHz "N-'H HMQC-NQESY spectrum of uniformly labeled N Ner protein in H,0. The N(F1)-NH(F2) region of the spectrum

with selected NH{(/)-NH(/ + 1) NOE connectivities is shown {ref 32).

reflect the true magnitude of the NOE due to the particu-
larities of the experimental setup. In addition, problems
arising from spin diffusion in large multispin systems intro-
duce errors into the initial rate approximation. These can to
some degree be minimized by carrying out a full relaxation
matrix analysis (38), although certain problems still exist (39).
For proteins, however, variations in effective correlation time
will always present a problem if one wants to extract accurate
interproton distances and it is therefore advisable to settle
for only approximate interproton distance restraints. Because
of the () dependence of the NOE, such approximate in-
terproton distance restraints can clearly be derived even in
the presence of large variations in effective correlation times.
Empirically, the type of classification generally used is one
in which strong, medium, and weak NOEs correspond to
distance ranges of approximately 1.8-2.7, 1.8-3.3, and 1.8-5.0
A, where the lower limit of 1.8 A corresponds to the sum of
the van der Waals radii of two protons. By use of such a
scheme, variations in effective correlations times do not in-
troduce errors into the distance restraints. Rather, they only
result in an increase in the estimated range for a particular
interproton distance.

TORSION ANGLE RESTRAINTS

Vicinal spin-spin coupling constants can provide useful
information supplementing the interproton distance restraints
derived from NOE data. In particular, ranges of torsion angles
can be estimated from the size of the coupling constants. The
latter may be obtained by analyzing the multiplet patterns
in COSY and COSY-like (e.g. DQF-COSY, E-COSY, PE-
COSY, z-CO8Y) spectra.

The easiest coupling constants to determine in proteins are
the ®Jyn, coupling constants that can be obtained by simply
measuring the peak-to-peak separation of the antiphase
components of the C*H-NH COSY cross-peaks. The size of

the *Jyn. coupling constant is related to the ¢ backbone
torsion angle through a Karplus-type relationship (40).
Consequently, values of 3Jyy, <6 and >8 Hz correspond to
ranges of —10° to —90° and —80° to —180°, respectively, for the
¢ backbone torsion angles. Considerable care, however, has
to be taken in deriving ¢ backbone torsion angle ranges from
apparent values of 3Juy, coupling constants measured in this
way, as the minimum separation between the antiphase
components of a COSY cross-peak is equal to approximately
half of the NH line width (41). That is to say that small
coupling constants can only be determined for relatively sharp
resonances. This limitation can be overcome by measuring
3JHNe from BN HMQC-COSY /HMQC-J spectra (42) because
of the significantly narrower multiple quantum line widths
in these experiments.

x1 side chain torsion angle restraints and stereospecific
assignments can be obtained by analyzing the pattern of °J 4
coupling constants and the relative intensities of the intrar-
esidue NOEs from the NH and C*H protons on the one hand
to the two CPH protons on the other, and in the case of valine
to the C"Hj protons. The %J,4 coupling constants are related
to the x, torsion angle and are best measured from correlation
spectra which yield reduced multiplets such as 3-COSY, E-
COSY, P.E.COSY, or 2-COSY (43, 44). In addition, under
suitable conditions, they can be qualitatively assessed from
the C*H-CPH cross-peak shapes in HOHAHA spectra (45).

If both %J,4 couplings are small (~3 Hz) then x; must lie
in the range 60 + 60°. If, on the other hand, one of the 3J,4
couplings is large and the other small, x; can lie either in the
range 180 £ 60° or -60 £ 60°. These two possibilities are easily
distinguished on the basis of short mixing time NOESY ex-
periments which yield simultaneously stereospecific assign-
ments of the S-methylene protons. Clearly, this approach may
fail if a side chain has a mixture of conformations or the x;
angle deviates by more than ~40° from the staggered rotamer
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Figure 11. (A) Fingerprint regions of the ™®N-edited NOESY (upper) and ™N decoupled HOHAHA (lower) spectra of uniformly *5N labeled interleukin-13.
(B) Corresponding regions of a slice from the 3D heteronuclear NOESY-HMQC (upper) and HOHAHA-HMQC (lower) spectra of the protein under

identical conditions (ref 7b).

conformations (60°, 180°, and ~60°). In the former case, the
coupling and NOE data will be mutually inconsistent, while
in the latter, it may not be possible to make an unambiguous
distinction between two rotamer conformations. Fortunately,
analysis of high-resolution X-ray structures in the protein data
bank has shown that 95% of all x,; angles lie within £15° of
the staggered rotamer conformations and that there is a very
clear correlation between the values of x; and the degree of
refinement: the better refined the structures, the closer the
X1 angles to the ideal staggered rotamer conformations. These
results suggest that stereospecific assignments can be obtained
for up to 80% of S-methylene protons using this simple ap-
proach. In practice, of course, the percentage of stereospecific
assignments will be lower due to either spectral overlap or large
line widths, preventing the determination of %/, coupling
constants.

A more rigorous approach for stereospecific assignment
involves matching the observed 3Jyy, and 3J 4 coupling con-
stants, together with approximate distances from the in-

traresidue C*H-CPH and NH-CPH NOEs and the interresidue
CeH( - 1)-NH(Z), C*H(}))-NH( + 1), CPH({ — 1)-NH(), and
CPH({))-INH( + 1) NOEs to theoretical values held in a data
base which are derived either for all combinations of ¢, ¥, and
x; torsion angles (varied by 10°) in a model tripeptide segment
or for tripeptide segments taken from high-resolution X-ray
structures (46, 53). The data base search is carried out for
both possible stereospecific assignments, and in those cases
where only one of the two assignments satisfies the infor-
mation in the data base, the correct stereospecific assignment,
together with ranges for the ¢, ¢, and x; torsion angles, are
obtained. A key advantage of this method is that it allows
one to obtain much narrower limits for the ¢, ¥, and x, torsion
angle restraints than would otherwise be possible.

ASSIGNMENT OF LONG RANGE ([i-j | > 5)
NOEs IN PROTEINS

In globular proteins the linear amino acid chain is folded
into a tertiary structure such that protons far apart in the
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Figure 12. Demonstration of the sequential assignment procedure for
the 3D spectra of interleukin-18. Connectivities between neighboring
amino acid spin systems are achieved by “plane hopping” through the
3D cube (ref 7b).

sequence may be close together in space. These protons give
rise to tertiary NOEs whose identification is essential for
determining the polypeptide fold. Once complete assignments
have been made, many such long-range NOEs can be iden-
tified in a straightforward manner. It is usually the case,
however, that the assignment of a number of long range NOE
cross-peaks remains ambiguous due to resonance overlap. In
some cases, this ambiguity can be removed by recording ad-
ditional spectra. Where ambiguities still remain, it is often
possible to resolve them by deriving a low-resolution structure
on the basis of the available data (i.e. the secondary structure
and the assignment of a subset of all the long-range NOEs)
either by model building or by distance geometry calculations.
This low-resolution structure can then be used to test possible
assignments of certain long-range NOEs. For larger proteins
it becomes increasingly difficult to assign tertiary NOEs be-
cause of the associated overlap problems. In these cases the
3D approach will become a necessity, in particular *C 3D
experiments since they allow editing with respect to particular
side chain positions for which the individual NOEs can then

helix strand turn i turn 1} half-turn
1234567 1234567 1234 1234 1234
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Figure 13. Characteristic patterns of short-range NOEs involving the
NH, C*H, and CPH protons seen in various regular secondary structure
elements. The NOEs are classified as strong, medium, and weak,
reflected in the thickness of the lines.

be extracted. In Figure 15 all experimental short- and in-
termediate-range NOE restraints (A) as well as all long-range
NOE restraints (B) that were measured from the NOESY
spectra are shown as dotted lines superimposed on the
framework of the finally determined structure of hirudin,
illustrating the dense network of distances throughout the
protein core.

TERTIARY STRUCTURE DETERMINATION

Several different approaches can be used to determine the
three-dimensional structure of a protein from experimental
NMR data. The simplest approach, at least conceptually, is
model building. This can be carried out either with real
models or by means of interactive molecular graphics. It
suffers, however, from the disadvantage that no unbiased
measure of the size of the conformational space consistent with
the NMR data can be obtained. Consequently, there is no
guarantee that the modeled structure is the only one consistent
with the experimental data. Further, in this way nothing more
than a very low resolution structure can be obtained. Nev-
ertheless, model building can play an important role in the
early stages of a structure determination, particularly with
respect to resolving ambiguities in the assignments of some
of the long-range NOEs.

The main computational methods for generating structures
from NMR data comprise as common feature a conformational
search to locate the global minimum of a target function that
is made up of stereochemical and experimental NMR re-
straints. The descent to the global minimum region is not
a simple straightforward path as the target function is
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Figure 14. Pattern of short-range NOEs involving the NH, C°H, and CPH protons, as well as the C°*H protons, for interleukin-8. The intensities
of the NOEs are indicated by the thickness of the lines. In addition, slowly exchanging backbone amide protons and values of °J,, are indicated:
JEXTHz(0);, 7Hz < J<9Hz(O) J= 9 Hz (@). The secondary structure deduced from these data is shown at the bottom of the figure (ref

36).

Figure 15. Short-range interresidue ([ - j| < 5) and intraresidue (A) and long-range interresidue ()i ~ j| > 5) NOE distance restraints (B} shown
as dashed lines superimposed on a framework of the final hirudin structure in a smoothed backbone representation.

characterized by many false local minima that have to be
avoided or surmounted by all the methods. There are es-
sentially two general classes of methods. The first can be
termed real space methods. These include restrained least-
squares minimization in torsion angle space with either a
variable target function (9) or a sequence of ellipsoids of
constantly decreasing volume, each of which contains the
minimum of the target function {11), and restrained molecular
dynamics (10) and dynamical simulated annealing (12, 13) in
Cartesian coordinate space. All real space methods require
initial structures. These can be {i) random structures with
correct covalent geometry; (ii) structures that are very far from
the final structure (e.g. a completely extended strand); (iii)
structures made up of a completely random array of atoms;
and (iv) structures generated by distance space methods. They
should not, however, comprise structures derived by model
building as this inevitably biases the final outcome. Because

these methods operate in real space, great care generally has
to be taken to ensure that incorrect folding of the polypeptide
chain does not occur. A new real space approach involving
the use of dynamical simulated annealing, however, has
succeeded in circumventing this problem (13). In contrast
to the real space methods, the folding problem does not exist
in the second class of methods which operates in distance
space and is generally referred to as metric matrix distance
geometry {47). Here the coordinates of the calculated
structure are generated by a projection from N(N - 1)/2
dimensional distance space {where N is the number of atoms)
into three-dimensional Cartesian coordinate space by a pro-
cedure known as embedding (see ref 48 for a comprehensive
review).

A flow chart of the calculational strategy that is generally
used to solve protein structures is shown in Figure 16. Since
a detailed description of all the various methods would go far
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Figure 16. Calculational strategy used to solve three-dimensional
structures of macromolecules on the basis of NMR data.

beyond the scope of this review, the interested reader is re-
ferred to the references cited above. (A comparison between
the different methods is given in ref 49.) All the methods are
comparable in convergence power. In general, however, the
structures generated by dynamical simulated annealing or
refined by restrained molecular dynamics tend to be better
in energetic terms than the structures generated by the other
methods, particularly with respect to nonbonded contacts and
agreement with the experimental NMR data.

In order to assess the uniqueness and the precision of the
structures determined by any of the above methods, it is
essential to calculate a reasonable number of structures with
the same experimental data set, but different starting
structures or conditions, and examine their atomic root mean
square distribution. If these calculations result in several
different folds of the protein while satisfying the experimental
restraints, then the data are not sufficient to determine a
unique structure and either more data have to be gathered
or the structure determination abandoned. If, however,
convergence to a single fold is achieved with only small de-
viations from idealized covalent geometry, exhibiting good
nonbonded contacts in addition to satisfying the experimental
restraints, then one can be confident that a realistic and
accurate picture of the solution structure of the protein has
been obtained. The spread observed in the superposition
within the family of structures or a plot of the root mean
square distribution with respect to the mean allows one to
assess the precision associated with different regions of the
protein.

EXAMPLES

1. Hirudin. Hirudin is a small 65-residue protein from
the leech and is the most potent natural inhibitor of coagu-
lation known. It acts by interacting specifically with a-
thrombin, thereby preventing the cleavage of fibrinogen. Two
recombinant hirudin variants have been examined by NMR:
namely wild-type hirudin and the Lys-47 — Glu mutant (50).
Analysis of the NMR data indicated that hirudin consists of
a N-terminal compact domain (residues 1-49) held together
by three disulfide bonds and a disordered C-terminal tail

{A) wid type

{B) Mutant K4a7—E

Figure 17. Superposition of the backbone (N, C% C) atoms of 32
dynamical simulated annealing structures of wild-type hirudin {A) and
the Lys-47—Glu mutant (B) for the first 43 amino acids. The wild-type
and mutant structures were calculated on the basis of 701 and 677
interproton distance restraints, respectively, 26 ¢, and 18 x torsion
angle restraints (ref 50).

(residues 50-65). Evidence for the presence of a flexible
C-terminal tail was provided by the absence of any interme-
diate-range or long-range NOEs beyond amino acid 49.
Therefore structure calculations were restricted to the N-
terminal domain using the hybrid distance geometry—dy-
namical simulated annealing method. Experimental input
data consisted of 701 and 677 approximate interproton dis-
tance restraints derived from NOE data for the wild-type and
mutant hirudin, respectively, 26 ¢ backbone and 18 x; torsion
angle restraints derived from NOE and three-bond coupling
constant data, and 8 backbone hydrogen bonds identified on
the basis of NOE and amide exchange data. A total of 32
structures were computed for both the wild-type and mutant
hirudins (Figure 17). The structure of residues 2-30 and
37-48 constitute the core of the N-terminal domain formed
by a triple stranded antiparallel 8 sheet, and the atomic root
mean square difference between the individual structures and
the mean structure is ~0.7 A for the backbone atoms and ~1
A for all atoms. The orientation of the exposed finger of
antiparallel  sheet (residues 31-36) with respect to the core
could not be determined as no long range NOEs were observed
between the exposed finger and the core. This is easily ap-
preciated from Figure 17 since the structures in that region
exhibit a very large spread. Locally, however, the polypeptide
fold of residues 31-36 is reasonably well-defined.

The first five residues form an irregular strand which leads
into a loop closed off at its base by the disulfide bridge between
Cys-6 and Cys-14. This is followed by a mini-antiparallel 8
sheet formed by residues 14-16 (strand I) and 21 and 22
(strand I’) connected by a type II turn. This 8 sheet is dis-
torted by a 8 bulge at Cys-16. Strand I’ leads into a second
antiparallel 8 sheet formed by residues 27-31 (strand II) and
36-40 (strand II') connected by a 8 turn (residues 32-35).
Additionally, residues 10 and 11 exhibit features of a 8 bulge
with the amide of Gly-10 and the carbonyl oxygen atom of
Glu-11 hydrogen bonded to the carbonyl and amide groups,
respectively, of Cys-28. Finally, strand Il leads into an ir-
regular strand which folds back onto the protein such that
residue 47 (Lys in the wild type, Glu in the mutant) is in close
proximity to residues in the loop closed off by the disulfide
bridge between Cys-6 and Cys-14. Not only the backbone but
also many of the side chain conformations are well-defined,
especially those in the interior of the protein.

A superposition of the core (residues 1-30 and 37-49) of
the restrained minimized mean structures of the wild-type
and mutant hirudin provides a good representation of the
differences between the two structures (Figure 18A). Regions
of noticeable difference can be identified where the atomic
root mean square difference between the two mean structures
is larger than the atomic root mean square distribution of the
individual structures about their respective means. This
analysis indicates the presence of clear differences for the
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(B)

Figure 18. (A) Superposition of the core (residues 1-30 and 37-49) of the restrained minimized mean structure of wild-type (thick lines) and
Lys-47—Glu mutant (thin lines) hirudin. (B) View of ail atoms around the site of mutation (ref 50).

backbone atoms of residues 3, 5, 8, 11-15, 22, 26, and 27. In
the mutant, the backbone atoms of residues 3, 4, and 11-15
are slightly closer to that of residues 45-47 than in the wild—
type, a change which can be rationalized in terms of the shorter
length of the Glu side chain relative to that of Lys. Con-
comitantly, the backbone of residue 8 appears to be pushed
away in the wild type structure. Residues 22, 26, and 27 also
move in the same direction as residues 11-15. This is sec-
ondary to the perturbation of residues 11-15 and can be at-
tributed to the presence of numerous contacts between res-
idues 8-11 on the one hand and 28-30 on the other, including
hydrogen bonds between Cys-28 and Gly-10 and between
Cys-28 and Glu-11. There seems to be no significant differ-
ences, however, with respect to the side chain positions within
the errors of the coordinates, even within the immediate vi-
cinity of residue 47 (Figure 18B).

At this point it may be worth mentioning that NMR can
have two Important applications with respect to genetically
engineered proteins. The structural studies on hirudin were
first initiated by using natural protein extracted from the
whole body of leeches (51). All further work was subsequently
carried out on recombinant products, either comprising the
wild-type sequence or mutants thereof (50). It was a fast and
easy task to assess the structural identity of the recombinant
product, since only a comparison of the appropriate 2D spectra
had to be carried out. These spectra can be regarded as a
fingerprint of a particular protein and, hence, a reflection of
the 3D structure in solution. Simple overlay often allows one
to ascertain whether the recombinant product is folded in-
distinguishably from the natural counterpart. In the same
way, NMR can establish whether the structure of a mutant
is essentially unchanged from the wild type one, since very
similar spectra will arise from closely related structures.
Analyses of this kind can be carried out without a full as-
signment of the spectra or a complete structure calculation,
thus providing a useful tool for guiding genetic engineering
projects.

2. Cellulose Binding Domain of Cellobiohydrolase.
Cellulases are enzymes involved in plant cell wall degradation
that exhibit a common domain structure consisting of a
catalytic domain (~400-500 amino acids), a highly conserved
(~70% sequence identity) terminal domain (~40 amino
acids) that is located either at the C terminus or N terminus,
and a heavily glycosylated linker region (~30 amino acids),
which connects the two domains. The domain architecture
of the cellulases as well as the observation that the domains
of CBH 1 retain their respective activities after cleavage
suggested a dual approach to the problem of obtaining a
three-dimensional structure of this cellulase, involving the

Figure 19. Superposition of the backbone (N, C% C) atoms of 41
dynamical simulated annealing structures of the C-terminal domain of
CBH I (ref 53).

application of both NMR and X-ray crystallography. To date
there has been no success in the crystallization of an intact
cellulase, whereas crystals of the catalytic domain of CBH II
have been obtained (52), opening the possibility for deter-
mining its X-ray structure. The cellulose binding domain
being a very small polypeptide, on the other hand, seemed
ideally suited for a structure determination by NMR. Because
of its small size it was possible to chemically synthesize the
36 amino acid domain and it was established that the biological
properties were identical to those of the cleavage product. The
subsequent NMR structure determination (53) was therefore
carried out on the synthetic product and a large number of
stereospecific assignments obtained by using the data base
approach resulted in numerous interproton distance and
torsion angle restraints. Thus an exceptionally large exper-
imental data set consisting of 554 interproton distance re-
straints, 33¢, 24V, and 25x; torsion angle restraints, and 42
hydrogen bonding restraints was used in the structure de-
termination. The converged set of 41 structures represents
the best quality NMR structure to date, exhibiting a root mean
square difference between the individual structures and the
mean coordinate positions of (.33 A for the backbone atoms
and 0.52A for all atoms. It was possible to determine the
pairing of the two disulfide bridges, which previously was
unknown. A backbone trace of the CBH I structure is shown
in Figure 19 and several regions including the amino acid side
chains are displayed in Figure 20. The protein has a wedgelike
shape with an amphiphilic character, one face being predom-
inantly hydrophobic and the other mainly hydrophilic. As
can be readily appreciated from Figures 19 and 20, the quality
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Figure 20. Best fit superpositions (41 structures) of all atoms for three
selected regions of the C-terminal domain of CBH I illustrating the
excellent definition of side chain positions (ref 53).

of this structure is comparable to a crystal structure at ap-
proximately 2-2.5 A resolution, and such structures permit
the detailed analysis of side chain—side chain interactions and
other possibly interesting structural features.

PERSPECTIVE AND CONCLUDING REMARKS

It should be clear from the above discussion that NMR now
stands side by side with X-ray crystallography as a powerful
method for three-dimensional structure determination. What
are the limitations of this approach? At present it is limited
to proteins of molecular weight <20000. Indeed the largest
proteins whose three-dimensional structures have been de-
termined to date are plastocyanin (99 residues (564)), the
globular domain of histone H5 (79 residues (55), a-amylase
inhibitor (74 residues (56)), and interleukin-8 (a dimer of 72
residues per monomer (57)). Virtually complete assighments,
however, have been made for a variety of larger systems, in
particular hen egg white lysozyme (129 residues (58)) and the
lac repressor headpiece~operator complex (molecular weight
~15000 (59)), Staphylococcal nuclease (148 residues (60)),
and interleukin-18 (153 residues (67)). Further development
of novel techniques based on multidimensional NMR in
combination with isotopic labeling and the introduction of
yet more powerful magnets may make it possible to extend
the molecular weight range up to proteins of molecular weight
~40000 in the future. This, however, will probably present
a fundamental limit as the large line widths of such proteins
significantly reduce even the sensitivity of 'H-detected het-

eronuclear correlation experiments.

At this point it is appropriate to add a word of caution
concerning the practical limits of structure determination by
NMR. It is not always the size or the number of residues in
a particular protein that determines the feasibility of an NMR
structure determination. Other factors play equally important
roles. For example, the protein should be soluble up to
millimolar concentrations, nonaggregating, and preferably
stable up to at least 40 °C, particularly for large proteins. A
further consideration is the chemical shift dispersion of the
H NMR spectrum. This depends to a large extent on the
structure of the protein under investigation. Proteins that
are made up only of a-helices, loops and turns, invariably
exhibit fairly poor proton chemical shift dispersion, while the
chemical shift dispersion in 8-sheet proteins is usually very
good. To a certain degree such problems associated with
chemical shift degeneracy can be overcome by heteronuclear
3D experiments.

Another potential problem may arise from the fact that
different regions or domains of a protein may be well-defined
and therefore amenable to a NMR structure determination,
while other parts of the same protein may not. This will be
reflected in the absence of long-range tertiary NOEs for the
ill-defined regions and leads to the inability to position these
regions with respect to the rest of the protein satisfactorily
(e.g. the case of hirudin discussed above). We therefore believe
that it is necessary to calculate a reasonable number of
structures (ca. 20) with the same experimental data set in order
to obtain a good representation of the NMR structure. Only
by analyzing such a family of structures can the local and
global definition of a structure be assessed.

X-ray crystallography, of course, also has its limitations,
the most obvious being the requirement for a protein to
crystallize. Thus suitable crystals that diffract to high reso-
lution have to be grown and a successful search for heavy atom
derivatives to solve the phase problem is necessary. Therefore
not every protein will be amenable to both NMR and X-ray
crystallography. In those cases where this is feasable, the
information afforded by NMR and crystallography is clearly
complementary and may lead to a deeper understanding of
the differences between the solution and crystalline state of
the protein.

Finally it should be stressed that, in addition to being able
to determine three-dimensional structures of proteins, NMR
has the potential to address other questions, in particular those
concerning the dynamics of the system. This opens the
possibility that a whole variety of different NMR studies can
be initiaied on the basis of an NMR structure, such as the
investigation of the dynamics of conformational changes upon
ligand binding, unfolding kinetics, conformational equilibria
between different conformational states, fast internal dy-
namics on the nanosecond time scale and below, and slow
internal motions on the second and millisecond time scales.
The results obtained from these kinetic studies can then be
interpreted in the light of the previously determined structure,
thus bringing together structure and dynamics of proteins in
a unified picture.
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Reduction of Reequilibration Time following Gradient Elution
Reversed-Phase Liquid Chromatography

Lynn A. Cole! and John G. Dorsey*!

Department of Chemistry, University of Florida, Gainesville, Florida 32611

A simple and convenient method for the reduction of column
reequilibration time foilowing gradient elution reversed-phase
liquid chromatography is described. This method utilizes the
addition of a constant voiume of 3% 1-propanol to the mobile
phase throughout the solvent gradient to provide consistent
solvation of the reversed-phase stationary phase. Reductions
in reequiiibration time of up to 78 % have been observed. The
effect of alkyl chaln bonding density on reequilibration volume
is also examined. A maximum in the mobile phase volume
necessary to reequilibrate the column is found at a bonding
density of about 2.9 umol/m?. The relationship of reequilib-
ration volume to bonding density supports the partitioning
model of retention for reversed-phase liquid chromatography.

INTRODUCTION

Gradient elution is the most common solution to the general
elution problem in liquid chromatography (I-4). In re-
versed-phase liquid chromatography (RPLC) this technique
involves increasing the percentage of an organic modifier with
respect to an aqueous phase as the chromatographic run
progresses. This time-dependent increase in mobile phase
strength provides greater retention of early eluting compounds
and decreases retention of late eluting compounds with respect
to isocratic conditions, thus improving the limits of detection
and peak shapes for later eluting compounds and providing
more evenly spaced bands in the chromatogram. Practical
and theoretical aspects of gradient elution have been thor-
oughly reviewed (I, 2, 4-7).

One problem commonly associated with gradient elution
is the time required for reequilibration of the column to the
starting gradient conditions following elution of the last
compound in the chromatogram (1, 2, 5). As the mobile phase
is varied during the course of the gradient, the stationary phase
composition changes due to varying solvation of the bonded
alkyl chains, thus making it necessary to flush the column with
many volumes of the initial mobile phase to return the sta-
tionary phase to its original conditions. Generally it is believed
that 15-20 column volumes of the starting mobile phase must

. ! Present address: Department of Chemistry, University of Cin-
cinnati, Cincinnati, OH 45221-0172.

be passed through the column to achieve column reequilib-
ration (2, 5). Often this reequilibration time is as long as the
sample elution time, thus doubling the time of analysis and
the volume of solvent used and making gradient elution im-
practical for routine analysis (2). Several attempts have been
made to understand and reduce column reequilibration time.
Frenz and Horvath (8) found that column regeneration time
may be reduced by passing a carefully chosen series of re-
generating solvents through the column in order of decreasing
affinity for the stationary phase. In a recent study of column
reequilibration, Payne et al. (9) suggest that the rate-limiting
steps in column regeneration are mass transfer into and
diffusion of mobile phase components within the pores of the
column and that column reequilibration time may be reduced
by promoting these processes. Finally, a reverse-gradient may
be employed to achieve column regeneration, although there
does not appear to be a significant advantage to running a
reverse-gradient over stepping from the final to the initial
solvent conditions to achieve column reequilibration in re-
versed-phase systems (5).

The solvation structure of the stationary phase is an im-
portant factor in gradient elution, since changes in stationary
phase composition make necessary excessive column
reequilibration times. The solvation of RP stationary phases
has been studied extensively. McCormick and Karger eval-
uated the extraction of the most hydrophobic component of
the mobile phase into the stationary phase by using distri-
bution isotherms (10, 1I). Although this work predicts
preferential expulsion of the least polar mobile phase con-
stituent into the stationary phase, the stationary phase is
considered to be inert with respect to the overall retention
process. Yonker et al. showed the importance of various
characteristics of the stationary phase to its solvation and
developed models for the configuration of the stationary phase
at different concentrations of organic modifier (12, 13). Gilpin
and Gangoda (14, 15) and Marshall and McKenna (16) used
solution NMR experiments to investigate solvent effects on
the configuration of the bonded alkyl chains of the stationary
phase and found that the configuration of the stationary phase
is a function of the mobile phase composition. All of these
studies (16-16) as well as others (17-19) demonstrate that the
stationary phase is preferentially solvated by the organic
component of the mobile phase. The changing solvation of
the stationary phase during a gradient not only makes long
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reequilibration times necessary but also introduces two non-
ideal processes for theoretical considerations. These nonideal
processes are solvent demixing due to the preferential uptake
of the organic modifier by the stationary phase and changes
in column dead time due to changes in the stationary-phase
composition (20).

It is apparent from these studies of stationary-phase sol-
vation that in order to reduce column reequilibration time
following gradient elution it is necessary to control the sol-
vation of the bonded alkyl chains. The addition of a good
wetting agent to the mobile phase has been shown to be
valuable for altering the chromatographic properties of the
stationary phase. Scott and Simpson (21) have shown that
the addition of a small percentage of a short-chain alkanol
(such as l-propanol) to the mobile phase provides near
monolayer coverage of the RP stationary phase. Their work
showed that over 90% of the surface of the stationary phase
is solvated by the alcohol when the mobile phase contains 3%
(w/v) 1-propanol, but only about 50% of the surface is sol-
vated with the same concentration of methanol. The addition
of small percentages of short-chain alkanols to hydroorganic
mobile phases has been used previously to improve the se-
lectivity of separations. MacCrehan and Schénberger showed
that the addition of 10% 1-butanol to a methanol/water
mobile phase significantly improved the selectivity in sepa-
rations of retinol isomers (22), and retinol, a-tocopherol, and
B-carotene isomers in serum (23). MacCrehan and Brown-
Thomas added 3% 1-propanol to an acetonitrile/water mobile
phase to improve selectivity in the determination of phenols
and naphthols in shale oil (24). The addition of small per-
centages of short-chain alkanols has also been shown to im-
prove the efficiency in separations involving micellar mobile
phases. Dorsey et al. (25) demonstrated that the addition of
3% 1-propanol to micellar mobile phases dramatically im-
proves the efficiency of the separation without adversely af-
fecting the viscosity or retention characteristics of the mobile
phase. The improved efficiency was attributed to better
wetting of the stationary phase surface by the 1-propanol,
providing better mass transfer of the solutes. In a thorough
study of optimization of secondary chemical equilibria in
RPLC, Foley and May also found that 4% 1-propanol greatly
improved the efficiency of columns used with highly aqueous
mobile phases (26, 27).

In addition to mobile phase and solvation structure con-
siderations, the nature of the bonded phase, particularly the
bonding density of the alkyl chains, must be considered in
order to completely understand column reequilibration fol-
lowing gradient elution. Dill has developed a retention model
(28-30) that predicts a critical alkyl chain bonding density
of 2.7 umol of bonded alkyl chains per square meter of silica
surface. At surface densities below this critical bonding
density, Dill’s theory predicts a linear increase in solute
partitioning with increasing surface density. Above the critical
bonding density alkyl chain configurational constraints in-
crease the amount of free energy necessary to create a so-
lute-sized cavity in the stationary phase, and partitioning of
solutes should decrease. Sentell and Dorsey (31) have recently
investigated the relationship between partitioning and sta-
tionary phase bonding density by determining partition
coefficients for several compounds on well-characterized
stationary phases of known high and low bonding densities,
and their findings closely correlate with Dill’s predictions.
From this work it is clear that bonding density plays a sig-
nificant role in the partitioning process. It follows that sta-
tionary phase bonding density should play a role in column
regeneration following gradient elution, since the solvation
of the alkyl chains at any mobile phase composition (i.e.,
starting and final gradient conditions) is directly influenced
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by the partitioning of solvent molecules into the stationary
phase. Thus columns of different bonding densities should
require different volumes of starting mobile phase to achieve
column reequilibration.

On the basis of the work with micellar mobile phases in our
laboratory (25) and the work of Scott and Simpson (21), we
predicted that the addition of 3% 1-propanol to the mobile
phase would significantly reduce column reequilibration time
following gradient elution. In this paper we present evidence
which shows that the addition of a constant volume of 3%
1-propanol to the mobile phase provides consistent solvation
of the stationary phase throughout the mobile phase solvent
gradient due to preferential wetting of the stationary phase
by the L-propanol. This consistent solvation provides a robust
stationary phase structure, which in turn leads to a dramatic
decrease in the volume of mobile phase which must be passed
through the column following a solvent gradient to achieve
stationary phase reequilibration. We also show the relation-
ship of the bonding density of the stationary phase to the
volume of starting mobile phase required to achieve column
reequilibration when 1-propanol is not added and to the re-
duction in reequilibration time achieved by adding 3% 1-
propanol to the mobile phase.

EXPERIMENTAL SECTION

Apparatus. All retention measurements were made with a
Spectra-Physics SP8700 ternary pump (Spectra-Physics, San Jose,
CA) and UV detection at 254 nm with a Beckman Model 1563
fixed-wavelength detector (Beckman Instruments, San Ramon,
CA). Sample injection was performed with a Rheodyne Model
7125 manual injector (Rheodyne, Inc., Cotati, CA) fitted with a
20-uLs sample loop, and detector output was recorded on a Sci-
entific Products Quantigraph chart recorder (Houston Instru-
ments, Austin, TX). Each column was thermostated at 30 °C
with a water jacket and a Fisher Scientific Model 73 immersion
circulator (Fisher Scientific, Fair Lawn, NJ). The mobile phase
flow rate for all experiments was 1.0 mL/min.

Solvents and Columns. HPLC grade acetonitrile and
methanol (Fisher Scientific, Fair Lawn, NJ) were used without
further purification. Water was obtained from a Barnstead
Nanopure Il water purification system (Barnstead Co., Boston,
MA) fitted with a 0.45-um filter. Reagent grade I-propancl (Fisher
Scientific, Fair Lawn, NJ) was filtered through a 0.46-um Nylon-66
membrane filter (Rainin Instruments, Woburn, MA) before being
used. Mobile phases containing 3% (v/v) 1-propanol were de-
gassed by sonicating for 30 min prior to use; unmixed mobile
phases were degassed by sparging with helium. The acetone
sample was prepared by diluting spectral grade acetone (Mal-
linckrodt, Paris, KY) 1 part to 1000 in water.

Three commercial C,g chromatographic columns were used for
the gradient elution reequilibration studies: Phenomenex Nu-
cleosil, 5 um, 25 cm X 4.6 mm 1.d. (Phenomenex, Rancho Palos
Verdes, CA); Burdick and Jackson QDS5, 5 um, 25 cm X 4.6 mm
i.d. (Baxter Healthcare Corp., Muskegon, MI); and Zorbax ODS,
5 um, 15 cm X 4.6 mm i.d. (Du Pont Instruments, Wilmington,
DE). In addition, five columns containing well-characterized
stationary phases prepared, packed, and previously used (31) in
our laboratory were used for the gradient elution studies. The
C,s bonding densities of these columns were calculated as pre-
viously described (32) and ranged from 1.60 to 4.07 umol/m?
Detailed synthesis procedures for the preparation of these sta-
tionary phases may be found elsewhere (33). All “homemade”
columns were 15 cm X 4.6 mm i.d.

Reequilibration Studies. Column reequilibration following
gradient elution was evaluated by measuring the variation in the
retention time of acetone after a change in mobile phase con-
ditions. Acetone was chosen as the solute for these studies since
it is an early eluting compound and thus will show the greatest
variation in retention time with a change in stationary phase
solvation (2, 5). For each column a gradient was run from 0%
to 100% organic modifier (acetonitrile or methanol) and then held
at the 100% organic composition for 15 min to ensure complete
equilibration of the stationary phase with the organic modifier,
as indicated by a steady base line. Following the 15-min equil-
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Figure 1. Acetone retention time as a function of the volume of starting
mobile phase (100% water) for the Burdick and Jackson column with
acetonitrile as the organic modifier.

ibration period, the mobile phase was returned to its original
conditions (100% water) and injections of acetone were imme-
diately begun at a rate of one injection per minute for 20—-30 min.
The retention time of acetone was measured and plotted versus
the volume of starting mobile phase (100% water) that had passed
from the ternary proportioning valve (TPV) of the pump at the
time of injection. The time at which the mobile phase was re-
turned to starting conditions and acetone was first injected was
considered to be the starting time for the reequilibration ex-
periments. Thus, the retention time of the first acetone injection
was plotted versus 0.00 mL of mobile phase, as no volume of
starting mobile phase had passed from the TPV at the time of
this injection. The column was determined to be completely
reequilibrated when the retention time of acetone reached a
constant value, This experiment was repeated with mobile phases
containing 3% 1-propanol, and the volume of mobile phase
necessary to reequilibrate the column without 3% 1-propanol
present was compared to the volume of mobile phase necessary
to reequilibrate the column with 3% 1-propanol added. Each
experiment was run in triplicate.

RESULTS AND DISCUSSION

A plot of the retention time of acetone as a function of the
volume of starting mobile phase (100% water) that had passed
from the TPV of the pump for the Burdick and Jackson
commercial column is shown in Figure 1. A gradient was run
from 0% to 100% acetonitrile, held at 100% acetonitrile for
15 min, and then returned to the starting mobile phase con-
ditions, at which time acetone injections were begun. All three
reequilibration trials are plotted on the same axes, and the
average reequilibration volume, as determined from a constant
retention time of acetone, was 17.2 mL of the starting mobile
phase. This same experiment was repeated with a constant
volume of 3% 1-propanol added to the mobile phase, and the
results are shown in Figure 2. Again, all three trials are
plotted, but for this experiment the average volurne of starting
mobile phase (97/3, water/1-propanol) needed to achieve
column reequilibration was only 4.7 mL. At a flow rate of 1.0
mL/min these reequilibration volumes correspond to ree-
quilibration times of 17.2 and 4.7 min. The reduction in
reequilibration time achieved by adding 3% 1-propanol to the
mobile phase was calculated as

RT(w/0) - RT(w)
RT(w/0)

where RT(red) is the reduction in reequilibration time (or
improvement in column regeneration) expressed as a per-
centage, RT(w/o) is the reequilibration time of the system
without 3% 1-propanc! added to the mobile phase, and RT(w)
is the reequilibration time of the system with 3% 1-propanol
added to the mobile phase. Thus, for the Burdick and Jackson
column with acetonitrile as the organic modifier the time
necessary for column reequilibration is reduced by 73% when
3% l-propanol is added to the mobile phase. This represents

RT(red) (%) =

5.00

g! EESEOUEEANECNAE

4.00
=1}

3.00 j o Reequilibration point (4.7 mL}

-1

2.00 1

1.00 4

Retention Time (min)
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Figure 2. Acetone retention time as a function of the volume of starting
mobile phase (87/3 water/1-propanol) for the Burdick and Jackson
column with acetonitrite as the organic modifier and a constant volume
of 3% 1-propanol added to the mobile phase.

30.00

a significant savings in time and solvents necessary for a
complete gradient run.

Although chromatographic data are most frequently ex-
pressed in terms of capacity factors, the data here are ex-
pressed in terms of retention times. In order to express these
data in terms of capacity factors, it would be necessary to know
the dead time (ty) of the column at the time of each acetone
injection. Since f, may change as the solvation of the sta-
tionary phase changes (20), and, in the process of reequilib-
ration, the column solvation is changing, it is impossible to
know accurately the value of ¢, at each injection time. Ad-
ditionally, the value of most interest in these studies is the
mobile phase volume at which the retention time becomes
constant and not the actual value of the capacity factor.
Therefore, retention time is the most convenient and useful
way of expressing these data.

Obviously, the process of column reequilibration cannot
begin until the starting mobile phase reaches the column. The
dead volume of the chromatographic system from the TPV
of the pump to the head of the column was determined to be
1.22 mL. Therefore, the starting mobile phase does not reach
the column until after the second injection of acetone. Sub-
traction of this dead volume from the reequilibration volume
would give a true measure of the volume of mobile phase
needed to reequilibrate the column. However, in practice, the
volume (or time) necessary to reequilibrate the column in-
cludes the dead volume of the system, so this value was in-
cluded in all of our data. Taking this dead volume into ac-
count for the Burdick and Jackson column, the actual volume
of mobile phase needed to reequilibrate the column when
1-propanol is added is 3.5 mL, which is approximately one
and one-half column volumes, and considerably less than the
15-20 column volumes generally thought necessary for cohumn
regeneration (2, 5). This provides evidence that 1-propanol
creates consistent stationary phase solvation, leading to a more
robust stationary phase structure.

In order to demonstrate that it is the presence of 1-propanol
in the mobile phase that provides consistent solvation of the
alkyl chains, and not just the presence of any organic modifier,
an experiment was performed in which the starting mobile
phase contained 10% acetonitrile and the final mobile phase
contained 90% acetonitrile. This experiment was performed
on one of the stationary phases prepared in our laboratory
with a bonding density of 3.06 umol/m? Three trials were
performed in which no 1-propanol was added to the mobile
phase, and the average reequilibration time was 7.1 min. The
experiment was repeated with 3% 1-propanol added to the
mobile phase, and the average reequilibration time was 3.7
min. This represented a 48% reduction in reequilibration
time, and shows that 1-propanol is preferentially solvating the
bonded alkyl chains, creating a consistent solvation structure
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Table I. Reequilibration Data for Commercial Columns

reequilibration

volume, L red‘;gtlon

without with reequilibra-

organic 1- 1- tion time,
column modifier propancl  propanol %
Phenomenex acetonitrile 14.0 6.0 57
methanol 9.0 5.0 44
Zorbax acetonitrile 15.9 44 72
methanol 11.5 4.1 64
Burdick and  acetonitrile 17.2 4.7 73
Jackson methanol 115 4.0 65

of the stationary phase. This experiment also demonstrates
that the addition of 3% 1-propanol to the mobile phase im-
proves column reequilibration in gradient separations where
the starting mobile phase is a hydroorganic mixture rather
than 100% water. Another experiment was performed in
which 3% 1-butanol was added to the mobile phase, but this
study proved to be experimentally difficult due to bubble
formation within the pump when the mobile phase was
switched from the final mobile phase (97/3 acetonitrile/1-
butanol) to the starting mobile phase (97/3 water/ 1-butanol).
The choice of 1-propanol as the most useful and practical
solvating agent and the volume of 1-propanol needed to
achieve consistent solvation (3%) were previously optimized
in our laboratory (25) and are in agreement with the results
of Foley and May (26, 27).

Careful attention to Figures 1 and 2 reveals that the ad-
dition of 3% 1-propanol to the mobile phase reduces the
retention time of the test solute acetone. In Figure 1, the
average retention time of acetone when the Burdick and
Jackson column is equilibrated with 100% water is 13.0 min,
whereas in Figure 2, the average retention time of acetone
when the column is equilibrated with 97/3 water/1-propanol
is only 4.6 min. In this particular experiment the reduction
in retention time of acetone by the addition of 3% 1-propanol
is substantial, primarily because the retention time of any
solute in 100% water is extraordinarily long compared with
the retention time of that solute in a hydroorganic mobile
phase. In the experiment on the 3.06 zmol/m? bonding
density column in which the starting mobile phase contained
10% acetonitrile and the final mobile phase contained 90%
acetonitrile, the reduction in retention time of acetone with
the addition of 3% 1-propanol to the mobile phase was less
severe. In this experiment the average retention time of
acetone when the column was equilibrated with 10/90 ace-
tonitrile/water was 3.2 min, whereas the average retention
time of acetone when the column was equilibrated with
87.3/9.7/3 acetonitrile/water/1-propanol was 2.7 min, which
is only a 16% decrease in retention time. The effect of adding
3% 1-propanol to the mobile phase on the retention of solutes
will vary according to the gradient conditions of the experi-
ment, and in practice, this effect may be diminished by ap-
propriate adjustment of the gradient parameters.

Two other commercial columns were studied in addition
to the Burdick and Jackson column. A summary of results
for all the commercial columns studied is given in Table L.
In every case, the addition of 3% 1-propanol to the mobile
phase decreased the column reequilibration time significantly.
The results for the Zorbax column were very similar to those
for the Burdick and Jackson column, but the results for the
Phenomenex column were somewhat different. Since the
experimental conditions were identical for each of the columns,
the differences in the column reequilibration times were at-
tributed to differences in the stationary phases. Based on
knowledge of the effect of alkyl chain bonding density on
partitioning, and therefore on column regeneration, the var-

Table II. Relevant Characteristics of Columns Used for
Bonding Density Study

C,g bonding

density, pmol/m? particle size, um endcapped?
1.60 20 yes
2.84 20 no
3.06 20 no
3.56 20 no
4.07 10 no
10.00
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Figure 3. Acetone retention time as a function of the volume of starting
mobile phase (100% water) for the column with a C,4 bonding density
of 3.06 umol/m? with acetonitrile as the organic modifier.
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Figure 4. Acetone retention time as a function of the volume of starting
mobile phase (97/3 water/1-propanol) for the column with a Cyg
bonding density of 3.06 umol/m? with acetonitrile as the organic
modifier and a constant volume of 3% 1-propanol added to the mobile
phase.

iation in the results is most likely due both to differences in
the alkyl chain bonding density and to the surface area of the
silica of the three commercial columns.

Relationship to Bonding Density. Five columns of
known Cy3 bonding density prepared and packed in our lab-
oratory were used to evaluate the effect of alkyl chain bonding
density on column regeneration time. Relevant characteristics
of these columns, ranging in bonding density from 1.60 to 4.07
umol/m? are given in Table II. Reequilibration studies were
performed in triplicate for each of the columns using methanol
and acetonitrile as the organic modifier. Figure 3 shows a plot
of the retention time of acetone as a function of the volume
of starting mobile phase (100% water) for the column with
a C; bonding density of 3.06 umol/m? with acetonitrile as the
organic modifier. The average reequilibration time for this
column without 1-propanol added to the mobile phase is 16.8
mL. A plot of acetone retention time versus the volume of
starting mobile phase with 3% 1-propanol added for this
column is shown in Figure 4. With 3% 1-propanol added to
the mobile phase the reequilibration volume is only 4.0 mL,
which represents a 76% reduction in reequilibration time.

A summary of reequilibration results for all of the columns
of known bonding density is given in Table III. Again, in all
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Table III. Reequilibration Data for Columns of Known
Bonding Density

reequilibration
volume, mL reduction in
bonding without with reequilibra-
density, organic 1- 1- tion time,
pmol/m? modifier propanol  propanol %
1.60 acetonitrile 12.1 8.0 50
methanol 9.1 5.3 42
2.84 acetonitrile 16.9 3.7 78
methanol 13.8 3.7 3
3.08 acetonitrile 16.8 4.0 76
methanol 13.6 4.0 71
3.56 acetonitrile 15.2 4.0 74
methanol 9.8 5.7 42
4.07 acetonitrile 8.5 5.0 41
methanol 5.0 3.7 26
—~ 18.00
-~ o
E 16001 _
“E’ 14.00 4
2 1200 c
>
. 1000
2 b
E 8.00
2 6004
)
g 4.00 4
o 2.00 T T T
1.00 2.00 3.00 4.00 5.00

C1s Bonding Density (umollmz)
Flgure 5. Reequilibration volume as a function of Gy, bonding density
with no 1-propanol added to the mobile phase. Open boxes represent
experiments with acetonitrile as the organic modifier, and closed boxes
represent experiments with methanol as the organic modifier.

cases, the addition of 3% 1-propanol to the mobile phase
produces a marked reduction in reequilibration time. Exam-
ination of these data reveals that for every bonding density
with either acetonitrile or methanol as the organic modifier,
the average reequilibration volume when 3% 1-propanol is
added to the mobile phase is roughly the same, but without
1-propanol added the reequilibration volumes are quite dif-
ferent. The fact that the reequilibration volumes for all
columns are similar when 3% 1-propanol is added to the
mobile phase demonstrates that 1-propanol provides con-
sistent wetting of the stationary phase. A plot of the ree-
quilibration volume as a function of C, bonding density when
no 1-propanol is added to the mobile phase is shown in Figure
5. This plot shows that a maximum in the amount of mobile
phase required for reequilibration occurs at bonding densities
of about 2.9 umol/m?2 This matches closely the critical alkyl
chain bonding density of 2.7 umol/m? predicted by Dill (29)
and of 3.1 umol/m? observed by Sentell and Dorsey (31) and
indicates that alkyl chain bonding density plays a prominent
role in the partitioning process and therefore in the reequi-
libration process. At bonding densities greater than the critical
bonding density, the mobile phase volume necessary to achieve
column reequilibration decreases. At these higher bonding
densities chain ordering increases due to configurational
constraints imposed by the increased chain density, which in
turn decreases partitioning (28-30). Since chain ordering
increases and partitioning decreases at higher bonding den-
sities, the stationary phase will undergo fewer changes with
a change in mobile phase composition. Therefore, as our
experimental evidence indicates, the reequilibration volume
for columns of high bonding densities should decrease due to
the additional rigidity of the stationary phase structure im-
posed by the higher density of the alkyl chains.

It is interesting to note that for every column examined,
both commercial and “homemade”, the volume of mobile
phase necessary for stationary phase reequilibration when no
1-propanol is added to the mobile phase is greater when
acetonitrile is used as the organic modifier than when meth-
anol is used as the organic modifier. Since acetonitrile is less
polar than methanol, it will have more affinity for the sta-
tionary phase with respect to water than will methanol.
Therefore, when the column is equilibrated with acetonitrile
(as at the end of a gradient), it is more difficult for water (the
starting mobile phase) to replace the acetonitrile in the sta-
tionary phase than it is for water to replace methanol. This
is in agreement with the results of McCormick and Karger
(10, 11), who found that acetonitrile is extracted into the
stationary phase to a greater extent than methanol, and with
Yonker et al. (13), who found that acetonitrile is a better Cyg
solvating agent than methanol. This trend is also observed
when the mobile phase contains some acetonitrile or methanol
at the beginning of the gradient. However, when 1-propanol
is added to the mobile phase, this trend is not observed, since
the I-propanol is present at a constant volume percentage
throughout the gradient and preferentially wets the alkyl
chains.

By maintaining consistent solvation of the stationary phase
through the addition of a constant volume of 3% 1-propanol
to the mobile phase, it is possible to markedly reduce the
column reequilibration time needed following gradient elution.
The use of this simple method to reduce column reequilib-
ration time should lead to a significant savings in time, sol-
vents, and money when used for routine gradient separations.
Additionally, identification of a critical alkyl chain bonding
density of about 2.9 umol/m? provides support for the par-
titioning mechanism of retention as proposed by Dill (28-30)
and demonstrates the significance of examining and con-
trolling stationary phase characteristics when performing
chromatographic studies.
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Immobilized 8-Oxine Units on Different Solid Sorbents for the

Uptake of Metal Traces

O. Abollino, E. Mentasti,* V. Porta, and C. Sarzanini

Department of Analytical Chemistry, University of Torino, Via Giuria 5, 10125 Torino, Italy

The sorption of 8-hydroxyquinoline and 8-hydroxyquinoline-5-
sulfonic acid on a polystyrene-divinylbenzene resin (Amberlite
XAD-2) and on an anion exchange resin (Bio-Rad AG MP-1)
has been used for the uptake and enrichment of trace metal
ions. The investigated metal ions were Ca(II), Cd(II),
Cu(11), Mg(II), Mn(II), Ni(1I), Pb(II), and Zn{1I). The
uptake and recovery yields were determined by use of in-
ductively coupled plasma atomic emission spectroscopy. The
behavior of the sorbed ligands was determined in different
conditions, and the results have been discussed and com-
pared with those computed according to a model described.
The chelating solid substrates have been used for the en-
richment of metal traces from environmental samples. En-
richment factors of up to 100, together with low blank levels
of the optimized procedures, allow the simple determination
of the above elements at concentrations down to a few na-
nograms per milliliter.

Different solid sorbents (namely polymers, anion exchan-
gers, reversed-phase octadecylsilica, controlled-pore glass) have
extensively been used for the immobilization of organic ligands
(1, 2). Such substrates have been used for the uptake of metal
ion traces from aqueous samples and for their enrichment,
under different operating mechanisms of ligand and of com-
plex retention, i.e. adsorption (3-5), ion exchange (6), partition
(7), ion pair interaction (8), chelation (9-11).

Among the grafted ligands, 8-hydroxyquinoline (oxine) has
been extensively used in different forms, especially grafted
to controlled-pore glass (CPG) (12-18), or adsorbed on octa-
decyl reversed-phase silica (silica C-18) (5, 19, 20). In this last
form standard procedures for the enrichment and subsequent
determination of a series of metal traces have been investi-
gated in detall (2, 21).

In the present paper we have investigated the grafting
procedures of the oxine moiety to organic polymeric supports
in order to develop preconcentration procedures. In particular
the systems used here are a polystyrene-divinylbenzene
(ST-DVB) copolymer and an anion exchange (AE) resin,
whose properties allowed metal complexes of the parent ligand
oxine (0X) and of its 5-sulfonic acid derivative (SOX), re-
spectively, to retain.

For both systems very low contaminations from the solid
supports were experienced during the enrichment procedures,

and this favorable condition was given by the low content of
metal impurities on both investigated polymeric supports. On
the contrary, this is not the case for the other silica-based solid
supports, like CPG or silica C-18; with these last, higher blank
values are usually found that make the developed procedures
not appropriate for applications directed to the analysis of
environmental samples (5, 22).

The high stability of the complexes formed by the 8-
hydroxyquinoline moiety with several metals prompted us to
investigate in detail the behavior of Ca(II), Cd(II), Cu(Il),
Mg(1I), Mn(II), Ni(II), Pb(II), and Zn(II). The aim of the
present paper is therefore the characterization of the above
chelating systems for the uptake of such trace metal ions.

The experimental results have been compared with refer-
ence to the theoretical uptake yields which can be computed
on the basis of each metal speciation, obtained with the aid
of the corresponding stability constants, according to a de-
scribed model.

EXPERIMENTAL SECTION

Instruments. A Plasma 300 Allied Analytical Systems
(Waltham, MA) inductively coupled plasma emission spectrometer
(ICP-AES) was used throughout for the determination of the
metals in all solutions. The operating conditions of the ICP-AES
were as follows: rf power, 1.2 kW; coolant flow rate, 13 L/min;
aspiration rate, 1.5 mL/min; nebulizer pressure 26 psi; observation
height above the load coil, 12 mm; integration time, 5 s; window
slit, 0.067 nm; readings, 2. An Orion EA 920 pHmeter equipped
with a combined glass—calomel electrode was used for all pH
measurements. All solutions were prepared with high-purity water
HPW (Millipore Milli-Q). High-purity acids and ammonia were
obtained with a sub-boiling quartz still (K. Kurner, Rosenheim,
West Germany). Standard labware and glassware were used
throughout and repeatedly cleaned with HNOjy and rinsed with
HPW, according to a published procedure (23).

Chemicals. The ligands employed were 8-hydroxyquinoline
(0X) and 8-hydroxyquinoline-5-sulfonic acid (SOX). OX ligand
is less polar and its dissolution may be easily achieved in a
water/methanol (75/25 (v/v)) mixture, while SOX was dissolved
in water.

Also the solid supports for these ligands show different prop-
erties. For SOX, a macroporous anion exchange resin (AG MP-1,
100-200 mesh, chloride form, Bio-Rad) enabled the immobilization
of the ligand through its sulfonato group. OX was supported on
Amberlite XAD-2 polymer beads (polystyrene—divinylbenzene
copolymer, 20-50 mesh, Fluka). For some experiments (see below),
AG MP-1 resin was converted in nitrate form according to the
following procedure: 1 g of resin, slurry packed in a polypropylene

0003-2700/90/0362-0021$02.50/0  © 1989 American Chemical Society
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Table 1. Emission Wavelengths for ICP-AES
Determinations of the Elements Investigated and Detection
Limits for the Instrumentation Adopted®

element wavelength, nm detection limit, xg/L
Ca 393.37 0.2
Cd 214.44 15
Cu 324.75 1.0
Mg 279.55 0.1
Mn 257.61 1.0
Ni 221.65 4.0
Pb 220.35 25.0
Zn 213.86 2.0

¢ Detection limits are evaluated as twice the standard deviation
of the blanks, run in triplicate. For other operative details, see the
Experimental Section.

column, was treated with 50 mL of 2.0 M HNO,.

Stock metal solutions, 1000 mg/L (E. Merck), were diluted daily
for obtaining reference and working solutions.

Procedure. For the XAD-2 + OX system, 100.0 mL of solution
containing 10.0 ug of a metal (M) was added of the required
volume of a 2.0 X 1078 M solation of OX (for obtaining a 20-fold
greater molar concentration with respect to the metal, e.g. 2.0 mL
for copper) and brought to the desired pH between 2 and 9. One
gram of XAD-2 resin that was previously washed with 6 N HC],
methanol, and HPW was then poured into a Bio-Rad poly-
propylene (5.0 mL) Econo-Column. The resin was supported by
the built-in porous polyethylene support disk. A small portion
of washed (HNO,, HPW) glass wool was placed on top of the resin
bed in order to immobilize the beads. The resin was equilibrated
with 10 mL of HPW brought to the same pH of the uptake
experiment, and finally the metal solution was driven through
the column with a peristaltic pump (Gilson Minipuls 4). Sample
flow rates were usually 7-10 mL/min. The procedure for the AG
MP-1 anion exchange resin + SOX was similar to the one de-
scribed above, with obvious adaptations.

The column was then washed with HPW portions and the metal
was recovered in a 10-mL volumetric flask (enrichment factor 10)
with the aid of portions of the proper stripping agent (see below).

A 5.0-mL portion of the stripping agent was poured into the
column. The column was closed on both sides, gently shaken a
few times, and left to react for 5 min, in order to allow a more
intimate contact of the stripping agent with bound metals. The
solution was then collected in a 10-mL volumetric flask. Another
4.0-mL portion was added in the same way, and finally additional
reagent (~1 mL) was used in order to rinse the resin and to bring
to volume the recovered metal in the 10-mL volumetric flask.

After such treatment the resins apparently do not undergo any
modification. After proper equilibration at the desired pH, the
column may be reused indefinitely. In the present case the resin
was discarded after 12-15 experiments.

The determination of the metal in the final solution enabled
the evaluation of the recovery yield for each experiment. The
metal concentrations in the solutions, before and after uptake
by the sorbent, and after recovery by the stripping agent, were
determined with ICP-AES (one element at a time for multicom-
ponent mixtures) at the wavelengths reported in Table I, in order
to evaluate uptake and recovery yields. Cross check was obtained
by comparing the metal remaining in the starting solution after
flowing through the column.

The determinations of the metal remained in the starting
solution, after passage through the resin, allowed verification of
the efficiency of the recovery from the solid sorbent achievable
with the stripping agent. Possible differences between the sum
of the absolute quantities found in the final solution and in the
treated sample and the total amount present in the starting
solution may be given by a noncomplete stripping procedure from
the sorbent.

Experiments were performed also on blank solutions, i.e. on
samples containing all the reagents but not the metal, in order
to evaluate the absolute blanks of each method, to be subtracted
to the values determined in the presence of the metal. All
measurements were performed in triplicate by repeating the entire
procedure for each replicate; the derived standard deviations are

Table I1. Stability Constants (log K) for the Metal
Complexes and Acidity Constants (pK ) of the Ligands OX
and SOX, Determined at Ionic Strength = 0.61 M, ¢ = 25 °C
(24-26)

(004 SO0X

metal K K, K, K,
Ca(ll) 3.27 3.27 3.52 3.00
Cddn 7.80 6.20 6.90 6.50
Cu(il) 12.1 10.9 11.9 10.1
Mg(1D) 4.50 2.00 410 3.60
Mn(II) 6.80 5.80 5.70 5.00
Ni(II) 9.90 8.80 9.60 8.70
Pb(11) 9.02 7.00 8.50 7.60
Zn(ID) 8.56 7.40 7.45 6.50
H* 5.0 10.0 3.40 8.35

given throughout with the reported experimental results.

RESULTS AND DISCUSSION

The ligands OX and SOX form with the investigated metals
(all divalent agquacations) 1:1 and 1:2 metal-ligand complexes
with relatively high stability. Table II shows the acid disso-
ciation constants of the ligands (K refers to the pyridine
nitrogen and K, to the hydroxy group) and the formation
constants for the complexes (24-26). Thus, SOX may be used
for retaining preformed complexes on the anion-exchange resin
through the dissociated sulfonato groups while OX can be
conveniently used for the uptake of its neutral 1:2 metal
complexes on the apolar XAD-2 resin.

XAD-2 + OX System. The concentration and type of
reagent for the recovery of copper from the resin were op-
timized, and 1.0 M HCI proved to be efficient for the recovery
of all the metal taken by the resin, as tested with solutions
of known composition. For the recovery of Ca(ll), Cd(IT),
Mg(1T), Mn(II), Ni(II), Pb(lI), and Zn(II), the stripping agent
was 2.0 M HCI warmed at 50 °C.

All experiments were performed by adopting a metal to
ligand molar ratio of 1:20 as in the scheme outlined above.
This value was first optimized in experiments with Cu(II) and
then maintained throughout. Such a ratio ensures the ex-
istence of conditions for the formation of the ML, complex.
Higher concentrations of ligand were not tested in order to
avoid possible competition by free ligand for the resin sites
which would produce a reduction of metal uptake yield.
Moreover the constancy of M:L ratio allowed correct com-
parisons among the investigated metals and between exper-
imental and computed data.

Figure 1 reports the results (percent relative recoveries)
obtained for the uptake of the investigated metals using OX
ligand and XAD-2 resin. The experimental behavior shown
by the continuous lines is reported together with the theo-
retical behavior (dashed lines) which can be expected by
computing (27) the distribution of the metal in all the com-
plexes formed with the aid of the stability constants reported
in Table II (24-26), and assuming that all the neutral species,
namely ML, species, are retained by XAD-2 resin.

AG MP-1 Anion-Exchange Resin + SOX. In this case
the preformed complexes of the single metals are retained by
the anion exchanger owing to the interaction with the nega-
tively charged sulfonato group present on the benzene ring
of the ligand.

In order to characterize the recovery yields with the system
AG MP-1 + SOX, the same procedure outlined for the XAD-2
+ OX system was used. For the recovery of Ca(Il), Cu(ll),
Ni(II), and Mg(II) for the resin, 1.0 M HCI was used. The
other investigated metals, namely Cd(II), Mn(IT), Pb(1l), and
Zn(IT), have an higher tendency to form chloro complexes with
chloride ions and therefore, have been released from the resin
with 2.0 M HNO,. In fact the formation of chloro complexes
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Figure 1. Percent metal traces recovery as OX complexes, as a
tunction of pH, on XAD-2 resin: starting solution, 100.0 mL; 100 ug/L
of metal 1.0 g of resin; OX ligand concentration, 3.0 X 1075 M. Dotted
lines represent the theoretical computed behavior (see text). Contin-
uous lines and closed points are the experimental behavior and the
open points represent metal retention in absence of ligand.

may produce anionic species, MC1,®™* with n > 2, which
would be retained by the resin in a less reversible form. Also
for SOX ligand, a ligand to metal ratio of 20:1 was adopted,
since lower ratios could render the complexation less effective
and higher ratios could give rise to saturation effects of the
resin sites by the free ligand.

Volumes and concentrations of the metal subjected to en-
richment, of the ligand added, and of the stripping agent
solution, the column equilibration, and washing procedure
were the same as described for XAD-2 + OX system. When
the stripping agent was nitric acid, the anion exchange resin
used was previously transformed in nitrate form (see the
Experimental Section).

Figure 2 reports the results obtained for the recovery of the
different metals with the XAD-2 + SOX system. The relative
percent recoveries have been determined at different acidities
performing, for all metals, an enrichment factor of 10, from
100-mL samples containing 100 pg/L of a single metal.

Discussion of Behavior. All the metals show a common
general trend of high recovery/enrichment yield at the higher
pHs and a more or less pronounced decrease at increasing
acidities. Generally the recovery is almost zero at pH 34,
with the exception of Ni(II) and of Cu(II). Only for Pb(Il)
is the behavior slightly different with a random maximum
around pH 6 and a decrease toward pH 9.

With OX + XAD-2 a quantitative recovery (=95%) was
attained for Cu and Ni, while lower values were found for Cd,
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Figure 2. Percent metal traces recovery as SOX complexes, as a
function of pH, on AG MP-1 anion exchange resin: starting solution,
100.0 mL, 100 ug/L of metal; 1.0 g of resin; SOX ligand concentration,
3.0 X 107° M. Dotted lines represent the theoretical computed be-
havior (see text). Continuous lines and closed points are the exper-
imental behavior and the open points show the metal retention in
absence of ligand.

Mn, Pb, Zn, Ca, and Mg. With AG MP-1 + SOX a quanti-
tative recovery is possible for Cd, Cu, and Ni and almost
complete for Zn. For other metals like Mn and Pb, the yield
is around 60~65%, while for Ca and Mg the values are much
lower. It must be mentioned that the low recovery of Ca and
Mg on the anion exchanger is helpful in view of applications
to environmental samples. These samples are usually more
rich in such alkaline-earth elements, so that on one side their
low uptake does not create problems of saturation and on the
other it allows an enriched sample to be obtained, which is
free from the excess elements that could heavily contribute
with their matrix effects to interferences in the determination
of the other trace elements present at lower concentration.

The experimental values obtained in the present work are
compared in Figures 1 and 2 with the theoretical evaluation
of the retention and recovery. Considering the metals and
the ligand as present in solution in the absence of the solid
sorbent (adsorbent or exchanger), it is possible to evaluate
the distribution of the species as a function of pH with the
formation constants reported in Table II. All OX complexes,
whose net charge is zero (namely MOX,), are assumed to be
retained by an adsorbent like XAD-2, while every metal
complex formed by SOX is assumed to be retained by the
anion exchanger, owing to the interaction with the -S04
groups (it should be mentioned, however, that the retention
of 1:1 complexes with SOX might be less effective due to the
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overall neutral charge of the complex (one positive net charge
on the metal center and one negative on the sulfonato groups
of the ligand)). Under these assumptions the theoretical
recovery yields reported as dashed lines in Figures 1 and 2
have been obtained (27).

From the figures it appears that the experimental and
computed curves are parallel but not coincident. In the case
of AG MP-1 + SOX there is a regularity of behavior (with
the exception of Mn at pH <6) since all experimental curves
lie at higher pH values than the theoretical ones, so that the
computed recovery is generally higher that that experimentally
determined. Therefore the immobilization of the ligand on
the resin lowers the stability with respect to the complex in
solution. This behavior may be explained by considering the
presence on the resin bead surface of a positive charge layer
which produces a repulsion toward the metal center, with
subsequent weakening of the complex. Only for copper the
experimental retention is somewhat higher than that com-
puted, especially when recovery yield is below 80%. Also for
XAD-2 + OX there is a difference between the experimental
and computed behavior. Different cases may be described.
For Ca and Mg the experimental curves lie at lower pH values
with respect to the computed ones, showing that the retention
of these metals is higher than expected. This may be ex-
plained considering the formation of neutral hydroxides which
do not separate as insoluble species and that may be retained
by the sorbent as well. In order to have indirect proof of this
hypothesis, measurements were performed on Ca and Mg
solutions brought to the desired pH in the absence of added
ligand OX or SOX. Also in this case a definite metal uptake
on the sorbents has been found (see Figures 1 and 2). In
particular the recovery was higher for XAD-2 than for AG
MP-1, in agreement with the fact that a neutral species, such
as hydroxo species M(OH),, should be more tightly retained
on the polymeric XAD-2 structure than on the anion ex-
changer AG MP-1, where the positive charge Jayer makes the
retention of a neutral species less operative. Uptake exper-
iments in the absence of ligand showed that at higher pH
values copper also is partially retained by XAD-2 and to a
much lower extent by AG MP-1, as shown in Figures 1 and
2. For copper, while an almost complete retention and re-
covery is expected at pH 5.0, a satisfactory experimental
behavior is obtained only at pH 9.0. Theoretical and ex-
perimental behaviors parallel each other at pH 24, while at
pH 4.0-8.0 the retention is significantly lower than expected
and not quantitative (80-86%).

Considering the other metals, the substrate effect may be
different. On one side the concentration of excess ligand
retained on the surface of the sorbent is much higher than
in solution so that the interaction of each metal with the ligand
bound to the sorbent proceeds to a higher extent than the one
computed on the basis of the concentration in homogeneous
solution. On the other side the interaction of the ligand with
the sorbent could produce a less favorable steric disposition
of the ligand for the metal complexation. The correct geo-
metric disposition of the ligands required for the formation
of a 1:2 M:L species could be prevented by inclusion of the
ligands in the cavities of the resins, thus weakening the sta-
bility of the complex species. These effects have an inverse
effect toward metal uptake and recovery. The balance of all
these effects will produce a different behavior for each metal
and for each ligand/sorbent system.

The contribution of these effects may vary also as a function
of acidity; in fact for Pb, Ni, Mn, Cd, and Zn, the experimental
and the computed behavior cross: at the lower pH values the
metals are complexed at a lower extent and the effect of the
increase of ligand concentration on the sorbent surface pre-
dominates, increasing the experimental retention with respect

Table II1. Recovery Efficiency for a Mixture of Cu(Il),
Ca(I1), and Mg(II) (all 100.0 mL, 10 pg/L) with XAD-2 +
OX and with AG MP-1 + SOX (for Other Experimental
Details, See Text)

recovery, %

metal XAD-2+ 0X  AG MP-1 + 80X
Cu(Il) 985 % 3.8 98.5 & 2.7
Ca(Il) 80.0 £ 4.7 11.2 + 2.7
Mg(ID) 35.3 5.2 5.7 & 3.5

to the one computed. At higher pH values the steric effect
becomes more important since the fraction of metal bound
to the ligand increases, and the destabilizing effect of the
support may reduce the experimental behavior with respect
to the computed one. This negative effect should be more
important for metals with higher ionic radius, and the
anomalous behavior of Pb at the higher pH values could be
due to this effect.

Finally one should consider that the computation uses
thermodynamic data obtained in different conditions (e.g.
ionic strength ranging from 0.5 to 0 M) and apply to equi-
librium conditions, which are not completely fulfilled for a
system where the flowing solution of the metal and ligand
interacts with a immobilized support. In general however if
one compares the results for AG MP-1 resin and XAD-2
sorbent, with the exception of Mn and Pb, the yields for
transition metals are higher for the anion exchanger. This
behavior could be due to the fact that the exchanger is able
to retain all complex species, while XAD-2 retains only the
neutral ones.

Applications. Measurements have been performed in
order to evaluate possible applications to real samples.

Mixture of Metals. In order to explore the possibility of
selective recovery of a metal in the presence of calcium and
magnesium jons, enrichment procedures on the two resins have
been performed by using 100.0-mL solutions containing 100
ug/L of Cu, Ca, and Mg. The same experimental procedures
described above were adopted with the only variation of an
increased excess concentration of ligand OX or SOX. In the
previous measurements a molar ratio M:L. 1:20 was adopted
and kept constant in order to allow correct comparisons among
the investigated metals, and between experimental and com-
puted data. In these measurements, in view of applications
to real samples of unknown composition, an higher ligand
concentration was adopted in order to allow complete com-
plexation of all the metals present. Therefore 8.0 mL of 2.0
X 108 M OX or SOX was added for the experiments with
XAD-2 and AG MP-1, respectively, and 2.0 g of each resin
was used in order to overcome possible saturation by the
ligand. The solutions were then brought to an optimum pH
in order to ensure the highest recovery of Cu and the lowest
for Ca and Mg. The pH was 8.0 for the adsorbing resin and
6.0 for the anion exchanger. The recovery was obtained with
HCI 2.0 M at 50 °C for the first resin and HNO; 2.0 M for
the second. Table III collects the results obtained.

As can be seen the use of SOX with the anion exchanger
gives the best results with complete recovery and enrichment
of copper and partial removal of Ca and Mg (recovery around
or below 10%). For XAD-2 resin + OX the separation is less
effective especially for the reasons discussed above, that is
retention of Ca and Mg probably as hydroxo species, since
with this system a higher pH must be used.

Then experiments on multicomponent mixtures (seven
metal traces) were performed. One hundred milliliter solutions
containing 100 ug/L of Ca, Cd, Cu, Mg, Mn, Ni, and Pb were
added of 13 mL of 2.0 X 1073 M solutions of OX or SOX. The
experiments with XAD-2 and with AG MP-1 were performed
respectively at pH 9.0 and 8.0, recovering the metals with 2.0



Table IV. Recovery Efficiency for a Mixture of a Series of
Metal Ions (all 100.0 mL, 100 ug/L) with XAD-2 + OX and
with AG MP-1 + SOX (for Other Experimental Details,
See Text)

recovery, %

metal XAD-2 + 0X AG MP-1 + SOX
Ca(Il) 102.0 £ 3.9 110+ 25
Cd(I) 93.8 £ 4.8 96.7 £ 2.1
Cu(Il) 972+ 38 1011 £ 38
Mg(II) 61.8 %53 255 + 2.4
Mn(II) 823 £32 87.1+22
Ni(II) 944 £ 4.9 972+ 186
Pb(II) 83.7+ 33 86.7+ 1.3

M HCl at 50 °C from the first substrate and with 2.0 M HNO,
for the second.

From the data reported in Table IV one can notice that on
the anion exchanger higher recoveries are obtained than in
the experiments performed at the same pH in the presence
of a single metal species. The reason for this arises from the
higher ligand concentration adopted in the present tests. A
comparison for the two systems points out a similar good
efficiency but a more selective behavior of the anion exchanger
toward transition metals with respect to Ca and Mg.

Effect of Interferents. The effects of possible interferents
present in real samples have been tested by investigating the
recovery of three different metals, namely Cu, Cd, and Mn,
which may be representative of metal ions with different
decreasing tendency to be coordinated by the quinolinol
moiety. The same metal concentrations (100 ug/L), enrich-
ment factor 10, and stripping agents adopted for the seven
metals mixture were adopted, and triplicate measurements
were run on test solutions and on metal-free solutions for blank
corrections. As interferents the following were considered:
a high salinity (NaCl 0.5 and 1.0 M), a ligand competitor
(nitrilotriacetic acid, NTA, in molar ratio 1:5, 1:1, and 2:1 with
respect to OX or S0X), a nonionic surfactant (polyoxyethylene
glycol, POLY, 10 and 100 mg/L), and an excess of alkaline-
earth ions (Ca 20 mg/L + Mg 2 mg/L). Table V shows the
results obtained, and as can be seen for AG MP-1 + SOX a
slight lowering of recovery was observed only in the case of
the higher concentration of surfactant. A more severe yield
reduction was observed for the XAD-2 + OX system, for the
competition with NTA (especially Cd and, at a lower extent,
Mn) and for the surfactant POLY, at the higher concentration.
However one must consider that 100 mg/L of POLY or NTA
in molar concentration around 1 X 10™ to 1 X 1072 M repre-
sents very high concentrations, unusual in real samples.

A comparison between the anion exchanger and XAD-2
adsorbent points out again that the former gives better results,
on the basis of transition-metal selectivity and much lower
sensitivity to interferents.
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Higher Preconcentration Factors. Experiments were also
performed in order to explore the possibility of enriching
solutions of lower concentration with a higher preconcentration
factor. Solutions of 5 ug/L (1000 mL) were added to OX in
molar excess 20:1 and brought to pH 9.0. The sample was then
passed at a flow rate of about 10 mL /min through a column
containing 1 g of XAD-2 resin. The recovery of copper was
effected with 2.0 M HCI at 50 °C into a 10-mL flask. The
enrichment factor is then 100 and a theoretical concentration
of 0.500 mg/L is expected. Triplicate measurements on blank
samples and on copper samples gave the following results:
blank, 0.122 + 0.018 mg/L; copper, 0.608 & 0.074 mg/L. The
experimental recovery is then 0.486 £ 0.092 mg/L with a
percent yield of 97.2%, which may be considered as very
satisfactory considering the low level investigated. Table VI
reports the results for solutions of Cu + Cd + Mn each 5 pg/L,
with an enrichment factor of 100 obtained on 1000-mL solu-
tions. The results stand well for both systems.

Natural Waters. The methods have been applied to the
analysis of Cd, Cu, Mn, Ni, Pb, and Zn in tap water and in
Po River water. Samples of 1 L. were used for both systems
under the standard addition procedure. For Cd, Cu, Mn, and
Zn additions of 1.0, 5.0, and 10.0 ug/L were used, for Ni, 5.0,
10.0, and 20.0 ug/L, and for Cu, 10.0, 20.0, and 30.0 ug/L.
Recoveries of the added spikes, evaluated with reference to
external standards, were always almost complete thus showing
absence of matrix interferences, with the exception of Mn (for
river water) and Zn (for tap and river water), for which in-
coerent data were obtained. The data reported in Table VII
were obtained by a linear regression of the standard addition
results. The analysis of Po River water was performed only
with SOX with the anion exchanger, since the addition of 0X
ligand to Po River water produced an extensive formation of
precipitate of insoluble iron(IIl) species.

Saline Solutions for Hemodialysis. Finally the enrichment
procedure was tested for the analysis of a concentrated salt
solution used for the hemodialysis of patients suffering from
renal function deficiency. Such a solution has a complex
composition (28) so that heavy matrix effects prevent an
accurate direct analysis of trace metal impurities, which, on
the other side, should be accurately evaluated in order to
prevent the occurrence of harmful effects. Table VII collects
the results obtained with the internal standard addition
procedure performed on 1-L samples. The recovery yields for
the standard additions were always higher than 90%, thus
confirming the accuracy of the procedure and its independence
from matrix effects.

CONCLUSIONS
In conclusion the present systems, based on the use of
different sorbents, like the anion exchanger AG MP-1 in
conjunction with ligand SOX and the apolar polymer XAD-2
in conjunction with OX, allowed quantitative enrichments to

Table V. Effect of Different Interferents on the Recovery Efficiency of Cu(II), Cd(I1), and Mn(II) (100 pg/L) (for Other

Details, See Text)

recovery, %

XAD-2 + 0X AG MP-1 + SOX
interferent Cu(Il) Cd(In) Mn(ID) Cu(Il) Cd(In) Mn(IT)
no interferent 95.8 £ 2.3 97.3 £ 32 989+ 1.6 1047 £ 1.9 97.0 £ 0.4 99.2 £ 0.3
NaCl 0.5 M 98.3 £ 2.0 97.5 £ 0.9 95.9 & 2.4 1033 £ 2.9 99.1 £ 1.1 99.6 £ 0.8
NaCl 1.0 M 94.6 £ 34 95.1 £ 4.0 912 +48 106.8 £ 4.3 95.3 £ 0.6 972+ 0.9
[NTAL[L] = 1:5 99.0 £ 4.1 74.8 & 0.4 89.6 = 0.8 1047 £ 39 95.2 £ 0.5 97.1 £ 09
{NTAJ:[L] = 1:1 89.0 £ 2.2 46.0 % 1.1 74.5 £ 1.7 102.3 + 1.1 97.3 £ 1.1 99.4 + 0.5
[NTA)[L] = 2:1 89.9 £35 48.1 £ 3.2 75.6 + 3.9 101.7 = 1.8 96.0 £ 1.0 956 £ 2.1
POLY 10 mg/L 90.1 £ 1.2 100.7 £ 2.3 92.8 + 0.8 95.7 £ 1.0 91.8 £ 0.2 88.6 + 0.6
POLY 100 mg/L 68.8 £ 0.2 77.8 £ 0.2 86.0 = 0.3 78.5 £ 0.9 75.0 £ 0.8 76.0 £ 0.8
Ca 20, Mg 2 mg/L 95.2 = 0.4 97.1 £ 5.2 95.6 £ 7.6 93.9 + 3.4 89.9 = 3.8 96.5 + 2.3
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Table VI. Percent Recovery Efficiency from 1-L Samples
Containing 5 ug of Cu, Cd, and Mn with the Investigated
Systems (for Other Details, See Text)

recovery, %

metal XAD-2 + 0X AG MP-1 + SOX
Cu(Il) 109.6 + 2.5 115.6 + 9.8
Cd(IT) 944+ 1.0 924 + 2.0
Mn(II) 94.2 + 0.7 94.9 + 3.6

Table VII. Enrichment with the Described Procedures and
ICP-AES Determination of Some Trace Elements in Tap
Water (City of Torino), in Po River Water (Collected in the
City of Torino), and in a Dialysis Concentrate for Blood
Cleanup

concentration, ug/L

metal XAD-2 + OX AG MP-1 + SOX
Tap Water
Cd(II) 0.3 £0.1 0.2+ 0.1
Cu(II) 44+05
Mn(II) 4103 3.3+0.2
Ni(II) 46 £ 06 32+04
Pb(II) 7.2£09
Zn(IT)
River Water

Cd(In) a 0.12 £+ 0.01
Cu(Il) a 59 £0.3
Mn(II) a
Ni(II) a 6.0 + 0.4
Pb(II) a 4.1£0.7
Zn(IT) a

Concentration for Hemodialysis
Cd(11) <0.1
Cu(Il) 0.43 £ 0.1
Mn(II) 0.21 £ 0.04
Ni(II) 0.44 £ 0.2
Pb(IT) <0.7

¢ Precipitation of Fe(IIl) as oxine complex prevented the deter-
mination from Po River water.

be obtained for a series of metal traces. Even if for some
elements the recovery yield is lower than quantitative, ana-
lytical applications can anyway be pursued by using correction
factors obtained from the recovery yield of samples of known
composition or of added spikes. In addition applications to
the demetalation of liquid samples, a reduction, even if not
quantitative is always of great importance for example in the
field of recycling and reclamation of waters or in the cleaning
procedures of liquid effluents. The variation of yields as a

function of pH allowed a comparison with the behavior ex-
pected on the basis of pure thermodynamic metal-ligand
interactions. The patterns have been discussed in terms of
a model described above. The use of AG MP-1 + SOX ap-
peared superior with respect to XAD-2 + OX, as also pointed
out by the effect of interferents on the recovery and enrich-
ment. Applications to the analysis of real samples were also
performed.
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The incorporation of platinum disk microelectrodes of various
radii (2.5-50 um) in a wall-jet flow cell offers reduced limits
of detection for the determination of copper in urine by flow
injection analysis compared with standard methods based on
a conventional sized glassy carbon disk macroelectrode (ra-
dius 1.5 mm), in a thin-layer cell. The radius of the platinum
disk microelecirode was found to be critical with respect to
both the limit of detection and flow rate dependence. An
optimal radius value of 28 um was found with detection limits
increasing with both larger and smaller electrode radii. In
contrast, as theoretically expected, a diminished flow rate
dependence was observed the smaller the radii of the plati-
num disk microelectrodes. Sample cleanup and preparation
is conveniently achieved by the use of Sep-Pak cartridges and
formation of a copper dithiocarbamate complex. The metal
complex Is easlly oxidized at platinum disk microelectrodes
in acetonitrile, which was the solvent used in the flow injection
method of analysis.

INTRODUCTION

The properties that distinguish microelectrodes from con-
ventional sized electrodes in stationary solution measurements
include a predominance of radial diffusion to the electrode,
yielding a true steady-state response in experimentally ac-
cessible times; a reduced requirement for deliberately added
supporting electrolyte; a reduced ohmic iR drop in solution;
a fast cell response time; and the ability to operate by using
a simple two-electrode system rather than the more complex
potentiostated system due to the low (R drop involved (I-3).
The use of microelectrodes as analytical detectors in flowing
rather than stationary solution systems, to which the above
benefits apply, has already been demonstrated (4-9). The
retention of many of the advantages deduced from mea-
surements on stationary solutions in conventional cells, to-
gether with a reduced dependency of peak current on flow rate
in flowing solutions, makes the use of microelectrodes as
electrochemical detectors for chromatography and flow in-
jection analysis (FIA) particularly appealing (4-9).

In this paper we will discuss a flow injection analysis pro-
cedure for the determination of copper in urine, using elec-
trochemical detection in a wall-jet cell with platinum disk
microelectrodes of variable radii over the range of 2.5-50 um.
A comparison with detection at a conventional sized glassy
carbon disk electrode (radius 1.5 mm) in a thin-layer cell is
presented to demonstrate the advantages of the microelectrode
method over a standard method using cornmercially available
instrumentation. Importantly, in this work it is shown that

while improved limits of detection are obtained via the use
of microdisk electrodes, there is likely to be an optimal radius
and that the limit of detection does not become more favorable
as the electrode radius is decreased in size as may be deduced
from solely considering the theoretically expected faradaic-
to-charging current ratio. This feature of microelectrode
detectors having an optimal size is an important aspect of their
use that has yet to be widely recognized.

EXPERIMENTAL SECTION

Chemicals. Chemicals were of analytical grade purity and used
without further purification, unless otherwise stated. Solvents
(Mallinckrodt) were of liquid chromatography grade. The water
used in this study was obtained from a Millipore water purification
system. Acetate buffer was prepared according to Vogel (10).
Tetraethylammonium perchlorate (Et,NCIO,) (Southwestern
Analytical Chemicals, Inc.) was recrystallized from methanol and
then dried and stored in a vacuum desiccator prior to use.

Cys Sep-Pak cartridges were obtained from Waters/Millipore
Corp. and used as described in Figure 1.

Flow Injection System. The microelectrode-based FIA
system consisted of an ICI LC1500 pump (ICI Instruments,
Melbourne, Australia), a Rheodyne 7125 sample injector (20- uL.
loop), and a Metrohm 656 wall-jet flow cell. The microelectrode
cell was operated in the two-electrode mode, with a microelectrode
as the working electrode and either a Ag/AgCl (8 M KCI) reference
or large-area gold disk (radius 2.5 mm) as the second electrode.
The gold disk was found to be suitable for use as a pseudo ref-
erence electrode if the current was maintained below 1.0 nA to
avoid polarization of the electrode. The current was measured
with a Keithley 614 electrometer, and the cell voltage was applied
by using a home-built precision voltage source, as described
previously (4, 5). The macroelectrode FIA system consisted of
a Waters 6000A pump coupled to a Rheodyne 7125 sample injector
(20 or 50 uL loop) and then to a BAS LC4B thin-layer cell detector,
using a glassy carbon working electrode (radius 1.5 mm), stainless
steel auxiliary electrode, and Ag/AgCl (3 M KCI) reference
electrode.

Microelectrode Fabrication. All microdisk electrodes used
in this work were fabricated from platinum wire (Goodfellows,
Cambridge, England) of nominal diameters 2.5-50 um. A length
of soda glass tubing was collapsed in a flame, leaving a 1-2-mm
hole in the end. A 10-15-mm length of the microwire was placed
in the hole and then sealed into the glass. Electrical contact was
made by using Wood’s Metal (mp 72 °C) to solder the microwire
to a length of copper wire, and the body of the electrode was filled
with polystyrene to immobilize the connection. The end of the
electrode was ground on emery paper and then successively finer
grades of alumina slurry (6-0.3 um) until a mirror smooth finish
was obtained (II}.

Microdisk Electrode Calibration. The radii of all microdisk
electrodes fabricated as described above were calibrated prior to
use. Slow scan rate voltammetry in a conventional cell of a
solution of ferrocene (1.0 X 107 M) in acetonitrile (0.10 M
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Sample Dilution

Sample aliquot of 3 ml

diluted with HZO to 5.0 ml.

Sep—pak Cartridge Pretreatment

Sep-pak soaked in 1077 M NaDDTC/

acetonitrile overnight. Cartridge

rinsed with H20 {10 ml).

Sample Preparation

To sample solution add 5 ml
3 x 107 M DDIC in acetonitrile

Reaction Time

Urine sample > 15 mins

Slowly load total solution
volume onto Sep-pak over

3 minutes.

a

[

Sep—pak washed with:

1. 3ml HZO t0o remove excess
NaDDTC.

2. 3 x 2 ml 50/50

acetonitrile/water.

Sample eluted into a 5 ml standard
flask with 4 ml 80/20%
acetonitrile/ﬂzo, PH 6 over a 2 min

period.

Standard flask made up to 5 ml with
80/20% acetonitrile/K,0, DH 6.

Volume suggested for

analysis 20 - 100 pl.

When microelectrodes were used the sample was eluted with 100Z acetonitrile.

Figure 1.

Et,NCIO,) was employed under conditions where a steady-state
response is obtained to calibrate the microelectrodes by using the
relationship (72)

iq = 4nFDCr (1)

where 1, is the diffusion-limited current, n is the number of
electrons transferred, F is Faraday’s constant, C is the bulk
concentration, D is the diffusion coefficient (2.3 X 1075 cm? /s (4)),
and r is radius of the microelectrode.

Procedures. Urine Collection. All urine samples were col-
lected as random specimens by the clean-catch/midstream
technique described by Schumann (13) and acidified and stored
as described in ref 14.

Glassware. All glassware used in these determinations was
precleaned in an acid bath (2 M HNO,) for a minimum of 7 days
and then throughly rinsed with distilled/deionized water prior
to use.

RESULTS AND DISCUSSION

General Methodology. Determination of Copper as the
Diethyldithiocarbamate Complex. Sodium diethyldithio-

Sample preparation and cleanup procedure used for copper in urine by flow injection analysis with electrochemical detection.

carbamate (NaDDTC) and other dithiocarbamate ligands form
stable complexes with a wide variety of transition metals (15).
The nonspecific nature of NaDDTC has meant that careful
selection of experimental conditions is necessary to increase
the selectivity of the reagent.

In this study, selectivity and sample cleanup are obtained
from a combination of the sample preparation procedure and
differences in oxidation potentials of the metal-DDTC com-
plexes. For example, from data contained in ref 16 it can be
noted that an applied potential of 0.60 V vs Ag/AgCl will
selectively oxidize the Cu(DDTC), complex, according to a
reversible one-electron oxidation reaction

Cu(DDTC)y* = [Cu(DDTC),]* + & (03]

in the presence of nickel, cobalt, or chromium, which are
oxidized at more positive potentials. In the present work, the
separation previously performed by the chromatographic
column (14) is achieved by judicious choice of applied po-
tential.
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Figure 2. Flow injection response of Cu(DDTC), standards in 80/20
acetonitrile/acetate buffer containing 0.2 M NaNO,. Conditions: fiow
rate, 0.7 mL min™"; sample injection, 50 uL; applied potential, +0.60
V vs Ag/AgCl. The working electrode is a conventional glassy carbon
electrode in a thin-layer cell. Concentrations (as Cu) are (a) 10, (b)
20, (c) 40, and (d) 60 ppb.

Sample Determination. In a FIA method where no
chromatographic column is employed, no separation of in-
terfering components present in urine is possible during the
copper determination. That is, unless a sample cleanup
procedure is used, gross interference occurs. A simple and
efficient means of sample preparation has been developed
using the small disposable solid-phase extraction cartridges
(Sep-Pak (Waters)), which are available in a wide range of
solid phases. A reversed-phase (C,g) Sep-Pak was found to
be a suitable choice for the sample preparation and cleanup,
as detailed in Figure 1. This method, which forms the copper
dithiocarbamate complex in an in-situ mode, achieves the
equivalent of the chromatography in ref 14 with respect to
both cleanup and removal of potentially interfering species.
However, the procedure is faster and does not involve dilution.

Macroelectrode Studies. (a) Mobile Solvent Composi-
tion. The optimum mobile solvent composition for FIA ex-
periments when macroelectrode detection with a glassy carbon
electrode was employed in a thin-layer cell was found to be
80% acetonitrile/20% acetate buffer (pH = 6.0), with 0.2 M
NaNO, added to increase the conductivity. A decrease in the
aqueous component of the mobile solvent leads to a decrease
in the limit of detection for copper. The limit of detection
(signal-to-noise ratio of 2:1) with 50% acetonitrile was 20 ppb
Cu and with 80% acetonitrile was 6 ppb Cu. Concentrations
of acetonitrile higher than 80% cause problems with ohmic
iR drop and cannot be used with a macroelectrods in a
thin-layer cell. An example of the FIA response to a standard
series of copper solutions is shown in Figure 2. The cali-
bration curves for both the 50/50 and 80/20 (acetonitrile/
buffer) mobile solvents are illustrated in Figure 3. Although
both mobile solvents yield an excellent linear response, the
response per unit concentration of the 80/20 mixture is con-
siderably greater than that of the 50/50 mixture, well above
the increase expected due to the flow rate difference present
in the two sets of data; hence the lowered limit of detection
found with the former. The addition of 5 ppb copper as the
Cu(DDTC), complex to the mobile solvent (80/20 mixture)
was found to improve long-term base-line stability and lowers
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Figure 3. Concentration dependence of FIA peak height for copper
with the use of conventional glassy carbon electrode in a thin-layer cell.
Conditions: applied potential, +0.60 V vs Ag/AgCl; {a) mobile soivent,
80/20 acetonitrile/acetate buffer containing 0.2 M NaNQ,, flow rate,
0.4 mL min™%; (b} mobile solvent, 50/50 acetonitrile/acetate buffer, flow
rate, 0.6 mL min~".

the detection limit to 3 ppb Cu. This deliberate addition of
copper meant that slight variations of background current due
to variable copper impurity levels was effectively eliminated.
Copper levels in urine are considerably higher than this level,
so detection of copper in urine is possible by the procedure
of FIA (80/20 solvent mixture) with amperometric detection
at a glassy carbon electrode in a thin-layer cell.

(b) Urine Samples. Recoveries from deliberately spiked
urine samples were determined over the concentration range
of 20~100 pph. For all spiked samples excellent copper re-
coveries of 100 =+ 2% were obtained. Results obtained on three
samples obtained from healthy adults (38.8, 40.2, and 37.1 ppb)
were also in excellent agreement with data obtained by the
previously described chromatographic method (14) at the £5%
level, thus validating the procedure developed in this work.
The possibility of contamination from the Sep-Pak cartridges
was examined and found to be negligible by comparing results
from a duplicate series of standards. The first was prepared
without the use of Sep-Pak cartridges, and the second ac-
cording to Figure 1. Within the limits of experimental error
no difference was noted, indicating minimal contamination.

Microelectrode Method. (o) Instrumental Considera-
tions. Most of the measurements with microelectrodes were
performed by using a very low impedance 2.5-mm-radius gold
disk as reference electrode. If the current exceeded 1.5 nA,
the base-line current was found to oscillate before settling out
to an equilibrium value. This is attributed to electrode po-
larization problems. Therefore, as a general rule, the peak
current was maintained under 1.0 nA for all microelectrode
experiments reported in this paper.

(&) Mobile Solvent Composition. The effect of mobile
solvent composition on detection limits noted for macroe-
lectrode detection was also observed for microelectrodes.
However a further decrease in the agueous component of the
mobile solvent and further increase in sensitivity were possible
without introducing problems from ochmic iR drop. The use
of a microelectrode detection system enabled a 100% aceto-
nitrile mobile solvent to be used, with the addition of only
0.001 M Et,NCIO, as the supporting electrolyte.

(¢) Analytical Response. In the analytical problem being
considered, FIA provides a simple and efficient means of
transferring the samples and standards to the electrochemical
cell. The copper concentration may be derived either from
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Figure 4. Fiow injection response of Cu{DDTC), standards in pure
acetonitrile containing 0.001 M Et,NCIO,, for a 28-um-radius Pt disk
electrode in a wall-jet cell: flow rate, 1.0 mL min~"; applied potential,
+0.70 V vs Au pseudo reference electrode. Concentrations of
standards (calculated as Cu) are (a) 6.4, (b) 12.8, (c) 25.6, and (d) 64.0
ppb.
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Figure 5. Concentration dependence of FIA peak height for copper
observed with a range of Pt microdisk electrodes of different radii: (a)
65.7, (b} 28.1, (c) 13.2, (d) 4.7, (e) 2.5 um. Concenirations are in parts
per billion (calculated as Cu); other conditions are as in Figure 4.

the peak height (current) or peak area (charge), as both are
a linear function of concentration. A typical FIA microelec-
trode response to a series of Cu(DDTC), standards is shown
in Figure 4. The dependence of injected copper concentration
on peak height or peak area was determined to be linear for
a range of microelectrode sizes, in the concentration range of
interest; data for peak height are shown in Figure 5.

It was anticipated that decreasing the size of the electrode
would lead to greater analytical sensitivities (more favorable
signal-to-noise (3/N) ratios) in flowing systems, as would be
predicted for stationary solutions. However, experimental data
obtained in this work indicate that decreasing the size of the
electrodes below a radius of 28.1 um leads to a less favorable
limit of detection (poorer S/N ratio), as shown in Table L.
The area normalized analytical sensitivity did indeed increase
as the radius was decreased, but this did not result in a
concomitant decrease in detection limits because of the de-
pendence of noise on the electrode radius.

The reason for this behavior is revealed by a detailed ex-
amination of the short-term variation in the background
current (noise). The background noise was found to vary with
electrode radius (Table IT), where a decrease in radius cor-
responds to a decrease in observed noise. However the noise
level decreases at a slower rate as the radius is decreased than
does the faradaic response, as evidenced by the S/N ratios
calculated for the 2 X 1077 M Cu(DDTC), standard. Similar
results were obtained for all concentrations of Cu(DDTC),.
An increase in S/N from varying the radius from 65.7 to 28.1

Table I. Detection Limits® for the Determination of Copper
Using the Microelectrode and Macroelectrode Methods
Coupled with Flow Injection Analysis

analytical normalized lim of

sensitivity, sensitivity, detectn,
electrode radius  pA ppm™ pA ppm~ m~? ppb
65.7 um® 1732 1.27 X 101 0.83
28.1 um® 768 3.10 x 101 0.70
18.2 um® 143 2.61 X 101 1.08
4.7 um® 58 8.22 x 10 1.40
2.5 um® 20 1.06 x 102 3.30

1.5 mm*® 6.0 X 10° 8.45 x 101 3.0

eDetection limits (S/N ratio of 2:1) and sensitivities calculated
in units of concentration of copper added as Cu(DDTC),.
5Conditions: platinum microelectrode in a wall-jet cell; mobile
solvent, acetonitrile (103 M Et,NCI0,); applied potential, 0.65 V
vs Au disk reference electrode; flow rate, 1.0 mL min™h
¢Conditions: large-area inlaid glassy carbon disk in thin-layer cell;
mobile solvent, 80% acetonitrile/20% acetate buffer (0.02 M; pH
= 6.0) containing 0.2 M NaNOg; applied potential, 0.60 V vs Ag/
AgCl (3 M KCI); flow rate, 1.0 mL min™.

Table II. Magnitude of Noise and Signal-to-Noise Ratio®
for Microelectrodes of Different Radii’ under Conditions of
Flow Injection Analysis with a Wall-Jet Cell

electrode normalized
radius, um  noise level, pA noise, pA m™? S/N ratio
85.7 0.40 2.95 x 107 65
28.1 0.17 6.85 X 107 70
132 0.050 9.13 x 107 45
4.7 0.035 4,96 X 108 31
25 0.024 1.27 X 10° 13

#Signal-to noise ratio calculated for injections of 2 X 1077 M
Cu(DDTC), standard. ?Noise levels calculated as peak-to-peak
values, using experimental conditions contained in Figure 4.

um is followed by a progressive decrease in S/N as the radius
decreases. We can therefore find no analytical benefit in
incorporating microelectrodes less than 28.1 um for the de-
termination of copper in wall-jet type detectors. The higher
background found with small-radii electrodes is presumably
a result of imperfect sealing and other nonidealities introduced
during the fabrication and polishing of the smaller electrodes.
The question of noise in flowing solutions is complex (17, 18)
and needs to be further addressed with respect to microe-
lectrodes.

(d) Flow Rate Effects. The variation of current with rate
of mass transport, or flow rate, is expected to vary with the
geometry of the flow cell and the nature of the electrodes
employed.

The dependence of peak height on flow rate has the form

iy« U* (2)
where i, is peak current, U is flow rate, and x is flow rate
dependence. When a sample of electroactive species is injected
into the flowing stream, a transient or peak shaped response
is the result. When the electroactive species is present in the
mobile solvent, such that a constant uniform concentration
of the analyte is flowing into the detector cell, then a
steady-state response is observed. The experimentally de-
termined flow rate dependencies for these two kinds of ex-
periments are shown in Table IIL

The range of flow rate dependencies observed with the
microelectrodes does not correspond to any particular flow
model described in the literature (19-22). However, the
smallest electrode (radius = 2.5 um) examined is the least
dependent on flow rate, as theoretically expected. Thus, while
the greater analytical sensitivity is not achieved with the
smaller electrodes, the theoretically decreased dependence on



Table III. Exponential Flow Rate Dependencies in a
Wall-Jet Cell for a Range of Microelectrodes of Different
Radii®

flow rate dependence (x)}

electrode radius, pm  transient response steady-state response

65.7 0.80 0.90
28.1 111 0.85
13.2 0.95 0.61
4.7 0.72 0.5¢
2.5 0.43 0.40

“Flow rate dependence of the form ;i = U* where U is the flow
rate and x is the flow rate dependence. The concentration of cop-
per was 1.0 X 10°® M Cu(DDTC), in acetonitrile (10 M
Et,NCIO,). The flow rate was varied from 0.4 to 1.6 mL min™, in
0.2 mL min™! increments.

I‘lpA

Figure 6. Flow injection response of copper in human urine. Con-
centrations of standards (calculated as Cu) are (a) 0.7 ppb, (b) 3.2 ppb,
(c) 6.4 ppb, (d) 31.8 ppb, (e) diluted urine sample (see Figure 1). Cther
conditions are as in Figure 4.

flow rate is observed and is a distinct advantage when flow
rate variations are introduced into a flowing system by the
pump.

(e) Urine Samples. The results for the determination of
copper in a urine sample using FIA with amperometric de-
tection at a 28.1-um microelectrode are shown in Figure 6.
The concentrations determined on individually collected
samples on consecutive days were 26.7 &+ 2 and 34.4 & 2 ppb
Cuy, respectively. These results fall within the limits expected
for a normal healthy adult (23-25) and are in agreement with
results obtained by the high-performance liquid chromatog-
raphy method described previously (29.1 & 1.5 ppb) (14). In
the previous study (14), extensive studies on the medical
status, sample collection, storage, and sample treatment were
undertaken. Similar considerations with respect to sample
treatment and storage apply to the present method. Readers
are referred to ref 14 for these aspects of urine analysis.

CONCLUSIONS

1. The method for the determination of copper in urine
using the sample preparation method described in Figure 1
with electrochemical detection at both conventional glassy
carbon electrode-thin-layer cell configurations and microe-
lectrode—wall-jet cell configurations has been found to be
simple to perform.

2. The microelectrode method exhibits a considerable im-
provement in the limit of detection and in some instances
decreased dependence on flow rate over that found with the
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conventional approach. Both methods are sufficiently sen-
sitive for the determination of copper in urine at naturally
occurring levels. The absence of the column present in the
previously described chromatographic method (14) leads to
lower detection limits than previously reported. This is a
considerable advantage for determining copper in urine of
healthy adults.

3. There was found to be limited benefit in using extremely
small microelectrodes. An increase in the limit of detection
was observed with a decrease in electrode radius below 28.1
um. However, the dependence of peak current on flow rate
does decrease as the electrode radius decreases, and this could
be an advantage in some circumstances.

4. The decrease in signal-to-noise ratio with decreasing
microelectrode radius is interesting. Data obtained from
chromatographic separation and electrochemical detection
indicate that the same trend is found when high-performance
liquid chromatography is associated with the analytical
scheme. It therefore appears that this effect may be a general
phenomenon associated with electrochemical detection at
microelectrodes.

Registry No. NaDDTC, 148-18-5; Cu, 7440-50-8; Pt, 7440-06-4.
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Surface Acoustic Wave Sensor Response and Molecular
Modeling: Selective Binding of Nitrobenzene Derivatives to

(Aminopropyl)triethoxysilane

Wolfgang M. Heckl, Francesca M. Marassi, Krishna M. R. Kallury, David C. Stone, and Michael Thompson*
Department of Chemistry, University of Toronto, 80 St. George Street, Toronto, Ontario M58 1A1, Canada

A number of derlvatives of nitrobenzene have been found to
bind selectively to a surface acoustic wave sensor treated
with {amincpropyi)triethoxysilane. The relative binding affin-
ities, measured by analyzing the frequency shift over time,
exhibit response behaviors ranging from reversible to irre-
versible. These results can be explained in terms of a mo-
lecular orbital AM1 study of the binding behavior of the dif-
ferent analytes to the (aminopropyl)triethoxysilane film. The
theoretical calculations indicate that differences in hydrogen
bond sirength and dipcle moment are responsibie for the ob-
served selectivity.

INTRODUCTION

Piezoelectric devices that can generate and support acoustic
waves have attracted considerable attention in the area of
chemical and biosensor research (I). The majority of appli-
cations have employed the bulk acoustic wave (BAW) device
together with an adsorptive coating to provide some degree
of response selectivity toward the analytes of interest (2, 3).
Recently the surface acoustic wave (SAW) device has been
introduced. A detailed description of the design and operation
of such devices may be found in the work of Wohltjen (4, 5).

When a suitable radio frequency (rf) signal is applied to
the input terminals of a SAW device, a Rayleigh wave is
generated that propagates along the surface and gives rise to
an alternating voltage on the output terminals. When in-
corporated into an oscillator circuit, any perturbation of the
acoustic wave will result in a change of the wave velocity,
frequency, amplitude, and phase. Factors producing such
effects include changes of temperature, pressure, deposited
mass, and surface conductivity. For example, the frequency
shift produced by applying a thin organic film to the surface
of a SAW crystal may be approximated by

Af = (kg + ko)fyho (1

where Af is the frequency change, k; and &, are material
constants for the crystal, f; is the initial frequency, and h and
p are the film thickness and density, respectively. Since hp
is the mass per unit area, it can be seen that Af is proportional
to the change in surface mass and the square of the oscillator
frequency. One Important implication of this is that the higher
the frequency, the greater the sensitivity of the device.

In a manner analogous to that for the BAW sensor, the
SAW device has been employed with a varisty of empirically
chosen coatings for the gas-phase detection of organic species
(6-8), substances of environmental importance (9-12), and
hydrogen (18). An attempt to deal with the problem of
marginal selectivity, provided by various coatings, has involved
the use of an array of devices with different films deposited
on each, followed by the application of pattern recognition
techniques for responses of the whole configuration to a
number of gases {(14). Other applications include use as a gas

chromatographic detector (15), in polymer analysis (16), and
in immunoassay (17), although the importance of Rayleigh
waves in the latter experiment has been disputed (18).

Although there has been a recent escalation of interest in
molecular recognition derived on a synthetic basis (19), little
of this technology has found application in the realm of
chemical sensor science. In molecular recognition, selectivity
is usually achieved by means of noncovalent interactions, the
most significant being hydrogen bonding (H-bonding) in-
volving hydroxylic and amino functions. Previous work with
BAW devices in our laboratory has revealed a selectivity of
{(aminopropyljtriethoxysilane (APTES) for nitroaromatics {20).
To investigate this effect more thoroughly, we used the more
sensitive SAW system. This approach has some advantages
over previous ones. The APTES selective coating is covalently
bound to the SAW crystals, giving stability to the sensor. The
interaction between APTES and the analytes is believed to
be mainly due to H-bonding, a desirable interaction from the
point of view of chemical sensors due to its reversibility. The
higher sensitivity of the SAW device allows such a weak,
reversible interaction to be detected.

In order to understand the mechanism of selective binding
on a molecular level, this paper introduces the combination
of a new experimental setup with molecular orbital compu-
tational methods. Until recently only very large basis set ab
initio computations have been successful in calculating hy-
drogen bonds. However these methods can only be applied
to molecules of limited size due to the high cost and long
computing time required. The AM1 semiempirical molecular
orbital method (21), the latest by Dewar, overcomes some of
the problems of modified neglect of diatomic overlap (MNDO)
(22) and is the only effective method for the study of hydrogen
bonds on larger size molecules.

EXPERIMENTAL SECTION

Apparatus and Materials. A schematic diagram of the ex-
perimental setup used is shown in Figure 1. The SAW crystals
were 52-MHz dual delay line devices obtained from Microsensor
Systems, Inc. (Springfield, VA). These were mounted inside the
gas cell of the CEM-52 RF electronics and power supply system
from the same source. This unit includes the necessary compo-
nents for two oscillators, and a mixer stage that gives the difference
frequency (Af) between the two (Figure 1b). Thus the two sides
of the crystal can be used as sample and reference channels,
respectively. The change in Af obtained by loading one side of
the crystal with a mass of 1 ug indicated a mass sensitivity of £14
Hz/ng. The gas chromatograph was a Varian Model 2740 fitted
with a gas control system and glass-lined injection splitter
(Chromalytic Technology P/L), a 30 m X 0.25 mm Duribond DB1
capillary column (J & W Scientific, Inc., Rancho Cordova, CA),
and a flame ionization detector. Chromatographic peaks were
observed with a Hewlett-Packard 8390A reporting integrator. The
split flow from the injector was diverted to the SAW detector.
By measuring the various gas flow rates and the split ratio, it was
possible to present known amounts of different sample compounds
to the SAW detector in the gas phase. Connections between the
injector and the SAW detector were kept as short as possible. The
GC was used to confirm successful injection and monitor the
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Figure 1. Schematic diagram of the experimental setup: (a) general
outline and (b) 52-MHz dual SAW delay line oscillator system diagram
(Microsensor Systems, Inc.).

sample for any impurities. Nitrogen was used as the carrier gas,
and all gas lines were fitted with moisture and hydrocarbon traps.
The difference frequency was measured by using a Hewlett-
Packard 5334A frequency counter linked to a personal computer
for data acquisition and display.

The following compounds were analyzed: (1) 2-nitroanisole;
(2) 2-nitrotoluene; (3) 4-fluoronitrobenzene; (4) nitrobenzene; (5)
3-fluorotoluene; (6) 2-fluorotoluene; (7) anisole; (8) acetone; (9)
toluene; (10) benzene. APTES, nitrobenzene, nitroanisole, 2-
nitrotoluene, 2-fluorotoluene, 3-flucrotoluene, anisole, and 4-
fluoronitrobenzene (Aldrich Chemical Co.) were purified by
distillation before use. Chloroform, methanol, acetone, benzene,
and toluene (ACS reagent grade) were dried over either phos-
phorus pentoxide or a molecular sieve as appropriate and were
distilled before use.

Surface Coating Procedure. The surface of the SAW crystal
was chemically modified through the reaction of APTES with the
surface silanol groups of the quartz. The reaction was carried
out in a specially constructed cell that left a 5 X 5 mm area of
the surface between the electrodes on one side of the crystal
exposed to the APTES. This corresponded to the largest area
of one delay line that could be chemically treated without affecting
the interdigital transducers. The crystal was treated with 5 mL
of a 2% solution of APTES in dry toluene (room temperature,
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Figure 2. Flow chart of molecular modeling and caiculation routines.

24 h), followed by repeated washing with chloroform and acetone
and subsequent vacuum drying for 1 h. The change in Af observed
after treatment with APTES was 4000 £ 100 Hz, corresponding
to about 285 ng or 7 layers of APTES. This was in good agreement
with the film thickness obtained by ellipsometric measurements.
The APTES film was further characterized by X-ray photo-
electron spectroscopy (XPS) using an SSX-100 ESCA spectrom-
eter under conditions described previously (23). The surface
coverage measured by this technique was found to be greater than
90%, and the measured film thickness agrees well with the above
results.

Experimental Measurements. A 0.5-uL aliquot of each
sample -compound, corresponding to a mass of about 400-600 ng,
was injected in turn. For all the measurements the injection
temperature was 240 °C, the split flow rate was 40 mL /min, and
the split ratio was 1:40. The change in Af with time was recorded
by using the computer. Each injection was repeated three times
and the complete set of experiments repeated by using a second
crystal treated in a manner identical with the first. The crystal
was positioned in the holder in such a way that preferential
adsorption on the APTES-coated side of the crystal resulted in
an increase in Af.

Computational Methods. The PC Model (24) molecular
graphics/modeling package was used to construct and display the
structures of compounds 1-10. The structures were preoptimized
by using the molecular mechanics MMX force field in PC Model.
Further geometry optimizations were performed by using the AM1
semiempirical molecular orbital method in MOPAC (25). All
geometrical parameters were optimized with the exception that
the aromatic rings were constrained to be planar. AM1 was then
used to study the H-bonding interaction between the APTES
terminal amino hydrogens and the compounds under study. In
the calculations methylamine was used as a substitute for the
APTES propy! function to enconomize on computer time. For
the energy calculations of the intermolecularly H-bonded com-
plexes, all geometrical parameters were held fixed except for the
bond lengths, angles, and dihedral angles of the amino hydrogens
and the H-bond acceptor atoms directly involved in the inter-
action; these parameters were optimized. The reported H-bond
interaction energies (E;) are all AM1 values, All calculations were
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done on the Macintosh II. Figure 2 is a flow chart showing the
molecular modeling and calculation routines performed.

RESULTS AND DISCUSSION

Experimental Measurements. The results obtained for
the 10 different analytes are shown in Figure 3. The same
results were obtained for both crystals. It should be noted
that the entire surface of the crystal is exposed to the gas flow,
while the area coated with APTES accounts for about 13%
of the active area of one delay line (see above). Therefore the
observed change in Af represents the difference in adsorption
behavior between the APTES and the bare quartz: If analyte
was adsorbed to the same extent by the APTES coating and
the bare quartz, no change in Af would be observed. This
means that the value of Af does not give an absolute measure
of the adsorption of analyte by the APTES. However, ad-
sorption on the reference delay line is largely compensated
for by adsorption to the untreated area of the sample delay
line. Thus the change in Af provides a good estimate of the
extent of adsorption to the APTES film, allowing a comparison
to be made between the observed relative binding affinity
(RBA) values for the different analytes and their corre-
sponding calculated E; values. (See also the discussion of the
APTES structure below).

Acetone, toluene, and benzene show very little preferential
adsorption to the APTES coating, the observed peaks being
sharp and narrow. The signals obtained for anisole, 2-
fluorotoluene, and 3-fluorotoluene indicate a somewhat greater
interaction with the APTES coating. The results for nitro-
benzene, 4-fluoronitrobenzene, and 2-nitrotoluene show an
even greater interaction with the APTES coating, while that
for 2-nitroanisole was essentially irreversible and solvent had
to be used to remove the compound from the surface of the
SAW crystal. To obtain a more objective comparison between
the different analytes, a relative binding affinity was calcu-
lated. The area under the curve for each peak is a function
of the total mass of material passed over the surface of the
crystal and was found by cutting and weighing. This area was
divided by the molecular weight for each compound. The
mean corrected area over three injections was taken to give

Table I. Results of Experimental Measurements and AM1
Calculations for the 10 Analytes Used

caled
exptl rel dipole
binding  caled E;, moment,
compound affinity  keal/mol D bp, °C
1 2-nitroanisole a -7.100 6.198 276.8
2 2-nitrotoluene 1.00 ~3.349 4.915 221.7
3 4-fluoronitrobenzene 0.93 -3.212 3.737 214.6
4 nitrobenzene 0.83 -3.325 5.238 210.8
5 3-fluorotoluene 0.37 -1.739 1.763 116.0
6 anisole 0.36 -1.876 1.249 155.0
7 2-fluorotoluene 0.31 -1.262 1.394 114.0
8 acetone 0.14 -2.604 2.921 56.2
9 toluene 0.10 0.265 110.8
10 benzene 0.05 0.000 80.1
2 Irreversible.
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Figure 4. Correlation of the theoretical results to the experimental data.

the RBA for each analyte, and the results are shown in Figure
4 and Table I. These confirm the trend noted from the Af
curves, namely that the compounds tested appear to fall into
the following groups: slight, moderate, and large reversible
preferential adsorption, and irreversible adsorption.
Theoretical Calculations. The results of the AM1I cal-
culations are included in Table I. Figure 5a shows some of
the H-bonding geometries possible between the APTES amino
function and nitrobenzene, while the H-bond geometries that
gave the highest values of E; by AM1 are shown in Figure 5b.
From this it becomes apparent that the compounds that can
form the greatest number of H bonds via their electron lone
pair donor functions are the ones with the highest E; and RBA.
Thus 2-nitroanisole with three H bonds has the highest E;,
2-nitrotoluene, 4-fluoronitrobenzene, and nitrobenzene form
two H bonds and have medium E;, while 3-fluorctoluene,
anisole, 2-fluorotoluene, and acetone form one H bond and
have a small E;. This trend is illustrated in Figure 4 where
the good agreement between the theoretical E; values and the
experimental RBAs is shown. Discrepancies between theory
and experiment may be partly accounted for by the neglect
of H-bonding with the = electron systems of the analytes in
the calculation. This interaction, which is shown in scheme
C of Figure ba, was not calculated with AM1; therefore no E;



Flgure 5. (a) Possible H-bonding geometries of nitrobenzene with
APTES. (b) Optimal H-bonding geometries for compounds 1-8 with
the APTES amino hydrogens.

values for toluene and benzene are available. The AM1 dipole
moments of compounds 1-10 were also calculated (Table I)
and are found to follow the same trend as the RBA and the
E; values.

Interpretation of the Results. The experimental RBAs
in Table I show that there is a preferential interaction of the
compounds with the APTES-coated side of the crystal com-
pared with the bare quartz. Specific adsorption of the analytes
to the SAW surface is believed to occur through the following
interactions: H-bonding, dipole~dipole, and #- Si d orbital
overlap. The energy of specific adsorption, which is reflected
by the RBA and which is a result of the above interactions,
must depend on three important factors: the nature of the
adsorbing surface coating, the density of H-bonding groups
available for interaction with the analytes, and the electronic
structure of the adsorbate. In addition the boiling point may
contribute to the observed RBA of the compounds. The
relative importance of these factors with respect to the specific
interactions is discussed below.

In recent years several reports (23, 26-34) have appeared
on the characterization of silica treated with silanizing agents
by techniques such as XPS, XRF, NMR, ESR, and IR. The
structure of the surface coating was found to depend upon
the silanization conditions, the extent of substrate hydration,
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and the postsilanization treatment. A recent report (35) and
our own XPS results (24) indicate that under anhydrous
conditions, at room temperature, the APTES film does not
contain many free silanol or ethoxy groups and is mostly in
the cross-linked siloxane form. The probable structure of the
APTES film is the one resulting from vertical polymerization
to give a cagelike three-dimensional multilayer array (33).
High-resolution XPS studies on the amino N 1s binding en-
ergy peak show the presence of two components: one for the
neutral, nonbonded amino function and the other for the
amino function H-bonded or protonated by the acidic silanols
of the APTES and to a lesser extent of the substrate. Thus
the APTES coating on our SAW quartz crystal can be de-
scribed as a vertically cross-linked siloxane with approximately
65% free amino groups and 35% H-bonded or protonated
ones.

The H-bonding interaction with the APTES, contributing
to the specific adsorption of the analytes, occurs through the
amino hydrogens. The possibility of the analytes H-bonding
to the APTES and substrate silanol hydrogens is regarded to
be minimal due to the low silanol abundance. The few silanols
that are present are acidic and become involved in H-bonding
with the basic APTES nitrogen. Such H-bonding renders the
hydrogens on the amino function more positive and hence
more capable of interacting with an electron-rich group on
the analytes. H-bonding also occurs with the bare quartz
surface hydroxyls, which have an average surface density of
4.6 OH/100 A? for a fully hydroxylated surface (36). Indeed
the hydroxyl group is a stronger H-bond donor than the
primary amine group because the higher electronegativity of
the oxygen allows the hydroxy! hydrogen to be more positive;
therefore the increased binding to the APTES-coated side
must be a result of the higher concentration of H-bond donors
in the APTES compared to that of the bare quartz. The
APTES coating, consisting of a few layers, forms a thin film
providing a greater number of H-bonding sites; thus the an-
alyte molecules diffuse through this film and are more con-
centrated by it than by the bare quartz. It is this diffusion
through the layers that allows the entire analyte molecule to
interact with APTES, via both the aromatic ring and its
electronegative substituents, thus maximizing the total in-
teraction energy.

The electronic structure of compounds 1-10 can be obtained
from the electron population analysis, a result of the AM1
molecular orbital calculation. This molecular property is
useful in understanding the H-bonding behavior since the
specific H-bonding interaction is governed by the local electron
distribution in a given adsorbate molecule. Two types of
H-bonds can be distinguished: those to lone pair electron
donors, such as the acetone oxygen, and those to = electron
donors, such as the aromatic rings. IR studies have indicated
that the former can be from 2 to 10 times as strong as the latter
depending on the particular molecule involved (36).

The nitro oxygens in compounds 1-4 have lone pair elec-
trons that can be donated for H-bonding. The negative charge
on the oxygens was calculated to be of the order of —0.35; thus
each nitro group can form two H bonds and the calculations
give similar E; values for compounds 2-4. The higher E; of
compound 1 is due to a third H bond which it can form with
the methoxy group whose oxygen has a charge of —0.18. This
extra interaction contributes 3.775 kcal/mol above the E; of
nitrobenzene and is believed to be responsible for the irre-
versible signal of 2-nitroanisole. The = electron density of the
aromatic rings of the nitro-substituted compounds 1-4 is
affected by the other ring substituents and decreases in the
order 1, 2, 8, and 4. This is not surprising since it follows the
order of decreasing electron-releasing ability of the substitu-
ents, methoxy, methyl, and fluoro; therefore it is expected that
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the strength of H-bonding to the = system should follow the
same trend. H-bonding with the = system increases the total
energy of specific adsorption of compound 1 and is probably
respongible for differentiating the RBAs of compounds 2-4.

The negative charges on the fluorines and oxygen of com-
pounds 5~7 were calculated to be -0.11, -0.11, and -0.21,
respectively; moreover, all these groups are lone pair electron
donors and can form one H bond with APTES. The calcu-
lated E; values indicate that the strengths of these H bonds
fall approximately in the same range, with the strongest being
the one to the most negative group, the anisole methoxy. The
electron density of the 7 ring of compound 5 is slightly greater
than that of compound 7 due to the relative positions of the
fluoro and methyl groups and to their ortho-, para-directing
abilities: In compound 5 the positions para and ortho to both
the fluoro and methyl group coincide, while in compound 7
they do not. The strong electron-releasing ability of the
methoxy group places the ring electron density of anisole
between those of compounds 5 and 7. Therefore the strength
of H-bonding to these aromatic systems should decrease in
the order 5, 6, 7, the same trend observed in the experimental
RBAs. Anisole has an aromatic system with greater electron
density than nitrobenzene; however, the former interacts with
APTES to a lower extent than does the latter, indicating that
the contribution to the total energy of specific adsorption from
H-bonding with the = system must be smaller than the con-
tribution from H-bonding with lone pair electrons.

Compounds 1-7 are therefore capable of participating in
a dual or multiple interaction with the APTES amino hy-
drogens through their aromatic nuclei and the lone pair
electrons of the ring substituents. Acetone, on the other hand,
can be classified as a lone pair electron donor since it is only
capable of H-bonding through the lone pair electrons of the
oxygen whose AM1 negative charge was calculated to be -0.29.
The AMI results indicate that this interaction, with an E; of
—2.604 kcal/mol, is stronger than those of compounds 5, 6,
and 7. Toluene and benzene are = electron donors because
they are only capable of H-bonding to APTES via their aro-
matic rings, and this explains their low RBAs. Furthermore
the = aromatic system of toluene is more electron-rich due
to the electron-releasing ability of the methyl group; therefore
H-bonding to toluene is stronger than H-bonding to benzene.
This energy difference is reflected in the relative magnitudes
of the experimental RBAs of the two compounds.

Although the total dipole moment is not directly related
to the H-bond strength, it does govern the extent of the di-
pole—dipole interaction. The latter is believed to contribute
to the total energy of specific adsorption for those compounds
that are substantially polar. Indeed, dipole moments caleu-
lated by AML1 are found to follow a trend similar to that of
the experimental RBAs. The presence of a small number of
protonated amino nitrogens, detected by XPS, renders the
APTES more polar and may enhance the importance of
electrostatic dipole—-dipole interactions.

The extent of specific interaction between the 7 systems
and the Si d orbitals is also determined by the electron density
of the = systems, and therefore it should follow the same trend
discussed above for H-bonding with the = electron donors.
However the donation of 7 bonding electrons to the vacant
d orbitals of Si is sterically hindered by the fact that Si is
already tetrahedrally coordinated, and so 7 Si d bonding is
not expected to make a large contribution to the total energy
of specific adsorption of the compounds to APTES.

The boiling points of compounds 1-10 may influence the
degree of their retention by the APTES film due to differences
in transport behavior. That is, the low-boiling compounds
would have a higher instantaneous concentration in the carrier
gas stream than the high-boiling ones. Thus, acetone, with

a boiling point of 56.2 °C, appears to be too volatile to be
trapped by the APTES cagelike structure under ambient
conditions and therefore will show less nonspecific adsorption.
This explains the low RBA measured for acetone in spite of
its predicted ability to form a stronger H bond than com-
pounds 5, 6, and 7. However, boiling point {(or volatility) is
not the determining factor in the measured RBA value. As
an example, the toluene compounds 5, 7, and 9 have very
similar boiling points of 116, 114, and 110.6 °C, respectively,
but quite different RBAs which follow the same pattern as
the calculated E; values. Therefore it is possible to conclude
that the electrostatic interactions discussed above are the
major determinants of the specific adsorption of the analytes
to APTES. Another example illustrating the minimal im-
portance of the boiling point is the fact that toluene and
benzene, with boiling points higher than that of acetone, have
lower RBAs than the latter. This is due to the fact that
toluene and benzene participate in H-bonding only as =
electron donors and have negligible dipole moments, whereas
this is not the case for acetone.

The molecular orbital calculations allow us to conclude that
the major forces responsible for the observed experimental
signals are H-bonding to lone pair electron donors, and less
importantly H-bonding to = electron donors and dipole—dipole
interactions. Thus, the compounds can be classified into five
groups with the RBAs reflecting their H-bonding behavior.
Compound 1 constitutes the first group and interacts irre-
versibly through three lone pair electron donor functions and
one aromatic nucleus. Compounds 2—4 in the second group
and compounds 5-7 in the third all form a H bond through
their aromatic nucleus, but the former contain two lone pair
electron donor functions and have large RBAs, while the latter
only contain one such function and have moderate RBAs.
Acetone, in the fourth group, with a single lone pair donor
function has a small RBA, and finally, compounds 9 and 10,
in group five, are only = electron donors and are characterized
by very slight RBAs. This classification is well illustrated by
Figure 4 where the five different RBA levels are clearly visible.
The fact that H-bonding is the predominant factor in specific
adsorption is also demonstrated by the following observation.
Treatment of the APTES coating with a 1% methanolic hy-
drochloric acid solution, followed by alcohol washing, resulted
in a 50% reduction of the RBA of nitrobenzene. Reacting the
acid-treated APTES with methanolic triethylamine restored
the original RBA value. Acid treatment increases the abun-
dance of protonated amines so that the predominant inter-
action of APTES with the nitrobenzene is not H-bonding but
an acid-base proton donation without binding. Thus it is clear
that when the ability of APTES to act as a H-bond donor is
diminished, the experimental RBA is also greatly diminished.

CONCLUSIONS

This work has been a first attempt at developing a sensor
based on the H-bonding interaction between an acceptor
analyte and a donor surface. The results show that the SAW
sensor can be used as a probe of H-bond strength. This sensor
possesses the three major requirements of sensitivity, rever-
sibility, and selectivity. The sensitivity is a result of the
high-frequency 52-MHz SAW device, which allows an inter-
action as weak as the hydrogen bond to be detected. Selec-
tivity can then be obtained by preparing surface coatings with
specifically oriented hydrogen bonds of well defined geometry.
This can be achieved by the templating technique in con-
junction with the molecular modeling design of coatings se-
lective for specific target molecules. Work in this direction
is presently under way in our laboratory.
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How Long Does It Take a Microelectrode To Reach a

Voltammetric Steady State?
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Though steady-state conditions offer a number of voltam-
metric advantages, the degree to which the steady state is
attained is often in experimental doubt. A theoretical study
of the long-time voltammetric behavior of microelectrodes
leads to the conclusion that steady states are reached in
similar times by potentiostatic and galvanostatic routes. For
reversible processes, the time to reach the steady state is
independent of the position of the target point on the voltam-
metric wave, but for irreversible processes the steady state
is attained much faster toward the bottom of the wave than
near its plateau. Hemispherical and disk microelectrodes of
equivalent size take the same length of time to reach steady
states. Experimental confirmation is reported for the rever-
sible oxidation of ferrocene in acetonitrile at a microdisk
electrode.

The development of efficient techniques (1-11) for fabri-
cating microelectrodes has given a valuable impetus to
steady-state voltammetry, because it is only at electrodes that
are small in both their superficial dimensions that steady
states can be achieved in times short enough to avoid natural
convection (12). Two geometries are of especial interest: the

1Present address: Pastore Chemical Laboratory, University of
Rhode Island, Kingston, RI 02881.

hemispherical electrode resting on an infinite plane (12, 13),
and the inlaid disk electrode (12-14). The first is important
because it possesses the simplifying feature of “uniform
accessibility” (12, 15); the second, because of its ease of con-
struction (1, 8-11).

A feature of steady-state voltammetry (12) not shared by
the more familiar transient voltammetries is that the inter-
relationship between current and potential is unique, being
totally independent of the experimental method used to
achieve the steady state. For example, consider a steady state
to be attained by imposing a constant potential E on a mi-
croelectrode and waiting (theoretically for an infinite time)
until the current has decayed to its final steady value i(«).
Of course, i{=) is a function of the choice of E, i{(«) = flE},
in this potentiostatic steady-state experiment. Now imagine
that, in a separate experiment with the same microelectrode
in the same solution, this same current i(«) is passed con-
stantly through the cell. The electrode potential will drift,
but will ultimately acquire a steady value E(=) whose mag-
nitude is a function of the applied current, E(=) = gli(«)}, in
this galvanostatic steady-state experiment. Uniqueness im-
plies that the function gi} is the inverse function of f{}, so that
E(x~) and E are equal

E(») = gli(=)} = giflE}} = E (1)

In other words, the shapes of galvanostatic and potentiostatic
steady-state voltammograms are identical.

0003-2700/90/0362-0037$02.50/0 © 1988 American Chemical Society



38 « ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990

A voltammetric steady state is a condition that is ap-
proached as a limit and is never theoretically attained. Thus
when we speak of the time to “reach” a steady state, we ac-
tually mean the time that it takes to arrive at some state
within a specified closeness to the steady state. With this
understanding of what is meant by “reach”, this article will
address the question of which route—the potentiostatic route
or the galvanostatic route—reaches the steady state first.
Several related questions will also be addressed: Is the time
to reach a steady state affected by the degree of reversibility
of the electrode reaction? Are all points on a steady-state
voltammogram reached in equal lengths of time? Do inlaid
disk microelectrodes and microhemispherical electrodes of
equivalent size reach steady states equally promptly, or does
one take significantly longer than the other?

Before seeking answers to these various questions, we es-
tablish certain “ground rules” concerning the electrodes and
the experiments to which they are subjected, as well as giving
a description of the steady states themselves.

To establish an equivalency between a hemispherical and
an inlaid disk microelectrode, we define (13) the “superficial
diameter” d, as the distance from one edge of the electrode
to the other, measured along the electrode surface. Thus, a
microdisk of radius a and a microhemisphere of radius ry are
of equivalent size when their superficial diameters are equal:
7ry = d = 2a.

STEADY-STATE VOLTAMMOGRAMS
Consider the n-electron oxidation reaction

k
R(soln) —ka O(soln) + ne )
1

occurring at the interface between a microelectrode and a
solution containing a bulk concentration cg? of the electro-
reactant with species O initially absent. The solution is un-
stirred and contains excess supporting electrolyte, so that
transport occurs solely by diffusion. The diffusion coefficients
of O and R are taken as equal, with the symbol D assigned
to each. The heterogeneous rate constants k¢ and k&, are
assumed to obey the Butler—Volmer equations

ke = k° expl(1 — e)nF[E - E°}/RT} (3)
ky = k° expl~anF[E - E°] /RT} 4)

in terms of the three constant parameters E°, «, and k°.

The shapes of steady-state voltammograms differ between
hemispherical and disk microelectrodes, except when k; and
ky, are both so large that only their ratio is significant. Under
such reversible conditions, the steady current and the steady
potential at an electrode of superficial diameter d are inter-
related by (13)

L 2nFcgbDd _
0 = xpinFlE° ~ E=)I/RT]
ig(®) nF[E(=} ~ E°]
[1 + tanh T ] (5)

Note that we adopt the convention that anodic current is
positive. Equation 5 may be rearranged to

RT :id@o) ()

O_R_T‘ 1_h..
E nFln{ 5 ;(6)

where i4() is the steady-state diffusion-limited current, given

by

E(») = E° - _n-F In =)

ig(®) = 2nFegPDd 7

and h is the fractional wave height of a steady-state voltam-
mogram

h = () /ig(®) = i(=)/(2nFeg"Dd) 8)

For future use, we take the derivative of eq 5, expressing
the slope of the reversible steady-state voltammogram

(gi) = rFia(=) sech? {nF[E(m) - E°

dE 4RT 2RT
nF(1 — hji(=)
RT

Equations 1, 6, and 9 apply only to reversible steady-state
voltammograms, but they hold equally for microdisks and
microhemispheres, and they apply whether the steady state
is reached potentiostatically or galvanostatically.

The general equation for potentiostatic voltammetry at a
spherical electrode (16, 17), written for a hemisphere of su-
perficial diameter d reads

it) =

ZnFcRbDl/zkid[% + (

]

—% - %) exp{A\2t} erfc {)\tl/“’}]
T
(10)

where A = 7DV?/d + (k; + ky)/DY2 Ast — =, the expo-
nential-error-function-complement term vanishes, leaving

i() = 2nFeg?DY%ked /) = kiig(=)/(\DV? (1)

It is this equation that, in the k; — <k, limit, reduces to
the reversible steady-state eq 5, after the Butler-Volmer re-
lationships 3 and 4 are adopted.

The equation for an irreversible steady-state voltammogram
at a microhemisphere results from setting k; > k;, in eq 11,
leading to (13)

B 2nFegbd _
T (x/kd) + (1/D)
id("")
1+ (rD/k°d) expl(1 - &)nF[E° - E(=)] /RT}

i{=)

(12)

or its equivalent inverse

E(=) =
E°

RT (1-h) __RT 1 kod
o =D

BT e B (1 - a)nF "_; 13

The slope of the irreversible steady-state voltammogram is

( di ) (1 - anFig(=)
= = — %

dE ART
0 - onFlBE) - Byyen|
sech SRT =
(1 - a)nF(1L - h)i(=)
- — (14)

where the irreversible steady-state half-wave potential E; (<)
results from setting b = !/, in eq 13.

CRITERIA OF CLOSENESS

Let the curve in Figure 1 represent some steady-state
voltammogram and the vertical line be the approach route
to that voltammogram in a particular potentiostatic experi-
ment. The label O identifies the point (the “target” point)
on the voltammogram that would be reached after an infinite
time, whereas P is a point close to O that is actually reached
In some finite time ¢. If i(») and i(¢) are the ordinates of points



Figure 1. Tilustration of the potentiostatic approach of the current and
the galvanostatic approach of the potential to a particular “target” point
on a steady-state voltammogram.

O and P, then the experiment has come within a certain
percentage ¢ of the steady state, if
e it -i=)
100 ()
Further, ¢t is used to indicate the time at which identity 15
is attained

(15)

100 + e.
TO@ML(m) (18)

The superscript “P” indicates that ¢,F is the time to reach a
state within ¢% of the steady state potentiostatically. For
exaraple, £5¥ is the time at which the potentiostatic current
equals 105% of its ultimate value.

Similarly ¢.8 represents the time required by a galvanostatic
experiment to reach a point €% away from the steady state.
The horizontal line in Figure 1 represents the course of a
galvanostatic experiment that would, ultimately, reach the
same target point as in the previously described potentiostatic
experiment. G is the point actually reached in time £,%. Thus
G lies on the galvanostatic route at a point such that “G is
as close to O as is P7, so that the same percentage closeness
e is ascribed to each. The most reasonable way of making this
comparison of “apples and oranges” is to say that points G
and P are equivalently close to O if the slope of the straight
line joining G to P in Figure 1 matches the slope of the
voltammogram itself at the target point. That is

i(t) — (= ;
W (a)
E(x) - E(t) dE /.
where E(=) and E(t) are the abscissas of points O and G.
Hence, utilizing definition 15, we can associate the time ¢.C

with a closeness percentage ¢ if, during a galvanostatic ap-
proach to the steady state

E(tS) = E(») - EL(w)(g) (18)

itrh =

100 \ di

The justification for considering 16 and 18 as equivalent
criteria for a closeness of ¢% to a voltammetric steady state
comes from noting that a single near-steady-state voltam-
mogram may be drawn through two sets of points, some de-
termined potentiostatically and some galvanostatically pro-
vided that a single small value of ¢ attaches to all the ex-
periments.

A criterion superior to 18 would replace (d£/di)., the re-
ciprocal of the voltammogram’s slope at the target point, by
an average value of (dE/di) over the interval from ¢ to infinity.
We do not introduce this refinement but our failure to do so
introduces an anomaly into our predictions. Because criterion
18 becomes more inappropriate as h — 1, we use the phrase
“plateau anomaly™ to refer to false galvanostatic predictions
arising from this cause. The plateau anomaly disappears for
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Table I. Times to Reach a Reversible Steady State at
Inlaid Disk (Radius a) and Hemispherical (Radius rg)
Microelectrodes to within 5% and 1% for a Diffusion
Coefficient of 10™ m? s*! and the Superficial Electrode
Diameters Listed

o/em 025 050 10 25 50 10 2
r/um 016 032 064 16 32 64 16
d/um 050 10 20 50 10 20 50

ts/s 0.0032 0013 0.052 032 13 52 32
ty/s 0.081 032 1.3 8.1 32 132 780

small enough values of ¢ for ¢ < 5, it affects only the top
one-quarter of the wave, 0.75 < h < 1, and only the top
one-tenth seriously.

POTENTIOSTATIC APPROACH TO A
REVERSIBLE STEADY STATE AT A
MICROHEMISPHERE

In this section we examine the relationship governing the
approach of the transient current i(t) to the ultimate steady
current i(«) under potentiostatic conditions; i.e. when the
potential of a hemispherical microelectrode is suddenly (at
time ¢ = 0) stepped from a value at which no current flows
to some reaction-inducing value E.

For reversible voltammetry, & and ky, are both extremely
large and under these conditions eq 10 reduces to

i(t) = 2nFeghDV/%k 1 + 2 exp{\2t} erfc {At1/2)
XN xDV?
(19)

where X is redefined as A = (B; + k) /DV2 For very large At'/2,
expiA2t} erfc {A\tY/% is accurately equivalent to 1/(rV/2)t1/2),
so that further simplification occurs to
2nFegPDhd d
it) = —— 1+ -
ket By (w3De)H?

i(w)[l + d ] (20)

(D)2

where i(®) is given by eq 5. The simplicity of eq 20 means
that it is straightforward to extrapolate currents obtained at
a series of finite times to obtain i(«).

Equation 20 describes the approach to the steady state by
a potentiostated microhemispherical electrode under reversible
conditions. It may be combined with eq 16, which provides
a definition of the time ¢ to approach the steady state po-
tentiostatically to within a closeness of €%, to produce

tF = 10%d%/(z%*D) (21)

Table I lists times calculated by this formula. Tt will transpire
that eq 21 is obeyed under circumstances other than those
currently being considered; Table I is therefore labeled more
comprehensively than the present need warrants. The tab-
ulated data confirm the well-known result that electrodes of
micrometer dimensions “reach” steady states within seconds
but that the time required is crucially dependent on the
electrode size.

POTENTIOSTATIC APPROACH TO AN
IRREVERSIBLE STEADY STATE AT A
MICROHEMISPHERE

Irreversibility of reaction 2 corresponds to the inequality
ke > Ry at all potentials at which significant current flows.
Insertion of k; + ky, = k; into eq 10 leads to

2nFegPDV/%k k
i(t) = —R>\‘—[d 1+ g expiA?} erfc {)\tlﬂ}]

(22)
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where now
X = (zDY2/d) + (k/ DY) (23)

An equation equivalent to 22 is already in the literature (17).
Combining it with eq 11 for the steady-state current leads to

) - (=) B
“o)  iC=) = W—fd exp{A?t} erfe A1/ =

i{w) D
k
—‘d—[1-i+ 8 —...](24)
w3 /A\Dii2 2NZt 4N42

in which we have used an asymptotic expansion (18) of the
exponential-error-function-complement term. At times long
enough that 1/(2A\%) and subsequent terms are negligible
compared with unity (we shall return later to check the im-
plications of this assumption), eq 24 simplifies to

(0 -il=) _ kd d
i(e) w2ADtY2 (e D)V + (xD /kyd))

Unlike the corresponding expression for the reversible case,
a potential dependence enters eq 25 via the k; term. Instead
of introducing this dependence explicitly, we utilize the
quantity h, defined in eq 8 as the fractional wave height in
the steady state, which implicitly depends on potential.
Consecutive combinations of eq 15, 25, 12, and 8 lead to

(25)

i) _ d _
100 i(=) (#3DE)V21 + (xD /kd)]
i{=)d hd
(D)% () - (x3D1)H? (26)
which gives
t& = 10*h%d%/(x%2D) @7

as the time for the potentiostatic approach to reach within
¢% of an irreversible steady state at a hemispherical mi-
croelectrode.

Equation 27 differs from its reversible analogue, eq 21, only
by the presence of the h? multiplier. On the diffusion plateau
of an irreversible steady-state voltammogram, & = 1, and so
the equations are identical and Table I applies. Elsewhere
on the wave, h < 1, and therefore the irreversible steady state
is reached faster than is the corresponding reversible steady
state. For example, at the half-wave point, h = !/, and the
steady state is attained 4 times as fast.

It remains to justify our assumption that 1/(23%F) « 1.
Using eq 11 and 23 to express A in terms of i by eliminating
k;, and substituting for ¢,® from eq 27, one finds that the
inequality is equivalent to

1 (1 - h)2& 1
=
P (2 X 109k

For any reasonable value of ¢, this inequality is satisfied except
for very small values of h, corresponding to the foot of the
voltammetric wave. With ¢ = 5, for example, the left-hand
side of the inequality is less than 0.04, provided h = 0.25.

GALVANOSTATIC APPROACH TO A
REVERSIBLE STEADY STATE AT A
MICROHEMISPHERE

Standard methods (19) show that during a galvanostatic
experiment at a hemispherical electrode of superficial diameter
d, the concentrations of R and O at the surface of the mi-
croelectrode obey the relationships

2DY2%1/2
P ” (29)

(28)

cRb —_ cRs = COS =

i - ex w2Dt fo
2nFDd| Pz 7

The concentrations approach finite steady values provided
that the applied current i does not exceed 2nFegDd, which
we henceforth assume. Otherwise, the system encounters a
chronopotentiometric “transition time” (19) and reaction 2
ceases to carry all the applied current.

Equation 29 is valid for all degrees of reversibility of reaction
2, but if the reaction is reversible, we may adopt the Nernst
equation to arrive at

E(t) = E° -
b
RT 2—n~FCiR—Dd — 1+ exp{l/(mu?)} erfc {1/ (x'2w)}
nF In 1 - exp{l/ (xu?)] erfe {1/ (xY/%u)}

(30)
where the abbreviation
p = d/(z®Dt)l/? (31)

is used. Ast— =, the exponential-error-function-complement
terms in eq 30 vanish and we arrive at

E) =E -y, {fd—(“l-)-_—li 32
nF i

in agreement with eq 6 and confirming that the same steady
state is achieved galvanostatically and potentiostatically.
In line with definition 8, we can replace 2nFegPDd/i in eq
30 by i4(=)/i and bence by 1/h. When eq 32 is then subtracted
from eq 30, the result
RT

E(t) - E(w) = “F X

(17k) = 1 + exp{l/(mu?)] erfc {1/ (x'/2)}
1 - exp{l / (wp?)} erfe {1/ (x/2u)}

h
(1—;_h) (33)

emerges. This result is exact, but we now embark on a long
sequence of approximations and transformations of the log-
arithmic term in eq 33, which are valid provided p is suffi-
ciently small. Later we shall reexamine this question and
determine conditions under which the overall approximation
is acceptable. We start by replacing each of the exponen-
tial-error-function-complement terms by u (18)

(1/h) - 1 + exp{l/(zp2)} erfc {1 /(x*/%u)}

i
"’ 1~ explL/ (xu2)} erfe {1/ (/%))
( h ) (/R -1+u ( h )
2P amy| P
1-h 1-4 1-h
1-h+ha A-h+h)+w)]|
lao-wa-mf =" 1-4 =
1-h+pu+ hu? 1-h+upu _
In - ~ In A =
“ 3
1n{1+m}21—~_—h(34)
so that
-RT _
E(t) - E(w) = bl RTd (35)

" nF(1-h)  nF(1- h)(xSDp)l2

if the approximations are valid. Experimental confirmation



Table II. A Test of Approximation 34 for g = 0.0500

h term footnoted /(1 ~h)
0.010 0.0516 0.0505
0.050 0.0537 0.0526
0.250 0.0675 0.0667
0.500 0.0997 0.100
0.750 0.190 0.200
0.950 0.717 1.00
0.990 1.83 5.00

In {[((L/h) = 1 + exp{l/(mu?)} erfe {1/(z"/2u}})/(1 ~ exp{l/(zu?}
erfe {1/(x'/2u)D]h/ (1 - h)}-

of eq 35 would be provided by a linear graph of E(t)¢"/2 versus
Y2,

The criterion of being within ¢% of a galvanostatic steady
state is embodied in eq 18 which, in view of result 9, may be
written

&) - ple) = BT
B = B(=) = To0nra- n) 36)
Comparison of eq 35 and 36 leads to ¢/100 = d/(x*Dt)*/? or
t8 = 10%d?/ (x*D) 37

This formula for ¢,% is identical with that for ¢t given in eq
21. Thus, at least when approximation 34 is valid, a galva-
nostatic steady state is reached at a reversible microhemis-
pherical electrode in the same time that it takes for a po-
tentiostatic steady state to be attained. Table I therefore
applies.

In fact, approximation 34 is not valid at all points on the
voltammetric wave, but only in its lower reaches. If we treat
5% as the largest error of interest then, from eq 31 and 37,
u = 0.05. Table II lists values of the exact expression in 34
and of the u/(1 - h) approximant, for the worst (¢ = 5) case
and for a range of values of h. Notice that the agreement is
almost perfect at the half-wave point and is acceptable for
0 < h = 0.75. The approximation could be considered to fail
for 0.75 < h <1, in the sense that eq 37 overestimates the time
to reach the steady state. As an example, consider a galva-
nostatic approach to a reversible steady state with D = 107°
m? 57, d = 5.0 um, and & = 0.9. Based on eq 37, Table I
predicts that it takes 0.32 s to reach within 5% of the steady
state, but the exact equations show that after 0.32 s the steady
state is within 4.2%. This discrepancy is not serious and, we
believe, is purely an artifact arising from the plateau anomaly
discussed earlier.

GALVANOSTATIC APPROACH TO AN
IRREVERSIBLE STEADY STATE AT A
MICROHEMISPHERE

Equation 29 is valid irrespective of the degree of electrode
reversibility. In the irreversible case

i i
= —= S =

nFA kice

2nFd?

ik
~ 5oppgll ~ expll/ (mad)] erfe {1/ (r/2)] (38)
where we have utilized abbreviation 31.
transforms to

Egcg?

This equation

1—;‘ 1-exp L erfc RN . S
ig(=) wu? w2y 2nFegbked?

7l (1 - o)nF
ex
nFegtkod? V| RT

by making use of definitions 3 and 7. Following this we
transpose to

[E° - E@®)]( (39)
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RT 2nFegbkod?

EO=E - ™)

RT 1
(1—a)nFln 1-h 1—exp7r—#£ erfe

i, (40)

which is an exact equation describing the chronopotentio-
metric response of an irreversible hemispherical microelectrode
to a constant current ;. Again, b = I/ig(«) must be less than
unity to avoid a transition time.

As t — =, the argument of the second logarithm in eq 40
becomes (1 - k) and the resulting expression 13 for E(«) may
be subtracted to yield

E(t) = E(») -
RT 1~ h{1 - expll/ (n2)} exfe 1/ (x"u)]
T-anF @ 1-h

(41)

Again, a sequence of approximations, akin to eq 34 but
mercifully briefer, may now be applied to the logarithmic term
in eq 41

1 h[1 - exp{l/(ns2)} exfe {1/ ("2}

n 1= h o~
1-h(1-w hu hu
- Y= b} o ——

ln{ P } In{I l—h} 1_h(42)
by which we arrive at

E P _ —RThu _

= E@) = T mr =~

-RThd
7/2(1 - a)nF(1 - h)DY%1/?

Subject to the validity of approximation 42, this is the
equation that describes the galvanostatic approach to the
steady state at an irreversible microhemisphere.

Equation 18 may be rephrased via eq 14 and 43 to express
/100 in terms of (di/dE). and E(=) - E(t) as

(43)

E(=) - E¢S)( di
B m(g): R
100 () dE /. («x3Dt)V/?
and hence
£ 8 = 10*h2d?/ (x%D) (45)

Once more we see that this galvanostatic result is identical
with that obtained in a potentiostatic experiment, as given
in eq 27.

Table III tests approximation 42 in the same way that Table
II tested approximation 34. Again, the discrepancy is serious
only in the upper reaches of the wave, where it can be at-
tributed to the plateau anomaly.

POTENTIOSTATIC APPROACH TO A

REVERSIBLE STEADY STATE AT A MICRODISK
Several workers (20-23) have derived expressions for the
transient behavior of an inlaid disk microelectrode when
subjected to a concentration-polarizing potential step. The

long-time version of these expressions is (22)
d 0.151d°
(w2De)1/2 - (x3Dr)3/2

when applied to a microdisk of superficial diameter d. By use

ig(t) = id(w)[l + + .| (46)



42 » ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990

Table INI. A Test of Approximation 42 for u = 0.0500

h term footnoted hu/(1 - h)
0.010 0.000503 0.000506
0.050 0.00262 0.00263
0.250 0.0165 0.0167
0.500 0.0486 0.0500
0.750 0.139 0.150
0.950 0.666 0.950
0.990 1.78 4.95

In {(1 ~ A[1 - expl/ (zu?)} exfc {1/ (x2u)})/ (2 - W)k

of a general theorem (24), the long-time response to a potential
step of any magnitude is
l'd(‘”)
= 1+
1 + exp{nF(E° - E)/RT}

d 0.151d2
—(HD:)I/2(1+ i +)] 47)

provided that the reaction is fully reversible.

We will assume, for the time being, that 1 >> 0.151d%/(#3Dt)
and later examine the consequences of this assumption.
Comparing the resulting simplified eq 47 with its even simpler
t — o limit, we find that

i(¢) = i{=)[1 + d/(=*Dt)/?] (48)

describes the approach of the potentiostatic current to its
ultimate value. Accordingly, making use of criterion 15, one
arrives at ¢/100 = [i(t) - i(»)]/i(=) = d/(x*Dt)*/* whence

t2 = 10°d2/ (D) (49)

i(t)

This is identical with the corresponding result, eq 21, for a
microhemispherical electrode of identical superficial diameter,
showing that the two electrodes reach their steady states
simultaneously. Table I again applies.
Now we can examine the validity of truncating the ex-
pansion in eq 47 after two terms. To validate this requires
1> 0.151d2/(x*DtF) = (0.151 x 1079e*  (50)
which is amply satisfied for any percentage ¢ of interest.
GALVANOSTATIC APPROACH TO A
REVERSIBLE STEADY STATE AT A MICRODISK
Aoki et al. (25) derived the equation

. RT
Bl = E° -~ x

lig{w)/i] = 1 + d/ (x*Dt)/2 - 0.863d3/ (x3Dt)¥2 + ...
1-d/(@DHY? + 0.863d3 /(w*Dt)3/? + ...

In

(61)

to describe the long-time chronopotentiometric relationship
at an inlaid disk microelectrode of diameter d provided that
the electrode reaction obeys Nernst's law. The corresponding
steady-state potential E(=), given by eq 6, can also be found
by setting t = = in eq 51. If this expression for E(«) is then
subtracted from eq 51, one obtains

E@) - E(=) = 2L &

nF

In

2 1-h
. d (1_0.863d +)

(‘lraDt)l/2 Dt
(52)

2
1o, d (1_0.863d +)
h (w3Di)L2 Dt ( h )

Table IV. Comparison of the Exact Logarithmic Term in
Eq 52 with the /(1 - h) Approximant for u = 0.0500

B term footnoted u/(1=h)
0.010 0.0617 0.0506
0.050 0.0538 0.0526
0.250 0.0678 0.0667
0.500 0.0999 0.100
0.750 0.191 0.200
0.950 0.718 1.00
0.990 1.83 5.00

In {{((1/h) - 1 + (1 ~ 0.863u2)) /(L - (1 ~ 0.863:2)](h/ (1 - A}

where h = {/iz(=). The definition, eq 31, of x aids the sim-
plification of the logarithmic term in eq 52 to u/(1 - k), valid
for small u. The approximations mirror those in scheme 34
and lead to an identical result. From this point, the derivation
parallels that in eq 35 and 36 leading to a result identical with
37, namely

t8 = 104d? /(#3¢2D) (53)

To validate these approximations, we have prepared Table
IV comparing the starting and end points. The results are
very similar to those in Table II and we draw a similar con-
clusion: that the approximation is discrepant toward the top
of the voltammetric wave but that this is due to the plateau
anomaly rather than representing the failure of result 53.

EXPERIMENTAL SECTION
The reversible (26, 27) oxidation of ferrocene

(CsHg)oFe — (CsHg) Fet + e (54)

in acetonitrile containing (CoHj;),NBF, was employed to test the
potentiostatic and galvanostatic approach to a reversible steady
state. See ref 28 for details of the solutions and electrodes.

A Pine Instrument Co. RDE3 potentiostat was used in po-
tentiostatic experiments to apply a range of constant potentials.
A battery-powered Keithley 485 picoammeter in the working
electrode lead served as the current monitor: its analogue output
was recorded as a function of time using a Hewlett-Packard 7046A
xy plotter. In the galvanostatic experiments, a range of constant
currents were applied with a PARC 3863 potentiostat/galvanostat
and the resulting potentials were recorded as a function of time
on the xy plotter. Current or potential data at regular time
intervals were read directly from the plotter graphs.

ANALYSIS OF EXPERIMENTAL RESULTS
The predicted approach of the potentiostatic current to the
steady value for a reversible electrooxidation at a microdisk
electrode can be written, from eq 48, in the form

i(2)e/? = {(@)t12 + j(=)d 7 (#°D)M/? (65)

This equation shows that a graph of i{t)¢%/? versus ¢/2 should
vield a straight line of slope i(«), which may be extrapolated
to intersect the i(¢)tY/? axis at i(e)d/(#*D)/2. Thus the
quantity

3/%(intercept)

—————— =d/D'? (56)
slope
should be constant for a given electrode. Moreover, from
expression 7

iy(«) /2nFeg? = Dd (57)

thus enabling the product of the diffusion coefficient and
electrode diameter to be determined. Relationships 56 and
57 provide a route for separate determinations of the diffusion
coefficient D and the electrode diameter d. The constancy
of quantities determined in this way provides confirmation
of the theory, but we are not advocating this approach as an
experimental method for measuring either D or d.
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Figure 2. A current—time transient (shown by triangles), to which the
right-hand and bottom scales relate, for ferrocene oxidation. The data
were obtained at a 25.0 um diameter disk elecirode after stepping the
potential from —100 to +100.4 mV. The left-hand and upper scales
relate to the current-time transient plotted as /(¢)t 2 versus ¢ 2 and
shown as solid dots. A value of /() of 5.40 nA was determined from
the slope of the solid line which has a correlation coefficient of
0.99996. Extrapolation to the i(f)t 2 axis gives a value of /() d/
(7°D)"2 of 0.609 nA 2,

Table V. Experimental Parameters and Calculated Results
from the Slopes and Intercepts of i(£)t'/? versus t1/2
Graphs of Potentiostatic Current-Time Data®

D/10°
djum  E/mV  i(=)/nA (d/DVH/s¥? mlst  dede/um
250 1004 5.40 0.628 2.99 30.0
25.0 150.0 11.2 0.706 2.12 32.5
25.0 200.4 13.4 0.624 2.30 29.9
250 3496 134 0.645 2.25 306
25.0 450.3 134 0.663 2.21 31.2
76.2 100.0 15.2 1.40 2.76 734
762 1190 231 1.51 2.61 774
76.2 150.0 30.3 1.68 2.45 83.0
762 2000 328 1.40 275 736
6.2 350.5 40.1 146 2.67 75.8
762 4501 413 1.56 2.56 79.0

2The concentration of ferrocene was 1.01 mM for all entries ex-
cept the final two for which the ferrocene concentration was 1.04
mM. The potential was stepped from -100 mV to the stated E
values. d°¢ is a calculated disk diameter, distinct from the true
value reported in the first column.

Figure 2 shows a representative example of a current-time
transient obtained at a 25.0 um diameter disk electrode. The
result of graphing these data according to eq 55 is shown in
this same figure. The remarkable linearity of the current-time
data plotted as i(t)tY/2 versus t'/? provides confirmation that
eq b5 accurately predicts the potentiostatic approach of the
current to a reversible steady state at a microdisk electrode.
Nevertheless, the small magnitude of the intercept means that
a large relative error attaches to this measurement.

Data relating to this, and other, potentiostatic experiments
have been assembled into Table V. The first two columns
in this table list the microdisk diameters and the magnitudes
of the potential steps applied. The third column tabulates
the steady current values determined from the slopes of graphs
resembling that of Figure 2. A diffusion-limited steady current
iq() of 13.4 nA for the 25.0-um disk and 40.7 nA for the
76.2-um disk is found at the more positive applied potentials.
Each i3{=) value leads (via expression 57) to a Dd product of
6.88 X 107% m3 s and 2.03 X 1073 m® 5! for the 25.0- and
76.2-um disk electrodes, respectively. The fourth column of
Table V lists d/D'? values which are reasonably constant for
each electrode diameter, calculated by using expression 56.
The remaining two columns tabulate the diffusion coefficient
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Figure 3. A potential-time transient (shown by triangles), to which the
right-hand and bottom scales relate, for ferrocene oxidation. The data
were acquired at a 25.0 um diameter disk electrode after imposing
a constant current of 7.00 nA. The left-hand and upper scales relate
to the potential-time transient plotted as £(f)t "2 versus t "2 and shown
as asterisks. A value of £{») of 105.7 mV was determined from the
slope of the regression line through the points (correlation coefficient
0.99997). Extrapolation to the E(t)t"? axis gives a value for RTd/
[nF(1 = h)aD)"?] of 9.5 mV s¥2

Table VI. Experimental Parameters and Calculated
Results from the Slopes and Intercepts of E(t)t'/2 versus
t1/2 Graphs of Galvanostatic Potential-Time Data®

@/D'/  DJ10?
dfum i/nA  h  E(®)/mV si/? m?st  dee/um
25,0  5.00 0.346 85.7 0.645 2.25 30.6
25.0 7.00 0.484 105.7 1.06 1.62 42.5
25.0 10.00 0.691 143.2 0.604 2.35 29.3
250 12.00 0.830 170.2 1.06 1.62 42.5
76.2 15.00 0.379 92.2 1.61 2.51 80.7
76.2 20.00 0.506 118.9 3.45 1.51 134
76.2 26.00 0.658 147.7 2.69 1.78 114

¢The concentration of ferrocene was 1.09 mM for experiments
conducted at 25.0-um disks and 1.01 mM for those at disks of
76.2-um diameter. The significance of d°®¢ is as reported in Table
V.

and disk diameter calculated from the experimental dD and
d/DV? values. An average diffusion coefficient of (2.5 + 0.2)
X 10° m? s} is in excellent agreement with the literature value
of 2.3 X 10 m? s7! (29), though there is some unexpected
correlation of the experimental D value with disk size. The
disk diameter, similarly calculated from Dd and d/DY?, is
significantly larger than the true value for the smaller disk
but agrees well for the larger disk.

From eq 35, the approach of the galvanostatic potential to
the steady value for a reversible electrooxidation at a microdisk
electrode may be written as

E(#)t1/? = E(=)t2 - RTd /[nF(1 - h)(x*D)'/%] (58)

Thus a graph of E(t)t*/2 versus t/2 should be linear and may
be extrapolated to intersect the E(t)tV/? axis at ~RTd/[nF(1
— h)(w*D)¥/?]. From this intercept one may calculate the ratio

-73/2nF(1 — h)(intercept)
RT

which should be constant for a given electrode. The steady
potential E(») may be found from the slope.

Figure 3 is a graph of the data acquired at a 25.0-um disk
electrode for a representative galvanostatic experiment. When
plotted as E(¢)t'/2 versus t'/2, these data superbly portray the
linearity predicted by eq 58. Again, however, the small
magnitude of the intercept leads to a significant relative error
in its measurement.

=d/DV*  (59)
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Figure 4. Graphical portrayal of the extrapolated steady-state currents
and potentials tabulated in Tables V and VI. Data from potentiostatic
experiments are shown as solid dots and those from galvanostatic
experiments as asterisks. The reversible steady-state voltammogram
shown by the solid line was drawn according to eq 5. The i(«) values
have been normalized for small concentration differences betwsen
experiments.

Table VI is a tabulation of data calculated from E(t)t!/?
versus t'/2 graphs similar to that in Figure 3 for galvanostatic
experiments using different applied constant currents. The
first two columns report the disk diameters and the magni-
tudes of the applied constant current. The third column, the
fractional wave height, is calculated from the ratio of the
applied constant current and the potentiostatically determined
diffusion-limited current (adjusted for any concentration
difference). The steady potential E(«) is found from the slope
of graphs similar to that in Figure 3, while the d/DV? ratio
is calculated from the extrapolated intercept according to eq
59. This ratio, in combination with the potentiostatically
determined Dd product, leads to the remaining two columns
of this table. Noticeable is that the separately determined
values for D and d, based upon extrapolated intercepts, are
much less reproducible than those reported in Table V for
the potentiostatic experiments.

Evidence that the steady values i(«) and E(=), determined
from the slopes of linear plots such as shown in Figures 2 or
3, correspond to true steady-state values is provided by Figure
4. This figure shows a theoretical reversible steady-state
voltammogram around which are plotted the steady currents
and potentials obtained respectively from extrapolations of
potentiostatic and galvanostatic experimental data. The
points obtained potentiostatically are in good agreement with
the theoretical voltammogram in spite of the long extrapo-
lations involved. We attribute this concordance to the fact
that eq 55 is indeed valid during the approach to a steady-state
voltammogram. The agreement of the galvanostatic data with
the theoretical voltammogram is not as good but certainly
verifies that the same voltammogram is reached by both
routes.

Our experiments show that the potentiostatic and galva-
nostatic approach to the steady state for a reversible oxidation
occurring at a microdisk may be predicted by eq 55 and 58,
respectively. Equations 21, 37, 49, and 53, which define the
time t, to approach within a closeness ¢% of the steady state,
follow from eq 55 and 58 and thus must be valid though we
have not calculated these times directly. We have, however,
reported in Tables V and VI the experimental values of d/D%?
which are equal to 0.017%%¢!/2 and from which ¢, may be
calculated if desired.

SUMMARY

We have established theoretically that the time taken to
attain a reversible voltammetric steady state within ¢% is
given by the formula 104%d%/ (#*¢D) for both hemispherical and

disk microelectrodes of superficial diameter d, irrespective of
whether the route to the steady state is potentiostatic or
galvanostatic. This formula does not contain any term re-
flecting the position of the target point on the voltammogram,
indicating that all points on the wave are reached equally fast.
Experiments conducted at a microdisk electrode have verified
this prediction.

The transient behavior of irreversible processes at microdisk
electrodes is a topic apparently absent from the literature and
our examination of the approach to an irreversible steady state
is therefore limited to hemispherical microelectrodes. For
these systems, we find that 10th2d?/ (z%2D) is the time that
must elapse before an €% approach to the steady state is
attained, whether that approach be potentiostatic or galva-
nostatic. The presence of the h? factor means that the time
to reach an irreversible steady state does depend on the
position along the wave of the particular target point. For
example, an irreversible half-wave point is reached 4 times
faster than a point on its plateau and 4 times faster than the
half-wave point of an otherwise similar reversible system.

Note that our criterion of closeness of approach to the
steady state is based on a relative discrepancy from the
steady-state current (that is, [i(t) — i(«)]/i(«), or its galva-
nostatic equivalent). The absolute discrepancy (i(t) — i(=)
or its equivalent) will, of course, be greater the higher the
target point is on the voltammetric wave, even for a reversible
system.

To date it has been rare for microelectrode experiments to
be carried out potentiostatically and almost unheard of for
them to be performed galvanostatically. Rather the majority
of near-steady-state experiments are carried out potentiody-
namically, using a measurement technique borrowed from
classical cyclic voltammetry to which our theory is not directly
applicable. Nevertheless, our findings are valuable in two
respects. First, the fact that the time to reach an irreversible
steady state depends on the location of the target point,
whereas this is not true for reversible systems, suggests that
potentiodynamic near-steady-state voltammograms may lie
strictly parallel to their truly steady-state counterparts when
the microelectrode reaction is reversible (28), but that the wave
shape may be distorted for irreversible systems. Second, we
wish to advocate the greater use of potentiostatic and galva-
nostatic studies of the steady state at microelectrodes. Such
studies would be ideal, for example, in determining the kinetics
of ultrafast electron-transfer reactions by a method published
recently (30). In that method, accurate values of the
steady-state half-wave potential are needed for a series of
microdisk electrodes of differing sizes. An ideal way to
measure such a half-wave potential accurately involves two
experiments: a potentiostatic experiment in the plateau region
to determine ig(«), followed by a galvanostatic experiment
employing ¢ = i4(=)/2 to arrive at E ().
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Infrared Spectroscopic Determination of pH Changes in
Diffusionally Decoupled Thin-Layer Electrochemical Cells

1. T. Bae, Daniel A. Scherson,* and Ernest B. Yeager

Case Center for Electrochemical Sciences and the Department of Chemistry, Case Western Reserve University,

Cleveland, Ohio 44106

In situ Fourier transform reflection absorption infrared spec-
troscopy has been employed as a probe of the local pH in the
thin layer of electroiyte solution trapped between the elec-
trode and the optical window. The method is based on the
differences in the speciral properties of certain bases and
their conjugated acids, which makes it possible to determine
pH changes on the basis of the relative integrated intensities
of the two species. [Illustrations are given for the carbo-
nate/bicarbonate and acetate/acetic acid systems and the
oxidation of CO in alkaline media.

INTRODUCTION

In situ reflection absorption infrared spectroscopy has
provided much insight into a variety of interfacial processes,
including adsorbate-substrate interactions and their depen-
dence on potential, as well as the mechanism of a growing
number of electrode reactions (I-3). Crucial to the successful
application of this spectroscopic technique is a reduction in
the volume of electrolyte in the path of the infrared beam.
This makes it possible to minimize the spectral contributions
due to the solvent, particularly in the case of aqueous media,
and thus achieve substantial gains in sensitivity. Such con-
ditions are attained in practice by placing the electrode as close
as possible to the optical window so as to reach average
electrolyte thicknesses of the order of a few micrometers (4).
In this geometry, ionic migration in an electric field becomes
the predominant form of mass transport in and out of the
layer, which within the time required for the measurements
to be completed may be regarded as diffusionally decoupled
from the bulk solution in the reservoir. This effect makes it
essential to account for possible spectral contributions of ions
exhibiting [R active normal modes in order to interpret cor-
rectly the spectral data. Illustrations of this phenomenon have
been provided by Weaver and co-workers (5) in their studies
of ionic specific adsorption, and most recently by Bae et al.
(6), who examined quantitatively the changes in the local
concentration of anions associated with the formation and

reduction of oxide films on Pt and Au electrodes.

The in situ Fourier transform infrared reflection absorption
spectroscopy (FTIRRAS) experiments to be described in this
communication will show that a quantitative measure of local
pH changes in the thin electrolyte layer can be obtained by
incorporating judiciously chosen IR active species in the so-
lution. Based on this approach, it has been possible to de-
termine that depending on the magnitude of the current and
the solution composition, the local pH can differ by many units
from that in the bulk reservoir.

EXPERIMENTAL SECTION

All experiments were conducted at room temperature in a
specially designed electrochemical cell described in detail elsewhere
(7) using a flat platinum foil (4N, Johnson Matthey) of ellipsoidal
shape cast in Kel-F as the electrode. The incident angle of the
IR beam on the flat CaF, window was 70°.

Sodium acetate and sodium carbonate solutions were prepared
with ultrapurified water and reagent grade chemicals (Fisher
Chemicals). All potentials are given with respect to the saturated
calomel reference electrode SCE.

The adsorption of CO on the Pt surface was effected by in-
troducing a 0.1 N NaOH solution saturated with CO (4N,
Matheson) into the spectroelectrochemical cell. During this
process, the electrode was polarized at a potential of -0.80 V vs
SCE and placed away from the optical window. After 20 min the
solution was purged with Ny (3N, Air Products) for the same
period of time, and the electrode was then pushed against the
window prior to recording the in situ FTIRRAS spectra.

Each of the spectra presented in this work was acquired while
the potential was being swept in a linear fashion at 2 mV-s™ and
represents an average of 200 {carbonate/bicarbonate) or 300 scans
(acetate/acetic acid) obtained in a potential region spanning about
115 and 170 mV, respectively.

RESULTS AND DISCUSSION
A series of normalized spectra obtained for a Pt electrode
in 0.1 M NayCO, during a potential sweep between 0.4 and
+0.72 V are shown in Figure 1A. The reference spectrum
was acquired by collecting 200 scans at ~0.4 V, prior to the
initiation of the sweep in the positive direction. The spectra
are characterized by three prominent bands at 1640, 1403, and

0003-2700/90/0362-0045$02.50/0 © 1989 American Chemical Society
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Figure 1. A. Series of normaiized spectra obtained for a Pt electrode
in 0.1 M Na,CO; during a potential sweep between -0.4 and +0.72
V. Each of the specira was acquired during a potential sweep at 2
mV-s~* and thus corresponds to an average over a range of approx-
imately 115 mV. The absolute magnitude of the intensity of all peaks
grows as the potential is driven toward more positive values. The
reference spectrum for this series was obtained by collecting 200
scans at -0.40 V. B. Same as A for reverse potential sweep in the
region between +0.71 and -0.73 V. The reference spectrum in this
case was the spectrum obtained at the most anodic potential in the
sweep in the positive direction in series A in this figure. Other con-
ditions are specified in A.

1000
1

1303 cm™. In separate measurements, the solution-phase
FTIR spectrum of 0.5 M Na,COjq in aqueous media was found
to display a strong band at 1396 cm™ (v of Dg;) (8) and a
weaker band at 1651 em™ attributed to OH bending of
structurally modified water by concentrated carbonate. (9)
Two peaks were also observed for 0.5 M NaHCO, (1362 and
1663 em™), which correspond to v and », of C,,, respectively,
with intensities comparable although smaller than those of
the carbonate species. On this basis, the positive- (1640 and
1303 em™) and negative-going (1403 cm™) features in Figure
1A can be ascribed predominantly to bicarbonate and car-
bonate, respectively. The presence of two well-defined isos-
bestic points at about 1487 and 1362 cm™ affords evidence
for a quantitative conversion of carbonate into bicarbonate
induced by the increase in the hydronium ion concentration
due to surface oxidation.

Essentially mirror images of these spectra were obtained
upon reversing the potential sweep, using the average spec-
trum acquired in the most positive potential region displayed
in series A as the reference. These are shown in B in the same

— 0 pA
0

Figure 2. Cyclic voltammetry of a Pt electrode obtained in the thin-layer
cell while the FTIRRAS spectra were recorded (A) in 0.1 M Na,COs,
(B) in 0.1 M GHaCO,Na, and (C) with a monolayer of preadsorbed CO
in 0.1 M NaOH (see text for details). Conditions: scan rate, 2 mV-s™
electrode area, 2.0 cm?,
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Figure 3. Infrared peak intensity of the 1403-cm™* band plotted as
a function of the integrated charge obtained from the voltammetric
curve recorded during the actual experiment (see curve A in Figure
2) in the positive (1) and negative (2) directions.

figure. The direct correspondence between the two sets of
data is to be expected since the hydronium ions generated
during surface oxidation are subsequently consumed during
the reduction of the oxide, transforming bicarbonate into
carbonate.

The infrared peak intensity of the 1403-cm™ band plotted
as a function of the integrated charge obtained from the
voltammetric curve recorded during the actual experiment
(see curve A, Figure 2) yielded straight lines with zero intercept
and slopes of 10.1 (AR/R)-C™ and 7.2 (AR/R)-C™ for the
sweeps in the positive and negative directions, respectively
(see Figure 3). The linearity of the plots indicates that the
Beer-Lambert law is obeyed. The differences in the values
of the slopes for the forward and backward sweeps are due
to differences in the background intensity for the two spectra
used as reference. This gives rise to a relative shift in the
frequency associated with the isosbestic points, Avy,(forward)
= 125 em™ and Ap;,(reverse) = 180 cm™. The integrated
intensities per coulomb yielded essentially identical values
for the forward and reverse sweeps, 1260 £ 80 and 1300 + 60
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Figure 4. Average pH of the Na,CO; solution vs potentiai based on
the experimental data in Figures 1and 2. The initial pH of the Na,CO5
solution is 11.6 and the charge at —0.40 V is assumed to be zero. All
transport numbers were obtained from the literature. The arrows in
the figure indicate the direction of the potential sweep. Insert: Fraction
of HyCO,, HCOy™, and CO42 evaluated strictly from acid-base equilibria.
The region associated with the spectroscopic measurements is indi-
cated by the dashed lines.

(AR/R)-Cl-em™, respectively.

The change in the average pH of the thin layer as a function
of potential can be calculated on the basis of the values of the
integrated change, provided the thickness of the electrolyte
d and the transport numbers of all relevant species are known.
The magnitude of d was estimated on the basis of the fol-
lowing:

(1) The relative separation of the Newton rings formed at
the electrode-electrolyte~window interface (10). These
measurements were conducted with a He-Ne laser source and
vielded values in the range between 0.3 and 1.8 um, for the
1st- and 6th-order red rings, respectively (4).

(i) A comparison between the theoretical and experimental
spectra of water using routines developed in this laboratory.
These calculations were based on the classical Drude-Fresnel
equations as applied to the CaF,/water/Pt system, using
accepted optical constants for each of the phases (11, 12). An
analogous analysis has been reported recently be Bethune et
al. (13).

From the results obtained it was concluded that the average
value of d was about 1.0 um (2).

The effective average concentration of hydronium ions was
evaluated as a function of potential by using as the initial pH
that of the original 0.1 M Na,COj solution, i.e. 11.6, and the
results are displayed in Figure 4. In these experiments, the
electrode was pushed against the window at ~0.40 V, a po-
tential corresponding to a zero of charge. The changes in the
concentrations of cations and anions in the thin-layer cell were
calculated from the charge g passed through the working
electrode and the transport numbers (8).

A simple way of calculating the final pH of the solution
consists in estimating first a transport corrected concentration
¢t = ¢+ t;/2z(qg/FdA) for i = CO4*, HCO,, and OH-, where
g/FdA is the equivalent hydronium ion-to-charge passed.
Hence, if [OH™] < q/dFA < [CO4*] the concentration of
cabonate and bicarbonate after reaction with hydronium ions
can be shown to be given by [COs*] = [COs* ' - (¢/FdA -
[OH%) and [HCO4] = [HCOg* + (¢/FdA - [OHY) with
[OH") being negligible. These formulas can then be replaced
in the expression for the equilibrium constant for dissociation
of HCOy", yielding after rearrangement and equation for [H*]
in terms of ¢t and g/dFA. The values of the transport num-
bers used in the calculations for 0.1 M Na,COj are the fol-
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Figure 5. Plot of the pH of a 0.1 M Na,CO; aqueous solution as a

function of the electrolyte thickness assuming a total charge passed

during a sweep in the positive direction of 2.0 mC. This vaiue corre-

sponds approximately to the charge obtained experimentally for a
sweep between —0.40 and +0.72 V vs SCE.

lowing: Na* = 0.412, COs?" = 0.548, HCO;™ = 0.008, and OH~
= 0.037.

The transport numbers at the concentration prevailing at
the edge of the thin-layer call are the critical values, and these
are taken to be those corresponding to the electrolyte in the
bulk reservoir. The changes in pH associated with modifi-
cations in the concentrations of carbonate and bicarbonate
based strictly on acid—base equilibria are shown in the insert
of Figure 4, in which the region associated with the spectro-
scopic measurements is indicated by the dashed lines. The
effect of the thickness of the electrolyte, d, on the pH changes
attending the passage of charge (2.0 mC) is shown in Figure
5. As indicated, smaller values of d lead to a decrease in the
pH. With thin layers of nonuniform thicknesses, local vari-
ations in pH many also be encountered, although a quanti-
tative treatment of such effects is more complicated. This
provides and explanation for the CO, peak observed in Figure
1.

The pH changes induced by the formation and subsequent
reduction of an oxide layer were also monitored by using a
0.1 M CH3CO,Na solution (pK, = 1.73 X 107, initial pH =
8.9). In this case CH;CO,™ is converted into its conjugate acid
by the reaction with hydronium ions produced during oxi-
dation of the metal. The positive-going bands at 1713, 1373,
and 1280 cm™! in Figure 6 are attributed to the asymmetric
and symmetric stretchings of 0~C~0 and the single CO bond
of the nonionized acetic acid (8, 14, 15), whereas the nega-
tive-going bands at 1418 and 1550 cm™! are associated with
the symmetric and asymmetric stretching modes of the re-
sonant ~CO,™ group, respectively (8, 14, 15). As was the case
with the carbonate solution, this series of spectra also exhibit
isosbestic points in the potential sweeps, both in the positive
and negative directions.

An interesting aspect of these results is that in contrast to
information reported in the literature (16, 17), a substantial
fraction (equivalent to about half a monolayer of CO oxida-
tion) of acetic acid and/or acetate undergoes oxidation at
moderately low potentials. This is clearly indicated by the
appearence of the characteristic CO, band at 2343 cm™. A
more quantitative treatment of these data has not been
pursued. Based strictly on the spectral data and the cyclic
voltammetry in curve B of Figure 2, however, which obviously
includes the effects of the HCO;/CO, system, the final pH
can be estimated to be about 4.0.

The results of the experiments involving CO oxidation in
0.1 M NaOH are shown in Figure 7. This process is of special
interest as the adsorption of a CO-type species is believed to
interfere with the continuous oxidation of methanol, form-
aldehyde, and formic acid, as well as a variety of other organic
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Figure 6. A. Series of normalized spectra obtained for a Pt electrode
in 0.1 M NaCH,CO, during a potential sweep between -0.4 and +0.99
V. Each of the spectra was acquired during a potential sweep at 2
mV-s™" and thus corresponds to an average over a range of approx-
imately 210 mV. The absolute magnitude of the intensity of all peaks
grows as the potential is driven toward more positive values. The
reference spectrum for this series was obtained by collecting 300
scans at ~0.40 V. B. Same as A for reverse potential sweep in the
region between +0.76 and ~0.88 V. The reference spectrum in this
case was the spectrum obtained at the most anodic potential in the
sweep in the positive direction in series A in this figure. Other con-
ditions are specified in A.

compounds, at small overpotentials (2, 16-19). In this case,
each of the spectra was collected over a period of 80 s and
represents the average of 200 scans recorded while the po-
tential was swept in the positive direction at a rate of 2 mV-s!
in a continuous fashion from -0.8 to +0.32 V.

The lack of any spectral features for the spectrum acquired
during the first time interval is consistent with the fact that
no current is observed in the highly distorted cyclic voltam-
metry in the region between —0.8 and about ~0.65 V, shown
in curve C of Figure 2. Clear defined spectroscopic features
were observed, however, for potentials positive to the onset
of CO oxidation. These include the negative-going bands at
2017 and 1828 cm™ attributed to linear and bridged CO,
respectively (2, 3, 20), as well as the positive-going bands at
1639 and 1389 cm™. These features grow until a potential
of —0.21 V is reached, which corresponds precisely to the end
of CO oxidation as can be inferred from the cyclic voltam-
metry. Based on the magnitude of the charge evaluated from
the cyclic voltammetry, the expected pH at this potential is
only 0.05 unit smaller than that of the original solution. This
implies that the positive-going bands in the spectrum corre-

-IR/R

2500 2000 1500 1000
Wavenumber, cm™

Figure 7. A. Series of normalized spectra obtained for a monolayer
of CO adsorbed on Pt in 0.1 M NaOH, during a potential sweep be-
tween —0.8 and +0.32 V. Each of the spectra was acquired during
a potential sweep at 2 mV-s~! and thus corresponds to an average
over a range of approximately 150 mV. The reference spectrum for
this series was obtained by collecting 200 scans at -0.80 V. B. Same
as A for reverse potential sweep in the region between +0.17 and 0.90
V. The reference spectrum in this case was the spectrum obtained
at the most anodic potential in the sweep in the positive direction in
series A in this figure. Other conditions are specified in A.

spond to carbonate (arising from the oxidation of adsorbed
CO0), as the concentration of bicarbonate at this pH as shown
in the insert of Figure 4 is negligible.

As the potential is driven in the negative direction (see B
in Figure 7), the reference spectrum in this case having been
obtained in the most positive potential region in series A, no
further features other than the ubiquitous water-related peak
at 1650 cm were observed. It may be noted that the change
in pH induced by the reduction of the oxide for such strongly
alkaline solution is too small to give rise to observable changes
(except a very minor peak at 1408 ¢cm™) in the amount of
carbonate in solution.

It follows from the previous discussion that the effects
presented in this work can be essentially avoided by using
either concentrated acid or base, by reducing the concentration
of electroactive species, or by increasing the buffer capacity.
Care must be exercised, however, in choosing conditions that
would enable the desired signals to be detected with minimum
interference from other ions in the solution.

SUMMARY

The experiments presented in this work have indicated that
changes in pH associated with certain faradaic processes in
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thin-layer cells of the type employed in in situ FTIRRAS can
be monitored by adding to the electrolyte acids or bases ex-
hibiting distinct spectral features in the infrared region. Il-
lustrations were provided for the formation and reduction of
oxide layers on Pt surfaces in 0.1 M NayCO; and 0.1 M
CH,CO,Na aqueous solutions. Also probed was the formation
of carbonate ions generated by the oxidation of CO adsorbed
on a Pt electrode in strongly alkaline media, in which case the
reduction of the oxide leads to negligible changes in pH and
thus in very small changes in the concentration of carbonate
ions in the layer.

The described method is applicable for monitoring changes
in pH during the oxidation or reduction of a variety of species,
provided that the overall reaction is accompanied by the
generation or consumption of hydronium ions and that the
pH markers are not involved in the redox process.
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Multivariate Analysis of Carbon-13 Nuclear Magnetic

Resonance Spectra.

Identification and Quantification of

Average Structures in Petroleum Distillates

Trond Brekke,* Tanja Barth, Olav M. Kvalheim, and Einar Sletten

Department of Chemistry, University of Bergen, Bergen N-5007, Norway

The {Cyq, Cyy - - -» Co5) fractions from two North Sea crude oils
are investigated. For each fraction CH, (n = 1, 2, 3) BC
nuclear magnetic resonance subspectra are obtained with the
use of distortionless enhancement by polarization transfer
subspectral editing. The combined spectral profiles for each
fraction, consisting of 9651 data points, are reduced to 1024
pooled variabies by using a “soft” maximum entropy criterion.
A principal component analysis is performed. Two principal
components account for 85.9% of the variance in the re-
duced data. Spectral assignments show that the two principal
components are related to variations in the abundances of
n-alkanes and isoalkanes. After the variables are divided by
their means, the second principal component discriminates
between the two oils in all fractions. The loading profile for
this principal component shows that the two oils differ mainly
in the content of saturated isoprenoid structures. The content
of the saturated isoprenoid structures is quantified by using
the marker-object projection technique, with the spectrum of
pure pristane as a marker object.

INTRODUCTION

The 8C nuclear magnetic resonance (NMR) chemical shift
is an extremely sensitive probe for the characterization of the

carbon skeleton of organic molecules. This makes 3C NMR
an attractive method for the analysis of petroleum. The
number of constituents in petroleum increases exponentially
with molecular weight (1), so that single-constituent detection
is feasible only in the lighter fractions (2-4). The large number
of constituents in the heavier fractions, combined with an
increasing viscosity, leads to extensive spectral overlap that
prohibits a ready analysis on the single-constituent level.
However, since similar structures give similar chemical shifts,
the patterns in such spectra correspond to average structures
in the samples (5-9). Additional structural information is
obtained by the use of designed pulse sequences like gated
spin-echo (GASPE) (10) and distortionless enhancement by
polarization transfer (DEPT) (11) for the determination of
resonance multiplicities. Furthermore, under appropriate
experimental conditions, the NMR response becomes uniform
for all carbons in the sample, resulting in a quantitative
spectrum (12-16).

The present data consists of two objects (oils), each rep-
resented by a series of 1*C DEPT NMR spectra of the C;g—Cos
fractions. As such, the two series of fraction spectra may be
recognized as an example of bilinear data. Each of the two
objects can thus be represented by a data matrix (rather than
an array) with boiling point intervals in one dimension and
spectral responses in the second. Methods for the analysis
of such data have been developed as a response to the advent

0003-2700/90/0362-0049$02.50/0 © 1989 American Chemical Society
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Table I. Sample Names, Lengths of Dominating n-Alkane,
and Distillation Cutoff Temperatures

sample fractn cutoff temp, °C
Al, B1 Co 181.2, 182.0
A2, B2 Cy 201.1, 199.4
A3, B3 Ci 291.4, 221.0
A4, B4 Cys 242.0, 240.2
A5, Bb C 260.0, 261.2
A6, B6 Cis 277.4, 276.4
A7,B7 Cue 292.5, 290.4
A8, B8 Cpr 309.2, 306.5
A9, B9 Cis 322.8, 320.5
A10, B10 Co 334.1, 333.4
All, B11 Cop 346.2, 345.8
A12, B12 Car 358.0, 357.2
A13, B13 Cy 370.2, 369.0
Al4, B14 Cos 380.8, 378.8
Al5, B15 Cas 392.0, 391.0
Al6, B16 Cos 402.9, 402.0

of hyphenated measuring techniques such as gas chroma-
tography-mass spectroscopy and liquid chromatography—
ultraviolet spectroscopy (17). However, most methods are
designed for a quantitative calibration and prediction of the
individual sample constituents, which is not possible from the
present data.

A second approach, which we shall adopt, is based on the
assumption that all samples are composed of a common set
of structural units. This is a reasonable assumption since the
bulk of biological matter, from which fossil hydrocarbons
originate, is known to be composed of repeated units such as
~CH,0~ (sugars, starches, cellulose, ete.), isoprenoid units
(chlorophyll, essential oils, etc.), and n-alkyl chains (fats and
oils). The diversity of petroleum constituents is also limited
by geochemical/geophysical processes that favor the stable
and nonpolar structures. Since similar structures give similar
chemical shifts, it is possible to prepare a data matrix where
each row represents a distillate fraction and each column
represents a structural unit. This arrangement permits us to
analyze each fraction as an individual sample.

As our main analytical tool, we use principal component
(PC) analysis. PC analysis has found a number of applications
in the analysis of 1°C NMR data (18-23). For the present data,
PC analysis is used to extract peak correlations in order to
reveal average structures in the samples. We also propose the
use of marker-object projections (MOP) (24) for the quanti-
fication of such average structures in the fractions.

THEORETICAL SECTION

The data are arranged in a matrix, X', with n spectra (rows)
and p’ intensities {columns).

Data Reduction. In raw spectroscopic data the number
of variables, p’, is generally too large for an exhaustive analysis.
It is thus necessary to reduce the number of variables. The
best way to achieve this is by applying the maximum entropy
criterion, which ensures that a maximum of the information
for any given number of reduced variables is retained (25).
However, as a strict maximum entropy criterion produces a
completely flat average spectrum, the raw spectral features
are obscured. To avoid this, the following algorithm developed
by Karstang and Eastgate (26) for a similar reduction of X-ray
diffraction data was employed:

(1) Calculate the average intensities of all spectra.

(2) Calculate the total intensity (sum) for the average
spectrum.

(3) Calculate § = sum/reduced number of variables re-
quired.

(4) Beginning at the first average variable, add consecutive

variable intensities until the partial sum is equal to or greater
than 4. This summed interval defines a reduced variable.
Continue this process until the whole average spectrum is
processed.

(5) Calculate the corresponding intensities of the reduced
variables for the individual spectra.

When the partial sums are allowed to exceed 4 in (4), a
deviation from the strict maximum entropy definition is in-
troduced. Hence, the name “soft” maximum entropy is used.
The effect is that the more intense data points are left un-
changed, while the less intense data points are summed to-
gether. Thus, the main features in the raw spectra are retained
in the reduced spectra. Provided that the consecutive vari-
ables in a reduced variable belong to the same peak, and hence
span the same PC dimension, no chemical component in-
formation is lost.

Principal Component Analysis. Principal component
(PC) analysis is now a well-established tool for the interpre-
tation of chemical data. All basic features of the PC method
are thoroughly documented together with numerous chemical
examples (18-23, 27-29). This section provides only a brief
description of the features necessary for the interpretations
in the present work.

The major step in a PC analysis is the extraction of the
eigenvectors from the variance-covariance matrix to get un-
correlated new variables called principal components (PCs)
that span a maximum of the variance in the data set. Since
the PCs are linear combinations of all the original variables,
they can be viewed as composite average variables. The ex-
planatory importance of a PC is measured by its proportion
of variance relative to the total variance contained in the
original data. If the original variables are highly correlated,
the first few PCs are sufficient to reproduce the systematic
variance in the data, so that the data can be approximated
with a PC model with F product terms:

X=1X+TB+E (1)

Here, X is the n X p data table with n spectra and p (reduced)
variables; X is the 1 X p matrix of the mean values of each
variable; 1 is a n X 1 matrix of 1’s; B is the F X p matrix of
variable ceefficients (loadings) for the first F PCs; T is the
n X F matrix of coordinates (scores) for the samples in the
space spanned by the first F PCs; and E is the n X p matrix
of residuals. The amount of variance explained by the PCs
decreases in the order Var(PC1) > Var(PC2) > Var(PC3}, etc.

One of the nice features of PC analysis is that nearly every
result can be presented graphically. The scores along the PCs
reveal the relationship among the samples. This information
is displayed in a score plot where the sample scores are plotted
in a plane spanned by two PCs. Since the PCs are orthogonal,
the Euclidian distances can be used to measure sample sim-
ilarities quantitatively.

A variable's contribution to a PC is directly proportional
to the squared loading. Thus the relative importance of a
variable to the interpretation of a PC is given by its loading.
Furthermore, correlated variables have similar loadings. Thus,
variables representing a common chemical structure may be
identified by similarities in their loadings (30). Traditionally,
the variable relations are displayed in two-dimensional loading
plots in the same manner as sample relations are displayed
in score plots. However, the large number of variables in the
present data makes such loading plots less useful. Instead,
we have chosen to display the variable relations as loading
profiles directly comparable to the reduced spectra.

Marker-Object Projection. The content of an anticipated
constituent, or structural unit in a mixture, may be quantified
by calculating the scalar product, or marker-object projection
(MOP), between the mixture spectrum and the neat-liquid
spectrum of the anticipated constituent:
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Figure 1. Spectrum of a C,; fraction (sample A9) before (above) and after data reduction. The CH, CH,, and CH; subspectra are separated
by using the DEPT technique and recombined as indicated in the Experimental Section. The most intense peaks are numbered for assignment
purposes. The variable numbers in the bottom scale refer to the raw specirum before data reduction.

P
MOP = O-M = Zij]' (2)
j=1

where O and M are the vectors of intensities in the sample
spectrum (object) and neat-liquid spectrum (marker object),
respectively, and p is the number of data points in the spectra.
Thus, only nonzero elements in M will contribute with nonzero
products to eq 2. For the purpose of quantification two
conditions must be fulfilled: (1) the marker-object spectrum
must be present, at least partly, as a resolved subspectrum
in the mixture spectrum; (2) the total intensities in the spectra
must be normalized. Other applications of the MOP technique
are reported elsewhere (24, 30).

EXPERIMENTAL SECTION

Samples. The {Cyg, Cyy, Cha, - -, Cos} distillate fractions were
collected from two crude oils produced from different wells in

the North Sea. The boiling point ranges are given in Table 1.
NMR samples were prepared from 1.7216 + 0.0005 g of distillate
with 20 + 0.2 uL of hexamethyldisilane (HMDS) and 20 % 0.2
uL of dioxane as internal standards and diluted 1:1 in CDCl,. To
obtain a uniform spectral response, ferric acetylacetonate was
added to give a 0.03 M concentration of Fe®* ion in the samples.
The use of paramagnetic relaxation agents introduces severe line
broadening in the spectra, but this is compatible with the present
complex mixtures, which anyway exhibit extensive peak overlap.

NMR. The NMR measurements were performed on a Bruker
AM-400 spectrometer immediately after sample preparation.
“WALTZ-16" proton-decoupled *C DEPT spectra were obtained
by using three different values for the proton pulse, 6: 8, = 45°,
0y = 90°, 8; = 135° (11, 31). This gave three spectra for each
sample. To obtain comparable intensities between the spectra,
32, 64, and 32 scans were collected for the three values of 6,
respectively. The relaxation delay was set to 10 s, and the evo-
lution period, 7, was 0.0071 s, assuming an average *C—'H one-
bond coupling constant of 140 Hz. The free induction decays



52 « ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990

©
PHYTANE

Cu Ci3 Cra c,, Cre

3
3

SPRISTANE
T

C12

Cio

Figure 2. Gas chromatogram of the combined fractions C.u—C,y
(samples A1-A12). Labels refer to n-alkanes. Appreciable amounts
of pristane and phytane were detected in the C,, (sample A8) and Cyg
{sample A9) fractions, respectively.

(FIDs) were sampled in 32K data points over a 20000-Hz spectral
range. Data acquisition was performed at ambient temperature
(ca. 20 £ 0.2 °C).

Spectral Processing. Separate FIDs, FID CH,, for the CH,
CH,, and CHj carbons were generated by linear combination of
FID #;, FID #4,, and FID 8; acquired for the three values of 4:

FID CH, = FID ¢, - 1.20(FID 8,)
FID CHCH; = FID §, + 1.20(FID 6y)
FID CH = FID 6, - 0.22(FID CHCH,)

FID CH, = FID CHCH, - 0.78(FID 4,)

The coefficients were obtained empirically. To reduce base-line
noise, the FIDs were multiplied with an exponential factor cor-
responding to an additional line broadening of 2 Hz in the Fourier
transformed spectra.

After Fourier transformation the spectra were manually phased,
and a first-order base-line correction was applied. The spectra
were referenced by using a peak at 28.04 ppm for the CH sub-
spectra, a peak at 22.80 ppm for the CH, subspectra, and a peak
at 14.5 ppm for the CHj subspectra. In this way the large solvent
shift differences introduced by using one chemical shift reference
for all carbon types are eliminated (30). The spectral ranges that
exhibited more than base-line intensity were transferred to a
Micro-VAX II computer. In the final raw data matrix, each of
the 32 samples was characterized by 5030 CH data points, 2970
CH, data points, and 1651 CH, data points (Figure 1).

Data Pretreatment, Reduction, and Analysis. The spectral
intensities were normalized to internal HMDS and dioxane. The
number of variables was reduced to 1032 by using the soft
maximum entropy procedure described in the theoretical section.
Principal component analysis and marker-object projections were
applied to the normalized and reduced data. Principal component
analysis was performed both before and after dividing the variables
by their respective means as specified in the discussion. The whole
procedure for scaling, variable reduction, and data analysis was
performed by using the SIRIUS program implemented on a Mi-
cro-VAX IT computer (32).

Gas Chromatography. Samples A1-A12 (C;4~Cy, fractions)
and B8 (Cy; fraction) were analyzed by gas chromatography (GC)
for comparison with the NMR spectra. The chromatographic
analysis was performed on Carlo Erba Fractovap 2900 equipment
with a 40-m fused silica capillary column with a stationary phase
of 5% phenyl methyl silicone and a flame ionization detector. The

Table II. Assignment of the Main Peaks in the Spectra

chem shift, peak
peak no. ppm assignments
CH; HMDS -2.50 9 6
1 11.44 o "
2 14.16 B
3 14.45 g & F 7
4 19.30 2
5 19.69 L -l
6 19.75 - 718
7 29.65 N NATR NN
8 22.69
9 2274 om %
CH, 10 20.22 /Y\/\/\/
11 22.80 . s
12 24.56
13 24.91 3 /m\)\/\/\/\ﬂ
14 26.55 70 5
© 2686 (W\/\
16 R -1 »
17 29.50
18 29.65
19 29.84
20 30.17
21 32.05
22 32.37
23 32.80
24 33.55
25 37.04
26 37.21
27 37.38
28 37.48
29 37.54
30 39.16
31 39.45
dioxane 67.11
CH 32 28.04
33 30.15
34 32.57
35 32.84
36 34.48
37 37.78
38 40.27

distillate fractions were dissolved in hexane (1 12 mlL) before
analysis. Main peaks were identified by comparison with
standards (n-alkanes, pristane, phytane). The pattern of peaks
in the chromatograms is typical for petroleum fractions. n-Alkanes
dominate, and branched alkanes are found at lower concentrations.
Pristane and phytane are found in concentrations equal to those
of the n-alkanes in this series. A chromatogram of the combined
fractions, A1-Al2, is shown in Figure 2 to illustrate the sample
compositions. The pristane concentrations in the Cy; fractions
were calculated as area percentage of the base-line-corrected
pristane peak to total area of components in the fraction, including
the components eluted in the unresolved envelope.

RESULTS AND DISCUSSION

The raw spectrum and the corresponding reduced spectrum
of the Cyg fraction (sample A9) are shown in Figure 1. As
described in the Experimental Section, each sample spectrum
consists of a CHg subspectrum, a CH, subspectrum, and a CH
subspectrum. Note how the data reduction procedure expands
the spectral features in regions of high intensity, as seen in
the CH, subspectrum, and pools the intensities in ranges of
low intensity, as seen in the CH subspectrum. Thus, the
spectral features are retained although the number of variables
is reduced by an order of magnitude.

Some representative spectra are shown in Figure 3. Note
that all spectra exhibit the same pattern. The similarity
between corresponding fraction spectra for the two oils is
striking. Visual inspection reveals virtually no significant
difference between the two oils. By integration of the raw
spectral profiles we found that the systematic pattern con-
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Figure 3. Spectra of the Gy, Cyg, and Cyy fractions of the two oils A and B.

stitutes roughly 70-90% of the total intensity in the spectra,
consistent with the assumption that all samples are composed
of the same structural units (6, 7).

Assignments. Ward et al. (5) and Netzel et al. (6) have
reported 1°C spectra of shale oil fractions that are very similar
in appearance to the present spectra of petroleum fractions.
We chose to use the A9 spectrum (Cyg fraction) for the as-
signment of the main structures in the samples. Assignments
are given in Table II. The presence of n-alkanes, pristane
(2,6,10,14-tetramethylpentadecane), and phytane (2,6,10,14-
tetramethylhexadecane) is confirmed by GC (Figure 2), while
the other structures are assigned by comparison to literature
data (5, 6). Correlation between variables revealed in the PC
analysis is also a strong indication that the peaks represent
a common molecular structure (18, 30, 33).

The intense and well-defined peaks are due to n-alkanes
and isoalkanes. The unassigned peaks in the range 26.50-27.30
ppm (peaks 14, 15, and 16) are probably due to methylene
carbons with a methyl substituent in y-position on one side
and a long unbranched chain on the other. The unassigned
peak at 37.48 (peak 28) is probably due to a structure similar
to the ones assigned to peaks 25, 26, 27, and 29. The rest of
the unassigned peaks (peaks 22, 23, 24, 33, 34, 37, and 38) are
also seen to be of some importance in the PC loadings, but

the assignments of these less intense peaks are not clear. The
absence of well-defined patterns in the less intense spectral
ranges reflects a greater diversity in carbon environments. It
is likely that this diversity is caused by bridging and geo-
metrical isomerism in cyclic structures (aromatics, naphthenes,
and cycloalkanes). Most of the unassigned intensity is found
in the CH subspectrum, and the fraction of unassigned in-
tensity increases toward higher boiling fractions.
Principal Component Analysis. The two first principal
components (PCs) describe 72.5% and 13.4% of the variance
in the spectra, respectively. The first point to note is thus
the dramatic reduction in dimensionality in the data, from
9651 variables in the raw spectra to two PCs that describe
85.9% of the variance. There are two sources for the large
redundancy in the data: (1) Each constituent is represented
by many peaks in the ¥C NMR spectrum; (2) petroleum
constituents correlate due to similarities in source, evolution,
migration, and other geochemical processes. The third and
subsequent PCs each described less than 6% of the variance
in the data and were partly obscured by residual solvent shift
effects (see below). These PCs are not considered further.
A plot of the sample scores in the plane spanned by the first
two PCs and the corresponding loading profiles are given in
Figure 4. The scores for the first PC are seen to describe a
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Figure 4. Plot of the sample scores in the plane spanned by the first
two PCs (above) and the corresponding loading profiies.

variation related to the boiling points of the fractions. The
loading profiles can be directly related to the spectral profiles
in Figure 3. The dominant feature in the loading profile for
PC1 is the negative correlation between the peak representing
the carbons in the middle of unbranched alkane chains (peak
19) and the peaks representing the end carbons of unbranched
alkane chains (peaks 2, 11, 21, and 17). The PC1 loadings for
peaks 6, 12, 20, 25-27, and 35 correlate with that for peak 19.
These peaks all represent central parts of large isoalkanes.
In other words, PC1 describes a decrease in chain length. The
lack of variance in the scores for the heavier distillate cuts
can be explained by a general decrease in the relative contents
of n-alkyl chains, or by the decreasing relative effect of adding
one more carbon to an ever longer chain.

The aromatic and, presumably, the saturated cyclic reso-
nances contribute with small, but generally positive loadings
to PC2. The loading for peak 19 is less dominating in PC2
than in PC1, indicating that long n-alkyl chains contribute
less to this PC. Consistent with this observation, peak 19 is
seen to have two loading components in PC2 due to a small
chemical shift difference between carbon 5 and the other
central carbons of long n-alkyl chains. This component can
be seen as a shoulder on peak 19 in the spectra. Peaks rep-
resenting isoalkanes, particularly those that are derived from
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Figure 5. Plot of the sample scores in the plane spanned by the first
two PCs (above) and the corresponding loading profile for PC2 (middle)
after mean-scaling of the variables. The spectrum of pure pristane
is shown for comparison with the PC2 loading profile.

isoprenoid structures (Table II), are seen to contribute ap-
preciably to PC2 as well. PC2 thus primarily describes a
variation from low to high contents of substituted/branched
alkanes. The scores along PC2 discriminate between the two
oils although they tend to be similar in the C,;~Cy, fractions.
This is an interesting observation because the concentration
of constituents with saturated isoprenoid structure is known
to be highest in the early stages of the petroleum generation
process. In petroleum from similar source rocks, the amounts
of pristane and phytane relative to those of the n-alkanes are
thus believed to be related to the maturity of the source rock
(34).

Appreciable amounts of pristane and phytane were detected
by gas chromatography in the C;; and C4 fractions, respec-
tively (Figure 2). The spectrum of pristane is shown at the
bottom of Figure 5. Due to the presence of pristane in the
Cy7 fraction the peaks that represent the pristane structure
are very intense in the A8 and B8 spectra, giving relatively
large variances in these variables. By division of the variables
by their means, the impact of variables with relatively large
variances is enhanced at the cost of variables with relatively
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100 thus gives the percent concentrations of pristane-like structures
in the fractions. The residue fractions for the oils are included as the
sample points at the rightmost frame of the figure.

low variances. After such a scaling of the variables, the two
first PCs described 46.9% and 17.2% of the variance, re-
spectively. Again, from the scores it is seen that PC1 reflects
a decrease in boiling points of the fractions, while PC2 now
discriminates between the two oils also in the C,;~Cy, fractions.
From a comparison between the loading profile for PC2 and
the spectrum of pure pristane (bottom of Figure 5) it is evident
that PC2 is related to the content of components with
structures similar to that of pristane. The scores for PC2 tell
us that the pristane spectrum represents a feature that ac-
counts for the difference between the two oils in all fractions,
not only the one actually containing pristane. It is evident
that the pristane spectrum is representative for a wide range
of constituents with saturated isoprenoid structure. The
relatively large negative scores for samples A8 and A9 (the
Cy7 and Cyg fractions in oil A) are consistent with the high
content of pristane and phytane, respectively, in these samples.

A ready interpretation of the loading profiles requires that
the *C NMR solvent shift differences are minimized. This
is a major problem in complex *C NMR spectra. Solvent
shifts result in a displacement of intensity from one data point
in one spectrum to a neighboring data point in another
spectrum. Such intensity variations have a disturbing impact
on the principal components, as seen in the PC2 loading profile
for dioxane in Figure 4. 13C NMR solvent shifts in hydro-
carbon mixtures are discussed elsewhere (3, 23, 30). Apart
from a suspicious spike in the middle of the loading profile
for peak 19, the loadings for the rest of the variables show that
separate referencing of the three CH, (n = 1, 2, 3) DEPT
subspectra reduces the solvent shift differences to an ac-
ceptable level.

Validation of the Analysis. The assumption that all
samples are composed of the same structural units in varying
amounts is crucial. Mathematically, the assumption is
equivalent to stating that all samples are described within the
same multivariate space. In order to test this, separate PC
decompositions of the spectra for the two oils A and B were
performed. PC1, and PClg accounted for 81.7% and 80.8%,
respectively, of the variance in the two series of spectra, while
8.1% and 6.4% of the variance were described by PC2, and
PC2g, respectively. The congruence {35), or scalar product,
between the normalized loading vectors for the two compo-
nents PCy, and PCg was calculated. Since the loading vectors
are scaled to unit length, the congruence between pairs of PCs
is a number between +1 and -1, with +1 showing perfect
overlap. Congruences of 0.93 between PC1, and PClp and
0.81 between PC2, and PC2g, the two major PCs for the two
oils, confirm that the two oils are, mainly, confined to the same
multivariate space. We have also seen that this assumption
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leads to chemically meaningful results, a strong evidence of
its validity.

Quantification of Pristane Structures. The correlation
between the “pristane” variables seen in the loadings for PC2
in the mean-scaled data gives us a unique possibility for a
simple quantification of a statistically and chemically well-
defined and important feature in this extremely complex
system. Since all spectra are normalized to internal standards
(HMDS and dioxane), their intensities are directly compa-
rable. This means that the spectrum of pure pristane rep-
resents a unit vector for pristane relative to the fraction
spectra. By projecting the fraction spectra onto the pristane
spectrum (the scalar product between each fraction spectrum
and the pristane spectrum) and dividing by the squared norm
of the pristane spectrum, we get a number between zero and
1, with 1 for pure pristane. The results are shown in Figure
6.

Figure 6 shows that pristane-like structures are present in
all samples, as expected from the PC analysis above. The two
oils are systematically separated, oil A being richer in pris-
tane-like structures than oil B in all fractions. The maximum
around the C,; fraction is mainly due to the presence of
pristane itself, but similar structures will contribute also for
this fraction. Our analysis thus gives 16.1% “pristane” in oil
A, and 10.3% in oil B, compared to 11.5% and 7.5% pure
pristane as obtained from GC. There is a tendency of
“peaking” at every fourth fraction. This pattern may be due
to the presence of constituents that are built from an integral
number of saturated isoprenoid units. From symmetry con-
siderations {(see Table I1), it is evident that the spectra of these
constituents will overlap completely with the spectrum of
pristane, resulting in a larger scalar product than for those
structures that are partly different from pristane. The residue
fractions (containing all constituents above Cyg) are included
in this analysis and are seen to have a relatively low content
of pristane-like structures.

Conclusions. The result suggests 3C NMR as an alter-
native to chromatographic methods for the analysis of the
heavier petroleum fractions. The large number of possible
constituents makes chromatographic profiles less useful for
these fractions, especially if isoconstituents are believed to
be present in significant amounts. The fact that NMR gives
average structures in petroleurn samples is no drawback, since
geochemical processes often relate to compound classes rather
than to single constituents.

Principal component analysis in combination with data
reduction by use of a maximum entropy criterion is a very
efficient and objective means of extracting the essential in-
formation in complex *C NMR spectra. The analysis provides
specific information on straight-chain and isoalkane structures
in particular, while the spectral representation of the cyclic
hydrocarbons, including aromatics, naphthenes, and cyclo-
alkanes, is more complex. Marker-object projection offers a
mathematically simple method for the quantification of
structural units that are identified in the PC analysis.
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Simultaneous Monitoring for Parent lons of Targeted Daughter
lons: A Method for Rapid Screening Using Mass
Spectrometry/Mass Spectrometry

Scott A. McLuckey,* Gary L. Glish, and Barry C. Grant

Analytical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6365

A novel method of operation possible with some, but not all,
types of Instruments capable of mass spectrometry/mass
spectrometry is demonstrated. The method involves operating
the first stage mass analyzer as a high-pass filter while a
second stage of mass analysis is used to detect the daughter
ions from a targeted compound class that fall below the ar-
bitrary cutoff mass. This method can be employed in those
cases where a parent ion scan is useful. The present method,
with some sacrifice in specificily, provides a roughly 10-fold
increase In parent ion transmission relative to that for either
conventional daughter ion analysis or the parent ion scan.
This mode of operation is demonstrated with anions derived
from 2,4-dinitrotoluene (DNT), 1,3,5-trinitroazacyclohexane
(RDX), a heterocyclic nitramine, and pentaerythritol tetra-
nitrate (PETN), a nitrate ester.

INTRODUCTION

Mass spectrometry/mass spectrometry (MS/MS) has been
recognized to be particularly useful for the analysis of targeted
compounds in mixtures (I-4). Compound classes can also be
targeted provided ions derived from members of the class
undergo a similar reaction between stages of mass analysis.
These reactions include, for example, those that result in a
particular daughter ion, those that involve the loss (or gain)
of a particular chemical moiety, and those that involve a
change in charge state. One or more of various scanning modes

can be used to detect selectively ions that undergo the reaction.
Common scan modes that have been used to screen rapidly
for members of a targeted compound class include the parent
ion scan, for ions of a class that fragment to a common
daughter ion, and the neutral loss scan, for ions of a class that
lose a common neutral fragment upon dissociation. Scan
modes have also been employed to screen for ions that readily
undergo a charge-changing reaction, such as the so-called E/2
scan for singly charged ions formed in the ion source of a mass
spectrometer that are converted to doubly charged ions prior
to an electric sector. Each of these modes of operation, as well
as others, has been shown to be useful for appropriate ap-
plications (1—4). For example, Gallegos demonstrated the
usefulness of the parent ion scan in organic mixture analysis
by the accelerating voltage technique for decompositions of
metastable ions in the first field-free region of a sector mass
spectrometer (5, 6). Hunt et al. demonstrated, early in the
application of triple quadrupole MS/MS to analytical prob-
lems, the rapid screening for several compound classes in
environmental samples by using parent ion scans and neutral
loss scans (7-9). Indeed, these types of rapid screening scans
are now widely accepted and are standard features in most
commercial MS/MS instruments.

We report here a method of operation possible with some,
but not all, MS/MS instruments that, at some sacrifice in
specificity, can increase parent ion transmission and reduce
analysis time in rapid screening applications. These appli-
cations are restricted to those in which parent ions derived
from the targeted compound class or classes fragment to a
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Figure 1. Schematic diagrams demonstrating the conventional

daughter ion MS/MS mode (top) and the rf-only QTOF daughter mode
{bottom).

common daughter ion. This method of operation is demon-
strated with a quadrupole/time-of-flight (QTOF) MS/MS
instrument but should also be possible with any beam-type
tandem mass spectrometer in which the first mass spectrom-
eter is a quadrupole mass filter and with trapping instruments
such as the quadrupole ion trap and the Fourier transform
ion cyclotron resonance spectrometer. The method under
discussion, very simple in implementation in the QTOF in-
strument, is shown schematically in Figure 1 along with the
method for obtaining a conventional daughter ion MS/MS
spectrum for comparison. In the present method, the quad-
rupole mass filter is operated in the “total ion” or radio fre-
quency voltage (rf-only) mode with the rf voltage maintained
at a level sufficient to reject lons that issue from the ion source
below some predetermined m/z value. A target gas is ad-
mitted into the collision cell, and the TOF portion of the
instrument is operated in the usual way. The resulting TOF
spectrum contains both parent ions, which appear at masses
above the cutoff of the quadrupole mass filter, and daughter
ions resulting from dissociation of the parent ions that pass
through the quadrupole. Daughter ions can appear both above
and below the quadrupole cutoff mass. This mode of oper-
ation is useful only if the ions derived from the targeted
compound class show a common daughter ion with a mass that
falls below the cutoff of the quadrupole mass filter. Thus,
it can be employed in any instance in which a parent ion scan
is useful. This constitutes, therefore, a degraded form of
MS/MS in which a high-pass mass filter serves as the first
stage of mass spectrometry. Therefore, the parent ion—
daughter ion relationship is not defined by the experiment,
resulting in a loss in specificity relative to that of a conven-
tional MS/MS parent ion scan. However, the principal ad-
vantages of this method of operation are (i) increased
transmission of the parent ions by operating in the rf-only
mode relative to operating in the mass analysis (i.e., rff/dc
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(direct current)) mode and (ii) more favorable duty cycle
resulting from eliminating the need for scanning the quad-
rupole or hopping the quadrupole through a series of masses.

EXPERIMENTAL SECTION

Data were acquired by using a linear quadrupole/time-of-flight
tandem mass spectrometer. The instrument is based on an early
prototype (10) and employs an Extrel Model 7-270-9 mass filter
powered by Extrel C50 electronics with a mass range of 500
daltons. Details of the data system, the instrument, and its
operation have been described (1I). The QTOF spectrometer is
fitted with an atmospheric sampling glow discharge ionization
(ASGDI) source, which has been described recently (12). For these
studies the ASGDI source was operated for negative ion analysis.
The outer aperture plate/electrode was held at —385 V, and the
inner aperture plate/electrode was held at ground potential. The
pressure in the ion source was held at 0.7 Torr, and ambient air
was drawn into the ionization region at a rate of 4-5 mL/s.
2,4-Dinitrotoluene samples were admitted by allowing the
headspace vapor over a solid sample to be drawn into the ion
source along with the ambient air. Samples containing penta-
erythritol tetranitrate (PETN) and 1,3,5-trinitroazacyclohexane
(RDX) were admitted, as described in the text, via quartz sampling
tubes placed into a heated block leading to the ion source inlet
aperture. Crystalline PETN and C-4, a military explosive com-
position containing RDX, were obtained from Sandia National
Laboratories. The SEMTEX-H sample, a plastic explosive
containing both RDX and PETN, was provided by the Forensic
Science Research Unit of the FBI Academy.

To demonstrate the high-pass filter mode of operation, the
quadrupole mass filter was operated with a constant 1f voltage
level of approximately 2000 V peak-to-peak (the frequency applied
to the quadrupole is 1.2 MHz). This level effectively prevents
ions of mass less than 150 daltons from passing through the
quadrupole (transmission < 0.01%). In the conventional mode
of operation the quadrupole was operated at unit mass resolution
up to approximately m/z 400, where resolution is defined as
M/AM at half-height. The TOF part of the measurements was
common to both modes and has been described in detail (11). All
TOF spectra were accumulated for 10 s at a rate of 20 kHz. Air
was used as the collision gas and was admitted to a pressure
sufficient to attenuate the ion beam issuing from the collision cell
by about 50%. This results in collection efficiencies, defined as
the ratio of the ion flux leaving the collision cell to that entering
the collision cell, ranging between 0.2 and 0.3. The pressure within
the 1-cm collision cell under these conditions is estimated to be
a few milliTorr. Anions were detected with a conversion dy-
node/electron multiplier detector.

Detection limits for RDX were measured when the QTOF
instrument was moved to Sandia National Laboratories in Al-
buquerque, NM, for tests. Known concentrations of RDX were
admitted into the ion source via a quartz tube heated to 450 K
from a calibrated vapor generator, which has been described (13).
No effort was made to generate full response curves in these
studies since the lower limit of detection was the quantity of
interest. The lower limit of detection, taken as 5 times the
standard deviation of the background noise, was arbitrarily chosen
to be measured by using a 10-s period for acquiring the TOF
spectrum for the modes that employ the TOF measurement, as
this was deemed the longest reasonable time for many operational
scenarios.

RESULTS AND DISCUSSION

The capability of the quadrupole mass filter to serve as a
high-pass filter has been used by Hunt et al. in conjunction
with injection of ions from an external ion source into an ion
cyclotron resonance (ICR) spectrometer (74). In this appli-
cation, the quadrupole is used to reject the low-mass ions
formed from the matrix in a desorption ionization experiment
to minimize space charge problems that might otherwise be
encountered in the ICR cell. Of course, any of the quadrupoles
in a triple-quadrupole mass spectrometer can be used in the
rf-only mode, and this is often done. The center quadrupole
is typically operated in the rf-only mode, and mass spectra
are obtained by operating two of the quadrupoles in the rf-only
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mode. As a rule, however, the quadrupoles are operated so
as to avoid any severe mass discrimination. A method in-
termediate between the conventional daughter ion MS/MS
spectrum and the method emphasized here has been used by
Hunt et al. in the sequence analysis of polypeptides using a
triple-quadrupole mass spectrometer (15). The first quad-
rupole was operated by using a mass resolving power low
enough to pass a window of several mass units, allowing for
the simultaneous acquisition of the MS/MS spectra of both
an unlabeled compound and its trideutero analogue.

The approach described here emphasizes the capability of
the quadrupole mass filter to act as a high-pass filter in
real-time rapid screening for members of targeted classes of
compounds present in trace quantities. This method of op-
eration has been found to be useful in the rapid screening of
ambient air for the presence of trace levels of organic explo-
sives. This application is one where it is most important to
determine if any of the targeted compounds are present at
the lowest level detectable. Once the presence of one or more
of the targeted compounds is indicated, more specific, though
Iess sensitive, MS/MS methods can be used, if so desired, to
identify unambigously the compound(s). Therefore the ex-
plosives detection application below is used to illustrate this
method.

Most organic explosives contain several NO, or NOg groups
which give the molecules relatively high electron affinities.
The analysis of the anions derived from the explosives mol-
ecules affords an important degree of selectivity since most
organic molecules do not form stable anions (16). Most of the
organic explosives fall into one or more of the following com-
pound classes: nitroaromatic compounds, nitrate esters, and
nitramines. The high-mass anions derived from members of
each of these compound classes via glow discharge ionization
show common intense daughter ions in their MS/MS spectra.
For example, nitroaromatic anions typically show intense
daughter ion signals due to NOy", anions of nitrate esters
dissociate predominantly to give NOy, and the most intense
parent ions derived from the heterocyclic nitramines tend to
dissociate to both NOg~ and CHNCH,NNO,. These
daughter ions can therefore be used to indicate the possible
presence of organic explosives.

The effective removal of the abundant low-mass ions that
issue from the ASGDI source is illustrated in Figure 2. This
figure compares the normalized TOF mass spectra acquired
when the f voltage of the quadrupole mass filter is low enough
to transmit ions with m/z values greater than 10 and when
the rf is held at a level that transmits jons only of m/z values
greater than about 150. (Note that an intense anion is present
at m/z 46. This signal is predominantly due to NO,™ formed
by the discharge in air. The fact that NO, is formed from
the air matrix and constitutes a major fraction of the back-
ground ion signal precludes the use of single-ion monitoring
at m/z 46 for the detection of trace levels of explosives.) The
ion at m/z 182 (which falls at a channel number of 295 in the
TOF spectra) is the molecular anion of 2,4-dinitrotoluene
(DNT) and arises from residual DNT present in a sampling
tube attached to the ion source.

A major advantage of this mode is the improvement in
transmission for any given parent ion in going from the mass
analysis mode to the rf-only mode. With the QTOF quad-
rupole, transmission increases by a factor of 4-15 depending
upon the resolution of the quadrupole when both 1f and de
voltages are applied and on the rf voltage level used in the
rf-only mode. It should be recognized that transmission
through the quadrupole is not equal for all ions of mass greater
than the nominal cutoff mass. The rf-only quadrupole is not
a perfect high-pass filter. Each mass ion falls within a different
part of the stability region, and even for ions of the same mass,
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Figure 2. Comparison of (top) the TOF spectrum obtained when the
quadrupole is operated in the rf-only mode at a level that transmits all
ions above m/z 10 with (bottom) the TOF spectrum obtained when
the rf level of the quadrupole is set to pass only those ions with m/z
ratios greater than ~150.

transmission is known to depend significantly on the kinetic
energy of the ion and the angle and position at which it enters
the quadrupole (17). It has been predicted (18) and shown
(19) that higher order multipoles (e.g., hexapoles and oct-
apoles) are less prone to severe mass and kinetic energy
discrimination effects.

Figure 3a shows the TOF spectrum obtained when vapors
of 2,4-dinitrotoluene were admitted into the ion source and
when the quadrupole was used to pass only m/z 182, the mass
of the molecular anion. Figure 3b shows the TOF spectrum
obtained when the quadrupole was used as a high-pass filter
with masses less than 150 daltons effectively rejected. In this
case, the increase in signal for m/z 182 is roughly a factor of
12. Figure 3¢ shows the TOF spectrum that results when air
is admitted into the collision cell under the same conditions
used to obtain the spectrum of Figure 3b, Le., when the
quadrupole is operated as a high-pass filter. An intense peak
arises from the NO,~ daughter ion, which is common in the
MS/MS spectra of anions derived from nitroaromatic com-
pounds and heterocyclic nitramines (20, 21). In this example,
the target gas attenuated the total ion current by about 75%
(collection efficiency = 0.25). The spectrum of Figure 3¢
indicates a fragmentation efficiency of 0.63, which, with a
collection efficiency of 0.25, yields an overall collision-induced
dissociation efficiency of 0.16.

In addition to the ion transmission improvement shown
above, a second major advantage of the present mode relative
to a mode that requires the first stage mass spectrometer to
be scanned is the improvement in duty cycle. When several
parent ions are of interest, in the usual method of operation
the rf/dc voltages applied to the quadrupole must be scanned
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Figure 3. TOF spectra obtained for DNT when (a) the quadrupole is
set to pass only ions of m/z 182 and in the absence of collision gas,
(b) the quadrupole is set to pass all ions above m/z =150 and in the
absence of collision gas, and (c) colfison gas is added and the quad-
rupole is operated as in b.

or they must be “hopped” to sequentially pass the different
parent ion masses to the collision cell. A TOF spectrum must
then be acquired at each parent mass. The duty cycle of the
quadrupole therefore varies with the number of parent ions
to be monitored as 1/n where n is the number of parent ions
monitored. Therefore, for any particular rapid screening
application, the improvement in duty cycle provided by the
present mode of operation can be anticipated since the duty
cycle of the first stage of the analysis is unity.

The duty cycle advantage is particularly important when
there are many possible parent ions and when all of the sample
compounds are introduced into the ion source either simul-
taneously or with significant overlap. Our most commonly
used method for sampling and introducing explosives into the
QTOF instrument provides an example. Often a hand-held
vacuum cleaner is used to draw an air sample through a quartz
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Figure 4. Desorption profiles of RDX and PETN from quartz sampling
tubes admitted into a biock heated to 450 K leading to the inlet of the
ASGDI source. Profiles were determined in the single-ion monitoring
mode by using m/z 176 for RDX and m/z 240 for PETN.

tube from some object to be investigated. The quartz tube
is then admitted into a block maintained at a temperature
of 450 K, which is connected to the inlet of the ion source.
Molecules of explosives thermally desorb from the quartz
surface and are drawn into the ion source. The temperature
of the heated block can be adjusted to give some separation
in the times at which different explosives evolve from the tube.
There is still significant overlap for most of the compounds
of interest, however, at a block temperature sufficiently high
(450 K) to keep the total analysis time less than 60 s. As an
example, Figure 4 shows the normalized desorption profiles
of approximately 20 pg each of RDX and PETN from quartz
tubes separately admitted into the heated block. The de-
sorption profiles were obtained by monitoring the most intense
high-mass ion (m/z > 150) that appears for each of these
explosives as a function of time. For RDX this ion appears
at m/z 176 and corresponds to (M — NOy)~ while for PETN
it appears at m/z 240 and corresponds to (M - CH;ONO,)".
The point here is that there is significant overlap in these
profiles. Several other possible explosives of interest also
desorb over a similar time period including, for example, tetryl
and picric acid.

In many explosives detection scenarios it is desirable to
minimize the analysis time. It is therefore preferable to admit
all of the sample over as short a period as feasible. However,
the rapid desorption of all material present on the sampling
tube is not optimal for the conventional mode of operation.
Much of an explosive may desorb while the quadrupole is set
to pass ions of m/z values other than those of the particular
explosive that is present. Figure 5 illustrates the capability
of the present mode of operation to simultaneously monitor
for any explosives with parent ions with m/z > 150 when a
“real-world” scenario is used. The figure shows the TOF
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Figure 5. TOF spectrum obtained from a sampling of an envelope
contaminated by SEMTEX-H, using the quadrupole as a high-pass filter
with a target gas admitted into the collision cell. Signals at m/z 178,
102, and 46 are derived from RDX and signals at m/z 240 and 62 are
derived from PETN.

spectrum acquired with the quadrupole in the rf-only mode
with a low-mass cutoff of =150 and collision gas admitted into
the collision cell after an envelope containing the plastic ex-
plosive SEMTEX-H, a mixture of RDX and PETN, was
sampled by drawing air through the quartz sampling tube
while the tube was drawn across the outside of the envelope.
The spectrum shows daughter ions characteristic of both
explosives. The fragments at m/z 102 (loss of CH,NNO, from
the ion at m/z 176) and at m/z 46 (NOy"), which appears as
a small signal centered at channel no. 155, are characteristic
of the parent anion from RDX, and the m/z 62 anion (NOg")
is characteristic of the parent anion from PETN.

A variation on this mode, as mentioned above, is to operate
the quadrupole in a manner such that the rf/dc scan line
intersects a broad region of the stability diagram rather than
the apex so that it passes a wide range of ions (15) (i.e., use
the quadrupole as a mass filter with very poor mass resolu-
tion). This situation is intermediate between the rf-only mode
and the rf/dc mode with unit mass resolution. Such a mode
is useful if the parent ions of interest fall within a fairly narrow
mass range and may be helpful when extensive chemical noise
is present in the mass spectrum, particularly at masses higher
than those of the ions of interest. It has been noted that, with
the quadrupole in the QTOF instrument, the improvement
in transmission over that observed in the normal rf/dc mode
for an ion of a particular m/z ratio is similar when the
quadrupole is operated in the rf-only mode and when the mass
resolution is degraded sufficiently to pass at least a range of
5 daltons or so.

The limits of detection for RDX obtained with several
modes of operation have been compared. When the quad-
rupole was set to pass m/z 176 only and the TOF was turned
off (i.e., in the single-ion-monitoring mode of operation), the
detection limit defined as 5 times the standard deviation of
the noise was ~3 parts per trillion by volume in air. With the
use of the conventional daughter ion MS/MS mode (i.e.,
adding collision gas to the collision cell and turning the TOF
on), the detection limit for a 10-s TOF spectrum, defined as
5 times the standard deviation of the noise for the m/z 102
daughter ion, was 30 parts per trillion. During this period,
~9 pg of RDX in air was sampled. By use of degraded mass
resolution with the quadrupole, the detection limit, obtained
under conditions otherwise identical with those used for the
conventional daughter ion experiment, was determined to be
3 parts per trillion (=900 fg of RDX in air). The detection
limit obtained with the quadrupole in the rf-only mode was
not measured but is expected to be similar to that obtained
with degraded mass resolution since parent ion transmission

is similar. No significant difference in noise levels in the mass
region below the low-mass cutoff of the first stage of mass
filtering for the three modes of operation has been observed.
Of the three modes of operation, the conventional daughter
ion mode is most specific but least sensitive. The rf/dc mode
with less than unit mass resolution has greater specificity than
does the rf-only high-pass filter method and comparable
sensitivity when the compound(s) of interest fall within the
transmitted mass window. However, when the targeted
compound classes give ions over a wider mass range than the
transmitted mass window (such as the example in Figure &),
much of the favorable duty cycle advantage of the rf-only
method is lost.

The present mode of operation can also be implemented
on several other types of instruments used for MS/MS studies.
Implementation of this mode on a triple-quadrupole mass
spectrometer, for example, would be straightforward and
would offer advantages over the QTOF geometry in many
applications. For example, the mass resolution of a quadrupole
is better by a factor of 20-30 than the mass resolution that
is generally obtained for negative ions in the TOF portion of
the QTOF system. This provides greater specificity for the
daughter ions. Furthermore, although the transmission
through the TOF is roughly a factor of 10 greater than the
transmission through a quadrupole operated in the rf/dc
mods, the duty cycle of the TOF is 0.56% (ions are deflected
out of the path to the detector 99.5% of the time). The duty
cycle of the quadrupole can be varied depending upon the
number of daughter ions of interest of different mass. When
only one daughter ion is of interest, the duty cycle of the
quadrupole can be unity. An advantage of the QTOF system
is that a mass spectrum is obtained and possible parent ions
can be identified directly from that spectrum. This is seen
in Figure 5 in which the parent ions at m/z 240 and 176 are
observed along with the targeted daughter ions.

A procedure analogous to the present mode of operation
should also be possible with ion trapping intruments. In the
Fourier transform ion cyclotron resonance instrument, the
analogous experiment would involve an ion creation pulse, the
ejection of low-mass ions, the selective excitation of masses
of targeted parent ions perhaps via the selected waveform
inverse Fourier transform technique (22), and the subsequent
acquisition of the mass spectrum obtained in the usual way
(23). This procedure would allow several parent ions to be
monitored following a single ionization pulse as opposed to
acquiring MS/MS spectra from one parent lon at a time, each
requiring a separate ionization pulse. A similar procedure,
in principle, can be used with a quadrupole ion trap, but the
capability for kinetically exciting several different mass parent
ions simultaneously is not currently available with rf ion traps.
Different parent ions can, however, be excited sequentially
following a single jonization period. It should be recognized
that the advantage of greater transmission efficiency obtained
with beam instruments is not realized with the trapping in-
struments. The primary advantage for the trapping instru-
ments may be realized in the more efficient use of the ions
that are formed. Another important difference between the
beam and trapping instruments is that kinetic excitation for
collisional activation is mass dependent in the trapping in-
struments so that the specificity of the analysis can be com-
parable to that of a conventional MS/MS experiment. The
fact that kinetic excitation is mass dependent, however, re-
quires that some choice be made regarding which m/z values
are excited. The unselective excitation afforded in the beam
instruments (all parent ions are subjected to collisional ac-
tivation)} does not allow for flexibility in this regard, but it
makes the detection of an unanticipated member of a com-
pound class more likely than with a trapping instrument in
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which some of the high-mass ions are not excited. (A less
selective means of activation, such as some form of pho-
toexcitation, may be feasible in the trapping instruments as
an alternative to collisional activation.)

The loss in specificity in using the rf-only QTOF daughter
mode in beam instruments is likely to limit its applicability
to problems that can be addressed with selective ionization
methods such as negative chemical ionization. Universal
ionization methods, such as electron ionization, would prob-
ably result in excessive chemical noise when complex mixtures
are analyzed, resulting in poor detection limits and frequent
false positives. However, this mode of operation is intended
to be used for targeted compound classes in cases where ex-
tremely low limits of detection are required. A selective
ionization method is usually desirable in such cases under any
circumstances. This mode of operation is useful as a first
screen in those cases when many samples are to be analyzed
in a limited amount of time. The detection of trace levels of
explosives in air is one such case.
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Laser Desorption/Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry of Polymer Additives
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Laser desorption/Fourier transform ion cyclotron resonance
mass spectrometry is found to be a viable method for iden-
tifying polymer additives in polyethylene extracts. Reference
spectra were obtained for 18 antioxidants, 7 UV absorbers,
and 4 amide waxes. The spectra were found to contain in-
tense quasimolecular lons (Na* and K* adducts) and also
structurally informative fragments, depending on conditions
used. The molecular weights of several additives in the di-
ethyl ether extracts of three commerciai polyethylenes were
determined by using the characteristic Na™/K* adduct pairs
observed in the laser desorption spectra. Two additives were
identified as phenolic antioxidants.

INTRODUCTION

The analysis of additives in polymers is often difficult for
numerous reasons. Additives are usually present at less than
percent level concentrations in the polymer matrix. This

* Author to whom correspondence should be addressed.

necessitates an extraction to remove the additive from the
polymer matrix, often followed by a chromatographic sepa-
ration. Even after extraction, gas chromatographic separation
is difficult because of the reactive nature and high molecular
weight of many additives. Thin-layer chromatography (I) and
high-performance liquid chromatography (1-5) with refractive
index and UV absorption detection have been used success-
fully but both are limited in resolution and the ability to
identify unknown components. Supercritical fluid chroma-
tography with off-line Fourier transform infrared detection
(6) provides functional group information of an unknown
additive but, due to the chemical similarity of many additives,
may not be able to identify the exact additive used. Liquid
chromatography in tandem with mass spectrometry has been
used by Vargo and Olson (7) to provide enhanced compound
identification capability. The molecular weight information
provided by mass spectrometry is complementary to the
functional group information provided by infrared spectros-
copy. Lattimer et al. (8, 9) have investigated several mass
spectrometric techniques for use on rubber additives. These
studies include direct mass spectrometric analysis of the
rubber as well as analysis of the rubber extracts. Recently,
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Marshall et al. (10) have applied laser desorption/Fourier
transform ion cyclotron resonance (LD/FT-ICR) mass spec-
trometry to identify dyes in poly(methyl methacrylate)
polymers. Blease et al. (11) and Wilkins et al. (12) have also
reported the spectra of several additives using LD/FT-ICR.

LD/FT-ICR has numerous features that make it a powerful
method for the identification of polymer additives. FT-ICR
can achieve both high resolution and high mass accuracy. This
can be used to obtain an accurate molecular weight from which
a molecular formula can be calculated. Switching from pos-
itive to negative ion mass spectral acquisition (for more in-
formation) can be done simply through a software command.
At low laser power density, predominately molecular or
quasimolecular ions are formed, while at higher power density,
extensive mass spectrometric fragmentation can be obtained
for structural information. It is also possible to select a
particular parent ion for fragmentation by collision-induced
dissociation (13, 14). Through all these options, a wealth of
information can be obtained by using LD/FT-ICR to help
identify the numerous additives that may be present.

The purpose of this study was to devise a scheme using only
wide bandwidth positive/negative ion LD/FT-ICR mass
spectrometry for the identification of additives in polymer
extracts. The bandwidth affects the sampling rate, which
determines the lowest mass observable. At typical sampling
rates of 800 and 400 kHz used in this study, the lower mass
limit was 56 and 112 daltons, respectively. The use of a wider
bandwidth is offset somewhat by the reduced resolution
(typically 3000 at 500 daltons with a bandwidth of 400 kHz
and 64K data points).

Three polyethylenes were selected for analysis, from a wash
bottle, garbage can, and tarp. Extracts of the polyethylenes
were analyzed without a prior chromatographic separation.
This is feasible because LD /FT-ICR spectra of mixtures are
less complex than electron impact spectra due to the reduced
fragmentation. The identification of molecular ions, which
will be discussed, is also simpler than for electron impact (EI)
spectra. Polyethylenes usually contain antioxidants, UV
absorbers and stabilizers, and slip agents (15), as well as other
additive types. Reference spectra were obtained of additives
representative of these types to aid in identifying characteristic
ions.

EXPERIMENTAL SECTION

The additive samples were obtained from Ciba-Geigy (Haw-
thorne, NY), Uniroyal Chemicals (Middlebury, CT), Borg-Warner
Chemicals (Morgantown, WV), and Chem Service, Ine. (West
Chester, PA). Probe samples were prepared by dissolving 10-20
mg in 1 mL of a suitable solvent (methylene chloride or methanol).
Approximately 30 uL of solution was placed on the probe tip, a
3/, in. diameter stainless steel disk. After the solvent was
evaporated in air, the probe tip was mounted on the end of the
Nicolet solid probe. Alternatively, a nebulizer (Meinhard Model
TR-20-C1) was used to deposit approximately 300 ug of additive
on the probe tip.

Polymer Extracts. Three polyethylene samples, from a wash
bottle, a garbage can, and a tarp, were selected for analysis. The
polymers (10-15 g) were extracted for 8 h with a Soxhlet apparatus
using approzimately 150 mL of diethyl ether. Between 50 and
150 mg of residue was obtained from the extract, consisting of
both additive and low molecular weight polymer. Some of the
low molecular weight polymer was removed by redissolving the
extract residue in chloroform and precipitating the polymer with
acetone. The precipitate was filtered out with a 0.5-um Teflon
filter. The solvent was evaporated from the extract, and the
residues were redissolved in methylene chloride and deposited
on the probe tip with a nebulizer.

Mass Spectrometry. The spectra were obtained on a Nicolet
FTMS-2000 fitted with a Tachisto Model 216 pulsed CO, laser.
Pulse energy was measured by sampling the pulse with a ger-
manium beam splitter, which transmits roughly 50% of the power
to a Scientech 365 energy meter and reflects the remaining 50%

along the vendor-designed optical path to the circular probe tip.
The focal point is located off-center, so that the probe can be
rotated to expose a fresh sample surface. The energy was varied
between 2 and 20 md, with 10 mJ being typical. Ths spot size
at various energies was measured by observing the ablation of
black ink on the probe tip with optical microscopy. It was found
that as the pulse energy was increased, by opening an intercavity
aperture in the laser, the spot size also increased. Energy per
ablated area remained fairly constant (though the maximum
energy density probably increases at the center of the spot). For
this reason, power density at the sample was varied by moving
the probe tip in or out along the magnet axis, which focuses or
defocuses the beam at the probe tip while not changing the total
energy. Two positions were used, a “focused” position, which
ablated an area of approximately 0.35 X 0.15 mm, and a defocused
position, which ablated an area of 0.7 X 0.4 mm, at 5-mdJ pulse
energy. These areas are probably smaller than the actual analysis
area, since spectra can be obtained when no ablation is visible.
The spot sizes correspond to maximum power densities of ap-
proximately 5 X 10® and 1 X 10° W /cm?, respectively. The amount
of sample vaporized per shot was on the order of 100 ng.

To obtain spectra, the trap plates were typically 2 V, and
spectra were acquired in the source cell of the dual-cell Fourier
transform mass spectrometer (FTMS). A delay of 3-10 s was used
after the laser shot to allow neutrals to be pumped out (ions remain
trapped in the cell) before detection. Laser power was set to be
sufficient to give good intensity spectra without saturating the
analog-to-digital converter. Spectra were usually not averaged,
since adequate signal to noise could be obtained with one laser
shot, and due to space charge effects, peaks could change position
slightly on the mass scale. For both additives and extracts, several
spectra were obtained at each of four conditions; positive ion
focused, positive ion defocused, negative ion focused, and negative
ion defocused. In some cases, for very easily ionized samples, the
trap plate voltages were reduced to as low as 0.6 V to reduce the
number of ions trapped. A bandwidth of either 800 or 400 kHz
was typically used. At a magnet field of 2.9 T, these gave lower
mass limits of 56 and 112 daltons, respectively. Spectra were
usually acquired with 64K data points and zero-filled once.

To test reproducibility, a set of five spectra of Tinuvin 326 was
obtained on two separate days. The laser pulse energy was
maintained between 2 and 3 md. For both samples, approximately
300 ug of Tinuvin 326 was deposited on the probe tip. The focused
probe position was used.

RESULTS AND DISCUSSION

General trends were apparent in appearance of the LD/
FT-ICR spectra. The most pronounced trend was the ex-
pected dependence of fragmentation on power. This is shown
for Irganox MD-1024 in Figure 1. With a defocused laser,
quasimolecular ions were generally the most abundant ions.
These jons usually consisted of proton, Na*, and K* adducts.
Sodium and potassium are common sample and system con-
taminants and appear in most of the positive ion spectra.
They were never intentionally added to the sample. In the
focused position, the quasimolecular ions decreased and
fragment ions increased in intensity. Carbon clusters and
other noncharacteristic fragment ions reported by others (16)
were not observed at the power densities used. In some cases
the preferred type of cationization was observed to change
from K* at low power densities to Na* and H* at higher power
densities.

At constant laser power density, the greatest variability in
the additive spectra was observed in the relative intensities
of the quasimolecular ions, which appeared to vary randomly
with some additives. Some additives, such as Tinuvin 326 (see
below), were fairly reproducible. The difference in the be-
havior between additives may be caused by different degrees
of alkali-metal contaminants or differences in sample thick-
ness. (For more thorough discussions on mechanisms of ion
formation in LD mass spectrometry, see ref 16-19).

Figure 2 shows a typical spectrum of Tinuvin 326, a chlo-
rinated UV stabilizer, under focused conditions. The char-
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Figure 2. Typical positive ion spectrum of Tinuvin 326 under focused
conditions.

acteristic isotope pattern for a singly chlorinated compound
is observed in the molecular and fragment ions. Except in
the case noted below, this compound did not show Na* or K*
adducts. Table I shows the reproducibility obtained for five
repeat spectra on two different days. For each spectrum, the
probe was rotated to expose a fresh surface. All peak inten-
sities were normalized to m/z 316 ([M + H]"), though this
was not always the base peak. Laser pulse energy was held
constant between 2 and 3 mJ. There was no correlation
between the total spectral intensity or the fragmentation and
the laser pulse energy in this range. The above results dem-
onstrate the best reproducibility obtained; typical spectral
variability, especially on the polymer extracts, is much worse.
It was also observed that when the same spot was hit a second
time, the spectrum change dramatically. The most intense
ion became [M + Na]*, and [M + K]* averaged greater than
50% (Figure 3). These peaks are present at less than 10%
of the base peak in “first shot” spectra. This effect was
sometimes observed for other additives and may be due to
sample depletion at the center of the analysis spot, where the
laser power density is the highest.

Polymer Additive Spectra. The list of additives is given
in Table II and their structures are shown in Chart I. The
mass spectra of the additives are listed in Tables III through
VIII. The masses and normalized intensities are from a single
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Table I. Reproducibility of Tinuvin 326 Laser Desorption
Spectra®

relative intensity relative o,-1, %

m/z day 1 day 2 day 1 day 2
119 10 8 18 47
147 15 9 30 26
260 16 4 35 41
272 33 15 20 14
300 110 80 23 14
315 45 54 26 39
316 100 100

2Laser pulse energy was between 2 and 8 mJ. Approximately
300 ug was deposited on the sample disk. The average base peak
intensities were 158 on day 1 and 182 on day 2 (arbitrary units).
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Figure 3. Positive ion LD spectrum of Tinuvin 326 when a second
spectrum is obtained from the same spot.

spectrum which appeared to be representative of the several
spectra which were acquired for each compound. Both focused
and defocused spectra were selected for the tables, depending
on which contained structurally important fragment ions as
well as molecular ions. The mass spectra of most additives
were simple and easy to rationalize. At low power density,
quasimolecular ions were often the only ions present in the
positive ion spectra. Cluster ions of the type [2M + K]* or
[2M + Na]* generally were not observed. Negative ion spectra
often contained [M — H]™ as the base peak.

Phenolic Antioxidants. Tables IIT and IV list the positive
and negative ion mass spectra of phenolic antioxidants. The
major fragment in the positive ion spectrum was usually due
to cleavage 8 to the alkyl phenol when the group next to the
ring was at Jeast CH,CHj, resulting in the following fragment:

+

For dibutyl phenols, this fragment appears at m/z = 219, while
for methyl butyl phenols, the fragment appears at m/z = 177.
In cases where only a single bridging group (S and CH, for
Ultranox 236 and Ultranox 246, respectively) was present, this
fragment was not observed. Ultranox 236 and 246 were also
the only antioxidants to show a significant M*. In the negative
ion spectra, Ar-CoHy™ (m/2z = 231 for dibutylphenols, m/z =
189 for methylbutylphenols) and loss of Ar—CH, was usually
observed, where Ar is the alkyl phenol radical. The fragment
Ar (m/z = 205 for dibutylphenols, m/z = 163 for methyl-
butylphenols) was sometimes present at low intensity. Irganox
MD-1024, Irganox 259, and Irganox 1098 show elimination
of isobutylene from the phenol. Elimination of one through
four isobutylenes from the [M + H]* of Irganox MD-1024
(Figure 1) is indicated by fragments at m/z 497 (present but
too weak to be observed in Figure 1), 441, 385, and 329. Loss
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Table II. Chemical Names of Polymer Additives

chemical name

tri(ethylene glycol)bis-3-(3-tert-butyl-4-hydroxy-5-methylphenyl)propionate
1,6-hexamethylene bis-(8,5-di-tert-butyl-4-hydroxyhydrocinnamate)
pentaerythritol tetrakis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate}
N,N-bis[1-0x0-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propane] hydrazine
2,2-thiodiethylene bis[3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate
octadecyl 3—(3,5-di-¢ert-butyl-4~hydroxyphenyl)propionate

N,N"-hexamethylene bis(3,5-di-tert-butyl-4-hydroxyhydrocinnamamide)}
tris(3,6-di-teri-butyl-4-hydroxybenzyl) isocyanurate

2,2"-methylenebis(4-methyl-6-tert-butylphenol)

2-(2-hydroxy-5-methylphenyl)-2H-benzotriazole
2-tert-butyl-2-(4-hydroxy-3,5-di-tert-butylbenzyl) [bis(methyl-2,2,6,6-tetramethyl-4-

2-{2-hydroxy-3,5-di-tert-butylphenyl)-2H-benzotriazole
2-(3-tert-butyl-2-hydroxy-5-methylphenyl)-2H-5-chlorobenzotriazole
2-(2-hydroxy-3,5-di-tert-amylphenyl)-2H-benzotriazole
8-acetyl-3-dodecyl-7,7,9,9-tetramethyl-1,3,8-triazaspiro(4,5)decane-2,4-dione
bis(2,2,6,6-tetramethyl-4-piperidinyl) sebacate

no.® trade name MW
Phenolic Antioxidants
1 Irganox 245 586
2 Irganox 259 638
3 Irganox 1010 1176
4 Irganox MD-1024 552
5 Irganox 1035 642
6 Irganox 1076 530
Naugard 76
7 Irganox 1098 636
8 Irganox 3114 783
9 Naugard BHT 220 2,6-di-tert-butyl-4-methylphenol
Ultranox 226
10 Ultranox 236 358 4,4'-thiobis(2-tert-butyl-5-methylphenol)
11 Ultranox 246 340
Thiocester Antioxidants
12 Naugard DLTDP 514 dilauryl thiodipropionate
13 Naugard DSTDP 682 distearyl thiodipropionate
Phosphite Antioxidants
14 Polygard 688 tris(nonylphenyl) phosphite
Weston TNPP
15 Naugard 524 646 tris(2,4-di-tert-butylphenyl) phosphite
UV Stabilizers
16 Tinuvin P 225
17 Tinuvin 144 684
piperidinyl) Jdipropionate
18 Tinuvin 320 323
19 Tinuvin 326 315
20 Tinuvin 328 351
21 Tinuvin 440 435
22 Tinuvin 770 480
Waxes
23 Acrawax 592 N,N "-ethylenebis(stearamide)
EBS wax
24 Oleamide 281
25 Stearamide 283

4 Numbers correspond to structure numbers in Chart 1.

Table III. Positive Ion Mass Spectra of Phenol Antioxidants

M+ K]* [M+ Nal*

Irganox 245 625 (75) 809 (30) 205 (100) 161 (45) 243 (40) 177 (35) 375 (30) 287 (20)

Irganox 259 677 (100) 661 {40) 219 (20) 414 (15) 506 (10)

Irganox 1010% 1215 (100) 1199 (30) 219 (35) 921 (20) 785 (15) 495 (15) 840 (10) 693 (10) 551 (10)

Irganox MD-1024 591 (30) 575 (60} 219 (100) 329 (75) 237 (45) 385(35) 203 (30) 441 (20)

Irganox 1035° 681 (85) 665 (55) 331 (100) 379 (35) 252 (35) 219 (30) 193 (15)

Irganox 1076° 569 (100} 553 (25) 290 (30) 320 {20) 258 (15) 607 (15) 531 (10) 219 (8)

Irganox 1098 675 (10} 659 (35) 525 (100) 469 (50) 321 (40) 582 (35) 413 (35) 219 (15) 377 (15) 613 (18) 637 (10)°

Irganox 3114% 822 (10) 783 (8) 219 (100) 436 (35) 203 (20) 346 (15) 260 (10)

Naugard 76° 569 (100) 553 (70) 113 (50)

Naugard BHT 259 (100} 243 (80) 215 (40}

Ultranox 226 259 (100) 243 (17) 221 (10) 463 (9) 492 (21)

Ultranox 236° 397 (10) 381 (15} 358 (100)° 343 (50)

Ultranox 246 379 (100) 363 (25) 340 (20) 392 (15) 332(15) 177 (10)

¢ Indicates spectrum acquired under defocused conditions. ?Identical with Irganox 1076. ¢Indicates [M + H]* or M.
of H, is also observed at m/z 551. 1007 - cogr NAUGARD DSTOP 1

. ) . [ POSITIVE ION SPECTRUM

UV Absorbers. Tables V and VI list the typical positive 0 o |
and negative ion spectra of seven UV absorbers. The UV z = C‘“"“’“C"’”TC"’“”?C°°“’““’
absorbers were either hindered amines or benzotriazoles. The 2 ‘ i R

N i

UV absorbers showed a greater tendency for protonation over gz s |
alkali-metal cationization than the phenols. Alkyl losses were 2 w,
observed for Tinuvin 320, Tinuvin 326, Tinuvin 328, and z . Ii
Tinuvin 440. 3 ‘ |

Thioester Antioxidants. The positive ion focused spectrum = | s T
of DSTDP is shown in Figure 4. The major fragment ion seen ‘ Ll N ) 1 1o
in Naugard DSTDP is due to the loss of [-OCygHg] (m/z = 0 00 o 500 o o

413). Similarly, m/z = 329 is seen for Naugard DLTDP.
Molecular ions were weak or not observed in the positive ion

MASS IN AMU.
Figure 4. Positive ion LD spectrum of DSTDP under focused conditions.
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Table IV. Negative Ion Mass Spectra of Phenol Antioxidants

[M -~ H) M-

Irganox 245 585 (30) 586 (10) 367 (100) 189 (65) 163 (20)
Irganox 259 637 (100) 638 (45) 377 (30) 419 (25)¢ 231 (15)
Irganox 1010 1175 (15) 1176 (15) 205 (100) 479 (65) 751 (50)
Irganox 551 (30) 552 (15) 231 (100) 258 (85) 276 (55)

MD-1024
Irganox 1035° 641 (30) 642 (10) 277 (100) 363 (85) 381 (55)
Irganox 1076° 529 (100) 530 (30) 231 (20)
Irganox 1098 635 (100) 636 (50) 231 (50) 417 (35)¢ 375 (30)
Irganox 3114 564 (100)° 346 (45) 230 (30)
Naugard 76° 529 (100) 530 (35) 79 (70) 231 (65) 146 (20)
Naugard 219 (100) 220 (15)

BHT
Ultranox 226 219 (100) 220 (15)
Ultranox 236° 357 (100) 358 (25) 219 (15) 194 (10) 163 (5)
Ultranox 246 339 (100) 340 (25) 163 (40)°

235 (15)
277 (10)
533 (45)
331 (50)

205 (10)

521 (40) 697 (40) 915 (30) 957 (30)° 969 (30) 231 (20)
333 (40)° 387 (30)

231 (40)

339 (25) 163 (25) 205 (20) 423 (20)°

194 (25)

Ry
s Indicates spectrum acquired under defocused conditions. ®Same as Irganox 1076. °Indicates loss of ”°D‘C"’
R

2

Table V. Positive Ion Mass Spectra of UV Absorbers

laser conditions.

focused spectra. The negative ion spectra of both thioesters
were weak and did not show molecular ions.

Phosphites. Weston TNPP and Polygard are both no-
nylphenyl phosphites. The positive ion defocused spectrum
of Weston TINPP is shown in Figure 5. The major peaks are
due to the Na* and K* adducts at m/z = 711 and 727. Im-
purities observed are the substitution of a decyl for a nonyl

additive MW M + K]* [M + Nal* [M + H]*
Tinuvin P 225 226 (15) 225 (100)°
Tinuvin 144° 684 723 (100) 707 (5) 685 (5) 154 (35) 339 (10)
Tinuvin 320 323 362 (80) 346 (60) 324 (100) 323 (60)° 308 (30)
Tinuvin 326 315 316 (95) 300 (100) 315 (40)° 272 (15) 260 (15)
Tinuvin 328° 351 390 (10) 374 (25) 350 (100) 322 (80) 351 (50)° 378 (10) 282 (10)
Tinuvin 440 435 458 (5) 436 (10) 378 (100) 335 (20) 321 (20)
Tinuvin 770 480 519 (100) 503 (35) 481 (35) 140 (50) 124 (30) 364 (30)
a Indicates M**. ®Indicates defocused conditions.
Table VI. Negative Ion Mass Spectra of UV Absorbers
additive M -HI
Tinuvin P 224 (100} 225 (15)
Tinuvin 144 465 (100) 466 (30) 315 (20) 245 (20) 205 (20)
Tinuvin 320 322 (60) 323 (100) 324 (20)
Tinuvin 326 314 (100) 316 (40) 315 (30) 152 (10)
Tinuvin 328 350 (100) 351 (40) 352 (10)
Tinuvin 440 434 (40) 392 (100) 393 (25)
Tinuvin 770° 479 (5) 322 (100) 150 (60) 194 (50) 144 (35) 255 (25) 213 (20)
s Indicates defocused conditions.
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Figure 6. Positive ion LD spectrum of Polygard under focused laser
conditions.

chain (M + Na]* = 725) and the presence of an extra nonyl
chain ((M + Na]™ = 837). The negative ion spectrum is
dominated by a nonylphenoxy fragment at m/z = 219. The
fragment at m/z = 345 is further indication of the presence
of two nonyl groups on one ring. The positive ion focused
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Table VII. Positive Ion Mass Spectra of Miscellaneous Additives

additive MW [M+K]* [M+Na]* [M+H]*
Naugard DLTDP 514 553 (100) 537 (35) 313 (10)
Naugard DSTDP 682 705 (11) 413 (100) 233 (75) 325 (54) 407 (45) 485 (14)
Weston TNPP 688 727 (17) 711 (100) 265 (30) 725 (25) 837 (17)
Naugard Polygard 688 711 (17) 689 (32) 469 (100) 343 (28) 483 (21)
Naugard 524 646 647 (80) 441 (100) 385 (40) 329 (20) 591 (5)
Oleamide 281 320 (45) 304 (100) 282 (9) 334 (38) 585 (9)
Stearamide 283 322 (30) 306 (100) 284 (5) 335 (75)
Acrawax® 592 631 (60) 615 (18) 365 (100)
564 603 (67) 587 (16)
536 575 (25) 559 (4)
EBS Wax® 592 631 (34) 815 (7)
564 603 (100) 587 (30)
536 575 (76) 559 (15)

5These compounds are mixed stearyl/palmityl diamides; hence three sets of molecular ions are observed due to the possibly stearyl/

palmityl combinations.

Table VIII. Negative lon Mass Spectra of Miscellaneous Additives

additive [M-H] M-
Naugard DLTDP 254 (100) 185 (82) 169 (80) 242 (64) 194 (55) 232 (36) 359 (21) 332 (18) 387 (15)
Naugard DSTDP 214 (100) 136 (36) 177 (10) 254 (3)
Weston TNPP 219 (100) 135 (33) 345 (23)
Naugard Polygard 219 (100) 345 (13) 233 (8)
Naugard 524 283 (100) 79 (78) 268 (66) 205 (38) 473 (25)
Oleamide 280 (100) 281 (53) 254 (29)
Stearamide?
Acrawax® 591 (7) 283 (100) 255 (23) 325 (18) 207 (12)
563 (7)
535 (3)
EBS Wax® 591 (9) 255 (100) 283 (88) 507 (8)
563 (26)
535 (25) 536 (7)

¢These compounds are mixed stearyl/palmityl diamides; hence three sets of molecular ions are given to account for the possibly stea-

ryl/palmityl combinations. ®Spectrum not obtained.

spectrum of Polygard (Figure 6) had less intense molecular
ions and a large fragment at m/z = 469, due to loss of an alkyl
phenoxy group. The positive ion focused spectrum of Naugard
524 shows a strong [M + H]* at m/z = 647. The base peak
at m/z = 441 is presumably due to the elimination of the alkyl
phenol (206 daltons) from the quasimolecular ion.

Amide Waxes. The positive ion spectra of the amide waxes
are dominated by the K* and Na* adducts. The oleamide also
shows a peak due to M + K + CH, and a peak at m/z = 585,
due to the [2M + Na]*. The waxes Glyco Acrawax and
Borg-Warner EBS Wax (Figure 7) are both mixed stearic and
palmitic acid diamides. Two overlapping sets of three peaks
are seen in the molecular ion region. The three peaks due to
the K* adducts are offset by 16 daltons from the three Na*
adducts. Three peaks (each separated by 28 daltons) are
observed for each adduct because of the possible combinations
of stearyl and palmityl chains. This characteristic pattern
of peaks has been useful in identifying these waxes in other
samples (20).

Polymer Extracts. A scheme was developed for the de-
termination of molecular weights and identification of ad-
ditives which exploits the facile formation of quasimolecular
ions in laser desorption. First, the positive ion spectra are
examined for quasimolecular ion candidates. The main cri-
terion for consideration is the appearance of masses 16 daltons
apart, corresponding to the Na* and K* adducts, which usually
appear together in our reference spectra. Other mass dif-
ferences which may indicate a molecular weight are 22 daltons
(IM + HI* vs [M + Nal*) and 38 daltons ([M + H]* vs [M
+ KJ*). The presence of an ion at 1 dalton less than the
proposed molecular weight in the negative ion spectrum then
provides further verification. If reference spectra were
available for the proposed additive, the extract spectra would
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Figure 7. Positive ion LD spectrum of the diamide EBS Wax. The
pattern of peaks separated by 28 daltons arises from the three possible
combinations of stearyl and palmityl groups.
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250

then be searched for major fragment lons. Since it is believed
that, due to matrix effects, the appearance of a molecular ion
or extent of fragmentation can vary considerably, the absence
of a negative molecular ion or fragment ions did not necessarily
rule out an identification or proposed molecular weight.

Misidentification of a Na*/K* adduct pair can occur if two
peaks have the expected 16 daltons separation by chance
combinations of other formulas. These misidentifications can
be reduced if the exact mass separation is measured. For
example, two peaks differing in molecular formula by an
oxygen would also have a mass separation of 16 daltons. This
case can be distinguished from the Na*/K* adduct pair by
precisely measuring the mass difference, which will be 15.995
daltons for oxygen versus 15.974 daltons for the Na*/K*
adduct pair.

Though molecular weights can easily be obtained, the
weakness of this strategy for identification is the need for a
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Figure 8. Positive ion LD spectra of the polyethylene tarp extract under
defocused conditions.

100 -

i POLYETHYLENE BOTTLE EXTRACT
s POSITIVE JON SPECTRUM
oy
>
=
@
z
&
g
2
50~
w
2z
£
<
3
fr
-3
0 : ! Gt it m‘.ﬁh‘*hJJL.
100 200 300 400 500 600 700 800 800 1000
MASS IN AMUY.
POLYETHYLENE BOTTLE EXTRACT
POSITIVE 10N SPECTRUM
Z 100~ gohsy
@
4
&
g
E
w
2
: 50
3
o
&
o] i y L ol
100 200 300 400 500 600 700 800 800 1000

MASS N AM.U.

Figure 9. Positive ion LD spectra of the polyethylene bottle extract
under defocused conditions.

database of additive molecular weights, as well as spectra for
confirmation. For the polymer chemist who is familiar with
the additives which may be in a particular polymer, this
presents less of a problem. For an analytical chemical un-
familiar with additive use, the probability of exact identifi-
cation is less, since hundreds of additives are in common use.

Figure 8 shows two defocused positive ion spectra of a
polyethylene tarp extract. These spectra demonstrate some
of the variability observed in laser desorption. The cationi-
zation changes from mostly Na™* in the top spectrum to mostly
K* in the bottom spectrum. This is clearly seen for the m/z
= 633/649, 806/822, and 1089/1105 Na*/K* pairs. The
spectra were obtained under almost identical instrument
conditions from the same sample disk (but different spot) on
the same day, implying that matrix effects are not the cause
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Figure 10. Positive ion LD spectra of the polyethylene can extract.
Top spectrum was obtained under defocused conditions. The bottom
spectrum was obtained under focused conditions.
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of the variability. As discussed previously, the laser pulse
power (15 md for the top spectrum and 9 mJ for the bottom
spectrum) can be loosely correlated with type of cationization,
though this correlation was not strictly observed for all other
spectra obtained the same day.

Two defocused positive ion spectra of the polyethylene
bottle extract appear in Figure 9. Several ions appear in the
bottom spectrum which are not visible in the top spectrum
(for example, in the 600 to 650 daltons region). The pulse
energy for the top spectrum was 18 mdJ versus 35 md for the
bottom spectrum. All other instrumental parameters were
identical.

A focused and defocused spectrum of the polyethylene
garbage can extract is shown in Figure 10, demonstrating the
differences between these conditions. In the focused mode,
the molecular ions are much less intense relative to lower mass
ions. The pattern of peaks observed in the bottom spectrum
(two sets of peaks 16 daltons apart with each member 56
daltons apart) is believed to be due to sequential elimination
of butylene from a dibutylphenol type antioxidant. This was
observed in the reference spectrum of Irganox MD-1024
(Figure 1). The “richness” of the tarp spectra (Figure 8)
relative to the bottle and can spectra (Figures 9 and 10, re-
spectively) may be due to a higher extraction efficiency for
the tarp, which was of negligible thickness relative to the
others, which were several millimeters thick.

Table IX lists the proposed molecular weights of additives
present based on the Na*/K* adduct ions observed in the
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Table IX. Proposed Molecular Weights for Unknown Additives

I I m v v VI VII
mol wt 337 610 662 682 704 783 1066
M+ Na 360 633 685 705 727 806 1089
M+ K 376 649 701 721 743 822 1105
tarp x x X X x x X
bottle X X
can X X
2 X indicates presence in the polyethylene extract.
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Figure 12. Negative ion LD spectrum of polyethylene tarp extract

obtained under focused conditions. Peaks due to Irganox 3114 are

indicated by an asterisk.
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Figure 13. Negative ion LD spectrum of polyethylene bottle extract.
Peaks due to Irganox 3114 are indicated by an asterisk.

extract spectra. An expanded view of the lower spectrum in
Figure 8 is shown in Figure 11. The Na*/K* quasimolecular
ion pairs visible in this region are 633/649, 685/701, 705/721,
727/743, and 806,822, indicating molecular weights of 610,
662, 682, 704, and 783. It does not seem likely that these
proposed molecular weights are due to cationized dimers, both
because of the mixed nature of the matrix and because our
instrument conditions did not appear to favor dimer formation
in the analysis of the reference additives. Mass 682 corre-
sponds to the molecular weight of DSTDP and 783 corre-
sponds to the molecular weight of Irganox 3114. The mo-
lecular ion candidate at m/z = 727 may be due to [682 + 2Na
—H]*. Theion at m/z = 647 is believed to be due to loss of
CHj; from the unknown of molecular weight 662.

The negative ion spectrum of the tarp extract (Figure 12)
shows a mass at m/z = 336. Assuming that this ion is due
to an unknown [M - H]" this supports a molecular weight of
337, which has been proposed based on evidence in the positive
ion spectrum. Otherwise, no other molecular weight confir-
mation was offered by the negative ion spectra (Figures 12-14).
(In other unpublished work in this laboratory, the negative
ion spectra have provided very useful supporting evidence for
proposed molecular weights.)

Four fragment ions characteristic of Irganox 8114 at m/z
= 194, 230, 346, and 564 were observed in the negative ion
spectra, leading to the conclusion that Irganox 3114 is present
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Figure 14. Negative ion LD spectrum of polyethylene can exiract.
Peaks due to Irganox 3114 are indicated by an asterisk.
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in all three extracts. The negative ion spectrum of Irganox
3114 is shown in Figure 15 for comparison. The presence of
DSTDP could not be confirmed. The negative ion spectra
also show fragment ions characteristic of stearate and pal-
mitate salts or esters (283 and 255, respectively), a phenolic
additive other than Irganox 3114 (m/z = 205, C,H,,0), and
I (a system contaminant). A major ion in the tarp negative
ion spectrum (Figure 12) at m/z = 877 was not identified.

To demonstrate the exact mass capability of FT-ICR, an
attempt was made to determine the molecular formula of the
negative ion at m/z = 473, which was the base peak in the
bottle and garbage can extract spectra. The spectrum in
Figure 14 was calibrated internally by using four known masses
(m/z = 127, I; 206, C;;H,07; 283, C;gHys0,, and 564,
Ca3HygN3O5). The average error for the calibration masses
was 2 ppm. On the basis of the calibration, a mass of 473.2813
daltons was determined for the unknown. A search of possible
formulas with C, H, N, O, and P yielded seven formulas within
10 ppm of the measured mass. The most likely formula is
believed to be Cygt ,0,P, which has a mass of 473.2826 daltons
(2.8 ppm error). This fits the structure

o]

et

This is a reasonable oxidation/hydrolysis product of Naugard
524, which is a phosphite triester (MW = 646). One can then
propose that additive 111 (MW = 662) is a phosphate triester
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resulting from the oxidation of Naugard 524 (21).

To improve the signal-to-noise and reproducibility of
analysis, alternate sampling/ionization methods are now being
investigated. These include probe introduction followed by
electron impact (EI) ionization and LD for desorbing neutrals
followed by El ionization (as done by Marshall (9)). Direct
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H

c©: é\ ﬁ_@}c‘”s
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R = Ciglgr or CypHas

24, Oleamide

il
CH3(CH2)7CH = CH (CHg)7C~—NH2

C(CHy),CH,CH3
25. Stearamide
[+
C{CHg),CH,CHy CHa(CH 2)15]<|2NH2

analysis of polymer films would be particularly desirable
because of the large reduction in sample preparation time.

CONCLUSIONS

By use of laser desorption FT-ICR seven molecular weights
for additives in three polyethylene extracts were proposed.
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Irganox 3114 was identified in all three extracts, based on the
quasimolecular ions observed in the positive ion spectra and
fragment ions in the negative ion spectra. Naugard 524 is
believed to be present based on a fragment in the negative
ion spectrum, which was determined by exact mass mea-
surement to be a reasonable oxidation/hydrolysis product of
Naugard 524, and the presence in the positive ion spectrum
of quasimolecular ions corresponding to the phosphate oxi-
dation product of Naugard 524, DSTDP is tentatively iden-
tified in the tarp extract. A database containing molecular
weights of likely additives would be very useful, since most
additives were found to give strong quasimolecular ions under
defocused laser desorption conditions. While reference spectra
are not needed, they can provide strong confirmation of an
additive identity through fragment ion information.
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Precise Relative lon Abundances from Fourier Transform lon
Cyclotron Resonance Magnitude-Mode Mass Spectra

Zhenmin Liang and Alan G. Marshall*!
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The area under a correctly phased absorption-mode spectral
peak is a direct measure of the number of oscillators (ions,
spins, molecules) in Fourier transform spectrometry (ion cy-
clotron r gnetic r interferometry ab-
sorbance). However, phase correction can prove difficult
when (as in broad-band Fourier transform ion cyclotron res-
onance (FT/ICR)) detection is considerably time-delayed
after excitation. In the absence of noise, Huang, Rempel, and
Gross showed that a “complex area” method yields the
correct absorption-mode peak area, for an unphased noise-
less spectrum. In this paper, we show that the number of
oscillators may also be obtained from a least-squares fit to
a magnitude-mode (i.e., phase-independent) spectrum. Inthe
presence of noise and in the absence of peak overlap, the
magnitude-mode method offers precision superior to that
based on magnitude-mode peak height, “compiex area”, or
even direct digital integration of a correctly phased absorp-
tion-mode peak, as demonstrated by both theoretical deriva-
tion and experimental FT/ICR results. The present method
thus appears to offer the best available determination of the
relative abundances of ions of different mass-to-charge ratio
in FT/ICR mass spectrometry.

INTRODUCTION
One of the most fundamental uses of Fourier transform
(FT) spectroscopy is to determine the relative numbers of

*To whom correspondence should be addressed.
1 Also a member of the Department of Biochemistry.

different species from relative spectral peak “intensities™.
Most FT spectroscopists use absorption-mode spectral peak
height as a measure of the number of oscillators at that fre-
quency. [In FT/interferometry, the detector measures light
energy, not its electric field. However, because of the (non-
linear) square-law detection process, an FT of an interferogram
nevertheless yields a complex intensity spectrum which when
correctly phased yields absorption-mode and dispersion-mode
(not “power”) spectra (I).] Unfortunately, relative oscillator
abundances are related to relative peak heights only if all
spectral peaks have identical widths. In a frequency-domain
spectrum obtained by discrete Fourier transformation (FFT)
of the time-domain response immediately following a delta-
function excitation, the absorption-mode spectral peak relative
areas are directly proportional to the time-domain relative
initial amplitudes of the time-domain sinusoidal signals, which
in turn are proportional to the numbers of oscillators at those
frequencies (I). In other words, one should use FT absorp-
tion-mode spectral peak areas rather than peak heights as
the proper measure of relative abundances of spectral com-
ponents.

However, it is not always possible to phase-correct a com-
plex FT spectrum to obtain its pure absorption-mode com-
ponent. For example, when the time-domain detection must
be delayed by more than half of one sampling period after
excitation (e.g., to avoid feed-through of the excitation signal
into the detector channel), then the failure of the FFT al-
gorithm to accommodate a phase variation of more than 2r
radians throughout the spectral range results in FFT spectral
phase discontinuities [“phase-wrap” (I, 2)] which produce
unavoidable auxiliary “wiggles” in each spectral peak, even
for a perfectly phased spectrum. The phase-wrap “wiggles”

0003-2700/90/0362-0070$02.50/0 © 1989 American Chemical Society



have the same form as those from “Gibb’s oscillations” re-
sulting from truncation of a time-domain exponentially
damped sinusoid before FFT, but the “phase-wrap” effect is
unique to the discrete FT, whereas “Gibb’s oscillations” are
present even in analog FT of a continuous time-domain signal
(1, 2). Other instrumental anomalies can produce nonlinear
phase shift as a function of frequency. In such cases, the
phase-independent magnitude-mode spectral display is usually
preferred.

Unfortunately, even in the absence of peak overlap (which
is more pronounced for magnitude-mode than for absorp-
tion-mode display), magnitude-mode peak height is not a good
measure of relative oscillator abundances since peak widths
commonly vary significantly. Moreover, magnitude-mode
peak area is unsuitable, because (a) if the domain of inte-
gration is extended to infinity, magnitude-mode peak area
diverges to infinity for a simple Lorentz line shape (3), and
(b) if the domain of integration is truncated to a finite fre-
quency range, then the relative peak areas will be accurate
only if all of the peak widths are the same. Thus, directly
integrated magnitude-mode peak relative areas offer a poor
measure of relative oscillator abundances.

Although three-point interpolation of a noiseless magni-
tude-mode FT spectrum can yield the frequency of the peak
maximum exactly (4, 5), the peak height and area are not so
easily estimated, and both estimates are corrupted by noise
(6, 7). In addition, the apparent frequency and height of a
magnitude-mode peak can be shifted significantly by the
presence of nearby peaks, to a greater extent than for ab-
sorption-mode spectra (because of the dispersion-mode con-
tribution to the magnitude-mode spectrum) (8, 9).

Another set of difficulties with magnitude-mode display
relates to the nature of magnitude-mode noise. First, since
magnitude-mode noise is everywhere positive-valued, noise
can quickly overwhelm the signal if the peak area computation
is extended very far away from the center of the magni-
tude-mode spectral peak. Furthermore, magnitude-mode
noise (in the absence of signal) follows a Rayleigh rather than
Gaussian distribution (10). Moreover, magnitude-mode noise
contributes only positive errors in spectral segments containing
no signal (i.e., “base line”) but contributes both positive and
negative errors in spectral segments where signals (i.e.,
“peaks”) are present. In work to be reported separately,
statistical criteria used to analyze the noise in signal-containing
segments of a magnitude-mode spectrum show that such noise
is not well-described by a Rayleigh distribution (11).

In an effort to circumvent the problems posed by magni-
tude-mode spectral analysis, Huang, Rempel, and Gross
proposed a “complex area” method, to calculate the absorption
peak area from unphased (noiseless) spectra (12). Alterna-
tively, comparison of FT spectra of partial segments of a
discrete time-domain signal (13, 14) also provides a means for
correcting for spectral peak height variations due to differences
in peak width. Noest and Kort (15) have suggested a time-
domain apodization function designed to produce spectral
peaks with broad and flat peak maxima, to reduce errors due
to discrete sampling. The value of linear prediction (I16)
and/or maximum-entropy methods for analysis of FT/ICR
mass spectra is discussed elsewhere (I7). Apparent relative
abundances of ions in FT/ICR can of course also be affected
by various experimental factors, including z-axis ejection
(18-20), collisional relaxation of ions to the center of the ion
trap (21), incomplete ejection of unwanted ions (21), and phase
and amplitude errors (22).

Under quite general conditions (white noise whose root-
mean-square magnitude is independent of signal magnitude),
we have shown that the precision of a determination of
spectral peak height, peak width, or peak center frequency
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by least-squares fit to an absorption-mode or magnitude-mode
spectrum is proportional to the frequency-domain signal-to-
noise ratio (SNR) and to the square root of the number of data
points (K) per line width (23)

Pla) = cla;) SNR K2 i)

in which g; is the spectral peak height, peak width, or peak
center frequency and c(a;) is a line shape-dependent constant
factor.

We begin this paper by extending that treatment to show
that the precision of the number of oscillators determined by
least-squares fit to a magnitude-mode spectrum (or by digital
integration of the absorption spectrum, or by the above-cited
complex area method) is also proportional to SNR and K*/2,
with an appropriate value of ¢{q;) in eq 1. By comparing the
proportionality constants, ¢(a;), we are then able to evaluate
the relative precision of each of the above methods for peak
area determination. Finally, we compare simulated and ex-
perimental FT/ICR spectra to demonstrate the validity of our
analysis. [We shall report separately on the closely related
problem of precision in determination of the same parameters
(peak height, width, frequency, and number of oscillators)
from a discrete time-domain signal, including the effect of
time-domain zero-filling (11).]

THEORY

Magnitude-Mode Noise. Magnitude-mode spectral noise
differs fundamentally from noise in absorption-mode or dis-
persion-mode spectra. Although noise in signal-free segments
of a magnitude-mode spectrum follows a Rayleigh distribution
(10), magnitude-mode noise at or near peaks more than 2
standard deviations above the base line is more nearly
Gaussian-distributed (11). In a separate paper, we shall
discuss magnitude-mode noise in detail, and show that a
least-squares fit to a magnitude-mode spectral peak may be
performed with high precision under the assumption that the
noise in the vicinity of the peak is Gaussian-distributed about
a zero mean value (11).

Precision of Peak Area Measurements. 1. Least-
Squares Fit to a Frequency-Domain Spectrum. The number
of oscillators can be determined by numerical integration (of
either a phased absorption-mode peak or “complex area” (12))
or from a least-squares fits to either the absorption-mode peak
or magnitude-mode spectrum. In any case, we begin from the
absorption-mode, Abs(v), and magnitude-mode, Mag(»),
Lorentzian frequency-domain spectra corresponding to the
Fourier transform of an unapodized time-domain exponen-
tially damped sinusoid, f(t)

F(t) = Ng exp(~t/7) sin (27yt) 2)
Ab _ NoT
s = 2[1 + 27 7)2(y — 1y)?]
_ Nor @
T2l + )
M - Nor
agly) = 2(1 + Qu1)y — y)HY/?
NoT

T o+ wyi @

in which u = 2w7(v — »p); Ny is the time-domain signal initial
magnitude, which is proportional to the number of ions having
that ICR frequency; No/4 is the area under the Lorentzian
absorption-mode spectra peak; No7/2 is the Lorentzian ab-
sorption-mode peak height; 7 = 1/ Avy s, time-domain ICR
signal damping constant (see eq 2); Avy is the absorption-
mode full peak width at half maximum peak height; and vo
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is the ICR frequency, the frequency at the absorption-mode
or magnitude-mode peak maximum.

The object of this paper is to be able to predict, from a
single F'T magnitude-mode spectrum, the precision of the
determined number of oscillators (i.e., a measure of the range
of values that would have been obtained from a large number
of such measurements). Precision, P(Ny), in determination
of number of oscillators may be defined as the reciprocal of
the relative standard error

P(No) = No/a(No) %)

in which o(Ng) is the standard deviation that would be ob-
tained from many independent determinations of No. If the
absorption-mode spectral noise is “white” (i.e., independent
of frequency) and independent of signal (i.e., “detector-
limited”) and if the time- and frequency-scales are perfectly
precise (i.e., noise is present only in the ordinate, not in the
abscissa), then the precision, P(q;), in a determination of
spectral parameter, ¢;, from a least-squares fit of the spectrum
to a given line shape can be shown to be (23)

P(a) = c(a;) (SNR) K1/2 W

in which ¢(a;) is a line-shape-dependent constant, K is the
number of data points per (full) line width at half-maximum
peak height, and SNR is the spectral signal-to-noise ratio,
which for Lorentzian line shape takes the form

SNR = Ny7/2¢ (8)

in which ¢ is the standard deviation of the absorption-mode
spectral base-line noise.

Reference 23 presents a general method for deriving c(a;)
for a; = »,, peak height, or peak width, for Lorentzian or
Gaussian absorption-mode and magnitude-mode spectra. In
this work, we have applied that method to three-parameter
(Ngs v, and 7) least-squares fits to Lorentzian absorption-mode
and magnitude-mode line shapes to yield

x\1/2
¢(Ng) = 3 (7a)
for Lorentzian absorption-mode line shape and
p 1/2
¢(Ng) = b
o) =\ oo (7b)

for Lorentzian magnitude-mode line shape.

In the special case that 7 is known accurately (e.g., from
measurement of the width of a peak of high SNR in a spec-
trum for which all of the peaks have the same line width), then
it can be shown that the resulting precision in a two-parameter
(No and »y) least-squares determination of Ng increases by
a factor of 21/2 for an absorption-mode and 3Y/2 for a mag-
nitude-mode Lorentzian, compared to a three-parameter fit
(N, #g, and 7).

Finally, it is worth noting that because the magnitude-mode
Lorentzian line width {(at half-maximum peak height) is
broader than the absorption-mode Lorentzian line width by
a factor of 3'/2, the number of data points per line width
increases by 31/2 and the precision as defined above therefore
increases by K'/% = 3Y/4 for magnitude-mode. Therefore, if
we choose to express K as number of points per frequency
increment rather than number of points per line width (to
facilitate comparison of absorption-mode and magnitude-mode
precision), then C(Ng) for magnitude-mode fits should be
increased by the factor 3'/4 (see below).

2. Digital Integration of a Phase-Corrected Absorption-
Mode Spectral Peak. From the standpoint of precision, a
numerical integration (independent of algorithm) of an ab-
sorption-mode spectrum is equivalent to summing up all of

the absorption values within the integral limit and multiplying
by the discrete frequency interval, Av, between successive
frequency-domain absorption-mode data. Therefore, the
deviation, 8, in such an integral is defined by

z [Abs(s) + N()] Av - 2 Abs(v) Av
Z NG Av @®

in which Abs(v) and N(»;) are the (absorption-mode) signal
and noise values at (discrete) frequency »;, and noise is as-
sumed independent of signal. § is normally distributed with
zero mean and standard deviation

olarea) = n'/%¢ Ay 9

in which n is the number of absorption-mode data points in
the integration domain (24). Next, since Ny and absorp-
tion-mode peak area differ by a constant (see eq 4 ff)

No absorption area
2 (N o)

Then, since the absorption-mode peak area is No/4, we can
use eq 9 to obtain

P(No) =

o(absorption area) (10

absorption area No
4nt25 Ay
Next, solve eq 6 for Ng and substitute for Ng in eq 11; then

substitute for 7 = 1/{x Ary5) to obtain the following expression

for the precision in determination of N from a measurement
of absorption-mode Lorentzian peak area

P(Ng) = an

s(absorption area)

P(Ng) = (SNR)K 1/2 (12a)
in which

h=n/K (12b)
is the domain of integration (in multiples of Av; /) and we have
used the identity

Avyjo(Hz /line width)

K(points/line width) = Ar(Hz/point)

(12¢)

For eq 12a to be valid, the domain of numerical integration
should be chosen so as to include, say, >95% of the true
absorption-mode peak area.

3. “Complex Area”. The “complex” area method consists
of adding the areas (each treated as mathematically real
quantities) of the real, R(»), and imaginary, I(»;), spectra
obtained by discrete FT of a time-domain discrete signal (12).
In this case, the deviation in the resultant area is given by

5= AW([5R0) + Na@)]2 + [L10) + Ny ]9V/2 -
i=]1 =]
(ERO)P + (L1612
Au([ZR(v, 7+ [Zl(ul)z + 2N (u)[ZR(m ]+

N (V,->[§I<u,-)1>1/2 - <[§R<ui>12 + [__ilm,-)ml/? (13)
in which
Ni(y) = éNR(ui) (14a)

and



Ny = éMW (14b)

represent randomly distributed Gaussian noise (with standard
deviation on'/?) in the real and imaginary spectral components
of the complex FFT of f(t) (24), and we have used the ap-
proximation

2N’R(ui)Zn:R(ui) + 2N’I(ui)iR(ui) »> Ni(p)? + Ni()?
i=1 i=1
(15)

If equation 18 is next expanded in a Taylor series and only
the first two terms are kept—neglect of the remaining terms
produces negligible error in practical circumstances—then eq
13 may be simplified to give

NaG)ER0) + M) 210)
b ae)
([%R(ui)]2 + [éj(yi)]Z)l/z

In other words, § may be described by a normal distribution
with zero mean and standard deviation, on'/?, which is the
same as for direct numerical integration of a perfectly phased
absorption-mode spectrum (19). Thus, for numerical inte-
gration of either phased absorption-mode or “complex area”,
the precision in determination of absorption-mode peak are
is given by

=_7 1/2
P(Ng) 2h1/2(SNR)K

EXPERIMENTAL SECTION

Simulated Data. Data simulation was conducted with a 20
bit/word Nicolet 1280 computer. Gaussian noise was created by
converting uniform random numbers into a Gaussian distributed
random number file (25). The histogram of the Gaussian random
numbers closely resembled that for experimentally acquired
Gaussian noise, and the FFT spectrum of the random number
sequence showed no peaks [demonstrating that the noise was
“white” (i.e., independent of frequency)]. Random noise was added
to each time-domain simulated signal, and least-squares fit to a
magnitude-mode Lorentzian line shape was performed on the FFT
spectrum of the time-domain simulated signal-plus-noise.

Experimental Data. FT/ICR experimental time-domain
signals of I,* were acquired with a Nicolet FTMS-2000 mass
spectrometer operating in heterodyne mode at 3 T. Iodine crystals
were introduced with a solid probe which had been cooled to ~10
°C, and I,* ions were formed by electron ionization (70 eV). The
number of points per line width in the FFT spectrum was adjusted
by varying the sampling frequency (32 kHz < Nyquist bandwidth
< 100 kHz) while keeping the number of time-domain data points
constant (4K or 8K). Alternatively, the time-domain damping
constant was varied [by addition of argon gas to a neutral pressure
between 107 Torr (r ~ 20 ms) and 107 Torr (7 ~ 200 ms)] at fixed
sampling rate and number of time-domain data points, to cover
the same abscissa range in Figures 3 and 4 (see Results and
Discussion). Signal-to-noise ratio was additionally varied by
varying the electron emission current. The number of points per
line width in the FFT spectrum was adjusted by varying the
sampling frequency at constant time-domain acquisition period.
The standard deviation for ion relative abundance (determined
from FT/ICR mass spectral peak area) was computed from 15
spectra acquired independently under identical conditions. The
(single-peak) spectra were phase corrected before performing
absorption-mode least-squares fit or numerical integration.

Least-squares fits to both magnitude-mode and absorption-
mode spectra were performed with a grid search algorithm (25).
An initial estimate for the fit parameters (peak area, peak center
frequency, and peak width) was obtained by visual approximation
from the magnitude-mode spectrum. A representative experi-
mental FT/ICR magnitude-mode discrete spectrum and best-fit
Lorentzian are shown in Figure 5 (see Results and Discussion).

(12a)
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Figure 1. Precision in determination of number of oscillators, N, as
a function of the ratio, SNR, of frequency-domain peak height to root
mean square spectral base-line noise, and number of data points, K,
per full peak width at half-maximum absorption-mode peak height: O,
direct least-squares fit to absorption-mode spectrum; W, direct least-
squares fit to magnitude-mode spectrum. Straight lines are theoretical
predictions based on a single {(simulated) data set. Plotted data rep-
resent averages over 30 trials of the same simulated spectrum with
different random noise of the same root mean square deviation.

Numerical integration of the phase-corrected absorption-mode
spectrum was performed by use of Simpson’s rule (25). Complex
area was obtained as described by Gross (12).

RESULTS AND DISCUSSION

Computer-Simulated Spectra. The predicted precision
in determination of number of oscillators was computed from
eq 1 and 7 (based on fits to absorption-mode or magnitude-
mode Lorentzian peak shape) or eq 12a (for direct integration
of phased absorption-mode or “complex area”) for simulated
spectra with various frequency-domain signal-to-noise ratios
(SNR) and K values. Those predictions were tested by de-
termining the standard deviation for various spectral param-
eters (absorption-mode peak area, vy, and 7) from 30 simulated
spectra of the same spectral peak height, vy, and 7, with
different added random noise of the same root-mean-square
deviation.

Figure 1 compares the precision, P(Np), in determination
of the number of oscillators predicted from a single spectrum
to that actually computed from the standard deviation of 30
such measurements of the FFT spectra of simulated time-
domain damped exponential sinusoidal signals to which ran-
dom time-domain noise has been added. In the figure, P(No)
based on three-parameter (peak area, o, and 7) fits to Lor-
entzian absorption-mode and magnitude-mode spectra is
plotted as a function of the product of frequency-domain peak
height-to-noise ratio (SNR) and K'/2. For absorption mode,
K is the number of points per full absorption-mode peak width
at half-maximum peak height. For magnitude mode, K is
redefined as 3'/4 times the number of points per absorption-
mode peak width, in order that the absorption-mode and
magnitude-mode plots may be compared on the basis of points
per hertz rather than points per line width. Figure 2 shows
the corresponding plots of precision vs (SNR}(K/h)/? for
numerical integration of a correctly phased Lorentzian ab-
sorption-mode spectrum or a “complex area” integration; in
each case, the domain of integration is extended to include
95% of the peak area.

According to the theory, N determined from least-squares
fit to a magnitude mode spectrum is ~15% more precise than
Ng determined from least-squares fit to the corresponding
absorption-mode spectrum, because (a) the number of points
per peak width increases by 3'/2 in proceeding from absorp-
tion-mode to magnitude-mode Lorentzian line shape (so that
K increases by 8%/2 and the precision increases by K'/2, for
a net increase in precision of ~30%) and (b) the magni-
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Figure 2. As in Figure 1, except that the number of data points per
line width has been divided by the number of fine widths, /1, over which
peak area is measured: O, Ny determined from the sum of the areas
of the real and imaginary components of the complex FFT spectrum
(12); m, N, determined from (phased) absorption-mode spectral peak
area by direct numerical integration. Note: the open and solid squares
overlap so closely that they cannot be resolved in this display.
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Figure 3. Same as Figure 1, but for experimental FT/ICR mass
spectral data: [, direct least-squares fit to absorption-mode spectrum;
W, direct least-squares fit to magnitude-maode spectrum; O, N, de-
termined from peak height of least-squares fit to magnitude-mode
spectrum; ——, theoreticaily predicted behavior for the stated ex-
perimental SNR and K values; — - —, straight line passing through the
origin which best fits the plotted points.

tude-mode peak shape is different from absorption mode,
leading to a different value of c(a). (The magnitude-mode
fit extends to frequencies at which the spectral signal has
dropped to twice the root-mean-square base-line noise.)

To compare the precision of the least-squares fits to the
direct numerical integration methods, we must fix the domain
of integration, h. For example, if the direct integration is to
include 95% or more of the absorption-mode peak area, h
must be greater than 12.7 absorption-mode Lorentzian line
widths. Under those conditions, the magnitude-mode
least-squares fit is 60% more precise than numerical inte-
gration of either the phase corrected spectrum or the
“complex area™ method. The simulated spectral data analyzed
in Figures 1 and 2 thus confirm the theoretical predictions
of eq 1 and 7 (for least-squares fits) and eq 12a (for direct
integration).

One might argue that when only relative abundances are
required, the integration width need not extend to include
95% of the absorption-mode peak area, thereby increasing
the precision of the direct integratioin method. However,
partial integration presents two practical problems. First,
unless the peak widths (i.e., 7 values) of all of the peaks are
identical, systematic errors in relative abundances will be
introduced. Second, the increase in precision, area/s(area),
by reduction in integration domain, h, will be small, because
a decrease in h reduces the computed area as well as the

Precision

SNR + (K2
Figure 4. Same as Figure 2, but for experimental FT/ICR data. Again,
the open and soiid squares overlap in this dispiay; —, theoretically

predicted behavior for the stated experimental SNR and K values; — -,
straight line passing through the origin which best fits the plotted points.
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Figure 5. Representative discrete magnitude-mode FT/ICR mass
spectrum, with best-fit magnitude-mode Lorentzian smooth curve drawn
through the points.

imprecision in area measurement: o(area) « h'/Z

Experimental FT-ICR Spectra Figures 3 and 4 present
experimental F'T/ICR mass spectral data for I+ ions, plotted
as for the simulated data of Figures 1 and 2. Figure 5 shows
a typical experimental magnitude-mode FT/ICR discrete mass
spectrum along with a best-fit to magnitude-mode Lorentz
line shape. The theoretical lines in Figures 3 and 4 represent
predicted precision based on SNR and K for a single spectrum,
and the data points represent the actual precision in Ny de-
termined from a series of 15 independent measurements.
Although the slopes of plots of peak area precision vs SNR K*/2
from experimental data are 20-30% lower than those pre-
dicted for the theoretical ones, the data still give straight-line
plots with correlation coefficients of 20.9. The differences
between experiment and theory are probably due mainly to
variation in number of ions from one experiment to the next,
due to variation in electron beam current. Nevertheless,
Figures 3 and 4 show that the precision in Ny determined from
least-squares fit to a magnitude spectrum is slightly better
than that for Ng determined from a least-squares fit to the
corresponding absorption-mode spectrum and is ~60% better
than that for Ny determined by “complex area” or direct
numerical integration of a phased absorption-mode spectrum
(for integration domain extended to include 95% of the peak
area).

Finally, Figure 3 (open circles) illustrates the disadvantage
of the use of peak height as a measure of relative abundances.
Although theory predicts (compare the present results with
those in ref 23) that the precision in peak height should be
as good as that for peak area (provided that all spectral peak
widths are equal), Figure 3 shows that for experimental
FT/ICR data, relative abundance computed from least-
squares fit to spectral data points whose magnitude exceeded



~2q is twice as precise as relative abundance obtained simply
from peak height of the same least-squares-fitted magni-
tude-mode spectrum.

Althought the present computations are restricted to
unapodized magnitude-mode Lorentzian line shapes, the same
qualitative conclusions should apply to other line shapes, with
revised values of ¢{(a;) in eq 1 (see ref 23 for examples).

CONCLUSION

In this paper, we have developed expressions for the pre-
cision of number of oscillators, Ng, obtained by various
treatments of FFT absorption-mode and magnitude-mode
Lorentzian spectra. We find that both theoretical and ex-
perimental FT/ICR relative abundance precision based on
least-squares fit to the magnitude-mode spectrum is slightly
more precise than that obtained from least-squares fit to the
corresponding (if available) phased absorption-mode spectrum.
Although both of the above methods are distinctly superior
in precision to determination of Ny by direct numerical in-
tegration of the complex or phased imaginary (i.e., pure ab-
sorption-mode) FFT spectrum, the magnitude-mode approach
has the (major) advantage that it is not necessary to phase-
correct the spectrum in order to determine relative abun-
dances. (It is worth noting that the “complex area” compu-
tation requires twice as much memory as a magnitude-mode
least-squares fit.) Experimental FT/ICR precision in Ny is
somewhat (~20%) lower, for all algorithms, than that pre-
dicted theoretically. Finally, peak area is in general superior
to peak height as a measure of relative abundances.
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Determination of Organic Acids in Dilute Hydrocarbon Solution
Using Poly(ethylenimine)-Coated Piezoelectric Crystals

John M. Charlesworth

DSTO, Materials Research Laboratory, P.O. Box 50, Ascot Vale, Victoria, Australia 3032

Some of the factors that influence the resonant frequency of
oscillating 10-MHz AT-cut quartz crystals in liquids are in-
vestigated. The relationship between the measured frequency
shifts and the physical properties of the liquids are examined,
and reasons for departure from ideal behavior are discussed.
The serption characteristics of crystals coated with a polymer
film (poly(ethyl ine)) containing basic functional groups
are reported. These coated crystals are shown to behave as
selective detectors for a range of organic acids in dilute hy-
drocarbon solution. The lower limit for reliable measurement
using a crystal coated with a 40-kHz load of poly(ethylen-
imine) Is estimated to be approximately 25 ppm of phenol in
n-heptane. Fick’s law appears to govern the rate of uptake
of mass by the polymer film; however some strong acids show
irreversible sorption. The crystals function reliably under
solvent flow conditions, where the response time is deter-
mined by the thickness of the coating and the flow cell vol-
ume. Sensors of this type may find application in areas such
as high-performance liquid chromatography detection, indus-
trial process stream analysis, and fuel-quality monitoring.

INTRODUCTION

The use of AT-cut quartz piezoelectric crystals for the
analytical determination of low levels of organic compounds
in gases is now an accepted technique. Several recent reviews
provide useful background information on the development
of these devices (I-4). In most gas-phase applications, at least
one face of the crystal is coated with a material capable of
interacting with the compounds to be detected. Following the
uptake of additional mass by the exposed coating the oscil-
lation frequency is reduced linearly in accordance with the
Sauerbrey expression

Af = —k; Am (1)

where Af is the frequency change, &, is a constant dependent
on the oscillation frequency of the crystal and the coating
sensitivity and loading, and Am is the change in mass. King
(5) has estimated that under ideal conditions the detection
limit is around 1072 g for a 15-MHz crystal.

Extending this approach to the liquid phase was originally
considered to be unfeasible because it was assumed that a
quartz crystal would not reliably oscillate when immersed in
a liquid, due to the large energy losses at the interface between
phases. Initial experimental findings appeared to confirm this
belief, and as a consequence early liquid-phase measurements
were restricted to washing and drying the coated crystal,
following exposure to the solution, and then determining the
frequency change (6, 7). Both the precision and repeatability
of such measurements are understandably poor due to the
difficulty in reproducibly removing solvent and the uptake
of atmospheric moisture following drying.

Recently it has been shown that it is possible for AT-cut
quartz crystals to achieve stable oscillation in solution (7), and
simple T'TL based circuitry has been designed to facilitate
such measurements (8). Furthermore, several workers have

provided detailed theoretical explanations for the behavior
of piezoelectric crystals in contact with liquids. Kanazawa
and Gordon (9, 10) have developed a simple physical model
which considers the coupling of the shear wave in the quartz
to a damped shear wave in the fluid, assuming negligible fluid
elasticity. This allows the following relationship to be derived,
relating the change in oscillation frequency to the material
parameters describing the liguid and the quartz

Af = =2f 3 mpy/ woqug)*? 2)

where f, is the oscillation frequency of the dry crystal, n and
py are the absolute viscosity and density of the liquid, and g
and p, are the elastic modulus and the density of the quartz,
respectively. Bruckenstein and Shay (8) have derived a sim-
ilar, though not identical, expression based on an analogy
between the oscillating boundary layer adjacent to each crystal
face and the thickness of an ac polarographic diffusion layer.
The expression is

Af = ~(2.26 X 10)nf 3 2(np) /> 3

where n has a value of one or two depending on the number
of faces of the crystal in contact with the solution. Hager (11)
has developed a slightly different equation by considering the
viscous energy losses and fluid velocity at the crystal surface.
This worker reports the relationship

Af = —kz(mpl)l/z + kg 4)

where k5 and kg are proportionality constants and ¢ is the
dielectric constant of the liquid.

Taking a more empirical approach, Muramatsu et al. (12)
have demonstrated a linear relationship between Af and
(mpp/? for alcohol-water solutions. Nonideal behavior was
observed when high-viscosity liquids were used and when both
faces of the crystal were in contact with water. By contrast
Nomura and Okuhara (13) reported frequency shifts for os-
cillators immersed in 17 organic liquids and suggested that
the following relationship most appropriately describes the
frequency changes:

Af = ~kypiM = kym'/? + kg )

where Ry, ks, and kg are empirical proportionality constants.

In other work, Yao and Zhou (14) have measured the os-
cillation behavior of quartz crystals in contact with aqueous
electrolytes, water-organic mixtures, and 47 pure organic
liquid. They have observed a relationship resembling the
Nomura expression (eq 5), with the exception that two ad-
ditional terms are included to take into account dielectric and
conductance effects.

Liquid phase measurement involving the use of piezoelectric
crystals coated with a reactive or absorbing layer were first
reported by Konash and Bastiaans (7) as part of their attempt
to develop a mass detector for liquid chromatography. These
workers used 7-MHz quartz crstals, surface bonded with oc-
tadecyltrichlorosilane and docosodimethyl(dimethylamino)-
silane on the crystals face exposed to the solvent flow. It was
found that changes in oscillation frequency under these sim-
ulated LC conditions were slight. For example, injection of
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0.2-cm?® aliquots of 10% solutions of carbon tetrachloride and
toluene in aqueous methanol produced only around a 40-128
Hz frequency change. After an allowance was made for solvent,
density effects, it was estimated that less than 0.005% of the
available solute was absorbed by the coatings.

Nomura et al. (15-17) used coated quartz crystals for the
selective sorption of ionic species from solution. In particular,
copper oleate coating was used for the determination of 3-40
M solutions of lead (15), poly{(vinylpyridine) coating was used
for the measurement of 5-35 uM solutions of copper(II) (16),
and silicone oil was used for the determination of 5-100 pM
solutions of iron(I11) (17). In each of these examples maximum
frequency changes were less than about 0.5 kHz, and reac-
tivation of the coating was necessary between determinations.
The response time was of the order of several minutes.

More encouraging results involving liquid phase measure-
ments with coated crystals have been obtained recently by
Okahata et al. (18). These workers showed that a lipid-bilayer
coated plezoelectric crystal provides a very sensitive and rapid
indicator of bitter substances in aqueous solution. For instance
a 19.3 ppm solution of strychnine produced a 0.5-kHz response
and desorbed reversibly in a total period of about 1 min.

The present work was intended to determine whether
piezoelectric crystals coated with a lipophobic polymer in-
corporating basic functional groups in its structure could be
used as microsensors for the measurement of low levels of
organic acids in nonpolar liquid hydrocarbons. The study was
also designed to provide more data on the factors that de-
termine the oscillation frequency of AT-cut quartz erystals
immersed in liquids and to extend the preliminary study by
Konash and Bastiaans (7) on the use of coated piezoelectric
crystals as selective LC detectors.

EXPERIMENTAL SECTION

Low temperature coefficient 10-MHz AT-cut quartz crystals
(Code No. LJO1E) were obtained from Hy-Q International Pty
Litd, Melbourne. The crystals were 5.0 mm in diameter and 0.125
mm thick and had centrally deposited silver electrodes 8 mm in
diameter on each face. To enable measurements in a static sealed
system, the crystals together with base and electrical leads were
attached with epoxy adhesive to a quickfit adaptor fitting into
a 50-cm® Pyrex cell. Measurements under solvent flow conditions,
simulating those in an LC detection situation were performed by
using crystals sealed into stainless steel flow cells with capillary
inlet and outlet lines. In order to achieve a liquid-tight seal, the
base of the crystal holder was fixed in position with a small clamp
and a thin smear of epoxy adhesive. Two cells were tested: one
with a dead volume of approximately 100 uL, in which the edge
of the crystal faced the direction of solvent flow (flow cell A), and
a second cell with a dead volume of approximately 50 L in which
the solvent flow was directed at the crystal face (flow cell B).
Solvent was forced through the cells with a Varian 8500 syr-
inge-type pulseless HPLC pump attached to a Valco HPLC in-
jection valve equipped with a 100-uL sample loop.

The electrical circuit used to measure the crystal oscillation
frequency was essentially the same as that published by Bruck-
enstein and Shay (8). This consisted of an oscillator circuit with
one reference and one working crystal and a circuit to measure
the difference in frequency. An SN7490N decade divider reduced
the differential frequency to below 20 kHz and this signal was
fed to a Hewlett-Packard 5381A frequency counter and to a DGH
15 bit D 1601 frequency-to-digital converter interfaced to the RS
232 C port of an XT microcomputer. Data were logged at chosen
intervals by using software written for the purpose and then scaled
and plotted on screen as a function of time. Collection of fre-
quency values with a precision of 0.1 Hz for the dry crystal was
achieved by these means.

The majority of frequency measurements were performed under
ambient conditions at 22.5 £ 0.5 °C in an atmosphere with a
relative humidity of 40-60%. When necessary, the cell tem-
perature was maintained at 20 £ 0.1 °C and the relative humidity
was set by exposing the coated crystal to the vapors above an
appropriately saturated salt solution.

ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990 » 77
70
601
50
401
30

20 °

Frequency change, kHz

0 25 50 75 100

Relative humidity, %
Figure 1. Dependence of frequency change on relative humidity at
22.5 °C for a 10-MHz quartz crystal coated with poly(ethylenimine) at
dry loading levels of 11 kHz (O) and 27 kHz (O0).

Crystal Coating Method. Poly(ethylenimine) was obtained
from Aldrich as a 50% solution in water. N NMR analysis in
our laboratory revealed that the material was highly branched,
containing around 50% secondary and 25% each of primary and
tertiary amine groups. The solution was diluted to 5-20 g L
and a 0.05-1.0-uL aliquot applied with a microliter syringe to the
center of the crystal. The droplet was spread with the tip of the
syringe needle to cover the entire silver electrode. The liquid layer
was then dried with a hot air blower for approximately 10-20 s
and allowed to equilibrate by the uptake of atmospheric moisture.
Figure 1 illustrates the change in frequency as a function of relative
humidity at two levels of poly(ethylenimine) loading. At high
humidities (>70%) the sensitivity to moisture increases rapidly,
while below 50% humidity the frequency increase is small, cor-
responding to an uptake of around 25% water at the midpoint
of the humidity range at 22.5 °C. All crystal loading determi-
nations, measured by the frequency change due to the coating,
contain a contribution from the sorbed water.

RESULTS AND DISCUSSION

Uncoated Crystals. Table I lists the measured frequency
shifts at 20 °C for a range of polar, aromatic, and nonpolar
liquids together with relevant density and viscosity data. As
an example of the stability of oscillation in these liquids, the
standard deviation for 1000 frequency measurements taken
at 1-s intervals was found to be 8 Hz for oscillation in hexane
and 13 Hz for oscillation in carbon tetrachloride.

From eq 3, using a value of 2 for n, the predicted slope of
a plot of frequency change against (moy)/? for a 10-MHz crystal
is 1.429 X 10°s/2 g1 cm? Accordingly, for a crystal immersed
in water at 20 °C, the natural oscillation frequency should be
reduced by 14.29 kHz. The experimental value is 15.21 kHz
for oscillation in water, which compares favorably with the
theoretical prediction.

The data for the pure organic liquids listed in Table I are
plotted in Figure 2 as a function of (mp)/2. It is clear that
for the polar and aromatic molecules the relationship is very
close to linear, giving a best fit slope of 1.52 X 105 s™/2 g™ cm?.
For the nonpolar materials, exemplified by the n-alkanes
ranging from C5 to C186, the behavior shows positive deviation
from ideality. The dielectric constants for the polar com-
pounds are higher than those of the n-alkanes and therefore,
according to eq 4, the predicted trend in frequency changes
as a function of dielectric constant is opposite to that observed.
Attempts to obtain a definitive quantitative relationship
between frequency change and dielectric constant have so far
proven negative although it does seem likely that the deviation
from linearity could be related to the strength of the interfacial
bond between the surface of the crystal, or the deposited
substrate, and the contacting liquid. For measurements of
viscosity at low shear rates, it is assumed that coupling be-
tween the liquid and the surface providing the shearing force



78 « ANALYTICAL CHEMISTRY, VOL. 62, NO. 1, JANUARY 1, 1990

Table I. Frequency Change and Physical Property Data
for Liquids at 20 °C

density
(b), g viscosity (), (np)'/% g
liquid cm™ cP 512 cm™2  Af, kHz
methyl acetate 0.9330 0.381 0.0596  10.11
ethyl acelate 0.8003 0.455 0.0640 10.51
propyl acetate 0.8878 0.590 0.0724  11.37
butyl acetate 0.8822 0.732 0.0804 177
diethyl ether 0.7138  0.233 0.0408 1.75
cyclohexene 0.8102 0.660 0.0731 11.20
m-xylene 0.8642 0.620 0.0732 11.28
toluene 0.8669 0.590 0.0715 11.34
cyclohexane 0.7786 0.930 0.0851 12.20
chloroform 1.4832 0.580 0.0928  15.60
carbon 1.5940 0.969 0.1243 1857
tetrachloride
1-propanol 0.8060 2.256 0.1348 20.91
1-butanol 0.8098 2.948 0.1545  21.70
pentane 0.6262 0.240 0.0388 6.55
hexane 0.6603 0.326 0.0464 731
heptane 0.6838 0.409 0.0529 8.06
octane 0.7025 0.542 0.0617 9.12
nonane 0.7176 0.711 0.0714 9.98
decane 0.7300 0.920 0.0820 11.056
undecane 0.7402 1.17 0.0931 12.05
dodecane 0.7480 1.35 (25 °C) 0.1043 12.65
tridecane 0.7560 1.55 (23.3°C)  0.1157 14.17
tetradecane 0.7630 2.18 0.12900  15.30
glycerol/water
% glycerol, 0 0.9982 1.002 0.1000  15.21
20 1.0459 1.737 0.1348 18.65
40 1.0984 3.653 0.2010 24.43
48 1.1200 5418 0.2462 27.65
60 11530  10.681 0.3509  32.96
68 1.1755 18.455 0.4658 36.60
72 1.1866  27.624 0.5725 38.62
76 1.1976  40.575 0.6971 40.80
80 1.2085  59.9056 0.8509 43.30
82 1.2148  69.523 0.9190 44.30

Frequency change, kHz

05 A0 45
(visc. x density) /2, g s~%/2 cn2

Figure 2. Frequency change versus (m0)"2 for a 10-MHz crystal
immersed in polar and aromatic liquids () and n-alkanes ranging from
C5 to C14 (O). Details of individual liquids are given in Table I.

is sufficient to prevent slippage (19). At the high shear rates
involved in the present system, nonpolar liquids such as the
n-alkanes would not be expected to adhere to the shearing
surface as well as the more polar molecules, which show ideal
behavior. The presence of a surface effect was suggested by
studying the changes in oscillation behavior induced by de-
positing a layer of poly(ethylenimine) on the crystal face. For
the coated crystal the frequency shift was measured to be 6230
Hz for oscillation in n-heptane compared to 8060 Hz for the
uncoated crystal resonating in the same liquid. However, it
must also be pointed out that if the acoustic wave is attenuated
by the coating, it may not propagate as far into the liquid as

Frequency change, kHz

0.0 0.2 0.4 06 0.8 1.0
(visc. x density)1/2, g s~%/2 cp2
Figure 3. Change in the oscillation frequency of a 10-MHz crystal as
a function of (n,0)"? following immersion in glycerol/water mixtures.
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Figure 4. Frequency change of poly(ethylenimine)-coated crystals as
a function of time for sorption/desorption of benzoic acid and phenol
dissolved in n-heptane: 0.5 g L™ phenol {—), 0.25 g L"" phenol (- -),
and 0.5 g L™ benzoic acid {--+). The coating load corresponds to 17.92
kHz for phenol and 16.12 kHz for benzoic acid, both at 40% relative
humidity and 22.5 °C.

would the wave emanating from an uncoated crystal.

The data in Table I also include frequency shifts for a
10-MHz quartz crystal immersed in water—glycerol mixtures
containing up to 82% (w/v) glycerol. Above this limit, which
corresponds to a value of 0.9 g s/2 em™2 for (m0)"/2, the crystal
would not reliably oscillate. These data, plotted in Figure 3,
show a pronounced nonlinear dependence on (m)%?, con-
firming some of the previously reported results relating to the
oscillation behavior of quartz crystals in high-viscosity solvents
(12). An adequate mechanistic explanation for this effect has
not yet been advanced (20).

Coated Crystals. Figure 4 illustrates the results of sorp-
tion/desorption experiments in which poly(ethylenimine)
coated crystals were immersed in dilute heptane solutions of
phenol and benzoic acid. Neutral solutes such as ethanol,
acetone, and toluene produced little or no frequency change
at these concentrations. The pronounced interaction between
acidic molecules and the basic substrate is obvious. Fur-
thermore the uptake of the organic acid by the polymer coating
is faster than the corresponding desorption process, particu-
larly in the case of the benzoic acid, which undergoes partially
irreversible sorption. Proton transfer resulting in salt for-
mation is the most probable explanation for this effect given
that the pK, of benzoic acid is much lower than that of phenol.

The rate of sorption and desorption of solute molecules is
a significant factor in determining whether a reliable and
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Figure 5. Fickian diffusion plots for sorption and desorption of 1 g L™

phenol in n-heptane using a crystal coated with a 17.40-kHz load of
poly(ethylenimine) at 40% relative humidity and 22.5 °C.

responsive detector can be designed for use under solvent flow
conditions typical of those that occur in an HPLC application.
The kinetics of these sorption/desorption processes are often
represened by Fick’s diffusion equation, the solution of which
for a polymer sheet with one side exposed to a liquid leads
to the expression (21)

D t 1/2
© ) ©

wl?

where M{t) and M(«) are the masses of liquid absorbed per
unit volume of polymer at time ¢ and at equilibrium, re-
spectively, { is the thickness of the polymer sheet, D{c) is the
concentration-dependent diffusion constant, and ¢ is the solute
concentration at the film surface. D{c) is assumed to be
linearly related to c.

For a film of uniform thickness, eq 6 predicts a linear rate
of absorption, provided ¢ is constant, when fractional sorption
is plotted against tV/% An example of the application of eq
6 to the present system is given in Figure 5. These data relate
to a crystal with one face coated with a loading of 17.40 kHz
of poly(ethylenimine), immersed in a 1 g L™ phenol solution.
The sorption curve shows Fickian response up to approxi-
mately 80% of equilibrium capacity, while the desorption
curve is linear to around 40% of the total recovery. The
diffusion constant for the desorption is approximately 60%
of that for the sorption process.

It has been shown that for coated AT-cut quartz crystals
the film thickness is related to frequency decrease by the
expression (20}

M)/ M(=) = 4(

I= quq Af/pcf<>2 Q]

where N is the quartz crystal frequency constant (1.668 X
10° Hz cm™), p, is the quartz density (2.69 g cm™), and o, is
the density of the coating. The gradients of sorption curves
of the type shown in Figure 5, for crystals coated with varying
film thickness, were linearly related to reciprocal film thick-
ness, further confirming that the detector response time
characteristics are largely diffusion controlled.

As expected from thermodynamic considerations, the
equilibrium sorption capacity, plotted in Figure 6, is directly
proportional to the solute concentration and the coating load.
Triplicate measurements obtained by using a crystal coated
with a 41.26-kHz load of poly{ethylenimine) (38.5% relative
humidity at 22.5 °C) gave average readings of 20.08 + 0.65
and 1.24 % 0.38 kHz following immersion in 500 and 25 ppm
phenol solutions, respectively. The lower limit for reliable
detection is therefore estimated to be around the 10~50 ppm
range. Since it is possible to measure frequency changes with
much greater precision than 100 Hz, the elimination of ex-
traneous electrical effects by enclosure of the cell and circuitry
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Figure 6. Plots of frequency change at equilibrium as a function of
phenol concentration in n-heptane: 42.3-kHz ioad at 40% relative
humidity 22.5 °C (O), 20.25 kHz load at 65% relative humidity 22.5
°C (1), and 11.83 kHz load at 65% relative humidity 22.5 °C (<),

Table II. Response Characteristics of
Poly(ethylenimine)-Coated Crystals to Organic Acids at
40-45% Relative Humidity, 22.5 °C

pK, (25
solution (0.5 g L™ in n-heptane) °C, Hy0) Af/coating load

monochloroacetic acid 2.85 2.5
2,4-dinitrophenol 3.96 0.6
benzoic acid 4.19 13
phenylacetic acid 4.28 2.5
acetic acid 4.75 0.3
propionic acid 4.87 1.0
butyric acid 4.81 1.1
valeric acid 4.82 1.3
hexanoic acid 4.88 2.5
nonanoic acid 4.96 9.2
2,4,5-trichlorophenol 6.00 0.2
o-nitrophenol 7.17 0.5
B-naphthol 9.51 1.7
phenol 9.89 0.5
o-cresol 10.20 0.3

in a Faraday cage (8) and improvements in coating methods
would presumably lower the detection limit.

The sensitivity of poly{ethylenimine) toward other acids
was studied by using a range of some commonly occurring
organic molecules soluble in n-heptane. Stable equilibrium
sorption values were taken as the frequency change after 30
min of immersion of coated crystals in 0.5 g L. solutions of
each acid. These data are presented in Table II. The sen-
sitivity factors listed in Table 1T are defined as the frequency
change following uptake of solute, divided by the coating load.
As a measure of the strength of each acid, pK, (H,0, 25 °C)
values are also listed. These results appear to show little
correlation between acid strength and sorption capacity. This
is most clearly indicated by the data for the n-alkyl carboxylic
acids ranging from C2 to C9. These compounds have ap-
proximately equal dissociation constants in water, yet they
have vastly different sensitivity factors. Evidently as the size
of the hydrophobic part of the molecule increases, so does the
strength of solvation of poly(ethylenimine). Conversely the
least sensitive acidic compound tested was 2,4,5-trichloro-
phenol, which is one of the larger and more polar of the organic
molecules examined. The frequency shift may also be due
to changes in the viscoelastic behavior within the swollen
polymer which influences the manner in which the shear wave
is coupled between the crystal and the coating or solution.
Acid-base pairing would therefore not appear to be the only
cause of interaction between polymer and solute, although it
does appear to have the major effect. These data also highlight
the potential for applying the present method as a simple and
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Figure 7. Flow cell detector response obtained by using a crystal
coated on both sides with an average 5.25-kHz load of poly(ethyien-
imine). Repeat injections of 100-ul aliquots of 5 g L™ solutions of
phenol in n-heptane were made at intervals of 45-s at a flow rate of
2.1 em® min.
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Figure 8. Flow cell detector response obtained by using a crystal
coated on both sides with a 5.25-kHz load of poly{ethylenimine).
Aliquots of 100 uL of 5 g L™ solutions of each compound in n-heptane
were injected at 45-s intervals at a flow rate of 2.1 cm® min™".

rapid general means of measuring the interaction between
film-forming polymers and solvents or solutes. In particular
the method offers the possibility for simultaneous determi-
nation of both the kinetic and thermodynamic factors involved
in sorption, using only microgram quantities of each material.

HPLC Applications. In terms of designing an optimized
detector for an HPLC application, it is apparent that a balance
must be maintained between rapid response time, requiring
a low film thickness, and high sensitivity, requiring a high film
thickness. It must also be recognized that the response time
will vary with concentration because the diffusion constant
is concentration dependent. High solute concentations will
result in a much more rapid uptake of material than will occur
at low solute concentrations. This will lead to a complex
pattern of behavior when detecting material eluting from a
liquid chromatography column since a time-dependent con-
centation profile will always be present. Strong dependence
of response on flow rate would also be expected.

Some examples of measurements illustrating the repro-
ducibility and magnitude of response to different species are
shown in Figures 7 and 8. These results were obtained by
using flow cell B, at a flow rate of 2.1 cm?® min™?, fitted with
a crystal coated with an average load of 5.25 kHz of poly-

- -~ -
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@

0 I R N )
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Figure 9. Comparison between peak shapes produced using flow cell
A {(—) coated on one side with a 13.20-kHz Ioad of poly(ethylenimine)
and flow cell B (--+) coated on each face with an average load of 5.25
kHz of poly(ethylenimine). Aliquots of 100 uL of 10 g L-* solutions of
phenol in n-heptane were injected at a flow rate of 2.1 cm?® min,

(ethylenimine) on each face. The data in Figure 7 confirm
that successive injections of 100-uL aliquots of 5 g L™ phenol
solution produce reproducible peaks, with a slight drift in the
base line caused by slow desorption. The pronounced peak
asymmetry is due to the lower rate of desorption compared
to sorption. Figure 8 presents the results of sequential in-
jections of 100-uL aliquots of 5 g L™ solutions of phenol, the
three cresol isomers, and three neutral aromatic species. As
expected, the detector shows a selective response in favor of
the acidic compounds, the magnitude of which varies with the
structure of the sorbed species.

Improvements in the detector resonse can be achieved by
optimizing the cell geometry and coating thickness. Figure
9 shows a comparison between the peaks produced by injection
of 100-xL aliquots of 10 g L™ phenol solutions into flow cell
A, fitted with a crystal coated on one side only with a 13.2
kHz loading of poly(ethylenimine), and flow cell B fitted with
a crystal on which both sides have been coated with a total
load of 10.5 kHz of poly(ethylenimine). The reduction in cell
volume and the use of a thinner layer of coating combine to
improve sensitivity and reduce peak width greatly.

CONCLUSIONS

Piezoelectric crystals coated with a layer of the lipophobic
basic polymer, poly(ethylenimine) have been shown to func-
tion as versatile sorption detectors for low concentrations of
organic acids dissolved in nonpolar hydrocarbons. Repro-
ducible oscillation behavior for coated crystals immersed in
liquids has been achieved under both static and flowing
conditions. The method offers potential not only as an
analytical tool but also for the provision of thermodynamic
and kinetic information regarding polymer-solute and poly-
mer-solvent interactions. In terms of the application of these
devices as liquid chromatography detectors, some improve-
ment in response time would be required in order to allow for
the short residence time of eluting components in the flow
cell. The chemical and physical structure of the coating, the
film thickness, and the flow cell volume and geometry all
influence the response time and scope for further optimization
of these parameters is available. In addition the individual
response characteristics of each type of acidic compound could
be utilized by employing an array of crystals each coated with
a different basic polymer. Data analysis techniques such as
pattern recognition could then be used for more thorough
identification of species present in complex mixtures. This
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approach has been successfully applied in the case of crystals
oscillating in the gas phase, using the array method combined
with multivariate analysis (22-24). This is particularly ap-
propriate in systems in which no prior separation step has been
performed. Industrial process stream monitoring and pe-
troleum and fuel quality measurements are potential areas
for the exploitation of these devices.
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Simultaneous Multielement Determination of Trace Metals
Using 10 mL of Seawater by Inductively Coupled Plasma
Atomic Emission Spectrometry with Gallium Coprecipitation and

Microsampling Technique
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Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan, and
Department of Applied Chemistry, Faculty of Engineering, Nagoya University, Furo-cho, Chikusa-ku,

Nagoya 464, Japan

By use of a 10-mL sample, the concentrations of several trace
elements in seawater were determined simultaneously by
inductively pled pl atomic ion spectrometry.
The techniques empioyed were coprecipitation with gallium
hydroxide and microsample introduction. A preconcentration
factor of 200 times was achieved by dissolving gallium pre-
cipitate with 50 uL of nitric acid. The solution of one drop size
(50 ul) was introduced Iinto the plasma via a cross-flow
nebulizer. Integration time and sample volume were exam-
ined in detall for the optimization of the measurement con-
ditions of the microsampling technique. With internal stand-
ardization using galiium, the concentrations of Al, Ti, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Y, and Pb were determined. The detection
limits of these elements ranged from 500 (Pb) to 10 ng/L (Cu
and Zn). The precisions of most elements for unacidified
coastal seawater are about 10%, and accuracy for Mn, which
is the only element measurable for an acidified seawater
standard, is fairly good. The analytical procedure of the
present method is so simple that about 50 samples could be
preconcentrated and analyzed in 1 h. This method was ap-
plied to the analysis of some natural seawaters, and it was
found that this method was effective, especially for the
analysis of seawaters where the available sample volume was
very small.

1Present address: Department of Earth Sciences, The Open
University, Walton Hall, Milton Keynes MK7 6AA, England.
2Nagoya University.

INTRODUCTION

So far the volume of seawater required for trace metal
analysis has been usually about the liter level. Recently
marine chemists have paid much attention to some local
phenomena occurring at hydrothermal vents and in deep sea
biological communities. In such cases, the amount of the water
sampled is quite small and maximum information is sought.
Thus, the portion of the sample assigned to trace metal
analysis is often limited. The development of a method to
determine trace metal concentrations using small amounts
of seawater is desirable.

Inductively coupled plasma atomic emission spectrometry
(ICP-AES) enables us to determine various trace metals in
solution simultaneously. Some preconcentration prior to ICP
analysis is, however, necessary to determine the low concen-
trations of trace elements in seawater containing interfering
salts. A variety of preconcentration techniques have been
proposed for seawater analysis by [CP-AES (I-5). The present
authors developed the coprecipitation method for trace metals
in seawater by using gallium as a coprecipitation reagent
followed by ICP-AES measurement (1) and found that this
method is a unique coprecipitation technique associated with
magnesium in seawater (6). Although the gallium coprecip-
itation has several unique advantages (little spectral inter-
ference in ICP-AES measurements and little contamination
from a hydroxide solution for pH adjustment), it requires 1
L of seawater sample.

Microsampling techniques have been used for the intro-
duction of the microliter volume solution into ICP-AES (7-9).

0003-2700/90/0362-0081$02.50/0 © 1989 American Chemical Society
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Table I. Instrumental Components and Operating
Conditions

spectrometer Jarrell-Ash Plasma Atomcomp MK II
frequency 27.12 MHz
rf output power 1.1 kW

coolant gas
auxiliary gas
carrier gas
observation height

argon, 15 L/min
argon, 0.5 L/min
argon, 1.0 L/min
17 mm above work coil

nebulizer cross-flow
polychromator Paschen-Runge (75 cm focal length)
grating 2400 grooves/mm
reciprocal linear 0.54 nm/mm at 270 nm.
dispersion
entrance slit width 25 pm
exit slit width 50 um

monochromator Ebert (50 cm focal length)

Table II. Wavelength and Detection Limit of the Elements

detection limit, ug/L

with
. preconcn
wave- micros sabm- and
length, ﬂ_ﬁ continu- microsam-
element nm 50 uL. 100 uL ous pling®
Al I 308.2 70 40 20 0.35
Ti II 334.9 9 10 2.7 0.05
\% II 292.4 30 20 3.3 0.45
Cr I 205.5¢ 30 40 25 0.15
Mn II 2576 ] [ 15 0.04
Fe 11 259.9 9 10 8.3 0.05
Co J8i 228.6 20 13 4.2 0.11
Ni I 2316 60 35 31 0.32
Cu 1 324.7 5 4 2.4 0.016
Zn I 213.8% 5 5 2.4 0.015
Y 11 371.0 7 5 1 0.040
Mo 1 202.0 9 20 14 3
Cd I 228.8 20 8 12 0.24
Pb I 2203 90 90 70 0.45

2Second-order lines used. ?Integration time of 5s. Final sam-
ple volume is 50 pL and integration time is 5 s.

Uchida et al. evaluated the microsampling technique for
ICP-AES (7) and they reported that internal standardization
improved the precision of analytical results.

In the present paper, the microsampling technique is ap-
plied to the solution preconcentrated by the gallium copre-
cipitation method. After careful examination of the effec-
tiveness of gallium as an internal reference element and op-
timization of the experimental procedure, it has been found
that the combined technique of gallium coprecipitation and
microsample introduction can be successfully applied to the
determination of trace metals using only 10 mL of seawater.

EXPERIMENTAL SECTION

Chemicals and Apparatus. Almost all chemicals used were
the same as used in the previous study (I). Gallium solutions
of 250 ug/mL were prepared by dissolving 99.99% pure metal
(Wako Chemical Co., Ltd.) in HCL. Sodium hydroxide (Suprapur
grade, Merk Co., Ltd.) was used for the preparation of 0.1 M
NaOH solution.

An ICP-AES system, Jarrell-Ash AtomComp Mk 11, was op-
erated under the conditions listed in Table I. The analytical
wavelengths of analytes are shown in Table II. For pipetting
the gallium and NaOH solutions, an Eppendorf micropipet of
changeable volume (100-1000 pL) was used. All glass and
polyethylene ware used were well cleaned by soaking them in 1:1
HNO; solution for a week, followed by rinsing with pure water.

Seawater Samples. Coastal seawaters from Tokyo Bay and
hydrothermal waters from the Loihi Seamount, HI, were used
in the analysis of natural seawater. The coastal and hydrothermal
waters were collected in the cruises by research vessels, Tan-
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Figure 1. Peak profiles obtained for various volumes of samples

containing 1 mg of Ga/mL at Ga 1 417.2 nm. The arrow in the figure
indicates time of sample injection. Sample volumes aspirated were
100 ul (a), 50 uL (b), and 25 ul (c).

sei-Maru and Hakuho-Maru, from the Ocean Research Institute,
the University of Tokyo. In the recovery test, artificial seawater
prepared by following the prescription by Kester et al. (10) was
used.

Recommended Procedure. Exactly 10 mL of unacidified
seawater was placed into a centrifugation glass tube with a pipet.
Two hundred microliters of 250 ug/mL gallium solution was
added, followed by agitation. Gallium dissolves in the solution.
Then a certain amount of 0.1 M NaOH solution, which was
previously determined with a pH meter using reference seawater,
was added in order to adjust the pH of the sample solution to
9.1. After the sample solution was shaken for homogenization,
the test tube was centrifuged at 3000 rpm for 30 min. A small
amount of jellylike precipitate adhered to the bottom of the tube.
After the supernatant fluid was removed, 5 mL of pure water was
carefully poured into the tube and discarded. The precipitate
remained adhering to the tube. Finally, 50 uL of 1 M HNO;,
solution was added in order to dissolve the precipitate just before
the ICP-AES measurement. The end of a capillary tube leading
to a nebulizer was placed at the bottom of the centrifugation tube,
and the emission signals were integrated for 5s. After the 50-uL
sample was aspirated, the capillary tube was immediately returned
to pure water.

RESULTS AND DISCUSSION

Peak Profile of Gallium Obtained by Microsampling.
The peak profiles obtained by aspirating microliter volumes
of gallium solution were examined. This experiment was
necessary to determine the timing of the start of integration
in the ICP-AES measurement. The observed peak profiles
are shown in Figure 1, for which the concentration of gallium
in the solution was 300 ug/mL and the emission intensity of
Ga was monitored at Ga I 417.2 nm. The peak height in-
creased with the volume aspirated. When more than 100 uLb
of sample was introduced, the peak reached a plateau, as can
be seen in Figure 1. The width of the peak also varied with
the sample volume and became larger when the volume was
increased. From these results, a time of 3 s after the sample
aspiration was chosen to start the integration.

Influence of Air Aspiration to Background Intensity.
In the case of the microsampling technique, air was often
aspirated together with sample solution when the end of ca-
pillary tube was moved from one solution to another. Thus,
the influence of air aspiration for various periods on ICP
background intensity was investigated. Figure 2 shows the
results of the experiment, where the changes in background
intensity are given as the equivalent concentrations of analytes.
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Figure 2. Effect of air aspiration on background intensity in ICP-AES:
(O) Ni 11 231.6 nm, (®) Cu I 324.7 nm, () Zn I 213.8 nm, and (<)
Y I1 371.0 nm.

The background intensity was influenced by air aspiration.
With an air aspiration of 1 s, all the analytes showed increases
in background intensity. The increase might be due to dis-
charge temperature enhancement caused by the interruption
of water aspiration. When the length of air aspiration was
more than 1 s, the background intensities for all the elements
except Zn decreased with air aspiration time. However, the
changes in the background levels for all the elements with 1-s
air aspiration were within the range of the detection limits
obtained by the microsampling method (see Table II). In the
case of the microsampling technique, the air aspiration time
could be shortened to less than 1 s with some practice, and
thus the influence of air aspiration to analytical results became
negligible.

Dependence of Detection Limit on Integration Time
and Sample Volume. To optimize integration time and
sample volume in the microsampling technique, the detection
limit was examined. The detection limits were calculated for
the concentrations of analytes corresponding to 3 times the
standard deviations of the background intensities. These
intensities were obtained by aspirating microsamples (con-
taining 500 ug/mL of Ga and 500 pg/mL of Mg) 10 times. The
sample volumes examined were 50 and 100 uL. The inte-
gration times studied were 15, 10, 7, 5, 3, and 2s. Almost all
the elements investigated gave the smallest detection limits
when the integration time was 5 or 3 s regardless of the sample
volume. In Table II the detection limits for integration time
of 5 s are shown. Roughly speaking, the detection limits
obtained at the integration times of 15 and 2 s were 2 times
poorer than those of 5s. These may be due to the inefficient
detection of the transient emission signals from the analytes
and the relatively large variation of background intensity. For
3-s integration times, careful timing of sample aspiration was
required. Thus, 5 s was chosen. Generally the detection limit
for the sample volume of 100 pL was slightly better than those
of 50 pL.. Taking the preconcentration ratio into consideration
for the detection limit, the 50-yL sample volume is advan-
tageous over 100 uL. Thus the natural samples were con-
centrated to 50 uL.

The detection limits obtained by usual continuous nebu-
lization are also shown in Table II. The detection limits of
most elements obtained by the microsampling method were
3 times poorer than those for the continuous nebulization
method.

The detection limits for seawater obtained under the op-
timized conditions are shown in Table II. They were estimated
by dividing the detection limits obtained under the optimized
conditions by the preconcentration factor for each element.
The preconcentration factors were about 200 for most ele-
ments except for some elements with poor recoveries such as
V, Mo, and Cd as shown in the later section. These detection
limits were low enough to detect Al, Ti, Mn, Fe, Co, Cu, Zn,
and Y in coastal seawater (I, 1I).
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Figure 3. Intensity ratio of Al to Ga with changes of signal integration
time and sample volume in microsampling technique. A test solution
of 5 mg of Al/L and 250 mg of Ga/L was used. The figure put on the
right of each line is the mean and standard deviation of all the data
for each fine.

Internal Standardization Using Gallium and Recovery
of Analytes. As Uchida et al. pointed out (7), the use of
internal standardization improves the precision of analytical
results in the microsampling technique. In the present study,
the usefulness of gallium as an internal reference element was
examined by considering the following experimental conditions
and procedures. Firstly, in the coprecipitation preconcen-
tration a definite amount of gallium was added to the sample.
Secondly, the recovery of gallium in the coprecipitation pro-
cedure was quantitatively estimated, and finally, the con-
centration of gallium in natural seawater was negligibly low
compared to that added (12).

In the case of microsampling technique, small variations
in integration time and sample volume aspirated alter the
signal intensities of the analytes. We anticipated that the
internal standardization will compensate for these variations.
The ratios of the intensities of the analytes to that of gallium
were examined under various conditions by using the test
solution which contained analytes and gallium at certain
concentrations. Under the same experimental conditions used
in the estimation of the detection limit, the test was done for
sample volumes of 100 and 50 uL and integration times of 15,
10,7, 5,3, and 25. As an example, the results for Al are shown
in Figure 3. The fluctuation of gallium intensity, as an
indication of deviations in aspirated volume and integration
time, was large with short integration time. It sometimes
fluctuated as much as 30%, but the intensity ratio of alu-
minum to gallium only gave a small fluctuation. The ratios
were almost constant against change in integration time. The
ratios for sample volume of 100 xL were slightly higher than
those for sample volume of 50 pl.. Such differences were
observed for other elements. The differences seem to observe
the rule that with larger volumes higher ratios are obtained
for the elements measured at atomic lines and lower ratios
for those at ionic lines. The differences in the ratios for most
elements between 100 and 50 uL are smaller than 5%, but
those for V, Ni, Cd, and Pb are 6-9%. We neglected these
differences because the variation in sample volume is fairly
small. These experimental results indicate that gallium is a
useful internal reference element for compensation of aspi-
rated volume and integration time variations.

As long as the initial sample volume and the gallium con-
centration added is exactly known, the change of the pre-
concentration factors of analytes can be corrected by using
the gallium concentration in the preconcentrated sample.
Thus, the standard deviations of recoveries of the analytes
were examined after the correction by the internal stand-
ardization. The artificial seawater spiked with analyte ele-
ments was treated by the same coprecipitation procedure. The
results of the recovery and its standard deviation are sum-
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Table III. Recoveries® of Analytes after Internal
Standardization with Gallium Obtained by the Gallium
Coprecipitation and Microsampling Technique

recovery £ recovery +
element std dev, % element std dev, %
Al 101.0 £ 2.1 Ni 93.5 £ 3.9
Ti 98.8 £ 0.6 Cu 94.0 = 4.7
A% 335 % 4.2 Zn 98.3 + 5.6
Cr 1007 £ 7.9 Y 91.0 % 5.4
Mn 783 % 89 Mo 1.3 £ 04
Fe 95.9 £ 6.3 Cd 424+ 7.2

Co 924 + 4.8 Pb 98.8 = 11.2

“Number of replicate analyses was five.

Table IV. Concentrations® of Metal Impurities in Artificial
Seawater Obtained by the Gallium Coprecipitation and
Microsampling Technique

conen % std conen % std
element dev, ug/L element dev, ug/L

Al 4505 Ni 2.2 + 0.3
Ti 0.59 £ 0.1 Cu 0.51 £ 0.04
Cr 0.30 £ 0.3 In 12.56 £ 0.6
Mn 5612 Y 0.22 + 0.06
Fe 1.5+£0.2 Cd 0.54 £ 0.13
Co 0.58 £ 0.18 Pb 39£06

4 Number of replicate analyses was four.

marized in Table III. In this experiment, the standard de-
viation of the concentration of gallium in five preconcentrated
solutions was 110 pg/mL, with an average concentration of
280 ug/mL. Although the gallium concentration showed such
a large fluctuation, the standard deviation of recovery of each
analyte obtained after the internal standardization was very
small. The recovery values for these analytes were almost
identical with those obtained by the conventional gallium
coprecipitation method using 1 L of seawater. These results
suggested that the internal standardization using gallium was
effective enough to compensate the analytical variation caused
by the deviations of preconcentration ratio and/or recovery.

Contamination from the Preconcentration Procedure.
The contaminations caused by NaOH and gallium solutions
were determined (I). They were less than the concentrations
corresponding to the detection limits (Table II) except for Fe
from NaOH and Cr from gallium. The contamination due
to centrifugation in a glass tube was also estimated by re-
peating the centrifugation procedure with a new tube each
time. Contaminations of Ti, Co, Y, Cd, and Pb were detected.
The contamination levels for Ti, Co, Y, Cd, and Pb from a
single centrifugation corresponding to the original sample were
5, 10, 5, 10, and 30 ng/L, respectively. They were less than
the detection limits shown in Table II.

Precision and Aceuracy. The precision of the present
method was examined by using artificial seawater. The
analytical results and their standard deviations are shown in
Table IV. The precisions obtained were around 10% for these
trace elements at microgram-per-liter or sub-microgram-
per-liter levels. The precisions for V, Cr, Mo, and Cd were
not as good probably due to their nonguantitative recoveries.
The poor precision for Y could be due to the insufficient
detection limit of Y.

As we pointed out in the previous papers (I, 6), gallium
dissolves in unacidified seawater. This property of gallium
enables us to use unacidified samples and to reduce, therefore,
the amount of hydroxide solution in pH adjustment as well
as serious contamination from hydroxide solution. Unfortu-
nately, all the seawater standards are acidified, and they are
not suitable for the accuracy test of the present method. When

Table V. Analytical Results® for Coastal Seawater
Obtained by the Gallium Coprecipitation and
Microsampling Technique

conen % std conen % std

element dev, pg/L element dev, pg/L
Al 44 %04 Cu 0.05 £ 0.01
Ti 0.84 + 0.5 Zn 2.4 £03
Mn 16£2 Y 0.14 + 0.05
Fe 3.1x0.2 Cd 019 £ 0.1
Co 3.8+ 04 Pb 59+08
Ni 5.5+ 0.5

¢ Number of replicate analyses was two.

Table VI. Analytical Results for Hydrothermal Waters
from Loihi Seamount, HI, by the Gallium Coprecipitation
and Microsampling Technique

concentration, ug/L

depth, m Fe Mn Ni
744 1.7 -8 2.1
793 1.7 - 1.1
843 2.3 - 17
893 2.2 0.08 2.5
917 3.6 -4 2.4
942 4.5 0.06 32
967 2.2 0.10 71
992 11 0.30 45
1016 2.5 - 72
1041 29 0.74 51
1066 43 1.6 61
1091 29 0.68 1.0
1116 49 0.45 84
1140 31 0.45 2.7
1190 13 0.17 1.2

2Not detected.

we analyzed coastal seawater standard, CASS-1, using Su-
prapur grade sodium hydroxide from Merck, only Mn can be
measured without serious contamination from sodium hy-
drozide. The analytical result for Mn in CASS-1 was 2.7 ug/L,
with standard deviation of 0.3 (n = 3), which is slightly higher
than the certified value of 2.27 & 0.17 ug/L. The contami-
nation from the sodium hydroxide estimated by the previous
impurity test corresponding to the sample is 0.3 pug/L, which
explains well the difference between the obtained and certified
values. We wish to mention that the accuracy of the gallium
coprecipitation method using a 1-L sample has been examined
by comparison with the chelating exchange method (4, 13).

Application to Natural Seawater Analysis. The present
method was applied to natural seawater analysis. In Table
V, the analytical results of seawaters from the Tamagawa
River estuary in Tokyo Bay are given. The results of the
duplicate analyses were consistent. These concentrations
seemed slightly higher compared with those reported earlier
for different samples of Tamagawa River estuary (11). The
seawater samples were preconcentrated without filtration. The
concentrations obtained by the present method appear to
reflect the total concentration, because not only dissolved
species but suspended particles precipitated in the coprecip-
itation procedure and might be introduced into ICP. In this
coastal area, most trace elements were contained in suspended
particles (14, 15).

The present technique was applied to the analysis of lim-
ited-volume seawater samples. The samples were seawater
collected near the hydrothermal vents of Loihi Seamount, HI,
and were analyzed without filtration. The analytical results
are given in Table VI. Although the samples were acidified
to pH 2 with nitric acid, the clear depth profiles of Fe, Mn,
and Ni are observed as shown in Figure 4. The same sea-
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Figure 4. Vertical distributions of Mn, Fe, and Ni in seawaters collected
near the Loihi Seamount, HI: (—O-) data obtained for filtered samples
by the conventional gallium coprecipitation method (ref 16), (---X---}
data obtained for unfiltered samples by the present galiium coprecip-
itation method with microsampling technique.

waters were also analyzed with the conventional gallium co-
precipitation method using 1 L of filtered sample (I), and
results (16) also are given in Figure 4. The profiles show
several anomalies in the concentration of Fe, Mn, and Ni and
are very similar to that of CH, and *He concentrations (16).
The depths of the anomalies were consistent with those of the
hydrothermal vents (16). Compared with the results obtained
by using both the present and previous methods, the con-
centration levels for Mn and Ni obtained by both were very
similar at every depth. While the shape of the depth profile
of Fe by the present method was very similar to that by the
previous conventional method using 1 L of seawater, the
concentration level obtained by using the present method was
about 2 or 3 times higher than those obtained previously. The
present method was applied to the unfiltered samples and the
previous method to the filtered ones. In both cases, the
acidified samples were used. The comparison between the
results obtained by both the methods seems to provide some
important implications on the chemical species of these metals.
The significant amount of Fe in the hydrothermal waters may
have existed in silicate particles, which are barely soluble by

acid. On the other hand, Mn and Ni may exist in particles
soluble by acid or in solution.

The present method was almost free from the time-con-
suming procedure of precleaning of sample bottles. Moreover,
the time required for the analysis was much shorter than that
by any other techniques. With the present method, precon-
centration and ICP-AES measurements of 50 samples could
be carried out in 1 h. This method is suitable for on-board
preconcentration and subsequent on-land measurement.
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TECHNICAL NOTES

Determination of Urinary Mercury with an Automated Micro Batch Analyzer

Liu Ping and Purnendu K. Dasgupta*

Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 79409-1061

Recently, we have described a new method to determine
the total Hg content of water and urine samples by fast low-
temperature digestion of the sample by Fenton’s reagent
(FeSO4 + H,0,) to convert all forms of Hg in the sample into
inorganic Hg prior to reduction by NaBH, and air purging
to deliver the elemental Hg to a conductometric gold film
sensor (I). Excellent agreement was established for reference
water, wastewater, and urine standards and for blind com-
parisons of worker urine samples with the values of total Hg
as determined by conventional acid digestion and cold vapor
atomic absorption spectrometry. In terms of occupational
health related measurements, the measurement of Hg in body
fluids is routinely needed because of its wide industrial use.

An automated version of the new procedure would be par-
ticularly useful to meet the need of busy industrial hygiene
laboratories. Because the method involves the formation of
a precipitate, Fe(OH),, at one point in the process, neither
flow injection nor segmented flow analytical schemes can be
easily adapted. The procedure, however, was easily adapted
to an automated micro batch analyzer (AMBA) recently de-
veloped in this laboratory (2, 3). The operation and per-
formance of this automated urinary Hg analyzer are described
in this note.

EXPERIMENTAL SECTION

Reagents and Instrumentation. The experimental system

0003-2700/90/0362-0085$02.50/0 © 1989 American Chemical Society
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Figure 1. Instrument schematic: R1-R4, pressurized liquid reservoirs; V1-V9, logic-addressabie valves; M, alkaline cartridge filter; IC, iodized
charcoal filter; T, thermistor; H, heater; RC, reaction chamber; P, peristaltic pump.

Table I. Reagent Composition and Delivery Lines

reagent composition delivery line
R1 NaBH, (Fisher), 2% (w/v) prepared 0.71 mm id., 1.4
daily

m
R2  0.25 M H,80, 0.86 mm id., 1.3

m
RS H,0, 5% (v/v) 0.86 mm i.d., 1.3

m
R4 FeSO,(NH,),S0,6H,0 satd + 1% 0.86 mm id., 1.4

(w/v) NH,OH-HCl +1 mL cone m; sheathed

H,50,/100 mL with nylon tube
to exclude
oxygen

is schematically shown in Figure 1. The heart of the system is
the reaction chamber RC, shown in detail in the inset. Different
liquids (R1-R4) are delivered from Ny-pressurized reservoirs (5.6
psi) via PTFE tubes and electrically actuated on/off valves V1-V4.
The reagent compositions and delivery line details are given in
Table I. The rinse solution tube enters through the upper side
walls of the chamber, the terminus being exactly atop the NaBH,
delivery tube, such that during rinsing, any lingering drops of the
latter are washed down. The other lines enter through the top
of RC. The R4 delivery line terminates in a 26-gauge hypodermic
stainless steel needle tip, covered externally by the PTFE tube.
The fine orifice improves reproducible dispensing of small reagent
aliquots. The urine sample from the autosampler is aspirated
by a peristaltic pump into the loop (203 % 0.7 uL, gravimetrically
determined for water as sample, n = 5) of V5/V6 (dashed ports
connected). Next, V5/V6 is turned off to switch to the inject mode
(dotted ports connected), V8 is turned on, and 2.5 psi N, blows
the sample into RC. The sample delivery tube protrudes 42 mm
from the top into the chamber. A cartridge heater (*/g X 1}/,
in., Watlow, St. Louis, MO) sheathed in a Pyrex sleeve and a
precalibrated thermistor (type P30, Thermometrics, Edison, NJ)
sealed in a 1.5 mm o.d. glass tube also enter from the top to depths
of 38 and 36 mm, respectively. The heater is operated at 80 V
and a simple thermostating circuitry maintains the temperature

at 50 % 0.5 °C during digestion.

The chamber is machined from 1.5 in. PTFE rod; the lid is
affixed to the top by three screws and an O-ring seal. The tubes
are push-fit to the chamber. A double three-way large orifice (1.5
mm) valve (type 860-T-041, Neptune Research, Inc., Maplewood,
NJ) constitutes V7/V9; the latter is used here in the two-way
mode. The other valves (all of inert construction) and their control
by a programmable microprocessor driven process controller
(Micromaster LS, Minarik Electric, Los Angeles, CA) have been
previously described (2, 3). The eight relay outputs of the con-
troller were assigned as V1, V2, V3/V4, V5/V6/autosampler (see
below), V7/V9, V8, heater, and flash desorption pulse to the
Jerome 801 mercury monitor (Arizona Instruments, Jerome di-
vision, Jerome, AZ).

The sources and preparation of various mercury standard so-
lutions and urinary mercury standards have been previously
described (I). The air inlet to the Hg monitor is protected by
a small cartridge filter M filled with an alkaline adsorbent
(Mallcosorb, Mallinckrodt Inc.). The sensor film of the monitor
is thermally regenerated daily before use.

Autosampler Construction. An inexpensive autosampler
(under $800) was made by modifying a commercial fraction
collector (Model 2110, Bio-Rad Laboratories, Richmond, CA). The
fraction collector advances one tube in response to an external
signal, e.g., a contact closure. The sampler intake is a 0.5 mm
id. 1.5 mm o.d. Tefzel tube (Dionex Corp., Sunnyvale, CA),
sharpened to a point at the tip and thermally shaped to provide
a stiff straight 10 cm end. This is firmly attached to the threaded
end of the piston of a miniature double acting pneumatic actuator
of 4 in. displacement (type SDR-05-4-B, Clippard Instruments,
Cincinnati, OH) controlled by two air solenoid valves operated
with b psi air. The fraction collector is affixed on a baseboard
provided with a standard !/, in. diameter laboratory support rod
and the probe tip is positioned by clamps to occupy the location
of the drop forming head. With the actuator retracted, the probe
tip is clear of the sample tubes (13 X 100 mm culture tubes,
covered optionally with Parafilm), permitting free rotation of the
sample tray. With the actuator extended, the probe tip punctures
the Parafilm cover and descends, to within a few millimeters of
the bottom of the sample tube. In operation, as the control output
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Table II. Operation Sequence

time, § He VvV, Vp, Vg Vo V5 Vg V; Vg
0.0-15.0 on on
15.0-20.0 on
20.0-35.0 on on
35.0-42.0 on on on
42.0-282.0 on on
282.0-283.0 on on on
283.0-285.8 on on
285.8-405.8 on
405.8-406.0 on
406.0-420.0 on on
420.0-429.0 on on
429.0-443.0 on on
443.0-452.0 on on
452.0-466.0 on  on

¢ Denotes heater circuit.

Vo

on
on

on

function

sample loaded into loop

sample delivered to chamber

distilled water loaded into loop

Fenton’s reagent and distilled water delivered to chamber
digestion at 50 °C

Fenton’s reagent delivered to chamber

sodium borohydride delivered to chamber

mercury vapor collected on gold coil

collector coil flash heated, mercury carried to gold film sensor
contents of chamber discarded

rinse solution delivered to chamber

contents of chamber discarded

rinse solution delivered to chamber

contents of chamber discarded

governing V5/V6 turns on, the probe tip descends into the sample
tube. An auxiliary relay also turns on, providing power to the
peristaltic type sample aspiration pump P, and the sample is
loaded into V5/V6. As the control output goes off, the probe
retracts, the sample pump stops, and the sample tray advances
one tube. With some flow restriction to the vent port of the
appropriate air solenoid, the probe tip descends relatively slowly,
while its retraction remains fast. However, since the suction pump
starts at the same time the actuator is activated, this results in
air being aspirated into the tube prior to the sample, thus resulting
in a segment of air between individual samples which minimizes
CarTyover.

RESULTS AND DISCUSSION

Operation. The temporal sequence of events appears in
Table II. Following the delivery of the sample into the
chamber, water is aspirated into the sample loop and delivered
into RC. This procedure greatly reduces sample carryover.
Next, 2.5 mL of HyOy and 0.1 mL of Fe(II) solution are de-
livered simultaneously. Following a 4-min digestion period,
a second smaller shot (250 uL of HyOy and 10 uL of Fe(II))
of Fenton’s reagent is added. This repeat addition is done
for the following reason. For an occasional sample, the HyO,
is totally consumed during the digestion step. Under these
conditions, the addition of the alkaline reducing reagent causes
immediate formation of some Fe(OH),, as evidenced from
greenish black color of the resulting precipitate. In our ex-
perience, the loss of reproducibility in the recovery of Hg is
associated with the formation of Fe(OH),. If additional Hy0,
or Fenton’s reagent is added following the digestion period,
no precipitation of Fe(OH), occurs.

The second shot of Fenton's reagent is followed by the
addition of 1 mL of NaBH,. Note that except for the initial
sample loading period, V8 remains continuously on, admitting
2.5 psi Ny and the gas bubbles through the solution at a rate
of 60 mL/min. This bubbling mixes the solution and the exit
gas proceeds through V7 (dotted port connected), through the
alkaline filter M into the gold-plated collection coil of the
Jerome 301 mercury monitor. Elemental Hg is liberated as
soon as the NaBH, is added and the Nj carrier gas purges it
from the solution onto the collector. The air aspiration pump
of the Hg monitor is internally set at 1.1 L/min. To provide
its remaining aspiration requirement, room air, freed from any
mercury by an iodized charcoal filter cartridge (IC), is drawn
through a makeup tee. The liberated Hg is collected for 2 min;
preliminary experiments established that this period is suf-
ficient to essentially quantitatively collect the Hg. Following
the collection period, a momentary pulse applied to the Jerome
301 causes the instrument to go into a flash desorption step
wherein the collector is electrically heated and the liverated
Hg passes over to the gold film conductometric sensor and
the resulting peak is recorded on a strip chart recorder (I).

100ug/L

__.JL_‘L M U Blank

Figure 2. Typical system output.

Finally, the drain valve V9 is turned on and V7 is simulta-
neously switched, disconnecting the Hg monitor from the
system and allowing the pressurized N to force the contents
of RC to waste. The chamber is then washed twice with
several milliliters of the rinse solution, the contents being
discarded each time. At the conclusion of this step, the system
is ready to receive another sample.

Performance. The instrument output was found to be
linear with mercury concentration in the sample from the limit
of detection to the highest concentration studied (200 ug/L),
with a correlation coefficient better than 0.999 and a near-zero
intercept (equivalent to the calculated response from a 0.5
ug/L sample). Based on a 8/N value of 3 as the limit of
detection (LOD) (4), the LOD is 500 pg of Hg or 2.5 ug/L for
a 200-uL. sample. The LOD is proportionately decreased for
a higher sample volume. Figure 2 shows typical instrument
performance for duplicate sample injections, from left to right:
100 ug/L aqueous standard, reference urine sample A, ref-
erence urine sample B, blank. The stated Hg content of the
reference samples were 50 + 10 and 20 £ 6 pg/L; the measured
values (48.0 £ 0.6 and 20.5 + 0.3, respectively, n = 3) were
in excellent agreement. Over the period the instrument has
been in operation, the worst-case precision of the determi-
nation has been observed to be 2.4% (100 ug/L sample, n =
7.

The reaction chamber RC in this application is deliberately
much larger than that used in previous AMBA systems (ca-
pacity 6.5 vs 1.5 mL in ref 2 and 3) which have been used for
microtitrations (using potentiometric, colorimetric or con-
ductometric sensors), for colorimetric or fluorometric mea-
surements in homogeneous solution, or in systems involving
solvent extraction and volatile analyte distillation. The de-
tector used for the present dedicated application system is
mass-sensitive. Consequently, the ability to handle a larger
sample volume in the reaction chamber translates to a better
concentration LOD. Although sample volumes larger than
200 uL are not necessary for urinanalysis, the other intended
application for this AMBA system is wastewater samples
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where better concentration LOD’s will be needed.
Mercury has a pronounced tendency to adsorb to surfaces
and thus sample carryover in automated analysis systems is
of particular concern. Carryover is reduced to less than 2.4%
in the present system by alternating sample tubes with tubes
containing water in the autosampler carousel and following
the sample injection immediately with a water injection, as
shown in Table I. Of course, this reduces the actual sample
capacity of the autosampler by a factor of 2. However, with
a capacity of 80 tubes, the instrument can still operate
unattended for over 5 h and assay 40 samples in the process.
It has been pointed out to us (C. J. Patton, U.S. Geological
Survey, personal communication, 1989} that the autosampler
described here with its pneumatically driven sample probe
is essentially a reincarnation of a device described by Thiers
et al. more than 2 decades ago (5). Indeed, the Thiers et al.
device was more sophisticated in that it used two intercon-
nected actuators mounted in an X-Y plane to allow the probe
to be lowered into a stationary wash solution between samples.
Thus, the sample capacity of the carousel was not sacrificed.

Such a design could be used profitably for analysis systems
with greater analytical throughput rate. In any case, this type
of an autosampler design is completely suitable for all cases
where sample availability is not a problem. Because com-
parable commercial offerings typically cost 5 times as much,
such designs should be worthy of consideration.

Registry No. Hg, 7439-97-6.
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MANUSCRIPT REQUIREMENTS

The following guide is published by the Editors of ANALYTICAL CHEMISTRY fo aid authors
in writing, and edifors and reviewers in expediting review and publication of manuscripts .

SCOPE. The journal is devoted to the dissemination of
knowledge concerning all branches of analytical chemistry.
Articles either are entirely theoretical with regard to analysis
or are reports of laboratory experiments that support, argue,
refute, or extend established theory. Articles may contribute
to any of the phases of analytical operations, such as sampling,
chemical reactions, separations, instrumentation, measure-
ments, and data processing. They need not refer to existing
or even potential analytical methods in themselves, but may
be confined to the principles and methodology underlying such
methods. Articles dealing with minor modifications of known
analytical methods should offer either a unique application
of or a significant improvement over existing analytical
methods.

In addition to regular research papers, Correspondence and
Technical Notes are published. Correspondence may be brief
disclosures of new analytical concepts of unusual significance.
They may also represent important comments on the work
of others, in which case the authors of the work being discussed
will, ordinarily, be allowed to reply. Technical Notes should
be brief descriptions of novel apparatus or techniques, re-
quiring real ingenuity on the author’s part, which offer definite
advantages over similar ones already available.

Papers involving extensive use of computers will be judged
by the usual criteria of originality, technical content, and value
to the field. They should include a statement of the objectives
and the procedural steps to the objective, and the results.
However, details of procedural steps, including programs,
should be omitted. Availability of the latter through com-
mercial collections or by writing to the author should be clearly
indicated in the text. Computational techniques for calcu-
lations of well-known analytical methods cannot be considered.
SUBMISSION OF MANUSCRIPTS. Papers submitted
to ANALYTICAL CHEMISTRY are considered with the under-
standing that they have not been published and are not under
consideration elsewhere.

Four complete copies of the manuscript are required. All
copy must be typed double- or triple-spaced on 22 X 28 cm
(8'/5 X 11 in.) or A4 paper on one side only (if a printer is
used, it must be high quality), with text, tables, and illus-
trations of a size that can be mailed to reviewers under one
cover.

In addition, include with your manuscript: (i) any paper
of yours that is in press or under consideration eisewhere and
includes information that would be heipful in evaluating the
work submitted to Analytical Chemistry; (i) written per-
mission from any author whose work is cited as a personal
communication, unpublished work, or work in press but who
is not an author of your manuscript.

Reviewers suggested by authors may be used at the dis-
cretion of the editors.

Send all copies of the manuscript with cover letter to
ANALYTICAL CHEMISTRY, 11565 Sixteenth St., N.W., Wash-
ington, DC 20036 (202-872-4570; FAX 202-872-6325).
TITLE. Use specific and informative titles with a high
keyword content. Avoid trade names. Indicate, where ap-
plicable, compound or element determined, method, and
special reagents (e.g., “Spectrophotometric Determination of
Thallium in Zine and Cadmium with Rhodamine B”). Do not
use symbols, abbreviations, or series designations. Use one
complete title rather than a title and subtitle. Careful at-
tention should be paid to the choice of words (e.g., deter-
mination or analysis, etc.) to reflect correct usage.

AUTHORSHIP. Give authors’ names in as complete a form
as possible. First names, initials, and surnames should be
included. Omit professional and official titles. Give the
complete mailing address of the place where the work was
done and include the telephone number of the corresponding
author. Add the current address of each author, if different,
on the title page of the manuscript using & numerical su-
perscript and footnote to indicate the difference. The cor-
responding author is indicated by an asterisk.
ABSTRACT. Abstracts are required for all manuscripts, but
will not be published with Correspondence and Technical
Notes. The abstract (80-200 words) should describe briefly
and clearly the purpose of the research, the principal results,
and the major conclusions. State the objectives of the study,
the limits of detection, the degree of accuracy and precision,
and the major unique reagents, times, and temperatures, but
avoid the lengthy stepwise recipe. The abstract should be
essentially independent of the main text. Remember that the
abstract will be the most widely read portion of the paper and
will be used by the various abstracting services.
TEXT. Consult the publication for general style. Write for
the specialist. Do not include information and details or
technigues that should be common knowledge to the specialist.
General Organization. Indicate the breakdown among
and within sections with center heads and side heads. Results
and Discussion follow Experimental Section. Keep all in-
formation pertinent to a particular section within that section
(e.g., do not present results in the Experimental Section).
Avoid repetition. Do not use footnotes for descriptive or
explanatory information; include the information at an ap-
propriate place in the text.

INTRODUCTION
The introduction should state the purpose of the investi-
gation and its relation to other work in the same field, but
should not include an extensive review of the literature. If
the manuscript describes a new method, reasons should be
given why it is preferable to older methods.

EXPERIMENTAL SECTION

Use complete sentences (i.e., do not use outline form). Be
consistent in voice and tense.

AppARATUS. List only devices of specialized nature. Do not
include equipment that is standard in an analytical laboratory
and used in the normal way.

ReaGENTS. List and describe preparation of special reagents
only. Do not list reagents normally found in the laboratory
and preparations described in standard handbooks and texts.

PrOCEDURE. Since all procedures are intended as in-
structions for other workers, give adequate details of critical
steps to permit the work to be repeated by a qualified analyst.
Published procedures should be cited but not described, except
where the presentation involves substantially new modifica-
tions. Omit details of procedures that are common knowledge
to those working in the field.

Safety Considerations: Describe all safety consider-
ations, including any procedures that are hazardous, any
reagents that are toxic, and any procedures requiring
special precautions, in enough detail so that workers
repeating the experiments can take appropriate safety
measures. Appropriate procedures and references for
the neutralization or deactivation, as well as ultimate
disposal, of byproducts should be included.
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RESULTS AND DISCUSSION

The results may be presented in tables or figures; however,
many simple findings can be presented directly in the text
with no need for tables or figures. The discussion should be
concise and deal with the interpretation of the results. In most
cases combining results and discussion in a single section will
give a clearer, more compact presentation.

CONCLUSIONS

Use conclusions only when necessary for interpretation and
not to summarize information already given in the text or
abstract.
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the source of special materials.
LITERATURE CITED. References that are considered part
of the permanent literature should be numbered in one con-
secutive series by order of mention in the text. However, the
complete list of literature citations should be placed on a
separate page, double-spaced, at the end of the manuscript.
Reference numbers in the text should be placed in parentheses
and on line. Repetition should be avoided by using the
number corresponding to the original reference. Descriptive
or explanatory (footnote) material should not routinely be
given a reference number or included in the literature cited.
This material should be included in the body of the text.

Use Chemical Abstracts Service Source Index abbreviations
for journal names and include publication year, volume, and
page number (inclusive pagination is recommended). Include
Chemical Abstracts reference for foreign publications that
are not readily available. List submitted articles as “in press”
only if formally accepted for publication, and give the volume
number and year if known. Otherwise use “submitted to” or
“unpublished work” with place where work was done and date.
Include name, affiliation, and date for “personal
communications”.

Please use the format given in the following examples.
(1) Koile, Ross C.; Johnson, Dennis C. Anal. Chem. 1979, 51,

T41-744.
(2) Willard, Hobart H.; Merritt, Lynne L., Jr.; Dean, John A;

Settle, Frank A., Jr. Instrumental Methods of Analysis,

6th ed.; Van Nostrand: New York, 1981; Chapter 2.
CREDIT. On a separate page, give credit for financial sup-
port, meeting presentation information, and auspices under
which work was done, including permission to publish. In the
JOURNAL this information will immediately follow the received
and accepted dates, and is not a part of the Acknowledgments.
FIGURES AND TABLES. Do not use figures or tables that
duplicate each other or material already in the text. Straight
line graphs will not normally be published; give the infor-
mation in a table, or in a sentence or two in the text. Do not
include tables or figures that have already been published.

Tables. Prepare tables in a consistent form, furnish each
with an appropriate title, and number consecutively with
Roman numerals in the order of reference in the text. Type
each table on a separate page, and collate at the end of the
manuscript.

Figures. Submit original drawings (or sharp glossy prints)
of graphs and diagrams prepared on tracing cloth or plain
white paper. If structures are given in the text, original
drawings are to be provided. All lines, lettering, and num-
bering should be sharp and unbroken. If coordinate paper
is used, use nonphotographic blue cross-hatch lines. Use black

India ink and a lettering set for all letters, numbers, and
symbols. Do not use a typewriter to letter illustrations.

Design illustrations to fit the width of one journal column
(8.3 cm). The width of original drawings should be twice the
publication size. Letters and symbols should be about 4 mm
high on the original (2 mm in reduced journal version). Lines
should be drawn with a light (#1 Leroy for graph grids),
medium (#2 Leroy for graph borders or reference lines), or
heavy {#5 Leroy for graph curves or emphasis) thickness on
the original. Lettering on copy should be in proportion. Label
ordinates and abscissas of graphs along the axes and outside
the graph proper.

Supply good prints of photographs. Sharp contrasts are
essential. Label each figure on the back with the name of the
corresponding author and the figure number.

Number all figures consecutively with Arabic numerals in
the order of reference in the text.

If drawings are mailed under separate cover, identify by
name of author and title of manuscript.

Color reproduction is possible provided the author bears
all incremental charges. An estimate of these charges will be
given upon request. A letter acknowledging the author’s
willingness to defray the cost of color reproduction should
accompany the revised manuscript.

Figure Captions. Include, on one page, a list of all captions
and legends for illustrations. Make the legend a part of the
caption rather than inserting it within the figure. Keep
captions as brief as possible and include detailed information
in the text.

BRIEF. On a separate page, state in 80 words or less the
significant results obtained, emphasizing precision and ac-
curacy data when possible. Do not repeat the title. No Briefs
are necessary for Correspondence or Technical Notes.
NOMENCLATURE. Nomenclature should conform with
current American usage. Insofar as possible, authors should
use systematic names similar to those used by the Interna-
tional Union of Pure and Applied Chemistry and the Chemical
Abstracts Service. For CA nomenclature advice consult the
Manager of Nomenclature Services, P.O. Box 3012, Chemical
Abstracts Service, Columbus, OH 43210. A name generation
service is available through the Registry Services Department,
Chemical Abstracts Service, P.0. Box 3343, Columbus, OH
43210.

Avoid trivial names. Well-known symbols and formulas
may be used (write out in title and abstract) if no ambiguity
is likely. Define trade names and abbreviations at point of
first use. First letter of trade names is capitalized.

Use SI units of measurement (with acceptable exceptions)
and give dimensions for all terms. If nomenclature is spe-
cialized, as in mathematical and engineering reports, include
a Nomenclature section at end of paper, giving definitions and
dimensions for all terms. Type all equations and formulas
clearly and number all equations in consecutive order.

For specialized nomenclature used by this JOURNAL, see
“Guide for Use of Terms in Reporting Data in ANALYTICAL
CHEMISTRY”, “Spectroscopy Nomenclature”, and “SI Units”,
which appear annually, with the “Manuscript Requirements”,
at the end of the technical section in the first issue of the year.
From time to time, ANALYTICAL CHEMISTRY publishes special
nomenclature guides promulgated by various organizations.

General information about American Chemical Society
publications, including preparation of manuscripts, is given
in The ACS Style Guide (1986), available from Distribution
Office, American Chemical Soclety, 1155 16th St., N.W.,
Washington, DC 20036 (800-227-5558 in the continental U.S.;
in Washington, DC, or outside the U.S., call 202-872-4363).
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Guide for Use of Terms in Reporting Data in
ANALYTICAL CHEMISTRY

We have compiled the following list of frequently used terms and their definitions from ASTM Publication E456, 1989 Edition (Committee E-11

on Statistical Methods).

Precision refers to the closeness of agreement between ran-
domly selected individual measurements or test results.
Accuracy refers to the closeness of agreement between an
observed value and an accepted reference value.
Standard deviation is the most usual measure of the dis-
persion of observed values or results expressed as the positive
square root of the variance.

Variance is a measure of the squared dispersion of observed
values of measurements expressed as the sum of the squared
deviations from the population mean or sample average.
Bias is a systematic error that contributes to the difference
between a population mean of the measurements or test re-
sults and an accepted reference or true value.

Uncertainty is an indication of the variability associated with
a measured value that takes into account two major compo-
nents of error: bias and the random error attributed to the
imprecision of the measurement process.

Repeatability is the closeness of agreement between mutually
independent test results obtained with the same method in
the same laboratory by the same operator with the same
equipment within short intervals of time using test specimens
taken at random from a single sample of material.
Reproducibility is the closeness of agreement between test
results obtained in different laboratories with the same test
method using test specimens taken at random from the same
sample of material.

Spectroscopy Nomenclature

We have compiled the following list of frequently used terms , their definitions , and abbreviations. Sources used in this compilation were: ASTM
Committee E 131 on Molecular Spectroscopy (1984 revision} and ASTM Committee E 135 on Analytical Afomic Spectroscopy (1986 revision).

Absorbance, A. The logarithm to the base 10 of the recip-
rocal of the transmittance, 7.

A =logy (1/T) =-log;, T

Absorptivity, a. The absorbance divided by the product of
the concentration of the substance and the sample path length,
a = A/bc. The units of b and ¢ shall be specified.

Note 1. The recommended unit for b is the centimeter.
The recommended unit for ¢ is kilogram per cubic meter.
Equivalent units are g/dm?, g/L, or mg/cm®.

NoTE 2. The equivalent IUPAC term is “specific absorption
coefficient”.

Absorptivity, Molar, e. The product of the absorptivity, q,
and the molecular weight of the substance.

NoTe. The equivalent IUPAC term is “molar absorption
coefficient”.

Analysis. The ascertainment of the identity or concentration,
or both, of the constituents or components of a sample. See
determination.

Coneentration, ¢. The quantity of the substance contained
in a unit quantity of sample.

NoTte. For solution work, the recommended unit of con-
centration is grams of solute per liter of solution.
Detectable Limit. Not recommended, see detection limit.
Detection Limit. A stated limiting value that designates the
lowest concentration or mass that can be estimated or de-
termined with confidence and that is specific to the analytical
procedure used.

NoTe. Unless otherwise stated, the detection limit is as-
sumed to have a confidence interval of about one standard
deviation.

Determination. The ascertainment of the quantity or con-
centration of a specific substance in a sample. See analysis.
Electromagnetic Radiation. Energy propagated by an

electromagnetic field. The electromagnetic spectrum includes
the following approximate wavelength regions:

region wavelength, A
v ray 0.005 to 1.40 (0.5 to 140 pm)
X-ray 0.1 to 100 (0.01 to 10 nm)

far-ultraviolet
near-ultraviolet
visible
near-infrared
middle-infrared
far-infrared
microwave

100 to 2000

2000 to 3800
3800 to 7800

7800 to 30000

3 X 10%to 3 x 10°
3 X 10%t0 3 x 108
3 X 10° to 10%

(10 to 200 nm)
(200 to 380 nm)
{380 to 780 nm)
(0.78 to 3 um)
(3 to 30 um)

(30 to 300 um)
0.3 mm to 1 m)

Frequency, ». The number of cycles per unit time.
NoTE. The recommended unit is the hertz (Hz) (one cycle
per second).
Spectrograph. An instrument with one slit that uses pho-
tography to obtain a record of a spectral range simultaneously.
The radiant power passing through the optical system is in-
tegrated over time, and the quantity recorded is a function
of radiant energy.
Spectrometer. An instrument with an entrance slit and one
or more exit slits, with which measurements are made either
by scanning the spectral range, point by point, or by simul-
taneous measurements at several spectral positions. The
quantity measured is a function of radiant power.
Spectrophotometer. A spectrometer with associated
equipment, so designed that it furnishes the ratio, or a function
of the ratio, of the radiant power of two beams as a function
of spectral position. The two beams may be separated in time,
space, or both.
Spectroscopy. The branch of physical science treating the
theory and interpretation of spectra.
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Wavelength, \. The distance, measured along the line of
propagation, between two points that are in phase on adjacent
waves.

Transmittance, T. The ratio of the radiant power trans-
mitted by the sample to the radiant power incident on the
sample.

SI Units

The move toward the usage of the International System of Units (SI) has been agreed to by ACS editors as general ACS policy. Although, in
principle, the change to strict SI usage is desirable, necessary adjustments dictated by practical reality must be considered. This guide gives
authors an idea of what exceptions are acceptable in articles published in ANALYTICAL CHEMISTRY. Also included are the SI base units, derived
units, and prefixes. Units that are not compatible with SI or the acceptable exceptions, but which must be used in a manuscript, should be followed
by the SI equivalent in parentheses, e.g., 1-in. {2.5-cm) tubing or 1-in. (2.54-cm) tubing. The number in the SI equivalent shouid include only

as many digits as are significant for any particular use.

SI Base Units

SI Prefixes

Length meter m 1018 exa E
Mass kilogram kg 10 peta P
Time second 5 1012 tera T
Electric current ampere A 100 giga G
Thermodynamic temperature kelvin X 108 mega M
Amount of substance mole mol 10° kilo k
Luminous intensity candela cd 10* hecto h
1
(supplementary units) %g—x ngia ga
Pla}ne angle radian rad 1072 centi ¢
Solid angle steradian ST 1073 milli n
103 micro u
SI Derived Units ig—u ;iacr:)o g
Area square meter m? 10715 femto £
Concentration mole per cubic meter  mol/m?® 10718 atto a
Density kilogram per cubic kg/m?
meter Acceptable Exceptions
Velocity meter per second m/s Area barn
Volume cubic meter m? Concentration molal = mole per kilogram (m = mol kg™)
Wavenumber 1 per meter m! molar = mole per liter (M = mol L™); not
(with special names) Conductance m}{zrzrsxzil)or normal
Capacitance farad F Density gram per cubic centimeter (g/cm?)
Conductance siemens S Energy electronvolt (eV); also keV, MeV
Electric charge, coulomb C Length angstrom (A) i i
quantity of electricity Plane angle degree (°), minute (), second ()
Electric potential, volt v Pressure atmospher,e (atm) bar, torr
potential difference, Radioactivity of disintegrations pe; second (dps)
electromotive force radionuclides
En;;iﬁ't;:;rokf’ heat joule J Second-order rate 1 per (mole per liter) per second (M s7)
constants
Force newton N Temperature degree Celsius (°C)
ﬁ;quency hertz Hz Time minute (min), hour (h), day (d), etc.
Ingum;;inc(;e iﬁ:;uy E Volume . liter (L), n}illiliter (m_I{.), microliter (uL)
Tuminous flow Tmon Im Wavenumber 1 per centimeter (cm™)
Magnetic flux weber Wh
Magnetic flux density tesia T
Power watt w
Pressure pascal Pa
Radioactive activity becquerel Bq
Resistance ohm Q
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Ethical Guidelines to Publication
of Chemical Research

The guidelines embodied in this document were adopted by
the editors of the Books and Journals Division (now the
Publications Division) of the American Chemical Society in
January 1985, endorsed by the Society Committee on Pub-
lications, and reaffirmed at the 1989 conference of Editors.

PREFACE

The American Chemical Society serves the chemistry
profession and society at large in many ways, among them by
publishing journals which present the results of scientific and
engineering research. Every editor of a Society journal has
the responsibility to establish and maintain guidelines for
selecting and accepting papers submitted to that journal. In
the main, these guidelines derive from the Society’s definition
of the scope of the journal and from the editor’s perception
of standards of quality for scientific work and its presentation.

An essential feature of a profession is the acceptance by
its members of a code that outlines desirable behavior and
specifies obligations of members to each other and to the
public. Such a code derives from a desire to maximize per-
ceived benefits to society and to the profession as a whole and
to limit actions that might serve the narrow self-interests of
individuals. The advancement of science requires the sharing
of knowledge between individuals, even though doing so may
sometimes entail foregoing some immediate personal advan-
tage.

With these thoughts in mind, the editors of journals pub-
lished by the American Chemical Society now present a set
of ethical guidelines for persons engaged in the publication
of chemical research, specifically, for editors, authors, and
manuscript reviewers. These guidelines are offered not in the
sense that there is any immediate crisis in ethical behavior,
but rather from a conviction that the observance of high
ethical standards is so vital to the whole scientific enterprise
that a definition of those standards should be brought to the
attention of all concerned.

We believe that most of the guidelines now offered are
already understood and subscribed to by the majority of ex-
perienced research chemists. They may, however, be of
substantial help to those who are relatively new to research.
Even well-established scientists may appreciate an opportunity
to review matters so significant to the practice of science.

Formulation of these guidelines has made us think deeply
about these matters. We intend to abide by these guidelines,
strictly, in our own work as editors, authors, and manuscript
reviewers.

GUIDELINES

A. ETHICAL OBLIGATIONS OF EDITORS OF
SCIENTIFIC JOURNALS

1. An editor should give unbiased consideration to all manu-
scripts offered for publication, judging each on its merits without
regard to race, religion, nationality, sex, seniority, or institutional
affiliation of the author(s). An editor may, however, take into
account relationships of a manuscript immediately under con-
sideration to others previously or concurrently offered by the same
author(s).

2. An editor should consider manuscripts submitted for
publication with all reasonable speed.

3. The sole responsibility for acceptance or rejection of a
manuscript rests with the editor. Responsible and prudent ex-
ercise of this duty normally requires that the editor seek advice
from reviewers, chosen for their expertise and good judgment,
as to the quality and reliability of manuscripts submitted for
publication. In reaching a final decision, the editor should also
consider additional factors of editorial policy.

4. The editor and members of the editor’s staff should not
disclose any information about a manuseript under consideration
to anyone other than those from whom professional advice is
sought. (However, an editor who solicits, or otherwise arranges
beforehand, the submission of manuscripts may need to disclose
to a prospective author the fact that a relevant manuscript by
another author has been received or is in preparation.) After
manuscripts have been accepted for publication, the editor and
members of the editor’s staff may disclose or publish manuscript
titles and authors’ names, but no more than that unless the
author’s permission has been obtained.

5. An editor should respect the intellectual independence of
authors.

6. Editorial responsibility and authority for any manuscript
authored by an editor and submitted to the editor’s journal should
be delegated to some other qualified person, such as another editor
of that journal or a member of its Editorial Advisory Board.
Editorial consideration of the manuscript in any way or form by
the author-editor would constitute a conflict of interest, and is
therefore improper.

7. Unpublished information, arguments, or interpretations
disclosed in a submitted manuscript should not be used in an
editor’s own research except with the consent of the author.
However, if such information indicates that some of the editor’s
own research is unlikely to be profitable, the editor could ethically
discontinue the work. When a manuscript is so closely related
to the current or past research of an editor as to create a conflict
of interest, the editor should arrange for some other qualified
person to take editorial responsibility for that manuscript. In
some cases, it may be appropriate to tell an author about the
editor’s research and plans in that area.

8. If an editor is presented with convincing evidence that the
main substance or conclusions of a report published in an editor’s
journal are erroneous, the editor should facilitate publication of
an appropriate report pointing out the error and, if possible,
correcting it. The report may be written by the person who
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B. ETHICAL OBLIGATIONS OF AUTHORS
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resource created at considerable cost. An author therefore has
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and reference to public sources of information to permit the
author’s peers to repeat the work.
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5. Any unusual hazards inherent in the chemicals, equipment,
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in a manuscript reporting the work.
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scientist who has done extensive work on a system or group of
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gives a well-rounded account of a particular aspect of the general
study. Fragmentation consumes journal space excessively and
unduly complicates literature searches. The convenience of
readers is served if reports on related studies are published in
the same journal, or in a small number of journals.

7. In submitting a manuscript for publication, an author should
inform the editor of related manuscripts that the author has under
editorial consideration or in press. The relationships of such
manuscripts to the one submitted should be indicated.

8. It is in general inappropriate for an author to submit
manuscripts describing essentially the same research to more than
one journal of primary publication. However, there are exceptions
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“communication” or “letter”) of the same work.

9. An author should identify the source of all information
quoted or offered, except that which is common knowledge.
Information obtained privately, as in conversation, correspond-
ence, or discussion with third parties, should not be used or
reported in the author’s work without explicit permission from
the investigator with whom the information originated. Infor-
mation obtained in the course of confidential services, such as
refereeing manuscripts or grant applications, should be treated
similarly.
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criticism, even severe criticism, of the work of another scientist.
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papers. However, in no case is personal criticism considered to
be appropriate.

11. The co-authors of a paper should be all those persons who
have made significant scientific contributions to the work reported
and who share responsibility and accountability for the results.
Other contributions should be indicated in a footnote or an
“Acknowledgments” section. An administrative relationship to
the investigation does not of itself qualify a person for co-au-
thorship (but occasionally it may be appropriate to acknowledge
major administrative assistance). Deceased persons who meet
the criterion for inclusion as co-authors should be so included,
with a footnote reporting date of death. No fictitious name should
be listed as an author or co-author. The author who submits a
manuscript for publication accepts the responsibility of having
included as co-authors all persons appropriate and none inap-
propriate. The submitting author should have sent each living
co-author a draft copy of the manuscript and have obtained the
co-author’s assent to co-authorship of it.

C. ETHICAL OBLIGATIONS OF REVIEWERS OF
MANUSCRIPTS

1. Inasmuch as the reviewing of manuscripts is an essential
step in the publication process, and therefore in the operation
of the scientific method, every scientist has an obligation to do
a fair share of reviewing.

2. A chosen reviewer who feels inadequately qualified to judge
the research reported in a manuscript should return it promptly
to the editor.

3. A reviewer (or referee) of a manuscript should judge ob-
jectively the quality of the manuscript, of its experimental and
theoretical work, of its interpretations and its exposition, with
due regard to the maintenance of high scientific and literary
standards. A reviewer should respect the intellectual inde-
pendence of the authors.

4. A reviewer should be sensitive to the appearance of a conflict
of interest when the manuscript under review is closely related
to the reviewer’s work in progress or published. If in doubt, the
reviewer should return the manuscript promptly without review,
advising the editor of the conflict of interest or bias. Alternatively,
the reviewer may wish to furnish a signed review stating the
reviewer’s interest in the work, with the understanding that it
may, at the editor’s discretion, be transmitted to the author.

5. A reviewer should not evaluate a manuscript authored or
co-authored by a person with whom the reviewer has a personal
or professional connection if the relationship would bias judgment
of the manuscript.

6. A reviewer should treat a manuseript sent for review as a
confidential document. It should neither be shown to nor dis-
cussed with others except, in special cases, to persons from whom
specific advice may be sought; in that event, the identities of those
consulted should be disclosed to the editor.

7. Reviewers should explain and support their judgments
adequately so that editors and authors may understand the basis
of their comments. Any statement that an observation, derivation,
or argument had been previously reported should be accompanied
by the relevant citation. Unsupported assertions by reviewers
(or by authors in rebuttal) are of little value and should be avoided.

8. A reviewer should be alert to failure of authors to cite
relevant work by other scientists, bearing in mind that complaints
that the reviewer’s own research was insufficiently cited may seem
self-serving. A reviewer should call to the editor’s attention any
substantial similarity between the manuscript under consideration
and any published paper or any manuscript submitted concur-
rently to another journal.

9. A reviewer should act promptly, submitting a report in a
timely manner. Should a reviewer receive a manuscript at a time
when circumstances preclude prompt attention to it, the unre-
viewed manuscript should be returned immediately to the editor.
Alternatively, the reviewer might notify the editor of probable
delays and propose a revised review date.

10. Reviewers should not use or disclose unpublished infor-
mation, arguments, or interpretations contained in a manuscript
under consideration, except with the consent of the author. If
this information indicates that some of the reviewer’s work is
unlikely to be profitable, the reviewer, however, could ethically
discontinue the work. In some cases, it may be appropriate for
the reviewer to write the author, with copy to the editor, about
the reviewer’s research and plans in that area.

D. ETHICAL OBLIGATIONS OF SCIENTISTS
PUBLISHING OUTSIDE THE SCIENTIFIC
LITERATURE

1. A scientist publishing in the popular literature has the same
basic obligation to be accurate in reporting observations and
unbiased in interpreting them as when publishing in a scientific
journal.

2. Inasmuch as laymen may not understand scientific ter-
minology, the scientist may find it necessary to use common words
of lesser precision to increase public comprehension. In view of
the importance of scientists’ communicating with the general
public, some loss of accuracy in that sense can be condoned. The
scientist should, however, strive to keep public writing, remarks,
and interviews as accurate as possible consistent with effective
communication.

3. A scientist should not proclaim a discovery to the public
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however, be aware that extensive disclosure of research in the
public press might be considered by a journal editor as equivalent
to a preliminary communication in the scientific literature.



COPYRIGHT STATUS FORM

Name of American Chemical Society Publication

Author(s) —
Ms No.
Ms Title _ e
Received
This manuscript will be considered with the understanding you have submitted it on an
exclusive basis. You will be notified of a decision as soon as possible.
r R [THIS FORM MAY
tor
e BE REPRODUCED]
10r's
‘e and
ress
L _l
COPYRIGHT TRANSFER

The undersigned, with the consent of all authors, hereby transfers, to the extent that there is copyright to be transferred, the exclusive copyright interest in
the above cited manuscript (subsequently referred to as the “work”) to the American Chemical Society subiject to the following (Note: if the manuscript is
not accepted by ACS or if it is withdrawn prior to acceptance by ACS, this transfer will be nuil and void and the form will be returned.):

A. The undersigned author and all coauthors retain the right to revise, adapt, prepare derivative works, present orally, or distribute the work provided
that all such use is for the personal noncommercial benefit of the author(s) and is consistent with any prior contractual agreement between the
undersigned and/or coauthors and their employer(s).

B. Inallinstances where the work is prepared as a “work made for hire" for an employer, the employer(s) of the author(s) retain(s) the right to revise,
adapt, prepare derivative works, publish, reprint, reproduce, and distribute the work provided that all such use is for the promotion of its business
enterprise and does not imply the endorsement of the American Chemical Society.

C. Whenever the American Chemical Society is approached by third parties for individual permission to use, reprint, or republish specified articles
(except for classroom use, library reserve, or to reprint in a collective work) the undersigned author’s or employer's permission will also be
required.

D. No proprietary right other than copyright is claimed by the American Chemical Society.

E. For works prepared under U.S. Government contract or by employees of a foreign government or its instrurmentalities, the American Chemical
Society recognizes that government's prior nonexclusive, royalty-free license to publish, translate, reproduce, use, or dispose of the published
form of the work, or allow others to do so for noncommercial government purposes. State contract number: .

SIGN HERE FOR COPYRIGHT TRANSFER [Individual Author or Employer's Authorized Agent (work made for hire)]

Print Author's Name Print Agent's Name and Title

4

Original Signature of Author on Behalf of All Authors (in Ink) "~ Date Original Signature of Agent (in ink)

CERTIFICATION AS A WORK OF THE U.S. GOVERNMENT

This is to certify that ALL authors are or were bona fide officers or employees of the U.S. Government at the time the paper was prepared, and that the work
is a “work of the U.S. Government” (prepared by an officer or employee of the U.S. Government as a part of official duties), and, therefore, it is not subject
to U.S. copyright. (This section should NOT be signed if the work was prepared under a government contract or coauthored by a non-U.S. Government
employee.)

INDIVIDUAL AUTHOR OR AGENCY REPRESENTATIVE

Print Author's Name Print Agency Represe;ﬁétive's Name and Title

Datem

Origiﬁal Signature of Author (in Ink Original Signature of A ;;Eyiﬂepresentativé’(m'Ink“)’
) 9 g 9

FOREIGN COPYRIGHT RESERVED (NOTE: If your government permits copyright to be transferred, refer to section E and sign this form in the top
section.)
It ALL authors are employees of a foreign government that reserves its own copyright as mandated by national law, DO NOT SIGN THIS FORM.
Please check this box as your request for the FOREIGN GOVERNMENT COPYRIGHT FORM (Biue Form) which you will be required 1o sign. i you
check this box, mail this form to: Copyright Administrator, Books and Journals Division, American Chemical Society, 1155 Sixteenth Street, N.W..
Washington, D.C. 20036, U.S.A.






For Over
Six Decades...

ANALYTICAL
CHEMISTRY A%

r

2 ARG 1954 ‘
| {4
HeS

il

The Leader in the Field.

ANALYTICAL CHEMISTRY, the world’s foremost publication in the vital field of
measurement science, comes to you semi-monthly packed with more research articles,
special features and application papers.

Keeping pace with the changes has continued to make ANALYTICAL

CHEMISTRY the pinnacle of publications in the field . . . for over 6 decades.
For your personal subscription:

CALL TOLL FREE (800) 227-5558 (U.S. only) Telex: 440159 Ul
Outside U.S. (202) 872-4363 89 2582 ACSPUBS

% American Chemical Society
2N\ 1155 16th St., NW

v Washington, DC 20036




%

. Another FT-IR First From Bio-Rad: -

i e aH

Tell me about the new
Tracer~ GC/IR system.

Our new Tracer GC/IR system offers the sensitivity of
mass spectromeiry and the specificity of infrared spec-
troscopy at an affordable price. For more information on
the Tracer GC/iR system, fill out and return this coupon
to the Bio-Rad Digilab Division, 237 Putnam Ave.,
Cambridge, MA 02139. Or call (617) 868-4330.

Name: :
Title:
Compény: P
Street & No.: __

City & State: _

Phene No.:

Digilab
Division

CIRCLE 12, ON'REABER SERVICE CARD




	Analytical Chemistry 1990 Vol.62 No.1
	Contents
	Briefs
	News
	Instrumentation
	Focus
	New Products
	Analytical Approach
	Author index
	PERSPECTIVE: ANALYTICAL BIOTECHNOLOGY
	ARTICLES
	Reduction of Reequilibration Time following Gradient Elution
Reversed-Phase Liquid Chromatography
	Immobilized 8-0xine Units on Different Solid Sorbents for the
Uptake of Metal Traces
	Copper Determination in Urine by Flow Injection Analysis with
Electrochemical Detection at Platinum Disk Microelectrodes of
Various Radii
	Surface Acoustic Wave Sensor Response and Molecular
Modeling: Selective Binding of Nitrobenzene Derivatives to
(Aminopropyl)triethoxysilane
	How Long Does It Take a Microelectrode To Reach a
Voltammetric Steady State?
	I nfrared Spectroscopic Determination of pH Changes in
Diffusionally Decoupled Thin-Layer Electrochemical Cells
	Multivariate Analysis of Carbon-13 Nuclear Magnetic
Resonance Spectra. Identification and Quantification of
Average Structures in Petroleum Distillates
	Simultaneous Monitoring for Parent Ions of Targeted Daughter
Ions: A Method for Rapid Screening Using Mass
Spectrometry IMass Spectrometry
	Laser Desorption/Fourier Transform Ion Cyclotron Resonance
Mass Spectrometry of Polymer Additives
	Precise Relative Ion Abundances from Fourier Transform Ion
Cyclotron Resonance Magnitude-Mode Mass Spectra
	Determination of Organic Acids in Dilute Hydrocarbon Solution
Using Poly( ethylenimine )-Coated Piezoelectric Crystals
	Simultaneous Multielement Determination of Trace Metals
Using 10 mL of Seawater by Inductively Coupled Plasma
Atomic Emission Spectrometry with Gallium Coprecipitation and
Microsampling Technique

	Techaical Notes
	MANUSCRIPT REQUIREMENTS
	Guide for Use of Terms in Reporting Data in
ANALYTICAL CHEMISTRY
	Spectroscopy Nomenclature
	SI Units

	Ethical Guidelines to Publication
of Chemical Research



