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From the people who pioneered major innovations in nitrogen and sulfur analysis . . .

Model 7000

Sulfur Analyzers
perform nitrogen and/or sulfur determinations on gas,
liquid, and solid samples in as little as one minute.

Model 7000V SA

INISE8H/ Sulfur Analyzer
with Solids Autosampler
automated system for total nitrogen and/or

sulfur analyses of solid samples and viscous
liquids up to 500 mg.

Model 6000
Process/On-line

IS8/ Sulfur Analyzers

total nitrogen and/or total sulfur analyzers for industrial
applications. Available in NEMA 4 enclosure, purged housing,
or explosion proof housing.

-

Model 3000
Gas Chromatograph

microprocessor-controlled, modular GC.
Choose from many detector, injector, and
controller configurations; packed, capillary,
or wide bore columns.

ANTEK

INSTRUMENTS, INC.

Model 705D

Specific
GC Detector
only GC detector available that
is totally specific for nitrogen.
Proven chemiluminescent ’
detector, installed on ANTEK
3000 GC or retrofitted on most
commercial GCs.

For more information or for a free catalog call
World Headquarters:

300 Bammel Westfield Rd., Houston, TX 77090, USA,
(713)580-0339, (800)365-2143, FAX (713)580-0719
European Office:

Wacholderstrasse 7, 4000 Dusseldorf 31, F.R.Germany
0203-74325, FAX 0203-741545, TLX 841 8551136 ANDU D
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' A revolutionary new technology:
The Elemental Fingerprint

This complete 2 dimensional emission IRIS can view and store every }ine of every
spectrum was produced by the IRIS (shown element in the sample. The lines of each
below), the first ICP spectrometer ever to be given element are identified with colored
implemented with CID array technology. brackets (e.g. C, yellow: Co, red; Fe, green).

. .

Interelement interferences are indicated by All of the unencumbered lines of a given
overlapped brackets. Overlapped lines may element may be used to achieve a more
be ignored or corrections may be made. accurate and reproducible determination.

For literature or a demonstration of the many exciting new opportunities offered by the IRIS,
please call (508) 520-1880, or write Thermo Jarrell Ash, 8E Forge Parkway, Franklin, MA 02038.
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shouldn't he agceptable.

In the past, you've probably relied on EPA
standards to evaluate the performance 2
of your lab. However, these “accepted”

standards compare your results to only 2
one other lab. Is that really the best way
to evaluate your quality control?

2 = Frequency Distribution-Chromium

Percent of Data
@

We don’t think so. That's why APG
created the PET. (Proficiency Environ-
mental Testing) program—to provide a -
wider range of comparative performance APG
data against which to evaluate your
lab’s performance. This national inter-
laboratory Performance Evaluation
program compares your results on blind
samples with those of labs throughout o —
the U.S. and gives you a confidential - The Me_asur €
evaluation of your performance. More than 500 of Quality
labs throughout the U.S. and Canada use this unique

program, because they’ve found that Performance

4 Sicides

el 2

*#0C 70! 0
101 105 109 113 117 121 126 130 134 138 142

S’
:- Concentration in ug/L

Evaluation is the most reliable measure of quality. Ana|ytica| Products Group, Inc.
2730 Washington Blvd., Belpre, OH 45714
Call for more information on our PE.T. program. And on Fax: 1-614-423-5588

our Setpoint Standards which are more than acceptable.

1-800-272-4442
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REPORT

On the cover. Analytical chem-
istry in oceanography. Chemi-
cal measurements in the ocean in-
volve a unique set of challenges
related to the composition of sea-
water, the large spatial and tem-
poral scales over which measure-
ments are made, and the frequent
need to perform analyses under
difficult conditions. Kenneth S.
Johnson and colleagues at the
Moss Landing Marine Laborato-
ries bring us up to date on organic
and inorganic constituents, chem-
ical tracers, global chemical cy-
cles, radioisotopes, and sensors in
the medium that makes our world
known as the Blue Planet

REPORT 1076 A

Environmental sampling for
trace analysis. Many new envi-
ronmental programs being intro-
duced in our colleges and univer-
sities stress the study of environ-
mental issues rather than the sci-
entific tools need to investigate
these issues. Few emphasize the
type of laboratory instruction in
analysis that is needed to under-
stand how reliable chemical data
are generated. Ray E. Clement of
the Ontario Ministry of the Envi-
ronment describes a classroom ex-
periment that illustrates sampling
difficulties and analytical errors
that can occur in trace environ-
mental determinations

C OVER: PHOTO OF DSV ALVIN BY ROD CATANACH COURTESY WOODS HOLE OCEANOGRAPHIC INSTITUTION

JPCOMING RESEARCH

1061 A

NEWS

1063 A

Biemann and Hunt receive Edman Award. ¢ Nominations requested for
Dimick Award. * Ford Foundation fellowships for minorities

BOOKS

1082 A

‘Volumes on separation science, HPLC in the pharmaceutical industry, and
‘undamentals and applications of chromatography are reviewed

NEW PRODUCTS & MANUFACTURERS’ LITERATURE

1088 A
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Matheson
and

the
Environment

Special gas mixtures for
environmental compliance,
emissions monitoring, safety and
industrial hygiene.

Backed by Matheson’s
more than 65 years of experience.

The 1990 revision of the Clean Air Act places increasing
restrictions on the discharge of pollutants into the atmosphere
and demands more proof of compliance. Penalties for
noncompliance will increase. Compliance requires verification
by accepted analytical procedures. Analytical data is acceptable
only if instrumentation is calibrated with reliable standards.
Questionable quality of calibration mixtures is intolerable.
Accuracy and consistency must be assumed and verified.

Matheson, the world leader in specialty gases, has successfully
prepared accurate calibration gas mixtures of every variety for
over 65 years. With greater emphasis on pollution abatement
and more demanding compliance requirements, analytical
reliability becomes increasingly critical. Matheson’s experience
is your guarantee that the calibration mixture you receive will
meet the requirement.

If you are involved with compliance testing, air quality
monitoring or industrial hygiene - insist on reliability and
consistency. Insist on Matheson.

World Leacer in Specialty Gases & Equipment

30 Seaview Drive,
Secaucus, NJ 07096-1587

Calibration

Gas Mixtures
rom Matheson

EPA Protocol and NBS Traceable Calibration

Mixitun{es in all Allowable Concentration Ranges

POLLUTANT

Carbon Dioxide
Carbon Monoxide
Hydrogen Sulfide
Methane

Nitric Oxide
Nitrogen Oxide
Oxygen

Propane

Sulfur Dioxide
S0,/0,

S0,/NO

S0,/CO,
S0,/NO/CO

BALANCE GAs

Nitrogen or Air
Nitrogen or Air
Nitrogen or Air
Nitrogen or Air
Nitrogen
Nitrogen or Air
Nitrogen
Nitrogen or Air
Nitrogen or Air
Nitrogen
Nitrogen
Nitrogen
Nitrogen

ifipd Calibration Gas Mixtures for

; Industrial Hygiene

POLLUTANT

Carbon Dioxide
Carbon Monoxide
Ethylene Oxide
n-Hexane
Hydrogen
Hydrogen Sulfide
Methane

Nitric Oxide
Oxygen

Pentane

Pentane and 0,
Pentane, O, and CO
Propane

BALANCE GAS ~ CONCENTRATION RANGES

Air 2000 ppm - 2.5%
Air 20 - 4000 ppm
Nitrogen 1-100 ppm

Air 500 ppm

Air 0.8-2%

Nitrogen 10 - 95 ppm

Air 1-3%

Nitrogen 5-30 ppm
Nitrogen 5%

Air 1000 ppm - 0.75%
Nitrogen 0.75%/15%
Nitrogen 0.75%/15%/60 ppm
Air 0.5 -1.0%

Pdatheson
Gas Products

) rgan‘ié Mixtures (allowable

in Nitrogen in ppm or ppb concentrations)

combi‘rations of the following components

Acetone
Acetonitrile
Benzene

Benzyl Chloride
1,3-Butadiene
Carbon Tetrachloride
Chlorobenzene
Chloroform
Dichlorobenzenes
1,1-Dichloroethane
1,2-Dichloroethane

cis-1,2-Dichloroethylene
1,2-Dibromoethane
Halocarbon 11

Methyl Ethyl Ketone
Tetrachloroethylene
Toluene
1,1,1-Trichloroethane
o-Xylene

Vinyl Chloride
Vinylidene Chloride
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Determination of Thermodynamic Equilibrium Constants 2720
Hideo Yamazaki, R. P. Sperline, and Henry Freiser*

Analytical Spectroscopy and Structure of Biomolecules Using an

ab Initio Computational Method 2726
Yeong Choi and David M. Lubman*

Self-Modeling Mixture Analysis of Second-Derivative
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SCALE UP RELIABILITY

Simple, Economical and Direct

Produced to the Same Exacting Specifications,

E. Merck Silica Based Chromatography Products Provide
the Highest Performance with Identical Selectivity and
Guaranteed Reproducibility Regardless of the

Method and Size of Your Sample

...Makes the Transfer from
Analytical to Prep and
Production Scale Easy,
Reliable, and Reproducible

Use HPTLC to Economically Scan
Chemistries to Determine the Best
Selectvity

E. Merck HPTLC plates are available in a wide
range of bonded phases which provide a fast, easy,
and direct method for product screening. HPTLC
can be particularly useful for “In-Process” control
during prep LC with Lobar® Prepacked Columns.

Lobar Prepacked Glass LC Columns Offer
Convenience, Economy, and Performance
for Preparative Chromatography in the Lab
Lobar (lass Columns are packed with E. Merck
LiChroprep” materials which are guaranteed to
provide identical selectivity. They are a convenient
and cost-effective alternative to HPLC for isolating
prep quantities of product. Available in three sizes
to accommodate a variety of loading capacities.

LiChroprep Packing Materials Guarantee
Selectivity and Reproducibility for Scale Up
E. Merck has produced LiChroprep packing
materials with the same guaranteed selectivity for
over 20 years. Available in four different particle
size ranges, scale up reproducibility is guaranteed.
ORDER DIRECT

For more information call 800/922-1084 or write:

EM SEPARATIONS

A Division of EM Industries, Inc.
480 Democrat Road ® Gibbstown, New Jersey 08027
(609) 224-0742  (800) 922-1084 * FAX: (609) 423-4389
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published in the January 1 issue, p. 107. Guide-
lines for the INSTRUMENTATION, REPORT, ANALYTI-
CAL APPROACH, and A/C INTERFACE features are
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for publication.
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Simultaneous Measurement of the Atomic and Molecular Absorption

of Aluminum, Copper, and Lead Nitrate in an Electrothermal

Atomizer 2743
Judy Ratliff and Vahid Majidi*

Axial Evolution of the Negative Glow in a Hollow Cathode
Discharge 2751
Robert B. Barlow, Steven T. Griffin, and J. C. Williams*

Acridinium Chemiluminescence Detection with Capillary
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Michael A. Ruberto and Mary Lynn Grayeski*

Pyrrole Copolymerization and Polymer Derivatization Studied by
X-ray Photoelectron Spectroscopy 2763
Stephen J. Vigmond, Krishna M. R. Kallury, and Michael Thompson*

Apphcatlon of Linear Prediction to Fourier Transform Ion Cyclotron
R Signals for Accurate Relative Ion Abundance
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(202-872-4539; fax 202-872-4615).
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Secretary, Sarah Rutan (804-367-1298)
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nal article for number of pages. Orders must state
whether for photocopy or for microfiche and give
complete title of article, names of authors, journal,
issue date, and page numbers. Prepayment is re-
quired and prices are subject to change. Order
from Microforms & Back Issues Office at the ACS
Washington address.
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Measurements 2770
Thomas C. Farrar®, John W. Elling, and Mark D. Krahling

Acousto-Optic Tunable Filter as a Polychromator and Its
Application in Multidimensional Fluorescence Spectrometry 2775
Chieu D. Tran* and Ricardo J. Furlan

Horizontal Polymerization of Mixed Trifunctional Silanes on Silica:
A Potential Chromatographic Stationary Phase 2783
Mary J. Wirth* and Hafeez O. Fatunmbi

Quantitative Laser Mass Analysis by Time Resolution of the
Jon-Induced Voltage in Multiphoton Ionization Processes 27187
Israel Schechter*, Harmut Schrioder, and Karl L. Kompa

Mass Spectrometric Analysis of Rubber Vulcanizates by Laser
Desorption/Laser Ionization 2797
Keith R. Lykke*, Deborah Holmes Parker, Peter Wurz, Jerry E. Hunt,

Michael J. Pellin, Dieter M. Gruen, John C. Hemminger, and Robert P.

Lattimer

“52Cf Plasma Desorption Mass Spectrometry in the Synthesis of
Porphyrin Model Systems 2804
Jonathan S. Lindsey*, Tanuja Chaudhary, and Brian T. Chait

Chiral Recognition and Enantiomeric Resolution Based on

Host—Guest Complexation with Crown Ethers in Capillary Zone
Electrophoresis 2815
Reinhard Kuhn*, Fritz Erni, Thomas Bereuter, and Johannes Hiusler

Solute Retention Mechanism in Semipermeable Surface
Chromatography 2821
Hongqgi Wang, Carla Desilets, and Fred E. Regnier*

High-Performance Liquid Chromatographic Method for the
Determination of Ultratrace Amounts of Iron(II) in Aerosols,

Rainwater, and Seawater 2826
Zhen Yi, Guoshun Zhuang, Phyllis R. Brown*, and Robert A. Duce

Capillary Ultrafiltration: In Vivo Sampling Probes for Small

Molecules 2831
Michael C. Linhares and Peter T. Kissinger*

continued on p. 1059 A
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Choice
Offerings.

Choice of injector. Choice of loading. A new choice.

Rheodyne’s Series-25 line of Each injector offers two ways Rheodyne’s new model 7725
injectors for HPLC offers you of loading sample: has all the capabilities of the
four models: 1. You can partially fill the 7125, plus five advanced features:

1. For biotechnology and ion loop. The syringe sets the 1. Continuous flow during
chromatography, the Model volume without wasting switching.

9125. sample. 2. Front-end pressure screw

2. For low-dispersion and 2. Or you can completely fill for easy maintenance.
microbore chromatography, the loop. The loop sets the 3. Wide port angles for
the 8125. volume without need to read improved access to fittings.

3. For general applications, syringe calibrations. There are 4. 2-pL loop accessory.
the widely used 7125 or the ten loop sizes from 5 L to 5. Optional internal position
new 7725, 5 mL. switch.

For information phone your Rheodyne dealer. Or
contact Rheodyne, Inc., PO. Box 996, Cotati, California
94931, U.S.A. Phone (707) 664-9050. Fax (707) 664-8739.

e
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LabGuide

The LabGuide is published as the August 15 is-
sue of ANALYTICAL CHEMISTRY. Begun 38 years
ago by the JOURNAL, the annual LabGuide edition
is designed to be the ultimate buyers’ resource for
chemists. Its comprehensive coverage includes
2250 categories of laboratory products and ser-
vices from more than 1700 companies.

The 1993 edition features a record 40,000 infor-
mative listings detailing manufacturers and distrib-
utors of each product and service. Each listing in-
cludes the company's phone number for fast
action; a more complete listing of the company's
address and branch offices is located in a sepa-
rate section at the back of the book. Sections in-
clude Inst s, and Supplies (in-
cluding new subsections on chromatography and
spectroscopy); Chemicals and Standards; and
Research, Analytical, and Consulting Services.

Putting together such a comprehensive and
useful guide would be impossible without the sug-
gestions and guidance of our advisory board. Cur-
rent members include Duane Bartak (University of
North Dakota), Bob Hosely (Mettler Instruments),
Paul Preidecker (Gilson), K. C. Warawa (Hewlett-
Packard), Ann Cerino (Perkin Elmer), H. M. King-
ston (Duquesne University), Tim Heil (Radian),
Susan Olesik (Ohio State University), Rodger
Stringham (Merck), Bob Wright (Battelle Pacific
Northwest Laboratories), and Sherman Hamel
(Parr Instruments).

Instrumentation in Analytical Chemistry
1988-1991

This recently publlshed book commues a senes
begun as Insty in Anall I Ch

in 1973 by Alan J. Senzel, and contlnuad by Stu-
art A. Borman in the 1980s as Instrumentation in
Analytical Chemistry: Volume 2 and Instrumenta-
tion in Analytical Chemistry: 1982-86. Like its
predec s, Instr ion in Analytical
Chemistry 1988—1991 is designed to provide
readers with updated overviews of analytical tech-
niques and instrumentation drawn from articles
originally published in ANALYTICAL CHEMISTRY's
A pages.

The volume begins with an introduction by
Royce Murray designed to help readers put into
perspective the mett and instrumental
developments that have occurred during the pe-
riod. The book is divided into six topical areas:
Robotics, Computers, and Laboratory Data Man-
agement; Atomic and Molecular Spectroscopy;
Electroanalyncal Chemistry and Chemical Sen-
sors; Sep Mass y; and Sur-
face Analysis. Each secﬂon begins with a short
introduction designed to provide a context for in-
terpreting the articles that follow and to answer
questions such as “What are recent changes in
this field?" and “Why are these techniques impor-
tant?". Copies of Instrumentation in Analytical
Chemistry 1988—1991 are available in clothbound
($44.95), paperbound ($28.95), and student
($16.95) editions from the ACS Distribution Office,
Dept. 390, 1155 16th St., N.W., Washington, DC
20036 (800-ACS-5558).

IR e B

Flow Field-Flow Fractionation of Polymers in Organic Solvents 2836
J J. Kirkland* and C. H. Dilks, Jr.

Determination of Intracellular Species at the Level of a Single
Erythrocyte via Capillary Electrophoresis with Direct and Indirect
Fluorescence Detection 2841
Barry L. Hogan and Edward S. Yeung™

Separation of Boron-Complexed Diol Compounds Using
High-Performance Capillary Electrophoresis 2846
James P. Landers*, Robert P. Oda, and Mark D. Schuchard

Large-Volume Injection in Capillary Supercritical Fluid
Chromatography 2852
Robert M. Campbell*, Hernan ]. Cortes, and L. Shayne Green

Laboratory Evaluation of Polyurethane Foam—Granular Adsorbent
Sandwich Cartridges for Collecting Chlorophenols from Air 2858
Gregory W. Patton, Laura L. McConnell, Mark T. Zaranski, and Terry F.
Bidelman*

Analysis of Phosphite Polymer Stabilizers by Laser Desorption/

Electron Ionization Fourier Transform Ion Cyclotron Resonance

Mass Spectrometry 2862
Xinzhen Xiang, James Dahlgren, William P. Enlow, and Alan G. Marshall*

Correspondence
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UPCOMING
RESEARCH

Secondary lon Emission from Solutions: Time Dependence
and Surface Phenomena

Secondary ion images from droplets of varioas glycerol
solutions show that, in some cases, emission of solute-
characteristic ions is not homogeneous across :he surface
of the droplet. This can account for time-variant signals
in SIMS and in FAB.

M. Scott Kriger and Kelsey D. Cook*, Department of Chem-
istry, University of Tennessee, Knoxville, TN 37995-1600 and
R. T. Short and Peter J. Todd*, Analytical Chemistry Divi-
sion, Oak Ridge National Laboratory, Oak Ridge. TN 37831-
6365

Digital Chemical Analysis of Dilute Microdroplets

Concentration detection limits for fluorescen: molecules
in small samples can be reduced substantially by count-
ing the analyte molecules. Experimental results with
B-phycoerythrin molecules are presented to demonstrate
this concept.

Kin C. Ng, William B. Whitten, Stephen Arnold, and J.
Michael Ramsey*, Oak Ridge National Laboratory, Oak Ridge,
TN 37831

Influence of Tyrosine on the Dual Electrode
Electrochemical Detection of Cu(ll}-Peptide Complexes

Tyrosine increases the anodic sensitivity of Cu(Il)-
peptide complexes: A detection limit of 40—100 fmol (in
20 pL) for bioactive peptides results. Cathodic sensitivity
is decreased because of intramolecular electron transfer
reactions.

Hweiyan Tsai and Stephen G. Weber*, Department of Chem-
istry, University of Pittsburgh, Pittsburgh, PA 15230

Surface Concentrations of Indium, Phosphorus, and
Oxygen in Indium Phosphide Single Crystals afier
Exposure to Gamble Solution

Rutherford backscattering and X-ray photoelectron spec-
troscopy are used to probe the surface of singlz crystals of
indium phosphide that are exposed to synthetic lung
fluid. The indium concentration is depleted to a depth of
10004, and the oxygen content in this layer increases by
24%.

Tami B. Dittmar and Quintus Fernando®, Dzpartment of
Chemistry, University of Arizona, Tucson, AZ 85721 and J. A.
Leavitt and L. C. McIntyre, Jr., Department of hysics, Uni-
versity of Arizona, Tucson, AZ 85721

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

*Corresponding author

Integrated Approach to Surfactant Environmental Safety
Assessment: Fast Atom Bombardment Mass Spectrometry
and Liquid Scintillation Counting To Determine the
Mechanism and Kinetics of Surfactant Biodegradation

Static FABMS and liquid scintillation counting are used
to determine, at the molecular level, the fate of a novel
cationic surfactant in a live sludge matrix. The data are
used to assess the environmental safety of the surfactant
and the accuracy of various environmental fate models.
J.R. Simms, D. A. Woods, D. R. Walley, and T. Keough®,
The Procter and Gamble Company, Miami Valley Laboratories,
P. O. Box 398707, Cincinnati, OH 45239-8707 and B. S.
Schwab and R. J. Larson, The Procter and Gamble Company,
Ivorydale Technical Center, Cincinnati, OH 45217

Quantitative Determination of Sulfonated Aliphatic and
Aromatic Surfactants in Sewage Sludge by lon-Pair/
Supercritical Fluid Extraction and Derivatization Gas
Chromatography/ Mass Spectrometry

Aliphatic and aromatic sulfonated surfactant are quanti-
tatively extracted from sewage sludge as ion pairs using
supercritical CO,. The ion pairs are derivatized in the
injection port of the gas chromatograph and determined
by GC/MS. Precision is 5% RSD.

Jennifer A. Field*, David J. Miller, Thomas M. Field,
Steven B. Hawthorne, and Walter Giger, Swiss Federal In-
stitute for Water Resources and Water Pollution Control
(EAWAG), CH-8600 Diibendorf, Switzerland, and Energy and
Environmental Research Center, University of North Dakota,
Grand Forks, ND 58202

Capillary Isoelectric Focusing with Universal
Concentration Gradient Imaging System Using
Charge-Coupled Photodiode Array

The system includes a 4-cm-long capillary, a He—Ne la-
ser, and a 1024-pixel CCD. Subpicomole levels of proteins
with isoelectric points ranging from 4.7 to 8.8 are sepa-
rated and detected in 1-2 min.

Jiaqi Wu and Janusz Pawliszyn*, Department of Chemistry,
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

Extension of Sedimentation/Steric Field-Flow
Fractionation into Submicrometer Range: Size Analysis of
0.2-15-um Metal Particles

Strong sedimentation forces and high flow rates drive the
minimum diameter for steric FFF to submicrometer lev-
els. Accordingly, sedimentation/steric FFF can fraction-
ate 0.2-15-um metal particles and yield size distribu-
tions in 1-12 min.

Myeong Hee Moon and J. Calvin Giddings*, Field-Flow
Fractionation Research Center, Department of Chemistry, Uni-
versity of Utah, Salt Lake City, UT 84112
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NEWS

Biemann and Hunt Receive Edman Award

Klaus Biemann of the Massachusetts Institute of Tech-
nology (MIT) and Donald F. Hunt of the University of
Virginia were awarded the 1992 Edman Award, spon-
sored by the Millipore Corp. Biemann was recognized
for achievements in protein sequence analysis using MS;
Hunt was recognized for achievements in applying MS
to the microsequence analysis of proteins. The award
was presented Sept. 22 at the 9th International Confer-
ence on Methods in Protein Sequence Analysis in Otsu,
Japan.

Biemann received his Ph.D. at the
University of Innsbruck in 1951 and
taught there until joining the chem-
istry faculty at MIT in 1955. He is
well known for his contributions to
GC/MS, computers in MS, and
structure elucidation of natural
compounds. He was ANALYTICAL
CHEMISTRY's Associate Editor for
MS between 1986 and 1990.

Hunt received his Ph.D. from the
University of Massachusetts in
1967. He joined the chemistry fac-
ulty at the University of Virginia in
1968 and was promoted to professor
in 1978. Hunt’s research interests
include ion—molecule reactions,
chemical ionization MS, and struc-
tural characterization of biological
compounds.

Ford Foundation Fellowships

The National Research Council (NRC) will award ap-
proximately 25 Ford Foundation Postdoctoral Fellow-
ships for Minorities to help young teacher—scholars who
show great promise to achieve recognition in their fields
and to develop professional associations that will make
them more effective in academic research. The fellow-
ships are targeted for' minority groups traditionally un-
derrepresented in the behavioral and social sciences, the
humanities, engineering, mathematics, physical sci-
ences, and biological sciences, and for interdisciplinary
programs composed of two or more of the eligible disci-
plines.

To qualify, the individual must be a citizen or na-
tional of the United States at the time of application
and a member of one of the following minority groups:
native American Indian or Alaskan native (Eskimo or
Aleut), black/African American, Mexican American/Chi-
cano, native Pacific islander (Micronesian and Polyne-
sian), or Puerto Rican. Individuals must be already en-
gaged in a teaching or research career or planning such
a career. They must have earned their Ph.D. or Sc.D. by

Jan. 8, 1993, and must have held it for not more than
seven years as of that date.

The proposed fellowship institution must be one other
than that from which the individual applies; all appli-
cants must have a faculty member or other scholar at
that institution who will act as their host. Qualifying
institutions include universities, museums, libraries,
government or national laboratories, privately spon-
sored not-for-profit institutes, government-chartered
not-for-profit research organizations, and centers for
advanced study. Applicants wishing to affiliate with in-
stitutions outside the United States must submit evi-
dence of the particular benefits that would accrue from
affiliation with a foreign institution. Tenure is for nine
or 12 months and begins on Sept. 1, 1993. The stipend
is $25,000 with a $3000 travel allowance.

Applications will be evaluated on the basis of aca-
demic records; letters of recommendation; and indica-
tions of competence, including competence as a teacher,
if applicable. A plan of study or research that will fur-
ther the individual’s career in higher education must be
submitted. Applicants will be notified in April 1993.

For application material, contact the Fellowship Of-
fice, National Research Council, 2101 Constitution Ave.,
Washington, DC 20418 (202-334-2860). Deadline is
Jan. 8, 1993.

Nominations for 1994 Dimick Award

Nominations are requested for the Keene P. Dimick
Award for Chromatography, which is presented annu-
ally for noteworthy accomplishments in GC and SFC.
This $5000 award, administered by the Society for Ana-
lytical Chemists of Pittsburgh (SACP), is presented at a
Pittsburgh Conference symposium. Selection is based on
overall accomplishments in the fields of GC and/or SFC,
including scientific publications, as well as beneficial
influence on other scientists. There are no restrictions
on age, nationality, sex, or affiliation.

Nominations can be made by sending five copies of a
nomination letter and a complete résumé of the candi-
date to Eli Absey, Keene Dimick Award Committee,
SACP, 300 Penn Center Blvd., Suite 332, Pittsburgh, PA
15235-5503 (412-825-3220). Deadline for nominations is
Jan. 15, 1993.

For Your Information

The deadline for receipt of nominations for the National
Science Foundation’s 18th Alan T. Waterman Award is
Dec. 31. The award, presented annually to an outstand-
ing young scientist, mathematician, or engineer, con-
sists of a grant for up to $500,000 over a three-year pe-
riod. The winner will be announced in May 1993. For
further information, contact Susan Fannoney, National
Science Foundation, 1800 G St., N.-W., Washington, DC
20550 (202-357-7512).
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REPORT

Analytical Chemistry
in Oceanography

Kenneth S. Johnson’,
Kenneth H. Coale, and
Hans W. Jannasch?

Moss Landing Marine Laboratories

P.0. Box 450

Moss Landing, CA 95039

Chemical measurements in the ocean
involve a unique set of challenges re-
lated to the distinctive composition
of seawater, the large spatial and
temporal scales over which measure-
ments are made, and the frequent
need to perform analyses while at
sea under difficult conditions. These
problems are not familiar to many
analytical chemists, in part because
it is unusual to find chemical ocean-
ographers or geochemists in close
contact with their chemistry col-
leagues (I).

Chemical oceanography has been
practiced primarily in departments
or institutions oriented toward ma-
rine or environmental sciences. Our
chemical understanding of the
oceans is, however, directly linked to
the development of the latest analyt-
ical tools and advances in chemistry
and engineering. A report soon to be
issued by the National Research
Council states that a significant in-
crease is needed in our abilities to
observe ocean chemistry and to study
the biological, physical, and chemical
(biogeochemical) processes that con-
trol the flow of chemicals through the
ocean and its linkage with the atmo-
sphere (2). Rapid improvements in
the methods of chemical analysis
available to oceanographers are
needed, particularly with respect to
sensors that can operate in situ and
unattended for long periods of time
on deep-sea moorings. These ad-
vances will require much closer coop-
eration between the analytical chem-
istry and chemical oceanography
communities.

Increasing attention has been fo-
cused on ocean chemistry because of
civilization’s impact on the flow of
chemicals through the sea. On a local
scale, nutrient loading from sources

0003-2700/92/0364-1065A/$03.00/0
© 1992 American Chemical Society

such 2s sewage plants or runoff from
farmland (e.g., ammonia, nitrates,
and phosphates) can lead to in-
creased rates of plant production, or
eutrophication, in surface waters.
Eutrophication is linked to toxic phy-
toplarkton blooms (e.g., red tides)
and greater oxygen demand in the
subsurface waters. Increasing anoxia
in the water column attributable to
eutrophication has had a negative
impact on marine resources in both
the NMew York Bight (3) and the
Cheszpeake Bay (4). A single episode
of anoxia in the New York Bight re-
sulte¢ in a $60 million loss to surf-
clam {ishery alone (3). In many cases,
the impacts of these perturbations
are not recognized or understood be-
cause we lack records of natural
chemical variability in the marine
environment or an adequate means
to monitor it (5).

On a global scale, the flow of chem-
icals through the ocean system is
closely linked to the Earth’s climate.
The ocean holds 60 times more inor-
ganic carbon than does the atmo-
sphere, and perturbations in the flow
of CC,, through the ocean are related
to changes in atmospheric CO, and
global temperature (6). Release of
CO, irom the burning of fossil fuels,
which has resulted in a 30% increase
in atmospheric CO, since 1850, has
the potential to produce even greater
climatic changes than were experi-
encec. over the last glacial cycle (7).
Much of this CO, will enter the
ocear., but the rates of CO, absorp-
tion in seawater are not yet well
known (8). Rapid changes in ocean
circulation may produce large CO,
fluxes between the ocean and the at-
mosghere (9); small changes in ocean
chemistry may also draw large
amounts of CO, from the atmosphere
and regulate climate (10).

Despite the importance of these cy-

*Also affiliated with Monterey Bay Aquarium
Research Institute, 160 Central Ave., Pacific
Grove, CA 95039
2Present address: Monterey Bay Aquarium Re-
search Institute
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cles, there are large gaps in our most
fundamental understanding of the
processes that drive the flow of
chemicals through the ocean. For ex-
ample, we do not understand what
combination of processes controls the
rates at which phytoplankton fix dis-
solved CO, into organic carbon in
large areas of the ocean (11). Yet this
“biological pump” is one of the most
significant processes that acts to re-
distribute dissolved and particulate
chemicals throughout the sea.

Our goal in this REPORT is to high-
light some of the current issues and
problems in chemical oceanography.
It will focus on both the oceano-
graphic questions and the analytical
methods used to address them. This
article will concentrate primarily on
the determination of dissolved chem-
icals. However, cycling of particles in
the marine environment is an
equally important subject that can-
not be easily separated from studies
of dissolved chemicals (12). The areas
in which significant advances in an-
alytical technology are required will
be emphasized. We do not pretend to
offer a comprehensive treatment of
this subject in so few pages, but we
hope to offer the analytical chemist a
sense of the enormous challenge fac-
ing the chemical oceanographer, with
an appreciation for the complexity of
the marine system and the power of
analytical chemistry to unravel the
ocean’s secrets.

Background

The analytical challenges involved in
studying ocean chemistry are formi-
dable. Only seven ions are present in
seawater at concentrations > 1 mM.
These major ion electrolytes consti-
tute > 99.5% of the dissolved chemi-
cals in seawater and dramatically af-
fect the rates and equilibria of
chemical reactions in the sea. Hidden
within this matrix of major ions are
infinitesimally small quantities of
the remaining elements (Figure 1).
Determination of these trace chemi-
cals is often complicated by the major
ion matrix. Despite their low concen-
tration, the remaining elements may
have a significant influence on global
chemical cycling. A single iron atom,
for instance, is required for each
100,000 molecules of CO, that are
fixed into organic carbon. Lack of
iron, therefore, may control the fate
of enormous amounts of carbon in
the ocean (10, 11).

The sea is also a weak organic soup
that contains up to 300 uM dissolved
organic carbon (DOC), of which
< 10% has been identified (13). Much
of the remaining organic carbon is

humic material, a poorly charzcter-
ized substance of high molecular
weight with extensive unsaturation
and polymerization.

Seawater cannot be considered as
an assemblage of dissolved elements
and compounds alone. Particles of
every size drift, sink, and swim
through the sea. Furthermore, many
of the particles studied by geochem-
ists are actually living organisms. A
typical milliliter of surface seawater
contains on the order of 10 million
viruses, 1 million bacteria, 100,000
phytoplankton, and 10,000 zooplank-
ton. All of these living and nonliving

particles affect the cycling of chemi-
cals in the sea. Many elements and
compounds are passively adsorbed to
the exterior of particles, whereas
others are actively taken up and
transformed by the biota. Biologi-
cally mediated reactions are one of
the major forces that control the
chemical cycling of dissolved trace el-
ements in the ocean (13).

The natural cycles of many chemi-
cals are characterized by large tem-
poral changes in concentration. Daily
variability in the surface waters is
driven by photosynthesis, respira-
tion, photochemical reaction, tidal
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Figure 1. Plot of concentrations of seawater components, spanning 15 orders of

magnitude.

The horizontal bar spans the range of concentrations that have been detected in open ocean waters. In
many cases, low concentrations represent detection limits and even lower concentrations are likely to
occur. Yellow squares refer to the left y-axis; dark blue squares refer to the right y-axis. TCO, refers to
total inorganic carbon. Concentrations are taken from current literature.
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mixing, and overturn of the water
column initiated by solar heating.
Variations in concentration also oc-
cur on a seasonal cycle because of
changes in light, temperature, verti-
cal mixing rates, and growth of phy-
toplankton. Interannual changes in
chemical distributions over large ar-
eas of the ocean basins occur because
of climatic processes such as the
well-known weather phenomenon
“El Nino” (14).

For example, concentrations of ni-
trate near the sea surface can be
high at the end of winter because of
frequent storms that bring deep, nu-
trient-rich water to the surface. So-
lar heating during the spring pro-
duces a density stratification that
stabilizes the water column. This
thermal stratification allows phyto-
plankton to remain within the sunlit
portion of the water column (euphot-
ic zone) where they grow rapidly and
consume the available plant nutri-
ents such as nitrates, phosphates,
and silicates.

After such spring blooms, which
usually last only a few weeks, photo-
synthetic rates are controlled by
physicochemical processes (e.g., up-
welling, diffusion, and atmospheric
deposition) that slowly resupply nu-
trients to the sunlit surface layer. Bi-
ological processes such as grazing
and microbial decomposition also re-
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lease nutrient elements stored in
cells (15). Fall and winter storms vig-
orously mix plant nutrients into sur-
face waters, but productivity does
not increase until the water column
again stabilizes during the spring.
The few weeks of high primary pro-
duction during the spring bloom can
dominate the annual carbon produc-
tion cycle (15). The chemical compo-
sition of the deep water is more sta-
ble, but changes can be detected over
longer time scales of seasons to years
(16, 17).

Chemical distributions also show
large variations over all spatial
scales. Concentrations may increase
or decrease from the surface to the
sea floor (average ocean depth is
3800 m), depending on whether the
chemical cycle is dominated by re-
lease from or uptake by sinking par-
ticles (18). Large vertical concentra-
tion gradients can be found over
distances of a few meters. Further-
more, water circulates between each
of the major ocean basins in a dis-
tinctive pattern. This produces a
unique lateral distribution of dis-
solved chemicals on a scale whose
length is tens of thousands of kilo-
meters for many chemicals. In addi-
tion, important chemical variability
may occur over distances of <1 mm
because of the presence of microenvi-
ronmments such as anoxic fecal pellets
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Figure 2. Conveyor belt of oceanic surface and deep-water currents, illustrating
the major pattern of deep-sea circulation deduced from chemical tracer

measurements.

(Adapted with permission from Reference 20, courtesy Joe LaMonnier.)

found in oxygenated surface waters
(19). Reduced compounds produced in
these environments may have an im-
pact on chemical cycles.

Thus the challenge for the chemi-
cal oceanographer is to develop or
apply analytical methodologies with
the sensitivity and specificity to de-
termine a wide variety of chemical
substances within a complex medium
over a large range of temporal and
spatial scales. To discriminate ana-
lytes against the large background of
major ions, efficient methods of
chemical separation must be em-
ployed. Time-series measurements
over periods from seconds to years
are required to interpret ongoing
chemical processes in the ocean.
Chemical measurements must often
be made over length scales from mil-
limeters to thousands of kilometers.

Chemical tracers of ocean
circulation

Chemical and biological coupling in
the ocean are often regulated by the
physical processes that transport
water, plankton, and chemicals in
the sea. To some degree, the major
circulation of seawater can be de-
scribed as a conveyor belt (Figure 2)
(20). A strong density gradient (pyc-
nocline) at a depth of 50—-200 m,
caused by a rapid temperature de-
crease with increasing depth, iso-
lates the surface wind-mixed layer
from the colder and denser deep wa-
ters. The major source of the deep
water below the pycnocline is in the
high latitudes of the North Atlantic.
From there it flows south through
the Atlantic to the Antarctic cir-
cumpolar current, then north
through both the Indian and Pacific
oceans. Deep water returns to the
surface ocean by turbulent mixing
and upwelling in zones located on the
eastern coastal margins and equato-
rial belt of the major ocean basins.
The average time needed to replace
the deep waters of the entire ocean
system is 500 years, and deep water
in the North Pacific is thought to be
about 1500 years old (21).

Much of our knowledge of advec-
tive and diffusive processes in the
ocean is obtained from measure-
ments of chemical tracers rather
than from direct measurements of
the motion of water masses (18). Cir-
culation tracers are chemicals whose
concentrations change in a well-
defined manner with time. They are
excellent tools for the study of deep
circulation because they integrate
the turbulent fluctuations that dom-
inate the flow of water in the deep
sea. Without the information pro-
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vided by circulation tracers, an inor-
dinately large number of velocity
measurements would be required to
describe the time-averaged circula-
tion of the ocean.

The general circulation of sea-
water along the conveyor was ini-
tially deduced from measurements of
biochemically reactive tracer com-
pounds such as oxygen and plant nu-
trients. Determination of the rates at
which seawater flows along the con-
veyor requires measurements of ra-
diotracers with appropriate half-
lives or chemicals with well-known,
time-dependent source functions.
These tracers exist only in extremely
low concentrations. Their utility has
come about mainly through advances
in analytical instrumentation and
contamination control.

Two examples of chemical tracers
that can be used to determine the
patterns and rates of deep-sea circu-
lation are chlorofluorocarbons
(CFCs) and "*C. CFCs were first pro-
duced in the 1930s, and their concen-
trations in the atmosphere have in-
creased almost exponentially since
that time. CFCs dissolved in surface
seawater are in equilibrium with the
atmosphere; present-day concentra-
tions are ~5 pM for CCL,F (Freon-
11) and CCL;F, (Freon-12) (22). The
increase in CFC concentrations has
been paralleled by a changing ratio
of Freon-11 to Freon-12. This time-
dependent ratio makes it possible to
determine when a seawater sample
was last in equilibrium with the at-
mosphere. CFC measurements have
now been used to trace the flow of
water as it enters the deep sea. For
example, CFC measurements show
that water leaving the surface of the
North Atlantic during winter reaches
the equator in 23 years and is diluted
only fivefold during this time (23).

Detection of low CFC concentra-
tions in seawater became feasible
only after the invention of the elec-
tron capture detector (ECD) for GC
and the adoption of strict procedures
to control contamination from the at-
mosphere and the CFC-rich labora-
tory environment. Samples are
purged, cold-trapped, and analyzed
by GC using an ECD. Because of the
high sensitivity of this approach,
ECD-based analyses can accurately
measure CFCs down to concentra-
tions of 0.005 pM (grams per cubic
kilometer) in seawater (22).

Further development of CFC mea-
suring techniques is still needed. For
example, Freon-113 (CCl,FCCIF,)
has been produced in large quanti-
ties only during the past two de-
cades. A method for its determina-

tion will allow better temporal
resolution when dating water that
has left the surface in the past 20
years, when the atmospheric Freon-
11/12 ratio has been relatively con-
stant. Freon-113 concentrations are,
however, below the detection limit of
most current measurement tech-
niques, primarily because of contam-
ination problems.

The utility of *C, another oceanic
tracer, has recently been enhanced
by new analytical techniques. '“C,
which has a half-life of 5720 years, is
naturally produced in the strato-
sphere by cosmic-ray interaction
with nitrogen. Unlike CFCs, which
can be tracked in the environment
for no more than 60 years, *C can be
used to determine the time elapsed
since a water mass left the surface in
the oldest portions of the oceanic
conveyor (21). *C measurements
have not been made routinely, how-
ever, because decay-counting tech-
niques require that inorganic carbon
be stripped and concentrated ‘rom
> 200 L of seawater for each analy-
sis. This is an expensive process that
requires specialized sampling appa-
ratus at sea and time-consuraing
analyses. The development of accel-
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Figure 3. Atmospheric CO, increase
reflected in the Peo, of the North
Atlantic Ocean at a station between
Florida and Bermuda.

Measured P, values (dark blue squares)
increase with depth because of remineralization
of organic carbon. Correction of the measured
values for respiration (yellow squares), using the
observed depletion of oxygen, demonstrates “hat
shallower waters are equilibrated with the modern
atmosphere (Pco, = 350 patm); older, deep vzater
is equilibrated with the pre-industrial atmosptere,
which had a Pco, of only 270 patm. (Data from
Reference 26.)
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erator MS has eliminated the need
for decay counting (24) and will revo-
lutionize the ability of oceanogra-
phers to date deep seawater samples.
At present, accelerator MS can be
used to measure *C concentrations
by direct atomic counting of the inor-
ganic carbon extracted from 200 mL
of seawater. A national accelerator
MS facility for oceanographic re-
search has just begun operation at
the Woods Hole Oceanographic Insti-
tution. However, difficult contamina-
tion problems still exist in the deter-
mination of natural levels of *C in
samples collected on research vessels
where large spikes of '*CO, are used
to determine rates of primary pro-
ductivity.

Inorganic carbon

The concentration of CO, in the at-
mosphere has increased rapidly since
the industrial revolution because of
the burning of fossil fuels and the de-
struction of tropical rain forests. It is
predicted that this concentration will
double during the 21st century. Con-
centrations of CO, in the upper
ocean must also have increased. To-
tal inorganic carbon in the ocean is
defined as

[TCO,] = [HCO3] + [CO37] + [CO, .,

However, direct measurements of the
increase in TOC are not yet feasible
because its spatial and temporal
variability requires a massive num-
ber of samples to assess the TCO, in-
ventory of a single ocean.

The rate at which CO, is absorbed
from the atmosphere by the ocean is
not well known, and considerable
variability exists in recent estimates
of the amount of fossil fuel CO, that
has entered the ocean (8). Measure-
ments of a time-dependent change in
the ratio of '*C/*2C in seawater, be-
cause of dilution of oceanic carbon by
fossil fuel carbon with a different iso-
topic composition, demonstrate that
the ocean is receiving fossil fuel
carbon (25). A direct assessment of
CO, uptake by the ocean is critically
important because it will allow limits
to be placed on the magnitudes of
other global carbon sources (e.g.,
tropical forest clearing) and sinks
(e.g., uptake by boreal forests) (8).

In lieu of direct measurements of
the rate at which CO, enters the
ocean because of fossil fuel burning,
oceanographers have attempted to
measure the change in TCO, or P,
as seawater flows along the con-
veyor. Old water that has moved far
along the conveyor should have
equilibrated with the pre-industrial
atmosphere and have a lower P,



and TCO,. However, respiration of
organic carbon and dissolution of
CaCO; from particles sinking into
the deep sea also increase the Pco,
and TCO, as seawater ages. The
TCO, concentration increases by
~20% during the time water spends
in the deep sea. Respiration of or-
ganic carbon produces the largest
change in TCO, in the deep sea
(=70%). If concentrations of TCO,
and titration alkalinity, defined as

TA = [HCO;] + 2[CO37] + [B(OH),] +

[OH™]1-[H"]
are measured with a precision better
than 0.1%, it is possible to detect the
change in Po, and TCO, concentra-
tions because of the increase in CO, in
the recent atmosphere. Such measure-
ments have been used to detect the ex-
tent of penetration of fossil fuel CO,
into the Atlantic Ocean (Figure 3) (26,
27).

The analytical difficulties in rou-
tinely measuring the TCO, concen-
tration and the TA or pH with errors
< 0.1% throughout the ocean are sub-
stantial. Recently, significant
progress was made in measuring
TCO, levels of seawater with a rou-
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tine precision of 0.1% with the devel-
opment of a coulometric titration
procedure that could be used aboard
ship (28). This has become the stan-
dard analytical procedure for global
ocean science programs. It will be
difficult, however, to achieve inter-
laboratory agreement at the 99.9%
level until seawater standards for
TCO., become readily available.
Measurements of TCO, alone can-
not completely define the state of the
inorganic carbon system in seawater.
One additional chemical parameter,
such as pH, Pcozv or TA must also be
determined. As with the coulometric
TCO., determination, these measure-
ments must be made with extremely
high precision and accuracy to detect
the small temporal changes occur-
ring in the ocean. The spectrophoto-
metric determination of pH by using
indicator dyes may be the simplest
measurement that can be made to
fully define the seawater carbonate
system (29). The narrow pH range of
seawater (7.4-8.9) is well suited to
specirophotometric measurement
with an acid—base indicator of the
appropriate pK,. Precision better
than 0.001 pH can be obtained on a
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Figure 4. Proposed role of phytoplankton in the ocean—atmosphere sulfur cycle.

Production of DMS in the ocean leads to increased atmospheric DMS. This link may serve as a negative
feedback mechanism for global warming. (Adapted with permission from Reference 36.)

routine basis. Such a system may
form the basis for an optical sensor
that can be deployed on oceano-
graphic moorings for long periods of
time to observe changes in oceanic
carbon chemistry.

Organic compounds

Large gaps occur in our most funda-
mental knowledge of DOC com-
pounds in seawater. The total con-
centration of DOC is classically
determined by chemical oxidation of
organic molecules with persulfate or
by ultraviolet photooxidation and
subsequent determination of the CO,
that is produced. This technique
yields ocean DOC concentrations
that are quite low (30-100 uM).
However, results obtained with re-
cently developed high-temperature
combustion methods have suggested
that the total DOC concentration in
seawater has been underestimated
by a factor of 2 or more (30). DOC
values obtained by high-temperature
combustion methods in surface wa-
ters can reach 300 pM. The excess,
relative to that obtained by low-
temperature oxidation, amounts to a
pool of organic carbon that is greater
in mass than the total amount of
carbon stored on land in soils and
vegetation, when averaged over the
volume of the ocean (31).

Although many investigators have
turned their analytical efforts toward
the recently developed high-temper-
ature combustion method, a recent
interlaboratory comparison failed to
resolve the discrepancies among the
various methods for DOC analysis.
Other laboratories have reported
confirmation of a much larger DOC
pool (31), but the original paper re-
porting the high-temperature com-
bustion method has been withdrawn,
leaving the field in a state of disar-
ray. Much work in this important
area remains to be done.

Temporal variability of individual
organic compounds or compound
classes, their spatial distributions,
and their roles in biogeochemical cy-
cles are not well understood. Studies
of a few specific organic molecules,
however, have demonstrated the tre-
mendous influence that these com-
pounds can have, both in controlling
global processes and as tools for
studying physical and chemical pro-
cesses in the ocean.

For example, recent work by Bras-
sell et al. has shown the potential of
long-chain (#-Cy;) unsaturated alk-
enone biomarkers as indicators of
surface temperatures in ancient
oceans (32). Phytoplankton of the
class Prymnesiophyceae biosynthesize
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these alkenones, apparently storing
them in cell membranes. The degree
of unsaturation is used to regulate
membrane fluidity as a function of
temperature. Measurements in
plankton cultures, in suspended par-
ticulate matter, and in surface sedi-
ments at different locations in the
ocean demonstrate that the ratio of
the 37-carbon alkadienone to that of
the 37-carbon alkatrienone is lin-
early related to the temperature of
the water in which these phyto-
plankton live (32, 33).

These alkenones are refractory in
marine sediments, and their ratio
apparently is preserved for > 650,000
years. Determination of the alkenone
compounds in ancient sediments,
dated by isotopic measurements, can
be used to reconstruct the surface
temperature of the ocean during past
glacial and interglacial periods (34).
The carbon isotopic ratios of these
biomarker compounds in sediment
cores can be used to estimate the
magnitude and direction of the atmo-
sphere—sea CO, flux in ancient
oceans (35). This analysis has been
possible only through the coupling of
capillary GC with isotope ratio MS
for measuring isotopes of specific
compounds in a complex mixture.

Trace organic compounds may also
have a large impact on global chemi-
cal cycles. For example, dimethylsul-
fide (DMS) produced in the ocean is
believed to play a critical role in the
global sulfur cycle and the radiation
balance of the Earth (Figure 4) (36).
Dimethylsulfoniopropionate (DMSP),
the precursor to DMS, is produced in
the surface layer of the ocean by
some phytoplankton (Figure 5) (37).
DMSP apparently is used to regulate
the internal osmotic pressure of the
plankton cell; it decomposes to DMS,
which is quite stable in seawater.
DMS is lost primarily through trans-
port across the sea surface to the at-
mosphere and also to microbial con-
sumption.

The radicals OH and NOj react
with DMS in the atmospheric bound-
ary layer to produce methanesulfonic
acid, sulfur dioxide and, ultimately,
sulfate. Biogenic DMS entering the
atmosphere from the oceans may add
sulfur at a concentration roughly
equivalent to the input from sulfur
dioxide derived from fossil fuel com-
bustion. The sulfate aerosol provides
the most significant source of nuclei
for cloud condensation in the remote
marine atmosphere. The concentra-
tion of cloud condensation nuclei is
now directly linked to the abundance
of methanesulfonic acid (38) and pre-
sumably the flux of DMS from the

sea. Ocean cloud cover has also been
correlated with the concentration of
phytoplankton (39). It has been sug-
gested, in fact, that phytoplankton
may regulate the production of DMS
in such a manner as to control the
Earth’s albedo and its climate (40).

The identification and quantita-
tion of individual dissolved organic
compounds at low nanomolar to pico-
molar concentrations continues to be
the chief obstacle in studies of or-
ganic carbon cycling. Current meth-
ods of analysis require large samples
or a time-consuming chromato-
graphic separation and, even then,
concentrations are still often near
detection limits. The determination
of DMS involves purging and cold-
trapping a sample with liquid nitro-
gen, which is difficult to maintain on
long research cruises (41). Advances
in MS that provide detection limits
in the picomolar range (42) promise
to expand the number of compounds
that can be detected. The develop-
ment of other analytical schemes
that do not introduce isotopic frac-
tionation effects is still required.
Much of the development needs to be
focused on methods that can be used
aboard ship or in situ for real-time
measurements of large numbers of
samples and a limited suite of com-
pounds, rather than a few measure-
ments of large numbers of com-
pounds (37).

Trace elements

Many trace elements are required
micronutrients in the enzyme and
electron transport systems present in
all living organisms. Plant growth is
limited by trace element availability
in many terrestrial systems, yet the
role of these elements in limiting
phytoplankton growth in the ocean
has remained largely speculative.

Recent advances in analytical meth-
ods, sample collection, and process-
ing techniques have led to dramatic
new understanding of the marine
biogeochemical behavior of trace ele-
ments in seawater. The first accurate
measurements of the total dissolved
concentrations of most trace ele-
ments were made only in the past 15
years (43), demonstrating that most
trace elements are present at low na-
nomolar to picomolar concentrations
in surface waters. In many cases,
their vertical distribution in the oce-
anic water column mimics that of the
major plant nutrients such as ni-
trates, phosphates, and silicates
(Figure 6) (44).

Experiments using phytoplankton
cultures indicate that iron as well as
zinc, manganese, copper, and cad-
mium can exert strong selective
pressures that may regulate the dif-
ferences in species composition of
phytoplankton between metal-rich
coastal and metal-poor open ocean
environments (45). Recent studies
with natural plankton samples dem-
onstrate that iron may limit primary
production in otherwise potentially
productive regions of the world’s
oceans (46). Addition of only 1 nM Fe
to surface seawater samples, which
typically contain < 0.1 nM Fe, can
cause a significant increase in pri-
mary production. Estimates of the
potential productivity of ocean wa-
ters, based on phytoplankton cellular
Fe:N:C ratios and dissolved iron and
nitrate in surface waters, indicate
that substantial increases in global
carbon fixation could be realized if
modest amounts of iron were added
at the equator and at high latitudes.
This scenario, known as the “Iron
Hypothesis” (11), has recently re-
ceived much public attention because
of the potential for iron fertilization
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Figure 5. Vertical profiles of organosulfur compounds.

Distributions of DMS, DMSO (dimethylsulfoxde), DMSP, and chlorophyll 2 demonstrate that
phytoplankton are the source of organosulfur compounds. (Adapted with permission from Reference 37.)
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of the oceans to offset the effects of
increased atmospheric CO, and glo-
bal warming. This hypothesis is still
the subject of much scientific debate,
mainly because very few laboratories
can accurately measure iron in sea-
water at ambient concentrations or
perform uncontaminated enrichment
experiments.

Two major advances have made it
possible to determine total concen-
trations of dissolved trace elements
in seawater. First was the realization
of the extraordinary efforts required
to carry a seawater sample through
each step of the sampling and ana-
lytical processes without contamina-
tion (43). Second was the adaptation
of analytical methodologies with suf-
ficient sensitivity and selectivity to
determine trace metals at extremely
low concentrations.

The analytical methods most com-
monly used in oceanography involve
preconcentration and separation
steps with use of ion-exchange resins
or chelation and solvent extraction.
Even after concentration by factors
of 100 to 1000, most trace elements
in seawater can be detected only by
using graphite furnace atomic ab-
sorption spectrometry (GFAAS) or

thermal ionization MS (TIMS). In-
ductively coupled plasma MS is be-
coming widely accepted for oceano-
graphic analyses because it is highly
sensitive, can determine multiple el-
ements, and requires small samples.
It is especially useful for measuring
the refractory elements, such as tita-
nium and the rare earths (47).
These developments led to dra-
matic decreases in the reported con-
centrations of most trace elements
dissolved in seawater; in some cases,
the reported concentrations dropped
several orders of magnitude. These
changes led to the concept of oceano-
graphic consistency as a criterion for
accepting trace chemical measure-
ments (48). This concept states that
element concentrations measured in
the open ocean should show smooth
variations that are related to known
physical, chemical, and biological
processes. Trace element concentra-
tions change smoothly because of the
long time scale for mixing of sea-
water (> 100 years) and the long dis-
tances between strong sources of
trace elements at the oceans’ mar-
gins and interior. Oceanographic
consistency has been a highly suc-
cessfil means of identifying reliable
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Figure 6. Profiles of total dissolved zinc and silicate in the North Atlantic and

North Pacific oceans.

Zinc distributions are similar to those of the plant nutrient silicate—depleted at the surface and enriched
at depth. Biological activity depletes dissolved zinc to subnancmolar levels. The interocean differences
are the same for the two analytes, indicating a constant composition of sinking plankton as seawater
passes along the oceanic conveyor. (Data from Reference 44.)

trace measurements. Only recently,
the techniques developed for oceano-
graphic analyses have been extended
to measurements taken in freshwa-
ter systems. These measurements,
using methods developed by chemical
oceanographers, demonstrate that
dissolved metal concentrations are
overestimated in freshwater lakes
and rivers by as much as 3 orders of
magnitude (49).

Measurements of total element
concentrations, however, are insuffi-
cient to define chemical behavior.
The chemical speciation of an ele-
ment will determine its biological
availability, toxicity, and geochemi-
cal reactivity in seawater. The oxida-
tion states of a variety of trace ele-
ments (e.g., arsenic, tin, antimony,
and tellurium) have been success-
fully determined by using techniques
such as selective hydride generation
coupled with AAS or GC (50).

Complexation of metals by organic
and inorganic ligands can also have a
marked effect on the reactivity of
chemicals in the ocean. Copper, for
example, is present in surface sea-
water at concentrations of < 1 nM. It
is bound by an unidentified ligand,
which appears to be produced by or-
ganisms in the upper ocean, that has
a high specificity for the metal (51).
The ligand is also present at concen-
trations of ~1 nM and regulates the
copper(II) aquo-ion concentration.
Concentrations of the copper aquo-
ion are calculated to be on the order
of 1 x 107** M, which is undetectable
by any analytical method now avail-
able (Figure 7). Studies of this sys-
tem must be performed at total metal
and ligand concentrations < 1 nM.
Electrochemical methods such as dif-
ferential pulse anodic stripping vol-
tammetry (DPASV) at a thin mer-
cury film/glassy carbon electrode or
differential pulse cathodic stripping
voltammetry (DPCSV) methods us-
ing a hanging mercury drop electrode
are employed most often in these
studies (52, 53).

Much of the focus in the analytical
chemistry of trace metals in sea-
water is on the development of meth-
ods that can be used aboard ship to
produce large data sets (53). Ship-
board methods have, in general, pre-
cluded AAS and MS because the in-
struments are sensitive to the
constant vibrations. Instead, a vari-
ety of methods have been developed,
including atomic fluorescence (for
mercury) (54), GC (for aluminum, be-
ryllium, arsenic, and selenium) (55),
and flow injection analysis (FIA) us-
ing chemiluminescence and fluoro-
metric detection (for a suite of met-
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als, including cobalt and manganese
[56, 57]). DPASV and DPCSV are
also used at sea for the determina-
tion of zine, cadmium, copper, lead,
cobalt, nickel, and iron (53). Many of
these techniques can discriminate
between the various chemical forms
of the element (e.g., the oxidation
state and the degree of complexation
by organic ligands), which more ac-
curately reflects the chemical reac-
tivity and the biological availability
or toxicity of the metal (51). How-
ever, shipboard sampling (with the
possible exception of surface water
pumping) permits only a few samples
to be collected, and the possibility of
contamination still exists. Future
work must focus on in situ measure-
ments of metal concentrations where
greater sampling resolution and less
likelihood of contamination can be
achieved.

Radioisotopes

More than 60 radionuclides occur
naturally in the marine environ-
ment, in addition to the fission prod-
ucts of thermonuclear power genera-
tion and weapons detonation. Of the
natural radionuclides, 14 are pro-
duced by cosmic rays and 49 by decay
of primordial isotopes. Radioisotopes
have the unique feature of allowing
oceanographers to elucidate rates of
mixing and chemical transforma-
tions in the ocean.

The parent/product activity ratios
of the natural uranium and thorium
decay series isotopes have proved
particularly useful in studies of dis-
solved metal-particle interactions
(58). The primordial isotope 2**U ex-
ists principally as the dissolved
238U0,(CO5)3~ species in seawater
and shows a low affinity for chemical
reaction or sorption onto sinking
particles. Uranium therefore is dis-
tributed in a uniform manner
throughout the water column. In con-
trast, 2**Th, the immediate product
of 28U, exists as the hydrolysis prod-
uct 2**Th(OH){*~"* and is highly
particle reactive. Radioactive dis-
equilibria between the dissolved
234Th and its 2*®U parent (shown in
the shaded region of Figure 8) can be
used to calculate rates at which tho-
rium is scavenged from the dissolved
to the particulate phase and the rate
at which particles are removed from
the water column. These measure-
ments show the importance of inter-
actions with plankton in removing
metals from the surface ocean (Fig-
ure 8) (59). By measuring other ele-
ments associated with particles
carrying thorium, various elemental
removal rates can be calculated.

The determination of ?**Th has
typically been achieved through a
long coprecipitation, ion-exchange,
and electrodeposition process. This is
followed by alpha particle counting of
a 23°Th yield tracer using silicon sur-
face barrier detectors and beta parti-
cle counting of the ?**Pa product of
234Th using low-background, antico-
incidence, gas-flow proportional de-
tectors (60). The particles and pro-
cesses that remove thorium are
heterogeneously distributed in the
surface waters, and many measure-
ments are required to characterize
these rates accurately. Furthermore,
234Th has only a 24.1-day half-life,
and some of the activities are very
low (< 0.2 decay per minute per liter),
necessitating that the isotopes in
samples collected on long cruises be
separated and counted at sea. The
other isotopes of thorium that are
useful in determining rates of metal
interactions with particles, ?*°Th
and ?*2Th, have long half-lives and
require thousands of liters to be pro-
cessed for each sample before tae iso-
topes can be measured by conven-
tional methods of alpha particle
detection.

These difficulties have prompted
several recent analytical advances in
thorium isotope detection. First, tho-

rium can be extracted in situ by
pumping seawater through car-
tridges filled with acrylic fibers that
have been impregnated with manga-
nese oxide (58), thus eliminating the
need to process thousands of liters of
seawater aboard ship. Second, **Th
emits a gamma particle that can be
detected with use of a low-back-
ground well-type germanium-lithium
detector. The acrylic fibers on which
thorium is concentrated can be
melted into a puck and inserted di-
rectly into the detector to obtain
234Th activities while still at sea (61).
Third, TIMS is now being used to de-
tect the longer-lived thorium and
other uranium-series radionuclides.
The direct determination of the mo-
lecular abundance of 2*°Th and 2*2Th
by using TIMS greatly improves the
detection limit, which reduces the
volume of water needed for an analy-
sis from 1000 to about 10 L (62). Fur-
ther improvements in concentration
and detection techniques will in-
crease the utility of radioisotopes as
tracers of chemical processes within
the oceans.

Chemical sensors and analyzers

A long-term series of chemical obser-
vations is required to identify the
processes that lead to natural vari-
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Figure 7. Vertical profiles of total dissolved copper (right) and the Cu(ll) aquo-ion

(left) activity in the North Pacific Ocean.

Organic ligands produced near the surface suppress the Cu(ll) ion activity in the upper ocean by
> 3 orders of magnitude relative to the value in organic-free seawater. (Adapted with permission from

Reference 51.)
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Figure 8. Vertical profiles of (a) phytoplankton pigments and (b) activity ratio of
234Th:238J in the dissolved and particulate (> 0.45 um) fractions in the central
North Pacific.
(a) Phytoplankton are concentrated near 100 m because nutrient concentrations are too low at shallower
depths, and there is insufficient light below 150 m to support growth. (b) Low dissolved 234Th activities in
the 100-m region (highest biological activity) are an indication of the role of phytoplankton in removing
metals from surface waters. (Adapted with permission from Reference 59.)
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Figure 9. Temperature anomaly, light attenuation anomaly, dissolved iron, and
dissolved manganese measured in situ over a hydrothermally active segment of
the Juan de Fuca Ridge.
The sawtooth line in the temperature anomaly plot (1000 m °C = 1 °C) shows the tow path of the
instrument package. More than 3700 determinations for iron and manganese were performed at depths
> 2000 m in real time, enabling the acquisition of chemical da'a at similar resolution to physical
measurements. (Adapted with permission from Reference 69.

ability in ocean chemistry and to as-
sess the human impacts on bio-
geochemical cycles. Analysis of
temporal trends in chemical concen-
trations in the ocean now requires
that a ship be on station to collect the
samples. The cost of operating a
modern research vessel capable of
working on the high seas ($7000 to
$18,000 per day) makes this a pro-
hibitively expensive undertaking,
and long-term oceanographic studies
are done at very few locations (63).
As a result, our understanding of
ocean processes is severely limited.

The high production that occurs
during the few weeks of a spring
bloom may never be sampled by sci-
entists constrained by ship schedules
and finite budgets. Wintertime sam-
pling in many high-latitude areas of
the ocean is completely lacking be-
cause of extremely unfavorable
weather conditions. Few long-term
series of oceanographically consis-
tent data have been collected with
automated chemical measurement
systems. Difficulties with sensor
drift and biofouling have compro-
mised their use on deep-sea moor-
ings where sensors must operate un-
attended for months at a time,
although recent progress has been
made (64). A new generation of
chemical measurement systems must
be developed for long-term (1-12
months) operation on oceanographic
moorings.

Two approaches are being tested
for the design of chemical measure-
ment systems that can operate in the
deep sea. One method uses chemical
sensor systems in which the analyte
interacts with the active surface of
the sensor by diffusion. The second
approach is to adapt continuous-flow
chemical analyzers, which transport
sample and reagents mechanically,
for in situ operations over long peri-
ods of time. Both techniques have
significant advantages and disad-
vantages.

Sensor systems, such as electrodes,
fiber-optic sensors, and chemical
field-effect transistors promise to
play an important role in the future
(65). These systems are mechanically
simple and can potentially be manu-
factured at low cost. Fiber-optic sys-
tems also allow the electronics to be
placed in a remote location. The only
chemical sensors regularly used are
oxygen and pH electrodes. These sen-
sors have been particularly valuable
for measurements of small-scale
(< 1 mm) chemical gradients across
the sediment—water interface (66).
Development of other chemical sen-
sor systems has been hindered be-
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cause they usually require a revers-
ible chemistry that will respond
rapidly to changes in dissolved chem-
ical concentration and yet have suffi-
cient sensitivity and selectivity to
detect dissolved chemicals present at
a concentration of 0.1 uM. Few such
chemistries are known.

It is also possible to determine the
concentrations of a suite of dissolved
chemicals in situ by using unseg-
mented, continuous-flow analyzers
(67). These submersible chemical an-
alyzers (scanners) are based on the
principles of FIA, although without
the injection valve. Continuous-flow
analyzers modified to operate under-
water can use many of the chemis-
tries developed for use in the labora-
tory with little modification required.
Scanners are the only instruments
available that can be used to deter-
mine dissolved nutrient elements in
situ. Nitrate concentrations from the
surface to depths of 2000 m have
been determined in situ with a scan-
ner tethered to a research vessel (68).
The concentration of nitrate is deter-
mined classically by reducing it to ni-
trite and forming an azo dye. Mea-
surements of redox reactive species
such as sulfide, manganese, and iron
also have been made in deep-sea hy-
drothermal systems at depths of
2500 m with scanners mounted on
manned submersibles or towed from
a research vessel (Figure 9) (69).

Scanner systems can easily be cal-
ibrated in situ by substituting stan-
dards for the seawater input at regu-
lar intervals. Analyzer systems are,
however, inherently more complex
than sensor systems. This has a
marked impact on their long-term
reliability and operating life. Signifi-
cant progress in reducing the com-
plexity of scanner systems has been
made by replacing mechanical pumps
with osmotic pumps (70).

Conclusions

Our vision of the ocean is seen
through lenses crafted by the tools of
our discipline. The picture of ocean
chemical cycles developed by ocean-
ographers has been focused by ad-
vances in analytical chemistry. In
many ways, however, our knowledge
of ocean chemistry still remains very
superficial. The influence of organ-
isms, one of the most important fac-
tors in controlling the composition of
seawater, is often treated by chemi-
cal oceanographers as a black box.
This lack of knowledge arises be-
cause ocean chemistry is undersam-
pled on all time and space scales.
The ocean is a dynamic system
with fronts, eddies, and biological

patchiness that requires continuous
observations (71). The present gener-
ation of instrumentation is oriented
primarily toward analyses of dis-
cretely collected samples in ship- and
shore-based laboratories. The need
for a new generation of chemical ob-
serving systems to better monitor the
changing ocean is now widely recog-
nized. Global science initiatives, in-
cluding the Joint Global Ocean Flux
Study (72) and the Ridge Inter-
Disciplinary Global Experiments
(73), have identified developments in
chemical sensing that are required to
meet their scientific objectives. Many
of these needs are outlined in a Na-
tional Research Council report (2).
What is now needed is an exchange
of ideas and technology between the
chemical oceanographer and analyti-
cal chemist to foster the development
of new techniques for a clearer vision
of the global ocean and our planet as
a whole.
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Hundreds of millions of dollars are
spent worldwide each year on envi-
ronmental issues—based directly on
the results of chemical analyses. One
would think that students in chemis-
try and engineering programs, who
will be employed in the environmen-
tal field, should receive basic train-
ing in evaluating the reliability of
such chemical analyses. However, it
is unfortunately true that far too few
of these graduates will have such
training. Many new environmental
programs being introduced in our
colleges and universities emphasize
the study of environmental issues
rather than the scientific tools
needed to investigate these issues.

Few undergraduate programs em-
phasize the type of laboratory in-
struction in analysis that is needed
to understand how reliable chemical
data are generated. Although most
analytical textbooks and courses dis-
cuss the importance of accurate sam-
pling, students are seldom offered
practical examples of the conse-
quences of poor sampling. They may
think that an analytical result gener-
ated by a million-dollar state-of-the-
art instrument is a number “carved
in stone.” And because such analyses
are expensive, they believe there is
no need for replication.

Can students learn the basic prin-
ciples of environmental sampling and
analysis from a simple classroom ex-
periment? To find out, a sampling ex-
periment was conducted at Mohawk
College (Canada) in a class of stu-
dents who were not chemistry ma-
jors. Although the experiment was
originally designed to illustrate sam-
pling difficulties and analytical er-

Classroom
Experiment

You Can
Sink Your

Teeth Into!

rors that can occur in trace environ-
mental determinations, it became
apparent that it could also be used to
describe many analytical concepts—
including the importance of sample
treatment and the need for selective
detection. Most important, it clearly
demonstrates the reality of errors in
analytical measurements. Because
the experiment is simple, interactive,

REPORT

and directly analogous to the analyt-
ical principles described above, it is
highly effective and even enjoyable.

Design of the experiment

Nestlé manufactures a candy product
called Smarties (available in Cana-
da), which are button-shaped choco-
late candies that have multicolored
hard outer coatings. Individual
Smarties are relatively uniform in
shape and weight, and in appearance
differ only in the color of the outer
coating. (Any brand of multicolored
candy can be substituted.) In the
sampling experiment, different colors
were used to represent different at-
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oms and molecules. Green was used
to signify PCB molecules, blue repre-
sented Pb, brown designated Fe, and
red symbolized chlorinated dioxin
molecules. In addition, purple and
pink represented unknown mole-
cules. A soil matrix was depicted by
combining yellow and orange can-
dies. The manufacture of a sample
where the matrix predominated was
difficult, because the Smarties, as
marketed, are fairly evenly distrib-
uted among the various colors. To
avoid having to purchase kilogram
quantities of Smarties, a second type
of candy similar in appearance to
Smarties was purchased. This candy,
called Reese’s Pieces (manufactured
by Hershey), comes in orange, yellow,
and brown. The brown Reese’s Pieces
also represented Fe.

After combining the Smarties and
Reese’s Pieces, the number of candies
of each color were counted. Because
the individual molecules and compo-
nents of the soil matrix are almost
uniform in size and shape, we as-
sumed for the purpose of this experi-
ment that the molecular weights of
all the individual candy pieces were
the same. Therefore, by counting the
number of candies of the same color,
the concentration of the molecule or
atom represented by that colored
candy could be determined in units of
parts per hundred (pph) (Table I).

Two volunteers from the class were
selected to run the experiment. Stu-
dent A was instructed to sample the
contents of the plastic container in
which the candies were brought to
class by grabbing a small handful.
After the first grab sample was
taken, student A was told to make a
second small grab and to keep this
sample separate from the first. Stu-
dent B was given the same instruc-
tions, except he was told to take
large handfuls. The class was then
told to determine the concentrations
of all of our target analytes in parts
per hundred—based on the four grab

0003-2700/92/0364-1076A/$03.00/0
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samples. An overhead projector was
used to record the results.

Effect of sample size and
replication on precision and
accuracy

The actual experimental data from
this classroom experiment are shown
in Table II. Quite a large difference
can be seen in the replicate results
from student A, who collected total
sample sizes of seven candies for
each replicate. Unfortunately, the
analyte with the highest concentra-
tion, Fe, was not detected in either
replicate sample. PCBs, Pb, and the
two unknown substances were de-
tected in the first sample, each at 14
pph; only one of the unknowns was
found in the second sample, at 28
pph.

Clearly, the differences between
the replicates are significant. The re-
sult of selecting a small sample size
was to increase (make worse) the de-
tection limit of the determination.
The comparison of individual results
to the actual values seems pretty
poor. However, when the averages of
the values of the two determinations
are taken, it can be seen that the es-
timates are much closer to the actual
values; generally the estimated con-
centrations are within a factor of
about 2—not too bad for trace analy-
sis. Only the results for Fe and the
unidentified pink analyte are way
off. In the case of dioxin, the method
is not sensitive enough to detect such
an ultratrace analyte.

Real-life trace environmental
analysis is conceptually not so differ-
ent from this example; when method-
ology is used that can barely detect
analytes, it is not uncommon for the
analytes to be observed in some sam-
ples but not in others, even though
all samples were thought to be the
same. For example, in a six-labora-
tory round-robin study of chlorinated
dibenzo-p-dioxins and chlorinated
dibenzofurans introduced into blank
water samples, a significant varia-
tion in laboratory results was noted
(I). The reported concentrations of
one compound, introduced at a con-
centration of 50 parts per quadril-
lion, varied from 37 to 62 parts per
quadrillion, and two laboratories of
the six could not detect the com-
pound at all.

One way to improve detection lim-
its in environmental analysis is to
obtain a larger sample. Student B se-
lected replicate samples of 75 and 70
candies, respectively. The data in Ta-
ble II show the dramatic improve-
ment in the estimation of analyte
concentrations by using a 10-fold

Table I. “Contaminant” concentrations

Color “Contaminant” Actual no. of Actual
“molecules” * concentration
(pph)
Green PCBs 46 511
Blue Pb 28 3.1
Brown Fe 106 11.78
Purple Unknown 30 3.33
Pink Unknown 40 4.44
Red Dioxin 10 A1
Yellow/orange Soil matrix 640 —_

#Total no. of units is 900.

greater sample size. In these larger
handfuls each analyte in the “soil”
was detected in both replicates ex-
cept for “dioxin,” which was observed
in only one sample. The concentra-
tions of all analytes are more accu-
rate and more precise for the large-
sample-size experiment with the
single exception of PCBs, where the
mean concentration as determined
from the first sampling experiment
(small sample size) was closer to the
actual value. As in the first sampling
experiment, the mean estimates from
two determinations were closer to
the correct values than the estimates
from an individual sampling event
(with the single exception of PCBs,
where both replicates from student B
produced low estimates). The close-
ness of the mean analyte values from
student B to the actual concentra-
tions is quite reassuring.

Sample preparation and analyte
detection

A number of important concepts re-
lating to sample preparation and an-
alyte detection can be illustrated by
this simulated soil-sampling experi-
ment. Before sampling, the class was
asked if any special sample prepara-
tion were needed. Almost everyone
suggested that the sampling con-
tainer should be well mixed before
samples were withdrawn. It was also
important (for this specific experi-
ment) that the sampler take a “blind”
sample; otherwise, the sample se-

lected could be biased toward the

sampler’s favorite color. Although it
is not recommended that samplers in
the real world do their work with
their eyes closed, it is certainly possi-
ble that the samples %hey collect
could be biased and not representa-
tive of the population of interest. For
example, water stream samples may
be collected at the most convenient
location, which may be outside of a
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contaminant plume that is emitted
from a plant.

Some sample “cleanup” was
needed before analytes could be accu-
rately detected. In this experiment,
cleanup consisted of sorting the can-
dies into groups according to color,
after which they could be assayed by
counting. For the large sample, an
accurate quantitative determination
could not be made without this sort-
ing step, although without cleanup it
is still possible to do a qualitative de-
termination of the analytes present
by recording the different colors ob-
served.

The physical separation of the can-
dies into different colors is analogous
to various chromatographic separa-
tion methods that are the basis of
most real cleanup schemes. Note that
the cleanup is more difficult to per-
form with the large sample. In real
life, it is not difficult to overload
cleanup methods by choosing sample
sizes greater than those for which
the cleanup is designed. In such
cases, choosing a large sample size
will increase rather than reduce the
detection limits achievable. In this
experiment the detection L were
not good for the small-sizé
taken initially, but san
and analysis were much?gs
the students learn to choose
methods that are sufficient for the
specific application, and not to reach
automatically for the most sensitive
state-of-the-art method available. In
addition, the analysis of the larger

“. sample was more costly, because

sample preparation and analyte de-
tection took more time to complete.
The detector in this experiment
was the human eye. By observing the
various colors in the sample, the dif-
ferent analytes were identified (qual-
itative analysis). By counting the
number of candies in each color
group, quantitative estimates of



Table Il. “Contaminant” data

Student A: #1 Student A: #2 Student B: #1 Student B: #2 Mean conc. (pph) Actual
conc.
Analyte No. Conc. No. Conc No. Conc. No. Conc. A B (pph)
(pph) (pph) (pph) (pph)
PCBs 1 14 0 ND 2 27 1 1.4 7 21 511
(green)
Pb 1 14 0 ND 2 27 5 7z Z 4.9 3.1
(blue)
Fe 0 ND 0 ND 9 12 8 114 ND 11.7 11.78
(brown)
Unknown 1 14 0 ND 3 4.0 1 1.4 7 27 3.33
(purple)
Unknown 1 14 2 28 2 217 4 5.7 21 4.2 4.44
(pink)
Dioxin 0 ND 0 ND 0 ND 2 28 ND 14 1.11
(red)
Soil 3 - 5 — 57 — 49 —
matrix
(yellow/
orange)
Total 7 - 7 — 75 — 70 -

ND indicates not detected

their concentrations were deter-
mined. A serendipitous illustration of
some of the difficulties in analyte de-
tection could be made because the
test sample was made up of a mix-
ture of Smarties and Reese’s Pieces.
Although they appeared to be simi-
lar, Reese’s Pieces are a bit smaller
than Smarties. This size difference is
not critical for the “soil matrix” itself,
but it is important for the detection
of the brown-colored candies used to
represent Fe. Therefore the method
of detection (color) by itself cannot
distinguish between the two brown
analytes. A determination of physical
properties (size) is also needed to
avoid an overestimation of Fe in the
sample.

This situation frequently occurs in
ultratrace environmental analysis.

other possible explanation for the
‘two brown candies is that they both
represent Fe, but in different forms
(e.g., ferric and ferrous Fe). It is of-
ten important to know which"specific
form of an analyte is present in the
environment and, as illustrated in
this experiment, this can be very dif-
ficult. In this case, a second method
of detection (taste) can be used to
distinguish between the Smarties
and Reese’s Pieces. (Note that taste
is destructive detection; observation
of color is nondestructive detection.)

Other observations and
limitations

At this time some readers may be
noting that the concentrations de-

tected are inaccurate because the
students conducted sampling without
replacement. In other words, the can-
dies taken from the container by the
first sampler were not replaced; con-
sequently, the actual concentrations
of the candies in subsequent sam-
plings were affected by this omission.
This is true, but by selecting a large
original population size, this factor is
not significant (at least for the pur-
poses of this experiment).

In real environmental sampling,
the amount of analyte removed from
the area sampled (e.g., field, lake, or
ambient air) is trivial when com-
pared with the total amount of ana-
lyte present. In fact, in real environ-
mental sampling one samples such a
small amount of the whole area to be
tested that a single sample quite
likely is not representative of the
area under investigation. Therefore
when conducting actual environmen-
tal sampling it is important to ana-
lyze several samples thought to be
representative of the area of interest.

e average concentration from sev-

amples will almost always give
a more accurate estimate of the real
analyte concentration than a single
sample. Alse, the amount by which
the concentrations of the analyte dif-
fer between the various replicate
samples will permit an estimate of
the magnitude of the error in*the de-
termination.

The sampling experiment with
candies represents an idealized situ-

ation in which the entire population

ANALYTICAL CHEMISTRY, VOL.

is present in a plastic container, and
therefore the concentrations of the
various analytes could be determined
exactly. In the environment, it is not
possible to know the exact concentra-
tion of any analyte in the population.
The best we can do is to estimate an-
alyte concentrations by using a rig-
orous and careful sampling program,
with judicious use of replication to
determine the precision of our esti-
mates. The population used in this
experiment is also static; the exact
numbers of the various colored can-
dies could change only if some were
removed by accident or design. The
environment represents a dynamic
situation in which analyte concen-
trations depend on weather condi-
tions, time of day, type of industrial
and natural processes occurring, and
many other factors (some of which
may be unknown).

Because of the assumption that all
of the colored candies represented in-
dividual analyte molecules or atoms,
the calculation of analyte concentra-

8.

tions was greatly plified. In real
life these analytesmﬂg%tunique mo-

lecular and atomic weights as well as
physicalgand chemical properties.
Therefo nd differently to
the de e can’t count the
true nW ms or molecules
in a s determine concen-
trations in'real life, we must find the

detector response to analytes by
evaluating standards prepared with
known concentrations of these ana-
lytes. For this soil-sampling experi-
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ment, the concentrations of the two
unknown analytes could not be de-
termined until their identities were
established.

An interesting problem was pre-
sented to the students after the ini-
tial sampling experiment was com-
pleted. They were asked to sample
the population to find a single poi-
soned candy that had been thrown
in. In the absence of a specific detec-
tor that could selectively detect the
poison (nobody volunteered to per-
form a taste test!), the students fa-
vored disposal of the entire popula-
tion. This specific situation seldom
occurs in an environmental analysis,
but it is now obvious that the objec-
tives of a sampling experiment
should be clearly stated before any
work is performed. The methods se-
lected for any application depend on
the specific results desired.

Conclusions

In the 30 minutes it took to conduct
this experiment, students received a
better understanding of the princi-
ples of environmental sampling and
analysis than if they had read a text-
book on the subject. Hands-on exper-

iments capture the interest and
attention of the students and encour-
age them to use their imaginations.
Nobocy is suggesting that the stu-
dents are now experts in environ-
mentz]l sampling and analysis, but
after this experiment they are better
prepared to consider the details of
such methods used for environmen-
tal investigations. The most impor-
tant lesson is that sampling and
analysis methods are used to esti-
mate the concentrations of analytes,
and the answers obtained are subject
to error. Proper methods are re-
quired to give the most accurate and
precise results.

After the experiment and discus-
sion, the remaining candies were
passed around the class for individ-
ual sampling and detection by taste.
The students unanimously agreed
that the soil-sampling experiment
was literally one they could sink
their teeth into.
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Chromatography and Separations

Trace and Ultratrace Analysis by
HPLC. Satinder Ahuja. xi + 419 pp.
John Wiley & Sons, 605 Third Ave.,
New York, NY 10158. 1992. $75

Reviewed by Lane Sander, Organic Analyt-
ical Research Division, Chemical Science
and Technology Laboratory, National Insti-
tute of Standards and Technology, Gaithers-
burg, MD 20899

Trace and Ultratrace Analysis by HPLC
provides a broad examination of
many topics of interest to analysts
who use LC to determine contami-
nants at part-per-million or part-
per-billion levels. The nine chapters
deal with each stage of the analytical
process, including sample prepara-
tion techniques, chromatographic
method development, and ap-
proaches for selective detection and
optimization of sensitivity. Each
chapter provides a review of the per-
tinent literature and is supple-
mented with an extensive reference
list. The final chapter, which consti-
tutes about one-fourth of the text, is
devoted to applications of trace anal-
ysis.

The emphasis of this monograph is
on analyses relating to the pharma-
ceutical and biomedical disciplines,
and this is perhaps its greatest
strength. Numerous examples of
methods for the determination of
drugs, nutrients, steroids, amino
acids, and other compounds of biolog-
ical significance are presented. Less
detail is provided for environmental
analyses.

Chapter 2 presents a concise treat-
ment of many of the most important
mathematical relationships associ-
ated with chromatographic theory.
This section is well executed and
would make excellent suppiemental
reading for a course in separations
science. Especially useful are a re-
view of the factors affecting detection
limits and a discussion of the sources
of noise in chromatographic systems.

Instrumentation is discussed in
subsequent chapters, and emphasis
is placed on considerations for opti-
mizing system performance. Sample
preparation is described in some de-

tail; however, there are some notable
omissions that may have resulted
from the emphasis on biomedical ap-
plications. For example, although
Soxhlet extractions are routinely
used in environmental analyses of
sediments and particulate matter,
this technique is not mentioned. Also
omitted is a discussion of supereriti-
cal fluid extractions.

Solid-phase extraction (SPE) is
treated more comprehensively, and
two useful flow diagrams are pro-
vided to assist in the selection of SPE
cartridges. Chromatographic method
development is discussed for three of
the major modes of operation: re-
versed-phase, normal-phase/adsorp-
tion, and ion pair chromatography.
Also described are approaches for
controlling selectivity to optimize a
separation, including computer-
based optimizations.

One of the most useful sections of
the book is the final chapter on appli-
cations of trace analysis. The exam-
ples are organized into secticns by
analyte class; for example, analgesics
are reviewed separately from antibi-
otics and alkaloids. Throughout the
text, data are extracted from the lit-
erature and presented in tezbular
form.

This book describes many aspects
and problems that may be ercoun-
tered in trace-level determinations,
and it should be particularly useful
to analysts concerned with biomedi-
cal and related applications.

Unified Separation Science. J.
Calvin Giddings. 320 pp. John Wiley
& Sons, 605 Third Ave., New York,
NY 10158. 1991. $55

Reviewed by K. G. Wahlund, Department
of Technical Analytical Chemistry, Uni-
versity of Lund, Chemical Center, P.O.
Box 124, S-22100 Lund, Sweden

This unique book is the result of the
author’s wish to develop separations
science, and especially analytical
separations, as a unified discipline
rather than as a collection of appar-
ently different and unrelated tech-
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niques. Whereas many other writers
approach separations science by de-
scribing a specific technique, Gid-
dings starts with a general descrip-
tion of transport, flow, and
equilibrium that applies to all sepa-
ration techniques and then uses his
description to classify all methods.

The classification scheme is based
on the way that flow interacts with
fields in obtaining separations. Elec-
trophoresis, sedimentation, field-
flow fractionation (FFF), and chro-
matography are then described in
relation to the classification. Realiz-
ing that most separations require
some mass transport, the author de-
velops the mathematics and the
physical chemistry of transport phe-
nomena in a general way so that the
different methods can be put into
this framework.

It is the author’s intent to present
the fundamental basis of different
separation techniques rather than to
give technical recipes on how to do
the separations. In this way, the
book aims at an educational, long-
range perspective. Even though the
text goes into the very fundamentals
of the physicochemical basis of sepa-
rations, the author never lets mathe-
matics live its own life but always
uses it in combination with vivid lan-
guage to give the reader a sound
physical insight and understanding
of complex phenomena.

A list of key words from the con-
tents describes the physicochemical
phenomena treated in the book: me-
chanical and molecular equilibrium,
molecular interaction and polarity
scales, entropy effects in porous me-
dia, transport driven by equilibrium,
mechanical versus molecular trans-
port, flow mechanics, viscosity, flow
in capillaries and packed beds, con-
vective and electroosmotic flow, lam-
inar and turbulent flow, friction coef-
ficients, diffusion, Gaussian zones,
random processes, zone broadening,
steady-state zones, and resolution.

In addition to complete author and
subject indexes, there are two sepa-
rate lists of titles and references to
the author’s own publications in the
separations field. These lists are ex-
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tensive, because Giddings has
worked on almost every aspect of the
theory and optimization of chroma-
tography-like separations. Refer-
ences are cited up to 1989.

The book is intended primarily as
a textbook for graduate analytical
separations courses but is also useful
as a reference for researchers. The
unusual clarity of language and rea-
soning are the author’s hallmark,
and the student will benefit from the
many worked-out exercises. Gid-
dings’ areas of expertise (chromato-
graphic zone spreading, migration,
and optimization of resolution and
speed) are treated in detail, as are
newer separation techniques such as
FFF and capillary electrophoresis.
Indeed, any worker in analytical sep-
arations, be it a graduate student or
an experienced researcher, can use
this book as a knowledge base for al-
most every important aspect of the
field.

HPLC in the Pharmaceutical Indus-
try: Drugs in the Pharmaceutical
Sciences, Vol. 47. G. W. Fong and
S. K. Lam, Eds. vii + 309 pp. Marcel
Dekker, 270 Madison Ave., New
York, NY 10016. 1991. $100

Reviewed by L. A. Pachla, Sterling Win-
throp Research Division, Analytical Sci-
ences, 25 Great Valley Parkway, Malvern,
PA 19355

The purpose of this book is to present
and better understand the latest ad-
vances in the pharmaceutical analy-
sis field. The 11 chapters, written by
experts in both academia and indus-
try, are subdivided into four parts.

Part One, “Contemporary LC
Techniques in Pharmaceutical Anal-
ysis,” contains three chapters. In
Chapter 1, Kucera and Licato (19 ref-
erences) discuss high-speed LC using
3-um packings. They include theoret-
ical aspects of high-speed LC sys-
tems; instrument design; and col-
umn, detector, connection, electronic,
and data acquisition variances.
Chapter 2, by Raglione and Hartwick
(36 references), is devoted to mi-
crobore LC. Topics include advan-
tages of the technique as well as high
separation efficiency, solvent and
packing economics, thermal equilib-
ria, and detector considerations. In
Chapter 3 (70 references), Chow dis-
cusses column switching.

Part Two, “Specialized Detection
Techniques,” contains four chapters.
Chapter 4, by Kissinger and Radzik
(111 references), focuses on LC-EC.
In addition to explaining principles
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of electrochemistry in thin-layer so-
lutions, they discuss selectivity and
applications to electroactive and in-
active components. Chapter 5, by
Quint and Newton (12 references), is
devoted to radiochemical analysis. In
Chapter 6 (16 references), Huber and
Fiedler discuss photodiode array de-
tectors. Chapter 7, by Kalasinsky
and Kalasinsky (44 references), con-
cerns LC/FT-IR.

Part Three is entitled “Automation
in Pharmaceutical Analysis.” Chap-
ter 8, by Hanson (18 references), de-
seribes the application of LC to disso-
lution testing. This chapter focuses
on identification of the individual
components of dissolution testing, in-
strumentation, and the opportunities
provided by LC. In Chapter 9, Felder
(42 references) concludes the section
with a discussion on robotics in the
pharmaceutical laboratory.

Part Four, “HPLC of Peptides, Pro-
teins, and Enantiomeric Drugs,” con-
tains two chapters. Chapter 10, by
Bui (101 references), describes differ-
ent mechanistic modes for separating
enantiomers of pharmaceutical in-
terest. Theoretical and applied as-
pects of conversion to diasteriomers,
as well as the chiral aspects of ion
pairing, stationary, and mobile
phases, are also discussed. In Chap-
ter 11, Benedek and Swadesh (215
references) describe the separation of
peptides and proteins, reversibility of
denaturation, concepts in refolding
and the influences of physical forces,
sources of heterogeneity, and protein
adsorption and confirmation.

The book presents the theory of the
technology and many examples of
practical applications to everyday
pharmaceutical problems. It should
be on the shelf of every pharmaceuti-
cal library.

Fundamentals and Applications of
Chromatography and Related Differ-
ential Migration Methods. E. Heft-
mann, Ed. xxxvi + 552 pp. Elsevier
Science Publishers, 52 Vanderbilt
Ave., New York, NY 10017. 1992.
$180

Reviewed by Nebojsa Avdalovic, Dionex,
1228 Titan Way, Sunnyvale, CA 94088-
3603

This fifth edition is a completely re-
vised text on chromatography and
related separation methods. The new
chapters describe supercritical fluid
chromatography (SFC), countercur-
rent chromatography (CCC), affinity
chromatography, and field-flow frac-
tionation (FFF).



The book contains 11 chapters.
Some well-written chapters in the
fourth edition were omitted; how-
ever, chapters on the history of chro-
matography and electrophoresis
should remain a valuable reference
for the new generation of readers.
There are some useful additions,
such as the list of chromatography
and electrophoresis vendors.

The first chapter, by Snyder, deals
with the theory of chromatography
and describes the essential, basic
mathematical relationships using
qualitative explanations and easily
understood physical analogies. If
needed, the reader can find more de-
tailed information in the classical
volume written by Snyder and Kirk-
land, entitled Introduction to Modern
Liquid Chromatography.

The next two chapters, which dis-
cuss CCC and planar chromatogra-
phy, are easy to understand; how-
ever, the reader is left with the
impression that these two powerful
techniques still reside in the domain
of highly specialized laboratories. In
addition, the success of CCC separa-
tions rests heavily on choosing the
two-phase solvent system that pro-
vides the proper partition coefficient
values for the chosen compounds. In
essence, the nature of the sample to
be analyzed must be known. If the
literature contains some information
on the sample’s physicochemical
properties, the analyst is in a good
position. A similar situation exists
for the separation of chemical sub-
stances using isotachophoresis (ITP).
Table 2.3 lists some of the most re-
cent applications of CCC for those in-
terested in using this separation
technique.

Chapter 4 is a concise review of all
major aspects of LC. It provides
enough detail to understand the ba-
sic relationship between particle size
and packing of LC columns, the es-
sentials of isocratic and gradient sep-
arations as well as the types of col-
umns, and an excellent yet simple
explanation of the different types of
pumps and their performance prob-
lems. The description of sample han-
dling, columns, and connectors is up
to date and informative, as is the
short review of detectors. However,
the description of optimization proce-
dures, options, and packing materi-
als is a bit meager and does not cover
some of the major accomplishments
in polymer chemistry and develop-
ments in polymeric support. To make
this chapter more interesting, Pappe
has added a succinct, accurate de-
scription of new forms of chromatog-
raphy such as capillary and open
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chemical systems, capillary zone
electrophoresis, and micellar electro-
chromatography.

The chapter on ion-exchange chro-
matography is an abbreviated
version of an older text edited by
Walton and Rocklin. In my view, this
text should be updated to cover some
of the exciting applications, espe-
cially in the area of carbohydrate
analysis of glycoproteins. The chap-
ters on size exclusion and affinity
chromatography provide much useful
information and some insightful in-
terpretation of the most recent devel-
opments related to macromolecule
characterization and isolation.

The chapter on GC is well written
but is too extensive for a review-type
text. The new chapter on FFF, how-
ever, takes a balanced approach and
is highly informative. The chapter on
electrophoresis contains brief but
significant information on pulsed-
field and capillary electrophoresis, in
addition to mentions of older tech-
niques. The SFC chapter is well writ-
ten and up to date, but because of the
enormous interest in supercritical
fluid extraction, a description of this
technique should have been included.

This volume is an excellent orien-
tation to chromatography theory and
basic applications. Although it may
not be of great use to practicing chro-
matographers, anyone unfamiliar
with a particular technique will find
it a great review text; it can provide
a quick orientation, regardless of
whether the individual is interested
in detection, separation, or theory. I
recommend this text as a supplement
to the existing reference books in in-
dustrial and research libraries.

Books Received

Analytical Methods in Toxicology.
H. M. Stahr. xxxvi + 328 pp. John
Wiley & Sons, 605 Third Ave., New
York, NY 10158. 1991. $70

This handbook provides guidelines
for handling and analyzing hazard-
ous substances. The front matter,
which discusses chemistry laboratory
policy, elapsed time for analysis,
sample requirements, safety prac-
tices, and the safe handling of radio-
isotopes, also provides a list of abbre-
viations. The book is divided into six
sections based on type of analysis:
inorganics; mycotoxins; pesticides;
rodenticides; antibiotics, drugs, vita-
mins, and feed additives; and miscel-
laneous analyses such as those for
petroleum products or bacteria in
water, ethylene glycol or oxalic acid

in tissues and body fluids, urease ac-
tivity in soy flour and feeds, and coal
tar. The 11 appendices contain infor-
mation on general laboratory tech-
niques and list conversion factors,
dilutions, and normal concentra-
tions. A subject index is also in-
cluded.

Transition Metal Nuclear Magnetic
Resonance. P. S. Pregosin, Ed. xi +
351 pp. Elsevier Science Publishers,
52 Vanderbilt Ave., New York, NY
10017. 1991. $189

Volume 13 of the Studies in Inor-
ganic Chemistry Series, this book
contains a collection of review arti-
cles on the measurement, use, and
understanding of transition-metal
NMR spectra. Approaches to study-
ing the transition-metal nuclei and
the type of information that can be
obtained from them are described.
Correlations between NMR data and
physical characteristics of the mole-
cules are also discussed.

Potentiometric Water Analysis, 2nd
ed. Derek Midgley and Kenneth Tor-
rance. xiv + 586 pp. John Wiley &
Sons, 605 Third Ave., New York, NY
10158. 1991. $125

This volume surveys the theoreti-
cal and practical aspects of potenti-
ometry and ion-selective electrodes
for the analysis of water. The first
part of the book covers theory and
background, with discussions of new
electrodes and updates on general
methods and procedures. The second
part covers analytical methods. Each
analytical methods chapter includes
information such as the reagents re-
quired, worked examples, and possi-
ble sources of error. Six appendices
contain information on theoretical
values of the Nernstian slope,
Debye—Huckel A and B coefficients
for electrolytes in water, equipment
manufacturers, a function table, data
sources, and a table of weights and
measures conversions. A subject in-
dex is also included.

Protein Structure Determination.
Clarence H. Suelter, Ed. ix + 310 pp.
John Wiley & Sons, 605 Third Ave.,
New York, NY 10158. 1991. $75
This book is volume 35 of the
Methods of Biochemical Analysis Se-
ries. The determination of the sec-
ondary and tertiary structure of pro-
teins is discussed in four chapters:
“Theoretical and Empirical Ap-
proaches to Protein Structure Predic-
tion and Analysis,” “Protein-Ligand
Interaction as a Method To Study
Surface Properties of Proteins,” “Flu-
orescence Techniques for Studying
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Protein Structure,” and “The Use of
Monoclonal Antibodies and Limited
Proteolysis in Elucidation of Struc-
ture—Function Relationships in Pro-
teins.” Author and subject indexes
for this volume and for the complete
series are included.

Sampling. G. E. Baiulescu, P. Dumi-
trescu, and P. G. Zugravescu. 184 pp.
Prentice Hall, Englewood Cliffs, NJ
07632. 1991. $85

Sampling processes and problems
are reviewed in this book. Although
samples are not discussed in depth,
the analytical processes and the
meaning of sampling are considered.
Other topics include separation
methods and sample history and ho-
mogeneity. A list of references and a
subject index are included.

Activation Spectrometry in Chemi-
cal Analysis. Susan J. Parry. xii +
243 pp. John Wiley & Sons, 605
Third Ave., New York, NY 10158.
1991. $80

This book describes activation
spectrometry, which is the basis of
activation analysis. After an intro-
ductory chapter, the book is divided
into sections on principles, tech-
niques, and applications. The section
on principles gives a background of
the subject without discussing the
underlying detailed physics. The
techniques section describes sam-
pling and preparation of material,
how to make standards, and which
reference materials to use. Two chap-
ters in this section discuss irradia-
tion and counting techniques. Bio-
medical, environmental, geological,
and industrial applications of the
technique are covered in the final
section. Each chapter contains a list
of references, and a subject index is
included.

Concise Encyclopedia of Biological
and Biomedical Measurement Sys-
tems. Peter A. Payne, Ed. xiii + 490
pp. Pergamon Press, 395 Saw Mill
River Rd., Elmsford, NY 10523. 1991.

Biological and biomedical mea-
surement systems as well as the bio-
logical systems and subsystems on
which the measurements are made
are detailed in 85 articles. Arranged
alphabetically, each article contains
a bibliography of additional reading.
The requirements of the physical sci-
entist who must understand the
measurement methods and their ef-
fects on the system being measured
are emphasized. Advances in medical
imaging are also covered. A list of the
articles, a list of contributors, and a
subject index are included.
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NEW PRODUCTS

Instrumentation

Hydrocarbon analyzer. Model 51
heated total hydrocarbon analyzer
features flame ionization detection
and a microprocessor-based design
for auto-zeroing, auto-calibration,
and auto-ranging over the 0.1—
10,000-ppm concentration range. All
components in contact with the
sample (detector, pump head, 7-um
filter, transport lines, and back-
pressure regulator) are heated to
200 °C to prevent sample condensa-
tion. Thermo Environmental Instru-
ments 401

Elemental analyzers. NA 1500 Se-
ries 2 and EA 1108 organic elemental
analyzers have flexible designs that
permit direct oxygen measurement
and simultaneous determination of
nitrogen, carbon, hydrogen, and sul-
fur at concentrations ranging from
100 ppm to 100% in organic or inor-
ganic materials. The NA 1500 Series
2 is available in N/protein, N/C, and
N/C/S configurations; the EA 1108 is
available in CHN, CHNS, and
CHN-O versions. Fisons Instruments

402

Evaporator. Organomation S-Evap
Model 12060 analytical evaporator
features eight glass condensers with
individual solvent recovery flasks
that can evaporate eight samples in
< 15 min and provide > 95% recovery
of Freon by volume. The design,
which prevents Freon from being ex-
hausted through the hood, lets users
segregate contaminated Freon and
reduce waste. Organomation Associ-
ates 403

Optical analyzer. Lambda LS-
2000C cooled multichannel optical
analyzer is based on a proprietary
2048-element photodiode/CCD ar-
ray. Dual thermoelectric coolers al-
low operation of the array at 0 °C
with only air cooling and at —10 °C
with water cooling. Applications in-
clude general spectroscopy, light
source characterization, fluorescence
studies, process control, quality con-
trol, environmental monitoring, and

Mass spectrometer. Quantum integrated target compound analyzer, based on a
high-performance mass spectroreter, is designed for fully automated and unat-
tended ultratrace determination cf compounds such as halogenated dibenzodiox-
ins and dibenzofurans in water, soil, and food. Femtogram detection limits can be
achieved, and system operation can be customized and documented. Finnigan

MAT

biomedical measurements. Alton In-
struments 404

Microplate reader. Model 3550-UV
microplate reader has a spectral
range of 340-750 nm and can be
used to analyze test systems that
produce a chromogenic product or
light scattering. Applications include
enzyme immunosorbent assays, pro-
tein determination, cell viability,
DNA detection, NAD/NADH assay,
kinetic ELISA, and kinetic enzyme
analysis. Bio-Rad Laboratories 405

Homogenizer. Digi-System bench-
scale, programmable homogenizer is
designed for repeatable, highly accu-
rate processing of volumes rarging
from 0.03 mL to 20 L. Homogeniza-
tion, emulsion, suspension, and
high-shear mixing processes can be
handled. An optical sensor maintains
programmed speed throughout
changes in sample viscosity. Omni
International 406

Conductivity monitor. Model
ICM-180 flow-through conductivity
monitor for HPLC and IC features a
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407

cell with a dead volume of < 20 uL. It
is useful in optimizing protein sepa-
ration using both classical column
and HPLC apparatus and in convert-
ing standard HPLC systems to per-
form IC. Lazar Research Laborato-
ries 408

LC. Flow 2P and Flowprep adjust-
able flow dividers split the outlet of
a chromatographic column into mul-
tiple flow streams. Designed for
preparative chromatography, post-
column derivatization, and multiple-
detector applications, the dividers
handle rates up to 2 mL/min (Flow
2P) and 20 mL/min (Flowprep). Lab
Connections 409

ICP spectrometer. Super Sequen-
tial ICP/echelle spectrometer com-
bines simultaneous and sequential
ICP designs to increase sample
throughput and reduce analysis cost.
The instrument can be programmed
to carry out quality control checks,
calculate recoveries on spiked sam-
ples, and check laboratory standards
without user intervention. Leeman
Labs 410
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NEW PRODUCTS

TEM. CM200 FEG series of transmis-
sion electron microscopes combines
the essential technologies of field
emission and a range of objective
lenses as well as a fully automated go-
niometer. Philips Analytical 411

Viscosity. Visco 3 viscosity measur-
ing system is designed for the deter-
mination of viscosity of newtonian

fluids. By coupling a timer eqaipped
with optical sensors to time the me-
niscus between two points, the sys-
tem can accurately measure viscosi-
ties over the range 0.5-100,000 cP.
Jupiter Instrument 412

HPCPC. Series 1000 column raodule
can be used in place of a packed ana-
lytical LC column to perform prepar-
ative liquid—liquid partition chroma-
tography. Centrifugal force is vsed to
immobilize the stationary phase, al-
lowing separations to be performed
at any pH without adsorptive or cat-
alytic effects. Sanki Laboratories
413

Software

Statistics. SigmaStat incorporates a
command that helps users select the
most appropriate statistical package
for their data, handles missing and
unbalanced data, and checks that the
user’s data fit the assumptions un-
derlying the selected statistical
methods. The package calculstes a
range of descriptive statistics, in-
cluding mean, standard deviation,
standard error of mean, range, maxi-

mum, minimum, normality, median,
percentiles, sum of squares, skew-
ness, and kurtosis. Jandel Scientific

414

GC. 700 Series GC software handles
from one to six detectors on up to
three independent gas chromato-
graphs. Designed for PC compatibles,
the software offers fast data file han-
dling, integration, and reporting;
hardware control via built-in relay
flags; and batch automation capabil-
ities. Axxiom Chromatography 415

Manufacturers’ Literature

Trace analysis. “Sample Prepara-
tion for Trace Analysis Methods: An
Alternative Approach” details the
use of microdiluters to reduce prepa-
ration time, cost, and waste by de-
scribing two sample preparation ap-
proaches prior to LC analysis: a
traditional volumetric method and a
semiautomated microdiluter ap-
proach. Hamilton 416

Chromatography workstation.
Brochure describes AI-450 worksta-
tion system capabilities and an up-
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dated software package that auto-
mates LC, GC, IC, SFC, and CE
instruments. Sample scheduling,
group reports, calibration capabili-
ties, and automatic data file valida-
tion for compliance with GLP stan-
dards are described. 8 pp. Dionex
417

Atomic spectroscopy. Vol. 1, No. 2
of “The Spectroscopist” newsletter
includes technical updates on TJA
products and articles covering topics
such as analysis of lanthanum oxide,
determination of refractory elements
in ores, and multielement AA spec-
trometry. 21 pp. Thermo Jarrell Ash

418

GC. “Sample Handling in GC” de-
scribes a range of methods and auto-
matic samplers for extracting ana-
lytes directly into the gas phase at
ambient or elevated temperatures.
The brochure includes information
on the HS 40 headspace sampler and

For more information, please circle
the appropriate numbers on one of
our Readers’ Service Cards.

the ATD 400 thermal desorber and
discusses methods for handling wa-
ter, soil, and air samples. 6 pp. Per-
kin Elmer 419

ESCA. Brochure highlights features
of the Escalab 220i, which combines
high-resolution XPS imaging, high-
performance XPS, and multitech-
nique capability in a single instru-
ment. Discussion of the microfocused
X-rey monochromator and the
Eclipse data system is also included.
8 pp. Fisons Instruments 420

PCR. CE Application Note 2, “Capil-
lary Gel Electrophoresis of PCR
Products: Easy Sample Preparation
Method,” details a dialysis technique
designed for use before injection.
Salts are removed by membrane dial-
ysis, thereby increasing the signal of
amplified products. 4 pp. J&W Scien-
tific 421

Catalogs

Labware. “Platinum Labware” lists
laboratory products such as dishes,
crucibles, beakers, tongs, inoculating
loops, electrodes, anodes, XRF fusion

ware, gauze, and reshapers. Infor-
mation on the properties of plati-
num, platinum alloys, and iridium as
well as the use and care of platinum
labware is included. 23 pp. En-
gelhard 422

SRMs. NIST Standard Reference
Materials Catalog 1992-93 lists all
SRMs and RMs in three major cate-
gories: chemical composition, physi-
cal properties, and engineering ma-
terials. Certified materials include
metals, ores, glass, plastics, food, and
environmental and clinical stan-
dards. 162 pp. NIST 423

Electrophoresis. Instruments for
vertical, horizontal, pulsed field, and
2D electrophoresis and products for
blotting, densitometry, dialysis, elu-
tion, fluorometry, gel drying, and se-
quencing are listed in the 1992—-1993
catalog. Hoefer 424

IR and UV-vis. Catalog 592 covers
accessories for IR and UV-vis spec-
trophotometers, including cells for
FT-IR and dispersive instruments,
polished crystals, specular reflec-
tance units, and gas cells. 30 pp. Mc-
Carthy Scientific 425
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for consultants. Companies are now
more willing to seek outside help than in
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High-Performance Capillary Electrophoresis of SDS—Protein
Complexes Using UV-Transparent Polymer Networks

Katalin Ganzler, K. S. Greve, A. S. Cohen, and B. L. Karger®

Barnett Institute, Northeastern University, Boston, Massachusetts 02115

Andras Guttman and N. C. Cooke

Beckman Instruments, Inc., 2500 Harbour Bou.evard, Fullerton, California 92634

This paper demonstrates the use of UV-transparent replaceable
polymer networks for the separation of SDS—protein complexes
on the basis of molecular weight. First, the use of linear (l.e.
non-cross-linked) polyacrylamide Is shown to provide mo-
lecular separation of SDS—protein complexes. A siudy reveals
such columns to yileld significantly greater lifetime than cross-
linked gels because of the flexibliity of the noncovalently
attached polymer chains. However, column lifetime was still
found to be limited ( ~20-40 Injections), and detection at 214
nm was problematical b of the absorb of poly-
acrylamide. UV-transparent polymer networks of dextran and
PEG were substituted for polyacrylamide with successful
molecular welght sleving of SDS—protein complexes at 214
nm. Due to their low to moderate viscoslties, these networks
could be routinely replaced leading to the possibility of hundreds
of Injections with a single column. Migration time reproduc-
Ibliities of 0.5% RSD or less were found with replacement of
the network. Using dextran, callbration plots of peak area vs
concentration of standard protein were linear cver the range
of 0.5 ug/mL up to at least 0.25 mg/mL. Furthermore, plasma
samples could be directly utliized because of the strong
solvating power of SDS. Rapld separation of protein mixtures
are demonstrated with these UV-transparent polymer net-
works.

INTRODUCTION

Electrophoresis is a widely used analytical me:hod for the
separation of biopolymers.}2 However, conventional slab gel
electrophoresis can be time-consuming and difficult to
quantitate and automate. Capillary electrophoresis, an
instrumental approach, combines the high reso'ving power
of electrophoresis with the possibility of rapid separation,
quantitative analysis, and automated instrument control.3-®

In the presence of excess sodium dodecyl sulfate (SDS)
and a reducing agent, e.g., 2-mercaptoethanol, most proteins
are fully denatured and, regardless of their size or shape,
hydrophobically bind a constant amount of SDS per unit
weight (1.4 g of SDS/g of protein).” The adsorbed SDS masks
the intrinsic charge of the protein, resulting in a detergent—
protein complex of approximately constant charge per unit
mass and in a similar denatured shape for each complex.? As
aconsequence, the free solution mobilities of the SDS-protein
complexes are practically identical. However, in a sieving
medium the electrophoretic mobility of each complex is found
to be proportional to the log effective molecular radius and
thus, to the log molecular weight of the polypeptide chain.8®
Although there are exceptions to this rule (e.g., histones,
glycoproteins), the relationship is generally useful for a large
number of proteins,” and the method of SDS—polyacrylamide
gel electrophoresis (SDS-PAGE) has been widely adopted
for purity analysis and molecular weight estimation. SDS-
PAGE is also utilized as an orthogonal technique to isoelectric
focusing in the powerful separation method of 2D gel
electrophoresis.1?

Previously we have shown SDS-PAGE separations of
proteinsin cross-linked polyacrylamide gel-filled capillaries.!*
Hjerten also briefly illustrated SDS-PAGE,2 and recently,
using ethylene glycol as a stabilizer, SDS-PAGE in cross-
linked gels in capillary electrophoresis has been demonstrat-
ed.’® Separately, we showed that molecular weight separations
could be obtained using non-cross-linked gels (linear poly-

(4) Karger, B. L.; Cohen, A. S.; Guttman, A. J. Chromatogr. 1989, 492,
585-613.

(5) Gordon, M. J.; Huang, X.; Pentoney, S. L.; Zare, R. N. Science
1988, 242, 224-228.

(6) Novotny, M. V.; Cobb, K. A.; Liu, J. Electrophoresis 1990, 11, 735~
749.

(7) Weber, K.; Osborn, M. J. Biol. Chem. 1969, 244, 4406-4412.

(8) Reynolds, J. A.; Tanford, C. Proc. Nat. Acad. Sci. U.S.A. 1970, 66,
1002-1007.

(9) Shapiro, A. L.; Vinuela, E.; Maizel, J. V. Biochem. Biophys. Res.

* Author to whom reprint requests should be sent.

(1) Chrambach, A. The Practice of Quantitative Gel Elzctrophoresis;
VCH: Deerfield Beach, FL, 1985; pp 64—66.

(2) Andrews, A. T. Electrophoresis - Theory, Technivues and Bio-
chemical and Clinical Application, 2nd ed.; Clarendon Press: Oxford,
NY, 1986.

(8) Jorgenson, J. W.; Lukacs, K. D. Science 1983, 222 266-272.

C . 1967, 28, 815-820.

(10) Two Dimensional Gel Electrophoresis of Proteins: Methods and
Applications; Celis, J. E., Bravo, R., Eds.; Academic Press: New York,
1984.

(11) Cohen, A. S.; Karger, B. L. J. Chromatogr. 1987, 397, 409-417.

(12) Hjerten, S. Electrophoresis *83; Hirai, H., Ed.; Walter de Gruyter
& Co.: New York, 1984; pp 71-79.

(13) Tsuji, K. J. Chromatogr. 1991, 550, 823-830.
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acrylamide) for SDS—protein pl 14in agr t with

1 the instr t, again at 214 and 280 nm. The conduc-

earlier results in the classical slab techniques.’5€¢ Others
have also briefly demonstrated SDS-protein complex sep-
arations with linear polyacrylamide.!”18

The first part of this paper further explores the use of
linear polyacrylamide for the separation of SDS-protein
complexes. It will be shown that column stability is sub-
stantially better with this matrix than with cross-linked gels.
However, even with linear polyacrylamide, column lifetime
can be limited, particularly at the high fields employed. In
addition, the absorbance of polyacrylamide at 214 nm is
significant, affecting the linear dynamic range and detection
limit. Higher absorbance wavelengths can be utilized, but at
the expense of detection limits.

To overcome these limitations, this paper then describes
the separation of SDS-protein complexes using a UV-
transparent polymer matrix (dextran or poly(ethylene glyeol))

tivity of the buffers was measured using a Model 1481-40
conductivity meter (Cole-Palmer Instrument Co., Chicago, IL).
The UV spectra of the buffers and the polymer networks were
determined with a Beckman DU-60 spectrophotometer in the
scan mode from 200 to 300 nm, using a quartz cuvette with alight
path of 0.5 cm.

Materials. Protein samples were purchased from Sigma (St.
Louis, MO) and Pharmacia (Piscataway, NJ), unless otherwise
noted. Sodium dodecyl sulfate (SDS), N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED), ammonium persulfate (APS), 2-mer-
captoethanol, and prestained molecular weight standards were
obtained from Bio-Rad (Richmond, CA). Cerium(IV) sulfate
tetrahydrate was purchased form EM Science (Gibbstown, NJ).
Ultra pure electrophoresis grade TRIS-base, acrylamide, N,N'-
methylenebisacrylamide (Bis), histidine (HIS), cacodylic acid
(CACO), 2-amino-2-methyl-1-3-propanediol (AMPD), and 2-(cy-
clohexylamino)ethanesulfonic acid (CHES) were supplied by
Schwarz/Mann Biotech (Cambridge, MA). All dextran polymer

(i.e.lowUV absorptlon at214 nm) of lowto moderate vi 3
As a term for such sieving matrices, as well as polyacrylamide,
we will follow that suggested by Bode: “polymer network™.1®
Excellent linear relationships of peak area versus injected
amount of solute over a broad concentration range will be
shown. Furthermore, as with the use of polymer networks
for DNA separations or for protein separations under
nondenaturing conditions,2*-24 the relatively low viscosity of
the buffer media results in a significant extension of column
lifetime via simple replacement of the network when nec-
essary. Reproducibilities in migration times of generally less
than 0.5% RSD will be shown. Finally, examples of sepa-
rations of complex biological samples are presented to
demonstrate the general applicability of the method.

EXPERIMENTAL SECTION

Instrumentation. High-performance capillary electrophore-
sis of SDS-protein complexes was performed in fused-silica
capillaries (Polymicro Technologies, Phoenix, AZ) of 75- or 100-
pm id. and 375-pm o.d., with different column lengths. In the
case of the PEG-filled col 100-um-i.d. capillaries have been
used. A detection window of ca. 2-mm length was prepared, as
described previously.?* The samples were separated on both a
manual and an automated instrument. The manual HPCE
apparatus consisted of a 30-kV high-voltage direct current power
supply (Model PS/EG 30, Glassman, Whitehouse Station, NJ)
and a UV detector (Model Spectra Focus, Spectra Physics, Inc.,
San Jose, CA) used at 214 and 280 nm, respectively. The sample
loading was controlled by a timer (Model PU-15 SEC, Industrial
Timer Co., Waterbury, CT). Column cooling was achieved using
a laboratory fan. The electropherograms were acquired and
stored on an IBM PC/XT (Boca Raton, FL) via an analog to
digital interface (Model 970, P. E. Nelson, Cupertino, CA). The
automated system was a Beck P/ACE, version 2100 (Beckman
Instruments, Fullerton, CA), with System Gold version 6.01 to

(14) Ganzler, K.; Cohen, A. S.; Karger, B. L. Poster No. PT-31, HPCE
‘91, San Diego, CA.

(15) Bode, H. J. Anal. Biochem. 1977, 83, 204-210.

(16) Tietz, D.; Gottlieb, M. H.; Fawcett, J. S.; Chrambach, A.
Electrophoresis 1986 7, 217-220.

(17) Manabe, T.; Terabe S. Poster No. PT-28, HPCE '91, San Diego,
CA.

(18) Widhalm, A Schwer, C.; Blass, D.; Kenndler, E. J. Chromatogr.
1991, 546, 44645

(19) Bode H. J Electrophoreaw *79; Walter de Gruyter & Co.: New
York, 1980; pp 39-52.

(20) Heiger, D. N,; Cohen, A. S.; Karger, B. L. J. Chromatogr. 1990,
516, 33-48.
(21) Hjerten, S.; Valwheva, L.; Elenbring, K.; Eaker, D. J. Lig.
Chromatogr. 1989, 12 2471-24

(22) Zhu, M.; Hanson, D. L.; Bu-d S.; Garrison, F. J. Chromatogr.
1989, 480, 311 319

(23) Schwartz, H. E,; Ulfelder, K. J.; Sunzeri, F. J.; Busch, M. P.;
Brownlee, R. G. J. Chromatogr. 1991, 559, 267-283.

(24) Bocek, P.; Chrambach, A. Electrophoresis 1991, 12, 1059-1061.

(25) Guttman, A.; Cohen, A. S.; Heiger, D. H.; Karger, B. L. J.
Chromatogr. 1990, 62, 137-141.

les were obtained from Sigma except as noted, and poly-
(ethylene glycol) polymers were from Aldrich (Milwaukee, WI).
Caution should be exercised in handling acrylamide and CACO,
as they can be toxic.

Al buffer and acrylamide solutions were filtered through an
0.2-pum pore-size filter (Schleicher & Schuell, Keene, NH) and
vacuum degassed before use. In the case of acrylamide polym-
erization, the vacuum degassing was followed by a helium-purge
step in order to minimize the amount of dissolved oxygen, a
possible terminator of the polymerization reaction.!

Columns. The capillaries were pretreated using [(methacryl-
oxy)propyl]trimethoxysilane (Petrarch Systems, Bristol, PA) and
acrylamide solutions (6% T, 0% C), as described previously.?®
Inthe case of dextran or PEG poly network col adextran
layer was added to the linear acrylamide coating using Ce!¥ ions
as a free radical source under acidic conditions.

Polyacrylamide. Asdescribed previously, the polymerization
of the acrylamide solution was accomplished in the capillaries
after initiation with APS and TEMED.!! Gel columns of 3-5%
T,0.5-2.4% C and 8-20% T, 0% C were used during the study.
The ends of the capillary were placed in 3-mL buffer reservoirs
containing platinum wire electrodes. In the case of non-cross-
linked polyacrylamide gels, the reservoirs were filled with
electrodialyzed linear polyacrylamide, 6% T.

UV-Transparent Polymer Networks. Stock solutions of
dextran (MW 10 000-2 000 000) were made in the specific
separating buffer containing 0.05 M AMPD-CACO and 0.1%
SDS (wt % = wt of polymer/volume of buffer X 100). For PEG
(MW 100 000), the buffer was 0.10 M TRIS-CHES and 0.1%
SDS. The pH of both buffers was adjusted with CACO or CHES
toavalueof 8.6-8.8. The polymer network was carefully degassed
prior to filling the capillaries. It was easy to remove and refill
the capillary by means of a syrmge or by pressure (P/ACE)

S. les. The SDS—prot: les were prep accordmg
to the standard method of Weber and Osborn’ using 10 min of
boiling. The sample buffer contained 0.06 M TRIS-HCI, pH 6.6
with 1% SDS and 5% 2-mercaptoethanol. The SDS:protein ratio
was in general 1.6:1.

RESULTS AND DISCUSSION

LinearPolyacrylamide. Asnoted, linear polyacrylamide
has been previously used for the SDS-PAGE separation of
proteins in slab gels.151¢ This matrix can also be employed
in HPCE. Based on the buffer systems and polymerization
procedures selected, monomer concentrations between 8 and
16% proved to be advantageous for proteins in the molecular
weight range of 14 000-96 000. As an example of the
separations possible, Figure 1 shows the rapid SDS-PAGE
resolution of five standard proteins in a 12% T linear
polyacrylamide polymer network with a field of 560 V/cm.
Figure 1B illustrates a separation of growth hormone and the

(26) Hjerten, S. J. Chromatogr. 1985, 347, 191-198.
(27) McDowall, D. J.; Gupta, B. S.; Stannett, V. T. Progr. Polym. Sci.
1984, 10, 1-15.
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Figure 1. (A) Separation of SDS—protel

Absorbance (280 nm)

20 30 40
Time (min)

in linear polyacrylamide networks. Conditions: butfer, 0.12 M TRIS-0.12 M histidine, pH

8.38,0. 1% SDS; gol 12% T,0% C; effocﬂvele;lgth 15 cm; applied electric field, 560 V/cm; current, 44 uA; injection, 6 s at 400 V/cm,; detection,

280 nm, 0.005 AUFS manual system; solutes, (1) lysozyme; (2) carb

; (3) ovalb (4) bovine serum albumin; (5) phosphorylase

B. (B) Separation of recombinant human growth hormone (rhGH) from its dlmer (rhGH was the kind gift of Genentech.) Conditions: buffer, 0.12
M TRIS-0.12 M histidine, pH 8.8, 0.1% SDS; gel, 8% T, 0% C; effective length, 12 cm; applied electric field, 350 V/cm; current, 30 uA; Injection,
10 s at 350 V/cm; detection, 280 nm, 0.005 AUFS manual system; solutes, (1) recombinant human growth hormone; (2) dimer.

covalently attached dimer (exposure in solution for 2 days)
onan8% T, 0% gel, with an applied field of 350 V/cm. Similar
separations, albeit at lower fields, were obtained for cross-
linked gels of 1-2.4% C.

Straight-line plots of log mobility vs % T (monomer
concentration) for individual SDS—proteins (Ferguson plots)12
with linear polyacrylamide networks were found to be similar
to those on the cross-linked gels. Furthermore, the slopes of
the Ferguson plots (Kg) were found to be proportional to the
molecular weight of the proteins (r2 = 0.990). Thus, the
separations in Figure 1 are based on molecular weight of the
proteins under the given conditions.

As noted previously, an important consideration is the
number of injections possible with the polyacrylamide net-
works, since the matrices cannot be easily replaced. As a
measure of relative stability, we have utilized the collapse
time of the network. The collapse time is a measure of the
time at a given applied electric field until the appearance of
bubble formation or gel collapse, as measured by a loss in
current. The collapse time is thus indicative of the resistance
of the gel to the stress occurring at the given field. This value
can provide an estimate of the relative running time of the
polymer-filled capillary. The collapse time is particularly
relevant when SDS is in the buffer since hydrophobic
adsorption of SDS to the polymer chains may be possible.
Such a partially charged polymer, if SDS adsorption were to
occur, would be expected to stretch under the applied field.

The collapse time of the polymer network columns proved
to be strongly dependent on polymer composition and on
electric field strength, as shown in Figure 2A. The lower the
amount of cross-linker, the more stable was the column. For
example, the collapse time of a5% T, 1% C polymer network
or gel column proved to be roughly double that of a 5% T.
2.4% C gel under electric fields of 150-300 V/cm. Upon
addition of 2-propanol (1% v/v) to the buffer, the collapse
time of the cross-linked acrylamide-filled capillary could be
extended by a factor of 2. Figure 2B illustrates a separation
of prestained SDS-protein complexes from molecular weight
43 000 to 220 000 usinga 5% T, 1% C column to which 1%
2-propanol was added to the buffer for increased stability.
The peak spliting of myosin may be a consequence of
differences in the extent of staining. At the applied field of
180 V/cm, ~10-15 injections were possible before collapse.
If the polymer network were allowed to relax between runs
for ~15 min, the number of injections could be extended to
20 or more before collapse. It is also to be noted that several
other additives could be used to improve the lifetime of the
capillaries, e.g. urea'’2 and ethylene glycol.}35 Nevertheless,
the number of injections with cross-linked polyacrylamide
was limited.

In order to incresse the lifetime of the columns, we removed
the cross-linker (b's) from the polymer matrix. As can be

(28) Swank, P.; Munkres, K. D. Anal. Biochem. 1971, 39, 462-477.
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Figure 2. (A)Effect of the electric field on the collapse time of acrylamide
network caplllaries. Conditions: buffer, 0.12M TRIS-0.12M histidine,
pH 8.8, 0.1% SDS; gel composition, (¥) 5% T, 2.4% C; (O)5% T,
1% C; (0)5% T, 1% C, plus 1% 2-propanol; (A) 13% T, 0% C.
The electric field was applied on the Y See
text for definition of oollapse time. (B) Sep of high molecul:
weight SDS-protein standards in cross-linked polyacrylamide gel.
Conditions: buffer, 0.12 M TRIS-0.12 M histidine, pH 8.8, 0.1% SDS,
1% 2-propanol; polymer, 5% T, 1% C; effective length, 20 cm;
applied electric field, 180 V/cm; current, 16 uA; injection, 9 s at 150
V/cm; detection, 280 nm, 0.01 AUFS solutes, p

high mok weightp 5(1) (2)bovine ser
3) ﬂ-galacmsidase (4) myosin.

seen in Figure 2A, a considerable increase in the collapse
time was observed. This increase could be explained by the
fact that the viscoelastic properties and thus the stress
resistance of the polymer network depended on the polymer
network density and on the mechanism of the network
formation.?? In cross-linked gels, the network structure is
formed by covalent bonds between the polymer chains. On
the other hand, for linear polyacrylamide, the network

2.40.

ahsorbance

0.00 + t T T
190 220 240 260 280

wavelength nm
Figure 3. Comparison of the UV spectra of (1) polyacrylamide (3%
T, 0% C electr and (2) (20% w/v, MW 2 000 000).

Conditions: solvent, distilled water; scan, from 180 to 300 nm; scan
speed, 500 nm/min; light path, 0.5 cm.

structure is formed by physical interactions, e.g. by van der
Waals forces and by hydrogen bonds.?*3° These physical
interactions are in dynamic equilibrium; at any time, some
will open, while others will close, providing a more flexible
structure than crosslinked gels.

As further seen in Figure 2A at a given polymer concen-
tration, the higher the applied electric field (and thus stress),
the lower was the collapse time of the polymer network. This
observation was similar for both the cross-linked and for the
linear polymers. In the case of cross-linked gels, however,
the collapse of the gel structure occurred at a much lower
electric field.

The above results demonstrate the improvement in sep-
aration of SDS-protein complexes using linear polyacryl-
amide. However, while successful in the separation, the
matrix still had limitations in use, such as high detection
limijts and the still relatively limited column lifetime. Because
of the necessary high applied fields, the typical number of
injections for linear polyacrylamide was ~20-40. Therefore,
we sought an alternative approach using UV transparent
polymers (i.e. low UV absorption at 214 nm). In the next
section we show two possibilities to overcome the above-
mentioned limits using a hydrophilic, branched polymer
(dextran) and a linear polymer (poly(ethylene glycol)). As
noted in the introduction, important advantages of this
approach are the lower detection limits and the ability to
replace the matrix when desired.

Dextran. Figure 3 shows the comparison of UV spectra
of a polymer network of dextran of MW 2 X 10° (20% w/v
in water) and linear polyacrylamide (3% T, 0% C in water).
The spectra indicate a significant difference at 214 nm for
the two polymers, with polyacrylamide having a much greater
absorbance. Note that the absorbance for thislatter polymer
would be even greater as the percent T'isincreased. Therefore,
the ability to utilize polyacrylamide at 214 nm is severely
limited. However, it is well-known that extinction coefficients
of proteins at 214 nm are 20-50 times larger than at 280 nm.3!

(29) Rogovina, L. Z. Comparison of the Formation and Properties of
Physical and Chemical Networks Prepared in Swollen State. In Physical
Networks; Buchard, W., Ross-Murphy, S. B., Eds.; Elsevier Applied
Science: Amsterdam, 1988.

(30) Bektunov, E. A; Bakanowa, Z. K. H. Synthetic Watersaluble
Polymers in Solution; Huthig, Wepf, Eds.; Verlag: Basel, 1
(31) Deutscher, M. P. Guide to Protein Purification; Methode in
logy, Vol. 182; Academic Press: San Diego, CA, 1990.
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Figure 4. Separation of standard SDS—protein complexes in dextran
polymer network. Conditions: buffer, 0.06 M AMPD-CACO pH 8.8,
0.1% SDS; polymer, 10% w/v dextran (MW 2 000 000); effective
length, 18 cm; applied electric fiekd, 400 V/cm; current, 30 wA,; injection,
2 s at 300 V/cm; detection, 214 nm, 0.01 AUFS, automated system;
peaks, (1) myoglobin; (2) carbonic anhydrase; (3) ovalbumin; (4) bovine
serum albumin; (5) S-galactosidase; (6) myosin.

Table I. Relative Mobility of SDS-Protein Complexes to
SDS-Phosphorylase B as a Function of the MW of
Dextran®

relative mobility
dextran MW
protein 72 000 500 000 2000 000
lysozyme 35 6.4 6.7
carbonic anhydrase 2.2 43 4.7
ovalbumin 1.5 2.6 28
bovine serum albumin 0.6 1.2 14

@ Conditions: 10% dextran; 0.06 M AMPD-CACO; pH 8.8;0.1%
SDS; 300 V/cm; 20 pA; effective length = 20 cm.

Furthermore, at 214 nm there is less variability in the
absorbance of proteins than at 280 nm. The disadvantage of
the lower wavelength region is that many chromophores
absorb, and thus pure buffers must be carefully selected.
Besides dextran, other polymer networks that can be utilized
at 214 nm include PEG (see later) and agarose.

The selection of buffers for SDS separation includes
consideration of UV absorbance at 214 nm and conductivity
of the solution in order to minimize Joule heating. In terms
of both conductivity and UV absorbance AMPD-CACO and
TRIS-CHES buffers with 0.1% SDS were found to be useful.
For the sample buffer, TRIS-HCI at pH 6.2 with 1% SDS
was used for sample focusing via the pH change upon injection,
resulting in a mobility change of buffer components.32

Figure 4 shows the separation of standard SDS—proteins
in a 10% w/v dextran polymer network (MW 2 000 000). As
can be seen, both the selectivity and the efficiency are
comparable to that of the linear polyacrylamide. Straight-
line relationships between the mobility and the logarithm of
the protein molecular weight were observed with an r2 value
0f 0.992. Ferguson plots of the separations were also similar
to those obtained in linear acrylamide. The slopes of the
plots, Kg, were again proportional to the molecular weight of
the proteins (r2 = 0.985), indicating that the separation was
due to molecular weight differences.

The effect of the molecular weight of the dextran on the
molecular weight selectivity of the SDS—protein complexes
was also studied. Table I presents the influence of the
molecular weight of dextran on the size selectivity of SDS-
protein complexes (as measured by the relative mobility with

(32) Laemmli, U. K. Nature 1970, 227, 680.

Table II. Reproducibility of Migration Times Using 10%
Dextran (MW 2 X 10°) Network*

protein® RSD (%) n
(A) Replacing the Matrix after Each Run

0.12 12
CA 0.13 12
OVA 0.30 12
BSA 0.38 12
PHB 0.22 12

(B) Consecutive Injections
MYO 2.3 10
CA 22 10
OVA ~ 2.4 10
BSA 26 10
PHB 2.7 10
source myoglobin phosphorylase B

(C) Different Batches of Dextran,
Average Migration Time (n = 15)

Sigma 1 8.7+ 0.37 13.9 + 0.37
Sigma 2 84+0.12 13.4£0.12
Sigma 3 8.1%0.24 12.7 £ 0.24
Pharmacia 8.3 +0.20 13.4+0.20

@ Conditions: Buffer 0.06 M AMPD-CACO pH 8.8; 0.1% SDS;
applied electric field 300 V/cm; 20 pA; effective length = 15 cm.
5 MYO = myoglobin, CA = carbomc anhydrase, OVA = ovalbumin,

ylase B.

BSA = bovine serum alb , PHB = phosph

phosporylase B as the internal standard). It can be seen that
the higher the molecular weight of the dextran, the higher
the selectivity obtainable. In this work, MW 2 000 000 was
thus selected for study.

The reproducibility of the migration times using the 10%
w/v dextran polymer network (MW 2 000 000) is presented
in Table II. Replacement of the polymer matrix after each
run resulted in a significantly lower RSD of the migration
times than consecutive injection runs (~0.3% vs ~2.5%).
The batch-to-batch reproducibility of different dextran
samples purchased from various suppliers was compared as
well. The average RSD values of migration times were similar
in each batch. However, the batch-to-batch variation of
migration times was found to be approximately 3-5%,
probably due to the different polymer molecular weight
distributions of the batches. Thelinear calibration of mobility
vs log MW of the proteins nevertheless remained constant.
Since one would necessarily calibrate a particular system,
the variation from batch to batch is quite acceptable.

Using dextran (or PEG) as a separation matrix, the lifetime
of the column could be significantly extended since the
polymer is readily replaceable in the column by applying
pressure. Figure 5 shows one example of this characteristic
in which standard SDS-protein complexes are separated, with
the dextran network replaced after each run. It can be seen
that even after 300 runs the column is still quite useable. In
this example the polymer network was directly replaced
without a washstep. Depending on the sample injected, wash
steps, of course, can be utilized for improved run-to-run
reproducibility.

Because of the strong solubilizing power of SDS, dirty or
complex samples could be directly injected into the column.
Figure 6 demonstrates this characteristic in the injection of
rat plasma treated in the standard denaturing SDS condition
(see the Experimental Section). It can be seen that the same
peak pattern is obtained for the first and twenty-third
injection, with the dexran polymer network replaced after
each run. A multipeak pattern is observed because of the
complexity of the sample and the detection wavelength at
214 nm.

An advantage of the capillary electrophoretic approach
relative to the slab gel method is the potential for quantitation
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of the SDS—protein complexes. As we have noted, detection
at 214 nm is advantageous, relative to high-wavelength
absorbance. This is shown in Figure 7 for detection of
standard proteins at 280 and 214 nm, respectively. The
separation and injection conditions were identical except for
the detection wavelength. It can be observed that at 280 nm
the proteins are barely visible, whereas at 214 nm, acceptable
signals are obtained.

A calibration curve was constructed on the manual in-
strument for SDS-myoglobin on a 10% w/v dextran polymer
network column. The concentration of the protein in the
sample buffer was varied, while electrokinetic injection was
kept constant at 300 V/cm for 2s. The plot of peak area vs
sample concentration was linear (r2 = 0.999) up to at least

¥
time (min)

Figure 7. Comparison of protein detection at 280 and 214 nm.
Conditions: buffer, 0.1 M TRIS-CHES pH 8.2, 0.1% SDS; polymer,
10% w/v dextran (MW 2 000 000); effective length, 30 cm; applied
electric field, 300 V/cm; current, 15 pA; injection, 3 s at 300 V/cm;
detection, (A) 280 nm, 0.005 AUFS (baseline shifted for clarity), (B)
214 nm, 0.01 AUFS, automated system; peaks, (1) a—lactalbumln (2)
trypsinogen; (3) carbonic anhydi (4) glycer y

dehydrog (5) lbumin; (6) bovine serum albumln Bectro-

was redrawn using Lotus 1,2,3.

0.25 mg/mL and intersecting the origin. A sample concen-
tration of 0.5 ug/mL led to a S/N ratio of ~2 under the given
injection conditions. Linear calibration using pressure in-
jection on the automated system could also be utilized. Using
the 10% w/v dextran polymer network, a calibration curve
for myoglobin in dog plasma was next constructed. Treating
the plasma under standard SDS denaturing conditions, a
calibration plot of peak area vs sample concentration was
again linear (r2 = 0.981) up to at least 0.25 mg/mL and
intersecting the origin. The minimum detectable concen-
tration (S/N = 2) was, however, 15 ug/mL. The 30-fold worse
detection limits relative to the standard solution was un-
doubtedly a consequence of the background signal of the
plasma itself.

Finally, Figure 8 shows the separation of the light and heavy
chains of human IgG using the manual system. The molecular
weights determined from the calibration plot of mobility vs
log MW were 23 kDa for the light and 52 kDa for the heavy
chain. These molecular weights are in the expected ranges.

PEG. As originally employed by Bode,? poly(ethylene
glycol) (PEG) can also be used as a polymer network for sieving
with good UV transparency. Whereas dextran is a branched
polymer, PEG is linear, and it has been found that much
lower polymer concentrations should be employed, due to
solubility and viscosity considerations. Using the previously
described dextran coating, a 3% PEG (MW 100 000) polymer
network was able to achieve a rapid separation of standard
SDS—protein complexes (using pressure injection) from 14 to
94 kD with detection at 214 nm (Figure 9). Orange green
dye, a small molecule, was added as an internal standard.

As in the case of dextran, plots of log mobility vs % w/v
PEG (Ferguson plots) were linear with an intercept at
approximately the free solution mobility of the SDS—protein
complex. The slopes of the plots Ky vs protein molecular
weight were again linear (72 = 0.986), indicating a molecular
weight based separation mechanism.

Reproducibility of migration times for SDS—protein stan-
dards was found comparable to that of dextran in Table II.
An experiment was conducted of the proteins in Figure 9 in
which 100 injections were made with replacement of the PEG
polymer network after each run. To obtain migration time
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protein complexes using a PEG polymer network. Condltions: buffer,
0.1MTRIS-CHES, 0.1% SDS, pH 8.8; polymer, 3% w/v PEG 100 000;
effective length, 40 cm; 100-um 1.d.; applied electric field, 300 V/cm;
Injection, pressure mode for 20 s; detection, 214 nm, 0.01 AUFS,
automated system; peaks, (OG) internal standard-Orange G; (1)
{actalbumin; (2) soybean trypsin ; (3) carbonic anhydrase; (4)
ovalbumin; (5) bovine serum albumin; (6) phosphorylase B.

reproducibility, each tenth injection was included, with the
result of 0.4-0.5% RSD for the six proteins. In addition, at
least 300 injections with replacement of the network after
each run were possible with little degradation.

As afurther example of the applicability of UV-transparent
polymer networks, Figure 10A shows the separation of an E.
coli extract from a fermentation broth in which the sample
has been treated in the standard SDS-denaturing procedure.
As with plasma, multiple injections could be made without
loss in performance. Figure 10B shows the separation of two
SDS-reduced Fjg), fragments of a monoclonal antibody.

0001AU

10 15 20 min

0.002AU

N

10 20 30  min
Figure 10. Electropherogram of an SDS-E. coli crude extract using
capillary PEG polymer network. Conditions: see Figure 9. OG: internal
standard-Orange G. Electropherogram was redrawn usingLotus 1,2,3.
(B) Separation of reduced F,, fragments of a lonal anti A
Conditions: see Figure 9, except applied electric field, 200 V/cm;
peaks, (OG) internal standard-Orange G.

CONCLUSIONS

SDS-protein complexes have been resolved on the basis of
molecular weight using UV transparent polymer networks.
In contrast to polyacrylamide, detection at 214 m is readily
achieved using either dextran or PEG. The columns can be
utilized for at least 300 runs without loss in performance, due
to the ability to replace the network by pressure. Indeed,
even replacing after each run, the migration time reproduc-
ibility isin general lessthan 0.5% RSD. The method provides
a rapid estimation of protein molecular weight, and quan-
titative analysis using either electrokinetic or pressure
injection is possible. Finally, complex sample matrices can
be injected into the column without significant column
degradation.
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Solid-Phase Method for the Purification of DNA Sequencing

Reactions

Xinchun Tong and Lloyd M. Smith*

Department of Chemistry, University of Wisconsin, Madison, Wisconsin 53706

A solld-phase method for the purification of the single-stranded
DNA molecules produced In enzymatic sequencing reactions
has been developed. A primer oligonucleotide Is synthesized
containing a biotin molety at an internal position. This primer
Is utilized In enzymatic extension reactions, and the resulting
products are bound to streptavidin-coated magnetic beads.
Contaminating specles such as protein, salts, template DNA,
and unincorporated or degraded deoxy and dideoxy nucleotide
triphosphates may be removed by washing the beads after
Immobllizing them in the sample tube with a fixed magnet. The
resulting pure single-stranded DNA fragments are removed
from the solld support by heating in 10 mM EDTA, 95%
formamide, loading dye at 90 °C, and may then be directly
loaded onto a polyacrylamide gel for sequence analysis. This
method was used to Investigate the effect of varlous
contaminants upon DNA sequence data.

INTRODUCTION

DNA sequence analysis continues to play a central role in
modern molecular biology. Automated methods for sequenc-
ing promise eventually to remove the burden of routine DNA
sequencing from the research laboratory, as well as permitting
the successful performance of very large scale projects such
as the analysis of the Human Genome.!2

Although some apsects of sequencing have been effectively
automated, others remain to be addressed. For example,
although the separation and detection of DNA fragments in
polyacrylamide gels has been automated,3# most of the steps
preceding thisseparation, such as the generation of subclones,
growth and purification of template DNAs, and so on, are
still largely performed manually. Much of the reason for this
lies in the nature of the procedures involved. Traditional
methods for sequencing are not readily amenable to auto-
mation, involving procedures such as the growth and plating
of bacterial cultures, biochemical extractions, and centrifu-
gations. In general, these processes need to be redesigned in
ways that are more compatible with automation.

One generic approach to many of these problems is offered
by solid-phase chemistry. Solid-phase methods have a long
history in molecular biology, in for example, the Southern
and Northern hybridization procedures.> More recently,
solid-phase chemistries for DNA and peptide synthesis, and
even total gene assembly, have been developed, with revo-
lutionary consequences for the field.5” These procedures are

(1) Hood, L. E.; Hunkapiller, M. W.; Smith, L. M. Genomic 1987, I,
201-212.

(2) Smith, L. M.,; Hood, L. E. Bio/Technology 1987, 5, 933-939.

(3) Smith, L. M.; Sanders, J. Z.; Kaiser, R. J.; Hughes, P.; Dodd, C.;
Connell, C. R.; Heiner, C.; Kent, S. B. H.; Hood, L. E. Nature 1986, 321,
674-679.

(4) Prober, J. M.; Trainor, G. L.; Dam, R. J.; Hobbs, F. W.; Robertson,
C. W.; Zagursky, R. J.; Cocuzza, A. J.; Jensen, M> A.; Baumeister, K.
Science 1987, 238, 336-341.

(5) Gillespie, D.; Spiegelman, S. J. Mol. Biol. 1965, 12, 829-842.

(6) Atkinson, T.; Smith, M. In Oligonucleotide synthesis-A practical
approach; Gait, M. J., Ed.; IRL Press: Oxford, 1984; pp 35-81.

0003-2700/92/0364-2672$03.00/0

intrinsically amenable to automation and eliminate the
problems with purification of intermediates that plague
conventional approaches. Uhlen and co-workers have pio-
neered the use of such methods for problems in DNA sequence
analysis, exploiting the high affinity and stability of biotin—
avidin chemistry to permit the immobilization and sequence
analysis of double-stranded PCR products.#1°

In this paper we describe a solid-phase DNA sequencing
method for the purification of the single-stranded DNA
molecules produced in enzymatic sequencing reactions. A
primer oligonucleotide labeled at the 5 terminus with 32P
and containing a biotin group at an internal position is utilized
in the enzymatic extension reactions, and the resulting
products are bound to streptavidin-coated magnetic beads.
The template strand and other reaction contaminants are
removed by denaturation and washing of the beads, and the
remaining pure single-stranded fragments are eluted by
heating in a EDTA/formamide mixture. In contrast to
previously described methods, in which the biotinylated
strand remains attached to the support particle, in this
approach the biotinylated molecules are removed from the
support particle and directly analyzed. This allows the
purification method to be utilized for the sequence analysis
of the single-stranded M13 template DNAs most widely used
in enzymatic DNA sequencing. Thissolid-phase strategy was
used to investigate the effects of template DNA, polymerase,
glycerol, and salts upon DNA sequence data.

EXPERIMENTAL SECTION

Enzyme, DNA Template, and Oligonucleotide Primer.
Bst DNA polymerase was obtained from Bio-Rad (Rlch.mond
CA). Single-stranded M13mp19 late DNA was p
by standard methods. A modified M13 sequencmg primer
(denoted B-BT) with the sequence 5-CAT* GAC GTT GTA
AAA CGA CGG CCA GT-3’ was synthesized by the University
of Wisconsin Biotechnology Center on an Applied Biosystems
380A DNA synthesizer (Foster City, CA). T* is the product
obtained from use of the modified nucleoside phosphoramidite
amino-modifier-dT (Glen Research, Sterling, VA), which has a
primary amino group attached to thymine with a 10-atom spacer
arm. This amino group was coupled to NHS-. LC Biotin (Pleroe,
Rockford, IL) as described.!! The biotinylated primer ( t
Bio-B-BT) was purified by reverse-phase high-performance liquid
chromatography and 5’ end-labeled using polynucleotide kinase
(USB, Cleveland, OH) and [y-32P] at 5000 Ci/mmol (Amersham,
Arlington Heights, IL).

Magnetic Beads. Streptavidi led tic beads
(Dynabeads M-280, Dynal, Inc Great Neck, NY) were utilized
as a solid support. A !/x-in. X /g-in. neodymium-iron-boron
magnet (Bunting Magnetics, Newton, KS) was used to immobilize
the beads during the supernatant removal and washing steps.

(7) Stewart,J. M.; Young, J. D. Solid phase synthesis; W. H. Freeman:
San Francisco, 1969.

(8) Stahl, S.; Hultman, T.; Olsson, A.; Moks, T.; Uhlen, M. Nucleic
Acids Res. 1988 16, 3025—3038

(9) Hultman, T.; S\‘.a.hl, S.; Hornes, E.; Uhlen, M. Nucleic Acids Res.
1989, 17, 4937-4946.

(10) Homes E; Korsnes, L. Genet Anal 1990 7 145—150

(11) Dynabeads M-280 T DNA Tech-
nology 6.

© 1992 American Chemical Society
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Table I. Protocol for Solid-Phase DNA Sequencing

) label tubes A, C, G, T and aliquot 2 uL of the
appropriate d/ddNTP mix to each tube; keep on ice
mix the following cocktail (10 L per set
of four reactions):
1.0 pL of ssM13mp19 template DNA
(2.0 pg/uL = 0.8 pmol/uL)
1.5 uL 10 X SB (100 mM MgCly, 100 mM
Tris pH 8.5)
0.8 uL primer (0.8 pmol)
6.7 uL of H,0
3. annealing: 65 °C (heating block) 2 min, 37 °C
(heating block) 5 min, RT (air) 10 min
add 0.5 uL of Bst DNA polymerase
remove 2.5 uL of cocktail and add it to each nucleotide
mix tube and immediately place at 65 °C for 5 min
6. remove tubes from heating block and add 2 yL of
10 mM EDTA, 95% formamide
heat tubes at 90 °C for 5 min; place on ice
binding: to each tube add
2.0 uL of 5 X BB (5 X TES, 1% Tween-20)
2.0 uL of beads (in 1 X TES)
sit at room temperature for 15 min
ok immobilize beads with a magnet, wash twice with
10 pL of 1 X TES, once with 10 pL of H,O
10. elute DNA fragments from beads in 6.5-uL stop solution
(10 mM EDTA, 95% formamide, 0.05% bromophenol
blue) at 90 °C for 5 min
11. pipette off the supernatant and load on gel

(8

®

The beads were prewashed in 1 X TES (10 mM Tris-HC], 1 mM
EDTA, 1 M NaCl, pH 8.2) three times and resuspended at 10
ug/pLinl X TES. These beads arereported by the manufacturer
to possess 0.3 pmol of biotin-binding sites per microgram of beads.

Single-Stranded Sequencing Reactions. DNA seqt

S=r—3  NHS-LC-Biotin 2 =
NH, —_—— NH-Biotin
Primer Internal Biotinylated Primer
(B-BT) (Bio-B-BT)
Primer Extension From
Annealing Labeled Primer
—_— 5 —

;\-‘ Enzyme,
Salts,

(e Biotin Group ) dNTP &

ddNTP k/
5 Bind To Magnetic Beads
With Streptavidin

Denaturing + ( & )
> Enzyme,
s Salts,
dNTP &
ddNTP
5
Washi
. ashing
Enzyme,
Salts, Purified DNA Fragments
dNTP &
ddNTP

Elute DNA Fragments

From The Beads ap—— Sample Loading

Figure 1. A schematic drawing of the basic concept for solid-phase

reactions were performed by mixing 0.8 pmol of template DNA,
0.8 pmol of 5’-32P end-labeled primer, and 1.5 uL of 10 X SB (SB,
or sequence buffer, is 10 mM MgCl; and 10 mM Tris-HC] pH
8.5).22 Water was added to give a total volume of 10 uL. This
mixture was placed at 65 °C (heating block) for 2 min, at 37 °C
(heating block) for 5 min, and at room temperature (air) for 10
min to anneal the primer to the template. A 0.5-uL portion of
Bst DNA polymerase (1 unit/uL, Bio-Rad, Richmond, CA) was
added, and 2.5 uL of the resultant enzyme/DNA mixture was
placed in each of four tubes containing 2.0 uL. of d/ddNTP mixture
(see below). The sequencing reactions were placed at 65 °C for
5min, followed by the addition of 2.0 uL of a solution containing
10 mM EDTA (diluted from a 0.5 M solution of disodium EDTA
which had been adjusted to pH 8.2 with NaOH) and 95%
formamide tostop the reaction. They were denatured by heating
at 90 °C for 5 min and immediately placed on ice before either
loading on an acrylamide gel for analysis or binding to magnetic
particles for purification. The following nucleotide mixtures were
used: 250 mM each of 3 ANTPS, one of 240 mM ddGTP, 480
mM ddATP, 500 mM ddTTP, or 200 mM ddCTP, and 25 mM
of the corresponding dNTP.

Solid-Phase Procedures. The newly synthesized DNA
fragments were bound to streptavidin-coated magnetic beads by
adding 2.0 uL of the bead suspension and 2.0 uL of 5 X BB (BB,
or binding buffer,is 1 X TES and 0.2% Tween-20) to eachreaction
tube. The tube was placed at room temperature for 15 min to
allow binding to take place. The supernatant was removed, and
the beads were washed using the magnet to immobilize the beads
in the tubes. The beads were washed twice with 10 uL of 1 X
TES buffer and once with 10 yL of H;O0. The DNA fragments
were eluted from the beads in 6.5 uL of stop solution (10 mM
EDTA, 95% formamide, 0.05% bromophenol blue) at 90 °C for
5 min. Approximately 1.5 uL of supernatant were loaded on a
6% denaturing polyacrylamide gel for sequence analysis. Table
1 is a protocol for solid-phase DNA sequencing, in which steps
1-7 describe the DNA sequencing reactions. Kodak XAR-5 film
(Rochester, NY) was used for autoradiography, and scintillation

(12) Mead, D. A; McClary,J. A.; Luckey, J. A.; Kostichka, A. J.; Witney,
F. R.; Smith, L. M. BioTechniques 1991, 11, 76-87.

DNA seq g
counting was performed on a Beckman LS6000SE (Fullerton,
CA).

RESULTS AND DISCUSSION

Basic Concept. A diagram outlining this approach to
solid-phase DNA sequencing isshown in Figure 1. Sequencing
reactions are performed in solution by standard procedures,
except that a biotinylated primer is employed. In this work
the primer was a 26mer biotinylated at an amino-modified
T nucleoside three bases from the 5’ end. The primersequence
was chosen to be complementary to the M13 sequence at all
positions other than the modified T, which replaced a C
normally at that position. The choice of an internal position
for the biotin group left the 5" terminus of the primer free for
labeling with 2P using polynucleotide kinase.

The sequencing reactions are denatured to separate the
newly synthesized fragments from the template strand, and
the fragments are captured on streptavidin-conjugated mag-
netic beads in a 15-min incubation at room temperature. The
inclusion of the detergent Tween-20 in the binding buffer
was found to be important for minimizing nonspecific binding.
Contaminating species are removed by washing the beads
after immobilizing them in the sample tube with a fixed
magnet. The resulting pure single-stranded DNA fragments
are eluted from the solid support by heating at 90 °C in 10
mM EDTA and 95% formamide, and may be loaded directly
onto a denaturing polyacrylamide gel for sequence analysis.

Binding and Elution Efficiency. A central issue in this
solid-phase procedure is the efficiency of capture and elution
of the extension reaction products. In order to quantify and
optimize these efficiencies, biotinylated primers labeled at
the 5’ terminus with 32P were bound to and eluted from beads
with radioactive counting of the beads and supernatants. The
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Figure 2. The effect of a denaturation step prior to bead capture on
binding sfficiency. An autoradiograph of a 6% polyacrylamide, 8.3
M urea gel shows the products of sequencing single-stranded M13mp 18
with BstDNA polymerase. SetsB, D, and F were sequencingreactions
obtained using the solid-phase method in which a denaturation step
subsequent to the extension reactions but prior to bead capture is
omitted (B), at 90 °C for 2 min (D), and at 90 °C for 5 min (F), then
to which 2.0 uL of 10 ug/uL beads suspended in 1 X TES and 2.0 uL
of 5§ X TES, 1% Tween-20 were subsequently added. Following binding
and washing procedures (described in Table I), the DNA fragments
were eluted from the beads in 3.0 pL of stop solution. Sets A, C, and
E show control reactions that were denatured in the same way but to
which no beads were subsequently added. The comparable intensity
of the sequence ladders in lanes E and F is indicative of a binding
efficiency of about 50 %, as the control reactions were twice as dilute;
1.5 uL of the sequencing reactions were loaded on the gel for each
of set A-F.

variables examined in the binding reaction were temperature,
salt concentration, the primer/bead ratio, and incubation time.
Varying the temperature from ambient to 65 °C had little

Table II. Elution Efficiency

temp (°C), elution
time (min) elution solution efficiency (%)

90, 10 10 mM EDTA, pH 8.2 and 96.8
95% formamide

90,5 10 mM EDTA, pH 8.2 and 96.4
95% formamide

90, 2 10 mM EDTA, pH 8.2 and 96.8
95% formamide

65,5 10 mM EDTA, pH 8.2 and 96.4
95% formamide

65,2 10 mM EDTA, pH 8.2 and 97.9
95% formamide

37,10 10 mM EDTA, pH 8.2 and 41.9
95% formamide

90, 10 H0 7.3

90, 10 10 mM EDTA, pH 8.2 52.0

90, 10 95% formamide 35.9

90, 10 30 mM NaOAc, pH 9 and 95.5
95% formamide

90, 10 80 mM NaOAc, pH 9 and 97.3
95% formamide

90, 10 140 mM NaOAc, pH 9 and 95.4

95% formamide

effect upon the binding efficiency. The binding efficiency
was 89% in 1 X TES, 0.2% Tween-20 compared to 74% in
10mM Tris-HCl,pH 8.2,0.2% Tween-20. An 8-fold variation
in the primer/bead ratio (0.0025-0.02 pmol of primer/pg of
beads) had no significant effect upon binding efficiencies,
nor did incubation times of longer than 15 min.

In early experiments the binding efficiencies obtained for
sequencing reactions were substantially lower than those
found for the free biotinylated oligonucleotides. Experiments
were performed to evaluate whether this lower efficiency was
duetointerference in binding from the templatestrand. Figure
2shows the effect of a denaturation step prior to bead capture.
Reactions B, D, and F show the sequencing ladders obtained
using the solid-phase protocol in which a denaturation step
subsequent o the extension reactions but prior to bead
capture is either omitted (B), 2 min at 90 °C (D), or 5 min
at 90 °C (F). Reactions A, C, and E show control reactions
treated the seme way but to which no beads were subsequently
added. Inthisexperiment the control reactions were dissolved
in twice the volume as the solid-phase reactions, but the same
volumes were applied to the gel. The data show clearly that
the denaturation step is critical to obtaining a good efficiency
of binding to the beads. The comparable intensity of the
sequence ladders in lanes E and F is indicative of a binding
efficiency of about 50%, as the control reactions were twice
as dilute. This was confirmed by cutting out the gel region
and measuring the radioactivity by scintillation counting.
The modest effect of the 2-min denaturation relative to the
5-min denaturation is probably due to the time required to
bring the sample tube to temperature after placing it in a hot
block.’3 The need for a denaturation step prior to binding
presumably reflects some form of steric hindrance between
the template DNA and the streptavidin-coated magnetic
particle, although this has not been investigated in detail.

In order to further increase the binding efficiency, the
denaturation conditions were investigated. Asexpected, more
stringent denaturation conditions produced by lower salt
concentratiors and/or added formamide increased the binding
efficiency. It was also found to be important to place the
reactions on ice immediately after denaturation, presumably
to inhibit renaturation prior to bead capture. The best
conditions found employed a 5-min denaturation at 90 °C in
the presence of 29% formamide and 3.0 mM EDTA followed

(13) D'Cunhe, J.; Berson, B. J.; Brumley, B. L.; Wagner, P. R.; Smith,
L. M. BioTechniques 1990, 9, 80-90.
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Flgure 3. Sequence data examining the effect of a sampls denaturation
step prior to loading on the sequencing gel in both solid-phase purified
DNA fragments and conventional sequencing reactions. Sets A and
B: conventional sequencing reactions were denatured by heating at
90 °C for 5 min and immediately placed at room temperature for
longer than 1 h (A), or on ice (B). Sets C and D: the sequencing
reactions employing a biotinylated primer (see text) ware denatured
by heating at 90 °C for 5§ min and immediately placed on ice before
binding to magnetic particles for purification (step 7 of Table I protocol).
They were then eluted from the beads in 10 mMMEDTA, 95 % formamide,
0.05% bromophenol blue and (C) were placed at room temperature
for longer than 1 h or (D) were heated at 90 °C for 5 min and placed
on ice. The radioactive signal evident in the well of Figure 2 lane F
but absent in the wells of Figure 3 lanes C and D is presumably due
to rehybridization of the sequencing products to the template DNA.
This template DNA s not removed by the step employed for the
experiments of Figure 2, but was removed by the procedure employed
for Figure 3.
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Figure 4. Plots of radioactivity of sequencing reactions versus
rehybridization time for rehybridization experiments in conventional (A)
and solid-phase purified (B) DNA sequencing reactions. Sequencing
reactions performed as described in Table I were denatured by heating
at 90 °C for 5 min and placed on ice for 5 min (step 10 of Table I
protocol) and then left at room temperature for 0, 5, 10, 15, or 30 min.
Aliquots (1.5 uL) were loaded on a 6% polyacrylamide, 8.3 M urea
gel and individually electrophoresed into the gel matrix immediately
after loading of each reaction and then separated by electrophoresis.
The region of the gel corresponding to the sample well, and the separated
DNA fragment was excised and quantified by scintillation counting.

by immediate incubation on ice (see Table I for protocol) and
resulted in a binding efficiency of ~80%.

The degree of nonspecific binding of DNA to the strepta-
vidin-coated beads was determined in mock binding exper-
iments using unbiotinylated B-BT primers. Some nonspecific
binding (12.4% ) was observed in early experiments using TES
as a binding buffer, but was rendered negligible (0.9%) by
inclusion of the detergent Tween-20 in the binding buffer.

In order to have a high overall efficiency, both the binding
and the elution efficiencies must be high. A variety of
conditions were investigated for elution of the immobilized
DNA fragments. As before, initial studies were performed
with radiolabeled biotinylated primer oligonucleotides. The
results are shown in Table II. A 10 mM EDTA, 95%
formamide solution gave efficient elution for temperatures
of 65 °C or greater. Even at a temperature of 90 °C for 10
min, very poor elution efficiency was observed in water alone,
only a52% efficiency in 10 mM EDTA alone, and only a 36 %
efficiency in 95% formamide alone. It was suspected that
the effect of the EDTA might simply be to provide ionic
strength to the elution buffer. To test this hypothesis other
salts were tested in the elution buffer. Sodium acetate at 30
mM or higher concentration also gave good elution efficiency
(Table II). Other salts such as triethylammonium acetate
and Tris buffer of varying concentrations improved elution
efficiency, but for reasons that are unclear led to some
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Flgure 5. The influence of glycerol on sequence data. Set A was a
control conventional sequencing reaction which includes approximately
0.019 units/uL or 5 ng/uL of Bst DNA polymerase and 1% glycerol.
B-D were solid-phase purified DNA sequencing reactions prepared as
described in Table I, to which were added nothing (B), Bst DNA
polymerase (0.057 units/uL or 15 ng/uL, C), or glycerol (3%, D).

difficulties with reproducibility. The pH of the elution buffer
may also have an effect upon elution efficiency, but this issue
was not examined in detail. The mechanism of elution is
presumed to involve the denaturation of streptavidin, causing
a loss of biotin-binding activity.

Denaturation Experiments. Figure 3 presents data
showing the effect of a sample denaturation step immediately
prior to gel loading upon both solid-phase purified DNA
fragments and conventional sequencing reactions. Two
observations may be made. First, data obtained from the

Solid Phase Purified Sequencing Reactions (in 30mM NaOAc)
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Figure 6. Salt effects in DNA seq ing. Single-: ded solid-
phase DNA sequencing reactions produced according to the protocol
in Table I, except that DNA fragments were eluted in 3.0 uL of 30 mM
NaOAc, 95% formamide by heating at 90 °C for 10 min. Additional
salts as indicated were added to the supernatants removed from the
beads. These samples were dried on a SpeedVac Concentrator
(Savant) and resuspended in 3.0 ul. 95% formamide, 0.05%
bromophenol blus. Aliquots (1.5 uL) were loaded on a 6% polyacry-
lamide, 8.3 M urea gel and separated by electrophoresis.

solid-phase purified material did not suffer from the absence
of a denaturation step, in marked contrast to data obtained
from convertional reactions treated similarly. Second, the
large mass of radioactive material present in the well of the
conventional sequencing reactions is absent in the wells on
which the solid-phase purified material was applied. Both
these observations presumably reflect the absence of a DNA
template strand to which the newly synthesized fragments
canbind. Rehybridization of the newly synthesized fragments
to the template strand increases their effective molecular
weight greatly, preventing them from entering the gel and
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thus producing the large amount of radioactive signal in the
sample well. Independent evidence confirming the efficient
removal of the template DNA strand in the solid-phase
procedure was obtained in agarose gel electrophoresis ex-
periments (data not shown).

In further experiments, unpurified and purified sequencing
reactions were left at room temperature for varying amounts
of time after a denaturation step. They were then loaded on
a sequencing gel, the products separated by electrophoresis,
and the regions of the gel corresponding to the sample well
and the separated DNA fragments were excised and quantified
by scintillation counting. The results are shown in Figure 4.
Whereas for unpurified reactions the counts present in the
sample well increased with time while those present in the
gel decreased, for the solid-phase purified reactions the counts
present in both regions remained roughly constant.

Effects of Additional Components upon Sequencing
Reactions. Since the solid-phase procedure described above
yields pure single-stranded DNA fragments, it can be used
to determine the effects of other components upon sequence
data. Experiments were performed in which various com-
ponents were added to solid-phase purified DNA sequencing
reactions prior to their electrophoretic separation. The
components examined were DNA template, DNA polymerase,
glycerol, and both sodium chloride and magnesium chloride.
The effect of DNA template was as described above. Figure
5A,B shows control conventional and solid-phase purified
sequencing reactions, and Figure 5C shows the effect of added
DNA polymerase, whose only apparent effect was to produce
a “bulge” in the sequence ladders near the top of the gel. It
was suspected that glycerol present in the Bst storage buffer
might be responsible for this effect. This hypothesis was
tested by addition of glycerol to solid-phase purified se-
quencing reactions and found to be correct as shown in Figure
5D. Apart from the effect of the glycerol, the Bst polymerase
did not appear to have an adverse effect upon the sequence
data.

Another major contaminant often present in sequencing
reactions is salts. In protocols generally employed in fluo-
rescence-based automated DNA sequencing, for example,1516
an ethanol precipitation step to concentrate samples and
remove salt is required prior to gel loading. Thus, the effects

(14) Fuller, C. W. United States Biochemical Corp. Editorial Com-
ments 1989, 16 (2), 19

(15) Applied Biosystems Taq DyeDeoxy Terminator Cycle Sequencing
Kit User’s Manual; Part Number 901497, 11 & A1-A3.

(16) Applied Biosystems 373A DNA Sequencing System User’s
Manual, Section 3, 10.

(17) Drossman, H.; Luckey, J. A.; Kostichka, A. J.; D’Cunha, J.; Smith,
L. M. Anal. Chem. 1990, 62, 900—90

(18) Luckey, J. A,; Drossman, H.; Kostichka, A. J.; Mead, D. A;
D’Cunha, J.; Norris, T. B.; Smith, L. M. Nucleic Acids Res. 1990, 18,
4417-4421.

of added NaCl, MgCl,, EDTA, and Tris-HCI upon sequence
data were examined. In the addition experiments involving
MgCl,, the purified DNA molecules were eluted from the
support in 30 mM NaOAc, 95% formamide to avoid inter-
actions with the EDTA normally employed in elution.
Interestingly, neither added sodium chloride up to 200 mM
in concentration nor Tris-HCl up to 400 mM had any
discernable effect upon the sequence data (not shown). In
contrast, both MgCl, (Figure 6) and EDTA (not shown) caused
a “focusing” of the sequencing ladders, that is a narrowing
together of the four lanes evident near the bottom of the
autoradiogram. This “focusing” phenomenon was accom-
panied by a slow movement of the blue loading dye into the
gel matrix from the wells and diffusion of the dye at the
beginning of electrophoresis, followed by a subsequent
sharpening later in the separation. It was initially surprising
that these effects were specific to the salts employed and
were thus not a function solely of either ionic strength or
ionic conductivity. One explanation consistent with these
observations, however, is that since EDTA molecules, either
free or bound to Mg?*, have a relatively low electrophoretic
mobility, they remain near the top of the gel much longer
than do the fast moving chloride ions introduced with either
sodium chloride or Tris-HCl. Their presence in the gel
decreases the field strength locally, causing the marker dye
to migrate slowly as well as bending the electric field lines
and causing the “focusing” effect observed.

In summary, we have described a simple system for the
purification of DNA sequencing reactions on a solid phase.
The ability to generate pure single-stranded DNA fragments
for analysis permits the effect of contaminants upon sequence
data to be determined, increases signal by eliminating
rehybridization of the synthesized fragments to template
which does not enter the gel, and offers a simple alternative
approach to the automated production of clean samples for
large-scale DNA sequencing. It is expected to prove useful
in capillary electrophoretic methods for DNA sequencing!7.18
in which contaminants are believed to substantially decrease
capillary gel stabilities and lifetimes. The utility of this
method for sample preparation in automated fluorescence-
based DNA sequencing methods is also under investigation.
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Video Analysis of DNA Sequence Homologies
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A method for the rapid quantitative analysis of dot blot assays
Is presented. A video camera, an NTSC compatible frame
grabber board, and an AT personal computer are used to read
photographic exposures of the assay plate. Image processing
and Image analysis techniques are used to calculate the
orlentation of the dot raster and then to compensate for the
effect of varlations In field llumination on measurements of
local contrast. Local contrast (between dots and background)
Is an exponential function of the amount of hybridization
between blotted DNA and complimentary oligonucleotide
probes. The amount of hybridization between blotted DNA
and oligonucleotide probes of known sequence Is the criterla
used to establish HLA-DR tissue types. Although the assay
described here utllizes a chemiluminescent reaction, this
algorithm may be used to read any assay that produces a
rectangular raster of dots.

INTRODUCTION

Dot blot assays are a standard technique for measuring the
amount of biological material bound to a membrane.! Atthe
C.W.“Bill” Young Marrow Donor Recruitment and Research
Program, dot blots are used to evaluate the DNA sequence
of human leukocyte antigen (HLA) genes isolated from
potential bone marrow donors. The HLA types of donors are
entered into a national data base that is used to match the
donors with patients requiring bone marrow transplants. A
large number of tests are needed to complete the typing of
asingleindividual, hence the requirement for an inexpensive,
rapid, accurate, and easy to use method for reading the assay.

Dot blot assays are commonly evaluated either visually or
by densiometric scanning.2? Advancements in commercial
filtering apparatus have greatly eased sample preparation
procedures. However, the tedius, time-consuming, and error-
prone tasks of manual analysis and data entry underscore
the need for automated analysis. Previous attempts to
automate reading have assumed the presence of mainframe
computers, required extensive user intervention,?# or utilized
dedicated systems running proprietary software.

In the dot blot assay, the DNA blotted at each dot position
was tested against probes of known seq; Meast ts
of the degree of hybridization between the probe and blotted
DNA were used to evaluate the HLA-DR tissue types of
potential bone marrow donors. Our goals in developing this
video system were to (1) quickly and accurately read the large
numbers of assays produced daily and (2) introduce a measure
of numeric consistency that was lacking in visual assessments
of the assay.

The dot blots were read using a video camera and an image
acquisition board to capture the image of a photographic

* To whom correspondence should be addressed.

(1) Kafatos, F. C.; Jones, C. W.; Efstratiadis, A. Nucleic Acids Res.
1979, 7, 1541-1552.

(2) Thomas, P. S. Proc. Natl. Acad. Sci. U.S.A. 1980, 77, 5201-5205.

(8) Williams, R. L.; Cascio, D.; Wight, P. A.; Spindler, S. R. DNA 1985,
4, 955-262.

(4) Taub, F. E.; DeLeo, J. M.; Thompson, E. B. DNA 1983, 2, 309-327.
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exposure of an assay plate. The analogue NTSC signal from
the video camera was digitized by the frame grabber.
Approximately 5 s was required to read and save a single
exposure. The results can be observed immediately on the
PC screen and may be ported to many commercial database
programs for further analysis.

EXPERIMENTAL SECTION

The dot blot assays were prepared according to standard
protocols. Figure 1 illustrates the preparation of a single
(positive) dot. Human DNA was amplified using polymerase
chain reaction (PCR) to prod DNA 1 tary to the
sequence of interest. The amount of DNA (absorption coefficient
= 0.020 cm?/ug at 260 nm) after PCR was measured with a
Spectronic 601 absorption spectrophotometer (Milton Roy,
Rochester NY). The PCR wasslowly filtered through Zeta-Probe
membranes (Bio-Rad, Richmond CA). For the calibration
experiments, it was assumed that all of the applied DNA adhered
to the membrane. This assumption is valid since our maximum
target size was 0.09 ug of DNA, while Bio-Rad has loaded targets
containing up to 7.5 ug. The surface area of the membranes was
sufficiently high to accommodate all of the applied DNA.

Samples containing up to 0.0858 ug of PCR-amplified DNA
(in 10X SSPE—1.5 M NaCl, 0.1 M Na,HPO,-7H;0, 10 mM
EDTA) were individually blotted to the membrane in a 96-well
vacuum filtering apparatus (Bio-Rad). The 96-well microtiter
plate sets the 8 X 12 dot raster pattern. The dot positions are
labeled Al (row 1 column 1) to H12 (row 8 column 12). After
blotting, the DNA was denatured with 0.5 M NaOH, cross-linked
to the membrane with a 30-s 1200-uJ exposure in a UV
Stratalinker 1800 (Stratagene, La Jolla, CA), dried, and rewet in
2X SSPE. The membrane was incubated for 60 min in a solution
of 0.33% (v/v) 20X SSPE, 0.1% (v/v) Denhardt’s solution (5.0
g of Ficoll Hypaque, 5.0 g of polyvinylpyrrolidone, and 5.0 g of
bovine serum albumin in 500 mL of water), 0.2 g of sarcosine, 0.4
mL of10% SDS, 20.0 mg of salmon sperm DNA (Sigma Chemical
Corp., St. Louis, MO), and a digoxigenin-labeled sequence-specific
18 base pair oligonucleotide.* The probe concentration in the
reaction mixture was 100 pM. The membranes were then washed
(pH 7.5, 5060 °C) to remove nonhybridized and nonspecifically
bound oligonucleotide.

Detection of digoxigenin-linked oligonucleotide was accom-
plished as follows. First, nonspecific antibody binding was
blocked using a buffered solution of 2% nonfat dry milk (pH 7.5,
Boehringer Mannheim, Indianapolis, IN). The membranes were
then incubated with a solution of anti-digoxigenin-Ab-alkaline
phosphatase conjugated antibody (Boehringer Mannheim). The
blots were transferred in a darkroom to a solution of Lumiphos-
530 (Boehringer Mannheim) and placed in a film cassette. After
a final 30-min incubation, the blots were exposed to X-ray film
(Kodak X-OMAT scientific imaging film) for timed intervals
and developed. Chemiluminescence resulting from the enzymatic
cleavage of Lumiphos could then be seen as a dark spot against
a clear background.

Figure 2 shows the equipment required for the video analysis.
The developed films were placed on an illuminated copy stand.
A black and white CCD video camera (Cohu, San Diego, CA)

(5) Georgetown University and Naval Medical Research Institute Bone
Marrow Typing Standard Operating Proced Naval Medical R =
Institute: Bethesda, MD, 1991.

© 1992 American Chemical Society
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Figure 1. DNA sequence homology test. Human cDNA is linked to
a membrane by UV light. A digoxigenin-linked oligonucleotide probe
will bind to the cDNA if they are homologous Next, the membrane
is washed with alkaline phc di antibody. Finally,
the membrane is placedina ) solution of Lumlphos 530. The enzymatic
cleavage of Lumiphos produces light.
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Figure 2. Setup for the video analysis of dot blot assays.

with a Fujinon HF16A CCTV lens was focused on the film. An
AT personal computer (Dell Computer Corp., Austin, TX) and
a 3Mb P-360 power grabber (Dipix Technologies, Ontario,
Canada) was used to capture and analyze the images. The P-360
isa singlet-slot PC-based video digitizer that uses the TMS320C30
(Texas Instruments, Austin, TX) floating point digital signal
processor. The P-360 digitized the NTSC (RS-170 2:1 interlace,
60 Hz) video signal. In the calibration experiments, neutral-
density filters were placed between the CCTV lens and the film
exposure to simulate changes in room lighting.

RESULTS AND DISCUSSION

Program Algorithm. Figure 3 is a flowchart for image
acquisition and analysis. The steps requiring user interven-
tion are shown in solid boxes, while the steps automatically
carried out are in dotted boxes.

The program requires that the first exposure read in each
session must be a previously prepared template. This
template is simply a developed film image of a microtitre
plate with positive spots in diagonally opposite corners (the
Al and H12 positions). These positions were forced positive
by using DNA-linked digoxigenin bound to the membrane
instead of PCR-amplified DNA solution. There are no other
spots on the template.

The template is used to establish the geometric parameters
required for alignment and to optimize the overall video levels
used in reading the ensuing exposures. The program setsthe
video levels by repeatedly calculating the histogram of the
acquired image and adjusting the gain (white clipping level)
and offset (black clipping level) of the video amplifier stage

{CALIBRATE
"LIGHT LEVELS

PLACE
TEMPLATE

iMEASURE R !

iGRAB IMACE
i ORIENT DOT RASTER :

“MEASURE LOCAL:
{CONTRAST

Figure 3. Flowchart for the video analysis. Steps requiring user
intervention are in solid boxes. Steps automatically performed are in
dotted boxes.

|

SEARCH
RADIUS

Figure 4. Alignment of a 96 well assay exposure. Pixels are search
along R until a second “dot” is found identifying the H12 corner. The
angle of rotation () and the known geometry of the plate are used
to calculate the positions of each well.

of the P-360 until overflow and underflow are eliminated.
The video calibration takes about 10 s.

The diagonal distance between the two template spots (R
in Figure 4) is measured after the template is read. R is
measured by creating a binary image of the template gray
image.® The binary image contains only those pixels below
athreshold gray value. Contiguous pixelsin the binary image
represent the objects that are observed in the image. The
size and shape of each group of pixels in the binary image is
calculated to determine whether it is one of the reference
spots. Once the two reference points are found, R is equal
to the distance between them.

Since R is a function of the size of the image on the CCD
it depends on the distance between the camera and the film
exposure. R is measured at the start of each session and
must be remeasured if the camera is moved. Other geomet-
rical parameters required for the determination of plate
orientation include the length, width, and the number of rows
and columns contained in the dot raster. These parameters
are set by the geometry of the microtitre plates used and may
be chosen at the beginning of the session. Thus, assays using
different raster patterns are easily accommodated.

After R has been measured, the dot blot films are
successively placed on the copystand. As with the template,
each exposure must have dark spots in the Al and H12
positions. In addition, the A12 and H1 positions must be
blank.

Figure 4 shows how the dot raster in an image is aligned.
A binary image of the plate is created from the captured gray
value image. The objects in the binary image are subject to
size and shape tests to determine whether they are potentially
one of the reference spots. If the size and shape tests are

(6) Gonzales, R. C.; Wintz, P. Digital Image Processing;
Addison-Wesley: Reading, MA, 1987.
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Figure 5. Comparison of the average gray values of image areas read
for a single plate under varying lighting and amplifier conditions. The
slopes of these lines were used to construct Figure 6. Plate brightness
values: curve A = 209, B = 149, C = 114, D = 75.

passed, the pixels at a radius R from the center of the spot
are searched. If the object is indeed one of the reference
spots, there will be one (and only one) position at the radius
R that is covered by another object that also passes the size
and shape tests. The identify and search process is repeated
until both reference spots are located.

Once the corner positions are identified, the rest of the
exposure orientation is calculated by determining the angle
between R and the diagonal of an imaginary “perfectly aligned”
exposure. Figure4shows anexposure randomly placed within
the camera field of view (solid rectangle) and the outline of
an exposure placed so that its edges are aligned with the
camera field of view (dotted rectangle). Using A1 as the origin
and the known microtitre plate geometry, the positions of
the remaining 94 wells are calculated by a two-dimensional
rotation of coordinates through a.

At this point the program signals the user that one of the
following has occurred:

(1) Both reference points have been located. In this case,
the exposure will be automatically read. The results appear
onthescreen and the user is prompted tosave them. Ifsaved,
the results are written to a file for detailed analysis at a later
time.

(2) The program is unable to locate two reference points.
This may occur if (A) either Al or H12 is out of the field of
view of the CCTV lens and (B) the reference points are of too
low contrast to appear in the binary image. The binary image
is displayed, so these two cases are easily distinguished. The
exposure may be reread after moving it into the field of view
or increasing the binary threshold.

(3) The reference points are present, but some positions
fall out of the field of view of the camera. Alternatively, the
program can tell if the exposure has been placed upside down
(the reference points are in A12 and H1 giving a very large
value for a). In either case, the user is given the opportunity
to reposition the exposure.

The local contrast at each spot position is read by sampling
a 6 X 6 pixel area at the calculated well position. The
background surrounding each spot is sampled by reading up
to 864 pixels (a 30 X 30 pixel area excluding the 36 “spot”
pixels) surrounding the calculated spot position. The stan-
dard deviation of both the spot and background pixel

o 1 o
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Figure 8. Lccal contrast correction factors as calculated from observed
image brighmness.

intensities are also calculated. Thus, nonuniform spots and
uneven background shadings are easily detected. Inaddition,
dark pixels far from the calculated dot center position—
belonging to dots that are too large or smudged—may be
identified and automatically filtered from the background.
In practice, the spots produced by the alkaline phosphotase
reaction are uniform. Physical disruptions of the membrane
during filtering, washing, or pipetting are the primary cause
of nonuniform spot density and irregularities of shape.

Quantitative Calibration. Measurements of local con-
trast vary widely with changes in room-lighting conditions.
The value of any pixel in an acquired image is also a function
of the gain and offset settings of the frame grabber amplifier.
Figure 5 is a plot of the average gray values of image areas—
regions defined by the 36 pixels at calculated dot locations
(as described above) and the 864 pixels surrounding each dot
location that comprise the local backgrounds. The image
brightness is defined as the average value of the pixels located
outside the boundaries of the microtitre plate. Under normal
room illumination the image brightness value was 162. The
lines labeled A (very brightlighting, brightness = 209) through
D (dark lighting, brightness = 75) are plots of the average
gray value of each image area acquired with a brightness level
of 162 against the corresponding values of that area obtained
under other lighting conditions. In Figure 5, readings from
strongly positive dots appear near the origin while readings
from the local backgrounds are clustered at higher gray values.
Faint dots are distributed along the lines connecting the origin
and the background readings.

Figure 6 shows the slopes of a series of such lines as a
function of image brightness. Using Figure 6, variations in
local contrast caused by fluctuations in room lighting and
video settings may be corrected by measuring the image
brightness and applying the calculated correction factor to
each gray value measurement. The corrected value for local
contrast (6) at each spot position is

8§=(B-P)c 1)
where B is the value of the surrounding (background) pixels,
P is the value at the calculated spot position, and ¢ is the
correction factor read from Figure 6.

Figure 7 shows the quantitative analysis for the hybrid-
ization of an oligonucleotide probe. The relative contrast
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Figure 7. Dot contrast plotted versus applied DNA at varying exposure
durations.

between spots containing known amounts of amplified DNA
(8a) and a saturated reference spot (3,) is

84/0,=1-e ¢ @

where ¢ is the film exposure time and c4 is the amount of
DNA applied. The amount of hybridized DNA at any spot
position may be found by comparing its local contrast value
with the local contrast at the saturated A1 and H12 reference
Ppositions:

9
Cy=-ln(1-5)/ @)

The A1 and H12 positions are forced positive (saturated black)
by using digoxigenin-labeled DNA instead of the usual PCR
solution. These positions define the upper limit for local
contrast measurements on a given exposure.

Increasing the exposure time of the X-ray film will decrease
the detection limit of hybridized DNA. It was possible to
detect 84 % 40 pg of hybridized DNA with a 5-min exposure
time. This limit represents the faintest detectable dot
produced by a 5-min film exposure time under the conditions
used to prepare the assay. On the basis of the average amount
of PCR-amplified DNA applied to a spot position during a
sequence homology assay, this corresponds to the detection
of about 0.1% of the total possible hybridization. The upper
detection limit can be further decreased by using less DNA
spotted at each position and longer exposure times. This will
prevent increases in dot size and smearing due to overex-
posure.

As implied in Figure 7 and eq 3, the detection limit is not
a linear function of exposure time. Further, the limit of
detection is a function of many experimental variables, each
influencing how well hybridization occurs between the probe
and the target DNA and how well the blotted DNA adheres
to the membrane. The temperature during incubation, the
pH of the wash medium, turbulence and shear induced during
the wash and filtration steps, the molecular weight of the
probe, photographic exposure time, and the inherent sequence
homology between the probe and the blotted DNA each

contribute to the experimental uncertainty to varying degrees.
We have therefore found it necessary to prepare a concurrent
internal standard membrane (from the nonvariable HLA-
DR region) for each panel of bone marrow donors. This
internal standard serves as a measure of the maximum
strength of response at each dot position in the assay.

SEQUENCE HOMOLOGIES

To demonstrate the utility of the dot blot analyzer, PCR-
amplified DNA from a panel of 94 individuals was anlayzed.
DNA was blotted onto 17 membranes as discussed above.
Each membrane was tested for hybridization by a different
oligonucleotide probe. The probes were complementary to
known sequences of the variable region of HLA-DR. In
addition, a membrane was prepared using a probe compli-
mentary to the nonvariable region of the HLA-DR gene. This
membrane is used as a measure of the total amount of DNA-
amplified PCR spotted onto the membrane at each position.

After development, the films were read and the data were
used to assign donor HLA-DR types. The type assignments
made using video data were identical to the types assigned
after visual inspection of the assays. The entire panel (over
1700 dots) was read, and the data were stored in a commercial
database in less than 10 min. Typically, visual inspection of
the assays, corroborating the results, and manual data entry
take 12-16 h of technician time.

As demonstrated above, the video analysis is capable of
quantitative analysis. When the assay is read visually,
however, quantitative information is not used for type
assignments of HLA-DR regions. This is due to the large
number of dots that must be evaluated before an assignment
is made and the subjectivity of evaluating dot densities by
eye. With visual inspection, type assignments are usually
made on the basis of the presence of a few dots and must be
verified by accomplished technicians who “know the probes™.
Cross reactivity (nonspecific probe hybridization) impedes
both quantitative and qualitative approaches to type assign-
ments. We are developing methods for type assignments that
combine the quantitative readings obtained by the video
analysis with our accumulated experience. These methods
are based on a statistical correlation of donor responses with
the expected responses from known types.
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Determination of Manganese in Seawater Using Flow Injection
Analysis with On-Line Preconcentration and

Spectrophotometric Detection

Joseph A. Resing" and Michael J. Mottl

Department of Oceanography, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa,

1000 Pope Road, Honolulu, Hawaii 96822

A highly sensitive method for the rapid determination of
dissolved Mn(II) and total dissolvable Mn in seawater has
been developed. The method uses on-line concentration of
Mn(II) onto 8-hydroxyquinoline immobilized onto a vinyl
polymer gel. The Mn(1I) Is then eluted from the gel by acid
and is concentration determined by spectrophotometric
detection of the malachite green formed from the reaction of
leucomalachite green and potassium periodate with Mn(11)
acting as a catalyst. The limit of detection Is 36 pmol/L when
concentrating 15 mL of seawater. The accuracy of the method
was proven using NASS-2 standard seawater. The method
has a precision of ~5% for Mn(II) concentrations of ~400
pmol/L. Analysis time Is ~5.5 min per sample.

The use of Mn as a tracer has improved the understanding
of eolian, coastal, riverine, and hydrothermal inputs to the
ocean.'$ Because of the importance of hydrothermal activity
in understanding the geochemical cycles of elements in the
ocean, the accurate and precise determination of Mn in
seawater is important.”® Within the last 15 years, the advent
of relatively contamination-free sampling has resulted in the
improved understanding of Mn in its biogeochemical cycle.?

Mn has been determined in seawater by methods empha-
sizing both matrix elimination and preconcentration, using
Chelex-1001° and Chelex-100-type resins,!! 8-hydroxyquin-
oline,2electrolytic oxidation,'® and other resins.1¢15 Detection
methods have included inductively coupled plasma atomic
emission spectroscopy (ICP-AES), ICP-mass spectroscopy,
graphite furnace atomic absorption spectrophotometry, and
colorimetry. 8-Hydroxyquinoline has been immobilized on
several substrates, resulting in resins that will concentrate
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Mn and exclude most of the seawater matrix.12161% 8-Hy-
droxyquinoline immobilized on vinyl polymer gel'” has been
used in flow injection analysis (FIA) for the on-line precon-
centration of cobalt and manganese.2021 This resin has also
made it possible to concentrate samples for other trace metals
automatically and on-line with various methods of detection.
The advantages of on-line concentration include the relative
ease of sample handling and a significant reduction in
contamination. Among spectrophotometric detection meth-
ods, kinetic catalytic methods?2-25 are more sensitive than
equilibrium methods because each analyte ion produces more
than one color molecule. Because catalytic methods are time
dependent, they are not suited for batch analysis. FIA lends
reproducibility to bothr t addition and reaction times?
and thus is ideal for catalytic methods.

The method presented here uses 8-hydroxyquinoline
immobilized onto vinyl polymer gel.1” This resin was packed
into a column and placed on-line with a leucomalachite green
(LMG) flow injection analysis (FIA) method. The LMG FIA
method is a modification of the LMG autoanalyzer (AA)
method of Olafsson.5 Olafsson’s method describes the
reaction of LMG with potassium periodate to form malachite
green which is detected at 620 nm. The reaction is catalyzed
by Mn(II). Olafsson’s AA method is not sensitive enough to
measure open-ocean Mn profiles.

EXPERIMENTAL SECTION

Apparatus. The flow injection manifold used for this work
is shown in Figure 1. The manifold consists of two four-channel
peristaltic pumps (Haake Buchler Instruments Multistaltic
Pump), a pneumatically actuated eight-port valve, two 1-m and
one 10-m knitted reaction coils; a column heater (Dionex), a
variable-wavelength spectrophotometer (Dionex VDM-1), an
integrator (Spectraphysics Model 4270), and a chart recorder.
The spectrophotometer has a 6-uL flow cell with a 2.5-mm path
length. The flow cell was modified by replacing the 0.3-mm inside
diameter (i.d.) entrance and exit tubing with 0.5-mm i.d. Teflon
tubing. Columns of 8-HOQ resin are constructed using 1/g-in.
(3.2-mm) i.d. thick wall tubing, as shown in Figure 2. The column
ends are fabricated by placing !/s-in. (3.2 mm) outside diameter
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Figure 1. FIA manifold for preconcentration/LMG detection of Mn2+
In seawater.

1/8" id PVC

«—— 7cm
|
\Teﬂon wool /' 0.5mm id Teflon

Figure 2. 8-Hydroxyquinoline column.

(0.d.) tubing inside the column tubing. This connectionissecured
with cyclohexanone. The Y/g-in. 0.d. tubing is /3-in. i.d. (1.6
mm) and securely fits the outside diameter of the 0.5-mm i.d.
Teflon manifold tubing. The ends are secured with cable ties.
All manifold tubing is 0.5-mm i.d. Teflon tubing except for the
column and the peristaltic pump tubing, which are poly(vinyl
chloride) (PVC). The knitted reaction coils are fabricated by a
modification to the method of Selavka et al.2’ using 0.5-mm i.d.
Teflon tubing. The 10-m knitted reaction coil is placed in the
column heater, and the heater is set at 50 °C. The detector is
set to measure absorbance at 620 nm and the rise time is 3 s.

Reagents. Tris(hydroxymethyl)aminomethane (Aldrich ul-
trapure grade), potassium periodate (Aldrich ultrapure grade),
sodium hydroxide (Johnson Matthey 99.996% pure), Brij-35
(Alpkem), and leucomalachite green (Aldrich) were used as
received. Subboiling quartz-distilled 6 M hydrochloricacid (HCl)
and glacial acetic acid were prepared from reagent grade acids.
All reagents were made with subboiling quartz-distilled water
(SBDW), except where noted. All plasticware was high-density
polyethylene unless noted. Bottles were acid-washed by filling
them ~80% full with 10% HCl (made in >16 MQ deionized
water). The bottles were heated to 60 °C for >18 h, removed
from the oven, and inverted for >18 h at room temperature. The
bottles were then rinsed three times with deionized water and
twice under a laminar flow hood with SBDW. Other plasticware
was acid-washed by soaking in 10% HC] at 60 °C for >24 h,
followed by five rinses with SBDW. All filtration was done using
acid-washed 0.2-um polycarbonate filters (47-mm Nucleopore)
on acid-washed polysulfonate filtration devices (250-mL, Nal-
gene). The use of 0.4-um polycarbonate filters (47-mm Nucle-
opore) was also found to be sufficient. Most reagent preparation
was done under class-100 laminar flow conditions to reduce
contamination.

Potassium periodate (0.01 M) was prepared by dissolving 1.25
g of KIO; and ~0.5 g of NaOH in 500 mL of SBDW. To ensure
complete dissolution, the reagent was stirred overnight using a
Teflon stir bar and magneticstirrer. The reagent was then aged
for a minimum of 24 h and filtered. This reagent was found to
degrade slowly over time but was useable for >3 weeks.

Ammonium acetate buffer (2 M) was prepared by placing 900
mL of 2Maceticacid ina 1-Lbottle. NH;was added by isopiestic

(27) Selavka, C. M,; Jiao, K.-S; Krull, L. S. Anal. Chem. 1987, 59,
2221-2224.

distillation in a large glass desiccator? until the solution was pH
24.27. The pH was then adjusted to exactly 4.27 with 2 M acetic
acid. A 1-mL aliquot of Brij-35 was added to 1 L of buffer. This
solution was stable indefinitely. Buffers for pH optimization
experiments were made by adding more NHj to the 2 M acetic
acid. The exact pH of interest was then obtained by adding 2
M acetic acid.

HCI (0.036 M).

Leucomalachite green was prepared by adding 1 mL of 6 M
HCI to 100 mL of SBDW in a dark 500-mL bottle. To this was
added 60 mg of LMG. This solution was stirred slowly (so as not
to entrain bubbles) for several hours. The solution was then
brought up to 500-mL final volume and stirred slowly overnight.
The solution was filtered prior to use. This reagent was found
to be stable for at least 1 month.

Tris buffer (2 M) was prepared by placing 121 g of tris-
(hydroxymethyl)aminomethane in a Teflon bottle with 400 mL
of SBDW. After Tris was completely dissolved, 6 M HCl was
added until a pH of 7.8 was reached (~97 mL). This solution
was then “cleaned” by passing it over a 100-mm 8-HOQ column
at 0.25 mL/min. This reagent was stable indefinitely.

Tris buffer modifier (saturated) was prepared by adding 121
g of tris(hydroxymethyl)aminomethane into a 250-mL Teflon
bottle. This mixture was brought up to 250 mL with SBDW and
was stirred on a hot plate (T < 45 °C) until all of the Tris was
dissolved. This reagent was allowed to cool for 24 h, and the
supernatant was poured into a 250-mL Teflon bottle. Finally,
10 g of sodium hydroxide was dissolved into this solution. This
reagent was found to be stable indefinitely.

PH 7.8 rinse was prepared by combining 1 mL of Tris buffer
with 500 mL of SBDW. The rinse was made fresh daily.

8-Hydroxyquinoline immobilized onto vinyl polymer gel was
obtained from Dr. William Landing at Florida State University.
It was prepared by a modification of the procedure of Landing
et al.l”

Procedure. The manifold is set up as described previously.
The peristaltic pump is run at speed 6 (speeds range from 1 to
10). This speed results in flow rates that are comparable to the
rated values for the FIA manifold tubing.

The preconcentration technique is used for Mn2* concentra-
tions from 0 to 20 nmol/L. There are two columns in the system
(Figure1). Column 1isloaded while column 2is eluted. S er
at pH = 7.8 £ 0.2 is loaded onto column 1 by peristaltic pump
2 at 3.7 mL/min. The effluent from column 1 is collected and
its volume measured in a graduated plastic buret. In just over
4 min, 15.0 mL has passed over column 1; at this point the inlet
tubing is switched to the pH = 7.8rinse. Therinse is then pumped
for ~1.5min, causing 5.0 mL of rinse to be pumped across column
1. By actuating the valve, column 1 is placed in line with the
detection system and column 2 is ready for sample loading. The
procedure is repeated for column 2. The pH = 7.8 rinse that
remains in the peristaltic pump tubing from the previous sample
serves to rinse the acid from the second column prior to sample
loading. About 4 min elapses from placing column 1 on-line to
peak detection.

Stored samples had been acidified with 4 mL of 6 M HCI/L
of sample. These samples were adjusted to pH = 7.8 by adding
~0.5 mL of matrix modifier to 60 mL of sample.

Standardization. Deep Pacific ocean seawater (>2000 m
depth, Mn?* ~270 pmol/L) was used to make standards. When
the concentrations of interest were lower than 270 pmol/L,
seawater effluent from the columns was collected. This low-Mn
seawater was spiked and used for standards. Standard additions
were used to determine the concentration of background Pacific
Oceanseawater. Thestandard curve that was generated by these
standard additions was applied to other samples. The additions
were linear over the range of 0.025-0.5nmol/L. Standardization
from 0.5 to 20 nmol/L for a 15-mL sample size required a parabolic
least-squares fit to the data (Y = AX2+ BX + C). Samples >20
nmol/L required the preconcentration of less seawater or the use
of the direct injection method. Figure 3 shows a parabolic fit for
a standard curve produced at sea aboard the RV New Horizon.

(28) Riley, J. E. Anal. Chem. 1978, 50, 541-543.
(29) Bruland, K. W. In Chemical Oceanography; Riley, J. P., Chester,
R., Eds.; Academic Press: London, 1983; Chapter 8.
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Figure 3. Parabolic standard curve (Y = AX2 + BX + O).

This standard curve covers the range from 1 to 45 nmol using a
5-mL sample size.

5Mn Tracer Experi Tracer studies were done using
Pacific Ocean seawater (>2000-m depth, Mn?* ~270 pmol/L)
spiked with %Mn. These experiments were designed to optimize
column performance. All experiments were run by flowing the
desired amount of spiked seawater at a given rate across the
column of interest. The column was then rinsed with DIW, and
the #Mn was eluted with acid. Fractions were collected of the
seawater effluent, the rinse effluent, and the acid effluent.
Fractions were collected using a fraction collector (Gilson, Model
201). The 3¥Mn in the fractions was detected using a Bicron Nal
well-type detector and an EG&G Ortec 4096 multichannel
analyzer.

Mg Uptake Experi t of Mg retained on
the columns was determined by collectmgthe acid effluent. durmg
elution of the columns. Mg concentrations were determined using
flame atomic absorption spectrometry.

RESULTS AND DISCUSSION

Besides the addition of the preconcentration column, other
significant modifications to the autoanalyzer (AA) method of
Olafsson? were made. These include reagent flow rates, the
order of reagent mixing, and the preparation of reagents. The
system was optimized for use with columns and was tested
for response to pH and salinity of a Mn-spiked sample.
Potential interference from other elements was also tested.
Finally, the system was used to measure Mn?* in seawater
samples that had previously been analyzed by other methods.

System Optimization by Direct Injection. Olafsson’s
method? for AA was directly adapted to FIA using direct
injection with a 150-xL sample loop. From this initial setup,
modifications were made to improve the system.

Olafsson? added reagents to the acidified seawater carrier
stream in the following order: buffer, periodate, and LMG.
The modified order chosen here is shown in Figure 1, in which
the acid and LMG streams merge first and this combined
stream then merges with a combined periodate/buffer stream.
It was observed that LMG is more soluble in an acidic medium;
thus, by mixing the LMG with the acid stream first, the LMG
is more likely to remain dissolved and is simultaneously
diluted. By the time the buffer/periodate stream combines
with the acid/LMG stream, the rise in pH is less likely to
cause LMG to precipitate.

Other modifications to the FIA-adapted method of Olafsson
include filtering the LMG reagent toremove particles assumed
to be undissolved LMG, and aging and filtering the potassium
periodate reagent. Because this latter reagent hasa pH >10,
any Mn contaminant in the reagents is likely to precipitate
fromsolution. The presence of particles assumed to be either
MnO; or reprecipitated potassium periodate had been noted
on the filters. These modifications significantly decreased
baseline noise and spurious signals. They also cured the

Table I. %Mn Recovery Studies for Sample Volume
Pumped across a 60-mm Column

fraction size (mL) tot. amt loaded (mL) cumulative % bleed
20.5 20.5 0.7
20.5 41.0 23
19.0 60.0 44
5 (rinse) 49

frequent detector clogging that had plagued the FIA system
when configured and operated according to Olafsson’s method.
We also changed the molarity of the buffer from 1 to 2 M,
which decreased dependence on sample pH and improved
baseline stability. Addition of the surfactant Brij-35 to the
buffer decreased peak width and peak tailing, decreasing in
turn the analysis time and increasing precision.

Finally, we changed the pumping rates and ratios of the
reagent streams in the flow system, so that the overall flow
rate is less than that used by Olaffson. This change increased
reaction time and decreased dispersion.?® A total flow rate
of 1 mL/min was desired to allow for adequate mixing in the
mixing coil?” The relative ratio of acid to LMG was
maintained. The ratio of acid to buffer was decreased to
make the system less dependent onsample pH and to improve
baseline stability. The ratio of acid to periodate was changed
due to the initial availability of pump tubing in the laboratory.
This change did not affect the system and has been main-
tained. It was also found that an increase in the periodate
concentration did not effect sensitivity or baseline noise.

System Optimization for P: ration. Coli
Optimization. The 8-HOQ columns were designed to produce
good analytical precision, 100% Mn?* recovery, sharp peaks,
and highloading rates. A balance wassought between column
length and radius. Parameters were optimized using the FIA
system and also 5Mn retention studies. It was found that
columns <3.2-mm i.d. significantly restricted sample loading,
whereas columns with >3.2-mm i.d. produced broad, tailing
peaks. A 40-mm column (3.2-mm i.d.) loaded at 3.7 mL/min
yielded very reproducible results in preliminary work. We
then used 5Mn tracer studies with 20-mL samples to optimize
the column further for loading rate and column length. At
a flow rate of 1.6 mL/min any column >40 mm long yielded
100% retention of Mn. At 3.7 mL/min, close to 100%
retention was observed for a 60-mm column and 100%
recovery was obtained from an 80-mm column.

Because the 60-mm column showed less than 100%
retention, it was important to demonstrate that the column’s
capacity had not been exceeded. Todo this,a 60-mL seawater
sample was spiked with 5Mn and 200 nmol/L Mn2*. The
seawater effluent was collected in three separate fractions
(~20 mL each) to characterize potential bleed as a function
of the amount of ter loaded. The Its, shown in
Table I, demonstrate that this sample did not exceed the
column’s capacity although ~5% of the 5Mn bled from the
column. This test alsodemonstrates the feasibility of loading
greater amounts of sample to improve sensitivity.

Because the preconcentration procedure requires only a
15-mL sample and the above results used =220 mL of sample,
a 60-mm column loaded at 3.7 mL/min was assumed to yield
100% recovery. Nonetheless, a 70-mm column was chosen
to ensure that 100% of the Mn would be retained for analysis.

Reaction pH. The addition of the 8-HOQ column signif-
icantly altered the system’s response to pH (Figure 4). It was
expected that the pH response would be the same as that for
direct injection, but that was not the case. Figure 4 shows
system response versus effluent stream pH for the precon-
centration method, the direct injection method, and Olafsson’s
AA method. The pH of maximum response for each method
is preconcentration pH ~ 4.15, direct injection pH ~ 4.5,




ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992 » 2685

2
£ 16
5
> 15 =
H]
£ 3 /
el
5 1
fl 9 /
2 7
3 s
& 4
2
0
37 39 41 43 45 47

pH

Figure 4. Response of system to effiuent stream pH: (M) precon-
centration peak height (cm); (A) auto analyzer (from Olafsson®®) peak
height (recorder units X 10); (O) direct injection peak height (cm).

Table II. System Response as a Function of Salinity
([Mn?*] = 4 nM)

% of column sites

salinity (psu) response pk ht (cm) occupied by Mg
34.0 144 97
17.0 145 95
85 13.7 95
44 134
3.0 93
1.7 14.1
1.0 82
0.56 15.1 86
0.27 73
0 1.5 0

and AA pH ~ 4.35.25 Inthe case of AA versus direct injection
the difference in response is likely to be caused by the addition
of the surfactant Brij-35. On a qualitative level, it appeared
that for the direct injection system at higher pH the peaks
were broader and there was more peak tailing and baseline
drift. It is believed that the addition of the surfactant has
decreased the peak tailing and broadening, resulting in a shift
of maximum response versus pH. Because AA relies on the
measurement of peak height, significant peak broadening at
elevated pH may have decreased the signal obtained by
Olafsson, thereby resulting in a lower pH for maximum
response. Other explanations for the pH offset may include
the difference in the flow rates and reagent ratios and the use
of an all Teflon system versus a mostly glass AA system.

The lower pH for the maximum response of the precon-
centration system, compared with the direct injection system,
may be an artifact of measurement. The removal of acid
from the acid flow stream during the elution of the Mn2+ and
Mg?* from the column creates a local area of H*-depleted
carrier resulting in a higher pH in the area that contains the
Mn?* peak. A second factor that would lead tolocally elevated
pH is the elution of the pH = 7.8 rinse used to flush seawater
from the column. Because the volume containing the actual
peak is small, it was not possible to measure its pH. The pH
of the bulk effluent from the spectrophotometer was measured
instead. While the pH of the bulk effluent at maximum
response is lower than that for direct injection, the actual pH
of the flow stream in the area containing the peak may be
higher and therefore closer to the pH of maximum response
for the direct injection system.

System Optimization: Sample. Salinity of Sample.
One of the main problems with the method of Olafsson? is
the presence of a significant salinity effect. He found that
at a salinity of 17.5 practical salinity units (psu) the signal
produced by Mn2* was reduced to 60% of that obtained at
asalinity of 35 psu. The salinity response found in the direct
injection method used here is similar to that found by Olafsson.
When the 8-HOQ columns are added to the system, however,

Peak Helght (cm)
®
seawater carrier

T
'
1
1
|
'
'
'
'
|
|
|
1
'
1
]
]
1
'
1
1
1
1
!

0 s 16 24 32 40
Mg in effiuent stream (mmol/L)

Figure 5. Response of direct injection sy to Mgt ¢

inthe flow stream. Mg?* was added to the buffer stream. If seawater

(34 psu ~ 50 mmol of Mg?*) was used as the carrier stream instead

of SBDW, the resuiting ion of the r stream effluent

would be 30 mmol/L in Mg?*.

Table III. Response of the System to the pH of the Sample

pH pk ht (cm) pH pk ht (cm)
177 0 7.80 13.64
4.90 3.83 8.04 13.10
6.65 12.94 8.06 13.26
7.15 13.20 8.25 12.10
7.46 12.97

there is only a negligible salinity effect (Table II). Above a
salinity of 1 psu, there is <3% variation in the system’s
response to a 4 nM Mn standard. Below 1 psu, the response
is highly variable and significantly less at 0 psu. It was
apparent that the 8-HOQ column was retaining part of the
seawater matrix. To test this, the direct injection system’s
response was tested for the addition of the major cations in
seawater, and it was found that the salinity effect for direct
injection was due almost exclusively to enhancement of the
signal by Mg2+. Figure 5 shows the effect of Mg?* additions
to the direct injection system (using acidified SBDW for the
acid reagent). 8-HOQ has been used to bind aqueous Mg2*
for quantitative analysis.!® It is shown in Table II that above
a salinity of 3 psu >93% of the column sites are occupied by
Mg. When the column is eluted, both Mn?* and Mg?* are
eluted into the analytical stream. Below this salinity,
decreasing amounts of Mg2* are retained by the column, and
this is the likely cause in the variation observed for the
response of the system at these salinities. In conclusion, the
use of the 8-HOQ column has virtually eliminated any salinity
effect for the system above a salinity of ~3 psu.

pH of Sample. Prior to this work, the optimal pH for
transition-metal complexation with 8-HOQ and 8-HOQ
immobilized on different substrates had been determined to
be 8.0.1217 Table III shows the response of the preconcen-
tration system to sample pH. This response agrees fairly
well with the optimal pH of other workers. From theseresults,
a pH of 7.8 + 0.2 was chosen for sample loading for
preconcentration.

Interferences. The method presented here was tested
for Co, Cu, Ni, Zn, Fe, and I as potential interferants to the
determination of a 3.6 nmol/L. Mn standard in seawater (Table
IV). These ions posed no significant interferences at con-
centrations >20X their oceanic concentrations. The Mn
concentration of the standard covers the range 1-10X its
background concentration in seawater.* Co at 1700X its
background seawater concentration caused a significant
reduction in signal. This concentration is unlikely to be

(30) Statham, P. J.; Burton, J. D. Earth Planet. Sci. Lett. 1986, 79,
55—65.
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Table IV. Interferences from Various Elements ((Mn] =
3.5 nmol/L)

ratio of concn

of element ratio of concn
added toits  of element added
element added open-ocean to the concn % Mn2*
(concn) concn of Mn?* detected  found

Co?* (8.4 nmol/L) 170:1 11 101
Co?* (34 nmol/L) 1700:1 10:1 73
Zn?* (150 nmol/L) 25:1 40:1 101
Cu2* (160 nmol/L) 40:1 45:1 101
Ni2* (170 nmol/L) 20:1 50:1 100
Fed* (50 nmol/L) 50:1 14:1 98
Fe3* (3.6 umol/L) 3600:1 1000:1 84
Nal (88 pmol/L) ~175:1¢ 25 000:1 104

¢ Ratio of Nal to total iodine in seawater.

Table V. Determination of Mn in North Atlantic Standard
Seawater-2 (NASS-2)

concn (pmol/kg) % error
NASS-2 day 1 335%5 1.5
NA”S;—g day 2 332+ 18 5.42
N:Sgé day 3 388 + 10 3.0
N:Sg-é certified value 404 £ 127 314

encountered in any uncontaminated seawater sample. Iron
showed no significant interference at >50X its background
oceanic concentration, a molar ratio of 50:1 Fe:Mn. At 10:1
Fe:Mn Olafsson? found a 7% reduction in response, while at
aratio of 50:1 he found a 57% reduction. The present method
showed a 16% reduction in response at a ratio of 1000:1 Fe:
Mn. This significant improvement results from both the
addition of the surfactant Brij-35 and the reduction in pH of
the flow stream. It was noted here that elevated Fe
concentrations caused some reaction byproduct to adhere to
the wall of the manifold tubing. Itisassumed that less of this
byproduct adheres to the wall because of the addition of Brij-
35 and a lower eluant stream pH., Nal at ~175X the
background concentration of iodine in seawater produced a
small positive interference and a small shoulder on the front
side of the peak. This level of interference is far less than
that observed by Olafsson, probably because the 8-HOQ resin
does not retain I. The shoulder seen in the present work
may have been caused by residual Nal in the column.

Precision and Accuracy. To test the accuracy of this
method, the Mn?* concentration was determined for North
Atlantic Standard Seawater-2 (NASS-2), as is shown in Table
V. The method yields results that are well within 1 standard
deviation of the certified value for Mn2+ in NASS-2. Table
IV further shows a range in daily precision at the 0.35 nmol/L
level from 1.5% to0 5.4%.

The limit of detection of this method is calculated as 3
times the standard deviation of 10 replicates of Pacific Ocean
seawater (~0.255 nmol/L  0.012, ~2000-m depth), yielding
a detection limit of 0.036 nmol/L. A further attempt was
made to resolve the limit of detection by extracting all of the
Mn from seawater and making additions just above the
proposed limit of detection. By sodoing, a peak representing
0.02 nmol/L could be resolved from the blank. The lowest
concentrations of Mn reported to date in seawater are <0.2
nmol/L.%31 While the present method is able to determine
Mn concentrations at that level, increasing the amount of
sample preconcentrated may allow for an even more precise
measurement at these low levels.

(31) Landing, W. M.; Bruland, K. W. Earth Planet. Sci. Lett. 1980,
49, 45-56.
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Figure 8. Hydrothermal plume profile from Macdonald Seamount:
(A) Mn?* determined by this method; () Mn2* determined by direct
Injection GFAAS.
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Application and Intercomparison. The method was
validated further by determining Mn in samples that had
been analyzed by other methods. The Mn profile in Figure
6 is a hydrothermal plume profile from Macdonald Sea-
mount.?? The Mn2* concentration was determined both by
direct injection graphite furnace atomic absorption spectro-
photometry3233 and by the present method. The twomethods
agree fairly well. The 50-m-deep sample was most likely
contaminated prior to analysis by this method. The Mn2+
profile shown in Figure 7 is from station 4 from the
International Oceanographic Commission (IOC) baseline
study and intercomparison cruise. Figure 7 compares the
values for total dissolved Mn?* (filtered through 0.4-um filters
and acidified with 4 mL of 6 M HCl/L), as determined using

(32) Sedwick, P. N. Personal communication.
(33) Carnrick, G. R.; Slavin, W.; Manning, D. C. Anal. Chem. 1981, 53,
1866-1872.
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this method, with the average values determined by partic-
ipantsin the IOC exercise.? Thetwodatasetsagreefavorably;
the Mn2* values determined here by FIA are generally within
1 standard deviation of the average values from the inter-
comparison. This profile demonstrates conclusively the
ability of this method to measure background seawater
concentrations accurately and precisely.

Finally, it should be reported that this method was used
successfully for shipboard Mn detection aboard the RV New
Horizon on a 30-day cruise designed to locate hydrothermal
vents on the East Pacific Rise from 9t0o 11° N. Measurements
were complete within a few hours of sample recovery, greatly
aiding the scientific objectives of this cruise.

CONCLUSIONS

Mn determination by FIA with on-line preconcentration
has greatly simplified Mn determination in seawater. This
method israpid, easy to use, and selective and sensitive enough
to measure Mn?* concentrations in the open ocean. This
method is also shown to be less expensive than methods
requiring the use of a GFAAS, ICP, or ICP-MS. The total
cost of instrumentation is less than $10 000 U.S. While other
flow injection methods have been developed for metal ion
analysis in seawater, they have either lacked sensitivity or
required specialized equipment. The most successful and

(34) Landing, W. Personal communication.

sensitive of the methods so far have used chemiluminescence
reactions to determine Mn in seawater.!32 These methods
in particular suffer from significant interference problems.
The use of chemiluminescence detection has other disad-
vantages which include the relatively high price of the
detectors, the need for a photomultiplier cooler to decrease
instrumental background noise, and lack of other general uses
for the detector. By comparison, the present method employs
a spectrophotometer, which is more of a “general use”
instrument.
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Characterization of a Gold Minigrid Cell for Fourier Transform
Infrared Spectroelectrochemistry: Experimental vs Digitally

Simulated Response

Philip B. Graham' and David J. Curran’

Department of Chemistry, University of Massachusetts, Amherst, Massachusetts 01003

A cell capable of recording Fourler transform Infrared (FTIR)
spectra of the region near a gold minigrid electrode surface
during electrochemical experiments was developed and
characterized using the ferrl/ferrocyanide couple as a test
system. The IR cell was of the total internal reflection type.
The absorbance-time response to potentlal step and potential
sweep experiments was Investigated and the experimentally
determined response compared to a digital simulation of the
response at different distances from the electrode surface.
This allowed the distance from the electrode surface to the
point of observation to be estimated. Spectra were obtalned
during potentlal sweep experiments at sweep rates up to 200
mV/s.

INTRODUCTION

The use of infrared spectroscopy to obtain spectra of
electrochemically generated species was first described more
than 20 years ago.! One of the disadvantages of the IR region
in comparison to the UV region is the inherently lower
extinction coefficients and consequential need for higher
concentrations of species in order to obtain a similar signal-
to-noise ratio. Infrared monitoring of electrochemical pro-
cesses imposes restraints on the cell design in terms of
materials, path length, and solvent systems.

Most IR spectroelectrochemical cell designs can be grouped
into the following five categories:

(i) Cells based on internal reflection elements that also
function as electrodes.’3 A substantial compromise between
optical and electrode properties is required.

(ii) Internal reflection cells with a thin, optically transparent
electrode film deposited on the surface of the reflection
element.+7 With this design there is an inherent compromise
between the conductivity of the electrode film (usually carbon
or a vapor-deposited metal) and it’s optical transparency.

(iii) Cells with a gold minigrid working electrode sandwiched
between two IR transparent windows,®4 normally sodium

t Present address: Eli Lilly & Co., P.O. Box 685, Lafayette, IN 47902.

(1) Marks, H. B,; Pons, B. S. Anal. Chem. 1966 38 (1), 119.

(2) Yaniger, S. L; Vidrine, D. W. Appl. Spectrosc. 1986, 40 (2), 174~
180.

(3) Tallant, D. R.; Evans, D. H. Anal. Chem. 1969, 41 (6), 835-8.

(4) Mattson, J. S.; Smith, C. A. Anal. Chem. 1975, 47 (7), 1122-25.
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1390-94.
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Electrochem. 1987, 220, 67-82.

(7) Gottesfield, S Ariel, M. J. Electroanal. Chem. Interfacial Elec-
trochem. 1972, 34, 327-344.

8 Hememan,W R.; Burnett, J. N.; Murray, R. W. Anal. Chem. 1968,
40 (13), 1974.

(9) Bullock, J. P.; Boyd, D. C.; Mann, K. R. Inorg. Chem. 1987, 26,
3084-86.

(10) Enger, S. K.; Weaver, M. J.; Walton, R. A. Inorg. Chim. Acta
1987, 129, L1-L3.

(11) Heath, G. A,; Yellowlees, L. J.; Braterman, P. S. J. Chem. Soc.,
Chem. Commun. 1981, 6, 287.
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chloride. Constructionis often difficult because of the fragile
nature of the salt windows and the difficulty of obtaining a
good seal. Response times are very long; typically on the
order of 30 s.

(iv) Barrel-plunger type cells with a platinum disk working
electrode were developed by Pons!® and applied exten-
sively.16-2¢ Advantages of this design are the capability to
“tune” the solution thickness depending on the nature of the
solvent and analyte and to separately observe surface and
solution species by selective polarization.

(v) A high-conversion flow-through electrode immediately
prior to a conventional IR cell.5 This method uses a flowing
stream to carry the electrogenerated species from the electrode
to the IR cell. In this case a trade-off between conversion
efficiency and residence time in the electrode is necessary.

An older cell design by Laser and Ariel? is apparently
unique in the literature and allows the favorable electro-
chemical properties of the gold minigrid electrode to be
combined with an internal reflection germanium crystal. The
more recent introduction and widespread use of Fourier
transform instrumentation has led to a number of publi-
cations® 13 dealing with IR spectroelectrochemistry. These
allinvolve thin-layer cell designs for applications to a
of organic, inorganic, or organometallic systems.

One of the inherent drawbacks of electrochemical studies
is the nonspecific nature of the data obtained. Current-time
responses, for instance, can only by inference provide infor-
mation on the reactants and products of electrochemical
transformations. Reactions following electron transfer are
even less easily studied. It is therefore desirable to have a
means of directly observing reactions at or near the electrode
surface on a time scale that allows useful information to be
obtained. The cell described here is an attempt to meet this

(12) Coombe, V. T.; Heath, G. A.; MacKenzie, A. J.; Yellowlees, L. J.
Inorg. Chem. 1984, 23 (21), 3423.

(13) Brisdon, B. J.; Enger, S. K.; Weaver, M. J.; Walton, R. A. Inorg.
Chem. 1987, 26, 3340—44

(14) Kadmh, K. M,; My, X. H;; Lin, X. Q. Electroanalysis 1989, 1,

(15) Pons, S.; Davidson, T.; Bewick, A.J. Electroanal. Chem. Interfacial
Electrochem. 1982, 140, 211-16.

(16) Pons, S.; Davidson, T.; Bewick, A. J. Am. Chem. Soc. 1983, 105,
1802-05.

(17) Pons, S.; Datta, M.; McAleer, J. F.; Hinman, A. S. J. Electroanal.
Chem. Interfacial Electrochem. 1984, 160, 369-76.

(18) Foley, J. K.; Pons, S. Anal. Chem. 1985, 57 (8), 945A-956A.

(19) Foley, J. K.; Pons, S.; Smith, J. J. Langmuir 1985, 1, 697-701.

(20) Korzeniewski, C.; Pons, S. J. Vac. Sci. Technol. B 1985, 3 (5),
1421-24.

(21) Daschbach, J.; Heisler, D.; Pons, S. Appl. Spectrosc. 1986, 40 (4),
489-91.
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objective and to overcome some of the difficulties associated
with other spectroelectrochemical cell designs. The ferro/
ferricyanide couple in aqueous media is used as a test system
with a gold minigrid electrode on a ZnSe prism in a FTIR
spectrometer.

EXPERIMENTAL SECTION

Construction of the Infrared Cell. The main body of the
cell was constructed of Teflon and was modeled after a com-
mercially available stainless steel FTIR cell: PLC-19M, Harrick
Scientific Co., Ossining, NY. It was machined to fit the base
plate of Harrick nine reflection prism liquid cell. The prism was
45 mm long and 9 mm square. The body was secured 7o the base
plate by means of four hexagonal-key screws. Four standard
flow line fittings were drilled in the body of the cell so flow lines,
reference electrodes, and the contact to the gold minigrid could
be secured. The base of the zinc selenide prism (Harrick
Scientific) was sealed with an O-ring between the Teflon body
and base plate. The top cover was secured with eight cross-head
screws and sealed by means of an O-ring (Viton). This material
is unsuitable for use with some organic solvents such as THF, in
which case Kalrez (Du Pont) O-rings could be used.

The manufacturer (Buckbee-Mears) supplies the gold minigrid
as a sheet packed between two polycarbonate sheets. Leaving
this assembly intact, a strip of gold minigrid (7.0 cm X 0.7 cm)
was cut out using an Exacto knife. The gold minigrid could be
easily positioned on the prism surface when moistened with either
water or acetone. Acetone was preferred as it would quickly
evaporate leaving the minigrid in place. A Teflon clip, constructed
locally (9 mm X 11 mm), was slid from the bottom of the prism
over the gold minigrid by squeezing its oversize sides. Then a
folded 0.1-mm-diameter gold wire was placed between the
minigrid and Teflon clip. A small Teflon wedge on one of the
unused prism faces secured this clip in place. The gold wire was
threaded through one of the lower flow line fittings for later
contact. The prism with minigrid in place was lowered into the
Teflon body and the smaller lower O-ring placed around the
bottom of the prism. The base plate was then secured and the
seal checked for leaks. The minigrid contact wire wes threaded
through a 0.3-mm-i.d. Teflon flow line inside a male flow line
fitting. A small piece of 0.8-mm-i.d. tygon tubing sealed the flow
line to the copper contact wire. The remaining lower threaded
fitting was used for the flow inlet to the cell. The two upper
threaded fittings secured the silver/silver chloride reference
electrodes which were prepared by coating the silver wires in
aqua regia for 10 min until a coating of silver chloride was visible.
The silver wires had previously been partially coated with heat
shrink Teflon and force-fit into a standard male flow line
connection (1/4-28, Ranin Instrument Co. Inc., Wcburn MA).
The two reference electrodes were shorted together, as were the
two counter electrodes. Vertical cross-section views of the
assembled cell are given in Figure 1 to show adjacent sides of the
prism.

After securing the top plate and exit flow line fitting the cell
was checked for leaks by pumping water through the cell at about
5 mL/min. Leaking fittings were reflanged or repaired with
Teflon tape when necessary.

Data Collection. Sequential collection of spectra can be
achieved with the Mattson Cygnus 100 FTIR spectrometer, either
by using the software for gas chromatography-FTIR or by
collecting data directly into the spectrometer’s on-board buffer.
The latter was used when high rates of data acquisition were
required. Data collection time and the interval between spectra
were determined by monitoring of the mirror position using an
oscilloscope.

Operation of the Cell. The cell, once assembled, was mounted
on adjustable rails in the spectrometer. Electrical contacts and
flow line connections were made through holes drilled in the cell
compartment cover. The holes were light-proofed using appro-
priate rubber grommets. The MCT or TGS detector output was
optimized by adjusting the cell position while displaying the real-
time interferogram. When using the MCT detector the iris was
adjusted to an indicated value of 0% which, with a wire gauze
attenuator placed over the source outlet to the sample com-
partment, gave a peak-to-peak output voltage of around 13 V.
This is close to the maximum acceptable value before saturation
of the detector occurs.

For initial studies, the TGS detector was used; however, the
poor sensitivity and long response time (maximum mirror velocity
=(.63 cm s7!) limited its application to bulk electrolysis and very
slow (2 mV s™) potential sweeps. The MCT detector could be
verysimply installed in the spectrometer allowing mirror velocities
up to 2.53 cm s

A Masterflex pump (Cole-Parmer) was used to introduce
ferricyanide solutions into the cell without the need to break the
spectrometer purge. Between runs the cell was emptied and
then refilled with fresh solution.

A Princeton Applied Research Model 174 potentiostat and
Fisher Recordall Model 4520 strip chart recorder were used to
conduct the electrochemical part of the experiment.

Digital Simulation of Response. A program to digitally
simulate the concentration-time behavior at different distances
from the surface of a planar electrode was written in turboPascal
and could be executed on an IBM or IBM-compatible personal
computer. The program listing is available from the authors.

The program is based on a model of diffusion between “boxes”
of solution.?” Essentially the solution is divided into segments
of size X extending in a perpendicular direction away from the
electrode surface. The concentration at the surface, in the first
segment, can be calculated from the electrode potential using
the Nernst equation. Various procedures can be selected to vary
the surface concentration to mimic a particular electrochemical
technique. The program selects a value for the variable T, the
time interval between successive calculations of the concentra-
tion—distance profile. An important assumption of this model
is that diffusion during the time interval T can only occur between
neighboring segments, which means the model diffusion coef-
ficient (Dyy), as defined in eq 1 below, must have a value less than
0.5.

Dy = (DeT)/(X)? 6h)

Do is the diffusion coefficient for ferricyanide. Inthis program
T is calculated based on a value of 0.45 for Dy. A result of this
restriction is that for X =1 pm, T must be approximately 0.7 ms.
Another value that is set is “maxdist” which represents the number
of segments that are needed to completely encompass the
diffusion layer. This is calculated according to eq 2

maxdist = (4Dot)"/%/ X @

Since a very large number of calculations are performed and
much data is produced, only a fraction of that data is saved in
the output file. A two-dimensional array with three rows is used
to calculate successive concentration—distance profiles. The first
two rows store the present and most recent profiles, while the
third can be used for storing the derivative data (if needed) before
writing to an output file.

(27) Kissi P. T.; Hei W. R. Laboratory Technigues in
Electroanalytical Chemistry; Marcell Dekker: New York, 1984; Chapter
16.
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Table 1. Diffusion Profile Averaging Times for Different
Grid Sizes

diffusion
no. of hole size® wire size® averaging®
wires/in. (um) (um) time (s)
333 66 10 0.91
1000 18 7.6 0.065
2000 7.6 5.0 0.012

2 Buckbee—Mears information sheet. ¢ Calculated using eq 3.

RESULTS AND DISCUSSION

Potential Step Experiments. The dimensions of the
three grid sizes investigated are shown in Table I. The
diffusion profile averaging time is the time necessary for the
developing diffusion layers from neighboring wires to coalesce.
At this point the grid behaves as a planar electrode of
somewhat diminished surface area. For the 1000 and 2000
lines (wires) per inch grids this process is rapid on the time
sacle of these experiments and during potential step or
potential sweep experiments the electrode essentially behaves
in a planar manner. If the electrode to prism distance is 15
pm (a typical value for the 2000 lines per inch grid (Ipi)) then
the time (t) for the diffusion layer thickness (8) to extend 15
pm will be approximately 150 ms based oneq 3. By this time,

§ = @2Dp)'/* ®

however, significant changes in concentration of reactant and
product will have occurred. The much larger holes of the 333
1pi grid suggest that even if perfect contact between the grid
and the prism was achieved a considerable amount of the
region of observation would be at least 20 um from the
electrode surface, thereby significantly reducing the speed of
the response. As will be discussed later, zero clearance is not
achieved in practice so that the distance involved is even
greater.

An assumption of the digital simulation model is that the
wall of the cell is effectively at an infinite distance from the
electrode surface. However it was possible that the behavior
of the absorbance-time response might correspond to a thin-
layer situation, as exists between the prism and electrode. A
digital simulation of the response to a potential step in a
thin-layer cavity was conducted. The results show rapid
achievement (under 2s) of maximum ahsorbance, at distances
less than 30 um. The experimental data is not in good
agreement with the thin-layer model, but is well represented
by the semiinfinite linear diffusion case. Thisis due to access
to the bulk of solution by the layer of solution between the
prism and grid, through what is essentially a porous electrode.
The electrodeis only 3-5 um thick. By comparison the average
distance to the walls of the cell from the electrode is on the
order of 3000 um.

The chief effect of reducing the grid size is to reduce the
average distance of the point of observation from the electrode
surface. This in turn leads to a faster absorbance response
to a potential step into the diffusion limited region. Figure
2 shows the normalized absorbance response for three grid
sizes during the 20 s immediately following a potential step
into a region where reduction of ferricyanide is diffusion
limited. The absorbance reached after a set time is char-
acteristic of the distance from the electrode to the point of
observation. This is illustrated in Figure 3 which shows the
calculated absorbance-time response, at different distances
from the electrode surfaces, for a potential step to a diffusion
limiting potential. These curves are obtained from eq 4 below

(28) Boas, M. L. Mathematical Methods in the Physical Sciences;
John Wiley & Sons: New York, 1983.
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Figure 2. Absorbance response to potential step for three grid sizes.
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Flgure 3. Simulated response at 10, 20, 30, 40, and 50 um from the
electrode surface after a potential step.

where x is the distance away from the electrode surface, ¢ is
the time since the potential step, and c,b is the bulk
concentration of product. The error function in eq 4 was
approximated using a McLaurin series? and the necessary
number of iterations performed to achieve convergence.

C,(x,t) = C Yerf[x/2(D t)"/2] @

To confirm that the digital simulation program was
performing satisfactorily, it was used to generate concen-
tration-time response curves for a simple potential step
experiment. These curveswere indistinguishable from those
produced using eq 4. The ‘digital simulation data was
calculated to four significant figures, and comparison with
data from eq 4 (calculated to six significant figures) indicated
nodifferences between the two datasets. Thisisanimportant
test as algorithims to describe the concentration—distance—
time profile in more sophisticated electrochemical experi-
ments are exceedingly complex.?’

Since the response curve is characteristic of the distance
from the electrode to the point of observation, it is possible
to estimate how close the minigrid is to the prism surface by
means of curvefitting. To obtain a normalized concentration
(or absorbance)-time curve it is necessary to know the
maximum possible absorbance (Apg,). Thisisthe absorbance
if all of the reactant is converted into product in the region
of observation. Ap. can be determined readily with the
ferrocyanide (von = 2038 cm™)/ferricyanide (von = 2116 cm™2)
couple as both ions are stable. If the reduction of 5 mM
ferricyanide solution is under study, the cell is mounted in
the spectrometer and filled with the product, a 5 mM solution
of ferrocyanide. The absorbance at 2038 cm™ is measured,
and by correcting the absorbance for the area of the prism
not covered by the grid, Ay can be calculated (eq 5). The
correction, shown below, is achieved by multiplying the
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Figure 4. Ratio of absorbance at 2 and 0.5 s after a potential step,
as a function of distance from the electrode surface.

A_.. = [A(soln)](electrode area)/(prism area) (5)

absorbance of the ferrocyanide solution by the proportion of
the prism surface covered by the minigrid. The area of the
minigrid is 4.9 cm? while the area of the prism exposed to the
solution is 6.75 cm2. This value of Ay can also be obtained
during experiments on a long time scale. A, should be
determined for each installation of the grid and for each time
the cell is aligned in the spectrometer. For a 5 mM solution
of ferrocyanide the value of Ama: (calculated from the
absorbance at 2038 cm™) was found to vary between 0.012
and 0.015 absorbance units, depending on cell alignment
during installation.

Another way in which as estimate of the prism-minigrid
distance can be madeis to calculate the ratio of the absorbance
2 s after the potential step to the absorbance after just 0.5
s. At the surface this ratio would be unity as the surface
concentration of product is at its maximum value for all times
after thestep. This ratioincreases as the point of observation
is moved further from the electrode surface (Figure 4). The
principle advantage of this approach is that it is not necessary
to know Ap,; in advance.

Figure 5 shows data points for a potential step from +350
to 0 mV, at a 2000 lpi grid, using 5 mM ferricyanide and
monitoring the formation of ferrocyanide at 2038 cm™.
Spectra were collected at 80-ms intervals. The solid line
represents the predicted response at 15 um from the electrode
surface. The ratio of the absorbance at 2 s to the absorbance
at0.58is0.0089/0.0069 ~ 1.3. From Figure 4 a prism—minigrid
distance of 13 umis predicted. The prism-minigrid distances
obtained from curve fitting and the absorbance ratio method,
for 1000 and 2000 lpi grids, are shown in Table IL.

The digital simulation of the response curve for a potantial
step experiment provides a convenient method to estimate
the electrode prism distance in the cell. As was noted earlier
the grid could be positioned on the prism using acetone or
water. The presence of the fluid lubricates the grid and allows
it to be readily positioned. Because a layer of fluid must
exist between the grid and prism during operation, zero
clearance between the grid and prism is not likely to be
achieved.

Linear Potential Sweep. Figure 6 shows the digital
simulation of the change of concentration (and absorbance)
during a 20 mV s linear potential sweep for a reversible
system at the electrode surface and at selected distances from
the surface. As the point of observation is moved away from
the electrode surface the slope of the rising part of the curve
decreases as does the absorbance achieved at a given potential.
The degree to which this distortion occurs depends on the
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Figure 5. Potential step at a 2000 Ipi grid compared to a simulated
response at 15 um from the electrode surface.

Table II. Estimation of Electrode-Prism Distance

observation observation
no. of distance from distance from
wires/in. curve fitting (um) absorbance ratio? (um)
333 90
1000 26 22
2000 15 13

2 Determined from Figure 4. Data not available for 333 wires/in.
grid.
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Figure 8. Digital simulation of 20 mV/s potential sweep at 0, 8, 16,
24, 32, and 50 um from the electrode surface.
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Figure 7. Potential sweep data at a 2000 Ipi grid compared to digital
simulation at 15 um from the electrode surface.

potantial sweep rate as well as the distance from the electrode
surface.

The data points in Figure 7 show the experimentally
obtained response to a 50, 100, and 200 mV s sweep. The
solid lines are the simulated response at a distance of 15 um
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for a 50 mV/s sweep.

from the electrode surface. This distance was determined
from a potential step experiment conducted immediately
afterwards.

Figure 8 shows the absorbance and current response to a
50 mV s potential sweep. This figure shows that the
absorbance does not level out until past the peak current.
This is to be expected since the nor d surface -
tration of product at this potential is0.75. Ninety-five percent
conversion to product at the surface is not obtained until
approximately 75 mV past the peak potential.

Cyclic Potential Sweep. The absorption—potential re-
sponse for a 2 mV/s cyclic sweep at a 333 Ipi minigrid (Figure
9a) and a 2000 1pi grid (Figure 9b) show significantly different
responses. This is expected as the concentrations observed
for the 2000 1pi grid are close to the surface value at a distance
of 15 um, particularly during a slow potential sweep exper-
iment. In other words, electrolysis is essentially complete in
the region of observation. For the 333 Ipi grid the prism-
electrode distance was about 90 um so the absorbances do
not reflect the surface concentrations well.

The forward sweep data from Figure 9b were used to
produce an optical analog?® of the Nernst plot with a slope
of 64 mV/decade, which is close to the expected value of 59
mV/decade for a reversible one-electron transfer. In thiscase
the ratio of the concentration of oxidized to reduced species
at the electrode surface is determined from the observed
absorbance (A) and the maximum absorbance (Ap,z)-

The response of the cell to potential sweep experiments
depends on the prism electrode distance and the sweep
velocity. At slow sweep rates and small prism—electrode
distances the observed concentrations are a good indication
of the electrode surface concentration. Increasing the sweep
rate or prism-electrode distance results in a shallower
absorbance—potential profile.

CONCLUSIONS

By placing a gold-minigrid electrode on the surface of an
infrared internal reflection element a cell can be constructed
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Figure 9. Cyclic sweep at 2 mV/s: (top) 333 Ipi grid, (bottom) 2000
Ipi grid.

that allows observation of the region of solution close to the
electrode surface. This cell design combines the advantages
of a low-resistance electrode with the favorable optical
properties of zinc selenide. Relatively high (200 mV/s) scan
rates were achievable due to the low electrode and cell
resistance. Vapor-deposited gold film electrodes are not
capable of this perfor and t be easily replaced in
the event of fouling. This design allows easy replacement of
the electrode.

The absorbance-time response is very dependent on the
distance from the electrode to the point of observation. This
relationship was investigated using digital simulation of the
absorbance response and by experimental observation. The
shorter this distance the closer the absorbance response
mimics the electrode surface concentration. When the 2000
lines per inch grid was used it behaved as though the distance
from the electrode to the surface of the infrared crystal was
around 15 um.

RECEIVED for review April 23, 1992. Accepted August 13,
1992.
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Equivalence of Staircase and Linear Sweep Voltammetries for
Reversible Systems Including Conditions of Convergent

Diffusion

Uruthirapasupathy Kalapathy and Dennis E. Tallman*
Department of Chemistry, North Dakota State University, Fargo, North Dakota 58105-5516

The question of the equivalence of stalrcase (SCV) and linear
sweep (LSV) voltammetries for reversible electron transfer
Is reexamined using highly accurate numerical computation.
When diffusion Is rectllinear, such as for macroelectrodes or
for microelectrodes at very high sweep rates, the shape of
the SCV Is rather strongly dependent on a, the fraction of the
way along the step at which the current is sampled. The
closest agreement with LSV under such conditions appears
to be for o equal 0.30. When diffusion is convergent, such
as for microelectrodes at low to moderate sweep rates, the
shape of the SCV Is much less dependent on « and a range
of values can yleld LSV equivalent voltammograms, although
a = 0.30 would provide the best equivalence over all sweep
rates.

INTRODUCTION

Staircase voltammetry (SCV) may eventually replace linear
sweep voltammetry (LSV) for routine diagnostic and ana-
lytical measurements. Indeed, modern computer-based elec-
trochemical instrumentation employs a digital-to-analog
converter to permit direct computer control of electrode
potential.! Such instruments necessarily change electrode
potential in discrete steps, the magnitude of the step being
governed by such considerations as voltammogram resolution
(or definition) and sweep rate. Since with SCV it is often
possible to sweep through the desired potential range using
only 50-100 steps, very high sweep rates can be achieved,
even with computer-based instrumentation.! Furthermore,
SCV is better able to discriminate against charging current
than is LSV since the actual current measurement is made
under potentiostatic conditions.2?

As pointed out by Osteryoung and co-workers,* the slow
acceptance of SCV is probably a result of the additional
complexity associated with quantitatively describing the
voltammogram. Unlike LSV for which the response is
determined uniquely by the sweep rate, V (assuming the initial
potential is chosen at zero current), the SCV response is
determined by three parameters: AE, the step height; 7, the
width or duration of each step (note that sweep rate V =
AE/7); and «, the fraction of the way along the step at which
the current is measured.>¢ SCV at microelectrodes (having
at least one dimension on the order of micrometers) offers

* To whom correspondence should be addressed.

(1) Tallman, D. E.; Shepherd, G.; MacKellar, W. J. J. Electroanal.
Chem. Interfacial Electrochem. 1990, 280, 327.

(2) Barker, G. C. Advances in Pnlarogmphy; Longmuir, L Si.,
Pergamon Press: New York, 1960; p 1
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even greater challenges since convergent diffusion can lead
to the additional dependence of voltammetric response on
electrode geometry.” These challenges can and will be met
with increasingly sophisticated computational strategies, a
few of which are already beginning to appear.’?

A question first raised by Reilley et al.!? and also by Perone
et al® and subsequently investigated in some detail by
Osteryoung and co-workers#!1-13 is the extent to which the
voltammetric response from the discrete technique SCV can
be made equivalent to that from the continuous technique
LSV. Such equivalence, established through proper choice
of the SCV current sampling parameter, «, would facilitate
direct comparison of voltammograms obtained by each of
the two techniques as well as permit voltammograms obtained
by SCV to be interpreted using the wealth of theory developed
for LSV. There is no a priori reason to expect that an exact
equivalence between SCV and LSV should exist, except in
thelimit AE — 0 whereupon the staircase waveform collapses
to a linear ramp and the two techniques become identical.
However, there does appear to be a very close correspondence
between the two techniques for particular values of «.6:10.11

Perone and co-workers® have suggested an « of 0.3 results
in nearly equivalent SCV and LSV voltammograms. The
first step of the staircase waveform used in their work occurs
at T =0 and has the same amplitude (AE) as each succeeding
step. Their computation, based on the theory of Christie
and Lingane,? uses a summation formula which is equivalent
to a limiting form of the convolution approach we use in this
paper.® Osteryoung and co-workers!! suggest an « of 0.25
using a Walsh series approximation for a staircase potential
profile which begins with a first step at 7' = 0 having half the
amplitude (AE/2) of each succeeding step. For further
compariscn, the early treatment of Christie and Lingane
employed a staircase potential function with a first-step
amplitude of zero (i.e., the first step is delayed by 7).3 The
nature of the first step is of little consequence when the
voltammogram is initiated from a potential of zero current
and is displayed in the form of current versus potential.
However, a display of current versus time would exhibit a
small dependence on the nature of the first step.

In related work, a theoretical study of linear sweep and
staircase anodic stripping voltammetry by Stojek and co-
workers!4 found that o = 0.35 provides the best agreement
in the vicinity of the peak maximum, with lower values of a

(7) Kalapathy, U.; Tallman, D. E.; Hagen, S. J. Electroanal. Chem.
Interfacial Electrochem. 1992, 325, 65.

(8) Aoki, K.; Tokuda, K.; Mat.audn,H Osteryoung, J. J. Electroanal.
Chem. Interfacial Electrochem. 1986, 207, 25.

(9) Cope, D. K.; Tallman, D. E. J. Electroanal. Chem. Interfacial
Electrochem. 1991, 303, 1.

(10) Suprenant, H. L.; Ridgway, T. H.; Reilley, C. N. J. Electroanal.
Chem. Interfacial Electrochem. 1977, 75, 125.

(11) Seralathan, M.; Osteryoung, R.; Osteryoung, J. J. Electroanal.
Chem. Interfacial Electrochem. 1986, 214, 141.

(12) Bilewicz, R.; Osteryoung, R. A; Osteryoung, J. Anal. Chem. 1986,
58, 2761.
(13) Stojek, Z.; Osteryoung, J. Anal. Chem. 1991, 63, 839.
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providing the best agreement in prepeak regions of the
voltammogram. The optimum value of « appeared to depend
little on the thickness of the mercury phase. An experimental
study of linear sweep and staircase voltammetry of adsorbed
species by Stojek and Osteryoung!® revealed a strong de-
pendence of the staircase voltammograms on «, and an
optimum « was not suggested. However, data presented for
the reduction of adsorbed midazolam indicated a possible
equivalence for 1/, < a < 1/,.18

Work currently in progress in our laboratory involves
staircase and cyclicstaircase voltammetry at microelectrodes,
with emphasis on electrode geometries having high perimeter-
to-area ratio such as the band and the ring. These investi-
gations have led us to reassess the conditions for which SCV
and LSV become equivalent, or nearly so, for reversible
systems, under both rectilinear and convergent diffusion
conditions. In this paper we provide the computational
background for staircase voltammetry at microelectrodes and
provide evidence, based on accurate (0.1%) numerical cal-
culations, that the best equivalence between SCV and LSV
occurs when the current is sampled at « = 0.30. In this work,
asin the preveious work cited above, the influence of charging
current is not considered. For SCV at microelectrodes, the
small (rc) cell time constant results in rapid decay of the
charging current, and the results reported here should have
direct practical application.

COMPUTATIONAL METHODS
For a reversible electron transfer reaction of the type

O+ne =R

the current at any arbitrary electrode geometry in response
to any arbitrary potential modulation is given by®®

in® = & [, - wow) du a

where ig(t) is the time- (and potential-) dependent reversible
current in response to a potential-time function 8(t), and
iq(t) is the transient diffusion-limited current at the electrode
in response to a large potential step. Equation 1 was derived
with the assumption that mass transport within the cell occurs
only by semiinfinite (convergent) diffusion and also that no
ohmic loss occurs in the cell. The only other restriction on
the use of eq 1 is that the diffusion coefficients of the oxidized
and reduced species be equal (Do = Dy = D). In this work
we assume only species O is present initially and eq 1is written
accordingly, but extension of the computation to cases where
both O and R are initially present is straightforward.®

All variables in eq 1 are dimensionless and have the
following definitions in terms of physical variables:

i(¢) = I(T)/nFDC*L (2a)
t=DT/L? (2b)
6@t) = (1 + explnf(E(T) - E°*)])* (2¢)

where I(T) is physical current as a function of physical time
T, D is the diffusion coefficient (for both O and R), C* is the
bulk concentration of O, and E(T) is the time-dependent
physical potential, with E°/, n, and f = F/RT all having their
conventional electrochemical meanings. L isa characteristic
electrode length, taken in this work to be (A/7)'/2 where A
is the physical electrode area (thus, for a disk electrode, L
equals the electrode radius). This choice for L leads to area-

(14) Penczek, M.; Stojek, Z.; Buffle, J. J. Electroanal. Chem. Interfacial
Electrochem. 1989, 270, 1.

normalized variables,® permitting direct comparisons of
current densities at electrodes of differing geometry.

For convergent diffusion, the values of i3(t) used in the
numerical solution of eq 1 were computed using the integral
equation method (IEM)!5 and were numerically accurate to
within 0.1%. Details of the IEM as applied to various
electrode geometries have been published elsewhere.15-18 As
discussed previously,” the IEM offers particular advantages
for generating the values of i4(¢) used in the numerical solution
of eq 1. Nonetheless, any suitably accurate method could be
used to obtain i4(f), such as a finite difference method or
perhaps even experiment. Forrectilinear diffusion, the values
of 14(t) used in the numerical solution of eq 1 were computed
using the dimensionless form of the Cottrell equation

ig(t) = (x/t)'/* ®

with i4(t) and ¢ defined as in eq 2.
Linear Sweep Voltammetry. For linear sweep voltam-
metry at a sweep rate V starting from an initial potential Ey

and sweeping negatively, the potential (E) as a function of
time (7) is given by

E(T)=E-VT 4)
In dimensionless form eq 4 becomes

e(t) = e;— bt (5a)

with
e(t) = nfE(T) (5b)
e; = nfE; (5¢)

and
b =nfVL*D (5d)

where bis a dimensionless sweep rate for efectrodes of constant
area (hence, constant L2).

The potential-time function 8(¢) in eq 2¢c can now be written
in the form’

8(t) = (1 + a exp(-bt))* (6a)

where @ is a function of the dimensionless initial potential
(e;) relative to the formal potential (e®’ = nfE®’) and is given
by

a = exp[nf(E; - E*)] = exple; - e°'] (6b)

All LSVs and SCVs in this paper were computed using an
initial potential e; — e®” = 8.0, corresponding to a = 2981.
The numerical integration and differentiation of eq 1 were
carried out as previously described,” with the exception that
1600 time intervals (or points) were used in the numerical
solution to reduce numerical error associated with discret-
ization of the linear sweep to less than 0.1%.7 The computer
program for solving the linear sweep case (originally written
in WATFOR-87 FORTRAN) was rewritten and compiled in
QuickBASIC, resulting in a much faster run-time module.
The computation of a 1600 point voltammogram from a disk
file of i4(¢) values required less than 3 min on a 25-MHz 80386-
based personal computer with a 80387 math coprocessor.

(15) Coen, S.; Cope, D. K,; Tallman, D. E. J. Electroanal. Chem.
Interfacial Electrochem. 1986, 215, 29.

(16) Cope, D. K.; Scott, C. H.; Kalapathy, U.; Tallman, D. E. J.
Electroanal. Chem. Interfacial Electrochem. 1990, 280, 27.

(17) Cope, D. K.; Tallman, D. E. J. Electroanal. Chem. Interfacial
Electrochem. 1990, 285, 79.

(18) Cope, D. K; Scott, C. H.; Tallman, D. E. J. Electroanal. Chem.
Interfacial Electrochem. 1990, 285, 49.



ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992 « 2695

—T- ,t'l
= | T 7
< AE
= (A
Z o=
& o
= L
s
a L
E—"
0 TIME —

Figure 1. The potential-time waveform for staircase vottammetry
(solid line, illustrating five steps, each of height AE and duration 7) and
linear sweep voltammetry (dashed line, having equivalent swesp rate
V = AE/T and identical Initial potential, £;). The point on each step
of the staircase waveform denotes the time at which current is measured
and corresponds to a current sampling parameter « of 0.30 (see text).
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Figure 2. A plot of §(f) as a function of time (solid line) for a 50-step
staircase waveform having a = 2981, e = 0.32, and A = 0.32 (see
eq 9 and text). The polints represent the computed current for a ring
electrode having v = 10 (see text). Eight values of current were
oompunsdtoreachshspathtervalsof‘/.hstepdraﬂon (a=n/8
for n = 1-8).

Staircase Voltammetry. Starting from an initial po-
tential Ey and stepping negatively with N steps, each step of
size AE and duration 7, the staircase potential (E) as a function
of time (7) is expressed by

N
E(T)=E;-AE)_S{T-(n- 1)1} @
n=1
where Sofy} is the unit step function such that Syfp} = 0 for
v <0 and Sofy} = 1 for » > 0. The waveform described by eq
7 is shown in Figure 1 along with the linear sweep waveform
of eq 4. In particular, note that the first step iz a full step
and occurs at T'=0, eonslsumt with the waveform described
by Perone et al.56

In dimensionless form eq 7 becomes

N
e(t) = ¢~ 3e)_Sift - (n - 1N} (®)

n=1
where e(t), ¢;, and t are as defined earlier, ée is a dimensionless
step potential (3¢ = nfAE), and X is a dimensionless step
duration (A = D7/L?). Sweep rates for LSV and SCV are
considered equal when V = AE/ (or, equivalently, when b

= je/)\), although any given sweep rate in SCV can be obtained
from many combinations of AE and 7.

The potential-time function 6(¢) in eq 2¢ can now be written
for staircase voltammetry in the form

N
6(6) = [1+aexp(-de)_Sift-(n-DN)I* @)
n=1

The shape of this function is shown in Figure 2 for @ = 2981,
= 0.32, A = 0.32, and N = 50, corresponding to a
dimensionless sweep rate b = de/\ of 1.0. Of particular
importance to the solution of eq 1 is the observation that 6(t)
is piecewise constant over the range of ¢, leading to consid-

erable simplification in the solution of the equation.

The integral of eq 1 may be written as a sum of integrals,
each taken over a range of constant 6(t). Thus, the current
at time ¢ on the pth step, the step beginning at ¢, and ending
at ¢, such that ¢, <t < ¢, with ¢, = 0, is given by

lx(t)———[; f a(t =Wty du + f iat = w0, du)
(10)

Since each 6(;) is a constant over the range t;; to ¢, each
may be moved outside its corresponding integral, in which
case each term in the summation of eq 10 is of the form

term, = 0(t,) % J. :id(t —u) du an
which can be solved exactly, yielding
termy, = 8(ty) (ig(t — ty) + ig(t = £51)) 12)

Since ig = 0 at ¢ < 0, the last term in eq 10 simplifies to
term,, = 0(t,)ig(t — £, ) (13)

Altogether, the exact solution to eq 10 and, thus, to eq 1 for
staircase voltammetry is given by

p-1
iR(t) = igt —t, () — Z(id(t —t) —igt -t )0y (14)
=1
where the sum is vacuous for p = 1. The symmetry of the
convolution integral (i.e., replacing i4(t — ©)8(u) in eq 1 by
ia(w) 0(t — u)) leads to the following equivalent expression
(which may also be obtained by applying summation by parts
toeq 14:

p-1

in(t) = ig(£)0(E) + Zid(t —t) (Btpey) - 0(t))  (158)
=1

which, for Ey >> E°’ such that 6(to)
form

~ 0 may be written in the

P

ig(t)= Z:i,,(t — L) (0(t,) - 6t 1)) (15b)
=1 B

We emphasize that both eqs 14 and 15 are exact solutions
to eq 1 for staircase voltammetry and are, therefore, valid for
convergent diffusion conditions. For rectilinear diffusion, iy
is replaced by the Cottrell equation (eq 3) in which case eqs
14 and 15 reduce to forms equivalent to eqs 5, 6 and 1, 2,
respectively, of ref 5.

The SCV computations of this work were performed using
eq 15 rather than eq 14. This choice was motivated by the
observation that eq 14 requires differences between iq values
computed numerically (for the convergent diffusion case) from
the IEM as described above and could, therefore, result in
some loss of computational accuracy. On the other hand, eq
15 requires differences between 6(t) values computed ana-
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Figure 3. Illustration of the use of eq 15 for computing the reversible
current k(f) at time t (denoted by the arrow and open circle) on the
fourth step (p = 4) of a staircase. The upper curve is 6(u); the lower
curve is it - u). The solid points on the i curve represent the four
values of /; used in eq. 15 to obtain eq 16. For illustrative purposes,
the singularity in /; as t — u — 0 has been removed.

lytically from eq 9, and such differences can be computed
with much greater precision.

Figure 3illustrates the implementation of eq 15 to compute
the current at time ¢ (indicated by the arrow) on the fourth
step of a staircase waveform. For this example, the current
is given by

ig(t) = ig(®)BN) + ig(t — N)(B(2N) = O(N)) + iy(t — 2M)(B(3N) —
8(2N)) + i4(t — 3N)(B(4X) — 6(3N)) (16)

Note that the first i4(¢) value occurs at t{ = oA (at t — 3\ in
the example of Figure 3) with subsequent values at intervals
of \. In general, the computation of a voltammogram for a
staircase of N steps with current sampled at « requires N
values of i4(t) at dimensionless times of

t,=aA+k-DX k=12,.,N an

The IEM is a fast and convenient method for computing
these i4(t) values for convergent diffusion at a variety of planar
electrode geometries (vide supra).

The program for computing staircase voltammograms was
written in QuickBASIC and is available from the authors
uponrequest. The program reads the appropriate i4(t) values
from a disk file and computes a 50-step SCV in less than 1
sonthe personal computer described above. The computation
time increases approximately as the square of the number of
steps. The numerical error in the computed SCVs is much
less than 0.1% for the rectilinear diffusion case, where both
i4(t) and 8(t) can be computed exactly, and is ca. 0.1% for the
convergent diffusion case, where the error is determined
primarily by the error in the numerically generated i4(t) values.

RESULTS AND DISCUSSION

Figure 2 displays the computed current-time response to
a staircase waveform applied to a ring microelectrode having
v =10 (v is a dimensionless measure of ring shape given by
(Ry+ R1)/2(R; - R,) where R, and R, are the inner and outer
ring radii, respectively’). For each step, the current was
computed eight times in o increments of /g, illustrating the
jump and subsequent decay of current following each step.
The dimensionless sweep rate (b = de/\ = 1) used in Figure
2 is approximately midway between that required to achieve
steady-state behavior (b < 1073) and that required for
rectilinear diffusion behavior (b > 10¢) at typical ring and
disk microelectrodes.”

A

10.0 § CONVERGENT
| DIFFUSION

2.0

0.0
2.0

B

RECTILINEAR
1.5 ] DIFFUSION

8.0 4.0 0.0 ~4.0 28.0
nF(E-E*)/RT
Figure 4. Staircase voltammograms for a 50-step staircase waveform
having a = 2981, de = 0.32, and A = 0.32. Each set of eight
voltammograms corresponds to « ranging from /g (top curve) to 1
(bottom curve) in increments of /5. (A) For convergent diffusion
conditions at a ring mi l de of ¥ = 10 (s from points
of equal « in Figure 2). (B) For rectilinear diffusion conditions.

The eight SCVs for the ring microelectrode in Figure 2,
obtained by connecting points of equal « are displayed in
Figure 44, illustrating the influence of a on voltammogram
shape at a sweep rate b = 1. The maximum current, Iyax,
and the potential at half the maximum current, Eys, are
both functions of a, with Iyax increasing and Eyy/; shifting
to more positive potential (for a reduction) as a decreases.
For comparison, the SCVs for rectilinear diffusion (or
macroelectrode behavior) are displayed in Figure 4B under
otherwise identical conditions. In agreement with previous
work,’ these voltammograms display a much greater depen-
dence of Ivax and Epy/z on a and exhibit this strong
dependence on o at all sweep rates (assuming diffusion
remains rectilinear at the lowest sweep rates, as is usually the
case at sufficiently large electrodes). Incontrast,the staircase
voltammograms computed in this work for convergent
diffusion (microelectrodes) exhibit a dependence on a which
is a function of sweep rate, being rather insensitive to a at
very low sweep rates (approaching steady state) and becoming
increasingly more sensitive to « at higher sweep rates as
diffusion to the electrode becomes increasingly rectilinear.

The primary focus of this work is a reassessment of the
conditions under which staircase and linear sweep potential
waveforms produce essentially equivalent voltammograms
for reversible electron transfer. We have employed the
computational approach outlined earlier in this paper to
examine SCVs as a function of the current sampling parameter
(a), the sweep rate (6e/)), and the number of steps comprising
the staircase (V) for both rectilinear and convergent diffusion
conditions and have critically compared each SCV with the
corresponding LSV computed for the equivalent sweep rate.
Because of the high computational accuracy of the methods
employed, we are able to attribute significance to small
differences in voltammograms which might otherwise be
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Figure 5. Comparisons of linear sweep and staircase voltammograms
for equivalent sweep rates (b= 1) under rectilinear diffusion conditions.
The solid curve is the LSV. The points are the SCVs for a = 3/ (fllled
circles) and a = 1/, (open circles). (A) 50 steps of height e = 0.32
and duration A = 0.32. (B) 100 steps of height e = 0.16 and duration
A = 0.16.

considered within computational error or experimental un-
certainty. We have previously demonstrated the excellent
agreement obtainable for convergent diffusion conditions
between experimental LSVs and ones computed using the
methods employed in this work.”

Rectilinear Diffusion. Figure 5A illustrates the agree-
ment between a 50-step SCV obtained with o = 0.30 (solid
points) and the corresponding LSV (solid line) at a sweep
rate b =1 for rectilinear diffusion. For comparison, the SCV
obtained with « = 0.25 is also displayed in Figure 5A by the
open circles. Clearly, the best fit in the vicinity of the peak
maximum is for @ = 0.30. The values of imax and Enys for
each voltammogram are summarized in Table I. Differences
in computed imax of greater than 0.2% are considered
significant. The deviations between the a = 0.25 SCV and
the LSV (Table I) are in agreement with those reported by
Osteryoung et al.! Typical experimental uncertainties of a
few percent would make it difficult to establish the best choice
of o from experiment.!!

The dimensionless step height (3¢) for the SCVs of Figure
5A is 0.320, corresponding to a AE of 8.2/n mV at 25 °C. The
use of fewer than 50 steps (i.e., a larger de) to span the potential
range of Figure 5 would lead to rather poor voltammogram
resolution. Even for the 50-step voltammogram of Figure
5A, the estimation of Ens from the voltammogram is subject
to an estimated uncertainty of 0.5 mV (see footnote b, Table
I). Nonetheless, the agreement among the Ey/, values is
within 1-2 mV.

The sum of the squares (or sumsquare) of the differences
between corresponding points on a LSV and a SCV taken
over the entire potential range of Figure 5 is an indicator of
the overall agreement between two voltammograms. For the
50-step voltammogram of Figure 5A, this sumsquare is 0.0081

for a = 0.30 and 0.018 for a = 0.25, indicating better overall
agreement for a = 0.30.

Figure 5B displays the 100-step SCVs for the same sweep
rate (thus, half the step duration, A\) and same current
sampling parameters as in Figure 5A. Again, o = 0.30
(sumsquare = 0.0040) results in better agreement with LSV
than does ¢ = 0.25 (sumsquare = 0.018) over the entire
voltammogram, as well as in the vicinity of the current
maximum (Figure 5B and Table I). The deviation between
LSV and SCV at any « is expected to decrease as the number
of steps in the staircase increases, a trend which is observed
in Figure 5 and Table I. Results obtained for 200-step
voltammograms (not shown) follow this same pattern of
dependence upon a.

For rectilinear diffusion, the deviation between LSV and
SCV at fixed a and AE is expected to be independent of
sweep rate and, thus, independent of variations in the step
duration 7.1 Qur computations reveal virtually identical
behavior to that described above over many orders of
magnitude in sweep rate (for example, see Table I for b =
1000). Incontrast, thedeviation between LSV and SCV under
convergent diffusion conditions is dependent on sweep rate,
as demonstrated in the next section.

The reason for the discrepancy between the optimum o
obtained for rectilinear diffusion in this work (0.30) and that
obtained by Osteryoung and co-workers (0.25)!! is not clear.
Their SCV waveform differs from ours in that their first step
is half the amplitude of all succeeding steps. Their math-
ematical evaluation of a was apparently based on this first
step (or interval) which may unduly exaggerate the influence
of their first (half-amplitude) step. Indeed, the nature of the
first step should be relatively inconsequential for the SCV of
a solution initially containing only one component of a redox
system, as long as the initial potential is sufficiently removed
from the formal potential such that the initial current is zero
and as long as the voltammogram is displayed as current
versus potential (not time). To verify this expected behavior,
we performed SCV calculations for conditions identical to
those in Figure 5A but employing the Osteryoung-type
waveform!! having a first step of half amplitude. Of course,
the points from these calculations fell at potentials midway
between those of Figure 5A, but using interpolation these
voltammograms overlapped those of Figure 5A to within
computation error (<0.1%).

Convergent Diffusion. Therelative insensitivity of SCV
to a at a disk microelectrode under convergent diffusion
conditions (b = 1) is illustrated in Figure 6A (50-step SCV)
and Figure 6B (100-step SCV). Both a = 0.30 (solid points)
and a = 0.25 (open circles) produce voltammograms in
excellent agreement with the LSV (solid line) at this sweep
rate. The differences in the values of imax and Ey s for the
voltammograms (Table II) are nearly within computational
error. For the 50-step SCV of Figure 6A, the sumsquare for
a=0.30i80.013 and for @ = 0.25 it is 0.0088. For the 100-step
SCV of Figure 6B, the sumsquare for o = 0.30 is 0.0096 and
for a = 0.25 it is 0.0071. On the basis of overall fit, « = 0.25
may be slightly preferred. However, there is little to
distinguish between these two choices of a at this sweep rate.

At lower sweep rates (b < 1, not shown) the staircase
voltammograms become even less dependentupon .. Indeed,
as b — 0 the step period 7 becomes sufficiently long that
time-independent (steady-state or perhaps quasi steady-
state!®) current is established very early in the step duration
(at very small a), and the current, hence the voltammogram,
becomes independent of . At higher sweep rates (b > 1) the
dependence of the voltammogram on « increases as diffusion

(19) Cope, D. K.; Tallman, D. E. J. Electroanal. Chem. Interfacial
Electrochem. 1990, 285, 85.
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Table I. A Comparison of Linear Sweep and Staircase Voltammetries under Conditions of Rectilinear Diffusion

method no. of Steps, N sweep rate, b a IMAX® n(Eyz - E*),b mV
LSV 1 1.403 28.1
SCV 50 1 0.30 1.404 (<0.1%) 26.4
SCV 50 1 0.25 1.445 (3.0%) 27.3
SCvV 100 1 0.30 1.404 (<0.1%) 273
SCv 100 1) 0.25 1.435 (2.3%) 27.9
LSV 1000 44.41 28.2
SCV 100 1000 0.30 44.40 (<0.1%) 27.3
SCv 100 1000 0.25 45.37 (2.2%) 27.9

¢ imax = Imax/nFDC*L has a computational error of ca. 0.1% for LSV and less r.ban 0.1% for SCV Each number m parentheses is the
relative difference between that SCV value and the corresponding LSV value of imax. ¢ Esti: d from the p fora
temperature of 25 °C with an uncertainty of ca. 0.1 mV for LSV, ca. 0.3 mV for 100-step SCV, and ca. 0.5 mV for 50-step SCV. For SCV,
the limited number of points defining the voltammogram influence this uncertainty.
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Figure 8. Comparisons of linear sweep and staircase voltammograms
for equivalent sweep rates (b = 1) under convergent diffusion conditions
at a disk microelectrode. The solid curve is the LSV. The points are
the SCVs for a = 3/, (filled circles) and a: = '/, (open circles). (A)
50 steps of height de = 0.32 and duration A = 0.32. (B) 100 steps
of height 4@ = 0.16 and duration A = 0.16.

becomes increasingly rectilinear, eventually reaching a de-
pendence on a identical to that summarized by Figure 5 and
TableI. For example, at b = 1000, diffusion to the microdisk
electrode is sufficiently (though not completely”) rectilinear
that @ = 0.30 again provides the best agreement with LSV
(Table II).

The dependence of SCV on a and variation of the
dependence with sweep rate, described above for a microdisk
electrode, is somewhat dependent on microelectrode geom-
etry. Compared to a disk electrode, thin band and thin ring
electrodes (geometries having higher perimeter-to-area ratio)
exhibit transient currents which are less time- (sweep rate-)
dependent at shorter times (or higher sweep rates, b > 1), a
consequence of the more significant contribution from
convergent diffusion at such geometries at short time.”’® On
the other hand, compared to a disk electrode, transient
currents at ring and band electrodes are more time- (sweep

rate-) dependent at longer times (or lower sweep rates, b <
1), due to slower attainment of the steady-state (in the case
of thin rings) or the absence of a true steady-state (in the case
of bands).”1® Therefore, SCVs at ring and band electrodes
are expected to be somewhat more sensitive to « at low sweep
rates and somewhat less sensitive to « at high sweep rates,
compared to the microdisk behavior. Such influences of
electrode geometry on the choice of a necessary to obtain
LSV equivalence are quite subtle, and we have not explored
this behavior in detail. For SCV at ring microelectrodes (e.g.,
Figure 4A), we do find that « = 0.30 provides the best
agreement with LSV, and we conjecture that this value of a
is optimum for all electrode geometries.

TheInfluence of aon Staircase Voltammograms. The
discussion thus far has focused on just two values of a, namely
0.25 and 0.30. It is of interest to examine (in a more
quantitative way than is possible from Figure 4) the influence
of a on staircase voltammograms as o varies over a much
wider range. The large numer of variables involved (a, b, N,
7) precludes a comprehensive display of such results, so we
restrict our discussion to a 50-step staircase applied to a
microdisk electrode (N = 50, y = 0.5). Table III summarizes
the influence of o on the wave height, ipax, and wave position,
n(Emy2—E®’), of staircase voltammograms obtained at asweep
rate b = 1 for rectilinear diffusion (thus, for any electrode
geometry) and for convergent diffusion at the disk electrode.
For ease of comparison, the corresponding linear sweep results
are included in this table along with the percent difference
in imax between each SCV and the corresponding LSV (in
parentheses).

For rectilinear diffusion, the variation of iyax with « is
substantial, ranging from ca. 23% higher than the LSV wave
height at @ = 0.1 to ca. 17% lower than the LSV height at
a=1.0. The position of the wave on the potential axis shifts
negatively (for a reduction) by ca. 10 mV over this range of
« (see Figure 4 and Table III). The maximum current from
staircase voltammetry at any fixed « is proportional to the
square root of the sweep rate, b'/2, provided the SCV sweep
rate (AE/7) is varied by changing the step duration r rather
than the step amplitude AE (i.e., the number of steps, N,
remains constant;see TableI). Since (for rectilinear diffusion)
both LSV and SCV exhibit this same b!/2 dependence for all
b, the same relative iyax differences between SCV and LSV
and the same wave positions, provided as a function of « in
Table III, are observed at any sweep rate, b. Thus, the same
incongruities between LSV and SCV at each « will be observed
at any sweep rate and at any electrode geometry for which
rectilinear diffusion conditions exist.

For convergent diffusion at the disk microelectrode at a
sweep rate b = 1 (Table III), the variation of iyax with « is
much weaker than observed for the rectilinear diffusion case,
ranging from 2.2% higher than the LSV wave height at a =
0.1 to 1.3% lower than the LSV wave height at « = 1.0.
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Table II. A Comparison of Linear Sweep and Staircase Voltammetries under Conditions of Convergent Diffusion

method no. of steps, N sweep rate, b « iMAX® n(Eyy2 - E*),b mV
LSV 1 4.748 12.7
SCV 50 1| 0.30 4.756 (0.2%) 119
SCV 50 1 0.25 4.767 (0.4%) 12.6
SCv 100 1 0.30 4.751 (<0.1%) 12.2
SCV 100 1 0.25 4.758 (0.2%) 12.8
LSV 1000 46.83 275
SCV 100 1000 0.30 46.80 (<0.1%) 26.6
scv 100 1000 0.25 47.76 (2.0%) 272

% imax = Imax/nFDC*L has a computational error of ca. 0.1% for both LSV and SCV. Each number in parentheses is the relative difference
between that SCV value and the corresponding LSV value of imax. ® See footnote b of Table 1.

Table III. Influence of the Current Sampling Parameter a on the Wave Height and Wave Position of Staircase

Voltammograms
method no. of steps, N sweep, rate, b @ IMAX® n(Emz— E*),> mV
Rectilinear Diffusion
LSV i 1.403 28.1
SCV 50 1 0.1 1.727 (+23.1%) 30.8
SCV 50 1 0.2 1.505 (+7.3%) 28.1
SCV 50 1 0.3 1.404 (<+0.1%) 26.4
SCV 50 1 04 1.342 (-4.3%) 25.1
SCV 50 1 0.6 1.258 (-10.3) 23.4
SCv 50 | 0.8 1.202 (-14.3) 22.2
SCV 50 1 1.0 1.161 (-17.2%) 21.2
Convergent Diffusion (Disk Electrode)
Lsv 1 4.748 12.7
SCV 50 1 0.1 4.852 (+2.2%) 16.7
SCV 50 1 0.2 4.783 (+0.7%) 13.5
SCV 50 i 0.3 4.756 (+0.2%) 119
SCV 50 1 0.4 4.738 (-0.2%) 10.8
SCV 50 1 0.6 4.715 (-0.7%) 94
SCV 50 1 0.8 4.699 (-1.0%) 8.5
SCvV 50 1 1.0 4.685 (-1.3%) 7.8

4 See footnote a of Tables I and II. Each number in parentheses is the relative difference between that SCV value and the corresponding

LSV value of imax. ® See footnote b of Table L.

However, the wave position is nearly as sensitive to a at this
sweep rate as for the rectilinear diffusion case, shifting
negatively by ca. 9 mV over this range of a. Of course, for
convergent diffusion, the relative differences in imax between
SCV and LSV and the wave positions are sweep rate
dependent (see Table IT). As b— 0, the SCV current at any
o approaches the steady-state value (for a disk, ipax — 4.00)
and n(Ey/: — E°) — 0, the same limiting behavior as is
observed for LSV."20 Thus, LSV and SCV become increas-
ingly equivalent for any « as the zero sweep rate limit is
approached. As b — « and diffusion becomes increasingly
rectilinear, the incongruities between LSV and SCV at each
a approach those tabulated for rectilinear diffusion in Table
1.

CONCLUSIONS

Computed staircase voltammograms of reversible systems
with @ = 0.30 are remarkably similar to linear sweep
voltammograms over a wide range of sweep rates and diffusion
conditions. This optimum value of o was determined
numerically for rectilinear diffusion conditions where SCV
is most sensitive to variations in . This optimum a was then
found to provide excellent equivalence (within computational
error) between SCV and LSV for convergent diffusion
conditions as well. Thus, « = 0.30 appears to be a better
choice than a = 0.25!! for maintaining such equivalence over
awide range of sweep rates and for a wide variety of electrode

(20) Aoki, K.; Akimoto, K.; Tokuda, K.; Matsuda, H.; Osteryoung, J.
J. Electroanal. Chem. Interfacial Electrochem. 1984, 171, 219.

geometries and sizes. Admittedly, the differences between
SCVs obtained experimentally at these two values of a will
often be within the experimental error, particularly for
measurements made at microelectrodes at low to moderate
sweep rates. At macroelectrodes and at microelectrodes
employed at high sweep rates, the differences can approach
a few percent and may be comparable to the experimental
error. The computational approach used in this work allows
ustoattribute significance to such differences and to establish
the best overall choice for a.

Finally, we address the implications of the requirement for
equal diffusion coefficients (62 = Dg/Do = 1) embodied in eq
1.2 Indeed, for rectilinear diffusion, the computation of linear
sweep and staircase voltammograms can be performed exactly
without the need to assume equal diffusion coefficients.59.11.21
The results so obtained are identical to those presented here,
the only change being the replacement of the formal potential
(E°’) appearing in this work by the half-wave potential (E1/;
= E° + RT/nF In §). Therefore, all conclusions pertaining
to the choice of a remain valid for the unequal diffusion
coefficient case.

For convergent diffusion, the exact solution appears more
difficult,® and the assumption of equal diffusion coefficients
leads to eq 1, making the solution tractable.® Replacing E°’
by E;,; as described above for the rectilinear diffusion case
would likely account for some (perhaps even most) of the
effect of unequal diffusion coefficients. However, theoretical
considerations indicate that not only wave position on the
potential axis (as in the rectilinear diffusion case) but also

(21) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 706.
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wave shape are influenced by unequal diffusion coefficients.?
Such influences are likely to be similar for LSV and SCV
which (along with the observation that SCV under convergent
diffusion conditions exhibits less dependence on the choice
of a) leads us to conjecture that a = 0.30 will produce staircase
voltammograms equivalent to linear sweep voltammograms
even for unequal diffusion coefficients at microelectrodes
under convergent diffusion conditions. Confirmation of this
conjecture will require very careful experimentation and/or
further advances in microelectrode theory.
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Flow Electroanalysis of Compound Semiconductor Thin Films:
Application to the Compositional Assay of Cathodically
Electrosynthesized Cadmium Selenide

Noseung Myung, Chang Wei, and Krishnan Rajeshwar®
Department of Chemistry, Box 19065, The University of Texas at Arlington, Arlington, Texas 76019-0065

A flow electroanalysis procedure Is described to determine
the composition of compound semiconductor thin flims.
Electrosynthesized samples of CdSe + Se + Cd have been
used as a model system to llilustrate our analysis protocol. The
analytical data are chemical state selective In that free Cd
and Cd present as CdSe are differentlated. A combination of
chemical and electrochemical stripping of CdSe + Se + Cd
from the support Tl electrodes Is used for the selective
monitoring of the specles at a downstream Hg thin film
electrode. Thus, the free CdSe Is then chemically stripped
and the Se(IV) retained at a filter cell to avold Interference
with the bound Cd assay. Finally, the total selenium content
of the fiim Is determined via cathodic stripping voltammetry.

INTRODUCTION

Group II-VI (12-16) compound semiconductors (such as
CdSe) are important in a wide spectrum of optoelectronic
device applications ranging from solar cells to “smart” goggles.!
Thin films of these materials hitherto have been synthesized
by a variety of techniques including vacuum evaporation,
chemical vapor deposition, sputtering, and electrodeposition.
In all of these synthesis scenarios, compositional variability
and nonstoichiometry are frequent problems. Thus, “free”
elements (e.g., Cd and Se) often are present in admixture
with the targeted compound semiconductor. While a wide
range of analytical techniques has been used for the com-
positional analyses of compound semiconductors, electroan-
alytical methods are comspicuous by the lack of their
widespread use contrasting the trend with other types of
analytes in general. However, there do exist a few isolated
examples of the use of electroanalytical methods such as
polarography, cyclic voltammetry, and chronoamperometry
for the compositional assay of compound semiconductors.24

In this report, we describe a new flow electroanalysis (FEA)
technique based on selective stripping and analysis of
components from a compound semiconductor matrix. Unlike
the electroanalytical methods which have been previously
employed for this purpose,2 we use a combination of stripping
(both chemical and electrochemical) to facilitate selective
monitoring of species from the semiconductor matrix. Fur-
ther, our methodology is “chemical state selective” (differ-
entiating, for example, free Cd and Cd present as CdSe), unlike
techniques such as atomic spectroscopies which yield only
the total species content.> We illustrate our analysis protocol
with the Cd-Se system.

We further note the applicability of our analysis approach
to other (nonsemiconductor) situations. Thus, new methods

for analysis of Se are important for a variety of considerations.®
In this vein, the FEA technique that we propose herein
constitutes an extension of the electrochemical stripping
methods previously described for Se(IV) using nonflow
methodology.51

EXPERIMENTAL SECTION

Instrumentation. A Bioanalytical Systems Model 100A
instrument equipped with an IBM personal computer and a
Hewlett-Packard Model 7475A digital plotter was used for
differential pulse stripping voltammetry (DPSV) and for CdSe
thin film deposition. An EG&G Princeton Applied Research
Model 273 system equipped with a Houston Instrument RE0089
X-Y recorder was used for cyclic voltammetry (CV). An
Electrosynthesis Inc. Model 415 potentiostat was used to control
the potential of the filter cell electrode (cf. Figure 1); this potential
was monitored on a Fluke Model 37 multimeter. Solution to the
FEA system was delivered by a Masterflex peristaltic pump.

FEA System and Thin Film Synthesis Cell. The system
is depicted in Figure 1 along with the functions of the various
components. The FEA system features a filter cell and a detector
cell further downstream. The filter cell (3.84-cm diameter, 5.86-
cm length) was custom built with Plexiglass and comprised a
Hg-coated reticulated vitreous carbon (RVC) working electrode
(100 ppi, 0.48-cm diameter, 2-cm length, Electrosynthesis Inc.),
an Ag/AgCl/3 M KCI reference, and a stainless steel counter
electrode. Electrical contact to the RVC was provided by a glassy
carbon electrode. The detector cell (5.4 cm X 3.19 cm X 5.02 cm)
was also custom built with Plexiglass and consisted of a Hg thin
film electrode (MTFE) on a glassy carbon support, an Ag/AgCl/3
M KCl reference, and a Pt counter electrode. The solution flow
channel (1.5-mm diameter at the detector cell) was drilled through
the cell body. Further details of the filter and detector cells are
available from the authors. The synthesis cell consisted mainly
of a Ti foil (Alfa) working electrode (immersed area 5.2 cm?) atop
which CdSe thin flims were electrodeposited at selected poten-
tials. The cells were interconnected within the FEA system and
with the synthesis cell via 1.6-mm-i.d. tubing (Masterflex).

Chemicals. Hg(NOj);, CdSO4 (ACS Certified Grade), and
Se0, (Ultrapure) were from Johnson-Matthey Electronics. KC1
from MCB and HCI from Malinkdrodt were used to prepare the
Clark and Lubs buffer at pH 2. All the other chemicals were of
Analar grade purity. Double-distilled water was used for the
preparation of all solutions and for electrochemical syntheses
and analyses. All solutions were carefully deaerated with
ultrapure N prior to and during measurements.

Procedures. The RVC electrode in the filter cell was
pretreated by switching the potential bet -10and +1.0V
for 10 min at least three times in 0.05 M HySO,. This procedure
has been described by a previous author!! to result in a clean and
reproducible surface free of adsorbed impurities. Deposition of

* Author for correspondence.

(1) Rajeshwar, K. Adv. Mater. 1992, 4, 23-29.

(2) Whitnack, G. C.; Donovan, T. M.; Ritchie, M. H. J. Electroanal.
Chem. Interfacml Electrochem 1967, 14 205-208.

(3) Darkowski, A.; Cocivera, M. Talanta 1986, 33, 187-189.

(4) (a) Rao, G. S. R. Reddy, S. J. J. Ind. Chem. Soc. 1984, 31, 306-311.
(b) TZ}:'g Solid Films 1984, 120,205-213. (c) Acta Chim. Hung.1985,118,
241-248.
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Figure 2. A more detalled perspective on the FEA procedure. E; is the film deposition potential and £, Is the peak potential in the DPSV scan.

Hg, both in the filter cell and for preparation of the MTFE in
the detector cell, was done at the beginning of each day. For the
former, a1 mM Hg(NOj;), solution in 0.05 M H,SO, was pumped
through the cell at 0.322 mL/min for 15 min with the RVC held
at-500 mV. Similar conditions except for the use of a 0.1 mM
solution were utilized for preparation of the MTFE.

A 0.5 M H,SO, matrix containing 0.4 M CdSO, and 4 mM
SeO; was used for the cathodic electrodeposition of CdSe!213 at
various potentials ranging from-500 to—900mV. A potentiostatic
mode was employed and the deposition time was 5 min.

The analyte preparation and analysis procedure isschematized
in Figure 2. Anodic stripping of the “free” Cd (present in
admixture with CdSe) was done after thoroughly washing the
thin-film loaded Ti foil which was then transferred to the Clark
and Lubs pH 2 buffer which served as the “blank” solution.
Stripping was done at potentials ranging from -300 to =500 mV

(12) Mishra, K. K.; Rajeshwar, K. J. Electroanal. Chem. Interfacial
Electrochem. 1989, 273, 169-182.

(13) V Ham D.; Mishra, K. K.; Rajeshwar, K. J. Elec-
trochem. Soc. 1992, 139 23-27.

into the blank which was subsequently made up to 50 mL. This
procedure generates the sample designated “I” in Figure 1. The
free Cd content of the film was then determined at the
downstream detector cell (anure 1) by anodic stripping volta-
mmetry (in astationary mode). P: tration of the cad

at the MTFE was done at =300 mV for 1 min at a flow rate of
0.26 mL/min. In the second stage of the analytical procedure
(sample II, Figure 1), the CdSe and free Se were chemically
stripped from the Ti support into the blank solution (Figure 2).
For this, a few drops of concentrated HNO; and concentrated
H,SO, were used, and the pH of the solution was then adjusted
to 2 with 1:1 NH,OH.® Final sample solutions were made up to
100 mL using the Clark and Lubs pH 2 buffer as blank and
subsequently diluted with blank as required prior to quantitation.

Since Se interferes with the quantitation of Cd (cf. Figures 1
and 2) (also see below), a potential of ~-300 mV was applied to
the RVC to “immobilize” the Se(IV) within it as Se®. The Cd in
CdSe was then determined as before (Figure 2). Finally, the
total Se content (free Se + Se present at CdSe) was determined
by cathodic stripping volt: try after pr rating it at
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Table I. Nominal Errors in the Quantitative Analyses of
Cadmium and Selenium

element concentration (M) RSD (%) N
Se 8x 108 6.30 5
4x10°¢ 11.02 5

8x 107 8.60 5

1x107 12.70 4

Cd 5x10% 1.64 5
1x10% 2.44 5

5% 107 5.27 5

1x107 3.94 5

the MTFE at 300 mV for 1 min at 0.26 mL/min flow rate. The
solution was then switched to the blank for the stripping analyses.
This had to be done to avoid distortion of the Se stripping peak
by the Cd as revealed in exploratory runs. [Note, however, that
Cd will not otherwise interfere with the deposition of Se(IV) at
the MTFE at -300 mV.]

All quantitations were based on measurement of peak heights
in the stripping voltammograms. The reproducibility was
checked by running at least four replicates for both standards
and the unknown. Nominal errors for the standards are
summarized in TableI. The datashown in Figure 8 below contain
averaged values from such replicate runs.

CAUTION. Cadmium and selenium-containing solutions are
toxic, and adequate care needs to be ised in the handli
and disposal of these solutions. A chemical hood is also
recommended for the analyses in view of the toxicity of the
electrochemically generated HoSe.

RESULTS AND DISCUSSION

Background and Development of Analysis Protocol.
As discussed by us elsewhere!%13 and by other authors,1417
two electrochemical routes can be envisioned for the cathodic
formation of CdSe:

Se0, + 4H* + 4e” = Se’ + 2H,0 (1a)
Cd* +2¢"=Cd° (1b)
Cd’ + Se® = CdSe (1)

Se0, + Cd* + 6e” + 4H* = CdSe + 2H,0  (2)

Reaction 1 involves the sequential reduction of Se(IV) to the
elemental state followed by assimilation of Cd2* ions in an
“underpotential” 2e~ step to generate CdSe.!® On the other
hand, reaction 2 involves the 6e-reduction of Se(IV) toselenide
followed by precipitation with Cd2*. A representative CV
scan for a Ti foil in 0.05 M HoSO, containing 4 mM SeO; and
0.4 M CdSO, is contained in Figure 3. The inset amplifies
the negative-going scan to bring out the fine structure
associated with Se(IV) reduction and CdSe formation.
Differentiation of the aforementioned two routes requires
mechanistic data beyond the scope of this study and the
information contained in Figure 3. Instead, we merely present
the CV data as a framework for our choice of the thin film
deposition potentials for subsequent FEA and anticipate that
films deposited at the positive end of the —500 to 600 mV
range would be Se-rich. Further, the sharp onset of cathodic
current flow at potentials negative of ~=700 mV along with

(14) (a) Kazacos, M. S.; Miller, B. J. Electrochem. Soc. 1980, 127, 869—
873. (b) Ibid. 1980, 127, 2378-2381.

(15) Tomkiewicz, M.; Ling, I.; Parsons, W. S. J. Electrochem. Soc.
1982, 129, 2016-2022.

(16) Darkowski, A.; Grabowski, A. Solar Energy Mater. 1991, 23, 75—

(17) Kressin, A. M.; Doan, V. V_; Klein, J. D.; Sailor, M. J. Chem.
Mater. 1991, 3, 1015—1020
(18) Krﬁger, F. A. J. Electrochem. Soc. 1978, 125, 2028-2034.
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Figure 3. Cyclic v for 0.5 M H,SO4 containing 4 mM
Se0, and 0.4 M CdSO, on Ti foil. Potential scan rate: 10 mV/s.

the anodic wave on the return scan are attributable toreaction
1b.22 Thus, the samples generated at deposition potentials
negative of ~-700 mV are expected to be Cd-rich. We note
the almost “ohmic” nature of the current flow at high potential
scan rates (i.e. at high current levels)—a manifestation of the
resistance exerted by the Ti foil (and associated surface
oxides). Our CV data are in broad agreement with earlier
measurements from this laboratory!? once such differences
attributable to the support electrode material are taken into
account. Preliminary measurements with glassy carbon
electrodes yielded rather erratic results in terms of thin film
quality and stoichiometry. Thus, our choice of Tilargely was
prompted by the excellent adhesion and morphology of group
II-VI (12-16) semiconductor thin films when electrosynthe-
sized on thissupport material. Itis our experience that glassy
carbon, while the material of choice for voltammetry and

hanistic studies on chalcogenides,'? is not suitable as a
support for semiconductor thin films.

Next, we consider the electrosynthesized thin films to
contain, aside from CdSe, also free Se and Cd as a general
test case. Figure 4 outlines the possible candidate routes
that are available for the FEA of this matrix. The prerequisite
is an effective means of dislodging the CdSe + Se + Cd from
the thin-film matrix into the flow stream. As the scheme in
Figure 4 shows, initial anodic stripping of the free Cd° as
Cd2* (reaction 1b) constitutes the first optimal step. (In
Figure 4, the routes marked with X have been ruled out after
careful consideration.) This then leaves CdSe + Se which
are chemically stripped for the FEA. Anodicstriping of CdSe
is not feasible because it occurs at very positive potentials
(>~1.50 V) where the Ti support is also oxidized (cf. Figure
5). After quantitation of the Cd present as CdSe, the Se(IV)
is immobilized at the MTFE as “HgSe” and then quantitated
by cathodic stripping voltammetry. The anodic route is not
possible here because of the susceptibility of Hg to oxidation
at the potentials relevant to the anodic stripping of Se® (cf.
Figure 5). These measurements yield the total selenium
content of the film. Finally, the “free” Se is quantitated by
subtracting the equivalent amount, bound to Cd, from the
total amount. The inherent assumption here is that the Cd-
Se as electrosynthesized is stoichiometric or nearly so (i.e. Cd
and Se are present in essentially 1:1 mole ratio). This
assumption is substantiated by findings in a companion paper

(19) Mori, E.; Baker, C. K.; Reynolds, J. R.; Rajeshwar, K. J.
Electroanal. Chem Interfacial Electrochem 1988, 252, 441-451.
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Potential scan rate: 5 mV/s, 2-min deposition at -850 mV. (b) 4 mM
Se0; on glassy carbon electrode Potential scan rate: 5§ mV/s, 1-min
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quickly reveal that deviations from stoichiometry typical of
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8. Demonstration of the Se(IV) removal efficiency at the RVC
filter cell electrode: (a)Blank. (b)4.0 X 10-5M SeO, in Clark and Lubs
buffer, 1-min deposition at -300 mV. Potential scan rate, 4 mV/s;
solution flow rate, 0.26 mL/min; filter cell potential, -300 mV. (c) 4.0
X 10-°M Se0, without filter cell. Potential scan rate, 4 mv/s; solution
flow rate, 0.26 mL/min.

“doping” of semiconductor materials would exert only a
negligible perturbation on the scale of compositional varia-
tions in the CdSe + Se + Cd system.

The LSV scan in Figure 5a for a thin-film matrix
containing CdSe + Se + Cd also illustrates the unsatisfactory
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Figure 7. The infiuence of Se(1V)in the flow stream on Cd quantitation.
The electrolyte contained 1.0 X 10-M CdSO, and 4.0 X 10-M Se0,
and the flow rate was 0.26 mL/min. Film at the MTFE was
for 1 min at -900 mV. Potential scan rate, 4 mV/s: (a) with filter cell
at -300 mV; (b) without filter cell; (c) blank.

nature of the “direct analysis” route (Figure 4) (based on the
anodic stripping of CdSe + Se + Cd) even if the support
electrode material were electrochemically stable. Thus, the
Se and CdSe stripping features at a glassy carbon electrode
overlap in the 1.00-1.80 V potential range, and no suitable
calibration standards are available, especially for the latter.
(The anodic peak at ~—700 mV in Figure 5a is assignable to
reaction 1b).

DPSV of Cd and Se and Filter Cell Efficiency
Considerations. The filter efficiency of a Hg-coated RVC
electrode has been well-studied by previous authors.?! Figure
6 contains some data pertinent to this aspect. With the filter
cell electrode poised at —300 mV, removal of Se(IV) from the
flow stream essentially is complete as shown by the comparison
of the three scans in Figure 6. The cathodic stripping of
selenium at a MTFE has been studied by previous authors.68
The scan in Figure 6¢ is representative of the cathodic DPSV
profiles observed for Se(Hg) in this study.

Figure 7 contains anodic DPSV data which illustrate why
it is necessary to “filter out” Se from the flow stream prior
to quantitation of the Cd present as CdSe. When the filter
cellisisolated from the flow stream [i.e. when Se(IV) coexists
with Cd2* ions], the Cd stripping (analytical) peak (Figure
7b) is reduced to ca. half of its correct amplitude (Figure 7a).

Thin-Film Composition as a Function of the Elec-
trosynthesis Potential. The FEA protocol, as described
above, was applied to a series of samples electrosynthesized
at five potentials spanning the —500 to -900 mV range. The
results are contained in Figure 8. Clearly, the thin film
composition is very sensitive to the electrosynthesis potential.
The targeted CdSe content is maximum between —600 and

(20) Wel,C Bose, C.S. C.; Rajeshwar, K. J. Electroanal. Chem. 1992,
327, 331-336.

1) Wang J.; Dewald, H. D. Anal. Chem. 1983, 55, 933-936.

(22) Lin, W-Y.' Mishra, K. K.; Segal, R.; Rajeshwar, K. J. Phys. Chem.
1991, 95, 3975-3979.

(23) Gregory, B. W.; Norton, M. L.; Stickney, J. L. J. Electroanal.
Chem. Interfacial Electrochem. 1990, 293, 85-101.
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Figure 8. Effect of electrosynthesis potential on the composition of
“CdSe” thin films at a Ti foll, as determined by FEA. The dashed lines
have been simply drawn through the data as a guide.

—700 mV. On the other hand, the free Se drops from ~90%
(weight basis) at -500 mV to nearly 0% at —900 mV, while
the free Cd content of the matrix shows an almost exactly
reverse trend. Withreference tothe CV data presented earlier
in Figure 3, samples electrosynthesized along the current
plateaux in the —0.60 to —0.70 V range (cf. inset in Figure 3)
contain the maximal amount of CdSe. It must be noted that
these comments pertain to the samples in the as-deposited
state. Subsequent thermal treatment constitutes a secondary
route to facilitate further conversion of the free Cd and Se
to CdSe.522

‘We have recently presented? electrochemical quartz crystal
microgravimetry (EQCM) data on the Cd—Se system which
show broadly similar trends. However, any quantitative
comparisons between analytical results from the two studies
have to take into account the facts that (a) the support
electrode materials are different, namely Au in ref 20 and Ti
in the present study, and (b) a much lower concentration of
Cd?* was employed in ref 20, viz. 10 mM vis-a-vis 400 mM
in this study. Thus, a correspondingly lower content (39%)
of free Cd was noted at -900 mV in the previous study.
Similarly, the underpotential deposition of Cd, known to occur
at the Au surface,? provides for a more efficient electrogen-
eration of CdSe (than that seen in Figure 8) at potentials
around -500 mV.

Finally, it is worth emphasizing an important advantage
of electroanalytical methods (such as FEA) for semiconductor
compositional analyses, namely selective monitoring of var-
ious component species via control of the potential (or
equivalently, current). This is an advantage that other (ex
situ) techniques such as photoelectron spectroscopies, electron
probe microanalyses, and atomic spectroscopies do not offer.
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Stripping Voltammetry with Preconcentration through Chemical
Reactions Coupled to Charge Transfer in an lonomer-Coated
Electrode: Application to the Determination of a Nitrosoamine

Waldemar Gorski' and James A. Cox*

Department of Chemistry, Miami University, Oxford, Ohio 45056

A cathodic stripping voltammetric method for the determination
of an aromatic nitrosoamine, 4-nitroso-N,N-diethylaniiine
(NDEA), was developed using a glassy carbon Indicator coated
with a cation-exchange membrane film. The preconcentration
step was shown to Involve reduction of the analyte by an ECE
mechanism, the product of which couples with NDEA
subsequently Infroduced to the flim. This condensation product
Is reduced at a lower potential than NDEA. The resuiting
differential pulse stripping current Is directly proportional to
the solution concentration over the range 5-810 nM NDEA.
The detection limit by this method Is 3 nM with a 10-min
preconcentration of the condensation product followed by a
5-min preoxidation at 800 mV. A comparable stripping method
based on the direct reduction of NDEA has a detection limit
of 0.1 uM.

INTRODUCTION

Analytical applications of voltammetry at modified elec-
trodes have been slow to appear although several investiga-
tions have shown promising results.! Among the more
interesting possibilities is to use an ionomer-coated electrode
or a surface that has been modified by incorporating a
chelating agent as the preconcentrator for a stripping
voltammetry experiment.2® The advantage over classifical
stripping analysis is that the electrode process does not need
to be reversible since the preconcentration is by a chemical-
exchange process. For example, Cr(VI) was preconcentrated
from acid solution by ion exchange at a poly(4-vinylpyridine)
film on glassy carbon and determined on the basis of the
current produced when it was reduced during a negative-
going linear potential scan.? The working range with a 60-s
preconcentration was 10%-10% M. Inclusion of fluoride in
the supporting electrolyte and application of 0.9 V vs SCE
during the preconcentration prevented the accumulation of
Cr(III) oxides which would otherwise passivate the electrode
surface.

Adsorptive stripping voltammetry alsoshares the attribute
of not requiring electrochemical reversibility.”® Wang et al.®
determined proteins such as trypsin and chymotrypsin using
preconcentration by adsorption at open circuit followed by

* Author to whom D should be add d
 On leave from the Department of Chemistry, Warsaw University,

linear scan voltammetry to yield an analytical signal due to
reduction of the analyte.

The present study is part of a program to devise improved
methods for the determination of trace levels of nitrosoamines
in water. By using an acidified sample in conjunction with
an electrode coated with a cation-exchange film, an ion-
exchange stripping voltammetric method can be envisioned.
Indeed, others have reported the preferential uptake of
aromatic cations over alkali metal ions into Nafion films,
presumably b of strong nc ific interaction between
the organic compound and the backbone of the perfluoro-
sulfonated membrane.? Based on previous reports,1%1! re-
duction of the immobilized NDEA was predicted. Asdetailed
herein, we found that a superior approach was to precon-
centrate the NDEA as the product of a condensation reaction
which can be promoted within the film by an electrochemical
pretreatmentstep. This productis reduced at a less-negative
potential than is NDEA; moreover, the sensitivity of the
method based on a chemical preconcentration step is greater
than that for the method which utilizes direct preconcen-
tration and subsequent reduction of NDEA.

The use of a chemical conversion of an organic analyte in
the preconcentration step constitutes, to our knowledge, a
new variation of stripping voltammetry. Inperhapsthe most-
related study, Fogg and Lewis derivatized amines to assist in
the preconcentration step of an adsorptive stripping vol-
tammetry procedure.l2

EXPERIMENTAL SECTION

Chemicals. 4-Nitroso-N,N-diethylaniline (Sigma) was used
without further purification. Nafion (equivalent weight 1100 g)
was purchased from Aldrich as a 5% (wt) solution in lower
aliphatic alcohols and 10% water. Methanol (Fisher), used for
dilution of the Nafion solution to 2.5%, was of spectral purity.

Stock solutions of 4-nitroso-N,N-diethylaniline (NDEA), cxpea
=6 X 10=M (where x = 2, 4, or 6), were prepared in 0.05 M HCl
(Fisher). Distilled water, purified with a Sybron/Barnstead
NANOpure cartridge system, was used in all of the experiments.
As NDEA is highly toxic, all solutions of the compound were
prepared in a fume hood.

Experimental Techni Cyclic
and differential pulse volt: were made
with an EG&G PAR Potentiostat/Galvanostat Model 273A
connected with a MC-GPIB interface board (National Instru-
ments) installed on an IBM PS/2 Model 55 SX computer and
controlled by EG&G PAR Model 270 electrochemical software.

and Instr

tric +

Pasteura 1, Warsaw 02093, Poland.
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(12) Fogg, A. G.; Lewis, J. M. Analyst 1986, 111, 1443-1444.
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Differential pulse voltammograms (DPVs) were recorded using
a negative-going dc scan at arate 4 mV s7.. The step time was
0.5s. The pulse amplitude and the current sampling time were
varied in the ranges of 20-200 mV and 5-50 ms, respectively.

A conventional three-electrode cell, with a Pt wire counter
electrode, a Ag/AgCl/3M NaCl reference electrode (Bioanalytical
Systems, Inc., BAS), and a 3-mm-diameter glassy carbon (GC)
disk (BAS) working electrode, was used.

Procedures. The glassy carbon surface was prepared as
follows. First, it was polished with an Alpha A polishing cloth
(Mark V Lab) using successively smaller particles (1.0-, 0.3-, and
0.05-um diameter) of alumina suspended in 17.6 MQ water. The
surface was sonicated for 2 min in a closed beaker of distilled
water after each polishing step. A finalsonication was performed
in methanol for 15 min and in water for 5 min. The surface was
then air-dried.

The dry GC electrode was coated by adding 10 uL of the 2.5%
Nafion solution and evaporating the solvent. The area covered
by the film was ca. 6 mm in diameter. Two methods of drying
the Nafion films were used. The first involved evaporating the
solvent for 15 min under ambient conditions of ca. 20% relative
humidity (“dry-cured” film). In the second method, which was
based on arecent report,’*the GC electrode with the added Nafion
solution was placed immediately into a closed desiccator which
was partially filled with water; it was dried for 48 h under the
resulting 85% relative humidity conditions (“wet-cured” films).

Freshly-coated electrodes were preconditioned by immersing
in 2 M HCI for 45 min and subsequently cycling the potential
between +0.800 and —0.300 V in 0.05 M HCI (background
electrolyte) until a steady-state voltammogram was achieved
(usua]ly 30 min). This pretreatment procedure was repeated
prior to performing a sequence of experiments with the objective
of characterizing the el perfor or of elucidating the
mechanism. When applying the electrode to NDEA determi-
nations, sequential standard additions were used, so treatment
between experiments was not employed.

All procedures for the determination of NDEA involved a 15-
min preconcentration step during which the solution studied
was stirred for the first 10 min. The preconcentration into the
Nafion film was performed either at open circuit (OC mode) or
with the electrode polarized for 10 min at -300 mV and then for
5minat+800mV (electrolyticmode). Afterthepreconcentration
step, a differential pulse polarogram was obtained by scanning
from +800 to —300 mV. The typical range of NDEA concen-
trations studied was from 5.0 X 10 to 8.7 X 10 M; however,
in some experiments it was extended up to 1.5 X 104 M NDEA.

Background currents were obtained by following the proce-
dures described above except that the solutions contained only
0.05 M HCL. These currents were subsequently subtracted from
those measured in the presence of NDEA.

All experiments were done at room temperature (20 £ 1 °C)
in deaerated solutions under an argon blanket.

RESULTS AND DISCUSSION

A cyclic voltammogram of NDEA recorded at a bare GC
electrode in acidic aqueous solution is shown in Figure 1a.
The shape is essentially the same as that reported by Leedy
and Adams!? for the cyclic voltammetry of 4-nitroso-N,N-
dimethylaniline (NDMA) on a carbon-paste electrode. They
demonstrated that the electrolysis mechanism for NDMA
was an ECE-type. Specifically, they proposed that NDMA
is reduced in a two-electron step (E) to [p-(N,N-dimethyl-
amino)phenyl]hydroxylamine which dehydrates (C) to form
N,N-dimethyl-p-phenylenediimine. Underthesame cathodic
peak, the imine is further reduced in a two-electron step (E)
to the corresponding diamine. The diamine undergoes a
quasireversible oxidation at a potential about 400 mV less
negative than the peak for the reduction of NDMA. In fact,
the electrochemical reductions of aromatic nitroso compounds
generally occur by ECE mechanisms.!! Since thereplacement

(13) Striebel, K. A.; Scherer, G. G.; Haas, O. J. Electroanal. Chem.
Interface Electrochem. 1991, 304, 289-296.

800

E /W
Flgun1 Cyclic vottammograms for 1.1 X 104 M NDEA on (a) bare
GC electrode at a scan rate of 50 mV s~' and (b) for 1.5 X 104 M
NDEA on dry-cured GC/Nafion ek after pr ntration with
the OC mode ata scanrate of 4mV s~'. Background electrolyte, 0.05
M HCl. Numbers at curves Indicate order of the trials.

of the methyl with an ethyl group should not markedly change
the voltammetric behavior, this mechanism is assigned to the
reduction of NDEA in Figure 1a.

When the bare GC electrode, after several potential cycles
in NDEA solution, is removed, rinsed with water, and
transferred to 0.05 M HC], the pair of peaks centered at about
500 mV is still observed, but the currents are diminished.
Apparently, adsorption is involved in the electrode process.

In a solution of 0.05 M HCl, NDEA, for which the pKj, is
4.48,'4 exists primarily as a cation which can be sorbed by a
Nafionlayer ona GC electrode. Because of strong, nonspecific
interactions between organic compounds and the membrane
backbone,® cationic NDEA can preconcentrate even in the
presence of a large excess of inorganic cations. A cyclic
voltammogram of NDEA bound in a Nafion layer on a GC
electrode is shown in Figure 1b. Animportant characteristic
isthatthe current of cathodic peak A (Figure 1b) is diminished
after the first cycle by a factor of more than 20. Apparently,
most of the nitroso compound present in the Nafion layer is
irreversibly reduced during the first potential excursion to
values more negative than 200 mV. As aresult, peaks A and
B, which are coupled, both practically vanish with cycling.
The only voltammetric peak which is sustained at steady
state is cathodic peak C (Figure 1b).

Peak C was not characterized in the study of the electro-
chemistry of NDMA in homogeneous solution,!® but the
related chemistry can be surmised from other studies on the
oxidation of compoundsrelated to the diamine. Forexample,
the oxidative dimerization of aniline to an azo compound was
demonstrated by surface-enhanced Raman spectroscopy
(SERS).’5 Using SERS in conjunction with cyclic voltam-
metry, Shi et al.1® demonstrated that nitroso intermediates
in the reduction of p-nitrobenzoic acid condense with an
aromatic hydroxylamine to form an azoxy compound. The
latter reaction, as well as coupling between aromatic nitroso
compounds and aromatic amines to form azo compounds, is
well-known.!” Therefore, it is suggested that peak B results
in the formation of an azo compound, the four-electron
reduction of which leads to peak C.!2 The proposed mech-

(14) Gornostaev, L. M.; Skvortsov, N. K.; Belyaev, Yu. E; Ionin, B. L.
Zh. Org. Khim. 1974, 10, 2484-2486.

(15) Gao, P.; Gosztola, D.; Weaver, M. J. J. Phys. Chem. 1989, 93,
3753-3760.

(16) Shi, C.; Zhang, W.; Birke, R. L.; Gosser, D. K., Jr.; Lombardi, J.
R. J. Phys. Chem. 1991, 95, 6276-6285.

(17) Boyer, J. H. In The Chem;stry of the Nitro and Nitroso Groups;
Feuer, H., Ed.; Interscience: New York, 1969; Chapter 5.
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anism for the cyclic voltammetry of NDEA sorbed into the
Nafion film at a glassy carbon electrode is summarized as
follows. Atabout 30 mV during the first negative-going scan,
NDEA is reduced (peak A, Figure 1b) by the process

NDEA + 2¢” + 2H" — PHA )
PHA — H,0 + PDI P))
PDI + 26" + 2H* —PDA 3

where PHA is [(N,N-diethylamino)phenyl]hydroxylamine,
PDI is N,N-diethyl-p-phenylenediimine, and PDA is N,N-
diethyl-p-phenylenediamine. During the reverse scan, PDA
is oxidized at about 570 mV (peak B, Figure 1b)

2PDA — 4e” + 4H" + EAAB (4)

where EAAB is 4,4’-(N,N-diethylamino)azobenzene. During
the second negative-going cycle, EAAB is reduced at about
400 mV (peak C, Figure 1b) stepwise to PDA

EAAB + 2¢” + 2H" — EAHAB 5)

EAHAB + 2¢” + 2H* — 2 PDA 6)

where EAHAB is 4,4’-(N,N-diethylamino)hydrazobenzene.
Only a single, narrow peak is developed, which suggests that
reaction 6 is facile relative to reaction 5.

The above mechanism is supported by the results of
stripping voltammetry experiments performed in the con-
centrationrange,5.0nMt00.51 uM NDEA. Here, differential
pulse voltammetry was used in conjunction with preconcen-
tration into the Nafion layer in order to obtain faradaic
currents above the background level.

A series of experiments was performed at a Nafion-coated
GCelectrode (dry-cured) on a solution of 0.05 M HCl to which
NDEA was added by sequential spikes. Prior to each trial,
the indicator electrode was contacted to the sample solution
for 15 min in the OC mode. After each pulse-stripping
measurement step, the sample was spiked to the next
concentration of NDEA, and the OC preconcentration was
initiated. Based upon our recent study of the transport of
an aromatic cation through a cation-exchange membrane
(Nafion),’® preconcentration of protonated NDEA by an ion-
exchange mechanism was expected even though the ionic
strength of the sample was high relative to the NDEA
concentration. The stripping voltammogram which results
is shown in Figure 2. The first appearance of a faradaic peak
was with a NDEA concentration of 30 nM. The stripping
potential corresponded to peak C rather than to peak A of
Figure 1b. The threshold concentration for the appearance
of peak A, which is due to the direct reduction of NDEA
(reaction 1), is in the 0.1-0.3 uM range (Figure 2). These
observations are consistent with the hypothesis that peak C
is due to the reduction of an azo compound formed by
condensation of the parent nitrosoamine and a diamine which
is present in the film from the ECE reduction of NDEA in
the previous trial.

NDEA + PDA — EAAB (U]

Such reactions are well-known.!” By reaction 7, the PDA
that accumulates in the film during a sequence of experiments,

(18) Thomas, F. G.; Boto, K. G. In The Chemistry of Hydrazo, Azo
and Azoxy Groups; Patai, S., Ed.; John Wiley: London, 1975; Chapter

12.
(19) Cox, J. A.; Poopisut, N. Anal. Chem. 1992, 64, 423-426.
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Figure 2. Background corrected DPVs on a dry-cured GC/Nafion
electrode after preconcentration with the OC mode in a solution spiked
with Increasing amounts of NDEA. Gyea: (1) 5 X 10-%; (2) 3 X 10-8;
(3) 1.1 X 10-7; (4) 3.1 X 1077; and (5) 5.1 X 107 M. Background
electrolyte, 0.05 M HCI. Pulse amplitude, 50 mV; pulse time, 50 ms.

=400

which does not include a rather lengthy (ca. 45 min) acid-
wash step between trials, chemically converts the sorbed
NDEA toanazo d. Theazo dis more easily
reduced than the parent NDEA.

The mechanistic study provides a guideline for describing
conditions for the determination of trace levels of NDEA.
The peak at 440 mV (Figure 2) permits detection at lower
concentration than does that for the direct reduction of
NDEA. Thisexperimental observation is probably indicative
of the relative mobilities of these compounds in Nafion.

In order to use the reduction of EAAB for analytical
purposes, the preconcentration step must include conversion
of NDEA to EAAB. With a modified electrode that was not
previously used or which was acid-washed between experi-
ments, open circuit preconcentration will give a low result for
the first trial since PDA, which is needed in reaction 7, is not
present in the film during the preconcentration step. Two
or three trials on a given sample are generally sufficient to
load the film with the necessary amount of PDA by reactions
1-3. The electrolytic preconcentration mode described in
the Experimental Section does not require a pretreatment of
a new or acid-washed film. During the first 10 min of
preconcentration at —300 mV, NDEA is converted to PDA by
reactions 1-3. The electrode is then polarized at 800 mV for
5min. Theazocompound isformed byreaction4. Additional
NDEA which is sorbed into the film during the period at 800
mV and while the stripping potential scan is applied will not
be detected at peak C when a new or acid-washed film is used;
however, this quantity will be small relative to that accu-
mulated at —-300 mV. That the sample is stirred only during
the 10-min preconcentration at ~300 mV accounts for this
difference in the amount of NDEA sorbed.

Prior to optimizing the preconcentration and stripping
steps, the influence of the drying step on the performance of
the Nafion-coated GC electrode was examined. This inves-
tigation was inspired by a recent report of improved ion-
exchange behavior for hydrophobic cations when a Nafion
film is wet-cured.® A comparison of the stripping voltam-
metry of NDEA at wet- and dry-cured Nafion is shown in
Figure 3. At the wet-cured film, the analytical signal is more
than twice the value observed with the dry-cured film. Also
significant is the fact that the peak for the reduction of NDEA
is attenuated at the wet-cured film; it is not observed above
the background until the NDEA concentration exceeds 1 M.
Although it is not surprising that the peak for the direct
reduction of NDEA is small, the data in Figure 3 suggest that
the coupling reaction of NDEA is more efficient in the
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Figure 3. Background corrected DPVs on (1) dry-cured and (2) wet-
cured GC/Nafion electrode recorded after loading in NDEA solution
under conditions corresponding to curve 5 in Figure 2. Experimental
conditions as in Figure 2.
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Figure 4. Dependence of the peak current on the preconcentration
time in a solution of 1 X 107 MNDEA. Other experimental conditions
are those in Figure 5.

wet-cured film. In all subsequent experiments the wet-cured
Nafion was used.

In order to establish the optimum analytical procedure,
the following experimental parameters were varied: precon-
centration potential, pulse amplitude, and current sampling
time. First, using stripping conditions of 4 mV s dc scan
rate, 50-mV pulse amplitude, and 50-ms current-sampling
time, the OC and electrolytic preconcentration modes were
compared. Inall cases, the film contained PDA from previous
experiments. That is, the acid-washing steps described in
the Experimental Section was not used in this part of the
study. The peak current at 440 mV (Figure 3) comprised the
analytical signal. In the 5-100 nM DNEA range, the
sensitivities of the electrolytic and OC modes were the same,
but above 100 nM the former was more sensitive. The
electrolytic mode was employed in subsequent work. Using
pulse amplitudes of 20, 50, and 100 mV, the peak currents
were 18.5 £ 0.2, 63 = 1, and 162 % 3 pA (n = 5), respectively,
with a 1.5 X 104 M NDEA solution and a 10-ms current-
sampling time. This observation is consistent with the general
behavior of differential pulse voltammetry.2? With ampli-
tudes above 100 mV, further increases in sensitivity were not
significant. Also expected was the observation that shorter
sampling times yielded higher sensitivities. Below 10 ms,
the greater background current offsets the increase in
sensitivity. Thesubsequentexperiments were performed with
a100-mV pulse amplitude and a 10-ms current-sampling time.

The sensitivity of the method is a function of preconcen-
tration time. Asshownin Figure 4,the analytical peak current
increases with preconcentration times at -300 mV up to 1 h.
At that point, when 0.1 xM NDEA is the sample, the film is
apparently saturated. A preconcentration time of 10 min at
—-300 mV was selected b , as sh below, a useful
sensitivity was obtained without deleterious effects such as
fouling, which may occur with high loadings of the Nafion
layer.

Stripping voltammograms obtained under the optimized
conditions are shown in Figure 5. A linear least squares fit
of peak current vs concentration over the range 5.0-810 nM
NDEA (eight points) under the Figure 5 conditions yielded
the following: slope, 19.3 = 0.1 nA/nM; intercept, 0.02 £ 0.02

(20) Hasebe, K.; Osteryoung, J. Anal. Chem. 1975, 47, 2412-2418.
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Figure 5. Background correctsd DPVs on a wet-cured GC/Nafion

electrode after preconcentration with the mode In a solution

with increasing amounts of NDEA. Gea: (1)5 X 107% (2) 3

X 10-%; (3) 7 X 10°%; (4) 1.1 X 107; (5) 3.1 X 107; (6) 8.1 X 107;

(7) 1.81 X 10-%; and (8) 4.77 X 10~ M. Background electrolyte, 0.05
M HCI; pulse amplitude, 100 mV; pulse time, 10 ms.

wA; and correlation coefficient, r, 0.9999. Here, the NDEA
concentration was increased by sequential standard addition.
The detection limit was 3.0 nM using the criteria of the
concentration that yields a background-corrected signal of 3
times the standard deviation of the blank.

The wet-cured Nafion-coated GC electrode was stable in
the present study. A single electrode was used for 3 weeks
without any change in behavior when cleaned in 2M HCl and
stored in 0.05 M HCI after a series of experiments. Con-
centrations above 10 uM NDEA were not used during this
period, however.

As a test for matrix effects on the method, a calibration
curve was obtained by spiking Miami University tap water
with various concentrations of NDEA. Each solution con-
tained 0.05 M HCL. In the range 5.0-810 nM, a linear least
squares fit of current vs concentration (eight points) yielded
the following: slope, 13.6 + 0.1 nA nM-%; intercept, —0.01 %
0.02 uA; and correlation coefficient, r, 0.9998. The detection
limit was 8 nM NDEA. The lower slope probably reflects an
influence of multicharged inorganic cations on the sorption
of protonated NDEA. The water sample had a total hardness
of 344 & 4 mg/L (five trials with a EDTA titration with results
expressed as CaCOg). If the decrease in sensitivity of 30%
is unacceptable, quantifying the concentration by sequential
standard addition can be employed.

The water sample used in the above study had a sodium
ion content of (5.0 = 0.4) 10* M based on five trials by flame
atomic absorption spectrometry. Because of the high affinity
of Nafion for aromatic cations relative to alkali metals,’ the
sodium ion concentration was not expected to influence the
sensitivity. This was verified by performing an experiment
that compared the responses of 20 nM NDEA in supporting
electrolytes containing 0, 0.05, 0.10, and 0.15 M NaCl in
addition to 0.056 M HCI. Five trials under the conditions in
Figure 5 were performed on each solution. The respective
peak currents were 0.44 + 0.03, 0.43 = 0.03, 0.46 + 0.03, and
0.49 = 0.03 uA. The currents in the presence of NaCl are not
significantly different at the 95% confidence level (¢-test)
except for the 0.15 M NaCl case, where the departure from
the mean current for the experiments in the absence of NaCl,
0.05 kA, is slightly out of the 95% confidence interval, 0.44
+ 0.043 pA.

In conclusion, the reported stripping analysis procedure is
promising for the determination of nanomolar levels of
aromatic nitrosoamines. The method may be well-suited to
other classes of aromatic compounds which form cations in
acidic solution and are reduced by a mechanism involving
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coupled following chemical reactions to form electroactive
products. With analytes for which it is suited, this procedure
may be more selective and less subject to matrix effects than
comparable electrochemical techniques such as differential
pulse voltammetry (with or without preconcentration) and
adsorptive stripping voltammetry. However, more practical
applications of the described mechanism may result if the
chemistry is initiated and quantified in a dual-indicator
electrode amperometric cell for high-performance liquid
chromatography. That possibility is presently being explored.
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Trace Element Analysis Using X-ray Absorption Edge

Spectrometry

Masaharu Nomura

Photon Factory, National Laboratory for High Energy Physics, Oho, Tsukuba 305, Japan

The sensitivity of X-ray absorption edge spectrometry has
been Improved by using synchrotron radiation as the light
source and analytical method developed for EXAFS. Qual-
Hative and quantitative Information Is obtained free from any
Interferences which are experienced in many physicochemical
methods and free from any empirical Information except the
thickness of sample cell by using this method nondestructively.
Excellent linearity Is shown on Ag-Cd (200-1 ppm Cd In 1000
ppm Ag) and Cu-Zn systems. Minimum detection limit Is 0.5
ppm for cadmium and 2 ppm for zinc, respectively.

INTRODUCTION

The concept of X-ray absorption edge spectrometry
(XAES) was developed in 1925 by Glocker and Frohnmayer.!
They measured absorbances at several energies above and
below the absorption edge sought and determined the
concentration of the element from the estimated variation of
absorbance at the absorption edge (hereafter called as edge-
jump). This method has many advantages compared with
other spectrochemical analytical methods. Elemental selec-
tivity, the little matrix effect, and interference are the most
important ones. However, as this method had taken a long
time owing to weak white radiation and rather poor X-ray
optics, usually measurements were carried out at two energies
bracketing the absorption edge using characteristic X-rays
instead of measurements at several energies? thereafter
(bracketing method). For example, copper and nickel Ka
lines were used in order to determine the concentration of
cobalt in a solution. The bracketing method suffered some
matrix effect because it cannot distinguish the change of edge-
jump (concentration of target element) from the change of
energy dependence of absorbance, the change of matrix
composition. Making the matter worse, this method cannot
give correct result if some absorption edges exit between two
observed energies.

Although the X-ray fluorescence analysis is popular, it
suffers serious matrix effects and interferences. Alsoitisnot
easy to analyze a small amount of an element in a large amount
of the previous element in atomic number such as zinc in
copper. On the contrary, the sensitivity of XAES was rather
low compared with that of X-ray fluorescence analysis. The
low sensitivity of XAES was restricted by the statistical error
of the signal and the error of the background estimated from
only a few data points.

Recently X-ray absorption fine structure (XAFS) has
become a powerful tool for structure and electronic state
analysis with the help of intense synchrotron radiation. The
experimental method of XAF'S is exactly the same as original
XAES and can give the direct information about edge-jump,
which makes the matrix effect negligible. Alsothe analytical

(1) Glocker, R.; Frohnmayer, W. Ann. Phys. 1925, 76, 369-395.

(2) Hakkila, E. A.; Waterbury, G. R. Adv. X-ray Anal. 1960, 3, 11-39.

(3) Lee, P. A ; Citrin, P. H.; Eisenberger, P.; Kincaid, B. M. Rev. Mod.
Phys. 1981, 53, 769-806.
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method of XAFS is well suited for extracting minute variation
of absorbance in a spectrum. By using these techniques the
sensitivity of XAES has been much improved. Here two
examples, cadmium in 1000 ppm silver solution and zinc in
0.3 mol/L copper solution, are shown. Bothexamplesindicate
the superiority and high sensitivity of XAES.

EXPERIMENTAL SECTION

Silver-cadmium solutions were obtained by mixing weighed
amounts of silver and cadmium standard solutions for atomic
absorption analysis (1000 ppm, Kanto Chemical Co., Inc.).
Copper solution was prepared by dissolving copper(Il) oxide (2.39
g) for elemental analysis (Merck) in reagent-grade perchloric
acid (34.8 g, Kanto Chemical Co., Inc.) and then diluting to 100
mL with pure water. The copper concentration was 0.3 mol/L.
Copper-zinc solutions were obtained by mixing this copper
solution and zinc standard solution for atomic absorption analysis
(1000 ppm, Kanto Chemical Co., Inc.). The content of zinc in
the perchloric acid and the pure water was measured by means
of ICP analysis. They were less than the detection limits, 1.5
and 0.01 pg/mL, respectively.

High monochromaticity is required for X-rays, and the control
of thickness and uniformity of samples is important in X-ray
absorption experiments.? X-ray absorption spectra were obtained
by using XAFS facility at beamline 10B of Photon Factory in the
National Laboratory for High Energy Physics. X-rays were
monochromatized by a Si(311) ch l-cut monoch
Higher orders were less than 7 X 10~ around the copper K
absorption edge and less than 2 X 107 at the silver edge. To
make tha matter better, the ionization chamber becomes less
sensitive with the increase of photon energy. Sample solutions
were poured into cells made of acryl whose thicknesses were 45
mm for Ag—Cd and 2 mm for Cu—Zn mixtures. Each cell has
0.5-mm-thick acryl wind The le cell was placed betw
two ionization chambers, one monitoring incoming flux (Iy) and
another the transmitted flux (I) through sample, and then
apparent absorbance, In (Io/I), was calculated. This apparent
absorbance must be distinguished from the true one because it
contains instrumental factors such as the detection efficiencies
of the detectors as a function of energy.> However, edge-jump
reflects the true one because the detection efficiencies can be
assumed constant within a narrow energy region.

tor.4

DATA ANALYSIS

Two absorption edges, copper and zinc or silver and
cadmium, wererecorded in aspectrum. Spectrawereanalyzed
according to usual manner used in data analysis of EXAFS3
except the handling of the second edge. At first the preedge
absorption of the lighter element was removed by fitting it
to a second-order polynomial. Then EXAFS wiggle (x(k))
was extracted from postedge total absorption by using eq 1.
The discontinuity in absorption derived from the heavier
element is also included in x(K). Here uo(E) is the smooth

x(k) = {u(E) - uy(E)}Y ny(E) @

4) Nomum,M. Koyama, A. X-ray Absorption fine structure; Hasnain,
, Ed.; Horwood: Chichester, 1991; pp 667-669.
(5) Nomu.ra M. KEK Rep. 1985, No. 85-7.

© 1992 American Chemical Society
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Figure 1. (a) Raw XAES spectrum of a mixed solution of silver and
cadmium, Cd/Ag = 1/500, and the concentration of silver is 1000
ppm. Enlarged plot Is shown in an inset, but no absorption edge
ascribable to cadmium (the position indicated by an arrow) can be
observed. (b) k®x(k) of the spectrum. A discontinuity due to cadmium
absorption edge can be observed clearly at k = 17.8 A-1.

background of u(E) which was obtained by applying a cubic
spline fit between two absorption edges. At the same time,
the horizontal axis was changed from energy (E) to wave vector
() according to k = [0.263(E - E;)]'/2. The energy of the
absorption edge of the lighter element is chosen as E;. Though
this conversion is essential in the case of EXAFS analysis, it
is not always necessary for quantitative analysis. Generally
x (k) is multiplied by k3 in order to enhance weak EXAFS
signal at high & region.

The edge-jump of the lighter element is directly obtained
from the extrapolation of po(E) and that of the heavier one
igsimilarly obtained when the edge-jump was easily observed
in the raw spectrum. However, it is obtained from the
variation of {k3x (k)}uo(k)/k2 when the edge-jump is too little
in the raw spectrum. This data handling process is shown in
Figure 1. An absorption edge can be distinguished from the
oscillation of EXAFS because the former is steeper change
in ut than the latter one.

Theoretical mass absorption coefficients were cited from
refs 6-8. In case of ref 8, the mass absorption coefficients
below an edge were calculated by using C2 and D2, whereas
those above the edge were calculated by using C1 and D1.
The difference of absorption coefficient was within 10% and
that of edge-jump was less than 5% among three tables.
Therefore mass absorption coefficients were cited from the
McMaster’s table.6

Quantitative information on the concentration of minor
elements were determined by means of two methods. The
first is the direct comparison of observed and calculated edge-
jumps (edge-jump method). If the density and the thickness
of the sample is already known, the concentration can be
calculated from eq 2. Here Aln (Iy/]) is the observed edge-

Aln Iy/D) = Auy Wipd = Apycd = Dy, (2)
M My

jump, p the density (g/cm3), d the thickness of the sample
(cm), Apy; the variation of the authentic mass absorption
coefficient at the absorption edge (cm?/g) and W; the mass
fraction of ith element, respectively. Information on density
of the solution can be omitted if mass concentration, c; (g/
mL), is required.

The second method is to get the ratio of edge-jumps of
minor and major elements in a solution and then calculate
the concentration of the minor element according to eq 3
(ratio method). As the concentration of the major element,

Api/ A = g W/ { g W @

Wi, can be determined easily by means of other analytical
methods, that of the minor element can be determined also
easily. In this method information on the density and the
thickness of the sample is not required.

RESULTS AND DISCUSSION

Cadmiumin Silver. X-rayabsorption spectrum of blank
showed no edge jump larger than noise level, 0.0002, at silver
K absorption edge, which corresponds to 1 ppm silver in a
4.5-cm-long water or a 4-nm-thick silver layer. Also no
absorption edge greater than noise level, 0.0001, was observed
at cadmium K absorption edge in the spectrum of silver
standard solution.

The raw X-ray absorption spectrum of a silver-cadmium
mixture (Cd/Ag = 0.0021 in mole ratio) is shown in Figure
1la with its preedge background (broken line). The steep rise
of absorbance at 25.5 keV indicates the silver K absorption
edge by the major component. Anenlarged spectrum between
26.5 and 27 keV is inset in the figure. An arrow indicates the
expected position of cadmium absorption edge (26.7 keV),
but no edge-jump can be found. Figure 1b expresses the
k3x(k) as a function of wave vector k. The position of cadmium
K absorption edgeis 17.8 A-! in k space, and clear discontinuity
of k3x is found in the figure. Thisjump reflects the absorption
by minor cadmium component. A smooth lineisdrawn above
the cadmium edge, and edge-jump is calculated as described
before.

On the analysis of edge-jump method, the density of the
solutions was assumed as 1 g/cm3, and 4.5 cm was used as the
pathlength. Numerical results are listed in Table I and show
good agreement between observed and calculated ones
through 3 orders. This result indicates that XAES does not
require any working curve when the density and thickness of
the sample is correctly estimated. The minimum detection
limit is defined as the edge-jump becomes the same as noise
level in the spectrum and is about 0.0005 ug/mg of solution,
0.5 ppm. There is no upper limit of concentration if
appropriate cell length is chosen.

The result of the ratio method is also written in Table I
and indicates high linearity of this analysis and excellent

t with calculated ratio of edge-]umps Therefore

(6) McMaster, W. H.; Kerr Del Grande, N.; Mallett, J. H.; Hubell, J.
H. Compilation of X-ray Cross Sections; National Information Service:
Springfield, 1969.

() Saaa]n, S. KEK Rep. 1990, No. 90-16.

(8) Lonsdale, K., Ed. International tables for x-ray crystallography;
Kynoch Press: Bnrmmgham 1968; Vol. 3.

the working curve is not necessary in this method too.
Furthermore, information about the path length and density
is not necessary in this case. This is a merit of the ratio
method because it is not easy to estimate the correct thickness
of powdery samples.



ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992 « 2713

Table I. Results on Silver-Cadmium Solution®

soleratio w(Cd), ug/mg Aut(Ag) Apt(Cd) Aut(Cd)/Aut(Ag)
Cd/Ag of solution obs calc obs calc obs cale
0.197 0.17 0.178 0.172 0.032 0.0325 0.18 0.189
0.097 0.092 0.196 0.188 0.017 0.0175 0.089 0.0931
0.049 0.048 0.205 0.197 0.0088 0.0091 0.043 0.0480
0.020 0.021 0.211 0.203 0.0039 0.0039 0.019 0.0193
0.010 0.010 0.213 0.205 0.0023 0.0020 0.011 0.0097
0.010 0.010 0.211 0.205 0.0023 0.0020 0.011 0.097
0.0058 0.0060 0.214 0.206 0.0011 0.0011 0.0052 0.0055
0.0021 0.0022 0.214 0.207 0.00039 0.00042 0.0018 0.0020
0.0012 0.0012 0.216 0.207 0.00020 0.00023 0.00091 0.0011

@ The density of the solution was assumed as 1 g/cm?® and the cell length was 4.5 cm. Calculations are based on the mass absorption

coefficients in ref 6.

Table I1. Results on Copper-Zinc Solutions

mole ratio® w(Zn),? ug/mg Apt(Cu) Apt(Zn)
Zn/Cu of solution obs cale obs cale AAut(Zn)e
0.012 0.17 0.844 0.794 0.0093 0.0087 0.0006
0.0059 0.092 0.776 0.866 0.0059 0.0048 0.0011
0.0059 0.092 0.794 0.866 0.0059 0.0048 0.0011
0.0030 0.049 1.032 0.908 0.0035 0.0025 0.0010
0.0012 0.020 1.078 0.935 0.0021 0.0010 0.0011
0.00 0.00 110 0.954 0.0010 0.00 0.0010
0.00 0.00 107 0.954 0.0011 0.00 0.0011

2 Mole ratio of intentionally added zinc to copper. ® Concentration of intentionally added zinc. ¢ AAut(Zn) = Aut(Zn)obs — Aut(Zn)egie. The
density of the solutions was assumed as 1.137 g/cm® and the cell length was 0.2 cm. Calculations are based on the mass absorption coefficients

D
- Y/\N M
) I

8
kA1
Figure 2. k°x(k) of the copper solution prepared from copper oxide.
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-1

Zinc in Copper. X-ray absorption spectrum of the blank
showed a weak edge-jump at copper absorption edge, 0.0007,
which corresponds to 3-nm-thick copper foil or 2 X 10~* mol/L
copper solution in 2-mm-thick water. This jump will be due
to the impurity contained in the window of ionization
chambers. No indication of a zinc absorption edge greater
than 0.000 04 was observed in the spectrum, which corre-
sponds to 0.2-nm-thick zinc foil or 2-mm-thick 0.65 ug/mL
zinc aqueous solution.

Figure 2 shows the k3x(k) of a 0.3 mol/L copper solution
inwhich nozincwas added intentionally. Here adiscontinuity
of k3 is clearly observed at k = 13.4 A, though no
discontinuity was observed in the raw u¢. This discontinuity
corresponds to the absorption edge of zinc. The edge-jump
of zinc is 0.0010.

Edge-jump method was applied to several mixture solutions
of copper and zinc and compared with calculated edge-jumps
based on the quantity of intentionally added zinc. The results
are listed in Table II with the differences between observed
and calculated edge-jumps (AAut(Zn)). The difference in

edge-jump was almost constant through a wide concentration
range, and its average was 0.0010, which agrees well with the
edge-jump of the copper solution without adding any zinc
solution. This difference indicates that zinc impurity was
contained in the copper solution and/or in the windows of the
sample cell or ionization chambers. The latter possibility
can be denied by the small edge-jump found in blank spectra.

In order to assure this idea, a 0.15 mol/L copper solution
was prepared from the copper oxide keeping the concentration
of perchloric acid. The edge-jump of zinc was 0.0005, which
was about a half of that found in 0.3 mol/L copper solution:
the edge-jump is proportional to copper concentration. This
result also supports the conclusion that the origin of zinc is
copper solution or copper oxide itself and excludes the
possibility of the contamination in windows. The concen-
tration of zinc is calculated as 21 ug/mL.

Inductively coupled plasma atomic emission (ICP) analysis
on the copper solution were carried out using two facilities.
They gave the copper content as 8.9 and 10.1 ug/mL. The
reason of the difference between XAES and ICP results is
not clear. The interference of two emission lines, copper and
zinc, can be excluded from the spectra of reference samples,
pure copper and zinc solutions. The random error in edge-
jump of zinc is ca. 0.0001, which is determined by the noise
in k3x and corresponds to 2 ug/mL. This error can be reduced
by integrating the signal for a longer period around the edge.
The mixing of XAES and XAF'S signals at the zinc absorption
edge may cause a certain systematic error. Though a rather
rough energy step (=~6 eV) was used in this study, finer steps
can improve the discrimination of both signals. On the other
hand, the ICP results scattered at rather concentrated
solutions, and their sensitivity strongly depended on the
viscosity of the sample.

CONCLUSIONS

The merits of XAES are demonstrated by two systems:
cadmium in silver and zinc in copper. XAES can be applied
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for wide concentration range without any working curves.
Furthermore, there is no matrix effect and little interferences.
Therefore it can be used as an analytical method compli-
mentary with X-ray fluorescence. Application of this method
is not restricted to the liquid phase; it can be applied to any
phase if a fairly uniform sample is prepared. This method
will be powerful for the quantitative analysis of rare earths.
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Improvement in Fingerprinting Capability of Surface-Enhanced
Raman Spectrometry by Simultaneous Measurement of
Scattering Signal and Transmitted Light

R. Montes, C. Contreras, A. Rupérez, and J. J. Laserna’
Department of Analytical Chemistry, Faculty of Sciences, University of Mélaga, 29701 Mélaga, Spain

A method for simultaneous measurement of surface-enhanced
Raman spectra (SERS) and absorbance changes occurring
in colloid substraies Is reported. The method provides
Information on the aggregation state of the colloid while the
SERS spectrumisrecorded. The relationship between colloid
aggregation and SERS Intensity Is thus readily established,
allowing recording of SERS spectra under the most favorable
circumstances. Anomalous bands, which appear and dis-
appear malinly at low concentration, are detected and studied.

INTRODUCTION

Since the discovery! of surface-enhanced Raman spec-
trometry (SERS) most theoretical and practical work has
been directed to the elucidation of enhancement mechanisms
and description of applicable substrates.2> Most recently,
novel aspects of the technique have been investigated,
including the relationships between the SERS activity and
surface morphology of the substrate®’ or chemical structure
of the aggregating substance,? attenuation of SERS spectra
by protein adsorption,® and effects of formation of silver
clusters and changes in optical properties of silver colloid.1?
The results reported allowed the development of qualitative
methods of analysis by SERS.11-15 However, it has been
difficult to obtain reproducible enhancements (signals) mostly
when hydrosols are used. Althoughsemiautomatic processing
of samples and colloid substrates in flow injection systems!®
could improve precision up to levels of ca. 5%, the poor
reproducibility observed in batch systems hinders acceptation
of SERS as a practical technique for quantitative trace
analysis. In addition, poor reproducibility makes difficult
interpretation of SERS spectra.
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Silver hydrosols are easy to characterize in terms of particle
size by electronic absorption spectroscopy. This issue is of
relevance in SERS studies since the enhancement factor for
a given adsorbate is closely related to the particle size.l” The
use of absorption spectroscopy as a diagnostic tool in
characterization of colloids is of limited scope, however.
Crystal growth in colloidal systems depends on a variety of
experimental parameters and it is inherently a dynamic
process. As a result the colloid examined spectrophotomet-
rically is usually at a different aggregation degree than that
used for the SERS measurement.

In this work a method for simultaneous measurement of
SERS spectra and absorbance changes occurring in colloid
substrates is reported. The method employs a medium-power
He—Ne laser for excitation and a low-power He—Ne laser for
probing the scattering volume. The lasers are used in a
crossed-beam configuration. The intensity of the transmitted
probe beam is detected with a silicon photodiode. The method
provides information on the aggregation state of the colloid
while the SERS spectrum is being recorded. The relationship
between colloid aggregation and SERS intensity is thusreadily
established, allowing recording of SERS spectra under the
most favorable circumstances.

EXPERIMENTAL SECTION

Instrumentation. The excitation source consisted of a He—
Ne laser (Siemens, Model LGK 7626S), tuned at 632.8 nm,
releasing about 30 mW at the sample. The sample was placed
in a standard 1-cm square cell (four optical faces). In order to
match illumination—collection geometries, the excitation beam
illuminated the sample in a vertical configuration. This method
allows a 9-fold improvement in signal-to-noise ratio regarding
the standard horizontal illumination geometry.181% A 0.5-mW
He—Ne laser, also at 632.8 nm, crossed the excitation beam at the
center of the scattering volume, in such a way that the excitation,
probing, and collection axes were at 90° (ortho configuration).
Both lasers were collimated (unfocused). The Raman scatter
was dispersed with a 0.22-m double-grating spectrometer (Spex
Industries, Model 1680B), and detected with a thermoelectrically
cooled photomultiplier tube (Hamamatsu, Model R928) and a
photon-counting system (Stanford Research Systems, Model
SR400). Data acquisition, storage, processing, and plotting were
controlled by an IBM AT compatible microcomputer using the
Stanford Research SR465software. Spectral data were generated
in binary code and converted to ASCII for processing in standard
graphics software. The intensity of the transmitted probe laser
was attenuated with a neutral-density filter and detected with
a silicon photodiode. A voltage mode preamplifier was utilized
to convert the photocurrent tovoltage. A standard chartrecorder
was used to acquire the transmitted signal. Absorption spectra
were recorded in a Hewlett Packard, Model 84524, diode array
spectrophotometer.

(17) Creighton, J. A. In Surface Enhanced Raman Scattering; Chang,

LK, . E., Eds.; Plenum Press: New York, 1982; pp 315-337.

(18) Lasema,J J Montes R. Spectroscopy (Ottawa) 1991, 4, 32-36;
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Chemicals and Pr Analytical grade chem-
cals and distilled, deionized water were used throughout the
study. 9-Aminoacridine, sulfanilamide, and furosemide were
from Sigma and used as methanolic solutions. Silver colloids
were prepared at room temperature by adding 1 mL of 1 X 10-8
M silver nitrate to 3 mL of 2 X 108 M sodium tetrahydroborate.
After mixing, 0.1 mL of the analyte solution was added. The
SERS signal was measured at the most prominent peak of each
compound, i.e., 1370 cm™ for aminoacridine and 948 cm™ for
sulfanilamide. The intensity of the transmitted probe beam was
monitored simultaneously vs the baseline corresponding to the
stopped beam.

RESULTS AND DISCUSSION

The characteristics, stability, and ability to promote intense
SERS signals of silver colloids depend on a variety of
experimental factors including relative concentrations of
reactants, their volume ratio, reagent temperature, and speed
of mixing and stirring of the solutions.’ In addition, the
incorporation of the sample to the hydrosolsis affected almost
equally by the same factors. So it is not surprising that the
precision of such Raman measurements is rather poor.
Additionally, vibrational modes in SERS spectra change with
the evolution of the colloid during the aggregation process.?122
Specific bands appear and disappear depending on the
aggregation state of the colloid which is being recorded. Figure
1 shows the changes in the SERS spectrum of furosemide on
colloidal silver at three different stages of aggregation. A
band centered at about 1120 cm™! is observed at 10 min, the
band disappearing after 20 min. The initial band at about
840 cm™ disappears after 10 min. It should be noted that for
this particular sample the intensity of a band at about 1000
cm™ remains unchanged. The situation depicted in Figure
1 is often encountered when a SERS spectrum is obtained
and causes difficulties in spectral interpretation. Measure-
ment of the intensity of the probe beam transmitted by the
silver colloid simultaneously recorded as the SERS signal is
being obtained provides data on this incident.

Metal particles in aqueous colloidal dispersion carry a
negative charge due to adsorbed anions. Repulsive electro-
static forces between the particles hinder aggregation and
under these circumstances the colloid is stable. Adsorbate
molecules added to the stable colloid displace the adsorbed
ions from the surface, decrease the charge of the particles,
and result in particle collisions by diffusional movement.
Particle growth and aggregation now take place. It has been
shown that large enhancement factors on metal colloids are
observed when the exciting laser line overlaps the longitudinal
surface plasma resonance of the metal.!” Since the excitation
wavelength employed here was in the red (632.8 nm), high
aggregation was required to obtain large SERS intensity.
Aggregation can be achieved by altering the composition and
conditions of preparation of the colloid or by increasing the
adsorbate concentration. However, it should be stressed that
the aggregation kinetics depends to a large extent on the
chemical structure of the adsorbate under study.® Compounds
with large SERS activity produce large aggregation rates at
low concentrations, while inactive compounds cause no
aggregation at all even at large concentrations. In this work
two model pounds (sulfanilamide and 9-aminoacridine)
with SERS activity in between both extremes permitted the
study of colloid aggregation by comparing the SERS intensity
with the intensity of the probe beam transmitted through the
colloid.

(20) Torres, E. L.; Winefordner, J. D. Anal. Chem. 1987, 59, 1626~
1632.
(21) Sun, K.; Wan, C.; Xu, G. J. Raman Spectrosc. 1989, 20, 267-271.
(22) Yu, F.; Zhang, C.; Zhang, G. J. Raman Spectrosc. 1989, 20, 435—
438.
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Figure 2. (a) SERS intensity and (b) transmitted light of the aggregation
kinetics of a silver hydrosol with 12.5 ug/mL sulfanilamide.

Figure 2 shows the kinetics of aggregation of a silver
hydrosol in the presence of 12.5 pg/mL sulfanilamide. Curve
a represents the scattering Raman signal at 948 cm™! while
curve b corresponds to the signal of the probe beam, both vs
time. The sample was placed in the holder when the
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aggregation had not yet started, the colloid showing a
homogeneous yellow color. After a few minutes, a simple
visual ingpection of the sample cuvette revealed the presence
of dark blue color zones forming on the top of the cuvette,
indicating that aggregation is taking place. In the absence
of stirring, these colored zones diffuse slowly from top to
bottom in an irregular fashion (heterogeneous aggregation)
and they can be readily detected by the probe beam, asshown
in Figure 2b. This curve shows a minimum at about 5 min,
indicating that large particle aggregates are blocking partially
the probe beam. After 5 min the transmitted light increased
torecover the original level, since the zones of inhomogeneous
aggregation diffused to the sample. SERS intensity follows
the pattern of the transmitted light, as depicted in Figure 2a.
Particle aggregates passing through the exciting beam raise
the SERS intensity at about 5 min. However, the observed
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Figure 5. (a) SERS intensity, (b) background of SERS intensity, and

(c) transmitted light of the aggregation kinetics of a silver hydrosol with
1.25 pg/mL 9-aminoacridine.

intensity is unstable since the colloid is not homogeneous.
Because of the optical configuration used, the degree of
heterogeneity detected by the probe beam could be different
than that detected by the SERS excitation beam. This fact
causes small deviations in the behavior of curves a and b in
Figure 2 between 4 and 8 min.

Figure 3 (top) shows the kinetics of aggregation of a sample
(12.5 ug/mL sulfanilamide) stirred manually prior to spectral
observation. The SERS signal was larger than that in Figure
2a since stirring favored collisions between small particles.
Nevertheless, aggregation is still proceeding as manifested
by both an increase in SERS intensity and a decrease in the
transmitted light. Figure 3 (bottom) shows time-dependent
absorption spectra of a sample prepared under the same
experimental conditions as that monitored in Figure 3 (top).
The correlation between the increase in absorbance at 632.8
nm and the decrease in transmission of the probe laser is
evident. The stability of the SERS signal is much improved
regarding that in Figure 2a since the observed sample is
homogeneous.

For concentrations of adsorbate molecules larger than 50
ug/mL aggregation was rapid and leads to complete precip-
itation. At intermediate concentrations, new insights into
the process taking place in the colloid can be observed. Figure
4 shows the kinetics of aggregation of a silver hydrosol with
25 pg/mL sulfanilamide. The cuvette was stirred and placed
in the holder when the color changed from yellow to wine red.
Curve a corresponds to absolute counts of the peak at 948
cml, curve b corresponds to the background of SERS signal
where no peak occurs, and curve c¢ corresponds to the
transmitted light. During the first 5 min absolute SERS
intensity increased while transmitted light intensity decreased
as expected. After 5 min the difference between the SERS
signal at 948 cm™ and the background remained stable and
the colloid transmittance showed nosignificant changes (curve
c). It should be noted that only the net peak signal remains
stable after constant transmitted light (5 min on), while both
the absolute peak signal and the background keep growing.
This fact is probably due to Rayleigh scattering by very large
sxlverpartxcles ble to cause enh t of Raman signals

of their largesize. For this concentration the stability
of the SERS signal is improved regarding that at lower
concentrations (Figure 3). The stability of the transmitted
signal confirmed the absence of inhomogeneous zones in the
sample.
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Figure 8. SERS spectra of sulfanilamide (25 ug/mL) on colloidal silver. Scan started (a) immediately after mixing colloid and adsorbate and (b)
after 5 min later. The inset shows the variation of the transmitted light with time.

Applications. The extent of the aggregation process and,
consequently, the SERS intensity depends on the chemical
structure of the adsorbate. So, adsorbates with different
SERS-active functional groups show particular aggregation
kinetics which are difficult to predict on the sole basis of
chemical structure. Figure 5 shows a practical example of
how a rapid aggregation leading to useless spectral data can
be readily detected with the system proposed here. With
1.25 pg/mL 9-aminoacridine (a compound with large SERS
activity), the SERS intensity decreases rapidly (Figure 5a)
to levels similar to the background signal (Figure 5b). No
spectral information can be obtained from this sample after
4min. Theevidentriseintransmitted light (Figure 5¢) clearly
indicates that spectral data would be recorded under non-
optimal experimental conditions.

The use of monochannel spectrometers for spectral data
acquisition in dynamic samples such as those generally found
in colloid SERS may cause spectral misinterpretation. At
aggregation rates in the same time frame as the spectrometer
scan speed what one observes in the abscissa axis is a
convolution of time and Raman shift. In SERS, the relative
intensity of certain vibrational modes changes in the course

of colloid aggregation in response to reorientation of adsorbate
molecules at the silver surface. Thusto avoid the dependence
of spectral features on data acquisition conditions one should
be able to scan the spectral zone of interest at least during
the time the colloid is stationary. Figure 6 shows two SERS
spectra from the same sample (sulfanilamide at 25 pg/mL).
The inset shows the variation of the transmitted intensity
withtime. Spectrum a, whose scan started immediately after
mixing the colloid and adsorbate, shows peaks at 1050 and
1260 cm™. These peaks donotappear inspectrumb, obtained
5 min later. These peaks could correspond to transient
vibrational modes, evolving in the same time frame as the
spectral acquisition. The intensity of the transmitted light
reveals the dynamic character of the system during the first
5 min and shows that data collected during this time period
may be affected by dynamic components. After constant
transmitted light, spectral features and intensities are re-
producible.

In conclusion, inhomogeneous aggregation and slow ad-
sorption kinetics in colloidal systems may cause severe
distortionsin SERS intensities. These effects are more prone
to occur for low adsorbate concentrations. The measurement
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of the transmitted light as proposed here provides information
in real time on the aggregation status of the sample being
examined and it can be used as a diagnostic tool for unstable
and transientsituations. This approach is conceptually simple
and it is easy to implement in any spectrometer.
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Spectrophotometric Determination of pH and Its Application to
Determination of Thermodynamic Equilibrium Constants

Hideo Yamazaki,' R. P. Sperline, and Henry Freiser”

Strategic Metals Recovery Research Facility, Department of Chemistry, University of Arizona, Tucson, Arizona 85712

Highly accurate pH estimations are conveniently made by
evaluation of the spectra of an acld-base Indicator sultabie
for the pH range of interest, If the pA_, ..« Is accurately known.
Stoichiometric pH values were to determine pK, . to an
accuracy of £0.008 or better, utllizing a neutrallzation titration
of areference standard weak acld or base. When acetic acld
(HOAc) and aqueous ammonla are adopted as reference
substances and the best Iiterature values are taken for their
pK, values and activity coefficlents as arbitrary constants,
the calculated pH values are more accurate than those given
by a glass electrode/pH meter combination. In turn, those
pH values can be used for callbration of the glass electrode/
pH meter combination. Thus, the pK, for thymol blue was
determined at 25-85 °C and lonic strength = 0-3.2 M, at
20-30 pH values for each set of conditions with an overall
error of £0.002 log unit. Similarly, the pX, of bromocresol
green was determined at 20-30 pH points during titration, at
25 °C, and at lonic strength = 0-0.4 M, with an overall error
of 20.008 logunit. The use of a diode array specirophotometer
and computer statistical calculations made possible analyses
of photometric errors at all useful UV-vis wavelengths.
Statistical ly of such nis permit the mea-
surement of pK, values of unusally high rellabliity, limited by
errors In pH evaluation, not by those of specirophotometric
measurements.

INTRODUCTION

Great improvements in analytical methodology have ac-
companied recent advances in spectrophotometric instru-
mentation, yet their potential for improving classical methods
of simple, everyday measurements such as pH, have not been
exploited. With the diode array spectrophotometer, absor-
bance readings with errors on the order of £0.00024 can be
taken every 0.25 nm over the entire UV-vis range. In the
past, most of this information was discarded. With the aid
of computer spreadsheet analyses, nearly all the information
can be employed, resulting in a convenient avenue to
significantly improved experimental reliability.

By this means, the spectrophotometric method of pH
measurement can challenge the usual pH meter technique!
in bothreliability and convenience. The question of standards
can be solved without recourse to potentiometric methods by
the expedient of using a small number of highly characterized,
highly purified, readily available substances as primary acid—
base standards. The best available literature values of their
thermodynamic acid dissociation constants, *K,, will be used
as arbitrary standards. As a specific example, the *K, for
HOAc is well determined, as are the relevant activity
constants. pH values calculated for the titrations, therefore,

* To whom correspondence should be addressed.

t Presentaddress: Department of Nuclear Reactor Engineering, Kinki
University, Kowakae, Higashiosaka 577, Japan.

(1) Bates, R. G. Determination of pH. Theory and Practices; Wiley:
New York, 1964.
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contain only stoichiometric error. It is significant that when
improved values for K, and the activities for, e.g., HOAc, are
determined, then well-defined changes to all derived values
can be applied in a simple manner.

The careful titration of a standard, e.g., HOAc vs NaOH,
in the presence of a purified colorimetric acid-base indicator
can serve to calculate the *K, of the indicator. The [H*] at
any point along the titration can be calculated to a precision
dependent only on the normal titration errors (+0.0006 pH
unit). Activity coefficients (y) appropriate to the ionic
strength (I) and temperature (T) are available in the literature
for simple buffers, to £0.001.2 These values are taken as
constants. Application of v corrections leads to calculated
pH values, but with errors only slightly greater (+£0.001 pH)
than £0.0006 pH unit due to stoichiometric errors. In any
event, pH values can be calculated more precisely than they
can be measured by a pH meter, particularly at elevated T
and I.

Three strides in analytical precision result. First, calcu-
lation of pH with full activity corrections allows a very accurate
calibration of a pH meter/electrode pair (over some small
range). Accurate calculated pH values are also essential for
other equilibrium and kinetic analyses. Second, when pK
values for the primary standards are taken as absolute and
pH values are calculated during spectrophotometric titration
of an indicator, values of p*K may be derived which are
accurate enough to be used as secondary standards for
spectrophotometric determination of pH, to previously un-
attainable accuracy and precision. Third, by use of secondary
standard indicators to determine pH, activity coefficient ratios
for other buffers may be determined over wide ranges of T'
and I.

This paper reports the adaptation of this approach to
systems involving HOAc and NHj as primary standards and
bromocresol green (BCG) and thymol blue (TB) as indicators.
The equilibrium constants of HOAc¢ and NHj; are among the
most carefully determined in the literature and, as will be
demonstrated, are as useful as standards as any of the
“weighable” primary standards. Subsequent papers will
describe our current work in metallochromic and redox
systems.

EXPERIMENTAL SECTION

Apparatus. A Perkin Elmer Lambda Array 3840 UV-vis
spectrophotometer equipped with a Perkin Elmer 7500 computer
was used for measurement of the absorption spectra and data
storage. An IBM-PC compatible computer was linked to the
Perkin Elmer computer using RS-232 serial interfaces and data
transmission/conversion software.?

An Orion 801 pH meter equipped with a Corning, Inc. 476560
rugged bulb combination glass electrode (all Ag/AgCl internals)
was used for pH measurement. The pH meter was calibrated
over the appropriated ranges using pH buffer solutions prepared

(2) (a) Harned, H. S.; Owen, B. B. The Physical Chemistry of
Electrolytic Solutions, 3rd ed.; Reinhold: New York, 1958; pp 732-736.
(b) Ibid., pp 504-508. (c) Ibid., p 709. (d) Ibid., p 733. (e) Ibid., p 557.

(3) Sperline, R. P. Appl. Spectrosc. 1991, 45, 3886.
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and used according to compositions of standard reference buffers
described by ITUPAC.*

The pH meter/electrode pair was calibrated in a preliminary
fashion using a two-point calibration. The first point, also used
to set the isopotential point, was carried out on pH 7 buffer
solution (0.025 M Na;HPO, +0.025 M KH,POy, 1:1). Thesecond
point, for slope adjustment, was made with a pH 4 buffer solution
(0.05 M potassium hydrogen phthalate) or the pH 10 buffer
solution (0.025 M NaHCO; + 0.025 M NaCOs, 1:1) at the desired
T using a constant-temperature bath.

The reaction vessel, a 500-mL three-neck flask, was fitted with
amechanical stirrer and two rubber septa. The analyte solution
was magnetically stirred and was circulated through the water-
jacketted, flow-through cuvette by a Fluid Metering Inc. alu-
minum oxide lined Model RHSY lab pump and Teflon tubing.

The titration procedure was carried out using a Mettler V10
digital buret connected to the reaction vessel with Teflon tubing.
The temperature of the reaction vessel and absorption cell was
controlled to within 0.1 °C of the desired value using a VWR
Scientific 1155 constant-temperature water bath.

Reagents. Bromocresol green (BCG) and thymol blue (TB)
(Aldrich Chemical Co., Inc.) were purified by repeated (2X)
recrystallization from acetic acid solution. The purities of these
chemicals were estimated as 95.1% and 96.0% , respectively, from
spectrophotometric absorbance measurements. UV-visible spec-
tra of the solutions, taken before and after recrystallization
showed the impurities to be nearly colorless; the extent of their
removal has an insignificant effect on subsequent spectra. The
stock solution of BCG (8.02 X 10 M) was prepared in a 3.4930
M acetic acid solution, and the stock solution of TB (1.21 X 10
M) was prepared in water; both solutions were stored in glass
bottles shielded from light.

Working solutions of acetic acid, hydrochloric acid, and
ammonia (analytical reagent grade, J. T. Baker Inc.) were
prepared by dissolution of these reagents in distilled deionized
water. Potassium nitrate (AR grade, Mallinckrodt Inc.) was used
for controlling I in solutions.

The sodium hydroxide solution, used to standardize the acids,
was prepared by dissolution of sodium hydroxide from a freshly
opened bottle (Mallinckrodt Inc.) in carbonate-free water and
was stored in a polyethylene bottle under nitrogen. The solution
wasstandardized by titration against primary standard potassium
hydrogen phthalate (Aldrich, Inc.).

Procedures. Determinationof the pK Value of Bromocresol
Green (BCG). The sample solution (250 mL) was prepared by
diluting stock solutions with water to give initial concentrations
of 0.18987 M for acetic acid and 2.01 X 10-* M for BCG. The
combination glass electrode and the Teflon tubes were inserted
into the flask which was then placed in the water bath. The
flow-through cuvette was connected to the flask via the pump.
The solution was stirred and circulated until achi t of
thermal equilibrium (ca. 10 min). At this point, all circulation
was stopped and the pH and absorption spectra of the solution
were measured. Subsequent pH adjustments were made by
incremental additions of sodium hyroxide solution using the
digital buret. After each addition the analyte was stirred and
circulated for 2 min, or until the pH meter readings were stable
to <+0.002, preceding the next measurements of pH and
absorptionspectra. These procedures were repeated throughout
the titration range.

Determination of pK of Thymol Blue (TB). The procedure
used was similar to that employed for BCG. The sample solution
(380 mL) was prepared by dilution of stock solutions to give
initial concentrations of 2.1072 M ammonia and 1.90 X 10° M
TB. The flask was sealed with rubber septa to prevent evap-
oration of ammonia during the titration. The losses of ammonia
from the analyte solution were estimated, from final titration
end points, as less than 0.08% for 90 min at 65 °C and were
correspondingly lower at lower T.

The Gran method for location of titration end points® was
applied using the spreadsheet software “Quattro” (Borland

(4) Manual of Symbols and Terminology for Pi hemical Quan-
tities and Units; TUPAC Additional Pubhcatlon, Butterworths London,
1975; p 30.

(5) Meloun, M.; Havel, J.; Hogfeldt, E. Computation of Solution
Equilibria; Wiley: New York, 1990; pp 37-42.

International, Inc.). Reproducibility for the calibration proce-
dure, expressed as the standard deviation for titrations in
triplicate, was estimated to be smaller than £0.05%.

Method of Calculation. The spectroscopic determination of
the indicator dissociation constant, K,, involves the following
relationships (eqs 1-4). Theabsorbance A of asolution containing
both forms of an indicator can be expressed as

A = ¢,C, + ,C, 1)
or
A=A+ A, @2

where ¢ and ¢; are the molar absorptivities (cm™) for the acid
and conjugate base forms of the indicator, C, is the total analytical
concentration of the indicator, and «, and «; are the respective
dissociation fractions, as defined in

a,=[H)/(H1+K) and o« =K/([HI+K) 3)

Combining eqs 2 and 3 yields an expression for K, which is
independent of molar absorptivity:

K, = (49— A)/(A- AD)[H"] = p[H"] (€3]

where p (absorbance ratio), as defined in eq 4, is the ratio of
absorbance differences between the partially neutralized solution
absorbance and the protonated and unprotonated solution
absorbances. Equation 4 provides the basis for the determination
of the dissociation constant at each wavelength for which
absorbance measurements have been made. The weighting
scheme described here gives greater weights to spectra taken for
solutions at pH values near pK,.

The method of least squares was employed to obtain the best
p value at each pH. Advantage was taken of the redundant data
available by use of all spectral wavelength data. AteachpH, the
1360 absorbance points collected at 0.25-nm intervals from 340
t0 680 nm were imported into the spreadsheet for statistical (and
other) analyses. These points represent 1360 simultaneous
determinations of p for this pH from which a weighted average
p(H) and a standard deviation of the mean ;) were calculated
(see Appendix).

As an integral part of this approach, HOAc and NH; were
used as primary standards. The p*K, (thermodynamic) values
of these species have been accurately determined (to +0.001)
and values are available in the literature for several T and I.

The pH value of the analyte solution was calculated by the
following method. In this study, the experiments were carried
out by titrating acetic acid with sodium hydroxide in the presence
of BCG and by titrating ammonia with hydrochloric acid in the
presence of TB. The pH in these titration systems, whether
weak acid-strong base or weak base-strong acid, can be calculated
from the proton balance equation, the dissociation constant of
weak acid or weak base, and the dissociation of water in the
solution. For the HOAc-NaOH system

N -
- [m( [ a*]:» [H'] - [OH] )
C,-([Na"1+ [H']-[OH])
and for the NH;-HCI system

= a - +
K= [H+](Cb a1l Blal 1))
K /[H']1+ [CI']- [H"]

where K is the acid dissociation constant of acetic acid or
ammonia, *K, is ion product of water, and C, and Cj, are the total
analytical concentrations of weak acid or weak base, respectively.
The pH in these systems, therefore, was calculated by using the
K value, *K,, and the reagent concentrations. Activity correc-
tions made to *K, had almost no effect on the results. In practice
it was necessary to correct for the volume change effects on the
concentrations of reagents and for the effects of I changes on the
activity coefficients (except for *K,).

(5)

(6)

(6) CRC Handbook of Chemistry and Physics, 61st ed.; Weast, R. C.,
Ed.; CRC Press: Boca Raton, FL, 1981; pp D-168.
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RESULTS AND DISCUSSION

For comparison purposes, the pH of analyte solutions
during titrations was both measured by pH meter and
calculated stoichiometrically. The calculated pH values are
predicated on the values 4.756 for HOAc and 9.244 for NH, ™
as the (perhaps not too) arbitrary reference standard values
of p*K at 25 °C and zero I, along with a specified set of
published activity coefficients. From these calculations, and
the known variance in analytical glassware, variances in pHea
were calculated for use in determination of the variances in
calculated pK values of the indicators. The results will be
discussed in comparison with those found by using the pH
meter and the variances of its readings.

pH of Analyte Solution. The accuracy of a glass
electrode/pH meter pH measurement is usually regarded as
+0.02 pH or, with painstaking effort, £0.01 units.'° In order
to obtain more accurate pH values, attempts were made to
calculate the pH of analyte solutions (pH,). The accuracy
of pH,g for a titration system depends upon the accuracies
of the concentrations of reagents, the volume of titration,
and the activity coefficients.

The experimental error in the concentrations of reagents
and volume of titration were estimated to be £0.05% and a
maximum of £0.04% , respectively. The magnitudes of these
experimental errors corresponded to an error in pHgg of
+0.0006 units. This value is far smaller than the expected
experimental error in the glass electrode/pH meter mea-
surements (accuracy +0.02 pH). The dissociation constants
of acetic acid and ammonia were taken from published
values.™ Activity coefficients for acetic acid and ammonia
were also taken from published values.22 The results of these
calculations at 25 °C and a comparison with pH s are shown
in Table I. The accuracies of these results are, of course,
relative to that of our accepted standards.

One value of K, for each of the standards is selected as an
absolute standard, with zero variance. Errors in pH.y. at
zero I are due mainly to volumetric errors, and the pHcg
values are more accurate than pH values measured by a pH
meter. Certainly, the precision of pH, is better than that
Of pPHpmease At other I values, however, corrections to analyte
ion activities are necessary to give accurate values of pHg,
and uncertainties in the activity corrections affect the final
errors in pHgc.

Corrections to the activity coefficients for T and I were
required. Two methods for determination of the activity
coefficients at various T were compared. In the first method,
activity coefficients were calculated using the following
equation2b

log v, = log 74(25 °C) + 21,25 °C) - 21,26 °C) (1)
where

__29815-T
¥ = 3.303R298.15T

and where v.(25 °C), Ly(25 °C), and J5(25 °C) are the activity
coefficient, relative partial molal heat content, and relative
partial molal heat capacity, respectively, at 25 °C, and vis the
total number of ions (cations plus anions) produced by the
dissociation of one molecule. The Ly(25 °C) of ammonium
chloride may be used for I between 0.0001 and 0.10.2¢

and  Z =298.15y - % log (298.15/T)

(7) Christensen, J. J.; Hansen, L. D.; Izatt, R. M. Handbook of Proton
Ionization Heats; Wiley: New York, 1976; pp 17-18.

(8) Olofsson, G. J. Chem. Thermodyn. 1975, 7, 507-514.

(9) Martell, A. E.; Smith, R. M. Critical Stability Constants; Plenum
Press: New York, 1982; Vol. 5, pg 284.

(10) Westcott, C. C. pH Measurements; Academic Press: New York,
1978; pp 95-108.

Table I. Results of Measurement and Calculation of pH
during Titration at 25 °C

ionic meas® calc®
strength pH rH ApH
NH3-HCl System*®
0.0191 10.000 9.9809 —0.0191
0.0275 9.804 9.7880 —0.0160
0.0382 9.602 9.5905 -0.0115
0.0498 9.405 9.3980 -0.0070
0.0560 9.305 9.2984 —0.0066
0.0617 9.209 9.2037 —0.0053
0.0674 9.109 9.1049 —0.0040
0.0727 9.008 9.0063 —0.0017
0.0775 8.906 8.9057 —0.0003
0.0820 8.800 8.8012 0.0012
0.0853 8.709 8.7119 0.0029
0.0886 8.605 8.6087 0.0037
0.0911 8.509 8.5141 0.0051
0.0937 8.393 8.4005 0.0075
0.0970 8.196 8.2055 0.0095
HOAc-NaOH System?
0.0088 3411 3.4117 0.0007
0.0140 3.604 3.6149 0.0109
0.0218 3.806 3.8204 0.0144
0.0326 4.003 4.0192 0.0162
0.0468 4.201 4.2184 0.0174
0.0830 4.602 4.6194 0.0174
0.1011 4.801 4.8161 0.0151
0.1298 5.199 5.2075 0.0085
0.1395 5.403 5.4068 0.0038
0.1461 5.599 5.5950 —0.0040
0.1508 5.804 5.7900 —0.0140
0.1538 5.995 5.9671 —0.0279

a Glass electrode pH meter was used. ® Calculated using HOAc
and NH; concentrations. ¢ Initial volume, 380 mL; initial ammonia
concentration, 0.1106 M; titrated with 1.561 M HCl solution. ¢ Initial
volume, 250 mL; initial acetic acid concentration, 0.1899 M; titrated
with 1.014 M NaOH solution.
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Figure 1. Ratio of NH,Cl activity coefficient (y.(7)/y+(25 °C)) vs ionic
strength at various temperatures: (A) 35 °C; (B) 45 °C; (C) 55 °C;
(D) 65 °C.

Literature values could not be found for Ly(25 °C) of NH,C1
at higher I, but because the values for KCl were nearly
identical with those of NH,Cl in the lower I range, it was
assumed that the available L, values for KCl would approx-
imate those of NH,CI in the higher I ranges. The results of
these calculations of the activity coefficient of ammonium
chloride are shown in Figure 1, which shows the ratios between
the activity coefficients at several T and those at 25 °C.

In the second method, multiple linear regression fitting of
the available activity coefficients for NaCl gave linear
expressions for activity coefficient as a function of I, at each
T, of the form v = A + BI + C(WI/(1 + VD)2 This
approach is far simpler to implement than eq 7 and yields
results within 0.01 pH of those obtained by the first method,
at the highest T and I examined.
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Figure 2. Absorption spectra and absorbance ratio of thymol biue:
(A) pH 11.131; (B) pH 9.001; (C) pH 6.447; (D) absorbance ratio (p);
(E) relative weighting for K, average.
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Figure 3. Relative standard deviation of photometric error in
determination of py, values (o, /pK,) vs log p: (O) thymol biue; (M)
bromocresol green.

The accuracy of pH measurement with a glass electrode/
pH meter depends on the composition of analyte solutions
and its temperature. Junction potentials, membrane resis-
tivity, sodium ion correction, and meter impedance strongly
affect accuracy. The overall accuracy and precision of the
pH meter measurements are estimated to be £0.02 and £0.001
pH, respectively. On the other hand, the accuracy of the
present method is independent of those parameters. In this
method, both the stoichiometric and spectrophotometric
errors were very small compared with that of a glass electrode/
pH meter; hypothetically, if the stoichiometric and spectro-
photometricerrors had both been zero, a backward calculation
shows that pH deviation would have been less than +£0.000 65
pH units—far smaller than expected for the glass electrode/
pH meter.

Photometric Error. Figure 2showstheabsorptionspectra
of solutions of protonated, unprotonated, and partially
neutralized TB. By repetition of each acquisition 30 times,
the standard deviations for the absorption measurements,
04 04, 8nd o4, were estimated to be +0.000 68 AU at pH
2.730, £0.000 39 AU at pH 7.018, and +0.000 53 AU at pH
4.601, respectively, at all wavelengths between 340 and 680
nm. Corresponding values for BCG were very similar to those
for TB, in part because the absorption spectra had similar
intensities.

These individual ¢’s were used to calculate ¢, photometric
errors (Appendix, eq Al) for use in calculation of ox
(Appendix, eq A2). Figure 3 shows typical values of ;a4 Vs
p(H). As expected, the most reliable (lowest ¢) values occur
at pHs giving half-neutralization (p = 1.0), but for p between
0.1and 10, o;) (typically ca. 0.05 % relative) is small compared
with other sources of error, e.g., o+ Nospecial consideration
of points near or at isosbestic points need be taken, because
the weighted averaging process automatically removes erratic
p points, assuring large variances and small weights for these
points. First, for a single-pH spectrum, the absorbance ratio

9.1 5
9 49 §
8 2
8.9 ©
& 48 3
288 g
5 17 £
=87 £
g L

5 4
g861— s
[=% 4
o
os e T s g

8.4 4.4
0.1 0.15 0.2 8.25 0.3
T1/(1+71)

Fligure 4. pK, of bromocresol green (BCG) and thymol blue (TB) vs
\/}/(1 + \/}) (Debye’s function) with linear regression lines: (A) BCG,
25 °C; (B) TB, 25 °C; (C) TB, 35 °C; (D) TB, 45 °C; (E) TB, §5 °C;
(F) TB, 65 °C.

was calculated at all wavelengths and a variation of Chau-
venet’s criterion was used to assign zero weight to data points
having absorbance ratios varying from the mean ratio by more
than 3 times the standard deviation of the points. (Chauvenet
suggested 1.960.11) This usually occurred only for points
within 2-5 nm of an isosbestic point. Second, near the 493-
nm isosbestic point for TB, the (A; — A)* denominator assures
that the relative weights of points within 10 nm of the
isosbestic point fall to less than 1% of the maximum weight.

Figure 2 also shows the relative weighting w,q,,) (Appendix,
eq A2) for the three spectra presented. As expected, spectral
regions having low net absorbance ranges, e.g., below 400 nm,
have low weighing factors. For the one pH value represented
inFigure 2, using all wavelengths gave pK, = 8.9038 £ 0.000 20,
while rejection of all wavelengths below 380 nm gave 8.9037
£ 0.000 20 and rejection of all wavelengths below 495 nm
gave 8.9025 £ 0.000 21. The automatic rejection of the lower
wavelength and isobestic point data by assignment of low
weights is convenient. The calculations do not need to be
tailored to different indicators. Allowing automatic weighting
of the various spectral regions and pH values also removes
analyst bias.

Dissociation Constants of Indicators. pK Value of
Bromocresol Green (BCG). The pK, of BCG was first
determined using pH,,.. Figure 4showsthe combined results
of triplicate titrations for the determination of the pK for
BCG, plotted as Debye’s function (\/f/ a+ \/f)) of I. The
pK is strongly correlated with I through Debye’s equation,
pK* = pKo + AVI/(1 + aBVI), up to I = 0.12 M. The
parameter a is the ionic radius, and A and B are empirical
constants, having values of 0.51 and 3.3 X 107 at 25 °C,
respectively. By linear regression, the pK of BCG was
calculated to be 4.9285 £ 0.0030 at I = 0 and 25 °C and
decreased with increasing I. This tendency indicates that
the formation of ionic species of BCG occurs by its dissociation,
and if the activity coefficient for these species can be obtained,
the pK value can be corrected directly. The pK value is in
close agreement with the published value,'23 and the
deviation agreed well with the expected experimental error.

The pK values of BCG, corrected for I between 0 and 1.0
at 25 °C, by two different means, are shown in Table II. The
activity coefficient of p-toluenesulfonate was used as a stand-
in for the unavailable BCG anion activity coefficient.2d This
seemsreasonable as they are both aromatic sulfonates. After
this correction, the pK became nearly constant between I
values of 0 and 1.0; the average value was 4.7838 + 0.0024.

(11) Young, Hugh D. Statistical Treatment of Experimental Data;
McGraw-Hill: New York, 1962; Sections 10 and 13.
(12) Chase, E. F.; Kilpatrick, M., Jr.J. Am. Chem. Soc. 1932, 54, 2284~

2292.
(13) Kilpatrick, M. J. Am. Chem. Soc. 1941, 63, 2667-2668.



2724 « ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992

Table II. Dissociation Constants of Bromocresol Green at
25 °C

Sniie pK, of bromocresol green
strength obs corrected®

0 4.9285  0.0030 4.8308 + 0.0068
0.02 4.7887 £ 0.0029 4.7950 % 0.0067
0.05 4.7223 + 0.0029 4.7780 + 0.0067
0.1 4.6525 % 0.0028 4.7602  0.0067
0.2 4.6284 = 0.0038 4.7655 £ 0.0081
0.5 4.5988 % 0.0039 4.7751 % 0.0081
1.0 4.5725 = 0.0039 4.7809 % 0.0081

@ Activity coefficient of p-toluenesulfonate was used.

Table III. Dissociation Constants of Thymol Blue

temp ionic temp ionic
(°C) strength pK. (°C) strength pKa

25 0 9.0493 £ 0.0022 25 0.5  8.7926 £ 0.0032
0.02 89510 £ 0.0022 1.0 87557 = 0.0032
0.05  8.8992 £ 0.0021 2.0 8.7181 £ 0.0031
0.1 8.8637 % 0.0032 3.0 86954 £ 0.0031
0.2 8.8383 % 0.0032

35 0 8.9588 + 0.0031 35 0.5 86724 £ 0.0025
0.02  8.8598 + 0.0030 10  8.6305 % 0.0025
0.05  8.8000 + 0.0030 2.0 8.5882 % 0.0024
0.1 8.7627 % 0.0030 3.0 8.5626 + 0.0024
0.2 8.7242 + 0.0025

45 0 8.8524 £ 0.0033 45 0.5 8.5613 % 0.0026
0.02  8.7377 £ 0.0033 1.0 8.5191 % 0.0026
0.05  8.6802 £ 0.0033 2.0 84764 £ 0.0025
0.1 8.6392 + 0.0033 3.0 8.4508 = 0.0025
0.2 8.6136 + 0.0026

55 0 8.7633 £ 0.0017 55 0.5 8.4778 + 0.0026
0.02  8.6700 + 0.0017 1.0 8.4355%0.0026
0.05 86259 + 0.0017 20 84016+ 0.0025
0.1 8.5719 £ 0.0027 3.0 8.3670 + 0.0025
0.2 8.5303 + 0.0026

65 0 8.6623 + 0.0016 65 0.5  8.4159 £ 0.0027
0.02  8.5851 % 0.0016 1.0  8.3685+0.0018
0.05  8.5486 + 0.0016 2.0 8.3722 + 0.0018
0.1 8.5120 = 0.0015 3.0 8.3741 + 0.0018

0.2 8.4700 % 0.0027

pK Value of Thymol Blue (TB). The pK, of BCG was also
determined using pHcq. The pK values for TB in the I range
0.02-3 were determined at T between 25 and 65 °C. The
results are summarized in Table III. These values are in
good agreement with the published values.'* As shown in
Figure 4, the pK values decreased both with increasing I and
withincreasing T',up toca. 55 °C. At65°C, the values became
nearly constant for I between 1 and 3. At I less than 0.12,
Debye’s relationship between pK* and I (pK proportional to
VTI/(1 + V1)) was observed at each T, in a manner similar
to that of BCG. The pK values of TB at zero I (9.0493 +
0.0022) were calculated by the extrapolation of the regression
lines. The results are shown in Table III

Therelationship between pK values of TB and temperature
is shown in Figure 5. From these results, the free energies
(AG®) of TB at several T were estimated by use of these pK
values and are shown in Table IV. The standard enthalpy
change of TB, AH®, calculated from the free energy, was 18.70
#+ 0.51 kJ/mol.

Application to the Determination of pH. The reduced
photometric error, along with the reduced error in pK, for
indicators, can be used to advantage in a pH-meter-free
method for the determination of pH. Briefly then, the
absorption ratio p can be found from spectrophotometric
measurements for a solution containing a pH indicator and
the pH of the solution can be calculated from eq 5 or 6 using
the pK value of the indicator.

(14) Bishop, E. Indicators; Pergamon: New York, 1972; pp 115-119.
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Table IV. Free Energy of Thymol Blue

temp (K) pK, of thymol blue AG® (ké/mol)
298.15 9.0493 + 0.0022 51.653 = 0.013
308.15 8.9588 % 0.0061 52.852 % 0.038
318.15 8.8524 + 0.0067 53.919 + 0.042
328.15 8.7633  0.0033 55.054 + 0.021
338.15 8.6623 + 0.0016 56.078 + 0.013

Table V. Results of the Determination of pH by This
Method (NH;-HCl-Thymol Blue System)

temp ionic (calc pH) -

(°C) points strength meas pH (meas pH)
25 10 0.019-0.101  10.000-7.807 —0.0016 % 0.0051
25 10 0.285-0.355 10.208-7.806 —0.0115 % 0.0093
25 10 1.007-1.019 9.259-7.961 —0.0380 % 0.0092
25 10 2.067-2.077 9.292-7.991 —0.1260 % 0.0109
25 10 2.933-2.998 10.008-7.800 —0.1278 + 0.0147
35 10 0.049-0.118 9.303-8.004 —0.0056 £ 0.0052
45 10 0.032-0.111 9.279-7.981 —0.0276 £ 0.0079
55 10 0.028-0.105  9.103-7.903 —0.0320 % 0.0093
65 10 0.012-0.092 9.288-7.932 —0.0461 % 0.0074
65 10 1.045-1.082  9.119-7.893 —0.0688 % 0.0171
65 10 2.950-2.984 9.039-7.973 —0.1252 % 0.0045

This method was applied to a redetermination of pH for
the NH;-HCI titration system. The sample contained 2 X
105M TB and ca. 0.1 M ammonia, and the pH of the solution
was adjusted to between 11 and 6 by the addition of
hydrochloric acid. The absorbances Ay, A;, and A of pro-
tonated, deprotonated, and partially neutralized TB were
measured at pH 6.5, 11.2, and intermediate values, respec-
tively, between 350 and 690 nm. The results are shown in
Table V, along with a comparison with results measured with
a glass electrode and pH meter.

The pH,q . values found by this method agreed well with
those found by pH meter, to within the measurement error
of a glass electrode/pH meter, at the lower ionic strengths
examined. Across each of the ranges of I and T indicated in
Table V, the differences in pH ), and pH peqs Were consistent.
It is also seen that the differences are correlated more with
high I'than with high T. One possible cause for this difference
isthat the pH electrode/meter was calibrated in a low I buffer
(0.05 M) so that the liquid junction potential changed
significantly in the higher I samples.

CONCLUSIONS

Adoption of reference standards has led to a method for
determination of pH with greater accuracy than is achievable
using a glass electrode and pH meter, and in fact, a pH meter
isnotrequired. Whileitisdifficult toreproducibly recalibrate
a pH meter with buffers to an accuracy of +0.01 pH unit,
careful titration can, with activity coefficient corrections,
provide reproducibility of £0.001 pH unit or better. The use
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of HOAc and NH; as primary reference standard materials
is justified by the existence of well-determined pK, and
activity constant values and by their availability, purity, and
stability. As improved pK, values and activity coefficients
for the reference standard materials become available, it is
a simple matter to incorporate those values into the calcu-
lations.

With the diode array spectrophotometer and tables of
activity coefficients, the dissociation constants of pH indi-
cators can be very accurately determined (£0.002 pK unit for
thymol blue and £0.008 pK unit for bromocresol green) by
spectrophotometric measurements taken during careful ti-
trations of standard reference weak acids or bases. Anystable
compound with a pH-: itive ch phore will suffice, not
only those compounds having extremely intense visible colors.
In turn, these pK, nq values can be applied to the determi-
nation of pH in an unknown solution from spectra to an
accuracy of £0.002 in the case of TB, without use of a pH
meter. For standardization, it is only necessary add some
indicator to aliquots of the unknown and to adjust the pH of
the aliquots to values much higher and much lower than the
PKaing of the indicator being used. While the method was
implemented on one diode array spectrometer, it is applicable
to any spectrometer/computer system capable of providing
digitized data of high precision.

One aspect of pH determination often ignored is the low
reliability of glass electrode pH readings at elevated tem-
perature, in high [Na*] solutions, and with adsorption
occurring on the glass membrane particularly in the presence
of protein solutions. In addition, conditions of high humidity
can cause electrical leakage in the meter itself, leading to
unstable measurements. The use of spectral methods can
circumvent some of these difficulties, and it may not be
necessary to work at the precision described to obtain useful
pH results.

There are other uses for the method. It should be possible
to study the junction potentials of glass/references electrode
pairs and to determine activity coefficients to a new standard
of accuracy. In addition, the pK, values for extremely acidic
solutions are based on sequential comparisons of progressively
less acidicindicators; this method could improve the accuracy
of the pK, values throughout this type of indicator series,
especially where the ionic strengths become large. Currently,
we are extending this approach to analyses of metallochromic
and redox indicator systems at elevated temperatures and
ionic strengths.
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APPENDIX. WEIGHTED AVERAGE K,

The Propagation of Errors formula for derived standard
deviations,!! gives o, ):

= (9 2 dp 2 9p #
@)’ = (bj"m{») + (a—AO"A.,m) + (E"Alm)

L7 AV il
{ILAN) — A () agr0]% + [AHN) - AIO\))oAnm]2 +

[(AN) — AEN) o, o, 1)/ [4,0) - AENIY? (A1

where 64,(A), 64,(A), and o4(H,)) are the standard deviations
of the absorbances for the protonated species, the depro-
tonated species, and the mixture of both species, respectively,
at a given wavelength. To simplify matters, a single,
wavelength-averaged o4, could be used in each numerator
term, for each pH. The values of o4,()), 64,(A) and s4(H,\)
were estimated at each wavelength from repetitive measure-
ments of single spectra.

To calculate the weighted average p(H) and the standard
deviation of the mean o5 for each pH, weights equal to the
reciprocal of the variance of each p(H,\) were used:

— > o,aneHA)
Z‘”pm,x,-)

w =
pEHN) 2
T (Gmny)

()" = -t (A2)
Z‘"pm,x‘o

Finally, an overall weighted average K, could be calculated
using weights equal to the reciprocals of the individual
variances in K,;(H). The variances are again calculated by
the propagation of errors formula:

. (9K, Y2 (9K, 2
ox )" =\3, %) *\Ggou

~ (Hio,)* + (5, In 10H,0,5)* (A3)
and the final weighted average K, is given by

1 Z - > e, Ko

Wy

4 (aK.z)z . ZwK.i
(0g)? = = Ad)
e

This result takes into account all the variations in spec-
trometer noise and all variations in pH measurement,
including meter noise, junction and streaming potentials, and
small T fluctuations. The same averaging method is also
applicable to results where [H*] and oy are calculated
stoichiometrically from the titrations.
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Analytical Spectroscopy and Structure of Biomolecules Using
an ab Initio Computational Method

Yeong Choi and David M. Lubman’

Department of Chemistry, The University of Michigan, Ann Arbor, Michigan 48109

An ab Initio computational method has been applied to the
study of blologically and pharmaceutically important phen-
ethylamine and its derivatives (tyramine, dopamine, and
tyrosine) In order to predict the structure of some of their
stable conformers and consequently their spectroscopic
propertles. The structures were optimized at the HF/3-21G
level and their stabliities were determined by performing
vibrational frequency calculations on the optimized structures.
In the case of phenethylamine and tyramine, three stable
conformers were found, two of which have an ethylamine-
folded structure and the other has an ethylamine-extended
structure with the former two lying about 0.01 eV higher In
energy than the latter. The stable conformers of pheneth-
ylamine found In the present study are compared with the
results obtained by experiments and other theoretical methods.
From the resulting structural calculations, IR and Raman
vibrational frequencles of phenethylamine and tyramine were
predicted which are particularly useful for the analyses of the
experimental spectra when avallable. In particular, the
capabllity to visualize the vibrational motion responsible for
a particular peak enhances its usefulness in the assignment
of the features Inthe IR specira. Ionization potentlals, electron
affinities, and the charge density distribution of phenethylamine
and its derivatives were predicted, and their utility In the
Interpretation of the experimental spectroscoplic data Is
demonstrated.

INTRODUCTION

There has recently been a great deal of interest in the study
of biological molecules by a variety of spectroscopic tech-
niques. These have ranged from studies of the trace detection
of biological species’ to studies of their structure, function,
and reactivity.”12 The former are important for analytical

(1) Lubman, D. M.; Li, L. In Lasers and Mass Spectrometry; Lubman
. M., Ed.; Oxford University Press: Oxford, U.K., 1990; pp 353-381.

(2) Li, L.; Lubman, D. M. Anal. Chem. 1988, 60, 2591-2598.

(3) Wehry, E. L.; Gore, R. R.; Dickinson, R. B. In Lasers in Chemical
Analysis; Hieftje, G. M., et al., Eds.; The Humana Press: Clifton, NJ,
1981; Chapter 10.

(4) Strojny, N.; deSilva, J. A. In Lasers in Chemical Analysis; Hieftje,
G. M., et al., Eds.; The Humana Press: Clifton, NJ, 1981, Chapter 11.

(5) See: Analytical Laser Spectroscopy; Omenetto, N. Ed.; Chemical
Analysis Series, Vol. 50; John Wiley & Sons, Inc.: New York, 1979.

(6) See: Detectors for Liquid Chromatography; Yeung, E. S., Ed.;
John Wiley & Sons, Inc.: New York, 1986.

(7) Pullman, B.; Coubelis, J.-L.; Courriere, Ph.; Gervois,
Chem. 1972, 15, 17-23.

(8) Pauling, P. In Conformation of Biological molecules and polymers;
Bergman, E. D., et al., Eds.; The Jerusalem symposia on Quantum
Chemistry and Biochemistry V; Academic Press Inc.: New York, 1973;
pp 505-516.

(9) Pullman, B.; Courrier, P. In Conformation of Biological molecules
and polymers; Bergmnn, E.D, et al, Eds The Jerusalem symposia on

Chy y and Bi h \'A demic Press Inc.: New
York 1973; pp 547-570.

(10) Pullman, B.; Berthod, H.; Courriere, Ph. Int. J. Quantum Chem.,
Quantum Biol. Symp. 1974, 1, 93-108.

(11) Martin, M.; Carbo, R.; Petrongolo, C.; Tomasi, J. J. Am. Chem.
Soc. 1975, 97, 1338-1347.
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purposes while the latter have been particularly important
in understanding the properties of molecules for drug design
and pharmacological activity. The various studies used to
probe these molecules have involved different spectroscopic
techniques in many different environments ranging from gas-
phase jet studies'?® to in vitro studies in the liquid phase
at physiological pH.'*2! However, any particular spectro-
scopic method can only provide a limited amount of infor-
mation on any system and the experimental spectra of these
molecules may not be easily interpretable by themselves. In
particular, many of these biomolecules are thermally labile
and spectroscopic measurements of these molecules are often
plagued by artifacts due to thermal decomposition or other
background impurities that may not be easily distinguishable
in these experiments. Thus, there has been a motivation
toward developing computational methods that can be used
to predict a priori a broad range of spectroscopic prop-
erties.22¢ Such calculations can be used to study the
properties of various biological substances which are difficult
tomeasure accurately by present experimental methods. Such
computational methods can be extremely valuable for de-
veloping an accurate analytical data base for spectral prop-
erties of molecules in combination with experimental methods.
In addition, computational methods have found an increas-
ingly important role in analytical chemistry more generally.2-27

There are several classes of molecules that are being studied
rather extensively because of their potent biological activity
and pharmaceutical importance. These include various
derivatives of catechol, indole and phenyl compounds. In
particular, phenethylamine is a precursor for molecules such
astyramine (adrenergic), tyrosine (aminoacid), and dopamine
(neurotransmitter) and isstructurally related toamphetamine
(stimulant) and various other important hallucinogens. The
indole group of compounds includes derivatives of tryptamine,
such as serotonin (neurotransmitter) and N,N-dimethyl-

(12) Mazurek, A. P.; Weinstein, H.; Osman, R.; Topiol, S.; Ebersole,
B. J. Int. J. Quantum Chem., Quantum Biol. Symp. 1984, 11, 183-194.

(13) Cable, J. R.; Tubergen, M. J.; Levy, D. H.J. Am. Chem. Soc. 1988,
110, 7349-7355.

(14) Cable, J. R.; Tubergen, M. J.; Levy, D. H.J. Am. Chem. Soc. 1989,
111, 9032-9039.

(15) Breen, P. J.; Warren, J. A.; Bernstein, E. R.; Seeman, J. L. J. Am.
Chem. Soc. 1987, 109, 3453-3455,

(16) Seeman, J.1; Secor, H. V.; Breen, P. J.; Grassian, V. H.; Bernstein,
E.R. J. Am. Chem. Soc. 1989, 111, 3140-3150.

(17) Hager, J.; Ivanco, M.; Smith, M. A.; Wallace, S. C. Chem. Phys.
1986, 105, 397-416.

(18) Bickle, G. A.; Leach, G. W.; Demmer, D. R.; Hager, J. W.; Wallace,
S. C. J. Chem. Phys. 1988, 88, 1-8.

(19) Spiro, T. G. In Chemical and Biochemical Applications of Lasers;
Moore, C. B., Ed.; Academic Press: New York, 1974; Chapter 2.

(20) See: Spectroscopy in Biochemistry; Bell, 8. E., Ed.; CRC Press,
Inc.: Boca Raton, FL, 1981; Vol. 1.

(21) See: Carey, P. R. Biochemical Applications of Raman and
Resonance Raman Spectroscopies; Academic Press: New York, 1982.
(22) Stanton, D. T.; Jurs, P. C. Anal. Chem. 1990, 62, 2323-2329.

(23) Stuper,A.J.; Bn'lgger,W E Jurs,P C. ComputerAsststedSmdzes
of Chemical Structure and Biolog tion; Wiley-I New
York, 1979.

(24) Barber, A. S.; Small, G. W. Anal. Chem. 1989, 61, 2658-2664.

(25) Rogers, L. B. Anal. Chem. 1990, 62, 703A-711A.

(26) Small, G. W.; Jurs, P. C. Anal. Chem. 1984, 56, 1214-1323.

(27) Morrow, J. C; Baer, T. J. Phys. Chem. 1988, 92, 6567-6571.
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tryptamines (hallucinogens). Thus, itis important to develop
an analytical data base for spectroscopic detection and study
of the basicstructure of these molecules. Some of thesespecies
have been studied in gas-phase ultraviolet absorption spec-
troscopy®?® and in the condensed phase in the ultraviolet,
visible, and infrared regions of the spectrum.2®-32 However,
the information available on many of these important species
is clearly rather limited or nonexistent. Here, computational
methods can, in principle, be used to predict many of the
properties and spectra of these molecules.

Traditionally, theoretical predictions on the structure and
electronic properties of these classes of compounds have been
performed by using semiempirical methods such as CNDO
(complete neglect of differential overlap), INDO (intermediate
neglect of differential overlap), PCILO (perturbative con-
figuration interaction using localized orbitals), and EHT
(extended Hiickel theory).”12 However, the accuracy of the
predictions by these semiempirical methods is often limited,
in part, due to crude approximations inherent in these meth-
ods. Ab initio computational methods can be expected to
yield much more accurate information than the semiempirical
methods. However, general application of ab initio methods
has been limited to considerably smaller molecules and
biomolecules have been considered as too large to be studied
by these methods. For molecules of this size, most of which
are of low symmetry, such computations have been prohib-
itively expensive and time-consuming, and it is only recently
that the application of ab initio calculations to these bio-
molecules has become reasonably feasible. This is due to (a)
improved algorithms in computational methodology and (b)
easier access to supercomputers, such as CRAY Y/MP, as a
result of rapid advances in computer technology. Thus, ab
initio methods have the potential for wider use beyond the
tool of theoretical and computational chemists. In principle,
such calculations can be used by a broad range of analytical
and structural chemists for its accurate predictive power on
structural, electronic, and spectroscopic properties of various
atoms, radicals, ions, solids, and now larger polyatomics.

In the present study, phenethylamine, tyramine, dopamine,
and tyrosine, shown in Figure 1, are examined using the ab
initio method. Even with the capability of the present
supercomputer, calculations on biologically and pharmaceu-
tically interesting molecules that are significantly larger would
still be difficult. However, it is expected that as computer
software and hardware improve significantly over the next
decade, these methods will be extended to even larger systems.
Nonetheless, accurately determined parameters of these
biomolecules provide an excellent building block for semiem-
pirical calculations on larger biological systems. More
significantly, ab initio methods can provide a broad range of
information on biologically interesting systems.

In this work, ab initio computational methods are used to
obtain several stable conformers by optimizing the structure
of biomolecules and calculating the corresponding vibrational
frequencies. Vibrational frequency calculations are shown
toproviderelatively accurate predictions of the IR and Raman
spectra of these molecules where experimental data are
available, and visualization of particular vibrational modes

(28) Li, L.; Lubman, D. M. Anal. Chem. 1987, 59, 2538-2541.

(29) Johnson, C. R.; Ludwig, M.; Asher, S. A. J. Am. Chem. Soc. 1986,
108, 905-912.

(30) Ludwig, M.; Asher, S. A. J. Am. Chem. Soc. 1988, 110, 1005-1011.

(31) Lee, N.-S.; Hsieh, Y.-Z,; Paisley, R. F.; Morris, M. D. Anal. Chem.
1988, 60, 442-446.

(82) McGlashen, M. L.; Davis, K. L.; Morris, M. D. Anal. Chem. 1990,
62, 846-849.

(33) Smith, A. Molecular Editor, software package for Apple Ma-
cintosh; Intellimation: Santa Barbara, CA.

(34) Allan, D. 8.; Seeger, D. M.; Korzeniewski, C. Appl. Spectrosc.
1990, 44, 1579-1581.
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Figure 1. Phenethylamine and substituted phenethylamines.

using a software program, Molecular Editor,?** helps the
assignment of the features observed in the IR spectra. In
addition, the vibrational frequency calculations are also used
to differentiate stable conformers (local minima in the
potential energy surface) from transition states. Ab initio
calculations can also provide a variety of information on
electronic properties of these molecules. Within the context
of Koopmans’ theorem, ionization potentials (IP’s) and
electron affinities (EA’s) are predicted which will be very
useful for studies of biomolecules by laser-induced fluores-
cence!314 or multiphoton ionization spectroscopic tech-
niques.2313-18

COMPUTATIONAL DETAILS

The calculations for the present study have been performed
using the Gaussian 90 program 353 gvailable on CRAY Y/MP at
the San Diego Supercomputer Center. A 3-21G split-valence
basis set was used for all the calculations. Although it is the
smallest basis set required for fregency calculations, the predictive
power of the calculations using this basis set is well documented?”
and using a 6-31G basis set does not seem to change the results
significantly. Calculations on phenethylamine and its derivatives
using a basis set larger than 3-21G would be much too expensive
and time-consuming even for the CRAY Y/MP. For the readers
who are not familiar with ab initio methods, there are many
excellent books and review articles available.?"3%-4

(35) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B.;
Schlegel, H. B.; Raghavachari, K.; Robb, M.; Binkley, J. S.; Gonzalez, C.;
Defrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.;
Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople,
J. A. Gaussian 90, revision F; Gaussian, Inc.: Pittsburgh, PA, 1990

(36) Fnsch M.Gi J mUsersC ideand Programmer’s Reference,

G : Pittsburgh, PA, 1991.

37 Hehre W.J,; Radom, L Schleyer, Pv. R.; Pople, J. A. Ab Initio
Molecular Orbttul Theory,John Wlley&Sons, Inc New York, 1986 (see
also references therein).
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Phys. 1983, 79, 3382-3391.
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Table I. Relative Computational Time vs Basis Set for
Phenethylamine Calculation

Table I1. Stable Conformers, Their Dihedral Angles, and
the Total Energies

no. basis rel
basis set functions computational time
STO-3G 56 1
3-21G 103 11
6-31G* 157 62
6-31+G* 204 176

(A) G try Optimization. Most initial parameters of
phenyethylamine were obtained from the experimental geom-
etries of benzene and ethylamine. The two dihedral angles of
phenethylamine which are responsible for the stability of the
molecules were semiempirically determined values which were
reported in the literature.”® For the optimization of the
subsequent molecules (tyramine, dopamine, and tyrosine), the
3-21G op dp ters of phenethylamine were adopted
as the st.art.mg geometues and the additional parameters were
approximated by using a reasonable guess obtained from other
related molecules.

All the optimization calculations were carried out using a
Murtaugh-Sargent optimization algorithm instead of the default
Berny algorithm.® The Murtaugh-Sargent method usually
converges more slowly than the Berny method and thus takes a
longer computational time, but occasionally, it performs more
reliably, especially in the cases where the dihedral angles to be
optimized are close to 180°.3% Due to computer time constraint,
neither an exhaustive search for all the stable conformers nor the
global search of the conformational surface for the most stable
conformer have been attempted in the present study.

(B) Vibrational Frequency. Calculated normal-mode vi-
brational frequencies provide two important pieces of informa-
tion;¥ first, they may be used to characterize stationary points
on the potential energy surface, i.e., to distinguish local minima
which have all real frequencies from saddle points which have
a single imaginary frequency, and second, they may be used as
an aid in assigning fundamental vibrational modes observed in
the IR and Raman spectra. Vibrational frequency calculations
were performed at the HF/3-21G level using the 3-21G optumzed
parameters. A total of 3n—6normal-mode vibrational f
are predicted which are typically about 8-15% larger than the
experimental values.®” This offset is due to the effects of
tmharmommty of the potential energy surface near the local
minimum and the deﬁclencles of the HF procedure. The latter
deficiencies can be r d by including polarization functions
tothe basisset and by including electron correlation.?® Therefore,
when comparing the calculated and experimental frequencies, it
isnecessary to “scale down” the calculated values by about 10% .37
A checkpoint file saved from the optimization procedure was
used as a starting point for the frequency calculation in order to
save some computational time.

(C) Computational Time. When the electronic Schrdinger
equation is actually solved, evaluation of two-electron integrals
is the most time-consuming step. The computational time
required for a single cycle of HF energy calculation is approx-
imately proportional to n¢, where n is the number of basis
functions used in the calculation.’837 The computational time
for this step can be significantly reduced if the chemcial species
under consideration is highly symmetrical since the number of
two-electron integrals to be evaluated is reduced. Table I shows
the number of basis functions and the approximate relative
computational time for single-point HF calculations of phen-
ethylamine in which several basis sets were used. Itis estimated
that the computational time for single-point HF calculations on
phenethylamine using 3-21G, 6-31G*, and 6-31+G* basis sets is
11,62, 176 times longer, respectively, than that using the minimum
STO-3G basis set. A single-point HF calculation on pheneth-
ylamine using the 3-21G basis set takes slightly less than 10 min
of CRAY Y/MP CPU time, thus showing that the calculations,
particularly optimization calculations, using a basis set larger
than 3-21G quickly become excessively expensive and time-

(41) Schaefer,H.F. @ Chemistry: the devel ofabinitio
methods in molecular electronic structure theory; Oxford University
Press: New York, 1984.

compd dl d2 E7 (Hartree)  AE (eV)

Phenethylamine

folded 90.0 —63.3 -361.7716

folded 90.0 63.3 —-361.7716

extended 900 180.0 —-361.7713 0.01

TS 180.0 180.0 —-361.7685 0.11
Tyramine

folded 90.0 -62.7 -436.2117

folded 90.0 62.7 —463.2117

extended 90.0 179.9 —436.2113 0.01

TS 0.0 61.3 —436.2073 0.20
Dopamine

folded(a)* 90.0 633 -510.6559

folded(a)® 90.0 63.3 -510.6559

extended(a)® 90.0 179.8 -510.6555 0.01

folded(b)* -510.6556 <0.01

folded(c)® -510.6444 0.31
Tyrosine

folded 90.0 693 —622.7777

¢ (a), (b), and (c) refer to the orientations of the two hydroxy groups
in dopamine. See Figure 5a—c, respectively, for the corresponding
configurations.

Figure 2. 3-21G optimized phensthylamine.

consummg A 3-21G vibrational frequency calculation on phen-
ethyl using the G ian 90 program on CRAY Y/MP
required approximately 30 CPU min.

RESULTS AND DISCUSSION

(A) Structures of Stable Conformers. Table II sum-
marizes the results of the optimization calculations performed
to identify some of the stable conformers and the transition
states of phenethylamine, tyramine, dopamine, and tyrosine.
Three stable conformers each were found for phenethylamine
and tyramine whereas five stable conformers were found for
dopamine. Only onestable conformer was located for tyrosine
via these computational methods. As mentioned in the
previous section, no attempts have been made to locate the
global minimum for all the molecules studied here. The two
relevant dihedral angles which are mainly responsible for the
stability of the molecule and the total energy of each of the
conformers are also presented in Table II, as well as the energy
difference with respect to the most stable conformer identified
inthepresentstudy. Inthefollowing discussion, the structure
and atomic positions in each molecule are described by
referring to the phenethylamine structure shown in Figure
2 which forms the basic structure for all the molecules
considered in the present study.

(i) Phenethylamine. Three stable conformers have been
found for phenethylamine, two of which are equivalent and
mirror image to each other. Figure 2 shows the 3-21G
optimized structure of one of the two more stable pheneth-
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Figure 3. Newman projections of phenethylamine conformers along
the (a) C7-C4 and (b) C8-C7 axes.

ylamine conformers found. Carbon atoms are arbitrarily
numbered 1 through 8 and the nitrogen and hydrogen atoms
are represented by N and H’s, respectively. The bond angles
and distances are represented in degrees and angstroms,
respectively. The parameters of the benzene ring do notseem
to change significantly from one conformer to another and
the stability of the structure depends strongly on how the
ethylamine chain is arranged. This can.be more clearly
elucidated by referring to Figure 3 where the two relevant
dihedral angles, d1 and d2, are shown in Newman projections
along (a) C7-C4 and (b1-3) C8-C7 axes, respectively. The
dihedral angles d1 and d2 correspond to the angles C8C7C4C3
and NC8C7C4, respectively. Parts bl and b2 of Figure 3
correspond to the two most stable conformers found with d2
= +63.3 and —63.3°, respectively. The sign of the dihedral
angle depends on whether the front axis (N-C8) is rotated
clockwise (+) or counterclockwise (-) in order to superimpose
it to the back-axis (C7-C4), as indicated in the figure by the
arrows. Figure 3b3 represents another stable conformer with
d2 = 180.0°, which is slightly less stable (about 0.01 eV) with
respect to the other two conformers. The ethylamine chain
in the first two more stable conformers is folded whereas the
one in the third conformer is extended. Figure 4 shows a
snapshot of the more stable conformer of phenethylamine
with the ethylamine chain folded.

Previous studies on phenethylamine show contradicting
results on the structure of its most stable conformer.!!
Whereas the calculations using the semiempirical methods
(CNDO, INDO, and PCILO) identified the ethylamine-folded
form as the most stable conformer for phenethylamine, the
EHT calculations showed the ethylamine-extended form as
the most stable conformer, which is in agreement with the
NMR experimental results where amphetamine in DyO was
shown to be in the ethylamine-extended form.1!

Carbo et al.!! performed ab initio calculations on phen-
ethylamine at the Hartree—Fock level using the minimum
STO-3G basis set and, on the basis of their results, concluded
that the most stable conformer was the ethylamine-extended
form, in agreement with the results of the EHT calculations.
This is in constrast with the results obtained in the present
study where the ethylamine-folded form is shown to beslightly
more stable than the ethylamine-extended form. There are
several reasons to believe that our results are more reliable
than Carbo’s: (1) the calculations in the present study used
the split-valence 3-21G basis set which describes the non-
spherical anisotropic aspects of molecular charge distribution
more adequately than the minimum STO-3G basis set which
Carbo et al. used in their calculations, (2) for all the optimized
structures considered in the present study, the stability of
the conformer was verified by performing vibrational fre-

quency calculations whereas Carbo et al. performed single-
point ab initio calculations on the possible conformers as
determined by semiempirical methods, and (3) the NMR
experimental results of amphetamine in D;O cannot be used
to support the results of ab initio calculations because
phenethylamine is present in different chemical environ-
ments. More specifically, the ab initio calculations were
performed on free phenethylamine whereas the NMR ex-
periment was performed on amphetamine in D,O where
solvation effects may be important. In the crystal form of
phenethylamine, only the ethylamine-extended form seems
to dominate, possibly because it leads to more efficient crystal-
packing forces.%42 However, in solution, both the ethylamine-
extended and -folded forms coexist.?

The results of the present study are in agreement with
those of the previous study using PCILO in which three stable
conformers were found.”811 The present study determines
the d2 dihedral angle more precisely and indicates that there
is a small energy difference (about 0.01 eV) between the
ethylamine-folded and ethylamine-extended conformers.
Whether this represents the real situation or the consequence
of using a relatively small 3-21G basis set cannot be determined
by the present study. To clarify this point, more extensive
calculations with basis sets more flexible than 3-21G and
perhaps the inclusion of a correlation effect will be required.

In addition to the three stable conformers described above,
atransition state was located for phenethylamine which yields
one imaginary frequency in the vibrational frequency cal-
culation. In this structure, d1 = d2 = 180.0°, which is
equivalent to having all the carbon and nitrogen atoms on
the same plane as the benzene ring. This transition state lies
0.11 eV (about 2.8 kcal/mol) in energy above the two most
stable ethylamine-folded conformers.

(ii) Tyramine, Dopamine, and Tyrosine. Tyramine is
a substituted phenethylamine where a hydroxy group on the
benzene ring is in the para position (C1) to the ethylamine
chain. As in the case of phenethylamine, three stable
conformers have been identified for tyramine. Figure 4shows
a snapshot of the most stable conformer of tyramine found
in the present study with the ethylamine chain folded. All
3-21G optimized parameters of tyramine do not differ
significantly (less than 0.2 A and 1.0° for bond distance and
angle, respectively) from those of phenethylamine. Using
the same definition of dihedral angles as in phenethylamine,
the two equivalent mirror-image conformers have d1 = 90.0°
in common and d2 = +62.7 and —62.7°. These conformers
are slightly more stable by 0.01 eV than the conformer with
dl = 90.0° and d2 = 179.9°. The first two conformers
correspond to the ethylamine-folded form while the third
conformer corresponds to the ethylamine-extended form. The
semiempirical calculations on tyramine using the PCILO
method found two ethylamine-folded conformers at the two
dihedral angles, d1 = 90° and d2 = +60 and =60°, approx-
imately in agreement with the result of the present study.”
But for the ethylamine-extended conformer, the PCILO
method found d1 and d2 to be 120 and 180°, respectively, as
compared to 90 and 179.9° observed in the present study.
Other optimized parameters specific to tyramine are OC1 =
1.38 A, HO = 0.96 A, OC1C2 = 117.3°, and HOC1 = 112.8°.
A transition state has been located at d1 = 0° and d2 = 61.3°,
which is equivalent to rotating the ethylamine chain of a
stable conformer along the C7-C4 axis by 90° counterclock-
wise. The energy difference between the most stable con-
formers found and this transition state is 0.20 eV (about 4.6
kcal/mol).

Dopamine is a substituted phenethylamine where two
hydroxy groups are in the para (C1) and meta (C6) positions

(42) Tsoucaris, P. G. Acta Crystallogr. 1961, 14, 909-914.
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Figure 4. Snapshots of the stable conformer of (a) phenethylamine, (b) tyramine, (c) dopamine, and (d) tyrosine.

to the ethylamine chain on the benzene ring. A total of five
stable conformers were identified for dopamine. As shown
in Figure 5, there are three possible configurations for the
two hydroxy groups in dopamine. Optimization of the two
dihedral angles have been performed on the configuration of
Figure 5a which has the lowest energy of the three possible
configurations.

In accord with the cases of phenethylamine and tyramine,
the dopamine with the configuration of Figure 5a has two
stable conformers which are isoenergetic and mirror image
to each other. These two conformers correspond to the
ethylamine-folded structure with d1 = 90.0° in common and
d2 =+63.3 and —63.3°. Other optimized parameters specific
to this stable conformer are 0C1 =1.39 A,HO1 =0.96 A, 0C6
=1.37 A, HO2 = 0.97 A, OC1C6 = 114.3°, 0C6C5 = 120.6°,
HO1C1 = 113.5°, and HO2C6 = 110.1°. As in the cases of
phenethylamine and tyramine, all 3-21G optimized param-
eters common to both tyramine and dopamine do not change
significantly (less than 0.1 A and 1.0° for bond distance and
angle, respectively). Another stable conformer of dopamine
with Figure 5a configuration was found with d1 = 90.0° and
d2 = 179.8°, corresponding to the ethylamine-extended
structure. This conformer is slightly higher in energy (about
0.01 eV) than the other two conformers.

Using the optimized ethylamine-folded structure as a
starting geometry, optimization calculations were performed
on dopamine with the configurations of Figure 5b,c. There
is almost no energy difference between the optimized Figure
5a,b (less than 0.01 eV) whereas optimized Figure 5c is about
0.31 eV (7.1 kcal/mol) higher in energy than the optimized
Figure 5a. From the symmetry consideration, itis reasonable

©
09—

(b) o D

Figure 5. Possible configurations for hydroxy groups in dopamine.
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Figure 6. 3-21G optimized tyrosine.

Table III. Predicted Vibrational Frequencies, IR
Intensities, and Raman Activities of Phenethylamine

freq IR  Raman freq IR Raman
vn  (em™) inten act. vN (cm™) inten act.
1 3397 il 29 28 1117 1 i
2 3309 0 52 29 1076 3 0
3 3044 T 100 30 1067 0 0
4 3032 15 3 31 1041 6 3
5 3025 8 32 32 1039 3 2
6 3015 0 39 33 1029 32 0
7 3010 2 8 34 1004 1 1
8 2041 10 20 35 995 0 14
9 2903 27 48 36 973 0 1
10 2885 9 37 37 894 0 2
11 2851 29 32 38 875 0 2
12 1659 16 4 39 842 0 3
13 1597 2 10 40 790 16 1
14 1577 1 4 41 746 4 6
15 1512 1 7 42 733 22 0
16 1504 7 1 43 711 100 2
17 1484 3 5 4 642 0 2
18 1464 6 0 45 584 6 il
19 1397 6 1 46 495 4 2
20 1369 1 1 47 424 0 0
21 1342 3 6 48 417 4 1
22 1318 2 6 49 340 0 0
23 1244 s 1 50 266 15 6
24 1199 0 3 51 256 34 2
25 1192 1 4 52 148 3 1
26  1189° 0 1 53 98 1 1
27 1145 0 2 54 45 2 3

to speculate that there are more stable conformers for
dopamine with the hydroxy groups in either Figure 5b or 5¢
configuration. Figure 4 shows a snapshot of the most stable
conformer of dopamine found with the ethylamine chain
folded.

Tyrosine is a substituted tyramine where the-COOH group
is attached to the ethylamine chain at the C8 position.
Structural optimization of tyrosine was a nontrivial matter
due to the increased number of parameters compared with
the other molecules in the present study. The 3-21G
optimized stable conformer is shown in Figure 6 and a
snapshot of this conformer in Figure 4. Using the same
definition of dihedral angles as in phenethylamine, d1 =
C8C7C4C3 = 90.0° AND d2 = NC8C7C4 = 69.3°, which
correspond to the ethylamine-folded structure. Other di-
hedral angles specific to tyrosine are 0=C9C8C7 = -114.7°
and OC9C8C7 = 63.9°. Bysymmetry, there should be another
stable conformer with d2 = —63.9°, as well as other stable
conformers, which have not been explored due to the computer
time constraint.

(B) Vibrational Frequencies. Tables III and IV show
the predicted vibrational frequencies, their relative IR
intensities, and Raman activities for phenethylamine and
tyramine, respectively. The IR intensities and Raman
activities are normalized to vy at 711 cm™ and »; at 3044
cm, respectively, for the vibrational frequencies of phen-

Table IV. Predicted Vibrational Frequencies, IR
Intensities, and Raman Activities of Tyramine

freq IR Raman freq IR Raman
vy (em™) inten act. vn (cm™) inten act.
1 3523 28 87 30 1101 66 1
2 3395 1 46 31 1045 2 5
3 3308 0 81 32 1041 5 2
4 3045 2 100 33 1024 7 1
5 3038 6 43 34 1020 1 0
6 3020 5 36 35 1004 5 2
i 3020 7 26 36 901 31 0
8 2938 11 32 37 897 1 3
9 2901 32 83 38 870 8 4
10 2885 13 56 39 833 12 4
11 2851 31 50 40 812 9 18
12 1658 17 6 41 770 1 0
13 1615 18 19 42 718 100 3
14 1579 7 5 43 694 4 1
15 1523 36 i 44 661 1 3
16 1511 2 10 45 574 11 0
17 1485 3 10 46 493 2 1
18 1438 12 0 47 438 1 0
19 1397 8 1 48 424 4 3
20 1360 6 1 49 409 8 1
21 1343 4 10 50 362 3 2
22 1319 4 10 51 291 6 1
23 1261 2 2 52 271 97 3
24 1238 29 2 53 257 45 3
25 1193 1 4 54 212 2 0
26 1189 3 1 55 128 3 0
27 1177 72 9 56 82 1 1
28 1145 3 3 57 41 3 4
29 1103 11 0
100
B
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Figure 7. Predicted IR spectrum of phenethylamine. Dotted lines
indicate the locations of the experimental peaks.

ethylamine in Table III, and to v4; at 718 cm™ and v, at 3045
cm, respectively, for the vibrational frequencies of tyramine
in Table IV. Although frequency calculations predict only
the fundamentals (3n — 6 in the case of nonlinear molecules
with n atoms), it is quite useful for the assignments of the
experimental spectra which include not only fundamentals
but also overtone and combination bands. It is well-known
that simple vibrational frequency calculations such as the
ones used in the present study predict the in-plane vibrational
modes more accurately than the out-of-plane vibrational
modes which are extremely sensitive to the basis set used in
the calculation.® Inclusion of electron correlation effects may
improve the prediction significantly, particularly for the out-
of-plane vibrational mode calculations. Figure 7 shows a
simulated IR spectrum of phenethyl which includ

only the fundamental vibrational modes. In this figure, the
locations of the experimental vibrational frequencies are
indicated with the dotted lines in the middle of the spectrum

(43) Barstis, T.; Lubman, D. M. Unpublist
Michigan, 1992.

d results, Uni: ity of
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Figure 8. Visualization of a vibrational mode of phenethylamine obtained
by using the Molecular Editor program.3?

for comparison purposes. (The relative intensities are not
included). Although not exactly identical, mostly due to the
presence of the overtone and combination peaks, the ap-
proximate regions where major fundamental peaks appear
are quite well predicted.

The experimental IR spectrum of phenethylamine in the
vapor phase contains nine major peaks at » = 3037 (m), 2943
(s), 2860 (m), 1613 (m), 1500 (m), 1454 (m), 1075 (m), 744 (s),
and 699 (s) cm™,* as indicated in the simulated IR spectrum
by the dotted lines in Figure 7. By comparing the experi-
mental and theoretical frequencies and intensities of the
peaks, it is possible to speculate on the tentative assignment
of the peaks in the experimental IR spectrum. For example,
the most intense peak in the experimental IR spectrum of
phenethylamine at v = 743 cm is most likely the fundamental
v43 which is predicted at » = 711 ¢cm™! as the most intense
peak. Also, the three closely spaced peaks at » = 3037, 2943,
and 2860 cm™! observed in the 3050-2850-cm™ region of the
experimental IR spectrum probably correspond to the three
peaks predicted at »; = 3032 em™, »g = 2903 ¢cm™., and vy, =
2851 cm™!, respectively, as can be deduced from the spacings
and the intensities of these peaks.

In order to make a more definitive assignment of the
features in these spectra, it is often quite useful to be able to
actually visualize a specific vibrational mode that is respon-
sible for a particular peak. Theoretical vibrational modes
can be visualized by using the Molecular Editor software
program333 which graphically represents a mode by oscillating
between the two extremes of vibrational motion. The two
extremes of a particular vibrational mode are calculated by
adding and subtracting the nuclear displacements from the
equilibrium nuclear positions, all of which is available from
the Gaussian output. This capability is especially useful when
there are ambiguities in assigning the peaks that are closely
spaced. Figure 8, for example, shows the vibrational mode
v43 predicted to be the most intense peak at 711 cm™!. Ascan
be seen from Figure 8a,b, which represent the two extremes
of vibrational motion, the peak at »g3 = 711 cm™ is mainly
due to the rocking motion of the -NH,group. Ona computer,

(44) Pouchert, C. J The Aldnch Lzbrary of I"T IR Spectra Vapor
Phase, ed. I; Aldrich 1 Co., Inc.: WI, 1989; Vol. 3,
p 1164.

Table V. Calculated Molecular Orbital E ies (eV)
of Phenethylamines
compd SHOMO HOMO LUMO SLUMO

phenethylamine -9.16 (9.35)° -8.84 (8.99)¢ 4.21 4.15

tyramine -9.39 (9.35)¢ -8.32(8.41)¢ 3.95 448
dopamine -9.09 (8.90)¢ -8.18(8.18)c 4.08 4.50
tyrosine -9.30 -8.33 4.01 4.37

¢ The experimental IP’s are in the parentheses. From refs 46 and
47.

the molecule can be rotated in three dimensions which
enhances the visualization of the vibrational mode responsible
for a particular peak in the spectrum.

Due to experimental difficulties, the Raman spectra of
phenethylamine and substituted phenethylamines in the gas
phase are not found in the literature. When the experimental
Raman spectra of these compounds become available in the
future, the predicted vibrational frequencies and Raman
activities presented in Tables III and IV will be particularly
useful for the analyses of the experimental data. For
phenethylamine and tyramine, the most intense peaks are
predicted to be at v = 3044 and 3045 cm™!, respectively, when
scaled down by 10% from the calculated values.

(C) Ionization Potentials and Electron Affinities.
Ionization potentials (IP’s) and electron affinities (EA’s) are
two of the most fundamental properties of chemical species
which are the key to understanding oxidation and reduction
processes as well as for estimating their electronegativities.
The ionization potential is particularly important for exper-
iments in photoionization or multiphoton ionization spec-
troscopies.? The simplest way to estimate these properties
is by invoking Koopmans’ theorem* in which the IP and EA
are associated with the negatives of the energies of the orbitals
the electron is ejected from and captured into, respectively.
Since the orbital energies are obtained from a Hartree—Fock
calculation on the neutral species, the Koopmans’ theorem
approximation includes neither the relaxation of the rest of
the electrons upon gain or loss of an electron nor the difference
in correlation energies between the neutral and ionic species.

IP’s are predicted much better than EA’s by invoking
Koopmans’ theorem in the HF calculations. The fact that
IP’s are accurately predicted, often within a few tenths of an
electronvolt, is actually quite fortuitous due to the relative
magnitudes and sign of relaxation and correlation effects in
neutrals and the corresponding cations. Table V shows the
energies of the SHOMO (second highest occupied molecular
orbital), HOMO (highest occupied molecular orbital), LUMO
(lowest unoccupied molecular orbital), and SLUMO (second
lowest unoccupied molecular orbital) of the most stable
conformers of phenethylamine, tyramine, dopamine, and
tyrosine. These energies, expressed in electronvolts (eV), were
calculated at the HF/3-21G level and obtained by invoking
the Koopmans’ theorem. The negatives of the energies of
the SHOMO, HOMO, LUMO, and SLUMO correspond to
thesecond IP (ionization potential), first IP, first EA (electron
affinity), and the second EA of the molecules, respectively.

The experimental ionization potentials of the compounds
obtained by photoelectron spectroscopy#4? are also included
in Table V in parentheses. Considering the fact that the
experimental deviations in the photoelectron spectra are
typically 0.12-0.20 eV,%47 the ionization potentials of phen-
ethylamine, tyramine, and dopamine are quite accurately
predicted within the margin of the experimental deviation at

(45) Koopmans, T. Physwa 1934 1, 104—113
46) D L.;Houk,K.N.J. Am. Chem.
Soc 1977 99, 4311—4321
(47) Domelsmith, L. N.; Houk, K. N. Int.J. Quantum Chem., Quantum
Biol. Symp. 1978, 5, 257-268.
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this level of calculation. It appears from Table V that the
first ionization potentials are somewhat more accurately
predicted by the calculation than the second ionization
potentials. Although not available in the literature, the first
and second ionization potentials of tyrosine are predicted to
be 8.33 and 9.30 eV, with its first ionization potential quite
close to that of tyramine.

In contrast to the accurate prediction of the ionization
potentials, the prediction of electron affinities of these
molecules is not expected to be quantitatively accurate due
to the additiveness of relaxation and correlation effects in
neutrals and corresponding anions. However, it is well-known
that among the related molecules, relaxation and correlation
effects often remain nearly constant so that the HF calcu-
lations invoking Koopmans’ theorem approximation can
predict the relative electron affinities quite well when adjusted
with a constant scaling factor.#® Nevertheless, one has to be
cautious when applying Koopmans’ theorem to predict the
electron affinities of the molecules since there are compli-
cations associated with the fact that the unfilled orbitals
corresponding to electron affinities are usually buried in the
continuum region. Therefore, as more diffuse basis sets are
used for calculations, the low-lying unoccupied orbitals may
actually correspond to discretized continuum states, not the
anion states.**5! Since extensive discussion on this subject
is beyond the scope of this paper, interested readers are
referred to the references for detail.4®-52

Although no experimental data are available at the present
time for phenethylamine and its derivatives considered in
the present study, it can be predicted that the magnitude of
the first electron affinities will be in the order phenethylamine
> dopamine > tyrosine > tyramine, as shown in Table V.
Once the electron affinity of one of these molecules is
determined experimentally, for example by using electron
transmission spectroscopy,®? then on the basis of the scaling
factor between the calculated and experimental values, the
electron affinities of the rest of the related molecules may be
predicted quantitatively.

(D) Total Atomic Charges. Parts a and b of Figure 9
show the total atomic charges of phenethylamine and tyrosine,
respectively, which were obtained from the Mulliken pop-
ulation analyses of the HF/3-21G calculations.3%" Figure9a
also includes the atomic ch obtained from the HF/STO-
3G calculations in parentheses.!! When relative atomic
charges are compared, there is little difference between the
two calculations except for the carbon atom, C4, which is
predicted to be negatively and positively charged according
tothe 3-21G and STO-3G calculations, respectively.!! Other
carbon atoms on the benzene ring (C1-C4, C5, and C6) are
all negatively charged with similar magnitudes. A carbon
atom on the ethylamine group, C7, is negatively charged and
the other carbon atom, C8, is less negatively charged due to
a larger electronegativity of the neighboring nitrogen atom
which is the most negatively charged atom of the compound.
In tyrosine, shown in Figure 9b, C1 is positively charged due
to the neighboring oxygen atom and the carbon atom C9 is
also positively charged due to the two neighboring oxygen
atomsin the carbonyl group. Since the nitrogenatom is more
negatively charged than the three oxygen atoms present in
the compound, other conditions being considered equal, the
nitrogen is the most likely atom predicted to be protonated.

(48) For example, see: Balaji, V.; Ng, L.; Jordan, K. D.; Paddon-Row,
M. N,; Patney, H. K. J. Am. Chem. Soc. 1987, 109, 6957-6969.

(49) Chao, J.S.-Y.; Falcetta, M. F.; Jordan, K. D. J. Chem. Phys. 1990,
93, 1125-1135.

(50) Falcetta, M. F.; Jordan, K. D. J. Phys. Chem. 1990, 94, 5666-5669.

(51) Falcetta, M. F.; Jordan, K. D. J. Am. Chem. Soc. 1991, 113, 2903~

2909.
(52) Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 341-348.
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(a) TOTAL ATOMIC CHARGES OF PHENETHYLAMINE

H H
025 0.26
(b) TOTAL ATOMIC CHARGES OF TYROSINE
Figure 9. Total atomic charges of (a) phenethylamine and (b) tyrosine.

It is very important to obtain information concerning the
protonated form of a molecule in order to understand the
structure—activity relationship. Inaddition to being the most
abundant form at the physiological value of pH = 7.4, the
protonated form is the main form of a molecule responsible
for its pharmacological responses by means of ionic interaction
between the cationic head and some anionic receptor site.!!
In order to further investigate these problems, studies on
protonated forms of phenethylamine and substituted phen-
ethylamines are in progress. :

CONCLUSIONS

The present study demonstrates the utility of the ab initio
computational method to study the structural and spectro-
scopic properties of biomolecules which are frequently difficult
to determine experimentally. Specifically, phenethylamine
and its derivatives are pharmaceutically and biologically
interesting molecules which have been studied by various
semiempirical methods. Using the ab initio method, struc-
tural and spectroscopic properties of these biomolecules have
been predicted and compared with those obtained by
semiempirical methods. Several stable conformers were
identified for phenethylamine, tyramine, and dopamine, and
their relative energies were predicted. In the case of phen-
ethylamine and tyramine, transition states were also iden-
tified.

In particular, two ethylamine-folded (d1 = 90.0° and d2 ~
60.0°) and one ethylamine-extended (d1 = 90.0° and d2 ~
180.0°) stable conformers were found for both phenethylamine
and tyramine, with the first two about 0.01 eV lower in energy
than the last one. While there is general agreement between
the results of ab initio calculations presented in this study
and those by several semiempirical methods, the ab initio
calculations yield more precise values for the two dihedral
angles that are responsible for the stability of the conformers.
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IR vibrational frequencies were reasonably well predicted
when the calculated frequencies were scaled down by 10% to
compensate for the deficiencies of the computational method
used in the present study. The capability to visualize a
vibrational mode responsible for a particular peak enh

(X-ray crystallography) may be important. In these cases,
direct comparisons between the experimental data and the
theoretical predictions are not possible. In order to further
investigate some of these problems, studies on protonated

henethyl and substituted phenethylamines are in

its usefulness for the assignment of the features in the IR
spectra. Invoking Koopmans’ theorem, the experimental
ionization potentials were quite accurately predicted whereas
calculated electron affinities need to be scaled in order to
predict the experimental values.

It is important to remember that, when comparing theo-
retical predictions with the experimental data, one has to
take into ideration the envirc t of the molecule. For
example, whereas the calculations are performed on molecules
in their free forms, approximately equivalent to their being
in the gas phase, molecules studied experimentally are often
present in highly perturbed condensed-phase environments
inwhich solvation effects (NMR) or crystal-packing efficiency

p y!
progress.
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Self-Modeling Mixture Analysis of Second-Derivative
Near-Infrared Spectral Data Using the Simplisma Approach

W. Windig" and D. A. Stephenson

Analytical Technology Division, Eastman Kodak Company, Rochester, New York 14652-3712

One of the major methods used to resolve spectral data by
self-modeling techniques requires the presence of pure
varlables. A pure variable Is a variable that has an Intensity
contribution from only one of the components In the data set.
For spectral data obtained In the near-infrared (near-IR) region
(ca. 1-2.5 um), pure varlables are often not avallable, due
to the width of the spectral peaks and the presence of a
baseline. The application of self-modeling mixture analysis
techniques has to be used with caution for these data. Inthis
paper, it will be shown that, despite the absence of pure
variables In near-IR data, it Is possible to resolve the data
properly by using the second-derivative spectra as an
Intermediate step. The basic technique will be demonstrated
with the recently developed SIMPLISMA (SIMPLe-to-use
Interactive Self-modeling Mixture Analysis) approach using
a simulated data set. A complete example Is given for a
five-component solvent mixture using near-IR data.

INTRODUCTION

Animportant part of the methods used to resolve mixtures
by self-modeling methods is based on the presence of pure
variables for each of the components. A pure variable (e.g.,
a wavelength for near-infrared (near-IR) data is a variable
that has intensity contributions from only one of the
components in the mixture. The pure variable concept is
based on the work of Lawton and Sylvestre,! Knorr and
Futrell,2 and Malinowski.>4 Gemperline et al.’¢ gave an
excellent review of these and related types of methods. To
facilitate the resolution of complex mixtures by a user-friendly,
interactive approach for a pure variable selection, the
SIMPLISMA (SIMPle-to-use Interactive Self-modeling Mix-
ture Analysis) approach was developed.”?

In cases where a data set does not contain pure variables,
resolution of the data results in pure component spectra that
show characteristic spectral features in an exaggerated way.?
This can be rationalized as follows: when pure variables are
not present, the individual calculated concentrations, which
are based on pure variables, contain contributions from other
components. In other words, the concentrations are “under-
resolved”. Using these under-resolved concentrations to
calculate the pure spectra from the original data results in
a compensation for the incomplete resolution giving “over-
resolved” spectra. The reasons for the absence of pure
variables are a high degree of spectral overlap, the presence
of a nonzero baseline, and commonly both. The purity of a

(1) Lawton, W. H_; Sylvestre, E. A. Technometrics 1971, 13, 617-632.
(2) Knorr, F. J;; Futrell, J. H. Anal. Chem. 1979, 51, 1236-1241.
@) Malmowskl E.R. Anal Chzm Acta 1982, 134, 129-137.
BES , E. R. Chemom Intell. Lab. Syst.
1989, 6, 21-29.

(5) Gemperline, P. J. J. Chemom. 1989, 3, 549-568.

(6) Hamilton, J. C.; Gemperline, P. J. J. Chemom. 1990, 4, 1-13.

(7) Windig, W.; Guilment, J. Anal. Chem. 1991, 63, 1425-1432.

(8) Windig, W.; Heckler, C. E.; Agblevor, F. A.; Evans, R. J. Chemom.
Intell. Lab. Syst. 1992, 14, 195-207.

(9) Meister, A. Anal. Chim. Acta 1984, 161, 149-161.
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variable is not an absolute requirement, though, as minor
under-resolution in the resolved concentrations and over-
resolution in the resolved spectra are acceptable for an
interpretation tool such as SIMPLISMA.

Tthas been shown that the use of first- and second-derivative
spectra can minimize the problems due to overlap and
baselines.!%!! Applications of derivative spectrometry in
combination with multivariate mixture analysis have been
described for least squares techniques,’? the adaptative
Kalman filter,’® and multivariate prediction and background
correction.l

This paper shows that second-derivative spectra can be
used as an intermediate step to resolve highly overlapping
components with a baseline problem. The principles will be
first demonstrated using a simulated data set. Then, a near-
IR data set of mixtures of five solvents, methanol, butanol,
acetone, methylene chloride, and dichloropropane will be
resolved.

MATERIALS AND METHODS

The following solvents were used to prepare the mixtures:
2-butanol, Aldrich Catalog No. 29,481-0; methylene chloride,
Aldrich Catalog No. 27,099-7; methanol, Aldrich Catalog No.
32,241-5; dichloropropane, Aldrich Catalog No.D7,218-2; Acetone,
Aldrich Catalog No. 27,072-5.

An orthogonal mixture design was used for the first of the four
components listed above. All possible combinations of the
fractional concentrations 10, 22.5, 35, 47.5, and 60% were used,
resulting in 70 different mixture samples. Every sample was
analyzed in duplicate, resulting in 140 spectra. The fractional
concentration of the fifth component is the amount to make the
fractional concentrations add up to 100%.

Care was taken to obtain anhydrous mixtures. Each of the
five component samples weighed a nominal 100 g. Samples were
weighed in a tared 250-mL amber bottle on a Sartorius Model
1409-C-MP7-2 balance. Weights were recorded to the nearest
0.01g. The balance was tared between each component weighed.
The bottle was capped after each component was added.

The instrument was a Pacific Scientific Model 6250 near-
infrared spectrophotometer. The wavelength range was from
1100 to 2500 nm with an increment of 2 nm, resulting in 700
intensities per spectrum. The cuvette path length was 1.0 mm.
Each sample was scanned 32 times. The raw spectra were
smoothed using an five-point moving average. This is done by
default in the manufacturers software. Second-derivatives were
calculated using the Pacific Sciencificsoftware. The parameters
used for this procedure were segment = 10 and gap = 0. These
settings are recommended by the instrument manufacturer as
the minimum smoothing needed to avoid noise in the second-
derivative spectra. This was experimentally verified. Further-
more, independent partial least squares studies on the second-
derivative data set (not shown) gave excellent correlations (r =
0.999) and predictions of (known) concentrations of an inde-
pendent data set, which also confirms the integrity of the second-
derivative data set.

(10) O'Haver, T. C.; Green, G. L. Anal. Chem. 1976, 48, 312-318.
(11) O’Haver, T. C. " Anal. Chem. 1979, 51, 91A-100A.

(12) Tahboub, Y. R.; Pardue, H. L. Anal. Chem. 1985, 57 38-41
13) Gerow,D D,; Rut,an S. C. Anal. Chim. Acta 1986 84, 53-64.
(14) Karstang, T. v, ; Kvalheim, O. M. Anal. Chem. 1991, 63, 767-172.
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The stored spectra was transferred into a Lotus spreadsheet
(Lotus Development Corp., Cambridge, MA), from which SIM-
PLISMA files were created.

THEORY

As was shown before,” a pure variable is based on the
variable with the maximum ratio of the standard deviation
to the mean. This ratio is called the purity and is given by
the expression

5

b; = wijiiiTa @

In this expression, p;; is the purity value of the variable (i is
the variable index), from which the jth pure variable will be
selected. f;and 5; represent the mean and standard deviation
of variable i. The constant « is added to the denominator of
eq 1 to give variables with a low mean value (i.e., in the noise
range) a lower purity value p;;. Typical values for a range
from 1 to 5% of the maximum of 2;. The weight factor w;;
is a determinant-based function that corrects for previously
chosen pure variables. The values of w;; depend also on the
value of a. For more details about this function, see refs 7
and 8.

The purity values as given in eq 1 are represented in the
SIMPLISMA approach in the form of spectra. Along with
the purity spectrum, the standard deviation spectrum is
available, described by the following equation:

8 = w6; (2)

This spectrum has more similarities with the original spectra,
has a well-defined relationship to the purity spectra, and is
used to facilitate the valiation of the pure variables. The
interactive process makes it possible to guide the pure variable
selection by changing the value for « (eq 1) in combination
with the option to exclude certain spectral ranges for the
selection of pure variables. This is especially useful since
pure variables may describe unwanted features in the data
get.27815

Once the pure variables have been determined, the data
set can be resolved into the pure components and their
contributions in the original spectra.? The principle for the
resolution of the spectra is as follows. The task of mixture
analysis is to express a data set as a product of a matrix
containing the concentrations and a matrix containing the
spectra of the pure components.

D=CR 3)

D is the matrix with the original data, its size is cv, where ¢
is the number of cases (spectra) and v is the number of
variables (wavelengths). The matrix C (size cn, where n is
the number of pure components) contains the concentrations
of the pure components in the mixtures. The matrix R (size
nv) contains the resolved spectra.

Because pure variables are directly proportional to the
concentrations of the pure components, their intensities can
be used in the matrix C, and since the matrix D is known,
the matrix R of the pure components can be calculated.
Although the pure variable intensities can be used directly
(after a normalization step) to calculate the concentrations,
it is better to use the newly calculated R in combination with
D to calculate C. In the latter case, a least squares
approximation of the concentrations can be obtained with
the inherent noise reduction. The thus obtained concen-

(15) Windig, W.; Lippert, J. L.; Robbins, M. J.; Kresinske, K. R.
Chemom. Intell. Lab. Syst. 1990, 9, 7-30.
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Figure 1. Three pure components of the simulated data set. Mixtures
are based on the data in Table I.
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Table I. Composition of the Mixtures of the Components
Given in Figure 1

fractional concentrations
mixture no. comp 1 comp 2 comp 3
1 0.34 0.34 0.32
2 0.44 0.23 0.33
3 0.48 0.25 0.27
4 0.20 0.35 0.45
5 0.21 0.51 0.28
6 0.22 0.54 0.24
T 0.44 0.37 0.19
8 0.17 0.54 0.29
9 0.33 0.05 0.62
10 0.19 0.37 0.44
35
|
|
3
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?
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Figure 2. First purity spectrum obtained from the simulated data set.

trations are in fact a projection of the second-derivative pure
variable intensities on the original data set. For details about
the procedure to calculate the spectra and concentrations,
see ref 7. Where replicate analyses of samples are available,
this information can be used for an additional noise reduction
in the results.?

RESULTS AND DISCUSSION

Simulated Data Set. To demonstrate the effect of the
absence of pure variables and the subsequent use of derivative
spectra, a simulated data set was created from the spectra
shown in Figure 1. Mixtures were created from these spectra
using the fractional concentrations listed in Table I. This
data set serves as a model for near-IR data that typically
contain peaks of varying width and substantial baseline shifts.
The first purity spectrum is shown in Figure 2. Since no
noise is present, the value of 0 was used for a in eq 1. The
pure variables for this data set are at 10, 75, and 25,
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Figure 3. Resowsdspecu-a(A)andlmcﬂomlconeomrsﬁms(B—D)
obtained on the simulated data set. The spectra show the typical
features of over—resolution. The fractional concentrations are clearly
under-resolved.

Table II. Relative Purities of the Pure Variables

component pure variable rel purity
Original Data Set
1 25 0.49
2 10 0.51
3 75 0.49
Second-Derivative Data Set
1 25 1.00
2 11 0.97
3 76 1.00

respectively. The resolved spectra are shown in Figure 3.
The characteristic patterns of over-resolved spectra are
evident, that is, the typical feature of that component are
present, but other regions are under-represented. The under-
represented regions are especially clear at the pure wave-
lengths. Recall that a pure wavenumber of a certain
component results by definition in a O intensity at that
wavenumber for the other resolved components. This re-
quirement is obviously not met for this data set.

The concentration plots of the resolved components are
shown in Figure 8B-D. The calculated values are plotted
against the values listed in Table I. There is a clear offset
present in all these curves, mainly due to the overlap caused
by the baselines of the other components. Clearly, the
concentration profiles are under-resolved.

The baseline problem and the overlap of the peaks can be
minimized by using derivative spectra. Although first- or
second-derivative or higher derivative spectra can be used,10-14
the second derivative was chosen for the approach described
in this paper. The reason is that SIMPLISMA is meant to
be an interactive tool for spectroscopists. As a consequence,
the transformed spectra should have recognizable spectral
features. As will be shown below, this is the case for second-
derivative spectra.
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Figure 4. Three pure components of the inverted second-derivative
simulated data set. Mixtures created are based on Table I.

The second derivatives of the spectra in Figure 1 are shown
in Figure 4. The sign of the second-derivative spectra in this
figure has been changed. This is done because it results in
positive peaks in the same locations where the original spectra
had their peaks, and it is therefore suitable for the interactive
SIMPLISMA approach. In order to avoid confusion with
the sign of the second-derivative spectra, the presentation of
the second-derivative spectra as given in Figure 4 will be
referred to as the inverted second-derivative spectra. As a
consequence, the positive regions of the inverted second-
derivative spectra are based on the negative regions of the
second-derivative spectra.

A comparison of Figures 1 and 4 shows that the baseline
is eliminated and that the peaks of the components are
considerably narrowed, resulting in an almost complete
elimination of the overlap. To obtain a quantitative measure
of the “relative purity” of the peaks, the intensity of each of
the pure variables was expressed as a fraction of the sum of
the (absolute) intensities of all three components (see Table
II). The determination of the pure variables of the inverted
derivative data is discussed below. From Table II it is clear
that there is a significant increase in the purity of the variables.

Aninverted second-derivative mixture data set of the three-
component model was created in the same way as the original
data set discussed above, i.e., by using the numbers of Table
Iin combination with the spectra in Figure 4. It isimportant
torealize that derivatives behave in alinear manner. Inother
words, the derivative of a mixture spectrum is the same as
the sum of the derivative spectra of the pure components. As
a consequence, the spectra obtained as described above are
identical to those obtained by calculating the inverted second
derivative of the mixture spectra of the original data set.

The inverted second-derivative spectra of the pure com-
ponents (see Figure 4) and the mixture spectra to be analyzed
by the SIMPLISMA approach (not shown) obviously have
both positive and negative regions. The pure variable
approach inherently assumes positive spectra and concen-
trations. Furthermore, to obtain data with “normal” spectral
features, positive intensities are highly desirable. One way
to deal with inverted second-derivative spectra is then to
simply ignore the negative regions of the spectra as given in
Figure 4. Before that is done, the implications of this
procedure need to be discussed. As can be seen in Figure 4,
thesecond component with a maximum at variable 11 contains
a negative contribution of the first component with a peak
at variable 25. This is entirely different from the original
data, where the overlap of components 1 and 2 results in a
positive contribution of component 1 to component 2, resulting
in under-resolved concentrations. Because of the negative
contribution of component 1 to component 2 in the inverted
second-derivative data set, the concentrations will be over-
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resolved. It will be clear, however, that inverted second-
derivative data exhibit significantly less overlap.

When we consider only the second component (peak at
variable 11), it is clear that, when there is a relatively high
amount of the second component and a relatively low amount
of the first component, the intensity at pure variable 11 of
the second component will be relatively accurate. Conversely,
when there is a relatively high amount of component 1 and
arelatively low amount of component 2, the intensity at pure
variable 11 will be heavily influenced by the first component.
This influence is a negative one and can result in a negative
intensity for that pure variable. However, since a negative
intensity at pure variable 11 is bound to be caused by an
overlap with the first component, setting negative values to
0 will give a better estimate of the concentration of component
2. This implies that ignoring the negative regions of the
inverted second-derivative spectrum for self-modeling mixture
analysis is a valid approach. One has to realize it is possible
that, due to the interaction of positive and negative contri-
butions, a certain component could have contributions only
in a negative region of the spectrum. Ignoring the negative
regions will then cause the loss of that component. Inpractice,
however, there is generally more than one peak for a
component, and it is unlikely that all these peaks will become
negative in the inverted second-derivative spectrum. Fur-
thermore, the components with only negative intensities in
the inverted second-derivative are far from pure and cannot
be properly calculated for just this reason.

It should be mentioned that there are several approaches
to obtain quantitative information from derivative spectra.1®
It is possible to include both parts of the spectrum by using
a baseline measurement. This, however, would basically
involve a baseline correction of the data. Because second-
derivative spectra are used to minimize baseline probl
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igir with pure
on the inverted second-derivative simulated data set. The spectra and
fractional concentrations are very close to the ideal values.

is a problem at the flanks of the peaks. The high purities at
the flanks are simply caused by round-off errors. The peak
centered around variable 25 does not have any contributions
fromany other component. Asaconsequence, all the variables
associated with that component should have exactly the same
purity value. Problems arise, though, for the very low intensity
variables at the flanks, which suffer from round-off errors,
resulting in high purity values and the ripple in the centers
of the peaks. There is another reason for high purity values
at the flanks, which is not very prominent for this data set,
but which plays an important part in the near-IR data set
that will be discussed in the next section. The reason is the
interaction of positive and negative contributions to the
variables. Because of this, peaks may have different widths
at the baseline (zero) level. This varying width also con-
tributes to high purity values at the flanks of the peaks. The
problem caused by low-intensity variables at the flanks of
the peaks can be solved by adjusting « in eq. 1. The effect
of using a value of 3% of the maximum mean value of the
variables for o results in the purity spectrum shown in Figure
5B, which clearly demonstrates the elimination of the high
purities at the flanks of the peaks. On the basis of this purity
spectrum, the pure variables 11, 76, and 25 were found for the
second, third, and first pure component, respectively.

The pure variable intensities established as described above
give a good estimate of the concentrations of the components
in the mixture spectra. To calculate the spectra of the pure
comp ts, the pure variables (based on the inverted second-

this is not an acceptable approach for complex data sets.
Furthermore, when there are baseline corrections which are
different for each spectrum, it generally causes more problems
than it solves for multivariate data analysis.

As a next step, the SIMPLISMA approach was applied to
the positive regions of the inverted second-derivative sim-
ulated mixture spectra. The first purity spectrum, with a
value of 0 for « is given in Figure 5A. It is obvious that there

derivative spectra) are now used in matrix Cin eq 3. For the
matrix D, however, the original (i.e., no derivative) data are
used. The use of the original data set is an important aspect
of this approach and gives it a certain robustness: possible
artifacts in the second-derivative pure variable intensities
will be minimized by the series of least squares calculations
used to calculate the spectra and the concentrations. This
results in the spectra shown in Figure 6A. These extracted
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Table III. Diagnostic Values*

pure variable rel int st dev spec successive ratios
Original Data
2240 100.0000 12.6631
2080 7.8969 45.7261
2408 0.1727 110.9451
1716 0.0016 69.1147
2276 0.0000 2142.6738
0.0000
Second-Derivative Data
2242 100.0000 2.1399
2302 46.7321 2.0782
2276 22.4873 2.1915
2250 10.2613 2.8786
2410 3.5646 7.9666
0.4474
a The first col the pure variable. The second col

D the total i ity of th dard deviation spectra, which
decreasee when a component is eliminated by accepting a pure
variable. The values have been made relative by scaling the first
value to be 100. The third column lists the successive ratios of the
values; e.g., the first value is the ratio of the first and second number
in the second Afterall ts all selected, the residual
standard deviation spectrum should have a total intensity of 0
(because of noxse it will always be higher). This results in a high
ratio, since one basically dividesby 0. Asa q ahigh ratio
is an indication of the number of components in the data set.

spectra are almost identical to the original pure-component
spectra given in Figure 1. Comparison with the extracted
spectra using the original data set in Figure 3A shows that
the improvement is significant.

In Figure 6B-D, the calculated concentrations of the
components are plotted against the values listed in Table L.
The improvement compared with the results obtained on the
original data set shown given in Figure 3B-D is again
significant.

Itisimportant to note that the concentrations of the second
component (Figure 6B) are systemically too low when
compared to the line on which the data points should lie in
the case of no error. This is because the pure variable of the
second component (variable 11) has negative contributions
from the first component. This problem is also expressed in
the relative purities given in Table II. As discussed above,
this results in over-resolved concentrations. Although the
other two components are 100% pure in the inverted second-
derivative spectra, minor deviations from ideal behavior are
observed. The reason is that the deviation from the ideal
behavior of the pure variable for the second component
(under-resolved) is reflected in the other components through
the combination of normalization and least squares procedures
used to calculate the results.”®

In summary, it was shown that the inverted second-
derivative spectra of mixtures eliminate baseline problems
and show significantly less overlap of the components. Asa
result, the use of pure variables based on the positive regions
of the inverted second-derivative spectra to resolve the original
data is significantly better than using pure variables of the
original data set.

Near-IR Data Set. By definition, self-modeling mixture
analysis approaches donot require referencespectra. Toshow
the feasibility of the approach discussed here, reference
spectra of the pure components are available to evaluate the
results but are not used in any way for the data analysis. The
original near-IR data set was analyzed by the SIMPLISMA
approach, using a value for « of 5% of the maximum mean
value. It was not trivial to analyze this data set, probably due
to the large baseline shifts. Low-intensity peak areas con-
sistently produced high-purity values, despite the use of high
values for  in eq 1. The diagnostic values listed in Table IIT

FIRST AND SIXTH

A PURITY SPECTRA
S0y
N
T
E
N
3 L
A
. A S e
2400 2600
C o | —6
FIRST AND SIXTH
B STDEV SPECTRA
7
N 6
Is
4
8 i
3
$2 Wl \
; ; hadVi NIIA PPN
2200 2300 2400 2600

== ==
Figure 7. Overlay plot of the first and sixth purity (A) and standard
deviation (B) spectra. The sixth purlty and standard deviation spectra
are dominated by high purities in the flanks of the peaks, which indicated
that no more useful information was present.

for the original data also reflect a nontrivial behavior.
Although the high ratio after selecting three pure variables
(110.9451) seems like a clear indication of only three com-
ponents in the data set, the purity spectrum clearly showed
that more information is present. After five components no
significant information seemed to be present, which is clearly
confirmed by the exceptional high ratio of 2142.6738. The
resulting spectra and concentrations will be discussed along
with the results using inverted second-derivative spectra.

As a next step, the positive regions of the inverted second-
derivative spectra were used for SIMPLISMA analysis.
Similar to the simulated data set, there were high purities at
the flanks of the peaks. Inaddition to the round-off problems,
there was a significant contribution to the high purities of the
flanks because of varying peak widths caused by interaction
of positive and negative contributions in the second-derivative
spectra of the components. An offset value of 10 for «
eliminated the flank problem, similar to Figure 5A,B. This
is a higher value than used previously.”® A high o may cause
problems for severely overlapped peaks, but with the use of
derivative data, the chance for highly overlapping peaks is
small. Aswith every data analysis technique, it is important
to check the validity of the results, with the assumptions of
the technique in mind.

After the determination of the proper value for «, the
procedure did not give any problems; i.e. no user interaction
was necessary to eliminate (inactivate) spectral regions for
the search of pure variables. It is important, however, to
realize the utility of the interactive approach for the deter-
mination of the proper value of a. The first five purity and
standard deviation spectra (not shown) clearly showed spectral
features easily recognizable by a spectroscopist. The sixth
purity spectrum, however, is heavily dominated by high values
at the flanks. In order to illustrate this, the first and sixth
purity and standard deviation spectra with an extended
wavelength scale are shown for comparison in Figure 7. At
this point, it was not possible to extract more information
from the data set. Inaddition, the diagnostic values in Table
III for the second-derivative data show a sudden increase in
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Figure 8. Resolved spectra obtained when pure variables of the original data set are used (A—E), the pure variables of the inverted second-derivative
data are used (F—J) and model compounds are used (K-N). The order of these spectra is based on the order in which the pure variables of the
Inverted

second-derivative data were determined.

the ratios of the standard deviation values, which is another
indication that the number of the components in the mixture
data set is 5.

After the original data setis resolved using the pure variable
intensities of the inverted second-derivative data, the spectra
shown in Figure 8 are obtained. Spectra 8A-E, produced
from the pure variable intensities in the original data set,
show the typical pattern of over-resolved spectra. Various
spectral regions are missing. There were significant negative
contributions in these resolved spectra that are not shown

which may also be an indication of over-resolution. Com-
parison with spectra of the model compounds (Figure 8K-0)
shows some similarities, but the similarities are not always
clear. The spectra obtained by using the pure variables
derived from the inverted second-derivative spectra (in
combination with the original data set) are given in Figure
8F-J). The similarities with the pure compounds in Figure
8K-O are clearly superior to the results obtained using the
original data set. It is clear, though, that the spectrum of
MeCl; obtained using the original data (Figure 8A) is
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on the original near-IR

Figure
data (A-E)and the inverted second-derivative data (F-J). Theintercepts
of the least squares line with the x-axis are given in Table IV.

Table IV. Intercept of the Least Squares Lines in Figure 9
with the Actual Concentration Axis

component original data derivative data
MeCly —46 10
butanol -70 11
MeOH -31 13
DiCl -94 12
acetone -150 10

comparable in its visual similarity with the spectrum of this
same component obtained using the inverted second-deriv-
ative data (Figure 8F), although the “gap” at about 2300 nm
between the two main peaks is a clear sign of over-resolution.

As the relative concentrations will show, there is still some
overlap in the inverted second-derivative data. As a conse-
quence, the spectra obtained using inverted second-derivative
data are under-resolved, which is the likely reason why the
resolved MeCl; spectrum in Figure 8F has a baseline. Some
possible under-resolution effects can also be observed since
there are intensities around 2100 nm in Figure 8F,I, which
are not present in the spectra of the pure components.

The extracted relative concentrations of these components
in the two data sets are shown in Figure 9. The plots of these
values against the known values show a clear under-resolution
for the results obtained using the inverted second-derivative
data (Figure 9A-E), since the values are toohigh. Therelative
concentrations of butanol show clear deviations from the
expected relation. The extracted concentrations based on
the inverted second-derivative data show a much better
relationship with the known concentrations. The correlation
coefficients are all better than 0.98. Furthermore, the
concentration profiles do not show any significant deviation
from a nonlinear behavior. It is obvious, though, that these
results are under-resolved, because the least squares line
through these data has a negative intercept. This was to be
expected, since all the pure variables had negative values,
indicating an overlap. As explained above, these negative
values were set to 0. Comparing the intercepts of the results
in Figure 9A-E with 9F-J shows that the variables of the
inverted second-derivative spectra are clearly much more pure
than the pure variables obtained from the original data set.
To give a concentration-based value to compare the purity
of the results, the intercept with the concentration axis is
listed in Table IV.

As can be seen, there are some negative intensities in the
relative concentrations obtained using inverted second-
derivative data (see Figure9). Although it is possible to make
the values positive in an iterative approach similar to those
of Gemperline'® and Vandeginste,!” there is no guarantee that
forcing the minor negative values of the data to 0 results in
a better estimate of the relative concentrations of the
components. Therefore, this approach was not further
pursued.

CONCLUDING REMARKS

It was shown that the positive regions of inverted second-
derivative spectra are useful for resolving highly overlapping
data with baseline problems. The results of using the second-
derivative data yield resolved spectra that are very similar to
pure component spectra and are clearly better than those
obtained using the original data. Similary, the concentrations
derived using derivative spectra also show a clear improvement
over those obtained with the original data.

There are some possible problems with the approach
discussed above. Components may be lost using only the

(16) Gemperline, P. J. J. Chem. Inf. Comput. Sci. 1984, 34, 206-212.
(17) Vandeginste, B. G. M., Derks, W.; Kateman, G. Anal. Chim. Acta
1985, 173, 253-264.
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positive regions of the inverted second-derivative data.
Another problem that may arise using derivative spectra is
that information can be lost about very broad peaks. Noise
sensitivity of derivative spectrais also well-known. Therefore,
some sort of data smoothing, as was used for the data set
described above, is often applied before or during calculation
of the derivative spectra. Since smoothing results in in-
creasing the overlap of the peaks, minimal smoothing is
required. Further research will investigate how different
methods for calculating and smoothing second-derivative
spectra affect the self-modeling mixture analysis process.
The limited research that was done until now shows that
the method is rather robust with respect to variations in the
calculation of the second derivative spectra. This is very
likely due to the fact that, although the pure variable
intensities were obtained on the second-derivative data, the

original data set was resolved using a series of least squares
approximations. This results in a certain robustness of the
approach with respect to possible artifacts in the second-
derivative data.

ACKNOWLEDGMENT

Charles Appell is gratefully acknowledged for discussions
concerning the application of derivative spectra to mixture
analysis. Tom Kaltenbach provided supporting data analysis
and discussions. John Paul Twist provided the solvent
mixture design, and Neil Redden performed all experimental
work.

RECEIVED for review March 23, 1992. Accepted August 7,
1992.



Anal. Chem. 1992, 64, 2743-2750

2743

Simultaneous Measurement of the Atomic and Molecular
Absorption of Aluminum, Copper, and Lead Nitrate in an

Electrothermal Atomizer
Judy Ratliff and Vahid Majidi*

Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506

The transient molecular and atomic specles produced in an
electrothermal atomizer are probed by back-lighting a graphite
furnace with continuum emission from laser-induced plasmas.
The atomic absorption Is measured simultaneously along with
the molecular absorption by passing the emission from a hollow
cathode lamp through the furnace in the opposite direction
from the continuum propagation. Laser plasma sources exhibit
a substantial Improvement in UV emisslon Intensitles over
more conventional sources, permitting good time resolution
for monitoring transient molecular specles. The simultaneous
atomic and molecular absorption spectra obtained from the
atomization of AI(NO;);, Cu(NO;),, and Pb(NO;), In both
tantalum-lined and unlined furnaces are lllustrated. The
molecular specles produced in a heating cycle and their
relationship to the appearance of the atomic specles Is
presented. By monitoring the atomic and molecular species
formed during the atomization cycle, we have observed a
more complete thermal history of the formation and dissoclation
of translent species In electrothermal atomizers.

INTRODUCTION

Graphite furnace atomic absorption spectroscopy (GFAAS)
has a primary analytical advantage in that its detection limits
are typically 2 orders of magnitude better than either flame
atomic absorption spectroscopy or inductively coupled plasma
atomic emission spectroscopy. The disadvantages arise
mainly from interference by refractory compounds and matrix
molecular absorption.! There are numerous atomization
mechanisms proposed for GFAAS; however, data collected
nonintrusively which identify the molecular species generated
during a heating cycle are scarce.

GFAAS is used because of its sensitivity, but some of the
elements of interest are prone to interferences. These
interferences arise because many gas-phase chemical reactions
can occur during the heating cycle which changes the free
atom density within the furnace. These vapor-phase inter-
ferences occur when analyte atoms combine with interferents
after entering the vapor phase.2 This may tie up the analyte,
making it undetectable at the sampled wavelength, or the
interferents may have a molecular band which contributes to
an increase in the absorption signal seen for the analyte. More
information on the species generated in a furnace is needed
in order to develop a better understanding of the mechanisms
by which atomization proceeds. The gas-phase molecular
species that evolve with the free atomic species should be
identified by nonintrusive techniques. The identification of
gas-phase intermediates involved in the atomization/vapor-
ization process may lead to enhanced detection limits in

* To whom correspondence should be addressed.

(1) Slavin, W. Spectroscopy 1991, 6, 16-21.

(2) Tsunoda, K.; Haraguchi, H.; Fuwa, K. Spectrochim. Acta, Part B
1985, 40B, 1651-1661.
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GFAAS. Many studies have been carried out to identify the
gas-phase reactions which occur during electrothermal at-
omization. These include molecular absorption,3® mass
spectrometry,>!3 and mathematical modeling concerning
reaction mechanisms involved in desorption processes.l418
One proposed mechanism suggests that gas-phase species,
such as oxygen and carbon monoxide, influence the process
of analyte atom formation in a high-temperature furnace.'®
It has been postulated that oxygen and carbon monoxide
play a role in the reduction of an analyte according to oxide
dissociation and carbothermal reduction mechanisms.!® This
gaseous carbide mechanism for the reduction of oxides by
carbon (ROC) is based on two concurrent reactions:1?

M(g) +2C(s) > MC,(g)
MC,(g) + (2/y)M,0,(s/1) <> (1 + z/y)M(g) + 2CO(g)

In this proposed mechanism the first reaction occurs on the
surface of graphite and the second on that of the oxide.®
Holcombe suggested that this may not be the most probable
mechanism.®

By simultaneous monitoring of the atomic and molecular
absorption within a graphite tube the problems associated
with varying tube conditions from one firing to another such
as deterioration of the tube, variations in the heating rate, or
different day-to-day conditions can be overcome. The amount
of information collected with a diode array detection system,
such as the one used for these studies, improves the confidence
level of unknown measurements while increasing the precision
of the technique, as explained by Jones et al.20

3) 8S‘tedyk.h E. M,; Belyaev, Y. L; Ozhegov, P. L. Zh. Anal. Khim. 1979,
34 _

(4) Vago, E. E. V,; Barrow, R. F. Proc. Phys. Soc. 1947, 59, 449-457.

(5) Majidi, V.; R.atllff J.; Owens, M. Appl. Spectrosc. 1991, 45, 473~

476
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265
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Figure 1. Instrument diagram/setup: focusing lens (L); aperture (A);
beam splitter (BS); mirror (M); graphite furnace (GF); hollow cathode
lamp (HCL); carbon rod atomizer (CRA); optical multichannel analyzer
(OMA); plasma (P).

EXPERIMENTAL SECTION

Apparatus. A block diagram of the setup is shown in Figure
1. Molecular absorption was monitored by focusing the output
of a pulsed Nd:YAG laser (Model GCR-3, Spectra-Physics,
Mountain View, CA) at 1064 nm, approximately 100 mdJ (7-ns
duration), with a quartz lens (f = 127 mm) to form a plasma. The
plasma emission was then focused inside the graphite furnace
with a second quartz lens (f = 58 mm). The contents of the
furnace were subsequently focused by another quartz lens (f =
127 mm) onto the entrance slit of the spectrograph (Model 1234,
Jarrell-Ash, Franklin, MA). An iris was placed between the lens
and the furnace to block residual plasma emission and to reduce
interference from furnace emission. The spectrograph was
equipped with three gratings and an intensified photodiode array
detector (Model 1421BR-1024-G, EG&G Princeton Applied
Research, Princeton, NJ). The data acquisition and gating of
the photodiode array were accomplished through an OMA III
system (Model 1460, EG&G Princeton Applied Research, Prince-
ton, NJ) and a pulse amplifier (Model 1304, EG&G Princeton
Applied Research, Princeton, NJ). For these studies the pulse
window of the photodiode array was set to 10 us.

The atomic absorption was monitored by focusing the output
of an appropriate hollow cathode lamp into the center of the
furnace with a quartz lens (f = 65 mm). This point was
subsequently focused by a pair of lenses (f = 58 mm and f = 72
mm) onto the entrance slit of a monochromator (AA6 Varian
Techtron, Ltd., Springvale, Australia). The selected wavelength
was monitored with a photomultiplier tube (Type 1P28;
Hamamatsu Photonics K. K., Japan) and digitized by a 556-
series Keithley measurement and control system (Keithley
Instruments, Inc., Cleveland, OH).

The molecular and atomic species were generated in a tubular
graphite furnace (Model CRA-90, Varian Techtron, Ltd., Spring-
vale, Australia). The furnace was purged with argon flowing at
6 L/min to prevent oxidation of the graphite during the heating
cycle. Due to the open abomlzatlon configuration, the synchro-
nization of the ion ion, and data collection
were achieved by a delay/pulse generator (Model DG535, Stanford
Research Systems, Sunnyvale, CA). The delay generator pro-
duced a 10-Hz TTL pulse train synchronizing the laser pulse and
the OMA. The data collection was initiated at the onset of the
atomization cycle.

All instruments were controlled by an IBM PC, and after data
collection by the OMA and Keithley, information was transferred
through a GPIB bus to the IBM and stored on disks. Absorption
profiles were internally corrected, as suggested by Harnly and
Holcombe. 222

(21) Harnly, J. M.; Holcombe, J. A. J. Anal. At. Spectrom. 1987, 2,
105-113.

(22) Holcombe, J. A.; Harnly, J. M. Anal. Chem. 1986, 58, 2606-2611.

(23) Harnly, J. M.; Holcombe, J. A. Anal. Chem. 1985, 67, 1983-1986.

Table I. O ing P:

dry ash atomize temp

temp time temp time temp line ramp

element (°C) () (°C) (v) (°C)  (am) (°C/s)
Na 100 60 0-500 0-20 2500 589 700
Pb 100 60 0-500 0-20 2100 217 700
Al 100 60 0-500 0-20 2500 309 700
Cu 100 60 0-500 0-20 2100 324 700

for Experi ts

Reagents. Test solutions were prepared from appropriate
dilutions of a 5 X 10° mg/L stock solution of the nitrate salt of
the element of interest in deionized water.

Procedure. New furnaces were cleaned by heating to 3300
K in a 6 L/min flow of argon at least twice prior to collecting
data. Aftercleaning, they were water-cooled toroom temperature
before samples were introduced. Furnace emission profiles were
obtained daily and each time a new furnace was used. Furnaces
were also cleaned between sample runs. A 5-mL aliquot of the
desired sample was placed in the graphite furnace, and the heating
cycle outlined for each element in Table I was followed. At the
onset of the atomization cycle, the CRA-90 triggered the OMA
and the Keithley to collect data simultaneously. For each heating
cycle 40 wavelength-resolved spectra were collected during the
atomization cycle by the OMA and a 1000-point, time-resolved,
atomic absorption spectrum was recorded by the Keithley. At
least three separate sets of spectra were collected for each different
sample, concentration, and instrument setting used. The time
resolution for the OMA in these studies was 100 ms (dictated by
the 10-Hz repetition rate of the laser) and the wavelength
resolution 0.2 nm. A new furnace was used each time a different
element was examined. For the studies which utilized a tantalum
lining, a 0.05-mm-thick piece of foil (99.9+ %, Aldrich) was cut
and molded to the shape of the furnace.

The atomic absorption profiles were corrected for the 10-Hz
noise superunpoaed on them by the emission from the laser. This
was d by calculating the Fourier transform and
filtering out anything which occurs at 10 Hz. This sometimes
produced some artifacts which can be seen in the baseline of the
resulting spectra. A signal before and after this correction is
illustrated in Figure 2. This atomization cycle was collected at
a different ramp rate than the other cycles shown.

RESULTS AND DISCUSSION

Atomization mechanisms within a graphite furnace are not
clearly understood. To develop a better understanding of
the processes taking place in electrothermal atomization, a
reliable method of monitoring gas-phase species is needed.
The system used in these studies does this and has been
described in an earlier publication.5 Larger sample sizes than
those typically used in atomic absorption were used in these
studies. Atomization mechanisms observed for large samples
may differ from those seen for smaller samples. Three cases
would be expected to be seen in these studies: first, direct
and clean atomization of an analyte from the surface of the
furnace producing atomic absorption lines with no broad band
absorption; second, the desorption of the analyte from the
surface and subsequent gas-phase reactions which would
produce molecular species (in this case our system should
show an atomic species appearing first then molecular species
developing); third, appearance of a molecular species prior
to an atomic species which would then dissociate to form
atomicspecies. As atest of the features added to the original
system design, simultaneous molecular and atomic absorption
spectra of sodium iodide were collected (Figure 3). Nalisa
much-studied molecule with a UV spectrum readily avail-
able.2524-27 From this test, it was apparent that reliable and

(24) Giiger, S.; Massmann, H.; Gohary, Z. E. Chim. Acta Turc. 1976,
1-6.

(25) Culver, B. R.; Surles, T. Anal. Chem. 1975, 47, 920-921.

(26) Shekiro, J. M., Jr.; Skogerboe, R. K.; Taylor, H. E. Anal. Chem.
1988, 60, 2578-2582.

(27) Niemczyk, T. M.; Yin, I. H. Appl. Spectrosc. 1985, 39, 882-883.
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Figure 2. (A) Raw data collected with the photomultiplier tube showing
the emission of the laser superimposed on the furnace radiation. (B)
Photomultiplier data corrected by filtering out the 10-Hz emission of
the laser using Fourier transformation.

correct spectra of the transient gas-phase species, both atomic
(B) and molecular (A), present in the graphite furnace heating
cycle were being obtained. From Figure 3 molecular sodium
iodide can be seen appearing and disappearing concurrently
with atomic sodium. This indicates that the atomic sodium
observed is due to the dissociation of gas-phase Nal molecules.

All studies were performed using both an unlined tubular
graphite furnace and fully tantalum-lined graphite furnace.
The use of a tantalum lining did not appear to significantly
alter the gas-phase species observed as had been noted by
other researchers.282 L’vov et al. noted a difference in the
shape of signals observed in analyte vaporization from graphite
and tantalum platforms. Their studies showed a signal decay
rate for the Ta platform to be several times faster than for
the graphite platform. The data collected from lined and
unlined tubes is due mostly to the difference in the heating
rates of the two tubes. The tantalum-lined furnaces in our
studies did exhibit larger atomic and molecular absorption
signals than the unlined furnaces using the same amount of
analyte. This increase in signal intensity could be due to the
decrease in furnace cross-sectional area caused by the addition
of the tantalum liner.® An advantage in using the tantalum
lining might therefore be in enhancing the detection of
elements, including those that vaporize well from graphite

(28) Zatka, V. J. Anal. Chem. 1978, 50, 538-541.

(29) L'vov, B. V.; Nikolaev, V. G.; Novichikhin, A. V.; Polzik, L. K.
Spectrochim. Acta 1988, 43B, 1141-1146.

(30) Fonseca, R. W.; Giell, O. A.; Holcombe, J. A. Spectrochim. Acta
1990, 45B, 1257-1264.
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surfaces. This has been pointed out previously by L’vov and
co-workers.?

Copper. Studies performed by Wang et al. indicate that
copper oxide molecules are produced prior to atomic copper
in the atomization cycle of aqueous solutions of Cu(NO3),.”
The reaction mechanism suggested by their studies of the
copper atomization cycle is

Cu(NO,)y(s) = CuO(ads) — Cu(ads) — Cu(g)

It was also suggested that at higher concentrations than those
used in their studies a Cu dimer could possibly form in the
gas phase though their system did not allow for such an
interaction of the gas-phase copper. In monitoring the
atomization of copper using mass spectrometry, Wang et al.
observed a CuO* peak early in time (about 700 K).” Coin-
cident with that peak were signals from NO,* and O,* which
suggested that the Cu(NO3), being used was decomposing at
this temperature, releasing the oxide. Theirsystem was unlike
the tube-type graphite furnace atomizers, so gas-phase
collisions and readsorption of gasses onto the graphite surface
were minimal. Their studies indicate that the Cu was
adsorbed on the graphite rather than present as a copper
carbide since no CuC* or Cu,C above noise level was found.
Cup* and CuyO+ were observed early in time with nearly
identical peak shapes and coincident appearance times,
suggesting that they originated from the same source. Several
papers have supported the reduction of the oxide to elemental
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copper prior to atomization.3132 Mass spectrometric studies
suggest that surface-adsorbed copper is the precursor to
atomic Cu in the gas phase.’® Since CuO, NO,, and O, have
bands which appear in the areas being monitored, our system
should have detected them had they been present in the gas
phase.3® However, no molecular species were observed as
being present in the gas phase prior to the appearance of
atomic Cu. After atomic Cu had appeared and disappeared,
some molecular absorption was noted in the higher wavelength
region monitored.

Figure 4 shows the spectra collected during the atomization
of Cu(NOQs),. InFigure4A the molecular absorptionspectrum
collected in the lower wavelength ranges in an unlined furnace
is shown with the atomic absorption profiles for the unlined
(solid line) and a tantalum-lined (dotted line) furnace shown
in Figure 4B. The molecular spectrum obtained for copper
was relatively clean in the lower wavelength regions, showing
no observable molecular absorption. A weak atomic absorp-
tion line appeared in the molecular spectrum only when
Cu(NOy); crystals were used as the sample. No molecular
absorption was noted in this region regardless of the sample
sizesused. CuQ has band maxima between 400 and 500 nm.33
In Figure 4C the spectrum collected in this wavelength range
can be seen. Strong molecular species do appear in this area
but not until around 1400 K. It is unlikely that this species
is the CuO observed by Wang et al. because of its high
appearance temperature and the fact that it occurs after
atomic copper has disappeared. These molecular species
appear immediately after the atomic absorption signal for
Cu has disappeared. These species were also observed in a
Ta-lined furnace and appeared after the atomic species
disappeared, as had been noted for the tantalum-unlined
system.

Katskov detected the presence of Cu,C, during the atom-
ization of copper from a graphite substrate using a colorimetric
technique for the detection of acetylides.* The carbide,
Cu,Cy, is only stable at high temperatures and instantaneously
decomposes in air.®* This species arises in the gas phase,
according to Katskov’s research, and appears at 1400 K or
greater temperatures. The absorption at higher wavelengths
suggests that this species may be present; yet, it could not be
confirmed by another source. Weak copper molecular ab-
sorption systems may be present at the lower wavelengths.
However, no molecular absorption above background level
was noted.

A persistent interference around 464 nm appears through-
out the studies carried out in the higher wavelength range,
as can be seen in Figure 4C. This spectrum was collected in
a furnace which had been precleaned and had had no contact
with any other analyte. Furthermore, the concentration of
analytes required for them to be seen in these spectra is quite
high, around 1000 mg/L, and a contaminant of this magnitude
is unlikely to be present in the sample. This band was found
to correspond to an emission maximum on the plasma emission
profile, asseen in Figure 5. Itisthefluctuationsin the plasma
intensity over this region that are responsible for this
absorption artifact at 464 nm.

Lead. Several researchers have reported the appearance
of PbO early in time in relation to that of Pb when the thermal
desorption of Pb(NO;); is monitored using mass spectrom-
etry.31L13 Sedykh et al. monitored this process optically and
reported a second molecular species, in addition to the PbO

(31) Sturgeon, R. E.; Chakrabarti, C. L.; Langford, C. H. Anal. Chem.
1976, 48, 1792-1807.
(32) Smets B. Spectrochim. Acta, Part B 1980 35B 33— 42
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Figure 4. Plots of the absorption of a 5-ug sample of Cu(NOg),. (A)
Molecular absorption as a function of time and wavelength for Cu(NOa),
between 180 and 324 nm. (B) Atomic absorption profiles for Cu
collected at 324 nm from an unlined (solid line) and a tantalum-lined
(dotted line) furnace. The solid line is the atomic absorption spectrum
collected simultaneous with (A). (C)Molecular absorption as a function
of time and wavelength for Cu(NOs), between 349 and 493 nm.

they observed, which they attributed to Pby.3 Their assign-
ment of this species was confirmed by Huber and Herzberg.?35
This second species which they observed appeared coincident
withatomic Pbintheirstudies.? Ininvestigating the Pb(NO3),
vaporization mechanism, Bass and Holcombe found evidence
that Pb(NO;),; decomposes at 550 K to form a surface-bound
Pb0.11 This PbO was subsequently reduced to form atomic
Ph.&1t

(33) Pearse, R. W. B.; Gaydon, A. G. T of M l
Spectra, 3rd ed.; John Wlley and Sons Inc New York, 1963.

(34) Katskov, D. A_; Grinshtein, L. L. Zh. Prikl. S’pektrosk. 1981, 36,
181-185.

(35) Huber, K. P; Hmberg, G. Molecular Spectra and Molecular
Structure-Ci of D Van Nostrand Reinhold
Company: New York, 1979.
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Figure 5. Plot of the laser emission profile used as the continuum
source for collecting spectra in higher wavelength regions.

Itis well-known that in GFAAS Pbisnot lost as PbO during
nitrate decomposition because the lead recondenses on the
graphite surface as a result of multiple surface collisions with
the wall. Bass and Holcombe’s mass spectrometric data
contained two peaks for Pb* in the vacuum vaporization of
Pb(NOs),.8 Itishypothesized that the first peak was produced
by the shattering of the nitrate salt deposited on the graphite
substrate, and the second peak, from the reduction of PbO
which was adsorbed on the graphite surface.® PbO was further
believed to recondense on the graphite surface during the
nitrate decomposition and then be reduced to form Pb(g)
around 800 K.8 Since their studies did not detect Pb,™, it is
possible that Pb, could be produced in a gas-phase reaction
since it has not been detected in studies which minimize gas-
phase reactions but does appear in studies which are
performed at atmospheric pressure.

Our lead studies yielded very interesting results. As seen
in Figure 6A, early in the atomization cycle of lead, four band
heads were observed. This species was present in both lined
and unlined furnaces and with ashing at 800 K or without
ashing. These band heads appear around 194, 204, 214, and
225 nm. This species appears at about 1.3 s in the unlined
furnaces and around 1.5 s in the tantalum-lined furnaces, as
seen in Figure 7A,B, respectively. This quartet disappears
at the same time for both the unlined and lined furnaces,
around 2.1 s. As shown in Figure 7C, no atomic absorption
is apparent at this time and does not appear until 2.3 s into
the atomization cycle. Around 2.3 s into the atomization
cycle of Pb(NOj3)s, Pb atomic absorption lines are prominent
in their appearance (Figures 6B and 7A,B). A second
molecular species was observed to appear concurrently with
the atomic Pb lines.

The molecular spectra in Figure 7A,B show the evolution
of a molecular species prior to the appearance of the atomic
species and a subsequent molecular species which appears
with the atomic species. The first molecular species appears
early in time in the wavelength range given by Herzberg and
monitored by Sedykh and Vago for Pb0.343536 The absorp-
tion observed for the earlier molecular species in our studies
was not coincident with the atomic absorption signals which
were collected simultaneously (Figure 7C). All of this
indicates that this species is PbO.

We do not believe that the quartet band observed early in
the atomization cycle for Pb(NO3), belongs to NO molecules,

XEO e
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Figure 6. (A) Quartet band observed for a 5-ug sample of Pb(NOs),
at 900 K into the heating cycle. The band heads appear at 194, 204,
214, and 225 nm, respectively. (B)Second molecular species observed
during the atomization of Pb(NO;), with atomic absorption lines for Pb
superimposed on it. This cross section Is from around 1700 K into the
atomization cycle of Pb(NO5),. The two atomic lead lines appear at
217 and 283 nm.

as suggested by L’vov et al.3” This is because it is absent in
the atomization cycles of the other nitrate salts sampled and
because PbO has been detected at this time and temperature
by mass spectrometric and emission studies performed by
other researchers,11:13,3

The second molecular species arises concurrently with the
lead atomic absorption lines and could be due to the formation
of Ph,. This species observed coincides with the wavelength
range observed by others for Pb; and could be the product
of gas-phase reactions within the graphite furnace which
produce the lead dimer.235 This molecular species appears
when the atomiclead appears and disappears when the atomic
lead disappears from the gas phase, suggesting more strongly
that this species might indeed be Pb, and be the result of a
gas-phase reaction of the lead.

The only difference noted when the atomizations of
Pb(NO;); from lined and unlined furnaces are compared
appears to be that the tantalum lining causes the appearance
of molecular and atomic species to shift to later times. Also,
the absorbances noted in the tantalum-lined furnaces appear
to belarger than those for unlined furnaces. The atomization
mechanism for Pb(NOs), appears to be the same whether a
tantalum lining is used in the furnace ornot. The observations
presented thus far indicate the following mechanism for the
atomization of lead from a graphite substrate. This mech-

(36) Sturgeon, R. E.; Willie, S. N. J. Anal. At. Spectrom. 1992, 7, 339
342.

(37) L'vov, B. V.; Ryabchuk, G. N. Zh. Prikl. Spektrosk. 1980, 33,
1292.
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Figure 7. Plots of the absorption of a 5-ug sample of Pb(NO3), with
and without a Ta lining in the furnace showing a molecular species
arising around 900 K with band heads at 194, 204, 214, and 225 nm.
A second molecular species appears coincident with two atomic lead
lines. The atomic lead lines are at 217 and 283 nm. (A) Molecular
absorption as a function of time and wavelength for Pb(NO3), in an
unlined furnace. (B) Molecular absorption of Pb(NOs), as a function
of time and wavelength in a completely Ta-lined furnace. (C) Atomic
absorption signals of Pb collected at 217 nm simultaneously with (A)
(solid line) and (B) (dotted line).

anism is one which has been suggested previously by other
researchers;$11.13
Pb(NO,),(s) = PbO(ads), PbO(g) — Pb(ads) —
Pb(g) — Phy(g)
Aluminum. In studying the atomization mechanism of

aluminum, L’vov and co-workers observed a band maxima at
255 nm and a 233-nm band minimum (between 214- and 255-
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Figure 8. Plots of the absorption of a 5-.g sample of ANO3)s. (A)
Molecular absorption as a function of time and wavelength for A(NO;)s
between 180 and 324 nm. Atomic aluminum lines appear alone and
superimposed on the molecular species at 237, 256, and 309 nm. (B)
Molecular absorption as a function of time and wavelength for Ai(NO;)s
between 349 and 493 nm.

nm bands) which were not present when samples were
vaporized from a Ta-foil-lined surface. They assigned the
band that appeared around 255 nm to absorption by Al,C,
but did not confirm the absorbance band they observed with
another source.®® L'vov et al. explain spike formation in
absorption signals, from the slow vaporization of Al, as gas-
phasereductions of oxides by carbides (ROC).?® They support
this hypothesis by the absence of such spikes in experiments
performed with tantalum linings. The atomization mecha-
nism proposed by these researchers is3®

Al(g) + 2C(s) — AlC,y(g)

1.5A1C,(g) + ALO,(s) — 3.5Al(g) — 3CO(g)

The observations of Holcombe et al. using mass spectrometry
did not support such a mechanism.® According to their mass
spectral data, the assumptions and experimental results used
indicated the possibility of ROC involvement but were
insufficient to prove the mechanism. In their studies atom-
ization was performed in vacuum (5 X 10-7 Pa) using aluminum
nitrate samples. They found that the greater abundance of
an aluminum monocarbide appeared prior to atomizationand
was the more abundant species present when high heating
rates were used. Less intense signals from AlL,C* were

(38) L'vov, B. V.; Romanova, N. P.; Polzik, L. K. Spectrochim. Acta,
Part B 1991, 46B, 1001-1008.

(39) L'vov, B. V.; Polzik, L. K.; R , N. P.; Yuzefovskii, A. L J.
Anal. At. Spectrom. 1990, 5, 163-169.
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Figure 9. Plots of the absorption of a 5-ug sample of Al(NO3); with
and without a Ta lining in the furnace. Atomic aluminum lines at 394.5
and 396 nm appear as one peak. (A) Molecular absorption as a
function of time and wavelength for ANOs); in an unlined furnace. (B)
Molecular absorption of ANO3); as a function of time and wavelength
in a completely Ta-lined furnace. (C) Atomic absorption profiles of Al
collected simuttaneously with (A) (solid line) and (B) (dotted line).

observed in conicidence with the free Al peak intensity near
2600 K. Holcombe et al. observed a weak Al,C,* mass
spectrometric signal that was about 3 orders of magnitude
smaller than that for Al when both species were ionized.®
Intense Al; and Al,O signals were observed coincident with
free Al. Their studies indicate that ionizer-induced frag-
mentation of Al,O was not responsible for the Al, signal, since
a strong dimer signal occurred even when the ionization
electron energy was reduced to above the oxides’ appearance
potential. Species absent during the vaporization in their
studies include AIC, Al;0,, AlO, and AlQ,.8
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Figure 10. Cross sections from each of the wavelength ranges
monitored for the atomization of a 5-ug sample of AKNO;); taken at
the same point in time, around 2500 K into the atomization cycle of
the sample. (A) Cross section between 180 and 337 nm. An atomic
Alline at 309 nm can be seen coincident with a much larger molecular
absorption. (B) Cross section between 272 and 432 nm. Atomic
aluminum lines at 394.5 and 396 nm appear as a doublet. (C) Cross
section between 381 and 541 nm. Atomic aluminum lines at 394.5
and 396 nm appear again, but the line at 394.5 nm has diminished in
size because of its placement on the photodiode array detector.

Our results show molecular absorption by multiple species
when monitoring the atomization of Al(NOj)3;, as seen in
Figures 8 and 9. Aluminum atomic absorption lines at 237,
256, and 309 nm appear in the molecular spectrum around
2700K, as can be seen in the cross sections of each wavelength
area studied in Figure 10A—C. Similarspectra were collected
for the atomization of aluminum from a tantalum-unlired
and completely tantalum-lined furnace (Figure 9A,B). The
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difference in the spectra collected from the unlined furnace
and the lined furnace appears to be the same difference
observed for lead. The atomic and molecular species in the
lined furnace appear at later times than those in the unlined
furnace. This difference is easier to see when the atomic
absorption spectra in Figure 9C are compared. The atomic
absorption observed for aluminum in an unlined furnace (solid
line) appears earlier and gives a lower absorption signal than
the same amount of analyte in a tantalum-lined furnace
(dotted line). The atomic absorption lines prominent in the
molecular spectrum appear around 2200 K and disappear
around 2700 K.

The aluminum lines observed appeared by themselves and
superimposed on molecular species. Multiple aluminum
atomic absorption lines were detected; from Figure 8A peaks
around 237, 256, and 309 nm can be seen. All of these peaks
appeared in the same temperature range. All atomic ab-
sorption lines in the molecular spectrum appeared at the same
time and disappeared at the same time.

Our studies suggest that, more or less, the same molecular
species are present (i.e. the same mechanism occurs) with
and without a tantalum lining. The only difference between
the absorption profiles shown in Figure 9 is that the tantalum-
lined furnace appears to lag the atomization from the unlined
furnace. The difference in atomization cycles could be
explained by the difference in heating rates between the
graphite furnace and the fully tantalum-lined graphite
furnace.

Our studies show absorption by several molecular species,
which are likely oxides in Figures 7 and 8. Because of the
similarity in appearance temperatures and the overlap of
wavelengths, we have not been able to identify them. The
strong molecular species which appear in the lower wavelength
range has been attributed to Al,C; by L'vov et al. and Tittarelli
et al.33-40 This assignment is made because the species they
saw in this area during the atomization cycle of AI(NOj)3
from a graphite furnace was not observed by them with
atomization from a tantalum-lined furnace. Our results did
not indicate this. The species we observed in the area
monitored by other researchers for Al,C, did yield a strong

(40) Tittarelli, P.; Biffi, C. J. Anal. At. Spectrom. 1992, 7, 409-415.

molecular absorption.34° This species appeared when an
unlined furnace or a tantalum-lined furnace was used, leading
us to believe what we were observing was not a carbide. Huber
and Herzberg and Pearce and Gaydon show that AlO absorbs
in this area.?335 Therefore, a more probable mechanism for
the atomization of aluminum nitrate in an electrothermal
atomizer appears to be

AI(NOy); — Al_.0, ,(ads), AL, 0.

x-n y-m

(8) ~ Al(ads), Al(g)
where n and m can take any integer value.

CONCLUSIONS

The atomization cycle of copper was not followed effectively
with this system. The species expected to be seen were not
observed. The copper was also different than the lead and
aluminum examined in that no atomic absorption lines could
be seen in its molecular spectrum without using copious
amounts of sample. The lead samples show strong absorption
by two molecular species; the first appears to be PbO, and
the second, Pb,. The identity of the molecular species which
appeared in the lead studies was confirmed by literature
values. In monitoring aluminum atomization cycles, our
results show many molecular species appearing in both a lined
and unlined furnace which we have not yet identified.
However, since several different species appear which are
dynamically changing, this indicates that there are extensive
gas-phase reactions occurring within the graphite furnace.
Aluminum atomic absorption lines could be seen coincident
with molecular species; however, molecular species were
present prior to and after the appearance of the aluminum.
Clearly, the atomization mechanism for aluminum is more
complicated than those of the lead and copper nitrates
examined and requires further study.

Received for review April 1, 1992. Accepted August 14,
1992.
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The purpose of these studles was to examine the axial evolution
of the negative glow In a hollow cathode discharge. The
time-average negative glow profiles along the central axis of
a hollow cathode were recorded for 81 pulse widths over the
range of 5-25 us In Increments of 0.25 us at a constant
Interpulse delay of 206.4 us. Subsequent numerical processing
ylelded the Instantaneous negative glow profile. The negative
glow was viewed through a mesh-covered siot along the length
of the hollow cathode. The negative flow profiles were Imaged
using a vidicon video camera. A PC-based frame grabber
digitized the video Images and stored them for subsequent
processing.

INTRODUCTION

The hollow cathode discharge (HCD) is a significant
excitation source for atomic emissionspectroscopy. Although
the hollow cathode effect was recognized in 1916 by Paschen,!
its application as an emission source for the analysis of solution
residues has been minimal at best. In the HCD, the sample
issputtered into the plasma whereitis excited. Thesputtering
process for such samples is poorly understood; as a result, the
precision has been unacceptable at the 10-30% range. On
the other hand, sputtering as related to the development and
operation of vacuum tubes was studied extensively and
understood sufficiently for the development of these devices
in the 1930s. The production of certain semiconductors also
required the development of sputtering technology for their
production. The required technology was developed under
the pressure of the need and advantages of semiconductors
over tube electronic devices. Such is the case for the HCD
as an emission source. Therole of sputtering in the analytical
HCD must be understood if it is to realize its capabilities.

Recent work in this laboratory has focused on improving
the HCD as a dc analytical source.2* In these efforts, the
analytical sample is typically sputtered from the hollow
cathode within a second with the majority of the analytical
signal occurring in the first few milliseconds. Advantages of
operating the HCD in the pulsed mode have been recognized
for some time, and analytically optimal parameters have been
empirically determined for some hollow sizes.>7 Optimal
pulse widths within a narrow range of 7-11 us and an optimal

(1) Paschen, F. Ann. Phys. 1916, 50, 901.

(2) Ryu, J. Y;; Davis, R. L.; Williams, J. C.; Williams, J. C., Jr. Appl.
Spectrosc. 1988, 42, 1379-1387.

(3) Chen, Fu-yih; Williams, J. C. Anal. Chem. 1990, 62, 489-495.

(4) Tseng, d. L.; Williams, J. C.; Bartlow, R. B.; Griffin, S. T.; Williams,
J. C., Jr. Anal. Chem. 1991, 63, 1933-1942.

(5) Dawson, J. B.; Ellis, D. J. Spectrochim. Acta 1967, 23A, 565-569.

(8) Caroli, S. Improved Hollow Cathode Lamps for Atomic Spec-
troscopy; Ellis Horwood Ltd.: Chichester, 1985; pp 52-73.

(7) Borkowska-Burnecka, J., Zyrnicki, W. Spectrosc. Lett. 1987, 20,
795-803.

0003-2700/92/0364-2751$03.00/0

pulse frequency of 5 kHz have been reported.® Pulses this
short in duration may not allow the normal steady-state dc
discharge to be established due to the inductive character of
thedischarge. Thus, proper application of a pulsed discharge
to the analysis of solution residues requires a deeper under-
standing of the early evolution of the HCD for both the dc
and pulsed modes.

Although the evolution of the negative glow in a hollow
cathode discharge has been determined from the frontal
view,%10 no such work examining the axial evolution of the
negative glow in a hollow cathode discharge is known to the
authors. Inthestandard deposition techniques for the micro-
HCD the sample is deposited in the very bottom of the hollow
cathode.2* Based on oscillographs presented here, the
discharge in the pulsed micro-HCD begins as a planar
discharge on the unshielded face of the hollow cathode and
subsequently evolves into the hollow. Thisisan axial motion
whose exact nature and time of arrival at the sample is of
significant analytical interest. Therefore, the efforts reported
here concentrate on the axial evolution of the HCD in a time
frame compatible with the previously determined analytically
optimum pulse widths of 10’s of microseconds. Aswith other
temporal studies,® the axial evolution of the discharge inside
the hollow was observed by monitoring optical emission
signals. Thus, results should be directly comparable.

This experiment determined the spatial emission intensity
along the major axis of the HCD versus time. This was
accomplished by cutting an axial slot in the hollow cathode
and covering it with a very fine metal mesh. This mesh
prevented disturbance of the discharge by the slot but allowed
asignificantly attenuated optical signal to pass through. Time-
averaged axial temporal profiles of the negative glow were
recorded with an imaging system which consisted of a video
camera, collecting optics, a frame grabber, and a PC for control
and data processing. The slot was imaged from a distance
with a narrow field of view so that only light directly behind
the slot was viewed by the camera.

The discharge was pulsed with a fast current controlled
switchrecently described.* The length of the pulse is referred
to here as tpw. The period between pulses is referred to as
tpp. As shown in a section below this serves as an effective
gate of period tpw for the discharge emission. Thus, the
imaging system recorded the emission intensity time inte-
grated over the gate width tpw at each point along the HCD
axis. By recording incremental gate widths and numerically
differentiating the results the time evolution of the discharge
emission intensity at each point on the HCD was determined.

(8) Caroli, S. Improved Hollow Cathode Lamps for Atomic Spec-
troscopy; Ellis Horwood Ltd.: England, 1985; pp 63-65.

(9) Hebner, G. A.; Verdeyen, J. T. The Spatial and Temporal Evolution
g:f" ;htle 3(.‘élow in an RF Discharge. IEEE Trans. Plasma Sci. 1986, PS-14,

(10) De Jong, G. J.; Piepmeier, E. H. Spectrochim. Acta 1974, 29B,
159-177.

© 1992 American Chemical Society
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Figure 1. An overview of the apparatus used in this experiment.
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Figure 2. An exploded view of the hollow cathode assembly used in
this experiment.

Since differentiation is a noise-enhancing process high signal-
to-noise ratios were required and obtained. System linearity
required for quantitative results is developed and demon-
strated below.

EXPERIMENTAL SECTION

The initial experimental efforts concentrated on the con-
struction and validation of the instrument, which was custom
built using a mix of commercial and custom components.

A. Instrumentation Details. A schematic diagram of the
experimental apparatus used to examine the evolution of the
negative glow is shown in Figure 1. The hollow cathode and the
anode were enclosed in a vacuum-tight enclosure consisting of
a !/4-in.-0.d. borosilicate tube with the ends sealed by rotatable
flanges (2 1/s-in. Conflat, 304 stainless steel) and Viton gaskets.
The vacuum/gas system consisted of a two-stage vacuum pump
capable of a minimum pressure of 0.1 Torr, a tank of zero-grade
argon, and a needle valve to set the gas inflow rate. A gas filter
(Millipore Wafer-Gard, Bedford MA) cleaned the gas coming
from the tank. Pressure was measured with a thermocouple
vacuum gauge (Varian Associates 871, Lexington MA) attached
to a static port on the discharge chamber.

Hollow Cathode. Figure 2 depicts an exploded view of the
hollow cathode assembly. The view slot permits an axial view
of the negative glow inside the hollow cathode. The range of
visibility extends from the base of the hollow to near the mouth
of the hollow where it is blocked by the Viton insulator. The
discharge was prevented from escaping through the view slot by
a wire mesh (250 X 250 wires/in., 304 stainless steel, 36 % open
area) cover held between the demountable cathode and the
cathode holder. The demountable cathode was a section of /-
in.-0.d. tubing (304 stainless steel, 1.1-cm i.d.) with a slot milled
along most of its length. This assembly was attached to the
rotatable blank of the Conflat flange.

The insulators ensured that the discharge was confined to
inside the hollow. The Viton insulator was press-fitted around
theend of the cathode holder. It fitsnugly against the borosilicate

tube and formed a discharge barrier. The quartz insulator was
held against the face of the cathode holder by radial pressure
from the Viton insulator. This insulator prevents discharge to
the cathode surface it covers. However, the diameter of the
opening in the quartz is slightly larger than the hollow diameter,
leaving a small band of planar cathode surface open to the
discharge. The bottom surface of the hollow could be viewed
directly through theslot. The hollow was 24 mm deep. However,
the top 5 mm showing the cathode mouth was obscured by the
Viton insulator.

Discharge Electronics. The two transistors and unlabeled
resistor in Figure 1 symbolize a regulated current switch. The
operation of this circuit has been described previously in detail.*
It was shown there that the rise time of the resistive load current
of 3 us was 1 order of magnitude shorter than the approximately
80-us rise time of a discharge load. The time constants of the
exponential current decay observed at turn-off were 0.7 and 16
s, respectively, for resistive and discharge loads. Therefore,
the discharge rise time of this electrical construction is limited
by the discharge characteristics and not the electronic behavior.
The rise time and decay constant of the discharge dominate the
spectral transient response such that speed limitations of the
switch can be ignored. Hence, this switch is useful as a shutter
in temporal evolution studies.

The dc power supply (Sorenson DCR600-.75B, Sorenson is a
Division of Switchcraft, Chicago, I1.) was set at 640 V. A ballast
resistor (1 kQ at 225 W) was used with a current-regulated switch
to reduce the power dissipation of the main switch transistor.
This further reduced perature-induced regulated current
drift. A 50-Q shunt resistor from the cathode to ground was
added to monitor the discharge current on an oscilloscope
(Tektronix 7104). All high-voltage connections used RG-61/U
coaxial cable and MHV-BNC connectors for noise suppression.

Video Camera. The image detector was a vidicon-based video
camera. The time constant of the imaging tube, 1/a, can be
calculated from the third-field lag. A typical antimony sulfide
(SbySs) vidicon has a third-field lag of 18% ! which corresponds
to a time constant of 86 ms. Since the length of one discharge
cycle (tpw + tpp) in this project is no greater than 0.3 ms, this
camera can serve as a time-integrating detector provided that a
train of pulses >>86 ms is observed. A handbook by Wolf and
Zissis'?is a good ref source for imaging devices of this sort.

Collecting Optics. The collecting optics consisted of a zoom
lens (Sony by Tamron, TV Zoom Lens, f = 12.5-75 mm at f/1.8,
£/1.8-16) mounted on the video camera body. The video camera
was mounted such that the distance from the vidicon surface to
center of the hollow cathode (92 cm) was equal to the minimum
distance at which the hollow cathode was in focus at maximum
zoom. The extent of the visible axial negative glow (19.1 mm)
corresponded to approximately 105 pixels on the frame grabber
or 0.18 mm/pixel. Pixel 0 was below the cathode bottom. Thus
the cathode bottom corresponded to approximately pixel 3 and
pixel 105 corresponded to a depth in the hollow of approximately
5 mm from the cathode mouth. The wire mesh had an interwire
spacing of 0.10 mm. Thus the camera at maximum zoom
exhibited no adverse interference effects from the mesh.

Frame Grabber. The video information from the camera was
digitized by a PC-based frame grabber (Imaging Technology Inc.
PCVisionplus, Woburn MA) for storage and processing. The
gain and offset settings of the video amplifier of the frame grabber
were set to 0 (maximum) and 43, respectively. This allowed the
entire dynamicrange of the video camera to be within the dynamic
range of the frame grabber with no offset.

Computer programs written in C (Microsoft Corp. v 5.1,
Redmond WA) using run-time libraries purchased with the frame
grabber (Imaging Technologies Inc. ITEX PCplus) assisted in
the acquisition and processing of video data. Separate programs
were written to run the frame grabber for general and serial data-
taking, to combine a series (set) of images into a single image,

(11) Electro-Optics Handbook; Burle Industries: Lancaster, PA, 1974;
pp 189-193.

(12) Wolfe, W. L.; Zissis, G.J. TheInfrared Handbook; Ofﬁce of Naval
Resea.rch Department of the Navy: W, DC, 1978;
and 13.
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Figure 3. log-log plot of the aperture area versus gray level for a pulse
width of 5 us and an interpulse delay of 100 us without and with
previous clearing of the vidicon tube by a bright light source.

and to compensate and convert images to ASCII files for
importation into a spreadsheet.

B. Instrument Validation. Imaging System Operation.
Two difficulties were overcome to obtain quantitative data from
the imaging system. The first encountered was a slight noise in
the signal which caused the pixel values obtained from two
successive frames to be subject to noise variation caused by the
f power radiated from a discharge. Since the pixel values for
a series of frames are independent, the variance of a particular
pixel value is reduced by a factor of n by averaging over n
frames.’®! Sixteen frames were averaged for this work.

The second problem occurred as the imaging system initially
exhibited a highly nonlinear transfer characteristic with poor
dynamic range. It is believed that this problem resulted from
electrons residing in trapped states in the bandgap of the photo
conductor surface of the vidicon tube. These electrons are easily
excited at low light levels producing excess conductivity at low
illumination. This manifests itself as high dark signals. Inves-
tigation showed that this was temporarily resolved by exposing
the vidicon tube surface to a bright light source just before taking
data.

Figure 3 illustrates the effect of this technique. The vertical
axisrepresentslevels of gray asrecorded by the image acquisition
system. The horizontal axis is the vidicon aperture stop area.
Since these data were taken with constant irradiance, the aperture
stop area is directly proportional to the irradiance on the vidicon
photosurface. Thus, the horizontal axisrepresentssignal strength
at the photo surface to within an arbitrary constant. By
comparison of the two curves in Figure 3, it is seen that the
linearity and dynamic range is improved by a lowering of the
dark current. Bright light appears to empty the trapped states
either by photoexcitation or thermal excitation. After a period
of time (minutes) room temperature thermal excitation appears
to refill the trapped states as the photo surface returns to its
normal state. All data for this work were taken in the interval
where the lower curve in Figure 3 was valid. In the actual
experiment the clearing was accomplished by using the switch
in Figure 1. It disconnects the current switch input from the
clock output and connectsit toground. The resulting dcdischarge
provided the necessary light intensity without requiring changes
to the clock settings.

Calibration of Imaging System. This imaging system was
calibrated to yield intensity numbers that were quantitative to
within a normalization constant. This required an instrument
linear in its response over a known dynamic range with zero
offset. A calibration test to verify this required a comparison of
the instrument reading for a standard input and an input
attenuated by a precisely known amount. Inthis testthereadings
for the attenuated input were plotted versus the readings for the
standard input. A functional measurement system would exhibit

(13) Gonzalez, R. C.; Wintz, P. Digital Image Processing;
Addison-Wesley: Reading, MA, 1987; pp 173-175.

(14) Papoulis, A. Probability, Random Variables, and Stochastic
Processes; McGraw-Hill: New York, 1984; p 178.
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a characteristic curve with a linear lower and central section.
Such a system gives stochastic behavior at low signal/noise (i.e.
low signal levels) and some type of nonlinear behavior at high
signal levels. The linear calibration range of any instrument is
defined as the region between stochastic low signal behavior and
high signal nonlinearity. The difference between these limits
defines dynamic range. The difference between the measured
and actual slope within this range determines accuracy. The
data scatter within this range determines precision.

Figure 4 depicts data for calibration of this imaging system.
The horizontal axis is the pixel gray levels recorded for a pulsed
discharge (with an interpulse delay of 136 us) for three pulse
widths (5 s, 14.3 us, and 25 ps). The vertical axis is the
corresponding pixel gray values with a wire mesh attenuator
blocking the view of the discharge. The wire mesh is a reliable
absolute attenuator which reduces the intensity of the calibration
source by a known value of 0.36. As previously calculated, the
detailed structure of the mesh is too fine for resolution by the
optics of the imaging system.

Although the linear region extends from 0 to 150 pixels on the
abscissa, the small signal-to-noise ratio in the region from 0 to
~80 pixels (the stochastic region) limits the usefulness of these
data. Within the central deterministic region, which extends
from ~81 to ~150 pixels, the precision can approach the 1%
limit set by quantization noise. The slope of the linear portion
of the curve in Figure 4 is 0.3556 which agrees with the theoretical
value to within 1%. Without the mesh in place the slope returns
to one.

The points at the right of Figure 4 which deviate from the
linear approximation are due to intentional manufacturer
compression of the imaging system response for the purpose of
increasing the dynamic range. The behavior of the instrument
in this region is deterministic to within the specification of its
components subsystems. Noise contributions dominate in the
low signal portion at the left of Figure 4, and the standard
deviation increases dramatically. Since data will not be utilized
in this region, no statistical analysis was undertaken of it.

Preliminary data demonstrated the need to increase the
calibrated dynamic range of the instrument. This could be
accomplished by extending the linear deterministic portion of
Figure 4 either into the high or low signal region. The deter-
ministic behavior over the high region makes it possible to
“decompress” this portion of the scale within the instrument
software and extend the calibrated range. The extension into
the stochastic low signal region can also be accomplished by the
use standard statistical methods. The degree of extension
required is slight, and therefore the faster approach of decom-
pression was chosen.

This decompression was accomplished using a look-up table
generated from Figure 4. The results of the decompression are
depicted in Figure 5 where the linear dynamic range is extended.
Attheright of Figure 5 the high slope from Figure 4 has amplified
the data scatter. To eliminate this from the instrument an
artificial saturation point at a decompressed gray level value of
511 was instituted in the system software.

Insummary, this instrument exhibits a precision of 1 % within
its central region. In the compensated gray ranges of 0-80 and
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300-511 the instrument exhibits reduced precision. Therelative
accuracy was determined from the slope to be one percent. During
the experimental runs the aperture stop on the vidicon optics
was adjusted to optimize the collection of data in the calibrated
central portion of the curve where a precision of 1% was expected.

RESULTS AND DISCUSSION

A. Data Acquisition. A seriesof preliminary experiments
were run prior to recording data in order to determine
appropriate operating conditions for pressure, electrical, and
optical parameters.

Choice of Operating Pressure. Since the nonlinear nature
of a discharge tends to amplify small parametric variations
into significant variations in output, it is desirable to choose
values for critical parameters that produce low sensitivity.
Thus, an operating pressure which minimizes the effects of
small pressure changes on the discharge is desired. The
discharge voltage for two different discharge currents and
four different pressures was measured while the diameter of
the hollow cathode was held constant at 1.1 cm. A local
extremum of zero sensitivity was found for both currents
near a pressure of 1.5 Torr. The pressure-diameter product,
pd, of the 1.5-mm microcavity used here in recent work is
1.65 Torr cm.* The same pd product gives approximately
the same excitation conditions in the hollow.!> An operating
pressure of 1.5 Torr in the 1.1-cm-diameter hollow used in
this report gives the same pd value. Therefore, 1.5 Torr was
chosen as the operating pressure for this study.

Choice of Interpulse Delay and Pulse Width. The
interpulse delay of 206.4 us was chosen as the minimum value
for which no distortion of the leading edge of the discharge
current wave form was observed. Thus, each discharge pulse
acts as an isolated event due to this long interpulse delay.
The minimum pulse width used was 5 us. The maximum
pulse width (25 us) allowed the discharge current to reach its
steady-state value of 30 mA.

Argon Ion Glow versus Overall Negative Glow. Anargon-
ion line filter (Oriel 52640, Stratford CT, 488 nm + 3 nm) was
initially used to filter the discharge. The intent was to avoid
inference from stray light and to limit the imaging system
response to the spontaneous emission from argon ions. Since
the spontaneous emission depends directly on upper state
population density, the evolution of the argon ion density
could be tracked. The argon ion density is believed to be a
measure of the sample particle density in the negative glow.1®

In preliminary work the output of the discharge with and
without the filter was compared under a variety of conditions

(15) Cobine, J. D. Gaseous Conductors; Dover Publication: New York,
1958; Chapters 7-8.
(16) Pillow, M. E. Spectrochim. Acta 1981, 36B, 821-843.
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Figure 8. Time-integ d axial negative glow profiles for pulse widths
of 5-25 us with (0.25-us intervals) a fixed interpulse delay of 206.4
us on the position axis.

using an oscilloscope. The two signals were identical in
temporal characteristics and response to parametric changes.
The lone exception was that the filtered intensity was
significantlyless. Inthe experimentreported here difficulties
were encountered due to the low transmittance of the argon
ion line filter across the visible spectrum. The amount of
light available was greatly reduced in the experimentation
due to the low duty cycle of 2.4-11 % used in the experiments.
Given the similarity in the filtered and unfiltered emission
it was decided to utilize the unfiltered version so that the
dynamic range of the data was improved. Since the time
signals were the same, the total intensity is as valid as the
filtered intensity as a sample particle density indicator.

Procedure. Data were acquired after preliminary exper-
iments and apparatus checks were completed. Axialnegative
glow profiles were recorded by the imaging system for 81
pulse widths over the 5-25-us range in 0.25-us intervals. The
series of axial negative glow profile images was combined
into a single image. The image was then converted to an
ASCII file and compensated as previously described (see
Figure5). Figure6isa3D plot made using Axum v1.0 (Seattle,
WA) which depicts the time-integrated axial negative glow
for an interpulse delay of 206.4 us.

B. Data Analysis. To clearly demonstrate the results
from these data it was necessary to recover the instantaneous
intensity information from the raw data. This was accom-
plished via digital differentiation. The validity of the
algorithm used is demonstrated in the Appendix. The time
constant of the video camera and the decay constant of the
discharge can have values which would invalidate the de-
termination of the instantaneous negative glow by simple
differencing. The mathematical analysis in the Appendix
proves that the time constant of the video camera used and
the decay constant of the discharge are such that simple
differencing is in fact valid. The reader may avoid the
Appendix by accepting that simple differencing of data from
adjacent pulse widths yields the instantaneous intensity of
the negative glow as given in eq 12.

Instantaneous Axial Negative Glow Profile. Figure 7 is
a plot of the instantaneous axial negative glow derived using
eq12. Asexpected the numerical differentiation accentuated
theresidualnoise. A convolution mask filter was implemented
to attenuate this noise. The mask implemented the function
given as eq 1. Note that the central point dominates the

1 &
fx,y = 4_0[fr2,y + fx+2y + f:,y—z + f:,y+2 + a(fz*l,y 22 /{z*l,y *
Fugt * Fuyed) + 16,1 (D)

smoothing function of eq 1 to help retain the detzil of the
original data which is partially occluded by noise.
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Figure 8. Instantaneous axial negative glow profile after smoothing.
The cathode bottom is located approximately at pixel 3, and pixel 105
represents a point approximately 5 mm into the hollow which is 24 mm
deep. The top 5 mm of the axial view of the hollow is obscured by
the Viton insulator used to hole the quartz insulator.

Figure 8 is the result of smoothing Figure 7. Insight into
the structure of Figure 8 is aided by representing the same
dataonagrayscale. Figure9isa2D gray-scale representation
of the smoothed instantaneous axial negative glow data
depicted in Figure 8.

C. Validation. The validity of the data reduction
techniques was checked by comparing the intensities of the
processed images with visual observation. Visual observation
of the discharge in operation confirmed the major salient
features including the presence of the more intense region at
the cathode base and the presence of striations in the hollow.

D. Planar Discharge. The axial view of the planar
surface of the cathode at its mouth was obscured by the Viton
insulator, and there was no port available for viewing the
cathode mouth from the front. Thus, other evidence of the
evolution of the discharge in this region was needed. The
hollow cathode used in this report has the same pd product
as the 1.5-mm-diameter mini hollow cathode? used in this
laboratory for several years. Frontal observation of the
discharge evolution at the 1.5-mm mini hollow cathode was
used to characterize the early stages of the discharge which
could not be seen from the axial view in the present HCD.

Figures 10-12 are front-view oscillographs of the 1.5-mm
mini hollow cathode operated at 11 Torr which gives the same
pd product as that of the hollow used here. The oscillographs
are not of single pulses but are the integrated image of a
relative long train of pulses. Figure 10 shows the current
wave form with a rise time of ~1 us which is characteristic
of the electronic system when driving a resistive load with a

-us pulse. The top portion of Figure 11 shows the current
wave form when the inductive HCD is driven with the same
5-ps pulse. Although two pulse forms are evident, a discon-
tinuity or hump on the leading edge of the current pulse in

Time (ps)

5 10 15 20 24

Figure 9. Gray scale plot of the instantaneous axial negative glow
profile. The top of the figure is pixel 0 and the bottom is pixel 105.
The bottom of the hollow appears just below the top of the figure. The
bottom of the figure represents the gray scale for the location 5§ mm
deep in the hollow from the hollow mouth.

Figure 10. Oscillograph of the current wave form as a resistive load
is driven with a 5-us pulse with a repetition rate of 5 kHz. The vertical
scale is 2 V/div. The horizontal scale is 2 us/div.

Figure 10 can be seen clearly. The current wave forms of
resistive and discharge loads are clearly different.

The bottom portion of Figure 11 gives the current wave
form obtained from the discharge driven by the same 5-us
pulse when the hollow was replaced with a plane cathode.
There was no hole drilled in the stainless steel rod used as
the cathode. A current pulse ~2 us wide occurs first then
collapses into a much lower and relatively constant sustain
current.

The upper portion of Figure 12 shows the current wave
form of the discharge when driven with a 10-us pulse and
using a 1.5-mm Al hollow cathode. The leading edge of the
current pulse is the same as observed for the 5-us pulse.
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Figure 11. Oscillograph of the current wave forms as the discharge
is driven by a 5-us pulse with a repetition rate of 5 kHz. The vertical
scale is 2 V/div. The horizontal scale is 2 us/div. The upper half
shows the current during the 5-us discharge at a hollow cathode. The
lower half shows the current when the discharge is conducted at a
planar cathode.

Figure 12. The upper half of the figure is an oscillograph of the current
in an Al HCD as produced by a 10-us discharge with a repetition rate
of 5 kHz. The vertical scale is 2 V/div. The horizontal scale is 2
us/div. The lower half shows the associated photocurrent from the
309.2 Al line.

However, the discharge current settles to a much lower value
for the remainder of the pulse. The lower portion of Figure
12 shows the photocurrent for the emission profile of the Al
309.2-nm line. There is little photocurrent in the first 2 ps.
In a manner similar to the current, the photocurrent peaks
between 4 and 5 us then collapses to a lower constant value
for the remainder of the 10-us pulse. Littlelightisseen during
the 2 us of the planar discharge.

CONCLUSIONS

Based on the data taken, a number of conclusions can be
drawn regarding the early evolution of the HCD and its
implications for pulsed analytical applications.

The first of these conclusions regards the presence of
transient ionization waves early in the negative glow forma-
tion. These are indicated by the traveling intensity waves
seen in Figures 7-9. This phenomena issomewhat unexpected
since the dc negative glow is without structure. Ionization
waves have been observed in the positive column of planar
glow discharges. Such waves in the negative glow have not

been reported in the literature nor have they been seen here
previously. Since the negative glow is normally a constant
voltage region, classic positive column style striations are not
expected. Therefore the presence of the excitation waves in
the negative glow transient is significant. For more infor-
mation Garscadden provides an effective summary of prior
positive column efforts which examine standing and traveling
ionization waves using streak photography and synchronous
shuttering.!”

The second conclusion is that the early evolution of the
HCD occurs in a number of distinct stages. Combining
information from Figures 8, 11, and 12 reveals the very early
stages of the evolution of the discharge in the hollow cathode.
Figure 11 shows that the discharge starts as a planar discharge
near the open end of the hollow cathode. This planar
discharge lasts for approximately 2 us. The discharge then
moves rapidly down the hollow and arrives at the hollow
bottom approximately 6 us after discharge initiation. The
latter stage of this early peak at the hollow bottom is clearly
evident in Figure 8. Shortly after 6 ps, the discharge moves
quickly approximately 6 mm (33 pixel units) up the hollow
from the bottom. From this position 6 mm from the hollow
bottom, the discharge moves slowly toward the base until the
region of negative glow reaches a temporary equilibrium
position after about 10 us from discharge initiation. For the
next 4 us (10-14 ps), the glow along the axis spreads axially
in both directions with a net motion towards the open end
of the hollow and toward the anode. At 16.5 s, an ionization
“spike” is evident. This spike is followed by bidirectionally
traveling ionization waves. The anode-bound ionization wave
travels at an estimated (nonconstant) velocity of 700-900
m/s. Limited cathode-bound wave motion is also evident.
Additional spikes occur at 20 and 24 ps. It is expected that
this transient is, after sufficient time, damped to the uniform
dc values previously demonstrated both in the literature and
at this site.

The third set of implications pertains to the use of pulsed
HCD for analytical purposes. Prior work (referred to in the
Introduction) indicates that the range of optimal pulse widths
is 7-11 ps. Examining Figure 9 determines that this pulse
width range is large enough to allow the negative glow to
approach the base of the hollow and short enough to prevent
ionization waves from forming. The lack of negative glow at
the base of the hollow for very short pulses (<6 us) implies
that little sample excitation will occur in the HCD source for
extremely short pulses. Pulses muchlonger than ~11 us will
likely demonstrate reduced precision as a result of the chaotic
nature of the ionization waves. Thusitis believed that pulsed
HCD should be operated within the range of pulse widths
from 7 to 11 us. Increasing pulse widths beyond this range
may lead to reduced precision long before self absorption
becomes severe.
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APPENDIX

Differentiation of Time-Integrated Data To Yield
Instantaneous Data. Since the imaging system serves as

(17) Garscadden, A. Ionization Waves in Glow Discharges. In Gaseous
Electronics Vol. I; Hirsh, M. N., Oskam, H. T., Eds.; Academic Press:
New York, 1978; pp 65-108.
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an integrating detector it was necessary to develop software
algorithms to recover the spatial intensity information from
the raw data. An analysis of the imaging system’s signal
processing characteristics was undertaken to determine the
required software processing and toestimate any contribution
the software made to the total error.

The negative glow f(t) at a particular pixel and integrated
along the field-of-view at a particular time ¢ = tpw (referred
to, herein, as the glow function) is related to the integral of
the glow function by the identity stated as eq 2.18

_ d tpw
o) =g —LJ, "0 a1 @

The output of the video camera when averaged over N
cycles is described by eq 3.

N/2
Fey=k Y [fo f®e™™?dr @
n=-n/2

F(r) = kNe™ fo’f(ne*‘ dt

Where a, the decay constant of the video camera detector,
is on the order of 1/g; ms™ as calculated from the third-field
lag and 7 = tpw + tpp is the period of the signal.

An additional factor to consider is the behavior of the
emission after the discharge pulse. It is characterized by an
exponential decay with a decay constant b (on the order of
1/10ns™) acting upon the value of the glow function at ¢ = tpw.
This allows the integrated signal F(tpw) measured at t = tpy
to be calculated in eq 4.

Fltpy) = kNe ™ [, ft)e™ dt +
S fltpm)e™ e del @)

Ftow) = RNe 'L [, ft)e™ dt +
e [T f(tpe T dt] (4a)

Since (b - a)tpp is greater than 8.4, the approximation in
eq 5 is obtained after integration. Each approximation in
this derivation yields no more than 1% error individually.

t
Ftpy) ~ kNe‘“’[j;"“f(t)e’” dt + e""’%]

Further approximations where a/b and atpw are less than
0.01 yield eq 6.

t
Fltpy) ~ kNe""[ S sy de + @] ®

(18) CRC Standard Mathematicel Tables; Beyer, W. H., Ed.; CRC
Press: Boca Raton, FL, 1981; p 282.

Solving eq 6 for the integral of the glow function yields eq
7.

_ftew)

F (t ) &
S a ~— e - @

Substituting eq 7 into eq 2 yields eq 8 as an approximationof
the glow function .

d (F(tpw) ,,T)_l
feew ~g AN ") 7%

ety g (F (tpw) , ) 1 d

d
Ttow (ftpw))

f (pw) =

EN Ttpy BN © ) Bty (W) ®
atpw F(t )
fiw) ~ (B0 4 i) -2 T Gt

When aAt < 0.01, the quantity in parentheses in eq 7 can
be approximated as shown in eq 9.

dF( PW) ) F (tPW+1) - F (tpw)
( T +aF(tpy) |~ —

dFtpw) ) F(tpwsr) — 1 — adt)F(Epy)
( Qtpy T oFCew) ) ~ At

(dF(th)
tpw

+ aF(tpy)

Ftpwsp) — Fitow)
+ aF(th)) ~ —L"‘A?ﬂ

The approximation derived as eq 9 yields eq 10 when
substituted into eq 7.

f(tpw) Dew[F(tpwﬂ) F(tpw)] bdt (f(tpw)) (10)

In eq 10, k, N, and At have been absorbed into a new
constant D. An additional approximation where ar < 0.01
allows the exponential to be considered equal to one, yielding
eq 11.

fitww) > ﬁ Ftow) an

Recognizing that b >» At yields eq 12 as the final
approximation for the glow function at ¢ = tpy.

f(tpw) = D[F((tpw.H) o= F(tpw))] (12)
This final equation establishes that, for the time constants
relevant to this instrument, simple difference between

successive integrated pulse intensities yields the instantaneous
intensities to within an arbitrary constant.
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Acridinium Chemiluminescence Detection with Capillary

Electrophoresis

Michael A. Ruberto and Mary Lynn Grayeski*

Department of Chemistry, Seton Hall University, South Orange, New Jersey 07079

A detection Interface has been designed to aliow for the addition
of postcolumn reagents to evaluate chemiluminescence as a
method of detection for capillary electrophoresis. The interface
utilizes a reactor that Introduces reagents Into the electro-
phoretic system In a sheathing flow profile. The reaction
conditions including pH, concentration, and flow rates of the
reagents for acridinium chemlluminescence have been studied
to evaluate the effect on the detector response. The detection
limit for the Interface was found to be In the low femtomole
to upper attomole range for acridinlums. The Interface was
evaluated as a potentlal source of zone dispersion by
Investigating Its effects on band width. “Chemical band
narrowing” was observed due to the fast kinetics of the
chemlluminescence reaction.

INTRODUCTION

Capillary electrophoresis (CE) has been well documented
as a rapid, highly efficient means of separation with tremen-
dous resolving power.1 Ever since the initial work on CE
was reported in the seventies,*5 there has been a movement
toward smaller diameter capillaries and research with an
emphasis on biotechnology. With this trend has come the
need for detection of trace amounts of analytes in extremely
small volumes. Therefore, detection is conventionally done
on-column without the use of flow cells so as not to introduce
zonedispersion. On-column UVé8and fluorescence detection,
with either arc lamp®!0 or laser sources,!'2 are most commonly
used; however, alternative methods of detection such as
electrochemical,!® thermal lensing,!4 and chemiluminescence
using the luminol reaction!® are beginning to emerge.

Chemiluminescence (CL) is a sensitive measurement
uniquely suited to low-volume, on-line detection because of
the nature of the kinetic measurement, which allows for rapid
detection in a larger volume flow cell with minimal band
broadening.’® Acridinium CL has been chosen as the reaction
scheme to be evaluated since it has many qualities that make

(1) Joregenson, J. W.; Luckacs, K. D. Anal. Chem. 1981, 53, 1298
02.
, G. J. Chr

13

(2) Tsuda, A.; Kazuhiro, N.; Nakag: gr. 1983, 264,
385-392.

(3) Lauer, H. H.; McManigill, D. Anal. Chem. 1986, 58, 165-170.

(4) Viratanen, R. Acta Polytech. Scand. 1974, 123, 1-67.

(5) Mikkers, F. E. P.; Everaerts, F. M.; Verheggen, Th. P. E. M. J.
Chromatogr. 1979, 169, 11-20.

(6) Terabe, S.; Otsuka, K.; Ichikawa, K.; Tsuchiya, A.; Ando, T. Anal.
Chem. 1984, 56, 113-116.

(7) Walbroehl, Y.; Jorgenson, J. W. Anal. Chem. 1986, 58, 479-481.

(8) Terabe, S.; Otsuka, K.; Ando, T. Anal. Chem. 1985, 57, 834-841.

(9) Jorgenson, J. W.; Luckacs, K. D. J. Chromatogr. 1981, 218, 209—
216.
(10) Jorgenson, J. W.; Luckacs, K. D. Science 1983, 222, 266-272.
(11) Pentoney, S. L., Jr.; Huang, X_; Burgi, D. S.; Zare, R. N. Anal.
Chem. 1988, 60, 2625-2629.

(12) Cheng, Y. F.; Dovichi, N. J. Science 1988, 242, 562-564.

(13) Wallingford, R. A.; Ewing, A. G. Anal. Chem. 1987, 59, 1762-1766.

(14) Waldron, K. C.; Dovichi, N. J. Anal. Chem. 1992, 64, 1396-1399.

(15) Dadoo, R.; Colon, L. A.; Zare, R. N. J. High Res. Chromatogr.
1992, 15, 133-135.

(16) Weber, A. J.; Grayeski, M. L. Anal. Chem. 1987, 52, 1452-1457.
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it particularly advantageous for use with CE. This CLreaction
(Figure 1) of the oxidation of an acridinium ester by hydrogen
peroxide in the presence of a base!” is characterized by several
features that make it suitable for use as a derivatizing agent
for CE. The acridinium reaction has a high CL efficiency for
improved detectability. The rate can be adjusted for mea-
surements in flowing systems, which require reaction com-
pletion in a few seconds to minimize overlapping bands.
Acridiniums have been modified to include functional groups
suitable for derivatizing biomolecules.’81® Furthermore, the
positive charge provides greater mobility in an applied electric
field.

This report describes the design and fabrication of an
interface that will allow for the evaluation of acridinium CL
as a detection method for CE. The effect of various reaction
conditions on the detector response are reported as well as
the effect of the interface and the mixing profile on zone
dispersion. The sensitivity and detection limits are also
reported.

EXPERIMENTAL SECTION

CE and Detection Interface. The apparatus used for
capillary electrophoresis is pictured in Figure 2. A Spellman
(Plainview, NY) dc power supply was used to provide the high
voltage for the electrophoresis. The electrodes were platinum
wire, and the high voltage end was operated in a Plexiglas box
for safety. Two sizes of fused silica capillary (Polymicro
Technologies, Inc., Phoenix, AZ) were used for the separation
and detection. The electrophoretic capillary, which provided
the means for separation, had an inner diameter of 50 um and
an outer diameter of 350 um, while the reaction capillary, which
housed the CL reaction, had an inner diameter of 400 um. The
two fused silica capillaries were coupled together with a Parker-
Hannafin stainless steel tee which served as the reaction tee.
Injections were performed by electromigration at 15 kV for various
time intervals. The reagents needed to produce the CL reaction
were delivered from Gastight syringes (Hamilton Co., Reno, NV)
by Sage (White Plains, NY) Model 351 syringe pumps. The
hydrogen peroxide from pump 1 was combined with the base
from pump 2 by an SSI mixing tee, the outlet of which led to the
reaction tee of the detection interface. The light generated by
the CL reaction was detected by a Kratos (now ABI, Foster City,
CA) Model 950 Fluoromat, which was operated with its source
turned off. The PMT of the detector was operated at 900 V, and
its output was monitored by a Spectra Physics (San Jose, CA)
SP 4290 integrator. The only ground in the system was the
grounding electrode which was dipped in a buffer reservoir.

The detection interface (Figure 3) utilizes a coaxial reactor,
similar to that used by Weber and Grayeski for CL detection in
capillary LC¢ and Rose and Jorgenson for fluorescence deriva-
tization in CE,? in which the smaller diameter 50-cm-long
electrophoretic capillary is inserted into the larger diameter 35-
cm-long reaction capillary. The CL reagents enter the reaction

(17) McCapra, F. Pure Appl. Chem. 1970, 24, 611-629.

(18) Weeks, L; Beheshti, I; McCapra, F.; Campbell, A. K.; Woodhead,
J. 8. Clin. Chem. 1983, 29 (8), 1474-1479.

(19) Zomer, G.; van den Berg, R. H.; Jansen, E. H. J. M. Anal. Chim.
Acta 1988, 205, 267-271.

(20) Rose, D. J., Jr.; J: J.W.J. Chr
131.

- 1988, 447, 117~

© 1992 American Chemical Society



ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992 « 2759

OOQ-G b
o 0
a
SOREE SleeolRva®
'Ih =005 N
i
CHs Gy &
3
N

|
CHy

Figure 1. Acridinium chemiluminescence reaction.
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tee and flow in a sheathing profile around the electrophoretic
capillary and its effluent. Mixing of the reagents with the
acridinium ester occurs through diffusion as well as radial
migration of the analyte and electrophoretic buffer which is
necessary to distribute current over the full cross-sectional area
of the reaction capillary.? This mixing of the reagents and the
acridinium ester takes place in a designated section of the reaction
capillary called the reaction zone. The reaction zone is placed
in front of the detector PMT at a distance of 1 cm with its
protective polyimide coating removed. The photons emitted from
the CL reaction are then detected by the PMT. The end portion
of the reaction capillary exits the detector and enters a buffer
reservoir to complete the circuit.

Chemicals. The acridinium esters were synthesized in our
lab.2! A 10-%M stock solution of each acridinium was made using
HPLC-grade acetonitrile (Fisher, Fairlawn, NJ), and all dilutions
were performed using the electrophoretic buffer.

The electrophoretic buffer was a 50 mM tartrate buffer
prepared by dissolving sodium tartrate (Mallinckrodt, St. Louis,

(21) Grayeski, M. L.; Novak, T. J.; Mohan, A. G. Bioluminescence and
Chemiluminescence Current Status; John Wiley and Sons: New York,
1991; Session 2.

MO) in distilled water and adjusting the pH to 2.8 with 6 M
hydrochloric acid. The postcolumn reagents consisted of a base
and hydrogen peroxide. The base was a 100 mM phosphate buffer
prepared by dissolving potassium phosphate (Fisher) in distilled
water and varying the pH with either hydrochloric acid or sodium
hydroxide. The hydrogen peroxide solution was prepared by
diluting a 30% reagent (Sigma, St. Louis, MO) to various con-
centrations with 3 mM nitricacid solution. The acidic conditions
were used to stabilize the hydrogen peroxide solution. These
solutions were filtered through 0.45-um filters (Millipore Corp.,
Milford, MA) and degassed prior to use.

CE with UV Detection. A Waters variable-wavelength UV
detector was modified for use with CE. A single 85-cm X 50-
pm-i.d. fused silica capillary was used for these experiments.
The distance from the injection end to the detector was 50 cm.
A 50 mM sodium tartrate pH 2.8 buffer was used. UV detection
was at 265 nm.

RESULTS AND DISCUSSION

Reagents. Because acridinium esters are very susceptible
to hydrolysis above pH 3, the pH of the electrophoretic buffer
used in these experiments was 2.8.7 When the pH of the
electrophoretic buffer was increased to 4, the CL signal
decreased by more than 99%. This hydrolysis is one of the
competing dark reactions to the photon-generating mecha-
nism and can be avoided by maintaining acidic conditions
until the point of detection. At pH 2.8, most of the sites on
the capillary wall were protonated so there was virtually no
electroosmotic flow. Therefore, the migration of the acri-
dinium ester was primarily due to the electrophoretic mobility
of the molecule under the induced electric field. The
acridinium used had a quaternary nitrogen atom as part of
the ring structure, so the positive charge provided adequate
mobility at the applied potential.

The kinetics of a CL reaction can be controlled by varying
the concentration and pH of the reagents. For use in flowing
systems, reaction conditions must be modified so that
maximum emission occurs in a short time frame to coincide
with the passage of the analyte in front of the PMT. In this
research, the flowing system consisted of a nanoliter per
minute dropwise flow of the electrophoretic capillary which
was combined with the CL reagents so that mixing occurred
directly in front of the PMT. The reaction conditions for
acridinium CL in the CE interface were analyzed using
9-[(2,4,6-trichlorophenoxy)carbonyl]-10-methylacridinium
trifluorosulfonate as the test compound.

A study of the effects of pH on the detector response was
performed (Figure 4) by using various basic catalysts which
consisted of several solutions of 100 mM phosphate buffer
each adjusted to different pH values. The concentration was
chosen because it was adequate enough to maintain the pH
of the solution in the presence of the acidic hydrogen peroxide
reagent and the electrophoretic buffer. The mazimum light
output was observed with the pH 8.0 phosphate buffer as
expected for the base-catalyzed reaction. Further increases
in the pH lowered the measured light production primarily
because of increased competition of the dark mechanism of
base hydrolysis of the ester.

The effects of hydrogen peroxide concentration were also
studied (Figure 5). The amount of light detected increased
with hydrogen peroxide concentration; however, a concen-
tration greater than 20 mM could not be used due to bubble
formation from the breakdown of the peroxide in the presence
of the base. When operating above 20 mM, this bubble
formation caused problems with maintaining a uniform
current throughout the electrophoretic system.

The combined flow rate of the post column reagents was
also found to influence the detector response (Figure 6). The
measured signal reached amaximum at 11 uL/min. Generally,
when utilizing a flow system to detect a CL reaction with fast
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Figure 5. Effect of hydrogen peroxide concentration on detector
response. Acridinium concentrationis 5 X 10 M. Conditions are the
same as in Figure 4.

kinetics, as is the case for many acridinium esters, a response
such as that in Figure 6 is obtained.?? Faster flow rates
apparently push the analyte past the detector before the
reaction is completed, while slower flow rates produce
inadequate mixing of the reagents in the period of time the
analyte is in the proximity of the detector. Each reagent was
pumped at the same rate.

Analytical Figures of Merit. Using the experimental
conditions for the postcolumn reagents determined above,
20 mM hydrogen peroxide and 100 mM phosphate buffer at
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Figure 6. Effect of postcolumn flow rate on detector response.
Acridinium concentration Is 105 M. Condltions are the same as In

Figure 4.
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Figure 7. Electropherogram of 9—[(2 4,6-trichlorophenoxy)carbonyl]-
10-meﬂ1ylacridl Peak repr a0’ M

oré d. f‘ g buffer Is 50 mM tartrate buffer,
pH 2.8; lnjecﬂonlslor20sat15kv operating voltage is 15 kV.

pH 8.0, the linearity of the detector interface was determined
from a log-log plot of peak area as a function of sample
concentration. Thedetection interfaceislinear over 2.5 orders
of magnitude, with a slope of 0.9044 % 0.0485 at the 95%
confidence limit. The standard deviation of injections of 5
X 10* M acridinium is 8% at 95% confidence limit. When
compared to the standard deviation of 10% obtained for the
same concentration of analyte detected by UV without the
interface, it can be concluded that the inflated injection
variance is a function of the manual injection system employed
and not a result of the interface or CL detection.

Figure 7 shows an electropherogram of 107 M 9-[(2,4,6-
trichlorophenoxy)carbonyl]-10-methylacridinium trifluoro-
sulfonate obtained using the interface for CL detection. The
peak represents a 10-7 M solution or 3.4 pg or 6 fmol injected
as determined by the equation

Q= (v+ ) Crr’t [¢))

where Q is the quantity injected, v is the electrophoretic
mobility of the analyte, u is the electroosmotic flow, C is the
concentration, r is the radius of the capillary, and ¢ is the
injection time.?? The signal is approximately 20 times the
RMS noise, with an extrapolated detection limit of 640 amol
at 3 times the RMS noise. Under the conditions evaluated,
detectability is limited by detector optics and electronics with
a maximum obtainable voltage of 900 V for the PMT.
Although other detectors are more sensitive, the model

(22) Rule, G.; Seitz, W. R. Clin. Chem. 1979, 25 (9), 1635-1638.

(23) Wallingford, R.; Ewing, A. Adv. Chromatogr. 1989, 29, 1-76.
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Figure 8. Separation of 5§ X 10-¢ M solution of related acridiniums,
9-(phenoxycarbonyl), 9-[(2-chlorophenoxy)carbonyl], 9-[(2,4-dichlo-
rophenoxy)carbonyl], and 9-[(2,4,6-trichlorophenoxy)carbonyl], re-
spectively. Electrophoretic caplllary length is 1 m; operating buffer is
50 mM tartrate/10 mM vy-cyclodextrin, pH 2.8; postcolumn reagents
20 mM peroxide, 100 mM phosphate buffer, pH 9; injection is for 3
s at 25 kV; operating voltage Is 25 kV.
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Figure 9. Electropherogram of 10~* M injections of 9-[(2,4,6-
trichlorophenoxy)carbonyl]-10-methylacridinium trifiuorosulfonate with
(a) CL d ion and (b) UV d i Conditions are the same as in
Figure 7 except the Injection which was 3 s at 15 kV.

reported here was chosen because of the mechanical advan-
tages of its geometrical design for incorporating the interface
close to the PMT and for ease of modification for exploratory
experiments. Because of the extremely low background
associated with acridinium CL, it is quite possible to achieve
better detection limits with a more sensitive detector by
operating the PMT at higher voltages without an intolerable
increase in background.?

A separation of several related acridinium esters has been
performed (Figure 8). The base used in the detection of these
acridinium esters had a pH of 9. Each of the acridinium
esters exhibits different reaction kinetics depending on the
pH in the detector. At pH 9 all of the acridiniums could be
detected at an appreciable amount.

Effect of the Interface on Band Broadening. Band
broadening can be predicted by calculating the variance of
a sample zone as it migrates through a CE capillary. The
total variance of an electrophoretic peak is the sum of the
variance contributions of each of the instrumental components
or chemical interactions present in the system. The variance
can be expressed as?

2 2 2
ot = it + iy + Oing 2)

where ¢%y¢is the variance due to diffusion, ¢%y;is the variance

(24) Weinberger, R.; Mannan, C.; Cerchio, M.; Grayeski, M. L. J.
Chromatogr. 1984, 288, 445-450.

(25) Huang, X.; Coleman, W. F.; Zare, R. N. J. Chromatogr. 1989, 480,
95-110.

due to the injection plug length, and ¢%,, represents zone
broadening variance arising from interactions between the
analyte and the walls of the capillary.

With CE, detection is usually performed in the electro-
phoretic capillary, so there is no need for a flow cell and,
therefore, no variance term for a detector. However, the
detection interface presented in this paper employs a reaction
capillary of larger volume than the electrophoretic capillary.
The mixing that takes place in this reaction capillary is a
potential source of band broadening and must be evaluated.
The equation for the variance of the CE system with the
interface would then be

‘72 tot = “2diff + ”2inj +d mt T ”2det 3

where the theoretical contribution to the band dispersion in
the detector is represented as 024 This term is defined as

a/ K @

where V is the reaction zone volume and the constant K can
be assumed to be equal to 12 for a plug flow profile in a
cylindrical cell geometry.26 The volume of the detector
interface is 2.51 uL which yields a calculated o024 equal to
0.525 pl2.

The actual band broadening due to the interface was
determined experimentally by comparing the widths of peaks
obtained from CL detection with those obtained by CE
without the interface using UV detection. The amount of
acridinium injected and the conditions for both experiments
were identical. The result of the comparison was an actual
decrease in the peak width when the interface and CL
detection was used (Figure 9). Note thatequal concentrations
were used for comparison even though 5 X 104 M was much
higher than would typically be used for a chemiluminescence
measurement. A peak width at half height of 0.22 min was
obtained with the interface and CL detection compared to
0.32 min for conventional UV detection. The decrease in
peak width has been previously observed and can be explained
in terms of the “chemical band narrowing” effect.222%.28 The
CL reaction kinetics allow for an intense, rapidly decaying
signal to be produced when the acridinium enters the reaction
zone of the interface. Unlike conventional photometric
detectors, a signal is only produced when the analyte is in
contact with “fresh” reagents. Once the reagents are spent,
the signal stops, thus reducing the effective volume of the
flow cell to a smaller reaction zone because a signal is not
recorded for the entire residence time in the flow cell.

25 e
O get =

CONCLUSION

Chemiluminescence detection offers several advantages as
amethod of detection for capillary electrophoresis. Increased
sensitivity can be achieved due to the larger detection volumes
provided by the interface without the band broadening
expected from these volumes. If the kinetics of the CL
reaction are fast, light production ceases before any significant
diffusion occurs into the spent reagents that encompass the
extra volume of the interface resulting in relatively narrow
bands. Low detection limits can be attained with acridinium
CL due to the reduced background present from chemical
excitation.

(26) Gluckman, J. C.; Hirose, A;; McGuffin, V. L; Novotny, M.
Chromatographia 1983, 17, 303-309.

(27) Grayeski, M. L.; Weber, A. J. Anal. Lett. 1984, 17 (A13), 1539
1552.

(28) Dedong, G. J.; Lammers, N.; Sprint, F. J.; Brinkman, U. A. Th.;
Frei, R. W. Chromatographia 1984, 18, 129-133.

(29) McCormick, R. Anal. Chem. 1988, 60, 2322-2328.

(30) Bruin, G.; Chang, J.; Kuhlman, R.; Zegers, K.; Kraak, J.; Poppe,
H. J. Chromatogr. 1989, 471, 420-436.
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Acridiniums can be used as “tags” to label analytes for
separation and sensitive detection with CE. The pH under
which the separation is performed is restricted to below 3,
but several types of analytes, such as amino acids and
proteins,?®-31 can be separated under such conditions. Acri-
dinium esters have been used to label amino acids as well as

(31) Bruin, G.; Huisden, R.; Kraak, J.; Poppe, H. J. Chromatogr. 1989,
339-350.

proteins in immunoassays.’®1® Future work will include the
synthesis of acridinium esters that can be utilized to label
amino acids and peptides.

RECEIVED for review May 5, 1992. Accepted August 12,
1992,

Registry No. Acridinium, 22559-71-3; hydrogen peroxide,
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Pyrrole Copolymerization and Polymer Derivatization Studied by
X-ray Photoelectron Spectroscopy
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Nitro-functionallzed polypyrrole flims have been deposited on
gold surfaces by copolymerization with pyrrole or by deriva-
tizatlon of the polymer. Electrochemical copolymerization of
2- and 4-nitrostyrenes or 2- and 4-nitrobenzaldehydes with
pyrrole Indicates that lower polymerization ylelds result from
the 2-nitro aromatics due to steric factors. Copolymerization
of pyrrole In the presence of 2- or 4-nitrotoluene or isomeric
chioronitrotoluenes does not Incorporate the nitroaromatics
Into the polypyrrole matrix, but does affect the oxidation state
of the resulting polymer. N-Arylation or N-acylation of
preformed polypyrrole flims were performed using 2,4-
dinitrofiuorobenzene, 4-nitrobenzoyi chloride, or 5-nitro-2-furoyi
chioride. Electropolymerization of (2,2'-dipyrrolyl)(nitrophen-
yl)methanes were also performed for comparison purposes.
X-ray photoelectron spectroscoplic analysis of the derivatized
polymers shows that the nitro substituents exhibit varying
degrees of stabliity toward oxidation, reduction, and aging.

INTRODUCTION

The unique characteristics of conducting organic polymers
have spurred a range of studies in an effort to develop materials
suitable for diverse applications. The conductivity of these
materials can be switched between approximately 10 orders
of magnitude by applying an appropriate potential, while
also displaying electrochromic changes.l2 Other desirable
characteristics include stability, light weight (with respect to
other conducting materials), ease of formation, and often the
presence of functional groups to allow derivatization of the
polymer. With a view to utilize these properties, research
has been undertaken to incorporate organic polymers into
switching devices,® protective coatings,! rechargeable bat-
teries,? and chemical sensors.’

Many studies have been carried out documenting the effect
of reaction conditions on electrochemically-prepared poly-
mers.5® The nature of the synthesized material has been
found to depend on solvent, temperature, applied potential,
choice of counteranion, and concentration of reactants. In
addition to controlling the characteristics of the polymer
through these means, it is the goal of many researchers to
prepare interfaces with various functionalities in an attempt
to produce chemical sensors with greater selectivity. Of
particular significance is the conducting polymer polypyrrole

(1) Billingham, N. C.; Calvert, P. D. Adv. Polym. Sci. 1989, 90, 1.

(2) Heinze, J. In Topics in Current Chemistry; Steckhan, E., Ed.;
Springer-Verlag: Berlin, 1990; pp 1-48.

(3) Osaka, T.; Ouchi, K.; Fukuda, T. Chem. Lett. 1990, 1535.

(4) Noufi, R.; Nozik, A. J.; White, J.; Warren, L. F. J. Electrochem.
Soc. 1982, 129, 2261.

(5) Potember, R. S.; Hoffman, R. C.; Hu, H. 8.; Cocchiaro, J. E.; Viands,
C. A.; Murphy, R. A,; Poehler, T. O. Polymer 1987, 28, 574.

(6) Olmedo, L.; Chanteloube, L; Germain, A.; Petit, M.; Genies, E. M.
Synth. Met. 1989, 30, 159.

(7) Vork, F. T. A.; Schuermans, B. C. A. M.; Barendrecht, E.
Electrochim. Acta 1990, 35, 567.

(8) Satoh, M.; Kaneto, K.; Yoshino, K. Synth. Met. 1986, 14, 289.

(9) Machida, S.; Miyata, S.; Techagumpuch, A. Synth. Met. 1989, 31,
311.
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which finds increasing utility in the area of chemical sensors
due toits capability of ready transformation between oxidized
and neutral states. Furthermore, the pyrrole nucleus is
amenable to a variety of derivatization reactions. The
common procedure to form derivatized polypyrrole consists
of polymerizing an appropriately derivatized pyrrole mono-
mer. These polymerizations are usually carried out in the
presence of pyrrole since N-substituted pyrroles do not
normally produce even coatings by themselves. Ferrocene,1®
alkyl and aromatic groups,!! phenothiazine,? sulfopropane,!3
glucose oxidase,!* and amino ligands!® have all been reacted
with pyrrole before polymerization in an effort to obtain
polymers incorporating electroactive agents,'® active enzymes,
and ionic sites. Functionalization at the 3-position, which
requires extra synthetic steps in order to avoid reaction at
the 2-position, has been performed in order to produce
polymers with unique properties such as solubility,!? self-
doping,!8 ionic sites,® and amphiphilicity.20

An alternate approach used to form polypyrrole derivatives
is through copolymerization with organic compounds.
Josowicz et al.2 have reported coating polypyrrole derivatives
on the gate of a suspended-gate field effect transistor and
obtained chemical selectivity to adsorption of various chemical
species from these films. Copolymerization of pyrrole with
either 2-nitrotoluene or 4-nitrotoluene resulted in films that
behaved oppositely to toluene vapor; the pyrrole/4-nitrotol-
uene copolymer underwent a work function decrease upon
exposure to toluene vapor while the pyrrole/2-nitrotoluene
copolymer experienced a work function increase. The prod-
ucts of the copolymerizations were proposed to be as shown
for the para isomer in Figure 1 and the work function changes
were attributed to N—r interactions between toluene and the
nitroarene moiety in the copolymer.

One of the limitations of polymerization involving pyrrole
is that copolymerization reagents may not contain a nucleo-
philic species as this will react with pyrrole radicals and
prevent polymer propagation. An alternative scheme for
incorporating functionalities into the polypyrrole matrix is
to react the preformed polymer with appropriate reagents.
As the polymerization occurs through the 2- and 5-positions,

(10) Eaves, J. G.; Mirrazaei, R.; Parker, D.; Munro, H. S. J. Chem.
Soc., Perkin Trans. 2 1989, 373.

(11) Reynolds, J. R.; Poropatic, P. A.; Toyook, R. L. Macromolecules
1987, 20, 958.

(12) Deronzier, A.; Essakalli, M., Moutet, J.-C. J. Chem. Soc., Chem.
Commun. 1987, 773,

(13) Zhong,C Storck, W.; Dohlhofer, K. Ber. Bunsenges. Phys. Chem.
1990, 94, 1149.

(14) Evans, S. E; Yon Hin, B. F. V.; Lowe, C. R. Third Int. Meet.
Chem. Sen. Cleveland, Ohio 1990, 115.

(15) Bartlett, P. N.; Chung, L.-Y.; Moore, P. Electrochim. Acta 1990,

35, 1273.
(16) Curran, D.; Grimshaw, J.; Perera, D. Chem. Soc. Rev. 1991, 20,
391

(17) Masuda, H.; Tanaka, S.; Kaeriyama, K. J. Chem. Soc., Chem.
Commun. 1990, 725.

(18) Delabouglise, D.; Garnier, F. New J. Chem. 1991, 15, 233.

(19) Iyoda, T.; Aiba, M.; Saika, T.; Honda, K.; Shimidzu, T. J. Chem.
Soc., Faraday Trans. 2 1991, 87, 1765.

(20) Collard, D. M,; Fox, M. A. J. Am. Chem. Soc. 1991, 113, 9414.

(21) Josowicz, M.; Janata, J.; Ashley, K; Pons, S. Anal. Chem. 1987,
59, 253
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derivatization could be affected through the amine or by
electrophilic substitution at the 3-position. Reaction at the
3-position is typically initiated by nitration and followed by
conversion to an amine. Early work by Diaz et al.22 covalently
bound an electroactive derivative, tetrathiafulvalene, to
polypyrrole and observed oxidation peaks in cyclic voltam-
mograms from the attached molecule. Schuhmann and
co-workers2-25 have recently published several papers de-
scribing the immobilization of glucose oxidase by this route
and report that the size-exclusion properties of the polypyrrole
matrix allows more reliable glucose measurements of real
samples to be made in comparison to other existing electrodes.
This group has also bound chloranil and 2,3-dichloro-1,4-
naphthoquinone to polypyrrole utilizing the 3-amino group
and obtained a polymer which exhibited electrocatalytic
properties for the oxidation of NADH.%

Fewer attempts have been made to functionalize polypyr-
role through its amino site. O’Riordan and Wallace?” have
incorporated a carbodithioate in an effort to produce a
modified electrode capable of complexing metal ions in
solution, while Rosenthal et al.2® have attached ferrocene to
the surface and noted that this molecule retains its electro-
activity. Although the latter work considers the degree of
reaction to be a function of reaction temperature and steric
factors, neither report has quantitated the reactivity of the
amino group.

The current investigation involves the generation of
nitrofunctionalized polypyrrole matrices either through co-
polymerization of pyrrole with nitroarenes or the derivati-
zation of polypyrrole with nitro aromatic compounds and
their characterization by XPS. The nitro groups were
expected to provide highly polar surfaces capable of under-
going facile reduction to the corresponding amino derivative
to permit the covalent binding of large receptors and other
biomolecules. Quantitation of the nitro groups is straight-
forward since the chemical shifts of the two nitrogen types
are readily distinguishable (about 400 eV for an amino group
and 406 eV for the nitro group). Therefore, this spectroscopic
study will facilitate the monitoring of the degree of deriva-
tization and the stability of these surfaces to reaction
conditions, such as the application of various electrochemical
potentials.

EXPERIMENTAL SECTION

Materials and Reagents. The 9-MHz gold-plated piezo-
electric quartz crystals were obtained from International Crystal
Manufacturing Co.

Quinoline, pyrrole, furan, 3-methylthiophene, triethylamine,
dimethylformamide, thionyl chloride, copper chromite, zinc dust,
and all the nitro aromatic compounds used in the current work
were purchased from Aldrich (Milwaukee, WI) and used as
received with the exception of pyrrole and quinoline which were
distilled prior to use. Tetrabutylammonium perchlorate was
supplied by Fluka (Switzerland) and was of electrochemical grade.
All the solvents utilized were of reagent grade procured from
BDH (Toronto, Ontario).

Instrumentation. X-ray photoelectronspectrareported were
recorded on a Leybold MAX-200 ESCA spectrometer using an
unmonochromated Mg Ka source operated at 12 kV and 25 mA.

(22) Diaz, A. F.; Lee, W.-Y.; Logan, A.; Green, D. C. J. Electroanal.
Chem. Interfacial Electrochem. 1980, 108, 377.
" 2(622) Schuhmann, W_; Kittsteiner-Eberle, R. Biosens. Bioelectron. 1991,
" '(24) Schubmann, W. Synth. Met. 1991, 41-43, 429.
(25) Schuhmann, W.; Lammert, R.; Uhe, B.; Schmidt, H.-L. Sens. Act.

1990, BI, 537.

(26) S Ww.; R; H: le, M.; Schmidt, H.-L.
Biosens. Bioelectron. 1991 6, 689.

(27) O'Riordan, D. M. T; Wal]ace, G. G. Anal. Chem. 1986, 58, 128.

(28) Rosenf.hal, M.V, Skotheim, T.; Warren, J. J. Chem. Soc., Chem.
Commun. 1985, 342.

The shape of the spectra indicated that no \o ion for
differential surface charging was needed. The binding energy
scale was calibrated to 285.0 eV for the main C(1s) (C—C) feature.
Spectra were run in both low-resolution (pass energy = 192 eV)
and high-resolution (pass energy = 48 eV) modes for the C(1s),
N(1s), and O(ls) regions. Each sample was analyzed at a 90°
angle relative to the electron detector. An analysis area of 2 X
4 mm? was used for rapid data collection (typically 5 min for the
C(1s) high-resolution spectrum).

Elemental compositions were calculated from the satellite-
subtracted low resolution spectra normalized for constant trans-
mission using the software supplied by the manufacturer.? The
sensitivity factors employed in these computations, C(1s) = 0.34,
N(is) = 0.54, O(1s) = 0.78, and CI (2p) = 1.08, were empirically
derived for the MAX-200 spectrometer by Leybold.

Electrochemical oxidations and reductions were performed
with a polarographic analyzer (Model 473) from ECO Instruments
(Cambridge, MA).

Piezoelectric frequency measurements were made on a Uni-
versal frequency counter (Hewlett-Packard Model 5334B).

2- and 4-nitrostyrenes were synthesized by the decarboxylation
of the corresponding nitrocinnamic acids (Aldrich), following
the procedure reported by Wiley and Smith.®® They were
characterized by 'H NMR spectroscopy. 5-Nitrofuroyl chloride
was prepared by treatment of 5-nitrofuroic acid (Aldrich) with
thionyl chloride under standard conditions.

Synthesis of the Di(2,2-pyrrolyl)(2- or 4-nitro-1-phenyl)-
methane. A solution of pyrrole (5 g) in acetic acid (20 mL) was
cooled in an ice bath and treated by dropwise addition with the
appropriate nitrobenzaldehyde (0.5 molar equiv) dissolved in a
mixture of acetic acid and DMF (9:1, 50 mL). After completion
of the addition (20 min), the mixture was stirred for a further
30 min with continued cooling in the ice bath and then at room
temperature for an additional 2h. The mixture was poured into
ice~water (250 mL) with stirring and extracted with toluene (100
mL). The extract was filtered through Celite to remove the
emulsion formed, and the organic layer was separated, washed
with water (2 X 25 mL), dried (Na;SO,), and concentrated on a
rotary evaporator to yield a crude solid product (3 g). A purity
check of this material by TLC in toluene-ethyl acetate (9:1)
indicated three main spots, the lower two probably due to higher
molecular weight impurities (these lower spots were more intense
with the 4-nitrophenyl isomer than the 2-nitro compound).
Purification of the crude product was carried out by column
chromatography with silica gel stationary phase and toluene as
the eluent. The pure material was recovered from the first
fraction.

The products were characterized by 'H NMR, and mass
spectrometry confirmed the products by recording a molecular
ion peak for both.

2-Nitro Isomer (I). 'H NMR (CDCl;): & 8.3-7.2 (m, 4 H,
aromatic ring/heterocyclic ring protons), 6.9-6.6 (m, 2 H, pyrrole
ring), and 6.4-5.7 (m, 5 H, CH, pyrrole ring).

4-Nitro Isomer (II). 'HNMR (CDClLy): 7.9 (d,2H),7.1(d,
2 H) (aromatic protons), 6.7-6.4 (m, 2 H), 6.0 (g, 2 H), 5.7 (m,
2 H, pyrrole protons), and 5.4 (s, 1 H, CH).

Electropolymerization. All the electrochemical polymeri-
zation reactions as well as the oxidation-state modification
experiments were performed utilizing a cell configuration de-
scribed previously,® which prevents the electrolyte solution from
wetting the electrical contacts of the piezoelectric crystals.
Deposition of polypyrrole on the gold-coated crystal surface was
effected by the electropolymerization of a solution of pyrrole
and tetrabutylammonium perchlorate (0.1 M) in acetonitrile.
The solution was deoxygenated prior to the electrodeposition by
bubbling nitrogen through for about 15 min. The copolymer-
ization reactions of pyrrole with the appropriate nitroaromatic
compounds were carried out under the same conditions as above,
employing molar quantities (1 M) of the latter. A duration of
1min persideat 1.0 V was uniformly used in all these experiments

(29) Berresheim, K.; Mattern-Klosson, M.; Wilmers, M. Fresenius J.
Anal. Chem. 1991, 341, 121.
(30) Wiley, R. H.; Smith, N. R. J. Am. Chem. Soc 1950, 72, 5198.
(31) Vigmond, S. J; ; Kallury, K. M.R.;Gh i, V;Th
M. Talanta 1991, 39, 449.
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Figure 1. (A)Pyrrole/4-nitrotoluene copolymerization product proposed
by Josowlcz et al. o- (I) and p-nitrophenyl (1I) monomers used to
prepare analogs of A.

°/a

and produced a film of approximately 0.5-um thickness as
determined by SEM.

Polymerizations involving the dipyrrolyl(nitrophenyl)methanes
(I and II) were carried out in an analogous manner, except that
concentrations of 0.7 g per 100 mL were utilized (i.e. the same
mass/volume used in the pyrrole polymerizations), and the
depositions were performed for 3 min.

Chemical Reduction of the Polypyrrole Films. The
polypyrrole-coated crystals were suspended in a solution of acetic
acid (30 mL, 1:1 aqueous) and treated with zinc dust in portions
(10 X 10 mg) over a period of 2h. The crystals were then washed
thoroughly with distilled water and rinsed with acetone prior to
XPS measurements.

N-Acylation/Arylation of the Polypyrrole Films. These
derivatization reactions were carried out under conditions similar
to those reported for pyrrole itself in literature,323 with slight
modifications. The polymer-coated crystals were treated with
a solution of the appropriate derivatizing agent (4-nitrobenzoyl
chloride, 5-nitro-2-furoyl chloride, or 2,4-dinitrofluorobenzene)
in dichloromethane (2% w/v, 30 mL) and triethylamine (2 mL).
The mixture was refluxed for 20 h, and the crystals were subjected
to extraction with acetonitrile in a Soxhlet apparatus for 5 h.

RESULTS AND DISCUSSION

XPS Analysis of Polypyrrole in Different Oxidation
States. The high-resolution XP spectra of polypyrrole in
various oxidation states are presented in Figure 2, and the
data computed for the C(1s) region are included in Table L.
Inthe N(1s) region, the neutral amino group exhibits a binding
energy peak at 400 eV while the positive sites along the
backbone in the oxidized polymer appear around 402.5 eV,
the latter approximately corresponding to the extent of
counteranion inclusion. These assignments are in agreement
with those reported earlier.435 This higher binding energy
peak has also been assigned to either a quarternary nitrogen3®

(32) Cipiciani, A.; Linda, P.; Savelli, G. J. Heterocycl. Chem. 1979, 16,
673.

(83) Gilman, N. W.; Holland, B. C.; Walsh, G. R.; Fryer, R. J. J.
Heterocycl. Chem. 1977, 14, 1157.

(34) Pfluger, P.; Street, G. B. J. Chem. Phys. 1984, 80, 544.
5 (35) Eaves, J. G.; Munro, H. S.; Parker, D. Polym. Commun. 1987, 28,

'(36) McLeod, G. G.; Jeffreys, K.; MacAllister, J. M. R.; Mundell, J;
Affrossman, S.; Petherick, R. A. J. Phys. Chem. Solids 1987, 48, 921.
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Figure 2. C(1s), N(1s), and O(1s) XPS, respectively, of polypyrrole in
as-prepared (dots), neutral (thick line) and oxidized (thin line) states.

Table I. Relative Peak Intensities in C(1s) Region of
Polypyrrole (£2%)

peak positions
state of polymer 285.0 286.5 288.0
as prepared 72 19 9
reduced at 1.5V 71 16 7
oxidized at +1.0 V 62 25 13

or a Doniach—Sunjic type of surface electron excitation.?” In
the neutral form a third peak around 398.5 eV, which is usually
accompanied on the higher binding energy side by a peak of
similar intensity, is ascribable to a hydrogen bonded network
with the pyrrolic nitrogens involved in electron donation and
acceptance, as postulated by us earlier.3!

The C(1s) spectra have been deconvoluted into three peaks
around 285.0, 286.5, and 288.0 eV. While the former two
have been assigned by earlier workers34 to the o and 8 carbons
of the pyrrole skeleton, it is conceivable that the resolution
of the instrument will not be good enough to completely resolve
these two species, if the conclusions drawn from the XPS
studies on polythiophene are any indication.3 In view of the
fact that these polymers contain several types of structures
which present various environments to functionalities (for
example, the quinonoid regions over which the bipolarons
are distributed in the oxidized form), peak overlap/broadening
occurs making specific assignments difficult. Therefore, it
is likely that the 285.0-eV peak includes both types of ring
carbons. Thesecond peak near 286.5 eV results from carbons
subjected to electron abstraction caused by oxidation, in-

(37) Hino, S; I ki, K.; T H.; M.
Soc. Jpn. 1990, 63, 2199.
(38) Tourillon, G.; Jugnet, Y. J. Chem. Phys. 1988, 89, 1905.

K. Bull. Chem.
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teraction with counterions present, and from the formation
of C-O (by the oxidation of the polymer) or C-Cl bonds
(obtained by the electrophilic attack of chlorine initially
present as perchlorate). The peak near 288 eV could result
from carbonyl moieties (e.g. amides) produced by the oxi-
dation of the polymer and residual acetonitrile, which is known
to be retained even under vacuum conditions.?® Both of the
higher binding energy peaks have also been attributed to
satellite38 or shake-up®’ peaks.

In spite of the fact that specific assignments cannot be
made to the C(1s) peaks observed, the data in Table I clearly
shows that the oxidized form of the polymer exhibits
enhancement in the relative intensities of the higher binding
energy peaks. Such behavior has been noted previously,3®
although not quantitated. Thus, reduction over a duration
of 10 min increases the abundance of the 285.0 eV peak by
5% while oxidation at +1.0 V for 10 min caused a 10%
decrease. Furthermore, despite the fact that some changes
inthespectra are permanent, such as the covalent attachment
of chlorine upon oxidation, shifts between the 285.0-eV peak
and the two higher ones are reversible and, therefore,
indicative of the oxidation state of the polymer. Our studies
also indicate that the polymer shows analogous increases in
the higher binding energy peaks upon aging.

Assuming 25% perchlorate counteranion incorporation, the
oxygen content of the as-prepared polymer is calculated to
be 16%, and a value close to this figure is generally obtained
(20 £ 3%). While the broad peaks usually observed in the
O(ls) spectra make assignments difficult, the oxidized
polymer has peaks at 532.5 + 0.2 eV, attributable to the
perchlorate oxygen, and 534 + 0.5 eV due to organic
oxygenated functionalities. However, although all the per-
chlorate has been removed consequent to neutralization, as
evidenced by the absence of any chlorine in the spectrum, the
oxygen content only decreases by about 5%. The more
abundant O(1s) component moves down to 531.5 + 0.2 eV
and the other peak to 533 + 0.5 eV. Some contribution from
water in the solvent which can hydrogen bond to the pyrrole
units can be expected. Ina previous paper,3 we have observed
that the degree of solvation of polypyrrole is a function of its
oxidation state. Upon electrochemical reoxidation, the two
peaks shift back to the higher energy side by 1 eV, and the
total relative oxygen content of the polymer goes back close
to its initial value.

Copolymerization with Pyrrole. Two types of nitro
aromatics were copolymerized in 10-fold molar excesses with
pyrrole. One set comprised 2- and 4-nitrostyrenes and 2- and
4-nitrobenzaldehyde, which have either a reactive double bond
or an aldehyde moiety capable of interacting with pyrrole
through a nucleophilic addition mechanism. The second
series consisted of nitrobenzenes with methyl and/or chloro
substituents on the aromatic ring. With the former set,
analysis of the N(1s) regions of the XP spectra revealed 10%
incorporation of 4-nitrostyrene in the copolymerization
product while no reaction was detected with the ortho isomer.
In the case of the nitro aldehydes, the polymeric product
consisted of equal amounts of the pyrrole and nitrophenyl
moieties for the 4-nitro derivative, but only a 15% reaction
was observed with the ortho isomer. A steric effect is thus
obvious with both 2-nitro derivatives.

The nitro group was absent in the high-resolution N(1s)
spectra of polymer films resulting from copolymerizations of
pyrrole with 2- and 4-nitrotoluenes, 2-chloro-4-nitrotoluene,
or 2,4-dichloronitrobenzene. However, the 60:25:15 distri-
bution of the C(1s) components observed with these reagents
indicates that the oxidation state of the resulting polymer is
altered. This distribution is quite similar to that obtained

(39) Vork, F. T. A;; Janssen, L. J. J. Electrochim. Acta 1988, 33, 1513.
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Figure 3. C(1s) and N(1s) XPS of as-prepared polypyrrole (dots) and
pyrrole/4-nitrotoluene copolymer (line).

from polypyrrole subjected to a +1.0-V potential (see Table
I). Theas-prepared copolymerization products contain about
30 mol % of perchlorate (computed from Cl(2p) vs N(1s)
signal intensities), and the O(1s) region showed two peaks at
532.5 and 534.0 eV. Upon reduction to the neutral form,
enhancement of the 285.0 eV C(1s) peak and a shift of the
O(1s) peak to 531.5 eV were observed, characteristics exhibited
by polypyrrole itself (see earlier discussion). A feature of
note is that no covalently bound chlorine is detectable with
these copolymerization products, while covalently bound
chlorine is present in polypyrrole subjected to the extra
oxidation step.

When copolymerization of pyrrole was performed with
either 4-nitrophenol or 4-chloro-2-nitrotoluene, no such
oxidative effect was observed. The behavior of the latter
compound could be due tostericfactors. The former perhaps
reacts with the pyrrole skeleton through a weak acid—base
interaction rather than through the nitro moiety.

As it has been postulated that nitrotoluenes become
covalently attached to polypyrrole,?! copolymerizations with
furan and 3-methylthiophene were performed in order to
ascertain whether these nitro aromatics become incorporated
into non-nitrogenous polymer skeletons through reactions
involving the nitro group. However, only 1-3% of nitrogen
was observed in the spectra of the products, and this was
determined to be from the solvent, acetonitrile, as equal
amounts were also found in plain polyfuran and poly(3-
methylthiophene) samples. The chemical shifts are also
consistent with this interpretation. The low affinity of the
nitrotoluenes toward polypyrrole was verified by soaking the
polymer in a 4-nitrotoluene/acetonitrile solution overnight
and examining the sample with XPS. The absence of a nitro
signal indicates that any adsorption that does occur cannot
survive ultra-high vacuum conditions. The rapid loss (over
30 min) of nitrotoluenes deposited on polypyrrole-coated
9-MHz gold piezoelectric crystals under atmospheric condi-
tions further supports the low level of interaction between
the compounds and polypyrrole.

The formation of polypyrrole with a higher degree of
oxidation during the copolymerization of pyrrole with nitro
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Figure 4. N(1s) spectrum of poly(bis(2,2"-pyrrolyl{4-nitro-1-phenyl)
methane) as-prepared (top) and after reduction at -1.5 V (bottom).

aromatics may be attributed to either an increase in the
polarity of the electrochemical reaction medium caused by
the polar nitro compounds or an interaction between the nitro
group and pyrrole (or its oligomers), in a manner analogous
to that proposed for N-methylphenothiazine.# By complex-
ing with pyrrole, the N-methylphenothiazine dication pro-
duces a species with a lower ionization potential than free
pyrrole, and hence the polymerization is catalyzed. Although
the nitrotoluene copolymerization reactions show no evidence
of catalysis or incorporation of nitro compounds, a weak
complex may form in solution and produce a polarization of
pyrrole which will alter the ionization of the monomer or the
growing oligomers.

Polymerization of Dipyrrolyl(nitrophenyl)methanes.
In order to study the characteristics of a product structurally
similar to that proposed by Josowicz et al.,?! pyrrole was
reacted with 2- and 4-nitrobenzaldehydes to furnish the
dipyrrolyl(nitrophenyl)methanes (DPMs, see Figure 1). The
polymers obtained from these DPMs possess spectral char-
acteristics quite similar to polypyrrole, although they do not
appear to achieve as high an oxidation level. The lower
oxidation level can be inferred from a much lower level of
anion incorporation, the perchlorate contribution being only
5% relative to the pyrrole nitrogens. The nitrogen spectra
(Figure 4) clearly show nitro N(1s) binding energy peaks with
intensities comprising up t0 40 % of the total intensity of the
N(1s) region. The value appears to be higher than that
expected from this structure (two pyrrolylimino moieties per
nitro group) and may be the result of an enrichment of the
nitro group at the surface, contributions from shake-up peaks
overlapping the nitro region or the inclusion of some higher
molecular weight products in the polymerization solution.
Both isomeric polymers show larger enhancements on the
lower binding energy side of the amino peaks (near 398 eV)
than seen with polypyrrole. This may be an indication of
hydrogen bonding between the oxygen of the nitro groups
and the amino protons.

(40) Mendes Viegas, M. F.; Genies, E. M.; Fouletier, M.; Vieil, E.
Electrochim. Acta 1992, 37, 513.

The C(1s) spectra of the two isomeric polymers are
comprised of a relatively larger 285.0-eV component (about
78% for the as-prepared polymers) which arises from the
additional carbons from the phenyl ring. While the relative
intensities of the carbon peaks still change upon oxidation
and reduction, the changes are only about half as large as
those seen with polypyrrole. Likewise, the O(1s) spectrashow
a shift to lower binding energies upon reduction, which is
reversible with subsequent oxidation, but it is not as pro-
nounced as that observed with polypyrrole. The orthoisomer
is particularly insensitive to oxidation and reduction and only
shows shifts of a few tenths of an eV. These polymers
obviously contain stable nitro oxygens which moderate the
extent of changes observed in total oxygen content with
oxidation and reduction.

The stability of the nitro group in the above polymers to
electrochemical reducing conditions can be monitored through
the N(1s) spectra. While it has been reported that reduction
of a nitro group at the 3-position of pyrrole to an amino
functionality requires a reducing potential of more than -2.0
V25 (with respect to the Ag/AgCl reference electrode), the
application of lower potentials to these polymers does cause
some reduction, possibly to a nitroso, which is detected by
adecrease in the intensity of the peak at 406 eV. Reductions
at—1.5V decrease the amount of surface nitro groups present,
but this effect appears to be limited. A 10-min reduction at
this potential lowers the nitro component by about 5% in the
N(1s) spectrum but does not result in lowering the nitro
component to less than 25% of the total nitrogen content
(about 30% less than the initial value) even after several
reduction cycles. The reduction also produces large en-
hancements on both sides of the 400-eV peak, a result of
hydrogen bonding.

Lowering the nitro content to 15-20% (50% of the original
level) could be observed by the application of a potential of
—2.5 V. After 10 min, this higher negative potential causes
severe degradation as evidenced by much broader peaks and
a loss in resolution of the components. While reduction
potentials of 1.5 V or lower increase the 285.0-eV component
in the C(1s) spectrum with respect to the 286.5- and 288-eV
components for polypyrrole and these DPM polymers, the
-2.5-V potential produces carbon species with greater con-
tributions from the higher oxidation states. This suggests
that the polymers undergosome type of reaction with reagents
in solution.

The effect of aging appears to be as significant as the
application of reduction potentials. The nitro component
decreases by about 10% of the total N(1s) signal over a period
of a few months and then remains essentially stable for up
to 1 year. This phenomenon also appears to be limited to
eliminating the surface nitro groups to no less than 15% of
the N(1s) signal, similar to the —2.5-V reduction. The relative
areas of the higher binding energy components in the C(1s)
spectra increase with respect to the 285-eV peak by about
10% for the para isomer and 5% for the ortho. To reduce
the nitro group to insignificant levels typically requires a
chemical reduction with zinc in aqueous aceticacid. Theloss
of the nitro signal from aging is at least partially ascribable
to a restructuring of the polymer surface to reduce the
interfacial energy while it is in contact with a nonpolar
environment, viz. air. However, upon either oxidation or
reduction after standing for several months, an increase of
the nitro signal is normally obtained. A typical set of results
from a series of oxidation and reduction potentials for the
4-isomer is presented in Table II, but similar behavior is also
observed for the ortho case. The nitro signal appears to be
stable to initial oxidation but decreases by one-fourth upon
reduction and then by about one-third after standing for 1
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Table II. Stability of Surface Nitro Groups for a
Poly(p-trimer) Sample

% nitro fwhm fwhm

of N(Is)  ofnitro  of amino
region signal signal

conditions (*=3%) V) eV)
as prepared 40 151 153
oxidized at +1.0 V@ 40 1.62 1.62
reduced at-1.5 V¢ 30 1.74 1.68
two oxidations at +1.0 V¢ 31 1.51 1.76
2 months after oxidations 18 1.54 1.72
12 months after oxidations 16 1.36 1.68
reduced at-1.5 V@ 23 1.66 197
oxidized at +1.0 Ve 26 1.55 1.81

@ Oxidations/Reductions performed for 10 min.

year. The partial regeneration of the surface nitro groups
seems to be possible upon either oxidation or reduction and
is most likely the result of restructuring induced in a polar
electrolytic environment.

Reduction and aging both decrease the amount of the nitro
signal measured but the values in Table II show a difference
in the width of the nitro peaks resulting from the two sets of
conditions. The reduction usually causes a broadening of
the nitro peak, although it is reversible with oxidation, while
aging normally produces only small, random changes in the
widths of the peaks. Aswith the N(1s) spectrum of the neutral
polypyrrole, this phenomenon is related to the strong hy-
drogen-bonding capabilities of the pyrrole units. In the
neutral state, many pyrrole units in the DPMs hydrogen bond
to the highly electronegative nitro group, producing a new
environment for some of the moieties, which is manifested
in a broader peak. The aging effect arises predominantly
from surface reorientation and is partially reversed when it
is subjected to the polarizing conditions of either oxidation
or reduction with only minor changes in the oxidation level
of the polymer such that hydrogen-bonding capabilities
remain about the same. The broadening of the amino signals
are independent of the electrochemical conditions although
there does appear to be a general increase in fwhm values
with time which probably results from greater irreversible
oxidation of the polymer.

Derivatization of Polypyrrole through Reactions
Involving the Amino Groups. The third method utilized
to functionalize polypyrrole was through the reaction of the
thin film polymers with 4-nitrobenzoyl chloride, 2,4-dini-
trofluorobenzene, and 5-nitro-2-furoyl chloride. The syn-
thetic routes are depicted in Figure 5, and the yields of the
reactions under various conditions are presented in Table
II1. Thereaction with 4-nitrobenzoyl chloride proceeds faster
at elevated temperatures, and the yields could be higher than
those presented, given appropriate conditions. Doubling the
reflux time to ca. 40 h with 4-nitrobenzoyl chloride allows the
reaction to proceed to 70% . Reaction of neutral polypyrrole
with all the reagents was more facile than with the oxidized
form due to its greater nucleophilic character. The dicationic
bipolaron segments in the polymer must limit the available
regions where the Sx2 reactions may occur. Better yields are
obtained from polymers which have been reduced with zinc
than those which are electrochemically reduced.

Of the three reagents studied, the reaction with 4-ni-
trobenzoyl chloride was the most facile. The resulting
functionalized polymer surface appears to be composed of
the calculated amount of carbon (72%), but the oxygen
content is high (17%) and the nitrogenislow (11%) [assuming
a50% reaction, the calculated values are carbon 71 %, oxygen
14% and nitrogen 14%]. The increased oxygen level results
from adsorbed water or oxidation of the polymer. The oxygen
level isseen toincrease to about 25% over several months, and
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Figure 5. Reaction schemes used for the derivatization of polypyrrole.
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Table III. Reaction Yields with Polypyrrole

polymer reaction %
state reactant temp, °C  completion
neutral 4-nitrobenzoyl chloride 22 43
oxidized  4-nitrobenzoyl chloride 22 24
neutral 4-nitrobenzoyl chloride 40 69
oxidized  4-nitrobenzoyl chloride 40 56
neutral 2,4-dinitrofluorobenzene 40 28
oxidized  2,4-dinitrofluorobenzene 40 24
neutral 5-nitro-2-furoyl chloride 40 40
oxidized  5-nitro-2-furoyl chloride 40 38

Table IV. Stability of Surface Nitro Groups of Polypyrrole
Reacted with p-Nitrobenzoyl Chloride

% nitro fwhm fwhm
of N(1s) of nitro of amino

region signal signal
conditions (*3%) V) eV)
after reaction of zine- 33 145 191

reduced polypyrrole

lminat-15V 19 151 1.85
+15minat-1.5V 10 1.57 1.79
19 months later = 1.84

@ A 4% signal at 406 eV did appear, but upon inspection of C(1s)
and O(1s) regions, it was determined to be a shake-up peak.

this is probably due to oxidation of the polymer. Similar to
the parent polypyrrole, the O(1s) spectrum is deconvoluted
into two peaks at 531.7 and 533.0 eV which shift to higher
binding energy upon oxidation to 532.4 and 534.0 eV.
However, the regular shifts in the C(1s) components are no
longer observed with oxidation and reduction. The shifts
appear to be more random, and in fact there is a tendency
for some reductions to actually decrease the 285-eV compo-
nent, which indicates a much greater sensitivity to experi-
mental conditions than is observed with the underivatized
polymer.

TableIV lists the relative abundance of the nitro group for
a typical sample subjected to some reducing potentials and
aging. This derivative is more electrochemically-labile than
the poly-DPMs, although repeated reductions seem to be
limited to decreasing the nitro level to 5%. In this case,
though, the reduction does not produce the broader nitro
peaks recorded with the poly-DPMs; the nitro peak tended
to broaden with age, but no obvious reversal of peak widths
was observed upon oxidation of the reduced polymers. Aging
of the samples seems to bring about complete elimination of
the nitro groups from the surface.
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Table V. Stability of Surface Nitro Groups of Polypyrrole
Reacted with 5-Nitro-2-furanoyl Chloride

Table VI. Stability of Surface Nitro Groups of Polypyrrole
Reacted with 2,4-Dinitrofluorobenzene

% nitro  fwhm fwhm
of N(1s) of nitro  of amino

region  signal signal

% mitro  fwhm fwhm
of N(1s) of.nitro of amino

region  signal signal

conditions *3%) (eV) (eV) conditions &%) (V) V)

after reaction of electrochemically- 30 1.75 2.11 after reaction of electrochemically- 31 1.96 1.92
reduced polypyrrole reduced polypyrrole

lminat-1.5V 5 1.51 1.87 3.75 minat-1.5V 23 2.18 1.86

+5minat-1.5V 1.73 +3.75 min at -1.5V 17 2.30 1.96

+15 min at -1.5 V 17 2.75 1.86

Reaction of oxidized polypyrrole with subsequent Soxhlet
washing with acetonitrile yields a product in the neutral state.
Therefore, regardless of the state of the starting polypyrrole,
the modified polymer requires an additional oxidation step
in order to synthesize the cationic polymer backbone.
Application of a +1.0-V potential in an acetonitrile solution
containing tetrabutylammonium perchlorate has a similar
effect to that observed with polypyrrole itself; the level of
chlorine increases to near 35% of the nitrogen level (or about
50% of the pyrrolic amines, very similar to the value obtained
with polypyrrole) which is approximately evenly divided
between perchlorate counteranions and the covalently-
incorporated form. The neutral form of the modified
polypyrrole was the one predominantly studied, and a major
difference in the distribution of the anionic components was
observed for this material compared to the other polymers
thus far. While the other polymers were able to form
hydrogen-bonded networks that were detected by large
enhancements on both sides of the amino signal at 400 eV,
this isnot seen after reaction with nitrobenzoyl chloride. While
some combinations of reductions and standing for periods of
time did cause large enhancements, the 400-eV peak is
generally more prominent in the spectrum (80 % of the amino
region versus 65% for polypyrrole itself), and this was most
likely the result of steric factors from the attached nitroben-
zoyl substituent preventing hydrogen bond interactions.

The next most reactive species was 5-nitro-2-furoyl chloride.
The values from Table V indicate the much greater sensitivity
of the nitro group to reduction; complete elimination of the
nitro group is observed within 10 min at —1.5 V. While no
conclusions can be drawn from the breadth of the nitro signal
since it is eliminated so easily, the fwhm of the amino
components decreases somewhat, indicating a more uniform
environment within the polymer. However, a major difference
with this more labile derivative is observed upon oxidation.
While the nitro groups of all the polymers discussed so far
are stable to oxidation, 10 min at +1.0 V decreases the nitro
signal by about 50% in the spectrum of the 5-nitrofuroyl
derivative, and further oxidation is seen to essentially
eliminate the nitro signal entirely.

The third reagent utilized was 2,4-dinitrofluorobenzene,
and while only about 50% as much reacted with the surface
compared to the other two compounds, similar levels of nitro
groups are present as this molecule obviously contains two
nitro substituents. While some of the reduced yield may be
attributed to the different nucleophile involved in this case,
part of the reason for this behavior may be from steric
hindrance resulting from the additional functionality. Re-
duction of this surface does decrease the nitro signal, but
typically by no more than about two-thirds. This is similar
tothe stability exhibited by the 4-nitrophenyl derivative (see
Table VI). However, an additional artefact of the electro-
chemical reductions is the broadening of the nitro signal.
Subsequent reductions increase the peak width in the example
shown from 1.96 to 2.75 eV, and this is probably also due to
hydrogen bonding between the nitro groups and amino
moieties. This may infuse some stability to the nitro groups
and be a factor in their resistance to further reduction. There

does not appear to be any correlation to the width of the
amino components.

This derivatized product also shows susceptibility to
oxidizing potentials. Applying a potential of +1.0 V for 10
min also eliminates about 50% of the nitro signal. These last
two derivatizing agents both show a loss of the nitro group
upon oxidation, but as nitro groups are normally stable to
oxidizing potentials, this loss must be a result of elimination
of the whole derivatized segments. Although the two species
are covalently attached through different bonds, one an amide
and the other a nitrogen-—aryl carbon linkage, both molecules
arelostatapproximately thesamerate. Therefore, thelability
of certain species bound to polypyrrole through the nitrogen
atom must arise from a property within the attached-species,
and this characteristic will need to be further examined in
future work.

CONCLUSIONS

The current study demonstrates that X-ray photoelectron
spectroscopy can serve to distinguish between various oxi-
dation states of polypyrrole. In addition, this technique can
provide information on structural features such as inter/
intramolecular hydrogen bonding and degree of surface
modification, besides enabling one to follow the effects of
aging and behavior of unique functionalities under different
electrochemical conditions.

The results also indicate that nitro-functionalized poly-
pyrrolesurfaces could be generated either by copolymerization
of pyrrole with reactive molecules like nitrobenzaldehydes or
nitroethenylbenzenes (styrenes) or by derivatization of a
preformed polypyrrole with nitro aromatic acid chlorides or
halodinitrobenzenes through the neutral imino moieties of
the polymer. A strong steric effect is observed with copo-
lymerizations involving o-nitro aromatics which retards the
functionalization process severely. The stability of the nitro
group in N-(nitroaroyl)- and N-(nitroaryl)polypyrroles has
also been shown to be dependent upon the electrochemical
conditions. A third route for nitro functionalization consists
of the electropolymerization of dipyrrolyl(nitroaryl)methanes,
which could be synthesized by treating pyrrole with ni-
trobenzaldehydes. The polymers thus obtained show a limited
degree of reduction under electrochemical conditions as well
as aging effects.

Aninteresting feature in the present study is the production
of a polypyrrole with a higher oxidation state when pyrrole
is electropolymerized in the presence of nitrotoluenes and
nitrohalobenzenes. Subsequent oxidations and reductions
follow the trend noted for polypyrrole formed in the absence
of any coreagents.
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Pulse ion cyclotron resonance (ICR) time domain signals
arising from a mixture of lon specles typically do not exhibit
the smooth exponentlal decay one normally observes in FTIR
and pulse nuclear magnetic resonance (NMR) time domain
signals. This nonexponential decay Is caused by a number
of factors which leads to a time varlation In the relative ion
intensities of the species present and to large errors In the
accurate experimental nt of those relative abun-
dances. If pulse ICR signals of short time duration are used
(e.g. the first 1K data points out of a total of 64K data points),
the accuracy of the lon abundance measurements Is greatly
Improved. Itis shown that the linear prediction (LP) method
gives more accurate Intensity values for each frequency
component of the time domalin signal than those obtained
from the more standard Fourler transform (FT) method, and
for short acquisition times the resolution obtained with LP
methods is much greater thanfor FT. In addition, the intensities
determined by LP are much less sensitive to Instrument
operating conditions. The advantages of LP methods are
particularly relevant to laser desorption ICR spectroscopy.

INTRODUCTION

Fourier transform ion cyclotron resonance mass spectros-
copy (FTICR MS or FTMS) is now a widely used analytical
tool for making mass measurements with very high resolution
and mass accuracy. This work and other applications have
beenreviewed in the literature.l-8 The accurate measurement
of ion abundances with FTICR has, however, proven to be
particularly difficult. These difficulties have limited the
utility of FTICR for quantitative measurements. Several
articles addressing the problem of the accuracy and precision
in ion abund ts have recently appeared in
the literature.*® In this work, the difficulty in obtaining
accurate relative abundance information is attributed to the
averaging process of the Fourier transform methods con-
ventionally used to convert the observed time domain signal
into a frequency, or mass, spectrum. The use of linear

* To whom communications should be sent.

(1) Wilkins, C. L.; Chowdhury, A. K.; Nuwaysir, L. M.; Coates, M. L.
Mass Spectrom. Rev. 1989, 8, 67-92.

(2) Asamoto, B. Spectroscopy 1989, 3, 38-46. See also: Asamoto, B.;
Dunbar, R. C. Analytical Applications of Fourier Transform Ion
Cyclotron Resonance Mass Spectrometry; VCH: New York, 1991.

(3) Laude, D. A_; Johlman, C. L.; Brown, R. S.; Weil, D. A.; Wilkins,
C. L. Mass Spectrom. Rev. 1986, 5, 107-166.

(4) Huang, S. K.; Rempel, D. L.; Gross, M. L. Am. Soc. Mass Spectrom.
1984, 596.

(5) Poretti, M.; Rapin, J.; Gaumann, T. Int. J. Mass Spectrom. Ion
Processes 1986, 72, 187-194. Rapin, J.; Poretti, M.; Gaumann, T.
Spectrosc. Int. J. 1984, 3, 124-128.

(6) Liang, Z.; Marshall, A. G. Anal. Chem. 1990, 62, 70-75.
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(8) Mitchell, D. W.; DeLong, S. E. Int.J. Mass Spectrom. Ion Processes
1990, 96, 1-16.
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prediction rather than a Fourier transform allows one to use
time domain signals of very short duration and avoids the
time-dependent distortions. This leads to much more ac-
curate ion abundance information.

FTICR spectroscopy is typically done with ions trapped
with parallel electric and magnetic fields in an analyzer cell.
Ions undergo characteristic cyclotron motion in the plane
perpendicular to the magnetic field. Ideally, the frequency
of the ion cyclotron motion is related only to the strength of
the magnetic field and the mass to charge ratio of the ion.
The cyclotron motion of the trapped ions is excited with a
sinusoidal excitation voltage applied across the magnetic field.
Each species of ions in the cell is excited as a coherent ion
packet that cyclotronsin the cell at the characteristic cyclotron
frequency. The excited cyclotroning packets of ions induce
a sinusoidal signal on the cell detection plates, with a
characteristic frequency which is dependent upon the mass
to charge ratio, m/z.

In FTICR, the digitized time domain signal is converted
to the frequency domain by means of the Fourier trans-
form.%10 The Fourier transformation produces the familiar
mass (or frequency) spectrum in the frequency domain, F(w)

F@ = [Tre de )

where w is the cyclotron frequency of the different ion species.
In practice, the integral in eq 1 is replaced by a summation
over a discrete number of data points and one obtains

N-1
F) =;g(t,,) exp(-ivgy/N) j=0,1,..,N-1 (@)
=0

where F(«w;) is the intensity of the jth element in the frequency
domain, g(¢;) is the amplitude of the kth element in the time
domain, and N is the number of data points. The discrete
Fourier transform (DFT) given by eq 2 is mathematically not
very efficient (it requires N2 mathematical operations) and
has been superceded by the much more efficient fast Fourier
transform (FFT) developed by Cooley and Tukey.%®
Because the phase of the signal for each of the ion species
is a complex function of ion mass and experiment timing,
phase corrections for the Fourier transformation are neither
linear nor simple. Consequently, the mass spectra are
conventionally displayed as magnitude-mode frequency do-
mainspectra. Since magnitude-mode peaks donot have finite
integrals, the frequency domain spectra do not accurately
represent the ion abundance. In most of the FTICR
spectrometers currently in use the peaks are digitally inte-
grated over a fixed frequency range. The resulting area
depends on both the initial time domain amplitude, A;, of the
Jjthcomponent of the time domain signal and the time domain

(9) (a) Fourier, J. B. Theorie Anal. Chaleur 1822. (b) Cooley, J. W.;
Tukey, J. W. Math Comput. 1975, 19, 9.

(10) Marshall, A. G.; Comisarow, M. B.; Parisod, G. J. Chem. Phys.
1979, 71, No. 11, 4434-4444. See also: Marshall, A. G.; Grosshans, P. B.
Anal. Chem. 1990, 63, 215A-229A.
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decay rate, 7;, of that same jth component of the time domain
signal (see eq 3 below). Using the magnitude-mode peak
heights to represent A; requires that each peak have an
identical line width. Since the magnitude mode peak shapes
are determined by 7;, this implies that the 7; values for each
signal component must be identical and A; must depend only
on the number of ions of each species trapped in the cell.
Since neither of these two basic requirements is met,
inaccuracies in ion abundance measurements made with
FTICR arise.

The initial amplitude of each ion signal depends not only
on the number of ions in the cell but also on the radius of its
cyclotron orbit. For the mass spectrum to accurately reflect
ion abundance, all the ions must be excited to the same
cyclotronradius. Thisisdifficulttoachieve. Thedistribution
of excitation power in “burst”, “chirp”, and tailored waveform
excitation techniques is not uniform over the excited fre-
quency range.!"¢ The uneven frequency distribution of the
excitation power and the mass dependence of the excited
radius results in the excitation of ions of different masses to
different radii and reduces the correlation between peak area
and ion abundance.

Further distortions in the relation between peak area or
peak height to ion abundance arise from the unique 7; value
associated with each frequency component in the composite
signal (see eq 3). The frequency domain peak shape and,
consequently, the peak area, depends on the 7; of each
frequency component.!! The ; value of each component
depends on ion mass, relative ion abundance, charge density,
and the mass distribution of the neutral background and varies
intime during a transient.”1517 For magnitude-mode spectra,
the differences in 7; among components of the same signal
reduce the correlation between peak height or peak areas and
relative ion abundance. The nonexponential decay of the
signal further reduces the correlation between peak shape
and the time domain signal intensity.

Various techniques have been developed to correct for the
variations in r; between components of the same signal.”8 In
these techniques, information about the time dependence of
the power in the signal is retained by transforming parts of
the time domain signal separately. Comparison of the
transformed segments yields information about how the
intensity of each signal changes as a function of time. For
example, a time domain signal consisting of 64K (1K = 1024)
data points may be divided into eight 8K segments.2 Each
segment is Fourier-transformed, and the amplitudes of the

(11) Comi , M. B.; Marshall, A. G. Chem. Phys. Lett. 1974, 26,
No. 4, 489-491.

(12) Noest, A. J.; Kort, C. W.F. Comput. Chem. 1983, 7, No. 2, 81-86.

(13) Chen, L.; Wang,T C.; Ricca, T. L.; Marshall, A. G. Anal. Chem.
1987, 59, 449-445.

(14) (@) Tomhnson,B L;Hill, H. D. W. J. Chem. Phys. 1973, 59, 2775.

(b) Marshall, A. G.; Wang, T. C.; Chen, L; Ricca, T. L. In Fourier
Transform Mass Spectrometr:y, Buc.hanan M V., Ed.; ACS Symposium
Series No. 359; American Chemi Wi ‘ DC, 1987; pp

21-33.

(15) Dunbar, R. C. Int. J. Mass Spectrom. Ion Processes 1984, 56, 1.

(16) Comisarow, M. B. Lect. Notes Chem. 1982, 31, 484.

(17) Laukien, F. H. Int. J. Mass Spectrom. Ion Pracesses 1986 73 81.

(18) Loo, J. F Thesis, Uni y of Wi
Wisconsin, 1989.

(19) Loo, J. F.; Krahling, M. D.; Farrar, T. C. Rapid Commun. Mass
Spectrom. 1990, 4, 297-299.

(20) Kumaresan, R.; Tufts, D. W. IEEE Trans. 1982, ASSP-30, 671~
675.

(21) Barkhuijsen, H.; de Beer, R.; Bovee, W. M. M. J.; van Ormondt,
D. J. Mag. Reson. 1985 61, 465—481.

(22) Tirendi, C. F.; Martm, J. F. J. Mag. Reson. 1989, 85, 162-169.

(23) Tang, J.; Norris, J. R. J. Mag. Reson. 1988, 79, 190-196.

(24) McLafferty, F. W.; Stauffer, D. B.; Loh, S. W.; Williams, E. R.
Anal. Chem. 1987, 59, 2213-2216.

(25) Cody, R. B.; Bjarnason, A.; Weil, D. A. In Lasers in Mass
Spectrometry; Lubman, D. M., Ed.; Oxford University: New York, 1990;
pp 316-340.

resulting low-resolution lines are obtained. The eight am-
plitudes of each of the signals in each 8K segment are plotted
as a function of time and extrapolated to zero time. This
zero-time amplitude has been found to be a much more
accurate representation of the true amplitude than any of
the amplitudes in the various 8K segments.

We have analyzed time domain signals using linear
prediction (LP) methods rather than the more conventional
Fourier transformation methods.?® As seen below, the LP
method avoids some of the problems associated with Fourier
transformation of long, time domain signals.181® Linear
prediction is an autoregressive technique and is based on the
important assumption that the time domain signal is a
composite of a number of different, damped cosine signals.
If thisis true then a faithful representation of the time domain
signal is given by the expression

x(t) = )_A; expl-t/r) cos (ot + ) ®)
J=1

where x(¢) is the amplitude of the time domain signal at time,
t, n is the number of signal components present, 4; is the
initial amplitude of the jth signal component, 7; is the decay
time, w; is the frequency, and ¢; is the initial phase. As can
be seen here, for each signal present, there are four degrees
of freedom, an amplitude, a decay time (or line width), a
frequency, and a phase. In other words, the time domain
signal defined by eq 3 above is a superposition of Lorentzians.
The linear prediction method is simply a way of obtaining
the least squares best-fit values for the four parameters
associated with each frequency component.

One popular implementation of the linear prediction
method, linear prediction with singular valued decomposition
(LPSVD), was introduced by Kumaresan and Tufts.2? This
method and other recently developed more efficient ones have
been applied with great success to NMR spectroscopy.2-23
All of these procedures involve the use of an autoregressive
algorithm used to fit the observed transient to a known
mathematical model of the signal. The ideal model of the
pulse-mode ICR time domain signal is presented by eq 3 given
above.

In autoregressive methods one attempts to reconstruct the
entire time response from a small fraction of the total number
of data points, thus the amplitude, x, of the nth data point
may be obtained from a knowledge of the preceding k& data
points

M
X,= ;akXN.k +Z, @
=1

Note that each data point, X, isrepresented as a combination
of the M previous data points, weighted by a AR coefficient,
aj, plus a residual Z,. Equation 3 is solved by determining
the AR coefficients needed to model the known data with
minimum residuals. The solution technique developed by
Kumaresan and Tufts? uses the singular value decomposition
(SVD) linear least squares procedure to solve eq 4 in matrix
form by minimizing the residuals of the fit of the data matrix
to the predicted values.

The LPSVD technique yields a vector of AR coefficients.
Without noise in the data, only two AR coefficients are needed
to describe each of the K sinusoidal components. To model
real data sets that include noise, as many as 0.75N AR
coefficients are used.?® In the case of transients with a high
signal to noise ratio, the signal-related AR coefficients can be
distinguished from the coefficients describing noise by their

(26) Farrar, T. C; Loo, J. F; Krahling, M. D.; Elling, J. W. U.S. Pat.
No. P89083US.
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magnitude. The AR coefficients describing sinusoids form
apolynomial whose}roois represent the frequencies and decay
constants of the sinusoids making up the signal. The
amplitude and phase of the sinusoids are calculated by
substituting the frequency and decay constants into the model
equation and doing another least squares fit to the data.
Altogether then, a total of four parameters is required to
define each sinusoid. The resolution is not limited by the
total sampling time; this is the strength of the linear prediction
method. The price one pays for this advantage is that the
LPSVD procedure is computationally intensive, requiring
up to N2 calculations compared to only N logs N calculations
for an FFT.

The advantage of using LPSVD is that the calculations
may be carried out on very small data sets (64-1024 points).
These data sets can be collected over a very short period of
time, minimizing the effect of differences in r; for the various
signal components and for the variation of the different 7; as
a function of time. The signal amplitudes calculated with
LPSVD are therefore less susceptible to the time-dependent
processes that distort the signal-to-abundance relationship
when the FFT is used to analyze long transients.

EXPERIMENTAL SECTION

Experiments were performed with an Extrel FTMS 2001
Fourier transform ion cyclotron resonance mass spectrometer
equipped with a 3.0 T superconducting magnet and used in the
single-cell configuration.? A pulsed TEA CO, laser was used for
laser desorption.?

Krypton gas was introduced to the vacuum system through
the batch inlet at varying pressures and ionized with 70-eV
electrons. Krypton of 99.999% purity was purchased from
Spectra Gasses, Inc. A highly frequency-selective, tailored
excitation waveform was used to apply excitation power such
that only ions in the mass range from m/z 70 to m/z 90 were
excited.’®!* The time domain signal resulting from the krypton
ions was mixed with a 615-kHz reference signal and digitized at
arate of 175.7 kHz for a peried of 1.49s. The signal to noise ratio
(S/N) was increased by averaging (coadding) 500 time domain
signals.

Laser desorption experiments were carried out using a lead
sample. Thelead standard reference material was obtained from
the National Institute of Standards and Technology (SRM No.
981). The lead ions were excited with a rapid frequency sweep
chirp excitation from 0 Hz to 2.6 MHz at 1.0 kHz/us. The excited
signal was mixed with a 244-kHz reference signal and digitized
at a rate of 66.6 kHz for 0.98 s. Ions generated by a single laser
desorption experiment were excited and detected without signal
averaging. The LPSVD software was received from Drs.
Barkhuijsen and de Beer, from the Technische Hogeschool Delft,
to whom requests for copies of the program should be sent.?

RESULTS AND DISCUSSION

The magnitude of time-dependent variations in the signal
decay rate was investigated. To this end, krypton gas at 0.7
X 108 Torr was ionized and approximately 6000 ions were
trapped to minimize the effects of space charge on the ion
signal. The time-dependent charge in intensity during the
1.49-ssignal from the krypton ions was assessed by performing
an FFT on sequential 8K segments of the 256K points
acquired. The magnitude-mode FFT of each 8K (47 ms)
segment yielded the intensity of each frequency component
in that segment of the total signal. Prior to transformation,
each 8K segment was zero-filled four times to minimize “picket
fence” errors. The frequency resolution produced by an FFT
of 8K points was sufficient to provide baseline resolution of
the Kr isotope peaks.

In Figure 1 the natural log of the heights of the five major
Kr isotope peaks is plotted as a function of the time between
the beginning of the signal acquistion and the middle of the

10.

Peak Area (log scale)

100 200 300 400 500 600
Segment Offset Time (ms)

Figure 1. Naturallog of the peak areas In each sequential 8K segment

of the time domain signal versus the time between the start of the

signal and the center of the segment. The line corresponding to the

82Kr* isotope signal overlies the line for the 83Kr* isotope and is omitted

for clarity.

8K segment. On the logarithmic scale in Figure 1, a purely
exponential decay would result in a linear drop in the intensity
in time. Figure 1 illustrates that the variations in signal
intensity from this ideal linear relationship are severe and
grow with time. Similar experiments on signals generated at
higher background pressures were conducted. At higher
pressures the signals decay faster but in a more exponential
fashion.

Techniques that perform segmented transformations of
the transient’# assume a constant signal decay rate in the
models that extrapolate signal intensity back to the time of
signal excitation. The accuracy of these techniques are limited
by the nonideal behavior illustrated in Figure 1 at the low
pressures needed to obtain high signal resolution.

In order to evaluate the performance of LPSVD on ICR
transients, three different procedures were used to determine
therelative abundance of the five most abundant Kr isotopes
from a series of time domain signals generated at low Kr
background pressures.

(1) The LPSVD procedure was applied to the first 512
points in the 256K point signal. The calculated amplitudes
of each frequency component were used to represent relative
ion abundance.

(2) The entire 1.49-s transient was Fourier-transformed
without apodization. The peak areas were used to represent
relative ion abundance.

(3) The first 64K points of the time domain signal were
transformed in 8K segments (see Figure 1). A line was fit to
the naturallog of the intensity of each peak versus the segment
offset time from the beginning of the signal.® The linear
equation describing the signal decay in time was used to
extrapolate each signal amplitude to the time the ICR
frequency was excited. The extrapolated intensities were
used to represent ion abundances.

Theresults in Table I illustrate the accuracy of the relative
ion abundances determined with each of these methods. The
data in Table I were generated from analysis of seven Kr+
signals generated under identical conditions. The error in
isotopic abundance is reported as the average error in the
normalized signal intensities

E * Q.- EJE-:
err = l—lIQl :V i 5)

n

where E; is the natural abundance of the ¥Kr, 82Kr, 3Kr,
8K, or ®Kr ions and O; is the observed normalized intensity
of each signal. The average error in all the signal intensities

(27) CRC Handbook, 59th ed.; CRC Press: Boca Raton, FL.
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Table I. Normalized Signal Intensity of the Krypton Isotopes and the MSE from Various Treatments of the Same Seven

Time Domain Signals

normalized % intensity (std dev)

method® m/z 80 m/z 82 m/z 83 m/z 84 m/z 86 av error
LPSVD 2.24 (0.40) 11.98 (0.70) 11.36 (0.85) 57.88 (0.91) 16.54 (0.71) 0.044
128K FFT 2.88 (0.31) 9.61 (0.79) 9.63 (0.63) 60.84 (1.25) 14.64 (0.48) 0.166
0.166
segmented FFT 2.18 (0.21) 10.65 (0.37) 10.80 (0.33) 60.15 (0.38) 16.21 (0.28) 0.102
0.102
NIST® 2.27 11.56 56.90 17.37

@ See Results and Discussion. ? See ref 27.
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Figure 2. Effect of pressure and space charge on relative ion
abundances In the magnitude-mode krypton mass spectra. The upper
line Is the average error in the relative abundance of the five krypton
Isotopes determined from the peak areas in the mass spectra obtained
with an FFT. The lower line is the average error in relative abundance
determined from the Intensities reported by the LPSVD calculations on
the same signals.

determined by LPSVD is 0.044. The average error of all the
relative peak areas in the seven mass spectra is 0.166. The
segmented FFT procedure produced an error of 0.102. The
failure of the segmented FFT technique to produce accurate
isotope abundances is expected, given the nonideal behavior
shown in Figure 1. Thisexperimentillustrates that the initial
intensities of the signals are a better representation of ion
abundance than the average intensity obtained by Fourier
transformation of the entire signal.

High background pressure of neutrals and high space charge
during the FTICR experiment increases the error in relating
signal power to ion abundance. The increased error results
from the increased collisional dampening which increases the
mass-dependent differencesin 716 Rapid damping alsolimits
the mass resolution, causing peak overlap in the transformed
spectrum. With constant ionization conditions, increased
neutral pressure also leads to the generation of a large number
of ions, the space charge from which can both further increase
damping and cause peak distortions.!”

The effect of pressure and space charge on the error in Kr
isotopic abundance determination is illustrated in Figure 2.
In all cases the ionization conditions remained constant while
the background pressure of Kr neutrals was varied. Proce-
dures 1 and 2 described above were used to analyze each time
domain signal collected at each different background pressure.
Figure 2 illustrates both the superior accuracy of the LPSVD-
determined signal intensities and the resistance of the LPSVD
technique to changes in peak ratios with changing experi-
mental conditions. Atkrypton background pressures higher
than those shown in Figure 2, distortions in peak shapes
became severe and the areas could not be integrated for
procedure 2. Even when the peaks resulting from Fourier
transformation were split, the LPSVD technique was able to

Table I1. Three LD/ICR Experiments on Lead Standard
Reference Material No. 9814

exp normalized % intensity av %

method® no. 2%Pb WPh 26Pp  20Ph  error
apodized® 57.17 174 23.03 243 24.7
128K FFT 64.83 9.50 20.14 5.52 96.2

1

2

3 3914 29.54 26.27 5.04 80.5
1IKLPSVD 1 5405 20.05 24.82 1.07 10.0

2

3

53.3 21.16 23.63 191 10.5
54.79 21.94 22.34 0.93 119
NIST? 52.3470 22.0833 24.1142 1.4255
¢ The isotopic abundances determined by apodized FFT and
LPSVD on the time domain signal are compared. > A three-term
Blackman Harris apodization function. ¢ See ref 27.

produce accurate abundance information from the signal
intensities.

The accuracy of the LPSVD technique and resistance of
the LPSVD calculations to changes in pressure and number
of ions is especially valuable in laser desorption experiments.
The large, irreproducible pressure bursts and variable ion-
ization resulting from laser impact with a sample result in
widely varying relative peak ratios for repeated LD/FTICR
experiments. In contrast, the signal intensities that are
calculated with the LPSVD method are not strongly de-
pendent on the variable pressure and ionization that char-
acterize the laser desorption experiment.

Several laser desorption FTICR experiments were carried
out on a lead standard reference material. In Table II, the
MSE in intensity ratio calculated for the 204Pb, 206Ph, 207Ph,
and 208Pb peaks are shown for spectra resulting from a full
64K apodized transformation of the signal and a LPSVD
performed on the first 1024 points. Of particular interest in
Table II is the tremendous variation of relative peak area
between LD-FTICR experiments. Itisclearfromthe LPSVD
results that these variations do not arise from variations in
ion abundances and so must represent extremes in pressure
and space charge distortions.

CONCLUSIONS

The use of LPSVD instead of the standard Fourier
transform to evaluate ICR transients can produce significantly
more accurate relative ion abundance measurements. The
superior performance is especially critical when LPSVD is
applied to transients collected under nonideal operating
conditions such as high background pressure and large
numbers of ions. The LPSVD results are more accurate than
the peak areas in spectra produced by Fourier transforms
and the accuracy is available over a wider range of instrument
operating parameters. The LPSVD results are also resistant
tovariation in the relative peak areas with changes in operating
conditions. Thelater advantage is particularly valuable when
the signal-to-signal variations are uncontrollable, as in laser
desorption ionization.
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The advantages of LPSVD in ion abundance determination
outweigh the computational disadvantage of autoregressive
techniques. Asrefinementsare made tothe LPSVD algorithm
and the power of the data acquisition computers increase, it
will be possible to add LPSVD as an option for routine
evaluation of transients.

ACKNOWLEDGMENT

The authors would like to thank Dave Weil, Extrel FTMS,
for carrying out the laser desorption experiments. Susan J.

Zirbel was a great help with some of the mathematics. J.W.E.
is grateful to Nicolet Instruments and Extrel FTMS for a
graduate fellowship. This work was supported in part by a
grant from the National Science Foundation, Grant No.
8802373, and by the Wisconsin Alumni Research Foundation.

RECEIVED for review May 18, 1992. Accepted August 24,
1992.



Anal. Chem. 1992, 64, 2775-2782

2775

Acousto-Optic Tunable Filter as a Polychromator and Its
Application in Multidimensional Fluorescence Spectrometry

Chieu D. Tran® and Ricardo J. Furlan

Department of Chemistry, Marquette University, Milwaukee, Wisconsin 53233

Acousto-optic tunable fliter (AOTF) Is an electronically driven
dispersive device which operates on the principle of acousto-
optic Interaction In an anisotropic medium. Incident white
light will be diffracted by the AOTF Into a specific wavelength
when a specific rf Is applied to . The diffracted light needs
not be a monochromatic light. Multiwavelength light can be
diffracted from the AOTF when several rf signals are
simultaneously applied Into the filter. Compared to conven-
tional polychromators, advantages of this electronic AOTF
polychromator Include its abliity to Individually amplitude-
modulate each wavelength of the diffracted multiwavelength
light at different frequency. This Is accomplished by Indl-
vidually and sinusoidally modulating each applled rf signal at
the desired frequency. This feature makes It possible to
develop a novel AOTF-based multidimensional fluorimeter in
which the sample was simultaneously excited by two different
wavelengths (514.5 and 488.0 nm) whose amplitudes were
sinusoldally modulated at two different frequencies (100 and
66 Hz). Multicomponent samples, e.g., mixtures of rhodamine
6G and rhodamine B, were successfully analyzed using this
novel fluorimeter and the developed data analysis.

INTRODUCTION

Fluorescence technique has been demonstrated to be a
sensitive method for trace characterization. Since realtime
samples are generally present in multicomponent form, their
analyses usually require measurements of the fluorescence
spectra at different excitation wavelengths. This time-
consuming process was alleviated with the use of the
videofluorimeter.*5 In this instrument, the monochromators
(excitation and emission) are replaced with polychromators.
By appropriately configurating the two polychromators and
by using a two-dimensional detector such as silicone-inten-
sified target vidicon, emission spectra of the sample produced
by the multiwavelength excitation can be simultaneously
measured.!5 The two-dimensional spectra obtained are then
analyzed with the linear algebra techniques.5” The technique
has proven to be a very powerful method for the determination
of multicomponent trace chemical species. However, in
addition to the relatively lowsensitivity, the videofluorimeters
normally require elaborate data analysis. Novel two-dimen-
sional detectors such as charge-coupled devices (CCDs) and
charge-injection devices (CIDs) may provide improvement
in the sensitivity but also undesiredly increase the cost.t By

(1) Warner, I. M,; Callis, J. B.; Davidson, E. R.; Gauyeman, M.;
Christian, G. D. Anal. Lett. 1975, 8, 665.
(2) Warner, I. M,; Patonay, G.; Thomas, M. P. Anal. Chem. 1985, 57,
63A.

(3) Ndou, T. T.; Warner, L. M. Chem. Rev. 1991, 91, 493.

(4) Warner, I. M.; McGown, L. B. Adi in Multidi tonal
Luminescence; JAI Press, Inc.: Greenwich, CT, 1991.

(5) Vo-Dinh, T. Room Temperature Phosphorimetry for Chemical
Analysis; John Wiley: New York, 1986.

(6) Warner, I. M,; Callis, J. B; Christian, G. D.; Davidson, E. R. Anal.
Chem. 1977, 49, 564.

(7) Rossi, T. M.; Warner, 1. M. Appl. Spectrosc. 1984, 38, 422.
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use of the recently developed acousto-optic tunable filter, a
novel and relatively inexpensive multidimensional fluorimeter
which has a high sensitivity and simple data analysis can be
developed.

Acousto-optic tunable filter (AOTF) is an electronic
dispersive device.®17 It is based on the acousto-optic inter-
action in an anisotropic medium. The filter is generally
constructed from such birefringent crystal as TeO, onto which
an array of piezoelectric transducers are bonded. These
transducers will transform the applied rf into acoustic wave.&7
The propagating acoustic waves produce a periodic moving
grating which will diffract portions of an incident beam. Due
to the conservation of momentum, only a very narrow band
of optical frequencies can be diffracted. Therefore, the
spectral bandpass of the filter can be tuned over large optical
regions by simply changing the frequency of the applied rf.8-7
The AOTF is thus similar to the diffraction grating, but in
the former, the grating constant, which in this case is the
frequency of the acoustic wave, can be electronically changed.
Furthermore, since the scanning speed of the AOTF is
controlled by the transit time of an acoustic wave across an
optical beam which is on the order of few microseconds, the
tuning speed of the filter can be as fast as a few micro-
seconds.®17 Taken together, compared to other dispersive
devices, the AOTF has such advantages as (1) compact, all
solid state, rugged, and contains no moving parts; (2) wide
angular field; (3) high throughput (diffraction efficiencies of
the filter are generally greater than 85%); (4) wide tuning
range (from UV through visible to IR); (5) high spectral
resolution (bandwidth of light transmitted by the filter is
about 2-6 A); (6) rapid scanning ability (order of few
microseconds); (7) light with adjustable intensity; (8) high-
speed random or sequential wavelength access; and (9) imaging
capability.81! The AOTF has been called “the new gener-
ation” monochromator and has offered unique means to
develop scientific instruments for fundamental research as
well as industrial, medical, and aerospace applications. In
fact, advantages of the AOTF have been exploited recently
to develop a wide range of instruments which include the fast
scanned multiwavelength thermal lens spectrophotometer,12
the UV, visible and IR absorption, and circular dichroism
spectrophotometers,'3-15 the astronomical photometer,1° the
multigas analyzer,'® and the fluorescence microscope.l?

Inallapplicationsto date the AOTF is used as a fast scanned
electronic grating. That is at any given time, only a single

(8) Chang, 1. C. Opt. Eng. 1981, 20, 824.

(9) Sivanayayam, a.; Findley, D. Appl. Opt. 1984, 23, 4601.

(10) Bates, B.; Halliwell, D. R.; McNoble, S.; Li, Y.; Catney, M. Appl.
Opt. 1987, 26, 4783.

(11) Gottlieb, M.; Feichtner, J. D.; Conroy, J. SPIE International
Optical Computing Conference 1980, 232, 33.

(12) Tran, C. D.; Simianu, V. Anal. Chem. 1992. 64, 1419.
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(14) Kradjel, C. Fresenius’ J. Anal. Chem. 1991, 339, 65.
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rf is applied into the filter thereby providing a diffracted
beam with only a single wavelength. It is, however, possible
to simultaneously apply several rf signals into the filter. This
multifrequency application will enable the AOTF to simul-
taneously diffract more than one wavelength, thereby serving
asapolychromator. Optically, this electronic polychromator
is relatively easier to use than the conventional grating
polychromator because in the former, the diffracted beam is
not deviated by the chromaticity of the light, i.e., light with
different wavelengths are diffracted from the filter at the
same angle. The AOTF is thus particularly suited for the
multidimensional fluorimeter. Furthermore, the diffracted
light can be made to amplitude modulate at any specific
frequency by simply amplitude modulating the applied rf at
that same AM frequency. Thus, by AM modulating each
applied rf at different AM frequency, each wavelength of the
multiwavelength beam diffracted from the AOTF willbe AM
modulated at a different frequency. When this multiwave-
length beam is used to excite the sample, the fluorescence
signal will be modulated at those AM frequencies. Therefore,
the data analysis will be much simpler and faster than those
used in the existing multidimensional fluorimeter. However,
in spite of its potentials, AOTF has not been used as a
polychromator, and different AM of the AOTF has not been
performed. Such consideration prompted us to investigate
these possibilities, to implement the AOTF as an electronic
polychromator, and to use it to develop a novel, all solid state,
fast scanned multidimensional fluorimeter whose data anal-
ysis is relatively faster and simpler. Preliminary results on
the instrumentation development and its utilization to
characterize multi ples will be reported in this
paper.

ymponent
P

EXPERIMENTAL SECTION

Experiments were d d to in gate the possibility of
simultaneously applying many rf signals into the AOTF, to
amplitude modulate each rf signal with a different sine wave,
and to characterize the light diffracted by the filter for each case.
The schematic diagram for the instrument is shown in Figure
1A. A Spectra-Physics argon ion laser (Model 165) operating in
the multiline mode was used as the light source. The acousto-
optic tunable filter used in this work was the same as previously.
Specifically it is a noncollinear type, fabricated from a single
crystal of paratellurite (TEO;) (Matsushita Electronic Compo-
nents Co., Ltd., Osaka, Japan, Model EFL-F20) and has a clear
aperture of 3.0 mm X 5.0 mm. The filter resolution which is
defined as the full width at half maximum, A), is given by®

)\2
" 2lansin®6,

where A is the wavelength of observation, [ is the interaction
length between the acoustic wave and the light wave, An = n—
n,, and  in the incident angle. The filter is specified to have a
resolution of 4 A at 400 nm.”> Since An, I, and § are almost
constant for the 488.0- and 514.5-nm lengths, the resoluti
for these two wavelengths were calculated to be 6.0 and 6.6 A,
respectively. However, the difference of 0.6 A in the resolution
at the two wavelengths used should not affect the results of the
present work b these two lengths, being derived from
the argon ion laser, are monochromatic.

Two different oscillators (Osc 1 and Osc 2, MCM Electronics,
Centerville, OH, Model TENMAC 72-585) were used to provide
two different rf signals. These rf signals were si idally

RF c
from Oscillator

LASER AOTF

|

SAM [+ DET2

Figure 1. (A) Sch ic diagram of the app: to characterize the
light diffracted by the AOTF: AOTF, acousto-optic tunable filter; DET 1
and DET2, PIN photodiode; Osc 1 and Osc 2, oscillator to provide the
risignal; Mod 1and Mod 2, modulator to sinusoidally amplitude-modulate
the rf signals; COMB, rf ; SAM, ple. (B) The circuitry to
modulate and amplify the rf signal: C, 2200 pF capacitor; L, 1.2 uH
inductor; R, R1 and R2, 100-Q X 1/,-W, 50-Q X 1/,-W, and 680-Q X
1/,~W resistors; V, 11.6 V; A, Min-Circuit MAV-11 monolithic amplifier
and MIXER, Mini-Circuit CBL-1 mixer. (C) The apparatus to measure

MON, omator; DET 1, photomultiplier tube; DET2,
PIN photodiode; other symbols are the same as in A.

Systems, Eden Prairie, MN)) through the D/A of the 12-bit DAS
16 board (Metra-Byte, Taunton, MA). The power of each
modulated rf signal at this point was not adequate to drive the
AOTF. Therefore, they were consecutively amplified by two
amplifiers (A) to achieve a maximum power level of 20 dBm.
Subsequently they were combined by means of a combiner
(COMB, Mini-Circuits splitter/combiner Model ZSC-2-1) before
being connected to the AOTF.

When the AOTF was applied by the signal which contains two
different rf’s, the diffracted light had two different wavelengths.
This dual-wavelength light was dispersed into individual colors
by an equilateral prism (Figure 1A). The intensities of each
beam are measured by a PIN photodiode (DET1 and DET2,
United Detector Technology Model 10DP).

Subsequent to the confirmation of this multifrequency dif-
fraction and the characterization of the diffracted light, the
instrument was modified for the fluorescence measurements. The
set up is shown in Flgure 1C. As illustrated, the sample (SAM)
was excited by the si idally modulated diffracted light. The
fluorescence emitted was dmpersed by the monochromator (Oriel
model 7240) and detected by a photomultiplier tube (DET 1,

tsu Model R446). A PIN photodiode (DET 2, United

amplitude modulated at two different frequencies (66 and 100
Hz) by two home-built modulators (Mod 1 and Mod 2) whose
circuitries are shown in Figure 1B. Essentially, the rf signal
provided by the oscillator was amplified by an amplifier (A, Mini-
Circuits, Brooklyn, NY, Monolithic Amplifier MAV-11) prior to
being modulated by a Mini-Circuits Model CBL-1 mixer. The
modulation signal which was provided by a microcomputer (IBM
AT compatible with a 386 microprocessor (Northgate Computer

Detector Technology Model 10 DP) was used to measure the
light transmitted through the sample for reference.

A computer program was written to provide sinusoidal
amplitude modulations for the rf signals and to acquire and to
analyze data. Through one A/D-D/A board (DAS-16), one
subroutines of the program was developed to send the sinusoidal
signals (through the D/A) to separately amplitude modulate each
of the rf signals at a different AM frequency, and to acquire the
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Figure 2. Relationship between the power of the applied rf and the intensity of the diffracted light for 514.5-nm beam (A) and 488.0-nm beam
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data (through the A/D). The data collected was analyzed by a
program whose main function is to calculate the averages of the

itation and fluor gnals (i.e., AV;and AVpin eq 17
and 19 of the Appendix). Through signals summation, the
program also enables the calculation of the frequency components
of the excitation and fluorescence signals (i.e., @y, in @, in eqs
18 and 20 of the Appendix).

RESULTS AND DISCUSSION

1. Acousto-Optic Tunable Filter as a Polychromator.
The two wavelengths used in this work are 514.5 and 488.0
nm. They were obtained by applying rf frequencies of 64.310
and 69.200 MHz, respectively, to the AOTF. Initial inves-
tigation was on the relationship between the power of the
applied rf and the intensity of the diffracted light. Asshown
in Figure 2A,B, the intensities of the 514.5- and 488.0-nm
light are linearly proportional to the power of the applied rf
for over four decades of power.

It was found that the AOTTF will diffract light having two
different wavelengths when two different rf signals are
simultaneously applied into it. For example the filter will
diffract light at 514.5 nm when an rf signal of 64.310 MHz
isapplied into it. Changing the frequency to 69.200 MHz led
to the change in the wavelength to 488.0 nm. When both
frequencies, 64.310 and 69.200 MHz, were simultaneously

applied into the filter, the intensity of the diffracted light, as
measured by the detector 2 (DET2) of the set up shown in
Figure 1C, is the sum of the intensities of the 514.5-nm light
and of the 488.0-nm light. To further confirm this observation,
the diffracted light was dispersed by a prism using the
apparatus shown in Figure 1A. It was found that the
diffracted light contained two wavelengths, 514.5 and 488.0
nm, whose intensities as measured by DET1 and DET?2 (of
the instrument shown in Figure 1A) were the same as the
intensities obtained when the filter was individually applied
at a frequency of 64.310 or 69.200 MHz. It is thus evidently
clear that when applied by an rf signal of multifrequencies,
the AOTF will diffract multicolor light. Each color component
of the diffracted light corresponds to each frequency of the
applied rf. There was no interaction between one color
component and others.

Subsequently, the response of the AOTF when it is applied
by a sinusoidally modulated rf signal was investigated. Figure
3A shows the intensity of the 488.0-nm diffracted light when
the AOTF was applied by an rf frequency of 69.200 MHz.
Changing the freq; y of the applied rf to 64.310 MHz and
amplitude modulating it by a sinusoidal signal at 100 Hz
resulted in the sinusoidal modulation of the diffracted light
at the same frequency of 100 Hz (Figure 3B). When the two
rf signals (i.e., the constant-amplitude rf at 69.200 MHz and
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Figure 5. (A) Intensity of the light diffracted by the AOTF when the fitter was simultaneously applied with a 64.3 10-MHz signal modulated at 100
Hz and 69.200-MHz signal modulated at 66 Hz. (B) Fluorescence intensity (at 517 mm) of a 9.88 X 10~ M solution of fluorescein in methanol

when it was excited by the light shown in A.

the sinusoidal-modulated rf at 64.310 MHz) were simulta-
neously applied into the AOTF, the amplitude of the diffracted
light was sinusoidally modulated at 100 Hz (Figure 3C). When
spectrally dispersed by a prism using the apparatus shown
in Figure 1A, it was found that this diffracted beam contains
two different wavelengths, 488.0 and 514.5 nm. As revealed
by detectors 1 and 2 (i.e., DET1 and DET2 in Figure 1A), the
488.0-nm beam had a constant amplitude and the same
intensity as the one shown in Figure 3A. The amplitude of
the 514.5-nm beam was sinusoidally modulated at 100 Hz
and was the same as the one previously shown in Figure 3B.
Conversely, when the AOTF was simultaneously applied by
two rf signals: a constant-amplitude 64.310 MHz and the
sinusoidally-modulated (at 66 Hz) 69.200 MHz, the diffracted
light (Figure 4C) was a combination of two different wave-
lengths 514.5 and 488.0 nm. The 514.5-nm beam as shown
in Figure 4A had a constant amplitude whereas the 488.0-nm
beam was amplitude modulated at 66 Hz (Figure 4B). When
the two applied rf signals (69.200 and 64.310 MHz) were
sinusoidally modulated (at 100 and 66 Hz, respectively) the
diffracted light, as shown in Figure 5A, is a mixture of the two
sinusoidally modulated 514.5- and 488.0-nm beams (i.e.,
Figures 3B and 5B). These results clearly demonstrate that
by sinusoidally modulating the amplitude of the applied rf
signal, the diffracted light will be sinusoidally modulated at

the same frequency. The diffracted light depends only on
the nature of the corresponding rf signal. It will be AM
modulated at the same frequency of the amplitude modulation
of the applied rf. When the applied signal was a mixture of
more than one sinusoidally modulated rf’s, there was no
influence on one wavelength component of the diffracted light
by the AM modulations of other rf signals which are not
correspondent to this particular wavelength. In other words,
there was no interaction or “cross talk” between the AM
modulation of one rf and the others.

To illustrate the absence of cross talk and the validity of
the theory and data analysis, additional experiments were
performed in which different combinations and modulation
indices of the sinusoidal amplitude modulations were used.
The results are listed in Table I. In all of the cases listed in
Table I, the AOTF was simultaneously applied by two
different rf’s: 64.310 and 69.200 MHz. Using the apparatus
shown in Figure 1A, the diffracted light was spectrally resolved
into two wavelengths, 514.5 and 488.0, whose intensities were
detected by detector 1 and 2 (DET1 and DET?2), respectively.
The output signals of the detectors were fed into the computer
for data analysis using methods described in the theory and
experimental section. Aslisted in Tablel, in case 1,the AOTF
was simultaneously applied with two rf’s, 64.310 and 69.200
MHz. The amplitude of the 69.200-MHz signal was kept
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Table I. Types of the Applied rf Signals and Properties of Light Diffracted from the AOTF

intensity
amplitude of sinusoidal modulation detector 1 detector 2
514.5 nm 488.0 nm modulated component modulated component
case (100 Hz) (66 Hz) average 100 Hz 66 Hz average 100 Hz 66 Hz
1 1.00 0.00 3.5624 1.960 0.000 2.162 0.000 0.000
2 0.75 0.00 3.120 1.484 0.000 2.162 0.000 0.000
3 0.50 0.00 2.822 0.994 0.000 2.159 0.000 0.000
4 0.25 0.00 2.646 0.499 0.000 2.159 0.000 0.000
5 0.00 0.00 2.593 0.000 0.000 2.159 0.000 0.000
6 0.00 1.00 2.683 0.000 0.000 3.011 0.000 1.836
7 0.00 0.75 2.590 0.000 0.000 2.642 0.000 1.391
8 0.00 0.50 2.580 0.000 0.000 2.372 0.000 0.933
9 0.00 0.25 2.587 0.000 0.000 2.215 0.000 0.470
10 0.00 0.00 2.593 0.000 0.000 2.159 0.000 0.000
11 1.00 1.00 3.539 1.969 0.000 3.020 0.000 1.841
12 1.00 0.75 3.5638 1.968 0.000 2.652 0.000 1.396
13 0.50 1.00 2.823 0.994 0.000 3.017 0.000 1.839
14 0.25 0.76 2.646 0.499 0.000 2.645 0.000 1.393
15 0.00 0.00 2.593 0.000 0.000 2.159 0.000 0.000

constant while the 64.310-MHz signal was sinusoidally
modulated at 100 Hz (at the modulation level of 1.00). The
output signal of the detector 1 which detected the 514.5-nm
beam was analyzed for the average component of the signal
(i.e., AV; in eq 17 of the Appendix). The modulated
components of the signal at 100 and at 66 Hz (i.e., Q; in eq
18 of the Appendix) were also analyzed. Similarly, the signal
output of detector 2 which detected the 488.0-nm beam was
analyzed for the average, and the modulated components at
100 and at 66 Hz. Asexpected, in this case, only the intensity
of the light at 514.5 nm was modulated (at 100 Hz) because
the sinusoidal modulation was applied to the 64.310-MHz
signal. The 488.0-nm light was not detected at the detector
1. Atthedetector 2, which detected the 488.0-nm beam, only
a constant light intensity was detected. No modulation at
either 100 or 66 Hz was observed at this detector. Asexpected
from eq 18, decreasing the AM modulation index (i.e., m) by
25% (case 2), 50% (case 3), and 75% (case 4) led to 24.3%,
49.3%,and 74.5% decreases, respectively, in the modulation
component of the 514.5-nm beam at 100 Hz. There was no
change in the average intensity of the 488.0-nm beam as
detected by detector 2. In cases 6-9, the amplitude of the
64.310-MHz signal was kept constant while the 69.200-MHz
signal was sinusoidally modulated at 66 Hz (at different
magnitudes, i.e., different m values). As expected, detector
1 detected only a constant magnitude signal at 514.5 nm.
There were no modulated components at either 100 or 66 Hz
at this detector. Conversely, detector 2, which detected the
488.0-nm beam, detected the signal which was modulated at
66 Hz. There was no modulation of this 488.0-nm signal at
100 Hz. The magnitude of the 66-Hz-modulated 488.0-nm
signal was decreased t075.8% ,50.8% ,and 25.6 % of the 100%
modulation value (i.e., 1.836 in case 6) as the modulation
index decreased to 75% (case 7),50% (case 8), and 25% (case
9), respectively. In cases 11-14, both rf signals were sinu-
soidally modulated. The 64.310-MHz signal was modulated
at 100 Hz while the 69.200-MHz signal was modulated at 66
Hz. Asexpected, the 514.5-nm beam was modulated only at
100 Hz, not at 66 Hz (detector 1) whereas the 488.0-nm beam
was modulated only at 66 Hz (detector 2). Decreasing the
modulation index of the 514.5- and 488.0-nm beam by 75%
and 25%, respectively (case 14), resulted in the decrease in
the magnitudes of the modulated signals at 100 Hz (for the
514.5-nm beam) and at 66 Hz (for the 488.0-nm beam) by
74.7% and 24.3%, respectively. Only constant 514.5- and
488.0-nm beams were detected where neither the 64.310- nor
the 69.200-MHz signals were sinusoidally modulated (case
15).

Collectively we have successfully demonstrated that the
AOQOTF can be used as a polychromator, i.e., the filter can
simultaneously diffract more than one wavelength at the same
time. Compared to the conventional gratings, the AOTF, in
addition to its inherent advantages such as all solid state,
compact, fast scanning capability, and containing no moving
parts, can also provide some unique features, namely the
multiwavelength beam diffracted from the filter is well
collimated (i.e., all wavelengths will be diffracted from the
filter at approximately the same angle). Furthermore, by
amplitude modulating each applied rf signal at different
frequency, each wavelength of the diffracted multiwavelength
beam will be modulated at different frequency. It should be
noted that in this study the laser was used as a light source.
However, the AOTF is not limited to this type of light source.
Due to the relatively large acceptance angle, the AOTF can
be utilized with other light sources which do not provide well-
collimated beams, e.g., incandescent and arc lamp. These
features enable the AOTF to serve as a unique means in the
development of novel instruments. In the following section,
the AOTTF is used as a novel polychromator to construct a
novel multidimensional fluorescence spectrophotometer. The
instrumentation development and preliminary results will
be described.

2. Multidimensional Fluor Spectrophotom-
eter Based on the AOTF. Fluorescence signals of 9.88 X
108 M solution of fluorescein in ethanol were measured at
517 nm using the apparatus shown in Figure 1C. It was found
that there was no modulation in the fluorescence signal of the
sample when it was excited by a constant-amplitude (no
modulation) 514.5-nm beam (i.e., the beam whose intensity
was shown previously in Figure 4A). The lack of the
modulated component is further confirmed when the fluo-
rescence signal was analyzed, according to the method
described in the previous section, to calculate the average
(i.e., AVy) and modulated components (Qr). The analyzed
results were listed in Table II. As listed, the fluorescence
signal belongs to case 1 where there was no modulation in the
fluorescence signal at either 66 or 100 Hz; the constant (i.e.,
average) is the only componentin the signal. When thesample
was excited by the 488.0-nm beam sinusoidally modulated at
66 Hz (whose intensity profile was shown previously in Figure
4B), the fluorescence signal seems to modulate at the same
frequency. This is case 5 and as the calculated results
illustrate, the fluorescence signal does, in fact, modulate at
66 Hz. When both of these excitation beams were simulta-
neously applied into the sample, the fluorescence signal
obtained is expected to be the combination of the two previous
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Table II. Fluorescence Intensities (at 517.0 nm) of a 9.88 X 108 M Solution of Fluorescein in Ethanol

fluorescence
excitation light modulated component
case 514.5nm 488.0 nm average 100 Hz 66 Hz
1 on, no modulation off 0.835 0.000 0.000
2 off on, no modulation 1.363 0.000 0.000
3 on, no modulation on, no modulation 2.228 0.000 0.000
4 on, modulated at 100 Hz off 0.905 0.294 0.000
5 off on, modulated at 66 Hz 1.560 0.000 0.616
6 on, modulated at 100 Hz on, no modulation 2.308 0.306 0.000
i on, no modulation on, modulated at 66 Hz 2.391 0.000 0.617
8 on, modulated at 100 Hz on, modulated at 66 Hz 2.475 0.302 0.616
Table III. Simultaneous D of Rhodamine B

signals. The analyzed results (case 7) show that this is, in
fact, the case. That is the average component of the signal
(2.391) is the sum of the average component of 0.835 in case
1 and 1.560 in case 5. The signal is expectedly modulated at
66 Hz and its modulated component at this frequency (0.617)
is the same as that of case 5 (0.616). Similar results were
obtained when the sample was excited by a constant-
amplitude 488.0-nm beam (case 2); by the 514.5-nm beam
modulated at 100 Hz (case 4), and by the combination of both
of these beams (case 6). Figure 5B and case 8 illustrate the
fluorescence signal of the sample when it was simultaneously
excited by the modulated (at 100 Hz) 514.5-nm beam and the
modulated (at 66 Hz) 488.0-nm beam (the intensity profile
of this combined excitation beam was shown in Figure 5A).
The calculated signal shows that, as expected, the average
component (2.475) is, within experimental error, the sum of
the individual cases (i.e., 0.905 in case 4 and 1.560 in case 5).
The fluorescence signal is modulated at 100 Hz as well as at
66 Hz. However, the 100-Hz modulation is due to the 100-Hz
514.5-nm excitation beam (i.e., compare the 0.302 in case 8
and 0.306 in case 6) and the 66-Hz 488.0-nm beam is
responsible for the 66-Hz modulation component in the signal
(0.616 in case 8 and 0.616 in case 5). There was no cross talk
between the modulation of one beam and the fluorescence
induced by the other beam.

Taken together, the results obtained provide a clear and
unequivocal evidence for the fact that the AOTF-based
fluorimeter is capable of simultaneously measuring fluores-
cence signals at two different wavelengths and for the validity
of the derived theory and data analysis. Subsequently, the
instrument was used for the determination of one- and two-
component samples. Three different dyes, namely fluores-
cein, rhodamine 6G, and rhodamine B, were selected for this
preliminary study. For fluorescein, calibration curves at two
different wavelengths, 514.5 and 488.0 nm, were constructed
from the measured fluorescence signals using the (calculated)
modulated components at 514.5 nm (100 Hz) and at 488.0 nm
(66 Hz). Linear relationship (not shown) was obtained for
both wavelengths (correlation coefficients are 0.9986 and
0.9987, respectively) for the concentrations range from 9.88
X 1070 to 7.41 X 107 M.

Simultaneous determination of concentrations of each
component in the two-component mixture was then performed
using this AOTF-based fluorimeter. Rhodamine B and
rhodamine 6G were the two dyes selected for this determi-
nation. Individually, these two dyes exhibit a linear rela-
tionship between the concentration and the fluorescence
intensity detected at 563 nm and excited at 514.5 and 488.0
nm. Correlation coefficients at 514.5- and 488.0-nm excitation
were found to be 0.999 95 and 0.999 97 (for rhodamine 6G)
and 0.999 99 and 0.999 99 (for rhodamine B) for the con-
centrationrange of 1.02 X 108t01.02 X 10 M. Four different
mixtures of the two dyes having different relative concen-
trations were prepared. Using the method described in the
theory section, the concentrations of each component in the

and Rhodamine 6G by AOTF-Based Fluorescence
Spectrometry

added found
le rhodami rhodami rhodami hod
no. Bx108M 6Gx108M BXx108M 6GX108M
1 0.51 1.30 0.56 1.27
2 1.30 2.55 1.37 2.52
3 3.85 5.10 3.89 4.93
4 5.10 3.85 5.59 3.56

mixtures were calculated from the measured fluorescence
intensities at 514.5- and 488.0-nm excitation. The obtained
concentrations are listed in Table ITI together with the added
concentrations. In all cases and for concentrations of each
component ranging from 5.1 X 10~ to 5.1 X 108 M, good
agreement was found between the added concentration and
the calculated values.

CONCLUSIONS

We have successfully demonstrated that it is possible to
diffract light with more than one wavelength from the AOTF
by simultaneously applying more than one rf signals into the
filter. In this way, the AOTF behaves as a polychromator.
This electronic polychromator inherently has more advantages
compared to the conventional polychromators. As an ex-
ample, each wavelength of the diffracted light can be readily
and individually amplitude modulated at different frequency
by individually and sinusoidally modulating each applied rf
signal at the desired frequency. This feature makes this
electronic polychromator uniquely suited for the development
of a novel multidimension fluorescence spectrophotometer.
A novel AOTF-based multidimension fluorimeter was suc-
cessfully developed in which the sample was simultaneously
excited by two different wavelengths whose amplitudes were
modulated at two different frequencies. This fluorimeter
was used for the determination of a sample having two
different components. It should be noted that the objective
of the present work is to demonstrate the principle and
feasibility of the technique. Therefore, only two different rf
signals (and hence two different wavelengths) were used. In
principle, the AOTF can have truly multiwavelength capa-
bility. This is based on the fact that the total number of
wavelengths of the diffracted light is determined by the total
power of the applied rf for which the AOTF can tolerate. For
this particular AOTF, the maximum rf power is 200 mW.
Since each applied rf used in this work has a power of 20 mW,
up to 10 different rf signals can be simultaneously applied,
and hence, up to 10 different wavelengths can be diffracted
from the filter. Higher rf power can be applied to a filter
when it is specially constructed to exploit the resonance
acoustic feature. In this study, a laser was used as the light
source. However, the use of the AOTF is not restricted to
this source. This is because the AOTF is known to have a
relatively large acceptance angle compared to conventional
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acousto-optic deflectors based on Bragg cells. In fact, it has
been reported that an acceptance angle as large as 28° was
achieved for AOTF.18 As a consequence, the filter can be
used for other light sources which do not provide low-
diverging, well-collimated beams, e.g., incandescent and arc
lamp. Furthermore, in the present work the AOTF is used
only for the selection of the excitation wavelengths. A
conventional monochromator was still utilized for the dis-
persion of the emission wavelengths. Advantages of the
AQTF-based multidimension fluorescence spectrophotometer
can, therefore, be fully achieved when (1) a continuous light
source is used for excitation; (2) the emission monochromator
isreplaced with an AOTF; and (3) multi-rf signals are applied
toboth excitation and emission AOTFs. These are thesubject
of our intense investigation.
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APPENDIX

Theory of Modulation and Data Analysis. The AOTF
will diffract light with one wavelength when it is applied by
arf signal. The wavelength of the light diffracted from the
AOTF is afunction of the frequency of the rf signal. Increasing
the frequency of the rf signal decreases the wavelength of the
diffracted light. The efficiency of the diffraction is propor-
tional to the power of the rf signal (e.g., for powers less than
20 mW for the AOTF used in this work). The wavelength
and the intensity of the diffracted light can, therefore, be
controlled by controlling the frequency and power of the
applied rf signal, i.e.

I =I,A)KN )P, @)
where I(\,) is the intensity of light of wavelength A, diffracted
by the AOTF; I,(\,) is the intensity of the incident light at
wavelength \,; K(\,) is the proportional factor for wavelength
A\:; and P(\,) is the power of the applied rf signal for
wavelength A,.

If the applied rf signal is the mixture of different frequen-
cies, i.e.

RF =P +P,+ P;+ .. +P, (2)
then the intensity of the light diffracted by the AOTF (I,
is the sum of each individual signals I, , I,, I, ..., I),, which
correspond to the applied rf power P, P, Pj, .., Py,
respectively.

Lg=L +L +I +.+1, @)

Furthermore, if the applied rf signal varies with time, the
intensity of the diffracted light also varies

Ly® =LO+LO+L O+ +L©O @

When the light I, (£) whose intensity is a function of time
(at a time scale much longer than the fluorescence lifetime
of the compound) is used to excite a fluorescence sample
having concentration ¢, the fluorescence intensity can be
written as

R =L, ® ®)

where L, (t) is proportional to the sample concentration and
is dependent on the fluorescence properties of the sample.

(18) Katzka, P. Proc. SPIE 1987, 752, 23.

When the compound is simultaneously excited by more
than one wavelength (1), I, I, --.,I1,), the fluorescence signal
obtained (at one emission wavelength) is the sum of each
signal induced by each excitation wavelength, i.e.

F&y=F,®)+F,®O+F, O +..+F® ®
=L L, O +LLO+LLO+..+L, ® D

It will be demonstrated in the following section that by
sinusoidally modulating the applied rf signal, the fluorescence
signals, F) (t), F5,(t), F(t), ..., induced by each excitation
beam I (), I),(£), Iy(t), ..., can be extracted from the measured
total fluorescence F(t).

To enable the AOTF to diffract light at wavelength \,, an
1f signal with frequency f, is needed

RF, () = V,, sin (2nf,t) ®
The amplitude of this rf signal is sinusoidally modulated

at frequency w,. The modulation sine wave is supplied by
the computer and has the form

M, (t) =1+ m, sin (w,t) )

where m, is the modulation index and w, is the angular
frequency.

Upon amplitude modulation by this sine wave, the rf signal
becomes

V,(8) = VM, (¢) sin (2xf,t) (10)

The diffraction efficiency of the AOTF is known to be
proportional not to the intensity of the rf signal (in volts) but
rather to the power of the rf signal.

Assuming that the change in the diffraction of the AOTF
induced by the frequency of side bands generated by this
sinusoidal modulation is very small and when f,, » w,/2x, the
averaged rf power in one cycle is approximated as

P, (t) = P, [IM,(®)]* an
where P,, = V,,2/2R; R is the impedance of the AOTF.
P,(t) =P, (1+m,sin (u,t))* =

P,,(1+ m,%2) + 2m,, sin (0,t) - m,2/2 cos (2w,t) (12)

When this modulated signal is applied to the AOTF, the

diffracted light is modulated and its intensity is described as
I, ) = Ly f1 + m,%/2 + 2m,, sin (,t) — m,%/2 cos (2w,t)}

13)
The average of this light intensity is

t+T

conls - 2
AV=2) L ®de=1,_(1+m%2) (14)
where T = 2xX,/w, and X,, is an integral number greater
than 0.

The sinusoidally modulated component of the intensity is

t+T'

Q.=7f "L Wsnwhat=1_m, (15)

It is interesting to point out that there is no modulated
component at frequencies other than w, and at wavelength
other than A,. That is the value Q is zero for wavelength
different from A, and for sinusoidal modulation w = w,.

When more than one rf signal is simultaneously applied to
the AOTF, the light intensity becomes

I = I,‘l(t) + I)‘g(t) o DT Ixn(t) (16)
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and the averaged component is

1 (t+T
AV =g} L0 dt =10 + m2) +
LA+ml2)+..+1 1+m¥2) 17
where
=2y =2x - =2x
@y @o @p

where X;, X, ..., X, are lowest integral numbers (greater
than 0).

The modulated component is
Q= 3J""1®) sin @) dt = I, m,, @as)

When this diffracted light is used to excite the sample, the
corresponding averaged component of the fluorescence signal
is

AVy= % TR@ dt =L, 1, 1+ mY2) +
LL, A +m¥)+.+L I, (1+m72) (19)
and the modulated component is

Q=3 Fo sin @ dt =L L m,  @0)

The m, and I,  values are known from the applied rfsignals
and the light source. The @, value can be determined by
integrating the fluorescence signals as described in eq 20.
From Qy,, I, and m, values, an L,_ value can be obtained.
However, because the laser intensity, i.e., I)_, can fluctuate

with time, it is more accurate to determine L,, from

Qr,
%~ a 1)
where @, and ;, are obtained by integrating the fluorescence
and excitation light intensity as described in eqs 20 and 18,
respectively.
The Ly, value is proportional to the sample concentration
C and is dependent on the fluorescence properties of the
sample excited at wavelength A,.
Therefore

L

L =4C @2

where [, is constant which is independent of sample con-
centration and is dependent on the fluorescence of the sample
excitedat A,. Sinceeachl,, canbeindependently determined
from calibration curves, sample concentration can be obtained
from Qz, and Q;,.

The treatment can be extended for cases where the sample
is a mixture of many components whose concentrations are
Cy, Cy, ..., C,. In this case

L,=h Ci+h G+ 41, C,
L,=h i+ Co+ ..+, C, (23)

L =h Ci+h G+ ..+l C,

Since Ly, L, and L,, values are obtained from Qr, and @Qy,,
concentration for each componentcan be calculated.
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Horizontal Polymerization of Mixed Trifunctional Silanes on
Silica: A Potential Chromatographic Stationary Phase

Mary J. Wirth* and Hafeez O. Fatunmbi

Department of Chemistry & Biochemistry, University of Delaware, Newark, Delaware 19716

A new design for surface bonding of monolayers, applicable
to chromatographic stationary phases, isreported. This design
Is shown to combine the superior hydrolytic stabllity of self-
assembled monolayers with the selectivity and reproducibllity
of monomeric stationary phases. While the new methodology
is applicable to any type of functionality, it is demonstrated
here for C,; on a flat sllica surface. The phases are bonded
by using horizontal a mixture of CHy(CH.),SICl;
and CHj3(CH,),SICl; In anhydrous n-hexadecane Is reacted
with sllica. The reagents and sllica are dry, except for a
surface monolayer of water on the sllica, to ensure that the
polymerization reaction occurs only at the surface. The C;
groups act as spacers to control the density of the C; groups.
The origin of the higher stability Is the higher density near the
surface. The C,; bonding density can, In principle, be varied
from 0 to 7 umol/m2by varying the proportions of the reagents.
For a C,, density comparable to that of monomeric C,; phases
used In chromatography, it Is shown by FTIR spectroscopy
that the horizontally polymerized phase has remarkably better
hydrolytic stabliity than the conventional monomeric phase
for both acid and base hydrolysis.

INTRODUCTION

Chromatographic bonded phases undergo hydrolysis at a
rate sufficiently high as to hamper chromatographic appli-
cations as well as spectroscopic studies of chromatographic
surfaces. For example, the Cy3 surface coverage decreases
even at neutral pH, as shown by both increased base retention
and decreased hydrocarbon signal in FTIR spectroscopy.!
Hydrolysis is catalyzed both by acid and base.?

Improvement in hydrolyticstability at low pH is important
tothe separation of basic compounds such as pharmaceuticals,
agricultural chemicals, and proteins and peptides. Separation
of these types of samples at pH < 4 results in better peak
shape and retention behavior, presumably because the surface
silanols are protonated.? Improvement in hydrolyticstability
at high pH, which is important in capillary zone electro-
phoresis and protein chromatography, has been achieved by
forming a direct silicon—carbon bond at the surface.* Alter-
natively, polymeric C;s phases have improved hydrolytic
stabilities at low pH; however, the selectivity differs from
that of monomeric phases.® Polymeric phases also have the
reputation of being irreproducible. A hydrolytically stable
monomeric phase of optimal surface coverage would be
valuable for chromatographic applications.

To achieve improved stability, a principle can be learned
from advances in self-assembled alkyl monolayers. A very

dense C;s monolayer forms a virtually solid barrier to the
substrate upon reacting CH3(CHj)17SiCl; in anhydrous in
n-hexadecane with humidified silica.”! The intrinsic mono-
layer of water known to be adsorbed to silica’? provides the
reagent water needed for the hydrolysis. The term “horizontal
polymerization” has been used to convey the notion that a
monolayer film is achieved when anhydrous reagents are used
because the reaction is restricted to the surface. Polymeric
stationary phases used in chromatography, by contrast, are
made by using deliberately wet solvents to allow for some
polymerization before the reagents attach to the surface. Since
the alkylsiloxane polymers from the solution would likely
attach to the surface at only one point as the reaction proceeds,
this process is commonly referred to as vertical polymerization.
The carbon content of polymeric stationary phases is higher
than that of monomeric phases, but one can expect from the
synthesis that the density at the surface is much lower than
that for the horizontally polymerized monolayer.

For horizontal polymerization, Moaz and Sagiv’# showed
by FTIR that a nearly solid layer of alkyl chains in an all-
trans conformation quickly forms on silica in contact with
CH3(CHy);7SiCl; in anhydrous hexadecane. The Whitesides
group has shown by ellipsometry that this dense Cg layer on
silica has a thickness of 20 A and, by X-ray reflection,? that
the density is 21 + 3 A?/chain (7.9 % 1.1 umol/m?).1° Kessel
and Granick confirmed this by showing that the spectra of
the Cygself-assembled monolayer is virtually identical to that
of a cadmium arachidate Langmuir-Blodgett film compressed
to a density of approximately 22 A2/chain (7.6 pmol/m?).!!
The Whitesides group also reported that the dense film was
only slowly removed by concentrated HNOs, but the decom-
position was nonuniform. The horizontally polymerized C,g
surface thus achieves excellent hydrolytic stability; however,
it is much too dense for chromatographic applications.
Typical surface coverages in chromatography are on the order
of 55 A2/chain (3 pmol/m?). A modification of the horizontal
polymerization scheme is needed to achieve optimal chro-
matographic retention and hydrolytic stability simultaneous-
ly.

The purpose of this work is to investigate whether horizontal
polymerization can be applied to the design of a more
hydrolytically stable stationary phase. The essential idea is
that a mixture of short- and long-chain silanizing reagents,
having the Cl3Si-R functionality, would result in the surface
structure schematically illustrated in Figure 1. The high
density and multiple bonding immediately near the surface
would retard hydrolysis, while the lower density of the
remainder of the long chains would allow for analyte retention.
Furthermore, Sentell and Dorsey have shown that the
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Figure 1. Illustration of mixed, hori ly

wheuanlxhreollongandshoﬂakyhld\broslanesarehoﬂzmmlly
polymerized. The high density near the surface provides hydrolytic
stability while the lower density away from the surface allows for
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partition coefficient passes through a maximum at this surface
coverage and that additional selectivity can be obtained at
higher surface coverages.!3 Thesch of Figure 1 potentially
allows these higher coverages to be readily achieved. In this
work, mixtures of CH3(CH3)17SiCl; and CH3(CHy),SiCl; are
used to prepare the surface, and the hydrolytic stabilities of
these surfaces are tested.

EXPERIMENTAL SECTION

The method of horizontal polymerization differs from previous
reports in three ways. First, silica plates are used, rather than
the native oxide of silicon. The surface of the silica plates is
believed to be the same as the native oxide and silica gel, because
it is completely wetted by water. Second, special care was taken
to avoid contamination of the silica surface during monolayer
self-assembly, as detailed below. Third, mixed monolayers of
long and very short chains are prepared. The mixed horizontal
polymerization of functional groups of interest along with spacers
on silica has not previously been reported.4

The silica plates were obtained from Quartz Products (Geor-
getown, DE). Atomic force microscopy has revealed the surfaces
to be flat on the molecular scale.® The plates were cleaned in
boiling, concentrated nitric acid, rinsed in ultrapure water, and
dried under nitrogen. The nitrogen itself was filtered by a silica
column. The plates were then allowed to equilibrate with the
vapor of ultrapure water for 60 min under the filtered nitrogen
atmosphere. (It has since been determined that less than 1 min
isrequired.) It was confirmed that a plate is completely wetted
by water after this procedure. The plates were then putin contact
with a reagent mixture of 0.59 mole fraction of CH3(CH>)17SiCls
and 0.41 mole fraction of CH3(CH>),SiCls dissolved in anhydrous
n-hexadecane. The concentrations were in great excess of the
expected amount of material needed for complete reaction. These
silanizing reagents were obtained from Hiils-America. The
n-hexadecane (Aldrich) was made to be anhydrous by passage
through a column containing a layer of dry alumina followed by
a layer of dry silica, in a glovebox. A penod of 24h at room
temperature was allowed for the self:
form. After the self-assembly, the plates were rinsed thoroughly
in hexane, acetone, and methanol and were then stored under
nitrogen.

Conventional monomeric C;3 surfaces were prepared by
cleaning the silica plates the same way, but then refluxing them
for 3 h in a solution of CH3(CH3)17Si(CHj3).Cl in n-hexadecane,
with n-butylamine as the catalyst. These surfaces were end-
capped with trimethylchlorosilane. This was done to make the
surface as hydrophobic as possible to retard the hydrolysis of the
conventional monomeric phase.

The FTIR spectra were obtained usinga BOMEM MB100 at
4-cm™ resolution and 200 scans. The baselines in the spectra
were corrected. The plates were oriented at normal incidence
withrespecttothe beam. The thick platesresulted innoapparent

(13) Sentell, K. B.; Dorsey, J. G. Anal. Chem. 1989, 61, 930.
(14) U.S. Pat. Appl. 900,215, June 17, 1992.
(15) Burbage, J. D.; Wirth, M. J. J. Phys. Chem. 1992, 96, 5943.
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Figure 2. FTIR spectrum of the pure, horizontally polymerized Cg
surface on the sliica plate.

interference fringesin the FTIR spectra. The plates were cleaned
with acetone and dried with nitrogen before the spectra were
obtained.

RESULTS AND DISCUSSION

1. Horizontal Polymerization. The FTIR spectrum of
ahorizontally polymerized, pure C,g surface, shown in Figure
2, was obtained to confirm that the experimental procedure
provides the same quality of horizontal polymerization as
hasbeen reported in the literature. The spectrum is virtually
identical in both absorbance (0.003) and spectral width (15
em™) to those reported by Moaz and Sagiv’® and Kessel and
Granick,!! indicating a surface coverage on the order of 22-25
A?/chain (7.6-6.7 pmol/m?. The major peaks are the me-
thylene symmetric and asymmetric stretches at 2850 and 2917
cml, respectively,’® and these are narrowed significantly
compared tosolution-phase spectra. Thisnarrowing hasbeen
attributed to significant all-trans conformation due to the
high density. The smaller peak at 2959 cm™ is assigned to
the asymmetric methyl stretch.® Finally, this type of plate
was found to bead water uniformly after boiling in concen-
trated nitric acid for a period of 1 h. The improvement in
uniformity is attributed to the clean conditions that reduce
largedefects. Itis luded that the self-assembly technique
employed in this work provides the expected horizontally
polymerized monolayer. Comparable horizontal polymeri-
zation for the mixed alkyltrichlorosilane reagants is thus
expected from the same procedure.

The FTIR spectrum for the horizontally polymerized
surface of mixed C;3 and Cs composition is shown in Figure
3a, and the FTIR spectrum of the end-capped monomeric
surface is shown in Figure 3b. A visual comparison of these
spectra shows that the ratio of CHz to CH;, groups is
qualitatively similar to that of the monomeric surface. The
similarity of the spectra for the monomeric and mixed surfaces
corresponds to similar C;g coverage. The spectrum for the
mixed, horizontally polymerized surface has broader bands
than the spectrum for the pure C;3, horizontally polymerized
surface of Figure 2. This is expected because the density is
significantly lower owing to the spacing by the C; groups. On
the basis of the areas of the asymmetric methyl stretch and
under the assumption that the coverage of the pure Cg
monolayer of Figure 1 is 6.7 umol/m?, the coverages of both
the conventional monomeric and the mixed horizontally
polymerized monolayers are calculated from the data of Figure

(16) Wiberly, S. E.; Bunce, S. C.; Bauer, W. H. Anal. Chem. 1960, 32,
17.
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Figure 4. FTIR spectrum of the conventional monomeric end-capped
phase before (a) and after (b) boliling in concentrated nitric acid for 10
min.

2tobe3.2and 2.8 umol/m?2, respectively. These are coverages
typically used in chromatography.

2. Acid Hydrolysis Studies. The mixed, horizontally
polymerized surface and the end-capped, conventional mon-
omeric surface were both boiled in concentrated nitric acid
for 10 min. When these two plates were removed from the
nitric acid solution, water beaded up on the mixed, horizon-
tally polymerized plate, while a uniform layer of water clung
to the monomeric plate. The mixed phase was further boiled
in the concentrated nitric acid for an additional 15 min. For
the monomeric phase, the FTIR spectrum confirmed that
the hydrocarbon monolayer was completely removed, as
illustrated in Figure 4. For the mixed horizontally polym-
erized phase, the FTIR spectrum changed little, as shown in
Figure 5: after the 25 min of boiling in concentrated nitric
acid, the absorbance decreased negligibly. These results
demonstrate that the mixed, horizontally polymerized surface
has dramatically improved stability to acid hydrolysis.

3. Base Hydrolysis Studies. An end-capped, mixed,
horizontally polymerized surface and an end-capped, con-
ventional monomeric surface were boiled for a period of 3 h
in solutions of pH 12, with 5% n-propanol added. This
solution composition at 100 °C provides a very severe test of
stability toward base hydrolysis. When removed from the
basic solution, the conventional monomeric surface was
completely wetted by water, while the mixed, horizontally
polymerized surface beaded water. The FTIR spectra for
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Figure 5. FTIR spectrum of the mixed, polymerized phase
before (a) and after (b) boiling in concentrated nitric acid for 25 min.
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Figure 8. FTIR spectrum of the conventional monomeric end-capped
phase before (a) and after (b) boiling for 3 h in a solution of 5%
n-propanol in water at pH 12.
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Figure 7. FTIR spectrum of the mixed, horizontally polymerized phase

before (a) and after (b) boiling for 3 h in a solution of 5% n-propanol

in water at pH 12.

the conventional and mixed, horizontally polymerized surfaces
are summarized in Figures 6 and 7, respectively. Figure 6
confirms that the conventional monomeric surface was
completely removed. Figure 7shows that mixed, horizontally
polymerized surface suffered approximately 50% hydrolysis
over this 3-h boiling period. These results indicate that there
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is also a dramatic improvement in stability to base hydrolysis
using the new bonding scheme.

CONCLUSIONS

A hydrolytically stable monolayer surface can be made by
covalently bonding a functional group of interest, diluted
with a short-chain silanizing agent, to a silica surface. Both
the reagents have trifunctional silanes, and horizontal po-
lymerization occurs when only surface water is present. The
new phase is considered pseudomonomeric because its
business end is essentially the same as the monomeric phase,
yet it is made from polymerizing reagents. Thesame bonding
scheme is applicable to functional groups other than C;g, such
as alkylamino, alkylhydroxyl, etc. The bondingscheme could
be applied to the derivatization of capillary columns for
capillary zone electrophoresis, where the surface reproduc-
ibility and hydrolytic stability would be improved.

(17) Silberzan, P.; Leger, L.; A D.; B J.J. L
1991, 7, 1647.

The very impresswe hydrolytic stability has been dem-
onstrated usmg silica substrates that are flat. These phases
are promising for high-perfo: tographic appli-
cation if the bondmg scheme is effechve on rough silica
surfaces. Horizontal polymerization is believed to work
equally well on rough surfaces,'” and experiments are un-
derway to evaluate the improved stability of mixed, hori-
zontally polymerized surfaces on chromatographic silica gel.
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Quantitative Laser Mass Analysis by Time Resolution of the
lon-Induced Voltage in Multiphoton Ionization Processes

Israel Schechter,” Hartmut Schroder, and Karl L. Kompa

Max-Planck-Institut fiir Quantenoptik, D-8046 Garching, Germany

A simple Instrumental setup for quantitative chemical analysls,
based on the measurement of the time-resolved voltage
Induced on electrodes by MPI-generated charges, Is suggested
and evaluated. The method Is sultable for on-line measure-
ments and may achieve detectabliity close to the ppb range
for highly efficient lonlzation (elther by resonant MPI or by
use of ps-lasers) and up to two parts In 107 (for nonresonant
two-photon lonization by ns-lasers). The dynamical range of
the detectable concentrations Is conslderably larger compared
to other related techniques. With a KrF excimer laser used
for lonizatlon, the instrument can be used as an artificial nose
for sensing organic compounds in atmospheric alr. The method
performs best In the determination of the mass and number
of lons In a monocomponent system; however, simple binary
mixtures can be resolved as well. The measurements report-
ed here are carried out at pressures up to 10~ mbar, using
an unfocused laser beam. The “heart” of the method is a
chemometric set of algorithms that extracts the information
on the masses and number of lons out of the easlily obtained
signal.

INTRODUCTION

Laser Multiphoton Ionization (MPI) processes have been
extensively applied to analytical chemistry in a variety of
sophisticated methods. The general techniques have been
reviewed,!2 as well as recent developments®€ and applications
to mass spectrometry.”

In most of the commonly used techniques, the ions are
produced by focusing a laser beam into the sample. They are
detected by a time-of-flight mass spectrometer or a quadrupole
filter. Thus, a very high mass resolutionisachieved. However,
there are several difficulties concerning the quantification in
these systems, most of them imposed by the ion detection
system and the poorly defined interaction volume. In spite
of these difficulties, useful quantitative results may be
obtained by using internal or external calibration method-
ology. However, in these methods multiple experiments are
required.

Usually, theions are detected by electron multipliers. They
hit a conversion dinode and produce secondary electrons.
These electrons are then multiplied until a gain of order of

(1) Letokhov, V. S. Laser Analytical Spectrochemistry; Adam Hilger:
Bristol, PA, 1986.

(2) Lambropoulos, P., Smith, S. J. Eds. Multiphoton Ionization;
Proceedings of the 3rd International Conference, Iraklion, Crete, Greece,
Sept 1984; Spring-Verlag: Berlin, 1984.

(3) Laser Applications to Chemical Analysis; 1990 Technical Digest
Series; Optical Society of America: Washington, DC, 1990; Vol. 2.

(4) Bieske, E. J.; Uichanco, A. S.; Rainbird, M. W.; Knight, A. E. W.
J. Chem. Phys. 1991, 94, 7029.

(5) Niles, S.; Prinslow, D. A.; Wight, C. A.; Armentrout, P. B. J. Chem.
Phys. 1990, 93, 6186.

(6) Okada, T.; Andou, H.; Moriyama, Y.; Maeda, M. Appl. Phys. Lett.
1990, 56, 1380.

(7) Burlingame, A. L; Millington, D. S.; Norwood, D. L.; Russel, D. H.
Anal. Chem. 1990, 62, 268R.
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10%-108 is obtained. The other versions, the Channeltron or
the channel plate multipliers, are also used. These methods,
as well as several other closely related methods, have some
disadvantages concerning the quantification of the results.

The conversion gain (ion to electrons) depends both on the
ion species and on their velocity.? As a result, in the dc
operating mode, the detection sensitivity significantly varies
from mass to mass.® Furthermore, multipliers suffer from
gradual long-term gain deterioration, due to frequently
venting the system. This is inevitable in some analytical
systems where the sample must be frequently changed.? The
last problem, however, can be minimized by various exper-
imental setups, where the sample can be introduced without
the need to vent the instrument.

Another problem concerning the application of standard
multipliers to ion detection in MPI analysis (in the pulse
counting mode) is their limited dynamicrange. Athigh count
rates, the dead-time losses impose an upper limit to an
accurate measurement. For a modern and fast amplifier the
limit is reached already at 10® counts/s. This is a severe
limitation for the nonlinear MPI processes, where the ion
flux may differ by many orders of magnitude from one sample
to another. It should be noted that the short laser pulses
may easily produce very high ion fluxes. This limitation is
being avoided in continuous ion-current measurements.

The first step toward the quantification of MPI analysis
is to measure the absolute number of produced ions. Using
the electron multiplier for the ion detection, one has to
estimate the efficiency of the ion collection through the ion
optics and to properly calibrate the detector. In addition,
the ion flux must be kept below the saturation of the detector.

Even when the number of ions is properly calibrated, it is
still difficult to evaluate the actual concentration of neutral
species. For this purpose one has to know the MPI cross-
section, the effective detection volume (which depends on
the ion optics) and the effective interaction or ionization
volume (which depends on the laser beam-lens system). To
fulfill these two requirements is a very difficult task for a
focused laser beam. The beam profile has to be measured at
various positions along the axis and also outside in the wings.
By focusing, one can easily reach the saturation regime of the
MPI process. In this case, the expression for the interaction
volume involves a power series in volume integrals of higher
powers of laser intensity, which slowly converges.1®12 Another
difficulty for the interpretation of the data is caused by the
mixed order processes that may occur in the focused beam.
Much theoretical and experimental research has been carried
out in order to investigate the focusing effects of laser beams
on the MPI processes, and these problems are still not
completely solved.!217 The problem of depletion of neutrals

(8) Rudat, M. A.; Morrison, G. H. Int. J. Mass Spectrom. Ion Phys.
1978, 27, 249.
(9) Benni

h , A.; Rad F. G.; Werper, H. W. Secondary
Ion Mass Spectrometry; Wiley: New York, 1987.
(10) Boulassier, J. C. Nouv. Rev. Opt. New York, 1976, 7, 329.
(11) Cervenan, M. R.; Isenor, N. R. Opt. Commun. 1975, 13, 175.
(12) Sogard, M. R. J. Opt. Soc. Am. 1988, 5B, 1890.
(13) Gandhi, S. R.; Bernstein, R. B. Chem. Phys. 1986, 105, 423.
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in the focused volume has to be considered as well.’8
Concerning the MPI of organic molecules, one must be aware
of the fragmentation that may take place at the high-intensity
regions of the focus. Inaddition, thesmall interaction volume
achieved by focusing may lower the detectability.

The focusing-based methods, although having many dis-
advantages, are imposed by the ion detection system. This
is because the inherent mass resolution is only obtainable for
small well-defined regions from which the ions can be
extracted with high efficiency. Itshould be also noticed that
typical detectors used in time of flight or quadrupole mass
spectrometers need a high-vacuum environment. The high-
vacuum systems complicate the operation and slow down the
rate of sample exchange.

Nevertheless, when high mass resolution is desired, these
traditional techniques are the best. The here proposed setup
is suitable when quantification is needed, as well as ascer-
taining the mass of the substrate, and where only a few
ionizable components are present in the mixture. It is
characterized by its simplicity, low cost, and its possibility to
operate on-line in a large dynamicrange. A similarsimplified
method for measuring MPI cross-sections has been recently
developed!® and may be used for quantification when the
cross-sections are unknown. We have applied this technique
to measure the three photon ionization cross-sections of Xe
at 266 nm.

In this context we emphasize that many organic compounds
of interest may be easily ionized at low laser intensities and
detected in regular air due to the high difference in ionization
potentials. The atmosphericgases have ionization potentials
of over 12 eV, while only 6-10 eV are needed for ionization
of most of the organic compounds. This means that as far
as nonresonant ionization is considered, a KrF laser pulse at
248 nm (5 eV) will ionize most of the organic compounds by
two-photon ionization, while a three-photon process with a
much lower probability is ded for the atmospheric gas
ionization.20-24

Taking into account the low laser intensities that have to
be applied to organic molecules (in order to prevent frag-
mentation), the probability to ionize the carrier gas is
negligible. Considering the resonance effects, a proper
wavelength should be used in order to keep the carrying gases
in the low cross-section range. On the other hand, if aspecific
compound is looked for, the resonant ionization can be used
to specifically increase its detectability by many orders of
magnitude.

A simple estimation will emphasize the numerous ions
produced by a nonresonant two-photon process: A typical
KrF laser delivers an energy of 200 mJ over an area of 1 cm?
in a 20-ns pulse. This yields a photon flux of 1.25 X 10%
photons cm2s71. The two-photon ionization probability for
a typical cross-section of 104? cm* s is therefore 3 X 1077.
Hence, at a pressure of 1 ubar we expect 7.5 X 106 ions/cm3,
which is many orders of magnitude over the sensitivity limit
of our present apparatus (see below).

(14) Baravian, G.; Sultan, G. Physica 1985, 128C, 343.
(15) Lompre, L. A;; Mainfray, G.; Thebault, J. Rev. Phys. Appl. 1982,
21

(16) Hanazaki, I. Appl. Phys. B 1981, 26, 111.

(17) Francisco, J. S.; Steinfeld, J. L; Gilbert, R. G. Chem. Phys. Lett.
1981, 82, 311

(18) Chin, 8. L.; Isenor, N. R. Can. J. Phys. 1970, 48, 1445.

(19) Schechter, S.; Schfoder, H.; Kompa, K. L. Chem. Phys. Lett. 1992,
194, 128.

(20) Boesel, U.; Neusser, H. J.; Schlag, E. W. Chem. Phys. 1981, 55,

193.

(21) Bischel, W. K.; Jusinski, L. E; S M. N.; Eck D.d.
Di ics Develop for E-Beam Excited Air Ch Is; Technical
Report No. 5; SRI Int.: Menlo Park, CA, 1985.

(22) Schlag, E. W.; Neusser, H. J. Acc. Chem. Res. 1983, 16, 355.

(23) Reilly, J. P.; Kompa, K. L. J. Chem. Phys. 1980, 73, 5468.

(24) Brophy, J. H.; Rettner, C. T. Opt. Lett. 1979, 4, 337.

Following, the proposed method for mass analysis and
quantification is described. First, the theoretical part is
developed. Then, the computer algorithms that have been
developed for the experimental data analysis are described.
The effect of various important factors on the final error of
thedetermination isstudied, using synthetic data that include
various noise levels (ca. 70 000 simulated determinations have
been carried out). Next, the experimental setup and the
experimental conditions are described. The experimental
results obtained from a few systems are reported.

GENERAL DESCRIPTION

The proposed method simplifies the presently existing
techniques by three ways: First,applying a parallel unfocused
beam eliminates the need to know the focus geometry precisely
and provides a large interaction volume. Second, direct
measurement of the ions at 100% collection efficiency is
carried out. The signal d is a voltage change between
long electrodes, caused by charges induced during the ions’
flight. It is recorded as a function of time on an oscilloscope
or as a transient digitizer. To the best of our knowledge, this
is the first time that this effect is used for analytical purposes.
Third, the electrodes that are used are designed to enable
measurements to be carried out at quite high pressures (1073
mbar) compared to the traditional method. This avoids the
need of a high- um and enables fast sample change.
In an on-line setup, the sample is introduced continuously by
a leak-valve, while the pumps maintain the needed pressure.

All the information about the masses, number of ions, and
concentrations is achieved by a set of chemometric algorithms.
Thus, the “hard work” is carried out by the computer rather
than by a sophisticated experimental setup.

Apparatus. The apparatus consists of twolong electrodes
(a few centimeters apart) located in a vacuum tube. A UV
parallel laser pulse passes between the electrodes and ionizes
the sample. The ions are accelerated to the electrodes by a
bias voltage. Theinduced voltage change across the electrodes
as a function of time is recorded by a digital signal analyzer
and then processed on a computer. More details are given
in the Experimental Section.

Signal from a Monocomponent Sample. When a
charged particle moves between two electrodes, a voltage is
being induced in the electrodes. The observed signal is a
potential difference between the electrodes as a function of
time. The information on the number of ions, as well as on
their masses, is to be extracted from this signal. A rapid rise
is observed just after the laser pulse due to the fast electrons
(low mass) that reach the positive electrode. If no other
sources of electrons are expected, then this signal should be
ne/C volts, where n is the number of ions produced, e is the
electron charge, and C is the capacitance of the system
(electrodes plus wiring). Next, arise in the signal is observed
due to the ions flight to the negative electrodes. This signal
is caused by the electrostatic charges induced in the electrodes
during the flight time. Since the ions are accelerated, the
signalis parabolicin time. The maximum signal, 2ne/C volts,
is observed when the ions reach the electrode. The time
corresponding to this signal, {,y, is simply the flight time
and is given by

toae = V2hdm/eAV o)

where d is the distance between the electrodes, h is the flight
distance of the ions (usually, h = d/2, but not necessarily),
m is the ion’s mass, and AV is the bias voltage. After the
maximum signal is reached, a regular RC exponential decay
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is observed (R is the overall resistance). When the RC decay
is neglected, the signal as a function of time is

V(t)=Pe+P+t_P.ZXt2 for t<t,, (@

where P = ne/C and P, is the signal from extra electrons
produced by stray light or other sources. In many cases, P,
is negligible, but not always.

However, the actual signal is the convolution of eq 2 and
the exponential RC decay

Vi) = B+ P + [2Xe 0 ds ®

and the result is

V)= (P,+Pe* + t—z%(e" +t-1) for <t
o (4a)

Vi) = [P, +P+ %(tme"’“ — o 1)] e’
tmax
for t>t,,, (4b)

The time is in units of RC (for simplicity and generality).

Signal from a Mixture. When two components are
simultaneously ionized, the time domain of the signal can be
divided into three parts:

Dt <t<t,

t118 £ ey for the first component and ¢5 is £ may for the second
one. Let us define the functions:

@Most<t, D t,<t<w

2P,
fi®) = 7(6 +t-1)

2Pi t; —t
&) = F(tie -t + 1)e

i

ht) = (P, + Y _Ppe* )

where i indicates component i in the mixture.
For a two-component mixture, the signal as a function of
time is

V&) =ht)+ ) f{t) rangel

=h(t) + g,(t) + fo(t) rangell
=hit)+ Zg,.(t) range II1 ®)

This expression may easily be generalized for more compo-
nents; however, we shall restrict the demonstration to two
components only. The signal profile depends on the number
of ions, the masses of the ions, the electric field between the
electrodes, the flight distance, the RC constant, and extra
electrons produced (if present). Figure 1 shows several
simulated examples of the signal at various R values. The
resistance is usually provided by the internal characteristics
of the oscilloscope that measures the signal. The break points
are at ¢; and t;. At higher R values the convolution of RC
decay is less pronounced and the signal may be approximated
by eq 2; however, at lower R the effect of the convolution
is clearly observed. In this figure, as well as in some of the
following ones, Gaussian noise has been added to some of the
simulated signals. It has been produced by the Box-Miiller

S/ mV

=

=, L\ S
Figure 1. Signal as a function of time for a mixture of mass 100 amu
and mass 300 amu, at various resistance values (in the range 0.3-2.3
MQ) (eq 6). The number of ions of each component is 10°. The
capacitance is 150 pF, and AVis 18 V. The noise simulates a normal
noise plus other smearing effects. At lower R, the overall signal is
lower, but sometimes the break points are better resolved.

S/ mV

N
% L = e
= = \&

Figure 2. Signalas a function of reduced time for various mass mixtures
(eq 6). The sum of the masses is 400 amu. R = 1 MQ, and 25%
of extra electrons are introduced. The noise is generated by o, = 20
uV and g, = 1%.

method that provides normally distributed deviates with zero
mean and unit standard deviation.?’ In addition to the
Gaussian noise, the smearing out of the signal, due to the
finite laser beam radius and due to some unperfectness of the
beam alignment, have been simulated.

Principle of Mass Resolution and Quantification. The
principle of the proposed procedure is to analyze the above
mentioned generated data and to extract the desired infor-
mation on masses and number of ions out of it. The
information is included in the values of ¢; and t», as well as
inthe overall shape of the time function. The measured signal
is to be fitted to the theoretical functions with the masses
and the number of ions as parameters. The error-compen-
sating fitting process is expected to provide better results
than a direct inspection of the signal.

The first step in such a procedure is to resolve the break
points t; and ¢,. In order to understand the various factors
that influence the resolution, we shall first describe how the
various parameters affect the signal.

Figure 2 shows the signal for various values of Am/M, where
Am is the difference between the ion masses and M is their
sum. It can be seen that as Am decreases, the time between

(25) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes in Pascal; Cambridge University Press: Cambridge,
UK, 1989.
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RN

3. Signal as a function of reduced time, for various number
of ions in the mixture (eq 6). The masses are 100 and 300 amu. The
total number of lons Is 2 X 10%. Note how the resolution is more
difficult at the two extremes (90% and 10% in the mixture).

vV / mV

-
S

- a

- Sl
Figure 4. Signal as a function of time for various bias voltages. The
projections of the break points form lines in the 1/ AV - tplane. This
procedure may be used for improving the results or for ascertaining
the existence of unclear break points.

t; and t; also decreases. Therefore the break points become
more and more difficult to be observed, especially when the
signal is noisy. The time corresponding to the mean mass,
however, is easily observed. As expected, the resolution of
t, and ¢, depends also on the number of ions of the various
species. The signals as a function of Ai/I are shown in Figure
3. Ai is the difference between the number of ions and I is
their sum (The are kept unchanged). As one of the
ions diminishes, the resolution of its break point becomes
more and more difficult, which emphasizes the needed of a
computer algorithm to achieve the best possible resolution.
Such an algorithm can do much better than the human eye.

As already mentioned, resolving the break points is of
importance since one can find the masses of the ions directly
fromeql. Insome casesthisisan easytask. However, usually
this is not sufficient for the analytical chemist who must
be sure whether there are additional invisible break points,
and above all, to find the best possible result out of the given
signal. This is achieved by a computer algorithm that is
described in the following. Even when the times ¢; and ¢; are
resolved, one can still improve the quality of the results by
plots of ¢; vs 1/VAV. According to eq 1 these are straight
lines and the masses can be found from their slopes. Figure
4 shows signals at various 1/V/AV values and the lines
obtained for ¢; and 5.
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Figure 5. Demc of the lution ability of the algorithm. (a,
Top) noisy signal from a mixture of A/I = 0.96. The line shows the
location of the break point which cannot be easily resolved. (Only a
part of the signal is shown.) (b, Mlddle) functlon of £, + £, produced
by the algorithm and a polynomial fit. The dicates the

of the polynomial and the arrow Indicates 1he location of the real break
point. (c, Bottom) function of £, + £, obtained by the algorithm for
a high A//I(0.98) and low Am/M (6 X 10=°). The vertical line shows
the location of the real break point, which is close to the minimum of

0.

ALGORITHMS

Several computer algorithms are described in this section.
Combinations of these algorithms may be used in various
experimental conditions. Afterward,a “recipe” or an “overall
algorithm” describing when and how to use the various
algorithms, is provided.

All—Finding a Break Point Corresponding to f; or £,.
This algorithm is of much importance to the suggested method
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since it enables one to computerize and automate the analysis.
Furthermore, it improves the resolution and the sensitivity
of the method much over the limit of human eye analysis.

Let us analyze the signal in time interval @ to c. Let Vi(t)
be the theoretical expected function in the range a to tgp, and
Va(t), that in the range tgp to ¢, where ¢gp is the unknown
break point. Foreach experimental data point, b, in the range
{a, ¢}, find the least-squares fit of V;(t) in the range {a, b} and
of V,(t) in the range {b, c}. £ is the result sum of the least
squares in the range {a, b}, and &, that in the range {b, c}. Note
£ = £, + & thus obtained for each point b. Fit a polynomial
(of degree 6) to the points £(t). Find the minimum of this
polynomial. The time corresponding to that minimum is the
estimate of tpp, the break point.

Various algorithms have been tested and the one described
above has been found to be the best for our purpose. The
least-squares fit is a multidimensional one and has been
performed by the modified Levenberg-Marquardt algo-
rithm,26:27 which proved many times to fastly converge in
multidimensional fits, e.g.22-3° Note that a couple of such fits
must be carried out for each point of the experimental signal.

In order to demonstrate the power of this algorithm, it has
been applied to a very noisy signal (Figure 5a), where the
breakpoint cannot be resolved by eye. Figure 5b shows the
£(t) points obtained by the proposed algorithm, the polynomial
fit, its minimum, and the true break point. In this case, the
main problem has been caused by the high noise level and the
values of Ai/I = 0.96 (note that Ai/I = 1 is the limit where
there is just one component in the mixture) and Am/M = 0.5.
When a better signal is provided, a more complicated case
can be handled. As an example, the resolution of 1% single-
deuterated benzene in pure (unlabeled) benzene is presented.
oy, the standard deviation of the voltage readings, has been
25 uV. o3, the standard deviation of the distance of the laser
beam from the electrodes, has been 0.5% (it also represents
the spread due to the finite laser cross-section). In this case,
Ai/T =0.98 and Am/M = 6 X 10-3. The resolution, achieved
by the proposed algorithm, is presented in Figure 5¢c. If the
£ points are just in the vicinity of the break point, they can
be fitted by a low-degree polynomial. However, in order to
include cases where the points are calculated in a large range
(e.g., Figure 5¢), a higher polynomial has been used.

Al2—Finding the Parameters by Direct Least-Squares
Fit in the Three Ranges. The masses and the number of
ions can be calculated by least-squares fit of the functions to
the data in the three time ranges. In range I the fit function
is

Vi) = 26t + xy(e +£-1) 0]

And the fit provides the value of x; and x; where

%, =P, +P,+P,

2P; " 2P, ®
Z=—t—
BUET R
In range II the function is
Vi) = xge +x e +t-1) )

and the fit provides the values of x3 and x4 where

(26) Levenberg, K. Q. Appl. Math. 1944, 2, 164.

(27) Marquardt, D. J. Soc. Ind. Appl. Math. 1963, 11, 431.

(28) Mottola, H. A. Kinetic Aspects of Analytical Chemistry; Wiley:
New York, 1988.

(29) Pardue, H. L. Anal. Chim. Acta 1990, 237, 207.

(30) Schechter, 1. Anal. Chem. 1991, 63, 1303.

- 2P1 t1
xa-P1+P2+Pe+F(tle _tl+1)
1

x, = 2P/t ? (10)
In range III the function is
Vin(t) = x5e™ 11)

and the fit provides the value of x5 where

- 2P1 t 2P2 s &£
x5 = Pl =+ Pz + Pe + F(tle -t + 1)+ F(tze —t,+1)
1 2 (12)

Equations 8, 10, and 12 are to be solved for the values of ¢;,
ts, P1,and P;. Thesolution requires a numerical minimization.
This algorithm needs a prior estimate of ¢; and £5. Asaresult,
it provides a better approximation of these values, and then
the masses are calculated. The initial estimates may be the
observed value, just by inspection or, in case that this is not
possible, just any two values in the reasonable range. This
algorithm takes advantage of the information in all ranges;
therefore, it is better than just reading ¢; and ¢, from the
data. In case the exact locations of ¢; or t; are not clear, but
well resolved, one has to exclude from the data some parts
around the unclear break point and perform the fit without
these uncertain points.

Al3—Finding the Masses by the Intercepts of the
Functions. Fit the parametric functions Vi, Vy, and Vi as
in Al2. Calculate the intercept of V;and Vi, and get ¢, and
the intercept Vp with Vi for ¢;. Calculate the masses from
the break points. Calculate P; and P, by the found ¢; and ¢,
and by the values of x4 (eq 10) and x; (eq 8).

Overall Algorithm. Several ways have been proposed
for extracting the information out of the signal. The way one
should follow depends on the noise level of the data, on the
clearness of the break points, and on the reproducibility of
the results. All is the most computer-time-consuming and
should be used in the case of unclear break points. Al3 is
somewhat more expensive than Al2. The recipe of the
algorithms usage is as follows: (a) When the signal has a low
noise level and the break points are clear, Al2 should be used.
(b) When the signal has a high noise level but has the break
points can be observed, Al3 should be used. (c) When the
signal has a low noise level but the break points are not clear,
All should be first used to find ¢, and t;. Then Al2 should
be applied, using ¢; and ¢, as initial estimates. (d) When the
signal has a high noise level and unclear break points, first
Al1 should be applied to find out ¢, and ¢;. Then Al3 should
be applied, using ¢, and ¢; as initial estimates of the break
points. (e) At high experimental RC constants, Al3 should
be preferred over Al2. (f) The results can be improved by
repeating the measurements at various AV values. At each
voltage, t; and ¢, are found by the previously proposed recipe.
Then, the mass is calculated by the slope of the plots of the
break points as a function of 1/V/AV. This procedure, of
repeating the measurements at various AV, may also help to
better resolve the break points and to eliminate false break
points that may appear due to the signal noise.

EVALUATION OF THE ALGORITHM

In this section the effect of various parameters and
experimental conditions on the error of the determination is
studied. Since many parameters are involved, it is desired
to view the error as a function of all of them, in a multidi-
mensional space. However, we can simultaneously view only
two parameters, therefore several couples of variables have
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been chosen. The errors have been estimated as a function
of these variables, accumulated in matrices, and presented
in perspective view.

Numerous experiments are needed in order to cover the
combined ranges of the important parameters. The exper-
iments in this section (ca. 70 000) have been carried out by
computer simulations. First, the experimental data have been
simulated with a set of parameters. A Gaussian noise, at
various variances, has been added to the data. The smearing
out of the signal due to unperfect alignment of the laser beam
and due to the diameter of the beam, has also been
incorporated into the simulations: For each such simulated
point, a different ¢, has been used for calculation. The
value of that ¢, has been randomly selected in the right
range and distribution, in order to simulate the above
mentioned effects. This procedure is equivalent to calculation
of random trajectories starting at the various possible initial
conditions. Then, the algorithm has been applied in order
torecover the initial parameters (masses and number of ions).
Since in some experimental setups the number of electrons
is higher than the number of ions, we have included this effect
in the simulations. For a two-component system, each
experiment provides four results and four estimated errors,
corresponding to the masses and number of ions. Moreover,
for each experiment all the suggested algorithms have been
applied. Since the number of results is enormous, only the
most significant ones are presented in the following.

RCCharacteristics. As can already be seen from Figure
1, the signal is much affected by the RC constant. The
capacitance can be controlled by the design of the electrodes
and by the overall length of the wires. The resistance is usually
determined by the instrumental characteristics, and its value
is around 1 MQ.

At higher noise levels, the main effect of the capacitance
isto reduce the signal-to-noise ratio. As can be seen in Figure
6a, the error of the determination increases with the capac-
itance. Almost no influence of R values is observed. In the
experiments of Figure 6a, the algorithm Al2 has been applied
for the determination.

At low niose levels, there is an additional interesting
effect: Reducing the RC constant increases the information
content of eqs 4 (at the limit of very high RC, eq 4b becomes
a constant independent of time, and eq 4a becomes a
parabola). Therefore, algorithm Al2 yields in this case
somewhat better results at lower RC values. This case is
presented in Figure 6b, where the noise level is lower than in
Figure 6a and the determination has been carried out by
algorithm Al2. Here, in contrast to Figure 64, the error is low
at small values of R, even at the highest capacitance. In this
figure, only the error in the determination of the number of
ions has been presented, but similar results have been obtained
for the determination of the mass. However, there are still
high errors at high RC constants. Applying algorithm Al3,
which finds the break points by the intercept of the functions
overcomes that problem at high RC, as can be seen in Figure
6¢. The three parts of Figure 6 demonstrate the combined
effect of signal-to-noise ratio, RC values and the algorithm
that is being used.

Effects of Ai/I and the Noise Level. As previously
mentioned, when the number of ions diminishes, their
determination becomes more difficult and inaccurate. In a
series of computer experiments, the value of Ai/I has been
changed from +0.96 to —0.96. The first limit corresponds to
2% in the mixture and the last one to 98%. The standard
deviation of the noise has been varied from 0 to a reasonable
value for an oscilloscope. Figure 7 shows the error in the
determination of m,. Very similarresults have been obtained
for no. A mirror picture of these results has been obtained

Figure 6. Influence of the RC characteristics and of the algorithm
used. The plots show the error in the determination as a function of
R and of C in the interesting range. (a, Top) the normal noise level
Is 0.1 mV, and the results are obtained by algorithm AL2. (b, Middie)
the normal noise level is 0.01 mV, and the results are obtalned by
algorithm Al-2. (c, Bottom) the normal noise level is 0.01 mV, and the
results are obtained by algorithm Al-3.

for the error in the determination of m; and n; (the high error
being at negative Ai/I). The results have been obtained by
an automatic process that applies algorithms All and Al3.
The results at the higher Ai/I limits could be improved (by
afactor of 2) by carefully viewing the plots of £(¢) rather than
letting the computer to analyze it. The reason is that
sometimes the automatic-fitted polynomial to the £ points
introduces a local minimum far away from the location that
one would find by a simple inspection of the data. The general
conclusion is that when the system is operated close to its
limitations, one can obtain better results by supervising the
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Figure 7. Error in the determination of m, as a function of the noise
level and A#/I. The mass is 100 amu, and the total number of ions
is 2 X 108, The highest Ai/Ishown is 0.96. The results are obtained
by Al-1 and Al-3. Algorithm Al-3 alone provides higher errors at high
values of A// Iand a somewhat more spiky surface at the lower ranges.

computer program by observing the £(t) function. This
conclusion has been demonstrated by a computer subroutine
that plotted £(t) and the fitted polynomial for each exper-
iment.

Effects of Am/M and the Noise Level. When the
analyzed masses are similar, it becomes difficult to observe
the break point. The error is mainly manifested by a poor
determination of the number of ions of each species, although
the sum is well determined. Figure 8a shows the error in the
determination of the number of ions as a function of Am/M
and the noise level of the readings. The lowest Am/M shown
is 0.005 (1 amu at masses around 100 amu) and the highest
noise level shown is far above a regular noise of an oscilloscope.
The error in determination of the masses is, as expected,
much better, and is shown in Figure 8b. At low Am/M it is
difficult to distinguish between the break points ¢; and t»,
but the average location is clearly defined, as can be seen
from Figure 2. Concerningthe mass determination, the error
is mainly caused by the noise level. The results obtained for
the other mass have been somewhat higher, up to 1%.

Limits of the Detection. The low-limit of the detection
depends on the efficiency of the ionization and on the minimal
number of ions that can be detected by the apparatus. In
contrast to related methods which count the ions by electron
multiplier, there is no upper limit in our method, since the
detector cannot be practically saturated.

The ionization efficiency is described by the generalized
MPI cross-section, T, which is defined for a kth-order process
by

N, = ngTyr 0 F (13)
where N; is the number of produced ions, n, is the neutral
density (cm3), 7, and vy, are the kth-order interaction time
and volume, and F is the photon flux (cm2 s). A typical
cross-section for a nonresonant two-photon ionization is ca.
10%° ¢cm*s.32 For aresonant, or close to resonant, process the
cross-section would be higher by many orders of magnitude.
The photon flux is very important, since it appears in eq 13
at the kth power. For instance, everything being the same,
but switching from a ns-laser to a ps-laserincreases the number
of ions per pulse by 3 orders of magnitude for a two-photon
process and by 6 orders of magnitude for a three-photon
process. Ionization of many organic molecules with millijoule

(31) Morellec, J.; Normand, D.; Petite, G. Adv. At. Mol. Phys. 1982,
18, 91.
(32) Lambropoulos, P. Adv. At. Mol. Phys. 1976, 12, 87.
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Figure 8. Error in the determination as a function of Am/M at various
noise levels. (a, Top) error in the determination of the number of lons
(ny). Itis affected mainly by the Am/M value and increases rapidly.
(b, Bottom) error in the determination of the mass (m). It is mainly
affected by the noise level and is still acceptable even at the highest
noise level.

pulse energies by a two-photon process and a ps-laser has an
efficiency close to 100%. Similar efficiencies are obtained
by a resonant ionization with a ns-laser.20333¢ In the worst
case, of a completely nonresonant two-photon ionization, using
a ns-laser, one still can ionize ca. one part of 108 molecules,
as has been previously discussed.

The second factor is the minimum number of ions that can
be detected. This is basically determined by the signal-to-
noise ratio. In a system of an overall capacitance of 80 pF,
1000 ions induce a voltage difference of 4 uV. In the simplest
apparatus that detects the signal by an analog storage
oscilloscope, equipped with a differential amplifier (10 xV/
division), ca. 10 000 ions are needed for a reasonable deter-
mination. Using a good preamplifier connected directly to
the electrodes and shielding the system may reduce the
minimum detectable ions to 1000. However, the overall
limitation is caused by the noise level. Figure 9 shows the
error in the determination as a function of the number of ions
at several capacities of the system.

It should be noted that the previously mentioned low
voltages correspond to the detection limits only. Ashasbeen
shown in the Introduction, a regular KrF excimer laser easily
produces 105-107 ions/cm?, which means that the regular
signals can be measured by a current analog or digital storage
oscilloscope and other transient recorders.

(33) Klimcak, C.; Wessel, J. Appl. Phys. Lett. 1980, 37, 138.
(34) Stuke, M. Appl. Phys. Lett. 1984, 45, 1175.
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Figure 8. Error in the determination as a function of the absolute
number of ions and the system’s capacitance. Such plots may show
the limits of the detection for several systems. Anexperimental system
of ca. 100 pF needs ca. 10 000 ions for a good determination.
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Figure 10. Experimental setup. The overall capacitance is 95 pF. The
data are recorded on a DSA for single pulses and analyzed on a
computer.

Thus, the theoretical limits of the detection (at 10-3 mbar)
obtained by combining the previously discussed factors, are
ca. two parts in 10! for the very high ionization efficiency,?*
and as low as 2 parts in 107 for the nonresonant ionization by
a ns-laser.

EXPERIMENTAL SECTION

The experimental setup is schematically shown in Figure 10.
Thelight source has been an KrF Excimer laser (Lambda Physik
EMG 150 NSC, divergence <0.2 mrad, band width <1 cm™). It
has delivered pulses of ca. 250 mJ at 1 Hz and a wavelength of
248 nm (5eV). Anaperture of ca. 0.1 mm has been used in order
to cut a narrow beam, and a piece of quartz, obliquely located
in the beam, has attenuated the energy to the desired values.
The beam has not been focused.

The stainless steel ionization tube has been sealed by UV-
transparent windows. The two long electrodes have been
mounted on Vespel holders and connected to BNC outputs.
Additional small electrodes have been located close to the windows
in order to trap possible charges originating at the windows or
out of the long collecting electrodes. The parallel laser beam has
been symmetrically aligned between the electrodes. The sample
gas has been introduced to the chamber through a leak-valve. To
simulate on-line measurements, the pumps have been contin-
uously operated against the leak of the sample, maintaining
constant pressures in the range 10°-10% mTorr. The pressures
have been monitored by a capacitance manometer directly
mounted on the chamber. The electrodes have been connected
to a differential preamplifier and displayed on a 400-MHz digital
signal analyzer (Tektronix, DSA601) triggered by the laser. When
a differential oscilloscope is used, there is no need of the

V / Volt

t / upsec

Figure 11. Digitized waveform obtained for pure benzene. It consists
of 2048 data points. Even more data points, still from a single laser
shot, may be obtained when necessary.

preamplifier. The wiring has been well shielded by stainless
steel tubes. The bias voltage has been supplied by batteries
located inside the shielding tubes. The voltage has been varied
by connecting various numbers of batteries in series.

The signals have been recorded for single pulses (no simple
integration could be done, due to the fluctuations in the laser
pulse energy). The waveforms have been accumulated in the
DSA’s memory and then transferred to a personal computer.
Most of the digitized waveforms consist of 2048 time points.
However, much denser samplings have been carried out when
necessary (the upper limit is 1-GHz sampling rate). The data
analysis has been carried out on an IBM 3090 computer. All
software was written in FORTRAN 77, and compiled by VS-
FORTRAN Version 2 Compiler.

EXPERIMENTAL RESULTS AND DISCUSSION

Two systems have been chosen to demonstrate the appli-
cability of the apparatus and the algorithm: the resolution
of the natural isotope 13C in benzene and analysis of a mixture
of benzene and fluorobenzene. Many MPI experiments have
been carried out with benzene; see, e.g. refs 20, 21, 23, 35, and
36. Benzeneisresonantly ionized at 248 nm, so the unfocused
laser beam has to be attenuated (has been kept below 106 W
cm2). It has been found that best results are obtained at low
energies, far below the saturation limit. It has been shown
that at such low energies there is almost no fragmenta-
tion.2-2337 Towsignals (10 mV at most before amplifications)
kept the preamplifier far from its limitations, thus providing
an undistorted waveform.

Figure 11 shows the digitized waveform obtained for pure
benzene. The zero time has been assigned to the steepest
ascent. This waveform consists of 2048 points. Most of the
points overlap and cannot be resolved by eye; therefore, the
true standard deviation is lower than the eye impression.
The sampling resolution in the vertical mode (of ca. 0.4%)
can be observed, especially at the decay time after 3 us. Noisy
oscillations that appear around the zero time are probably
induced by the laser discharge and electronics. The baseline
can still be accurately determined; however, the data at the
first microsecond may be inaccurate. Detailed analysis of
the oscillations shows one dominant frequency thus, in
principle, the oscillations could be filtered out. In this
particular case, we have just started the data analysis after
the first microsecond, since the “interesting” information is

(35) Rossi, M. J.; Helm, H. J. Chem. Phys. 1987, 87, 902.

(36) Miiller, G.; Fan, J. Y.; Lyman, J. L.; Schmidt, W. E.; Kompa, K.
L. J. Chem. Phys. 1989, 90, 3490.

(37) Bernstein, R. B. J. Phys. Chem. 1982, 86, 1178.
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Figure 13. Signal from a mixture of b and fluorc in
the vicinity of the break point. The numerous data points enable the
algorithms to resolve the at a good precisk

expected to be at the break points around 3 us. However, for
further research, this technical problem will be solved.

The algorithm has been applied in order to resolve the 3C
molecules in benzene. This problem is characterized by a
difficult combination of small value of Am/M and high value
of Ai/I. The results in the vicinity of the break point are
presented in Figure 12. The arrow points at the calculated
location of the minimum. The relative deviation in the mass
determination is twice the relative deviation in ¢ ,,,; therefore,
the error of the resolution has been in this case 1.4%.
However, it should be emphasized that the main component
(mass 78) has been perfectly determined by the shape of the
waveform. Thisdetermination is at the limit of the particular
setup; therefore the quantitative results for the isotopic
variant have not been satisfactory (11% instead of the
expected 6.7%). Imposing the correct masses and using
algorithm Al3 provide a better result (7.2%). A higher error
in the determination of the ions, compared to the determi-
nation of the masses, has been already predicted (see
discussion on the effect of Am/M and Figure 8a,b). Poor
reproducibility has been obtained in this limit case.

The next example has been the analysis of the mixture of
benzene in fluorobenzene. This mixture can be resolved much
easier. Figure 13 shows the digitized results. In this case the
time points have been sampled in the vicinity of the break
points which can be observed just by inspection. The number
of ions of benzene is much higher than that of fluorobenzene.
The equal distance between the digitized points at the vertical
axis represents the sampling boxing in this coordinate. Most

of the points cannot be observed by eye, due to overlapping;
however, the computer algorithm uses all of them. The results
show a ca. 1% error for the mass determination.

These experimental results prove the feasibility of the
proposed method and also point out its major limitations, as
have been previously predicted by simulations. It is clear
that, for a monocomponent system, the analysis is simple,
and its accuracy is determined by the previously described
factors. A two-component system can be resolved as dem-
onstrated in the experiment. As the masses are more similar
and as the concentration of one of the components diminishes,
the determination becomes more difficult and the errors are
higher. Again,the more quantitative analysis of these effects
is discussed in previous sections.

The method can be applied to more than two components
as well. Each additional component possesses a break point
in the measured signal. These cases will be studied in the
future. However, it is clear that as the number of components
is higher, the resolution is more difficult. It seems now that
for a many-component mixture, only a very simple mass
combination can be resolved by this method.

Other general experimental problems are the fragmentation
by the laser light and the metastable ions formed during the
flight time. These problems have not been studied here. The
fragmentation has been prevented by using a very low laser
flux. However, there are cases where fragmentation cannot
beavoided. Ifthe fragmentation is very fast, then the method
can treat it as an additional component. A low level of
fragmentation during the flight time can be ignored and
treated like an additional noise in the signal (that can be
handled by the ical algorithms). However, an extended
fragmentation, occurring at a distribution of times after the
laser pulse, cannot be treated by this method. In general, to
apply this method, fragmentation has to be avoided as much
as possible, by applying low laser intensities. In many cases
dealing with big molecules, this task can be accomplished
due to the relatively short flight time.

Itis well-known, in the time-of-flight instruments, that the
mass resolution is mainly limited by the temporal duration
of the laser pulse, the spatial region of ionization, and the
initial velocity of the ions. In our case, the temporal duration
of the laser is much shorter than the differences in £yq,. The
spatial region of ionization is determined by the laser beam.
It has been minimized by means of an iris. As described in
a previous section, the effect of the definite ionization region
can be treated like a special kind of noise. However, this
definite region, as well as the initial velocity distribution,
limits the resolution by making the observation of the break
points in the signal more and more difficult. Some of these
factors are simulated in the previous calculations, in order to
predict the overall effect on the error in the determination.

CONCLUDING REMARKS

A new, on-line, analytical method based on the MPI process
hasbeen described. The method is greatly simplified by using
an unfocused laser beam and by a direct measurement of the
ions. The proposed ion and mass detection enables mea-
surement in a large dynamic range, and the need of a high-
vacuum system is avoided. The price of the experimental
simplification is that the signal has to be analyzed by a
computer. The required computer algorithms have been
developed and evaluated.

The method is quantitative, provided that the cross-sections
for the ionizations are given. However, a related simplified
method for ionization cross-section measurements has been
recently developed!® and we hope that more and more absolute
ionization cross-sections will be available. It should be
emphasized that, in contrast to the regular setups, by using
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the proposed method, one can easily find the concentration
from the number of ions (provided directly by the method)
and the corresponding ionization cross-section. The parallel
beam creates a large and simple interaction volume and avoids
the difficult analysis of the focus regime. The described
method carries out the analysis by using the information from
a single laser pulse. Thousands of data points are recorded
after one pulse, which usually provides good input for the
error-compensating algorithm. However, information of
many pulses can be used as well to improve the results in
several ways: The waveforms may be stored and boxed
according to the laser energy pulse and then be integrated.
Another possibility is just to record the various energies of
the pulses and analyze each of them separately. Then the
data can be processed by statistical algorithms. Concerning
the mass determinations, one can vary the bias voltage from
pulse to pulse and calculate with a better accuracy the masses
by a plot of tyex v8 1/V AV. The results are independent of
energy fluctuations, as long as the energy is kept under the
fragmentation level.

In this paper the method has been proposed and the
algorithms evaluated. Experimental examples have been
provided by using the first prototype. However, further
improvements are needed in order to introduce it to general
usage. Someimprovementsare still needed in the electronics.
An especially designed differential amplifier connected
directly to the chamber could be used, instead of the general
purpose amplifier. A more compact system can reduce the
capacitance by a factor of 2, thus increasing the sensitivity

(the actual capacitance is ~95 pF, most of it due to the wiring).
Another improvement can be introduced by properly reducing
or filtering out some of the oscillatory noise observed in the
waveform. Smaller windows in the chamber could improve
the shielding.

The limitations of the technique have been discussed, and
the expected error as a function of the various parameters
has been predicted. In view of these limitations, it should be
mentioned that this instrument is not to replace the traditional
MS apparatus. It cannot provide a full mass spectra of
complicated mixtures. Nevertheless, it can be used as a part
of an alarm system for organic gases in air or for other
environmental analyses where a simple and low-cost technique
isrequired. Further investigation of more complex mixtures
and the effects of metastable ions is planned.

A somewhat different use of this system is for monitoring
a specific mass. In this case, it would be better to ionize at
a resonance frequency. In this mode, one can scan lots of
data just in the vicinity of the expected £, that corresponds
to the monitored mass. The method would be suitable for
a mode of operation where continuous monitoring is needed,
and the computer algorithms are mainly used to ascertain
the mass and to resolve it from time-dependent mixtures.
Such a system can be easily automated, due to its large
dynamic range.

RECEIVED for review March 2, 1992. Accepted August 17,
1992.
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Three different vulcanized rubbers have been studied by laser
desorption/laser lonization mass spectrometry. Analysis of
these vulcanizates by various conventional mass spectrometric
methods has been difficult because of the complexity of their
mass spectra. The major thrust of the present work Is to
show that different wavelengths for the postionization step
aliow selectivity which provides important additional infor-
mation about the chemical makeup of these complex materials.
Near-UV wavelengths selectively ionize aromatic additives,
far-UV wavelengths photolonize other nonaromatic species,
and VUV wavelengths access all of the desorbed specles.
The ablity to vary these different parameters allows a
specificity that rivals other techniques for surface and bulk
analysls of polymers and their additives.

INTRODUCTION

Laser desorption (LD) has proven to be a viable means to
introduce nonvolatile surface species into the gas phase.l-13
Other methods, such as thermal desorption and ion bom-
bardment, often tend to thermally decompose the molecules
or fragment the molecular species with the incident primary
ions. Thus, the fragments are not easily identified with the
molecular structure of the original surface which, in very
important cases, is polymeric in nature. For laser desorption/

t Materials Science Division, Argonne National Laboratory.

 Chemistry Division, Argonne National Laboratory.

§ Department of Chemistry, University of California.
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laser ablation, the amount of fragmentation depends on the
energy absorbed by the surface, the wavelength of the laser
beam, and the pulse length of the laser.’>17 However, by
optimizing the laser parameters for a particular analysis
system such as a polymer, conditions are achieved that induce
very little fragmentation of the polymer itself or its additives.
The most widely utilized technique for monitoring the laser
desorbed species is prompt-ion mass spectrometry, that is,
detection of ions produced directly by the laser desorption
process.181% This technique has proven to be quite useful
inmany instances, but it does suffer from severe matrix effects
due to the strong dependence of surface ionization and surface
neutralization on both substrate chemistry and the nature of
the desorbate. These matrix effects arise from the two
physical processes involved: laser desorption and ionization
of the desorbed species. The first effect depends mainly on
the absorbed energy and volatility of the sample while the
second effect depends principally on the ionization potential
of the desorbed species. In this paper, we report on a method
to alleviate some of the inherent matrix effects by analyzing
the neutrals that are contained in the laser-desorbed
plume.68912 This is accomplished with a second laser beam
of variable wavelength and intensity. Weshowthat the ability
to vary these different parameters allows specificity and
detection sensitivity that rivals other techniques for surface
and bulk analysis of polymers and their additives. The
samples employed to demonstrate these capabilities are three
different vulcanized rubbers that have been previously studied
mass spectrometrically.20-23

Rawrubbers are usually mixed with various additives which
produce certain characteristics in the polymer. These ad-
ditives include vulcanizing agents, fillers, pigments, plasti-
cizers, antioxidants, and antiozonants. Vulcanization cross
links the rubbers to impart strength and elasticity and restricts
viscous flow. Carbon black acts as a filler in the rubbers
studied here, and there are no other pigments in them. A few
antioxidants and antiozonants are present in the vulcanizates
at the parts per hundred level. These constitute some of the
more important species for analysis and are the focus in the

(15) Lazare, S.; Granier, V. Laser Chem. 1989, 10, 25.

(16) Feldmann, D.; Kutzner, J.; Laukemper, J.; MacRobert, S.; Welge,
K. H. Appl. Phys. 1987, B44, 81-85.

(17) Srinivasan, R.; Braren, B. Chem. Rev. 1989, 89, 1303.

(18) Johlman, C. L.; Wilkins, C. L.; Hogan, J. D.; Donovan, T. L.; Laude,
D. A.; Youssefi, M.-J. Anal. Chem. 1990, 62, 1167-1172.

(19) Huang, L. Q.; Conzemius, R. J.; Junk, G. A.; Houk, R. S. Anal.
Chem. 1988, 60, 1490-1494.
o (20) Lattxmer,R P.; Harris, R. E. Mass Spectrom. 1985, Rev. 4, 369—

(21) Lattimer, R. P.; Harris, R. E.; Rhee, C. K. Anal. Chem. 1986, 58,
(22) Lattimer, R. P. Rubber Chem. Technol. 1988, 61, 658.

(23) Lattimer, R. P.; Harris, R. E. Rubber Chem. Technal 1989, 62,
548.

© 1992 American Chemical Society



2798 « ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992

dual channel
plate assembly

/

y-deflector

\

x-deflector

acceleration  acceleration

grid 2 grid 1 sample

ion \
I gotection field free dnft path
I 1

present study. Antioxidants and antiozonants are added to
polymers to prevent deterioration due to oxidative degra-
dation of polymer bonds. Other species present in some
polymers include flame retardants, mostly halogen-containing
compounds that chemically deprive the flame of oxygen;
plasticizers that soften brittle polymers and lower processing
temperatures; UV stabilizers that protect the polymer from
harmful effects of the near UV; mold releases that coat mold
surfaces to prevent sticking and to ease removal of the part
from the mold; mildicides and fungicides that control
microbial attack at the surface of polymers; dyes and pigments
that impart color to the polymer; and lubricants that act to
reduce friction between polymer molecules (internal) and to
reduce friction at interfaces (external).

Few methods exist that can detect and characterize such
a wide diversity of molecular species at surfaces, especially
when the species are present in only minor concentrations.
One currently used method is prompt ion detection following
laser desorption. A more elegant method is laser desorption
tovolatilize the surface molecular species into a neutral plume,
followed by laser (species-sensitive) ionization. This method
decouples the desorption and the ionization step, allowing
each process to be independently optimized. In this paper,
we compare these two approaches using well-characterized
vulcanizate samples. (Wewillnot discussin detail the various
physical and chemical aspects of the vulcanizates. The
interested reader is encouraged to consult ref 21 for details.)
Special emphasis is placed on the various possibilities of
postionization of the neutral plume. Analysis with the proper
choice of laser wavelength and intensity provides information
about the polymer that cannot be obtained by other means.
Thisisespecially true if the postionization process is combined
with high-resolution mass spectrometry. First, we discuss
the experimental aspects of this work including the mass
spectrometer, the lasers utilized for desorption and ionization,
and the details of data capture and manipulation. Then, the
results are presented and discussed. Finally, the implications
of this new technique are summarized, and future directions
for this research ere proposed.

1on optics stack

1 1 |

Figure 1. Schematic of the laser desorption time-of-flight apparatus. The sample is mounted on a rapid sample transfer rod and loaded into
the system and then the rod is retracted. The sample is typically at 8 kV and grid 1is at 7.6 kV for postionization or 0 kV for prompt-ion detection.
The laser beams enter and exit the apparatus through fused silica windows.

EXPERIMENTAL SECTION

The laser desorption/time-of-flight (LD-TOF) apparatus has
been discussed in detail previously.'>* The mass spectrometer
consists of a sample surface, an acceleration field, and a field-
free region with an ion detector at the end of the flight path (see
Figure 1). The TOF mass spectrometer can be operated in two
different modes. First, for measuring the mass spectrum of direct
laser desorbed ions (ions produced by the desorption laser alone),
the sample is held at 8 kV and the grids are held at ground.
Second, for postionization experiments, a two-step acceleration
is used with the sample at 8 kV, the first grid at 7.6 kV, and the
second grid at ground. In practice, the extraction potentials in
the ion source are adjusted to optimize the mass resolution of the
ions formed by photoionization of desorbed neutral molecules.
The overall flight path length is 120 cm with acceleration distances
of 4 mm in each of the two acceleration regions. The accelerated
ions are detected using a dual-channel-plate detector with a
modest postacceleration potential. Data are recorded in a
transient recorder with a maximum time resolution of 5 ns.
Further processing of the data is accomplished in a PC-based
software system. The typical operating vacuum is ~2 X 10
Torr. The mass resolution (m/Am) of the apparatus is approx-
imately 1000 (fwhm at m/z ~ 700 amu) using a 5-ns laser pulse,
while a < 70-ps, 266-nm laser pulse yields a resolution exceeding
1500 with the same apparatus.

The vulcanizate samples were prepared in two distinct ways
for the analysis described in this paper. For direct analysis, a
piece of the 2-mm-thick polymer was cut into a 1-cm? piece, and
the front side was scraped in air with a razor blade to expose a
fresh surface and placed immediately (within less than 1 min)
into the TOF mass spectrometer via a rapid sample transfer
system. These samples were held in place on the sample stub
with a press-fit ring holding a copper foil with a 4-mm-diameter
hole cut out of the center. For the extract analysis, the
vulcanizate was allowed to dissolve in the particular solvent for
a number of days, and the extract was pipetted (~100 L) onto
apolished-stainless-steel stub, evaporated to dryness, and inserted
into the TOF mass spectrometer for later analysis. We varied
the number of days of sample extraction and noticed no difference
in the mass spectra although the solutions became more
concentrated for longer extraction periods. A motor-driven
micrometer mirror mount permitted the desorption laser beam
to be rastered over the entire surface. This capability allows

(24) Lykke, K. R; Pellin, M. J.; Wurz, P.; Gruen, D. M.; Hunt, J. E;
Wasielewski, M. R. Mater. Res. Soc. Symp. Proc. 1991, 206, 679.
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control over the measurement position and provides fresh surface
exposure from shot toshot, an important consideration for reliable
surface analysis.

Various lasers are used for desorption and ionization. Typ-
ically, the 532-nm-focused output (or 266-nm-doubled output)
of a Q-switched, mode-locked Nd**:YAG laser (<100-ps pulse
duration) is the desorption beam, followed by one of a number
of frequencies generated with a Q-switched Nd**:YAG laser (~5-
ns pulse duration). These wavelengths (and energies) include
1064 nm (the fundamental, 1.16 V), 532 nm (2nd harmonic, 2.33
eV), 355 nm (3rd harmonic, 3.49 eV), 266 nm (4th harmonic, 4.66
eV), and 212 nm (5th harmonic, 5.83 eV). In addition to these
easily generated laser wavelengths, we have available a 3rd
harmonic frequency-tripling cell to produce 118-nm radiation
(9th harmonic, 10.5 eV). This is described in more detail below.
We also use a XeCl excimer laser (308 nm, 4 eV) for desorption
or for postionization. The lasers are independently triggered,
allowing their relative timing to be adjusted. An iris is used to
pick out the central portion of the desorption laser beam, and
a series of neutral density filters, or a polarizer in a rotation
stage, is used to regulate the beam intensity. The desorption
laser is obliquely incident on the sample as shown in Figure 1.
The energy of the desorption laser is typically less than 0.01
mJ/pulse with an irradiated area of <103 cm?. The ionization
laser intensity can be continuously varied using a set of mirror-
image beam splitters (one high reflector at a specified wavelength,
one uncoated) rotated in opposite senses to keep the beam from
deviating in position and direction.

The 118-nm radiation is produced by frequency tripling the
third harmonic of a Nd*+:YAG laser in a Xe/Ar mixture. This
mixture is optimized by photoionizing acetone with the 118-nm
radiation and maximizing the m/z = 58 signal in the TOF mass
spectrometer. We estimate the intensity of the generated VUV
radiation to be ~100 nJ (~10" photons/pulse). The 118-nm
beam is separated from the 355-nm laser beam using the
dispersion of a MgF; lens.?>2 The two beams are separated by
~2 mm at the sample position. By translating the desorption
laser spot ~2 mm on the sample, either 118-nm positionization
or 355-nm postionization is obtained. The position of the
desorption laser spot is monitored in real time with a video camera.
This allows a simple method for quickly acquiring both the 355-
nm data and the 118-nm data. Recently, we have installed a
translatable 355-nm-high reflector inside of the vacuum system
before the TOF ion optics. This allows for total rejection of the
355-nm beam.

RESULTS AND DISCUSSION

The three different types of analysis presented in this paper
are laser desorption, laser desorption/laser ionization, and
laser ionization alone. Each particular type of analysis has
its own merits, and there have been numerous discussions of
each (see Introduction for references). Promptions, produced
by laser desorption, can be detected with high sensitivity
and, in many cases, can give a broad overall understanding
of the composition of the surface. However, detection of
prompt ions from laser desorption suffers from extreme matrix
effects. Thus, the measured ion abundances have little or no
relation to the quantitative composition of the surface. The
ions with the lowest ionization potential (for positive ion
desorption) or the highest electron affinity (for negative ion
desorption) are usually the ions detected with low laser
fluence. However, at higher laser fluences, many of the species
present at the surface are detected. At these fluxes, however,
fragmentation of desorbing molecules often becomes a

(25) VonDrasek, W. A.; Okajima, S.; Hessler, J. P. Appl. Opt. 1988, 27,
4057-4061.

(26) Van Bremer, S. E.; Johnston, M. V. J. Am. Soc. Mass Spectrom.
1990, 1, 419-426.

(27) Laporte, P.; Subtil, J. L.; Courbon, M.; Bon, M.; Vincent, L. J.
Opt. Soc Am. 1983 73, 1062 1
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Michalak, L.; Nibbering, N. M M.Int J. Mass Spectrom Ton Processes
1991, 107, 475—-489

T £ 3 =i i T T 1

Postionization

lonization Only

Desorption Only
1 1 M it AT
4 100 200 300 400 500 600

m/z

Figure 2. Direct analysis of vulcanizate B. The spectra taken with
desorption only (postionization laser blocked) and ionization only
(desorption laser blocked) yield a very weak signal and are shown as
dashed and dotted lines near the zero signal level. The large peaks
in the postionization spectrum 355 nm are indicative of certain additives
in this vulcanizate (see text for details). The spectra are offset for
clarity.

dominant channel. For mostinvestigations performed in our
laboratory, prompt ions are detected first (both positive and
negative ions) to determine the overall makeup of the surface.
Many times this will suffice to detect an unknown additive
in a polymer. However, after this initial examination, a
postionization analysis is usually performed to obtain a more
comprehensive characterization of the sample.

Postionization Experiments. Figure 2 displaysa typical
LD-TOF spectrum for vulcanizate B (direct analysis). This
spectrum was acquired using the 308-nm excimer laser for
desorption, followed by 355-nm light for ionization. Detection
via resonantly enhanced multiphoton ionization (REMPI)2®
allows a few of the additives present in the polymer to be
preferentially detected over the ubiquitous hydrocarbons in
the polymer. A detailed discussion of the vulcanizates and
the additives is presented in ref 21. Also included in Figure
2 are spectra obtained with the desorption laser blocked
(ionization only) or with the ic ion laser blocked (de-
sorption only), showing that this surface analysis method is
a probe of the desorbed neutral species only. The analysis
is much less matrix-dependent than prompt-ion mass spec-
trometry because the desorption laser provides the energy
for neutral particle removal only, without the extra energy
needed for direct ionization. In addition to diminishing the
matrix effect introduced by the surface, less laser fluence is
required for the removal of particles, thus reducing the chance
for fragmentation.

Figure 3 is an expansion of a postionization spectrum,
accentuating the additive-rich portion of the mass spectrum
for vulcanizate B. The higherionization laser fluence utilized
in this spectrum yields more fragmentation than shown in
Figure 2 (see later). The molecular weight is labeled for each
of the large peaks. Mass 268 is the parent peak for the
antiozonant HPPD (see Table I), and m/z = 211 is charac-
teristic of the fragment for HPPD. Poly-TMDQ (antioxidant)
yields the mass peaks at m/z = 346 (parent) and 331 (methyl
loss). Some of the other ions present are tentatively assigned
tom/z =167 (mercaptobenzothiazole M*+*), m/z = 169 (PhNH-
Pht), and m/z = 183 (Ph-NH-Ph-NH*).

We will not discuss the laser desorption process itself in
detail in this paper since numerous reviews in the literature

(29) Lustig,D. A.; Lubman, D. M. Int.J. Mass Spectrom. Ion Processes
1991, 107, 265-280.
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Figure 3. Expansion of the middle mass range for 355-nm postionization
of B (direct lysis). The mass range emphasizes the
two different additives, HPPD and poly-TMDQ. (See text for details.)

Table I. List of Molecular Additives Detected?

H H
@r“\@r"w
HPPD
MW=268)

Poly-TMDQ
MW=173 + 173n

H
N
DODPA
molecular additive molecular weight vulcanizate
DOPPD 332 A
N,N'-bis(1-methylheptyl)-p-
phenylenediamine
DODPA 393, (322)
di-tert-octyldiphenylamine
poly-TMDQ 346, 331
poly(2,2,4-trimethyl-1,2-
dihydroquinoline)
HPPD 268, (211), (183), (169) B,C

N-(1,3-dimethylbutyl)-N'-
phenyl-p-phenylene-
diamine

¢ Vulcanizate A is based on natural rubber, vulcanizate B is a
styrene-butadiene rubber, and vulcanizate C is a cis-polybutadiene
rubber. Fragmentsobserved in massspectraarelisted in parentheses.

already exist.1’3%31 Two different schools of thought have
evolved concerning laser desorption/laser ablation of poly-
meric species and each seems to be valid under specific
conditions. Particle removal results from either desorption
due to electronic excitation to an antibonding state of the
polymer, followed by bond breaking, or from thermal de-

T
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Flgure 4. Postionization of vulcanizate B utilizating 212-nm radiation
for the lonization laser. Also shown are ionization only (desorption
laser-blocked) and desorption only (ionization laser-blocked). Compared
with the 355-nm postionization data, the 212-nm radiation yields
molecular ions characteristic of the bulk of the polymer and not just
additives.

sorption caused by local heating of the laser-irradiated area.
In terms of surface species, the thermally activated desorption
model can be applicable. However, species in the near-surface
region are only accessable via laser ablation/bond breaking
(electronic excitation) since the thermal desorption process
would tend to decompose some of the higher-molecular-weight
additives present.

We have explored many different wavelengths for laser
desorption and have not observed any differences in the
product distribution. Furthermore, we operate the desorption
laser at very low fluences. Fordirect-ion desorption, the laser
fluence is adjusted to slightly above the desorption threshold
for ion production. The laser fluence can be lowered below
this ion-product threshold but still above the lower threshold
for neutral particle production. This indicates that the
polymer is probably ablated by a thermal desorption mech-
anism. However, the heating rates are much faster than in
atypical thermal programmed desorption (TPD) experiment.
In TPD, the heating rates are typically ~1-10 K/s, and the
surface (and near-surface) species may either react with other
species, dissociate on the surface, or diffuse from the bulk.
In laser desorption, the heating rates may approach 10° K/s
and the desorption channel may dominate other effects due
to the desorption preexponential factor. That is, a higher
energy pathway may be available simply due to a higher rate
of the process.

Since thermal desorption isrelatively matrix-independent,
most of the observed matrix dependence arises from surface
ionization processes. The ionization process can be accom-
plished in a controlled manner by choosing the proper
wavelength (and energy density, vide infra) of the postion-
ization laser in a laser desorption/positionization experiment.
To illustrate this point, another set of mass spectra utilizing
212-nm light for ionization is displayed in Figure 4. The
desorption-only and ionization-only scans are also shown for
consistency. Background gas (pump oil) in the vacuum system
is more efficiently ionized by 212-nm radiation than by 355-
nm radiation, and ions appear at m/z ~150-300 amu in the
ionization-only spectrum. However, a comparison of the
ionization only and the postionization scans show that the
signals from the rubber vulcanizate and additives dominate

(30) Avouris, P.; Walkup, R. E. Annu. Rev. Phys. Chem. 1989, 40,
173-206.
(31) King, D. S.; Cavanagh, R. R. Adv. Chem. Phys. 1989, 45.
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Figure 5. These four panels display postionization data at four different
wavelengths for direct analysis of vulcanizate B. Each of the
wavelengths accentuates different characteristic species in the
vulcanizate.

the background signals. Much more ionization of the
processing oils and paraffin wax and less selectivity of the
additives occurs for 212-nm photoionization. The 212-nm
radiation is absorbed by most of the species, and the ~11.7
eV available for (1 + 1) ionization will ionize most of the
species that absorb at 212 nm. Therefore, the selectivity of
the 355-, 308-, and 266-nm light (caused by =-=* transitions
in the additives) is absent in the 212-nm case.

Figure 5 displays a panel of the direct analysis experiments
of vulcanizate B for wavelengths ranging from 355 to 212 nm.
This figure demonstrates that different ionization laser
wavelengths access different polymer additives, although there
is some overlap between wavelengths. Radiation at 355 nm
selectively ionizes the additives that contain aromatic groups,
and the 212-nm radiation tends to ionize almost everything
except for the small ablation fragments from the polymer.
Figure 6 is a spectrum of the same sample utilizing 118-nm
ionization, 308-nm desorption, again by direct analysis. The
low-mass species are considerably enhanced relative to the
high-mass species observed with the longer wavelengths. This
is because of the difference in the optical absorption strength
for the different species. That is, the small molecular weight
fragments from the SBR (styrene—butadiene rubber) surface
do not have large oscillator strengths for one photon ab-
sorption for A > 200 nm. The larger additives observed have
large oscillator strengths for one photon absorption (r-7*
transitions), and thus (1 + 1) REMPIis allowed. Insummary,
the 355-nm light preferentially accentuates the additives in
the polymer (selective), the 212-nm light ionizes most of the
other large species, while the 118-nm light can be utilized to
characterize the majority of the desorbed material (non-
selective ionization). This makes the combination of using
118-, 212-, and 355-nm radiation for positionization an
extremely powerful technique.

= T T
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Figure 6. Postionization of vulcanizate B using 118-nm (10.5 eV)
radiation. The low-mass region is probably caused by the rubber
backbone and is present in higher abundance than the additives that
were accentuated with the longer postionization wavelengths.
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Figure 7. Comparison of postionization with 308-nm (bottom panel)
and 266-nm prompt-ion desorption (positive ions, top panel) of
vulcanizate C. The 308-nm postionization data were obtained utilizing
266-nm desorption (macropulse from the Q-switched mode-locked
Nd:YAG laser). The 266-nm desorption laser pulse for prompt-ion
detectionis <100 psinduration. The additives presentin the vulcanizate
are emphasized in the pc ion scan. H , the prompt-ion
spectrum does display many mass peaks characteristic to this polymer.
The two peaks at low mass in the prompt-ion spectrum are sodium
(m/z = 23) and potassium (m/z = 39 and 41).

Prompt Ions. A widely used procedure for analyzing
polymers is direct laser ablation and monitoring the prompt
ions produced. Figure 7 displays an analysis of vulcanizate
C employing this scheme compared with postionization. The
desorption pulse (266 nm, <70 ps) produces positive and
negative ions directly, given enough laser fluence. The top
panel in the figure is the positive-ion spectrum, and the 308-
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Figure 8. Postionization spectrum of an acetonitrile extract of
vulcanizate B. The desorption pulse is the frequency-quadrupled (266
nm) p from the Q-switched mode-locked Nd:YAG laser, and
the postionization wavelength is 118 nm. The major peaks visible at
high mass are attributable to poly-TMDQ.

nm postionization spectrum is displayed in the bottom panel
for comparison. The two peaks at low mass in the desorption-
only spectrum (m/z = 23, 39) correspond to Na and K ions,
respectively. These two positive ions appear in most direct
desorption experiments since the ionization potential for each
species is so low (5.1 eV for Na and 4.3 eV for K). In fact,
these low-mass alkali-metal prompt ions tend to overwhelm
the higher-mass species in direct desorption experiments.
However, the higher-mass ions between 200 and 400 amu are
caused by ionization of the various surface species, such as
processing oils and some of the additives.

Extract Analysis. An additional method for polymer
analysis is the use of extract pretreatment of the polymer. In
this case, we utilize two different solvent pretreat-
ments—acetone and acetonitrile. The first sample investi-
gated is vulcanizate B extracted in acetonitrile. The TOF
mass spectrum is shown in Figure 8. The desorption
wavelength is 266 nm (picosecond desorption) and postion-
ization is achieved utilizing 118 nm (one-photon ionization).
As is clearly evident, higher-molecular-weight species are
detected and are attributable to some of the various additives
present in the vulcanizate. Most of the (m/z > 400) ions are
ascribed to poly-TMDQ additives present at the < 3% level
in the bulk vulcanizate. As already pointed out in ref 21,
higher-mass species can be observed in extracts that cannot
be seen by direct analysis. The low-mass alkyl fragment ions
are not observed to any degree in this spectrum in spite of
the detectability by one-photon ionization. This is because
acetonitrile extracts organic stabilizers in preference to
processing oils.®> Similar mass spectra were recorded fol-
lowing acetone extraction.

Since poly-TMDQ is observed as an additive in most of the
vulcanizate B spectra, the laser desorption process wasstudied
inmore detail using pure poly-TMDQ as a desorption surface.
The pure poly-TMDQ was dissolved in dichloromethane and
evaporated on the stainless-steel sample probe. Figure 9
shows the signal obtained from desorption only, ionization
only, and positionization. A few points need to be made
concerning these spectra. The lack of signal from the
ionization-only experiment is indicative of the low volatility
of this hindered amine stabilizer. The main peaks in the
desorption + postionization spectrum at m/z = 865, 692, 519,
346 are caused by the molecular ion of this oligomeric additive

(32) Carlson, D. W.; Hayes, M. W.; Ransaw, H. C.; McFaddon, R. S.;
Altenau, A. G. Anal. Chem. 1971, 43, 1874-1876.
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Figure 9. Mass spec1m of pue poty -TMDQ acquired utilizing
(308-nm P 8-nm postionization, top spec-
trum) ionization with 248 nm only (mldde spectrum), and desorption
with 308 nm only (bottom spectrum).
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Flguro 10. Mass spectrum obtained with 308-nm ionization-only of
A (direct lysis). The gas-phase specles detected are

provided by evaporation from the near-surface reglon of the polymer
and the strongest signals dlsappsar within ~5 min after inserting the
ple into the

(see Table I). The mass peaks ~16 units below these main
peaks originate from demethylation of the parent peak in the
ionization process. The peaks ~16 amu above the parent
peaks are attributed to oxidation products. In our earlier
work,!2 velocity distributions for laser-desorbed neutrals of
these samples were obtained and helped to define the pulse
delay between desorption and ionization. In practice, this
delay is optimized empirically by varying the time delay and
observing the signal on a fast oscilloscope.

Ionization Only. If a polymer additive is volatile enough,
its presence can be ascertained via ionization-only spectra.
That is, the additive evaporates from the near-surface region
for a certain amount of time, and the ionization laser alone
will yield a reasonable amount of signal to obtain an analysis
of the additive present. Figure 10 is a representative 308-nm
ionization-only spectrum from vulcanizate A (direct analysis).
The major high-mass peaks are from DODPA (see Table I).
DODPA is an antioxidant and forms two dominant photoions,
m/z =393 (M**) and 322 (M- C;H;;)*. ADODPA impurity,
originally seen in vulcanizate A by Lattimer et al.,?! was also
seen in the postionization spectrum. This impurity (tri-tert-
octyldiphenylamine) yields the ions observed at m/z = 505
(M**) and 434 (M - CsHyy)*. By postionization (266-nm
desorption, 308-nm postionization, Figure 11), the DODPA
peaks are accentuated relative to the rest of the species.
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Vulcanizate A Postionization /322
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Figure 11. Postionization spectrum of vulcanizate A after the intense
lonization-only signals have disapp d. The gest peaks are

characteristic of DODPA.

A unique approach for characterizing a polymeric additive
is through multiphoton dissociation/ionization. In this type
of experiment, the molecular ion and the associated fragments
are detected following intense photon fluxes. Ionization
spectra of gas-phase species from vulcanize B are shown in
Figure 12. The most intense peaks in the spectrum for low
laser fluence are indicative of the polymeric additive HPPD
(see Table I for the molecular weights and proper chemical
names for the given additives). These species are probably
ionized via (1 + 1) ionization at 308 nm (4 eV) and are thus
more efficiently ionized than the other species present. This
type of ionization scheme (utilizing 250-350 nm) accentuates
thearomaticspecies. Many more fragment peaks are evident
in the lower portion of the figure (high fluence). These
fragment peaks are due both to fragmentation of the HPPD
additive and to fragments from other species present in the
gas phase from the ablation of the vulcanizate.

CONCLUSIONS

We have demonstrated that LD-TOF can provide impor-
tant analytical information about industrially important
materials, such as vulcanizate rubbers. The selectivity of the
technique allows for a determination of many of the additives
present in the vulcanizates. Although not demonstrated in
the present experiments, this technique is an extremely
sensitive method for detecting surface and near-surface
species. In fact, the laser desorption/laser ionization exper-
iments reported in this work left no visible damage on the
sample surface. These techniques should be directly appli-
cable to the industrial workplace. A systematic study of the
quantification of the detection of additives in polymers is
needed. If the detection for direct analysis is shown to be
quantifiable, then an “on-line” laser desorption apparatus
could be adapted to test for the amount of incorporation of
polymericadditives. Inaddition, segregation phenomena can

T T T T T — T

Vulcanizate B
308 nm Low Power

! (lo seoms 3 Poa.gie I |
T T 2 T (R | T

Vulcanizate B
308 nm High Power

0 50 100 150 200
m/z
Figure 12. Illustration of the effect of Intense laser radiation on the
mass spectra of postionization of vuicanizate B (308 nm, direct analysis).
The “low-power” spectrum (top panel) displays the peaks characteristic
of the HPPD additive and very little else. The “high-power” spectrum
(bottom panel) shows peaks characteristic of the HPPD additive along
with mass peaks from cracking of the polymer backbone.
be probed with this apparatus and will allow a careful
examination of various processes involved in the mixing of
polymers and additives. Closely related to this is the
investigation of diffusion-related phenomena. Diffusion to
the surface (blooming) of polymers is an important process,
both technologically and scientifically. A future direction of
the research reported here is the detailed study of these
diffusion processes in model systems. Once these model
systems are understood on microscopic and macroscopic
levels, the possibility exists to transfer this knowledge into
real-world problems.
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252Ct plasma desorption mass spectrometry has been used in
the characterization of more than 100 synthetic porphyrins
ranging In mass from 614 u for tetraphenylporphyrin to over
2000 u for some porphyrin model systems. In virtually every
case, 252Cf plasma desorption mass spectrometry ylelded an
Intense lonized molecule lon [M** and/or (M + H)],
Irrespective of the groups appended to the porphyrin. The
appended groups Include carboxylic aclds, amides, imides,
chloroacetamides, Fmoc-protected amino acids, aromatic
amines, nitriles, alkynes, alkenes, esters, active esters, benzyl
ethers, tals, dithi tals, ket imines, phenols,
quinone, hydroquinone, ferrocene, cyanine dyes, trimethyisilyl
protecting groups, nitro groups, and combinations of these
functionalities. Metalloporphyring and porphyrin—-porphyrin
dimers are also analyzed with ease. Resolved Isotopic peaks
were observed for porphyrins with molecular welghts below
1000, and unresolved isotoplc peaks ylelding average masses
were observed for porphyrin compounds with higher molecular
weights. The limited resolution in the higher molecular weight
range does not lessen the utliity of the method because the
observation of the molecule lons [M** and/or (M + H)*]
provides unambiguous evidence concerning the success of
the synthesls. The 2°2Cf plasma desorption mass specira of
porphyrins are not complicated by chemical transformations.
This method Is Ideally sulted for rapid analysls of synthetic
porphyrins and provides a powerful tool for chemists engaged
In the synthesls of complex organic molecules.

INTRODUCTION

The increasing complexity of porphyrin model systems
places a premium on methods for analysis and character-
ization. The analytical issue in porphyrin synthesis generally
is not the identification of an unknown substance, but rather
the confirmation that the synthesis has proceeded as expected.
Chromatographic methods such as TLC provide information
concerning product homogeneity, and absorption and fluo-
rescence spectroscopy establish the integrity of the porphyrin
chromophore. These techniques require small amounts of
material and are performed rapidly but are insufficient to
confirm the productidentity. Electronicspectrain particular
provide little information about the groups appended to the
meso-positions, which often constitute much of the total mass
in porphyrin model systems. Indeed, the essential porphyrin
framework consists of only 24 atoms (e.g., porphine, CooH;4N,,
molecular mass = 310u), but typical porphyrin model systems
range in mass from 700 to above 2000 mass units. 'H NMR
spectroscopy provides detailed structural information per-
taining to the groups around the periphery of the porphyrin

* To whom correspondence should be addressed.
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but often requires extensive interpretation of spectra derived
from concentrated samples.

A number of different mass spectrometric methods have
been applied to the analysis of porphyrinic molecules over
the years.I8 These have focused largely on characterizing
porphyrins derived from natural sources, although a few early
reports concern synthetic porphyrins.# More recently, syn-
thetic porphyrins have been examined by an assortment of
mass spectrometric methods, including chemical ionization
MS,5 laser photodissociation tandem MS,® laser desorption
fourier transform MS,” electrospray MS,8 and fast atom
bombardment MS.2-13 The latter method has been used most
extensively, and several groups have investigated the de-
metalation and redox reactions of metalloporphyrins that
occur in the fast atom bombardment MS sample matri-
ces.101L1415 Qver the past 12 years we have utilized 252Cf
plasma desorption mass spectrometry (PDMS) for the
characterization of more than 100 synthetic porphyrins
encompassing a variety of model system architectures. The
mass spectra are collected in 1-30-min runs on a few
nanomoles of the porphyrin sample. We have found that
porphyrins ionize readily by 252Cf plasma desorption to form
relatively stable intact molecule ions [((M + H)* and/or M**].
Though the peripheral groups constitute the bulk of the mass
in most of the porphyrin model compounds studied, the intact
molecule ion was readily identifiable in nearly every case,
thereby providing unambiguous confirmation of the success
of the synthesis. Taken together, the universal applicability
and rapid analysis make 252Cf PDMS a powerful method for
assessing the outcome of syntheses of porphyrin model

(1) Smith, K. M. In Porphyrins and Metalloporphyrins; Smith, K.
M., Ed,; Elsevier: Amsterdam, 1975; pp 381-398.

(2) Budzikiewicz, H. In The Porphyrins; Dolphin, D., Ed.; Academic
Press: New York, 1978 Vol IIT, pp 395—461.

®G E. J; P. Mass Spectrom. Rev. 1985, 4,
55-85.

(4) Adler, A. D.; Green, J. H.; Mautner, M. Org. Mass Spectrom. 1970,
3,955-962. Meot-Ner, M.; Green, J. H.; Adler, A. D. Ann. N. Y. Acad.
Sci. 1978, 206, 641-648. Meot-Ner, M.; Adler, A. D.; Green, J. H. Org.
Mass Spectrom. 1974, 9, 72-79.

(5) Van Berkel, G. J.; Glish, G. L.; McLuckey, S. A.; Tuinman, A. A.
J. Am. Chem. Soc. 1989, 111, 6027-6035.

(6) Fukuda, E. K.; Campana,J E. Anal. Chem. 1985, 57, 949-952.

(7) Brown, R. S.; Wllkms C. L. Anal. Chem. 1986, 58, 3196-3199.

(8) Van Berkel, G J; McLuckey,S A,; Glish, G. L. Amzl Chem. 1991,
63, 1098-1109.

(9) Rubino, F. M.; Mascaro, P.; Banfi, S.; Quici, S. Org. Mass Spectrom.
1991, 26, 161-166.

(10) Naylor, S.; Lamb, J. H.; Hunter, C. A.; Cowan, J. A.; Sanders, J.
K. M. Anal. Chim. Acta 1990, 241, 281-287.

(11) Musselman, B.D.; Watson, J. T.; Chang, C. K. Org. Mass Spectrom.
1986, 21, 215-219.

12) Ku.rla.us1k L.; Williams, T. J.; Strong, J. M.; Anderson, L. W.;
Campana, J. E. meed Mass Spectram 1984, 11, 475—48

(18) Zhang, M. Y; Liang, X. Y.; Chen, Y. Y.; LlangX G. Anal. Chem.
1984, 56, 2288—2290.

(14) Naylor, S.; Hunter, C. A.; Cowan, J. A.; Lamb, J. H.; Sanders, J.
K. M. J. Am. Chem. Soc. 1990, 112, 6507-6514.

(15) Schurz, H. H.; Busch, K. L. Energy Fuels 1990, 4, 730-736.
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Chart I. Structural Diagrams for
Tetraarylporphyrins (X Substituent, See Table I)
and Tetraalkylporphyrins (R Substituent, See Table
I)®

Tetra-alkyl-porphyrin

Tetra-aryl-porphyrin

“Theporphyrmsareamlyzedasthe free base M = H, H)
unless a metal (M, usually Zn) is indicated in the molecula.r
formula.

compounds, i.e. recognizing when synthetic errors or incom-
plete reaction has occurred, or conversely, when the target
material or intermediate has been correctly synthesized. In
this paper we summarize the application of 252Cf PDMS in
porphyrin synthetic chemistry, thus complementing prior
studies that have used this method for the characterization
of chlorophyll samples.16-18

EXPERIMENTAL SECTION

Porphyrin solutions were prepared at ~10~* M in solvents
(such as CH,Cly/methanol (1:1) or acetone) suitable for electro-
spray deposition!® onto the mass spectrometer sample probe.
Approximately 0.1 mL of the porphyrin solution was electro-
sprayed over the course of 5-10 min onto a 1-cm? area aluminized
Mylar film. The porphyrin sample was clearly visible as a colored
deposit.

The technique of 252Cf pl desorption mass spectrometry
hasbeen described previously.?? The massspectra were obtained
with the Rockefeller University 252Cf fission fragment time-of-
flight mass spectrometer.!82! In these studies we concentrated
almost exclusively on positive ion spectra. The ion acceleration
voltage was 10 kV. An electrostatic particle guide maintained
at—30 V with respect to the 3-m flight tube was used to increase
the ion transport efficiency to the detector. The 22Cf source
with a strength of ~20 mCi yielded a flux of approzimately 2000
fission fragments per second through the sample foil. The ever-
present ions at m/z 1 (H*) and 23 (Na*, from adventitious trace
impurities) were used to calibrate the masses observed with the
positive ion spectra.

RESULTS

We outline our results as follows. First we present an
overview of the typical spectral patterns obtained with
porphyrins as a function of increasing molecular weight of
appended groups. Next we describe a specific application of
the method in the synthesis of a family of porphyrin cage
molecules. Then we highlight issues in the characterization
of diverse porphyrin compounds and model systems that,
with only a few exceptions, have been synthesized using a

(16) Hunt, J. E.; Macfarlane, R. D.; Katz, J. J.; Dougherty, R. C. Proc.
Natl. Acad. Sci. U.S.A. 1980, 77, 1745-1748.

(17) Chait, B. T.; Field, F. H. J. Am. Chem. Soc. 1982, 104, 5519-5521.

(18) Chait, B. T'; Field, F. H. J. Am. Chem. Soc. 1984, 106, 1931-1938.

(19) McNeal, C. J Macfarlane, R. D.; Thurston, E. L. Anal Chem.
1979, 51, 2036-2039.

(20) Macfnrlnne. R D.; Torgerson, D. F. Science 1976, 191, 920-925.

(21) Chait, B. T; Agoetn, W. C.; Field, F. H. Int. J. Mass Spectrom.
Ion Phys. 1981, 39, 339-366.
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Figure 1. 252Cf plasma desorption mass spectrum of meso-tetra-
(p-tolyl)porphyrin.

6702 A
—6712
‘('L
SN
676.3—] B

’ Mass (1) "
Figure 2. Spectra of the molecule on region for four compounds. (A)
meso-Tetra(p-tolyl)porphyrin. (B) The zinc chelate of meso-tetra-
phenylporphyrin. (C) meso-Tetrakis(4<n-BuO.C)CeH.)porphyrin. (D)
meso-Tetrakis(4-(Fmoc-Pro-NH)CgH,)porphyrin.

biomimetic porphyrin reaction strategy.?22® Finally, we
describe the characterization of porphyrin—porphyrin dimers.

1. Typical Spectral Patterns. The mass spectrum of
meso-tetra(p-tolyl) porphyrin (4, Chart I, X = 4-CHj) exhibits
dominant peaks from the intact porphyrin ion (Figure 1) as
well as a large number of less intense peaks arising from the
fragmentation of the ionized moleculeion. The intense peaks
arising from the intact porphyrin exhibit sufficient resolution
to allow analysis of each of the isotopic components (Figure
2A). Thelowestisotopic component? (A + 0) for the molecule
containing CHzsN; (M**) has a mass of 670.3 u and a
calculated relative abundance of 57%.2% The calculated
relative abundance of the A + 1 component is 31%, which

(22) Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C;
rettaz, A. M. J. Org. Chem. 1987, 52, 827-836.

(23) Lindsey, J. S Wagner,R.W J. Org Chem. 1989, 54, 828-836.

(24) The lowest isotop (A+0) ins all 12C, 1N, 16Q;
A + 1 contains one atom of 3C with the remainder 12C, 4N, 160, etc.

(25) McLafferty, F. W. Interpretation of Mass Spectm, 3rd ed;
University Science Books: Mill Valley, CA, 1980.

(26) Atamian, M.; Donohoe, R.J.; Lmdsey,J S.;Bocian, D.F. J. Phys.
Chem. 1989, 93, 2236-2243.

(27)CollmanJP Gagne, R. R.; Reed, C. A,; Halbert, T. R.; Lang,
G.; Robinson, W. T. J Am. Chem. Soc. 1975, 97, 1427-1439.

(28 Kathawalla, I. A.; Anderson, J. L.; Lindsey, J. S. Macromolecules
1989, 22, 1215-1219.
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Table I. Symmetric meso-Porphyrins

compd aryl substituent (X) position formula caled obsd
1 H CyH3zoNy 614.2 614.3
20 H CygHygNyZn 676.2 676.3
3 H CasHaol5Ng 618.2 618.2
4 CHjs 4 CagHasN,y 670.3 670.2
5 CHj 2,46 CseHzaNy 782.4 782.4
6 NO, 2 CasHsNsOg 794.2 794.2
7 NH, 2 CyHa4Ns 674.3 674.4
8 Ph T4 CesHysNy 918.4 918.6
9 HOCH,CH;0 4 Cs2HygN4Os 854.3 ggégb
10 dithiolane 3 CseHygN4Ss 1030.1 not res®
1031.2 av 1031.4
11 dithiolane 4 CssHiysNeSs 1030.1 not res
1031.2 av 1031.4
12 n-Bu-05C 4 CesHgoN4Og 1014.5 1014.6
13 Phen0,C 3 CgoH354N4Op2 1262.4 not res
1263.2 av 1262.8
14 CH30.C 4 Cs2H3sN,Os 846.3 846.3
15 t-BuO,C 4 CesHgoN4Og 1014.5 not res
1015.1 av 1015.6
791.3%
16 NC 4 CagHasNs 714.2 714.3
17 CH,CHCH,;0 4 CssHygN4O4 838.4 838.5
18 -0OCH;0- 34 CygH3oN4Os 790.2 790.3
19 acetal 4 CesH7oN,Os 1070.5 1070.9
20 molecular cleft 3 CooHgoNgO16 1562.6 not res
1563.7 av 1564.4
1586.7¢
1608.7¢
21e CH3(CH»)s0 4 Cg4H;08N4O4Zn 1300.8 not res
1303.2 av 1303.1
22 Fmoc-Pro-NH 4 Ci24H102N12012 1950.8 not res
1952.2 av 1952.7
23 (CH3)3SiCC 4 CesHgaN,Siy 998.4 998.3
porphine meso substituent (R)
24 CH3(CHa)s CaoHseNs 590.4 590.5
25 CH3(CHby)s CeoHasNy 870.7 870.9
26 PhCH, CagHasNy 670.3 670.3
27 PhCO CisHaoN4O4 726.2 726.2
e Zinc chelate. ® More i than the molecule ion. ¢ Not resolved. 4 Sodium-cationized species. Literature sources: 1, 9-14, 16-19, 24,

25;22 3;26 5,23 6, 7;27 8;28; 20;2° 15, 21-23, 26, 27;% compounds unspecified are available from commercial sources.

would yield a peak with approximately half the intensity of
the A + 0 component. However, the observed peak at 671.2
u has an intensity fully 0.9 times that of the A + 0 peak,
indicating the presence of protonated species (M + H)* in
addition to the radical cation M**. The peak at 671.2 u is
attributed to the superposition of the A + 1 component of the
M-*species and the A + 0 component of the (M + H)* species.
Nonetheless, the molecular ion (M**) is clearly identifiable
in the mass spectrum. The accuracy of mass analysis is high;
the difference between the observed molecular mass and the
calculated mass for the A + 0 component is only 0.1 u (Table
I.

The mass spectrum of the zinc chelate of meso-tetraphen-
ylporphyrin (2),is shown in Figure 2B. The spectrum exhibits
amore complex pattern of peaks than the free base porphyrin
(1) due to the three major isotopes of zinc (64Zn, 48.6 % ; %6Zn,
27.9% ;%%Zn,18.8%). However, the lowestisotopic component
(all 12C, 4Zn) is readily observable. As the mass of the
porphyrin model compound increases, the individual com-
ponents become more difficult to resolve. For example, the
monoisotopic component of meso-tetrakis(4-(butoxycarbo-
nyl)phenyl)porphyrin (12) (1014.6 u) can still be partially
resolved from the higher components at 1015.5

(29) Lindsey, J. S.; Kearney, P. C.; Duff, R. J.; Tjivikua, P. T.; Rebek,
J., Ir. J. Am. Chem. Soc. 1988, 110, 6575-6577.

(30) Unpublished results of J. S. Lindsey, T. E. Johnson, R. W. Wagner,
and P. Sreedh btained at Rockefeller University and at Carnegi

Mello;: University.

and 1016.5 u (Figure 2C). A porphyrin bearing even larger
substituents, such as the tetrakis(Fmoc-proline)porphyrin (22,
Chart II), yields a mass spectrum without a resolved
monoisotopic molecule ion peak (Figure 2D). Instead, an
envelope is observed resulting from the superposition of
isotopic components of the radical cation and protonated
species. In this case, the calculated average mass for the
radical cation is 1952.2 u and the observed mass is 1952.7 u
(Table I). The peak of the envelope is shifted to higher mass
than that calculated because of the admixture of protonated
and radical cation species. The magnitude of this shift, in all
cases studied, is at most 1 mass unit, although in general
smaller shifts are observed (Table I). The peaks remain
intense, and the loss of isotopic resolution does not greatly
diminish the utility of the mass spectral method in confirming
the identity of synthetic target compounds.

Almost all of the 100 compounds that we studied yielded
a dominant intact ionized porphyrin peak. In a few cases
fragment ions with intensities greater than that of the intact
ionized molecule were observed, although the M** and/or the
(M + H)* ion (which we collectively term the molecule ions)
was always presentingood yield. Inafew other cases, sodium
cationization of the molecule yielded higher mass peaks of
greater intensity than the molecular ion. Those instances
involving intense fragmentation or cationization are indicated
below.

2. Synthesis of Porphyrin—Quinone Compounds. A

cofacial porphyrin—quinone cage molecule was synthesized
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Chart II. A Selection of Substituents Appended to
the Porphyrin Compounds

s_H CH, 0 H
[ F- X~
S CHY 0

dithiolane acetal

0 OH H

N—

0 OH

quinone hydroquinone amide

quinone 2mide

o .

(e} N—

N S s = 4
H CH;,

Fmoc-pro-NH- molecular cleft
o
i k| AN\ N—
| |
A N n +N H
1 |
E Et
Cyanine dyes
Y=0,n=0 C3(1-0)

Y =C(CHypn=0 C3(-I)
Y =C(CHy),n=2 CI(-)

in order to examine photoinduced electron transfer reactions,
as occur in the photosynthetic reaction centers.3132 A
successful synthetic approach involved the condensation of
a tetraaminoporphyrin with a tetraformyl quinone (Scheme
I). The condensation was performed at room temperature
with 0.5 mM porphyrin and quinone. Absorption spectros-
copy of reaction aliquots taken over the course of 24 hshowed
the growing-in of a peak at 330 nm, indicative of Schiff base
formation, but providing no distinction among possible
intramolecularly-bonded (cage) and intermolecularly-linked
(polymeric) porphyrin—quinone products.®*3¢ A smallsample
of the crude reaction mixture (28), without purification, was
analyzed by mass spectrometry (Figure 3). The peaks at
1367.1, 1384.9, and 1403.2 u are assigned to the porphyrin—
quinone cage molecules with 4, 3, and 2 Schiff bases formed,
respectively (Table II). These peaks can only derive from
cage self-assembly, not intermolecular polymerization. The
existence of these peaks indicated the porphyrin-quinone
cage had formed; this incisive analysis encouraged subsequent
studies of this promising self-assembly process.?* Treatment
of the porphyrin—quinone reaction mixture with NaBH;CN
in order to reduce the Schiff bases gave rise to anew porphyrin
component (29). Mass spectral analysis of this component
confirmed that all four Schiff bases had been reduced as

(31) Lindsey, J. S.; Delaney, J. K.; Mauzerall, D. C.; Linschitz, H. J.
Am. Chem. Soc. 1988, 110, 3610-3621.

(32) Delaney, J. K.; Mauzerall, D. C.; Lindsey, J. S. J. Am. Chem. Soc.
1990, 112, 957-963.

(33) Lindsey, J. S.; Mauzerall, D. C. J. Am. Chem. Soc. 1982, 104,
4498-4500. ’

(34) Lindsey, J. S. New J. Chem. 1991, 15, 153-180.

Scheme 1. Self-Assembly of the Porphyrin—Quinone

Cage Molecule PQ(4)*

o [}

WA D)0 Crecrz0 O OCHzCHz =0 A
) 0
HAL)-0~CHsCre0” O 0CHCH O AL

CF3COzH
CHaCN

@ The number, n, of Schiff bases formed is designated by PQ(n),
where n = 1, 2, 3, or 4. Only PQ(4) is shown.
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Figure 3. Partial mass spectrum of an unpurified sample (28) from
the synthesis of a cofacial porphyrin—quinone, PQ(4).

evidenced by a peak at 1375.5 u, 8 mass units higher than the
tetra-Schiff base product PQ(4), as expected (Table II). We
know of no other analytical method that provides such direct
confirmation of the success of syntheses of this complexity.

The mass spectral method proved equally valuable for
assessing reactions involving modification of the porphyrin—
quinones.3! Forexample, the zinc—porphyrin—quinone (ZnPQ,
31, Chart ITI, R = H, M = Zn) was treated with acetic
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Table II. Porphyrin—Quinones

compd formula caled obsd
28 PQ(n) condensation?

PQ4) CgsHgoNgO1o 1366.5 not res

1367.4av 1367.1

PQ(3) CgeHgNsOy: 1384.5 not res

1385.5av 1384.9

PQ(2) CggHgeNsO12 1402.5 not res

1403.5av 1403.2

29 PQ CgsH7oN5O1o 1374.5 not res

1375.5av 1375.5

30 PQH, CasH7N5010 13765  notres
1377.5av 13779
31 ZnPQ CgeHgsNgO10Zn  1436.4 not res

14389 av 14388
Cy4H7NgO14Zn  1604.5 not res
1607.0av 1606.9

1629.6¢
CgH7oNgOsZn 1384.5 not res
1386.9 av 1386.5
C11sH128Ng012Zn  1912.9 not res
1915.6 av 1915.2
C134H158Ng013Zn  2151.1 not res
2154.1av 2155.5

2177.4¢<
C136H160Ns014Zn  2193.1 not res
2196.1av 2196.2

2218.9¢4
37 chlorin—quinone CQ, CgsH72NzO1o 1376.5 not res
1377.5av 1377.9
38 chlorin—quinone CQs CgH722NgO10 1376.5 not res
1377.5av 13778

320 ZnPQ(Ac)

33> ZnPA.(Ac)
34 ZnPQ(palm),
35  ZnPQ(palm);

36°  ZnPQ(palm)s(Ac);

2 A sample from the crude reaction mixture was analyzed and
found to contain PQ(4), PQ(3), and PQ(2) components. ® Zinc chelate.
¢ Sodium-cationized species. ¢ More intense than the molecule ion.
¢ Less intense than the molecule ion. Literature sources: 28, 29;%
30-33, 37, 38;%! 34-36.%0

anhydride in order to acylate the four amines in the bridging
groups. Mass spectrometry was used to confirm that all four
amines were acetylated (R = Ac). A complicating feature in
the mass spectrum of ZnPQ(Ac) (32) was the observation of
a peak at 1629.6 u, which surpassed the molecular ion peak
(1606.9 u) in intensity (Figure 4). The higher mass peak arose
by Na* addition to the porphyrin. This effect was eliminated
by soaking the sample foil in distilled water for 10 min.?®
Reanalysis of the sample showed the near total disappearance
of the Na* addition peak and enhanced intensity of the
molecular ion peak (Figure 4).

Other members of the porphyrin-quinone family were
characterized with similar ease (TableIT). Ingeneral, reaction
products were examined by chromatography (TLC or HPLC),
and purified components were analyzed by PDMS. However,
even partially purified products (such as chromatography
fractions) could be examined profitably in order to gain quick
feedback concerning the success of a synthetic reaction. For
example, ZnPQ (31) was treated with palmitic anhydride in
an effort to prepare a tetrapalmitoyl derivative ZnPQ(palm),
that would be sufficiently amphipathic to orient spontane-
ously at the lipid—water interface. The amidation reaction
was sluggish, and new porphyrin components were isolated
by chromatography and characterized by PDMS (Table II).
The products with two and three palmitoyl groups (34, 35)
were easily identified by the 238-u increment per added
palmitoyl group. Prolonged treatment yielded a single
component which upon mass spectral analysis was identified
as ZnPQ(palm); (85) rather than the expected ZnPQ(palm),.
Because we sought to acylate all four amines, the product
ZnPQ(palm); was treated with excess acetic anhydride,
forming ZnPQ(palm);(Ac); (36) with characteristic peak at
2196.2 u (calcd av 2196.1 u) and with a more intense Na*
addition peak at 2218.9 u (Table II).

(35) Aduru, S.; Chait, B. T. Anal. Chem. 1991, 63, 1621-1625.

Chart II1. Porphyrin-Quinone Derivatives MPQ(R),
and Related Porphyrin-Anisyl derivatives MPA(R),*

[o] O\/“ 5
rj Q ;06\7
9 o)
o /_\, éO R/N

¢The free base (M = H, H) porphyrin-quinone without
derivatized bridge nitrogens (R = H) is designated PQ. Con-
version of the quinone to the hydroquinone gives PQH,. The
zinc chelate, ZnPQ, can be acetylated (R = Ac), giving the
tetraacetylated derivative, ZnPQ(Ac)s. The porphyrin-tetraani-
syl compound PA and itsderivatives are named in similar fashion.

In another series of experiments, the porphyrin—quinone
(29) was treated with potassium azodicarboxylate to achieve
reduction at the 8-pyrrole positions, yielding the chlorin—
quinone parallel and perpendicular isomers.?! A number of
products were formed in the reaction, requiring separation
by HPLC. Absorption spectroscopy was used to distinguish
chlorins from porphyrins and bacteriochlorins. Chlorin-
containing fractions were then analyzed by PDMS to find
which one contained the CQ isomers. The fraction that gave
the CQ molecule ion (caled av 1377.5 u) was subjected to
further chromatography, ultimately resolving two closely-
chromatographing components. Both exhibited typical chlo-
rin absorption and fluorescence spectra. Upon mass spectral
analysis, both components exhibited essentially identical
molecule ion peaks (1377.9 u, 1377.8 u; calcd av 1377.5 u) and
very similar fragmentation patterns, thus these components
were necessarily the chlorin-quinone isomers (37, 38) and
not synthetic byproducts which contained the chlorin mac-
rocycle (Table IT). Insufficient material was obtained for 'H
NMR characterization; however, the sensitivity of PDMS and
the ease of interpretation led to unambiguous identification
of the chlorin—quinones.

3. Synthetic Porphyrins. We have prepared a diverse
collection of porphyrins in exploring the scope of a new
synthetic method for preparing porphyrins (Table I). Mass
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Figure 4. The mass spectrum of ZnPQ(Ac), (32) shows Na* addition
(top). After rinsing the sample film in water and reanalysis, the Na*
Is largely removed, ylelding a more Intense molecular ion peak.

Chart IV. Facial and Peripheral Encumberance of
the Porphyrin Achieved by 2,4,6-Trisubstitution of
Each Phenyl Ring with Bulky Benzyloxy Groups#*

o
A
RH,C

¢ Other substitution patterns include 2,6- or 3,5-disubstitution
(not shown).

spectral analysis of the porphyrins yielded intense peaks
corresponding to the intact ionized molecule, almost without
regard to the molecular entities attached to the porphyrin
macrocycle, making the interpretation of the spectra straight-
forward. Although information can be gleaned from exam-
ination of the fragmentation patterns, the presence of the
intact molecule ion is sufficient to address the question of
whether a porphyrin synthesis has proceeded as anticipated.
Some examples included in Table I are particularly note-
worthy. The molecular cleft porphyrin (20) underwent a small
amount of sodium cationization but the molecule ion peak
remained strong. The tert-butyl porphyrincarboxylate (15)
yielded an intense fragment corresponding to the porphyrin
carboxylic acid, but the molecule ion was still clearly
observable. The meso-tetraalkylporphyrins (24, 25) undergo
significant fragmentation at the C,~Cs bond (vide infra), but
the molecule ion peaks are intense, and the meso-alkylpor-
phyrins are as amenable to mass spectrometric analysis as
are the meso-arylporphyrins. The mass spectrometric method
is also well-suited for characterizing isotopically-enriched
porphyrins, such as N-TPP (3) (Table I).
Facially-Encumbered Porphyrins. A number of facially-
encumbered porphyrins (Chart IV), prepared as components
of a solid-state light-harvesting apparatus, were analyzed by

Table III. Facially-Encumbered Porphyrins®

compd R position formula caled obsd
39 H 26  CsHeNOs 854.3 854.4
40 C¢H; 2,6 C1o0H7sN,Og 1462.6 not res
1463.7 1464.1
41¢  CgHs 2,6 C10H76N4OsZn  1524.56 not res
1527.0 av 1526.4
42 4-BrCeH, 26 CyooH7oBrgN,Os 20859  notres

2094.9 av 2094.9
Ci0sHg4N,Og 15747  notres
15759 av 1575.7
C11eHaNOx 1926.6  notres
1928.0 av 1928.1

43  4-CHiCeH, 2,6
44 4-CH30.CCeH, 26

45  CF; 2,6 CiooHasFN4Os 21822  notres
2183.3av 2183.0
46 C¢Hs 3,5 Cio0H7sNOg 14626  motres

1463.7 av 1463.6
CueHaNOy 19266  notres
1928.0 av 1927.8

47 4-CHz0,.CCeH; 3,6

48 CgHs 24,6  CiogHjpeN,Oy,  1886.8 not res
1888.1 av 1887.8

49  CgFs 24,6 CiosHoFeoN:Op2 2966.2  notres
2967.6 av 2968.1

@ Zinc chelate.

mém N (VeH)

3

2

8

£

5

5 i

5 I,

o

3000
Mass (1)

Figure5. Mass spectrum of meso-tetrakis(2,6—bis((pentafiuorobenzyl)-
oxy)phenyljporphyrin (45). The most intense peak in the mass spectrum
is that of the molecule ion, in spite of the fact that the porphyrin

skeleton (CpoHioNs, 306 u) comprises only 15% of the total mass
(2182.2 u).

mass spectrometry (Table III).3 The presence of 8 or 12
benzyloxy groups attached to the porphyrin gives molecular
weights in the 1400-3000 range (40-49). Surprisingly, the
projection of bulky benzyloxy groups over the face of the
porphyrin does not impede analysis by mass spectrometry,
in spite of the fact that in the bulkiest compounds the
porphyrin chromophore only constitutes 10-20% of the total
mass. Indeed, this family of porphyrins yielded intense
molecule ion peaks in 2-30-min runs as easily as porphyrins
without facial encumberance. The octakis- and dodecakis-
(benzyloxy)porphyrins underwent significantly more frag-
mentation than the simpler octamethoxyporphyrin (39), but
the fragmentation yielded a broad spectrum of nondistinct
peaks of lesser intensity than the molecule ion peak, thus not
interfering with a clear identification of the intact molecular
ion (Figure 5). A particularly interesting porphyrin is the
octabromo derivative (42). Although the calculated A + 0
mass is 2085.9, the isotopes of bromine result in a caled av
mass of 2094.9 u (Table III). The apex of the experimental
peak was measured at 2094.9 u.

Hybrid Porphyrins. The condensation of two aldehydes
(A and B) with pyrrole, in principle, yields four hybrid
porphyrins (ABs, cis and trans A;B,, and A;B) and the two
parent porphyrins (A4 and By). In general the chromato-
graphic elution order of the porphyrins occurs in accord with
the differing polarities of the two aldehydes used in the mixed
aldehyde condensation. Mass spectrometry was used to
confirm the identity of the porphyrins isolated by chroma-

(36) Wagner, R. W.; Breakwell, B. V.; Ruffing, J.; Lindsey, J. S.
Tetrahedron Lett. 1991 382, 1703-1706

(37) Atamian, M.; Wagner,R w; Lmdsey,J S.; Bocian, D. F. Inorg.
Chem. 1988, 27, 1510-1512.
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Table IV. Hybrid Porphyrins

porphine meso substituents (R)

compd 5 10 15 20 formula caled obsd
Alkyl-Aryl and Phenyi—Aryl Hybnd Porphyrins
50 Ph Ph CieHaN;Oz 672.3 672.1
51 Ar Ph Ar Ph CgHaNOy 730.3 730.2
52 Ar Ar Ph Ph CygH3eN Oy 730.3 730.2
53 Ar Ar Ar Ph CsoH36N4Og 788.3 788.2
54 Ar Ar Ar n-pentyl CyHy2N4Og 782.3 782.3
55 n-pentyl Ar n-pentyl Ar CygHysNOy 718.4 7184
56 n-pentyl n-pentyl Ar Ar CyHiN,O4 7184 718.4
57 n-pentyl n-pentyl n-pentyl Ar CysHsoN4O2 654.4 654.5
58 CeH;CO Dp-tolyl p-tolyl p-tolyl CygH3NO 684.3 684.3
59 PhCH;CH; Ph Ph Ph CaeHauNy 642.3 642.4
551.2¢
Monofunctionalized Porphyrins
5 10,15,20
4-aryl substituents (X) meso substituents (R)
60° cyanine C3(I-0) Ph CeoHssN70, 1014.5 not res
1015.1 av 1015.3
61¢ cyanine C3(I-1) Ph CreHgeN-O 1040.5 not res
1041.2 av 1041.4
62¢ cyanine C7(I-I) Ph CrsHgsN7O 1092.5 not res
1093.3 av 1093.4
63 CICH;CONH Ms CssHsoCIN;O 8314 831.3
64 PhthCH; Ms CeoHgsN502 899.4 899.4
655¢ HzN Ph C44H2oNsZn 691.2 691.2
66 CH;0: Ms CssHsoN4O2 798.4 798.3
67 (CHa);;Sl(CHz)gOzC Ms CrsHeoN40:Si 884.4 884.4
68 HO,C Ms CsHsN,O2 784.4 784.3
69 HO,CCH(CH3;) NHCO Ms Cs7Hs3N503 855.4 855.4
70 Fmoc-Pro-NH Ms C73HesNO3 1074.5 10745
71 H-Pro-NH Ms CsgHseNeO 852.5 not res
853.0 av 853.5
72 ¢-CsH;)NCO Ms CssH5sNs0Zn 913.4 913.4
73 Su0,C Ph CygH3sN;04 755.3 755.4
74 dithiolane n-pentyl CuHs2NiSz 700.4 700.4
75 Phen0.C n-decyl CesHgN4O3 968.7 968.7
76 (CH3)s8iCC 2,4,6-MeO3CeH, CssHseN4OgSi 980.4 980.3
77 (CHy)N CeFs CieHooF15N5 927.1 927.2
78 quinone amide p-tolyl Cs5H 1 N;50s 819.3 819.3
79 hydroquinone amide p-tolyl CssHysN503 821.3 822.3
800 quinone amide p-tolyl CssH3sN503Zn 881.2 881.4
81 quinone Ph CsoH32N4O, 720.3 720.4
Multifunctionalized Porphyrins
5 10,15,20
4-aryl substituents (X) 4-aryl substituents (X)
82 Fe- quinone CroHyNOgFe 1116.3 not res
1117.0 av 1117.9
83 t-Bu-0,C- Fmoc-Pro-NH C109Hg2N10011 1716.7 not res
1717.9 av 1718.8¢
84 HO.C- Fmoc-Pro-NH C105HgeN1¢011 1660.6 not res
1661.8 av 1662.3
¢ The formula and calculated masses are for t.he porphynn—dye catlon without ac ion. ® Zinc chelate. ¢ Ortho substi d, not para.
4 More intense than the molecule ion. ¢ May be p Su, idyl; Phen, ph 1; Phth, phthalimido; Fe, fe 1

Literature sources: 50-57;%7 58-59, 63, 64, 66-84;% 65;% 60-62.“

tography (for aldehydes with different molecular weights),
although no mass spectral distinction was possible for the
cis- and trans-disubstituted porphyrins. The mass spectro-
metric method was successfully applied to porphyrins bearing
awide variety of groups, including carboxylic acids, protected
amino acids, active esters, dithioacetals, aromatic amines,
quinone, ferrocene, and trimethylsilyl protecting groups
(Table IV). The clear distinction observed between por-
phyrin—quinone (78) and porphyrin-hydroquinone (79) mol-
ecules, in spite of the only 2-u mass difference, enabled the
ferreting out of reduced (79) and oxidized (78) species from
crude reaction mixtures.

Porphyrins bearing meso-alkyl groups undergo fragmen-
tation at the C,~C; bond, often forming fragment ion peaks
of greater intensity than that of the porphyrin molecular ion.
This fragmentation pattern mirrors the well-known benzylic

fragmentation of 8-pyrrole substituted porphyrins.!? In a
series of pentyl-aryl hybrid porphyrins (Table IV), the
monopentylporphyrin (54) gave a molecular ion (782.3 u) and
a single fragment at 725.2 u; the latter derives from benzyl-
like cleavage of the C,~Cs bond and loss of a butyl fragment.
Similarly, the cis and trans porphyrins (55, 56), the tripen-
tylporphyrin (57), and the tetrapentylporphyrin (24) each
gave a molecular ion peak and fragments due to successive
loss of two, three, and four substituents, respectively. The
monophenethylporphyrin (59) undergoes C,—C; cleavage to
yield two benzylic fragments. The high-mass fragment
(porphyrin — benzyl (551.2 u)) was the most intense peak in
the spectrum (with the exception of that of H*), and the
second most intense peak was due to the porphyrin molecular
ion (642.4 u). The occurrence of fragmentation does not
greatly complicate the interpretation, and in no cases have
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we observed fragmentation of such intensity that the mo-
lecular ion could not easily be identified.

Several porphyrin cyanine dyes (60-62) were prepared as
model systems for visible light harvesting (Chart IT).38 The
cyanine dyes are ionic, consisting of a cationic organic dye
and an anionic counterion. Though the initial counterion in
the synthesis wasiodide, ion exchange during normal handling
can lead to a final product with several different counterions,
potentially complicating analysis by NMR spectroscopy. Mass
spectrometry cleanly sidesteps this pitfall because the neg-
atively-charged counterions are not detected in the positive
ionspectra. Each of the porphyrin cyanine dyes (60—62) gave
astrong ion peak consistent with the calculated average mass
of the porphyrin cyanine dye minus a counterion (Table IV).
The mass spectra were readily interpreted, thus confirming
the success of the synthesis. In contrast,the’H NMR spectra
proved extremely difficult tointerpret due to the large number
of distinct protons in the asymmetric porphyrin and asym-
metric cyanine dye. Further complications of interpretation
were attributed to ion pairing of several different counterions
with the cationic dyes in the nonpolar NMR solvents.

The porphyrin-indotricarbocyanine dye (62) gave a mo-
lecular ion peak at 1093.4 u, a fragment peak of lesser intensity
at 556.6 u, and the intervening spectral region was almost
devoid of peaks. The peak at 556.6 u derives from cleavage
of the porphyrin—phenyl C-C bond, yielding the charged dye
fragment (CggHyiN30). A smaller fragment pesk at 546.7 u
(half the mass of the molecular ion) may arise from the doubly
charged molecular ion. The cyanine dye bears one intrinsic
positive charge, and ionization of the porphyrin would yield
the doubly charged molecule. For the carbocyanine dye-
porphyrins (60, 61), no peaks characteristic of the doubly-
charged molecular ion were detected that were of greater
intensity than fragments in the appropriate spectral region.

Strapped Porphyrins. The positioning of straps across
adjacent meso-phenyl groups represents an attractive archi-
tecture for porphyrin model systems. We prepared a series
of strapped porphyrins (Chart V) in order to study the effect
of strap structure on porphyrin formation, as well as to obtain
porphyrins bearing redox-active groups.® The porphyrins
with straps at the ortho positions form atropisomers (with
the two straps on the same face or on opposite faces of the
porphyrin) which are separable chromatographically. The
meta-strapped porphyrins can form atropisomersin principle,
but in practice we have only observed one meta-strapped
porphyrin chromatographic component in the synthesis of
each meta-strapped porphyrin.® The 'H NMR spectra of
the meta-strapped porphyrins are complicated, apparently
due to the slow interconversion of the atropisomers. Variable-
temperature NMR experiments were performed toinvestigate
the interconversion processes, but given the complexity of
the spectra and the dynamics of the molecular processes
(which differed depending on the nature of the strap), NMR
spectroscopy was not very potent for providing confirmation
that the syntheses had succeeded.

Mass spectrometry played a crucial role in the character-
ization of the strapped porphyrins (Table V). In the spectra
of the o- and m-alkoxy-strapped porphyrins (85-93), peaks
of low intensity were frequently observed at masses two, three,
and 3/, times that of the molecular ion. These are attributed
to the singly-charged dimer, the singly-charged trimer, and
the doubly-charged trimer of porphyrins, respectively. A
small amount of noncovalent dimer formation is frequently
observed with porphyrins upon mass spectral analysis, but

(38) Lindsey, J. S.; Brown, P. A; Siesel, D. A. Tetrahedron 1989, 45,

39) Wn.gner, R. W.; Brown, P. A;; Johnson, T. E; Lindsey, J. S. J.
Chem. Soc., Chem. Commun. 1991, 1463-1466.

Chart V. Strapped Porphyrins®

-CH,0” : j ~OCH,-

H2(lj,o 0 o\(l:H2

bisphenol
anthraquinone
LS>-CO,CHy- &>—0,CCH,
k ke
&>—cocHy {Z>>—0,CCHy

ferrocene dicarboxylate

-mccm—@»cnzcor

phenylene diacetate

o Thestraps that are shown span the meta positions of adjacent

phenyl groups. Only the alkoxy chain has been used to span
ortho positions (not shown).

ferrocene diacetoxy

-0-(CH,),-O-

alkoxy

these are the only examples, to our knowledge, of noncovalent
trimers formed from tetraphenylporphyrins. The prevalence
of these higher mass peaks was in accord with the poor
solubility of the o- and m-alkoxy-strapped porphyrins. In
two cases (meta-C; (89), meta-C; (91)) we observed higher
mass components (+312.7 u, +340.7 u, respectively) that could
be attributed to the monostrapped porphyrin with two free
aldehyde groups (identical in architecture to the cis-Arp-
monostrapped porphyrins, Chart V1, and formed by failure
to close the second strap). Though the intensity of these
peaks was low (~10% of the molecular ion), their presence
led us to reevaluate the synthetic method and purification
procedures.

Hybrid-strapped porphyrins (99-101) also were prepared
by condensing two different linked dialdehydes, yielding, for
example, a strapped porphyrin (101) bearing a ferrocene in
one strap and an anthraquinone in the other strap (Table
V).® The observation of an intense peak at 1177.3 u coincided
with the calculated average mass of 1177.0 u for the ferrocene—
porphyrin—quinone (101), providing quick confirmation of
the successful synthesis and isolation of the desired target.
Similar mixed aldehyde condensations were performed in
the synthesis of cis-disubstituted porphyrins (Chart VI). The
mass spectra (Table V) provided unambiguous identification
of the target molecules.

4. Porphyrin-Porphyrin Dimers. A building block
approach was exploited to prepare porphyrin-porphyrin
dimers for studies of visible light harvesting (Chart VII).
Coupling of a monocarboxyporphyrin with a monoprolylpor-
phyrin (71) yielded a number of chromatographic components.
Analysis by mass spectrometry of each major component
readily identified the component consisting of the zinc
porphyrin/free base porphyrin dimer (113, Table VI). The
mass spectrum showed a peak due to the dimer at 1683.1 u
(calcd av mass, 1683.4 u) and a sizeable fragment peak at
803.3u (Figure6). Thelatteris easily assigned tothe fragment
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Table V. Strapped Porphyrins

compd position formula caled obsd
—-0(CHj),0- Straps
ortho straps n
85 5 CsHysNOg 814.4 8144
86 7 CssH5aN4O4 870.4 870.5
87 8 CeoHssN4O4 898.4 898.6
88 10 CesHgeN4Oy 954.5 955.4
meta straps n
89 5 Cs4HgN4O4 814.4 814.4
90 6 CssH50N4O4 8424 8424
91 7 CssHzaN,O4 870.4 870.4
92 8 CeoHseN4Oy 898.4 898.4
93 10 CesHesN4Os 954.5 954.6
meta straps name
bisphenol CrgHgoN4O4 1118.5 not res
1119.3 av 1119.6
95¢ bisphenol CrgHgoN404Zn 1180.4 not res
1182.7 av 1182.4
96 phenylenediacetate CesHsoN4Os 1050.4 1050.5
97 ferrocenedicarboxylate CroHsoN4OgFes 1210.2 not res
1210.8 av 1211.7
98 ferrocene diacetoxy CroHsoNOgFe; 1210.2 not res
1210.8 av 1211.8
compd strap 1 strap 2 formula caled obsd
Hybrid-Strapped Porphyrins (All Meta)
99 ferrocenedicarboxylate —0(CHg)s0— CeeHsN4OgFe 1054.3 not res
1054.9 av 1055.0
100 anthraquinone —O(CHy)s0- CesH52N4Og 1020.4 1020.5
101 ferr dicarb h inone Cr4HgNOsFe 1176.3 not res
1177.0 av 1177.3
—0(CHy),,0- strap 4-ZCeHy
compd n position @) formula caled obsd
Cis-Ar,-Strapped Porphyrins
102 5 ortho CH30.C Cs3He2N4Os 830.3 830.3
103¢ 5 ortho CH30.C CssHyN,OsZn 892.2 892.4
104 5 ortho CH3(CH»,0 CesH7oN4O4 970.5 970.6
105 5 ortho (CH3):N Cs3HysNeO2 800.4 800.6
106 8 meta CH30.C CssHigN4Og 8724 8724

@ Zinc chelate. Literature sources: 85-101;% 102-106.3

Chart VI. Porphyrins Bearing a Single Strapping
Unit and Cis-Substituted Z Groups (for Substituent
Z, See Table V)

derived from cleavage at the carbonyl—phenyl bond, liberating
thezine—tri 1t (CssHysNy-
Zn, calcd av 803.3 u). Sl.mxlarly, the free base porphyrin/free
base porphyrin dimer (114) fragmented at the same bond
site, yielding a fragment at 740.1 u (Cs3HyNy, caled av 739.9
u; data not shown). The region between the molecule ion
and the major fragment peak was almost devoid of peaks in
both spectra, rendering the analysis very straightforward.
The free base/free base porphyrin dimer (114) was analyzed
on a nitrocellulose layer*4! rather than aluminized Mylar,
but no decrease in the extent of fragmentation was detected.

Porphyrin-porphyrin dimers (107-112) in a gable-type
configuration? incorporating zinc, iron, or manganese were
also analyzed by PDMS (Table VI). Sample preparation and
analysis in PDMS are sufficiently mild that porphyrin
demetalation does not occur. The biszinc chelate (108) was
prepared with the bridging ligands dipyridylmethane or 1,3-
bis(N-imidazolyl)propane. The mass spectra of these bispor-
phyrin complexes gave the molecule ion with loss of the linker,
and in both cases the peak due to the protonated linker
(dipyridylmethane, 171.0; bis(imidazolyl)propane, 177.0) was
observed. The manganese and iron chelates each have a
fifth ligand site, which in the bisporphyrins was occupied by
chloride. The massspectra of the bismanganese chelate (109)
showed no molecule ion; instead molecule ions with loss of
one and two chloride atoms were observed. The bisiron
chelate (110) gave an observable molecule ion, but the peaks
due to loss of one and two chloride atoms were more intense
(Figure 7). H , each comp t in the cl of peaks

(40) Jonsson, G. P Hedm,A.B anansson,? L. Sundqvut,B U.
R; Save, B. G. S;; Py K. E;
M. S Tis Anal Chem. 1986 58, 1084-1087.

Kamensky, L; Lmdberg

(41) Chait, B. T. Int. J. Mass Spectrom. Ion Processes 1987, 78, 237—
250. Chait, B. T; Field, F. H. Biochem. Biophys. Res. Commun. 1986,
134, 420-426.

(42) Tabushi, L; Sasaki, T. Tetrahedron Lett. 1982, 23, 1913-1916.
Tabushi, L; Kug;lmlya,S Kmnan'd,M.G Sasaki, T. J. Am. Chem. Soc.
1985, 107, 4192-4199.

(43) Unpubhshdresu.ltsof T. Sasaki and I. Tabushi obtained at Kyoto
University.



ANALYTICAL CHEMISTRY, VOL. 64, NO. 22, NOVEMBER 15, 1992 « 2813

Table VI. Porphyrin Dimers

compd Ar; Ar; spacer ™; M. formula caled obsd
Gable Porphyrins®
107 Ph Ph gable HH HH CaoHsiN3 1150.4 1150.3
108 Ph Ph gable Zn CgoHsoNgZng 12743 not res
1278.1 av 12784
109 Ph Ph gable Mn-Cl Mn-Cl Cg2H350NsMn,Cly 1326.2 not res
1327.9 av no molecule ion
1292.9 (2)
1257.2 (1)
110 Ph Ph gable Fe-Cl Fe-Cl CgoHsoNgFexCly 1328.2 not res
1329.7 av 1330.0 (4)
1294.5 (2)
1259.1 (1)
1181.6 (3)
1103.3 (5)
111 Ph p-tolyl gable HH HH CgsHgoNg 1192.5 not res
1193.4 av 1193.6
112 Ph p-tolyl gable Fe-Cl Fe-Cl CgsHzsNgFesCly 1370.3 not res
1371.8 av 1371.8 (3)
1336.8 (2)
1301.4 (1)
Building Block Porphyrin Dimers
113 Ms Ms proline Zn HH Ci112H300N1002Zn 1680.7 not res
1683.4 av 1683.1
114 Ms Ms proline HH HH Ci12H102N1002 1618.8 not res
1620.0 av 1620.2
115 Ar¢ Arc alkyne HH HH Ci02HgoNgO12Zn 1672.5 not res
1675.1 av 1675.0
¢ The gable porphyrins were p d by Profi Tomik Sasaki (Uni y of Washington). ® The bers in p th indi
the relative order of intensity of the peaks. ¢ Ar = 2,6-(Me0)2C¢H;. Literature sources. 107, 108, 110-112;42 109;%3 113-115.%
Chart VII. Porphyrin Dimers with Various Spacers 12000
and Differential Metalation (M,, M;)® g 8033 1683.1
Any Ary é ‘
S ! !
: ol |
5 i et T S
Mass (u)
Figure 8. The mass spectrum of a porphyrin—porphyrin dimer (113)
shows the intact molecule lon peak (1683.1 u) and a sizeable fragment
peak (803.3 u). The lower mass fragments exhibit the characteristic
Ar, oscillation of Intensity with a 14-u periodicity.
5,000 1259.1
m2ene J| ||
spacers | +
T = —
z i
= a E
2
]
gable 5
X 500 1620
proline Mass ()

-0 ‘{‘)— O
¢ The gable porphyrins were prepared by Tabushi, Sasaki and
co-workers,

wasreadily assigned to fragments derived from loss of chloride
or phenyl moieties, not demetalation of the porphyrin.

CONCLUSIONS

252Cf PDMS is applicable to porphyrin model systems
spanning an enormous range of architectures and functional
group diversity. The method is especially well-suited for
characterizing chromatographic fractions and partially pu-

Figure 7. The mass spectrum of a gable porphyrin (110) shows several
peaks clustered near the molecule lon, due to loss of ligands bound
to the metals.

rified components, thereby allowing reactions to be easily
followed. The mass spectra are collected quickly and are
readily interpreted, enabling rapid feedback concerning the
outcome of a synthetic reaction. Taken together, these
features make this method an extremely powerful tool for
research in the synthesis of bicorganic porphyrin model
systems. Our experience with porphyrin model systems leads
us to believe that similar strategies employing 252Cf PDMS
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would accelerate progress in many other areas of synthetic
organic chemistry.

ACKNOWLEDGMENT

This work was supported by NIH grants to J.S.L. (GM-
36238) and to B.T.C. (RROO 862) and by the Rockefeller
University Graduate Program. The spectra were collected
at The Rockefeller University Mass Spectrometric Biotech-

nology Research Resource, which is supported in part by the
Division of Research Resources, National Institutes of Health.
We thank Tomikazu Sasaki (University of Washington) for
permission to show the data of the gable porphyrins.

REeCEIVED for Review May 27, 1992. Accepted July 31,
1992.



Anal. Chem. 1992, 64, 2815-2820

2815

Chiral Recognition and Enantiomeric Resolution Based on
Host—Guest Complexation with Crown Ethers in Capillary Zone

Electrophoresis

Reinhard Kuhn® and Fritz Erni

Analytical Research and Development, Sandoz Pharma Ltd., CH-4002 Basel, Switzerland
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A chiral crown ether is successfully used as a pseudostationary
phase in caplilary zone electrophoresis to separate optically
active amines. On the basis of the results obtained from the
separation of more than 20 amines, two recognition mech-
anlsms are proposed: (1) the four crown ether substituents
act as chiral barrlers for the guest molecules and (li) lateral
electrostatic Interactions occur between host and guest. These
results are confirmed by thermodynamic studies on the host-
guest complexes. Best resolutions are achleved If the chiral
center Is adjacent to the amine functionality. However, even
racemates with a chiral center in the 5-position to the amine
could be resolved excellently. For the separation of aliphatic
amino aclds a method has been developed allowing detection
by an Indirect detection mode.

INTRODUCTION

Crown ethers discovered in 1967 by Pedersen'? are mac-
rocyclic polyethers which are able to form stable and selective
complexes with alkali, alkaline-earth, and primary ammonium
cations. These ligands are usually classified in the family of
coronands. A second, more sophisticated generation of
macrocycles are the cryptands of Lehn3¢ and spherands of
Cram.56 In modern chemistry all these compounds are of
greatimportance in biological studies, e.g. as enzyme models,”
in the synthesis, e.g. for phase-transfer catalysis,® and in
analytical chemistry. For instance, complex formation of
crown ethers can be utilized in ion chromatography,® for the
extraction of heavy metals,? and in electrochemical sensors. 011

* Author to whom correspondence and reprint requests should be
addressed.

(1) Pedersen, C. J. J. Am. Chem. Soc. 1967, 89, 2495, 7017.

(2) Pedersen, C. J. Nobel Lecture, December 8, 1987, reprinted in J.
Incl. Phenom. 1988, 6, 337.

(3) Dietrich, J.-M.; Lehn, J.-M.; Sauvage, J.-P. Tetrahedron Lett. 1969,
2885 and 2889.

(4) Lehn, J.-M. Nobel Lecture, December 8, 1987, reprinted in J. Inel.
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Phenom. 1988, 6, 397.
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Compounds and Cryptands. In Dewar, M. J. S., Dunitz, J. D., Haffner,
K., Heilbronner, E., Ito, S., Lehn, J.-M., Niedenzu, K., Raymond, K. N.,
Rees, C. W., Schifer, K., Wittig, G., Eds. Topics in Current Chemistry,
Vol. 98, Host Guest Complex Chemistry I; Springer-Verlag: New York,
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D.; Pretsch, E.; Prelog, V.; Simon, W Helv Chim. Acta 1979 62, 2303
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Cram and co-workers'2!3 were the first to recognize the
potential of optically active crown ethers for the separation
of enantiomers in liquid chromatography. The staggered
arrangement of the binaphthyl rings in the structure of Cram’s
crown ethers behaves like a chiral barrier for the enantiomers.
Separations of a variety of optically active amines using chiral
crown ether stationary phases in HPLC have been reported
subsequently.14-18 Chiral separations by capillary electro-
phoresis (CE) have been accomplished by utilizing solubi-
lization with optically active micelles,’® ligand-exchange
complexation,?® or host-guest complexation with cyclodex-
trins.2! In capillary zone electrophoresis (CZE) we described
the use of a chiral crown ether for the separation of racemic
amino acids for the first time.22 A comprehensive review of
this topic is presented in ref 23.

The focus of thisstudy is to investigate the chiral recognition
mechanism between 18-crown-6 tetracarboxylicacid (18C6H,)
with several optically active amines by means of open-tube
capillary zone electrophoresis. Appropriate separation meth-
ods are developed which allow “baseline” resolution for
racemic mixtures.

EXPERIMENTAL SECTION

Methods. Capillary electrophoresis was carried out using a
P/ACE 2000 capillary electrophoresis instrument (Beckman Ins.,
Palo Alto, CA). Separations were performed at 25 °C in a fused
silica capillary tube (50 cm X 75-um i.d., Polymicro Corp., Phoenix,
AZ) applying a potential of 15 kV. All experiments described in
Table I were carried out in Tris/citrate (10 mM, pH 2.2) as carrier
electrolyte with 10 mM 18C6H,. For the temperature variations
a system consisting of 30 mM 18C6H, in water was used.
Separations with indirect detection were performed in benzyl-
trimethylammonijum chloride (6 mM)/T'ris (5 mM) adjusted with
citric acid to pH 2.2. To this buffer was added 15 mM 18C6H,.

(11) Bussmann, W.; Lehn, J.-M.; Oesch, U.; Plumeré, P.; Simon, W.
Helv. Chim. Acta 1981, 64, 657.

(12) Kyba, E. P; Tlmko,J M,; Kaplan, L, J.; de Jong, F.; Gokel, G.
W.; Cram, D. J. J. Am Chem. Soc 1978, 100, 4555

(13) Sousa, L. R ; Sogah, G.D. Y.; Hoffman D.H.;Cram,D.J.J. Am.
Chem. Soc. 1978, 100, 4569.

(14) Hilton, M.; Armstrong, D. W. J. Liq. Chromatogr. 1991, 14 (1),

9.

(15) Armstrong, D. W.; Ward, T.; Czech, B.; Bartsch, R. J. Org. Chem.
1985, 50, 5557.

16) Zul , M. Chr

ki, J.; Pawlowsk
ia 1991, 32, 82.

(17) Udvarhelyi, P. M.; Watkins, J. C. Chirality 1990, 2, 200.

(18) Daicel Crownpak CR(+) instruction Manual, Daicel (Europe):
Disseldorf, Germany, 1990.

(19) Otsuka, K.; Kowahara, J.; Tatekawa, K.; Terabe, S. J. Chromatogr.
1991, 559, 209.

(20) Gassmann, E.; Kuo, J. E.; Zare, R. N. Science 1985, 230, 813.

(21) Fanali, S. J. Chromatogr. 1991, 545, 437.

(22) Kuhn, R.; Stoecklin, F.; Erni, F. Chromatographia 1992, 33, 32.

(23) Kuhn, R.; Hoffstetter-Kuhn, S. Chromatographia, in press.
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Table I. Separation Data for Optically Active Amines on Chiral 18C6H,

no. name structure tg® (min) « R, no. name structure tg® (min) a R,
1 GlyPhe 45.13 1141 3.09 14 histidine "'\=|m_l 14.94 1.016 0.54
oH
3 " o
™ o
[}
2 tryptophan 2556 1055 313 15 3-amino-3-phenyl- 2875 1090 250
| propionic -~
NH Bt o
BN YO
o
3 phenylglycine 59.11  no separation 16 norephedrine 1548 1.072 183
(1R,25)/(15,2R) 0,
NN R HN"VCH,
o
4 phenylalanine 29.56 1.059 3.75 17 erythro-2-amino-3-phenyl- 24.75 1.043 217
butyric acid HC,
N O HaTy O
o o
5 tyrosine OH 2592 1051 2.65 18 threo-2-amino-3-phenyl- 2341 1032 169
butyric acid HyC
HN OH OH
S o o
6 Dopa = 29.18  1.058 2.78 19 threonine HO,,_.CHy 2473 1078 342
OH
oH N
% «,[ OH Y
1
7 p-aminophenylalanine NE;,  36.86 1076 3.17 20 GlyGlyLeu CH, 4618 1034 0.70
[ cH,
N,QE,:H\V H‘N,YNH)LNH OH
Hyl ¥ o
8 ephedrine 10.30  no separation 21 valine BC CH, 26.69 1.086 142
HO. HINI’OH
HNTCHy o
cHy
9 phenylalaninol )(i() 1347  1.070 185 22 leucine CH, 3333 1130 175
CH,
OH N OH
HN B .
10 phenylethylamine 17.36  no separation 23 alanine CH, 2623 1071 0.79
H,N)\rm‘
- o
11 naphthylethylamine @ 2256  1.241 1.79 24 norvaline CH, 3L73 1054 0.79
HNTCH, “z”gofo"
12 noradrenaline Ok S 3299 1.023 0.59 25 isoleucine HCa~cy, 3152 1106 1.68
HN IR
HN OH
13 normetanephrine - 28.36 1.037 0.60
3

Y oH

@ Retention time of the first eluted enantiomer.

An appropriate amount of each sample was dissolved in diluted
phosphoric acid or methanol/water and injected hydrodynam-
ically for 1s. Thesolutes were detected by UV absorption at 254
nm for direct detection and at 214 nm in the indirect detection
mode. A Perkin-Elmer CLAS/2000 system was used for data
acquisition.

Materials. All reagents were of analytical grade if not
otherwisestated. Citricacid, benzyltrimethylammonium chloride
(98%), 18-crown-6 tetracarboxylic acid (18C6H,, 98%), phos-
phorous acid (85%), and tris(hydroxymethyl)aminomethane
(Tris) were obtained from Merck (Darmstadt, Germany). All
a-amino acids, p-amino-D,L-phenylalanine, D,L-2-amino-3-phen-
ylbutyric acid (67% threo, 33% erythro), D,L-Dopa, glycyl D,L-

(98%), (*)-norephedrine, and (&)-2-amino-4-phenylbutyric acid
were purchased from Sigma Chemicals (St. Louis, MO). (-)-and
(+)-ephedrine (purum), (&)-2-amino-1-phenyl-1-propionic acid
(purum), D,L-noradrenaline (purum), (R)-(+)- and (S)-(-)-1-(1-
naphthyl)ethylamine (NEA; >99.5%), (R)-(+)- and (S)-(-)-
phenylethylamine (>99%), 4-amino-D,L-phenylalanine hydro-
chloride (purum), and D- and L-phenylalaninol (purum) were
from Fluka (Buchs, Switzerland). D,L-Phenylglycine (99%) was

btained from Ji Chimica (Berse, Belgium) and D,L-3-
amino-3-phenylpropionic acid (98% ) and ()-normetanephrine
hydrochloride (98%) were from Aldrich Chemicals (Steinheim,
Germany). Glycylglycyl D,L-leucme (GlyGlyLeu) was purchased

phenylalanine (GlyPhe), (%)-normet: ide

from Bach (Bubendorf. Swi
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Figure 1. Chemical structure of 18-crown-6-tetracarboxylic acid.

RESULTS AND DISCUSSION

Scope. Chiral 18-crown-6 tetracarboxylicacid derived from
tartaric acid was first synthesized by Lehn and co-workers?4:25
(see Figure 1). The polyether ring forms the shape of a cavity
which is able to form stable complexes, particularly with
potassium, ammonium, and protonated alkylamine cations.
The six oxygens of the ring system are in the interior of the
cavity and roughly define a plane.l? Ammonium or primary
amines held inside the cavity are bound by three *NH--O
hydrogen bonds in a tripod arrangement. However, since
these host—guest complexes do not show chiral recognition,
secondary lateral interactions between the substituents of
the crown ether ring and the ligands are necessary for chiral
discrimination. With respect to the structure of 18C6H,, we
propose two different recognition mechanisms. First, the
crown ether substituents, arranged perpendicularly to the
plane formed by the ring system,25,26 act like steric barriers
dividing the space available for the substrate into two cavities.
Also perpendicular to the plane is the C*~*NH; bond of a
complexed primary amine. The three remaining substituents
of C* are distributed among the two cavities. If C* is chiral,
transient diastereomers are formed with different complex
formation constants depending on the size and steric ar-
rangement of the substituents. On the other hand, a second
mechanism can be discussed that is caused by electrostatic
interactions (ionic or hydrogen bonds) of the crown ether
substituents with functional groups of the guest molecule.
Even repulsion forces of carboxylate groups between host
and guest should have an influence on the complex formation
constant and on the enantioselectivity.

Resolution of Chiral Amines. Weinvestigated the chiral
resolution of a series of different optically active amines in
capillary zone electrophoresis to elucidate the recognition
mechanism. In the chosen pH range, 18C6H, added to the
buffer electrolyte is slightly negatively charged and migrates
asan anion in the opposite direction to thesolutes. Separation
is based on a different steric arrangement of the host—guest
complexes which forms diastereomers with disparate complex
formation constants and different electrophoretic mobilities.
More than 20 optically active amines were investigated and
compared with respect to retention time, separation factor,
and resolution. The results are summarized in Table I. It
should be mentioned that better results could be obtained
for a specific separation problem by individually optimizing
the separation conditions. The separation factor (@) is
supposed to be independent of migration time and reflects
the chiral recognition. In general, only small but significant
differences of a for the various compounds could be calculated.
Most enantiomers were “baseline separated” mainly because
of the high efficiency achieved in CZE.

(24) Behr, J.-P.; Girodeau, J.-M.; Heyward, R. C.; Lehn, J.-M.; Sauvage,
J.-P. Helv. Chim. Acta 1980, 63, 2096.

(25) Behr, J.-P.; Lehn, J.-M.; Vierling, P. Helv. Chim. Acta 1982, 65,
1853

(26) Gehin, D.; Kollmann, P. A; Wipff, G. J. Am. Chem. Soc. 1989,
111, 3011.

Armstrong and co-worker? studied the influence of distance
between the amine function and chiral center of dipeptides
in HPLC using a chiral crown ether with hydrophobic
substituents as stationary phase. While good resolution was
found for those solutes where the amine group was adjacent
to the stereogenic center, dipeptides of the glycyl amino acid
type were not resolved or showed poor resolution. We
observed that glycyl-D,L-phenylalanine (1, GlyPhe) was
excellently resolved although the chiral center is in the
3-position to the primary amine. Molecular models of the
18C6H,—GlyPhe complex indicate that chiral recognition
occurs predominantly by hydrogen bonds rather than by steric
barrier mechanisms. A possible arrangement of the host—
guest complex is shown in Figure 2a. Recognition is probably
based on hydrogen bonds between the acidic functional group
of the dipeptide with the crown ether side chains, indicated
by the arrow in Figure 2a. Even the tripeptide GlyGlyLeu
(20), which has its asymmetric center seven bonds from the
amine, was recognized by the selector, although resolution
was poor under the given conditions.

On the other side, nonpolar substituents like methyl,
phenyl, or naphthyl groups are not able to bind with the
polar crown ether substituents. Recognition is based on mere
steric barrier mechanisms and, therefore, dependent on the
size of the substituents. (%)-Phenylethylamine (10), for
example, could not be separated because of too small
substituents whereas the naphthyl analogue 11 was excellently
resolved with a separation factorof 1.24. A stereoscopicimage
(Figure 2b) shows spatial hindrances by the crown ether
substituents indicated by an arrow.

A representative electropherogram of a separation of
aromatic amines with 18C6H; is shown in Figure 3a. Chiral
recognition of D,L-tryptophan is probably based on both polar
interactions and steric barrier mechanisms. A second am-
monium function as in p-aminophenylalanine (7) represented
an additional anchoring group for the crown ether and caused,
therefore, longer migration times and a slightly improved
separation factor compared to phenylalanine (4). The method
described showed sufficient selectivity to resolve all four
stereoisomers of 2-amino-3-phenylbutyricacid (17 and 18) in
one single run. Most aromatic amines except phenylglycine
(3), phenylethylamine (10), and histidine (14) were baseline
separated. While 3 and 10 were not recognized owing to the
size of substituents, 14 was poorly resolved under the given
test conditions. Complete separation of histidine was achieved
by changing the pH from 2.2 to 5.0. Poor resolution was also
found for the amines 12 and 13 which both have their chiral
centers in the 8-position to the amine. Although « values of
1.023 and 1.037 were found to be promising for satisfactory
separation, incomplete resolution of enantiomers resulted in
an unexpected loss in efficiency.

Aliphatic amino acids and the tripeptide (compounds 19—
25) could be detected by an indirect detection mode using
benzyltrimethylammonium chloride (BTA) as tracer in the
running buffer. An example is given in Figure 3b with the
separation of D,L-threonine (19). Negative peaks originate
from the threonine enantiomers which displace BTA in the
running buffer and thus decrease the absorbance. Amino
acids with bulky substituents showed improved separation
factors in comparison with those with small substituents, e.g.
leucine (22) compared to valine (21). Branched alkyl groups
gave better a values than their straight-chain isomers (see
leucine—-isoleucine and valine-norvaline).

Obviously, the complexation of the ammonium cation is
mandatory for chiral recognition as demonstrated with ()-
ephedrine (8). Thisseparation failed because of an extremely

(27) Hilton, M.; Armstrong, D. W. J. Liq. Chromatogr. 1991, 14 (20),
3673.
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Figure 2. Stereoscopic image of a host—guest complex of 18C6H, with (a) glycylpheny

Arrows

and (b) position

of possible hydrogen bonds (a) and spatial hindrance by the carboxylic acids of the crown ether (b). Key for the symbols: hydrogens are white,

oxygens light, carbons dark and nitrogens black.

weak complex formation of 18C6H, with the secondary amine,
which does not fit into the crown ether cavity. As a
consequence ephedrine eluted faster than its demethyl
analogue, norephedrine (16), which was strongly retained by
the crown ether complex.

Calculation of Thermodynamic Parameters for Chiral
Recognition. For enantiorecognition based on two
mechanisms: (i) steric barrier of the host carboxylic acid
groups for naphthylethylamine and (ii) Coulombic interac-
tions in the case of GlyPhe, thermodynamic parameters of
the complexation reaction should differ significantly. These
parameters are accessible by the separation factor o282 which
isrelated to A+(AG), the difference in the molar Gibbs energy
of the two enantiomers, by eq 1

-A,(AG)=RThna o))
where T'is the absolute temperature and R is the gas constant
(8.3143 J K1 M1). Now, with

AL(AG) = A (AH) — TAL(AS) 2)

where AL(AH) is the enthalpy difference of the complex
formations and A (AS) is the difference in the entropy, it
follows combining eqs 1 and 2

_ Al aH) A*(AS)
Ina= BT 2 3)
Equation 3should enable A(AH) and A(AS) to be determined
from the slope and the intercept of a plot of In « versus 1/7'

(28) Akanya, J. N.; Taylor, D. R. Chromatographia 1988, 25, 639.
(29) Schurig, V.; Weber, R. J. Chromatogr. 1981, 217, 51.

(Van't Hoff plot). Figure 4 displays Van’t Hoff plots of
naphthylethylamine (NEA), GlyPhe, tryptophan, and phen-
ylalanine in the temperature range 20-40 °C. Regression
analysis gave correlation coefficients better than 0.993. An
increase of temperature caused a decreased separation factor
of NEA, Try, and Phe but improved « of the dipeptide. Hence,
the positive and negative slopes found with NEA and GlyPhe,
respectively, confirm that two chiral recognition mechanisms
exist. The curve obtained for GlyPhe was unexpected. So
far such shapes were only measured in gas chromatography.3
Within a 95% confidence range, straight lines and thermo-
dynamic data of Try and Phe are identical. Therefore,
complex formation constants and chiral recognition for both
amino acids should not differ significantly.

Although the separation factor o represents the chiral
recognition based on lateral interactions of the host—guest
complex, mere complexation of the amine with the polyether
cavity also effects a. Therefore, the total Gibb’s energy of
the complexation AL(AGyy) calculated by eq 2 consists of two
components: (i) a polyether cavity factor AL(AG.,y,) and (ii)
the lateral interaction AL(AG) of the ligand without
polyether participation.3!

AL(AG,,) = AL(AG,,,) + AL(AG),) 4)

Table IT summarizes the thermodynamic data calculated
from Figure 4 according to eqs 2 and 3. It has to be noted
here that A(AH) is assumed to be independent of temperature
in the range studied and that extrapolation tc the intercept

(30) Watabe, K; Charles, R.; Gil-Av, E. Angew. Chem. 1989, 101, 195.
(31) Dutton, P. J.; Fyles, T. M.; McDermid, S. J. Can. J. Chem. 1988,
66, 1097.
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complex formation is associated with a favorable proportion
of enthalpy and an unfavorable entropy proportion. This
holds, for example, for the complex formation of the crown
ether with NEA. The entropy value is influenced by'a number
of factors. A major contributiontotheentropyisthat hydrate
water surrounding polar groups of host and guest is highly
ordered and becomes disordered in particular if lateral
hydrogen bonds are formed during complex formation.
Simultaneously, there are losses in the translational and
rotational degrees of freedom because of the association of
host and guest. These two opposite effects are usually
balanced, with the consequence that the contribution of
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Figure 3. Chiral separation of p,L-tryptophan (a) and p,L-threonine (b) with L-threonine in excess.
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Figure 4. Van'tHoff plots of naphthylethylamine (1), glycylphenylalanine
(2) tryptophan (3), and phenylalanine (4). Temperatures were 20, 25,
30, 35, and 40 °C.

Table II. Thermodynamic Data Calculated from the
Straight Lines in Figure 4

A: (AG)®® AL (AH) A4 (AS)
compound (J mol™?) (Jmol?!) (JK!mol?)
naphthylethylamine -369 -1232 =29
GlyPhe -161 +703 +2.9
Try -140 847 17
Phe -133 -550 -1.4

at infinite temperature is linear. While large errors were
supposed to exist in such a procedure for HPLC,28 our data
enabled us to estimate the thermodynamic values with
sufficient precision. Though accuracy of these data does not
permit a sophisticated interpretation, obvious effects can be
discussed. According to eq 1 the difference in the Gibb’s
energy is always negative since « is defined arbitrarily by the
term ty/t;, where t; represents the migration time of the second
eluted enantiomer and ¢, the migration time of the antipode.
A(AG) of naphthylethylamine enantiomers was the highest
measured, although a large negative term TA(AS) represented
an unfavorable influence of the entropy on A(AG) and thus
on the separation. Usually Gibbs energy of the inclusion

entropy to the complex formation may be very small. In the
case of the 18C6H,~GlyPhe complexation the contribution
by the release of hydrate water dominates over that caused
by the loss of a degree of freedom. This effect should be more
pronounced for the enantiomer which forms the stronger
lateral hydrogen bonds with the host. Since the positive term
A(AH) does not contribute to the separation, « is controlled
mainly by the entropic contribution, TA(AS). The positive
A(AS) value in the case of GlyPhe is supposed to be
characteristic for the recognition mechanism based on elec-
trostatic interactions. If the chiral separation is based on
both mechanisms, one should be able estimate from A(AH)
and T'A(AS) which mechanism dominates. Inthe case of Try
and Phe a barrier mechanism dominates because A(AG) is
negative owing to the contribution of A(AH).

CONCLUSIONS

The paper demonstrates the versatility of 18C6H, as chiral
selector for the separation of enantiomers in capillary zone
electrophoresis. Host-guest complexation with the crown
ether depends on primary ammonium groups of the ligands
and thus increases the appliciation range of CZE for chiral
separations. Twenty-five optically active amines were screened
with a uniform separation system. Approximately 90% of
all compounds were recognized by the chiral selector and
60% were at least baseline resolved. Although separation
factors of the enantiomers were small in general, most amines
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were well separated because of the high efficiency of capillary
zone electrophoresis. Best results were obtained if the chiral
center of the molecule was adjacent to the primary amine,
but excellent resolution was found even with a asymmetric
center in the §-position. Despite the suitability of the crown
ether for the resolution of many amines, predictions based
on the chemical structure of the guests are difficult.

CZE has proven to be extremely useful for mechanistic
studies because all measurements can be performed under
defined conditions and in pure aqueous solutions. On the
basis of molecular models of complexes with naphthyleth-
ylamine and glycylphenylalanine, two different recognition
mechanisms were proposed. It is very likely that in most
separations barrier mechanisms dominate over electrostatic

interactions as demonstrated with tryptophan and phen-
ylalanine. By varying the pH value of the carrier electrolyte
the mechanism could presumably be influenced in the
opposite way. Thermodynamic studies have proven partic-
ularly useful to permit an additional insight into the chiral
recognition and support the existence of two different
separationmechanisms. While a temperature increase usually
decreases the separation of enantiomers, it improved the
separation in the case of GlyPhe.

RECEIVED for review March 5, 1992. Accepted July 31,
1992.
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Solute Retention Mechanism in Semipermeable

Surface Chromatography

Hongqi Wang, Carla Desilets,! and Fred E. Regnier’

Chemistry Department, Purdue University, West Lafayette, Indiana 47907

The retention mechanism of both small analytes and proteins
was examined on two types of semipermeable surface sorbents
(SPS). One type was created through the adsorption of poly-
(oxyethylene) (POE)-based nonionic surfactants onto re-
versed-phase chromatography columns. The second type
was based on a mixed alkyisllane/POE-sllane bonded phase
on porous sllica. Retention behavior of low molecular weight
analytes on SPS columns was divided into three groups; polar
specles that are retained by hydrogen bonding to POE,
amphipathic species which partition at the alkyl/POE Interface,
and hydrocarbons that penetrate the alkane surface layer.
Proteins and peptides are generally unretained under phys-
Iological conditions. In contrast, changes In the structure of
elther the polypeptide or sorbent surface under denaturing
conditions cause substantial retention of proteins and peptides.

INTRODUCTION

Small molecules in biological fluids and cellular extracts
are often analyzed by reversed-phase chromatography (RPC),
ideally by direct injection. Unfortunately, the presence of
macromolecular components that foul reversed-phase col-
umns often necessitates sample pretreatment. Several
papers!™ have appeared in the past decade that describe
methods and media to overcome this problem, the central
concept in these reports being that macromolecular inter-
ference can be eliminated by shielding the stationary phase
from contact with large molecules on the basis of molecular
size or some other mechanism.

The first of these differential access media was the internal
surface reversed-phase (ISRP) media of Pinkerton.>” Through
the use of hydrolytic enzymes, a 50-100-A pore diameter
sorbent was created with a hydrophobic interior and a
hydrophilic exterior. Proteins were excluded from the
hydrophobic interior and eluted from the column without
retention. Incontrast,small molecules had access to the entire
surface of the particle and were retained predominantly by
hydrophobic interaction with the reversed phase on the
internal surface of the sorbent.

Coating a small pore diameter alkylsilane derivatized silica
with a large protein, such as serum albumin, that is both
strongly adsorbed and sterically excluded from the interior
of the sorbent? is another method of preparing an ISRP
packing material. Adsorbed serum albumin does not elute
from columns when they were operated with less than 10%

t Present address: U.S. Army Institute of Dental Research, Walter
Reed Army Medical Center, Bldg. 40, Washington, D.C. 20307.
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organic modifier in the mobile phase. Serum proteins are
precluded from contacting the sorbent surface while small
drug molecules readily gain access to the alkylsilane phase.

Shielding the stationary phase from contact with macro-
molecules by incorporating the stationary phase into a polymer
on the sorbent surface is yet another technique by which
differential access media have been created.%1° Shielding in
these materials appears to be based on both size and
hydrophobic character of solutes. Through the use of a
polymeric surface layer consisting of both hydrophobic and
hydrophilic monomers, hydrophobic monomers are inter-
nalized in the surface layer and cannot come in direct contact
with the solution. Retention is based on the distribution of
solutes between this internal hydrophobic environment and
the more polar mobile phase. Apparently small hydrophobic
species gain access to stationary phase groups more readily
than proteins.

Still another family of media that discriminate between
solutes on the basis of both size and hydrophobicity has been
prepared by adsorbing nonionic surfactants to the surface of
alkylsilane derivatized silica.’! Depending on the size of the
poly(oxyethylene) head group, approximately one surfactant
molecules is adsorbed for every 3-10 alkylsilane residues. This
semipermeable surface layer has also been produced by using
a mixed alkylsilane and poly(oxyethylene)silane bonded
phase.!! A hydrophilic, arboreal surface layer is apparently
created by polyoxyethylene through which molecules must
diffuse to reach the alkylsilane layer below.

Ideally, the selectivity of differential access reversed-phase
mediawould beidentical to that of alkylsilane-based reversed-
phase materials. This would mean that methods developed
on alkylsilane-based columns could be transferred directly to
differential access sorbents without the need to reoptimized
the separation. On the basis of commercial literature, the
selectivities of differential access media of the ISRP and
shielded phase types differ among themselves and from simple
alkylsilane-based reversed phase media.

The objective of this paper is to examine the retention
characteristics of the third type of restricted access media,
the semipermeable surface reversed-phase sorbents (SPS).
The paper will focus on how the selectivity of these materials
relate to conventional reversed-phase columns in small
molecule and protein retention.

EXPERIMENTAL SECTION

Materials. The measurement of chromatographic retention
of small analytes was performed on the same column described
by Desilets.!* The nonionic surfactants employed in this study
are listed in Table I. These water-soluble members of the
TWEEN series (see Figure 1 for chemical structures) were used
because they can be reproducibly adsorbed onto reversed-phase
packings from aqueous solution. All surfactant samples were

(9) G)sch, D. J.; Hunter, B. T.; Feibush, B. J. Chromatogr. 1988, 433,
(10) Glsch D. J; Feibush, B.; Hunter, B. T.; Ascah, T. L. Biochro-

matography 1989, 4 206-210.
(11) Desilets, Carla; Regneir, Fred E. J. Chromatogr. 1991, 544, 25-39.
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Table I. Surfactants Used in This Study

commercial name code? m n
G7606J P-10-SM-12 10 12
TWEEN P-20-SM-12 20 12
G4280 P-80-SM-12 80 12

@ Surfactants are coded based on their chemical structures (see
Figure 1): poly(oxyethylene) (m) sorbitan monoalkylates (n) or
poly(oxyethylene) (m) alkyl ether (n). Letters “m” and “n” denote
number of oxyethylene units per head group and number of carbon
atoms per hydrocarbon tail, respectively.

§0CH2CH,)‘OH
0 CH
7 7N\
HC \CH CH,(OCH,CH,)’OOC(CH')“_ 2(:H
HO(CH,CHIO) HC—CH(OCHzCH,) OH
Figure 1. Chemical structure of TWEEN series of poly(oxy

Table II. Stationary-Phase Compositions of Uncoated and
Tween-Coated Cs Reversed-Phase Column

control P-10- P-20- P-80-
(uncoated Cg) SM-12 SM-12 SM-12
oxyethylene units 0 14.3 16.4 18.4

(umol/m%)*

TWEEN -CHy- 0 17.16 9.83 2.82
(umol/m?)®

total -CHy— 26.08 43.24 35.91 28.90
(umol/m?)>

L (pmol/m?)e 3.26 1.83 2.44 3.03

@ The amount of surfactants adsorbed are calculated from the
dat btained by frontal loading of surfactants and subsequent
elemental analysis. See ref 11 for details. ? The total hydrocarbon
content is the sum of contributions from the alkylsilane and alkyl
tail of the surfactant. Ligand density of the Cs packing, based on
elemental analysis, is 3.26 ymol/m2 ¢ The calculation of available
reversed-phase ligand density (L,) in pmol/m? was based on two
assumptions as described in the Results and Discussion.

monoalkylates. m= w+ x+ y + z = number of oxyelhylene unns
(OCH.CH,).

kindly provided by ICI Specialty Chemicals Division, ICI
Americas (Wilmington, DE) and were used as received.

The retention behavior of small peptides and proteins was
studied on the SPS column and conventional Cs columns. These
columns were gifts from the Regis Chemical Co. (Morton Grove,
IL). The SPS packing was a 100-A pore diameter and 5-um
particle size with a Cq alkylsilane and 5-kD poly(ethylene glycol)
mixed bonded phase. This material was packed in a 4.6- X
150-mm column. A 4.6- X 150-mm Rexchrom S5-100-C-8 column
was used for conventional reversed-phase separations.

Proteins and peptides were obtained from Sigma Chemical
Co. (St. Louis, MO). A trypic digest of bovine serum albumin
(BSA) was prepared according to commonly used procedures!?
with a minor modification. In brief, a mixture of BSA and trypsin
(BSA:trypsin = 100:1 in moles, pH 8.2) was incubated at 37 °C
for 8 h. Digestion was stopped by adding trifluoroacetic acid
(TFA) to the reaction mixture.

Small analytes were of reagent grade or higher quality.
Methanolic stock solutions of analytes were diluted to desired
concentrations using filtered eluent. Inorganic reagents were of
analytical grade or comparable quality. HPLC-grade trifluo-
roacetic acid (TFA) (Pierce, Rockford, IL) and acetonitrile
(American Burdick & Jackson, Muskegon, MI) were used in the
gradient elution separations of peptides and proteins.

Apparatus. Meaurement of chromatographic retention of
small analytes was performed using a single minipump (Model
396, LDC-Milton Roy, Riviera Beach, FL) at 1.0 mL/min. The
system contained a 10-port manual injection valve with 25- and
100-uL sample loops (Model C10-U, Valco Instruments, Houston,
TX) and was connected to a fixed wavelength (254 nm) detector
(Model 153, Beckman, Berkeley, CA).

Chromatographic retention measurements of small peptides
and proteins were carried out on an HP1090liquid chromatograph
(HP1090 Series M, Hewlett-Packard Co., Palo Alto, CA) equipped
with a diode array UV absorbance detector, a Hewlett-Packard
ChemStation computer (Model HP 9000/300), a Hewlett-Packard
printer (Thinkjet), and a Hewlett-Packard plotter (Model 7440A).

Procedures. Measurements of chromatographic retention
for small molecules was accomplished using the equipment and
reagents as described above on uncoated (control) and surfactant-
coated Cg or Cis columns of either 5- or 15-cm length. Analyte
concentration was generally kept in the 20-200 ug/mL range.
Isocratic separations were performed using an eluent consisting
of 50 mM phosphate buffer (pH 6.5) with 3% 1-propanol. To
maintain reproducible retention of small molecules, columns were
usually recoated after each liter of eluent was used.!*

Retention and Recovery of Polypeptides on SPS Columns
under Near Physiological Conditions. The Regis SPS column
and 1 mg/mL protein solutions were used in this study. Protein
solutions were injected onto the column at pH 7.0 (50 mM
phosphate buffer). Adsorbed protein was detected by eluting
the column with a 30-min gradient ranging from phosphate buffer

(12) Smyth, D. G. Methods Enzymol. 1967, 11, 214-231.

to 60% acetonitrile in phosphate buffer. Because ovalbumin
was never retained under any circumstance, it was used as a
totally recovered standard in frontal assays measuring the
recovery of bovine serum albumin (BSA). It was found that the
Regis SPS column adsorbed 91 ug of BSA per milliliter of packing
material (Data not shown).

Peptide and Protein Retention Mechanism on SPS. Polypep-
tide retention was examined under both denaturing and non-
denaturing conditions. Three small peptides and eight proteins
were dissolved in 0.05 M phosphate buffer (pH 7.0) at a
concentration of 0.5-5 mg/mL and used as the sample in these
studies. Denaturing mobile phases were those commonly used
in reversed-phase chromatography of peptides. Denaturing
mobile phase A was 0.1 M trifluoroaceticacid (TFA). Denaturing
mobile phase B was 60% acetomtnle in 40% double deionized
water. Both mobile p were deg d by sc tion.

Under denaturing condltlons, all the peptides and proteins
were injected onto both the Cg and the SPS column under the
same condition. A 60-min gradient was used from buffer A to
buffer B. The tryptic digested BSA sample was also run on both
columns and eluted in a 100-min gradient from buffer A to buffer
B

Elution under physiological conditions was achieved using 0.05
M phosphate buffer (pH 7.0) as buffer A. Adsorbed proteins
and peptides were eluted using a gradient from buffer A to 75%
acetonitrile in double deionized water (buffer B). Peptides and
proteins were first injected under physiological conditions, and
the column was eluted for 10 min with buffer A. Adsorbed
proteins were then eluted in a 30-min gradient from mobile phase
A to B.

Small peptides were also examined on the SPS column under
near physiological conditions (phosphate buffer, pH 7.0) and
denaturing condition (0.1% TFA, pH 2.3). Retention behavior
of small peptides was studied using isocratic elution under both
conditions.

Hydrophobic Interaction Chromatography (HIC). Ammo-
nium sulfate (2.0 M) in 0.05 M phosphate buffer (pH 7.0) was
used as buffer A and 0.05 M phosphate buffer as buffer B in
HIC separations. Proteins samples were made up in buffer A
and eluted in a 30-min gradient from buffer A to B.

RESULTS AND DISCUSSION

Retention Mechanism of Small Analytes. The question
being examined in this paper is the relationship of the
chromatographic characteristics of semipermeable surface
(SPS) columns to the reversed-phase columns from which
they are derived. Desilets!! made the important observation
that the stationary phase in SPS columns is a composite of
both the alkylsilane bonded phase and adsorbed surfactant.
Quantitative analysis of these sorbents shows (Table II) that
surfactant adsorption increases both the hydrocarbon and
oxyethylene content of the stationary phase. Hydrocarbon
content in micromoles of ~CHy— groups/m? is the sum of
contributions from the alkylsilane and alkyl tail of the
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Table III. Capacity Factors (k*) of Model Analytes on Cs
Reversed-Phase Columns Coated with TWEEN=

14

control P-10- P-20- P-80-

analytes (uncoated Cg) SM-12 SM-12 SM-12
group I
benzyl alcohol 2.48 0.96 1.28 1.62
phenobarbital 9.91 4.30 6.44 842
phenyl acetate 772 3.70 4.00 440
methyl benzoate 22.21 13.50 14.00 14.20
acetophenone 8.60 4.00 420 450
dimethy] terephthalate 68.86 19.70 23.0 25.67
group IT
phloroglucinol 0 1.80 2.95 2.99
aniline 141 1.60 190 198
phenol 2.67 445 581 644
group III
anisole 12.08 1470 1460 13.30
benzene 7.78 13.00 1220 9.90
toluene 26.86 4230 39.00 3140
ethyl benzene 82.49 122.70 112.30 94.30

2 50 mM phosphate buffer (pH 6.5) with 3% 1-propanol was used
as the elution solvent.

surfactant. Oxyethylene content in micromoles of —CHj-
CH,0- units/m? is derived entirely from surfactants. Table
II shows that the -CHy— content of SPS columns is greater
than that of the parent Cg reversed-phase column in all cases.
Furthermore, it is seen that the hydrocarbon content of an
SPS column prepared with a surfactant having a small poly-
(oxyethylene) head groups is greater than that of surfactants
withlarge head groups. This may be attributed to the inverse
relationship between packing density and head group size of
surfactants.!! In contrast, oxyethylene density is less de-
pendent on head group size. Oxyethylene density increases
only slightly with surfactant head group size. Desilets has
shown that this is because poly(oxyethylene) head group
distribution across the surface of a reversed phase column
approaches a monolayer.!!

There is the possibility that amphophilic solutes, much
like surfactants in an SPS column, will partition between the
alkylsilane bonded phase and mobile phase at the hydro-
carbon/solvent interface. This would mean that the surfac-
tant and amphophilic solutes are competing for the same
surface binding sites at the interface. Surfactant adsorption
would decrease the number of binding sites available for
amphophilic solutes. This possibility was addressed by
computing the “available reversed-phase ligand density” of
SPS sorbents. Computation of reversed-phase ligands avail-
able at the interface was based on two assumptions: the first,
that surfactant adsorption reduced the amount of reversed
phase at the interface, and the second, that alkylsilanes are
stoichiometrically paired with the alkyl tail of adsorbed
surfactant. Available reversed-phase ligand density (L,)
(umol/m?2) was calculated by subtracting the density of
adsorbed surfactant from the ligand density of the parent
reversed-phase sorbent.

Capacity factors (k') were measured for 13 small solutes of
varying hydrophobicity on TWEEN-coated reversed-phase
columns. Results from Cs coated columns are listed in Table
III. This data from both coated and uncoated (control)
columns suggested that analyte retention behavior fell into
three categories related to surfactant head group size and
functional group polarity as will as seen below. Aromatic
esters, phenobarbital, and benzyl alcohol fell into one group
which will be referred to a “group I”. Phenolics and aromatic
amines fell into another group designated as “group II”.
Finally, aromatic hydrocarbons were placed in “group III”
based on their similar behavior.

The chromatographic behavior of all analytes examined
was altered by surfactant adsorption. How this occurs is an
important question that will be addressed below. One
possibility is that the surfactant limits access of the analyte
to the alkylsilane bonded phase. In this case (casel), it would
be expected that the capacity factor (k’) of an analyte would
bereduced. Limiting accesstothestationary phase essentially
reduces the amount of stationary phase. Another possibility
is that the adsorbed surfactant itself acts as the stationary
phase. Capacity factor would be increased in this case (case
II) because the amount of stationary phase increases. Still
another possibility (case III) is that the alkylsilane bonded
phase and surfactant act in concert to create a new stationary
phase. Again, k' would increase by the creation of stationary
phase. All of these cases deal with either the creation or
deletion of stationary phase, i.e. alterations in the phase ratio.
There would be the possibility that analyte retention is due
to multiple retention mechanisms (case IV). A typical case
would be where an analyte is already retained on a reversed-
phase column and the addition of surfactant creates a new
stationary phase. In this case, the analyte would be retained
by two mechanisms. The possibility also exists that the
surfactant could alter the retention mechanism in the initial
retention mode. Both of these cases would be the result of
altering the distribution coefficient (Kj) in addition to the
phase ratio.

Capacity factor (k') reduction subsequent to surfactant
adsorption was characteristic of the group I analytes: benzyl
alcohol, phenobarbital, phenyl acetate, methyl benzoate,
acetophenone, and dimethyl terephthalate. This behavior
would be typical of case I above and may be explained in the
following way. Because surfactants are tightly adsorbed to
reversed-phase columns and the poly(oxyethylene) head
groups distribute across the alkyl surface in a near mono-
layer,!! access to the interface is greatly reduced. Amphophilic
analytes which adsorb preferentially at the stationary phase/
solvent interface must compete with the surfactant for binding
sites. This will reduce both the amount of stationary phase
available to analytes and their distribution coefficient. Acting
in concert, these two variables diminish &’ of the group I
analytes on SPS columns.

It is seen in Table III that the capacity factor (k') of both
the group IT and group III analytes are increased by adsorbed
surfactants. Thisis characteristic of cases II-IIl above. There
ishowever, an important distinction between these two groups
which shows that they are retained by different mechanisms.
The capacity factor of the group II analytes increases sharply
with surfactant addition and is essentially independent of
surfactant head group size. It is seen in Figure 2 that the
behavior of phloroglucinol correlates relatively well with
oxyethylene density. This is characteristic of case II. The
fact that both group II analytes and poly(oxyethylene) head
groups are rich in hydroxyl and ether groups suggests that
hydrogen bonding can play a role in retention on surfactant
loaded columns. This explanation is supported by the fact
that these solutes are known to be soluble in and form
complexes with poly(ethylene glycol).!! Further support for
this hypothesis comes from the similarity of Cg and Cs
columns with group II analytes despite a 1.6-fold difference
in their carbon content (data not shown). Among the group
II members there is probably a difference in retention
mechanism representative of case IV. Aniline and phenol, in
contrast to phloroglucinol, are retained on the reversed-phaes
column in the absence of adsorbed surfactant. Because they
too are amphiphilic in character, it is probable that they are
also retained in a mechanism similar to that of group I
analytes. Adsorbed surfactant initiates adsorption by a
second retention mechanism through hydrogen bonding. In
view of the fact that the surfactant, alkylsilane, and analyte
areinintimate contact at the surface, it is possible that analyte
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contact with the hydrocarbon stationary phase and oxy-
ethylene head groups occurs simultaneously. Under these
circumstances, the presence of surfactant would induce a new
retention mechanism that would alter retention by changing
both the distribution coefficient (K3) and the phase ratio.

Behavior of the hydrocarbonaceous group III analytes on
SPS columns differs from the very polar group II analytes in
that their capacity factor (k') increases more with the
adsorption of surfactants having small head groups that large.
This behavior correlates well with the hydrocarbon content
of SPS columns (Figure 3). It appears that the alkylsilane
bonded phase and hydrocarbon tail of the adsorbed surfactant
are working in concert to create a new hydrocarbonaceous
stationary phase (case III). Hydrocarbon analytes cross the
stationary phase/solvent interface and gain access to the entire
hydrocarbon stationary phase.

The data presented above show how solute retention in
surfactant-coated reversed-phase sorbents occurs among the
stratified layers formed by the surfactant. Furthermore, it
is seen that retention and selectivity can be manipulated by
changing surfactant head group size. In view of the fact that
adsorbed surfactants are similar to adsorbed solvents, it is
possible that these results applying to reversed-phase chro-
matography in general. If this is the case, then it may be
concluded that (i) mobile-phase additives play an active role
in creating the stationary phase and (ii) part of their role in
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modulating selectivity is at the level of altering the stationary
phase.13.14

Retention of peptides. Tryptic digests of proteins are
known to range from small hydrophilic dipeptides to large
hydrophobic oligopeptides of 20-30 residues!? and are com-
monly resolved by reversed-phase chromatography.? A
tryptic digest of bovine serum albumin (BSA) was used to
test the size discriminating properties of the covalently bonded
poly(oxyethylene) SPS column. This digest contains more
than 50 peptides, some of which are very hydrophobic. When
the peptide mixture was loaded onto the SPS column at either
pH 3.0 or 7.0 and subsequently gradient eluted from 0.1%
trifluoroacetic acid (TFA) to 0.1% TFA in 60% aqueous
acetonitrile, only a few peptides were detected to have been
adsorbed to the SPS column (Figure 4). This establishes
that solute discrimination on the SPS sorbent occurs with
analytes below a kilodalton in size.

Retention of Proteins. Protein structure is sensitive to
environmental conditions. Extremes in pH or the presence
of organicsolvents can cause proteins to denature and become
more hydrophobic without precipitating. These denatured
proteins are much more strongly retained on reversed-phase
chromatography columns than native proteins.

It is often the case in reversed-phase chromatography that
organic solvents and other protein-denaturing mobile-phase
additives must be used to affect the elution of low molecular
weight analytes. The question addressed below was the effect
denaturing mobile phases have on the adsorption of proteins
to the commercial SPS column. Such adsorption is often
referred to in the literature as “nonspecific adsorption”.
Adsorption of eight proteins and three peptides under
nondenaturing conditions served as the control.

When the test proteins were applied under nondenaturing
conditions, i.e. 50 mM phosphate buffer at pH 7.0, none were
adsorbed except bovine serum albumin (BSA) as seen in

(13) Snyder, L. R. In High Performance Liquid Chromatography-
Advances and perspectives: Horvath, Cs., Ed.; Academic Press: New
York, 1980; Vol. 1, pp 208-316.

(14) Jamdera, P.; Churacek, J. Gradient Elution in Liquid Chroma-
tography. Theory and Practice; Elsevier: Amsterdam, 1985; Chapter 4.
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under reversed-phase conditions as described in the Experimental
Section.

Figure 5. Approximately 90 ug of BSA was adsorbed per
milliliter of column volume. This behavior was not observed
with the surfactant coated reversed-phase column (data not
shown) and is interpreted to mean that the Regis SPS column
had some small imperfections in the coating.

Multiple proteins were retained when administered to the
SPS column under denaturing conditions (Figure 6). How-
ever, retention time of the model proteins was longer ona Cg
reversed-phase column than the SPS column in all cases.
These results are interpreted in the following way. Theresults

imply that the poly(oxyethylene) (POE) phase is either more
extended under denaturing conditions or hydrophobicregions
in denatured proteins displace the POE and come in contact
with the underlying Cg phase. In either case, denatured
proteins bind to the SPS columns. This means that protein
adsorption could be substantial when samples are applied to
SPS columns under denaturing conditions. It is clearly
undesirable to apply serum samples under denaturing con-
ditions. Samples should be applied to the SPS column under
nondenaturing conditions even when it is necessary to elute
analytes with a denaturing mobile phase. This is easily
achieved by mobile phase programming.

Denaturing mobile phases can also have an effect on
retention of small peptides as seen when glycylphenylalanine
and glycylglycylphenylalanine were examined at pH 7.0 and
pH 2.3. Both peptides were nonretained at pH 7.0 but eluted
with &’ values of 6.5 and 8.5, respectively, at pH 2.3. Because
conformational changes will not play a role in the retention
of small peptides, these differences could be due to changes
in stationary phase structure and/or the effective charge on
the peptides. Since the effective charge difference itself
normally will not cause such a big change (6- or 8-fold increase
in k&’ value), this further suggests that under physiological
conditions that the POE layer is more compact than at pH
2.3.

Protein retention was also examined in the presence of
high concentrations of salt, i.e. 2.0'M (NH,),SO,, at pH 7.0.
Noseparation or retention of the model proteins was observed
(data not shown). These results indicate that SPS columns
are of no utility in hydrophobic interaction chromatography
of proteins.

CONCLUSIONS

These studies show that the chromatographic behavior of
lowmolecular weight analytes on surfactant-coated and poly-
(oxyethylene) (POE)-derivatized reversed-phase columns is
different than on normal reversed-phase columns. Further-
more, these differences are related to analyte structure and
fall into several classes. Based on the fact that the retention
of hydroxyl and amine-rich species is proportional to the
surface density of POE, it is concluded that a significant
portion of their chromatographic behavior is due to hydrogen
bonding with the POE layer. In contrast, more amphipathic
species partition at the interface between the alkylsilane
bonded phase and the polar POE layer. Finally, it isconcluded
that hydrocarbon analytes gain access to more of the
hydrocarbon bonded phase at the stationary phase/solvent
interface of a sorbent and that their chromatographic behavior
is more closely related to the total hydrocarbon content of
column.

It is concluded that in contrast to small analytes, access of
polypeptides to the alkylsilane bonded phases under phys-
iological conditions is diminished by the presence of a poly-
(oxyethylene) polymer layer at the sorbent surface. In
contrast, retention of proteins and some peptides under
denaturing conditions increases. This is due either to
modification of (i) solute conformation, (ii) stationary-phase
conformation, or (iii) conformational changes in both the
solute and stationary phase.
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High-Performance Liquid Chromatographic Method for the
Determination of Ultratrace Amounts of Iron(lI) in Aerosols,

Rainwater, and Seawater
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A roversed-phase high ponormance liquid chromatography

thod was de ped to d { of iron-
(11) In Chinese loess, aerosols, rainwater, and seawater. This
method was Isocratic, rapld, sensitive, and reproducible. Iron-
(I1) forms a stable complex lon with the reagent ferrozine,
[Fe(FZ)s}** In a pH range of 4-10. By measuring the
absorbance of [Fe(FZ);]** at 254 nm, iron(11) concentrations
were determined. [Fe(FZ),]** was separated from ferrozine
and was detected in 6 min. Reversed-phase C,; solid-phase
extraction cartridges, which were used for the sample
preparation, concentrated the [Fe(FZ);** and Increased
sensitivity of the analysis. A detection limit of 0.1 nM Fe(1I)
was obtalned. Retentlon time, addition of known amount of
standard, and peak area ratios were used for peak Identification
of [Fe(FZ);]**. There was no Interference from Fe(III),
NI(II), Co(I1I), and Cu(I). The recovery of 10°-10-"" M
[Fe(FZ);]?* using the preconcentration step was In the range
of 92-99%. The Fe(II) concentration in remote marine
aerosols has been determined for the first time by using this
new method.

INTRODUCTION

The determination of Fe(Il) is of considerable interest in
research in both atmospheric chemistry and oceanography.
It has recently been suggested that iron, a micronutrient
required by organisms, may be the limiting factor for primary
biological productivity in some open ocean regions, including
high latitude and equatorial upwelling regions, where other
major nutrients (nitrate and phosphate) are abundant.’~ In
clouds, fog, and rainwater the photoreduction of Fe(IIl) to
Fe(II) has also been proposed as a major source of aqueous
hydroxyl radical (OH®),>" which is a key radical in atmospheric
photochemistry and plays a central role in the atmosphere
in the oxidation of many tropospheric trace gases® and species
in solution in atmospheric waters.
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Although there are a number of papers that deal with the
total iron in the ocean and in the atmosphere, only a few have
reported the concentration of Fe(IT).?-12 In investigations of
Fe(Il) in the ocean and atmosphere a major obstacle in the
analytical methods used has been the detection limits. The
total dissolved iron concentration in the open ocean is
generally less than 1 nmol/kg.1341415 Thus, methods for the
determination of Fe(II) in samples from the open ocean require
very low detection limits. Recently, a technique of flow
injection amalysis with chemiluminescence detection was
reported for the determination of subnanomolar levels of
Fe(Il) in seawater.1¢ Since there was no separation of Fe(II)
and Fe(III) in the analyses, the measured Fe(II) concentrations
must be corrected for the chemiluminescence produced by
the Fe(III).

Waite and Morel!® reported a controlled potential coulo-
metric procedure combined with a masking technique to
determine the Fe(Il) in seawater at the nanomol level. A
colorimetric method using ferrozine (FZ) (3-(2-pyridyl)-5,6-
diphenyl-1,2,4-triazine-p,p’-disulfonic acid) has been used for
measuring Fe(TI) since 1970.11.1217-20 The colorimetric reagent
FZ forms a stable complex ion, [Fe(FZ);]2*, with Fe(Il) in a
pH range of 4-10 but not with Fe(III). However, the detection
limits of these reported methods are not satisfactory for the
measurement of Fe(I) in the open ocean. Recently King et
al.2! reported a colorimetric methods for the determination
Fe(II) in seawater at the nanomol level using FZ immobilized
on a reversed-phase C;3 Sep-Pak cartridge. This method is
only marginally satisfactory for the measurement of Fe(II)
attheless than 1-nmol level. FZ has a significant absorbance
at the wavelength that was used for determination of Fe(II).
In previous methods in which FZ was used as a reagent, the
excess FZ in the reaction mixture was not separated from the
[Fe(FZ)5]2* complex ions that were formed, and the absor-
bance from the FZ itself and from other constituents in the
samples (e.g., seawater) was measured by a blank determi-
nation. Sinceitisimpossible to determine the concentration
of FZ that is not complexed in the unknown sample solutions,
the excess FZ can cause considerable error in a system with
very low Fe(Il) concentrations. To date there has been no
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method reported for the measurement of Fe(II) using high-
performance liquid chromatography (HPLC). Here, wereport
amethod for measurement of Fe(II) in environmental samples
by derivatizating the Fe(II) with ferrozine and isolating the
Fe(II)-FZ complex by reversed-phase HPLC.

EXPERIMENTAL SECTION

Apparatus. A Perkin-Elmer Series 3B liquid chromatograph
(Perkin-Elmer Corp., Norwalk, CT) was used. All analyses were
performed on a 250- X 4.6-mm, 5-um Supelco LC-18 column
(Supelco Inc., Bellefonte, PA). Detection was performed by
means of a Perkin-Elmer LC-95 UV/visible spectrophotometer
detector. Injections were made viaa Waters Model U6K injector
(Waters Chromatography Division of Millipore Corp., Milford,
MA). Peak heights were recorded with a strip chart Omniscribe
recorder (Houston Instruments, Austin, TX). Peak areas were
electronically integrated with a Hewlett-Packard 3390A reporting
integrator.

Chemicals and Supplies. The ch tographic standard
was ferrous ammonium sulfate hexahydrate (Fe(NH4)2(SO4)2
6H20) obtained from Sigma Chemical Co. (St. Louis, MO). The
monosodium salt of ferrozine, sodium dodecyl sulfate (SDS),
and tetrabutylammonium phosphate (TBA) were also obtained
from Sigma. Sodium chloride (99.999%) was obtained from
Aldrich Chemical Co. (Milwaukee, WI). Sep-Pak C18 cartridges
were obtained from Waters. Methanol was purchased from Fisher
Scientific (Fair Lawn, NJ). Mobile phases which were prepared
with doubly distilled deionized water (DDH;0) were filtered
through a 0.45-um Nylon 66 membrane filter (Alltech Associates
Inc., Deerfield, IL). Allstandard and samplesolutions werestored
in Teflon vials.

Chromatographic Conditions. The mobile phase was 400
mL of an aqueous solution containing 0.0500 g of SDS, 0.5000
g of NaCl, 0.0100 g of TBA, and 100 mL of methanol. A flowrate
of 1.0 mL/min was used. The injected volume of each sample
was 50 pL. The temperature was 20 = 1 °C.

Sample Preparation. Thesample and standard preparation
was performed in Class 100 clean laboratories at the University
of Rhode Island.

I. Standard Solutions. A 0.0392-g sample of Fe(INH,)s-
(S04)»6H,0 was dissolved in 100 mL of DDH,0, and the
concentration of Fe2* was 103 M; 0.100 mL of 102 M Fe?* was
immediately added to 0.400 mL of 103 M FZ and diluted to 10
mL. The concentration of [Fe(FZ);]?* was 10° M. The 10° M
[Fe(FZ)3)** standard solution was then diluted with DDH,0 to
5x10%,10%,5 X 107,107, 5 X 108, 108, 5 X 10, and 10° M.

II. AerosolSamples. A 2-or4-cm?aliquotof anaerosolsample
collected on a filter over the North Pacific Ocean was leached in
0.2 mL of doubly distilled hydrochloric acid (DDHCI) and 2.0
mL of DDH,0 for at least 3 h. After the sample was filtered
through a 0.4-um Nuclepore filter, 25% NH; was added to the
filtrate to adjust the pH to the range of 4-6; 0.1-0.2 mL of a 10-3
M solution of FZ was then added to the sample.

III. Chinese Loess. Chinese loess was the major source of the
mineral aerosols over the North Pacific. To determine the
relationship of Fe(II) in mineral aerosols and its source, the Fe(II)
in Chinese loess was also measured. A 1.0- or 2.0-mg sample was
leached in 0.2 mL of HCI and 2.0 mL of DDH,O for at least 3
h. The sample was then treated the same way as the aerosol
sample.

IV. Rainand Seawater. The samples were prepared by using
a reversed-phase C18 Sep—Pak cartridge for the solid phase
extraction procedure. R. les were collected from
Narragansett, a coastal area of Rhode Island. Coastal seawater
samples were collected from Narragansett Bay, RI. As soon as
a sample was collected, it was filtered with a 0.4-um Nuclepore
filter. The rainwater or seawater (100-500 mL) was passed
through the pre-prepared Sep-Pak cartridge at a rate of 10 mL/
min. Each Sep-Pak cartridge had been cleaned with 10 mL of
methanol and 10 mL of DDH;0 and then loaded with 2 mL of
103MFZ. A 5-10-mL aliquot of DDH;0 was used to rinse the
Sep-Pak. The complex [Fe(FZ);3]2* and FZ were eluted with 1
mL of methanol. A 4-mL portion of DDH;0 was added to the
eluent in order to make the ratio of methanol to water in the

eluent the same as that in the mobile phases, and this eluent was
used for injection in the HPLC system.

V. Blank Samples. A blank Whatman 41 filter of the type
used for aerosol sampling was used as a blank sample for aerosols,
and DDH>0 was used as a blank sample for rain and seawater.
The procedures for blank sample preparation were the same as
those described in sections II and IV.

Sample Recovery. The recovery of Fe(II) from the Sep-Pak
was determined by addition of known amounts of Fe(II) standards
tosample matrixes of rainwater or deionized water. The complex
ion, [Fe(FZ);]?*, was extracted using the sample preparation
procedure described in section IV.

Detection Limit. To determine the detection limit, a 1071°
M standard [Fe(FZ)3]2* solution was prepared by the dilution
of 1 mL of 5 X 108 M [Fe(FZ);]?* standard solution to 500 mL
with DDH;0. After 1 mL of 10 M FZ was passed through a
Sep-Pak, 500 mL of 10-1° M [Fe(FZ);]2* was passed through the
Sep-Pak prepared with FZ. The Sep-Pak was then rinsed with
5 mL of H;O. The [Fe(FZ);3]** adsorbed on the Sep-Pak was
eluted with 1 mL of methanol. The methanol in the eluent was
evaporated with helium gas to ~0.2 mL, and DDH,0 was added
to 1 mL. A 50-uL portion of the sample was then injected into
the HPLC system.

Peak Identification. Identification of the peaks of interest
was based on retention time, co-injection of standards with the
samples, and determination of the ratios of peak area at various
wavelengths (254, 270, 290, 310, 330, 350, 450, 546, and 562 nm)
to the peak area at 230 nm.

Interferences. Interferences from Fe(III), Ni(II), Co(II), and
Cu(I) were tested. Solutions of 10 M Fe(III), Ni(II), Co(II),
and Cu(I) were prepared from Fe, Ni, and Co standard solutions
(NBS) and CuBr, respectively; 0.1 mL of 103 M FZ was added
to 5 mL of 10-5 M Fe(III), Ni(II), Co(II), and Cu(l), respectively.
The pH of the Fe(III) solution was ~4.0, and the pH of the
Ni(II), Co(Il) and Cu(]) solutions was 5.5. Since Cu(]) is light-
and air-sensitive, the Cu(I) solution was wrapped with aluminum
foil, and FZ was added into 10-* M Cu(I) solution immediately
after CuBr was dissolved in DDH,0.

A capillary electrophoresis (CE) method for cations?22 was
also used to determine Fe(Il), and the results were compared
with those obtained by HPLC. A Waters Quanta 4000 capillary
electrophoresis system, equipped with a positive voltage power
supply, was used in this study. Details were in the literature.222

RESULTS AND DISCUSSION

The peaks of [Fe(FZ);]2* and FZ were baseline resolved
(Figure 1). By measuring the absorbance of [Fe(FZ);]2* at
254 nm, iron(II) concentrations were determined. [Fe(FZ)s]2+
was separated from ferrozine and was detected in 6 min. The
peaks prior to 5 min are not identified. The retention times,
peak areas, and peak shapes were reproducible on 10 samples
of a 107 M standard solution; the relative standard deviation
of the retention times and the peak areas were 0.6% and
4.3%, respectively. There was a good linear response (re-
gression coefficient = 0.997) in the concentration range of
105-108 M.

If Sep-Pak C,g solid phase extraction cartridges were used,
thedetectionlimit was 10-1° M. When the Sep-Pak extraction
procedures were not used, the detection limit at 254 nm was
decreased to 108 M, and the mass detection limit was 0.028
ng. Even though the wavelength 562 nm has been reported
asthe best,?! baseline noise was greater at 562nm. Inaddition,
the peak areas at 230, 310, 290, 330, and 254 nm are greater
than that at 562 nm (Table I). Therefore, detection limits
were lower at the wavelengths 230, 310, and 254 nm than at
562 nm. Since some models of UV/visible detectors can only
be used at one wavelength (usually at 254 nm), the wavelength
of 254 nm was chosen in this work.

(22) Weston, A.; Brown, P.R.; Jandxk P.; Jones, W. R.; Heckenberg,
A. L. J. Chromatogr. 1992, 593, 289—-

(23) Weston, A.; Brown, P. R.; Heckenberg A. L.; Jandik, P.; Jones,
W.R.J. Chromatogr 1992, 602, 249-256.
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Table I. Peak Area Ratios (R = Az am/A23 nm)
for a Standard Solution and a Sample Solution

at Various Wavelengths
T o ariliis 1 Jutiond®

wavelength ratio ratio
(nm) aredznm  (Azom/Azsonm)  area  (A:um/A230 nm)
230 9227 400 7080 300
254 4641 900 0.50 3581 100 0.51
270 4581 300 0.50 3574 400 0.50
290 6741 300 0.73 5343 100 0.75
310 6993 200 0.76 5462 900 0.77
330 5074 900 0.55 3940 100 0.56
350 3323 400 0.36 2 592 500 0.37
450 1016 800 0.11 862 340 0.12
564 2218 300 0.24 1 809 200 0.26
562 2 881 300 0.31 2 341 500 0.33

 Standard solution: 50 xL of 5 X 10¢ M [Fe(FZ);3]2*. ® Sample:
50 uL of aerosol sample solution from an aerosol sample collected at
Enewetak, an island in the North Pacific (sample ID EN162).

The important advantage of our HPLC method is that the
[Fe(FZ)3]2* complex can be separated from the excess
ferrozine and other constituents in the solution. Asmentioned
above, in previous methods the absorbance from the excess
FZ, as measured in a blank of FZ, had to be subtracted from
the total absorbance of the sample. In a system with very low
Fe(II) concentrations, this calculation could cause consid-

erable error in the Fe(II) concentrations. For example, when
a 5 X 108 M Fe(Il) standard reacted with 2 X 10° M FZ
solution was measured at 562 nm, the excess FZ concentration
was 5 X 10 M. The ratio of the peak area of [Fe(FZ);3]2* to
the peak area of FZwas ~10. Asreported in the measurement
of Fe(Il) in seawater in which a C,3 Sep-Pak preconcentration
step was used,?! the concentration of FZ was ~102 M and
the measured Fe(II) concentration was only ~4 nM. In this
case the absorbance from the excess FZ was much greater
than that of Fe(Il). Therefore, the calculation of Fe(II)
obtained by subtracting the FZ “blank” from the total
absorbance may cause considerable error. Fortunately, with
our HPLC method, [Fe(FZ);3]2* was completely separated
from FZ and other constituents in the samples, and thus there
was no interference from the FZ peak. In blank samples for
Chinese loess, aerosol, rainwater, and seawater, [Fe(FZ);3]%*
was not detectable. To determine if any Fe(II) was released
from Sep-Pak cartridges during the sample preparation, 1000
mL of double distilled H,O was used as a blank to pass through
the same type of Sep-Pak cartridge, and there was no
detectable Fe(1I) ferrozine complex peak due to Fe released
from the Sep-Pak cartridge.

It was reported that Cu(l), Co(II), and Ni(II) are the only
metals other than Fe which may form colored complexes with
FZ.172¢ When 0.1 mL of 10-* M FZ was added to 5 mL of 10-°
M Ni(II), Co(II), and Cu(J) solutions, there are no additional
peaks to respond the possible Ni(II), Co(Il), and Cu(I)
ferrozine complexes either in the range of Fe(II) peak or in
other ranges of the chromatograms even up to 2 h after the
addition of FZ. It was also found that when 0.1 mL of 10~
M FZ was added to 5 mL of 10-> M Fe(III) solutions, there
is no Fe(II) peak to respond the possible reduction of Fe(III)
by FZ to Fe(Il) in the range of the Fe(II) peak even up to 2
h after the addition of FZ. Only 0.1% of 18 uM Fe(IIl) was
reduced by FZ to Fe(Il) 2 h after addition of FZ. Since all
the samples were analyzed within 30 min of addition of FZ,
there would be no error caused by reduction of Fe(IIl) to
Fe(Il). Similarly, because there is no interference from the
presence of Ni(II), Co(Il), and Cu(l), these ions which may
form colored complexes with FZ would not cause any errors
in the Fe(I) concentrations in any of the samples.

Peak identification of [Fe(FZ)3]** was carried out by
retention time, by addition of known amount of standard,
and by comparison of peak area ratios at various wavelenghs.?
The ratios of peak areas at various wavelengths to the peak
area at 230 nm for a standard solution and for an aerosol
sample solution (sample ID: EN 162) are shown in Table I.
The [Fe(FZ);]2* peak was identified when the ratios for the
standard solution and for the sample were similar or identical.
These results indicate that there was little or no absorption
due to other substances, such as possible organic compounds,
in the aerosol samples. It would be unlikely that the organic
compounds would have the same absorbance ratios at so many
different wavelengths.

The recovery of 108-100 M [Fe(FZ);]2* by preconcen-
tration with the Sep-Pak C,; cartridge was in the range of
92-99% (Table II).

To determine if any Fe(Il) was produced due to the
reduction of Fe(III) in aerosol samples by other factors during
the storage, a standard Fe(III) solution was added to several
blank Whatman 41 filters (~1 umol/cm?filter, ~5-400 times
higher than that in the measured aerosol samples). These
filters were measured for Fe(II) by the same procedures used
for measuring Fe(II) in the aerosol samples 7, 14, 35, and 91
days after addition of Fe(III). In all of these cases there was

(24) Bet-Pera, F.; Jaselakis, B. Analyst 1981, 106, 1234-1237.
(25) Krstulovic, A. M.; Rosie, D. M.; Brown, P. R. Angl. Chem. 1976,
48, 1383-1386.
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Table II. Recovery Efficiency of Fe(II) Measured by
Preconcentration with C18 Sep-Pak Cartridges

added measured recovery recovery
concn (nM) concn (nM) concn (nM) (%)
10 10.6 9.4¢ 94
6.0 4.8° 96
1 212 0.92¢ 92
0.1 0.099 0.099° 99

a The recovery was determined by addition of known amounts of
newly prepared fresh Fe(II) standards to a rainwater sample. ’I'he
recovered Fe(II) ation is the ed Fe(Il)
minus the Fe(Il) tration in the sample (1.2 £ 0.4
nM; n = 4). ® The recovery was determined with 0.1 nM Fe(Il)
standard in the iron-free deionized water. The recovered Fe(II)
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Figure 2. A ct gram of an | Wh 41 fitter p
(EN 181). Sample preparation and chromatographic conditions are
described In the Experimental Section. UV/vis detector, 254 nm;
sensitivity, 0.05 AUFS; response time, 500 ms.

no detectable Fe(Il) (i.e., Fe(I[) <0.028 ng).
1In a blind study, the concentrations of Fe(II) in a standard
solution and in a blind sample solution were determined by
our HPLC method and the results compared to those obtained
by CE method for cations.?22® The results obtained by the
CE method supported our results; the concentrations of Fe-
(II) in both the standard and sample solutions were within
3% of the concentrations obtained by HPLC. However, the
limit of detection of the CE method was only 10-5 M compared
to the detection limit of 108 M by the HPLC method.
Examples of chromatograms for aerosol, rainwater, and
seawater are shown in Figures 2-4, and the results of the
determination of Fe(II) concentrations in some environmental
ples are presented in Table ITI. The Fe(II) concentration
in remote marine aerosols has been determined for the first
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3. A chromatogram of rai d from N: ag
RI, (sampling date 12/8/1990). pl and ct
graphic conditions are described in the Experimenial Section. Fe(II)
in was pr d 50 times with C18 Sep-Pak. UV/vis
detector, 254 nm; sensitivity, 0.02 AUFS; response time, 500 ms.
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Figure 4. A chromatogram of seawater collected from Narragansett
Bay, RI, (sampling date 3/6/1991, 1500). Sample preparation and
chromatographic conditions are described in the Experimental Section.
Fe(I1) in seawater was preconcentrated 100 times with C18 Sep-Pak.
UV/vis detector, 254 nm; sensitivity, 0.005 AUFS; response time, 500
ms.

time by using this new method.? Fe(Il) in aerosol samples
collected from Enewetak, a remote island in the North Pacific,

(26) Zhuang, G.; Yi, Z; Duce, R. A; Brown, P. R. Nature 1992, 355,
537-539.
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Table III. Fe(II) Concentrations in Chinese Loess, Aerosol,
Rainwater, and Seawater

concentration
Fe(Ill)/T(Fe)
sample Fe(D) T(Fe)® (%)
Chinese loess ~0.015% (w/w) ~3% (w/w) 0403

aerosol (EN161) 6.7+0.6ng/m® 27+3ng/md3 ~25
rain (12/8/1990, 68+ 6 nM 230£25nM  ~30
from Narr., RI)
seawater (3/6/91, 29x=3nM 72+ 7nM ~40
from Narr. Bay)
¢ T(Fe): The total Fe concentration in the sample was d

area of Narragansett Bay (21). In their method the ferrozine
peaks were not separated from the [Fe(FZ)3]2* complex. Since
the concentration of FZ used in their analysis was much higher
than the measured Fe(II) concentration and the difference
between the total absorbance and the FZ absorbance was
rather small, big errors in the measurements can result.
Therefore, it was not surprising that our results were higher
than the previous reported data. However, because we
completely separated the [Fe(FZ)3]2* from FZ and other
constituents in the samples, we believe that our results are
more reliable. In addition we were able to determine the low
levels of Fe(Il) down to 0.1 nM. Fe(Il) in a Chinese loess

by atomic absorption spectrophotometer.

from April 30 to May 5, 1986, was 6.7 % 0.6 ng/m? (~25%
of the total Fe, 27 = 3 ng/m3). The Fe(II) concentration in
rain samples has also been reported for the first time. The
concentration of Fe(Il) in a rain sample collected in Nar-
ragansett, RI, on December 8, 1990, was 68 + 6 nM (~30%
of the total Fe, 230 + 25 nM). Fe(Il) in a seawater sample
collected from Narragansett Bay, RI, at 1500 on March 6,
1991, was 29 = 3 nM (~40% of the total Fe, 72 &+ 7 nM). The
seawater sample was collected in the afternoon of a sunny
day during spring. Kuma et al. [1992] also observed 20-40
nmol/kg Fe(II) in oxic surface 10-m-depth seawater collected
from Funka Bay, Japan, from mid-March to early April during
a spring bloom in 1987, 1988, and 1989. The high Fe(Il)
concentration observed may have resulted from photoreduc-
tion and microbial reduction of Fe(III) to Fe(II) in seawater.
These findings will certainly require some interesting chem-
istry in either aerosol or seawater. The Fe(II) has been found
to be sustained in remote marine aerosols for several years?®
since the pH of marine aerosols could be lower than 1.0,27
while the half-life of soluble Fe(II) may be only a few minutes
in oxygenerated seawater with pH ~8. We have di d

le collected from the central area of China was only
~0.015% (w/w) (~0.4%0.3% of the total Fe in this sample).

CONCLUSIONS

Areversed-phase high performance liquid chromatography
analysis using a UV/visible spectrophotometer detector was
developed to determine concentrations of iron(II) in Chinese
loess, aerosols, rainwater, and seawater. The detection limit
increased from 10 to 107 M by preconcentration of the
samples using Sep-Pak C18 cartridges and the recovery of
108-10"10 M [Fe(FZ)3)2* was in the range of 92-99%. There
was less baseline noise in the chromatograms at a wavelength
of 254 nm, and peak areas were larger than those at 562 nm.
Therefore, a better detection limit could be obtained by using
254 nm instead of 562 nm. There was no interference from
Fe(III), Ni(II), Co(Il), and Cu(I). Retention times, addition
of a known amount of standard, and peak area ratios were
used for peak identification of [Fe(FZ)3]2*.
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Capillary Ultrafiltration:
Molecules

Michael C. Linhares and Peter T. Kissinger"
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In Vivo Sampling Probes for Small

Purdue University, Department of Chemistry, West Lafayette, Indiana 47907

Caplilary ultrafittration Is a novel sampling method convenient
for low molecular weight substances in living blological systems.
By application of a negative pressure across a hydrophilic
membrane caplilary, small molecules are actively “pulled”
across the membrane and collected. By elimination of large
molecules and cellular matter, the ultrafilirate collected Is
well sulted for further analysis by liquid chromatography,
caplilary electrophoresis, or mass spectrometry. Ulirafiltration
probes (UF probes) provide a simple means to obtain a small-
volume sample from subcutaneous tissue, blood, sallva, or any
other blological fiuld In vive. The dependence of recovery on
flow rate, temperature, membrane dimensions, and vacuum
magnitude are considered. The relative merits of caplllary
ultrafiltration probes and microdialysis probes are considered.
UF probe applications presented include in vivo monitoring of
drug disposition in human saliva and In the subcutaneous space
of awake, freely moving rats.

INTRODUCTION

Determination of low molecular weight substances in fully
functioning biological systems is a goal long sought by
scientists in pharmacology, toxicology, drug metabolism, and
clinical chemistry, among other disciplines. A great deal of
effort is directed at obtaining reproducible samples rapidly
enough to follow the metabolic events of interest. Inaddition,
removing undesirable components that might interfere with
the determination of the analyte of interest is necessary.
Although the ideal methodology does not exist at this time,
microdialysis'~5 and ultrafiltration®’ show great promise for
in vivo monitoring.

Ultrafiltration has been used in vitro for sample preparation
by means of centrifugal membrane filters for several decades.
Capillary ultrafiltration probes provide a new format to
address several of the problems associated with sampling in
biological media. The concept was originally developed for
invivo use specifically as a part of a glucose monitoring system
for diabetics.6 Capillary ultrafiltration probes (UF probes)
use a negative pressure gradient to create a flow of fluid across
a hydrophilic membrane. The membrane excludes proteins
and other cellular matter while allowing the extracellular fluid
and small molecules or ions to pass through. This provides
an ultrafiltrate that is well suited for analysis by liquid
chromatography, capillary electrophoresis, or mass spec-
trometry. Since the process of ultrafiltration is a convective

(1) Lunte, C. E.; Scott, D. O.; Kissinger, P. T. Anal. Chem. 1991, 63,
TT3A-T80A.
(2) Benveniste, H.; Hattermeier, P. C. Prog. Neurobiol. 1990, 35, 195~

(3) Lonnroth, P.; Jansson, P. A,; Fredholm, B. B.; Smith, U. Am. J.
Physiol. 1989, E250—E255

4) Benvenisce, H. J. Neurochem. 1989, 1667-1679.

(5) Scott, D. O.; Sorenson, L. R.; Steele, K. L.; Puckett, D. L.; Lunte,
C. E.; Pharm. Res. 1991, 8, (3), 389-392.

(6) Ash, S. R.; Janle-Swain, E. M. U.S. Pat. No. 4,854,322, 1989.

(7) Schramm, W. Anal. Chim. Acta 1991, 246, 517-528.
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process, high relative recoveries are achieved for small
analytes, typically greater than 90%. UF probes can be
implanted in vivo in subcutaneous tissue for long periods of
time, at least 6 months,® and provide clean samples rapidly
(1-5 uL/min). The magnitude of analyte flux across the
membrane is a function of temperature, pressure differential,
membrane dimensions and material. A preliminary study of
these parameters and the other practical factors affecting
the use and implementation of UF probes for in vivo study
are presented here.

It is beneficial to consider the differences and similarities
of capillary ultrafiltration and capillary microdialysis for the
sampling of small molecules in vivo. Microdialysis has proven
to be an excellent sampling technique for in vivo sampling
of the brain, liver, eye, and heart and subcutaneous area. It
shows great promise for studies of the metabolism, pharma-
cokinetics, and bioavailability of therapeutic drugs.’-

Due to their simplicity and ruggedness, UF probes have
the potential to be used for many applications. Two initial
areas of investigation were explored in this study. In vivo
saliva collection is one area of interest. Saliva has been shown
tobe a good media to monitor some therapeutic drugs®°and
metabolites,!! and has been shown to track the concentration
of many small molecules in blood plasma quite well. The
disposition of controlled release theophylline tablets was
monitored in saliva by capillary ultrafiltration. Monitoring
of therapeutic drug disposition in subcutaneous tissue is also
well suited to study using the capillary ultrafiltration tech-
nique. The disposition of acetaminophen was observed in
awake freely moving rats.

PRINCIPLES OF ULTRAFILTRATION

In ultrafiltration, a pressure gradient across a semiper-
meable membrane causes solvent (water) and small analytes
to pass through the membrane leaving large substances
behind. The flux (mol/(cm? s)) through the membrane is
dependent on the size of the given analyte, the transmembrane
pressure, the viscosity of the fluid (sample media), the
membrane thickness, and the structure of the membrane.
The flux dependence on the pressure gradient is nonlinear
at lower vacuum gradients and becomes constant at higher
gradients. The mathematical relationships and other features
of the ultrafiltration process have been reviewed.? The
influence of temperature is very critical during in vivo
experiments in that membrane fluidity, solution viscosity,
blood flow, and metabolic rates are all affected. Polyacry-
lonitrile membranes with reported molecular weight cutoffs
(MWCO) of 30000 were used in this study. Since the

(8) Danhof, M.; Breimer, D. D. Clin. Pharm. 1978, 3, 36-57.

(9) Ritschel, W. A.; Tompson, G. A. Methods Find Exp. Clin.
Pharmacol. 1983, 5 (8), 511-525.

(10) Horning, M. G.; Brown, L.; Nowlin, J.; Lertratanangkoon, K;
Kellaway, P.; Zoin, T. E. Clin. Chem. 1977, 23 (2), 157-164.

(11) Mucklow J C. Ther. Drug. Monit. 1982, 4 (3), 229-247.

(12) Lloyd, D. R.; Meluch, T. B. Material Science of Synthetic
Membranes; ACS Sympsium Sereis 269; American Chemical Society:
Washington, DC, 1985.
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Figure 1. Schematic of a UF-3-7 PAN capillary ultrafiltration probe
with a Vacutainer collection system.

membrane is under a vacuum, thick membranes, typically
>40 pm of small internal diameter are more successful, in
that the membrane does not collapse under the applied
vacuum. Thicker membranes do, however, lower the flux
and the recovery of some analytes due to interactions with
the membrane structure. The UF probes utilized here have
three membrane loops of 7-16 cm and provide flow rates of
2-5 uL/min. These are not intended to be the ultimate
embellishment of this technique. Other formats are being
utilized for other specific applications.

EXPERIMENTAL SECTION

Ultrafiltration Probes. Prototype ultrafiltration probes UF-
3-7, UF-3-12, and UF-3-16 were provided by Bioanalytical
Systems, BAS (West Lafayeete, IN). These probes consisted of
three loops of polyacrylonitrile (PAN) membrane between 7 and
16 cm long. The PAN membrane is 310-um o0.d and 220-um i.d.
and hasareported 30 000 MWCO. A 1-cmlength of the implanted
membrane filter has an internal volume of 0.38 L. The probes
use Teflon tubing for connection to a vacuum source and use soft
polyurethane connectors to allow for greater biocompatability
and flexibility.* An example of a capillary ultrafiltration probe,
with a Vacutainer collection vessel, is shown in Figure 1.

Vacuum Sources. Two primary methods were used to create
the vacuum for ultrafiltration. A 2-mL Vacutainer (Becton/
Dickinson, Rutherford, NJ) with approximately 1 -in. Hg works
very well for collecting samples. A small 250-uL vial (Chromacol,
03-CVG, Trumbull, CT) is placed inside the Vacutainer, and the
vacuum is replaced by using a 60-mL syringe. An example is
shown in Figure 1. The second method is the use of a peristaltic
pump. A peristaltic pump (Minipuls 2, Gilson, France) using
0.007-in. i.d. tubing can produce a variable but controlled flow
which supports a pressure differential. The peristaltic pump is
useful when it is desirable for the collection of samples to be
continuously automated. A modified peristaltic pump tubing
with 100-um-i.d. fused-silica tubing inserted inside has provided
an excellent system for automated collection with an internal
volume less than 7 uL. Coupled to a CMA/140 fraction collector
(BAS, West Lafayette, IN) it permits totally unattended operation
of sample collection. The peristaltic pump was used for
characterization and in vivo subcutaneous tissue studies, while
the Vacutainer system was used only for in vivo saliva collection
studies.

Ultrafiltration Characterization. A Metler AE 166 balance
was used for weighing the ultrafiltrate samples during bulk flow

(13) Szycher, M; Siciliano, A. A.; Reed, A. M. Medical Des. Mater.
1991, 18, 19-25.

Figure 2. Schematic of the awake animal capillary ultrafiltration
collection system.

determinations. Samples were collected for a specific time,
usually 5 min, and weighed. Timing was done using astopwatch.
For temperature control a Pierce Reacti-therm (Rockford, IL)
heating block was used. All in vitro solutions were constantly
stirred using a magnetic stirring plate.

Monitoring of Theophylline in Saliva. Experimental
subjects fasted 12 h before the experiment and 2 h after dosing
(Uniphyl 400-mg 24-h controlled release tablet) with 180 mL of
water. Afrer flushing the mouth with water and chewing on a
piece of parafilm for about 1 min to stimulate saliva flow, samples
were taker. for 3 min, at 15-min intervals for 4 h. Samples were
then directly analyzed by reversed-phase liquid chromatography.

In Vivo Monitoring of Acetaminophen in Subcutaneous
Tissue. Long Evans rats (200-250 g) were anesthetized using
ketamine/xylazine (0.1 mL/100g). Either a UF-3-12 or UF-3-16
probe was implanted in the subcutaneous tissue of the back. The
probe was sutured to the skin to secure it. The rats were placed
in an BAS/CMA awake animal bowl. A collar was attached and
secured through a wire theather to a single channel swivel attached
toa counter-balanced arm. This arrangement allows for freedom
of movement for the animal and is illustrated in Figure 2. After
the rats recovered from surgery, between 8 and 12 h, the UF
probe was attached to a peristaltic pump through the swivel.
The pump was set toa flow rate of 44 uL/min; producing a vacuum
to achieve an ultrafiltration rate of 2.4 £ 0.1 xL/min (n = 56).
A stock solution of acetaminophen (1 mg/mL) was made in
Ringer’s solution, and 2.0 mg/kg was injected interperitoneally.
Ultrafiltrates were collected continuously using a BAS/CMA 140
fraction collector and were directly analyzed by reversed-phase
liquid chromatography.

Chromatography. Liquid chromatography was carried out
with a BAS 200A liquid chromatograph (Bioanalytical Systems,
West Lafayette, IN). Separations were carried out on a Biophase
Cis, 3-um, 100-mm by 3.2-mm column at 35 °C and 1 mL/min,
except for subcutaneous acetaminophen determination which
used a Biophase 250-mm by 4.6-mm octylsilane column. For the
separation of theophylline in saliva a mobile phase of 100 mM
phosphate buffer at pH 6.1 with 5% acetonitrile was used.
Detection for theophylline was accomplished using the variable-
wavelength UV detector set at 270 nm. For acetaminophen
determinations the mobile phase consisted of 75 mM monochlo-
roacetic acid (pH 3.1), 0.67 mM EDTA, and 2.5% acetonitrile
was used. Electrochemical detection was accomplished using a
3-mm glassy-carbon electrode at +750 mV vs Ag/AgClL

Capillary Electrophoresis. An in-house-built capillary
electrophoresis system was used for all experiments. Brij 35/
akylsilane capillaries prepared according to the method of Towns
and Regnier'* were used for separations. The 75-um-i.d. cap-
illaries were 50 cm long, with detection at 25 cm. Detection was
accomplished by UV absorption at 214nm. Injections were done
by hydrodynamic syphon for 10 s at 20 cm. Samples were
electrophoresed under a potential of 300 V/cm.

Reagents. Acetaminophen, theophylline, and protein stan-
dards were purchased from Sigma (St. Louis, MO) and used as
received. All buffer reagents were reagent grade and purchased
from Aldrich Chemical (Milwaukee, WI). HPLC grade aceto-
nitrile (Bazter) was used. All solutions were made with double
distilled deionized water and filtered using 0.22-um Nylon filters.

(14) Towns, J. K; Regnier, F. E. Anal. Chem. 1991, 63, 1126-1132.
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Table I. Comparison of Ultrafiltration and Microdialysis as in Vivo Sampling Methods

microdialysis ultrafiltration

sample condition physiological saline solution-ready extracellular fluid- ready for analysis

for analysis
sample dilution yes, 5-30% relatively little, >90%

conc recovery conc recovery
spatial resolution excellent good in specific tissue
time resolution (typical) 1-5 min 1-5 min
(both depend on the sample volume needed)

flow rate control yes, very precise limited £5%
sample collection rate 0.1-10 uL/min 0.1-10 uL/min
mol wt range recoveries drop exponentially with depends on membrane structure

increasing mass and compound of interest
mode of collection passive-diffusion conc gradient active-pressure gradient
awake animals yes yes
tissue restrictions none yes, requires large fluid turn over
ease of automation fraction collection and on-line fraction collection only

to instrument

RESULTS AND DISCUSSION

Sampling and determining the extracellular concentration
of small molecules in living biological systems present a huge
problem. No single methodology is useful for all situations.
Capillary ultrafiltration probes provide a solution to the
problems of time-dependent sampling, rapid continuous
sampling, enzymatic degradation of the sample, and sampling
freely behaving animals. In addition to capillary ultrafil-
tration, microdialysis also provides these advantages.!> Low
relative recoveries due to sample dilution, delicate probes
with rigid components, and uncertainties in calculating
interstitial concentrations can present hurdles for microdi-
alysis in some circumstances.’> Capillary ultrafiltration may
provide a solution to several of these concerns. Table I
outlines the differences and similarities of these two in vivo
sampling techniques.

UF probes provide a sample in which all high molecular
weight components including enzymes, proteins, and cellular
particulate matter are removed. In order to observe the
effectiveness of capillary ultrafiltration to remove high
molecular weight molecules, samples of proteins with varied
molecular masses were ultrafiltrated and analyzed by capillary
electrophoresis. The proteins included apoprotein (MW
6500), insulin (MW 5800), myoglobin, cytocrome c, ribonu-
clease, and serum albumin. Using the PAN membranes, no
protein was ever seen in the ultrafiltrate. These results lead
us to believe that the PAN membranes effective MWCO is
much lower than 30 000 when used under a negative pressure
and they are effective at removing any potentially interfering
proteins.

Capillary ultrafiltration probes provide very high recoveries
of small molecules. One concern with microdialysis is that
very low relative concentration recoveries are achieved, since
it is a diffusion-based technique using small probes. In vitro
and in vivo recoveries are seldom identical due to the fact
that diffusion of the analytes through the tissue is the limiting
factor in the collection of the analyte.!® Typical microdialysis
recoveries are between 5 and 30% at flow rates of 1 xL/min.
Ultrafiltration provides higher recoveries, typically greater
than 90%, because the process includes an active transport
of fluid across the membrane. Table II illustrates recoveries
of several different small molecules of interest. The mem-
brane only acts by a sieving mechanism and the pressure
difference creates the flux across the membrane (rather than
diffusion alone). Ideal (100%) recoveries are not obtained
for all molecules. Water molecules and small ions are

(15) Benveniste, H.; Jon Hanson, A.; Saabye, O.; Niels, J. Neurochem.
1989, 52, 6, 1741-1750.

(16) Bungey, P. M.; Morrison, P. F.; Dedrick, R. L. J. Neurochem.
1991, 57, 103-109.

Table II. Ultrafiltrate Recovery for Several Compounds of
Interest

% recovery % recovery
compd + SDe compd + SDe
acetaminophen 97.6 = 0.83 ascorbicacid  99.5 % 1.05
cefazolin 95.2 +1.83 glucose 98.0 £ 1.00
theophylline 100.2 & 0.80 amorxicillin 97.3+1.36
tryptophan 92.7 + 0.095

%n =5 for all analytes. All samples were prepared in Ringer’s
solution, and experiments were performed at 27 °C with constant
stirring. Each analyte concentration was between 1 and 5 ug/mL.

Table ITI. Comparison of Ultrafiltration Recoveries with
Variation in Concentration of Analyte

conc of conc of
acetaminophen, % recovery  acetaminophen, % recovery
pg/mL + SDe pg/mL + SDe
10 99.7 £ 0.90 0.5 100.7 £ 1.41
5 100.7+ 1.3 0.25 100.4+23
1 98.6 £ 1.27

@ n=5forall concentrations. Allsamples were preparedinRinger’s
solution, constantly stirred, and performed at 27 °C.

statistically more likely to pass through the membrane
unobstructed and are less likely to experience hydrophobic
or electrostatic interactions with the membrane. As a
consequence recoveries are typically greater than 90% for
smallmolecules. Variation in concentration of a analyte does
not change the relative recovery. Table III illustrates
recoveries for acetaminophen at several different concen-
trations. Using the students t test, these values are not
statistically different.

Capillary ultrafiltration can be used for in vivo sampling
in awake animals. Ultrafiltration probes are well suited for
use in tissues that have a high fluid turnover and are not
substantially affected by loss of fluid. A typicalultrafiltration
capillary removes extracellular fluid at 50 (nL/min)/mm of
membrane. UF probes can provide constant sampling rates
in subcutaneous tissue. Using UF-3-16 PAN a flow rate of
2.4%0.1 L/min (n = 56) was obtained in subcutaneous tissue.
Only tissue that can sustain these losses are potential sampling
sites for ultrafiltration. Microdialysis probes are especially
useful for small animals and organs. There is no net fluid
loss from the tissue in microdialysis, and this is especially
advantageous in organs that cannot sustain fluid loss. The
effects of loss of extracellular fluid in relation to physiological
response is unknown at this time.

UF probes are currently quite large compared to most
microdialysis probes. Using polyacrylonitrile membrane
material, fibers need to be at least 7-16 cm long to achieve
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Figure 3. Ultrafiltrate flow (O) for a UF-3-7 PAN probe and relative
recovery (A) of acetaminophen at increasing vacuum (as indicated by
nominal flow rate setting on a peristaltic pump).

practical in vivo flow rates (1-5 uL/min), whereas microdialysis
capillaries under 1 ¢cm in length are quite common. Since UF
probes remove extracellular fluid from the animal, the
temperature and activity of the animal are important. In
anesthetized animals the drop in body temperature and
circulation of fluids can cause decreased ultrafiltration rates.
The ultrafiltration flow has been found to change linearly in
vitro at a rate of 0.3 (uL/min)/°C for a UF-3-7 probe (n = 3).

In ultrafiltration the flow rate is dependent on the
dimensions of the membrane (membrane surface area) and
differential pressure, while relative recovery is not. This is
illustrated in Figure 3, which shows both the dependence of
UF flow on vacuum magnitude for a UF-3-7 PAN probe and
the constant recovery of acetaminophen obtained at these
vacuum magnitudes. As it is illustrated, the UF flow is
dependent on vacuum magnitude but is limited by the flux
of water across the membrane. The probe size or membrane
surface area and vacuum magnitude are the factors that limit
UF flow. If more rapid sample collection rates are required,
alarger membrane surface area can be used. Inmicrodialysis
the relative recovery is exponentially related to the perfusion
flow rate since the transport is mediated by diffusion. The
sampling rate is therefore limited by the volume of sample
needed for analysis. Most microdialysis experiments are
carried out at flow rates less than 3 uL/min for this reason.

Capillary ultrafiltration can be carried out continuously in
awake animals for extended periods of time with fully
automated systems. Microdialysis has become very popular
due to the ability to sample awake animals continuously and
conduct lengthy experiments with either on-line analysis or
automated sample collection systems. Capillary ultrafiltra-
tion probes can function similarly. UF probes implanted in
subcutaneous tissue can be attached to a peristaltic pump
and fraction collector, enabling samples to be automatically
collected. Ultrafiltration can be more difficult with on-line
chromatographic systems due to “outgassing” (bubble seg-
mented flow in the collection line).

Therapeutic Drug Monitoring in Saliva. Saliva is a
biological fluid that has great promise as a therapeutic drug
monitoring medium.#° For many drugs, metabolites, and
biomolecules the saliva concentrations are a good represen-
tation of blood plasmalevels.® Ultrafiltration probes are well-
suited for sampling insaliva. The UF-3-7 PAN probes provide
a rapid in vivo sampling method that is not invasive, avoids
the unpleasantness of expectorating into a cup, and can
provide 20 uL of “clean” microbe and protein-free sample in
4 min. This allows for more simplified assay methods and
direct injection of the ultrafiltrate.

Todemonstrate this concept, the monitoring of the common
broncial dialator theophylline in saliva is presented. A
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Figure 4. Two examples of in situ monitoring of theophylline in saliva
after dosing with a controlled release 400 mg of Uniphyl tablet using
capillary ultrafiltration. Both curves were done on the same subject
on separate days.
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Figure 5. Disposition curves for five different rats dosed with 2.0

mg/kg acetaminophen obtained using capillary ultrafiltration probes

impl. d in the sub tissue.

pharmacokinetic model for theophylline using saliva as a
monitoring medium has been reported.l” Using UF-3-7 PAN
probes theophylline concentration was followed insaliva. Two
representative disposition curves are presented in Figure 4.
This was only a preliminary study to explore the possible
utility of UF probes, not to determine pharmacokinetic
parameters for the dosage form used.

In Vivo Monitoring of Acetaminophen. The monitoring
of the disposition of APAP in subcutaneous tissue in awake
rats is presented. Ultrafiltration probes were implanted into
the subcutaneous tissue along the back of five rats for these
experiments. The animals were anesthetized before implan-
tation and then allowed to recover for 8-12 h prior to dosing
interperitonealy (2.0 mg/kg). The dynamics of acetami-
nophen was monitored while the animals were awake and
freely moving. The results from five different animals are
shown in Figure 5. These results compare very well with
microdialysis experiments monitoring acetaminophen in the
jugular vein of rats.®

CONCLUSIONS

Capillary ultrafiltration probes provide an alternative
sampling technique for small molecules in living biological

(17) Ogilvie, R. 1. Clin. Pharmacokinet. 1978, 3, 267-293.
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systems. UF probes remove large molecules, enzymes, and
cellular matter that can degrade analytes and instrument
performance, while providing high recoveries of small mol-
ecules. UF probes are made from biocompatable, soft
components and can be implanted in awake animals for
extended periods. UF probes are ideal for monitoring drug
disposition in subcutaneous tissue and can be used in situ for
saliva collection. In addition to the experiments presented
here the dynamics of cefazolin, amoxicillin, theophylline,
glucose, lactic acid, and pyruvate have been monitored in

vivo by ultrafiltration and will be presented in future
publications.
ACKNOWLEDGMENT

We wish to thank Dr. Elsa Janle and Terri Clark of
Bioanalytical Systems for helpful discussions and providing
samples of ultrafiltration probes for this work.

RECEIVED for review April 14, 1992. Accepted September
1, 1992.



2838

Anal. Chem. 1992, 64, 2836-2340

Flow Field-Flow Fractionation of Polymers in Organic Solvents

J. J. Kirkland*' and C. H. Dilks, Jr.!

E. I. DuPont de Nemours Company, Central R
P.O. Box 80228, Wilmington, Delaware 19880-0228

Previous flow fleld-flow fractionation (FIFFF) studies have
used aqueous moblle phases In separations, thereby limiting
the applicability of the method. We now have performed FIFFF
with totally organic moblle phases, so that organic-soluble
synthetic polymers can be characterized with this approach.
Mixtures of poly(ethylene oxide) standards were fractionated
In a channel using an unmodified regenerated cellulose
ultrafiitration membrane with methanol as the moblle phase.
Polystyrenes were fractionated In tetrahydrofuran after si-
lanizing the membrane. Quantitative molecular-weight-dis-
tribution results were obtalned by using published Mark-
Houwink constants to callbrate the system. These studies
demonstrate the potentlal of FIFFF to provide Important
Information on polymers and particulates in nonaqueous as
well as aqueous environments.

INTRODUCTION

Flow field-flow fractionation (FIFFF) provides high-res-
olution separations for characterizing a wide range of mac-
romolecules and colloidal particles.'* This method has been
called the most generally useful of any of the field-flow
fractionation (FFF) family.5¢ FIFFF can be used to measure
the particle size and particle-size distribution of 0.02- to
>1-um particles, and the molecular weight (MW) and
molecular-weight distribution (MWD) of soluble polymers
in the 104-107 range. Separations are based on physical first
principles, so that no standard samples are required for
calibration. The method is based on a quantitative theory
of retention and band broadening that permits the direct
measurement of solute diffusion coefficients.247

FIFFF separations are carried out in a thin channel formed
with a semipermeable membrane as the accumulation wall.
A liquid flow within the channel generates a laminar flow
profile within the narrow space formed between parallel plates.
The force field needed for the separation is provided by

ch and D

lopment Experimental Station, Building 228/240A,

channel. Elution in FIFFF is directly related to component
size or hydrodynamic volume.

FIFFF has been performed in channels made with parallel
plates using two semipermeable membranes23 or in a porous
hollow fiber.8? However, the best separations have been
carried out in so-called asymmetrical channels that use only
asingle semipermeable membrane.* 710 In recent studies we
described the apparatus and techniques for performing FIFFF
separations using exponentially-decreasing force fields during
the separations.® In this way, a wide range of components
(relative MW range >600) can be separated in a convenient
time with a single experiment.

Besides providing direct measurements of diffusion coef-
ficients, FIFFF also can be used to calculate the sizes of
particles, using the well-known Einstein—Stokes equation.®7
Recent studies showed that FIFFF also can provide MW and
MWD data on polymers by converting measured diffusion
coefficients using published Mark-Houwink constants for
polymers.1!

Previous FIFFF separations were performed with aqueous
mobile phases, largely because of limitations from available
semipermeable ultrafiltration membranes. In this study we
demonstrate the feasibility of FIFFF separations with organic
solvents. Modification of conventional ultrafiltration mem-
branes was required for some polymers.

EXPERIMENTAL SECTION

Apparatus. The equipment used during this study was the
same as previously described, with recent minor modifications.!!
The rectangular asymmetrical channel was formed with a Teflon
fluorocarbon polymer spacer so that the final channel thickness
was 0.0254 cm. The separating channel was 41.0 X 2.0 cm, and
th le focusing dist: was4.3cm. Theglass plate originally
forming the top ‘wall of the channel was replaced with a similar
stainless steel metal plate. This modification allowed the
insertion of standard HPLC-type stainless steel connecting
fittings that are better suited for operation with organic solvents.
Detection was with a Model 903 Optilab refractometer (Wyatt

simultaneously flowing this same hqu.ld across the ch 1
thickness and through the semiper lation-wall
membrane. As a result of tlns cross-flow force field, larger
sample components move close to the semipermeable mem-
brane accumulation wall. These components are intercepted
by slower flow streams next to this wall. Larger components
then are eluted after smaller components that are further
from the wall and subjected to faster flow streams down the

* Current address: Rockland Technologi
Newport, DE 19804.

(1) Giddings, J. C.; Yang, F. J. F.; Myers, M. N. Science 1976, 193,
1244.

(2) Giddings, J. C.; Yang, F. J. F.; Myers, M. N. Anal. Chem. 1976, 48,
1126.

(3) Giddings, J. C.; Myers, M. N.; Caldwell, K. D.; Fisher, S. R. In
Methods of Biochemical Analysts; Glick, D., Ed.; John Wiley: New York,
1980; Vol. 26, p 89.

(4) Litzen, A.; Wahlund, K.-G. J. Chromatogr. 1989, 461, 73.

(5) Litzen, A.; Wahlund, K.-G. J. Chromatogr. 1989, 476, 413.

(6) Kirkland, J. J.; Dilks, C. H., Jr.; Rementer, S. W.; Yau, W. W. J.
Chromatogr. 1992, 593, 339.

(7) Wahlund, K.-G.; Giddings, J. C. Anal. Chem. 1987, 59, 1332.

Inc., 538 First State Blvd.,
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Technology Corporation, Santa Barbara, CA) or a Spectroflow
Model 783 variable-wavelength absorption detector (Kratos
Analytical, Ramsey, NJ).

Sample injection was carried out in a manner similar to that
described by Litzen and Wahlund.* Typically, the sample in the
sample loop was pumped into the channel injection port at 0.06
mL/min for 4.0 min. During this time inlet flow was set at 1.0
mL/min and the channel outlet back flow was 9.0 mL/min to
focus the sample in a narrow band.® After sample injection,
focusing was continued with the same conditions for another 4.0
min. Fractionations then were performed by setting the cross-
flow V. and the channel outflow V, at the desired flow rates.
Programmed separations were performed by the exponential
force-field decay method® using the desired exponential time
constant 7 for the decay and an optional time delay r prior to
the force field decay.

(8) Jonsson, J. A.; Carlshaf, A. Anal. Chem. 1989, 61, 11.

(9) Carlshaf, A.; Jonsson, J. A. J. Chromatogr. 1989, 461, 89.

(10) Litzen, A.; Wahlund, K.-G. J. Chromatogr. 1991, 548, 393.

(11) Kirkland, J. J; Dilks, C. H., Jr.; Rementer, S. W. Anal. Chem.
1992, 64, 1295.

© 1992 American Chemical Society
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8\ Salt conc. added

Detector Response

Retention Time (min)
Figure 1. Effect of ammonium on the fractionation of a MW
252 000 poly(ethylene oxide) standard in methanol. Cross flow, 3.0
mL/min, constant; channel outlet flow, 1.0 mL/min; temperature, 22
°C; sample, 0.10 mL, 0.1% In methanol; d , refractive index.

As in previous studies, fractionation data were collected with
a PE/Nelson ACCESS*CHROM data handling system (Nelson
Analytical, Inc., Cupertino, CA). Software forthe MW and MWD
outputs was developed in-house using FORTRAN 77 on a VAX
3100 computer (Digital Equipment Corporation, Maynard, MA).¢
Mark-Houwink constants used for MW calculations were from
the literature.'?

Reagents and Chemicals. Poly(ethylene oxide), polystyrene,
and poly(methyl methacrylate) standards were from Polymer
Laboratories, Inc. (Amherst, MA) or DuPont Instruments
(Wilmington, DE). HPLC-grade solvents used for mobile phases
were from EM Science (Gibbstown, NJ). Fresh tetrahydrofuran
was used to avoid safety problems and possible detector baseline
drift due to the formation of peroxides in this solvent when
exposed to air. Tergitol TMN-3 was from Union Carbide Corp.
(Danbury, CT).

Semipermeable Membranes. A type PLGC regenerated
cellulose ultrafiltration membrane (Millipore Corporation, Bed-
ford, MA) was used as the material for the accumulation wall of
the channel. This membrane was modified for part of the studies
by flowing a mixture of 1% (volume) bis(trimethylsilyl)triflu-
oroacetamide and 0.25% (volume) trimethylchlorosilane (Hiils
America, Bristol, PA) in dry acetonitrile overnight at 0.5 mL/
min through the channel with the mounted regenerated cellulose
membrane at ambient temperature. The ch ] then was
thoroughly purged before use with tetrahydrofuran to eliminate
excess reactant silanes.

THEORY

Retention theory for FIFFF has been detailed in previous
publications and will not be repeated here.l” Briefly, with
arectangular asymmetrical channel and a constant force field
(cross flow), solute diffusion coefficients can be approximated
with the expression’

_ E) [z/L— v, + Vw)/Vc]
B (Gtg B% (V. + VIV, i

here D, is the solute diffusion coefficient, cm?/s; W is the
channel thickness, cm; f{g is the retention time of the
component, s; z is the focusing distance from the channel
inlet, cm; L is the channel length, cm; V. is the cross-flow flow
rate, mL/min; and Vs the flow rate of the channel effluent,
mL/min. With eq 1 and known operating parameters, the

(12) Kurata, M.; Tsunashima, Y. In Polymer Handbook, 3rd ed.;
Brandrup, J., Immergut, E. H., Eds.; John Wiley: New York, 1989; p
VII/1.

o Salt conc. added

| 020M

Detector Response

Retention Time (min)

Figure 2. Effect of ium ite for the fr: of a MW
86 000 poly(ethylene oxide) standard in methanol. Conditions as in
Figure 1, except cross flow, 6.0 mL/min.

diffusion coefficients of components are approximated with-
out the need for standards. By measuring the diffusion
coefficients at each elution time over the component peak
envelope, diffusion-coefficient distributions for the sample
can be obtained.®

For samples with a wide MWD, it sometimes is desirable
to use force field programming during the separation. We
have found that an exponential-decay program is convenient
in such cases.® Calculations of diffusion-coefficient distri-
butions with exponential-decay force field programming are
performed using an iterative numerical process with eq 3 of
ref 6.

Measured diffusion coefficients can be converted to mo-
lecular weights as previously described!! by using a form of
a relationship developed by Rudin and Johnston.’® This
expression relates the effect of diffusion coefficients, the
hydrodynamic volume, and the intrinsic viscosity on polymer
MW. Therefore, with polymer Mark-Houwink constants,
measured diffusion coefficients were used to calculate polymer
MW values. The reduced expression for this calculation is!!

B 10 T \3,,JVa+a
M, = [(2.915 22X 10 Dg'lo) /K] (2)

where M, is the viscosity average molecular weight of the
polymer; T is the temperature, K; 7, is the viscosity of the
liquid mobile phase, poise (=101 Newton s/m?); and K (dL/
g) and a are the Mark-Houwink constants for the polymer/
solvent system.

RESULTS AND DISCUSSION

Initial experiments were conducted with the unmodified
regenerated cellulose membrane. Tests quickly showed that
polystyrene and poly(methyl methacrylate) standards were
strongly (sometimes irreversibly) sorbed to this membrane
from nonprotic organicsolvents such as toluene, methyl ethyl
ketone, and dioxane. Addition of 3% ethanol to toluene and
0.1% Tergitol TMN-3 (surface-active agent) to dioxane gave
no improvement. We conclude that the sorptive forces
associated with the unmodified regenerated cellulose mem-
brane were toostrong toallow proper elution of many polymers
with solvents used typically for dissolution and analysis.

However, we found that the polar polymer, poly(ethylene
oxide) (PEO), was eluted normally from the unmodified
membrane with the protic solvent, methanol, under certain

(13) Rudin, A.; Johnston, H. K. J. Polym. Sci., Part B: Polym. Lett.
1971, 9, 55.
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Table I. Effect of Salt on FIFFF of Poly(ethylene oxide) Standards®

reported Vi Vouts measured® diff coeff, lculated p
MW mL/min ml/min M NHAc R value D, X 108, cm?/s MWwé polydispersity®

86 000 4.0 1.0 0 0.28 97 300 1.14
6.0 1.0 0.001 0.24 90 300 1.09
6.0 1.0 0.001 0.24 92 900 110
6.0 1.0 0.005 0.25 82 300 1.05
6.0 1.0 0.01 0.25 86 700 1.04
6.0 1.0 0.02 0.24 92 000 1.04
6.0 1.0 0.20 0.24 0.42 90 900 1.04
6.0 1.0 0.20 0.24 93 100 1.04

18 000 8.8 1.0 0.2 0.54 114 14 200 1.08
8.8 1.0 0.2 0.56 13300 1.09
9.3/ 0.5 0.2 18 200 1.20

ire, 22 °C;

@ Mobile phase, methanol;

of methanol, o = 0.54 cP; see Figures 1-3 for illustrative fractograms. V. held

constant during runs except for £ bR= to/ tR ¢ Sampling and focusing in Expenmental Section. ¢ Mark-Houwink constants, K = 8.52 X 10~

dL/g, a = 0.57. ¢ Polydisp , My/My. ! Exp tial force-field program, r = 7.0 min.
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Figure 3. Diffusion coefficlent distribution of MW 18 000 poly(ethylene
oxide) standard. Condltions as in Figure 1 except cross flow, 8.8
mL/min; ammonium acetate, 0.2 M in methanol moblle phase.

conditions. Test with a MW 252 000 PEO standard with
unmodified methanol as the mobile phase initially produced
puzzling results. Fractionations showed a very broad peak
with calculated MW values that were more than twice the
reported value when using Mark-Houwink values reported
for PEQ/pure methanol systems. We suspected a deleterious
interaction of the polymer with itself, or with the semiper-
meable membrane. A soluble salt, ammonium acetate, then
was the added in increasing concentrations to the methanol
mobile phase. The effect was to reduce retention and sharpen
the band. However, the PEO standard gave a bimodal peak
with salt concentrations up to 0.02 M. Figure 1 shows the
fractograms obtained in this study, with the baselines offset
for clarity. The reason for the apparent bimodality of this
PEO standard under these conditions is not yet known. It
could, however, involve a polymer interaction effect at the
sample concentrations that were used. Interestingly, the first
eluting “hump” of this distribution shows a molecular weight
that closely corresponds to the reported M,, value for this
polymer standard.

A similar study was performed with a MW 86 000 PEO
standard with ammonium acetate added to the mobile phase
at concentrations up to 0.2 M. The composite fractograms
in Figure 2 show that the initial broad peak in pure methanol

Figure 4. weight distribution of MW 18 000 poly(ethylene
o:dde)smn&rd Conditions as in Figure 3, except Mark—Houwink
constants, K = 8.52 X 104, a = 0.57.

was significantly sharpened with increasing salt concentra-
tions. Reasonable calculated MW values and expected
polydispersity values were obtained only with salt concen-
trations of at least 0.01 M, as tabulated in Table I. Alsogiven
in Table I are the calculated diffusion coefficients, MW, and
polydispersity data obtained on this sample. Also shown are
data on a MW 18 000 PEO standard with ammonium acetate
in the mobile phase. Figures 3 and 4 show the diffusion
coefficient distribution and molecular weight distribution,
respectively, for the MW 18 000 PEO standard fractionated
in methanol containing 0.2 M ammonium acetate.

The MW values in Table I were calculated using Mark—
Houwink constants for PEO/methanol systems without salt.!2
While these calculated values may not reflect an accurate
MW calibration, the results do provide a comparison of the
salt effect in this system. For example, the polydispersity
(M,/M,) values in Table I show a significant decrease with
increasing salt concentration, in keeping with the sharpening
of the bands with increasing amounts of salt. At least 0.01
M of salt was required to obtain a constant polydispersity
value of 1.04. The higher polydispersity value for the
programmed fractionation of the 18 000 MW sample in Table
I probably is a result of the increased instrumental band
broadening of this lower-resolution separation. Higher res-
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Table II. FIFFF of Polystyrene Standards*®

reported Ve Vouts measured* diff coeff, calculated

MW mL/min mL/min R value? Dy X 108, cm?/s Mwe % diff polydispersity®

50 000 838 1.0 0.42 0.92 34100 -31.2 1.10

93 0.5 0.59 0.86 38 000 -24.0 1.34

87 000 8.8 1.0 0.23 0.47 96 900 +11.4 111

8.8 1.0 0.22 0.47 95 900 +10.2 1.08

9.3 0.5 0.31 0.44 107 000 +23.0 1.06

100 000 8.8 1.0 0.22 0.46 103 400 +3.4 1.07

8.8 1.0 0.20 0.43 108 000 +8.0 1.07

233 000 3.0 1.0 0.24 0.40 179 000 -23.0 141

3.0 1.0 0.24 0.40 177 000 —24.0 141

4.0 1.0 0.10 0.29 242 000 +3.9 1.20

515 000 2.0 1.0 0.17 0.17 547 000 +6.2 1.01

1.0 1.0 0.27 0.19 471 000 -8.5 1.02

rel std dev 14.7

2 Mobile phase, tetrahydrofuran; temperature, 22 °C; viscosity of tetrahydrofuran, 7, = 0.46 cP. V., held constant during runs as shown.
bR = to/tg. ¢ Sampling and focusing conditions in Experimental Section. ¢ Mark-Houwink constants, K = 1.40 X 10~ dL/g; ¢ = 0.70.

¢ Polydispersity, Mw/Mx.

olution constant-field fractionations predictably produced
lower polydispersity values. D, values in Table I were
calculated for only one run each for the two PEO standards.

This study strongly suggests that there is a significant
interaction of the PEO standards with the regenerated
cellulose membrane. Addition of asoluble saltat appropriate
concentrations apparently eliminates this deleterious effect
so that normal retention presumably takes place. These
results suggest that FIFFF retention theory predictably holds
for nonaqueous as well as aqueous systems, providing forces
causing unwanted retention are absent.

The elution of a mixture of PEO standards in methanol
with 0.2 M ammonium acetate using exponential-decay force-
field programming is illustrated in Figure 5. This pro-
grammed separation is comparable to that previously shown
with a totally aqueous mobile phase.®

Toenable the predicted elution of polymers with nonprotic
solvents, we chemically modified the semipermeable mem-
brane to reduce deleterious sorptive effects. A mixture of
bis(trimethylsilyl)trifluoroacetamide and trimethylchlorosi-
lane is a known agent for silanizing the hydroxy groups on
sugars and carbohydrates.!* Therefore, this reaction was used
in an attempt to deactivate the membrane surface for desired
FIFFF separations. Although no effort was made to optimize
this reaction, the resulting modified membrane immediately
exhibited significantly lowered sorptive characteristics toward
polymers in our FIFFF apparatus.

The silanized membrane permitted the normal elution of
polystyrene standards with tetrahydrofuran as the mobile
phase, as shown in Table II. Molecular weights calculated
with Mark-Houwink constants with a variety of operating
conditions show differences from reported values that are
comparable to those found by FIFFF for several polymer
standards in totally aqueous mobile phase systems.!! Results
were also comparable to those found for MW measurements
by thermal FFF using Mark-Houwink constants.!> Of course,
differences are dependent both on the accuracy of the Mark—
Houwink constants used for the calculations and the reliability
of MW data on the standards. Still, the data in Table II
again confirm the ability of FIFFF to produce useful quan-
titative information with totally organic mobile phases.
Diffusion coefficient calculations suggest a precision of about
8% for D, measurements with the limited data from this
system.

(14) Hormng M. G;; Boucher, E. A.; Moss, A. M. J. Gas Chromatogr.
1967, 5, 297.
(15) Ku'kland J. J.; Rementer, S. W. Anal. Chem. 1992, 64, 904.
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decay programmed foroe ﬂeld in methanol. Conditions: mobile phase,
methanol with 0.2 M ammonium aca'ate temperature, 22 °C; initial
cross fiow, 9.2 mL/min; | decay c 6.0 min; ch
outiet flow, 0.5 mL/min; samp!e 0.10 mL, 0.1% each in methanol;
refractive index detector.

Note that the values for the MW 50 000 PEO standard in
Table II show the largest error. The low retention level of
this polymer in this system at the highest available force field
produced an R (~0.6) value that forced the software to
calculate in a region of poor applicability.8 Accurate calcu-
lations require that R values of <0.3 are obtained in the
separation. Figure 6 shows the programmed exponential-
decay force-field separation of a mixture of polystyrene
standards using tetrahydrofuran as the mobile phase. Un-
fortunately, the modified membrane failed after about 3 weeks
of continuoususe. Examination of this membrane after failure
suggested that the modified cellulose membrane had been
partially dissolved by the tetrahydrofuran mobile phase
during use.

In all of the studies with nonaqueous mobile phases, we
unexpectedly found that peaks were broader than in com-
parable separations with totally aqueous mobile phases. A
definitive explanation for this effect is not yet apparent. It
was anticipated that organic phases would actually produce
sharper bands because of lower viscosity and improved mass-
transfer effects. A study of injection, focussing and relaxation
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Figure 8. Separation of polystyrene with lal-decay

programmed force field in tetrahydrofuran. Conditions: mobile phase,
tetrahydrofuran; temperature, 22 °C; initial cross flow, 8.8 mL/min;
exponential decay constant, 10.0 min with 10.0 min delay; channel
outlet flow, 1.0 mL/min; sample, 0.25 mL, 0.5% each; UV detector,
260 nm, 0.05 AUFS.

effects did not explain the apparent anomaly. Optimum
conditions were essentially the same as those previously found
for aqueous separations. We speculate thatsome deleterious
effect involving the membrane might be involved. As noted
below, there are indications that the silanization method used
did not create the desired fully reacted, energy-homogeneous
membrane surface. Alternatively, polymer interaction ef-
fects could be the cause.

The utility of FIFFF for characterizing broad MW organic-
soluble standards was illustrated with the Dow 1683 poly-
styrene. This sample has been widely defined by other
methods as having a number-average MW (M,,) of 100 000
and a weight-average MW (M) of 250 000. The results of
this characterization are shown in Figure 7. The My, value
found in this analysis is about 10% higher than reported.
However, thisis within the limits previously found for analyses
carried out using Mark-Houwink constants for calibrating
FIFFF systems for water-soluble polymers!! and thermal FFF
systems for organic-soluble polymers.’s Relatively higher M,
values were the result of some overlap with the channel dead
volume peak, to, with the particular nonoptimized pro-
grammed force-field conditions used for this analysis. The
accuracy of MW calculations is a direct function of the
accuracy of D, measurements for the polymer under the
experimental conditions used (eqs 1 and 2).

Attempts to generate data on poly(methyl methacrylate)
standards with tetrahydrofuran as the mobile phase produced
erratic results. Initial injections of this polymer gave antic-
ipated peaks. However, subsequent injections of the same
polymer standard produced smaller and smaller peaks. These
results were experienced at the time that the modified
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Figure 7. Molecular weight distribution of Dow 1683 polystyrene with
exponential-decay force field in tetrahydrofuran. Conditlons as in Figure
6.

membrane began to fail, so are not indicative of the true
capability of the method. Itis also possible that the treatment
to deactivate the membrane was not sufficient for this
polymer. A more vigorousreaction or a different deactivation
process may be useful in extending the range of polymers
that can be characterized with cellulose-based membranes.

CONCLUSIONS

This study has shown that flow FFF can be carried out
with totally organic solvents to enable the characterization
of organic-soluble polymers. Solute diffusion coefficients are
the fundamental data that are available from flow FFF
measurements. However, molecular weights and molecular
weight distributions can be determined by converting these
diffusion coefficients with published Mark-Houwink con-
stants for polymer/solvent systems. Results obtained on
organic-soluble polymers show variations from reported values
that are equivalent to those previously reported in the FIFFF
characterization of water-soluble polymers and thermal FFF
of organic polymers. Our studies indicate that better ultra-
filtration membranes are needed for the flow FFF of organic-
soluble polymers. Suitable membranes may involve rigid
inorganic structures that are deactivated by known surface
modifications. Such developments could lead to the broad
application of the flow FFF method for characterizing a wide
range of both water-soluble and organic-soluble macromol-
ecules.

RECEIVED for review April 17, 1992. Accepted August 31,
1992.
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Determination of Intracellular Species at the Level of a Single
Erythrocyte via Capillary Electrophoresis with Direct and

Indirect Fluorescence Detection

Barry L. Hogan and Edward S. Yeung®

Department of Chemistry and Ames Laboratory-USDOE, Iowa State University, Ames, Iowa 50011

Intracellular contents reflect the specific history of a cell
Including Innate physiological heterogeneity as well as differing
levels of exposure to environmental influences. A method
capable of analyzing a varlety of species from within a single
human erythrocyte Is demonstrated. Guided by a microscope,
Individual cells can be drawn Into open caplllaries of 10-um
I.d. On contact with a low lonic strength buffer solution, the
cell lyses and releases its Intracellular fluid. The lonic
components are then separated by caplllary electrophoresis.
For glutathione, microderivatization with a fluorescent reagent
can be accomplished In vitro with monobromobimane. The
effects of extracellular oxidizing and reducing agents on the
glutathione levels can thus be followed. For sodium and
potassium, or any other lonic specles, charge displacement
of afluorescent cation resuits In indirect fluorescence detection.
The two detection modes are sultable for Intracellular
components present at low-attomole and sub-femtomole levels,

respectively.

An understanding of the effects of external stimuli, such
as exposure to anticancer agents and exogenous toxins, upon
specific cellular strains is important in fields such as cell
biology, pharmacology, and toxicology.! Alternatively, the
discovery and study of inherent differences in the composition
of morphologically identical cells could help elucidate the
correlation between a specific cellular trait, such as disease
resistance, and the presence of certain species within a cellular
subclass.2 An analytical procedure capable of providing
insight into the biochemical composition of a selected single
mammalian cell could accelerate progress toward these goals.

We have devised a simple analytical scheme capable of
separating and detecting either nonfluorescent or fluorescent
species within the cytoplasm of a single human erythrocyte.
The instrument is based upon a capillary electrophoresis (CE)
separation system coupled with either a laser-based indirect
ordirect fluorescence detectionscheme. The high separation
power of CE allows discrimination against the complicated
cell matrix and provides positive identification of the analytes
based on retention times. We are able to monitor nonflu-
orescent species such as sodium and potassium and fluorescent
derivatized species such as the physiologically important
peptide, glutathione (GSH). A membrane-mediated approach
makes derivatization of single cell contents practical without
tedious microchemistry or pooling of the heterogeneous cell
contents of many cells. As a practical application of single-
cell CE, human erythrocytes were subjected to modeled
oxidative stress by the application of externally applied
reagents. We can follow statistically valid modulations in
the quantity of glutathione present in human erythrocytes
before and after application of the cell-affecting reagents.

(1) Parce, J. W.; et al. Science 1989, 246, 243-247.
(2) Salgame, P.; et al. Science 1991, 254, 279-282.

0003-2700/92/0364-2841$03.00/0

We believe that this is the first report of the separation and
quantitation of individual species at the mammalian eryth-
rocyte level. In light of the extremely small cell volume of
the erythrocyte (87 fL), it is clear that single-cell analysis of
the majority of lian cells is possible and practical.

EXPERIMENTAL SECTION

Instruments. The CE separation system used here has
similarities to previously described instruments.? Excitation is
provided by 4 mW of combined 350-360-nm radiation from an
Ar ion laser (Coherent Innova 90, Palo Alto, CA). A 6-mm focal
length glass lens (Edmund Scientific, Barrington, NJ) is used to
focus the beam within the 10-um capillary. A 20X microscope
objective (Edmund Scientific) is used to collect the fluorescent
image. A R928 photomultiplier (Hamamatsu) is used to detect
the fluorescence signal. The instrumental configuration of the
capillary and electrodes has been rearranged to allow open
continuous operation of the grounded end of the CE capillary in
a buffer vial under the field of view of a microscope (100X
magnification, Series 10 Microstar). The grounded end of the
capillary and the ground electrode are both mounted in 3D
micromanipulators (The Micromanipulator Co., Models 412 and
512). The configuration of the grounded injection region is shown
in Figure 1. This arrangement allows precise movement of the
CE capillary while the capillary orifice is being viewed through
the microscope. During CE separations, the capillary and ground
electrodes are positioned within a small buffer vial. The buffer
vial consists of the bottom 10-15 mm of a 20-mL sample vial
firmly bonded to a microscope slide. For cell injections or
injections of standards, the capillary and ground electrode are
manipulated upwards slightly, and the appropriate solutions are
positioned upon the microscope stage.

Cell Selection and Injection. A 20-uL drop of the cell
suspension to be sampled is placed on a clean microscope slide
in place of the CE running buffer vial. Best results are obtained
with low to moderate cell densities (<1/500 that of whole blood)
and small drop volumes which reduce convective disturbances.
An individual erythrocyte is selected for injection by manually
positioning the orifice of the capillary close to the cell of interest
with the aid of the microscope and the micromanipulators. A
pulse of vacuum from the opposing capillary orifice is then
applied. Electroosmosis can inprinciple be employed tointroduce
cells though this method suffers from the inability to rapidly
adjust the magnitude of the injection velocity or to reverse the
flow direction. A 1-m column of 10-um internal diameter typically
requires only 350 mmHg vacuum for a few seconds to induce an
erythrocyte to enter the capillary. A 20-mL sample vial made
airtight with a septum and an autosampler cap serves as the
high-voltage buffer reservoir. The capillary is inserted through
the flexible septum with the aid of a hypodermic needle. A
manually controlled 20-mL gastight syringe interfaced to the
high voltage vial via a Luer-lock hypodermic needle provides the
pressure or vacuum required to modulate the motion of fluid
within the capillary. The entire process of cell selection and
injection typically consumes 2-5 min.

Once an individual erythrocyte is within the fused silica
capillary, the cell membrane typically adheres to the capillary

(3) Kuhr, W. G;; Yeung, E. S. Anal. Chem. 1988, 60, 2642-2646.
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Figure 1. Closeup of the cell injection region of the CE system. A =
ground electrode; B = 100X microscope; C = CE capillary. A cell
Is selected for Injection by manually positioning the orifice of the capillary

close to the cell of Interest and then applying a pulse of vacuum to
the capillary.

walls, immobilizing the cell. The capillary can now easily be
manipulated up out of the cell solution, and the CE running
buffer solution can be replaced under the capillary. Lysis of the
cell torelease the intracellular contentsisnowdesired. Additional
cell lysate solutions (1% SDS, digitonin or dilute buffer) may be
introduced over the cell for this purpose. We have found the
resumption of the electrophoretic separation with the capillary
in CE running buffer also destroys cell integrity. Upon lysis, the
intracellular contents migrate toward the optical detection
window.

Direct Fluorescence Detection. Fused silica columns
(Polymicro Technologies, Phoenix, AZ) of 1-m total length (50
cm to detector) were used without modification. The CE running
buffer was 20 mM sodium phosphate, pH 8.8. A voltage of 20
kV was applied. One 400-nm longpass filter (GG-400, Melles
Griot) was used in combination with two 470-nm (Edmund
Scientific, Barrington, NJ) interference filters.

Erythrocytes in EDTA were obtained from an apparently
healthy adult male. Whole blood was stored at 4 °C for 4-5 days
without additives. No marked hemolysis was observed. The
erythrocytes were prepared by removing plasma contamination
by repeated washes/centrifugations using 135 mM NaCl, 20 mM
phosphate, pH 7.4, as the washing buffer. Whole blood (40 xL)
was added to 7 mL of wash buffer and inverted gently. After
centrifugation (1100 rpm for 6 min), the supernatant was removed,
and fresh wash buffer was added. Process was repeated several
times for a plasma removal factor of 10°. Monobromobimane
(mBBr) derivatization was carried out as in ref 10, with 12 gmol
of mBBr/mL of packed cells at 37 °C for 60 min. Cells were
washed before and after derivatization.

GSH Modulation Experiments. Modulation conditionsand
format were similar to those of standard macroscopic intracellular
GSH experiments.*® Cells were washed free of plasma before
incubation. Cells were derivatized with 24 ymol of mBBr/mL of
packed cells for 60 min at 37 °C after incubation with modulation
reagents. Cells were washed before the next incubation step
proceeded.

Indirect Detection. Applied voltage is 20 kV. One 400-nm
longpass filter (GG400, Melles Griot) was used with two 515-nm
(Edmund Scientific, Barrington, NJ) interference filters. The
requirement of very low ionic strength cell suspension solutions
and the tendency of cationic species to interact with the silica
column walls call for the use of column deactivation procedures.
Prevxous work demonstrated the sensitivity required for detection
of cytor ions;Sh , that method was not compatible
with the high osmotic strength cell wash solutions necessary or
the cell matrix itself. To alleviate these effects, a hydrophobic
coating is bonded to the column walls? and a cationic surfactant
isincluded in the CE running buffer. The surfactant adheres to
the wall coating and minimizes cationic interactions with the
column. These methods dramatically improved single-cell CE’s
reproducibility and its ability to withstand the heavy cell matrix
effects encountered.

2% OV-17v coated CE columns were prepared according to
published methods.” 6-Aminoquinoline (6-AQ) (500 xM) and

200 uM cetyltrimethylammonium bromide, pH 3.8, make up the
CE running buffer. Cells are washed as with direct detection
with 8% glucose/500 uM 6-AQ, pH 6.5. Other conditions are
identical to those of direct detection.

Data Collection. Data was collected with an IBM-compatible
AT clone through a Data Translation (Marlboro, MA) DT2802
analog to digital interface.

Reagents. Unless specified otherwise, all reagents were
obtained from Sigma Chemical (St. Louis, MO). 6-Aminoquin-
oline and cetyltrimethylammonium bromide were obtained from
Aldrich Chemical (Milwaukee, WI). OV-17v was obtained from
Petrarch Systems, Bristol, PA. Monobromobimane was obtained
from Molecular Probes (Eugene OR). Diamide is the trivial name
for diazenedicarboxylic acid bis(N,N-dimethylamide).

RESULTS AND DISCUSSION

Detection of low concentrations of cell constituents within
the subpicoliter detection volumes used here requires highly
sensitive detection such as that provided by laser-based
fluorescence methods.? Unfortunately, only a minority of
interesting analytes fl appreciably naturally. Several
possibilities exist for overcoming this limitation at these small
volumes. Common derivatization methods miniaturized to
the single erythrocyte scale may eventually be feasible yet
certainly still present formidable technical challenges.? Pool-
ing the contents of multiple cells defeats the purpose of a
single-cell analysis technique by homogenizing the contents
of possibly heterogeneous cells. Alternative detection meth-
ods such as electrochemical detection are suitable in some
instances, but ultimately also detect only a given subset of
potentially interesting species. In considering these options,
one can see that much room exists for new solutions to the
problem of microderivatization.

Microderivatization of living cells is a unique challenge
which can be approached in methods unsuitable for other
samples. One suchapproachis touse the cell’ssemipermeable
membrane to regulate the flux of species through the “reaction
vessel”, i.e. the cell itself. Small nonpolar derivatization
reagents applied to the macroscopic exterior phase surround-
ing the cell readily partition through the lipophilic cell
membrane where they are available for reaction with the
appropriate analyte functionalities. The exterior phase with
its excess reagents and contaminants can be completely
removed via centrifugation. The derivatized product, if larger
or more polar than the original reagent, will not migrate back
out through the cell membrane. No tedious microchemistry
is required, and no loss of correlation between individual
cellular identities and cellular biochemical information isseen.
A limitation is that not all functionalities possess favorable
reaction kinetics with known derivatization reagents at
physiological conditions. A number of interesting intracel-
lular species should be accessible, however. Intracellularthiols
and cytosolic proteins are known to react with reasonable
rates near physiological pH conditions.’1! Membrane-
mediated microderivatization is similar to concepts employed
in fluorescence microscopy and flow cytometry, and some
reagents used in those fields may be immediately useful.
Reactive fluorescent probes, such as dichlorotriazinylami-
nofluorescein (DTAF) are suitable for reaction with the
e-amino group of lysine side chains and N-terminal a-amino
groups of cytosolic proteins with acceptable yields (40-70%)
at room temperature in reaction times of 1 hour or less at

(4) Kosower, N. S.; Kosower, E. M.; Zipser, Y.; Faltin, Z_; Shomrat, R.
Biochim. Biophys. Acta 1981, 640, 748-759.

(5) Dolphin, D.; Avramovic, O.; Poulson, R. Glutathione: Chemical,
Biochemical and Medical Aspects; Wiley: New York, 1989; Part B, pp
330-340.

(6) Gross, L.; Yeung, E. S. Anal. Chem. 1990, 62, 427-431.

(7) Dluzneski, P. R.; Jorgenson, J. W. J. High Resolut. Chromatogr.
Chromatogr. Commun. 1988, 11, 332-336.

(8) Sweedler, J. V.; Shear, J. B.; Fishman, H. A; Zare, R. N.; Scheller,
R. H. Anal. Chem. 1991, 63, 496-502.

(9) Kennedy, R. T.; Oates, M. D.; Cooper, B. R.; Nickerson, B. V,;
Jorgenson, J. W. Science 1989, 246, 57-63.

(10) Kosower, N. S.; Kosower, E. M.; Newton, G. L.; Ramney, H. M.
Proc. Natl. Acad. Sci. US.A. 1979, 76, 3382-3386.

(11) Blakeslee, D.; Baines, M. G. J. Immunol Methods 1976, 13, 305—
320.
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Figure 2. Electropherogram of mBBr-derivatized contents of a singie

human erythrocyte using direct fluorescence detection. The peaks

are: 1 = peak assoclated with unreacted mBBr; 2 = unidentified

intracellular thiol; 3 = GSH.

physiological pH.1! Delivery of such probes can be accom-
plished via esterification of polar moieties to allow penetration
into the cell where nonspecific esterases activate the reagent.1?
The fluorescein-based structure of this and other reagents
should permit highly sensitive detection of derivatized species.

As an example of the utility of this concept, monobromo-
bimane (mBBr) was used to derivatize thiol-containing species
within functioning erythrocytes at physiological conditions.
Cellular thiols have an important function in the biology of
cells, being involved with cell proliferation,'3 cellular transport
mechanisms,!* and DNA synthesis.’® Numerous environ-
mental toxins such as heavy metals,!! oxidants,'6 and me-
tabolites of toxic chemicals!” can modulate cellular thiols.
GSH has been reported to constitute over 95% of nonprotein
thiols in macroscopic cell lysates'8 and is accordingly of special
significance. In particular, GSH metabolism is an important
determinant in the control of cellular response to various
types of drugs and radiation.’® Figure 2 shows the electro-
pherogram of intracellular thiols at the single erythrocyte
level. The highseparation efficiency of CE and the specificity
of the derivatization reaction allows positive identification of
GSH. Injection of the matrix fluid showed no trace of
derivatized GSH. For future work, improved detection of
other trace thiols could be achieved by use of optimized
fluorescein-based thiol reagents and specific laser lines.

We also studied the effects of diamide and dithiothreitol
(DTT) as model oxidative and reductive agents upon the
total GSH present within given cells. Figure 3 gives the
graphical results of this experiment. The reagents induced
a statistically valid modulation between high and low GSH
levels in the cells by the alternate oxidation and reduction of
intracellular GSH and the corresponding disulfide, GSSG.
More subtle doses of diamide (condition 2) were unable to
produce statistically significant changes in GSH content, as
expected.

In order to understand the role of GSH within a functioning
cell, some method of artifically changing its concentration is

(12) Bronner F‘raser M dJ. Cell Biol. 1985, 101, 610-617.
13) k F.S. Pr 1929, 7, 297-322.
(14) Kwock, L.; Wnllach D.F.H; Hefter,K Biochem. Biophys. Acta
1976, 419, 93-103.
(15) Holmgren, A. Biochem. Soc. Trans. 1977, 5, 611-612.
(16) Arrick, B. A,; Nathan, C. F.; Griffith, 0. W.; Cohn. Z. A. J. Biol.
Chem. 1982, 257, 1231-1237.
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Figure 3. GSH determinations in single erythrocytes. Bars represent
average GSH peak area and standard deviation. Conditions: 1 =
derivatization of cells with mBBr; 2 = 0.3 umol of diamide/mL of
packed cells; mBBr derivatization; 3 = 1 umol of diamide/mL of packed
celis; mBBr derivatization; 4 = 1 umol of diamide/mL of packed cells;
then 5mMDTT followed by mBBr derivatization. A statistically significant
(95% confick ) diff exists b the means of GSH levels
of conditions 1-3 and 4-3. No | difference b 1 means
1-4.

desired. Known levels of GSH can then be correlated with
observed cellular properties. Diamide is a convenient and
effective species for modulating the intracellular GSH level
of functional cells.1®20 Diamide oxidizes GSH to its disulfide,
GSSG. This species is then unavailable for reaction with the
thiol-specific derivatizing reagent, mBBr. The ability to
monitor changes in intracellular GSH levels via exposure to
diamide implies a similar ability to monitor the modulation
effects of more complex and interesting stimuli such as
exposure to chemotherapeutic agents or ionizing radiation at
the single cell level. Dithiothreitol is a well-known agent
for the reduction of intracellular thiols.2! Its effect here is
to reduce GSSG to the thiol, GSH. This reaction increases
GSH levels at the expense of GSSG levels, and consequently,
larger concentrations of GSH are available for derivatization
with mBBr. The restoration of GSH-mBBr levels seen upon
incubation of cells with DTT following incubation with
diamide (condition 4) demonstrates that the low intracellular
GSH levels seen in condition 3 are due to the conversion of
GSH to GSSG and are not due to such factors as cell lysis or
leakage. As GSH levels have been reversibly cycled through
high tolow to high states, cellular integrity must be maintained
throughout the entire process.

Single-cell monitoring provides information about the cell
to cell variation of measured quantities within the sampled
group of cells. Statistics can provide reasonable estimates of
the cell population mean?? provided that the distribution is
Gaussian. It can be seen that qualitative determinations of
the population mean will require very few samples, while
sample size increases accordingly with the accuracy desired
for the measurement. Four single-cell measurements cur-
rently require 1 h or less of contiguous experimental time. It
should be noted that no effort was made here to optimize
throughput, and recent advances in ultra-high speed CE? or
the use of parallel experimental apparatus may permit even
more rapid analysis times. The degree of accuracy required
for biological applications will vary, yet it is of interest to

(20) Kosower, N. S.; Kosower, E. M.; Wertheim, B.; Correa, W. S.
Biochem. Biophys. Res. Commun. 1969, 37, 593-596.
(21) Kosower, N. S.; Kosower, E. M. Glutathione: Chemical, Bio-

(17) Pfeifer, R. W.; Irons, R. In I icology and I >-
harmacology; Dean, J., Munson, A., Luster, M., Eds.; Raven Press: New
York, 1978; pp 255-262.

(18) Kosower, N. S.; Kosower, E. M. Int. Rev. Cytol. 1978, 54, 109-160.

(19) Dolphin, D.; Avramovic, O.; Poulson, R. Glutathione: Chemical,
Biochemical and Medical Aspects; Wiley: New York, 1989.

land Medi: 'Aspects, Dolphin, D., Avramovic, O., Poulaon,R 5
Eds.; leey New York, 1989; Part B, p 825
(22) \ 1I, W. Introduction to Probability and Statistics;
Duxbury Press Bosmn, 1983 PP 280—285
23) C. A.; Dy D.M;

1991, 63, 807-810.
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Table I. Averaged Total GSH Content from Six Separate
Single Erythrocyte Separations and Comparison with
Expected Macroscopic Literature Values

amount present (amole) concentration (M)

68 = 48 (7.5 = 0.55) X 10~
191+ 36 (2.20 +£ 0.41) X 1073

single-cell GSH
macroscopic values

2 See ref 39. Intracellular concentrations are based upon 87-fL
cell volumes,* manufacturer’s specifications of column internal
diameters, and absence of injection bias for standard samples. The
calibration curve for free GSH-mBBr conjugate was linear with r2
of 0.994 and a LOD of 5.9 amol (4.8 X 108 M) based upon S/N of
3.

note that a number of toxic agents are known to decrease
intracellular GSH levels by 70% before critical depletion
occurs and the onset of irreversible intracellular damage
begins.24

Itis important to note that the purpose of single-cell studies
is not so much to predict the average cell contents, but to
assess individual differences. We made multiple injections
of single erythrocytes derivatized with mBBr to assess the
variability of contents in single cells. TableIshowstheresults
of these GSH determinations. Figure 3 and Table I show
that there are large variations among cells that cannot be
explained by differences in sampling or measurement. In
fact, the distribution in Figure 3 appears to be non-Gaussian.
Several sources of variability contribute to the observed
deviation. These are variations in actual cell volume from

mean values, nonuniformity in the extent of the derivatization

4
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Figure 4. Electropherogr using fiv detecti
A=2 ction of 45 uM 1=L1(11.7 fmol i d)

2 =Na(10.7 fmol); 3 = K (6.5 fmol); B = 1 human erythrocyte Injected;
C = blank of extracellular matrix. The callbration curve for elec-
troinjected LICI standards was linear from 5.0 X 10-¢ to 8.4 X 10~
M with 2 of 0.996 (n = 20). We determined the peak area precision
of 2-s 60 uM LICI standard Injections to be 2.0% RSD with a retention
time precision of 0.22% RSD (n = 7).

We recognize that derivatization methods, regardless of
the degree of refinement, will not be useful in all instances.
A significant number of analytes inherently lack useful
detection properties and do not possess the functionalities
appropriate for derivatization, or those functionalities are
i ible due to experimental restrictions. We have

reaction, variability in membrane permeability, and deviations
in intercellular thiol content and status. We note, however,
that erythrocytes are remarkably uniform in volume. We
believe that the last two sources, the specific cellular properties
of the sampled cells, play a significant role in the observed
scatter of experimentally determined GSH quantities. This
underscores the value of single-cell analysis. Our conclusion
is based upon several factors. The first is our knowledge of
the “all or nothing” cell injection method used in that a cell’s
entry into the capillary can be visually confirmed. As the
cells are packaged as individual biological quanta, all of the
cell’s contents are injected together. The fact that multiple
cells are not injected is similarly confirmed. We also note
that all cells of a given experiment are derivatized under
identical conditions in the same macroscopic solution. This
should greatly reduce any imprecision based upon changes
inreaction conditions. Finally, repeat injections of standards
produce peak areas reproducible to £2%.

The mean GSH levels in Table I are substantially lower
than literature values. The presentscheme is only applicable
to soluble material released on lysis. GSH may be tied up in
other cellular compartments and therefore not measured here.
We attempted to totally dissociate any bound GSH conjugate
from the cellular matrix by injecting a running buffer
containing 1% SDS over the immobilized cell. For alimited
numbers of trials, no dramatic increase in detected GSH was
seen. We also note that uncertainties exist in estimating the
quantity (volume) of standards injected. Hysteresis in
electroinjection and inaccuracy in the column internal di-
ameter as quoted by the manufacturer can both lead to errors
in quantitation. It is not uncommon to have a time constant
of 1-2 s in high-voltage power supplies, adding 50% to the
amount of standardsinjected. Also,a20% error in estimating
the column diameter will lead to a 40% error in injection
volume. It is apparent that better calibration is needed to
provide reliable absolute GSH ‘values.

(24) Smith, C. V.; Mitchell, J. R. Glutathione: Ch 1, Biochemical.
and Medical Aspects; Dolphin, D., Avramovic, O., Poulson, R., Eds.;
Wiley: New York, 1989; Part B, pp 3-8.

achieved the separation and detection of two underivatized
nonfluorescent species, sodium and potassium, from the
cytoplasm of single human erythrocytes via indirect fluo-
rescence detection. Indirect fluorescence detection records
the passage of a nonfluc t analyte through the detection
zone by the charge displacement effects of the analyte upon
the fluorescent comigrating buffer ions.’ Indirect detection
methods permit the sensitive detection of species which have
no inherently useful detection properties and offer the
potential for general detection of charged species. Of
particular interest are those intracellular species which possess
no useful detection properties, such as inorganic ions. Other
biologically important anionic species such as glutamate,
aspartate, lactate, and pyruvate are all also amenable to
indirect detection though further increases in instrumental
sensitivity will be required to reliably quantify them within
anerythrocyte. Figure 4 shows the results of a determination
of sodium and potassium from a single erythrocyte. Since
these two ions have quite distinct mobilities and are present
as major components in erythrocytes, identification by
migration times is adequate in this study. By inspection of
the peak area of the potassium standard, it can be seen that
the sampled potassium is present at quite reasonable phys-
iological levels. The intracellular sodium, however, appears
to be present at substantially larger than expected levels as
the peak area of the injected sodium standard represents 5
times the expected level of intracellular sodium. Our com-
parisons are based upon macroscopic literature values for
intracellular sodium and potassium concentrations?:27 and
estimates of erythrocyte cell volume.28 A coeluting system
peak? can be seen as a shoulder on the sodium peak and is
the main contributor to this unexpected increase. Thissystem
peak appears even when pure lithium or potassium standard

(25) Yeung, E. S.; Kuhr, W. G. Anal. Chem. 1991, 63, 275A-282A.
(26) Hald, P. M.; Heinsen, A. J.; Peters, J. P. J. Clin. Invest. 1947, 26,

983-990.
(27) Hald, P. M,; Eisenmann, A. J. J. Biol. Chem. 1937, 118, 275-288.
(28) Weinstein, R. S. In The Red Blood Cell; Surgenor, D. M., Ed.;
Academic Press: New York, 1974; p 232.
(29) Poppe, H. J. Chromatogr. 1990, 506, 45-60.
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is injected. A correction must therefore be applied or else a
different buffer system should be used for the determination
of intracellular sodium.

Human erythrocytes prove difficult analysis targets as the
cationic electrolytes quickly dissipate upon immersion of the
cell into solutions of lowionicstrength.®* Porcine erythrocytes
do not demonstrate this property so readily and are useful
for developmental studies. In our laboratory, similar results
are seen upon injection of single porcine erythrocytes.

This work is a step toward a viable analysis of the
intracellular composition of single mammalian cells. Several
other groups have utilized capillary separations with elec-
trochemical and fluorescence detection to study trace organic
species within the cytoplasm of invertebrate neurons.531-37
Most recently, Cooper et al. demonstrated analysis of
femtomole levels of catecholamines within mammalian
adrenomedullary cells.3® Differentiating features of the
present work are its ability to analyze cells of a volume similar
to that of an erythrocyte (which is about 1000 times smaller
than a typical invertebrate neuron and 20 times smaller than
an adrenomedullary cell), the ease of cell manipulation, the
absence of dilution before injection, and the interchangeable
detection concepts of microderivatization (specific) and
indirect fluorescence (universal). We believe that a sub-
stantial advantage would be gained by the development of
coherent methodologies whereby investigators could readily
analyze a wide variety of intracellular species via the more
appropriate of two detection schemes with only trivial
instrumental modifications. The limitations of single-cell
CE are seen as the requirement for low ionic strength solutions
for indirect detection and restrictions on reaction conditions
for microderivatization. On-column derivatization methods

(30) Passow, H. In The Red Blood Cell; Bishop, C., Surgenor, D. M.,
Eds.; Academic Press: New York, 1964; pp 106-109.

(31) Wallingford, R. A.; Ewing, A. G. Amzl Chem. 1988, 60,1972-1975.

(32) Kennedy, R. T.; St. Claire, R. L.; White, J. G.; Jorgenson, J. W.
Mikrochim. Acta 1987, 11, 37-45.

(33) Kennedy, R. T.; Jorgenson, J. W. Anal. Chem. 1989, 61, 436-441.

(34) Oates, M. D.; Cooper, B. R.; Jorgenson, J. W. Anal. Chem. 1990,
62, 1573-1577.

(35) Zare, R. N. Abstracts of Papers of the American Chemical Society
1991, 201, 71.

(36) Olefirowicz, T. M.; Ewing, A. G. Anal. Chem. 1990, 62, 1872-1876.

(37) Olefirowicz, T. M.; Ewing, A. G. Chimia 1991, 45, 106-108.

(38) Cooper, B. R.; Jank ki, J.A.; L DJ,,W"
R.; Jorgenson, J. W. Anal. Chem. 1992 64, 691-694.

(39) Jocelyn, P. C. Biochem. J. 1960 77, 363-368.

(40) Weinstein, R. S. In The Red Blood Cell; Surgenor, D. M., Ed.;
Academic Press: New York, 1974; p 232.

involving nonphysiological conditions could provide addi-
tional flexibility in the types of species amenable to this
approach.

We anticipate that single-cell CE will be useful in such
tasks as correlating the relationships between cellular function
and biochemical composition and for elucidation of the
mechanistic effects of drug candidates upon specific cellular
subsets. Single-cell CE would be especially useful in instances
where investigators are interested in the effects of extracellular
influences upon multiple specific intracellular species. This
type of information is difficult to obtain with methods such
as flow cytometry and fluorescence microscopy. It is im-
portant to note that single-cell CE allows for the physical
separation of the derivatized products whereas methods such
as flow cytometry typically provide information in terms of
total protein content or total DNA content, for instance.
Single-cell CE may also be useful as a technique to provide
compositional information on rare cell types sorted and
partially characterized by higher throughput techniques such
as flow cytometry. This method should also be useful for
monitoring the purity and yield of recombinantly derived
protein products quickly and with good sensitivity in small
numbers of cells from mammalian cell culture. The power
of separation at the single erythrocyte level could provide, in
effect, a multiparametric description of the cell’s biochemical
status with each relevant separated species contributing an
additional dimension of information. These additional
dimensions of information should allow elucidation of sub-
stantially more subtle and complex effects than possible by
monitoring the response of a single cellular characteristic to
a given stimuli.
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Separation of Boron-Complexed Diol Compounds Using
High-Performance Capillary Electrophoresis
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Inthis study, borate Is shown to be key In the high-performance
caplllary electrophoretic (HPCE) separation of several bio-
logically-active molecules differing only by a single hydroxyl
group with no change In net charge. Separation of several
paired compounds is minimal or nonexistent in 100 mM tricine
buffer at pH 8.4, while identical analysis with 100 mM borate
buffer led to baseline resolution In less than 10 min, most
likely due to complexation of borate with the molecules
containing a c/s-diol. In contrast, baseline separation of
tyrosine from the ci/s-diol-containing compounds dopa and
dopamine Is achieved with elther buffer system because of
differences In their charge due to the p-hydroxyl group of the
benzene ring. The equilibrium complexation of borate with
cytidine can be monitored by HPCE through a borate
concentration-dependent change In the borate—cytidine com-
plex migration time (MT). A semllogarithmic plot of the change
In MT versus borate concentration suggests an equilibrium
dissoclation constant for the complex of 15 mM, a value
consistent with Ilterature values for borate-ribose complex
formation.

INTRODUCTION

High-performance capillary electrophoresis (HPCE) is a
relatively new analytical technique that is useful for the
separation of a diverse array of molecules including ions,!
small organic molecules,>? sugars,*® peptides,® oligonucle-
otides,” and proteins.#12 Electrophoreticseparation is carried
out in a fused-silica capillary (typically 375-um o.d. X 50-um
i.d.) which, even under high current, efficiently dissipates
generated Joule heat, thus avoiding many of the problems
known to plague slab gel electrophoresis.’* Of the many
advantages of HPCE analysis, one is the ability to easily
resolve sample mixtures under denaturing or nondenaturing
conditions. In both of these modes, separation results from
two independent processes. The first is electrophoretic
migration of the analytes, based primarily on differences in
the charge-to-mass ratios. The second results from the

* To whom correspondence should be addressed.
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negative charge of the inner surface of the capillary by the
silica. During electrophoresis the negative charge acts as a
pumping mechanism to propel cations through the capillary
and causes a net movement of fluid from the inlet to the
outlet. This process, termed electroosmotic flow (EOF), drives
the movement of all molecules (positive, neutral, and negative)
toward the cathode, with separation ultimately being deter-
mined by differences in the charge of the molecules.

The choice of buffer for the separation of analytes by HPCE
isveryimportant. Buffers mustbe of adequate ionicstrength
in order to provide optimal buffering capacity at the desired
pH, yet not produce excess Joule heat (from increased current)
under high fields. One buffer that has proven adequate for
separations carried out in the pH 8-9 range is sodium
borate.3-21 In addition to its buffering ability, borate has
long been known to form stable complexes with cis-diols.1417
This characteristic of borate has been exploited for the
chromatographic separation of certain biologically-active
molecules containing cis-diols?2-% that are of basic scientif-
ic%27 and clinical®® interest. Honda and co-workers were the
first to explore the use of borate for the separation of sugars,
focusing on the analysis of derivatized monosaccharides and
oligosaccharides.!'8 Novotny and co-workers furthered this
with HPCE analysis of fluorescently-labeled sugars.4® Most
recently, the concept of HPCE analyses of borate-complexed
sugars has been extrapolated to glycoproteins.2®

‘While several borate—diol complexes have apparently been
isolated,3%-32 characterization of the complexation process has
beenlimited.’* The exploitation of borate—diol complexation
for chromatographic separations of certain biologically-active
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molecules has been a logical step.262733 Weith and co-
workers26 showed that borate could be covalently bound to
various cellulose matrices and used for the column chro-
matographic separation of nucleic acid components, sugars,
and other polyols. Schott and co-workers?” extended this
approach by linking borate to a methacrylic acid backbone
which proved to be functional for the complexation with cis-
diols of ribonucleoside 5-phosphates, 3’-ribonucleotide-
terminated oligodeoxynucleotides,and tRNAs. Since binding
and dissociation of the active components was both pH- and
salt-concentration-dependent, a simple and effective chro-
matographic technique for the separation of tRNA from
aminoacyl-tRNA resulted. On the basis of the success of
borate complexation with the cis-diols of nucleosides, a similar
approach was taken with the isolation of catecholic sub-
stances.3¥ Moyer and co-workers?® exploited the fact that
borate could be linked to get matrices?> and employed this
as part of an initial purification procedure for urinary
catecholamines which were quantified by reversed-phase
HPLC.

The present study describes the utility of borate as a buffer
system for the HPCE separation and analysis of biologically-
active molecules containing cis-diols from molecules differing
only by a single hydroxyl group. These molecules include
norepinephrine and its methylated metabolite, chloram-
phenicol and the diacetyl derivative, cytidine and deoxycy-
tidine, and tyrosine, dopamine, and dopa (dihydroxyphen-
ylalanine).

EXPERIMENTAL SECTION

Materials. Boric acid, borax (sodium tetraborate), norepi-
nephrine, normetanephrine, 1-(4-hydroxy-3-methoxyphenyl)-2-
aminoethanol [DL-4-hydroxy-3-methoxy-a-(aminomethyl) benzyl
alcohol], diacetylchloramphenicol, tricine [N-tris(hydroxy-
methyl)methylglycine], dopa (3,4-dihydroxyphenylalanine),
dopamine, cytidine, and deoxycytidine were obtained from Sigma
(St.Louis, MO). Tyrosine and phenylalanine were obtained from
Pierce (Rockford, IL). Mesityl oxide, a neutral marker, was part
of a Micro-coat protein analysis kit from Applied Biosystems
(Foster City, CA). Dimethylformamide (DMF) was purchased
from J. T. Baker Chemical Co. (Phillipsburg, NJ). Sodium
chloride and sodium sulfate were purchased from Fisher Scientific
(Fairlawn, NJ).

Bufferand Sample Preparation. The borate running buffer
was made by titrating 25 mM sodium tetraborate with 100 mM
boric acid, to pH 8.4. The tricine running buffer (100 mM) was
adjusted to pH 8.4 with NaOH. All buffers were made with
Milli-Q (Millipore, Bedford, MA) water, and filtered through an
0.2-um filter (Gelman) before use. All samples were dissolved
in the running buffer used and filtered through an 0.22-pm
microcentrifuge filter (Millipore, Bedford, MA).

Instrumentation. HPCE was carried out on a Beckman
P/ACE System 2050 (Beckman Instruments, Fullerton, CA),
interfaced with an IBM 55SX computer utilizing System Gold
software (V. 6.01) for control and data collection. Peak migration
times were obtained through the System Gold software.

Capillary Electrophoresis Separation Conditions. New
capillaries were conditioned by a 20 column volume rinse with
0.1 M NaOH, water, and finally with running buffer. For a typical
analysis, the following method was used: a three-column volume
rinse with running buffer, 3-s pressure injection of sample, 3-s
pressure injection of neutral marker (mesityl oxide or DMF),
separation at 25 kV (constant voltage), a three-column volume
wash with 0.1 M NaOH followed by a three-column volume rinse
with running buffer. Polyimide-coated, fused-silica capillaries
were 50-um i.d., and either 57 or 47 cm in length (50 and 40 cm,
respectively, to the detector). Polarity was such that the inlet
was the anode and the outlet was the cathode. The capillary

(33) Igloi, G. L.; Kossel, H. Methods Enzymol. 1987, 155, 433-449.
(34) Higa, S.; Suzuki, T.; Hayashi, A ; et al. Anal. Biochem. 1977, 7 (1),

(35) Porath, J. Methods Enzymol. 1974, 34, 13-35.
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temperature was maintained at 28 °C. Detection was measured
by absorbance at 200 nm.

Equilibrium Studies. Solutions varying in borate concen-
tration were prepared by mixing stock solutions (100 mM) in the
correct proportions with tricine solutions (100 or 33 mM). Salt
solutions (sodium sulfate and sodium chloride) were made in 100
mM borate and added with the borate solution to maintain ionic
strength. Samples were injected in 33 mM tricine.

RESULTS AND DISCUSSION

The utility of borate for the HPCE separation of diol-
containing compounds is evaluated in this study with several
low molecular weight compounds of biological relevance. The
compounds include norepinephrine, and its metabolite
normetanephrine, which results from the enzymatic meth-
ylation of the hydroxyl group at the meta position; deoxy-
cytidine and cytidine; chloramphenicol, a wide spectrum
antibiotic that, in chloramphenicol-resistant strains of bac-
teria, is enzymatically acetylated to the 1,3-diacetylchloram-
phenicol metabolite; the amino acids tyrosine and phenyla-
lanine and the enzymatic metabolites 3,4-dihydroxy-L-
phenylalanine (L-dopa) and dopamine. The fully protonated
form of each of these is given in Figure 1. Inherent in each
of these systems is at least one compound containing an intact
diol. On the basis of the structure of these molecules and
their associated charge at pH 8.4, predictions can be made
regarding their migration relative to EOF which is determined
by the migration of a neutral marker, mesityl oxide or DMF
(Table I). The net positive charge of norepinephrine and
normetanephrine at pH 8.4 indicates that they should both
migrate ahead of EOF. However, normetanephrine should
migrate slower than norepinephrine as a result of its slightly
larger mass. Figure 2 shows thisto be the case whenseparation
is carried out in 100 mM tricine buffer at pH 8.4 where both
are observed to migrate faster than EOF (2.70 min) with
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Table I. Predicted Migration in the Absence of Borate and
the Change in Net Charge Associated with Borate
Complexation

migration vs EOF net charge at pH 8.4

analyte pH 8.4 (no borate) tricine borate
norepinephrine faster +1 0
normetanephrine faster +1 +1
cytidine equal 0 -1
deoxycytidine equal 0 0
chloramphenicol equal 0 =1
diacetylchloramphenicol equal 0 0
dopa equal 0 -1
dopamine faster +1 0
tyrosine equal 0 0
A —
Normetanephrine
¥
g B Deoxycytidine/Cytidine
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Figure 2. High-performance capillary electrophoretic separation in
tricine butfer: (panel A) norepinephrine and normetanephrine; (panel
B) cytidine and deoxycytidine; (panel C) chloramphenicol and diace-
tylchloramphenicol. All stock solutions (=5 mM in water) were diluted
10-fold in 100 mM tricine buffer, pH 8.4, and pressure injected for 3
s Into an uncoated fused-silica capillary of dimensions 57 cm X 50 um
containing 100 mM tricine, pH 8.4. Separation was carrled out by
applying a constant voltage of 25 kV, 40 uA.

norepinephrine being the fastest migrating species. For both

_the cytidine/deoxycytidine and chloramphenicol/diacetyl-
chloramphenicol systems, all molecules are uncharged (neu-
tral) at pH 8.4 and, hence, in tricine buffer, they migrate with
EOF (figures 2B,C) and are unresolved.

In 100 mM borate buffer at the same pH, the migration
patterns change markedly (Figure 3).- The separation of
norepinephrine and normetanephrine is markedly improved
(baseline resolved by 0.6 min) and the order reversed, with
norepinephrine migrating slower than both normetanephrine
and EOF (Figure 3A). The comigration of the cytidine/
deoxycytidine (Figure 2B) and chloramphenicol/diacetyl
chloramphenicol (Figure 2C) systems in tricine is contrasted
by excellent separation of the paired compounds in borate

EOF
A LR T
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g
8
g Cytidine
T
2
2
<
2
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C Chloramphenicol
Diacetyl Chloramphenicol
Y
ey
0 1 2 3 4 5
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Figure 3. High-performance capillary electrophoretic sopamﬂon In
borate buffer: (panel A) pinephrine and phrine; (panel
B) cytidine and d idine; (panel C) | and dlace-

umm(zsmuhmmr)maumd
10-foldh100meomtebuffer pH 8.4, and pressure Injected for 3
s Into an uncoated fused-silica capillary of dimensions 57 cm X 50 um
containing 100 mM borate, pH 8.4. Separation was carried out by
applying a constant voltage of 25 kV, 16 pA.

(Figures 3B,C). There is clearly a preferential retardation of
the migration of norepinephrine, cytidine, and chloram-
phenicol, all of which contain a diol moiety in their structure.
In contrast, normetanephrine, deoxycytidine, and diacetyl-
chloramphenicol, all of which lack the diol moiety, migrate
with a velocity that is seemingly unaltered. It appears that
borate is playing arole in the separation through the formation
of a borate—cis—diol complex with norepinephrine, cytidine,
and chloramphenicol. In addition to the slight increase in
molecular mass, complexation imparts an additional negative
charge to the molecule, due to ionization of one of the free
hydroxyl groups of borate (pK, = 9.14; ionic strength 0.1, 20
°C).3 Complexation results in a change in the charge-to-
mass ratio substantial enough to allow for the separation of
analytes which are poorly separated (or not separated) under
nonborate conditions. Table I outlines the complexation-
induced changesin charge associated with each of the analytes
in the two buffer systems.

In contrast to the systems described above, separation of
amixture containing tyrosine and its metabolites, dopamine
and dopa, was not particularly advantageous in borate buffer
(Figure4). Intricineat pH 8.4, dopamine is positively charged
and migrates faster than EOF (mesityl oxide) while both
tyrosine and dopa migrate slower than EOF. Dopa appears
to be more negatively charged than does tyrosine, probably

(36) Weast, R. C. Handbook of Chemistry and Physics, 61st ed.; CRC
Press, Boca Raton, FL 1980; p 67.
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Mesityl Oxide

Mesityl Oxide/Dopamine Borate

Relative Absorbance (200 nm)

Time (minutes)
Figure 4. Wonmme eaplary electrophoreﬁc separation of
was carried
outatpHBHnanuncoe(edhased—slleaeaplwy

of dimensions 57
cm X 50 um containing either (panel A) 100 mM tricine or (panel B)
100mMborate. Sample was Injected by pressure for 3 s, and constant
voltage was applied at 25 kV (42 and 16 pA, respectively). Sample
concentrations were ~0.5 mM for each component.

as a result of ionization of the p-OH group, as expected from
the pK, of each compound (pK, for the p-OH: tyrosine, 10.13;
dopa, 9.88).37 Inborate buffer at the same pH, the separation
of tyrosine and dopa is enhanced, as would be expected from
complexation with borate. The corresponding complexation
of dopamine with borate negates the positive charge on the
amine and results in the comigration of dopamine with EOF.
Therefore, while tyrosine—dopa separation is enhanced, the
resolution of dopamine and tyrosine is decreased. Interest-
ingly, addition of phenylalanine to this mixture showed that
it was not separable from tyrosine under borate and non-
borate conditions (data not shown). This differs from the
separation of tryptamine from 5-hydroxytryptamine (sero-
tonin) under the same conditions where hydroxytryptamine
is found to migrate later than tryptamine and closer to EOF
(data not shown). The tryptamine and serotonin separation
is probably due to the low pK, of the hydroxyl group on
serotonin.3® Serotonin is also known to be unstable under
basic conditions which may be due to oxidation to a quinone
iminestructure. Hence, the possibility that the resolved peak
is an oxidation product cannot be ruled out.

The nature of the complex between borate and a cis-diol
has been studied extensively. Recorded studies date back as
far as 1842 when Biot*® showed that addition of sugar to a
borate solution led to increased acidity. This observation
led to studies which attempted to elucidate the structural

(37) Sober, H. A. CRC Handbook of Biochemistry, 2nd ed.; Chemical
Rubber Co.: Cleveland, OH, 1970; pp B-17 and 18.

(38) Strecher, P.G.; Wmdholz M.; Leahy, D. 8. The Merck Index, 8th
ed.; Merck and Co., Inc.: Rahwsy, NJ, 1968; p 943.

(39) Biot, M. Compt. Rend. Acad. Sci., Paris 1842, 14, 49-59.

aspects of borate in the free and complexed form. Branch
and co-workers% postulated that, on the basis of the F-strain
of bonds, a trigonal phenylboronate could be converted to
the tetrahedral phenylborate under alkaline conditions. In
1955, Daniel and Brown showed that, in the borate—diol
complex, borate took on a tetrahedral conformation.#* This
was supported by several studies?243 which demonstrated that
borate was indeed a reactive species and reacted quantitatively
with diols in a pH-dependent manner. In studies focused on
resolving monosaccharides,*>17 borate has been proposed to
interact with the hydroxyl groups of C3and C4in a tetrahedral
configuration, a logical structure based on the fact that boron
has a coordination number of 4.4 A similar complexation of
borate, in a tetrahedral configuration, with the C,—C; diol of
the ribose ring of cytidine would be predicted. With this
structure, and at a pH of 8.4, it is reasonable to expect that
at least one of the uncomplexed hydroxyl groups is partially
ionized (pK, ~ 9.14), thus imparting a negative charge to the
compound with which it is complexed. This explains the
decreased migration of the diol-containing compounds in
borate but not tricine buffer.

Knowledge of the interaction of borate with diols has
resulted in its more recent employment as a buffer for HPCE.
Wallingford and Ewing?! were one of the first to exploit this
characteristic for HPCE purposes showing that borate could
specifically alter selectivity in the separation of catechola-
mines in phosphate-SDS-borate micellular electrophoresis.
The ability of borate to complex with the diols of sugars has
led to its use in the HPCE analysis of saccharides. Borate
has been shown to be an important component in the HPCE
separation of monosaccharides and oligosaccharides as well
as the separation of glycosylated from nonglycosylated
peptides.’® As an extension of the work of Honda and co-
workers,!”1® Novotny and co-workers%> demonstrated that
fluorescently-labelled glucosamine and galactosamine, which
differ only by orientation of the hydroxyl group on C, and
hence should not be separable, were baseline resolved in borate
but not in a different buffer at the same pH. They suggest
that steric differences at this position on the sugar may result
in differential complexation of borate with the sugar. This
borate-dependent separation of free carbohydrates in solution
appears to also be relevant to carbohydrate moieties linked
to proteins. We have recently shown that borate may be a
key player in the high-resolution separation of proteins with
varying carbohydrate structures.?? Analysis of purified
ovalbumin by HPCE results in the resolution of five major
and 10-12 minor peaks. This correlates well with the study
by Honda and co-workers!8 who have shown that ovalbumin
oligosaccharides migrate as five major isoforms by HPCE
analysis. Borate has also beenshown to be useful in the HPCE
separation of neuropeptides,'* urine constituents,! oligo-
saccharides,'®'® plant hormones,'® amino acids,” and cate-

015‘21

From a chemical equilibria perspective, HPCE shows
potential for the analysis of borate complexation with cis-
diols in equilibrium-driven processes. Unlike the monitoring
of the conversion of chloramphenicol to acetylchlorampheni-
col in an enzyme-catalyzed reaction where the loss of the
substrate corresponds stoichiometrically with the appearance
of the product,® the complexation of borate with a diol-
containing structure is governed by equilibria between the
complexed and uncomplexed forms. Figure 5shows that this

(40) Branch, G. E. K; Yabroff, D. L.; Bettoman, B. J. Am. Chem. Soc.
1934, 56, 937-941.

(41) Daniel, M.; Brown, W. C. J. Am. Chem. Soc. 1955, 77, 3756-3763.

(42) Knoeck, J.; Taylor, J. K. Anal. Chem. 1969, 41, 1730-1734.

(43) Onak, T. P.; Landesman, H.; Williams, R. E.; Shapiro, I. J. Phys.
Chem. 1959, 63, 1533-1535.

(44) Boeseken, J. Adv. Carbohydr. Chem. 1949, 4, 189-219.
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Figwe 5. Borate concentration-dependent change in cytidine mig

time. Separation was carried out at pH 8.4 In an uncoated fused-sllica
caplllary of dimenslons 57 cm X 50 um containing 100 mM buffer
composed of varying combinations of tricine and borate ([borate]
given In upper right-hand corner of each profile). Sampte (cytidine,
822 pM; deoxycytidine, 873 uM; dissolved in the running buffer) was
injected by pressure for 3 s, and « voltage was applied at 25
kV (40 pA for buffer up to 30 mM borate; 16 zA for 100 mM borate).
The bar in the upper left of each panel represents 0.005 AU.

equilibria can be observed in a concentration-dependent
manner. Borate-complexed cytidine (~0.8 mM) begins to
resolve from deoxycytidine when the borate concentration in
the separating buffer reaches a concentration of ca. 1 mM
and is clearly separated from the deoxycytidine at a con-
centration of 3 mM. Increasing the borate concentration
greater than 3 mM results in further retardation of cytidine
migration until complete complexation is obtained at a
concentration of 100 mM. The identity of the somewhat
broader peak migrating later than the cytidine is not known
with certainty, although a polyborate—cytidine complex
certainly is possible.

Literature describing affinity constants for borate com-
plexation with diols is sparse. Antikainen and Huttunen?
reported that borate—D(+)-ribose complexation was associated
with an equilibrium constant (K.q) on the order of 13 mM (25
°C; ionic strength = 0.1). Knowing that the degree of borate
complexation was a function of borate concentration in the
running (and sample) buffer, the magnitude of borate
complexation was found to be directly reflected in retardation
of cytidine migration (as per Figure 5). Plotting the difference
in migration time (AMT) between deoxycytidine and the
borate—cytidine complex against the log of the concentration
of borate results in a sigmoidal saturation curve (Figure 6).
Interestingly, with this particular data, the concentration of
borate at which the borate—cytidine complex has been retarded

(45) Antikainen, P. J.; Huttunen, E. Suomen Kem. 1973, B46, 184—
190.
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Figure 6. Effect of borate on cytidine migration: semilogarithmic plot
of AMT versus borate concentration. The y~axis represents the absolute
difference between cytidine migration time (MT) and that of deoxycytidine
(=EOF) in minutes. The line through the points is a computer
interpolation of the data, and the error bars represent the standard
deviation with three experiments.

t0 50% of the maximum retardation is found to be 14.4 mM
and, thus, represents the K, for the equilibrium interaction
of borate with cytidine. These data were obtained at constant
voltage (25 kV) where the current was observed to drop from
ca. 42 pA at 40 mM borate (60 mM tricine) to 16 uA with 100
mM borate, probably as a result of the lower ionic strength
of borate as a buffer. This accounted for a dramatic shift in
the peaks over this range (Figure 5) and the “dip” in the
sigmiodal curve in Figure 6. To overcome potential artifacts
resulting from borate-concentration-dependent changes in
current, several approaches were explored. First, titration of
100 mM tricine with borate was carried out under a constant
currentof 15 uA. Under these conditions, a maximum voltage
of 9.5 kV was reached, resulting in a longer run time (ca. 12
min) and a K, of 84 mM (data not shown). A second
approach was tomaintain a voltage of 25 kV without exceeding
a maximum current of 16 pA. This was done by titrating 33
mM tricine with borate and gave a K, of 18 mM (data not
shown). A final approach was to increase the ionic strength
of the borate solution by addition of either sodium sulfate (6
mM) or sodium chloride (28 mM) to allow for titration at
constant current (43 pA at 25 kV). This yielded K¢g's of 20
and 18 mM, respectively (data not shown). The mean K.,
(£sd) for titrations with all of the approaches is 15.8 + 4.6
mM. This value for the interaction of borate with cytidine
is in excellent agreement with the literature value of 13 mM
for interaction of borate with ribose.#

CONCLUSIONS

Itis clear that the advantage of using a borate buffer system
in HPCE is not limited to its ability to produce relatively low
current at millimolar concentrations. The affinity of borate
for complexation with compounds containing a cis-diol results
in a substantial change in the charge-to-mass ratio of the
complexed compound due to the free ionized hydroxyl group
of borate that exists at pH 8.4. The complexation is key in
the free solution separation of diol-containing molecules
from those that would not typically be separable by HPCE
with other buffer systems and underscores the sensitivity of
HPCE for resolving molecules which differ only slightly in
structure and have identical net charge. Finally, the ability
tomonitor the borate concentration-dependent complexation
highlights the possibility that HPCE may provide a unique
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approach for studying the equilibrium association of borate
with cis-diols.
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Large-Volume Injection in Capillary Supercritical Fluid

Chromatography

Robert M. Campbell,” Hernan J. Cortes, and L. Shayne Green
The Dow Chemical Company, Analytical Sciences, 1897A Building, Midland, Michigan 48667

A system was developed to Introduce large sample volumes
(100 uL or more) Into a caplllary supercritical fluld chro-
matograph (SFC). Caplilary columns of 50-um internal
diameter (I.d.) were used without a noticeable decrease In
chromatographic efficlency and resolution. The sample
Introduction system conslsted of a serles of valves which were
operated to effect sampling Into an Inlet column, followed by
a solvent elimination step. A SF extraction step was then
used to refocus the analytes at the head of the caplllary SFC
column. Chromatography of the refocused analytes was
accomplished with pressure programming of the CO, mobile
phase. Narrow bands were obtalned In the final SFC analytical
step for a varlety of analytes Including alkanes, synthetic
triglycerides, polymer additives, and polyglycols in solvents
such as methylene chloride, chioroform, acetoniirile, and water.
A peak with greater than a ten to one signal to noise ratlo was
obtained for a 100-uL Injection of a 10 parts per billion (ppb)
solution of tribehenin (C22:0) using flame lonization detection
(FID). Triton X-100 In water was anaiyzod at the 3 ppm level
using a 100-uL Injectl Injection reproducibliity at 1 ppm
for 10-uL Injections of Irganox 1076 polymer additive was
0.16% relative, based on the raw peak areas. The large-

G cth described allowed sensltivity increases
of 1000-fold, ooupllng with liquid chromatography, Injection of
a large varlety of solvents, Including water, and a 10-foid
Improvement In reproducibllity.

INTRODUCTION

Capillary supercritical fluid chromatography (SFC) has
been used by the analytical community to solve problems,
conduct research, and monitor industrial production pro-
cesses. Many problems which would have been difficult or
impossible to approach with conventional chromatographic
techniques are readily amenable to capillary SFC. The
combination of advantages of high chromatographic effi-
ciency, predictable elution of increasing molecular weight,
high inertness, and sensitive, universal detection for organic
compounds has made SFC a valuable tool in industry,
academia, and government. Compound classes such as
polyglycols, polymer additives, waxes, lipids, reactive inter-
mediates including epoxies, peroxides, and isocyanates are
frequently easier and better analyzed by capillary SFC with
FID than by any other method.!

Columns of 50-um i.d. are needed in capillary SFC to
provide high chromatographic efficiency.! With these narrow
diameters, even small amounts of injected solvent can flood
the column, spreading the sample bands and resulting in
broadened, distorted peaks. Consequently, injection isusually
done in a split mode with injected quantities in the nanoliter

* To whom correspondence should be addressed.

(1) Lee, M. L.; Markides, K. E. Analytzcal Supercntu:al Fluid
Chromatography and Extraction; Ch C Inc.:
Provo, UT, 1990.

0003-2700/92/0364-2852$03.00/0

range.? Such small injected volumes limit the sensitivity of
the technique to 10-20 parts per million (ppm) using
conventional split or timed-split injection for organic com-
pounds detected by flame ionization (FID).

To overcome this sensitivity limitation, a variety of injection
techniques for SFC have been investigated in order to allow
larger volumes to be introduced into the SFC. These
techniques include direct injection using an uncoated inlet,?3
solvent.venting,3* solvent dilution,® density gradient focus-
ing,” solvent back-flush,” and combinations of these.? SFC
injection methods have been recently reviewed.?

Due to the small injection volumes and split injection mode
used in SFC, analytical precision values obtained are seldom
better than 3-5% relative, for raw peak areas.? Although
better precision can be obtained with internal standard
methods, the precision obtained in SFC is a significant
limitation of the technique.

The development of a large volume injection system for
capillary SFC also has utility in the field of multidimensional
separations.!® Systems coupling microcolumn liquid chro-
matography (LC) to capillary gas chromatography (GC)11-13
and to conventional LC415 have been demonstrated for a
variety of applications. However, a need remains for the
capability to separate analytes of interest from a cc
matrix in a multidimensional approach where the second
dimension is SFC. Other workers have investigated LC-
SFC16-18 and the application of the principles demonstrated
in this paper to the on-line coupling of L.C to SFC were recently
reported.!?

Several on-line systems have been reported in which
samples were SF extracted and the extractables deposited at

(2) Richter, B. E.; Knowles, D. E.; Anderson, M. R; Porter, N. L.;
Campbell, E. R.; Later, D. W. HRC& CC, J. High Resolut. Chromatogr.
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3, 521-529.
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Figure 1. Schematic diagram of the large-volume injection CSFC
system: (1) SFC pump; (2) tee; (3) 10-port switching valve; (4) 4-port
switching valve; (5) 10-port switching valve; (6) 8-port switching valve;
(7) capiliary inlet column; (8) SFC Interfacs; (9) Capillary SFC column;
(10) frit restrictor; (11) GC oven; (12) FID; (13) vent; (14) vent; (15)
sample loop.

the head of the SFC column.2*-28 These systems required
manually opening the extraction vessels between analyses
and were not amenable to automated analysis. Since these
systems were designed primarily for solid samples, they did
not readily accommodate analyses of liquid samples.

In this report we describe a system which allows intro-
duction of large liquid volumes into capillary SFC which is
accomplished through solvent elimination followed by refo-
cusing of the analytes by pressurizing the inlet and depositing
the analytes in a narrow band at the head of the SFC column.
The large volume injection SFC system described herein
yielded high sensitivity and improved reproducibility.

EXPERIMENTAL SECTION

Reagents and Chemicals. The SFC system, including
injection steps, was operated with SFE/SFC (FID and ECD)
grade CO; (Scott Specialty Gases, Plumsteadville, PA) which
was further purified by passing it through a charcoal (SKC, Eighty
Four, PA) trap, 30-cm X 9-mm i.d., followed by an alumina (Bio-
Rad, Richmond, CA) trap, 80-cm X 9-mm i.d., which was heated
to 75 °C during pump filling. All solvents were HPLC grade or
better (Fisher, Pittsburgh, PA). Methylene chloride was pesticide
grade (Burdick and Jackson, Muskegon, MI). Synthetic tri-
glycerides and Triton X-100 were obtained from Sigma Chemical
Co., St. Louis, MO. Irganox 1076, 1330, and 1010 were obtained
from Ciba-Geigy, Basel, Switzerland.

Instrumentation. The system used is similar to that pre-
kusly reported.’® The CSFC injection system consisted of a
senes of switching valves mounted on a Model 5890 gas

tograph (Hewlett-Packard, Avondale, PA). A schematic
diagram of the system is shown in Figure 1. The carrier fluid,
CO,, was supplied with a syringe pump, 1 (Model 100D, Isco,
meoln NE). Valve VI (Model N1IOWT, Valco, Houston, TX)
d selection of either helium purge gas or liquid CO, and

was connected to valve V2 with !/3-in.-0.d. stainless steel tubing.
The helium purge gas was supplied at 40 psi, and at this pressure
its volumetric flow rate through the inlet column was approx-
imately 2 mL/min. Valve V2 (Model N1OWT, Valco, Houston,
TX) was equipped with a stainless steel sample loop, 15, of either
10 or 100 L and was connected to valve V3 (Model C8WE, Valco,
Houston, TX) with the sample inlet column, 7. Valve V3, the
inlet column, interface, and analytical column were mounted
inside the oven. Valves V1, V2, and V4 were located outside the
oven. Fill and waste lines were installed in the appropriate ports
of valve V2. The inlet column was either a 15-m X 0.15-mm-i.d.

(20) Jackson, W. P.; Mnrhdes,K E.; Lee, M. L. HRC & CC, J. High
Resolut. Chr C 1986, 9, 213.

(21) Anderson, M. R. Swanson,J T.; Porter, N. L.; Richter, B. E. J.
Chromatogr. Sci. 1989, 27 371

(%%)SXie, L.Q; Markides, M. L.; Lee, M. L. J. Chromatogr. Sci. 1989,

27, 365.
(23) Koski, I. J.; Jansson, B. A.; Markides, K. E;; Lee, M. L. J.
Pharmaceut. Biomed. Anal. 1991, 9, 281-290.

fused-silica tube (Polymicro Technologies, Phoenix, AZ) or a
6-m- X 0.28-mm-i.d. Silcosteel tube (Restek, Bellefonte, PA) or
a 5-m- X 0.18-mm-i.d. fused-silica column coated with a 0.2-um
film of methylsilicone (Rt,-1, Restek, Bellefonte, PA). Theoutlet
of this tube was connected to valve V3 which was in turn connected
to the SFC column, interface, 8, via a linear restrictor, 30-cm X
20-pm i.d. X 90-pm o.d. (Polymicro Technologies, Phoenix, AZ).
A vent tube (20-cm X 250-um i.d. fused silica, Polymicro) was
connected to the port adjacent to the inlet column and a plug was
installed in the port adjacent the restrictor. The linear restrictor
was inserted through a glass-lined tee (Mecdel SUT/16/005/005,
Scientific Glass Engineering, Inc., Austin, TX) and into the
interface tube, 20-cm X 100-um i.d. (deactivated, Dionex/Lee
Scientific, Salt Lake City, UT). The third leg of the tee was
connected to valve V4 (Model C4W, Valco, Houston, TX) with
a stainless steel tube 20-cm X 0.02-in. (508-um) i.d. The outlet
end of the interface tube was connected to the SFC analytical
column, 9, 10-m X 50-um id. (SB-PHENYL-5, Dionex/Lee
Scientific, Salt Lake City, UT) with a stainless steel butt-
connector (MVSU 004, SGE, Austin, TX). The analytical column
was equipped with a frit restrictor which was affixed with a
pressed-fit connector. The outlet of the analytical column
restrictor was installed in the flame ionization detector (FID).
Carbon dioxide was supplied to valve V4 via a 40-cm X 0.01-in.-
(254-um) i.d. stainless steel tube. A short fused-silica tube was
installed in valve V4 as vent and the other port was plugged.

Data were collected and processed with a computer-based
chromatography data system (Access*Chrom, PE Nelson,
Cupertino, CA).

Procedure. Asamplewasinjected onthesystem and analyzed
as follows. The loop of valve V2 was filled with sample with a
syringe. With valve V1 positioned to select helium, valve V4
positioned to supply CO, to the analytical column, and valve V3
in the vent position, valve V2 was switched to put the loop in the
helium flow stream. The system was held in this position for a
period of time, usually 5 min, sufficient to allow the solvent to
evaporate. The oven was held at 100 °C. Valves V4, V3, and V1
were then switched rapidly in succession, in that order. This
supplied CO; to the inlet column, vented the interface and
analytical column, and diverted the outlet of the inlet column
from waste to the restrictor and interface. The CO; pressure was
ramped at 53 atm/minute from 80 to 400 atm and held for a
period of time (usually 5 min) in order to transfer the analytes
from the inlet column to the interface. The CO, was decom-
pressed through the linear restrictor and vented as a gas while
the analytes were deposited in the interface. The pump pressure
was then decreased to 80 atm, and valves V4, V1, and V3 were
switched. This supplied CO; to the interface and analytical
column and vented the inlet column. The pressure was then
ramped at 12.8 atm/min to 400 atm and held for 6 min. The
analytes were eluted from the analytical column and detected by
the FID.

RESULTS AND DISCUSSION

This injection system was designed to handle volumes
ranging from 1 uL to hundreds of microliters. Volumes less
than 1 uL can be injected using direct injection with an
uncoated inlet. As described in the Experimental Section,
thesample was introduced into a capillary inlet where, through
the action of helium gas and heat, the solvent was eliminated.
A capillary column provides a more efficient separation of
analyte from solvent than simple evaporation in a vial under
a nitrogen gas stream. The use of this type of inlet system
allows the application of all the solvent removal and analyte
retention mechanisms which have been used in large-volume
injection in GC° to injection in SFC.

During the solvent elimination step, the solutes are spread
over a wide band in the inlet column due to flooding of the
column by the large amount of solvent. The solutes must be
refocused into a narrow band prior to chromatography on the
narrow-bore CSFC column. This was accomplished by fully
exploiting the properties of CO; as a supercritical fluid. The
analytes deposited on the walls of the inlet were dissolved in
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Figure 2. LVI/CSFC chromatogram of synthetic triglycerides: (10)
tridecanoin (C 10:0); (17) triheptadecanoin (C17:0); (22) tribehenin (C22:
0). Conditions: injection volume, 10 uL; concentration, 1 ug/mL;
solvent, chloroform. Inlet column, 15-m X 150-um i.d. fused silica;
oven temperature, 100 °C; inlet He purge time, 5 min; inlet pressure
program, 80-400 atm at 53 atm/min, 6-min hold. Conditions for
analytical column: 10-m X 50-umi.d., 5% phenylmethyisilicone, 0.25-
um film thickness; oven temperature, 100 °C; pressure program, 80—
400 atm at 12.8 atm/min, 6-min final hold; detection, FID.

supercritical CO,, transported through a restrictor, and
deposited in the interface. The CO; decompressed through
the restrictor and changed phase from a high-density,
supercritical fluid to a low-density gas. Since the analytes
were not soluble in the low-density, gaseous CO,, they
deposited in a narrow band at the outlet of the restrictor. It
is important that the dead volume in the interface be
minimized in order to prevent band broadening prior to the
SFC analytical step which was accomplished using a 100-
um-i.d. interface tube with a 90-um-o.d. restrictor tube.

In early experiments, a large background was seen in the
chromatograms.!® This problem was alleviated by using a
better grade of CO,, careful cleaning of the system compo-
nents, and the use of heated traps during pump filling, as
described in the Experimental Section. It was important to
use alow pump filling rate (1-2 mL/min) to obtain clean CO,
in this system. The heated trap d the CO; to expand
toa low density at this pressure, and the impurities were then
no longer soluble in the fluid and deposited on the packed
bed. If the filling rate was too high, the heater capacity was
exceeded and impure liquid CO, flowed into the pump,
resulting in high backgrounds.

A typical chromatogram obtained using the described
system is shown in Figure 2. The chromatogram represents
a 10-uL injection of synthetic triglycerides, tridecanoin
(C10:0), triheptadecanoin (C17:0), and tribehenin (C22:0)
dissolved in chloroform at the 1 ug/mLlevel (ppm). Although
actual column efficiencies could not be measured due to
pressure programming, peak widths obtained were equivalent
to those obtained with conventional split or timed-split
injection. Another measure of the injection performance is
resolution of closely related isomers. A chromatogram of
pentaerythritol tetrastearate (PETS) polymer additive is
shown in Figure 3. Resolution of the PETS isomers in this
10-uL injection of a 5 ppm solution was as good as that
obtained using conventional split injection under similar
chromatographic conditions.
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Figure 3. LVI/CSFC chromatogram of pentaerythritol tetrastearate
(PETS). Conditions: inj , 10 L € 5 ug/mL;

solvent, chloroform; Inlet column, 6-m X 0.29-mm L.d. Silcosteel; Inlet
pressure program final time, 8 min. Other conditions are as In Figure
2.
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Figure 4. LVI/CSFC chromatogram of Irganox 1076 (1), 1330 (2),
and 1010 (3). Conditions: Injectk 10 pL; on, 1

ng/mL except Irganox 1010 which was 2 ug/mL; soivent, chioroform.
Other conditions are as in Figure 2.

The injection system was also applicable to compounds of
intermediate polarity. Figure 4 shows the SF chromatogram
of a 10-uL injection of hindered phenol polymer additives.
Irganox 1076 and 1330 were injected at a concentration of 1
ppm, while Irganox 1010 was at the 2 ppm level. Resolution
and peak shape were equivalent to those obtained with
conventional injection typically restricted to much higher
concentration levels (100-200 ppm). The capability to analyze
dilute solutions of polymer additives is important since many
of the additives are found in polymers at trace levels.

A 10-pL injection of Triton X-100 polyglycol at the 30 ppm
levelin chloroform is presented in Figure 5. This wasinjected
at a level which is much lower than the percent levels which
are usually necessary in splitinjection. Although the pressure
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Flgln 5. LVI/CSFC chromatogram of Triton X-100. Conditions:
, 10 ul; , 30 ug/mL; solvent, chloroform;
inlet column, &m X 0.28-mm i.d. SIIeosteeI inlet pressure program
final time, 10 min. Other condltions are as in Figure 2.
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Figure 6. LVlICSFC cl'mmatog'am of symhetlc triglycerides: tride-
canolin (10); trihep 5in (17); tribehenin (22). Conditions: injection
volume, 100 uL; concentration, 0.1 ug/mL; solvent, methylene chioride;
inlet He purge time, 20 min; inlet pressure program final time, 10 min.
Other conditions are as In Figure 2.

program was not optimized here for resolution of all the
isomers, peak shapes are not significantly worse in width or
symmetry than what is seen in conventional split injection
SFC. Further optimization of the pressure program and other
column/inlet conditions will likely result in improved reso-
lution for this material. This demonstrates the applicability
of the large-volume injection system to polyglycols.
Injection volumes much larger than 10 uL were also possible
with this system, making trace analysis a reality for capillary
SFC. Figure 6 shows a 100-uL injection of the triglycerides
in methylene chloride at the 0.1 ppm level. Figure 7 shows
the same triglycerides injected at the 10 parts per billion
(ppb) level, again with 100 pL injected. The signal to noise
level was greater than 10 for tribehenin, suggesting that
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Figure 7. LVI/CSFC chromatogram of synthetic triglycerides.
Conditions: concentration, 0.01 ug/mL (10 ppb). Other conditions
are as in Figure 6.
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Figure 8. LVI/CSFC chromatogram of Irganox 1076. Conditions:
Injection volume, 10 uL; concentration, 1 ug/mL; soivent, water with
0.2% (w:w)acetic acid; inlet column, 5-m X 0.18-mmi.d. methylsilicone
caplliary, 0.2-um film; inlet He purge time, 10 min; inlet pressure program
final time, 18 min. Other conditions are as in Figure 2.
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detection limits of less than 10 ppb are possible. Larger
injection volumes may be feasible and it appears that
sensitivity with the reported injection technique may only be
limited by the background level of impurities in the sample.

In addition to organic solvents, aqueous samples were also
introduced into the system. Figure 8 shows the injection of
10 uL of Irganox 1076 in water at the 1 ppm level. A small
amount (0.2%) of acetic acid was added to the sample to
prevent adsorption of the analyte onto the walls of the glass
vial and injection syringe. As can be observed, peak shapes
obtained were not affected by the type of solvent introduced.
Figure 9 represents a chromatogram of a 100-xL injection of
triglycerides in water at the 0.1 ppm level, while Figure 10
represents a chromatogram of 100 uL of water containing
Triton X-100 polyglycol nonionic surfactant at the 3 ppm
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Figure 9. LVI/CSFC chromatogram of synthetic triglycerides.
Conditions: injection volume, 100 uL; concentration, 0.1 ug/mL; solvent,
water with 0.2% acetic acid. Other conditions are as in Figure 8.
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Figure 10. LVI/CSFC chromatogram of Triton X-100. Conditions:
injection volume, 100 uL; fon, 3 ug/mL, solvent, water.
Other eondtions are as in Figure 8.

level. The results obtained demonstrate the applicability of
the technique for the analysis of trace level components in
aqueous media. Samples such as process streams, waste
streams, or blood plasma, for example, willlikely be candidates
for analysis using the reported approach.

A coated column was used as the inlet column for the
aqueous injections. The separation mechanism employed in
the inlet column during aqueous injections was different from
that used in the organic solvent injections. In the organic
solvent injections, the introduction temperature was above
the boiling point of the solvent, and the solvent was evaporated
in the uncoated inlet tube and exited as a vapor. The solutes
were retained on the basis of differential volatility. In the
aqueous case, the sample was forced through an inlet column
coated with methyl silicone stationary phase with the
temperature below the boiling point of water. The water
exited the inlet column as a liquid, rather than a vapor as in

Table I. Raw Areas and Precision Results for Irganox 1076
and Triheptadecanoin at 1 ppm and 10-uL Injections in
Chloroform

peak area (counts)
run Irganox 1076 triheptadecanoin ratio

1 182 258 184 762 0.9864
2 182 366 183 186 0.9955
3 182178 186 438 0.9772
4 182176 185 296 0.9832
5 182 418 185 574 0.9830
6 181 704 186 860 0.9724
7 182174 185 008 0.9847
8 182 768 186 336 0.9809
av 182 256 185 433 0.9829
% RSDe 0.16 0.63 0.69

2RSD = relative standard deviation.
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Figure 11. LVI/CSFC chromatogram of Irganox 1076 and trhep-
tadecanoin. Conditions: injection volume, 10 ulL; concentration,
pg/mL; solvent, chioroform; inlet column, 6-m X 0.28-mmi.d. Sleosheel
inlet pressure program final time, 10 min. Other conditions are as in

Figure 2.
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the organicsolvent case. The organic analytes in the aqueous
solution were trapped in the silicone stationary phase through
a partitioning mechanism, analogous to open tubular reversed-
phase liquid chromatography. The separation between the
water solvent and the organic solutes was based on water/
silicone partitioning coefficients rather than on volatility.

One important benefit obtained using the system described
is in injection precision. Conventional split injection tech-
niques yield precision values in the range 3-5% RSD for the
raw peak areas. Using this large-volume injection, however,
much better precision than this was obtained. Table I lists
the results of a series of eight 10-uL injections of Irganox
1076 and triheptadecanoin at the 1 ppm level. A represen-
tative chromatogram from this series is shown in Figure 11.
An RSD value of 0.16% was obtained for Irganox 1076, while
triheptadecanoin yielded an RSD value of 0.6%. The results
obtained represent a 10-fold increase in injection precision
over conventional split and timed split techniques.

It should be noted that the precision values reported here
donot necessarily reflect a maximum level of precision possible
with this system. As in any technique, the actual precision
obtained will be affected by the type of analyte, the matrix,
sample type, concentration, analysis conditions, etc. Further
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work on the optimization of this system will likely yield even
better precision values.

The precision of the peak area ratios as would be used in
internal standard methods was about the same as the raw
area precision. Since the two compounds used in this case
were of different compound classes and did not have closely
related retention times, the relative precision obtained is not
a good indicator of what will be possible with this injection
system.

The same set of valves, including valve V3 in the oven, was
used over a period of months for hundreds of injections
without leakage or failure. The oven temperature was
typically at 100 °C, although some injections were made at
80 or 120 °C.

In this report we have described a large-volume injection
system and have shown that it brings four important advances
to CSFC injection technology. First, with analyses down to
10 ppb, sensitivity has been improved 1000-fold over con-
ventional split techniques. Second, LC was coupled to CFSC

for improved specificity and trace analysis of complex
samples.’® Third, aqueous samples can be injected without
prior extraction or prior removal of the water matrix. Fourth,
with large-volume injections using a sample loop, a 10-fold
improvement of injection precision was realized over con-
ventional split techniques in CSFC. In addition, since the
system is operated completely with switching valves, it can
be easily automated. With this injection system, the major
limitations which have heretofore been associated with CSFC
injection were overcome.
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Adsorbent Sandwich Cartridges for Collecting Chlorophenols

from Air
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Adsorbent traps contalning 5-6 g of Tenax-GC sandwiched
between two 3-cm-thick polyurethane foam (PUF) plugs were
used to collect six di- to tetrachlorophenols from 285-380 m®
of analyte-splked alr. Laboratory experiments were conducted
by vaporizing known quantities of chiorophenols into a clean
alrstream for sampling by a General Metal Works PS-1 high-
volume air sampler at 20 °C. Chilorophenols were Soxhlet
extracted from the adsorbent traps, derivatized with acetic
anhydride, and analyzed by gas chromatography using electron
capture d tion. Collection efficlencles, d nined by mass
balance of the quantities introduced and recovered, averaged
83-96% for Individual compounds, with an overall mean of
83%. The PUF-Tenax traps should be suitable for ambient
alr sampling at alr volumes up to at least 380 m® with air
temperatures <20 °C.

INTRODUCTION

Chlorophenols are a group of semivolatile organic com-
pounds that are used as pesticides, bactericides, wood
preservatives, and synthetic intermediates. They are also
byproducts of the chlorine bleaching process used in pulp
and paper mills. Most chlorophenols are on the U.S.
Environmental Protection Agency priority pollutant list, and
reliable air collection methods are needed for these com-
pounds. Recently, chlorophenols have been investigated as
indicator parameters for polychlorinated dibenzodioxins and
furans from municipal waste combustion.! Little information
on chlorophenols in ambient air is available, but measure-
ments in Portland, OR,2 Windsor, Ontario,> and Hamburg,
Germany,* showed low ng/m? concentrations.

Vapor pressures of di- through tetrachlorophenols range
from about 13 to 0.4 Pa at 20 °C (see Table I) and are similar
to those of chlorobenzenes and two-ring aromatic hydrocar-
bons. Semivolatile organic compounds in this volatility range
are poorly collected by high-volume air samplers using

t Department of Chemistry, University of South Carolina.

! Present address: Battelle, Pacific Northwest Laboratories, P.O. Box
999, Richland, WA 99352.

§ Present address: Agricultural Research Service, U.S. Department of
Agriculture, Beltsville, MD 20705.

I Present address: TMS, Division of Coast-to-Coast Analytical Services,
7726 Moller Rd., Indianapolis, IN 46268.

1 Marine Science Program, University of South Carolina.

£ Present address: Atmospheric Environment Service, 4905 Dufferin
St., Downsview, Ontario M3H 5T4, Canada.

(1) Oberg, T.; Bergstrom, J. Chemosphere 1989, 19, 337.

(2) Leuenberger C.; Ligocki, M. P; Pankow, J. F. Envzron Sci. Technol.
1985, 19, 1053-1058.

(3) Dann, T. Detroit Incinerator Monitoring Program Data Report #4,
PMD-90-8; River Road Environmental Technology Center, Environment
Canada Conservation and Protection: Ottawa, 1990; Appendix B-G.

(4) Bruckmann, P.; Kersten, W.; Funcke, W.; Balfanz, E.; Konig, J.;
Theisen, J.; Ball, M.; Pépke, O. Chemosphere 1987, 17, 2363-2380.

(5) Weast, R. C.; Astle, M. J.; Beyer, W. H. Handbook of Chemistry
and Physics, 65th ed.; CRC Press: Boca Rotan, FL, 1984; p D-204.
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Table I. Chlorophenol Quantities Used in Collection
Experiments

compd ug pL°, (Pa) (20 °C)e
2,6-DCP 0.35-4.8 8.2
2,4-DCP 0.37-4.8 13.1
3,4-DCP 0.30-5.8 b
2,4,5-TCP 0.24-23 41
2,4,6-TCP 0.17-3.2 2.6
2,3,4,5-TeCP 0.077-1.7 b,c

2 Reference 5.  Value not available. ¢ py° for 2,3,4,6-TeCP = 0.44
Pa.

polyurethane foam (PUF) alone as an adsorbent. Collection
of these semivolatile compounds is greatly improved by using
granular adsorbents with higher specific surface areas such
as Tenax-GC or XAD-2, either alone®® or sandwiched between
two PUF slices.®1¢ Wehave demonstrated thata high-volume
air sampler equipped with PUF—granular adsorbent sandwich
cartridges can be used to collect two-ring aromatic hydro-
carbons, chlorobenzenes, and hexachlorocyclohexanes
(HCHs).!' The objective of this study was to evaluate PUF-
Tenax-GC as a solid-phase adsorbent for high-volume air
sampling of chlorophenols.

EXPERIMENTAL SECTION

Sampling Train and Test Procedures. A description of
the apparatus used for collection efficiency studies is given in
Zaranskietal.l! Briefly, a General Metal Works, Inc. PS-1 high-
volume sampler was modified by attaching a stainless steel mixing
chamber to the top of the filter head assembly. Air entering the
mixing chamber was cleaned by passage through a glass-fiber
filter followed by an activated charcoal bed. A mixture of
chlorophenols (0.077-23 ug each) in 25-50 uL of methanol or
hexane wasinjected into a heated glass port, vaporized, and swept
into the clean airstream. The outlet of the mixing chamber led
into the PS-1 sampler containing two PUF—granular adsorbent
traps, each with 5.8-cm i.d. The sandwich traps were filled with
5-6 g of Tenax-GC (35/60 mesh, Alltech Associates) between two
3-cm-thick PUF slices (density = 0.022 g/cm?, Product No. 3014,
Olympic Products Corp., Greensboro, NC). Intact traps were
precleaned before use by Soxhlet extraction with 15% ethyl ether
in petroleum ether (15% EE/PE) and then dried and stored as
previously described.!!

After injection of test compounds, air was pulled through the
mixing chamber at 0.1-0.3 m3/min to sweep the chlorophenols
from the mixing chamber into the adsorbent bed. The pressure

6) Blllmgs,W N.; Bidleman, T. F. Environ. Sci. Technol. 1980, 14,
679683,

(7) Blllmgs, W. N,; Bidleman, T. F. Atmos. Environ. 1983, 17, 383
391

(8) Arey, J.; Atkinson, R.; Zielinska, B.; McElroy, P. A. Environ. Sci.
Technol. 1989, 23, 321-327.
(9) Lewis, R. G.; Jackson, M. D. Anal. Chem. 1982, 54, 592-595.
(10) Z ki, M. T.; Bidl T.F.J. Chr . 1987, 409, 235~

242.
(11) Zaranski, M. T.; Patton, G. W.; McConnell, L. L.; Bidleman, T.
F.; Mulik, J. D. Anal. Chem. 1991, 63, 1228-1232.
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drop behind the adsorbent cartridges was measured with the
Magnehelic gauge on the PS-1 sampler and related to flow rate
using the PS-1 orifice calibrator. Experiments were carried out
in a controlled-temperature room at 20 = 2 °C.

In some experiments, chlorophenols were vaporized from a
spiked glass-fiber filter (10-cm diameter) instead of being injected
into the mixing chamber. The mixing chamber was removed
and the spiked filter was inserted into the standard PS-1 holder
in front of the PUF-adsorbent cartridges. The mixing chamber
with its prefilter assembly was reattached to scrub laboratory air
entering the system.

Seventeen collection experiments were run at air volumes of
285-380 m3. Sixteen of the runs used duplicate front and back
cartridges containing 5-6 g of Tenax between PUF slices, the
other run used 10 and 3 g in the front and back traps.

Chlorophenols used were 2,4-dichlorophenol (2,4-DCP), 2,6-
DCP, 3,4-DCP, 2,4,5-trichlorophenol (2,4,5-TCP), 2,4,6-TCP,and
2,3,4,5-tetrachlorophenol (2,3,4,5-TeCP). Chlorophenol stan-
dards were made from reagent-grade compounds that were
purchased from chemical supply houses and used without further
purification. The amounts used for collection experiments ranged
from 0.077 to 23 pg (Table I).

Analytical Methods. Analytes were extracted from intact
adsorbent cartridges using 15% EE-PE in a specially designed
Soxhlet apparatus built by the University of South Carolina glass
shop. Thesolvent was concentrated by flash evaporation at room
temperature to about 10-20 mL, transferred to graduated
centrifuge tubes, and evaporated to 5 mL with nitrogen that had
been filtered through Tenax-GC.

Chlorophenols were separated from base—neutral compounds
and derivatized for analysis by gas chromatography (GC) using
the following procedure, adapted from Chau and Coburn!? and
Abrahamsson and Xie:!? The sample extract (5 mL) was shaken
for 3.0 min with 5.0 mL of 0.1-0.2 M Na,CO; in a 16- X 125-mm
culture tube having a polytetrafluoroethylene-linked screw cap.
The phases were separated, and the organic layer was saved for
the analysis of base—neutral compounds (e.g., chlorobenzenes,
HCHs, aromatic hydrocarbons). The aqueous layer was skaken
with 2 mL of hexane, and the hexane was added to the base—
neutral fraction. A 1-mL aliquot isoocante was added to the
tube containing the aqueous phase, 50-200 L of acetic anhydride
was added, and the tube was immediately capped and shaken for
3.0 min. This step (extractive acetylation) derivatized the
chlorophenols to their corresponding acetates and extracted them
into the organic layer for GC analysis. For each collection
experiment, an isooctane solution containing the target chlo-
rophenols was derivatized in the same manner as the sample
extracts and used as an external standard.

GC analysis using a %*Ni electron capture detector (GC-ECD)
was carried out on Carlo Erba 4160 or Varian 3700 chromato-
graphs. A 25-m bonded phase fused-silica column (polydimeth-
ylsiloxane, 5% phenyl) was used for chlorophenol acetate analysis.
Samples were injected splitless (Grob technique, 1-2-uL volume,
30-s split time) using the following program: Inject at 65 °C,
hold 1.0 min, program at 7 °C/min to a final temperature of 260
°C. Other GC conditions were as follows: carrier gas, H at 30—
40 cm/s; injector 240 °C; detector 320 °C. Chromatographicdata
were collected and processed with a Hewletb—Packa.rd 3390A or

u Chromat; CR3A i

RESULTS AND DISCUSSION

Analytical Method and Blank Values for Chlorophe-
nols. To evaluate analyte losses during extraction and
evaporative concentration steps, phenols containing 2—4
chlorines were spiked onto Tenax-GC in paper thimbles or
PUF-Tenax-GC traps and Soxhlet extracted with 15% EE-
PE. The spiked compounds showed recoveries of 83-95%
(Table II).

The effect of acidity on chlorophenol acetate yield was
evaluated over a pH range of 4.6-9.7. The equilibrium pH

389(22) Chau, A. S. Y.; Coburn, J. A. J. Assoc. Off. Anal. Chem. 1974, 57,
(13) Abrahamsson,K Xie, T. M. J. Chromatogr. 1983, 279, 199-208.

Table II. Recovery of Chlorophenols from Spiked
Adsorbents®

Tenax (3 g) in

paper thimbles® PUF-Tenax traps®
recovery recovery
quantity (% mean quantity (% mean

compd (ug) + sd)¢ (ug) +sd)
2,6-DCP 0.51 915 0.51-3.1 83+ 14
2,4-DCP 0.48 945 0.48-2.9 85+ 20
3,4-DCP 0.97 95+ 12 0.52-5.9 87+ 18
2,4,6-TCP 0.23 93+2 0.23-1.4 86 + 16
2,4,5-TCP 0.24-18.6 84+ 12
2,3,4,5-TeCP 0.11 93+3 0.11-0.64 84 +27

250 — 150 uL of acetic anhydride used. ® n = 5. ¢ n = 9; except for
2,4,5-TCP where n = 7. ¢ sd = standard deviation.

(pH of the aqueous phase following the extractive acetylation)
was adjusted by changing the concentration of the Nay,CO;
solution from 0.1 to 1.0 M. A 5-mL aliquot of each Na,CO3
solution was spiked with chlorophenols, 1 mL of isooctane,
and 100 pL of acetic anhydride. Normalized acetate yields
relative to the maximum yield for each compound are shown
in Figure 1a. Overall yields of chlorophenol acetates were
best at pH 4.6-6.0 and remained above 75% through the
entire pH range for 2,4-DCP, 3,4-DCP, and 2,4,5-TCP. A
slight reduction to 70% for 2,3,4,5-TeCP yields was observed
atpH 9.3-9.7. The production of acetates was greatly reduced
at 9.3-9.7 for 2,6-DCP and 2,4,6-TCP. The chlorophenols
with substitution in the 2,6-positions were more sensitive to
pH effects. In the acetylation reaction both chlorophenol
and water compete for the acetic anhydride. For successful
derivatization to occur, the acetylation rate must be fast
compared to the hydrolysis rate of acetic anhydride. The
2,6-position chlorophenols may be sterically hindered in their
ability to react with acetic anhydride. An additional exper-
iment was run using the previous conditions, except that the
amount of acetic anhydride was increased to 200 yL. In-
creasing the acetic anhydride resulted in a lower equilibrium
pH for the solutions and a pH range of 4.0-8.3. Normalized
acetate yields (Figure 1b) were good throughout the entire
pHrange with results ranging from 0.74 to 1. The equilibrium
pH was 4.5-4.7 for all collection runs.

Analytical blanks (cleaned and stored adsorbent traps) for
PUF-Tenax-GC were <2 ng for the DCPs, 1 ng for 2,4,6-
TCP, and <1 ng for 2,3,4,5-TeCP. Blank levels were low
relative to the amounts of analytes typically seen in ambient
air and remained low even after storage in a freezer for 4
months.

Collection Efficiencies. Ten experiments were per-
formed in which chlorophenols were introduced into the
mixing chamber (M experiments in Table III). Average
recoveries of 2,4-DCP and 2,6-DCP were 87-96%. Losses
were greater for the less volatile 3,4-DCP, 2,4,6-TCP, and
especially 2,3,4,5-TeCP (mean = 63% =+ 26%). The lower
recoveries of the less volatile chlorophenols may have been
caused by loss of analytes in the sample inlet and mixing
chamber. Foroneexperiment (Table III, 347 m3), the injection
port and mixing chamber were rinsed with PE following the
run and the extracts collected were analyzed for chlorophenols.
Percentages found in the injection port-mixing chamber were
<1% for 2,4-DCP and 2,6-DCP, 6% for 3,4-DCP, 3-5% for
2,4,6-TCP and 2,4,5-TCP, and 30% for 2,3,4,5-TeCP. Because
the injection port temperature was not monitored, variations
in temperature may explain the low and variable recoveries
of chlorophenols in some experiments.

To avoid losses to the inlet system, seven runs were
performed in which the chlorophenols were spiked onto a
glass-fiber filterin front of the adsorbent traps (F experiments,
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Figure 1. (a, Top) Chlorophenol acstate yiel relative to equilibrium pH using 100 pL of acetic anhydride with 0.1-1.0 M Na,COs. (b, Bottom)
As In (a) except 200 uL of acstic anhydride.

Table I1I. Percentage Recovery of Chlorophenols for PUF-Tenax Collection Runs*

m? spike® method 2,6-DCP 2,4-DCP 3,4-DCP 2,4,5-TCP 2,4,6-TCP 2,3,4,5-TeCP

285 M 48 53 55 25 29

314 M 58 66 31 27 18

334 M 109 112 111 89 97

346¢ M 106 149 116 106 65

3474 M 82 74 68 83 82 87

353 M 105 118 100 95 85

358 M 94 109 85 90 66

374 M 87

374 M 91 87 73 101 79 70

380 M 92 93 66 63 63 53
mean® M 87+21 96 + 30 78+ 27 84+16 73+£29 63+ 26
288 F 87 84 86 73 75

289 F 60 56 90 96 83 84

296 F 73 73 92 73 95 71

296 F 98 78 85 69 82/ 74

318 F 76 69 80 73 94 88

350 F 65 82 107 138/ 104 90

374 F 88 125 105 87 100 84
mean® F 78+ 14 81%22 9210 89 £ 26 90£11 8172

2 Based on the sum of quantities found in both traps, separate cartridges, Tenax = 5-6 g front, 56 g back. ® Spike method: M = injected
into mixing chamber, F = volatilized from a glass-fiber filter. ¢ Separate cartridges, Tenax = 10 g front, 3 g back. ¢ Includes the amount
recovered from rinses of the injection port and mixing chamber. ¢ Mean + standard deviation. / Front trap and filter only, contaminant on
back trap.

Table III). Collection experiments were then run in the recovery for 2,3,4,5-TeCP (Mann-Whitney U-test, p < 0.05,
normal fashion, and the spiked filters as well as sorbent traps omitting the mixing chamber rinse experiment).

were analyzed. The F runs showed significantly improved Analyte migration (breakthrough) beyond the front ad-
precision (lower variance, F-test, p <0.05) for 3,4-DCP, 2,4,6- sorbent trap was monitored using the back adsorbent trap.
TCP,and 2,3,4,5-TeCP. Inaddition, the F runs yielded higher Breakthrough was calculated as 100(T/ T), where T2 and T,
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Table IV. Breakthrough of Test C: ds from Front to

Back Traps
100(To/ Ty)°
compd mean sd no. of samples
2,6-DCP 8.6 +9.1 14
2,4-DCP 1.0 +6.2 14
3,4-DCP 44 7.1 14
2,4,6-TCP 43 +7.2 13
2,4,5-TCP 1.6 1.8 6
2,3,4,5-TeCP 19 +3.1 14

¢ T; and T, = quantities on front and back traps, respectively.

are the quantities found on the back and front traps,
respectively. Mean breakthrough for the chlorophenols
ranged from 1.6 to 8.6 and are given in Table IV. The results
showed greater breakthrough for the more volatile chlo-
rophenols, but the most volatile compound (2,6-DCP) had a
mean breakthrough of only 8.6 £ 9.1. The di- through
tetrachlorophenols are effectively retained by PUF-Tenax
at air volumes up to at least 380 m3 at 20 °C. Analyte

breakthrough increases with temperature, thus ambient air
collection at temperatures higher that 20 °C may need smaller
sample volumes or greater quantities of Tenax-GC.
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Analysis of Phosphite Polymer Stabilizers by Laser Desorption/
Electron Ionization Fourier Transform Ion Cyclotron Resonance

Mass Spectrometry
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Detection and quantitation of phosphite antioxidants in polymers
is a challenging analytical problem: Infrared absorption at
reallstic antloxidant concentration (250 ppm to 2% ) may be
obscured by absorption from the polymer Itself, and the
antioxidant tends to fragment extensively In mass spectrometric
analysis. In this work, ULTRANOX 626 diphosphite [bis(2,4-
di-ferf-butylphenyl)pentaerythritol diphosphite] and its cor-
responding diphosphate oxidation product, XR-2502, as well
as the phosphite additive, WESTON 6 18 diphosphite (distearyl
pentaerythritol diphosphite) have been successfully analyzed
by Nd:YAG laser desorption 1.064 ) electron lonization Fourler
transform lon cyclotron resonance mass spectrometry (LD/
EI/FT/ICR/MS). For each of the Isolated additives, the
molecular ion (M*) was observed as the predominant species
with virtually no fragmentation. Moreover, abundant molecular
lons were detected for ULTRANOX 626 diphosphite in a mixed
polymer of poly(ethylene terphthalate), polypropylene, and
acrylonitriie-butadlene-styrene at additive concentration as
low as 0.1% by direct analysls of the potymer film when the
probe was heated to about 200 °C prior to laser desorption.
The elevated le temp e app to Increase the
free volume of the po|ymor, In turn facliitating release of laser
desorbed/lonized additives. LD/EI/FT/ICR/MS thus offers
a sensitive and accurate means for detecting nonvolatile
phosphite additives at typlcal concentration In solid polymers,
without the need for any chemical pretreatment.

INTRODUCTION

As industrial thermoplastics are melt processed, they
undergo oxidation reactions leading to changes in molecular
weight and color. Phosphite antioxidants™ are generally
considered to be secondary antioxidants, and their function
is to control polymer molecular weight and color. Phosphite
stabilizers are used in most common thermoplastics at levels
from 250 ppm to 2%. Typical phosphite loadings are often
less than 1000 ppm. Phosphite stabilizers react with hy-
droperoxides, peroxy radicals, alkoxy radicals, and olefinic
and carbonyl moieties; in addition, phosphites form coordi-
nation complexes with metals, changing their potential
activity.>®

* Author to whom correspondence may be addressed.
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+ Department of Biochemistry, The Ohio State University.
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Since the additive level in the polymer affects its stability,
the analysis of polymer additives immediately poses two basic
analytical questions: first, how much of the additive got into
the polymer during compounding; and second, how much of
the additive that was added remains as the original phosphite
form? Conventional methods for isolation and detection of
phosphite additives include extraction/liquid chromatogra-
phy, X-ray fluorescence, ash/UV analysis, and/or Fourier
transform infrared (FT/IR) spectroscopy.6 However, FT/IR
analysis of the intact polymer may be precluded for polymers
which themselves have strong infrared absorption. X-ray
fluorescence and the ash/UV method suffer from their
incapability of differentiating the original phosphite from
other forms of phosphorus-containing components which are
generated in the stabilization process. Extraction-based
analysis may not necessarily give an accurate measure of the
additive concentration in the original polymer due to in-
complete extraction or reactions due to extraction technique.

Mass spectroscopy has obvious advantages of high sensi-
tivity and selectivity, providing structural information and
the prospect of direct detection of the molecular or pseudo-
molecular [e.g., (M + H)*] ion by various “soft” ionization
methods. Laser desorption (LD),’8 secondary ion mass
spectrometry (SIMS),*2 fast atom bombardment (FAB),13
plasma desorption (PD),!415 and electrospray (ESI)!617 jon-
ization have been used to detect and identify various
nonvolatile compounds in polymers.}¥22 For example, Lat-

(5) Tannahill, M. M.; Enlow, W. P. GE Specialty Chemicals Technical
Bulletin. Limitations of Liquid Chromatographic and FTIR Determi-
nations for Ultranox® 626 in Polyolefins; GE Plastics, 1988.
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timer et al.!31° reported the use of mass spectrometry for the
analysis of rubber additives by direct rubber analysis and by
prior extraction. Hsuetal. 2 applied laser desorption Fourier
transform ion cyclotron resonance mass spectrometry (LD/
FT/ICR/MS) to identify dyes in poly(methyl methacrylate).
More recently, Asamoto et al.?! and Johlman et al.??> have
analyzed polymer additives by LD/FT/ICR/MS. Although
the latter results show that LD/FT/ICR/MS can offer high
mass range and highly abundant pseudomolecular ions
[usually (M + K)*], mass spectrometry has in general not
been notably successful for detecting molecular ions from
phosphite additives.

In this work, we focus on the detection of phosphite
additives by laser desorption followed by electron ionization
(LD/EI/FT/ICR/MS). The mass spectra of the three com-
pounds, ULTRANOX 626 diphosphite, its corresponding
diphosphate, XR-2502, and WESTON 618 diphosphite are
presented. (ULTRANOX and WESTON are registered
trademarks of GE Specialty Chemicals, Inc.) The feasibility
of direct analysis of a phosphite additive in a polymer thin
film is demonstrated for phosphite additives in polypropylene
(PP), poly(ethylene terphthalate) (PET), and acrylonitrile—
butadiene-styrene (ABS) polymers.

ULTRANOX® 626 diphosphite (MW 604)
X
Lo O
\OH,C/ \:H.p/
XR - 2502 (MW 636)
/OH,C
1} \OHQC/ \CHQO

o

e

WESTON® 618 diphosphite (MW 732)

o

P e,
oue” N0’

EXPERIMENTAL SECTION

Materials. Allsamplesreported in this work were provided
by GE Specialty Chemicals. The preparation of samples of
the pure additives was as follows: typically ~20 mg of pure
additive was dissolved in 1 mL of methylene chloride and
added dropwise to the mass spectrometer probe tip. Sub-
sequent evaporation of the solvent left a uniform thin sample
film on the probe tip. Polymer samples were prepared by hot
pressing to form a thin film which was then affixed to the
probe tip.

Mass Spectrometry. FT/ICR massspectrawere obtained
on a standard 3.0 T Extrel 2000 FT/ICR mass spectrometer
(Extrel FTMS, Madison, WI) modified with Helix CryoTorr
8 Cryopumps (CTI Corp., MA) in place of the usual diffusion
pumps on both the source and analyzer sides of the dual trap.
Laser desorption was produced by a Continuum Model YG-
660A Nd:YAG laser operated at 1.064 um, at a power level
of ~50 mJ in 10 ns. Details of the mechanical and electronic
interface between the mass spectrometer and a Continuum
Model YG-660 Nd:YAG are described elsewhere.? Since laser
irradiation typically prod ~1000-fold excess of neutrals
over ions, best results were obtained by ionizing the laser-
desorbed neutrals by means of an electron beam (70 eV, 5-ms

Hz,C, BOP\ P0C18H37

(22) Johlman, C. L.; Wilkins, C.L.; Hogan, J. D.; Donovan, T. L.; Laude,
D. A,, Jr,; Youssefi, M.-J. Anal. Chem. 1990, 62, 1167-1172.

(23) Liang, Z.; Ricca, T. L.; Marshall, A. G. Rapid Commun. Mass
Spectrom. 1991, 5, 132-136.
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duration, emission current of 5 A measured just behind the
filament) passing through the ICR ion trap. Creasy? has
used the same LD/EIFT/ICR/MS technique for the analysis
of neutral oligomers. The trapping voltage was typically 2
V. A delay of 3-5 s after ion formation allowed neutrals to
be pumped away before excitation/detection. Broadband
frequency sweep excitation for 3.8 ms at a sweep rate of 200—
400 Hz ps! was followed by collection of a 16K time-domain
transient, digitized in direct-mode at a bandwidth of 2000
kHz, padded with an additional 16K of zeroes, and discrete
Fourier transformed (without apodization) followed by mag-
nitude calculation to produce an 8K magnitude-mode FT/
ICR mass spectrum.

RESULTS AND DISCUSSION

Mass Spectra of Pure Additives. The LD/EI/FT/ICR
mass spectrum of the ULTRANOX 626 diphosphite additive
is shown in Figure 1la. The molecular ion (M*) at mass-to-
charge (m/z) 604 is the principal ionic species, in contrast to
the pseudomolecular (M + K*) ion observed in highest
abundance for other kinds of additives?!22 by LD/FT/ICR/
MS (i.e., no electron ionization following laser desorption).
By optimizing the laser power (to ~50 mJ in ~10 ns in this
case), it is possible to generate abundant molecular ions with
virtually no fragmentation; higher laser power induces
significant fragmentation.

Scheme I shows the two-stage oxidation of ULTRANOX
626 diphosphite to form the diphosphate compound, XR 2502.
The LD/EI/FT/ICR mass spectrum in Figure 1b shows the
predominant molecular ion signal (m/z 636) for the diphos-
phate, XR 2502, along with residual signals from incompletely
oxidized phosphite precursor at m/z 620 (half-oxidized
monophosphate) and m/z 604 (unoxidized phosphite).

Figure 1c¢ shows the LD/EI/FT/ICR mass spectrum of a
second phosphite additive, WESTON 618 diphosphite. Al-
though the molecular ion (m/z 732) is readily observed, its
abundance is lower than for ULTRANOX 626 diphosphite
or XF 2502, presumably because WESTON 618 diphosphite
has saturated C;s hydrocarbon chains in place of aromatic
rings and therefore fragments more easily. Similar behavior
has been reported for other phosphite additives.21:22

Phosphite/Phosphate Ratio. Since only the phosphite
form of the additive is effective as an antioxidant, it is clearly
useful to determine the ratio of phosphite to phosphate, in
order to find out how much of the original additive is still in
its active (phosphite) form. To that end, Figure 2 shows an
LD/EI/FT/ICR mass spectrum of a 1:1 mixture of the
phosphite additive, ULTRANOX 626 diphosphite, and its
corresponding diphosphate, XR 2502. Since both the diphos-

(24) Creasy, W. R. In Proceedings of the 38th ASMS Conference on
Mass Spectrometry and Allied Topics; American Society Mass
Spectrometry: Tucson, AZ, 1990; pp 850-851.
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Figure 1. LD/EI/FT/ICR mass spectra of pure additives: (a)
ULTRANOX 626 diphosphite; (b) XR 2502; (¢) WESTON 6 18 diphosphite.
Note the prominent molecular ion in each cass.
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Figure 2. LD/EI/FT/ICR mass spectrum of a 1:1 mixture of the
diphosphite additive, ULTRANOX 626 diphosphite, and its corresponding
diphosphate, XR2502. Note the comparable abundances of the
phosphite and phosphate molecular ions.

phite and diphosphate ions are present in comparable
abundance, it appears that the compounds have comparable
ionization efficiencies and may thus be quantitated by use of
suitable standard mixtures.

Spectraof ULTRANOX 626 Diphosphitein Polymers.
Finally, for maximum practical utility, it is important to be
able to detect the phosphite additives present in an already
cast polymer. For example, Figure 3a shows the LD/EI/FT/
ICR mass spectrum of ULTRANOX 626 diphosphite (~0.1%
w/w) in polypropylene. Although no fragment ions from the
polymer itself are observed under these conditions (due to

LD/EI/FT/ICR/MS g

Ultranox® 626 diphosphite in (a)
Polypropylene(0.1%)

Lol ..l N TR

200 400 600
Ultranox” 626 phosphite (0.25%) in ABS (b)
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Figure 3. L.D/EI/FT/ICR mass spectra of ULTRANOX 626 diphosphite
in various solid polymers: (a) 0.1% in polypropylene; (b) 0.25% in

acrylonitrile-butadiene-styrene; (c) 10 % in polyethylene terphthalate.
No pretreatment or extraction was necessary to produce these spectra.

low laser power and high molecular weight of the polymer),
molecular ions from the additive in both diphosphite (m/z
604) and diphosphate (m/z 636) form are clearly detectable
at ~0.05% each. Thesignal magnitude increases significantly
when the probe is heated to about 200 °C prior to laser
desorption. Heating evidently increases the free volume of
the polymer to facilitate laser desorption/ionization of the
additives Abundant ions at m/z 191 and 205 correspond to
the following fragments:

m/z 191 m/z 205

The fragment at m/z 205 is an obvious phosphite bond
cleavage oroduct; the other fragment was confirmed to be
Cy3H;50* (191.143 u) by accurate-mass measurement (191.145
u) by internal calibration against ions of seven m/z ratios
from perfluorotri-n-butylamine.

LD/EI FT/ICR mass spectra of the same additive present
at higher concentrations in poly(ethylene terphthalate) and
acrylonitrile-butadiene—styrene (ABS) polymers are shown
in Figures 3b,c. This time, there does not appear to be
significant oxidation of the additive, since no signals from
the phosphate or diphosphate oxidation products are ob-
served.

Spectra of WESTON 618 Diphosphite in Polymers.
Although the LD/EI/FT/ICR mass spectrum of WESTON
618 (5% ) in acrylonitrile-butadiene-styrene (ABS) polymer
(not shown) did not show a molecular ion, its corresponding
oxidation product (m/z 764) was observed, along with several
fragment ions.

In summary, the above results clearly show that LD/FT/
ICR/MS provides for simple and direct identification of the
molecular ions of phosphite additives and their oxidized
phosphate forms. Moreover, these additives may be detected
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sensitively and accurately in solid polymers without any prior
sample pretreatment. Sensitivity (~0.1% additive in solid
polymer) is superior to FTIR detection, and is moreover
applicable to polymers whose own IR absorption may preclude
FT/IR detection of additives.
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Mass spectrometry has become a viable technique for
characterization of low molecular weight synthetic polymers.
The power of this method compared to more classical
techniques of polymer analysis is the fast and accurate
determination of the absolute molecular weight distribution.
Moreover, data on the sequence of repeat units, polymer
additives and impurities, and structural information can be
obtained.! The main barriers for mass spectrometry of high
molecular weight compounds, caused by the low volatility
and/or thermal lability of those substances, have been
overcome to a considerable extent by the development of soft
ionization techniques. Secondary ion mass spectrometry
(SIMS) in combination with time-of-flight (TOF) mass
analyzers has been used for molecular weight determination
of polymers in the mass range m/z 500-10 000 Da, mainly
from thin films.23 Beside desorption of intact oligomer ions,
fragmentation of the polymer chain is observed. Molecular
weight distribution of oligomers has also been obtained by
field desorption (FD),* fast atom bombardment.® electro-
hydrodynamic,”# plasma desorption,® and electrospray ion-
ization mass spectrometry.l® Whereas CO-laser desorption,
combined with either a time-of-flight or a fourier-transform
mass analyzer, yields abundant molecular ion peaks for a
number of polymers in the mass range up to 10 000 Da,!1-12
UV-laser desorption was limited to polymer masses of 1000—
2000Da.1314 The accessible massrange has been considerably
extended by the development of the matrix-assisted laser
desorption/ionization (MALDI) technique.!%'¢ Sample mol-

(1) Smith, C. G.; Nyquist, R. A; Smith, P. B.; Pasztor, A. J., Jr.; Martin,
S. J. Anal. Chem. 1991, 63, 11R.

(2) Leyen, D. V.; Hagenhoff, B.; Niehuis, E.; Benninghoven, A_; Bletsos,
L. V,; Hercules, D. M. J. Vac. Sci. Technol. A 1989, 7, 1790.

(3) Bletsos, I. V.; Hercules, D. M.; v. Leyen, D.; Hagenhoff, B.; Niehuis,
E.; Benninghoven, A. Anal. Chem. 1991, 63, 1953.

(4) Lattimer, R. P; Schulten, H.-R. Int. J. Mass Spectrom. Ion Phys.
1985, 67, 227.

(5) Rollins, K.; Scrivens, J. H.; Taylor, M. J.; Major, H. Rapid Commun.
Mass Spectrom. 1990, 4, 355.

(6) Lattimer, R. P. Int. J. Mass Spectrom. Ion Processes 1983, 55, 221.
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953
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1991, 63, 903.
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(11) Jjames, C. F.; Wilkins, C. L. J. Am. Chem. Soc. 1988, 110, 2687.

(12) Cotter, R. J.; Honovich, J. P.; Olthoff, J. K.; Lattimer, R. P.
Macromolecules 1986, 19, 2996.

(13) Mattern, D. E.; Hercules, D. M. Anal. Chem. 1985, 57, 2041.

(14) Holm, R.; Karas, M.; Voigt, H. Anal. Chem. 1987, 59, 371.
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ecules are embedded in small, highly absorbing organic
compounds which induce an efficient transfer of the laser-
pulse energy to the sample and a soft desorption process.
Until now this method has been exclusively used for analysis
of biopolymers. Another matrix technique for MALDI has
beenintroduced by Tanaka et al.l” Using a fine metal powder
dispersed in glycerol as the matrix desorption of protein
molecular ions as well as of PEG 20000 was achieved. In this
short communication, application of MALDI to synthetic
polymers is reported. It will be shown that this method is
capable of producing mass spectra from a number of different
polymers with molecular weights between 1000 and at least
70 000.

EXPERIMENTAL SECTION

Instruments. Two time-of-flight mass spectrometers were
used for the analyses. One is a modified LAMMA 1000 laser
microprobe instrument (Leybold Heraeus), equipped with a
nitrogen laser delivering 3-ns laser pulses at a wavelength of 337
nm (VSL 337 ND, Laser Science Inc.). The laser is focused onto
the sample to a spot of about 30-um diameter. The second
instrument is a laser desorption mass spectrometer (Vision 2000,
Finnigan MAT, Bremen) equipped with a Nd-YAG-laser with
8-ns pulse length (Spektrum GmbH, Berlin) and a focus diameter
on the sample of about 70 um. The frequency-tripled output of
the laser, 355 nm, is used for ion generation. Both instruments
are equipped with a reflectron and used for ion detection a
secondary electron multiplier (Hamamatsu, R2362) with separate
conversion dynodes for postaccelaration of the heavy ions. An
instrumental mass resolution of up to 3500 (fwhm) (for the Vision
2000) and 500 (for the LAMMA 1000) can be obtained for ions
below 5000 Da, provided sample and preparation allow for
MALDI under optimal conditions. In the experimental set-up
used for these igations, the mass resolution above 10 000
Da is reduced to values of <200 in both instruments due to both
electrons and secondary ions yielded after postacceleration of
primary ions. Signals are registered by a transient recorder
(LeCroy 9400 or 9450, respectively). Spectra shown have been
accumulated from typically 30-50 laser shots. For calculation
of the average molecular weights, peak intensities were deter-
mined using in-house-generated software. The program inte-
grates the area under each peak envelope after drawing a base
line between adjacent peak valleys. The integrated peak areas,
reflecting the number of ions (V;) are used with the isotope-
averaged molecular weight of the oligomer (M) to calculate the
number average (My,) and weight average (M) using the following

(16) Karas, M.; Bahr, U.; Giessmann, U. Mass Spectrom. Rev. 1991,
335

’(17) -Tanaka, K.; Wak, H; Ido, Y.; Akita, S.; Yoshida, Y.; Yoshida, T.
Rapid Commun. Mass Spectrom 1988, 2, 151.

© 1992 American Chemical Society
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Figure 1. Matrix-LDI spectrum of PEG 1470. Instrument: Vision
2000. Matrix: DHB, 355-mm wavelength.

equations:

M, = ZNM/ZN;
M, = ENMP/ZNM,;

For polymer distributions where the single polymers are not
resolved, M, and My, are determined by numerical integration.
Moreover, the maximum (M}) and the centroid mass (M) are
determined.

Sample Preparation. All polymers investigated were from
commercial sources and used as received. Poly(ethylene glycols)
(PEG) PEG-1470, PEG-4250, PEG-7100, PEG-12600, and PEG-
23000 were obtained from Boehringer, Mannheim, PEG-35000
from Merck, PEG 40000, Poly(propylene glycol) (PPG) PPG-
1150, PPG-5300, polystyrene (PS) 46000 and 70000, poly(methyl
methacrylate) (PMMA) 3500 and 7100 from Polymer Standard
Service, Mainz, PS-1300, PS-1700, PS-3000, PS-5000, PS-7000,
PS-10000, PS 20000 from Machery & Nagel, PS-32660 from
Aldrich.

Samples of PEG were dissolved in H;0, PPG in a mixture of
water/ethanol, 1:1 (v/v), and PMMA in acetone, all at a
concentration of 5 g/L.

2,5-Dihydroxybenzoic acid was used as a matrix for PEG and
PPG analysis at a concentration of 10 g/L in water/ethanol 9:1.
A 0.5-uL sample of polymer solution was mixed on a polished
silver target with 2 pL of matrix solution and dried in a gentle
stream of air. Insome cases, 1 uL of alkaline salts solution (LiCl,
NaCl, KCl, about 0.1 M) was added to increase the yield of
cationized species, or for a more homogeneous cationization.

For PS analysis 5 g/L was dissolved in 2-nitrophenyl octyl
ether as matrix, together with 5 g/L silver trifluoroacetate for
cationization. Typically 500 ng of polymer were used for a single
preparation.

RESULTS AND DISCUSSION

In the positive ion spectra of all polymers investigated,
exclusively cation-attached molecular ions of the individual
oligomers are observed; no fragmentation occurs. Without
addition of alkaline salts, Na*- and K+-attached species are
recorded; cations presumably stem from salt impurities in
the sample or matrix. Addition of small amounts of either
NaCl or KCI results in nearly exclusive attachment of Na*
or K*, respectively.

A number of PEGs with average molecular weights between
1470 and 35 000 have been examined. Figure 1 shows the
mass spectrum of PEG 1470. In the lower mass range only
peaks for matrix ions appear. Na*- and K+*-attached oligo-
meric molecules, ranging from 900 to 2100 Da reflect the
molecular weight distribution. The mass resolution of the
instrument (Vision 2000) is sufficient to resolve single isotope
peaks. The precision of mass determination using small
masses for calibration is 0.01%. Since no fragmentation is
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Figure 2. Matrix-LDI spectrum of PPG 5300. Instrument: Vision
2000. Matrix: DHB, 355-nm wavelength.
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Figure 3. Matrix-LDI spectrum of PEG 23000. Instrument: LAMMA
1000. Matrix: DHB, 337-nm wavelength.

observed, an average molecular weight can easily be calculated.
The number average molecular weights (M) as determined
from the peak areas are 1460 for the measurement with the
Vision 2000 instrument and 1464 for the LAMMA 1000, which
agree well and indicate a good reproducibility. Although mass
spectra from PEG distributions up to about m/z 2000 can be
obtained by UV laser desorption without matrix, MALDI-
MS gives an increase in signal intensity of at least a factor
of 10. PEGs above 2000 Da cannot be analyzed without
matrix.

Figure 2 shows the MALDI spectrum of PPG 5300 obtained
with the Vision 2000 instrument. Only the mass region of
the polymer distribution is shown. Oligomer ions from Na*
and K* attachment with the expected mass difference of 58
Da between oligomers are resolved. Again no fragmentation
occurs and the low mass range shows only peaks for matrix
ions.

Figure 3 shows the mass spectrum of PEG 23000 obtained
with the LAMMA 1000 instrument. In this casethe resolution
isnot sufficient to resolve adjecent oligomers with a difference
of 44 mass units. The polymer distribution ranges from ca.
20 000 to 25000 Da which corresponds to a degree of
polymerization between ca. 454 and 568. The maximum of
the distribution is at 22 930 Da and the centroid mass (M)
at22 950 Da. The base-linelevelin the spectrum is apparently
lowered at the high mass side of the polymer distribution.
This effect is often observed; a saturation of the detector,
caused by the large number of analyte ions, seems unlikely
because this effect should then be even more pronounced for
the much larger number of low mass ions. Metastable decay
which could account for the observed effect and increased
signal level at the low mass side cannot be excluded, but seems
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Table 1. Molecular Weight Averages* of Different PEGs and PPGs
polymer M, M, Mq/M, M, M, method®
PEG 1470 1460 1493 1.02 1468 1494 LD-MS (Vision)
1464 1507 1.03 1460 1490 LD-MS (
1382 1443 1.05 1468 GPC/SEC
1300 0
PEG 4250 3957 4018 1.02 4150 4085 LD-MS (LA)
3958 4059 1.03 4246 GPC/SEC
4100
PEG 7100 6655 6865 1.03 7300 7021 LD-MS (Vi)
6874 7043 1.03 179 GPC/SEC
6600 0
PEG 12600 12426 12492 1.01 12790 12740 LD-MS (LA)
11843 12320 1.04 12634 GPC/SEC
11500 MO
PEG 23000 22115 22190 1.01 22850 22770 LD-MS (LA)
20040 21228 1.06 22906 GPC/SEC
PEG 35000 36250* ¢ 36400* 1.01* 36990* 26980* LD-MS (LA)
PEG 40000 36842 37039 1.01 37900 37530 LD-MS (LA)
36500 41500 40000 GPC
41400 LS
PPG 1150 1047* 1081* 1.03* 1025* LD-MS (Vi)
PPG 5300 5157 5227 1.01 5280 5240 LD-MS (Vi)

¢ My/M, = polydispersity, M;, = peak molecular weight, M. = centroid

mass. > GPC/SEC = gel p tion ch graphy/size
try; LS = light scattering; LA, Vi = measurement with

/ Am=104 Da
/ \ /

chromatography; VPO = vapor p ry; MO =
1000, Vision 2000. ¢ Values marked with an asterisk (*) are average values of 46 individual measurements.
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Figure 4. Matrix-LDI spectrum of PMMA 7100. Instrument: Vision
2000. Matrix: DHB, 355-nm wavelength.

to play a minor role under our conditions because measure-
ments of polymers up to 46 000 Da on a linear time-of-flight
instrument gave comparable peak shapes. Moreover, the good
agreement of our determined molecular weights with the
suppliers values support this assumption. It is more likely
that this effect reflects low molecular weight components of
the sample.

Table I gives the average molecular weights for the PEGs
and PPGs investigated with MALDI together with the values
given by the supplier as obtained by different methods. Values
marked with asterisk are mean values of 4-6 measurements.
They gave a standard deviation of <3% for M, and M. The
values for M,, and M, as obtained by MALDI-MS agree quite
well with the values specified by the manufacturers and
obtained by gel permeation chromatography (GPC) and vapor
pressure osmometry (VPO). Deviations are 5-10% for M,
and 2-6% for M,. The reproducibility and accuracy of
MALDI-MS is thus comparable to other mass spectrometric
techiques, like TOF-SIMS? and FD-MS.5

Incorrect results can arise from metastable decay of the
high-mass molecules as discussed earlier or from mass
discrimination, due to decreasing detection probability with

signal int/rel units

T T | TR TR 1

T T T
10000 20000 50000
m/z

Figure 5. Matrix-LDI spectrum of PS 20000. Instrument: LAMMA
ether,

increasing mass. Indeed, ashift of the mean molecular weight
toward lower masses has been observed for PS 1300. This
effect is due to a decrease in ion—electron conversion with
increasing mass at the conversion dynode in front of the
secondary electron multiplier. Variation of the postaccel-
eration voltage of the conversion dynode between 3 and 20
kV shows an increase in M,, from 3 to 12 kV of about 10%;
above 12 kV it remains constant within the accuracy of the
method.!® Similar observations can be made for other low to
medium mass polymers. For the higher mass polymers
measured the limited signal even at highest detection potential
does not permit such a check. Some discrimination as a
function of mass cannot be excluded in these cases. For water-
soluble polymers like PEG dihydroxybenzoic acid or other
matrices used for MALDI of proteins like sinapinic acid are
appropriate matrices. As long as matrix and polymer show
a good miscibility in the condensed phase, they can also be
used for substances which are insoluble in water, such as
PMMA. PMMA 3500 and PMMA 7100 (Figure 4) give good
spectrawith DHB as matrix. Polystyrenes, mixed with DHB,

(18) Deppe, A., Bahr, U., Hillenkamp, F. Unpublished results.
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Table II. Molecular Weight Averages* of Different PS Standards

polymer M, M, M,/ M, M, M, method

PMMA 3500 3622 3824 1.06 3532 3757 LD-MS (Vi)
PMMA 7100 6395 6583 1.03 6410 6560 LD-MS (Vi)
PS 1300 1440 1528 1.06 1430 1464 LD-MS (Vi)
PS 1700 1883 1957 1.03 1800 1880 LD-MS (Vi)
PS 5000 5184 5302 1.02 5165 5213 LD-MS (Vi)
PS 7000 7048 7152 1.02 7039 7088 LD-MS (Vi)
PS 10000 9750 10294 1.06 10266 9740 LD-MS (LA)
PS 20000 19337 19509 1.01 19740 19650 LD-MS (LA)
PS 32600 33020 33230 1.01 32900 32850 LD-MS (LA)
PS 46000° 46760 47319 1.01 47119 46700 LD-MS (LA)

42000 43500 1.03 46000 GPC
PS 70000° 73914 74518 1.01 75000 74250 LD-MS (LA)

66000 67500 1.03 70000 GPC

69000 LS

@ M./M,, = polydispersity, M, = peak molecular weight, M. = centroid mass. ® Only these polymers are specified by the manufacturer.
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Figure 8. Matrix-LDI spectrum of PS 70000. Instrument: LAMMA
1000. Matrix: 2-nitrophenyl octyl ether, 337-nm wavelength.

on the contrary show a separation of matrix crystals and
polymer under microscopic observation. No results can be
obtained from such preparations. For polystyrenes, nitro-
phenyl octyl ether, a highly viscous liquid, was therefore used
as matrix. Figure 5 gives a positive ion spectra of silver-
cationized polystyrenes PS 20000. In addition to the singly
charged oligomers dimer, trimer and tetramer oligomer ion
distributions up to 80000 Da are also observed. The mass of
the repeat unit (m/z 104) can still be extracted from the
spectrum. Table II lists the results of all polystyrenes and
PMMAs investigated.

Figure 6 shows the LD spectrum of PS 70000, the largest
polymer successfully investigated so far by the authors. The
maximum of the distribution is at about 75000 and the
centroid at 74 250; M, is calculated to 73 914 Da. Although
the signal to noise ratio is worse compared to other spectra,
the signals can still be evaluated. Good spectra have also
been obtained for other polymers such as poly(methyl
methacrylate) sodium salts and poly(acrylic acids).

CONCLUSION

The results show that characterization of various polymers
with molecular weights up to almost 80 000 can be obtained
with good quality by MALDIL.

Compared to MALDI of biopolymers where protonated
species with molecular weights up to 300 000 are easily
produced, the analysis of synthetic polymers causes several
problems. The main problem in the MALDI analysis of
synthetic polymers, still to be overcome, is the search for
optimal matrices. There is good reason to believe that good
miscibility of matrix and polymer in the condensed form is
the prerequisite for a good matrix, as has been found to be
true for protein desorption. Matrices working well for polar
biopolymers will not be optimal for nonpolar synthetic
polymers. Most of the protein matrices also actively exclude
ionic components such as alkali ions, which, however, are
needed for the cationization of synthetic polymers. It is not
clear at this point if and how the two essential steps in MALDI,
the desorption of the large species and their cationization,
can both be optimized in one given system. Another limiting
factor in the MALDI of synthetic polymers is the wide polymer
distribution. Unlike for proteins, the total available charge
produced during MALDI will be distributed over a large
number of different ions. This may eventually lead to an
upper mass limit, at which the single oligomer ion peaks
become be indistinguishable from noise. The somewhat
higher concentration of the polymers, as compared to that
for optimal protein desorption, may already point in this
direction.
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For its extremely high separation efficiency, with the
theoretical plate number presently reaching nearly 106,
capillary zone electrophoresis (CZE) is a powerful separation
method, especially for biological materials.!® The method
has another merit that sampling volume can be reduced to
less than a nanoliter. This merit can be taken an advantage
especially in ultramicroanalysis. However, conventional
absorbance detectors are not sensitive enough for such small
sampling volumes due to the short optical path. Several highly
sensitive spectrometric detection methods have been proposed
as on-column methods, including direct” ! and indirect laser
induced fluorometry'?!4 and a laser-induced photothermal
beam deflection method.’*'7 The authors have already
proposed another highly sensitive detection method, i.e.
capillary vibration induced by laser (CVL), and details of the
signal generation and detection mechanisms have been given
in the literature.’81® The lower limit of detection for this
method was an absorbance of about 10-5. While, the detection
limit of typical UV-vis absorbance detectors equipped with

ialized CZE instrt tsis about 10-3in absorbance.
Therefore, the CVL method was about 2 orders of magnitude
more sensitive than conventional absorbance detectors. The
CVL method was applied to a detector for CZE, and
underivatized amino acids of femtomole level were detected.1®

In the previous reports, the capillary vibration was caused
by local tension fluctuation of the capillary irradiated by an
intensity-modulated excitation laser beam. Analytes in the
capillary tube absorbed this laser beam and generated heat
periodically according to the photothermal effect, which made
the capillary tension fluctuate locally. This vibration emitted
an acoustic wave, which was detected by an optical beam
deflection (OBD) method.0 In this case, the probe laser beam

* To whom all d should be add d.
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passed just above the vibrating capillary and was deflected
by the acoustic wave.

Asdescribed in this report, the capillary vibration is directly
detected by a piezoelectric transducer (PZT). The energy
conversion process in this direct detection method does not
involve energy transfer from mechanical vibration energy to
acoustic wave energy, so this method is expected to be more
sensitive than the OBD detection. Furthermore, for PZT
detection, alignment of the probe beam is not required.
Therefore, the instrumentation of PZT detector is much
simpler than that of OBD detector.

EXPERIMENTAL SECTION

The experimental arrangement was almost the same as in the
previous report.’31° One of the holders which supported the
capillary tube (50-um i.d., 150-um o.d.) was replaced by a PZT
disc (20 mm in diameter, 2 mm thick) as shown in Figure 1. The
excitation beam was an argon ion laser beam of 488-nm wavelength
and 100-mW output power. The beam intensity was modulated
by a light chopper. The beam was focused with a 50-mm focal
lengthlens on the capillary tube, which was tensioned by a hanging
weight. The generation mechanism of the capillary vibration
was the same as before, and the capillary vibrated like a string
between the two supports, one of which was the PZT detector.
Mechanical vibration of the capillary was directly detected by
the PZT detector. The PZT output was amplified by a 40-dB
preamplifier and fed into an autophase lock-in amplifier. The
liquid were luti of sunset yellow dye
(absorption peak at 482 nm). The sample concentrations were
adjusted by stepwise dilution with distilled water to have
absorption coefficients in the range of 1.7 X 1073 to 1.7 X 102
cm™.

RESULTS AND DISCUSSION

Typical examples of vibration signals obtained from the
PZT detector are shown in Figure 2. The samples were
distilled water and sunset yellow dye solution of 5.0 X 103
cm™ absorption coefficient, which corresponded to absorbance
of 2.5 X 1075 for 50-um-i.d. capillary tubes. Stable signals
were acquired for both samples. These results confirmed the
principle of this photothermal detection method of optical
absorption, as described in the previous experiments.!819 The
mechanical energy of vibration of the capillary was directly
transferred to the PZT disc and converted into an electrical
signal by the piezoelectric effect.

Figure 3 shows frequency characteristics of the signal
magnitude. The resonant peak appeared at 604 Hz. The
resonance corresponded well with the natural frequency of
the capillary calculated® from the length of the vibrating
partand theapplied tension. This resonant peak also verified
the string-like vibration of the capillary. Use of thisresonance
for analytical applications could not be recommended for the
following reasons. First,as pointed out previously, the signal-
to-noise ratio was not satisfactory at this resonant frequency,
because noise induced by mechanical factors occurred at the
natural frequencies of the vibration system. Second, the peak
was too sharp (the full width of the half maximum was 7.5
Hz), and it was difficult to keep the resonating conditions.

© 1992 American Chemical Society
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Therefore, a nonresonant frequency at 710 Hz was used in
the following experiments.

The dependence of signal magnitudes on dye concentration
was measured. For 50-um-i.d. capillary, absorbances of the
prepared samples corresponded to 8.4 X 10 to 8.4 X 108
absorbance. The signal magnitudes showed linearities for
absorbances of the sample as often occurs with the photo-
thermal effect (correlation coefficient was 0.99), because

ltage was 20 kV.

absorbances of the samples were sufficiently low. The
detection limit (S/N = 2) of absorbance was calculated as 8.5
X 1077 for the 50-um capillary. Forsunset yellowdyesolution,
the lower limit of detection for concentration was calculated
tobe 6.8 X 10° M. Considering the optical sampling volume
estimated to be 1.0 X 10 L, the detection limit of absolute
amount was 6.8 X 1020 mol. Considering that the detection
limit reported previously in the OBD method was 1.5 X 10-°
for the same capillary, the PZT detection was proved to be
at least 1 order of magnitude more sensitive than the OBD
method.

Comparing the energy conversion process of the two
detection methods of CVL, energy loss in the PZT detection
processissmaller. Energy conversions from optical to thermal
and to mechanic energy of vibration by the photothermal
effect are common for both methods. However, the me-
chanical energy is directly converted to electric energy in the
PZT detection, while there are two processes before the final
conversion for the OBD detector, i.e. acoustic emission of
vibrations and interaction between the acoustic wave and
the probe beam. Therefore, the total energy loss in the PZT
detecting process is considered to be smaller than for OBD
detection, and this results in superior sensitivity.

As the PZT detector is very sensitive to any electric field
because it is electrically equivalent to the combination of a
capacitor and a resistor, poor base-line stability and noise
due to the separation current and electrophoresis potential
are possible. However, for the experimental results (Figure
4) from applying this method as a CZE detector, no serious
effect from the separation current was observed. In this
experiment the sample was riboflavin (200-300 fmol) and
the separation conditions were the same as in the previous
report.’® In addition to the superior sensitivity, the direct
detection method does not need optical alignment for probing.
This results in favorable reproducibility and simpler instru-
mentation.

RECEIVED for review May 15, 1992. Accepted August 24,
1992.
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INTRODUCTION

Chiral separation and synthesis are currently of utmost
concern, particularly for the preparation and analysis of
pharmaceutical compounds. Biological receptors, often the
targets of these compounds, discriminate between the enan-
tiomers and thus the optical isomers of a racemic drug will
often exhibit completely different pharmacological effects.
Methods for chiral separation and analysis include liquid (LC),
gas (GC) as well as supercritical fluid (SFC) chromatography
in which the chiral selector has either been used in conjunction
with the mobile or stationary phase. Among the various chiral
stationary phases (CSP) investigated, immobilized protein
phases such as ovomucoid, a-acid glycoprotein, as well as
bovine serum albumin (BSA) and its proteolytic peptide
fragment have been used. The efficiency of the BSA-based
LC methods has, however, been relatively poor.> Inaddition,
the large size of the protein chiral selector limits the capacity
of the stationary phase.

Capillary electrophoresis (CE) is a technique which has
developed considerably during the past years.6® CE distin-
guishes itself from other liquid-phase separation methods in
that extremely high efficiency is obtained. Furthermore, CE
can be viewed as a microanalytical procedure and is advan-
tageous when, for example, the availability of sample, mobile
phase, or separation phase are limited.

In order to circumvent the low efficiency displayed by
protein-based liquid chromatography separation of enanti-
omers, we have investigated CE as a means of achieving
enhanced theoretical plate number characteristics for protein-
based chiral separation. Though we solely report here the
use of BSA as chiral selector, we are firmly convinced that
the method is generally applicable for other protein-based
affinity separations using capillary electrophoresis. In ad-
dition, the method used here to prepare the separation phase
involves no inert carrier support; only the chiral selector BSA
cross-linked with glutaraldehyde is employed, thus maxi-
mizing the potential capacity of the separation phase.

In this note, we describe the preparation, utilization, and
performance characteristics of high-performance electro-

* To whom correspondence should be addressed at the Department
of Technical Analytical Chemistry.
1t Department of Pure and Applied Biochemistry.

phoresis performed in capillaries filled with gels consisting
of BSA cross-linked with glutaraldehyde for the separation
of tryptophan enantiomers. The methodological description
significantly extends the application area of CE to separation
methods based on affinity interactions, exemplified here by
the optical resolution of D- and L-tryptophan on immobilized
BSA as the separation phase. We term this method as
capillary affinity gel electrophoresis (CAGE). Electrophoretic
separation methods based on ligands included in polyacryl-
amide gel-filled capillaries have been reported for enantio-
meric separation of dansylated amino acids as well as for
DNA restriction fragment separations.®10

EXPERIMENTAL SECTION

Apparatus. During these studies, a Waters Quanta 4000
capillary electrophoresis instrument (Millipore Inc., Bedford,
MA) was employed. Analytes were detected on-column at a
wavelength of 214 nm. The temperature was 25 °C. The
electropherograms were recorded and stored on a NEC personal
computer with the MAXIMA 825 software program (Millipore
Inc., Bedford, MA).

Procedure. A detection window was prepared on the poly-
imide-clad fused-silica capillary tubing (75 um X 40 cm, Polymicro
Technologies Inc., Phoenix, AZ) 7 cm from one end of the capillary
by quickly flaming an approximately 1-cm portion of the tubing.
A typical preparation of the BSA-filled capillary was done as
follows and is summarized in Figure 1. The capillary was washed
with 10 mL each of water, 0.5 M NaOH, water, and finally 0.05
M potassium phosphate/acetate buffer pH 5.0 with a peristaltic
pump. Five pars 5% (w/v) BSA in 0.05 M phosphate/acetate,
pH 5.0, was mixed with two parts 25% (v/v) glutaraldehyde and
eight parts 0.05 M phosphate/acetate buffer, pH 5.0. The mixture
was immediately pumped (circa 10 zL/min) into the buffer-filled
capillary from the injection end of the capillary. The capillary
was disconnected from the peristaltic pump when the BSA/
glutaraldehyde mixture had reached approximately 2 mm from
the detection window. The capillary ends were then held level
until after gelation (usually circa 10 min). Thus, the detection
window region of the capillary contained phosphate/acetate buffer
and not BSA gel.

The gel-filled capillary was subsequently preconditioned by
exposing the capillary to a potential of 2 kV overnight with the
cathode at the injection side and the anode at the detection side
of the capillary in 50 mM potassium phosphate buffer, pH 7.5.

(1) Kirkland, K. M,; Neilson, K. L.; McCombs, D. A. J. Chr
1991, 545, 43-58.

(Z) Herma.nason J Trends Anal. Chem 1989, 8, 251-259.
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Chromatogr. 1990, 498 81-91.
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Electrophoresis of samples was subsequently performed (6 kV)
with the capillary in reverse direction to that used during
preconditioning. Samples were electrokinetically introduced (5
s, 4 kV) from a buffer with half the ionic concentration of the
running buffer (50 mM potassium phosphate, pH 7.5).
Chemicals. BSA (Product No. A7030, Lot No. 57F-0404) was
purchased from Sigma (St. Louis, MI). Glutaraldehyde (Product

(9) Guttman, A.; Paulus, A.; Cohen, A. S.; Grinberg, N.; Karger, B. L.
J. Chromatogr. 1988 448, 41-53
(10) Guttman, A.; Cooke, N. Anal Chem. 1991, 63, 2038-2042.
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75 pm capillary washed
(H,0, 0.5 M NaOH, H,0,
50 mM Phosphate-acetate pH 5.0)

5 parts 5 % BSA mixed with 2 parts 25 % GA and 3
parts 50 mM Phosphate-acetate pH 5.0

BSA-GA mixture pumped into
buffer filled capillary

Capillary detached from pump
when BSA-GA is ca. 2 ecm
from detection window

BSA-GA allowed to gel

BSA-gel capillary preconditioned overnight
(electrophoresis in reverse direction
ie. cathode at injection end)

Figure 1. Flow diagram for preparation of BSA-filled capillary.

No. 12179), potassium phosphate, and sodium acetate were
obtained from Merck (Darmstadt, FRG).

RESULTS AND DISCUSSION

Preparation of Capillaries Filled with BSA Gel.
Initially, conditions were investigated for gelation of BSA
cross-linked with glutaraldehyde. Various BSA and glut-
araldehyde concentrations as well as various pH and ionic
strengths were tested. It was found that an opaque off-white
gel formed after approximately 3 min at room temperature
when 50 pL of BSA (50 mg/mL) in 0.05 M potassium
phosphate/acetate buffer (pH 5.0) was mixed with 100 uL of
5% (v/v) glutaraldehyde in 0.04 M potassium phosphate/
acetate buffer (pH 5.0).

Our first trials at running electrophoresis through the gel-
filled capillaries resulted in the formation of bubbles within
the capillaries, primarily within the buffer region of the
capillary, soon after current was applied. After various
attempts to alleviate this difficulty, we finally found that
reversing the direction of current (simply by inverting the
capillary so that the anode was now at the detection window
end of the capillary) and exposing the BSA-filled capillary
overnight to a potential of 2 kV eliminated the incessant
occurrence of bubble formation in the capillaries when samples
were subsequently electrophoresed in the correct direction.

Enantiomeric Separation of Tryptophan with Cap-
illary Affinity Gel Electrophoresis. The optical isomers
of tryptophan were introduced by electrophoretic migration
and separated, as shown in Figure 2A. We presume that the
migration of tryptophan depends on electroosmotic flow in
the gel-filled capillary, as the isoelectric point of tryptophan
is 5.9 and of BSA is 4.9, the pH of the mobile phase was 7.5,
and the electrophoresis was performed with the cathode at
the detection end of the capillary. Identification of the
enantiomers was subsequently accomplished by introduction
and electrophoresis of solely the D isomer under similar
conditions (Figure 2B). The theoretical plate number, N,
calculated using the peak width at the base, obtained in this
case was circa 85 000.11 The N values for the present version
of a capillary affinity gel electrophoretic separation of the
isomers are thus significantly higher than those obtained from
high-performance liquid affinity chromatography separations

(11) Snyder, L. R.; Kirkland, J. J. Introduction to Modern Liquid
Chromatography; J. Wiley: New York, 1979.
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Figure 2. (A) Capillary affinity gel electrophoretic separation of
tryptophan enantiomers. Sample was pi-tryptophan (10 uM in 25 mM
potassium phosphate pH 7.5). (B) Identification of racemate. Sample
was D-tryptophan (5 M in 25 mM potassium phosphate pH 7.5).
Conditions: constant applied electric field, 150 V/cm, 80 pA; gellength
= 32 cm, total length = 40 cm; buffer 50 mM potassium phosphate
(pH 7.5); sample injection, 100 V/cm, § s.
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Figure 3. Capillary affinity gel electrophoretic separation of tryptophan
enantiomers. Sample was pL-tryptophan (10 uM In 25 mM potassium
phosphate pH 7.5). Conditions: constant applied electric field, 125
V/cm; gellength = 32 cm, totallength = 40 cm; buffer 50 mM potassium
phosphate (pH 7.5); sample injection, 100 V/cm, 3 s.

on immobilized BSA.5 The resolution, R, defined as
to—t
R,= e RRY
(w, + wy)/2

where ¢ is the elution time and w, the peak width at the base
(i.e. the length of the baseline intercepted by the tangents
drawn to the inflection points), was 3.0 for the separation
shown in Figure 2A which is comparable to BSA-based LC
separation. Using another capillary preparation, an even
better resolution was obtained, as shown in Figure 3, with a
resolution value of 6.0 and an N value of 91 000.

One of the limitations of protein-based chiral stationary
phases in LC is their limited capacity due to the high molecular
weight of the selector. Using the quantities employed here,
we see that the BSA concentration within the capillary is
circa0.25 mM. For satisfactoryseparation, the concentration
of the molecules to be separated should be considerably lower
than 0.25 mM (assuming that a one to one interaction between
BSA and the optical isomer exists and, in addition, that
probably not all BSA molecules are available for interaction).
Generally, at least 1 order of magnitude less is prescribed.
Thus, a capacity of 25 xM sample is possible, which we also
observed in practice. With UV detection at 214 nm, as used
here, the lowest L-tryptophan concentration which can be
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detected is 1 uM at a signal to noise ratio of 2. The range of
concentrations separated and analyzed was thus 1-25 uM.

Sample Injection and Separation Conditioms. DL-
Tryptophan was introduced electrophoretically, and the
enantiomers were subsequently separated at 6 kV typically
in 10~11 min (Figure 2A). The pH and ionic strength of the
running buffer were varied. As the pH of the running buffer
was changed from 7.0 to 8.0, we found no significant change
in separation performance except at pH close to 8.0 when the
difference in migration time for the enantiomers decreased.
The best separation results were obtained at an ionic strength
of 25-50 mM for the running buffer. The ionic strength of
the sample buffer was also varied, and we found that sample
injection from a buffer with an ionic strength half that of the
separation buffer gave better resolution and higher efficiency,
presumably due to sample stacking.1?

In conclusion, we have shown the feasibility of employing
protein gels for affinity separation in capillary electrophoresis.
Specifically, we have used the protein, in this case BSA, as
the chiral selector for the separation of tryptophan enanti-
omers with very high efficiency compared to the analogous
protein-based LC separations.’ In addition, the method
employed for preparing the separation phase, i.e. gel formation
through chemical cross-linking, allows a high concentration
of the affinity selector to be immobilized. The protein (BSA)
itself is the sole component (except for bifunctional cross-

(12) Burgi, D. S.; Chien, R.-L. Anal. Chem. 1991, 63, 2042—2047.
(13) Zopf, D.; Ohlson, S. Nature 1990, 346, 87-88.

linking agent glutaraldehyde) in the separation phase without
any other inert support material.

Inthe future, we see that the interactive methods described
here in which immobilized protein phases are used in CE
expands the application field of CE to new practical separation
endeavors (such as antibody-based separations) as well as to
fundamental protein interaction studies, particularly with
respect to weak affinity interaction.!? The minimal volumes
and amounts of components used in CE induce the initial
screening of exclusive proteins (i.e. proteins of limited
availability) as potential chiral selectors, for example for drug
enantiomer separation. The method described here has the
potential to be applicable for all types of affinity-based
separations which include cross-linkable specific binding
partners.
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Supercritical fluid extraction (SFE) of organic compounds
has been the subject of many studies in recent years.}? A
suitable solvent for this purpose is carbon dioxide due to its
moderate critical constants (T, = 31.1 °C, P, = 72.8 atm),
inertness and easy availability in purified form. Little
information is available in the literature regarding SFE of
metal ions. Direct extraction of metal ions by supercritical
carbon dioxide is known to be highly inefficient because of
the charge neutralization requirement and the weak solute—
solvent interactions. However, if metal ions are bound to
organic ligands, their solubility in supercritical carbon dioxide
may be significantly increased. A widely used chelating agent
for trace metal extraction known in the literature is diethyl
dithiocarbamate (DDC) which forms stable complexes with
over 40 metals and nonmetals.? Recently, Laintz et al. have
shown that metal-DDC complexes have limited solubilities
in supercritical carbon dioxide.4 If fluorine is substituted
for hydrogen in the ligand, as in the case of bis(trifluoroethyl)
dithiocarbamate (FDDC), the resulting metal-FDDC com-
plexes exhibited significantly high solubilities in supercritical
carbondioxide.5 Thesolubilities of anumber of metal-FDDC
complexes in supercritical carbon dioxide are in the order of
103 M at 50 °C and 100 atm which is about 2-8 orders of
magnitude greater than the nonfluorinated analogues. The
solubility of metal-FDDC in supercritical CO, appears
adequate for analytical applications. However, the feasibility
of applying FDDC for metal extraction using supercritical
CO; as a solvent has not been demonstrated. This paper
describes an experimental approach for the extraction of Cu2*
from an aqueous solution and from a silica surface using a
supercritical carbon dioxide fluid containing LiFDDC as an
extractant.

EXPERIMENTAL SECTION

Lithium bis(trifluoroethyl) dithiocarbamate was synthesized
according to a procedure outlined in the literature.® The starting
material, bis(trifluoroethyl)amine, was obtained from PCR
Chemicals. Other chemicals used in the synthesis, including
n-butyllithium (2.5 M in hexane), carbon disulfide and isopentane,
were obtained from Aldrich Chemical Co. (Milwaukee, WI). An
aqueous Cu?* solution was prepared by dissolving a known amount
of solid Cu(NOs), (Mallinckrodt Inc., St. Louis, MO) in deionized
water. For the extraction of Cu®* from a solid matrix, Cu(NOj),
adsorbed on silica was used as obtained from Aldrich as 30% by
weight Cu(NOs), adsorbed on Celite. Weighing of the solid

t Current address: Department of Chemistry, Japan Atomic Energy
Research Institute, Tokai-mura, Ibaraki-ken, Japan.
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materials was done using a Cahn microbalance (Cerritos, CA)
which allows for accuracy in the range of 10-3 mg.

The apparatus for the SFE experiments is shown in Figure 1.
SCF-grade CO; (Scott Specialty Gases, Pl dville, PA) was
delivered to the system using a microprocessor controlled Varian
(Sunnyvale, CA) 8500 high-pressure syringe pump. The system
pressure was monitored to 1 psi using a Setra Systems (Acton,
MA) pressure transducer. The supercritical CO; was passed
through solid LiFDDC contained in a 10 mL stainless steel high
pressure cylinder, which functioned as the ligand extraction vessel.
The fluid phase containing the dissolved FDDC was subsequently
introduced into a high-pressure stainless steel view cell containing
either the aqueous Cu?* solution or the solid Cu(NO3); adsorbed
on silica. The 14.9-mL cell was fitted with 1.27-cm quartz
windows. A gas tight seal was achieved by the compression of
gold-plated stainless steel “V” rings between the cell and the
windows. Mixing of the two phases was accomplished by stirring
with a Teflon-coated stir bar driven by a magnetic motor. The
view cell was electrically heated using an Omega (Stamford, CT)
Model CN2001P2 microprocessor-based temperature controller.
The portion of the system that included the view cell and stirrer
motor was placed within a Varian Cary Model 2200 UV-vis
spectrophotometer equipped with a DS-15 data station to monitor
the formation of Cu(FDDC); in the supercritical CO; phase.

RESULTS AND DISCUSSION

Using the high-pressure view cell, direct measurement of
the rate of extraction of Cu2* can be achieved using Beer’s
law based upon attenuation of the UV-vis beam focused on
the supercritical fluid phase. For the extraction of Cu2* from
Celite, about 1-6 mg of the solid material was placed in the
view cell. Supercritical CO; containing LIFDDC at different
pressure was introduced and the absorbance of Cu(FDDC),
at 416 nm, the peak maximum of the characteristic charge
transfer absorbance for the Cu2* complex, was monitored as
a function of time.* The solubility of FDDC in supercritical
CO,at 50 °C and 100 atm has been reported to be in the order
of 4.7 X 104 M4 Under our experimental conditions, the
molar ratio of FDDC to Cu2* would range roughly from 7:1
t040:1, which is a significant excess for 2:1 complex formation.
Since the quantity of the solid material involved in these
experiments is small, no stirring was applied. Inthe absence
of LiFDDC, no detectable amount of Cu2* was extracted by
supercritical CO, after 30 min. Therate of extraction of Cu2*
at 35 °C with different densities of CO, containing LiIFDDC
is shown in Figure 2. Rapid transfer of Cu?* from the silica
surface to supercritical CO; was observed within the first few
minutes of contact followed by a gradual increase to approach
asaturation value in the fluid phase. AtaCO,density of 0.29
g/cm? (or P = 75.8 bar), the concentration of Cu(FDDC), in
the fluid phase approached a saturation value of 9.7 X 106
M after 60 min, corresponding to about 17% of the total Cu
adsorbed on the solid phase. The percent of Cu2* extracted
was based on the concentration of Cu2* in the supercritical
fluid phase as Cu(FDDC), divided by the concentration of
Cu?* in the original sample. When the CO, density was
increased to 0.37 g/cm? (P = 79.3 bar), the concentration of

© 1992 American Chemical Society
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Figure 2. Rateof ofCu* Celite with supercritical Figure 3 shows the percent of Cu?* extracted from the silica
CO; containing LIFDDC at 35 °C and different density. surface surface of a single sample after 1 h of contact at

different CO; densities. Asshown in Figure 3, the efficiency
Cu(FDDC); in the fluid phase reached a value of 2.5 X 10 of extraction increases very rapidly when the pressure of CO;
M, corresponding to about 46% of the total Cu on Celite. exceeds the P.. The percent of extraction reaches a limit of
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Figure 4. Rate of extraction of Cu?* from aqueous solution with
supercritical CO, contalning LIFDDC at 35 °C as a function of density.

about 80% of total Cu in the Celite at a density of about 0.6
g/cm3t 35 °C. It is possible that this unextracted 20% may
represent Cu of different chemical forms in the sample which
arenot ible for complexation with FDDC in supercritical
CO; or it may represent different forms of Cu2* which do not
absorb at 416 nm.

For the extraction of Cu2* from water, 5 mL of a 5 X 105
M solution of Cu(NO3); was placed in the bottom of the view
cell. The volume of solution in the cell was such that it did
notinterfere with the beam from the spectrophotometer. The
aqueous phase was stirred with a mini-stir bar with a speed
of about 120 rpm. Since Cu(FDDC); has a dark brownish-
green color in solution, the extraction progress was easily
visually monitored. Spectrophotometric quantitation was
done by measuring the charge-transfer absorption of the
complex at 416 nm in supercritical CO;. The rates of
extraction of Cu2* from aqueous solutions at 35 °C are shown
in Figure 4. Rapid transfer of Cu?* from the aqueous phase
into supercritical CO; was observed in all experiments.
Initially, CO; below the critical pressure at 62 bar (density
0.17 g/cm3) was delivered to the ligand extraction vessel and
thenintroduced intothe view cell. Nodetectable Cu(FDDC),
was observed in the fluid phase even after 1 h. Uponincreasing
the pressure to 69 bar (density 0.22 g/cmj), 12% of the Cu?*
was extracted into the supercritical CO; phase. The rate of
extraction in this case is again fast, requiring only several
minutes to approach the saturation value. Further pressure
increments to 72.4 and 75.8 bar showed extractions of the
Cu(FDDC), complex at 20% and 70%, respectively. Quan-
titative extraction of the Cu?* from the aqueous phase was
readily achieved upon an increase of pressure to 79.3 bar,
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Figure 5. Extraction of Cu?* from aqueous solution as a function of
supercritical CO, density at 35 °C.

corresponding to a CO; density of 0.37 g/cm? The percent
extraction of Cu?* at different densities of supercritical CO,
is shown in Figure 5. The efficiency of extraction increases
nearly exponentially with respect to density.

The extraction efficiency was also found to increase with
temperature. These experiments were carried out under
constant density instead of constant pressure because in the
latter case change in temperature would affect density and
consequently extraction efficiency. When the logarithm of
the equilibrium distribution coefficient D, which is defined
astheratio of Cu(DDC);in CO; over total Cu?* in the aqueous
phase, was plotted against 1/ T (K), a linear relationship was
observed (Figure 6). The negative slope suggests an endo-
thermic process with a AH of 4.4 x 0.4 kJ/mol for the
extraction of Cu?* at a constant density of 0.22 g/cm3. An
increase in temperature by 10 °C from 35 to 45 °C at this
density would increase the D value by about a factor of 1.7.
According to these results, extraction of Cu2* by FDDC in
supercritical CO, should be favored at higher temperatures
and pressures above the critical point.

‘When no stirring was applied to the liquid phase, the rate
of extraction was much slower. For example, at 35 °C and
a density of 0.25 g/cm3, extraction of 7% of Cu2* from the
aqueous phase into supercritical CO, would generally require
about 1 h as compared to the experiments with stirring where
20% extraction was achieved in 20 min (Figure 4). Because
itis difficult to perform experiments without any disturbance
of the two phases in our system, the results of the extraction
experiments without stirring are generally not reproducible.
Analysis of kinetic data also appears complicated since it
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Figure 6. Plot of In D versus 1/T for the extraction of Cu?* from
aqueous solution with supercritical CO, at a constant density of 0.22
g/omd,

involves both the diffusion and the mass transport process
in the extraction experiments. Nevertheless, the rate of

extraction of Cu?* from water into supercritical CO; is still
fast, requiring about 10 min in most cases to approach a
saturation value with moderate stirring as shown in Figure

& This study has demonstrated that metal ions dissolved in
aqueous solution or adsorbed on the silica surface can be
effectively extracted by supercritical CO; containing a suitable
chelating agent such as FDDC. The choice of ligand is
obviously important for this extraction technique. FDDC
happens to be moderately soluble in supercritical CO; and
complexes effectively with many metal ions to form chelates
which have sufficient solubility in the fluid phase. Using
supercritical CO; as a solvent for metal extraction can avoid
organic solvent waste generation and exposure of personnel
to harmful vapors. With a simple extractor design shown in
this study, rapid extraction of Cu* by supercritical CO, from
both the liquid and the solid material can be achieved. If a
ligand is specific for certain metals, selective extraction by
supercritical fluids may also be accomplished. This type of
selective chelation—supercritical fluid extraction approach
offers a host of potential applications for preconcentration
of trace metals for analytical purposes and in separation
processes including toxic metal waste treatment.
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INTRODUCTION

Tandem time-of-flight (TOF) mass spectrometry is a
developing area with excellent potential for ultra-high-
sensitivity analysis and structural characterization of complex
biological molecules. Pulsed ionization methods such as
pulsed Cs* liquid-SIMS, are not directly compatible with
scanning instruments, but such methods are compatible with
tandem TOF. In addition, several laboratories have dem-
onstrated that pulsed ionization methods, specifically pulsed
liquid-SIMS,! multiphoton ionization (MPI), and laser de-
sorption ionization, especially matrix-assisted laser desorption
ionization (MALDI),? are inherently more sensitive than
continuous ionization methods, and recent work has dem-
onstrated that MALDI combined with tandem TOF mass
spectrometry is an ultra-high-sensitivity analysis method.?
The added sensitivity of pulsed ionization is particularly
advantageous to tandem mass spectrometry and the devel-
opment of ultra-high-sensitivity (10718 to 10-15 M) biological
mass spectrometry.? On the other hand, instrumentation for
performing tandem TOF mass spectrometry experiments is
still early in the development stages,* and optimum methods
for performing such experiments have not been established.

Inarecent paper we described a magnetic sector/reflectron-
TOF instrument under development in our laboratory® and
reported data obtained using neutral-ion correlation mea-
surements.® The neutral-ion correlation experiment permits
a continuous ionization source to be used on the magnetic
sector/reflectron-TOF instrument. Although we successfully
demonstrated the instrument concept, the signal-to-noise (S/
N) ratio of the collision-induced dissociation (CID) spectra
was disappointing. The major factor limiting the S/N ratio
of the CID spectra is the background of neutrals formed by
neutralization of the incident ions upon collision with the
target gas. The neutrals are formed by either endothermic
charge-transfer reactions between the incident ion and the
target gas” or by CID to form productions that are not sampled
by MS-1II, e.g., low m/z fragment ions such as H* that are not
efficiently transmitted by MS-II or CID reactions involving
large scattering angles and the fragment ions are scattered
outside the acceptance angle of the spectrometer. The latter
process seems an unlikely explanation because both the ion
and neutral formed by CID would be scattered, and the
efficiency for neutral collection should also be low, which it
is not.

(1) Tecklenburg, R. E., Jr.; Castro, M. E.; Russell, D. H. Anal. Chem.
1989, 61, 153. (b) Olthoff, J. K.; Cotter, R. J. Nucl. Instrum. Methods
Phys. Res., Sect. B 1987, B26, 566.

(2) Hillenkamp, F.; Karas, M.; Beavis, R. C.; Chait, B. T. Anal. Chem.
1991, 63, 1193A.

(3) Strobel, F. H.; Solouki, T.; White, M. A.; Russell, D. H. J. Am. Soc.
Mass Spectrom. 1991, 2, 91.
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Spectrom. Ion Processes 1986, 71, 169. (c) Glish, G. L.; Goeringer, D. E.
Anal. Chem. 1984, 56, 2291. (d) Glish, G. L.; McLuckey, S. A.; McKown,
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In this paper we report a method for improving the S/N
ratio by reducing the background signal, e.g., reducing N.
The method used toreduce N is taken from nuclear chemistry
and is generally referred to as “pile-up rejection.”® In the
neutral-ion correlation experiment, the occurrence of a
dissociation reaction of the mass-selected ion is indicated by
the neutral product striking a detector positioned behind the
reflectron,>€ and the ion is detected by a detector positioned
to receive the reflected ions. Thus a dissociation reaction
yields two products, e.g., an ion and a neutral, that must be
correlated. As with all event correlation experiments it is
important to keep the flux of the events low in order to
minimize the number of “false” correlation events, e.g.,
background signals from uncorrelated events. The devices
used for this experiment and data obtained in this manner
are described in the following sections.

EXPERIMENTAL SECTION

The apparatus used in this study has been described previ-
ously.® Briefly, the instrument consists of a Kratos MS-50 high-
resolution mass spectrometer that has been modified by addition
of a reflectron TOF that acts as MS-II for tandem mass
spectrometry experiments. The Kratos MS-50 operates as
supplied by the vendor, and the R-TOF is a single-stage reflectron
designed specifically for tandem mass spectrometry.? The TOF
electronics are standard LeCroy TDC components that are
interfaced to an IBM-PC compatible computer by using a
National Instruments, Inc. GPIB card. The TOF spectra are
displayed using software compiled in our laboratory.

The samples used in this study were obtained from Sigma
Chemical Co. and were used without purification or preparation
steps. The samples were ionized by continuous Cs* ion liquid
SIMS, and all other aspects of the experiments were performed
as described in our earlier report.?

RESULTS AND DISCUSSION

To illustrate the neutral-ion correlation/pile-up rejection
experiment, three spectra for Leu-enkephalin are contained
in Figure 1. Figure 1A contains the metastable ion spectrum
obtained by using neutral-ion correlation, and Figure 1B
contains the metastable ion spectrum obtained by using
neutral-ion correlation/pile-up rejection. The fragment ions
are identified using the notation suggested by Roepstorff and
Fohlman.!9 The spectrum contained in Figure 1A required
60 000 dissociation events to yield a S/N ratio of 20:1 (based
on signal amplitude and noise defined by the background
fluctuations) for the most abundant fragment ion. The
spectrum contained in Figure 1B required 10 000 dissociation
events to yield a S/N ratio of >100:1 for the most abundant
fragment ion; however, the uncertainty of the peak height is
determined by N'/2, where N is the number of counts
associated with the peak height. Thus neutral-ion correlation/
pile-uprejection improves the S/N by a factor of 5 and reduces
the required number of events by a factor of 6. The collision-
induced dissociation spectrum for the [M + H]* ion of Leu-
enkephalin is shown in Figure 1C. This spectrum was

(8) Williams, O. M.; Sandle, W. J. J. Phys. E 1970, 3, 741.

(9) Strobel, F. H,; Russell, D. H. Manuscript in preparation.
o 1(10) Roepstorff, P.; Fohlman, J. Biomed. Mass Spectrom. 1984, 11,
(.11) Holmes, J. L. Mass Spectrom. Rev. 1989, 8, 513.
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obtained by using neutral-ion correlation/pile-up rejection
and an attenuation of the incident ion beam of 30%. Note
that the CID spectrum has a higher noise level than the
metastableionspectrum. The noiselevel of the CID spectrum
is greater because fewer dissociation events are averaged due
to a high number of background events that contribute false
correlations. Nonetheless, the S/N for the CID spectrum is

greatly improved over that obtained without using pile-up
rejection.®

To understand the advantages of pile-up rejection for
neutral-ion correlation measurements, it is instructive to
examine the factors that limit the S/N for Figure 1A. Asthe
mass-selected ion (mass selected by MS-I) traverses the field-
free region between MS-I and MS-II, fast neutrals are
produced by two processes, reactions 2 and 3.

[m;"] + m, (¢))
m;” + mg [—> F" + FJ0 (2)
m° + m, 3

Reaction 1 corresponds to collisional activation (CA) and
subsequently leads to collision-induced dissociation (CID;
reaction 2), thus producing a fragment ion (F;*) and a fragment
neutral (F}°) of the incident ion, denoted m;*. Reaction 3
produces an ion (the original target atom) and a neutral (m;°)
but the ion has near-thermal kinetic energy and is not
extracted from the collision cell; thus the only detectable
product (detectable in the tandem mass spectrometry ex-
periment) of reaction 3 is the fast-neutral. (m;® denotes a
neutral species, and whether the neutral is an intact molecule
or a fragment of the molecule is now known; however, results
from neutralization-reionization experiments suggest that
bothintact molecules and fragments are formed.!!) Reaction
2 yields a fast-ion and a fast-neutral, and both fragments
retain the initial velocity of m;*. Intheneutral-ion correlation
experiment detection of Fy® is the “start” signal for the time-
of-flight clock for the ion detector. The arrival time of F;*
at the ion detector is delayed in time relative to the neutral
because the flight path of the ion is greater; thus the difference
in arrival time of the neutral and ion can be used for TOF
analysis of the ionic products of reaction 2. The occurrence
of reaction 2 is confirmed by correlation of an ion with a
neutral, whereas fast-neutrals formed by reaction 3 do not
correlate with an ion.

The primary source of background signal associated with
coincidence measurements arises when the count rates for
“true” coincidence signals are low and the count rate of “false”
coincidence signals is high. For example, false coincidence
gives rise to signal distortion if a neutral formed by reaction
3 strikes the detector (a start signal for the ion TOF clock)
and within the ion acquisition time window a second neutral
formed by reaction 2 strikes the detector, the TOF mea-
surement for the ion is in error by At, the difference in arrival
time between neutral 1 and neutral 2 (Figure 2). Because At
is random, the end result is noise in the ion TOF spectrum.
In addition, the probability for background signal in a
coincidence experiment is directly proportional to the time
window allowed for detection of F;*, which is determined by
the flight time of the ion. Typically, time windows of 10~100
s are required for acquisition of the full range MS-II mass
spectrum for ion energies of 1-8 keV and m/z values of 100~
5000 for m;*. Such a large time window for the MS-II mass
spectrum limits the maximum allowable ion current for m;*
to approximately 10 000—-50 000 neutrals/s. Data acquisition
rates of 10-50 kHz exceeds the capabilities of the instrument
hardware; thus it is necessary to acquire a statistical sampling
of the actual number of neutrals formed. Because the number
of products formed by reaction 3 far exceeds the number of
products from reaction 2, signal-averaging is not an efficient
means for improving the S/N ratio. Although the S/N ratio
can be improved by summing together narrow segments of
the TOF spectrum, e.g., sampling a narrow time window, this
method increases the total data acquisition time for the
experiment. In addition, this procedure is practical only if
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Figure 3. Schematic drawing for the circuitry to eliminate false correlated signals and improve the signal-to-noise ratio for the metastable ion
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the signal for m;* is constant in time; e.g., often times the
liquid-SIMS spectrum changes (in terms of analyte versus
matrix background signal)!? as the sample is depleted, and
thus the time-averaged spectra are composite MS-1II spectra
for analyte and matrix background ions.

The pile-up rejection S/N enhancement can be accom-
plished in two ways: (i) acquire and store all the neutral-ion
arrival events and process the data off-line,? or (ii) develop
a hardwired system for performing the experiment on-line.
We chose to use an on-line system because this permits
evaluation of the tandem mass spectrometry data as the data
are being acquired. On-line evaluation of the data is important
because some samples yield acceptable S/N ratios with
minimum acquisition times, either because the dissociation
efficiency is high or a large amount of sample is available, but
other samples require much longer acquisition times to achieve
acceptable S/N levels. The on-line experiment is performed
by the circuitry shown in Figure 3. This circuitry signals the
computer that valid data have been obtained. Valid data are
defined by (i) a signal for ion arrival within the ion flight time
window and (ii) a second neutral not detected within the ion
flight time. The signals from the neutral and ion detectors
are used as inputs to two constant-fraction discriminators
(CFD) (Canberra 2126 and 2128). Each CFD has four outputs
(two NIM and two TTL). One output on the neutral CFD
is used to start the TDC (LeCroy 4208), and one output of
the ion detector is used as the TDC stop. The TDC then
sends a signal through its “busy” output which starts a gate
generator (LeCroy 2323A). The signal from the two CFD’s
are “ANDed” with the gate generator output. At the end of
the gate a signal would normally clear the TDC; however, if
asignalis obtained by the ion detector during the gate period,

(12) Caldwell, K. A.; Gross, M. L. Proceedings of the 39th American
Society for Mass Spectrometry Annual Conference on Mass Spectrometry
and Allied Topics, Nashville, TN, May 19-24,1991; ASMS: East Lansing,
MI, 1991; p 122-123.

(13) Huang, L. Q.; Conzemius, R. J.; Junk, G. A.; Houk, R. 8. Int. J.
Mass Spectrom. Ion Processes 1989 90 85. (b) Puks,M A.; Gibson, K
A;Q L t,E.A. S 1990, 248,988, (c)Conzemms
R. J Svec, H. J. Int. J. Mass Spectrom. Ion Processes 1990, 103, 57.

twoevents occur. The first processsends asignal to the TDC,
which indicates valid data have been received. The second
process inhibits the signal which clears the TDC. If a second
neutral is received, the gate is stopped so that no signals from
the ion detector are processed as valid data.

CONCLUSIONS

The studies to date clearly illustrate the potential for
tandem TOF mass spectrometry for ultra-high-sensitivity
analysis® and structural characterization of biological mol-
ecules.5 Although neutral-ion correlation methods can be
used for acquisition of metastable ion and collision-induced
dissociation (CID) spectra, the background signal from
neutralization of the incident ion by collisions with residual
gases or the CID target gas reduces the S/N ratio for the
product ions. Consequently, neutral-ion correlation/pile-up
rejection, a method for rejection of spectral data from events
where false coincidence signals limit the S/N ratio, dramat-
ically improves the data and reduces the time required for
data acquisition. For example, neutral-ion correlation/pile-
up rejection improved the S/N ratio for the metastable ion
spectrum of the [M + H]* ion of Leu-enkephalin by a factor
of 5. In addition, because the acquisition rates are limited
by the computer (50 Hz) and not the rate of dissociation
events (1000-50 000 Hz), the acquisition time is reduced by
afactor of 6. A comparableimprovement is also obtained for
the CID spectrum of Leu-enkephalin [M + HJ]* ions.
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As we have reported,l2 we are developing an analytical
procedure for diol epoxide-polyaromatic hydrocarbon (DE-
PAH) DNA adducts in which the isolated adducts are
subjected to a sequence of three chemical steps prior to
detection by gas chromatography—electron capture negative
ion mass spectrometry (GC-ECNI-MS). The three steps are
as follows: (1) acid hydrolysis to release the DE-PAH as a
tetrol from the DNA, (2) oxidation of this tetrol with potassium
superoxide to a corresponding dicarboxy-PAH, and (3)
esterification of the latter compound with pentafluorobenzyl
bromide.

During the course of progressively applying steps 2 and 3
of the method to lower amounts of an authentic tetrol (namely
benzo[a]pyrene-7,8,9,10-tetrahydrotetrol), we encountered
severe irreproducibility at the 100-pg level in terms of both
losses and interferences. Here we report that this problem
was due to microscopic, recalcitrant brown/black specks in
the commercial vials employed for this purpose and the
presence of PTFE liner/plastic caps. Reproducible results
were achieved by employing an all-glass conical reaction vial
fabricated in-house.

EXPERIMENTAL SECTION

General Information. The reagents, instrumentation, com-
mercial vials, and reactions were described previously.1? All
solvents used for the following cleaning procedures were HPLC-
grade.

All-Glass Reaction Vial. This was fabricated in-house from
a 14/20 hollow, ground-glass stopper and a size 14/20, 7585 joint
(outer member, medium length, 12-mm o0.d.) obtained from ACE
Glass (Vineland, NJ).

Vial Cleaning. Scrub each vial (commerical or home-made)
with a test tube brush (Cat. No. 17030-006, VWR Scientific,
Philadelphia, PA) in water:Micro (No. 6731, International
Products Corp., Burlington, NJ), 90/10 v/v. Heat the vial at 60
°C for 2 h in a covered (Pyrex watch glass) beaker filled with
10% Micro cleaning solution, and leave at room temperature
overnight. Wash the vials individually 10X with distilled water
and keep in water for 22 h. Heat the vials in chromic acid? for
2 h at 60 °C, and leave at room temperature overnight. Wash
the vials as before with water, and stack them upright in a Petri
dish. Fill each vial with methanol, and 0.5 h later remove the
methanol with a pipet attached to a vacuum source. Loosely
cover the dish with aluminum foil, remove the residual methanol
on ahot plate, and seal the vials after cooling to room temperature
with a polytetrafluoroethylene (PTFE) linear/plastic cap or
ground glass stopper, cleaned as described below, for storage
until use.

Cap Cleaning. Rinse the caps briefly with water and keep
in 10% Micro at room temperature for 224 h. Wash the caps
individually with water and keep in water for =24 h. Heat the
caps in methanol at 60 °C four times for 2 h each. Partly air-dry
the caps upside down on a paper towel, transfer to and wrap

* Address reprint requests to this author.

+ Current address: BASF Corp., Research Triangle Park, NC 27709-
3528,

(1) Li, W.; Sotiriou, C.; Abdel-Baky, S.; Fisher, D. H.; Giese, R. W. J.
Chromatogr. 1991, 588, 273-280.

(2) Allam, K.; Abdel-Baky, S.; Giese, R. W. Anal. Chem. 1992, 64,
238-239.

(3) Vogel, A. Textbook of Practical Organic Chemistry; John Wiley:
New York, 1987; p 3.
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loosely in aluminum foil, place in a 70 °C oven overnight, and
store wrapped tightly until use.

PTFE-Liner Cleaning. Three-Step Method. The method
is the same as above for the caps.

Six-Step Method. After 10% Micro and a water wash (see
above), stir the liners in chromic acid at 50 °C for 1 h. Stir in
60 °C water 6X, 70 °C toluene 3%, and 50 °C methanol 3%
(including 10 min of boiling in the last methanol), with 20 min
foreachstep. Air-dryinthe covered (loose aluminum foil) beaker,
place in a 70 °C oven overnight, and store until use wrapped in
aluminum foil.

RESULTS AND DISCUSSION

We decided to first examine whether the vials themselves
were contributing to the irreproducibility that we had
encountered at the 100-pg level of tetrol analyte, even though
the vials were routinely cleaned with detergent, 3 M nitric
acid (both at 60 °C for 8 h), and methanol. While the vials
were always clean by ordinary visual inspection, closer
examination with a hand-held magnifying lens (X5) revealed
the presence of tiny brown and black specks, stuck to the
inner wall, that varied vial-to-vial. New vials, examined as
received from two other suppliers, were found to contain the
specks. Asimplied above, the specks were recalcitrant to our
existing cleaning procedure.

A second problem became apparent as well from use of the
magnifying lens. When the plastic cap fitted with a PTFE
liner was screwed down tightly (as necessary) onto a vial to
seal the contents for the subsequent chemical reaction, white
particles (having the shape of “shavings”) were dislodged into
the vial, obviously from abrasion of the PTFE-liner against
the lid of the vial. This could be seen by placing some
methanol in the vial, tightening down the PTFE-lined cap,
inverting the vial to contact the liner with the solvent, and
observing the sinking white particles with the magnifying
lens.

The presence of the brown/black specks (at least at the
magnifying lens level) was overcome by a different cleaning
procedure (including the rigorous use of a micro test tube
brush). The white particles were overcome by fabricating an
all-glass vial consisting of a ground-glass stopper attached to
ashort, conical tube (see Figure 1). Apparently, a vial of this
type and dimensions is not available commercially at the
present time.

To compare the performance of the old (PTFE-lined plastic
cap) and new (glass stopper) vials, both cleaned free of brown/
black specks (the specks were never encountered in the glass-
stoppered vials), we conducted three experiments in which
only blank vials (no added tetrol) were tested. Experiment
I: reactions 2 and 3 (see Introduction or Table I) were
conducted sequentially in vials fitted with plastic caps and
PTFE-liners, where these caps and liners had been separately
cleaned with detergent, water, and hot methanol (three-step
cleaning) prior to assembly. Experiment II: sameasIexcept
the liners were cleaned stepwise with detergent, water, chromic
acid, water, hot toluene, and hot methanol (six-step cleaning).
Experiment III; the caps and liners were cleaned asin II, but
only reaction 3 was conducted. At the end of reaction 3 in
each case, sample cleanup was performed as described,?
followed by injection into the GC-ECNI-MS.

© 1992 American Chemical Soclety
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Figure 1. All-glass conical reaction vial that was fabricated in-house.

Table I. Interference Level by GC-ECNI-MS When Blank
Reactions (No Analyte Added) Are Conducted in a Vial®
Sealed with P, a PTFE-Lined Plastic Cap, or G, a Glass
Stopper

experiment contamination level
(reacn 2 = specific general
KO, oxidation; (pg/vial (abundance
reacn 8 = of a coeluting, X 1078
pentafluorobenzylation) unknown compound)®  at 10 min)®
I reacns 2 and 3
P (3-step cleaning)? 23+ 35 144 £21
G 2313 58+29
II. reacns 2 and 3
P (6-step cleaning)® 8.1+84 59 + 14
G 4232 30 £ 22
III. reacn 3
P (6-step cleaning)® 0.2+0.2 18+1
G 0.0 162

@ All vials were cleaned free of microscopically-visible brown/black
specks prior to this experiment. > An amount is assigned to the
unknown compound by assuming that it is contaminating analyte.
< It is meaningful to compare the general abundance values because
all of the MS measurements were made on the same day and the
baseline for the instrument was constant throughout this day.

The results of these experiments are summarized in Table
I Both the magnitude of a specific interference peak (a
contaminating peak that always coelutes with authentic
analyte) and the abundance of the general background signal
at an arbitrary retention time (but where major interfering
peaks are absent) are presented as two measures of the
contamination level. Most importantly, the specific inter-
ference was fully overcome only in the all-glass vial in
experiment III-G (G = glass) where only reaction 3 was
conducted. This interference shows up consistently once
reaction 2 is done as well (2.3 £ 1.3 pg/vial in experiment I-G
and 4.2 £+ 3.2 pg/vial in experiment II-G). (An amount is
assigned to the unknown interfering peak by assuming that
it is contaminating analyte; see below.) The level of this
interference is highest and most variable (23 + 35 pg/vial)
when reactions 2 and 3 are conducted sequentially in a
commercial vial capped with a plastic cap and PTFE liner,
where the last two components have been cleaned only with
the three-step procedure (experiment I-P; P = plastic cap +
PTFE liner). More thorough cleaning of the PTFE liner
(experiment II-P) reduces the interference to 8.1 + 8.4 pg/
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Figure 2. Representative GC-ECNI-MS selected ion (m/z 469)
chromatograms for blank vials from (A) experiment 11 and (B) experiment
111 (see Table I). For each pair of chromatograms, trace P is from
a vial sealed with a PTFE-lined plastic cap and trace G is from a vial
sealed with a glass stopper. The unknown designated peak eluting
near 12 min in each chromatogram (except trace G In (B), where the
peak is absent) is considered a specific interference, as indicated in
Table I slnce it always coelutes with authentic product, 2,3-bis-

obenzyl)pyrenedicarboxyi (Largely because of variation
in the vacuum of the MS, the retention time of the apparent analyte
peak is not constant, but the coelution of this peak with true analyte
was always confirmed by coinjecting authentic analyte.)

vial. Thus, both reaction 2 and the PTFE liner/plastic cap
are origins of the specific interference.

We postulate, for two reasons, that the specific interference
is due to the analyte or an analyte analog arising as a
contaminant in the procedure. First, this interference shifts
in its retention time exactly the same as the analyte when
each is derivatized (after superoxide oxidation) with p-tetra-
fluorobenzyl bromide instead of pentafluorobenzyl bromide
(data not shown). Second, benzo[alpyrene, an ultimate
parent compound for the analyte, is ubiquitous in the
environment, and the superoxide step is known to convert a
variety of oxidation products of benzo[a]lpyrene to our
intermediate product 2,3-pyrenedicarboxylic acid.

Returning to Table I, we see that the general contamination
level also is always lower, more or less, when the all-glass vial
is used. To more directly show the type of data leading to
Table I, selected ion chromatograms are shown in Figure 2
from representative, corresponding P and G vials utilized in
experiment II (Figure 2A) and in experiment I1I (Figure 2B).

A possible limitation of the glass-stoppered conical vial for
some reactions is that the seal is not as tight as that provided
by a PTFE-lined plastic cap. The volume reduction was 25
— 20 uL for reaction 2 (conducted at room temperature for
18 h) and 50 — 21 uL (50 °C for 5 h) for reaction 3 in the
all-glass vial. In this case, however, comparable volume
reduction also takes place in the plastic cap/PTFE liner vial:
25— 20 uL for reaction 2 and 50 — 35 uL for reaction 3. For
the latter vial, the solvent loss apparently occurs through the
spaces at the top of the capped vial, by absorption of solvent
vapor into the PTFE liner and plastic cap, or by both.

As a less convenient alternative to the all-glass vial
presented here to conduct a chemical reaction, a glass ampule
(available commercially) or small tube can be flame-sealed
under vacuum for this purpose (e.g. ref 5). Relative to a
conventional vial, cleaning the all-glass vial is easier since the
former involves three different components (vial, plastic cap,
and PTFE liner).

The improved reproducibility for the blanks extends to
our tetrol samples. When eight, 100-pg samples (as duplicates
in four separate experiments) of tetrol were subjected to

(4) Sotiriou, C.;Li, W.; Giese, R. W. J. Org. Chem. 1990, 55, 2159-2164.
(5) Crain, P. F.; McCloskey, J. A. Anal. Biochem. 1983, 132, 124-131.
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reactions 2 and 3, the overall absolute yield of product by
GC-ECNI-MS was 36 + 8% (x =SD). For the last duplicate
tested, an isotopic internal standard! was included, which
gave peak ratios (analyte/IS) of 1.81 and 1.80.

Thus, the all-glass vial is useful both in terms of its
convenience and the reproducibility of the procedure that we
tested.
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Laser Beam Probing in Capillary Tubes
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INTRODUCTION

As on-column optical detection gains acceptance in various
separation techniques, capillary optics has emerged as a new
field* of importance within analytical chemistry. On-column
detection is particularly important for microcolumn high-
performance liquid chromatography (u-HPLC) and for cap-
lllary electrophoresm (CE) because these separation tech-

ques require detectors with volumes in the picoliter to
nanoliter range. Todate, on-column detectors for absorption,?
fluorescence,’ and refractive index34 have been reported, using
different light sources and different optical arrangements to
bring light into the capillary bore and to collect it efficiently.
From the optical point of view, the main difficulty in using
around capillary is that it acts upon the incoming beam like
a thick cylindrical lens with a short focal length. This
cylindrical lens effect transforms circular incoming beams
into strongly elliptical outgoing beams, making light collection
difficult. Inaddition, this cylindrical lens effect is associated
with a strong astigmatism that makes further imaging of the
probing zone difficult. One way to overcome this problem is
to use capillaries with square cross-sections as proposed by
Zare etal.® However, the handling of such capillaries presents
increased difficulties, and manufacturing them with a narrow
bore, while retaining a square cross-section with satisfactory
optical quality, remains a problem.

In this technical note, we present the general formalism
for paraxial capillary optics using transformation matrices.
The particular case of capillaries for which the lens effect
vanishes is discussed in detail. For such capillaries, the
intensity distribution of the light beam remains practically
unchanged after interacting with the capillary, thus making
the illumination and collection optics much simpler to design.
Furthermore, experimental results show that the required
geometrical conditions are satisfied for some fused-silica
capillaries employed in 4-HPLC and in CE.

The present scheme exploits the fact that, in most practical
cases, the capillary is filled with a transparent liquid (mobile
phase or buffer solution) which has a refractive index smaller
than that of the capillary wall. Therefore the refractive powers
of the outer interface (air—capillary wall) and of the inner
interface (capillary wall-mobile phase) have opposite signs
and act as converging and diverging lenses, respectively. By
selecting the correct geometry for a capillary, it is thus possible
to suppress the lens effect of the capillary.

THEORY

Geometrical Configuration. Figure 1representsan axial
(yz) and a side (xz) views of a transparent capillary tube onto
which a laser beam is being focused. The optical z axis

(1) Synovec, R. E. Anal. Chem. 1987, 59, 2877-2884.

(2) Bruno, A. E.; Gassmann, E.; Pencles, N.; Anton, K. Anal. Chem.
1989, 61, 876-883.

(3) Bnmo,A.E ; Krattiger, B.; Maystre, F.; Widmer, H. M. Anal. Chem.
1991, 63, 2689-2697.

(4) Krattiger, B;; Bruno, A. E.; Widmer, H. M.; Geiser, M.; Dandliker,
R. Work done at Annlytwal Research, Clba Gelgy gt.d , CH-4002 Basle,

for publicati ppl. Opt.

(5) Am;gkwa,L N; A.lbm,M. Kuhr, W G ’I‘rendsAnal Chem.1992,
11,1141

(6) Tsuda, T.; Sweedler, J. V.; Zare, R. N. Anal. Chem. 1990, 62, 2149
2152.
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Figure 1. Axial and side view of a transparent capillary tube placed
on the beam waist of a focused laser beam. ry and r, are the outer
and the inner radius of the capillary whereas n, and n, are the refractive
indices of the capillary wall and of the liquid in the bore, respectively.
T and U are the paraxial transformation matrices for each principal
plane.

intercepts the capillary at a right angle so that the situation
corresponds to the on-axis illumination of a thick cylindrical
lens. The geometry is given by the outer radius, r;, and the
inner radius, ry, of the tube. Material parameters of impor-
tance are the refractive index of the capillary wall, n;, and the
refractive index of the liquid within the tube, n;. The tube
is in air, so that the surrounding index of refraction, ng, is 1.
For the mathematical description, it is convenient to place
the origin of the coordinate system at the external wall of the
tube. Indoingso,all the refracting surfaces are on the positive
side of the propagation axis.

In this analysis, it is assumed that the condition for paraxial
optics is satisfied.” In practice, this assumption is correct if
the fundamental mode of the laser beam is focused onto the
capillary with a spot size a few times smaller than the bore
diameter. Hence, the propagation of the beam through the
tube can be described with paraxial transformation matrices8
that are calculated from the geometry of the optical layout.

Transformation Matrices of the Capillary. As a
detailed derivation of the transformation matrices of the
capillary is beyond the scope of this paper, only the relevant
results will be presented here. Asshown in Figure 1, the two
main radii of curvature of the optical surfaces lie in planes
parallel and perpendicular to the capillary axis. Let U and
T be the transformation matrices for the corresponding
orthogonal components of the beam.? The matrix U, which
accounts for the transformation in the plane parallel to the

(7) Klein, M. V.; Furtak, T. E. Optics, 2nd ed.; John Wiley: New York,
1986; pp 141-151.

(8) Klein, M. V.; Furtak, T. E. Optics, 2nd ed.; John Wiley: New York,
1986; pp 151-164.
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Table I. Values for r, r;, and 4 Assuming Complete
Compensation for Fused-Silica Capillaries Filled with
Water (i.e. n; = 1.46 and n, = 1.33)

inner diameter outer diameter astigmatism
2rp (um) 2r; (um) & (um)
10 47 28
30 141 85
50 235 141
70 329 198
100 471 283

capillary axis, corresponds to a pure translation of optical
path length 2u and is readily found to be

_(1 0
v=z 9) ®
with
=(T_l—l'_2)+2 2)
Ry ny

Derivation of the matrix T, which accounts for the trans-
formation in the plane perpendicular to the capillary axis
where the curvature is strongest, involves lengthy calculations.
Ultimately, it can be put in the form of

_{t E-1)/ry
o= ((t +0r, ot ) @
with

L L TP @

mny, ry

It is important to note that by setting ¢ = 1, the matrix T
reduces toa pure translation of optical path length 2r;, namely

1 0
T=(2r1 1) ®

Under this condition, eq 4 yields the desired requirement for
a complete compensation of the opposite lens effects which
can be written as

T n n -1

rymy—ng
In most applications n; > ny, so that the right-hand term of
eq 6is positive and leads to a mathematical solution that also
has a physical meaning (i.e. 7, > ry). To illustrate these
findings, consider a fused-silica capillary filled with water.
The refractive indices are then n; = 1.46 and n, = 1.33.
According to eq 6, complete compensation is obtained when
ri/ry = 4.706. For a capillary with a bore diameter of 2r, =
75 um, this corresponds to an outer diameter of 2r; = 353 um.
These dimensions are close to the most commonly used
capillaries in CE. Other fused-silica capillaries with dimen-
sions satisfying the complete compensation conditions when
filled with water are reported in Table I.

It is important to note that at complete compensation, the
ratio of both radii of the capillary is given by eq 6. Therefore
the optical path in the plane of the capillary (matrix U)
becomes

®)

ny(n,—1) + (n, —n.
u=p= 2..2_2—2)__1*2).,-1 %)
ny(n;—1)
This value does not match the optical path in the plane
perpendicular to the capillary (matrix T). For a circular
incoming beam, the output beam is then also circular but

Beam ellipticity
~n w -~
L s = 1
. ¥

; Al l. l = T
0 50 100 150 200 250
Inner diameter [um]

Figure 2. Ellipticity of the output beam by a water-filled
fused-silica capillary having an external diameter of 363 um as a
function of its bore diameter when a laser beam with a spot size of
2wy = 32 um is focused on It. Open circles represent measured
polnts for three « clally The outer and
inner di of these illark are(leﬁtorigrn)(A)amum 50
um; (B) 362 um, 75 um; (C) 367 um, 101 um.

with a pure astigmatism. Asreported in Table I, the residual
astigmatic distance
8=2(r;-p) ®)

is of the order of a few inner capillary diameters and thus
only several times larger than the laser spot size.

EXPERIMENTAL SECTION

Experimental Setup. A setof commercially available fused-
silica capillaries with different diameters (Polimicro Technologies,
Phoenix, AZ) were prepared by removing the polyimide protective
coating over a few millimetres and filling with HPLC-grade water.
The beam of a 2-mW linearly polarized HeNe laser (Uniphase
No. 1103P) was focused at a right angle on the capillary using
a spherical lens with a focal length of f = 30 mm. The lens was
mounted on a three-axis translation stage to facilitate the
positioning of the laser beam with respect to the capillary. The
spot size was measured without capillary to be 2wy = 32 um. The
ellipticity (i.e. the ratio between the long axis and the short axis)
of the cross-section of the output beam was measured with a
ruler on a screen placed at a distance d = 300 mm away from the
capillary.

RESULTS AND DISCUSSION

The experimental results for three capillaries with ap-
proximately the same outer diameters but different bore
diameters are shown in Figure 2. For comparison, the
ellipticity of the output beam was computed® using eqs1and
3, as shown in the App The ed values show
good agreement with the theoretxca.l curve, in particular 1f
one takes into consideration the y of the
procedure employed. Aspredicted by the theory, the capillary
where ry/r; = 4.8 and which is labeled B in Figure 2 best
approximates the value for complete compensation (i.e. ri/r
= 4.7), and practically no ellipticity is observed in the output
beam. It is important to note that the theoretical curve has
arelatively flat minimum and therefore the tolerances on the
dimensions of the capillary are fairly large.

For a capillary specified to minimize ellipticity at a given
refractive index value of the buffer, the tolerances on the
refractive index are also fairly large. Asan example,a capillary
with outer and inner diameters of 353 and 75 um, respectively
(i.e. optimized for ny = 1.33 or water), produces an ellipticity
of less than 1.07 over a refractive index range from 1.32 to
1.34. This indicates that refractive index changes due to
eluting peaks, the use of different buffer solutions or the use

(9) Yariv, A. Optical Electronics, 3rd ed.; Holt-Saunders: New York,
1985; pp 32-34.
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of a gradient elution techniques will have little effect on the
ellipticity. Polyacrylamide gel-filled capillaries were also
tested and displayed results close to water-filled capillaries,
indicating that this gel has optical properties much like those
of water.

CONCLUSIONS

The possibility of passing a laser beam perpendicularly
through a transparent capillary tube without introducing
ellipticity has been demonstrated. Theimportant parameters
are the ratio of the outer to inner diameters of the capillary
and the refractive indices of the capillary wall and of the
liquid in the bore. Using these findings, it is possible to design
an on-column detection cell in which the light beam remains
collimated within the bore. This results in a better defined
probing volume with a well-controlled optical path length
compared to what is obtained with conventional on-column
cells.’® For cells designed according to the above geometrical
considerations, a substantial reduction of distorting refractive
index effects and light scattering is also expected. This would
allow for the development of more reliable fluorescence
detectors with improved detection limits.

On-column multipass absorption cells with increased
sensitivity!! can be constructed using the described method.

(10) Stewart, J. E. Appl. Opt. 1981, 20, 654-659.
(11) Wang, T.; Aiken, J. H.; Huie, C. W.; Hartwick, R. A. Anal. Chem.
1991, 63, 1372-1376.

Such cells constitute a good way of boosting the sensitivity
of detectors and will be of particular significance when very
narrow bore capillaries (e.g. with inner diameter smaller than
50 um) become standard in capillary electrophoresis.
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APPENDIX

Ellipticity of the Output Beam. With the propagation
matrices given in eqs 1 and 3, the cross-section of the output
beam is readily computed. In general, this cross-section is
elliptical and the ratio between the long axis a and the short
axis b is

ko 2) 2 ( i )2
a_ i ) N b
where k = 2xr/)\ is the free space wave number and 2w is the
spot size (diameter) of the incoming laser beam.
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