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Introducing

‘the CHN-O Rapi for Automatic

Carbon, Hydrogen, Nitrogen Analysis

The CHN-O Rapid is the latest design in
automated C.H,N analyzers. Heraeus has
utilized its years of experience in com-
bustion techniques to produce an
elemental analyzer which encompasses
both extreme sensitivity with an unprece-
dentedly large dynamic range, minimizing
errors due to sample inhomogeneity.
Pre-weighed samples are automatically
introduced from the 49 position sample
carousel into the analyzer. There, they
are combusted in an oxygen stream at
temperatures up to 1050°C (1922°F).
Efficient reduction, absorption and
desorption systems allow measurements
with an accuracy of +£0.15% absolute.

An H-P 150 Touchscreen® computer
handles all data manipulations from
sample weight introduction from the
microbalance, to calibration, calculations
and report generation.

An optional oxygen kit modifies the

analyzer for automated oxygen analysis.

Features Include:

® 49 position sample carousel for solids
or liquids

@ Direct input microbalance

® Simple Touchscreen® operation

® Automatic calibration

© Prompting of time to regenerate
catalyst

@ Flexible, hard copy report formats of
results and calibration curves
® Large sample size . . . up to 300mg
@ Large dynamic range:
C: 5x10* to 15 mg absolute
H: 1x10* to 1.5 mg absolute
N: 1x10° to 7.0 mg absolute
@ On-site installation and start-up
assistance
@ Full one year warranty

Call 815-727-5431

P.O.BOX 863 JOLIET, ILLINOIS 60434 TELEX 723421 UAR JOL
CIRCLE 211 ON READER SERVICE CARD



YOUR ACCESS TO EXCELLENCE IN GAS CHROMATOGRAPHY.

1'Evoways

We build two variations of this oven. Both deliver
the same superlative performance. Each is part of
a GC with its own special capabilities.

The team player. Our HP 5890 GC. The HP 5890
has been designed to meet the needs of two different
kinds of users: the small lab with steady but pre-
dictable work; the large lab that relies heavily on
lab automation with many instruments operating
together using the same data base. In both cases,
the HP 5890 is ideal. It delivers the necessary basic
chromatographic data with high precision, repeat-
ability, and reliability (99% guaranteed

uptime is available*). All at the very
economic price of just $6650/*

The sophisticate. Our HP 5880 GC.
The HP 5880, a proven performer,

*Customers may purchase a Guaranteed Uptime Maintenance
agreement. If an instrument fails to meet the guarantee, the
agreement will be extended at no extra charge

*#U.S. domestic price only, single FID packed column. tempera-
ture programmable configuration

tousewhatmaybe
the best GC oven ever built. o

has been designed to be a fully stand-alone system. =~ 1
It not only acquires the data, it processes it on the 23]
spot. Handy if you're involved in methods develop-

ment, research. ... In automated test applications, it

has the on-board intelligence not only to monitor its

own results but also to change the test parameters

based on those results. The HP 5880's extraordinary

capabilities make it an excellent investment.

One, or perhaps both of these systems is just right
for the work going on today in your laboratory.
To find out more about either system or
to discuss which might be the opti-
mum choice for your application,
call the HP office listed in your
telephone directory white pages and
ask for the Analytical representa-
tive. Or, write: Hewlett-Packard,
Analytical Group, 1820 Embarcadero
Road, Palo Alto, CA 94303.

HEWLETT

AGO440D (ﬁﬁ] PACKARD

Circle 96 for literature.  Circle 97 to have an HP representative contact you.
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| MoreMembranes

£ GELMAN
ACRODISS

And More Resources to Serve

Nobody gives you more in laboratory filtration
products than Gelman. Preducts that increase
efficiency along with your confidence.

Like our Acro® disposable filter devices, allowing
you to spend more time evaluating data. . . not waste
time obtaining it. And the largest selection of mem-
branes in the world. Membranes proven lowest
in extractables for HPLC. Low protein-binding
membranes for tissue culture study. The broadest

family of membranes for air, water, and beverage
analysis.

We also think of the little things. Like a magnetic
filter funnel that works without clamps or frustratiny,
threads. Microbiological broths free of worrisome
particulates. And a petri dish that opens easily and
seals tight. .. with one hand.

Of course, what good are great ideas you can’t get
your hands on. So we've established the broadest




? More Convenience

£y
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I

i ok dlpsse vh

Your Lab in the Way You Want

network of distributors in the industry: nearly 1500 Circle our reader service
professional service representatives. Or, if you number for the new; Second
Pt:hoose, you'll find us in the filtration section of your Edition of The Filter Book...
“favorite dealer catalogue. We let you decide what you your personal guide to the
want in service. finest selection of micro-
Selection. Confidence. Convenience. Nobody's filtration membranes and
working harder to help you than Gelman. laboratory products. Free!
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Briefs

Neutral Reactions in Gas Chromatography/Chemical
lonization Mass Spectrometry 786

Schiff base derivatives of aldehydes and ketones are
formed on a GC column using NHj as carrier gas and
detected using CIMS. Postcolumn addition of NH; or
CH3NH also produces neutral products that can be
detected by CIMS.
Patrick Rudewicz and Burnaby Munson®, Department of
Chemistry, University of Delaware, Newark, Del. 19716

Anal. Chem., 57 (1985)

Gas Chromatography/Mass Spectrometry
ination of Waler Solubl Prlmary i as
Thelrr tafluorobenzaldehyd 790

A 10-ppb detection limit is achieved for seven primary
alkyl amines in 0.5-mL samples of tap, river, and oil shale
process waters.
Michacl J. Avery*® and Gregor A. Junk, U.S. Department of
Energy, Ames Laboratory, Ames, lowa 50011

Anal. Chem., 57 (1985)

Rapid and Precise Method for the Measurement of
Vapor/Liquid Equilibria by Headspace Gas
Chromatography 793
An automated headspace GC is described for the
determination of vapor/liquid equilibria, including vapor

e and infinite-dilution activity coefficients.
Precision of measurement is often better than 0.5%
Abul Hussam and Peter W. Carr' Deparlmem of Chcmlslr\.

Smith and Kolthoff Hall, Uni y of N Mi
Minn. 55455 Anal. Chem., 57 (1985)

Determination of Chlorinated Benzenes in Bottom
Sediment Samples by WCOT Column Gas
Chromatography 801
Extraction efficiencies of steam distillation,
pllrasomcalion, and soxhlet extraction are compared. An
integrated analytical procedure for quantitation by high-
resolution GC is presented.

F.I. Onuska® and K. A. Terry, National Water Research
Institute, Canada Centre for Inland Waters, Burlington, Ontario,
Canada L7R 4A6 Anal. Chem., 57 (1985)

* Corresponding author

494 A + ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985

Industrial Wastewater Analysis by Liquid
Chromatography with Precolumn Technology and
Diode-Array Detection 806

Precolumns packed with C3, PRP,, and cation exchange
resin are used for on-line group separation and trace
enrich of complex Multisignal plots are used
to obtain preliminary compound identification.
M.W.F. Nielen, U.A.Th. Brinkman, and R. W. Frei®,
Department of Analytical Chemistry, Free University,
De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

Anal. Chem., 57 (1985)

Computer-Based Numerical Integration for the
Calculation of Retention Times in Gradient
High-Performance Liquid Chromatography 811

The programs can be used for solvent composition vs.
either solute capacity factor or time. Accuracies average
better than 5% for complex gradients using microbore

PLC.
Sterling A. Tomellini and Richard A. Hartwick®, Department
of Chemistry, Rutgers University, P.0O. Box 939, Piscataway, N.J.
08854, and Hugh B. Woodruff, Merck Sharp & Dohme Research
Laboratories, P.O. Box 2000, Rahway, N.J. 07065

Anal. Chem., 57 (1985)

Polarity of Chemically Modified Silica Surfaces and Its
Dependence on Mobile-Phase Composition by
Fluorescence Spectrometry 817

Polarity of RP-18 and RP-2 surfaces decreases with
increasing methanol concentration in the solvent, whereas
acetonitrile has a more complex influence on surface
polarity. A molecular model based on these results is
discussed.

Jan Stahlberg®, Astra Pharmaceutical Production AB, Quality
Control, S-151 85 Sodertalje, Sweden, and Mats Almgren,
Institute of Physical Chemistry, P.O. Box 532, S-751 21 Uppsala,
Sweden Anal. Chem., 57 (1985)

Interface of a Microbore High-Performance Liquid
Chromatograph with a Diffuse Reﬂeclance Fourier
Transt Infrared Spect 822

Detection limits of lO ng of injected material are obtained.
Several different microbore columns are studied, and the
relative advantages and disadvantages of each with respect
to the interface are discussed.
Christine M. Conroy and Peter R. Griffiths®, Department of
Chemistry, University of California, Riverside, Calif. 92521, and
Kiyokatsu Jinno, School of Materials Science, Toyohashi
University of Technology, Toyohashi 440, Japan

Anal. Chem., 57 (1985)
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** . .. it packs more important and reliable data between two covers
than any other publication of its kind.""
Clinical Chemistry

““This classic work is a ‘must’ for scientists and engineers in most
fields.""
Environmental Science and Technology

The most recent edition of the CRC Handbook of Chemistry
and Physics is being offered for a limited time only at less than
half price — that’s $35.00 off the regular price of $64.95.

Each year The Handbook is reviewed and revised by an inter-
national panel of authorities, placing it among the most complete
and up-to-date references available to scientists worldwide.

You'll quickly find what you're looking for in this compre-

hensive resource of over 2300 pages of graphs, tables, formulas,
and property information.

NOWONLY $29.95

e ---- ORDER FORM

Rush me the 65th Edition of the CRC Handbook of Chemistry and Physics for only $29.95* (regularly $64.95).
To qualify for this special offer, each order should:

@ be prepaid by check, money order. or charged to one of the credit cards below
® be postmarked by May 15, 1985
® specify catalog no. 465KYK

Enclosed is my check/money order forS___________ [J American Express 7] MasterCard [] Visa
Account # (include all digits)

Name EEENNENNNEENEREEN

Add Expiration Date. Validation Date (AMEX)

City. State. Z ip

Signature (required for credit card orders). Please use ink.

*Qutside U.S., $34.95 per copy. Payable in U.S. currency or
draft on a U.S. bank. Florida residents add 5% sales tax. Plcase print name appearing on credit card.

Order TOLL FREE 1-800-272-7737 ® Monday-Friday ® 8:30 a.m. 0 5§ p.m.
(In Florida call collect: 1-305-994-0563.)

@CRC PRESS, INC. 2000 Corporate Bivd., N.W. Boca Raton, Florida 33431



Briefs

Pulse Reslidence in Short Chromatographic

Columns 826
Influence of inter- and intraparticle mass transfer, |npul
and effluent boundary condmons, and chemical reactions
on mean resid time are d

leght w. Underhill Depar!ment of Industrial and
al Health S G School of Public
Heallh, Um\emty of Pittsburgh, Pittsburgh, Pa. 15261
Anal. Chem., 57 (1985)

Potassium Hydroxide Eluent for Nonsuppressed Anion
Chromatography of Cy , Sulfide, Arsenite, and
Other Weak Aclds 829
Fifteen inorganic monovalent anions are determined with
detection limits of 22-200 ppb.

Tetsuo Okada® and Tooru Kuwamoto, Department of

Chemistry, Faculty of Science, Kyoto University, Sakyo-ku,
Kyoto 606, Japan Anal. Chem., 57 (1985)

Electrokinetic Chromatography with Micellar Solution
and Open-Tubular Capillary 834

Aqueous and micellar phases are displaced differentially by
electrokinetic phenomena, and solutes are distributed
between the two phases by micellar solubilization.

Shigeru Terabe®, Koji Otsuka, and Teiichi Ando, Department
of Industrial Chemistry, Faculty of Engi ing, Kyoto University,
Sakyo-ku, Kyoto 606, Japan Anal. Chem., 57 (1985)

Rotating Arc Direct Current Plasma as an Emission
Excitation Source 841

‘The source operates by forcing a dc arc to rotate
reproducibly on the surface of a graphite anode disk. Argon
gas is introduced tangentially to the anode. Detection
limits are comparable to those obtained using a
cially available dc pl

L. Y. Hara and M. L. Parsons®, Department of Chemistry,
Arizona State University, Tempe, Ariz. 85287

Anal. Chem., 57 (1985)

Moderate-Power Hellum Plasma as an Element-
Selective Detector for Gas Chromatography of Dioxins
and Other Halogenated Comp 846

Determination of Gallium in Sediment, Coal, Coal Fly
Ash, and Bolanlcal Samples by Graphite Furnace

(+ P y Using Nickel Matrix
Modification 857

Detection limits at the ng/g level are obtained. A
mechanism explaining the observed lmproved sensitivity in
the presence of Ni and suppressed sensitivity in the
presence of HCIOy is discussed.

Shan Xmo-qunn. Yunn Zhn-neng. and Ni Zhe-ming®, Institute
of Envi 'y, Academia Sinica, P.O. Box 934,
Beijing, People’s Republlt of China Anal. Chem., 57 (1985)

Ateami

Determination of Formaldehyde with the Thermal
Lens Effect 861

A 20-fold improvement in sensitivity over standard
absorption techniques is observed. A formaldehyde
concentration of 1.5 X 108 M is detected.

Jan A. Alfheim nnd Cooper ll Lnngfnrd‘ Depnnment of -
Chemistry, C Ui 455 de N , West,
Montreal, Quebec H3G 1M8, Canadn Anal. (‘hcm 57 (1985)

Determination of Structural Characteristics of
Saturates from Diesel and Kerosene Fuels by
Carbon-13 Nuclear Magnetic R

Spectrometry 864

Gated spin echo '*C NMR data are used to derive average
structure parameters for determining the extent of
branching and ring structures in saturated hydrocarbon
fractions.
David J. Cookson and Brian E. Smith*, The Broken Hill
Proprietary Co., Ltd., Melbourne Research Laboratories, 245
Wellington Road, Mulgrave, Victoria, Australia 3170

Anal. Chem., 57 (1985)

Comparison of Phot and Att d Total
Reflectance Sampling Depths in the Infrared Region
871

Infrared analysis of multilayer organic polymers indicates
that for optically transparent, thermally thick films, typical
ATR sampling depths are an order of magnitude less than
those for PAS.

Daniel A. Saucy, Steven J. Simko, and Richard W. Linton®,
Kenan Laboratories of Chemistry, Department of Chemistry,

Uni ity of North Carolina, Chapel Hill, N.C. 27514

Multielement chromatograms are obtained by itoring
wavelengths corresponding to the elemental emission of
specific compounds. Elemental ratios are determined using
an off-line background correction scheme.

Davld L. Haas lnd Joseph A Clruso‘ Depanmem. of

y, Uni y of Ci i, Ohio 45221
Anal. Chem., 57 (1985)
I d Detection Limits in Inductively Coupled
Plasma Multichannel Spectrometry of Uranyl Nllrale
Solutl by Comp tion of N dom Background
Fluctuations 851

A 20-fold improvement in detection limits of 20 elements is
achieved by monitoring the background fluctuations at
several wavelengths.

Avraham Lorber®, Michael Eldan, and Zvi Goldbart, Nuclear
Research Centre—Negev, P.0. Box 9001, Beer-Sheva 84190,
Israel Anal. Chem., 57 (1985)
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Anal. Chem., 57 (1985)

1 A o

Surface Reactivities of Poly
Adsorbates on Alumina and Silica Particles Using
Infrared Photoacoustic Spectroscopy 876

The nature of submonolayer organic films and their
reactivity on inorganic particulate adsorbents are studied.
The detection limit is estimated at 0.2 monolayers of
adsorbed organic compound.

Daniel A. Saucy, George E. Cabaniss, and Richard W.
Linton®, Department of Chemistry, University of North Carolina,
Chapel Hill, N.C. 27514 Anal. Chem., 57 (1985)
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Fermentation Analysis
in 60 seconds with
Immobilized Enzymes

Determination of ethanol or specific sugars has
never been so fast, easy and accurate!

The YSI Model 27 uses immobilized enzymes
to provide specific, reproducible determinations
of ethanol, dextrose, sucrose, lactose, lactate,
fructose or starch in a wide variety of sample

ices. Sample preparation is simple and no
distillation is required. Measurements are spe-
cific with readout directly in mg/dl. Analysis time
is only 60 seconds. Color, turbidity and volatiles
do not interfere.

The Model 27 takes the drudgery and guess-
work out of ethanol or sugar determinations. It's
also easy to operate and cost efficient. That's
why nearly a thousand analyzers are in use
worldwide.

Let us demonstrate the Model 27 in your lab
and show you the easy way to determine fer-
mentation ingredients and products.

Call toll-free 800-343-HELP.

Scientific Division
v.lw Instrument Co.
Yellow Springs, Ohio ©513-767-7241

CIRCLE 242 ON READER SERVICE CARD
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Briefs
]

Angular Distribution X-ray Photoelectron
Spectroscopy Studies on Compacted Lead lon
S Membrane Powd 880

The effects of EDTA and HCIO, on the subsurface
distribution of corrosion and substrate species are
reported. Surface topography of powder pellets is studied,
as are the data used to assess the effect of roughness on
XPS intensity ratios.
Vaneica Young* and Paul C. McCaslin, Department of
Chemistry, Texas A&M University, College Station, Tex. 77843
Anal. Chem., 57 (1985)

of G O h horus C o

Detectl
ganophosp P
Using S y lon Mass Spect try 886

Gaseous analytes are introduced onto a polyphosphoric
acid matrix under primary ion bombardment. A linear
relationship is observed between the abundance of
secondary analyte ions and the introduction rate.
Gary S. Groenewold and Peter J. Todd®, Analytical Chemistry
Division, Oak Ridge National Laboratory, Oak Ridge, Tenn.

831 Anal. Chem., 57 (1985)

Negative Gold lon Gun for Liquid Secondary lon Mass
Spectrometry 890
The construction and operating characteristics of the ion
gun are described. The Au~ ion energy can be varied up to
20 keV using the high-voltage feedthroughs supplied with
most high-performance instruments.

Charles N. McEwen* and J. Ronald Hass, Laboratory of
Molecular Biophysics, National Institute of Environmental Health

Sciences, Research Triangle Park, N.C. 27709
Anal. Chem., 57 (1985)

Identification of Stereoisomers of Some Hexoses by
Mass Spectrometry Using Fast Atom Bombardment

and Mass lon Kinetic Energy 892
Two kinds of cati d ions, (aldoh cat)* and
(matrix-cat)*, are generated. The abundances of these

frag ions are characteristic of all D-aldoh
stereoisomers.

Germain Puzo®, Jean-Jacques Fournie, and Jean-Claude
Prome, Centre de Recherche de Biochimie et de Génétique
Cellulaires du C.N.R.S., 118 route de Narbonne, 31062 Toulouse
Cedex, France Anal. Chem., 57 (1985)

Laser Desorption Mass Spectrometry of Nonvolatiles
under Shock Wave Conditions 895
High-laser-power densities and thick sample layers
produce extremely soft desorption-ionization conditions
leading to abundant imolecular peaks and low-level

fragmentation.

Buko Lindner and Ulrich Seydel®, Forschungsinstitut Borstel,

Parkallee 1-40, D-2061 Borstel, Federal Republic of Germany
Anal. Chem., 57 (1985)
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)
LABORATORY INTERFACE IERIPHERALL UBSYSTEM
AUTOMATE SPECs, GCs, GEL SCANNERs
for less than $2000
including
computer and disk drive

CHROMATOGRAPHY SOFTWARE — Auto or manual peak
detection and Integration. Store and retrieve scan on floppy.
16 BIT ADCs — Four independent channels of 16 bit ADCs giving
1 part in 65000 resolution throughout ADC span. (Other migrs.
use 12 bit ADCs resolving to only 1 part in 4096.) Differential in-
puts with dedicated integrator for each channei for optimum noise
rejection. Full-scale sensitivities of 10 mv to 10 volts available.
DIGITAL 1/0 — 24 lines of digital input/output included,
DAC CHANNELS — Optional analog output with full-scale volt-
ages of 1 to 15 volts for controlling devices or data output.

(919) 929-5001 for more information

PECTROFUGE

COMPLETE — 4 channels of ADC with digital
CORPORATION OF NORTH CAROLINA, INC.

1/0 and chromatography software for only
CIRCLE 189 ON READER SERVICE CARD

185.
205 Weaver Street  /  Carrboro, N.C. 27510

B&J Brand™ High Purity Methyl t-Butyl Ether,
when used as a replacement for ethyl ether, minimizes
peroxide hazards and interferences for high per-
formance applications. Yet, it performs as effectively,
or better, than solvents with similar physical properties.
For complete informaiion on B&J Brand Methy!
t-Butyl Ether—or other high purity solvents—contact
American Burdick & Jackson, 1953 South Harvey Street,
Muskegon, MI USA 49442, Phone: 616 726 3171.

American Burdick & Jackson Subswiary of Amencan

Hospital Supply Corporation

€18 Mnacan s S oo
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Briefs
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Reliabllity Ranking and Scaling Improvements to the
Probabllity Based Matching System for Unk
Mass Spectra

A weighted combination of matching parameters that
predicts directly the probability that a retrieved answer is
correct, along with quadratic scaling of abundance values,
significantly improves matching performance.

Barbara L. Atwater, Douglas B. Stauffer, and Fred W.
McLafferty®, Chemistry Department, Cornell University, Ithaca,
N.Y. 14853, and David W. Peterson, Scientific Instrument
Division, Hewlett-Packard, 1501 California Avenue, Palo Alto,
Calif. 94304 Anal. Chem., 57 (1985)

899

Multicomp t Mixture Analysl
Temperature Phosphorimetry 904

Four phosphorescent toxic compounds are determined by
RTP without prior separation. The method of calibration
and subtraction is used to determine two spectroscopically
overlapping compounds in mixtures.

Ebenezer B. Asafu-Adjaye, Jung Im Yun, and Syang Y. Su®,
Department of Chemistry, Virginia Commonwealth University,
Richmond, Va. 23284 Anal. Chem., 57 (1985)

Using Room-

Background Detection and Correction In
Multicomponent Analysis

A method to test for the presence of background
interferents during the quantitation step of a
multicomponent analysis is reported. Two distinct
quantitation methods, the perpendicular projection and
the extreme vertex projection techniques, are proposed.

D. W. Osten and B. R. Kowalski®, Laboratory for Chemometrics,
Department of Chemistry, University of Washington, Seattle,
Wash. 98195 Anal. Chem., 57 (1985)

908"

Automated Fluorometric Method for Hydrogen
Peroxide In Atmosph 1 917

Hydrogen peroxide is reacted with horseradish peroxidase
and p-hydroxyphenylacetic acid (POPHA) to form a
fluorescent dimer of POPHA. A detection limit of

1.2 X 10~8 M with a RSD of 0.7% is obtained for a 1.5-mL
aqueous sample.

Allan L. Lazrus®, Gregory L. Kok, Sonia N. Gitlin, and John
A. Lind, National Center for Atmospheric Research, P.0. Box
3000, Boulder, Colo. 80307, and Scott E. McLaren, Atmospheric
Science Research Center, 1400 Washington Avenue, Albany, N.Y.
12222 Anal. Chem., 57 (1985)

i~ D
ic Pr

Determination of Acidity Constants by Solvent
Extraction/Flow Injectlon Analysis Using a
Dual-Membrane Phase Separator 922

Absorbances of both the aqueous and organic phases are
simultaneously monitored. Acidity constants are
determined from straight-line plots relating the ratio of
peak areas in the aqueous and organic phases to the H*
activity of the aqueous phase.

Lynette Fossey and Frederick F. Cantwell®, Department of
Chemistry, University of Alberta, Ed ton, Alberta, Canada
T6G 2G2 Anal. Chem., 57 (1985)
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have never been compressed
like this before.

Our new 16-page capabilities brochure is the
closest we've ever come to squeezing our world
between two covers.

Init, you'll find out how to judge a gas by
looking at the cylinder.

How our qual-
ity equipment can
actually make
an inferior gas
perform better.

How our
designers work
with their ears.

Why every-
one—including our
competitors—comes
to Matheson for
information.

And why Matheson participated in the
Apollo space program, a scientific expedition to
Mount Everest, and the development of the semi-
conductor chip.

Just the highlights.
But try as we might, there's simply no way for 16
pages to tell the entire Matheson story.

For that you'll want to look through our
208-page catalog of gases and
gas mixtures.

of more than 2,000 equipment
items from regulators, flowmeters, and
hand trucks, to custom engineered gas handling
systems.

And you'll want to consult our “Gas Data
publications.

Call or write, today.
Our new brochure may be condensed, but it’s still
a great mind expander. For your free copy, or to
contact a Matheson representative for a complete
analysis of how our products, services, and
information can help your unique process or
experiment, just call 1-201-867-4100. Or write:
Matheson Gas Products, Inc., P.0. Box 1587,

Secaucus, NJ 07094. s@

e ]

Gas Products
World Leader in Specialty Gases & Equipment
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Capture an entire
UV-visible spectrum

Ry

...in less than 20 ms

OMA 1II

The OMA (Il family is the culmination of over ten
years experience In building and using optical
multichannel analyzers.

The Mode! 1460 OMA IIl is our own 68000 based
system processor designed specifically for ex-
tremely rapid parallel spectral data acquisition,
analysis and presentation.

our Model 1461 Detector Interface is designed to
connect any of our solid state multichannel detec-
tors to virtually any computer. The Model 1461 is
easily programmed using
high level mnemonic com-
mands over RS232 or IEEE.

« Detectors include Diode
Arrays and Vidicons.

« Soft-touch screen, IEEE,
RS232, VME Expansion
m1a60  Capability.

M1461

"\ EG:G
2 &
PRINCETON APPLIED RESEARCH

PO BOX 2565 » PRINCETON, NJ 08540, US.A * 600/452-2111 » TELEX 843409
682
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Electrochemistry and Reverse Pulse Polarographic
Determination of 1,2-Dibromo-2,4-dicyanobutane
927

Reverse-pulse voltammetry of the two-electron reduction
of DBDCB at mercury electrodes in acetonitrile requires
liberation of two Br~ and an organic product, CgNyHg, per
mole of reactant.

Marek Wojciechowski and Janet Osteryoung®, Department of
Chemistry, State University of New York at Buffalo, Buffalo, N.Y.
14214 Anal. Chem., 57 (1985)

Distribution of Electrochemical Activity on
Graphite-Epoxy Surtfaces 933

Iontophoresis is used to determine that electrochemical
activity is concentrated in 80-130-um irregularly shaped
regions of aggregated graphite.

Royce C. Engstrom®, Michael Weber, and Jane Werth,
Department of Chemistry, University of South Dakota, v
Vermillion, S.D. 57069 Anal. Chem., 57 (1985)

Flow Injection and Liquid Chromatography Detector
for Amino Acids Based on a Postcolumn Reaction with
Luminol 936

The detector is based on suppression of chemiluminescence
in the copper(II)-luminol-peroxide system. Detection
limits depend on the magnitude of the complex formation
constants and range from 0.004-20.0 nmol in the FIA
mode.

Allan MacDonald and Timothy A. Nieman®, Department of
Chemistry, University of Illinois, 1209 West California Street,
Urbana, Il1. 61801 Anal. Chem., 57 (1985)

Laser-Induced Fluorescence Spectrometry of
Aromatic Hydrocarbon Derivatives in Vapor-Deposited
Parent Molecule Matrices 940

Chloronaphthalenes are detected at low-nanogram levels
from two-photon excitation spectra. Advantages of a low-
temperature parent molecule matrix and of sample
preparation by vapor deposition are discussed.
Charles F. Pace and Jon R. Maple®, Department of Chemistry,
University of New Mexico, Albuquerque, N.M. 87131

Anal. Chem., 57 (1985)



RA-100 Rapid Acid
Soluble Aluminum Determinator

©® Allows control of the aluminum content during the steel making process.

® Fast . . .Acid soluble aluminum content is obtained while there is still
time to adjust the chemistry of the meit.

© Easy sample preparation using the LECO® Diskpin® sampler.

©® One step analysis.

Using an innovative technique, the RA-100
removes a known quantity of metal from the
sample disc by electrolytic reaction. There is
no longer a need for time consuming, tedious,
wet chemical methods of sample preparation.
Furthermore, the sample is not destroyed in
the process. After light grinding, it can be
reused for additional or different analyses.

The two-cabinet instrument includes a
corrosion-resistant solutions unit, the RA-100,
and a control unit, the RAC-100.

The simplicity of the design leads to
economical, reliable performance. All rea-
gents necessary are readily available, and the
only laboratory facilities required are 115 or
230 VAC power, nitrogen or argon gas for the
pneumatic system, and drainage. Minimal
operator training is required since procedures
are microprocessor controlled. The instrument
is fully self-monitoring. System variables are
repeatedly checked by the microprocessor
throughout the analysis.

To learn more about this new LECO® instrument, call or write today!
1’ LECO CORPORATION
@ 3000 Lakeview Avenue
St. Joseph, MI 49085-2396
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RGTNS
ACIDS

« Double sub-boiling distilled in Quartz.

. P-roduced under CLASS 100 clean
room conditions.

« Certificate of Analysis.
« The world's highest purity acids
available commercially.

«» Ultra cleaned TEFLON acid containers
are returnable. Low cost refills.

U'_ SEASTAR CHEMICALS
(A Division of Seastar Instruments)
m MANUFACTURERS OF ULTRA PURE ACIDS
2045 MILLS ROAD

SIDNEY. B.C. CANADAVEL 351
(b04) 6H56-0891  TELEX 049-7526
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¥ “GUARANTEED!

C18 HPLC COLUMN PROVIDES
EFFICIENT SEPARATIONS.

American Burdick and Jackson's model ODS5 LC Column

delivers guaranteed quality and performance for Reverse

Phase Liquid Chromatography. Developed to meet B&J

internal quality control requirements, it features:

= Fully endcapped monomeric C18 bonded phase 5 uM
spherical silica

= Fingertight endfittings included

= Rigorous quality control testing

= Choice of two column sizes for specific applications.

For a free technical bulletin complete with typical

applications—contact American Burdick & Jackson.

1953 South Harvey Street, Muskegon, Ml USA 49442,

Phone: 616 726-3171

American Burdick & Jackson Subsiiary of American
Hospital Supply Corporation
O Aren s ot ety Carporaten
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Optimized Field-Flow Fractionation System Based on
Dual Stream Splitters 945

J. Calvin Giddings, Department of Chemistry, University of
Utah, Salt Lake City, Utah 84112 Anal. Chem., 57 (1985)

Pulsed Semiconductor Laser Fluorometry for Lifetime
Measurements 947
Totaro I ka, Akinori Yoshitake, Kaoru Hirata, Yuji
Kawabata, and Nobuhiko Ishibasai®, Faculty of Engi ;
Kyushu University, Hakozaki, Fukuoka 812, Japan

Anal. Chem., 57 (1985)

Laser Photodi lation/Tandem Mass Spectrometry
of Synthetic Porphyrins: A Structural Probe 949
Elaine K. Fukuda and Joseph E. Campana®, Naval Research
Laboratory, Chemistry Division, Washington, D.C. 20375-5000
Anal. Chem., 57 (1985)

Unblased Generalized Standard Addition Method 952

Avraham Lorber, Nuclear Research Centre—Negev, P.O. Box
9001, Beer-Sheva 84190, Israel Anal. Chem., 57 (1985)

Square Wave Voltammetry at Electrodes Having a
Small Dimension 9

John O'Dea, Marek Wojciechowski, and Janet Osteryoung®,
Department of Chemistry, State University of New York at
Buffalo, Buffalo, N.Y. 14214, and Koichi Aoki, Department of
Electronic Chemistry, Tokyo Institute of Technology, Nagatsuta,
Midori-ku, Yokahama 227, Japan Anal. Chem., 57 (1985)

Aids for Analytical Chemists

Constrained Calibration Curves: A Novel Application
of Lagrange Multipliers in Analytical Chemistry 956
J.Jd. Leary*® and E. B. Messick, Department of Chemistry, James
Madi University, Harrisonburg, Va. 22807

Anal. Chem., 57 (1985)

Microdetermination of Nitrogen In Organlc Compounds
by the Sodium Fusion-Spectrop Meth

958
Ernest J. Breda, E. 1. du Pont de Nemours & Company, Inc.,
Beaumont Works, P.O. Box 3269, Beaumont, Tex. 77704
Anal. Chem., 57 (1985)

V. Actuated High-V. Glass Valve 960

C.A.M. Brenninkmeijer® and M.L. Louwers, Louwers Hapert,
Hapert, The Netherlands Anal. Chem., 57 (1985)
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Interferogram of a crystal

pinhole, no beam conden:

as small as 10 microns can be ana-
lysed without delicate beam condensers :

are easily analysed by reflectance, pellets,
or other techniques

and other samples requiring time res
and/or temperature controlled studies are
ined with the DA3.10's Vacuum or purge r

Powerful Li

Bomem Inc., 625, Marais, Vanier, Québec G1M 2Y2 (418) 683-1707 Telex: 051-3438
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if you haven’t looked at

LEEMAN

you haven’t looked at

[[od o

state-of-the-art ICP spectrometer from
our imaginations to some of the most
prestigious analytical chemistry benches in

the field.

We did it through innovative design, technical
craftsmanship, hard work, and commitment to our
customers.

PLASMA SPEC features high resolution, benchtop
size, versatility and ease of operation. Performance,
reliability, service, price, and customer satisfaction
are the elements in our success.

Let us demonstrate it to you. Call or write for informa-
tion on our free, hands-on, local seminars.

LEEMAN LABS INC.

600 Suffolk St., Lowell, MA 01854, (617) 454-4442
Circle 125 for ICP Seminar Information. Circle 126 for Product Information.

506 A « ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985

Letters
]

Column efficiency measurement

Sir: The authors of “Column Efficien-
cy Measurement” (Bidlingmeyer, Bri-
an A.; Warren, F. Vincent, Jr. Anal.
Chem. 1984, 56, 1583-96 A) made a se-
rious omission in their Table II, “Cal-
culation methods for column efficien-
cy used by LC column suppliers.”

Brownlee (now a Division of Ap-
plied Biosystems) was not mentioned,
and although Brownlee is not current-
ly a major LC column supplier, it has
been using the moments method for
calculating column efficiency on its
columns since 1977. In fact, Jerry Hig-
gins of Brownlee has been a strong
proponent of the moments method.
He has given seminars and Pittsburgh
Conference talks and has written ap-
plication notes explaining the method.

The same table points out that none
of the other column manufacturers
provide 1 efficiencies. -
This is surprising, because data sys-
tems that will automatically perform
these calculations are available for rel-
atively low cost from Nelson Analyt-
ical.

Glenn I. Ouchi
Nelson Analytical
10061 Bubb Rd.
Cupertino, Calif. 95014

Reply: As the text indicated, Table II
was intended to list methods of var-
ious suppliers to give the readers a feel
for the range of methods used. Pres-
ently there are over 65 suppliers of LC
columns, and we apologize for not list-
ing a favorite of any of the readers.

We are not under the impression
that “none of the other column manu-
facturers provide accurate column ef-
ficiencies,” as Dr. Ouchi writes. The
situation is that a variety of calcula-
tion methods are used and that some
of these are potentially less accurate
when used under adverse conditions.
As stated in the text, “If the test peak
is truly Gaussian, each of the calcula-
tion methods will give the same [effi-
ciency] results.” In this sense, every
method is “correct” for calculating
plate counts. However, each has par-
ticular strengths and weaknesses, and
it is important that a user recognize
this and use each method appropriate-
ly.

Brian A. Bidlingmeyer

F. Vincent Warren

Waters Chromatography Division
of Millipore

Maple St.

Milford, Mass. 017567
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The Reflective Vision

A highly advanced design tool developed at the General Motors
Research Laboratories uses computers to generate visual images
from mathematical data with such accuracy that, soon,
in-depth aesthetic evaluations of new concepts may be made
prior to creating a costly physical model.

Interactive Display 7

Figure 1: Compuler display of plan view (upper)
and side elevation (lower), indicating antonto-
bile location (red), lighting selections (L1-L3),
and viewing position (EYE).

Figure 2: Four Aulocolor images, showing the
same view of an aulomobile as background and
lighting change.

sx /.ITH AUTOCOLOR, users

can synthesize three-dimen-
sional, shaded images of design con-
cepts on a color display and then
quickly explore how major or minor
changes affect the overall aesthetic
impression. The system is com-
pletely interactive. By choosing from
a menu on the screen, the designer
can redefine display parameters,
select a viewing orientation, or mix
a color. Each part of an object can
be assigned a surface type with
associated color and reflectance
properties. Built-in lighting controls
generate realistic “highlights” on
simulated surfaces composed of dif-
fering materials.

Before developing the system,
David Warn, a computer scientist
at the General Motors Research
Laboratories, observed the complex
lighting effects achieved in the stu-
dio of a professional photographer.

By simulating these effects, Auto-
color can produce results unattain-
able by conventional synthetic
image display systems. Previous
systems used a point source model
of light, which allows adjustments
only in position and brightness. _

The versatility of the lighting
controls constitutes a major advance
in Autocolor. An unlimited number
of light sources can be indepen-
dently aimed at an object and the
light concentration adjusted to sim-
ulate spotlight and floodlight effects.
The lighting model even includes
the large flaps or “barndoors” found
on studio lights. These comprehen-
sive controls permit the user to view
the simulation in studio lighting con-
ditions, as well as to make revisions
in color, paint type, and materials.

With real lights, direction and
concentration are produced by reflec-
tors, lenses, and housings. It would
be possible to model these compo-
nents directly, but that would intro-
duce considerable overhead to the
lighting computation. Instead of
modeling individual causes, Auto-
color models the overall effect, reduc-
ing complexity by simulating those
aspects needed to produce realistic
results.

Autocolor approximates the
geometric shape of an object with
a mesh of three or four-sided poly-
gons. These polygons are grouped
to form parts. For a car body, there
might be separate parts for the door,
hood, roof, fender, and so on. Each
part is assigned a surface type, such
as painted metal or glass, and each
type of surface has associated color
and reflectance properties. The




entire data structure is stored in
tables using an interactive relational
data base developed at the GM
Research Laboratories.

’I}‘-IE LIGHTING model deter-
mines the intensity of the re-
flected light that reaches the eye
from a given point on the object. It
takes into account the reflectance
properties of the surface as well as
the physics of light reflection. A hid-
den surface algorithm determines
which point on the object is visible
at each point on the display. For each
of these visible points, the inten-
sity is computed for each light
source. The displayed intensity is
the sum of the contributions from
all the lights plus an ambient term
which indicates the general level of
illumination.

Using the point source lights
of conventional image generation
systems, highlighting a particular
area of an object can be a difficult
task and can result in unwanted
highlights in other areas. By
contrast, the light direction and
concentration controls found in
Autocolor make it possible to iso-
late the effect of a light to a partic-
ular area, and achieve a desired
highlight easily and quickly (see
Figure 2). This is not because
Autocolor’s lighting model compu-
tations are faster, but because its
controlled “lights” behave in a more
natural way.

Another unique feature of
Autocolor is the ability to portray
realistically a variety of different
materials and lighting conditions.

The color seen from a surface is
really a combination of two colors:
the color of the surface or material
itself (diffuse reflection) and the
color of the reflected highlights
(specular reflection). The highlight
color may be the color of the mate-
rial, the color of the light, or a color
derived from the material and the
light.

A different highlight color can
be used for each different surface
type that is defined. This makes it
possible to simulate materials such
as plastic, painted metal, and
chrome —each of which has differ-
ent reflectance properties and re-
quires a different highlight color.

The user can interactively
adjust the blending of the surface
and highlight colors, watching the
image change dynamically on the
screen until a desired effect is
achieved.

“Autocolor will free designers
to be more creative; says researcher
Warn. “Our goal is to move from con-
trols that show changes in lighting,
color, and materials, to software that
will let the user change the actual
shape, manipulating the image on
the screen like a flexible clay model”

General Motors

THE.
MAN
BEHIND
THE
WORK
David Warn is a Senior Staff Re-
search Scientist in the Computer Sdi-
ence Department at the General
Motors Research Laboratories.

He received his undergradu-
ate degree in mathematics from
Carnegie-Mellon University, and
his M.S. in computer science from
Purdue.

He has done extensive re-
search in relational data man-
agement systems with special
emphasis on user interfaces and
human factors. He also designed the
prototype for the network data
manager used in the GM Corporate
Graphic System. His previous work
on other aspects of computer-aided
design include system design,
file management, and simulation
models.

His foremost research interests
are in color synthetic image gener-
ation and interactive surface design.
He joined General Motors in 1968.
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RENT or LEASE

Short or Long Term

NEW ANALYTICAL
INSTRUMENTS

¢ Gas, Liquid and Ion Chromatographs
GC/MS Systems

IR, FTIR, UV/VIS, Fluorescence
and AA Spectrophotometers
Thermal Analyzers

And MORE!

IMMEDIATE AVAILABILITY

From Our Extensive Inventory

United States
Analytical Instruments
CALL US AT 3
800-437-9701 l b 2988 Campus Drive
San Mateo, CA 94403

415-572-4115

A US. Leasing Company
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It is now more than 20 years since
Edward Wichers asked: “How Good
Are the New Atomic Weights?” in the
title of a REPORT in this JOURNAL
(1). His article followed the 1961 Re-
port of the International Commission
on Atomic Weights (ICAW) of the In-
ternational Union of Pure and Ap-
plied Chemistry (IUPAC) (2) in which
A. E. Cameron and he had undertaken
to adjust the tabulated atomic-weight
values of all elements to the then-new
atomic-weight scale based on the
atomic mass of 12 u for the carbon iso-
tope of mass number 12 (A,(12C) = 12
exactly). Among chemists, Wichers
himself had been the principal propo-
nent of the new scale. The previously
used atomic-weight scale based on
oxygen (A,(O) = 16) had proved un-
suitable since the discovery of the iso-
topes of minor and variable abun-
dance in natural oxygen. To carry out
the conversion to the new scale, Ca-
meron and Wichers found it necessary
to carry out an element-by-element
review of the significant original lit-
erature. They recalculated most atom-
ic weights and their uncertainties,
which are reflected in the number of
digits included in the IUPAC Table of
Atomic Weights. This table is revised
every two years; the latest is the 1983
table (3).

Science has not stood still since
1961. Based mostly on more searching
analysis and better mass spectrom-
etry, the 1983 table (3) contains a good
deal of better data than the 1961 table
(2).

It is now well recognized that atom-
ic weights are not all constants of na-
ture. It is thus appropriate to assign
an atomic weight to a given sample.
Accordingly, IUPAC feels free to de-
fine the “standard atomic weight” of
an element as referring to “our best
knowledge of the atomic weight of an
element in (normal) natural terrestrial
sources.” Its uncertainty is implied by
the precision of its tabulated value
and arises from experimental uncer-
tainty and variability of isotopic com-
position in such sources. The IUPAC
table is now called the Table of the

|
H. Steffen Peiser

National Bureau of Standards (retired)
Washington, D.C. 20234

Standard Atomic Weights, as recom-
mended by the IUPAC Commission
now called Commission on Atomic
Weights and Isotopic Abundances
(CAWIA). A subcommittee of CAWIA
has just completed another “Element
by Element Review of Their Atomic
Weights” (4). It is therefore appropri-
ate to ask the same question Wichers
asked: How good are they now? In this
simplified discussion, I am chiefly ad-
dressing chemical analysts, who per-
haps place too much confidence in the
accuracy of these values.

Clarke’s atomic weights

To illustrate some of my points, |
would like to go one step farther back
in history to the limits of living mem-
ory—to 1920 when Frank W. Clarke
&) pleted the el “by-el "
review prior to the one done by Ca-
meron and Wichers (2). In Table I,
Clarke’s values are compared with
current atomic weights. Clarke listed
the atomic weights of the then-well-
known elements on the two scales in
use at that time: A,(H) = 1 and A(OQ)
= 16. For our purposes, the latter,
which alone is used in Table I, offers a
fair parison, b thep
value for A,(O) is very close to 16.
Where differences in element names
are involved, Table I uses the modern
name.

Some atomic weights in the 1920 ta-
ble agree well with current values, but
others show unacceptable differences.
Which are more nearly correct? If we
could have asked Clarke: “How good
are your values?” I do not know what
answer we would have received. How-
ever, in 1967, on my election to ICAW,
1 did ask that question with respect to
the then-current values. The surpris-
ing answer was: “When we give an
atomic weight without an indicated
uncertainty, we state it to as many sig-
nificant figures of decimal as possible
but none more than would allow us to
remain confident that the last quoted
significant decimal is better than one
higher or lower (by one) in that fig-
ure.” Apart from inconsistencies in in-
terpretations with literature of the
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time, that policy differs from good
practice never to discard completely
the largest uncertain significant fig-
ures. Moreover, this 1967 IUPAC
policy implies an uncertainty that can
vary from 0.5 in the last decimal to
near zero depending on unpublished
additional digits of the “best” value
and—when the uncertainty is near
zero—on the rules of rounding
figures.

From studying the extensive record-
ed discussions of Clarke’s methodolo-
gies in averaging the best published

atomic-weight data, I conclude that he
himself would not have made such
sweeping claims for the accuracy of his
values. However, I am sure that it
would have distressed him to know of
the serious errors in some of his atom-
ic weights, such as in A,(Al).

From mass doublets compared in
mass spectrometers and the Einstein
energy/mass equation governing nu-
clear reactions, we know the nuclidic
masses on a self-consistent atomic
scale to better than 1 in 107. With very
little added uncertainty, these then

512 A * ANALYTICAL CHEMISTRY, VOL. §7, NO. 4, APRIL 1985

give us directly the atomic-weight val-
ues of the 20 mononuclidic elements:
Be, F, Na, Al, P, Sc, Mn, Co, As, Y,
Nb, Rh, I, Cs, Pr, Tb, Ho, Tm, Au, and
Bi. We can boldly label any difference
between the significant figures quoted
by Clarke and current values as errors
by Clarke (Table II). These are not
grounds to criticize Clarke—he was
one of the most careful and knowl-
edgeable chemists of his day. Howev-
er, Clarke’s values on average are mis-
taken by 43 units in the last quoted
decimal, but almost half of that is due




“Gilson’s 121 is the best ﬂuorometc;r I've used”

Mike Pickering is a leading
manufacturer of high-purity
reagents for fluorescence detec-
tion of amino acids. He knows
his fluorometers. So when Mike
started using our 121 Fluoro-
meter, we were anxious to hear
what he thought of it. This

is what he had to say:

“The Gilson 121 Fluorometer
is simple, inexpensive, quiet,
reliable. You unpack it, plug it
in and it goes. I can turn it off
in the evening, and when I turn
it on again the next day it is
working within a few minutes.

1 used to use and recommend
Gilsons Spectra/glo fluorometer.

The 121 is even better—easier
to use and more sensitive, with
superior signal-to-noise ratio.
Because of our heavy work-
load, we need a detector that
can be serviced easily. In most
detectors, the flow cells are

INTERNATIONAL

@ GILSON

hidden—a nightmare when you
have to clean them. The 121 flow
cell is accessible from the front,
and we don’t have to bother
with optical realignment when
we put it back after cleaning.
Actually, the only servicing we've
ever needed to perform on either
of our Gilson fluorometers con-
sisted of cleaning the flow cell
and replacing the lamp.

In short, the 121 is the best
fluorometer I've used.”

Apply your own standards to
evaluating the 121 Fluorometer.
Contact your local Gilson repre-
sentative or call us toll-free at
(800) 445-7667.

Gilson Medical Electronics. Inc. Bux 27 3000 W. Beltline. Middleton. W1 53562 USA. Tel: 608/836-1551 or 800445767
Gilson Medical Electronics, {France) S A 72 rue Gambenta, B.P. No 45, 95400 Villiers-k:- Bel. FRANCE. Tel: (3) 9905441 Tekex: 696682



No other choratory shaker is more accurate
or provides faster results than the

Burrell Wrist-Action” Shaker

If you expect fast, accurate results
from your laboratory shaker, there's
only one shaker that duplicates true
wrist-action shaking. The Burrell
Wrist-Action Shaker.

Here's why.

The Burrell Wrist-Action Shaker
duplicates a hand mixing swirl for as
long as necessary, at the speed and
shaking angle you select. The swirling
motion is the key . . . all the contents
are in continuous motion, assuring
faster, more complete mixing. The
swirling motion is consistant at every
speed, so you can replicate exact
operations . . . every time.

Flexible and versatile.

Flexibility and versatility are what
make the Burrell Wrist-Action Shaker

so popular. We call it the Build-Up®
System. With it you can add onorinter-
change side-arms and platforms so
the capacity of your Burrell Shaker
grows and changes with your needs.
The Burrell Shaker can accommodate
from four to twenty-four Erlenmeyer
flasks, and with special clamps a
Burrell platform can hold up to eight
250 ml flasks, as well as separatory
funnels as large as 2000 ml.

Who uses the Burrell
Wrist-Action Shaker?

The Burrell Shaker is working
accurately in hundreds of industrial
and clinical laboratories; government
research departments; universities,
colleges and technical schools. For

more than forty years, the Burrell
Shaker has been working hard in
laboratories around the world. It's a
proven, quality, indispensable piece of
laboratory equipment.

Get the whole story.

We want you to know all the facts.
Write or call Burrell Corporation and
we'll send you our brochure describing
the only true wrist-action shaker
available.

BURRELL

BURRELL CORPORATION
SCIENTIFIC INSTRUMENTS

AND LABORATORY SUPPLIES

2223 FIFTH AVENUE, PITTSBURGH, PA 15219
Telephone 412/471-2527
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to niobium, which Clarke himself sus-
pected of being contaminated by tan-
talum. As for the current Table of
Standard Atomic Weights (3), it is un-
likely that even one of the mononucli-
dic values is in error by more than one
unit in the last significant quoted fig-
ure—and all are quoted to at least six
figures.

Elements with atomic weights
determined by calibrated MS

Cameron and Wichers already were
fully aware of the remarkable accuracy
of the atomic weights of mononuclidic
elements determined by physical
methods. These were indeed constants
of nature, as all atomic weights were
once thought to be.

The principal achievement since
1961 lies in the development of mass
spectrometry. This has enabled a
number of investigators to determme
atomic wei of some poly

ity of isotopic composition being dis-

elements with greatly enh d preci-
sion by comparison with synthetic
mixtures of almost pure isotopes. Of
special interest here are those ele-
ments that have also been subjected to

covered. The atomic weights of
seven qualifying elements are now
confidently thought to be reliable to
less than 1 part in 10°. Thesehighly

extensive mineral surveys without any
iable credible 1 variabil-

PP

liable atomic weigh
with the 1920 and 1961 values in
Table I1I.

Table Il Clarkq'a atomic weights of elements now known tobe

Nb, the ;

mononuclidic
Eloment 1920 A (€) Emor . Element 1920A(E)  Emor
Be 9.003 - - +81 Nb 983.277 +371
F 19.011 +13 Rh . 102.83 N2
Na 23.003 ~+13 S S5 -126.93 + 3
Al 27,039 +57 ‘Cs 132.81 - 10
R __31.011 +37 Pr 140.88 =S
Sc -45.1 %1 T 15920 1+ 27
~Mn 54,949 +11 - Ho 163.4 =15
Co 58.956 +23 Tm - 168.5 - 4
~As - 74.956 34 Au 197.21 + 24
NG z ,8938 m Bi 208.06 —3@
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Effects trom radioactivity and other
anomalles In Isotopic abundances

Unfortunately, most of the other
elements with stable or quasi-stable
isotopes are much more uncertain and,
therefore, of greater justifiable con-
cern to most chemists. Nuclides with
half-lives greater than 4 X 108 years
are called quasi-stable (4). Radioac-
tive decay of these nuclides into other
elements cannot cause a significant
change of the atomic weight of the
original element to the precision of its
IUPAC tabulation in a million years.
However, one has to watch the daugh-
ter elements. Because of nature's effi-
ciency in separating elements by their
properties, the radioactive daughter in
the geological past is typically deposit-
ed in isolation from the parent. This
Aanch 1 t is produced over
geologic time in only one of its iso-
topes. Take the example of rubidium;
the less common of its two isotopes,
87Rb, decays by the loss of a beta par-
ticle to 8Sr. Now imagine the evapo-
ration of an ocean lagoon millions of
years ago. Dissolved strontium is far
less soluble than rubidium, so rubi- _
dium is concentrated in the solids of
the very last evaporation process long
after virtually all the strontium has
been deposited. Over the eons on dry
land, the rubidium now produces
strontium isotope with an anomalous
atomic weight. Strontium-87 that is
isotopically almost pure is found only
in traces as an anomaly—accorded no
more than a footnote in the IUPAC
table. The atomic weight of this most
unusual strontium sample will be
86.91, not 87.62 as in the IUPAC table.

One cannot really be happy about
this treatment of highly anomalous oc-
currences. After all, analysts are called
upon to analyze the most unusual
specimens, too; and they are apt to
take the published IUPAC values for
the atomic weights without a thought
for the footnotes. Alternative treat-
ments of these very unusual isotopic
compositions of naturally occurring
specimens seem even less desirable.
For example, one surely would not fa-
vor lowering the tabulated precision of
A,(Sr) to 87.3(4), the (4) indicating
uncertainty in the last digit. The di-
lemma is compounded because, as
technology progresses, artificially in-
duced lies in isotopi i

tion will become more widespread.
Consequently, analysts are also facing
samples with inadvertent or undis-
closed ch in isotopi posi-
tion. Of course, the IUPAC table was
never meant to be applicable to such
altered sp but such pl
represent a potential pitfall to ana-
lysts. Fission product palladium, if it
enters the market in metallo-organic
compounds, will have an atomic
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weight of 105.90, instead of the tabu-
lated 106.42. Lithium depleted of SLi
and therefore with an unduly high
atomic weight is already in wide circu-
lation commercially. Electrolytic hy-
drogen that is significantly depleted of
deuterium is a common laboratory
source of hydrogen.
El ts with variable i pl
composition in common sources
Thus, the example of #Sr points out
one of the greatest problems of estab-
lishing standard awmlc welghts. All,

all “normal” terrestrial sources of the
1 ts and their pounds. Ad-
mittedly, 11 elements—H, He, Li, B
C, 0, Si, S, Ar, Cu, and Pb—have tab-
ulated standard atomic weights that
could have been given one more sig-
nificant figure (with an uncertainty of
no more than nine), if it were not for
such natural variability from normal
sources. With an experimental mea-
surement, the individual atomic
weight of a sample can be more accu-
rately determined than the natural
range of atomic weights permits for
the tabulated standard atomic weight
in the IUPAC table. This measure-
ment capability, generally derived
from mass spectrometry, can be useful
in overcoming the shortcomings of the
IUPAC tables. For these elements,
when a more precise value of the
atomic weight of a sample is required
than that offered by the [IUPAC table,
one can either measure it one’s self or
have it measured. For this measure-
ment, it is helpful to use generally
available standard reference materials
of known isotopic composition, which
result in the most accurate absolute
atomic-weight determinations. :
Thus, the standard atomic weights
of these 11 elements cannot be tabu-
lated nearly as premsely as those of
the mc o impr
in experimental measurements could
increase appreciably the precision of
lhe tabulated value of one of these 11
ts. A change could result only

except the can
have variable atomic weights because
of natural differences in isotopic
abundances. At current precisions and
for most elements, this is not a serious
problem. The very close similarity of
properties of an element’s isotopes
keeps the composition almost con-
stant over virtually all natural actions
and synthetic reactions that common-
ly affect the elements. Uncertainties
in the experimental determination of
the absolute atomic-weight values
tend to hadow the diffi

due to range, but the most precise
mass spectrometric measurements can
detect the smaller differences. Such
studies already have fascinating appli-
cations to cosmology, geology, biology,
archeology, physical chemistry, and
industrial technologies. They do not
yet limit the precision with which
most atomic weights are tabulated.
Perhaps in another 40 years, if a
REPORT of similar title is published

from a change in convention or in defi-
nition of the tabulated [UPAC stan-
dard atomic weights. Unlike the group
of mononuclidic elements, this group
of 11 is sure to grow as experimental
accuracies and knowledge of isotopic
compositional variability improve.
Only occasionally an element might
also drop out of the group of 11 ele-
ments when previously believed vari-
ability in nature is proved to be illu-
sionary.

As mentioned above, CAWIA now
allows the last tabulated standard
atomic-weight figure to be uncertain
to any single digit integer combining
the natural variability and experimen-
tal uncertainty of published informa-
tion evaluated by CAWIA. It spares
no effort in trying to provide all reli-
able precision in atomic-weight values
but, if in doubt, tends to be conserva-
tlve and avmds unnecessanly frequent
ion criteria of

in ANALYTICAL CHEMISTRY, more
precisely tabulated standard atomic
weights may have to be qualified by
more widespread significant variabil-
ity, some of which may await discov-
ery from as yet inaccessible portions of
the Earth’s crust.

For the time being, it is possible for
TUPAC to adhere to the principle that
the standard atomic weights apply to

57, NO. 4, APRIL 1985

reliability mlghl be expressed as fol-
lows:

o It is unlikely that any known nor-
mal natural source of an element will
be found to have an atomic weight
outside the range indicated in the
IUPAC table. (My personal interpre-
tation of “unlikely” is less than 1 in
100.)
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« It is exceedingly unlikely that any
randomly selected shelf sample, min-
eral specimen, or industrial product
will have an atomic weight outside the
range indicated in the IUPAC table.
(My personal interpretation of “ex-
ceedingly unlikely” is less than 1 in
100,000.)

When we talk of accuracies, we refer
to the difference between a measured
and a “true” value. The ptof a

which the atomic-weight data limit
the analytical accuracy, are shown in
Table IV. Standard reference materi-
als cannot help, and it is surprising
that so little has been done to improve
our knowledge. The common belief is
that the IUPAC values are better than
they are said to be, and chemists ap-
pear to rely on them blindly. During
the five years that I was secretary of
the commission, I became aware of
only one challenge of a standard atom-
ic weight (that of tin), and the basis
for that challenge was questionable
and has since, in the light of much
more reliable measurements, been
found to have been erroneous. Howev-
er, there is in my view plenty of oppor-
tunity to question CAWIA and for
young experimenters to generate new
or better data, especially for the ele-
ments in Table IV. 5

In this discussion, the critical ques-
tion for these 21 elements is this: Are
the uncertainties of their atomic
weights really as large as indicated in
Table IV? Perhaps CAWIA underesti-
mates, as Clarke did earlier, experi-
mental errors or faces future evidence
of larger natural variabilities in as yet.
undiscovered sources. Or perhaps
CAWIA is playing it safe by overesti-
mating the uncertainties and ranges to
keep the reliability of tabulated data

“true” atomic weight becomes diffuse
for elements with variable composi-
tion. You never know whether you
have found specimens exhibiting the
maximum as well as the minimum of
an atomic weight range. You also won-
der whether you should average the
known extremes for the standard val-
ue or look for the most probable value
relative to laboratory samples, or for
the most widely distributed natural
sources. The problems are real, for in-
stance, for hydrogen. Hydrogen atoms
on the average are lightest in the labo-
ratory, heavier in river water, and still
heavier in ocean water, which should
not be allowed to weight the average.
In other cases, you probably would
wish to take an average for the entire

My own impression is that CAWIA

Earth. Given that we cannot
the core, the uncertainty for the over-
all average would become far greater
than if we sought to average over all
reasonably deliverable specimens.
Such considerations spoil the notion
of a “true” atomic weight for polynu-
clidic elements.

Atomic-welght limitations from
experimental uncertainties

Most annoying is the estimated un-
certainty in standard atomic weights
that is not caused by natural variabil-
ity but by experimental uncertainty so
large that it equals or overshadows the
uncertainty of good chemical analyt-
ical These cases, in
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Table IV. Elements whose
standard atomic weights are
estimated to be uncertain by
0.015% or more arising from
experimental uncertainty
Element

Ti 0.063%

Ni 0.017%

'Zn 0.031%

Ge 0.041%

Se 0.038%

Ru 0.020%

Sb 0.025%

Te 0.024%

Xe 0.023%

Nd 0.021%

Sm 0.020%

Gd 0.019%

Dy 0.018%

Er 0.018%

Yb 0.017%

Hi 0.017%

w 0.016%

Os 0.053%

Ir 0.016%

Pt 0.015%

Hg 0.016%
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has recently steered well between
Scylla and Charybdis, so that an over-
all condemnation cannot be leveled
that it has either withheld reliable
atomic-weight data or betrayed the
chemists’ trust in the reliability of the
data. Anyone making a critical judg-
ment probably needs to analyze data
for one element at a time, and for that
the evidence will typically be scant. It
is conceivable that CAWIA may have
to correct one or even several standard
atomic weights beyond the presently
indicated uncertainty range. This is
not likely, and I hope that it will never
happen. Corrections by small shifts or

even extensions of the ranges for some
standard atomic weights must be ex-
pected. Such a possibility already ex-
ists for palladium, a major natural
source of which seems to have an
anomalous atomic weight, which is un-
der active investigation. Palladium
might then join the group of 11 ele-
ments whose variability in nature pre-
vents the tabulation of the full num-
ber of significant figures justified by
experimental accuracy. This is typical
of the trend to be expected in the
years ahead. With existing conven-
tions for the IUPAC Table of Stan-
dard Atomic Weights, the implied un-

certainties are likely to decrease ap-
preciably only for the elements in
Table IV.

Conclusion

Summing up then, I believe the val-
ues in the Table of Standard Atomic
Weights—as long as they are applied
only to materials for which they are
intended—are at least as good as the
precision of their entries implies. The
most precise atomic weights may be
somewhat better than they imply, but
the worst of these values are nc better
than is indicated. This is not quite
good enough for the best chemical
analyses, which for more and more

1 ts can be improved by deter-
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mining the sample atomic weight.
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Focus

A Career in Academia or Industry?

A recent spate of negative tenure decisions
has chemists discussing some of the trade-offs

The trickle of analytical chemists
changing careers in midstream seems
to have increased lately. And the flow
has been primarily in one direction—
from academia to industry and gov-
ernment.

Many of these recent career changes
stem from an unusually high number
of negative tenure decisions for assis-
tant professors of analytical chemis-
try. According to Henry Blount, pro-
gram director for chemical analysis at
the National Science Foundation,
there were about 10 negative tenure
decisions for analytical chemists in
U.S. colleges and universities last
year.

Because a majority of these negative
tenure decisions involved people who
entered academic careers without the
usual one or two years of postdoctoral
research, observers are pointing to this
lack of experience as an important
causative factor in many of the tenure
denials. In recent years, it has become
common for analytical chemistry
PhDs to leave graduate school and
take up academic posts immediately,
but it is still very uncommon for PhDs
in other fields of chemistry to accept
academic posts without several years
of postdoctoral work.

“It is not that people without post-
doctoral experience know less about
their specialties,” explains Blount,
“but they lack the maturation normal-
ly gained in the postdoctoral exper-
ience—what I call street smarts. They
know the technical material, but they
don’t necessarily know how to write a
grant proposal, how to write a paper,
or how to respond in a variety of situa-
tions.”

Gary Hieftje, professor of analytical
chemistry at Indiana University,
agrees with Blount that young assis-

few grant proposals on, and that
slower start can mean the death knell
when a tenure decision comes along.”

Some say that department chair-
men frequently expect the “wrong
things” from the analytical chemists
they hire and eventually become dis-
appointed with them. “I think, in part,
it’s the old snobbery of pure chemistry
vs. applied chemistry,” says Michael
Parsons of Los Alamos National Labo-
ratory. “The organic and physical
chemists who run most of the chemis-
try departments in this country think
that the analytical chemists are doing
applied research, and they don’t think
that’s pure research. They seem to feel
that analytical [chemistry] is not a
viable area. But that is not borne out
by the job market or by the vigorous
interest of the students.” Parsons
himself recently switched to Los Ala-
mos from academia, though a negative
tenure decision was not involved here;
Parsons had been at Arizona State
University for 17 years and left with
the title of full professor.

According to an analytical chemist
who declined to be identified, gener-
ous funding levels for analytical chem-

tant prof without postdoctoral
experience are at a substantial disad-
vantage. “It might seem like an advan-
tage,” says Hieftje, “because you get
to start on your career earlier. But you
won't have time to sit back and decide
what you're going to write your first

istry research in the past few years
and the attraction of graduate stu-
dents into the field in large numbers
have tended to engender something
akin to jealousy on the part of non-
analytical-chemistry professors. “1
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think that other people in chemistry
are now less likely to go easy on ana-
lytical chemists,” he said. “What that
means is that people who go intd aca-
demia directly from graduate school
are placed at a major disadvantage.”

Unfortunately, low postdoctoral sal-
aries tend to deter graduating PhD
chemists from seeking postdoctoral
appointments and, hence, from seek-
ing academic careers in g 1“1
think we should pay our postdocs a
decent wage,” says NSF’s Henry
Blount. “It is an absolute affront to
pay a postdoc $13,000 a year. If that's
the group from which our universities
are drawing their faculty, then they're
going to get the cream of that group,
which isn't going to be very strong,
with a few exceptions—people who
really have a Calvinistic bent.

“Unless a person receiving his de-
gree is committed to an academic pur-
suit,” he continues, “or there is a spe-
cific person he wants to work with, or
there is a new area he wants to learn at
that time, he will likely take the in-
dustrial job offer rather than the post-
doctoral position, the reasons being
primarily financial reward and long-
term security.” According to Blount,
the difference in salary between a
postdoctoral position and a starting
job in industry is “a factor of two
minimum, and in some cases a factor
of three.”

Not only for postdoctoral work, but
for full-time academic appointments
as well, salary seems to have become
an increasingly negative factor. Ac-
cording to Blount, a new hire at one of
the top three or four U.S. institutions
in chemistry can expect to earn about
$30,000 in a nine-month academic
year. “You look at an average," says
Blount, “and you see starting salaries
of 25, 26, or 27 thousand dollars for
nine months, with no guarantee of
summer salary. And if you look at
what industry offers you with the total
benefit package, you'll probably see a
factor of 1.8 over the academic start-
ing salary.”

0003-2700/85/0357-526A$01.50/0
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Michael Parsons offers another
startling statistic: In his 17 years at
Arizona State, all but two of his PhD
students who went into industry start-
ed out at a higher salary than Parsons
was earning at the time.

Although the salary differential is
an important factor in deciding be-
tween academia and industry, many
contend that it is not the principal
one. Gary Hieftje agrees with Blount
that the ratio of industrial to academic
starting salaries is about 1.8, but he
contends that academic and industrial
salaries are nearly equal after about
10 years of employment and that the
salaries of senior academic researchers
often exceed what they could have
earned in industry. Therefore, Hieftje
insists, salary is not the most intpor-
tant factor discouraging people from
pursuing academic careers.

Another negative for those consider-
ing a career in academia is the pros-
pect of fighting for grants. Obtaining
grants simply requires more effort and
more applications than it used to, and
“grantsmanship” is at the heart of
academic success. “If you don't have
grants, you don’t have the resources to
perform your research, and if you
don’t have the resources, you don’t do
well,” says Hieftje.

“Most universities can't fund re-
search at the same level they used to,”
Hieftje adds, “because state educa-
tional funding is shrinking. Therefore,
the academic researcher has to go out
and scratch out funds where he can. In
industry, if you do your job well and
address appropriate problems, the re-
sources are more readily obtained.”

According to Henry Blount, an aca-
demic chemist “is expected to raise
money, recruit graduate students,
teach effectively at the undergraduate
and graduate levels, publish papers,
and, in his spare time, serve on a few
committees. If you're trying to raise a
family, you're going to have to scram-
ble to raise money in the summer also;
otherwise that $27,000 is going to be
spread over 12 months, not nine. If
you get all this together and things are
going well at the university, they may
tenure you in five years, and if not,
you're on the bricks, pal. Now that’s
not a very inviting thing to look for-
ward to for an analytical chemist in
the job market for the first time, espe-
cially in light of the recent spate of
negative tenure decisions.

“As a community,” Blount contin-
ues, “we need to think seriously about
ways to teach young analytical chem-
ists the nontechnical skills that are es-
sential to success in academia. These
skills can be taught either through the
traditional postdoctoral route or
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through other means, nuch as graduate
on the p p of

chemistry.”

Nevertheless, young people do con-
tinue to look forward to careers in
teaching, an indication that the aca-
demic life offers many countervailing
benefits and rewards. “I agree there
would be a decrease in salary,” admits
one analytical chemist in government
who is currently interviewing for an
academic position and who requested
anonymity. “But if you live on a col-
lege campus as part of an academic
environment, the cost of living is going
to be lower in most cases, so you can
put up with a little bit less salary. I've
heard that the academic salaries are
about $3000 per month, assuming
you've done a year or two of postdoc-
toral work. Normally, when you start
out in academia, they'll pay your sala-
ry the first summer. So it’s not much
lower than what industry is paying
starting PhDs, which is about $36,000.
My feeling is that the salary is not
that different—but I admit I could be
in for a big surprise.”

This same individual, who is prob-
ably representative of many young
academic hopefuls, is not deterred by
the tenure system either. “I don’t
think people getting out of college
look at the tenure issue closely in their
decision. Tenure is five or six years
down the road. What people do look at
are differences in salaries and the
amount of work that has to be done.
That’s what I've heard most people
say—you're going to take a low salary
and you're going to work your tail off.

“I want to establish my own re-
search program and work on my own
ideas, the kind of research I want to
see done,” he adds. “Academia offers
the freedom to do long-term funda-
mental research instead of working on
short-term project- and product-relat-
ed problems. I think the trade-offs are
worth it. It's like starting your own
business. When you start your own
business, you have to work a lot hard-
er, usually for fewer rewards at first.
But if you make it, you can surpass
what other people have been making
all along.”

In the final analysis; perhaps the
most stimulating aspect of academxc
life is helping students to d
their talents and abilities and watch-
ing as they thrive in their chosen u:l-
entific whether acad in-
dustrial, or governmental. As Gary
Hieftje puts it, “Even if academic sal-
aries are significantly lower—which I
don’t believe—the opportunity to help
people grow intellectually will always
attract people to teaching.”

S.A.B.
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Electrophoresis Improves
Accuracy of Paternity Testing

Recent research in electrophoresis
of isoenzymes, serum proteins, and
DNA fragments is making it possible
for forensic scientists to more accu-
rately evaluate paternity in cases of
disputed parentage. Paternity tests
are designed to determine whether a
man could have fathered a child by
comparing the genetic markers pres-
ent in the parents’ and the child’s
blood. If the suspected father cannot
be excluded by statistical analysis of
data obtained from these blood tests,
he is included in a population of men
who could be the biological father.

Paternity testing methods can be
broadly classified into two general
areas: immunochemical typing of red-
cell antigens and human leukocyte
antigens (HLA), and electrophoresis
of red-cell isoenzymes and serum pro-
teins. Red-cell antigen typing has
been done routinely for many years,
but HLA typmg and elecuophomm

ctric fc ing) have
nnly recently been applied tor paterni-
ty testing.

Joseph Melvin, codirector of the Pa-
ternity Testing Laboratory at the Ed-
ward W. Sparrow Hospital in Lansing,
Mich., and author of a book chapter
on paternity testing (1), points out
that legal acceptance of scientific pa-
ternity evidence has been slow. In a
1946 case, Charlie Chaplin was forced
to pay child support even though
blood testing excluded him as the fa-
ther. In 1950, however, the U.S. Su-
preme Court established a legal prece-
dent by allowing blood test results to
be introduced as evidence. “The con-

porary legal devel of genet-
ic testing to exclude paternity,” Mel-
vin explains, “stems from introduction
in 1975 of [Title IV-D] of the Social
Security Act, which requires states
that receive federal support for Aid
for Dependent Children to attempt to
prosecute suspected fathers for sup-
port. Many states rapidly amended
their laws in reference to genetic test-
ing to more expeditiously resolve these
difficult cases.” Today, most types of
scientific paternity evidence, includ-
ing electrophoretic determinations,
are accepted by the courts.

Determination of paternity is based
on the fact that many antigens and
proteins are polymorphic, meaning
that several distinct types of each can
be inherited. An individual may pos-

sess one or more different types of
each antigen or protein; the measure-
ment of the different possible combi-
nations is termed the phenotype. To
assess possible paternity, the pheno-
types of each parent and the child are
de'.enmned by antigen typing and

electr is of serum p The
data obtained are used to statmncally
determine the probability of paternity
based on the number of possible types
of each antigen or protein, the gene
frequency, and the race of the alleged
father.

S ion of red-cell i Y
and serum proteins on various electro-
phoretic media is based on inherent
differences in protein mobility in an
electric field. Since any difference in
the size, shape, or amino acid compo-
sition of a protein will cause a change
in the migration rate, conventional
electrophoresis can usually differenti-
ate among the various forms of the
protein of interest.

Recently, isoelectric focusing meth-
ods have been developed that signifi-
cantly improve the electrophoretic
resolution of different protein forms.
Isoelectric focusing differs from con-
ventional electrophoresis in that in-
stead of a constant pH maintained by
an aqueous buffer, separation occurs
in a linear pH gradient established us-
ing ampholytes. Proteins focus on
their isoelectric point, and any protein
molecules that diffuse away are
pushed back to this point. Thus, pro-
teins on an isoelectric focusing gel
show up as sharp bands even after a
long run. Special narrow-range gradi-
ents can be formulated to further in-
crease the resolving power of this
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techni B of its superior re-
solving power, isoelectric focusing has
revealed previously unknown genetic
variations in several proteins (2).

Melvm uses one of the polymorphlc

m tase

(PGM). to 1llustrute how the ability of
isoelectric focusing to subdefine ge-
netic markers provides an advantage
over ional electroph is. The
various forms of PGM can be resolved
into three phenotypes using conven-
tional electrophoresis on starch, agar-
ose, or polyacrylamide. “Isoelectric fo-
cusing of this enzyme,” Melvin writes,
“increases the number of phenotypes
observed from three to ten, thus in-
creasmg its usefulness in paternity
testing.”

Restriction endonucleases, enzymes”
that recognize unique strings of nu-
cleotides in DNA and snip the DNA
into fragments wherever these strings
occur, are also being used to deter-
mine paternity, although these meth-
ods are still in the developmental
stage and not yet widely used. Because
of individual differences in DNA
structure, the restriction enzymes will
cut each person’s DNA in a slightly
different place. These select DNA
fragments are called restriction frag-
ment length polymorphisms (RFLPs).

A recent article (3) describes the ef-
forts of two researchers at the Univer-
sity of Wales Institute of Science and
Technology to use RFLPs to provide
genetic proof of thoroughbred horses’
parentage. After digestion of the
horse’s DNA with restriction enzymes,
the fragments are mixed with short
pieces of radioactive DNA, which will
adhere to similar DNA pieces and
show up as a dark band on an electro-
phoretic gel. Each individual has a dif-
ferent banding pattern or “genetic fin-
gerprint.” Breeders should be able to
compare the banding patterns of the
parents and offspring and statistically
determine the chance that the two
horses are related.

Marjorie Shaw of the University of
Texas Institute for the Interprofes-
sional Study of Health Law predicts
that by the end of the century the ap-
plication of DNA sequence polymor-

hi and y will
make it posalble to positively |dentnfy
the biological father of any person un-
less the alleged father has an identical
twin (4). Shaw writes, ‘‘Motherhood




esolution.
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has always been a biologic certainty;
now fatherhood will be as well. We will
have come one step closer to equality
of the sexes.”
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Office Testing

Lab

Newsletter Debuts

If there is any lmgermg doubt th:it

1 ani
dmgnostlc tests are bemg performed
in physicians’ in-office laboratories on
small, low-cost analyzers (see Anal.
Chem. 1985, 57, 38-39 A), the appear-
ance of the premier edition of “Doc-
tor’s In-Office Lab News" should dis-
pel those notions forever. The news-
letter will keep readers informed of
the latest new products for the doc-
tor's office and the private home mar-
ket, government regulations affecting
these tests, the relative cost-effective-

ness of in-office and in-home testing
vs. laboratory testing, and the latest
market surveys in the field.

In the first issue of the newsletter,
Ronald H. Laessig of the Wisconsin
State Laboratory of Hyglene explalns

erable effort on the quality assurance
of test results.

Laessig explains that “The technol-
ogy developed and successfully mar-
keted in 1986 and beyond will not only
have to deliver quality results to the
physician; it will [also] have to aid the
user in meeting the regulatory (perfor-
mance) criteria imposed on the doc-
tor’s office laboratory.”

The key advance that has helped
put the bloom on the office testing
rose is the adoption of prepackaged
reagent systems and instrumental de-
vices that eliminate most of the tradi-
tional pitfalls and labor of testing.
Laessig points out that demand for in-
office testing is driven, in part, by de-
mands from patients for more effi-
cient health care delivery: “Patients
are less willing to return for a second
visit because the physician is awaiting

a laboratory result on a specimen sent
leewhere *

that reservations among physi
laboratory professionals, and regula-
tors about the quality of in-office test
results are now misplaced. Industry
vendors, aware of the fact that the
success or failure of the in-office labo-
ratory concept will hinge on the qual-
ity issue, have been expending consid-

Ten-issue subscriptions to “Doctor’s
In-Office Lab News" are available for
$95 (add $10 for overseas postage) -
from Scientific Newsletters Inc., P.O.
Box 4546, Anaheim, Calif. 92803 (714-
497-3522).

S.A.B.
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ot too long ago, four chemists were
working in four labs.
All four encountered analysis problems:

the furst chemist’s problem concerned metals, the
second’s had to do with organic ions, the thirds
mvolved amino acids, anjztzhe fourths was with
COMMon IoYganic anions.

While our chemusts pondered their
analysts problems, a common solution was
already waiting for them...

Request Reader Service #41




N-Methyl Pyrrolidine (NMP)
in an Antibiotic

The Metals
Story
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[ sz e mmsran] “We do a lot of work

for clients in the food and

pharmaceutical industries.
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on LC and GC. But there

are cases where these tech-

niques won't separate

and detect the compo-

nents we're analyzing.
“For example, many

organic amines are diffi-

“My sample load and
research needs are such
that AA and ICP alone
aren't sufficient. We
needed to increase the
efficiency of our electro-
less nickel plating solu-
tions for the manufacture
of magnetic storage media.

Of particular importance cult to chromatograph.
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tions was crucial too.
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- analyze all of these and

with silica-based columns
| speciate metals and C}gg"wwg?%‘ and UV detection.
- other ions according to 711,_’871110 ) “Highly complex
their oxidation states. HPLC just couldnt | samples, like milk, have
“Our Dionex virtually do the job_” always been a problem.

climinated the old inter- Our Dionex is able to
ference problems and b detect organics in milk
gave us the sensitivity we ot with better selectivity
needed to improve our o and sensitivity”
production yields. Now -

: oen
we even do our routine Comductriny
waste water samples on
our Dionex”

Cumpie
Concemraied WXy

Unknonrt

1 Catrae

Sample Name:Electroless 2 Pynsvaw
Nickel Bath #32 3 lxtae
PER RET PERK O, in y
W TE WE w/l
1 2213 uR 12166482
2 2% CER 9. ME+91 ¢
1om COUN LT M
4 T AT 1.271EW3
5 s NMoE 9. BMEHE

[ o) =TT
04 ¥ 04 8B RE
Manses Minses




“I need to determine
amino acids,
carbohydrates, and
anwns "I)‘
samples. I got tired
of running from
mstrument to
nstrument.”
[ -
“To get all three profiles,

we had to run samples
through a series of proce-
dures on several different
instruments. Our expen-
sive dedicated amino acid
analyzer could only do
part of the job.

“Now I can do it all-
automatically if I want—
on a single instrument:
a Dionex lon Chroma-
tograph.

“Our Dionex gives us
excellent resolution of
amino acids in record
time, and we can switch
to carbohydrates or anions
at the wouch of a button”

Carbohydrates in Food

“In our lab we have
to analyze a variety
of common anions
in a large
number of samples,
and it always has to
be done yesterday”

“My specialty is water
analysis, and I've tried
every method: wet chem-
istry, automatic titrators,
ion-selective electrodes.
I've even modified an
HPLC with an ion
exchange column and

a conductivity detector.

My Dionex lon Chroma-
ph beats them all.
“With our high sample
load, we simply couldn’t
cope without unattended
sample preparation,
analysis, and data reduc-
tion. We get all of those
from our Dionex systems,
with consistent accuracy—
it doesn't matter whether
we're analyzing sub-part-
per-billion concentrations
in ultra-pure water or
percentage-level concen-
trations in turbid solutions.
Our chromatograms
speak for themselves™




DIONEX
THE COMMON SOLUTION

Dionex systems

are solvi
pmblemsn{gnua’lufh
areas of analytical
chemstry. Tiurn your
analysis prqblems into
success stories:

Metals

.
Analysis
Dionex lets you deter-
mine transition metals,
metal complexes, and
mono- and divalent
cations at trace- and high
percent-level concentra-
tions, directly from acid or
alkaline digests or brines,
even in the presence of
other major metal con-
stituents. You can also
speciate metal oxidation
states such as Fe?*/Fe**
and Cr**/Cr**. And with
Dionex automatic precol-
umn concentration, you
can analyze as many as
nine metals in a single
run at concentrations
below parts-per-billion.

Organic
Analysis
High-efficiency
Dionex ion exchange
resins are revolution-
izing organic ion sep-
arations. Our unique
ion detection systems

allow trace quantitation
of amines, organic acids,
sugar alcohols, carbohy-
drates, and chelates that
have little UV absor-
bance. Dionex systems
can solve problems that
HPLC and GC can't. Of
course, you can use stan-
dard HPLC columns on
a Dionex for your rou-
tine HPLC work as well.

. .
Amino Acid

.
Analysis
New high-speed pellicular
ion exchange resins com-
bined with metal-free
instrumentation make
Dionex Ion Chromatog-
raphy more versatile,
faster, and more reliable
than other amino acid
analysis systems. You
get highly specific ion
exchange separation with
automatic post-column

derivatization and your
choice of anion or cation
exchange modes. In addi-
tion, you can use your
Dionex system to analyze
inorganic ions, transition
metals, and organic ions
as well as amino acids—
allin a single instrument.

.
Inorganic
Analysis

Dionex lon Chromatog-
raphy has made tedious
wet chemical analysis
methods obsolete. Fur-
thermore, single-column
techniques simply can't
match the performance
and versatility of a Dionex.
Thanks to advanced
membrane-based detec-
tion technologies, Dionex
guarantees sub-ppb sen-
sitivity and the highest
specificity for all common

anions. Dionex technology

Dionex C;::W;mion Itasca, IL Houston, TX Dionex (UK) Lid. Dionex GmbH
ls?uO, Bo:k 5\ (312) 773-6850  (713) 847-5652 Earnlgoaough. Hants \Ag:ﬂ Germany
nnyvale, Atlanta, GA Marlton, N nglan 06150-3047
94088-3603 53~ Y (02%2) 541346

@08) 737-0700 (404) 953-8981 (609) 596-0600
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also gives you high preci-
sion analysis for assaying
complex solutions such as
plating baths, Kraft liq-
uors, foods, and paints.

[P R CS s e S LM = o
Automation

Improve your lab’s prl)-
ductivity by adding the
convenience and consis-
tent accuracy of Dionex
automation. With multi-
mode switching, you
can go from organics to
metals to anions at the
touch of a button. Add
the Autolon 300 com-
puter for multiple-
instrument control and
you can further increase
your lab’s productivity
and sample throughput.
Dionex brings true
automation to chroma-
tography—in sample
preparation, unattended
analysis, and data
handling.
For the complete story,
or for a demonstration,
contact your nearest
Dionex representative
or call us direct.

DIONEX

THE ION EXPERTS

Dionex S.r.l
Roma, ltaly
(06) 536130
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IMPROVE YOUR

PERFORMANCE
WITH THE RIGHT
INSTRUMENT

Spectra-Physics integrators
perform solo, as multi-channel
data systems, or as system
controllers for LCs or GCs.

If you require an entry-level
integrator, our new SP4290 can
give you many ofthe features our
leading integrators have at the
lowest price yet to come from
Spectra-Physics. Plus a two-year
warranty.

INTEGRATE. COMMUNICATE.

ORCHESTRATE.

For a little more, the SP427!
can provide you with BASIC
and communication with the
IBM PC XT via LABNET;” our
local area network. Or you may
opt for the virtuoso performance
of the SP4200, with its host
of sophisticated features.

Call Spectra-Physics today
and ask for the brochure describ-
ing all three integrators. In
California: (408) 946-9682, in
Texas: (713) 688-9886, in New
Jersey: (201) 981-0390.
Elsewhere: (800) 253-8324.
Spectra-Physics, 3333 North First
Street, San Jose, California 95134.

© Spectra-Physics

THE PERFORMANCE LEADER IN AUTOMATED CHROMATOGRAPHY

SP | SP | SP
INTESRATE 42%0 | 4270 | 4200
Wide Printet/Plotter Yes | Yes | Yes
50/60 Hz Data Samgling Yes | Yes | Yes
Second Channel Optional
Transmits Raw DatatoIBM-XT| No | Yes | Yes
L No No Yes
i Peak &
APt | v | s | v
Multilevel Calibration Yes | Yes | Yes
Full Keyboard & LEDs No No | Yes
X-Y Graphics Program No No | Yes
ORCHESTRATE
BASIC No | Yes | Yes
LABNET/RS-232 o
Cutrent Loop Optional | Yes
Timed Events Optional Yes
GPC. Methods
Optimization UVScan | No | No | Yes
Battery Backup No No | Yes
Price* $1985 |$2490|$4490)

*Domestic U poce only:
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chﬁlky. reliability,
multi-component capability.
simplicity — and now speed.
The list of attributes of
voltammetry is growing. Our
new Model 309 Automatic
Voltammetric Electrode (A.V.E.),
together with the new Model 319
Sample Changer, permits rapid
deaeration and unattended
sample handling. The radically
new A.V.E. design can be
manually operated to enhance the
capabilities of any of our
Polarographic Analyzers—or it
can be controlled by our Model
384B microprocessor-based
analyzer (with the additional

speed of Square Wave

Voltammetry) to achieve new
levels of hands-off, high through-
put analytical capability.

A unique approach to

st lining the lyst

An ingenious nebulization
technique both deaerates and
transports the sample solution to
the measurement chamber in a
matter of seconds (conventional
purging techniques require four
to eight minutes!). The measure-
ment chamber incorporates our
Static Mercury Drop Electrode
which has been perfected over
the past six years to give reliable
performance with outstanding
sensitivity and reproducibility.

Find out how the latest
advancement in voltammetry can
be put to work in your lab. Write
or call our Applications Group
for more details.

It’s not magic anymore!

J\ EGzG PRINCETON APPLIED RESEARCH

P.0. BOX 2565 » PRINCETON, NJ 08540, U.S.A. * 609/452-2111 » TELEX: 843409 686

EUROPEAN HEADQUARTERS * EGAG INSTRUMENTS « KINGSWICK HOUSE, SUNNINGHILL,
ASCOT, BERKSHIRE, ENGLAND SLS 78J * 990-23491 » TELEX: 848080 « FAX: 0090 23141
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ANALYTICAL CHEMISTRY.

About Clarkson University

Clarhon Umvemty is locnud in
P, NY., the
Adnrondack Mountains and the Thou-
sand Islands region of the St. Law-
rence River. It has a student popula-
tion of 4500, and its department of
chemistry is comprised of 15 faculty

bers and 40 grad d It

is also the site of the Institute of Col-
loid and Surface Science, which will be
hosting an International Symposium
of Colloid and Surface Chemistry
(sponsored by the ACS Division of
Colloid and Surface Chemistry) at
Clarkson University following the
Summer Symposium, from June 23
to 28, 1985.

Travel

Potsdam can be reached by car or
Greyhound bus, or by air to Ogdens-
burg, Montreal (Dorval), or Syracuse.
Transportation from these airports
can be arranged, provided that the
Conference Center at Clarkson Uni-
versity is notified at least a week be-
fore arrival.

I?

th Annual Summer

Symposium on
Analytical Chemistry

Housing is available in modern resi-
dence halls on the Clarkson University
campus or at local motels. Residence
hall rates are $13 per night for a sin-
gle-occupancy room and $17 per night
for a double-occupancy room. All
rooms have a bath shared between two
rooms. Children 10 and under may
stay in the residence halls for half
price. Linens, pillows, and towels are
furnished. There is ample free parking
adjacent to the residence hall. The
Clarkson University residence hall
used for this Summer Symposium is
within several hundred yards of the
Science Center, where all lectures will
be held. Local motels are *; to 10
miles from the university. No trans-
portation from motels to Clarkson will
be provided. Requests for housing
should be made on the attached regis-

Surface Characterization

A university roon
package price is nuhhlc. which in-
cludes housing costs plus all meals

Thursday lunch (e

Wednesday night

included in the regi

cial package rates are $70 per person
for a single room and $56 per person
for a double room.

Registration and special gatherings

Registration will take place in the
Educational Resources Center of
Clarkson University on Menday, June
17, from 4 P.M. to 8 P.M., on Tuesday,
June 18, from 8 A.M. to 2 P.M_. and on
Wednesday, June 19, fram 9 A.M. to
12 noon. A reception will be held at
7 P.M. on Monday, June 17. The regis-
tration fee of $110 includes admission

ANALYTICAL CHEMISTRY, VOL. 57, NO. 4. APRIL 1985 « S43A



Geueml Cu Petr Zuman
3 (top) and Program Chairman
%+ Nicholas Winograd

to all techiical sesss
materials, the reception, and  the
Wednesday night banquet. The stu-
dent registration fee of $20 includes
only admission to the technical ses-
sions, the reception, and the sympo-
sium materials. Students and guests
may order banquet tickets on the at-
tached registration form.

Family activities

Intramural athletic facilities,
swimming pool, tennis courts, canoes,
paddle tennis, and racquetball courts
are available to all registrants. Golf
courses are in the wcmlty. Lake Placid

catalytic materials, microscopy at sur-
faces, and surface characterization of
electronic materials. The following is
the complete program of the sympo-
sium.

Program

Tuesday Morning, June 18

Fundamental Techniques

is a 70 drive; R Art
Museum in Ogdensburg is a 35-minute
drive. A visit to the Potsdam Museum
and a magician’s performance for chil-
dren can be arranged provided there is
sufficient interest.

For further information about any
aspect of the symposium, contact Petr
Zuman, Department of Chemistry,
Clarkson University, Potsdam, N.Y.
13676, (315-268-2340 or 6566).

Symposium format

The symposium is divided into five
half-day sessions dealing with funda-
mental techniques, surface studies
with lasers, surface characterization of

E. Matijevic, Presiding

8:30 Welcome and Introductory
Statements

8:45 XPS in Combination with
Other Techniques for Surface
Characterization. C. R. Brundle,
IBM

9:25 Ion Beam Spectroscopy of
Surfaces and Interfaces. P. Wil-
liams, Arizona State U

10:35 Vibrational Spectroscopy
of Monolayers. B. Koel, U of Colo-
rado

11:15 Surface Science: Where
We Are and Where We Are Going.
M. White, U of Texas

38th Annual Summer Symposium on Analytical Chemistry
Surface Characterization of Catalytic and Electronic Materials

June 18-20, 1985

Clarkson University, Potsdam, N.Y.

Name (Print) Transportation

Title Phone O Car D Bus [ Airplane
Institution Airport

Address Airline and flight number.
City State Zip Date and time of arrival.

O I will arrange my own housing
O Please send me a motel list
O Irequest room and meals at the university from Monday
to Thursday at the special package rate of:
O Single room plus meals—$70/person
O Double room plus meals-—$56/person
0O Roc
O Assign me a roommate

O  Irequest room only at the university for the following
nights (no meals):

O Single—$13/night
O Double—$17/night

O I will be staying for the Colloid Symposium
O Iwill be bringing: O spouse
O family

Registration fee ($110)
Student registration ($20)
Single room and meals:
".Double room and meals ' .
" Banquet tickets ($20) -
(for students and guests only)
Single room—no meals, $
Doublé room—no meals: - $.

TOTAL AMOUNT,ENCLOSED '$

a0

Return this form with check made payable to'‘Clarkson University'* for the total amount due to: Doris Frazer, Conference and
Information Center, Clarkson University, Potsdam, N.Y. 13676. For further information, call 315-268-6647.
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Now; a low-cost FT-IR .
designed for the first-timme FIIR user:

priced and

Advanced capabilities

at a surprisingly
modest price.

Nicolet's new 5DXB now offers you
elegant ease-of-use with the same
proven productivity and
performance as all of Nicolet's
world-leading FT-IR spectrometers
— all at a remarkably low price!

Standard 5DXB benefits
and features:
* Excellent unlldvity reliability,
ormance from the all-new
5DXB optical bench and
high-energy air-cooled source.

Re-ok sample plates mean rapid- :
yet-precise interchbange of accessories.

* Fast, vctndle

P

’s proven,

powerfnlcompmuwhh
sophisticated yet casy-to-use

software.

* Superb color graphics froma

Unprecedented
ease-of-use
for the first-time

FT-IR user.

Nicolet's 5DXB eases the transition
up from dispersive IR to F-IR by
providing compiete spectral
processing from a simple menu
software system with detailed
“HELP" and advice information.

The 5DXB offers the most

comprehensive tutorial messages of
any FT-IR — plus fully versatile,

streamlined programmability for the

experienced FTIR spectroscopist.

5225-1 Verona Road, Madison, WI 53711 Telephone: 608/273-5004, Telex: 910-286-2736

5DXB grows to meet
your future needs.

You can select extended capabilities
to tailor the SDXB to your needs —
now or in the future.

+ Highest sensitivity MCT detectors.

* And lots more!

New Nicolet 5DXB: The best value
in FTIR today, with versatility for
your future applications. Please
pbone or write today for complete
information.

== Nicolet

The FT Spectroscopy Peopie:



Required Reading

Solving

Emulsion

Problems

Emulsions are finely
dispersed droplets of one
immiscible liquid in another.
They pose a problem when
they are formed during
liquid-liquid extractions.

While centrifugation is.often
used to break emulsions, it is
tedious and time consuming.
There are ways to break
emulsions.

How?

Find out in Technical Tip
No. 103. .

MOCR" TECHNICAL TIPS

L —

To receive a copy of Mixxor
Technical Tip No. 103, call
(617) 275-4480 for immediate
help or circle the reader
service card.

LIDEX TECHNOLOGIES. INC.
4 ALFRED CIRCLE
BEDFORD. MA 01730

Innovators In Sample Prep

CIRCLE 133 ON READER SERVICE CARD
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Tuesday Afternoon

Wednesday Afternoon

Surface Studies with Lasers

Microscopy at Surfaces

H. Helbig, Presiding

1:30 Surface-Enhanced Raman
Spectroscopy. R. P. Van Duyne,
Northwestern U

2:15 Laser Microprobe Mass
Analysis. D. A. Hercules, U of Pitts-
burgh

3:30 Laser-Induced Thermal
Desorption Using FT-MS Detec-
tion. J. C. Hemminger and R. L.
Mclver, U of California at Irvine

4:15 Surface Analysis by Laser
Ionization. K. T. Gillen and C. H.
Becker, SRI International

Wednesday Morning, June 19

T. Fleisch, Presiding
1:30 Atomic Imaging of Sur-

faces by High-Resolution Electron
Microscopy. L. D. Marks, Northwest-
ern U

2:15 Atom Probe and Field Ion
Microscope Microanalysis of Sur-
faces. T. T. Tsong, Pennsylvania
State U

3:30 Ion Probe Imaging Micro-
analysis at High Spatial Resolu-
tion. R. Levi-Setti, U of Chicago

4:15 Scanning Tunneling Mi-
croscopy. R. Wilson, IBM

Thursday Morning, June 20

P cl 1> ati

Surt,

Characterization of Electronic

of Cataly
Materials

Materlals

E. J. Karwacki, Presiding

8:30 Characterization and Ad-
sorption Chemistry of Modified
Molybdenum Surfaces. P. Stair,
Northwestern U

9:15 Carbon-Sulfur Bond Acti-
vation on Platinum: A HREELS
and NEXAFS Study. J. Gland, Cor-
porate Research Science Lab, Exxon
Research and Engineering Co.

10:30 Surface Science and Het-
erogeneous Catalysis. D. W. Good-
man, Sandia Research Lab

11:15 Surface Science and Elec-
trocatalysis. Phil Ross, Lawrence
Berkeley Laboratory

D. Denley, Presiding

9:00 Surface Science of Elec-
tronic Materials. S. Williams, U of
California at Los Angeles

9:45 Microanalysis of Semicon-
ductor Materials. C. A. Evans, Evans
and Associates

11:00 Ion Beam Studies of Sili-
con-Based Devices. C. Magee, RCA
Labs

11:45 Surface Characterization
of Molecular and Macromolecular
Structure. J. Gardella, State U of
New York at Buffalo

IUPAC Nomenclature
Document

A nomenclature document on the
absolute electrode potential has been
prepared by IUPAC. The document
begins with illustrations of the most
widespread misunderstandings in the
literature about the physical meaning
of the term. The correct expression for
this quantity is then derived by a ther-
modynamic analysis of the compo-
nents of the emf of an electrochemical
cell. It is shown that, in principle,
three reference levels can be chosen to
measure an absolute value of the elec-
trode potential. Only one of these pos-
sesses all the requisites for a meaning-
ful comparison on a common energy
scale between electrochemical and
physical parameters. To allow such a
comparison, the adoption of a correct
scale for absolute electrode potentials
is a prerequisite. The document ends
with recommendations of critically

NO. 4, APRIL 1985

evaluated values for the absolute po-
tential of the standard hydrogen elec-
trode in water and in a few other pro-
tic solvents.

Comments on these recommenda-
tions are welcome and should be sent
by August 1985 to the Secretary of the
IUPAC Commission on Electrochem-
istry: S. Trasatti, Dipartimento di
Chimica Fisica ed Elettrochimica, Via
Venezian 21, 1-20133 Milano, Italy.
Those interested in making comments
can obtain a copy of the document
from the American Chemical Society,
P.0. Box 3330, Columbus, Ohio 43210.

Hansch to Receive Meggers
Award

Theodor Hansch of Stanford Uni-
versity is the 1985 recipient of the
William F. Meggers Award. The
award, established in 1970, is given for
outstanding work in spectroscopy. A
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Now
B Contains TFE to available
lubLicate threads during ’ in two
make-up, preventing ool
Sizes!

galling and seizing

M Seals to pipe working
pressure

W Vibration and shock-
proof

B Temperature range:
—65°F to 350°F (- 53°C
t0180°C)

B Handy, built-in
applicator

B Compatible with a
wide variety of fluids

and gases

B Long shelf life

B Available from your
local Authorized Sales &

Patented

Service Representative it
You can order SWAK in either
50cc or NEW 250cc tubes.
AT ' COT~T
CAJON COMPANY

9760 Shepard Road, Macedonia, Ohio 44056

©1960-1984 Markad Service Co , al rights resenved K441
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prize of $1000, a silver medal, and a ci-
tation are included in the award,
which Hansch will receive at the 1985
Optical Society of America annual
meeting, to be held Oct. 15-19 in *
Washington, D.C.

Hinsch has been named to this
award for his “discoveries of powerful
techniques for high-resolution laser
spectroscopy, and their application to
fundamental problems of physics, par-
ticularly through precision measure-
ments on atomic hydrogen.” These
techniques include the first narrow-
line tunable dye laser and the satura-
tion, polarization, and polinex meth-
ods for eliminating Doppler broaden-
ing.

Dating Technique Tested

An analytical technique for dating
groundwater and polar ice up to a mil-
lion years old has been successfully
tested by scientists at Oak Ridge Na-
tional Laboratory (ORNL). Tke sys-
tem, known as a rare gas atom

’s_nlnni\\\
W

2

counter, extends the capabilities of
resonance ionization mass spectrom-
etry to include counting single atoms
of krypton-81. The counter is com-
posed of a pulsed dye laser operated in
tandem with a mass spectrometer to
separate the various isotopes of kryp-

ton.

In a collaborative study, ORNL sci-
entists recently used the method for
the first time to count krypton-81 in a
liter of groundwater removed from a



Linking Value to Performance.

Perfect Quality LC.

B« Complete automation
of binary gradient LC

* Complete
automation of
ternary
gradient LC
as well as low
and high
pressure valve

control

® SPD-6A has wavelength range of
195 — 350nm and SPD-6AV of
195 - 700nm

S Controller SCL-6A | |

ystem
| ® Complete control of LC
{ module as well as external
devices
parameters

High !
® Capable of stabie flow rate between 0.01 — j

e 9.9mimin
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Introducing Shimadzu’s full spectrum of modular HPLC Systems.

For full value HPLC systems, ask for the For further information, please contact:

Shimadzu LC-6A. From simple to complex LC,
the new high-performance Shimadzu LC-6A
Liquid Chromatograph System can meet any
requirement perfectly.

The modular design provides an easy and
cost-efficient way to upgrade any system. But
this isn't all you get with Shimadzu.

You get competitive specifications at the lowest
cost. Proven reliability, a one-year warranty

at no extra cost. And applications support.
Important reasons to consult Shimadzu today
about the full value LC-6A.

Shimadzu Scientific Instruments, Inc.

7102 Riverwood Drive, Columbia, MD 21046, U.S.A.
Phone: (301) 997-1227

Shimadzu (Europa) GmbH

Acker Strasse 111, 4000 Dusseldorf, F.R. Germany
Phone: (0211) 666371 Telex: 08586839

Shimadzu Corporation, International Marketing Div.
Shinjuku-Mitsui Building, 1-1, Nishishinjuku 2—chome.
Shinjuku-ku, Tokyo 160, Japan

Phone: Tokyo 03-346-5641

Telex: 0232-3291 SHMDT J.

£ SHIMADZU
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INTERFERENCES
IN FURNACE
ATOMIC ABSORPTION

AThing of the Past. . .

Allied Analytical Systems offers an approach to fur-
nace atomic absorption that takes the worry out of
furnace interferences. Our new system is based on the
following:

mThe NEW IL755 CTF™ Controlled-Temperature Fur-
nace Atomizer with the Delayed Atomization Cuvette
(DAC) which reduces vapor phase interferences by
delaying atomization and causing atoms to be
released into a hotter temperature environment.
mThe IL FASTAC®Il autosampler,a flame/furnace aero-
sol sampling system that not only automates sample
introduction, but actually reduces solid phase interfer-
ences by eliminating the drying step associated with
conventional autosamplers.

8 The SMITH-HIEFTJE System. A surprisingly simple but
effective background correction system for correcting
broadband and structured background over the entire
wavelength range of atomic absorption.

m Video graphics for visualization of uncorrected and
background corrected signals.

Send in coupon for FREE applications

information on our total AA system.

0 1Trace Metals in Urine

O 2 Priority Pollutants in Drinking Water

O 3Toxic Metals in Food

O 4 Contaminants in High Temperature Nickel Alloys

O 5 Delayed Atomization Techniques to Reduce Back-
ground Correction Problems

NAME

COMPANY

ADDRESS

(a4 TATE (4

TELEPHONE

Or contact: Allied Analytical Systems,
590 Lincoln Street, Waltham, MA 02254,
Telephone: (617) 890-4300.

Analytical
@"uED Systgtms
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News
[ ]

sandstone aquifer near Zurich. Fewer
than 1000 krypton-81 atoms were iso-
lated from the groundwater samples.
According to Bernard Lehman, a col-
laborating geochemist at the Universi
ty of Bern, this first test proved that
counting the small numbers of kryp-
ton-81 atoms necessary to make an es-
timate of the age of water could actu-
ally be done. Among the applications
of this method, Lehman says, could be
improved siting of locations for the
disposal of radioactive wastes.

NBS Budget for FY 1986

A total of $120 million is allotted for
the National Bureau of Standards in
the fiscal year 1986 budget proposal
sent by the president to Congress.
This budget request is $4 million less
than the bureau’s fiscal year 1985 ap-
propriation of $124 million.

Included are program increases to-
taling $16.4 million and cost-of-living
and other built-in changes of $4.9 mil-
lion. Proposed program increases are
process and quality control measure-
ments ($1.9 million), biotechnology
($3 million), advanced ceramics ($3.5
million), and cold neutron source ($8
million). The proposed budget also in-
cludes program reductions of $16.5
million and decreases of $8.8 million
attributable to the Deficit Reduction
Program. Proposed program reduc-
tions are building research ($3.1 mil-
lion), comp i and technol-
ogy ($5 million), fire research ($5.1
million), and equipment replacement
($3.3 million). Hearings on this budget
proposal began the first week in
March.

Call for Papers

1986 Winter Conference on Plasma
Spectrochemistry
Lahaina, Maui, Hawaii. Jan. 3-10,
1986. The conference will feature de-
log ts in atomic pl spectro-
chemical analysis by inductively coup-
led plasma, dc plasma, and microwave
plasma excitation sources. Papers de-
scribing original work in atomic plas-
ma spectrochemistry applications,
fundamentals, and instrument devel-
opment are being solicited. Title and
50-word abstract are due July 1, 1985.
For further information contact Ra-
mon Barnes, 1986 Winter Conference
Chairman, Department of Chemistry,
GRC Towers, University of Massachu-
setts, Amherst, Mass. 01003-0035
(413-545-2294).




With one design, one price and no costly
options, Shimadzu's UV-160 UV-VIS Recording
Spectrophotometer has everything you need
for rapid and accurate spectrophotometry —
including flexible data processing functions,
CRT and printer output. The double beam
design means freedom from baseline drift. Five
different multi-component analysis methods
mean high-precision quantitation. And the
error-free scanning speed of 2400nm/min
means you can scan the full range, 1100 to
200nm and display the spectrum, in roughly 25

seconds. s

Competitive features include stored and
realtime spectrum manipulation. Find out
more about the full value spectrophotometer.

For further information, please contact:

Shimadzu Scientific Instruments, Inc.
7102 Riverwood Drive, Columbia, MD 21046, U.S.A.
Phone: (301) 997-1227

Shimadzu (Europa) GmbH
Acker Strasse 111, 4000 Dasseldorf, F.R. Germany
Phone: (0211) 666371 Telex: 08586839

Shimadzu Corporation, International Marketing Div.
Shinjuku-Mitsui Building, 1-1, Nishishinjuku 2-chome.
Shinjuku-ku, Tokyo 160, Japan

Phone: Tokyo 03-346-5641

Telex: 0232-3291 SHMDT J.
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A NEW MEASURE
OF EXCELLENCE

IN NON-SUPPRESSED
ION CHROMATOGRAPHY

VYDAC rapid analysis IC columns offer:
m A highly efficient, protected silica substrate
= Use of eluents to pH 9 with no column
degradation R
m High sensitivity (see chromatograms)
m Rapid separations with excellent resolution
. m Economical non-suppressed
technique using your
standard HPLC components

If you've been looking for an
affordable way to perform ion
chromatography with speed and
sensitivity, this is it. Find out more
about VYDAC non-suppressed ion
chromatography columns from the
Separations Group

THE SEP/A/RA/TIONS GROUP

PO. Box 867
Hesperia, CA 92345
Phone (619) 244-6107
Telex 46741
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News
]

Meetings

The following meetings are newly list-
ed in ANALYTICAL CHEMISTRY.
Other 1985 meetings are listed in the
January, February, and March is-
sues.

® Analytical Techniques in Water
Pollution Control. May 2-3. Cincin-
nati, Ohio. Contact: Water Pollution
Control Federation, 2626 Pennsylva-
nia Ave., N.W., Washington, D.C.
20037

B Chemometrics Research Confer-
ence. May 20-22. Gaithersburg, Md.
Contact: Clifford Spiegelman, Statis-
tical Engineering Division, or Robert
Watters, Inorganic Analytical Re:
search Division, National Bureau of
Standards, Gaithersburg, Md. 20899
u Electron Microscopy and Analy-
sis Group Conference. Sept. 2-5.
Newcastle upon Tyne, U.K. Contact:
Meetings Officer, Institute of Physics,
47 Belgrave Square, London SW1X
8QX UK.

® Analytical Laboratory Manag-
ers Association Annual Confer-
ence. Oct. 17-18. Argonne, Ill. Con-
tact: Dave Green, Argonne National
Laboratory, 9700 S. Cass Ave., Bldg.
205, Argonne, Ill. 60439

® 5th Danube Symposium on
Chromatography. Nov. 11-16. Yalta,
U.S.S.R. Contact: L. N. Kolomiets,
Academy of Sciences of the U.S.S.R.,
Institute of Physical Chemistry,
Lenin-Prospect 31, Moscow 117312,
US.S.R.

= First Beijing Conference and Ex-
hibition on Instrumental Analysis.
Nov. 15-18. Beijing, China. Contact:
Conference Secretariat, Room 912, Xi
Yuan Hotel, Beijing, China

= 1985 Water Quality Technology
Conference. Dec. 7-11. Houston,
Tex. Contact: F. W. Pontius, AWWA,
6666 West Quincy Ave., Denver, Colo.
80235

For Your Information

Colleges and universities that sub-
scribe to Chemical Abstracts are
now eligible for ACS grants covering
90% of the cost of searching CAS ON-
LINE service during off-peak hours.
The grant applies to all searches per-
formed between 5 P.M. and 8 A.M.
eastern standard time on weekdays
and 8 A.M. to 1 P.M. eastern standard
time on Saturdays. Participants must
establish a deposit account of at least
$200 with CAS. Usage fees will be cal-
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The most complete listing of
college chemistry faculties in
the U.S. and Canada

- COLLEGE
AL
B ACUTIES

SIXTH EDITION

multi-purpose reference, COLLEGE CHEMISTRY
FACULTIES is an important tool for researchers,
recruiters, industrial chemistry labs, students and
teachers as well as college and high school
counselors and libraries.

For convenient researching, the directory
provides:

1. State-by-state listings of institutions showing
degrees offered, staff members and their major
fields, department address and phone number.
2. Index of faculty members’ names.
3. Index of institutions.

Covering 2,400 two-year and four-year colleges and universities in
the U.S. and Canada, COLLEGE CHEMISTRY FACULTIES lists the current
dffiliations and major teaching fields of over 18,000 faculty
members.

State-by-state listings make it easy for students and faculty fo find
chemistry departments in any area they choose, and for marketers
to use the state listings for planning sales and service territories.

Just published, the Sixth Edition of COLLEGE CHEMISTRY FACULTIES
is available in time for the fall semester. Order now and keep your
information up-to-date. Soft cover, 81/2" x 11”. 204 pages. . .$34.00

CALL TOLL FREE 1-800-424-6747

(for credit card orders),
write, or mail coupon below.

American Chemical Society Distribution Office 1155 Sixteenth Street, NW,
Washington, DC 20036

Please send copies of COLLEGE CHEMISTRY FACULTIES
@ $34.00. On prepaid orders, ACS pays shipping and handling charges.
C Payment enclosed (payable to American Chemical Society)
[ Bilme Bill company
Chargemy | MasterCard [
Card #
Expiration Date,
Name.
Company/Organization.
Adaress.
Billing Address.
City. State. ZIP.
5617012504/710

ViSA _ BarclayCard (. ACCESS
Interbank #

PorerCora oy

Signature.

Telephone Number
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News
[ ]

culated at the standard subscriber
rates, but an ACS grant will be ap-
plied to 90% of the fees, and only 10%
will be deducted from the deposit ac-
count. For further information, write
or call CAS Customer Service, P.O.
Box 3012, Columbus, Ohio 43210 (800-
848-6538).

A marketing report entitled “The
Biosci Instr tation Mar-
ket” is available that covers the rapid-
ly growing market for research instru-
mentation in the biotechnology disci-
plines. The key categories of instru-
ments selected for analysis in the re-
port include HPLC systems, DNA
synthesizers, UV-VIS spectrophoto-
meters, gel electrophoresis apparatus,
tissue culture incubators, and labora-
tory or research fermenters. The price
for this report is $1100; however, a
10% discount is being offered for pay-
ment at time of ordering. For further
information contact Delco Scientific
Resources, 2315 Post Rd., Fairfield,
Conn. 06430 (203-254-0652).

Three new publications are available
from the ACS. The first, “Less Is
Better,” di: the waste

ment strategy of reducing the genera-
tion of hazardous waste at the source
through laboratory chemical manage-
ment. The second, “Hazardous
Waste Management,” is more gener-
al and seeks to describe the nature of
the issue, the sources of complexities
and uncertainties, and the various
strategies being developed. The third,
“Chemical Risk: A Primer,” focuses
primarily on the scientific issues in-
volved in determining the health risks
arising from exposure to chemicals.
Single copies of the publications are
free. Contact the Office of Federal
Regulatory Programs, ACS Depart-
ment of Government Relations and
Science Policy, 1155 16th St., N.W.,
Washington, D.C. 20036 (202-872-
8725).

At this year’s national meeting of the
American Association for Clinical
Chemistry, July 23-25, a new exposi-
tion will be featured called SPOT
(Satellite and Physician Office Test-
ing). The exhibit will be devoted ex-
clusively to this market and will in-
clude chemistry, microbiology, and he-
matology systems and equipment for
the physician’s lab, test kits, quality
control services, and computers. An
educational program directed at phy-
sicians and practice managers will also
be available, covering such topics as
quality control, finance, training, and
regulations. Contact the AACC, 1725
K St., N.W., Washington, D.C. 20006.



solutions
from IBM Instruments.

Our formula for solving analytical laboratory
problems is a simple one.

We carefully study your current and future
application requirements. Then, we work with you to
develop a solution that addresses your analytical
laboratory needs—in the most efficient, cost-effective
manner possible.

We call this an integrated solution. Because it
brings together all the necessary components that
allow you to charactenze, purify or quantify more
productively than ever before. A solution that
integrates the latest advances in instrument
technology with the high levels of service and support
associated with IBM.

Family of Products. We offer you a full
family of spectrometers (NMR, EPR and FTIR),
spectrophotometers (UV/Vis) and chromatographs
(LC and GC). Plus powerful, real-time computers
designed specifically for the laboratory.

But our quality products are only part of the
formula. We also have expert applications scientists,
customer service engineers and marketing
representatives.

Expertise and research. When you sit
down with us to discuss your analytical problems, you
will be talking with someone who speaks your
language. Who knows your application. Its chemistry.
Its technology. And its critical requirements. Who
can back you up with support centers, laboratories,
methods analysis, equipment recommendations,
documentation, training and service. Who can
support you with expertise that is second to none.

And who knows how to work with you to develop
the best solution for your application problem... an
integrated solution.

Call or write us today. If you would like to
find out how our formula for integrated solutions can
work in your laboratory, call us at 1-800-243-7054
(in Connecticut, 1-800-952-1073), or write IBM
Instruments, Inc., Orchard Park, PO. Box 332,
Danbury, CT 06810.

= Instruments
=2 Inc.

CIRCLE 104 ON READER SERVICE CARD




—————————————————————————
ION ANALYSIS PROBLEMS?

Lachat will spend the time to understand your
problems before we offer a solution.

will follow. We want to be certain that the

No two les or
processes are alike. Sample matrices, concentration

for your

correct ion y Yy is sugg

ranges and analytes may vary even
analyzing the same types of samples.

That's why, at Lachat, we begin with a total
analysis of your problem. Our Applications Support
Group will work with you to evaluate all data necessary
to meet your exact requirements. When we are satisfied
that we your pi , our sy recom-

L

And... Lachat is a leading
of both flow injection and ion chromatographic analyzers
for laboratory and on-line applications, you can be
assured that our Applications Support Group will
provide the proper solution to your
ion analysis problems.

45 S
Call or write us today. | 2 ®
Our Applications Support / uikChem
Group is at your service. :ﬂfOC;ss
onitor

LACHAT INSTRUMENTS
10500 N. Port Washington Road
I{ Mequon, WI 53092

Phone (414) 241-3872

Telex: 26-9681

Innovators in lon analysis

CIRCLE 127 ON READER SERVICE CARD
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The most complete listing
of college chemistry
faculties in the
U.S. and Canada

COLLEGE
CHEMISTRYA
FACULTIES

Sixth Edition

. College
Chemistry
Faculties

Sixth Edition

Covering 2,400 two-year and four-
year colleges and universities in
the U.S. and Canada, COLLEGE
CHEMISTRY FACULTIES lists
the current affiliations and major
teaching fields of over 18,000
faculty members.

A multi-purpose reference,
COLLEGE CHEMISTRY
FACULTIES is an important tool
for researchers, recruiters,
industrial chemistry labs,
Students and teachers as well as
college and high school counselors
and libraries. It provides:

1. State-by-state listings of in-
stitutions showing degrees of-
fered, staff members and their ma-
jor fields, department address and
phone number.

2. Index of faculity members’
names.

3. Index of institutions.

Soft cover, 82" x 11”. 204
pages...$34.00

Call Toll Free
1-800-424-6747

(for credit card orders),

Or mail your order to:
American Chemical Society
Distribution Office

1165 Sixteenth Street, N.W.
Washington, DC 20036
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& Polymers
New 6th Edition

products.

One-page reviews packed with
data on the current economic
status and short-tern outlook for 42
large-volume chemical industry

The 42 products are:

Acrylic Phenol
Ammonia Penolics
Benzene Phosphoric acid
P us
Carbon dioxide Polyester
Caustic soda Polyesters
Chlorine Polypropylene
Cyclohexane Polystyrene
DMT/PTA Polyvinyl -
Epoxies chloride
Ethanol Potash
Ethylene Propylene
Ethylene oxide Soda ash
For hy Sty
High-density Sulfur
polyethylene Sulturic acid
Lime Titanium dioxide
Low-density Toluene diiso-
polyethyl y (ToI)
Methanol Urea
Nitrogen Vinyl acetate
Nylon Vinyl chloride
Oxygen p-Xylene

Chemical & Engineering News

Distribution Dept
1155 — 16th St., N.W.
Washington, D.C. 20036
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On orders of $20 or less please send

payment with order. California residents add
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The field-proven TEFA™ Monitor energy
dispersive x-ray fluorescence analyzer.

The TEFA Monitor has what it takes to get down to the
business of sample analysis for elemental composition,
film thickness and material uniformity.

Versatile, fast and accurate, TEFA Monitor nondestruc-
tively and automatically analyzes inorganic samples—
large and small. Solids, liquids or

powders with quantitative and qualita-

tive results you can trust. And the kind

of reliability all types of industries have

depended upon for years.

Only the Monitor with computer control

provides simple push-button analy-

sis...even for “unknowns

Unique regression analysis (ATAC) and

fundamental parameter (FPT) software

automatically recalibrate and determine
elemental-composition. With no stand-

ards, one standard or a suite of stand-

ards—within minutes.

O Yes! I'd like to know
more about XRF and
the TEFA Monitor.

Name
Title/Position
Firm Name
City

Phone

A wide dynamic range permits analysis fr:
per million t6 100%. All data is stc f
or comparative analysis
And only the Monitor with its unique “X-Y" s
ture can compare concentrations at
sample surface with those a
To support TEFA Monitor for

tion, EG&G ORTI

to any question
analysis are justa
We'd like to show you h
tor can benefit your appli
pon below and we
study for your sar
482-4411. Chance
x-ray fluorescer
business

O Yes! Please send me an
Application Report for my
sample(s).

SR 2D

Mail to: TEFA Monitor, EG&G ORTEC, 100 Midland Road, Oak Ridge, TN 37830

n

We put x-ray fluorescence to work.
CIRCLE 51 ON READER SERVICE CARD




SIEMENS

The Choice You Can Believe In
The D 500 X-ray Diffraction System




IF YOU'RE TRYING TO PLEASE 98,579 SCIENTISTS.

All four let you enter fraction size by time, drop,
volume — even directly in mi if you have an ISCO WIZ
peristaltic pump. ISCO fraction collectors are coldroom
proof and hold any common test tube or mini
scintillation vial. All but Cygnet also hold 28 mm vials,
have LED readouts, and can collect from multiple
columns.

Workhorses

The Retriever |11 is our fraction collector for big jobs. It
can hold 25 mm (70 ml!) tubes, and carries up to 380
smaller tubes.

Retriever 11 is the ISCO medium-capacity linear
fraction collector. It holds up to 174 tubes but needs
only a square foot of your bench space—perfect for
crowded labs. We've made about 20,000 instruments
using the patented Retriever linear mechanism and
many are still going strong after 15 years!

Budget

Cygnet is by far the least expensive fraction collector
you can buy. Yet it still has all the basic features
including drop counting. Stainless steel reels hold 100
tubes in a big range of sizes.

B 3

v, ~ RETRIEVER Ill
© 169581975

'RETRIEVER Il |

Smart

FOXY ™ fracti to your chr gram—not
to the clock. It rejects void volumes, locates and saves
desired peaks, and controls valves and pumps to make
gradients or automate your system. For HPLC, collect
successive injections without resetting, and overlay
repeated injections of the same sample to collect
identical peaks in the same tubes. The sloped
keyboard, 12-digit display, and logical programming
make it all easy to do.

You can't beat an ISCO fraction collector for
reliability, capability, or price. And you can't match the
ISCO 3-year warranty. Phone toll-free [800]228-4250 for

our complete catalog. Or write

ISCO, P.O. Box 5347, Lincoln,
ISCO

tnh

NE 68505
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New Products
]

Surface analyzer

Model 4175 Rutherford backscattering
surface analyzer provides routine non-
destructive surface and depth analyses
of any element from Li to U within
0.001% to 1% atomic detection limits.
It furnishes quantitative results without
calibration standards, and data acquisi-
tion is complete in less than 15 min per
sample. General lonex Corp. 405

GC

Model 3000's microprocessor controls
temperature and detector electronic
functions and is compatibie with most
data-handling systems. Options include
subambient oven temperature control,
up to four detectors (thermal conductiv-
ity, flame ionization, helium ionization,
universal plasma ionization, thermionic
electron capture, flame photometric,
and chemiluminescent nitrogen), and
capillary capability with on-column or
split-splitless operation. Antek 406

Hydrogen safety system

HSS-4 consists of one central unit,
placed anywhere in the lab, and from
one to four satellite units that are
placed near a GC. Satellites continu-
ously measure H; concentration in the
GCs and compare it to an alarm level. If
this level is reached, an audible alarm
is given on the central unit and power

TiterCalc acquires, displays, processes, and stores data from ELISA readers, improving accura-
cy and reducing the time and effort necessary to transcribe and handle ELISA reader data.
Operations that currently require about 1% h to perform manually are completed in less than

2 min. HP Genenchem

UV-VIS spectrophotometer

UV 160 has a scanning speed of 2400
nm/min over the entire 200-1100-nm
length range. Other features in-

to that GC is shut off; op of the
other GCs continues uninterrupted.
Chrompack 407

X-ray fluorescence

Extra Il total-reflection X-ray fluores-
cence TXRF system consists of an
X-ray generator, Si(Li) detector, and a
computer-based analyzer system for
process control and data analysis. It
can detect elements in the picogram
range, and applications include mineral
analysis; trace metal detection in water,
oil, and grease; and analysis of blood
serum, tissue specimens, and biologi-
cal materials. Scintag 408

clude full-wavelength-range baseline
correction within 1 min, full spectral
manipulation, no baseline drift, wide
range of quantitative functions, and
modular convenience. Shimadzu 409

Multiport stream switch

MUST, designed to allow easy column
switching in HPLC, permits heart cut,
stripper, and backflush configurations.
Two six-way high-pressure valves are
activated independently, either manual-
ly or by a timer, and optional six-way
solvent selector valve and manual in-
jector are avallable. Spark Holland 411
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Data-handling system

Labtec is a dedicated hardware and
software system for food and feed labo-
ratories. It consists of a central unit to
which one or more satellite units can
be linked and interfaced to balances
and analytical instruments. Software
routines for sample logging; reporting
of results; and Kjeldahl, fat, fiber, and
moisture analyses are provided. The
system is user programmable. Tecator,
Inc. 412

For more Information on listed Items,
circle the appropriate numbers on one
of our Readers’ Service Cards




Mettler Thermal Analysis.
Gets you from problem to

solution...every time.

A measuring and evaluation
system all in one.

Atlast, your thermal analysis problems
can be solved completely—down to

the digital result—with one compact,

inexpensive system. The Mettler
TA3000 with powerful, new features.
Forget cumbersome manual and
external computer data manipulation.
Instead, simply help yourself to
indisputable, clear numeric interpre-
tation of the measuring curve.

New. The TC10A Processor.

The heart of Mettler's TA3000, the
TC10A, is the evaluation and control
center for unique DSC, TMA and TG
measuring modules.

Its comprehensive and advanced
utilization of integral software enables
automatic calibration, storage of
methods and data, plotting and pro-
cessing of information for each.

Unique measuring modules.

The DSC30 is the only DSC cell
designed for full range work: -170°C
to +600°C. It provides unsurpassed
baseline stability and temperature
control. The fully electronic TMA40,
with static and dynamic load capability,
features 4.5 nm resolution. It even
measures absolute sample thickness.
Utilizing Mettier's M3 microbalance,
the TGS50 assures easy, stable and
acourate measurements.

Mettier TAI200 System tor OSC. Ondy $24.500 _complete

New. Personal computer interface.
Should you need greater storage
capacity, either for additional methods
or later data retrieval, the TA3000
supplies a bidirectional RS282C port.

New. Rugged metal sensor.
There's even an extraordinanty rugged
metal sensor for measuring aceuracy
in the harshest test conditions.

The TA3000 is everything you need
for thermal analysis. See it by calling
(609) 448-3000. Mettler instrument
Corporation, Box 71, Hightstown, NJ
08520. You'll be glad you did.
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By using | Shandon Wide-Pare
: packing materials, it is now
~~possible to separate biopoly-
. mers in minutes using existing _
: HPLC equipment.

* Pre-packed columns for
separations of peptides, pro-
teins and polynucleotides.

® Available in C, or C, fully
endcapped bonded phases.

® Excellent recoveries.

Call or write for our free Wide-
Pore literature.

SEE US AT FASEB
BOOTHS 1343-1345

SHANDONQO

Shandon Southem Instruments, Inc.
-1 515 Broad Street, Drawer 43
1 Sewickley, PA 15143
Phone 800/245-6212 (In PA 412/741-8400)

CIRCLE 190 ON READER SERVICE CARD

New Products

SD un.c lydom is an isocratic HPLC system with slnmﬂarm UV, conductivity, and fiuores-

include ion chr

byatr

comam unllomlny tests on tablet analgesics, monnodng of derivatized amino acids and phenols, .
and detection of therapeutic drugs and water-soluble vitamins. Perkin-Eimer 402

Mixxor separatory cylinder for liquid-liquid
extractions Is available in 2-, 5-, 10-, and 50-
ml sizes. It consists of a lower mixing cham-
ber and a piston-reservoir with an axial chan-
nel. Six piston strokes equal 40 separatory
funnel shakes. After phase separation the
upper phase can be poured into a container,
and the lower phase Is held In the Mixxor by
capillary effect. Lidex T Inc. 401

GC

Model 9630 offers an optional multipur-
pose second column oven that makes
posslble simultaneous multiple analy-
ses that cannot be accomplished with
two or more separate GCs. It can be fit-
ted with injectors, detectors, and heat-
ing blocks controlled by the host GC.
Subambient oven temperature control
and data system are available. IBM In-
struments 410

GC detector

Flame photometric detector for the Sig-
ma 2000 GC is sensitive to subnano-
gram quantities of sulfur and phospho-
rus compounds. It is also highly selec-
tive for these compounds. It is 10,000
times less sensitive to hydrocarbons
than to sulfur compounds. Applications
Include analysis of sulfw- or phospho-

monltorlng of ambient alr and lu'naoe
stacks. Perkin-Elmer 413

Ozone monitor

Model 727-3, which is based on the UV
absorption technique of ozone
nation, measures ozone specifically;
common gases occurring in ambient air
will not interfere. Electronic circuitry
automatically monitors and controls UV
source drift and corrects instrument
span over each sample-reference
measurement cycle. Digital readout of
0. 01 to 9.99 ppm is provided. Mast De-
Co. 414
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DIGILAB FT-IR: RESEARCH GRADE =

When you buy one of the three new FTS spec- experience, customer support, value...when
trometers shown above, you are buying a spec- you buy a Digilab FTS spectrometer, you are
trometer that is discriminating enough to resolve getting one of the industry’s finest instruments.
even minor spectral components, sensitive enough For literature, send the coupon today to
to detect trace concentrations and fast enough for Bio-Rad, Digilab Division, 237 Putnam
GC/IR and kinetics. Avenue, Cambridge, MA 02139. Or call =

Research grade performance, applications TOLL FREE (800) 225-1248. : |
rName Title: —i |
| Affiliation: : |
| Street & No.: |
: City & State: Zip: Telephone: () :
| Applications: | ; 1
LPlease send me a brochure on the (check one): FTS 50: FTS 60 FTS 80 _} ]

Digilab
BIORAD Division CIRCLE 20 ON READER SERVICE CARD




New Products
]

GC

Model 412 GC, designed for the analy-
sis of naphtha-type samples, can sepa-
rate paraffins, naphthenes, and aromat-
ics. It analyzes components by carbon
number below the 200 °C bolling point

pically labeled internal standards. It is
composed of two solutions: one con-
taining 10 priority pollutants at ug/g
fevels in methanol and the other con-
taining the same compounds labeled
with deuterium or carbon-13 at approxi-
mately the same concentrations in

and also analyzes components up to
275 °C In the backflush mode, Handiing ~ enancl- NBS ans
of CO; is eliminated by a Tenax trap. RM
Packard Instrument Co. 415
RM 8409, Simulated Rainwater, is de-
signed to aid in the analysis of acidic
Chemicals rainwater by providing a stable, homo-
g material as a control standard.
It consists of two 50-mL solutions pre-
3He pared by dissolving high-purity salts and

3He is available in isotopic purities
ranging from 99.9% up to 99.9995%
or better. Applications include low-tem-
perature physics, laser gas mixtures,
and use in neutron detection equip-
ment. Cambridge Isotope Laborato-
ries 417

SRM

SRM 1586, Isotopically Labeled and Un-
labeled Priority Pollutants in Methanol,
can be used to test methods requiring
the combined use of GC/MS and isoto-

acids in high-purity distilled/deionized
water. Nominal pH of Level | is 4.3; that
of Level Il is 3.6. Acidity, specific con-
ductance, and nominal concentrations
of several major anions and cations are
provided. NBS 416

Software

curve fitting, statistics, graphics, model-
ing, and reporting. Labtech Notebook is
Laboratory Technology's package for
data acquisition, monitoring, and real-
time control. The systems have been
integrated and run on the 1BM PC XT
and AT. BBN Sottware Products Corp.
and Laboratory Technologies Corp.

IR spectrometry

Spectrafile is menu driven, runs on the
Apple II+/lle microcomputer, and will
intertace with any IR spectrophoto-
meter that has an RS-23 or IEEE inter-
face. It provides instrument control and
allows data acquisition, storage, recall,
and post-run analysis of spectra. Hey-
den Datasystems .42

Spectrophotometers

Data Capture Software interfaces the
DU-50 series spectrophotometer with
the IBM PC. Special features include
real-time color graphics for wavelength,

Data acquisition and analysis

RS/1, BBN's data analysis system, in-
cludes data management and analysis,

kinetics, and gel scans; spectral manip-
ulation, including addition and subtrac- ~
tion; and instrument parameter setup by
remote control from the computer.
Beckman Instruments, Inc. 422

In LCEC, the DIFFERENCE is BAS!

Versatility

* or Dual Electrode LCEC

Sensitivity

all our imitators realize that,

Selectivity

Fraction Collection ® Low Dead-Volume Cells for Microbore
Chromatography ® Chemically-Modified Electrodes ® Single

It's not just how big the signal, but the signal-to-noise that
counts! Amperometry is the only way to go, sooner or later

BAS offers different electrode materials tailored to indi-
vidual reactions. BAS offers single or dual electrodes (in 2

/configurations!). Why limit yourself to just one type of LCEC application when
/ there are hundreds of possibilities? BAS has the technology, NOW!

Support

BAS offers the largest, and best respected, LCEC research
group in the world. We're the ones who have published

~ over a hundred original papers in refereed scientific journals. BAS offers on-site

. and factory training courses. Our full line of COMPLETE LCEC analyzers are
designed specifically for the needs of electroanalytical chemistry. Our
applications notes are so good, everyone else copies them!

Are you considering the advantages of LCEC? Why not go with the
leaders? In LCEC, the difference is BAS! .

gg ’ X ]
CIRCLE 16 ON READER SERVICE CARD
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2701 Kent Ave
West Lafayette
Indiana 47906

Telex: 276141
(317) 463-4527




All that you
can ask forina
spectrophotometer.

Scientific and technical problems, today,
demand quick, accurate analytical compu-
tation for their solution. Gilford meets the
needs of laboratory research with the finest
in analytical systems.

The Response™ spectrophotometer, by
Gilford, combines photometric, optical and
microprocessor technology to assure you
of highly accurate, consistently reliable
measurements.

Standard features include:

* Wavelength and time scanning,
kinetics, multi-wavelength analysis and
curve fitting routines.

* Graphic and tabular data display via high
resolution CRT.

* Microprocessor controlled absorbance
and wavelength calibration routines.

* Program storage and data storage to
10,000 points. RS-232C computer
interface.

* Video copier for a publication quality hard
copy.

Response™
from Gilford.

_Circle 35 on Reader Service Card

A combination of
sophisticationand
efficiency. :
Response™ was designed
with the interaction inmind -
with easy-to-operate controls,
dedicated function keyboard,
function changing dynamic
keys and a convenient, trans-
verse sample compartment
that accepts accessories
including six-position cell
holders, 20cm gel and film
scanners and a rapid sampler.




Other fine analytical
instruments in the
Gilford line include...

Fluoro IV™

The Fluoro IV combines measuring power, flex-
ibility, and simplified operation in a single instru-
ment that meets customer requirements for
both maximum sensitivity and reproduceability.
It features dual monochromators for excitation,
emission or synchroscanning, a 4-position ther-
mostatted cell holder and an RS-232C inter-
face. An optional printer/plotter allows both
tabular and graphical data presentation.

Series 260 UV/VIS
Research Spectrophotometer

The Gilford Model 260 Spectrophotometer is a
UV/VIS instrument for the most rigorous ana-
lytical measurements. High resolution is
achieved through narrow bandwidth operation
in the wavelength range of 190 - 900nm. Absor-
bance or concentration data is presented on an
LED display. This information can also be
routed to an optional printer or recorder. A con-
venient optical bench rod system allows quick
changeover from the standard 4-position
cuvette holder to either a rapid sampler or gel
scanner. Electronic temperature control at
selectable fixed temperatures is available for
the cuvette positioner or rapid sampler. These
capabilities are also available in the Model 252
Modernization System.

Stasar”

The Gilford Stasar reference spectrophoto-
meter provides absorbance or concentration
data throughout the wavelength range of 335 to
700nm. The aspiration flow cell has a tempera-
ture range of 25 to 37°C and can be controlled
to within + 0.1°C for sensitive temperature
dependent measurements. An optional printer
or recorder can provide permanent data
presentation.




ﬁ !
Pouriton

and Clean It Up with PrepSep™ Solid Phase Extraction Columns X

PrepSep column’s unique conical shape lets you pour
your sample directly into the large 10mL sample reservoir.
Permits easy sample addition and large sample volume.
Made of polypropylene, with 300mg of selected packing
'sandwiched between two 20pm pore size polyethylene
rits.

Fast, easy extraction and elution of pesticides, dyes,
parabens, phthalate esters, and many other organic com-
pounds. Speed up sample cleanup for HPLC, GC, TLC,
and UV analysis, without jeopardizing separations. They
replace many preparative techniques, even tedious liquid-
liquid extractions.

Six versatile packings: Five are bonded-phase silica: C,,
C,, C,,, cyano, and amino. The sixth is pure uncoated sil-
ica gel. All are 40pum particle size. Packing type is conveni-
ently marked on upper rim of each column.

Three ways to
PrepSep column to a via tubing and use the syr-
inge's plunger to draw eluent through the packing. 2. Insert
PrepSep column into a vacuum box to pull the eluent .
through the packing, into a test tube. &PheePrapSepeo&- :
umn into a centrifuge tube. Use centrifuging speed
nmeloconuolrateandmnocmofsmnpleﬂowhwghﬂu

packing.
Each PrepSep column is individually sealed for protec-
tion against contamination and moisture. They're inexpen-

sive enough to be truly disposable, eliminating cross- v

contamination and messy cleanups.

For more inft includi n procedures
and analytical results using PrepSap columns, use Reader
Service Number. Or write Fisher Scientific, 711 Forbes

Ave., Pittsburgh, PA 15219,

CIACLE 58 ON READER SERVICE CARD

hieve fast flow: 1. Connect
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Manufacturers’
Literature

HPLC software. Brochure describes the

Data Master HPLC system software

with combined gradient control and data
lysi: i Analvsi i

Elemental analyzer. Brochure de-
scribes the Erba Model 1106 analyzer,
which can perform 50 CHN, O, and S

y y
include real-time and post-run quantifi-
cation of peaks, automatic analysis and
storage of multiple runs, and multilevel
calibration; control functions include
solvent and flow programming and
automatic sample integration with sam-
ple injection. 11 pp. Gilson Medical
Electronics 425

Teknivent News. Volume | features ar-
ticles on low-cost work stations for
chromatography and mass spectrom-
etry based on the IBM PC, a new data
system to automate Hewlett-Packard
mass spectrometers, and upgraded
equipment for Finnegan 6000 series
data systems. 4 pp. Teknivent 426

““Topics in SIMS." Topics covered in a

series of short technical notes include

validation of SIMS data, dopant concen-
trations near the SiO; interface, effects
of primary ion energy and angle of inci-
dence on yield, and profile distortions in
SIMS depth profiling. Atomika, Inc. 427

“Lock-In Applications Anthology."” Use
of lock-in amplifiers in a variety of low-
level signal measurements is illustrat-
ed. The booklet contains 20 application
notes and is divided into six sections
covering solid-state, spectroscopic,
electrochemical, mechanical, instru-
mental, and engineering applications.
76 pp. EG&G Princeton Applied Re-
search 428

UV-VIS spectrophotometer. Data sheet
details the Lambda 1A instrument,
which is designed specifically for quan-
titative applications and offers three op-
erating modes, nine memory locations,
and integration of absorbance value. In-
strument specifications are listed along
with available accessories. Perkin-
Elmer 429

Nonmetallic safety containers. Litera-
ture describes use, capacity, and di-
mensions of Type | and Type Il cans,
oval cans, plunger cans, dispenser
cans, disposal cans, and corrosives
cans. 4 pp. Justrite Manufacturing Co.
430

The Wescan lon Analyzer. No. 8 fea-
tures articles on pharmaceutical analy-
sis, acid and plating bath analysis, pulp
and paper lysis, and tips on coll

and eluant selection. 8 pp. Wescan In-
436

deter ions in 6 h. A sch ic dia-
gram of the system is shown together
with d { of op ing str Inc.

principles, the instantaneous combus-
tion-reduction system, detector, auto-

N, AN S
and data processor. 7 pp. Erba Instru-
ments, Inc. 431

Food and beverage analysis. Technical
guide includes 21 methods for the use
of pH and ion-selective electrodes in
food and beverage analyses. Also in-
cluded are information on measurement
techniques, how to measure on a per-
sample basis, temperature problems af-
fecting pH, and a bibliography. 50 pp.
Orion Research 432

Optical multichannel spectrum analyz-
er. Booklet discusses the features of
the TN-6500 analyzer's diode array par-
allel detector system and their relation
to stopped-flow, chemical kinetics,
plasma etch, HPLC, UV-VIS, absor-
bance, Raman, and fluorescence appli-
cations. 20 pp. Tracor Northern 433

Quick couplings. Guide covers fittings,
available in thermoplastic and metal,
that can handle vacuum and pressure
lines up to 120 psi (250 psi for metal) at
—40 to 180 °F. It also points out when
metal or plastic fittings are appropriate,
and describes straight-through and

ic shutoff couplings, special
manifolds, and multiple mountings that
can handle up to 10 flexible lines in a
single connector. 28 pp. Colder Prod-
ducts Co. 434

Preparative LC. Literature features an
industrial system for process purifica-
tion using both HPLC and LC at flow
rates up to 100 L/h. The completely
automated pump, detector operation,
and microprocessor-based fraction col-
lection package can be self-contained
on a mobile LC bench. ISCO 435

For more information on listed items,
circle the appropriate numbers on one
of our Readers’ Service Cards
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Catalogs

Laboratory supplies. Catalog 133 de-
tails instruments, apparatus, furniture,
vacuum pumps, chemicals, and sup-
plies. 1744 pp. Sargent-Welch 438

Plasticware. Catalog includes a guide
to the structure and properties of res-
ins, a chart of the chemical resistance
of plastic resins, and a guide to the use
and care of plasticware. 96 pp. Cole-
Parmer 439

S y gases and De-
scrlptlons. illustrations, and specifica-
tions for pure, mixed, and electronics
gases are featured. Also detailed are

i and instrt used in
GC basic and industrial research, cali-
bration procedures, and gas handling.
192 pp. Airco 440

1985 price list. Catalog is divided into

sections covering products for chroma-
tography, HPLC and IC, electrophoresis
and molecular biology, and assays. 256
pp. Bio-Rad 441

FT-IR/IR accessorles. Brochure in-
cludes IR solid-, liquid-, and gas-sam-
pling accessories, IR reflectance de-
vices, microsampling devices, acces-
sory kits, and a guide to material
selection. 17 pp. Janos Technology 442

Separation supplles. Catalog offers a
comp line of h

for HPLC, GC, TLC, column chromalog-
raphy, electrophoresis, and tissue cul-
ture. American Laboratory Supply Co
Inc. 443

Chemicals. 1985 catalog features 1400
new products, including chemicals, lab
equlpmenl liquid-liquid extractors,

Is, carbon-13 labeled cc d
and NMR supplies. 40 pp. Aldrich
Chemical Co.




GC/MS or LC/ MS or
LC/GC/MS.

Your Choice.

The world's first truly dedicated LC/MS system is here. It integrates the best of Kratos MS with the best of Kratos
LC via a unique thermospray interface. The Kratos MS 25 RFA also comes in a dedicated GC/MS or an
integrated LC/GC/MS version. All with MS facilities not normally feund
in other routine systems. And all come
with an automation package second
to none in power and speed. The
DS 90 color data system
controls all instrument parameters,
gives you convenient menu
operation and easy to read, full color reports.
] If the concept of integration in LC/MS or GC/MS or both,_has appeal,
New dedicated you must look into the MS 25 RFA. Ask for our new color brochure or a demo. New dedrcated
LC/MS 25 RFA Your choice. Kratos Analytical, 170 Williams Drive, Ramsey, NJ 07446. GC/MS 25 RFA

gKRAT@S
ANALYTICAL

MS 25—the alternative with magnetism. a division of SPECTROS .

CIRCLE 120 ON READER SERVICE CARD




There can be no
doubt that chemical
technology has
greatly advanced the
world’s standard of
living while simulta-
neously introducing
a potential threat to
the health of society. The legal, intelli-
gent application of insecticides and
fungicides to curb infestations and
thereby increase crop yields accounts
for a multibillion-dollar industry. In-
tensive legislative activity over the
past two decades has dramatically in-
creased the role of analytical chemis-
try in protecting the public health.
Nowadays, therefore, the emphasis
routinely placed on trace analysis of
the food supply has mandated a new
strategic analytical approach. The pri-
mary method of analysis is usually ac-
etone extraction and methylene chlo-
ride partitioning followed by gas chro-
matography (GC) on various
stationary phases (nonpolar, semipo-
lar, and polar) with various detectors
(P, S, N, Cl, etc.). During such regula-
tory analysis of the nation’s food sup-
ply to ensure compliance with regis-
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SNOW DEAS
D ACEPHATE

CONFIRMACION OF ILLEGAL
PESTICIDE RESIDUES

tered uses, violations are encountered
that demand confirmation of a par-
ticular residue by mass spectrometry
(MS).

We describe a recent domestic situ-
ation in which snow peas from a large
number of individual growers in the
same area in California were found to
contain acephate. These findings re-
vealed an unregistered use of ace-
phate, i.e., no legal residue level had
been established for snow peas. Under
such circumstances, a scientifically
supportable analytical determination
of this residue is necessary if regula-
tory action is to be considered. Prima-
ry detection of the residue was made
via GC with a flame photometric de-
tector for phosphorus (FPD-P) fol-
lowed by confirmation via GC/MS us-
ing ammonia chemical ionization (CI)
and single ion monitoring (SIM).

Acephate (0,S-dimethyl acetyl-
phosphoramidothioate) (I) (Figure 1)
is a popular systemic insecticide wide-
ly used in the U.S. (more than three
million pounds per year) in controlling
a broad spectrum of arthropod pests
of plants. Foliar studies on acephate in
the cotton plant have revealed the ma-

This articie not subject to U.S. Copyright
Published 1985 American Chemical Soclety



jor metabolite (9%) to be methamido-
phos (0,S-dimethyl phosphorami-
dothioate) (II) with two other metabo-
lites (III and IV) at much lesser
concentrations (<5%). Although ace-
phate and methamidophos are of toxi-
cological significance (i.e., cholinester-
ase-inhibiting compounds), the other
metabolites pose no such threat.
Tolerances have been established
for acephate on various raw agricul-
tural dities at ration
levels ranging from 0.1 to 10 ppm. At
present, however, tolerance levels of
acephate have been limited to such
commodities as lettuce, celery, pep-
pers, soybeans, beans, meat (including
poultry), raisins, milk, and eggs. Al-
though the potential theoretical di-
etary exposure is well below the ac-
ceptable daily intake of 0.2 mg/kg
body weight/day set by the Environ-

mental Protection Agency, the in-
creased detection of acephate and
methamidophos residues by this labo-
ratory on both domestic and imported
produce warranted continued surveil-
lance for acephate and its metabolites.

Gas chromatography

During routine surveillance moni-
toring of a large number of domestic
and imported crops for pesticide resi-
dues, a sample of snow peas was ini-
tially determined to contain acephate
(Figure 2).

In addition to acephate, its major
metabolite, methamidophos was also
detected, together with dimethoate
and its oxygen analog (retention time
of 3 min). The other response appear
ing just before the elution of methami-
dophos was due to elemental sulfur;
the peak at 1.5 min is an unknown

The Analytical

ﬁxx:h

Thomas Cairns

Emil G. Siegmund

Gregory M. Doose

Andrew C. Oken

Department of Health and Human Services

1521 West Pico Bivd.
Los Angeles, Calif. 90015
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| SESTR e PN S SO
0 ) 2750804508
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Figure 2. Gas chromatogram of snow
pea extract using FPD-P detector; ace-
phate, 0.13 ppm and methamidophos,
0.02 ppm

CH3S 29
CH30 NHCOCH3

(U]
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CH30” NHp HOZ “NHCOCH; cH0” DoH
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Figure 1. Structures of acephate and its metabolites
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analytical response.
This incidence of
acephate on snow
peas indicated an
unregistered use,
and further investi-
gation into pesticide
application in the
general growing area was conducted.

Initially 119 samples were collected,
each representing a different grower
within the same general locale as the
original sample found to contain ace-
phate. The wide range of residue lev-
els detected in the snow pea extracts
indicated variations in the time of ap-
plication. Clearly, the highest levels
(four samples containing levels from
0.21 to 0.75 ppm) represented spray-
ing with acephate just prior to harvest
whereas extracts within the range
0.06-0.20 ppm (seven samples) could
have resulted from spraying at least
three days prior to harvest. Twenty
samples (0.01 to 0.05 ppm) had obvi-
ously been sprayed with acephate at
least one week before harvest. In 88
samples, no acephate was detectable
below the instrumental level of detec-
tion (0.001 ppm).

Acephate has been shown by other
workers to undergo rapid foliar ab-
sorption as well as translocation from
roots to fruit. Further evidence of this
was the concurrent incidence of meth-
amidophos (Figure 2). The mean ratio
of acephate to methamidophos for 25
samples with detectable levels of
methamidophos was approxi ly
3.0 with the range of ratios from a low
of 1 to a high of 9.5.

CHyS< L0
CH307" “NHCOCH3

1
_H; cn,s\Péo
CH30” - NHCOCH;

e

CH;S\ . éo

“Fu

Acephate m/z 184 miz 201
Mol wt 183
CHs* CHs*
i < ' )
TFH “FNn,
+.20. CH3S OH CHyS_ _-OH
/P\ 7\ P\
CH30 NHCOCH3 CH30: NH; CH30” “NHy
miz 136 miz 143 mz 160
Sch 1. Prop frag pathway of acephate under Cl conditions

sorbed dose of acephate within 24 h.
The experimentally observed values of
9.5 to 1 are consistent with the timing
of the application of acephate as out-
lined above. Ratio values in excess of
50% were indicative of fairly recent
spraying, whereas lower values indi-
cated spraying one to two weeks prior
to harvest.

Mass spectrometry

In developing an analytical protocol
to confirm the presence of acephate,
methamidophos, and its other meta-
bolites in snow pea extracts, CI was

the case of acephate (Figure 3), ammo-
nia was chosen as reagent gas for the
actual analysis because of the avail-
ability of three prominent ions (m/z
143, 184, and 201) for single ion moni- *
toring. It also enabled us to achieve
the necessary sensitivity (as low as
10 ng injected). The ions at m/z 184
and 201 represent the ions [M + H]*
and [M + NH,]*, respectively. Howev-
er, the ions appearing at m/z 143 and
160 deserve special comment.
Empirically each represents a twin
proton transfer with loss of the
COCHj group after protonation or ad-

It has already bee!l shown that the selected to enhance the relative abun- duct formation with [NH,]* (Scheme
expected concentration level of meth-  dance of the [M + H]* ions for such 1). This proton transfer is common
amidophos is about 9% of the ab- low molecular weight ds. In under electron impact conditions for

1003 (@) o L G ag 1007 (9 142

1

b

o % Relative abundance 8 o YbRelative abundance &
G4

T T L) 1& r =N ”vl‘ T L) L L) L) * Al
MH* s
142
M + NH,)*
159
L) T ’ L) 1?» l. T A ”la 1 ! L L) L ﬁ L) L
Figure 3. Cl mass spectra of acephate with (a) methane as Figure 4. Cl mass spectra of meth phos with (a) h

reagent gas, (b) ammonia as reagent gas

as reagent gas, (b) ammonla as reagent gas
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WHY lS OUR WORKSTATION
DATA ACQUISITION SYSTEM
@ THE COMPLETE SOLUTION?

Keithley DAS’ Series 500 work

data acquisition sys-

tem is the complete solution to your control and measure-
ment needs, present and future. Even a basic configuration
provides enough power and capacity for most lab and test
bench applications. As your needs become greater, you can
set it up to perform more complex or varied operations later
on. The key is: you configure it for your needs, whenever
you need to.

software envi d

: thermocouples, strain

charge of both mterfaces u, and RTDs; pulse counting;
ergcmlneeds there’s f mAcurmmloo input and output,
em500 analytical sensing of AC
chemistry software pack- and DC powerﬁm and programma-
age for chromal , ble excitation for transducers. All with
spectroscopy, erma% full software support.
Sy And the Seris.
. And the
gy And e Sl ALL THIS, BACKED
o BY KEITHLEY
A CHOICE OF PCs. Y.
AFu’slofall the Series 500 sup- Bd;'&_'ddwsafgg\)&ws
rtsthePCsmostcommolx)\lé by the Macmillan e and I e e
used in lab and R&D work: the IBM ASYST™ and Lab Note- ity :
l"CXm_'ll'and mtal():le PC; theoAp le 3v +  book™ software packages. designed i 10 provide the
and Ile; an e Com| rtable. We < pé
even support the Bﬂgyzgpmssor A CHOICE OF = Wa‘:l‘e d:-w
accuracy great-
With the Series 500, can any PC-based data
o SOFTWARE. choose from a larger
Our Soft500 package was written to of plug-in f““‘-‘“"“ cards
give beginners the accessibility and than any BACKED BY
ease of use they need to get results, yet ~ company o KEITHLEY
it also offers more ienced users
the depth and extra facilities necessary SUPPORT, TOO.
for more complex applications. Facili- We haven't pmvu;ed a complete
ties like high-speed samplmg, data solution unless we provide com-
d ped 1/0 Y R
an memory-ma or comes aone- m
?;ansr :‘;&:lu- ranty and 90 days’ free year

rupl dnven archxtecture allows data
acquisition in the backgmund and

lysis, control
and display in  the foregmund What's
more, with our new Plus500 interface,
you can also connect IEEE-488 instru-
ments to your PC and put the same

seling. Mostmportant.l‘aﬁdeyDAS

with a toll-free
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simple h p the most i ing
phorus pound; of while the electro-

However, such be-
havior under CI con-
ditions merits dis-
cussion. The site of

philic species [NH]* is still attached
to the molecule. Such reactions are
rare and demonstrate the feasibility of
an Sg2 mechanism with tandem rear-

initial protonation

or adduct formation
by [NH{]* to permit such proton
transfers must be viewed as occurring
at the phosphorus site. Although the
loss of the methyl ketonic grouping
could occur with concomitant proton
transfer to the nitrogen, the actual
source of the second proton transfer to
the oxygen of the P=0 bond is not as
clear. The most probable source under
CI conditions would be the reagent

gas.
Observance of the ion at m/z 160

To date, no such examples
of this extension of the Sg2 reaction
with concurrent double-proton trans-
fer have been reported. The remaining
ion in the spectrum of acephate under
methane CI conditions was at m/z 136
(Figure 3) corresponding to the loss of
3.
In the case of methamidophos, the

ion at m/z 94 represented the loss of
SCHj already observed under EI con-
ditions. This ion was the homologue of
m/z 136 observed for acephate.

Resldue confirmation

To match the sensitivity of the
FPD-P detector used for primary de-
tection of acephate and methamido-
phos, the snow pea extracts were ex-
amined by single ion monitoring using
ammonia CI conditions. In the case of
acephate the ions chosen for analysis
were m/z 143, 184, and 201 and for
methamidophos, m/z 142 and 159.

ammoma CI spectrum (Flgure 4) ex-

d only ions cor to [M
+ H]* and [M + NH‘]’ at m/z 1 142
and 159, respectively. However, under
methane CI conditions an additional

miz143

YT YT Y YT

Intensity w=p

m/z 184

Figure 5 illustrates the ion profiles ob-
tained for a typical snow pea extract
containing acephate at. the 0.5-ppm
level. Although the retention time and
relative ratios are consistent with the
presence of acephate, the broadening
of the profile for m/z 143 could be ex-
plained by the presence of metabolite
(II1) as [M + H]*. No evidence for the
presence of metabolite (IV) could be
found. In a similar manner, the pres-
ence of methamidophos was con-
firmed by observing ion profiles for
m/z 142 and 159 at the correct reten-
tion time.

Enforcement

How and when are such analytical
results used to control interstate mar-
keting of both domestic and imported
food commodities that contain illegal
residues of pesticides?

The Federal Food, Drug and Cos-
metic Act authorizes the Food and
Drug Administration (FDA) to initiate
seizure of such shipments considered
adulterated to seek an injunction

T
ScanNo. 100 200

®

Intensity e—p

m/z 143

m/z 184

B T y
“Scan No. 100 200
£ Time 0:50 1:40

4
300 400 500
230 320 410

Figure 5. SIM chromatograms for (a) acephate reference standard, (b) snow péa ex-

tract containing 0.5-ppm acephate
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ag urther ship and to in-
voke criminal penalties against the
firm and sometimes the individuals

ible for the adul ion.
Hlstorically about 3% of the surveil-
lance samples examined contained il-
legal residues.

Enforcement is exercised through
three main avenues. In cases where
the sampled commodity stays in the
state of origin, the results are commu-
nicated to state officials for intrastate
regulatory action. In some cases, the
interstate shipment is either voluntar-
ily destroyed by industry upon notifi-
cation of FDA findings or embargoed
by state officials and then destroyed.
Finally, by the time analytical results
are completed and reviewed, the ship-
ment may have moved even farther,
and it cannot be traced.

This last situation is most often ex-
perienced with fresh agricultural pro-
duce such as snow peas. In spite of the
inability to trace the fruit or vegetable
to its final destination, the informa-
uon acquired about specil' ic growers

1 sis ble in :
ing future shipments from the same
produce fields.







Modular flexibility — to fit
your needs.

ANTEK 3000 GC offers the chromatographer
maximum flexibility. Modular design lets you build the
exact system you need for virtually any analysis. Just
choose the desired combination of detector control
modules, power supply modules and flow systems.

Change the system
by simply changing modules.

1. Model 3000 Electronic Control Module is the
heart of the ANTEK system. It enables the chroma-
tographer to input all temperature parameters —
isothermal and programmed, timed events, analytical
methods, and numeric values for voltage and current
into the microprocessor.

2. Detector Control and Power Supply Modules
plug into appropriate control panel positions. Select
from four power modules and eight detectors to create
the right detection system for your analytical needs.

3. Flow Modules offers even more versatility. ANTEK
3000 provides flow systems for thermal conductivity
and/or ionization detectors, packed column, capillary
or wide bore capability. With ANTEK 3000, the
flexibility is built-in.

The ANTEK 3000
Gas Chromatograph
puts you in control.

At last, the complete control of a gas chromatograph
has been placed where it always belonged — in the
hands of the chromatographer. ANTEK introduces
state-of-the-art simplicity in an instrument so versatile,
it can be programmed to your precise specifications
at the touch of a finger.

Simple touch pad actuates the built-in microprocessor
control functions and analytical parameters.

Lighted display buttons tell you at a glance precisely
what conditions are being utilized and the status of the
analysis.

Analytical conditions and control functions can be
changed at any time by the simple touch of a button.

Your methods can be developed, stored, recalled
and used with unprecedented ease.

Modular touch pad front panel and diverse flow
panel provide maximum fiexibiiity.




Microprocessor and detector control printed circuit boards are
easily accessed for speedy troubleshooting and service.

Graphic representation of interaction of the
chromatographer, interface,

Now you can have direct
control of GC functions.

Manipulating GC functions has never been so easy.
Chromatographic parameters may be changed with as
little as one key stroke.

A sealed, easy-touch front panel keypad controls
communication with the microprocessor. LED's and
intelligent alphanumeric displays guide the chroma-
tographer during programming. The displays also give
the status of the system.

For example. To set the column oven temperature to

o e

DISP

o [ e
PROG TEMP

To change attenuation on Electrometer Channel B to

64, simply touch: ) )
(in Channel B section)

Setting or changing all parameters is just as easy
as demonstrated above. During construction of the
temperature programs, the alphanumeric display
conveniently guides the chromatographer.

Take a look inside the

ANTEK 3000 microprocessor.
To the left, the diagram describes how the micro-
processor works. The chromatographer has direct
control of all GC operations through the sealed
touch keypad.
As entries are keyed, the microprocessor controls ali
GC functions. Front panel LEDs reveal system status.
The alphanumeric display provides meaningful mes-
sages to aid in both programming and trouble shooting.
Microprocessor electronics are housed in replaceable
circuit boards for ease of service.

microprocessor and GC.

The Oven.

Large column oven gives you
maximum flexibility in the selec-
tion and placement of inlets,
columns, valves and detectors.
Oven size specifications are 35.0
cm wide X 24.9 cm high X 22 cm
deep (13.8in.x9.8in. x 8.8in.)
with a volume of 19522 cm?
(1190 in.3).

Components
Capillary Injectors

1. Cool-on-column

2. Spiit/Splitless

Packed Column Injectors

Detectors Installaton of up to 4

of the 8 available detectors provides
the versatility needed to meet today's
demanding analytical tasks. All 8 de-
tectors are compatable with packed or

Total microprocessor control provndes accurate fepm- capillary columns.
ducible chromatography and activation of sampling and 1 5.FPD
column switching valves. Temperature control software 2 6. TID/CFID
gives precise heating rates and very rapid cooldown S.HD . 7.ECD
(250°C to 50 °C in just 3.5 minutes) AUe, 8. oo
3 < Combined with Immhu. sample valves, column switching
Component flexibility makes it easy to pick a system to fit your valves, data sy the ANTEK 3000
application. Accommodate from 1 to 4 injectors and detectors has the vetnﬁlty to pm you h total control.
with 1 to 4 packed columns or up to 4 capillary columns. Options *New detector, see specifications.
Model 736-2V Autosampler Valvngmmgmdon Eight detectors available Model 4270 Chron
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ANTEK 3000

Specifications

Column Oven
Size: Hﬁ:'ll 249cm(9.8in.)
Wi 35.0cm (13.8in.)
Depth 224cm(8.8in.)
Volume: 19522 cm? (1190 in3)
: up to four 30 ft. metal %" OD columns or;
up to four 10 ft. glass %" OD colurnns or;
up to four 100 m capillary col
Temperature Range: 5°C aboveambuennoaz.'a'c -99°Cto
425 °C with ic option.
Rate: 250 °C to 50 °C in 3.5 minutes.
Column Oven Temperature
Miltilinear Temperature Program: 6 steps
Delay Times: 0 to 650 min. in 0. 1 min.

increments
Ramp Rates: 0 to 20 °C/min. in 0.1 °C/min.
increments

Isothermal Zones
;io;npemmm Range: Ambiem to 425 °C
Mo m;edor two demor and lwo auxillary.

Smgeois thods for exact rep ion of
analytical parameters.
Timed Events
Eight programmable events for valve switching or
actuation of other accessories.
Injectors
Flash v tion, cool and heated on-column,

aporizalf
%" and Y, for packed column.
Cool: and sp i for capillary columns.

Th | Condulmvity (TCD)
ermal
Sensitivity: 11 wv/ppm (5 x 103 mV-ml/mg) butane at 300 ma,
120 °C, He carrier.
Minimum Detectable Limit: 3 x 10-10 g/ml butane.
Linearity: >105, butane.
Power Supply: constant current, 0 to 300 ma in 1 ma increments,
C ﬁlamen'laprotad Il voll 30 ul.
apil tion: cell volume 30 u
Flame ll:r:yxza N (FID)
i : >0.015 coull

gC
Mlnlmum Detectable Limit: 4 x 10‘2 glsec.

Linearity: >107, butane

Noise: 2 x 1014 amperes

Electrometer: Single or Dual/Differential
e o oot

enerally nsed: No specific license required.
Minimum Detectable Limit: <20 ppb N, >

<10 ppb CO,

<10 ppb CH,
Linearity: >104
lonization Source: 190 mc 3H
Power Supply: 0 to 1200 VDC in 1 volt increments
Electrometer: Single or Dual/Ditferential
Universal Plasma lonization (UPID)
Licensed: No

specific license required.
Minimum Detectable Limit: <100 ppb for permanant gases and

light
Linearity: >103
lonization Source: 190 mc 3H
Power Supply: 0 to 1200 VDC in 1 volt increments
Electrometer: Single or Dual/Differential

Flame Photometri ‘FPE)
Minimum Det imit: Sulfur <1010 g/sec.
Phosphorus <1012 g/sec.
Range: gulfur >109
>

Thermionic lonization (TID)
Minimum Detectable Limit: 1 x 10-3 gN/sec. (azobenzene)
5 x 10" gP/sec. (malathion)
Linearity: 2 x 105 for N
Electron Capture (ECD)
Minimum Detectable Limit: 0.1 picogram Aldrin
Dynamic Range: >10S for Aldrin
ggI;Volum_le_ 180 ul 320°C
rating Temperature: up to
Carrier Gas: Nit /Methane
Chemiluminescent Nitrogen (CND)
Type: Pyro-chemiluminescent, totally specific
for ni
Aini Limit: <1 g N
Dynamic Range: >105
Detector Controllers
Electrometer
Used with: FID, HID, UPID, TID
Types: Single input with single output or Dual input
wﬂh  single, dual or dual/ meronhal output.
:5x1013 illivolt
Anenualor Binary from 1 to 1024 and infinity.
Auto Zero: Standard

Drift: <10 u at constant
Output: Recorder 0—1mV
Computer 0—1V
0—10V

Constant Current Power Supply
Used With: TCD, FPD
Range: 0 to 300 ma in 1 ma increments
Amplifier Gain: selectable at 1X, 10X or 100X amplification
Attenuator: Binary from 1 to 1024 and infinity
Auto Zero: Standard

High Volmge Power Suj Bp z

sed With: HID, UPI PD

Range: O to 1200 volts DC in 1 volt increments
Pol +and -

Stabnmy bener than 0.002%

Flow System

Carrier:
1) manual tlow control

2) with p guage
?hoptmnal d-gna] flow controller

Onloﬂ valves with adjustable metering valves

Filters:
1) optional particulate filters

2) ophonal H,0/Hydrocarbon filters
Power Requirements

115 VAC 60 Hz 2200 watts

230 VAC 50/60 Hz 2200 watts
Physical
Height: 43.2cm (17.0in.)
Wldth

Weighl: 61kg (135 Ibs.)

ANTEK INSTRUMENTS, INC,

ANTEK INSTRUMENTS, INC.
6005 North Freeway

Houston, Texas 77076-3998
713/691-2265

TWX: 910 881-1792

©Copyright Antek Instruments, Inc. 1985

ANTEK INSTRUMENTS, GmbH
Wacholderstrasse 7

D-4000 Dusseldorf 31 (BRD)
Telefon (0203) 74325/6

Telex: 8588297

Answerback: ANDU D

Printed in USA
A-3000-85



important reasons to invest in a
PACKARD GC NETWORK

e Operational Simplicity and

Security

Centralized network control on the compact
Network Manager, in any convenient
location. Place it on your office desk to
program and monitor all network
instruments, with instantaneous access to
the status report of any network GC. And,
since satellite GCs have no programming
facilities of their own, they are completely
secure against accidental or unauthorized
changes to stored and active GC methods.

® One-Shot Samplers
Are new automatic injection devices that
offer extremely accurate and reproducible
sample introduction. An ideal network
accessory for routine process control
environments as well as research labs, the
One-Shot Samplers eliminate human error
and save money on costly syringes.

® Cost Savings
One Network Manager with two satellite GCs
costs about the same as two conventional
GCs, forming the ideal low-cost entry into
the Network. Expand it as and when
desired; the bigger it gets - the larger your
accumulated savings.

Ask for our brochures!

PACKARD INSTRUMENT B.V.
A UNITED PO Box 5192600 AM Deitt The Netheriands
TECHNOLOGIES PACKARD INSTRUMENT INTERNATIONAL S.A.
PACKARD Renggerstrasse 3'CH-8038 Zurch/'Switzerland

PACKARD INSTRUMENT COMPANY, INC.
CIRCLE 170 ON READER SERVICE CARD 2200 Warrenville Roaa/Downers Grove. IL 60515US A



A closer look at the MTS800 Multi-Titration System

Radiometer presents the new MTS800 Multi-Titration System.

The MTS800 gives you unprecedented simplicity of operation
on top of our world-famous Radiometer reliability.

The MTS800’s microprocessor memory permanently stores up to
31 methods, and allows you to retrieve them at the push of a
button and use your choice of titration modes: End-point, inflection
points, or Karl Fischer. Titrant volume resolution of 0.1 1 helps
you detect even the weakest equivalence points.

MTS800 will prove to be a faithful partner in the lab. Whether you
work with large batch analyses or single titrations, you will find
that the unique features of the MTS800 speed up work without
compromising accuracy.

For all the facts ask for

our free brochure. Call toll free, RADlOMETERK@‘_
1-800-321-9484. In Ohio, please B 3
call 1-216-871-8900. COPENHAGEN a2

Analytical Instruments Division

We're as sensitive
about titration as you are

WORLD HEADQUARTERS: RADIOMETER A/S, EMDRUPVEJ 72, DK2400 COPENHAGEN, DENMARK
IN THE U.S.: RADIOMETER AMERICA, INC., 811 SHARON DRIVE, WESTLAKE, OH 44145
CIRCLE 179 ON READER SERVICE CARD



Useful Text for the Beginning Electroanalyst

Lab y Techniq In Elect

d ding from readers who have

Iytical Chomlslry Peter Kissinger, Wil-
liam Heineman, Eds. xv + 751 pp. Mar-
cel Dekker, 270 Madison Ave., New
York, N.Y. 10016. 1984. $34.75

Reviewed by Fred Anson, California
Institute of Technology, Division of
Chemistry and Chemical Engineer-
ing, Room 127-720, Pasadena, Calif.
91125

Editors Kissinger and Heineman
and the illustrious group of authors
they have assembled have made a ma-
jor contribution to electroanalytical

hemistry with the app of this
volume. The two editors also serve as
authors or coauthors for 8 of the 24
chapters, which are admirably consis-
tent in the style and level of the pre-
sentations. Some of the editors’ inten-
tions for their collection, as stated in
the preface, do a good job of conveying
the flavor of the book:

“. .. this book was conceived in 1970

.. to provide a means of enabling a
neophyte . .. to get started in the lab.
During the decade over which this ef-
fort has spanned the emphasis. . . ex-
panded to include a peda.goglcal com-
ponent.”

“The emphasis of this book is en-
tirely on analytical and mechanistic
(h ), kinetic (h
eous), and synthetic (laboratory scale)
applications.”

“The organization of the book flows
from principles through methodology
to applications.”

This book differs from most of its
predecessors in studiously and un-
apologetically eschewing mathemat-
ical derivations as much as possible. In
their place one is offered clear, care-
fully considered qualitative descrip-
tions of the physical situations that
are the cause and the result of the pas-
sage of current through electrochemi-
cal cells. The treatment is both ap-
pealing and stimulating. The more rig-
orous mathematical treatments
available in the well-known books by
Delahay and Bard and Faulkner may
well receive added appreciation and

been guided in their direction after
being introduced to the topics in the
informative and seductive forms em-
ployed in this book.

I concur with the editors’ opinion
“that Chapters 2 through 5 are suit-
able for use in graduate-level intro-
ductory courses in electroanalytical
chemistry.” (Indeed, several other
chapters, e.g., 6, 16, and 12, could also
serve this purpose admirably.) Chap-
ters 2-5, written by the editors (and
their associates in one case), treat the
fundamental concepts underlying es-
sentml]y all dynamic electroanalytlcal

h with ped.

ly useful in assisting students and col-
lt;aguee in u'ymg out an unfamnluu-
elect

descriptions provided are both clear
and encouraging. The book deserves
the popularity with which it will un-
doubtedly be received. My advice to
fellow electrochemists is to buy two
copies—one to keep for handy refer-
ence and a second to lend to the army
of friends and colleagues who are apt
to descend upon us in search of the
answers that they’ve heard the book
can provide.

mmmwmm

and an arresting style to
most previous monographs on elec-
troanalytical chemistry. For example,
a derivation of Fick's second law of
diffusion is followed by these sen-
tences: “The solution of diffusion
equations has fascinated academic
electroanalytical chemists for years
and they naturally have a tendency to
expound upon them at the slightest
provocation. Fortunately the chemist
using electrode reactions can accom-
plish a great deal without more than a
cursory appreciation of the mathemat-
ics.” The succeeding chapters in the
collection amply support this conten-
tion. The topics treated cover virtually
everything a beginning researcher
needs to know to undertake laboratory
work in electroanalysis: analog instru-
mentation; the virtues and limitations
of electrodes made of mercury, carbon,
or films; electrochemical cells and sol-
vents; and useful techniques involving
vacuum lines, controlled atmospheres,
electron spin resonance, photochemis-
try, conductance, and digital simula-
tion. Illustrative examples are used in
discussions of organic electrode reac-
tion mechanisms, transition metal
electrochemistry, analysis of pharma-
ceuticals. applications of electro-
to.ch

phy, electrochemical tra-
tion, and constant- current
coulometry.

I have already found this book high-

RaymondPW Soon.Ed xm+ 271 PP
John Wiley & Sons, 605 Third Ave.,
New York, N.Y. 10016. 1984. $48.50

Reviewed by Richard Hartwick, De-
partment of Chemistry, Rutgers Uni-
versity, New Brunswick, N.J. 08903

“Small Bore Liquid Chromatogra-
phy Columns” is a timely addition to
the Chemical Analysis Series, edited
by one of the founders of the field of
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U3 union GIKEN
STOPPED FLOW

Union Giken apparatus achieves a
dead time as short as }% millisecond
for measurement of fast reactions.
Gas pressure is directly applied to
the surface of the reactants in each
reservoir, mixing and flow being
controlled from the end of the
system by a high-response stop
valve. The RA-401 STOPPED
FLOW SPECTROMETER is the
ideal match for fast reactions.

The RA-451 DATA PROCESSOR gener-
ates a simulated reaction curve from

Books

“microbore” HPLC. As stated by
Scott in the preface, the term micro-
bore has probably been rendered obso-
lete by advancing technology. He sug-
gests instead that “small bore” col-
umns be used as the generic appella-
tion of columns in the range of
1-2-mm i.d. There is still no general
on the lature of
HPLC using columns smaller than the
current standard of 3-5-mm i.d.
Scott's suggestion is probably a good
one, except that the term mlcmbore in

adequately covered, since much of this
is being done with packed fused-silica
columns. Also, the field of LC/MS,
which seems destined to become one
of the primary driving forces for the
trend toward micro-LC, is only super-
ficially mentioned. A full chapter de-
voted to this topic could have added
depth to the volume.

A strength of the book is the com-
prehensive manner in which all major
aspects of chromatography with
1- mm-i.d. columns are covered. A

connection with 1-mm-i.d.
already so well established in the llt-
erature that a change at this late date
is probably ill-advised. Besides, small
bore is still a comparative, rather than
an absolute, term and may in several
years represent “conventional” or
even “semipreparative” LC, depend-
ing on how far the trend toward min-
iaturization continues.

The book sets out with a deliberate
bias in that it deals almosl exclustvely

chr h ding to do work
with this type of instrumentation
could successfully begin work in this
area using only this book as a guide.
Thus, the book should be useful for
those chromatographers who are con-
templating starting up a 1-mm-t.d. in-
strument in their own labs.

In summary, this volume should be
a useful addition to the library of the
chemist needing a handy reference to
the literature and use of 1-2-mm-i.d.

with 1-2. id.

1 As with any rapidly advanc-

as implied by the title. The extenswe
literature on packed fused-silica col-
umns of several hundred micrometers
i.d. is not addressed. This is not neces-
sarily a weakness, because the book
gains a certain strength from limiting

ing field, some material is undoubted
ly dated, but this does not detract
from the utility of the book as a basic
work. Overall, the editor and the con-
tributors effectively present the ad-
vantages and limitations of small-bore

its focus to one specific type.
However, this is mentioned for the
sake of the reader who might expect a
comprehensive lu'eause on a]l aspecvs

col and the role they play in
thedevelopment of HPLC separations.

Regulatory Compli Moni g by
89c1roscopy . Sid-

of microbore

The book consists of 11 chspters,
with the first six focusing on the the-
ory and instrumentation of small-bore

h Chapters 7-11 re-
vnew particular apphcauons of these

the results and y
calculates the rate constant.

REDUCTION OF CYTOCHAOME €

s750m

The RA415 RAPID SCAN ATTACH-
MENT monitors the change in absorp-
tion spectrum during the reaction.

Other attachments are available for
T-jump, P-jump, fluorescence and
flash photolysis.

4Wwwﬂlm.nlfwmm“ls-

ATAGO. BUSSAN co,, LTD

In general, the information
contained in the chapters is useful to
the practicing chromatographer. The
first four chapters, dealing with band
dispersion and instrumentation, re-
view basic chromatographic equations,
expressed in terms of small-bore LC.
The theoretical treatment suffers
from being spread over several chap-
ters by three different authors; howev-
er, the equations are unified in their
nomenclature. A more comprehensive
treatment by a single author of all the
instrumental theory covered could
have strengthened this aspect of the
work. In fairness, however, such cohe-
siveness is virtually impossible to sus-
tain in any multiauthored volume.
Some sections, such as that on serpen-
tine tubing, assemble in one place a
variety of useful equations normally
scattered about the literature.

The chapters on applications do a

ney Katz, Slephen Jenniss. vii + 278
pp. Verlag Chemie International, 303
N.W. 12th Ave., Deerfield Beach, Fla.
33441. 1983. $37.50

Reviewed by Theodore Martin, U.S.
Environmental Protection Agency,
Environmental Monitoring and Sup-
port Laboratory, Cincinnati, Ohio
45268

This book is a descriptive collection
of various atomic absorption method-
ologies used for the analysis of envi-
ronmental samples. The majority of
the methods included are analytical
procedures used for compliance moni-
toring. The text, which consists of
eight chapters, is introduced by a gen-
eral discussion on some practical as-
pects of atomic absorption analyses
and concludes with a suitable discus-
sion on the needs and requirements of
a laboratory quality assurance pro-
gram. Two chapters are specifically
devoted to sampling, sample preserva-
tion, and preparation procedures,
whereas the remaining four chapters
address the analytical requirements of

good job of covering 1-mm-i.d. col

3 S he S
“Telex: 25 I Clbh TAGOA TOKVO

" Phone: (33) 432-8741

CIRCLE 2 ON READER SERVICE CARD

logy. Some of the more exciting
work in narrow-bore instrumentation,
such as laser-based detectors, is not
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the itoring methods for air, water,
solid-type samples, and tissue analy-
ses.

(continued on p. 587A)
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Now llnpmve
microanalysis 6 ways.
EDAX 9100-LX.

EDAX® answers your microanalytical :
needs with proven Application e
Software in EDS, EELS, diffraction, WEDAX :
stage control and s -
=== particle detection;
and with Software
that provides pre-
cise beam control
in SEM and STEM.
EDscan™ X-ray and
Electron Imaging for
spatially related chemical

analyses in full color. And
Standardless Quantitative Analysis
with automatic peak identification. World
renowned ECON® Series Detectors
for light element analysis down to boron. R,
Ve S
Dynamic Function Keys
for one-keystroke ease
of operation. And the
Dynastatic Display
for smooth automatic
vertical scaling change and
easy-to-read spectral display.
System 9100-LX. The proven answer to your =
microanalytical needs.
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Ask about it. Contact EDAX N
at (312) 634-0600.
ECON is a registered trademark and EDscan s a irademark of EDAX International, inc.
EDAX INTERNATIONAL, INC., PO. Box 135, Prairie View, IL 60069 FIRST NAME IN MICROANALYSIS
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Ireat yourself toroutine
chromatographic analysis!

Isographic
contouxr plots

3-D plots

Chromatograms
Spectra

Spectral
ovexrlay

Normalized
spectra

Peak
integration

Peak purity

Peak
identification

Optimized S/N
enhancement

Automated diode array detection gets your work done faster and more reliably

Save time, trouble and guesswork. Your existing
HPLC system can now be completely automated
for maximum QC productivity. Peak purity control
and positive component identification is all yours
at the touch of a button!

Using LKB'’s Rapid Spectral Detector and
Wavescan software, your IBM XT/AT is powered
to store multiple runs, however short or long. And
fast access storage gives you the analytical control
no other system offers. Manipulate raw data for
more information, greater detail and increased
certainty—you'll run every sample just once!

Wavescan equips you with multiple display for-
mats, powerful deconvolution and sophisticated
derivative techniques. Lets you explore the whole
chromatographic landscape without missing a
single peak!

Drive a cursor through colour coded isograms,
and you'll instantly access optimal chromato-
grams. Now go ahead for peak integration. Track
again and you'll generate optimal spectra. This is
the kind of routine analysis you've always wanted,
always needed. It will even find you peaks you
might have missed in the noise!

From storage to hard colour copy, Wavescan auto-
mates diode array detec-
tion to give your HPLC
a big boost in output.
Now give your analysis
work the breakthrough
it deserves. Go on, treat
yourself. Get in touch
with LKB. You'll be glad
you did!

LKB-Produkter AB, Box 305, 8-161 26 Bromma, Sweden. Tel. +46 (8) 98 00 40, telex 10492

Antwerp (08) 218 93 35 - Athens-Middle
Lucerne

East +30 (1) 894 73 96 - Copen!
(041) 55 44 57 - Madras (044) 45 28 74 - Moscow (095) 256-9002 -

(01) 29 50 44 - London (01) 657 88 22

Rome (06) 39 90 33 - Stockholm (08) 98 00 40 - Tokyo (03) 208-5141 - Turku (021) 678 111

Vienna +43 (222) 92 16 07 - Washington (301) 963 3200
Over 60 qualified rep! 1

Zoetermeer (079) 31 92 01 351

hroughout the world.
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Environmental
Sampling for
Hazardous
Wastes

———CT.

Glenn E. Schweitzer and John A.
Santolucito, Editors

U.S. Environmental Protection
Agency

Underﬂnn the conce'm and need lor

umpllng Surveys the problems of

enwrlng the chemical integrity of
ples from to Y
and izing and ing

sites. the
!mpgmm elpocu of designing and

p
emphasizing surtace and subsurface
sampling for hazardous wastes.
Looks into the experiences of federal
and state ngoncln, and academic and
institutional organizations. Cites
several successful field programs for
sampling dioxin, lead, and cyanide.

CONTENTS

Hazardous Waste: Questions and Issues from
the Field » Uses of Environmental Testing in
Human Health Risk Assessment * Assessing
Cyanide Contamination from an Aluminum
Smelter * 2,3,7,8-Tetrachlorodibenzo-p-dioxin
Sampling Methods * Field Measurement of
Polychlorinated Biphenyls in Soil and Sedi-
ment Using a Portable Gas Chromatograph *
Using Geostatistics in Assessing Lead Con-
tamination near Smelters  Lead Levels in
Blood of Children Around Smelter Sites in
Dallas * An Approach 1o Interdisciplinary
Design of .

Books
==

The methods included are not limit-
ed to those published by the U.S. En-
vironmental Protection Agency (EPA)
and the National Institute for Occupa-
tional Safety and Health; methods
from foreign governments, in particu-
lar the Canadian Department of the
Environment, with references to work
by professional scientific societies and
other researchers, also have been in-
cluded. The authors do not present a
critical review of the methods, but list
similar methods for each analyte for a
comparative review by the reader. An
important feature of the book is the
interspersing of appropriate com-
ments and references to related re-
search work throughout the text.

The book is intended to be an aid to
analysts in presenting the required de-
tails of official methodology with a
brief statement on the purposes of
regulatory compliance monitoring.
The book is easy to read and for the
most part accomplishes its goal. As
with all texts a few typographical er-
rors do appear as in the table on regu-
latory limits (p. 4), where the drinking
water maximum contaminant level
concentrations for cadmium and sele-
nium are incorrect, and chromium is
listed as a hexavalent measurement.
Also, important sentences from the in-
troduction to the EPA chelation ex-
traction procedure (p. 65) as well as
reagent preparation steps have been
omitted, which significantly affects
the reader’s ability to understand the
procedure.

Overall the book is useful and
should be considered a resource. How-
ever, the reader should not substitute
its use for original referenced material
from which the methods have been ex-
tracted. The reader must also be
aware that periodic updating of ap-
proved methodology and regulatory
changes may date some information in
the text. The Federal Register should
be Ited for appropriate ch

Methods in Environmental Sampling * Soil
Sampling Quality Assurance and the Impor-
tance of an Exploratory Study * Quality
Assurance for Measurement Program * New
Ways of Assessing Spatial Distributions of
Pollutants « Detecting Elevated Contamina-
tion by Comparison with Background

Basadonn wolkshop sponsored by the ACS

lhc us. Enwonmonml Protection Agency, and
the University of Nevada—Las Vegas

ACS Symposium Series No. 267
144 pages (1984) Clothbound

LC 84-20480 ISBN 0-8412-0884-0
US & Canada $34.95 Export $41.95
Order fr
Amriun Chﬂn‘cll QOGIQ
Distribution Oftice
1155 Sixteenth St.,
ington, DC z«m
or CALL TOLL FREE 800-424-6747
and use your VISA, MasterCard,
or American Express credit card.

as they develop.

Books Received

The Analysis of Plastics. T.R. Cromp-
ton. ix + 445 pp. Pergamon Press,
Maxwell House, Fairview Park, Elms-
ford, N.Y. 10023. 1984. $49.50

Officlal Methods of Analysis of the As-
lation of Official Analytical Chem-

Ists. 14th ed. Sidney Williams, Ed.

1141 pp. Association of Official Analyt-

ical Chemists, 1111 North 19th St,,

Suite 210, Arlington, Va. 22209. 1984.

$133.95 (U.S. members); $148.50 (U.S.

ne bers)
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How to select
LC filters

to maximize
resolution.

A column inlet filter is usually
necessary to capture contaminating
particles, yet this filter may easily
impair resolution if not wisely selected

Rheodynes Tech Note 6 reports
experiments measuring how much
filters of various sizes and flow geom-
etry affect the resolution achieved
by columns of several sizes

The newer microbore columns and
short 46-mm columns prove to be
most sensitive to filter performance.

If their resolution is to be preserved.
an inlet filter with very little sampie
dispersion must be used

The Tech Note helps the reader
select the optimum filter for his appli-
cation: one with little enough sample
dispersion to preserve resolution, yet
large enough capacity to prevent a
rapid rise in backpressure

Send for Tech Note #6

For a copy free of charge contact
Rheodyne, Inc.. PO. Box 996,
Cotati, California 94928, USA
Phone (707) 664-9050

=R
RHEOD‘.’INE

THE LC CONNECTION COMPAN
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Perkin-Elmer continues
its Lambda Array tradition ...
with the IBM PC

Lambda Array 3840 now interfaces
with the IBM Personal Computer to
provide the most versatile UV
spectrophotometer and data handling
system available: a state of the art
diode array fast scan spectrophoto-
meter using Perkin-Elmer’s turnkey
software, and a personal computer
with the most extensive library of
compatible software ever developed.

Low cost fast scan

Lambda Array 3840 brings you
unmatched optical performance with
the total capability of a diode array
photometer. Now you can choose the
controlling computer: either the
Perkin-Elmer Series 7000 Profes-
sional Computer or the IBM PC. Both
display spectra within two seconds
... and one computer is best suited
for your application.

Optical performance you
expect

Lambda Array 3840 with the IBM
PC provides the same high perfor-
mance specifications: resolution up
to 0.25 nm and stray light less than
0.05%T. This is because the optical
module has not been changed or
compromised. You choose the
computer to fit your needs and
budget.

A new turnkey software
package

To bring you a low cost, diode
array spectrophotometer, totally new
spectroscopy software for the IBM
PC was developed. The new software
allows many of the features found on
the Perkin-Elmer Series 7000 Profes-
sional Computers. We have taken the
features you most often use: data

acquisition and archiving; spectral
difference and derivatives; spectral
enhancement and calculations; and
we have included them in our new
software package, PECSS.

We’'ll help you choose

With the Lambda Array 3840 and
the controlling computer of your
choice, you're the winner. Call us toll
free at (800) 323-7155, (in lllinois, call
(312) 887-0770) and we will help you
make the decision. Or contact one of
the offices below.
Perkin-Elmer Corp., Analytical Instruments
Main Avenue. (MS-12), Norwalk, CT 06856
U.SA Tel (203) 762-1000. Telex 965-954
Bodenseewerk Perkin-Eimer & Cc., GmbH,
Postfach 1120, 7770 Ueberlingen, Federal
Republic of Germany. Telex: (07551) 811
Perkin-Elmer Ltd., Post Office Lane,
Beaconslield, Bucks, HP9 1QA, England.
Tel: Beaconsfield (049 46) 6161

PERKIN-ELLMER

The science_and computer company.
Where solutions come first.

CIRCLE 169 ON READER SERVICE CARD
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rtner in science and health

yourpd o

Routine Ultracentrifuges
TGA-45/55/65

Your partner in science and health

fl74 KONTRON
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’Iheyhaveallpubhshedartncl&s
in the journals of the American Chemical Society.

* Analytical Chemistry
® Chemical &

Engineering News
* CHEMTECH

* Environmental Science
& Technology

® Accounts of Chemical
Research

. Biochemistry

® Chemical Reviews

* Industrial & Engineering
Chemistry—Process Design
and Development

® Industrial & Engineering
Chemistry—Product R&D

* Industrial & Engineering
Chemistry—Fundamentals
* Inorganic Chemistry
* Journal of Agricultural
& Food Chemistry
* Journal of the
American Chemical Society
* Journal of Chemical
& Engineering Data
* Journal of Chemical

Information and Computer
Sciences

® Macromolecules
* Journal of Medicinal
emistry

® The Journal of Organic
Chemistry

® The Journal of Physical
Chemistry

* ACS Single Article
Announcement

® Journal of Physical and
Chemical Reference Data

* Organometallics

* Langmuir

American Chemical Society—
chemical publishers since 1879.

Send orders or inquiries to:
1155 Sixteenth Street, N.W.
Washington, D.C. 20036 U.S.A.

Cable Address: JIECHEM
Telex: 440159 ACSPUI or
892582 ACSPUBS

U.S.A. Call toll free: 800-424-6747



PHILIPS ANALYTICAL GAS CHROMATOGRAPHY

The achievement

Superlatives have no r -3 ru unique and
the PU 4900 for they s behind this i
comparisons which cannot be “Total S‘/s'.ern-Po er" by P
made. Analytical and can be defined as
Instead, its introduction the integration of chromato-
invites an understanding by graphy and data handling in a Pye Umcam Ltd
everyone involved with GC that ~ single, uncompromised, York Street Cambridge
the technique has finally achieved  analytical program. Great Britain CB1 2PX
its true fulfilment. Capillary, multi-dimensional or  Tel (0223) 358866 Telex 817331

PU 4900 - the Total Analytical Chromatograph

priups] Scientific & pH I LI ps
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The Perfect‘‘10”

Your time is too valuable
to waste on anything less
than the top journal in your
field. For 56 years, the
highest standards for
excellence have kept
Analytical Chemistry ahead
of the rest.

And a personal subscription
will help keep you ahead of the
rest in at least ten ways:

1 Issue by issue, you build a

o personal desktop library of
advanced research.

You get more pages of
2 e scholarly excellence in
Analytical Chemistry than
anywhere else in the field.

3 Analytical Chemistry.

Analytical Chemistry is
5 e where the experts publish
and where the experts go for
information.

Analytical Chemistry's
6. vast informational resources
will help you anticipate any
developing technologies or
methodologies that are likely to
influence your functions.

Its broad scope provides
7. complete and timely
information on the varied facets
of analytical chemistry. You'll be
kept up-to-date on
instrumentation, regulations,
new product breakthroughs,
literature and more.

Practical, hands on
8 » information is yours .

chemlstry

latest in product and literature
resources. Simply use the reader
service card for quick access to
more information.

And, you'll receive two
1 O. special BONUS issues
cach year: the annual LabGuide

. your personal consultant to
equipment and suppliers and the
REVIEWS issue . . . 400 pages
surveying the most recent
literature, focusing on
Fundamentals and Applications
(in alternate years).
So, why settle for anything
less? Go right to the top
with ANALYTICAL
CHEMISTRY!

For information, write

_ANALYTICAL CHEMISTRY,

Clrculauon Ofﬂce, The Amcru:m
6




New peaks for LG

You're looking at the shape of the
future in liquid chromatography.

Analysis by the dramatically
effective new techniques of ~
Microbore and FAST, plus the
ability to enhance results using
conventional columns

It's all possible with a single
system, if you invest in one of the
new isocratic or gradient low
dispersion LCs from Pye Unicam.

Their very low extra-column
peak dispersion stems from a
new range of pumps capable of
exceptionally smooth and precise
flow rates variable from 10 ulto
10 mli/min.

Flexibility and accuracy is
maintained by the new PU 4025
variable wavelength UV detector
offering 100 ms response time
and available with a choice of four
flowcells to suit every purpose

Whether you are interested in
better economy, sensitivity
sample throughput or simply
better LC the new low dispersion
range from Pye Unicam will help
you achieve new peaks. Send
today for full information.

Pye Unicam Ltd
York Street Cambridge
Great Britain CB1 2PX

Tel (0223) 358866 Telex 817331

PHILIPS

puiups| Analytical
Equipment
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Formal Reports
Service Reports
Letter Reports

Proposals
Support Material
Directions and

Instructions

The successful chemist writes a good many technical
papers in a lifetime . . . some in-house, some for
publication, some for clients or potential clients. In any
case, careers are often helped—or hindered—by the
caliber of those papers.

Fortunately, writing good, sound technical papers is a
skill that can be mastered. The ACS Audio Course,
PRACTICAL TECHNICAL WRITING, is designed to help
scientists and engineers express themselves clearly,
convincingly, and professionally.

Combining the ease of listening with the challenge of
doing, the course consists of eight audiotape cassettes,
with a total playing time of 5.3 hours, and an integrated

manual which includes examples and exercises covered
in the lecture, as well as additional information and
instructions.

NO RISK: 10-DAY FREE TRIAL

Order your course in Practical Technical Writing now.
Look over the manual. . . listen to some
of the cassettes . . . see
how comprehensively the
manual and cassettes
complement each other.
Read the examples of sound
technical writing. Notice
the clear Do’s and Don’ts
spelled out in the easy-to-
read sections. Then start
the course. Try some of the
exercises. If you are not
satisfied, return it to us
within ten days
and all billing
will be cancelled,
or your money
will be returned.

........................................ "
| ACS Audio Courses !
1 1155 Street, N.W., D.C. 20036 H
] 1
| Pleasesendme _ Practical Technical Whiting Courses @$265.00 |
1 Pleasesend additional manuals at a total costof 1
{ O Please send me information on other available Audio Courses. \
1 O Payment enclosed '
! Chagemy O VISA O MasterCard 0 ACCESS (O Barclay Card !

Acct. No. — Uy = — —
|
3 Exp.Date________ Interbank Code N—
(MasterCarg Only) |
Name . — — RN
Place of '
Employment o mm  w == = :
a Home '
., Address O Business :

g |

VCty _ sae___ Zp__ |
....................................... 4

Chenmists are often judged
by the papers they write

AMERICAN CHEMICAL SOCIETY'S AUDIO COURSE

PRACTICAL

TECHNICAL
WRITING

SHOWS HOW TO WRITE TECHNICAL PAPERS
WITH EASE, CLARITY AND CONFIDENCE -

THE INSTRUCTOR: Professor Jay R. Gould, for many
years Director of the Technical Writers' Institute and
Master's Program in Technical Writing at Rensselaer
Polytechnic Institute, is the author of “"Opportunities in
Technical Writing" and a revision of “Technical
Reporting." While Professor of English and Communica-
tion at RPI, Professor Gould conducted in-house writing
seminars for many companies and government agencies.

INDIVIDUAL OR GROUP USE

Individuals intent on improving their communications
skills will find this course a worthwhile investment in
their futures.

Groups, including companies, government agencies,
universities, and professional clubs and associations will
find that it lends itself to multi-person use, since
individual manuals can be ordered for each participant.

THE COST:

The complete unit, including eight cassettes and a
manual in a handsome, sturdy case . . . $265.00.
Additional manuals: $17.50 each.

Be prepared to write your next paper easily, quickly,
confidently. Order your course under our no-risk, 10-day
trial offer. Call TOLL FREE 1-800-424-6747

(Credit card orders only) or mail coupon.




LATEST NEWS FROM PHILIPS ANALYTICAL

Here are facts you need
to know about DERIVATIVE
CONCENTRATION - unique
to allL Pye Unicam

PU 8800 Video UV/VIS
spectrophotometers.

# No more calibration '
curves — results
directly in
concentration

Pre-treatment of
difficult samples
becomes unnecessary

Offers significant
improvement in
sensitivity

Removes sample
background or matrix
effects

priups| Scientific &
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CHEMICAL RESEARCH

FACULTIES:

AN INTERNATIONAL
DIRECTORY

An invaluable new resource  dataon 63 chemical socicties in 51 nations
from the American Chemical Andiscrossreterenced three wavs—by

laculty. institution. and rescarch subject —lor

Society. casy s

Now: for the first time. all the intormation

vou necd about chemical rescarch and Indjspcnsablc for industry
researchers al universities around the and academia alike.

world has becn gathered into one

volume. It vou're invelved in chemical research,

Chernical Rescarch Faculties: An Chenneal Research Faculties: An
International Directory contains a International Directory can keep vou abreast

wealth ol lacts on more than 8. 900 ol the latest developmients in vour arca of
faculty members and 737 speciahzation
departinents in 62 countries. And il vou advise graduate students. it can help
it’s a book no academic institution or - vou steer them toward the programs thevre
chemically onented business can secking
afford 1o be without And il vou're in a business even remotely
Designed to provide the same tvpe ol related to chenncal research, just one ol the
information on an international scale that the thousands ol leads this book contains could
ACS Drrectory of Graduale Research gives  pay lor the purchase price many times over
for [1S and Canadian schools. Chemucal Why not lill out the order lorm
Research Faculties: An International nght now”’ Or call 800.424-6747 and charge
L Directory ncludes listings lor chemistry vour VISA. MasterCard. or iencan
$129.95 in the U'S and Canada chemical engineenng. biochenstry. and Express
$155.95 m al other coumnines pharmaceutical/medicinal chemistry And let Chencal Research Faculties: An
It otfers informative statistical tables on International Directory open up a whole new
graduate programs worldwide. Organizes world of protessional possibilities
- ———
1 Departmental Faculty Information Chemical Society
ORDER FORM L Information wfixmame. vear-of Information
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L mmxruh-:-ycqydm." : f»l‘mr"'v‘hv:n‘[(“ﬂ adiained
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. 1 appearance providing an | and pharmaceutical
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From chemical news
today to peer-reviewed
research in print for
the first time... ACS
publishes worldwide
developments in
chemistry for you.

CALL TOLL FREE
800-424-6747

*Air Service Delivery included
in all rates listed for Europe
and All Other Countries.
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Automated NMR?
Varian generates MAGICAL results'

Total automation hardware and MAGICAL . Va
MAGnetics Instrument Control and Analysis |
enhance both experiment flexit bility and instrum
on XL Series Systems to give you the best results
time, every time




depend on.
a to spare.

The SPEC 20™ Has been the favorite spec-
trophotometer of more labs throughout the
world than any other. And the “20" sired an
entire breed of photometers like itself
—instruments for dependability,
performance, and|value.

Today there’s a complete stable of
SPECTRONI spectrorhotometers,
from the basic value of the 21 line, through

icro| r power of the 1001 split-
beam and the sophistication of the 2000
double-beam, to the versatile new twins: the
501/601 single beams. And isn't it reassuring
to know there'll always be a SPEC 20.

Which SPECTRONIC model should you har-
ness for your lab? Contact your nearest
Bausch & Lomb distributor or call Peg Moran
(716) 338-8363. Then just use your own
horse sense.

ANALYTICAL PRODUCTS
BAUSCH&LOMB @)

SPECTRONIC
21 series

SPECTRONIC 501/601

;
{
i

SPECTRONIC 2000

SE /j" s
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High Performance
. Gas Chromatography

Model 3300
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Is Your Compound Pure?

The answer is automatic and instantaneous...
only with Varian’s exclusive PURITY PARAMETER"
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Instrumentation

Stanford L. Smith

Departments of Chemistry and Radiology
University of Kentucky
Lexington, Ky. 40506-0055

Muclearfifagnetic
Resonancelimaging

Proton nucl agnetic r
(NMR) imaging has provided a major
breakthrough in diagnostic medical
imaging and biomedical research.
More than 200 instruments are now in
use worldwide. Yet chemical analyti-
cal applications of the imaging tech-
niques are virtually nonexistent. This
article will discuss the basic principles
and techniques of imaging, describe the
instrumentation available, and consider
some possible chemical applications.
‘The basic concept of imaging is sim-
ple (Figure 1). The Larmour equation

w=vB

says the resonance frequency (w) is
proportional to the field strength (B).
In conventional NMR spectroscopy
the magnetic field is extremely homo-
geneous, and the only variation in B
arises from the chemical environment
of the nucleus leading to the usual
kinds of NMR spectra. Imagers apply
a relatively strong linear gradient, AG,
to the sample in a controlled manner,
s0 w depends on the location of the
nuclei relative to the gradient. Con-
version of frequency to distance is
trivial for modern computerized
equipment. The signal at any given

fr y is still dep on the
concentrations of the nuclei and their
relaxation times, T’y and T'2. The actu-
al process of obtaining an image is
most conveniently considered in two
sections: spatial encoding and factors
determining information within the
encoded volume.

Spatial encoding

The simplest image is that of a sin-
gle slice. Two steps are required: First,
only nuclei in the slice of interest are
excited; then the information from
that slice is encoded in two dimen-

0003-2700/85/0357-595A$01.50/0
© 1985 American Chemical Soclety

sions. Slice thickness is determined by

pulse width, PW, of the exciting rf

two factors, the slope of the di

and the width of the rf pulse. Figure 2
illustrates the general principle. Since
« for 'H is 4250 Hz/gauss, a gradient
of 0.1 gauss/cm produces a variation of
425 Hz over a distance of 1 cm. The

Figure 1. The basic principle of imaging

When the magnetic field strength varies systematically across an object, the resonance frequency of a
group of nuclel s directly related to their position

p! dulation of the carrier,
giving a band of frequencies with
bandwidth 1/PW. For PW = 2 ms the
bandwidth is 500 Hz. Only nuclei in a
slice about 1.1 cm thick centered on
the resonance point, B, + AG, will be

ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985 « 595 A



Figure 2. Slice selection Figure 3. The location of a slice can be changed by applying a
Combination of a field gradient to produce a distribution of resonance frequen- dc offset to the field gradient; this could also be accomplished

cies and excitation of only a narrow band of frequencies by the rf pulse ex- by moving the rf carrier
cites only the spins In a narrow region—in this case a slice ~1 cm thick

Figure 4. Slice thick is ined by the ion of

the gradient slope and the rf pulse width and can be changed
by varying either one (in this case changing the slope is illus-
trated)

Figure 5. Spatial encoding within a slice is accomplished by
applying a phase-encoding gradient and then a frequency or
“read"" gradient to the set of polarized spins in the slice

596 A « ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985



flipped by this soft rf pulse. If the gra-
dient is turned off and the receiver
turned on at this point, a single signal
is observed from the nuclei in the re-
gion excited. As shown in Figures 3
and 4 the location of a slice can be
changed by applying a dc offset to the
gradi and the thi of the slice
can be varied by changing either the
gradient slope or the rf pulse width.
Orientation of the slice relative to the

ple (or the t) coordi
depends on whether the slice selection
gradient is applied with the x, y, or z
gradient coil.

Spatial encoding within the slice is
accomplished in a manner identical to
that used for high-resolution 2D spec-
troscopy. A simplified picture of this
is given in Figure 5. Following slice se-
lection all the spins in the slice have
been flipped. The slice selection gradi-
ent is turned off, and a second orthogo-
nal gradient (Gy) is turned on for a
fixed time period (¢t,). Nuclei precess
at different frequencies, depending on
their position relative to this second
gradient. In the example all spins in
column a have precessed through a
given phase angle. Spins in column b
are in a stronger field and have pre-
cessed through a larger phase angle,
etc. The end result is to phase encode
distance information along the y di-
rection. After the phase-encoding gra-
dient is turned off a third gradient
(G;) orthogonal to the previous two is
turned on, as is the receiver for an ap-
propriate time, t,. A free induction
decay (FID) is acquired in which spins
in row 1 move at one frequency, spins
in row 2 move at a greater frequency,
etc., which provides the final spatial
encoding along the x axis. The process
is repeated as often as desired for in-
crementally increasing values of the
phase-encoding gradient. A typical ex-
periment might obtain an FID of 256
or 512 data points for each of 128 dif-
ferent phase-encoding gradients. The
result is a two-dimensional data set.

In a conventional high-resolution
2D experiment the raw data are a
function of two time periods, an evolu-
tion time (t.) and a detection time
(tq). Double Fourier transformation
(FT) yields the conventional 2D spec-
trum with two frequency axes

FT?
S(te, ta) —> S(we, wg)

In 2D FT imaging the spins move at
different frequencies during evolution
and detection because of the strong
gradient applied rather than from in-
trinsic chemical shift or coupling dif-
ferences (which at the present time in
current equif t are much 11
than the effects of the gradients). In
this case it is convenient to keep ¢,
fixed and increase the slope of the
phase-encoding gradient rather than
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Figure 6. The imaging sequence for single-slice 2D FT imaging

Figure 7. The imaging sequence for multislice imaging
In the W(Wbﬂqmod)hmlumesllcuuem mmmntpmm
red

i te by i ts as is done
in 2D FTs spect.roecopy Thus, a slgnul
that is a function of two gradients is
doubly Founer transformed to a slgnal
that is a function of two fi

that are related to spatial distances

FT2
S8(G;, Gy) —
[S(ws, wy)] = S(D;, Dy)

Unlike a 2D spectrum, which con-
tains information at only a few loca-
tions, an image usually contains inten-
sity information at all possible points.
This is most conveniently displayed as
a picture in which the white (or the
red end of a color scale) indicates high
intensities and black (or blue) indi-
cates low intensities, rather than as a
stack plot or contour plot used in 2D
spectroscopy. It is, of course, possible
to obtain plots or digital readouts of
the intensity values for any desired
row, col or selected set of vol

1 ts (voxels) rep d in the

picture.

Resolution in an image s, in princi-
ple, determined by the minimum vol-
ume that contains a sufficient number
of nuclei to give a detectable signal. In
current practice it is determined by .
the slice thickness, the number of
phase encoding steps, and the number
of data points acquired in each FID.
Current commercial instruments pro-
duce images with 128 X 128, 256 X
256, or 512 X 512 horizontal elements
on slices a few millimeters to 1.5 cm
thick. Results from experimental
high-field studies on small samples
suggest that horizontal resolution of
~100 um on slices less than 1 mm
thick is attainable.

Figure 6 is a typical imaging se-
quence for a single slice measurement
by 2D FT showing the relative timing
involved in turning on and off the rf,
various gradients, and the receiver.
‘The whole process for acquisition of a
single FID requires a few hundred
milliseconds at most. As for any pulse
NMR experiment it is necessary to
wait for a period of time (related to
T)) to permit recovery of equilibrium
magnetization before repeating the se-
quence. This repeat or recycle time, ¢,,
is typically 0.5-2.0 s for biological,
samples having T's of 0.1 to 2-3 5. As
a result it takes 2-10 min to acquire
the raw data for a single slice image.
Processing and display using array
a few mi or

q
3.

less. An
on all imagers, is to use the time dur-
ing which the spins in the first slice
are recovering to obtain data from a
different slice location that was left
undisturbed by the first sequence. As
shown in Figure 7, the timing and se-
are identical in all respects ex-

mgmmmuuan«.hm gradient
second slice sequence Is the same as the first, excapl mal a different slice location is selected (blun as-
terisks)
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cept that the second slice selection
gradient is given a dc offset to select
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for 3D FT imaging

Figure 8. The imaging
Amrvmmnduumoidlmmhumm and two dif-
Jerent phase-encoding gradients

spins at a different location. This ap-
proach is known as multislice imaging
and permits 2-32 slices to be obtained
in the time previously required for a
single slice. (Ob\nously t.he number of
slices p
by t,. ) At present multislice i xmagmg is
the most efficient method used.

True 3D FT imaging is accom-
plished by a conceptually simple ex-
tension of the 2D method (Figure 8). A
hard (i.e., narrow width) rf pulse is ap-
phedwpolnrmnllspmsmt.hemm
ple. A gradient is
phase eneodmz along one axis (2). It i is

are applied before the read gradient

FT
S(G:, Gy, G;) —
[S(w:, wy, ws)] = S(D;, Dy, D;)

Acquisition and processing of 3D
images requires an hour or so and can
be done on most commercial instru-
ments. It is not commonly used for
several reasons. In most cases almost
the same information can be acquired
more rapidly by the multislice tech-
nique. The requirement that the sam-
ple (patient or animal) not move for
an hour is difficult to achieve, and

turned off, and an orthogonal gradi

more informntion is aequired than can
Iy be d .

() is turned on to produce a second
phase encoding along that axis. Final-
ly, a read gradient orthogonal to the
previous two (x) is turned on along
with the receiver, and a FID is ac-
quired. The process is repeated with
the same value of the z gradient, but
an incrementally different value of the
y gradient. After a suitable number of
y gradient steps have been performed
a new incrementally different value of
the z gradient is applied and, again, a
set of y increments is run. The final
result is a 3D data set that can be Fou-
rier transformed three times and con-
verted to distance information

splay d and d
w:t.h presem. equlpment.

of the
between 2D FT spectroscopy, 2D FT
unagmg andaDl"I‘Lmagmgleadsm
an of how ch
shift i can be
The only requu'ement is that the mag-
net used for imaging have an extreme-
ly homogeneous field (0.1 ppm or bet-
ter) when the gradients are not being
applied. The only change in the se-
quence is to insert a variable evolution
time, t., in the sequence whose func-
tion is identical to that of ¢ in con-
ventional 2D spectroscopy. For exam-
ple, during a time period following

2 e e

liched
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slice selection by a soft rf pulse and a
gradient, individual spins will precess
at different frequencies depending on
their chemical shifts (and coupling),
producing phase encoding. After that
time period, spatial phase encoding
and read gradients produce spatial en-
codmg exactly as before The process
is ted for an i y dif-
ferent t. exactly as is done in 2D spec-
troscopy. Triple Fourier transforma-
tion produces a data set in which one
of the dimensions is chemical shift in-
formation and the other two are spa-
tial information

FT9
S(te, Gy, G:) — S(w, Dy, D;)

Conceptually. exvenslon to four- or
fi isition is ob-
vious although the prnctlcal feasibility
of such experiments remains to be
demonstrated.

It should be noted in closing this

- section that the techniques described

here are those currently used on com-
mercially available equipment. There
are several other ways to produce spa-
tially encoded NMR information, but
at this time they are not being com-
mercially implemented.

Image Intensity

Four factors control the intensity of
the signal from a given voxel: the in-
trinsic sensitivity of the nucleus, con-
centration, T (spin lattice), and T
(spin-spin) relaxation times.

Present commercial imagers detect
only hydrogen, but satisfactory images
have been obtained using other nuclei
such as 1°F, 3!P, and »’Na. Signal av-
eraging, the usual solution to low-sen-
sitivity concentration pmblems, is rel-
atively ineffective. During imaging the
S/N ratio increases with 6y/n (n_= the
number of scans) rather than v/n as in

It

with nuclei other thnn H obviously

has considerable potential, and the

next generatlon of eqmpment is bemg
d to

e mult
for the immediate future, aensmvﬂ.y
approaching conventional spectrosco-
py cannot be expected. Carbon-13 and
15N imaging are not likely to be very
practical.

With a reasonable concentration of
a suitable nucleus the critical factors
determining whether an image can be
obtained at all, and if it is obtainable,
controlling the intensity, are the spin
lattice (T') and spin-spin (T';) relaxa-
tion times. Practical imaging presently
requires that T'; be at least a few milli-
seconds. T'; and T should not exceed
a few seconds. (Recall that T < T'y.)
These values are typically found in
liquids or liquidlike solids, but not in
crystalline or rigid solids. For exam-
ple, aqueous solutions, viscous liquids
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Figure 9. Spin lattice, T, relaxation curves for two different species .
When the repeat or recycie time, ., for the sequence is less than 5 X Ty, the relative intensity of the sig-
nal observed depends on the relaxation rate

Figure 10. The signal available following a 90° pulse decays rapidly as a function of
both natural T, processes and experimental conditions such as field inhomogeneity,
as lllustrated at the beginning of this figure

Appl?;mou 180° puise at some time ¢ following the inltial 90° pulse reverses these experimental ef-

echoes that can be sampled at any time in the natural decay curve, such as at the point lllustrated In
1

Figure 1

such as glycols, and soft solids such as
or grease give excellent images.
Materials such as polymethyl methac-
rylate and wood do not, but “liquid”
i inclusions in such materials

AIRCO
(LLLlLL

Airco Special Gases, 575 Mountain Avenue
Murray Hill, New Jersey 07974
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gions or
do. Materials with suitable T'; and T,
values also have reasonably narrow
spectral lines obviating the problems
implicit in the very wide powder pat-
terns characteristic of rigid solids.

Within the above limits, intensity
data are determined in an image ex-
actly the same way they are in a con-
ventional spectrum—Dby the rf pulse
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sequence and its timing. In conven-
tional pulse FT spectroscopy a time
25T is required between the rf pulses
to permit complete recovery of mag-
netization (Figure 9). If a sample con-
tains species with different 7'’s and
the recycle time, t, is less than five
times the longest T, value, the inten-
sities of all the lines in a spectrum are
distorted; those with short T'’s are en-
hanced and those with longer T’s are
diminished. The ¢, recycle time in the
imaging sequences (Figures 6, 7, and
8) produces exactly the same effect in
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an image as it does in a conventional
spectmm In an image a bright or
ity voxel cor dstoa
mte with a relatively short T'; value
that has recovered considerable mag-
netization during ¢, as compared to a
dark (low intensity) voxel that has
not. (This assumes, of course, that the
concentration in the two voxels is sub-
stantially the same.) The unique fea-
ture of the image is that the chemical
species in the different voxels may be
the same, e.g., water, but still report
different T', effects at different sites
for a variety of reasons, such as degree
of hydration, concentration and na-
ture of dissolved species, and temper-
ature. If T'; remains constant but con-
centration varies, the image will pro-
vide a concentration map. Obviously,
both effects can occur simultaneously.

Images acquired in this way are la-
beled SR images because of the equiv-
alence of the imaging sequence to the
(90° — r)n-acquu'e saturation recovery
T] of
tional spectroscopy. . Greater dynamic
range and image contrast are obtained
by applying a 180° inverting pulse fol-
lowed by a time interval before begin-
ning the imaging sequence. This is
identical to the (180° — 7 — 90°) in-
version-recovery T measuring se-

of ional spect Dy,
and such i images are labeled IR im-
ages. Images obtained by either tech-
nique are collectively called T,
weighted images.

Spin-spin (T') relaxation causes
loss of detectable magnetization, re-
sulting in a decrease or decay of the
signal (FID) with time (Figure 10).
Both natural factors, depending on
the nature of the sample, and instru-
mental factors, most notably field in-
homogeneity, contribute to this decay.
Elimination of the instrumental ef-
fects and measurement of the true or
natural T’z is accomplished by the for-
mation of spin echoes. In either con-
ventional spectroscopy or imaging, ini-
tial detectable magnetization is pro-
duced by a 90° pulse. If after some
time ¢ a 180° pulse is applied, the in-
strumental effects on t.he s:gnal decay
arer and ization is re-
focused, reaching a maximum at a
time ¢ after the 180°pulse. A series of
such pulses, known as a Carr-Purcell
sequence, will produce a set of echoes,
each of which is diminished slightly in
amplitude from the previous echo only
by natural T'; processes as shown in
Figure 11.

Although not shown earlier, all
E R v imelud

Figure 11. Spin-spin (T,) relaxation curves for two different species
When acquisition of the FID is delayed, the magnitude of the acquired signal depends on the spin-spin re-
laxation time constant

initial 90° pulse and the time the re-
ceiver is turned on, but selection of
the echo time (2¢ in Figure 10) pro-
vides another means of controlling
image and intensity. Images produced
in this manner are called T’ weighted
images or sometimes SE (spin echo)
images.

Some instruments are able to apply
a Carr-Purcell sequence and collect
data from several echoes following a
single spatial encoding sequence. For

A sufficiently long ¢, and a short ¢,
will produce images in which contrast
or intensity depends primarily on con-
centration. A long t, and longer ¢, pro-
duce T, weighted images. A shorter ¢,
and short ¢, produce primarily T';
weighted images. In practice most im-
ages contain all three effects. Acquisi-
tion of several images with different
t,'s or t,'s permits calculation of the
actual T, and T'’; value corresponding
to each voxel. An image can then be

example, four images corresp g to

I d in which the intensity in

echo times, t., of 30, 60, 90, and

120 ms might be acquired for a single
slice in the same time otherwise re-
quired for a single image. Combina-
tions of techniques lead to multislice-
multiecho imaging whereby a total of
perhaps 64 images (16 slices with four
echoes for each slice) can be obtained
in the time originally required for a
single slice.

As was the case with T effects, dif-
ferent materials or the same substance
in different environments can have
different T values. As shown in Fig-
ure 11 a voxel in which the T')’s are
long will still give appreciable signal
(and hence appear relatively bright) at
longer echo times whereas a voxel in
which the T''s are short will have a
very weak signal (and hence appear
darker).

In summary, the operator can select
amgle-shce, multislice, or 3D spatial

at

In the former cases the

9 Y
least one 180° rf pulse and actually
detect an echo rather than the initially
produced FID. The primary reason is
to correct for various instr ] ef-

plane of  the slice can correspond to

whatever gradient is used for slice se-

lection. Within any spatial encoding
h the operator can select t, and

fects that decrease signal intensity
during the time period between the

t. (and also the options of inversion—
recovery and Carr-Purcell )

P

each voxel corresponds to the numeri-
cal value of T'; or T. Such images are
called T'; (or T';) images or maps. (In
actual practice more complicated com-
binations of pulse sequences and tim-
ings permit calculation of T'; (or T'5)
maps from only two or three image
data sets. The results are less accu-
rate, but much more rapidly ob-
tained.) The same kind of approach
can be used to obtain concentration
maps from several image data sets
containing concentration, Ty, and T's
effects.
Instrumentation

Imaging equipment is divided into
three groups. Whole-body medical im-
agers have large magnets witha 1-m
free bore in which a human (or other
object of similar size) can be placed.
Electromagnets with field strengths of
0.15 or 0.3 Tesla (1 T = 10,000 gauss)
detecting protons at 6 MHz or
12 MHz and superconducting sole-
noids with 0.5 T (21 MHz) or 1.0 T
(42.5 MHz) are common. A few experi-
mental instruments operate at 1.5 T
or 2.1 T, but only the lower field in-
str ts are presently approved for
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Mapping
Strategiesin
Chemical
Oceanography

Alberto Zirino, Editor
Naval Ocean Systems Center

For the first time—a practical over-
view ol the novel and recent ap-
p in ocean

ogy. Focuses on environmental
applicaﬂom as well as on methods
used for chemical and biological map-
ping of the marine environment. Dis-
u'aml the interdisciplinary character
o é

human investigations. Several low-
field (0.15 T and 0.3 T) instruments
are available that use per t mag-
nets. Most of the magnets have a ho-
mogeneity of several parts per million
over the region of interest. Recently
units with homogeneity on the order
of 0.1 ppm have become available.
Sensitivity increases with increasing
field strength. Unfortunately, so do
most T'y’s and T''s.

The large open bore of these mag-
nets leads toa ber of installation

creased rf power, and frequently a sec-
ond display device. Operationally
these units are multinuclear spectrom-
eters that also do multinuclear imag-
ing. Such units are also known as topi-
cal spectrometers because they permit
in vivo spectroscopy using surface
coils. In many respects these are per-
haps the most versatile instruments
available today because they combine
the capability to do most modern
apectroscopy experiments and multi-
witha t havmg

siting problems. For example, for a
1.0-T solenoid, a fringe field of 5 gauss
or more extends out 37 ft from either
end of the magnet along the field axis
and 25 ft radially. Many kinds of
equipment and materials located
within this volume affect and are af-
fected by the field. The large open
bore also means that the rf coils are
exposed, and both broadcast the rf
pulse and receive all sorts of extrane-
ous rf signals. These considerations,
particularly for the higher field equip-
ment, frequently lead to their installa-
tion in a separate specially designed
building. Alternatively, substantial
site preparation costs are incurred for
installation in existing facilities.

The remainder of these units, rf
electronics, computer systems, and the
like, are quite similar to conventional
NMR spectrometers. The rf power re-

data collection, and analysis.
Presents the experiences of well-
known authorities in developing and

new in. Vi
mdlnq for anyone involved in mak-
ing marine assessments.
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quir ts are substantially greater—
typically several kilowatts compared
to a few watts for most spectrometers.
The field gradient coils are larger, re-
quire more current, and must provide
computer-controlled switching. Com-
puter systems must handle large ar-
rays of data so array processors and
large disk systems (>160 Mbyte) are
mandatory. Operator consoles usually
have two screens, one for entering and
displaying information and one dedi-
cated to displaying images. Images are
most conveniently stored and trans-
ported as pictures so phot.ographlc re-
duction and pr

a bore capable of accepting good-size
samples. The stronger field strength,
greater homogeneity, and smaller bore
result in substantially greater resolu-
tion and sensitivity than are possible
with whole-body units. The cost for
these kinds of instruments (installed)
is in the range of $800,000 to $1 mil-
lion.

The last group of imagers is conven-
tional high-resolution NMR spectrom-
eters that can also perform imaging.
These are sometimes referred to as
NMR microscopes. Because spectrom-
eter magnets have very small bores
(5-9 cm), only very small objects can
be imaged. Sensitivity can be quite
high, and resolution of 100 um or bet- -
ter is possible. Installation consider-
ations are the same as for any spec-
trometer. Multinuclear operations and
the full range of spectroscopic experi-
ments can be applied. At the present
time only one manufacturer produces
such an instrument, but others have
been announced. It presently appears
that it will cost $100,000 to $150,000
to add imaging capability to a new
spectrometer system that already in-
cludes an array processor and suffi-
cient mass storage.

Ch 1aal Heatl of I 1

As noted earlier, chemical, as op-
pused to biochemical or physiological,
applications of imaging are essentially
nonexistent. Therefore, this is a dis-

of possible or potential appli-

are required. The total cost for a
whole-body imaging installation cur-
rently runs between $1 and $2.5 mil-
lion.

The second class of imagers is
known as “animal units” or, by com-
parison with whole-body units, “small
bore” imagers. They are really hybrid
units. The magnets are superconduct-
ing solenoids with a bore of 30-40 cm
operating at fields of 2.1 to 4.7 T (pro-
ton frequencies of 90-200 MHz). The
stronger fields and smaller bore still
result in substantial fringe fields
(£26 ft axially for a 4.7-T unit) and
installation problems similar to those
of the whole-body units. The consoles
and electronics for these units are es-
sentially identical to those of modern
spectrometers with the addition of
gradient supplies and controls, in-
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cations. Bamcally. any sample for
which it is necessary or desirable to
obtain qualitative or quantitative in-
formation nondestructively as a func-
tion of spatial location is a candidate
for analysis by imaging. The first ap-
plications using existing equipment
will probably address moisture con-
tent and distribution. Diffusion of
water (or other solvents) into plastics
and fiber products has already been
demonstrated. Water and fat distribu-
tion in meats, fruits, and vegetables
can be observed. (The very first im-
ages were of peppers, lemons, etc.) Ex-
amination of products in sealed pack-
ages can be advantageous.

Research concerning growth of ani-
mal or plant products can be followed
without sacrificing the sample. For ex-
ample, we have observed hole size and



At last, for solids and liquids:

NMR power
spanning
seven
orders of
magnitude.

IMAS | 1

The new MSL Series spectrometer
covers the complete range of
linewidths from 0.2 Hz up to 1 MHz.

Bruker has now married the
performance of a routine high
resolution NMR spectrometer
with the power and versatility
of a solids instrument without
compromising either ease-of-
use or analytical capabilities.

With MSL systems you can

now perform virtually all

known magnetic resonance

experiments:

O High Resolution in Liquids

[J 2D NMR in Liquids and
Solids

O MAS (Magic Angle Spin-
ning) with Variable
Temperature

O Wide Line FT

[0 Multipulse Line Narrowing
(MREV-8, BR-24, etc.)

[0 ADRF/ARRF Experiments

O Multiple Quantum NMR

0 NMR Diffusion
Measurements

O NMR Imaging

O In-vivo Spectroscopy

O NQR (Nuciear Quadrupole
Resonance)

[0 Ferromagnetic
Resonance

The new design of the MSL
Series console reflects a quan-
tum jump in high resolution/
broadline spectroscopy instru-
mentation. It offers: full auto-
mation and complete keyboard
control; sample changer; color
raster; compu-shim and auto-
lock feature; a new fast and
versatile pulse programmer;
provisions for interfacing user
devices, such as gradient
control, etc.

Your range of samples, liquid
or solid, and your experimental
freedom is only limited by your
imagination. You'll find it diffi-
cult to compare the MSL to
anything else available today.

Now, if you want to combine
performance, convenience and
ease of use with analytical ver-
satility and the power of wide-
line NMR, ask for details on
the new MSL Series.

Bruker Instruments, Inc.

Manning Park, Billerica, MA 01821.

In Europe: Bruker GmbH,
Silberstreiten, D-7512

|| Rheinstetten 4, W. Germany.

B%R NMR systems designed to solve problems.
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distribution in Swiss cheese and curd

size and distribution in cottage cheese.

Voids, liquids, and regions of liquid-
like disorder in soft polymers (above
the glass transition temperature),
foams, solid fuel elements, gels, etc.,
should be amenable to study. Compo-
sition and distribution of gels, greases,
lubricants, and the like in or around
solid objects should also be address-
able. The reverse experiment should
not be discounted. The size and distri-
bution of solid objects (which them-
selves do not give a signal) in a soft
matrix (which does give a signal) can
be observed as the presence of “black
holes.”

Because T'; and T'; are sensitive to
the presence of paramagnetic species
(such as Oq, free radicals, and many
metal species), the presence, distribu-
tion, and concentration of such mate-
rials is “reported” by observed T’ (or
T) variations of signals from 'H or
19F intrinsically present in the sample
of interest or added as reporter mole-
cules. '°F tags offer the potential to
follow dynamxc chemical and bio-

ina analo-
gous to Lhat presently done by posi-
tron emission tomography (PET)
scanning. The size and distribution of
particles and also the distribution and
flow of fluids as a function of operat-
ing conditions in separation columns,

reactor beds, and the like could be ex-
amined. Multinuclear studies with
NMR microscopes will permit analysis
of seeds, tablets, pellets, etc. Probl

Ed.; Academic Press: New York, N.Y.,
1982

Partain, C. L.; James, A. E., Jr.; Rollo,
F D,; Price, R.R. ‘NucleurM netic
NMR) 1 W B.

associated with the mixing, storage,
application, and curing of coatings
such as paints, varnishes, and adhe-
sives are another area of potential in-
terest. All of these areas and many
more can | be nddressed wn.h existing

ially

(

Saunders: Philadelphia, Pa., '1983.
Witcofski, R. L.; Karstaedt, N Partain,

C. L., Eds. “NMR Imaging: Proceedmgl

of an International Symposium on Nu-

clear Magnetic Resonance Imaging";

Bowman Gray School of Medicine of

Wake Forest University, Winston-Salem,

N.C., 1982.

The future is even more p ive.
Multinuclear applications will un-
doubtedly be forthcoming with im-
provements in field strength and sen-
sitivity. Extension of imaging tech-
niques to hard solids will occur.
Three- and four-dimensional exten-
sions to chemical shift imaging and
examination of dynamic processes will
occur. And, combination of NMR
imaging with other techniques will
open entirely new approaches to a
wide variety of problems.

Additional reading

Hinshaw, W.S.; Lent, A. H. “An Introduc-
tion to NMR Imaging: From the Block
Equation to the Imaging Equation,”
Proc IEEE 1983, 71, 338.

n, S. “A Simple Graphical Repre-
sentation of Fourier-Based Imaging
Methods,” J. Magn. Res. 1983, 54, 338.

Mansfield, P.; Morris, P. G. “NMR Imag
ing in Biomedicine™; Suppl. 2, Advances
in Magnetic Resonance; Waugh, J. S.,

Stanford L. Smith is professor of
chemistry and radiology at the Uni-
versity of Kentucky. He received his
PhD from Iowa State University and
his AB degree from Albion College. .
His research interests cover all as-
pects of NMR with particular empha-
sis on applications of 2D spectroscop-
ic techniques and imaging methods.

NEWPORT 4000

Howmuleydmgenlnfml?Oﬁln
seeds? Fat in foodstuffs? The
Newport 4000 provides the answers
- simply, safely and fast.

Rapid, accurete analysis is vital to .
quality control and cost-effective
production throughout industry.
Now, Newport 4000 makes it so much
udovAnkuctbwthPMm
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SHAKE A TOUGHNECK i A

You see vision in the unique design of every Pyrex® \olumetric Flask
* Beefier, thicker neck on sizes that need it
* Wide mouth, optimized for easy pipeting and a good meniscus.

Widest choice of closures
* Barrelheads that avoid contamination
« Standard tapers in glass or plastic
* Snap caps or phenolic sceew-on caps
* Bareheaded without caps, if you prefer
And more
* Choice of certified, class A or B accuracy.
* Shrink wrap cases on sizes 25 ml and up for easier, safer handling
and storage
We originated low-expansion borosilicate labware with the Pyrex® beaker in The Most Trusted Tools Of Science
1915. We've been innovating, modifying and updating our labware

since. It's a vision that's evolved for 70 years. And it takes us to outer space, CORN I NG
for example, in shuttle windows and heat shielding




The data/control station that
thinks like a chromatographer,

now thinks like a lab manager; too.

The Waters 840.

Now get expanded capability
for HPLC, GPC, IC and GC data
reduction. The Waters 840 has
set a new standard for ease and
sophistication in HPLC data man-
agement and system control —as
the only data/control station that
works the way a chromatographer
thinks. Now you get even more
capability with new Waters Expert ™
chromatography software for GPC,
GC, ion chromatography, post-run
statistical analysis, and more.
Plus, new multi-instrument soft-
ware allows data acquisition from
up fo 4 different systems and
16 detectors simultaneously.

X Ip
(4 HPLC
'C‘>340 m‘-i-mc
@
I VAX/18M l
2 N
cc7340 mtmc
i /I I\ GPC
HRLC oc ic S

The Waters 840 gives you virtu-
ally unlimited communications
capabilities, including ETHERNET®
compatibility for high speed data
transfer. No matter what your cur-
rent data management require-
ments are, the Waters 840 can
meet them —and expand as your
needs grow.

No other data/control station
gives you so much multi-tasking
capability. Acquire and store
months of raw data, and reprocess
it in seconds. At the same time you
can also watch your separations
as they run, or use the screen to set
up new methods, or perform other
computer tasks such as word
processing.

See the new power of the
Waters 840. Call now: (617)
478-2000, or write Millipore,
Waters Chromatography Division,
34 Maple St., Milford, MA 01757.

MILLIPORE

Waters Chromatography Division

ETHERNE 14 0 reg siered irodemark of Xecox Corporation VAX DECnet and PROCommunsalions are regisered Irademar ks of Digrial Equ:prment Corporation

Walers and Woters Expert are trod

s of Miliupore C "

© 1984 Millipore C )
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Why it pays to buy gas equipment
made byAir Products.

For a copy of our Specialty Gas

and Equipment Catalog, simply use
the coupon. Or call (215) 481-8257.
Canadian address: Air Products, 209(

Few gas suppliers actually make the
equipment they sell.

At Air Products, we design and
manufacture almost all of the gas
regulating equipment we sell. So we
offer some distinct advantages.

Right off, we can keep a tight rein
on quality. You get equipment you can
depend on. But if service is ever
needed, it's conveniently and quickly
available through one of our repair
stations strategically located across
the country.

As a gas supplier, we know what
equipment is best for any given job.
And when economics point to the
advantages of manifolding or custom
blending, we can design and build the
system that's right for you. But before
we make any recommendations, of
course, we first consider your total

system and safety requirements.

A full line of specialty gases. A
full line of compatible gas-handling
equipment. All from one dependable

supplier —with over 80 stocking loca- Steeles Avenue East, Brampton,

tions —to make your job a lot easier. Ontario L6T 1A7.

—————————— e —— — —

| Air Products and Chemicals, Inc. 1l

| Spedialty Gas Department

| Box 538, Allentown, PA 18105 |
Please send me your complete catalog and price hst. §
Name Title |

| Company {

ress

| Add |

| City Il
State Zip I |
- AIR 7. |

Lolm/m Producta and Chemicals. lnc L _J!
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LABORATORY SERVICE CENTER

LIQUID CHROMATOGRAPHY SPECIALISTS
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Quinic Acid ® DL-Tartaric Acid ® Toluene-3,4-Dithiol & Zinc Salt g ’
2,4,6-Tril ine ® Tr e 2,3,5-Tripheny Chloride Sl Massachusens B
Write for our Progucts List of over 3000 chemicals
Tel: 516-273-0900 » TOLL FREE: 800-645-5566 TWX: §10-227-6230

EASTERN CHEMICAL el

A Division of UNITED-GUARDIAN, INC. SMITHTOWN, N. Y. 11787

Laboratory Service Center (Equipment, Materials, Services, Instruments
for Leasing), Maximum space — 4 inches per advertisement. Column width,

2-3/16""; two-column width, 4-9/16"". Artwork accepted. No combination |
of directory rates with ROP advertising. Rates based on number of inches | L ABOH ATOHY
used within 12 months from first date of first insertion. Per inch: 17 — 1
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25 Sylvan Road South
P.O. Box 231
Westport, Ct. 06881
203-226-7131
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Need improved chromatography
instrument control and data handling?

Varian’s new VISTA 600 Series
is the most advanced system
available today for LC and GC.

Here’s why:
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ACS Editors Conference

Some authors and readers of the scientific literature may be of the
opinion that editors set the policies of their journals somewhat arbi-
trarily—oblivious to the methods used by other journals. This is cer-
tainly not the case for editors of American Chemical Society journals,
who hold periodic meetings to compare notes. The 1985 Conference of
Editors of ACS Publications was held recently in California, and edi-
tors of the 20 journals had an opportunity to review once again the
operation of their respective publications. These conferences provide
an ideal forum for discussing common problems confronting the edi-
tors and generating ideas for new and improved methods of carrying
out their responsibilities.

One of the important continuing topics on the agenda was that of
dealing with authors. Not surprisingly, problems encountered are not
unique to any one journal. Issues of policy, ethics, and technical consid-
erations were discussed. Another topic discussed is the perpetual con-
cern of all ACS editors—that of identifying good reviewers to maintain
the health of the peer review system.

For some time the editors of the ACS journals have been striving to
publish “Ethical Guidelines to Publication of Chemical Research,”
and the final touches to this important document were completed at
the meeting. The guidelines covered include those for the ethical obli-
gations of editors, authors, and reviewers. The publication of these
guidelines, which is expected shortly, should be of great use to the
scientific community.

Other items covered at the conference included a review of the
objectives and status of selected journals—giving the editors an oppor-
tunity to evaluate their programs with the help of their peers. Finally,
operational matters such as circulation, copyright, manuscripts in elec-
tronic form, and ACS journals online were discussed.

Periodic meetings such as these are of inestimable value to the
editors, who often have the feeling that they are all alone in the world. I
am happy to report that ANALYTICAL CHEMISTRY is highly respect-
ed by our colleagues and continues to be one of the most successful in

the ACS family.
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Neutral Reactions in Gas Chromatography/Chemical lonization

Mass Spectrometry

Patrick Rudewicz and Burnaby Munson*

Department of Chemistry, University of Delaware, Newark, Delaware 19716

The use of NH, as a carrler gas and as a reagent gas pro-
duces neutral reactions between NH, and carbonyl com-
pounds to give basic pi which are d d by NH,
chemical lonization (CI) In the mass spectrometer. Reactions
are observed with y and | but not alcohot
ethers, or esters. Postcolumn addition of NH, or CH,;NH, also
gives neutral products which can be detected by NH, CI.
On-column reactions are observed with carbonyl compoundu
by the injection of an amho diately after the

of the ph Ak ar. also observed by

system) and a Varian 2740 gas chromatograph. The source
pressure was measured with a MKS Baratron capacitance ma-
nometer (MKS Instruments, Burlington, MA) connected to the
source through the probe inlet. The reagent gas pressure was 0.5
torr and the source temperature was kept between 160 °C and
180 °C. The ammonia, used for both the reagent gas and the GC
carrier gas, was obtained from Matheson (anhydrous 99.99% min).
The electron energy was 75 eV and the emission current was 250
uA. The repeller voltage was set to zero and the accelerating
voltage was approximately 1750 V.

The majority of the experiments were done with a 6 ft X !/,
in. glass column, packed with 3% SP-2100 on 80/100 mesh Su-

adding acetone or acetic anhydride to a of

The ammonia chemical ionization (NHa CI) mass spectra
of certain aldehydes and ketones contain ions corresp

port. The performance of the column before and after
apranmately 80 h of use with ammonia as the carrier gas was
checked with a standard polarity mixture. No significant deg-
radation in column performance was noted. The resolution for
the separﬁuon of 2,4-dimethylaniline and naphthalene in a pro-

to protonated Schiff bases or imines which are also isobaric
with the molecular ions. The hanism of formation of the
lmlnes has not been clearly established. An early repon

dicated that aldehydes but not k formed p
imines in a two-step process involving a neutral gas phase
reaction between ammonia and the aldehyde to form the imine
and subsequent protonation of the imine by NH* (1). Ina
later study, however, the ammonia CI spectrum of cyclo-
hexanone was reported to contain the protonated imine
formed not by a two-step mechanism involving a neutral
reaction but by a single-step ion/molecule reaction (2). Fi-
nally, it has been suggested that protonated imines in the NH,
CI mass spectra of 3-keto bile acid derivatives are formed by
the two-step process of neutral reaction with NH; followed
by protonation by NH,* (3). Protonated imines were not
observed with 7-keto or 12-keto bile acid derivatives.

We have observed neutral reactions between ammonia and
various ketones and aldehydes on packed GC columns, using
ammonia as the GC carrier gas. The products of these on-
column reactions elute from the gas chromatograph into the
source of the mass spect and are prot d under
ammonia CI conditions. Alcohols, ethers, and esters do not
react with ia in neutral o reactions to give
detectable products under ammonia CI conditions.

These on-column reactions with NH, as the carrier gas are
very similar to experiments in reaction chromatography which
have been reported previously (4, 5). In reaction chroma-
wg'mphy. compounds havmg a particular functional group may

d from the ch (subtractive .
chromawgraphy) (6) or converted to volatile derivatives (peak
shifting) (7) by precol 1 or postcol reac-

tions. Pyrolytic and cntalytlc reactions have also been em-
ployed (8, 9). On-column hydrogen/deuterium exchange re-
actions have been carried out using Carbowax columns pre-
treated with deuterium oxide (10). Somewhat more recently,
reaction chromatography has been combined with mass
spectrometry for the conversion of selected classes of com-
pounds to derivatives whose electron ionization mass spectra
are more informative (11).

EXPERIMENTAL SECTION

These experiments were done with a Du Pont 21-492B mass
spectrometer (Hewlett-Packard 21MX computer, Du Pont data

ure expenment was 1.2 before and 1.2 after
80 h of use with ammonia as the carrier gas. Chromatographic
efficiency appeared to be about the same, but full characterization
studies were not performed.

For the postcolumn derivatization experiments, He was used
as the GC carrier gas and the reactive gas was introduced via a
Swagelok tee placed directly behind the GC column.

RESULTS AND DISCUSSION

The ammonia CI mass spectrum of acetophenone is shown
in Figure 1. This spectrum was obtained from a GC/CIMS
experiment with He as the carrier gas in the gas chromato-
graph and ammonia as the CI reagent gas in the mass spec-
trometer source: P(He) = 0.07 torr; P(NH;) = 0.46 torr; t =
175 °C. In this spectrum there are essentially no ions at m/z
120, neither CgHgO™" from acetophenone nor CgH (N* as the
protonated imine; 1(120) < 0.1% of the total sample ionization.
The spectrum is a very simple one: predominantly the (M
+ NH,)* adduct with a small amount of solvated adduct, (M
+ N,H,)*, and small traces of (M + H)* ions. This spectrum
agrees with earlier work (I). The reaction time for neutral
toph with ia within the source of the mass
spectrometer is not known; however, experiments under sim-
ilar conditions with another instrument (CEC-110) suggest
that the residence times of neutral molecules within the source
of the mass spectrometer in these experiments are only a few
tenths of a second (12). Comparisons of peak widths obtained
with a flame ionization detector (FID) and with the mass
spectrometer give no indications of significant peak broadening
due to retention within the source of the mass spectrometer.
With ammonia as a GC carrier gas, acetophenone forms an
imine in a condensation reaction in the gas chromatograph

C¢H;COCH; + NH; — C;H;C(NH)CH; + H,0 (1)
The imine elutes from the column and is protonated in the
ion source to give m/z 120 as the major ion in the spectrum
NH,(NH,),* + C¢gH;C(NH)CH; —

CgH;C(NH,)CH;* + (x + 1)NH; (2)
Precise mass measurements show that the ion at m/z 120 in
these experiments is CgH;oN*, not the molecular ion for
acetophenone, CgHgO*. Not all of the acetophenone is con-

verted to the imine and the unreacted acetophenone elutes
and forms an adduct ion, (M + NH,)*, at m/z 138. Selected
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Figure 1. Ammonia GC CI mass spectrum of acetophenone using He
as a carrier gas and ammonia as a reagent gas: source pressure,
0.07 torr He, 0.046 torr NH,; source temperature, 175 °C.
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Figure 2. Single ion traces for the p: imine of

m/z 120, and the adduct ion for the unreacted acetophenc;ne, miz
138, using ammonia as the GC carrier gas and the CI reagent gas.

ion monitoring shows that the imine and the unreacted ace-
tophenone have different chromatographic peak profiles,
Figure 2. The ratio of the areas of the two peaks is an
indication of the extensive conversion of acetophenone to the
imine. However, the ratio of the peak areas is not the same
as the mole ratio since the CI sensitivity for acetophenone with
ammonia is much less than the sensitivities for amines and
by inference the sensitivity of the imine.

Imine formation is observed with several aliphatic and
aromatic ketones and aldehydes and appears to be a general
process under the relatively mild conditions of 100-150 °C
and on-column times of a few minutes. For many of the
compounds the imines elute as well-defined peaks which
partially overlap the peak for the unreacted ketones and have
widths at half-height that are significantly wider than the
half-widths of the peaks for the unreacted ketones and which
have retention times that are slightly longer than the retention
times of the corresponding unreacted ketones. A decrease in
the flow of ammonia through the gas chromatograph increases
the retention and reaction time of the carbonyl compounds
and increases the extent of conversion to the imines. Slow
flow rates and long reaction times induce extensive tailing in
the peak profile for the imine without a similar effect on the
peak profile for the unreacted ketone. Peak profiles for the
imine depend on the chemical nature of the carbonyl com-
pound as well as the physical parameters of the separation.

Comparisons were made for several ketones between ex-
periments with ammonia as the GC carrier gas and the CI
reagent gas and with He as the GC carrier gas and ammonia
as the Cl reagent gas. For all these compounds trace amounts
or none of the protonated imines was observed unless am-
monia was the GC carrier gas and the Cl reagent gas. With
5-nc for le, with ia as the GC carrier gas
and the CI reagent gas, the ratio of (M + NH, - H,0)*/(M
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Figure 3. (a) Single ion traces for the (M + NH,)* adduct ions of (1)

cycloh [t and (3) 2: He is the GC
carrier gas with of ia for ion and
as the CI reagent gas. (b) Single ion traces for the (M + H)* ions of
imine derivatives with NH, of (1) cyciohexanone, (2) acetophenone, and
(3) 2-octanone. He Is the GC carrier gas with postcolumn introduction
of ammonia for reaction and as the CI reagent gas.

+ NH,)* is about 15, whereas in the conventional CI exper-
iment, with He as the carrier gas and ammonia as the reagent
gas, virtually no (M + NH, - H,0)* ions are detected.
Consequently, under our conditions, the overwhelming amount
of (M + NH, - H,0)* ions are protonated imines formed by
a two-step process with the neutral reaction occurring prior
to entry of the sample into the source of the mass spectrom-
eter.

The sometimes surprisingly well-shaped chromatographic
peaks for the imines suggested formation in a narrow region
or short time. Consequently, experiments were performed at
different temperatures of the GC injection port and the same
temperature for the GC oven and column. No significant and
systematic changes were noted in the ratios of concentrations
of unreacted carbonyl compounds to imines, as indicated by
the ratios of the ion currents, (M + NH)*/(M + NH, - H,0)*.
Consequently, only a very small extent of reaction can be
occurring in the injection port.

Postcolumn reaction with ammonia (through the flame
ionization detector oven at approximately 300 °C and the
transfer line at approximately 125 °C for less than 7 s) gave
small extents of conversion of carbonyl compounds to imines
(Figure 3). Retention times for the imines and unreacted
ketones are the same, although the half-widths of the peaks
for the imines are somewhat larger than the half-widths of
the peaks for the unreacted ketones. The peak broadening
and tailing, shown in Figure 3, probably result from adsorption
of the imines on the unsilanized glass transfer line betwen the
gas chromatograph and the mass spectrometer and are not
dependent on the reaction. The ratio of the ion currents for
the protonated imine to that for the ammonium ion adduct
of the ketone is roughly proportional to the extent of con-
version. For a few ketones, this ratio was about 50 times larger
(range of 15-70) for the on-column experiments than for the
postcolumn experi . Cc ly, we ¢ that the
reactions with ammonia as the GC carrier gas are occurring
almost entirely within the chromatographic column.

Figure 3 also shows differences in the extents of reaction
of ammonia with three ketones. Previous experiments indicate
that the sensitivities with ammonia for strongly basic sec-
ondary amines are essentially constant; therefore, we assume
that the sensitivities of these imines are roughly the same and
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that the areas under the peaks for the protonated imine ions

are directly proportional to the extents of reaction with the

same proportionality constant. Since there are equimolar

amounts of cyclohexanone, 2-octanone, and acetophenone in

the mixture and, in the postcolumn experiment, the reaction

times are the same for all three compounds, we say that the
Toh

neutral reaction of with is much
faster (appmxxmawly a factor of 10) than the reaction of
neutral with 2: or with The

data from the on-column experiments do not provxde so direct
a comparison, but they also indicate a greater reactivity of

ia with cycloh than with 2-octanone or ace-
tophenone. One cannot determine the extent of conversion
for aldehydes because the ammonia CI sensitivity for the
unreacied aldehyde is too low to provide reliable data.
However, postcolumn experiments, like those of Figure 3,
indicate a slightly higher reactivity for ammonia with hexanal
than with cyclohexanone.

The postcolumn experiments clearly indicate that some of
the reaction can be occurring in the gas phase in the chro-
matographic column. However, we have not determined if
the dominant process occurs in the gas phase or in the hquld
coaung of the support. One p y experiment i t
an increase in the extent of conversmn of acetophenone to the
imine for on-column reactions using a Carbowax rather than
a silicone column.

The order of reactivity of these compounds with ammonia
in the gas chromatograph roughly correlates with the reported
reactivity of carbonyl compounds with ammonia in solution:
i.e., aldehydes are more reactive than ketones with sterically
hindered ketones being particularly unreactive (13). Aromatic
ketones are even less reactive than aliphatic ketones. In
solution, the d ion of toph and
i I chloride catalyst and a 4-h reaction time

q an
at 180 °C (14).
The diones, 2,4-pentanedione and 2,3-pentanedione, pri-
marily condense with ammonia at one carbonyl site, since
essentially none (<0.2%) of the protonated diimine is noted
for 2,4-pentanedione and no more than 3% of the protonated
diimine is noted for 2,3-pentanedione. Apparently the reaction
time is not long enough for significant condensation at both
sites. Although 2,5-hexanedione gives some ionization indi-
cative of monocondensation, at m/z 114, the majority of the
ionization for the compound occurs at m/z 96. The precise
mass for this ion is 96.081, CgH,,N*. The occurrence of this
ion can be explained by a cyclization of 2,5-h dione with
ia to give 2,5-dimethylpyrrole, which is subsequently
protonated in the source of the mass spectrometer

CH,COC,H,COCH, + NH; — CgHoN + 2H,0 (3)
CeHoN + NH,(NH,),* — CeHyoN* + (x + )NH,  (4)

In the cond d phase, 2,5-"' hylpyrrole is formed by the
d ion of 2,5-h dione with (15).

Two problems exist with the use of a polar carrier gas like
ammonia. There is a small amount of ammonia in the
chromatographic column which is eluted with He as the carrier
gas for an extended period of time. Consequently, the CI
spectra which one obtains for several hours after the use of
ammonia contain ions resulting from the reactions of NH,*
if one uses methane or isobutane as the reagent gas. Another
problem was that after extended ammonia use, peaks corre-
sponding to alcohols were broader and their retention times
were shifted. More experiments are planned to determine the
effects that a continued ammonia flow has on the performance
of various packed GC columns.

One method of avoiding the adsorption and desorption
problems which also maintains the chromatogrphic integrity
of the sample is the postcolumn introduction of the reactive

gas which we have discussed previously. The extents of
conversion are relatively small in our experiments, but provide
sufficient amounts of the derivatives that they could be di-
agnostically useful. Methylamine was also tried as a po-
stcolumn CI reagent gas, and reactions were also observed
between methylamine and carbonyl compounds which were
analogous to those observed with ammonia, including a cy-
clization reaction which produces N-methyl-2,5-dimethyl-
pyrrole. The reactions of methylamine with hexanal and
cyclohexanone were much faster than the reaction with ace-
tophenone. Since (M + H)* ions were observed for all of these
Schiff bases, their proton affinities must be greater than the
proton affinity of methylamine, 214.1 kcal/mol (16). Sensi-
tivities of the carbonyl compounds with methylamine are quite
low. The present experiments in GC/CIMS with postcolumn
introduction of reactive gases which also serve as the CI
reagent gases are similar to those reported previously on the
postcolumn exchange of labile hydrogens using CH;0H and
CH,;0D as the reactive reagent gas (17).

There is another method of inducing on-column reactions
which does not contaminate the column, which allows the use
of any CI reagent gas in the source of the mass spectrometer,
and which gives ble chr aphy for the 1
and their derivatives. With He as the carrier gas, Schiff bases
can be formed from carbonyl compounds by the injection of
a large t of a low molecular weight amine after the
injection of the carbonyl compounds. For example, injection
of 5 uL of n-propylamine immediately after the injection of
0.02 uL of benzaldehyde results in an on-column conversion
of roughly 30% of the aldehyde to the corresponding sub-
stituted imine, as shown by the FID chromatographic trace
in Figure 4a. The imine is protonated in the mass spec-
trometer as before

C¢H,CHO + C;H;NH, — CsH,CH=NC,H, + H;0 (5)

CeH;CH=NC,H, + NH,(NH,),* —
CH,CHNHCH,* + (x + 1)NH, (6)

The reaction time between the amine and the aldehyde, es-
timated from the width of the chromatographic peak for
propylamine, is appr tely 30 s. Figure 4b shows mass
spectrometric detection of these compounds with ammonia
as the CI reagent gas. Selected ion traces are indicated for
benzaldehyde as the (M + NH,)* ion and the imine as the
(M + H)* ion. The very large difference in relative sensitivities
of the two detectors is indicated by comparison of the two
traces: ia Cl is obviously very i itive for aldehyd
Under similar conditions acetophenone gives less than 0.1%
conversion.

Other examples of reaction chromatography were tried in
chemically similar systems. Injection of a large amount (5 uL)
of acetone onto the column immediately after the m)ectlon
of a mixture of n-hexyl diallylamine, and triprop;
gave a small, but readily detectable, amount of the imine from
n-hexylamine detected on both the FID trace and as the (M
+ H)* ion under ammonia CI conditions. The other two
compounds gave no indications of reaction products. Acetone,
however, is not the most reactive compound which can be tried
with amines.

More dramatic results were achieved by using acetic an-
hydride as the on-col gent with ami Figure 5a
shows the FID trace for an equimolar mixture of pyridine,
aniline, m-methylaniline, N-ethylaniline, N,N-diethylaniline,
and dibenzylamine. Each of these compounds was detected
as (M + H)* ions and/or (M + NH,)* ions with ammonia as
the reagent gas. Figure 5b shows the FID trace for the same
mixture when a large nmount (5 L) of acetic anhydride was

jected onto the col diately after the injection of
the amine mixture. Essentially quantitative removal of the




Time —»

A,

T T T ] ] T T T T |
se 108
Scan Number

Figwe 4. (a) FID trace for 0.04 uL of benzaldehyde followed by a 5-uL
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Figure 5. (a) FID n'ace for amlne mlxtue of (1) pyridine, (2) aniline,

(3 luidine, (4) N B)N nd (6) di-
benzylamine. HslsmeGCcarriergas (b)FlD!raceol‘anmemb«ue

after o d with acetic anhydri (1) pyridine, (a)
Bﬁehcﬂm)'d'ﬂe (S)N N . (b) N-ethyl-N-p

N (d) acet and (e} N ,N-dibenzy}
acetamide.

for oxygenated compounds, derivatization with ammonia may
be a method of increasing the ammonia CI sensitivities of
ketones and to a greater extent aldehydes. With He as a GC
carrier gas, derivatization of carbonyl compounds may be
accomplished by the postcolumn addition of ammonia or
methylamine or by the injection of a low molecular weight
amine after injection. O 1 h

reaction -
tography can also be combined with ammonia CI to charac-
terize mixtures of amines.

Registry No. NHj;, 7664-41-7; methylamine, 74-89-5; acetone,
67-64-1; acetic anhydride, 108-24-7; acetophenone, 98-86-2; cy-
clohexanone, 108-94-1; 2-octanone, 111-13-7; aniline, §2-53-3;

of n-prop Mn 2 3
imlnm mol wt 147, (b) Single ion tracas for (2) the (M + NH,)* for
benzaldehyde and (3) the (M + H)* for the Imine, m/z 148.

primary and secondary amines is noted on the FID trace and
also in the ammonia GC CIMS single ion traces (reaction time,
approximately 2.5 min). Four major new peaks appear in the
chromatogram shown in Figure 5b, which also appear in the
ammonia CI spectra with similar profiles. The heterocyclic
amine, pyridine, and the tertiary amine, N,N-diethylaniline,
do not react with acetic anhydride: their retention times from
the FID traces and their mass spectra are the same in the two
experiments. The four acetamide derivatives give very simple
spectra, corresponding to protonated ions and ammonium
adduct ions. More extensive characterization of the com-
pounds could be achieved by using a more reactive CI reagent
gas like methane. On-column derivatization of steroids and
alkaloids with acetic or propionic anhydride was reported
previously with chromatographic retention times used for
identification (18).

We have made no effects to investigate the kinetics of the
on-column reactions. However, such analyses may be possible
for systems like these since the kinetics of simple elimination
reactions have been studied on chromatographic columns using
gas/solid chromatography (19).

In conclusion, ammonia, when used as a GC carrier gas as
well as a CI reagent gas, reacts with ketones and aldehydes
to form imines which are more basic than ammonia and are
easily detected by their (M + H)* ions. Since ammonia CI
sensitivity is greater for nitrogen-containing compounds than

luidine, 108-44-1; N-ethylaniline, 103-69-5; dibenzylamine,
103-49-1; benzaldehyde, 100-52-7; propylamine, 107-10-8.
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Gas Chromatography/Mass Spectrometry Determination of
Water-Soluble Primary Amines as Their

Pentafluorobenzaldehyde Imines

Michael J. Avery* and Gregor A. Junk

U.S. Department of Energy, Ames Laboratory, Ames, Iowa 50011

Primary allphatic amines present at trace levels In water
umpln were converted to imine derivatives using penta-

y The d were extracted Into
h and ed by d high-resolution gas
chromatography/mass spectrometry using multiple lon mon-
itoring. The detection limit of this method for determining
amines was 10 ppb for 0.5-mL samples of tap, river, and oll
shale process waters.

The determination of primary aliphatic amines present in
various liquids is an important problem These compounds
can be found in biological fluids, envir ples, and
industrial process streams, usually in aqueous solutions and
often at trace levels. Amines are difficult to extract from water
and are not easily chromatographed due to their polarity.
Previous determinations of amines present in water have
utilized three approaches: (1) direct gas chromatographic (GC)
analysis of the aq ples; (2) tration of the
amines followed by separation and detection; (3) alteration
of the amines by derivative formation.

Direct analysis of aqueous samples minimizes sample
preparation, thereby improving precision and reducing sample
contamination. Direct methods include GC with an amine-
deactivated column (/-3) and ion chromatography (4). Both
techniques are limited to parts-per-million level determina-
tions.

Detection limits can be improved by concentrating the
aqueous sample before measurement. Purging the compounds
from water onto a Cu(II) absorber column (5), steam distil-
lation (6), vacuum distillation (7), and sorption onto a XE-340
column (8) have been reported. These methods lower the
detection limit to about 0.1 ppm but also concentrate im-
purities leading to possible false positives or high results.

Amines have been derivatized to fluoroacetates (9), boron
chelates (10), and m-tol ides (11) to imp their chro-
matographic separations and their detection limits. The
reagents used in these derivatizations have the disadvantage
of reacting with water, which limits their applicability to
organic solvent extracts of amines. Direct derivatization of
amines in water with reagents such as o-phthaladehyde (12),
dinitrofluorobenzene (13, 14), and 2-methoxy-2,4-diphenyl-
3(2H)-furanone (15) have been reported. These direct
methods lack one or more of the following desirable features:
sensitivity, selectivity for primary amines, and chromato-
graphic resolution. Pentafluorobenzaldehyde (PFB) has been
reported as a selective reagent for primary amines (16), but
the derivatizations were performed in ethanol rather than
water samples.

A new procedure has been developed, in this laboratory,
to determine trace levels of primary aliphatic amines in
aqueous solutions. It involves the direct derivatization of the
amines present in the water sample using PFB to form i |mmes
of the ami The p requires minimal ma-

nipulation and is completed within 30 min and the imine
derivatives can be readily extracted into hexane. High-reso-
lution gas chromatography/mass spectrometry (HRGC/MS)
analysis of the hexane extract is used to ensure that all imine
isomers will be measured separately, with no interferences.

EXPERIMENTAL SECTION

Reagents. Amines and amine hydrochlorides were bb
from Fluka Chemical Corp. (H: NY), pentafluoro-
benzaldehyde from PCR (Gainesville, FL), organic-free water from
J. T. Baker (Phillipsburg, NJ), pesticide grade hexane from MC/B
(Norwood, OH), and HPLC grade acetonitrile from Burdick and
Jackson (Muskegon, MI). Standard solutions of methyl-, ethyl-
and n-propylamines were made up at the 1 mg/mL level by
dissolving the amine hydrochloride in organic-free water and
adding 0.1 N NaOH until the solution was basic. All other amines
were dissolved in acetonitrile.

The PFB imine standard, used for comparing efficiencies of
imine derivatization, was prepared by standard Shiff base reaction
of n-butylamine with PFB.

Samples. Tap water was obtained from the City of Ames, IA,
water system. River water was sampled from the North Skunk
River at a point approximately 1 mile north of the Ames city limits
and was centrifuged to remove particulate matter. Process water
from a simulated in situ oil shale retort procedure was obtained
from the Laramie Energy Technology Center.

Derivatization Procedure. A 0.5-mL aqueous sample was
mixed in a 5-mL Reacti-vial (Pierce Chemical Co., Rockford, IL)
with 1 mL of acetonitrile containing 40 ug of PFB, heated to 85
°C, and held at that temperature for 30 min. After cooling to
ambient temperature, the imines were extracted by adding 0.5
mL of organic-free water and 1.0 mL of hexane to the reaction
mixture and shaking vigorously for 15s. No further treatment
of the hexane solution was necessary to achieve a detection limit
of 10 ppb.

If detection limits below 10 ppb were deswed a larger sample
size nnd slightly modified p dure were required. For
methylamine at a ration of 1 ppb in water was derivatized
by heating to 85 °C for 30 min a mixture of 5 mL of aqueous
sample and 10 mL of acetonitrile containing 0.5 mg of PFB. Five
milliliters of organic-free water was added to the cooled reaction
mixture prior to extraction of the imine into 10 mL of hexane.
The hexane layer was collected and reduced to 1 mL with a rotary
evaporator.

Instrumentation. A Finnigan Model 4000 combination
GC/MS with an' INCOS 2300 data system was used for all imine
analyses. The GC/MS was operated in the electron impact mode
using full scan (m/z 45-400) or multiple-ion-monitoring (m/z 57
+ 208 + 222) detection. The instrument was fitted witha 30 m
X 0.25 mm i.d. DB5 (J&W, Rancho Cordova, CA) fused silica
capillary column which was led directly into the mass spectrometer
ion source; helium was the carrier gas at 24 cm/s linear velocity
at 45 °C. For each run, 1.8 uL of hexane extract was injected
splitless at 45 °C for 30 s. The column temperature was held at
45 °C for 4 min and then programmed to 200 °C at 4 °C/min.
Quantitations were performed by using three-point standard
additions.

Massg Spectra. The 70-eV electron impact mass spectra of
the imine derivatives are as follows: methylamine, 208 (100), 209
(85), 181 (29), 117 (18), 93 (16), 161 (15), 104 (9), 99 (9); ethylamine,
208 (100), 181 (24), 194 (12), 223 (7), 161 (7), 117 (7), 104 (7), 93

q
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Figure 1. Mass chromatograms (m/z 57 + 208 + 222) of derivatized
amine samples. Numbered
imines of (1) 2
n-propylamine, (5) buty . (6) ine, (7)
and (8) n-pentylamine.

(6); n-propylamine, 208 (100), 181 (35), 209 (27), 161 (8), 190 (6),
117 (6), 180 (6), 236 (4); n-butylamine, 208 (100), 181 (61), 209
(41), 190 (37), 222 (12), 161 (11), 194 (11), 180 (10); isobutyl
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208 (100), 181 (23), 209 (20), 161 (4), 190 (4), 180 (4), 55 (3), 130
(8); sec-butylamine, 222 (100), 57 (12), 180 (9), 181 (9), 236 (9),
161 (9), 223 (6), 194 (3); tert-butylamine, 57 (100), 236 (20), 180

M/Z

Figure 3. Mass spectrum of the pentafluorobenzaldehyde imine of

(6), 56 (3), 161 (3), 58 (3), 111 (2), 196 (1); n-pentylamine, 208
(100), 181 (77), 250 (45), 190 (45), 209 (30), 194 (18), 222 (13), 55
(13).

RESULTS AND DISCUSSION

Derivatization. One of the reasons for derivatizing al-
kylamines is to improve their chromatographic behavior. A
mass chromatogram of standard imine derivatives, shown at
the top of Figure 1, illustrates the peak shapes obtained by
injecting a sample containing about 1 ng of each component.
This excellent chromatographic behavior was observed for
amounts as low as 10 pE. Electron unpact mass spectra of
imine derivatives of alkylamines are d d by a-cleavag
as illustrated below for pentafluorobenzaldehyde n-butylimine.

o s
csr,cn=uq—"c?z-ocan, ——— CFsCH=N=CH, + -CiH,

If the a-position of the amine is unsubstituted, the base peak -

will be m/z 208, illustrated by the mass spectrum of penta-
fl Idehyde isobutylimine in Flg\u-e 2. The addition
of a methyl group at the a-position increases the base peak
to m/z 222 as shown in Figure 3. The tert-butyl isomer, with
both a-positions occupied by methyl groups, produces m/z
236 with a relative abundance of 20%. The base peak for the
tert-butyl isomer, m/z 57, is produced by inductive cleavage.
The aforementioned ions are characteristic of the imine de-
rivatives, so mass chromatograms can be used to obtain
structural information about the alkyl groups of the parent

primary amines. Primary aromatic amines, such as aniline,
will not interfere because these ions are not produced from
its imine. Detection limits for the derivatives are in the low
picogram range when using SIM of the base peaks. Although
electron-capture detection would give comparable sensitivity
and reasonable selectivity, unreacted PFB would have to be
removed in a separate cleanup step (16) and structural in-
formation would be lacking. Nitrogen-specific detection would
provide some selectivity but the sensitivity would be much
less than electron capture and SIM.

When the derivatization was attempted without diluting
the water ple 2:1 with itrile, very poor conversion
to the imine was realized. Full GC/MS analysis of the
reaction mixture revealed that a side product, tentatively
identified as a PFB dimer, was produced in amounts much
greater than the desired imine.

Although the formation of the imine derivatives is selective
for primary amines, not all primary amines will react with the
reagent with the same efficiency. The relative reactivities for
the reaction of PFB with the four isomers of butylamine are
n-butyl (1.00), isobutyl (0.91), sec-butyl (0.37), and tert-butyl
(0.09). The amount of derivative decreases as steric hinder-
ance of the amine group increases. In general, detection limits
for hindered amines will be much higher than those for the
n-alkyl isomers.
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4. Mass chromatograms (m/z 208) of derivatized samples of
5 mL each of (A) river water and (B) river water spiked with 1 ppb
methylamine.

Methodology Tests. The derivatization of n-butylamine
to pentafl b Idehyde n-butyl at the 100 ppb level
was found to have an overall efficiency of 30%. This value
includes the efficiency of derivative formation and extraction
into hexane.

The detection limit for the method described here is 10 ppb

Table I. Determination of Amines Present in a Shale Oil
Retort Water

concn, ppm
PFB GC steam
amine derivatization direct® distillation®

methyl 14.3 13 10
ethyl 10.2 11 9
n-propyl 5.7 4 4
n-butyl 16 2 2
sec-butyl 14 ND® ND
iso-butyl 0.8 ND ND
n-pentyl 2.2 ND ND

2Taken from ref 6. *Not determined.

1. The selectivity of the method is illustrated by the clean
base line. The peaks not identified are probably due to iso-
mers of pentylamine for which standards were not available.
Quantitative values for six amines p in the le were
determined and are compared to published values in Table

CONCLUSION
The sensitivity and selectivity described in this report
suggest that this procedure for determining primary amines
is g lly applicable to i al waters, wastewaters,
and process streams and is particularly well-suited to biofluids
and homogenized tissues where only small sample sizes are

with no ple t fers or pulations being Y
for sample volumes of 0.5 mL. The sensitivity can be im-
proved by evaporation of the hexane from the 1 mL hexane
extract, but care must be taken to avoid losses of the imines.
The detection limit can also be lowered by increasing the
sample size. Figure 4 illustrates the signal obtained by ap-
plication of the method to a 5-mL sample of a surface water
spiked with 1 ppb methylamine. Disadvantages to the use
of sample sizes greater than 0.5 mL are increased sample
pulation, leading to poorer pr and more ch
for le cc ination, and an in extract vol 5
necessltalmg a volume reduction step.

The accuracy and reproducibility of the PFB derivatization
scheme were determined by spiking the target compounds into
tap water and river water at levels ranging from 50 ppb to 10
ppm. Quantitative values ob d

d for seven p were
within £10% of the true values. Mean relative standard
deviations for triplicate determinations ranged from £9% at
10 ppm to £25% at 50 ppb.

Obtaining quantitative values for the PFB derivatives by
the usual method of external standards requires that pure
samples of each derivative be synthesized. This problem was
circumvented by using the method of standard additions since
all that is required is to add easily obtainable amines or amine
salts to the sample. In addition, this method corrects for the
nonquantitative nature of imine formation.

Applications. The developed methodology was applied
to samples of Ames tap water, water from the Skunk River,
and a sample of oil shale retort water. No target amines were
detected in the tap water or river water. A process retort
water, produced as an emulsion with shale oil during in situ
retorting, proved to be rich in the target amines as well as
many other organic compounds (6, 7). A mass chromatogram
of the derivatized retort water is shown at the bottom of Figure

available. Studies of these applications are currently in”
progress.
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Rapid and Precise Method for the Measurement of
Vapor/Liquid Equilibria by Headspace Gas Chromatography

Abul Hussam and Peter W. Carr*

Department of Chemistry, Smith and Kolthoff Hall, University of Minnesota, Minneapolis, Minnesota 55455

This work d ibes a device designed to allow the rapid
measurement of vapor/liquid equilibria, including vapor pres-
sure and solute acﬂvlty codﬂdonu. In an automated fashion
based on a ¢ | gas i graph. Various cor-
rection fact: to the analytical signal (peak
area) to the desired thermodynamic quantities have been
developed. In general, activity coefficients at low concen-

advantages include the fact that the detector need not be
calibrated. Elution time and eluent flow rates are the critically
important measurements. Because the flow rate and tem-
perature must be known quite accurately, most workers who
use the dynamic method have modified the flow contmllers
and ovens of ial or d d their own
system. A nontrivial advantage of the method is the possibility
of obtaining the solute—carrier gas virial coefficient by varying

tration (mole fraction less than 0.01) are in good agr

with Iiterature values (ca. 2%). Simllarly, vapor pressures
can be measured with good accuracy. The precision of
measurement is often better than 0.5%. The major limitation
In the acy of the method app to be the lack of high
quality experimental gas phase virlal coefficlents.

Virtually since its inception, gas chromatography has been
recognized as a powerful method for the study of vapor/liquid
equilibria, in particular, for the measurement of infinite di-
lution activity coefficients of nonelectrolytes (1, 2). There are
many possible chromatographic approaches to the determi-
nation of such phase transfer equilibria, including the dynamic,
static (3), and saturauon or smppmg methods (). The most

and thermod, 1l-defined methods include
the dynamic approach, in which the retention volume of a
solute molecule is measured and the static or headspace (5-7)
analysis technique, in which the chromatograph is used in a
conventional fashion, i.e., as a selective and sensitive gas an-
alyzer. Each of these approaches has distinct advantages and
disadvantages.

In principle, the dynamic method is the faster because it
does not entail the preparation of solutions of the solute in
the solvent of interest. Once a column with an accurately (8)
known amount of well-defined stationary phase (the solvent)
is available, one merely measures the column dead volume
and retention volume of the solutes of interest. Thus, it is
possible to inject mixtures of solutes and generate data quite
rapidly. In practice the method is limited to solvents of low
volatility. Column preparation (including support deactiva-
tion) and determination of the mass of stationary phase liquid
is tedious; indeed, this step is the limitation of the accuracy
and precision of the method (8, 9). Corrections for the com-
pressibility of the mobile phase and the pressure differential
across the column must be made quite accurately and the
effect of adsorption at the high surface area gas/solid or
gas/liquid interface must be assessed and a correction made
when significant. Clearly, when a mixture of solutes is injected,
it must be well separated under isothermal conditions (note
that temperature programmed elution is not permissible since
the relevant thermodynamic par , 1.e., vapor pr 3
stationary phase density, and activity coefficient, are all

temperature dependent). Finally, to obtain infinite dilution -

activity coeffici the solutes must be injected at quite low
ration to avoid isotherms. It should be noted
that activity coefficients at finite concentrations can be ob-

tained by dynamic GC by the use of frontal analysis (10). A

major advantage of the approach is that where it is applicable,
very precise results can be obtained (0.2%) (9). Additional

the pressure drop across the column via a change in the flow
rate (11). The retention time of a peak can be used to measure
the thermodynamic retention only when the peak is symmetric
or nearly so. When asymmetric peaks are encountered, the
first moment must be computed, thus requiring on-line ac-
quisition of the signal and postrun data analysis. Conse-
quently, conventional integrators cannot be used.

The static or headspace technique was adopted in this work
for several reasons. First, our primary interest, and, indeed,
of most chemists, is in rather volatile solvents, e.g., mixtures
of water and methanol, microemulsions, etc. The dynamic
method can be used with volatile solvents, but the mobile
phase must be presaturated with the liquid, and the pressure
drop across the column must be small. Second, the headspace
method is more readily ble to the of vapor
pressure, as well as activity coefficients over a finite concen-
tration range. Thus, the entire phase diagram can be assessed.
A headspace device with the following operational features
was developed: (1) rapid analysis of samples; (2) accurate
temperature control of samples (better than £0.01 °C); (3)
ability to work at low sample concentration (mole fraction
<0.01); (4) minimal perturbation of the equilibrium by the
sampling process; (5) ability to vary composition of the solvent

automatically.

The device which was d d is shown ically in
Figure 1. In order to allow high sensitivity and analysis of
complex mixtures of gases, a commercial temperature pro-

d capillary ( bore) gas chr graph was used
as the analyzer. Preliminary work ind. d that microbore

capillaries and their attendant splitter systems (12) were not
acceptable in terms of the ultimately desired accuracy and
precision (ca. 1%). For our purposes a macrobore capillary
provided an excellent compromise in terms of the desired
resolution and analytical sample capacity between a conven-
tionally packed column and a microbore capillary.

Most d lyzers transfer the sample
by over pressuring the sample and timing the flow of gas from
the sample chamber to the col A transfer system

was used in this work to achieve the precision inherent in the
sample loop valve and to minimize the perturbation of the
vapor/liquid equilibrium by use of a very small sample (~200
uL). C cial head ly also employ some type
of septum which may be attacked by the solvent or imbibe
sample. This potential problem was avoided wherever pos-
sible, thus, with one exception, a system with only glass or
metal components was designed.

Headspace analysis has a number of significant ndvan(ages
over the use of i
(13). First, the solvent need not be degassed nor must more
volatile impurities be removed since these can be easily sep-

ional cl
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Figure 1. A i gram of the exp setup.

arated from the sample in the capillary column. Obviously,

the solvent must be sufficiently pure that it, and not impurities

in it, establish the activity ient of the solute. This i umue

is distinct from the p e ement problem i

when there is a smnll amount of a volatile hquxd in a much

less volatile solvent. Second, one can work at extremely low
rations and can simult. ly study several solutes

1 h

Table 1. Critical Dimensions of the Gas Transfer Lines

inside

transfer line diameter, in. volume, uL
S-v3 0.01 16
V3-V1 0.01 ‘2.5
V1-V4 0.01 33
V4-V2 0.04 202
V3-GB 0.01 25
V3-TC 0.01 16
sample loop 0.02 20

were kept over molecular sieve (5 A). Ethanol and octanol were
Gold Label grade reagents from Aldrich Chemical Co.
Apparatus. A schematic diagram of the experlmental setup

is shown in Fj 1. The head was d d around
an HP-5790A (Hewlett- Packard Instrument Co.) caplllarv gas
h (GC), eq d with a gas ling valve (V4)

and a four-port valve (V2). The gas sampling valve (V4) was
connected to another four-port valve (V1) (Model AH-6-CV-SH7A,
Valco Instruments, Inc., Houston, TX) and to a 16-port sample
selection valve (V3) (Model CSD16T, Valco Instruments, Inc.,
Houston, TX). The valves are housed in two heated boxes at a
temperature of 150 °C (£2 °C). The sample cells are glass vessels
(volume ca. 12 mL) connected via glass-metal seals to !/, in. to
1/16 in. zero dead volume Swagelok stainless steel fittings and
placed in a water bath (WB), the temperature of which is con-
trolled by a PTC-40 temperature controller (Tronane Inc., Provo,
UT). The temperature of the water bath is constant with a

1 of £0.001 °C. Temperature measurements were per-_

provided that they can be separated. In
matographic methods for the measurement of activity coef-
ficients require a series of studies to be carried out over a

derable range in position and the data extrapolated,
sometimes over a wide interval, to obtain infinite dilution
activity coefficients. In contrast, the sensitivity and detection
capabilities of a chromatographic system are such that one
can easily work at solute concentrations where Henry's law
is accurately obeyed and, consequently, no extrapolation to
infinite dilution is needed. The separations are generally
trivial since a temperature program can be used, and the
column can be chosen to achieve the desiréd resolution. The
method requires much less material than recirculation stills

formed with a calibrated thermometer (ASTM-56C, Fisher Sci-
entific Co.). Two of the ports from the 16-port selection valve
are reserved for a thermostated cell (TC) (volume ca. 60 mL) and
agas bulb (GB). The thermostated cell is used for studies in which
an accurately known amount of a liquid can be added by means
of a precalibrated autoburet (AB) (Model ABU-11, Radiometer,
Copenhagen, Denmark). Water is circulated around the ther-
mostated cell by a water pump (WP), immersed in the water bath.
To hold standards, a large gas bulb of accurately known volume
is fitted with a “mininert” Teflon valve for sample introduction
and a Teflon needle valve for evacuating the bulb. All gas transfer
lines are heated to 150 °C. Heating is provided by an insulated
nichrome wire heater. The gas transfer lines are !/¢ in. o.d.

(14) and equilibrium can be established quite rapidly provided

precl d nickel tubing (grade 200, Alltech Associates). Di-
ions of the fer lines are listed in Table I. The transfer

the liquids are not excessively viscous since small cells (less
than 20 mL) can be used. A comprehensive review of a

b graphic methods for the study of
vapor/liquid equilibria can be found in ref 15 and 16. Where
applicable, such techniques can have extremely high accuracy

of nonchr

line from the sample cell is inserted some distance into the cell
s0 that vapor can be sampled from near the liquid surface. The
transfer lines from V1 to V2 are evacuated by a vacuum pump
(P), which is connected to a cold trap (T), a manometer (M)
(Model G-1700, Gilmont Instruments Inc, NY), and a pressure
gauge (PG). A vacuum on '.he order of 0.5 torr of Hg can be

and precision. The headspace method and apparatus de-
scribed here cannot achieve the same degree of certitude as
the classical methods. In contrast they are far less cumber-
some and can produce reasonably reliable data in far less time.

The chief drawbacks of headspace methods in comparison
to dynamic chromatographic methods are the need to calibrate
the d p the requi t of d linearity
over the range of concentrations to be studied, and the need
for information on gas-phase compressibilities to correct the
analytical data (peak area) to pressure.

This work describes an apparatus and the theoretical
correction factors which allow the convenient measurement
of a number of important vapor/liquid properties.

EXPERIMENTAL SECTION

Chemicals. n-Alkanes (n-p through n-decane) were
obtained from Aldrich Chemical Co. Prior to use they were passed
through silver nitrate impregnated activated silica to remove
unsaturated h; bons and stored over phosphorus pentoxide.
n-Octadecane (purity 99%) was obtained from Alfa Chemical Co.
and used without purification. Benzene, toluene, nitromethane,
methyl ethyl ketone, acetonitrile, and dioxane were either HPLC
grade or spectrophotometric quality (Fisher Chemical Co.) and

d in 2 min. A is ed by a
barometer (B) (Model G-4400, Gllmont Instruments, Inc., New
York). A high-pressure air tank is used to supply the necessary
pressure for the actuation of valves V1, V4, and V2. This tank
can also be used to pressurize the sample if necessary, by using
the manostat (MT) (Model C-2200, Gilmont Instruments, Inc.,
New York) and two needle valves (NV) (Type CPI1, Parker
Fluidics).

Helium, which serves as the carrier gas, passes through a
moisture trap (MT) and an oxygen trap (OT). Hydrogen and air
for the flame ionization detector (FID) pass through a charcoal
trap (Model HC-2445, Supelco, Inc.). Precisi
(Perkin-Elmer Corp, Norwalk CT) mamunn a stable flow rate
for the FID gases. These pressure regulators are thermally in-
sulated because room temperature fluctuations can cause a change
in the flow rate of the FID gases and thus alter the response of
the detector.

The GC is interfaced to an integrator (IG) (HP-3390A). Au-
tomation of the system is provided by a microcomputer (MC)
(Model T'S-1000, Timex Corp.) interfaced to a controller board
(CB) (Model BB-1, Byte Back Co.). Valves V1, V2, the GC, the

g] , and the are d at precise time settings
by the p All ble pr: ions have been taken
to ensure stable nnd reproducible responses. This is essential




b high analytical are needed to detect
the small diffe in the th ynamlc of
interest.

Sample Preparation. For the measurement of the vapor
pressure of a pure liquid, approximately 2 mL of the liquid is
transferred to the sample cell (ca. volume 12 mL). Hydrocarbons
in n-octadecane were prepared by weighing each component in
a glass vial fitted with a “mininert” valve. Weighing accuracy was
better than 0.01%. To avoid loss of volatile hydrocarbons (e.g.,
pentane) the samples were kept in a refrigerator. Rapid con-
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fraction, and £;° is the fugacity of pure liquid i. Similarly, in
the vapor phase, ¢; is the fugacity coefficient, y; is its mole
fraction, and P is the total pressure. For pure i

f° = P°¢?° explv!(P - P°)/RT) 4)

where ¢;° is the fugacity coefficient of pure i which corrects
for the deviation of the saturated vapor pressure, P,°, from
ideal gas behavior, the exp ial term for the effect
of applied pressure, and v/ is the molar volume of pure liquid

densation (solidification) of n- d at room perature
(ca. 25 °C) prevents the use of a gastight syringe for transferring
such samples. During transfer, the closed samples in octadecane
were melted in a water bath and about 2 mL of the stock is
immediately transferred to a headspace vial by using a Pasteur
pipet. We chose to study the system n-alkane/ocatadecane be-
cause we believe that the literature values for the infinite dilution
activity coefficient in this system are extremely reliable. Further,
the values are close to unity and, therefore, constitute a difficult
test of the methodology described here. Clearly, the inconven-
iently high melting point of this solvent places considerable de-
mands on the care which must be exercised to obtain reliable
results with the more volatile solutes. Other binary mixtures were
also prepared by weighing the components in a glass vial fitted
with a “mininert” valve.

For the study of the vapor/liquid equilibria of the dioxane-
acetonitrile system, one of the components was delivered to a
known weight of the other component by a precalibrated autoburet
under computer control. The mixture was continuously stirred
for 20 min for rapid equilibration before the headspace was
sampled for GC analysis.

Procedure. Sampling Procedure. To sample the headspace,
the transfer lines V1 to V2 are evacuated for 2 min and then valve
V2 is closed and V1 is opened for 30 s to allow the sample vapor
to fill the 20-uL sample loop of valve V4. Valve V1 is then closed
and the gas sample is immediately injected into a wide bore high
capacity fused silica capillary column (HP Series 530 x methyl
silicone) without any sample splitting. A narrow bore column
can be used with sample splitting provided that there is no
preferential splitting of the components. This is particularly
important during a multicomponent analysis. Typical GC op-
erating conditions are as follows: He flow, 21.4 mL/min; air flow,
292 mL/min; H; flow, 88 mL/min; auxiliary He, 17 mL/min;
temperature program, 35 °C for 2 min then increase at 30 °C/min.

Standard Preparation. Details of the standard preparation
and calibration procedure have been descnbed elsewhere (17).
Briefly, gas st dards (multi or single P ) are
prepared in a large (~12 L) gas bulb (GB), of precisely known
volume, by injecting a known welght of standard sample and

1) g it to . The weight of the liquid must
be low enough to avoid saturauon of the gas phase and concom-
itant condensation. In a second method, the headspace vapor
above a pure liquid of known vapor pressure is used for cahbmuom

Both techniques are applied wh Experi
the second method is faster and simpler than the first.
THEORY

When the gas phase can be assumed to be a perfect gas,
the equations needed to calibrate the vapor/liquid equilibrium
parameters are very straightiorward. The approach given
below is a good deal more complex to account for gas phase
nonideality even though in most cases the corrections are small
(<10%). '

At equilibrium, the fugacities of any solute must be equal
in the liquid and vapor phases

=fr (1)

At a given temperature the fugacities in the liquid and vapor
phase are functions of only the composition, concentration,
and pressure as follows:

f1=vaf® 2)
fi = biP 3)

where 1v; is the activity coefficient of species i, x; is its mole

i. Combining eq 1-4, we obtain eq 5 (18)

In v; = In (y;P/x;P) + In (¢;/¢°) - [v}(P - P°)/RT]
(5)

Gas-phase fugacity coefficients ¢, can be approximated at low
pressure by the virial equation of state truncated after the
second virial coefficient

In ¢; = (2/v) }:y,B -lnZ,, (6)

where v is the molar volume of the mixture and Z_;, is the
compressibility of the mixture. Z_;, can be related to the virial
coefficients by the equation

Zgis = 1+ PBpy /RT ()]

where
nn
B = ZZ]:.ijB;, (8)

and B,,;, is the mixture virial coefficient. Equation 5 along
with eq 6-8 are the basis for the thermodynamic correction
for the nonideality of gases.

Case I: Use of Gas Standard. To apply eq 5 to the
headspace method, the following consideration has to be made.
Assuming the detector is linear over the measured concen-
tration range, the peak area will be related to the molar
concentration C; of sample gas by the equation

A; = RV ,C; 9
and for the gas standard (GS)
Ags = kVi05Cos (10)

where k is a constant response factor and V), is the volume
of the'sample loop. The partial pressure of i in the headspace
can be related to the vapor-phase concentration by the
equation

p; = CRTZ,;, (11)
Combining eq 9-11, we get
pi = (Ai/Acs)CosRTZ iy 12)

where Z,_;, is due to solute i, solvent, and the air present in
the headspace. Since Cgs (known from the weight of standard
and volume of the bulb) is the analytical concentration of the
solute in the standard gas bulb, no assumption regarding
nonideality of gases in the standard is required. By definition
p; = y;P, then eq 5 can be combined with eq 12

In v88 = In (A,Cgs/Agsx;) F In (RTZ,,./P°) +
In (¢:/$°) - [+/(P - P°)/RT] (13)

Equation 13 relates the activity coefficient of solute i to the
peak areas A4; and Ags when a gas standard of knewn com-
position is used.

Case II: Use of Pure Liquid Standard in Presence of
Air. The situation is much more complicated when the pure
liquid vapor is used as the standard. For a pure liquid (LS)
in the presence of air, the peak area will be

Ars = kVioxCrs (14)_
Combining eq 9 and 14 we obtain
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C; = CisAi/Ars (15)

We know
P#* = C sRTZ,;,* (16)
where P;* is the vapor pressure of the liquid in the presence
of air and Z,,;,* is the compressibility under the same con-
ditions. The compressibilities Z;, and Z;,* refer to the
sample condition and not that in the sampling loop. Com-
bining eq 11, 15, and 16, we obtain
P; = P*(Ai/ A1) (Zpmix/ Zpmis®) 1m

To obtain P;*, we must consider the vapor/liquid equilibrium
of the liquid standard in the presence of air. If we assume
that the solubility of air in the pure liquid is negligible, then
for pure liquid
fl'=f2 = P26 explvl(P - P?)/RT]  (18)
For the vapor phase
fi = o*P3 (19)

where P* = y,P and ¢* is the fugacity coefficient of pure vapor
in the presence of air. Combining eq 18 and 19 we obtain

P* = PP(¢°/¢:*) explv)(P - P°)/RT]  (20)
Equation 20 corrects the true (saturated liquid vapor) pressure

{P,°) to that which should be observed in the presence of air
at total pressure P. Combining eq 5, 17, and 20, the activity
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Figure 2. Peak area of pentane (O), hexane (V), and octane (O) as
a function of V1 opening time; solution, ca. 10~ M each in n-octa-
decane at 30 °C.

Table 11. Effect of Sample Residence Time on Peak Areas

residence time,” s peak area X 107, arb. units

0 3114
J 3105
15 3107
30 3124
60 3142
300 3144
3123 av
0.5% RSD

°Sample is the vapor above air-saturated n-hexane at 25 °C.
Transfer line temperature is 150 °C.

coefficient based on a liquid standard can be calculated as
S = (Ai/ Avsx) @i/ 6 Zmix/ Zmin™®) (21

In many cases it should be possible to assume that when the
partial pressure of the solute and solvent pairs are very low,
the terms ¢,;/¢* and Z,,;;/Zi,* will be very close to unity.
Thus when virial coefficients are unknown, the use of the pure
liquid solute as the analytical standard can be quite advan-
tageous. In eq 13, the first two terms are the uncorrected
activity coefficient of the solute; the terms after that are
usually very small and close to unity, particularly when the
solute is at infinite dilution.

It is important to und d we have d the d
response is linear and there is no intercept in the calibration
curve. By use of two distinct standards the assumption can
be checked.

RESULTS AND DISCUSSION

Preliminary Experi ts. Before describing the quan-
titative results of the study a number of operational features
of the system must be made clear. First, the pneumatic
characteristics of the transfer system were assessed. Asshown
in Figure 2, t fer of the le to the pling valve is
almost instantaneous and does not change by more than 0.5%
when V1 is open from 5 to 300 s. This indicates that the gas
sample moves very rapidly into the transfer line. It is possible
to calculate the linear velocity of a gas, when there is a pressure
difference (1 atm in this work) between valve V1 and V2 by
using the Poiseuille equation. Such calculations show that
flow at a rate of ca. 500 uL s™! through a 0.01-in. i.d., 135 cm
long tube will require 0.1 s to reach the other end of the tube.
We have chosen a 30-60 s V1 open period for convenience.
Once the gas sample is in the transfer line, i.e., when V1 and
V2 are closed, there should be no movement of the gas by
diffusion or by pressure variation. This was confirmed, i.e.,
the peak area did not change by more than 0.5% as a function
of residence time (see Table II). Figure 1 and Table II show
that a representative sample of the gas phase is in the sample
loop.

It is also critically important that the ballast volume, i.e.,
the volume between V4 and V2 (202 uL) be sufficiently large
compared to the sum of the volume of the transfer line and

Table I11. Effect of Volume of the Sample Vessel on the
Peak Areas of n-Hexane in Vapor/Liquid Equilibrium®

volume, mL

volume ratio peak area X 1079,

liquid sample total cell vapor/liquid arb. units
1.00 12.00 11.00 1934
6.00 12.00 1.00 1947
1.00 81.00 80.00 1922
30.00 81.00 17 1960
1940 av

0.73% RSD

2 Split vent flow, 385 mL/min; column, 12 m 0.1 um methyl sili-
cone. In another experiment, the vapor pressure of toluene was
measured in a 12 mL, 30 mL (stainless steel), and a 81 mL sample
vessel. The values of p° obtained was in excellent agreement with
the literature value with a relative accuracy better than 1%.

the gas sampling valve to ensure that a representative sample
of the gas in the cell is delivered to the capillary column, i.e.,
the ballast must be large enough to completely sweep the
preceding sample (or air) from the transfer line to waste. As
seen in Table I, the ballast volume is approximately 4 times
larger than the transfer line; a ballast volume the same or less
than that of the transfer line showed almost no transfer (<1%)
of the gas sample.

If a representative sample of gas is being taken, the peak
area should be quite independent of the ratio of vapor to liquid
volume in the cell and of the total cell volume. Results for
such experiments are shown in Table III

Table IV shows the results when air is readmitted to the
system after a sample is taken and when it is not. Clearly the
difference is insignificant. Provided that equilibrium is es-
tablished rapidly (see footnote of Table IV, 3 min is the
minimum time between runs) the volume of the ballast system
should be unimportant. This was checked by using a large
gastight syringe to rapidly remove a large volume of the
headspace and immediately sampling the vapor. The results
are shown in Table V. Clearly, the vapor/liquid equilibrium
is perturbed momentarily only when the volume of the vapor



Table IV. Effect of Repressurization with Air on the
Sample Peak Area of Octane®

peak area X 107, arbitrary units
air readmitted

no air readmitted

468.2 464.5
465.2 464.2
463.1 463.9
467.3 463.9
463.5 464.6
av 465.5 464.2
% RSD 0.43 0.07

°Time between runs varied from 3 to 22 min.

Table V. Perturbation of Vapor/Liquid Equilibrium of
n-Octane®

peak mL of peak

mL of air area X 103, headspace area X 1073,

injected arb. units withdrawn arb. units

0.0 464.5 0.0 465.4
2.0 466.7 2.0 464.3
4.0 466.9 4.0 463.6
6.0 466.4 8.0 455.7
10.0 464.9 10.0 455.4
0.0 464.9 0.0 465.2

2Sample volume and headspace volume are 2 and 10 mL, re-
spectively, with 3 to 5 min interval between runs.

Table VI. Port to Port Reproducibility of Multiport
Selection Valve

peak area X 1073, peak area X 107,

port no. of hexane port no. of hexane
1 3831 13 3841
2 3836 15 3836
4 3879 16 3868
5 3803
6 3833 8y 3840
7 4806 % RSD 0.54

sampled is nearly equal to the headspace volume. In the
present apparatus only 20 uL of the 250-uL gas sample is
injected onto the column. Since the total volume of gas
sampled is insignificant cc ed to the head volume
(10-80 mL), the perturbation of the vapor/liquid equilibrium
does not occur. The rate of equilibration can also be checked
by deliberately injecting a large volume of air into the cell and
running an assay of the headspace. Table V shows that
volumes of up to 10 mL of air can be injected with no effect.
The equilibrium is reestablished within 3 min.

Since a 16-port sample selection valve is used, it is important
to certify the port to port reproducibility of the system. Table
VI shows the results with hexane as the sample. It is clear
from the result that port to port reproducibility is well within
experimental error.

As a final preliminary check of the system, the temperature
of the transfer line from the top of the sample cell to the
bottom of the valve box oven was varied while the rest of the
transfer lines were maintained at 150 °C. It is important to
maintain the tubing at a temperature high enough so that
condensation and adsorption of the sample do not occur.
Figure 3 shows that octane vapor does condense when the
transfer tube line is at 33 °C. This is evidenced by raising
the transfer tubing to 77 °C; the peak area increased dra-
matically and then decreased almost monotonically in suc-
cessive runs. It takes a very large number of runs to remove
all of the condensate at 77 °C. Therefore, the sample was
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Figure 3. Effect of temperature variation of the transfer line between

sample and oven on the peak areas of pure octane vapor: temp, (a)

33 °C, (b) 77 °C, and (c) flushed at 77 °C. Each point (®) indicates

a single run.
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d and a pplied to the tubing until no
octane peak was observed. After this cleaning procedure, the
headspace was sampled 30 times (3 to 5 min between runs)
with a relative standard deviation of 0.3% with no systematic
trends in the data (Figure 3c). The vapor pressure of octane
measured under these conditions is in excellent agreement
with the literature value (% error = -0.2%). To avoid ad-
sorption and condensation problems, we have used precleaned
nickel tubing and a transfer line temperature of 110-150 °C.
At this elevated temperature, the tubing must be carefully
thermally insulated to avoid p fluctuations in the
water bath. It should be noted, however, that one of the
functions of the ballast volume is to draw enough sample from
the cell so that the walls of the tubing are freed of condensed
and adsorbed material. If necessary, one could use uncoated
fused silica transfer lines for use with highly adsorptive test
systems. Their fragility mitigates against routine use.
Measurement of Vapor Pressure of Pure Liquids.
After performing the preliminary experiments described
above, we measured the vapor pressure of 11 polar and non-
polar liquids (see Table VII). For these measurements the
chromatographic system was calibrated with a pure gas
standard of the respective substance. In Table VII the lowest
ratios of the sample area (4;) to that of the gas standard (Ags)
are listed. At least three different concentrations of gas
standards were used for calibration. For example the highest
A;/Ags for pentane and hexane were 292 and 254, respectively.
A six-point calibration curve of hexane gas standard (from
5.44 X 10° M to 2.61 X 10 M) was prepared. This calibration
yielded a straight line through the origin (intercept = (0.035
< 0.025) X 107 M) and a correlation coefficient of 0.9999 (F
= 51703). Again, using pure liquid hydrocarbons (n-pentane
to n-decane), we have shown (17) that a plot of the response
factor per mole of carbon as a function of log (molar con-
centration) of the saturated vapor as determined by its vapor
pressure has a slope of 0.026 + 0.028 at the 90% confidence
level and an overall coefficient of variation of 0.4%. These
results show that the detector response is linear over a wide
range of concentration. Since the amount of sample injected
is limited by its vapor p and the vol of the pl
loop (20 uL), the upper limit of the dynamic range is never
reached in headspace analysi , the detector (FID)
is never “overloaded” in this work.
It is clear from Table VII that the precision of the mea-
(% RSD) is iderably better than is the accuracy.
Because the gas phase is 1 and the measur are
made with air in the sample cell, eq 20 was used to correct
the observed vapor pressure. The primary data needed for
correction of the observed vapor pressure are the second virial
coefficient, B,,, for the pure compound and the cross-virial
coefficient, By,, where 2 is the co-gas, which is primarily ni-
trogen in this case. For nonpolar hydrocarbons B,, and B,
can be calculated from the correlation of Pitzer and Curl (19),

%
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Table VII. Measured Vapor Pressure of Pure Liquids at 298.16 K

p° (exptl),

compounds Ai/Ags® atm % RSD*
pentane 38.60 0.6890 0.1
hexane 3.80 0.2043 0.3
heptane 11.37 0.0603 0.2
octane 6.92 0.0183 0.1
benzene 12.56 0.1255 0.4
toluene 2.28 0.0374 0.6
nitromethane 2.04 0.0470 0.3
acetonitrile 3.99 0.1176 04
methyl ethyl ketone 6.87 0.1219 0.3
dioxane 4.02 0.0459 0.3
ethanol 2.96 0.0812 0.2

p° (corn), p° (Antoine), % error
atm atm exptl-Ant. corr-Ant.

0.6798 0.6743 +2.2 +0.8
0.1992 0.1990 ° +2.6 +0.1
0.0588 0.0601 +0.3 =21
0.0179 0.0183 0.0 =21
0.1231 0.1252 +0.24 =19
0.0366 0.0374 0.0 =2.1
0.0464 0.0469 +0.21 -1.0
0.1145 0.1136 +3.5 +0.8
d 0.1187 +27 d

0.0451 0.0463 +0.8 -2.6
d 0.0788 +3.0 d

2Peak area ratio of sample to gas standard for the highest gas standard concentrations. ®Percent relative standard deviation of at least

ten measurements. ‘Corrected experimental vapor pressure using eq 20. 9Accurate B,, values were not

by using Antoine constants A, B, and C (22).

ilable. *Antoi b 4

values

of Some n-Hydrocarbons in n-Octadecane at 303.16 K

Table VIII. Measurement of Infinite Diluti

Activity Coeffici

compounds (i) AilA s X vt % RSDY T 7.4 (i) % error
A. Mixtures of all Solutes + n-Octadecane
pentane 0.0157 0.0195 0.805 0.12 0.817 0.854 -4.2
hexane 0.0140 0.0167 0.838 0.36 0.845 0.869 -28
heptane 0.0123 0.0139 0.887 0.22 0.888 0.889 -0.1
octane 0.01067 0.0114 0.936 0.11 0.936 0.917¢ +1.9
B. Binary Mixtures of One Solute + n-Octadecane
pentane 0.0151 0.0191 0.794 0.13 0.805 0.854 -5.7
hexane 0.01256 0.0151 0.831 0.18 0.844 0.869 -29
heptane 0.0157 0.0179 0.878 0.42 0.880 0.889 ~-1.0
octane 0.01607 0.0177 0.908 0.31 0.906 0.917° =12

¢ Peak area ratio of solute i to the liquid standard. ® Uncorrected values based on v,* = 4;/(4sx,). ‘ Thermodynamically corrected values
(eq 21). ‘See ref 23. *Extrapolated \alue obmmed l‘rom a plot of In v, vs. carbon number. /Percent relative standard deviation of replicate

of 13 repli is

runs. A

and the necessary values for critical constants are obtained
from the literature (20). Although it is more difficult to
estimate the second virial coefficient of polar gases, empirical
correlations have been established (2I). The agreement be-
tween experimental values and values using the Antoine
equation (22) is excellent and the overall absolute error is 1.2%
in comparison to that between corrected and Antoine values
(1.7%). Therefore the correction factors are small for no-
nassociating compounda (i.e., hydrocarbon) and somewhat
larger for strongly ted H , for many
practical purposes, the Lhermodynnmlc correction factox can
be neglected. Although we have taken the Antoine equation
vapor pressure (P°) as the correct absolute value, occasionally
the literature values for P° can deviate as much as 5% from
the Antoine value. Therefore it is important to measure the
vapor p e of pure for any vapor/liquid
equilibrium studies.

Inspectlon of Table VII does not mdlcau any correlation

the y of the d vapor p and the
ratio of sample area to standard area. This substantiates our
belief that detector ity is not the d t source
of the residual analyucal error.

The p t que for the ement of vapor
pressure is only limited by the lower limit of the FID's dy-
namic range, in other words, the vapor pressure of a liquid
that can be measured (with a 20-uL sample loop) for which
the signal i is at least three times the standard deviation of the

k d which to ca. 3 X 107 atm for decane.
For less volatile liquids one can use a large sample loop, but
care must be taken not to perturb the vapor/liquid equilib-
rium by withdrawi of le. For low
volatile liquids, convenuonal vapor pressure

are difficult due to the removal of all gases and isomers of
similar volatility. Head h s are not subject to
such problems. They are very flexible and limited only by
the ability to accurately standardize the system.

Direct Measurement of Infinite Dilution Activity
Coefficients. Since we were able to measure the vapor
p of pure liquids; the of infinite dilution
activity coefficient (1<) of solutes was also assessed. The
results are compiled in Table VIII. In Table VIITA the v
of several alkanes (n-pentane to n-octane) in n-octadecane are
given when all solutes were present as a mixture in the solvent
at the indicated mole fraction. In Table VIIIB, the v= of some
solutes are given for binary mixtures of that solute and n-
octadecane. All y* values are obtained with a relative precision
better than 1%. Thermodynamically corrected v~ are ob-
tained by applying eq 21 based on pure liquid standards of
the solute. Because the detector linearity has been checked
for n-hydrocarbons (17) over a wide range of concentration
and the vapor pressures of n-hydrocarbons have been mea-
sured with excellent accuracy using the same technique, the
pure liquid solute can therefore be used as the standard. Pure
liquid standards are much easier to prepare and use. They
also allow us to monitor the vapor pressure and therefore the
overall instrument performance. The only problem with pure
liquid standards is the thermodynamic correction terms be-
come complicated, particularly when both solute and solvent
are volatile.

It is clear from Table VIII that the corrected y= values are
in good agreement with literature values (23). It should be
mentioned that the literature values of v* compared well to
values calculated using the Flory-Huggins equation where the

tion was taken to be a linear function of the




ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985 « 799

Table IX. Infinitely Dilute Activity Coefficients of Some Other Binary Mixtures

solute solvent temp, K
benzene toluene 298.16
benzene methanol 303.16
benzene water 303.16
toluene methanol 303.16
toluene octanol 298.16
acetonitrile dioxane 298.16
dioxane acetonitrile 298.16
nitromethane octanol 298.16

v e v (i) % error ref
0.984¢ 0.99 -0.6 26
717 7.18% 26
2402¢ 2422 0.8 27
9.97 10.8 26
211 219 -3.6 24
1.520¢4 1.542 -13 25
1.3104 1.330 -1.5 25
8.58 8.52 +0.7 24

% Based on pure liquid standard using v, = A;/(Arsx;). ® Temperature was 308.1 K. ¢ Thermodynamic and analytical corrections based on
eq 21 were applied. ¢Values obtained from extrapolation of v;~ as x; — 0.

volume fraction of the solute. Using the same equations the
ratio for pentane y*yma)/ ¥ vims) was found to be within 1%
of the calculated values. Because the error in v~ is the largest
for pentane, we attribute this to the loss of pentane (the most
volatile solute) during sample transfer. The same is true for
other solutes, but in decreasing order.

One can see from Table VIII that our solute concentrations
are ten times lower than those used to establish the literature
values. Solute mole fractions below 10 can be easily mea-
sured by headspace capillary GC, but difficulties in the ac-
curate preparation of the sample, due to the high volatility
of the solutes, limits the techni H , lit values
show v/~ to be greater than 1.01 when the mole fraction of
solute exceeds 0.04 and 0.05 for pentane and hexane or hep-
tane, respectively. Therefore, our vy values are essentially in
the infinite dilution region. The results show that v* of all
solutes can be measured simultaneously, possibly in a single
run, provided that the mole fractions of the solutes are kept
in the infinite dilution range.

Measurements of the infinite dilution activity coefficients
for other systems are given in Table IX. The results show
that a wide range of v~ values for a variety of solute
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Figure 4. Activity coefficients vs. mole fraction of dioxane (O) in
dioxane-acetonitrile (®) mixture at 298.16 K.

i

systems can be studied. The agr t between
and literature values is 11 Thermody ic and ana-
lytical corrections for some of the systems could not be done
because B,, and B, values for those systems were not
available. It should, however, be remembered that both
thermodynamic and analytical correction terms become im-
portant when v~ is close to unity.

h

Table X. Second Virial Coefﬁclcnu (em® mol™') of

itrile-Nitrogen S, at 298.16 K
di itrile itrog
(1) (2) (3)
dioxane (1) -1717 -2734 -159
acetonitrile (2) -2734 -3713 -140
nitrogen (3) -159 -140 -4.34

We have also measured v~ for a series of n-alkyl
(L to n-butylb ) in a series of methanol-water
mixtures (28). For this system the mole fraction of n-alkyl-
benzenes ranges from 103 in pure methanol to 10 in meth-
anol-water mixtures rich in water (ca. 0.9 mole fraction). With
these systems no correction factors were applied, since they
are insignificant compared to In v* (which is the quantity
related to the excess free energy of solution). Even at very
low mole fractions of the alkylbenzenes (ca. 10°-107) in
water-rich mixed solvents, the gas-phase concentration of the
solute is high enough to measure peak areas with a relative
precision better than 1%. This is due to the strong hydro-
phobic effect forcing the solute out of the solution. However,
as mentioned earlier, preparation of such a dilute solution is
very difficult and loss of solute by adsorption on the container
surface is a strong possibility. In general, u is possible to

1

¥~ quite ly an ly for a b
of solutes in a single solvent (volatile or nonvolatile) as long
as solute-solute int ions are negligible in ison to

the solute-solvent interactions, essentially in the Henry’s law
region. Work is under way (29) in this laboratory to measure
v= of six Rohrschneider solutes (3) in a large number of
solvents and compare the results with theoretically obtained
values (30).

Vapor/Liquid Equilibria of p-Dioxane-Acetonitrile
Mixtures. Headspace GC has been applied to solute-solvent

systems that show both positive and negative deviations from
Raoult’s law, from which activity coefficients at various con-
centrations and related functions, such as partial and total
molar free energy of mixing and excess functions were obtained
(31, 32). We studied the p-dioxane-acetonitrile system and
the effect of thermodynamic and analytical correction factors
on the observed 4. This system is nearly an ideal mixture.
The ed v of p-di (comp 1) and aceto-
nitrile (component 2) as a function of the solvent composition
are shown in Figure 4. The results are in excellent agreement
with literature values (25) except in the middle composition
range (mole fractions in the range 0.3-0.6) where the errors
are about 5%. Since the experimental y values are based on
the analytical gas standard, poor agreement between exper-
imental and literature values in the middle composition range
are attributed to the error in calculating Z,,;, of eq 13. From
eq 7 it can be seen that Z,, is related to B, and the mole
fraction of the components in the gas phase. For dioxane-
acetonitrile and nitrogen (component 3) in the gas phase, By,
can be written as
Buix = \*Buy + ¥2°Bay + ¥3Byy + 2y1y2Biy +
2y,y3Bis + 2y2y3Ban (22)
The second virial coefficients B, and B;; are listed in Table
X. In the intermediate composition range, all terms in eq
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Figure 5. Test of thermodynamic consistency of dioxane (O)-aceto-
nitrile (@) system by using the Gibbs-Duhem equation (eq 23).

21 are significant. To calculate Z,,;,, B; and B;; have to be
known accurately while the gas-phase composition is accu-
rately measured by the use of headspace GC. Since no ex-
perimental values of B;; and B;; are available, we used the
general empirical correlation of O’Connell and Prausnitz (21).
The values thus estimated can deviate considerably from
experimental values and are very sensitive to the choice of
components i and j. On the other hand, at infinite dilution
of one of the components, some of the terms in eq 22 will drop
out (as the corresponding gas phase mole fractions approach
zero) and directly minimize the error in calculating Z,;,. Since
¢, is also related to B;; and Z,;,, similar conclusions can also
be drawn for the third term in eq 13, although in the term
¢:/¢:° some of the errore cancel. Comparing the second and
third terms in eq 13, the second term is larger than the third
term. Note, however, the correction terms become somewhat
significant when ¥ of the solute approaches unity. This is one
of the why acetonitrile-di is a good test system;
another is that the y values are not very variable (<40%) over
the entire composition range.

The data in Figure 4 have been tested for thermodynamic
consistency by using the integrated Gibbs-Duhem equation

1
Some/mwda=0 (23)

A plot of such a test is shown in Figure 5. It shows that the
experimental data over the entire composition range is 14%
inconsistent compared to 2% for the literature value. How-
ever, the v~ values are in excellent agreement with the lit-
erature values (see Table IX) and none of the y values at other
compositions are more than 5% in error. It is well-known (33,
34) that if accurate ¥* are available, the two parameters in
expressions for the excess Gibbs energy, i.e., the van Laar (35),
Wilson (36), and UNIQUAC (37) equations can be obtained
and thus the entire y—x, P-x, and y-x curves for the system
can be predicted with good accuracy.

To evaluate the relative merits of the two types of stand-
ards, we used both procedures. Based on the two standards,
the y of itrile and di are ed in Table XI.
The two standards are in good agr (2%) idering
the different nature of the correction terms involved. Finally,
we conclude that in the middl, ition range,

v values for systems in which both solute and solvent are
volatile can be obtained if accurate experimental B;; and B;;
values are obtained. .

In view of the excellent precision (relative precision better
than 1%) for the experiments described above, the accuracy
is poor. Although in many cases the accuracy obtained is
acceptable, we feel that it can be improved by carefully con-
sidering the various analytical and thermodynamic factors

Table XI. Comparison of Activity Coefficient of
Acetonitrile in Dioxane Based on Liquid and Gas Standard
at 298.16 K

xemen  ¥(GSF (LS |%AF v (lit)

0.7186 1.051 1.074 21 1.031
0.6037 1.092 1.116 2.1 1.067
0.5021 1.136 1.161 21 1.105
0.3646 1.194 1.220 2.1 1.173
0.1994 1.284 1.313 2.2 1.289
0.0403 1.397 1.428 22 1419

°Based on eq 13. ®Based on eq 21. ‘|A%]| = |(yqs ~ Y1.5)/vLs X
100].

involved. Work is under way to achieve that goal.

CONCLUSION
This work shows that headspace gas chromatographic
methods can be used for the precise (<1%) and accurate
(typically 3%) measurement of vapor/liquid equilibria in a
wide variety of systems (pure p t.vapor pressure,
infinite dilution activity coefficients) encompassing nonpolar
and polar species. The methodology does not require rigorous
degassing of samples nor must all volatile impurities be re-
moved. The chief drawback of the approach is the need for
complex thermodynamic and analytical correction factors
which must be obtained from other experimental measure-
ments or empirical correlations. In many instances such
corrections are often small (e.g., in highly nonideal mixtures). -
Operationally the methodology is quite rapid and flexible. It
does not have the extremely high accuracy (<1%) provided
by classical techniques but it can provide data of sufficient
accuracy for predictive purposes needed by analytical chem-
ists, chemical engineers, and others for the design of separation
ystems and establishing experi al data bases for corre-
lating molecular properties (30).
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Determination of Chlorinated Benzenes in Bottom Sediment
Samples by WCOT Column Gas Chromatography

F.I. Onuska* and K. A. Terry

National Water Research Institute, Canada Centre for Inland Waters, Burlington, Ontario, Canada L7R 4A6

An integrated analytical p for g L
b tami that enables quantitation of individual
Isomers as low as 0.4 ug/kg In sediment samples has been
developed. Preparation of the ple can be pert d by
uslng one of three ly traction and
ultrasonic extraction or noam distillation. Chlorinated benz-
enes are then characterized and quantified by open tubular
; gas ch N hy with elect p S
R of hilorinated at three
different levels from two different types of sediment, one low
and one high in organic matter, were evaluated. Although all
three methods are quantitative, the steam distillation method
was found to be the most efficient for the determination, in-

sofar as time and plicity are d. Datapr ted
Indicate that detection IImHs of lhls method are 0.4 to 10
1g/kg of ind chiorob Chlorob

y from dl les at ation

levels between 1 and 100 ug/kg Is 86 + 14%.

Table I. Standard Mixtures Used for Quantitation

mixture 1, mixture 2,
isomer pg/uL pg/uL.
1,3-dichlorobenzene 100 25
1,4-dichlorobenzene 100 25
1,2-dichlorobenzene 100 25
1,3,5-trichlorobenzene 10 5
1,2,4-trichlorobenzene 10 5
1,2,3-trichlorobenzene 10 5
1,2,3,5-tetrachlorobenzene 10 5
1,2,4,5-tetrachlorobenzene 10 5
1,2,3,4-tetrachlorobenzene 10 5
pentachlorobenzene 10 5
hexachlorobenzene 10 10
hexachlorethane 1
hexachlorobutadiene 5
Both blank and envirc lly i d sedi were

mvesugﬂted to study recovenes

The efficiency of the extraction techniques for recoveries
was determined by using open tubular column (WCOT) gas
chr tography and electron capture detection (ECD). All

The occurrence of chlorinated benzenes in envir al
systems has created concern about environmental chemicals,
regarding the fate and t t of these contami in air
(I), natural waters (2), and sediments (3). Chlorinated
benzenes have been used as raw materials and intermediates
in the manufacture of pesticides and chlorinated phenols and
as process solvents. They are produced in amounts in excess
of 500 metric tons annually in the United States (1). Infor-
mation on their toxicity (4) and metabolic studies of individual
isomers after ingestion or exposure are also well documented
(4-6).

Chau and Babjak have reported an ultrasonic extraction
technique which in our hands did not provide consistent re-
coveries for chlorinated benzenes (7). Oliver reports a Soxhlet
extraction procedure which is quite time-consuming (8). This
paper describes improved analytical methodology for quan-
titative determination of all the chlorinated benzene isomers
in sediment samples. The main objective was to evaluate the
efficiency of the exhaustive steam distillation method (9) vs.
Soxhlet and ultrasonic extraction followed by centrifugation.

chlorinated benzenes can be detected in bottom sediment

les at low microg to-kilogram levels. Before applying
this methodology to bottom sediment samples, the methods
were validated for accuracy, precision, and minimum detection

limits for individual chlorinated benzene isomers.

EXPERIMENTAL SECTION

Reagents. Pesticide quality n-hexane, benzene, acetone, di-
ethyl ether, and 2,2,4-trimethylpentane was used.

Two high purity chlorinated benzene standard solutions were
prepared from pure individual isomers obtained from RFR Corp.,
Hope, RI. The specific i and their ration in these
solutions are given in Table I.

It should be noted that the concentrations of dichlorobenzenes
are 5 to 10 times higher than the remaining higher chlorinated
isomers.

Copper was activated by washing Cu powder in 6 N HCI for
15 min and storing under n-hexane.

Mercury was triple distilled.

Sediment Samples. Wet sediment (approximately 5000 g)
taken from Lake Superior (Isle Royale, Blake Pt.) was spread

0003-2700/85/0357-0801$01.50/0 © 1985 American Chemical Society
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Figure 1.. Nielson-Kryger steam distillation apparatus with an ad-
sorption adaptor.

evenly i ina hrge shallow glaaa duh and allowed to air-dry at room
area. The sample was stirred
and mixed ocmmonally during drymg to break it into small pieces.
This process was continued until the sample appeared visually
dry and free flowing. The dried sample was then manually ground
to a fine powder with a mortar and pestle. Thls homogemzed
sample was used as a blank b d no

as was determmed by the analyals

Two d sediments were used:
Hamilton Harbour (74.6% water) and an EC-2 sediment sample.
The EC-2 sample was a mixture of the Hamilton Bay sediment
and a Lake Ontario sediment was used as a standard reference
).

Spiking Procedure. Ten grams of blank sediment was added
to the extraction vessel; 10 mL of organic-free water was added
to wet the sample. The appropriate spike was then added and
the sample swirled to mix it as evenly as possible. The vessel was
then sealed and allowed to equilibrate for 10 h.

Similarly, 10 g of wet sediment from Hamilton Harbour was
weighed into the extraction vessel and 10 mL of organic-free water
was added. The spike was then introduced over the sample in
a manner described elsewhere (10). Equilibration time was 10

Apparatus. Soxhlet Extractor. The apparatus includes a
500-mL round-bottom flask, heating mantle with variable voltage
control, Soxhlet extractor (100-mL capacity), and a Liebig
water-cooled condenser.

Sonifier/Cell Disruptor. The apparatus, from Ultrasonics Inc.,
Model W-350, includes the following: power supply, 120V, 5 A,
60 Hz, output power 350 W to the converter, frequency of 20 kHz,

and i duty cycle; converter with 95%
efficiency in converting electncnl energy to mechnmm.l vibrations
(20 cm long X 62.5 mm d 1 for de-
creasing cavitation sound; horn, standnrd distruptor horn of ti-
tanium alloy (17.5 cm long X 19 mm diameter) and high gain
disruptor horn (6.25 cm X 19 mm diameter); cooling bath, ground
ice in a 1-L beaker; centrifuge, 2000 rpm at 10 °C by Internation
Refrigerated, Model PR-6, or equivalent.

Steam Distillation Apparatus. A Nielson-Kryger distillation
apparatus available from ACE Glnu Co., Vineland, NJ, was uaed
with a Tenax trap made from a disposable pipet with silani:

traction thimble. A 10 g equivalent of sedi was placed over
the Celite. A 300 mL volume of n-hexane-acetone (1:1) plus 50
mL of 2,2,4-trimethylpentane (isooctane) and some boiling chips
were added to the round-bottom flask. Extraction was carried
out continuously for 18 h. This time was selected experimentally,
because it provided 100% recovery for hexachlorobenzene. After
cooling, the extract was transferred with 2 X 25 mL n-hexane
rinsings to a 1000-mL separatory funnel. One hundred milliliters
of organic-free water was added and the separatory funnel was
shaken lightly. The aq layer was t ferred to a 500-mL
separatory funnel and extracted with 100 mL of benzene. If an
emulsion was formed, 10 mL of saturated sodium sulfate solution
was added. The organic layers were combined, and the aqueous
layer was discarded. The organic layer was dried over 5 cm of
hyd Na,SO, in a filtration funnel.

The 1000-mL separatory funnel was rinsed two times with 25
mL of n-hexane and the extract was passed through the anhydrous
Na;SO,. The sodium sulfate was rinsed with two 25-mL portions
of n-hexane and the sample was then evaporated on the rotary
evaporator to 5 mL for further Florisil column chromatography
cleanup. The standard Florisil column cleanup procedure was
used for Soxhlet extracted samples. Since the samples were
analyzed solely for chlorinated benzenes, only the 200 L of
n-hexane eluate was collected and concentrated in a rotary
evaporator. Isooctane (10 mL) was added as a keeper before the
preconcentration step by rotary evaporation in each extraction
method. In addition to the Florisil cleanup, it was necessary to
treat the extract for removal of sulfur, if interferences occurred.
This was done by shaking it with mercury until newly added
mercury no longer dulled (11). For less contaminated samples
activated copper should be used. The treated eluates were an-_
alyzed by WCOT col gas hy and electron”
capture detector (ECD).

(2) Ultrasonic Extraction. A 10-g dry weight equivalent of
sediment was placed in a 200-mL centrifuge bottle. Approximately
160 mL of n-hexane-acetone (1:1) was added to the sample. The
bottle was then placed into an ice bath on an adjustable stand.
‘The purpose of the ice was to minimize losses by volatilization.
In areas where the sedi was badly cont d with sulfur,
the use of mercury was necessary and was added to the final
organic extract. The sample was then sonified for 3 min at 50%
duty cycle and output 5, with the mouth of the bottle butted up
against the base of the horn. After this time, the horn was rinsed
with 2 mL of hexane-acetone into the extract. The bottle was
then capped and centrifuged at 2000 rpm at 10 °C for 3 min. The
solution was then decanted into a 1000-mL separatory funnel
where 100 mL of organic-free water was added to the combined
extracts and shaken for 1 mm with venung at 20-s intervals. The
aqueous portion was drained into a Yy y funnel
(500 mL capacxty) and extmcbed with two 60-mL portions of

The ic extracts were dried through a
5-cm column of anhydrous Na SO, in an Alihn filter into a 500-mL
round-bottom flask. Vacuum was applied only after all of the
solvent had apparently passed through. The sample was con-
centrated to 5 mL of i by rotary ion at 35-40
°C under aspirator vacuum.

(3) Steam Distillation. An equivalent of 10 g of dry sedlment
was weighed and quantitatively transferred into a 1000-mL
round-bottom flask with 250 mL of organic-free water. Ap-
proximately 10 mL of water was added into the condenser followed
by 10 mL of n-hexane. One gram of Tenax was placed into a
Pasteur pipet secured by glass wool which was then joined to the
flask on the top of the condenser as shown in Figure 1. An asbestos
jacket connected to a Variac transformer was placed around the
flask and the water was boiled for 3 h. The condenser was cooled
by water at 1 L/min to the steam containing the volatile
organics. After 3 h, the hexane was drained out from the with-
drawal tube by ing the k. The was dried
through sodium sulfate. The Tenax column was washed with 10
mL of n-hexane and was combined with the dried n-hexane from

glass wool plug and approximately 1 g of 80/100 mesh Tenax
followed by another short silanized glass wool plug as shown in
Figure 1. .

Extraction o (1) Soxhlet Extraction Method.
A 25-mm layer of solvent extracted Celite was placed in an ex-

f Sedi

the condi This volume was made up to 10 mL with Lr-ooctane
No cleanup or Florisil was ired, but if sulfur ion
was evident, mercury was added to the extract.

Gas Chromatographic Analyses. All GC/ECD analyses were
performed with a Varian Vista 6000 gas chromatograph equipped
with the splitless injector as described earlier (12). We used open




Table II. R Times, R Times, and
Response Factors for Chlorinated Benzenes on Carbowax
20M WCOT Column®

response

hlorob rel ion concn, factor,

isomer time, min time pg/uL. counts/pg
1,3-di- 5.90 0.227 25 280
hexachloroethane 6.21 0.239 1 690
1,4-di- 6.52 0.251 25 155
1,2-di- 7.42 0.286 25 135
hexachloro- 7.82 0.301 5 355

butadiene

1,3,5-tri- 8.06 0.310 5 1010
1,2,4-tri- 11.17 0.430 5 1070
1,2,3-tri- 13.29 0.512 5 1205
1,2,3,5-tetra- 14.72 0.567 5 1690
1,2,4,5-tetra- 15.02 0.578 5 1440
1,2,3,4-tetra- 18.28 0.704 5 1650
pentachlorobenzene  20.82 0.802 5 1965
hexaachlorobenzene  25.97 1.000 10 1900

®Column and conditions described in the text earlier using
Hewlett-Packard instrument.

Table III. Replicate Analyses of Chlorinated Benzenes in
EC-2 Sediment, Sample Extracts and Their Minimum
Detection Limits®

amt found,
chlorobenzene pg/uL MDL, pg/kg
1,3-di- 4.7£0.1 1.5
hexachlorobutadiene 20.6 0.3 0.7
1,3,5-tri- 7.1x0.1 1.0
1,2,4-tri- 123 £ 0.1 0.8
1,2,3-tri- 0.9 +0.1 0.8
1,2,3,5-tetra- 1701 0.5
1,2,4,5-tetra- 238 £ 0.2 0.5
1,2,3,4-tetra- 13.7£0.2 0.5
penta- 209 £ 0.2 0.4
hexa- 93.8 £ 0.3 0.4
total 1995 £ 1.7
¢Data were calculated from four li les using cool

on-column injection.

tubular column chromatography and 50 m X 0.25 mm i.d. Car-
bowax 20M coated on fused silica capillary (d; = 0.2 um) having
207000 effective plates for hexachlorobenzene as k’ = 21.7.
Hydrogen was used as a carrier gas with a linear velocity of 65
cm/s. An initial temperature of 75 °C was held for 2 min followed
by temperature programming to 180 °C at 4 °C/min. The final
temperature was held for 5 min. The injector temperature was
200 °C, the detector temperature was 350 °C, and the flow rate
of 3.2 mL/min was employed to sweep the septum. The detector
makeup gas was nitrogen at 30 mL/min. Splitless time was 35
5.

Quantitation and Data Collection. Data were reported on
a Spectra Physics reporting integrator, Model SP-4100. The
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e 2. ion of on the C: 20M
WCOT column (50 m X 0.25 mm id.}: column at 75 °C for 2 min
programmed at 4 °C/min to 180 °C and held at final temperature for
5 min; attenuator at 64X.

WCOT column chromatographic peaks were identified by using
a method of relative retention time matching (RRT). This also
allowed summing selected peak areas assignable to the homologues
of chlorinated benzenes similar to the method reported for the
quantitation of PCBs (13).

RESULTS AND DISCUSSION

A gas chromatogram of the chlorinated benzene standards
is shown in Figure 2. All isomers are separated on the
Carbowax 20M WCOT column. The retention times, the
relative retention times and an appropriate response factor
for the particular isomers are given in Table II.

The response factors were not found to vary widely when
hydrogen was used as a carrier gas in contrast to data reported
by Oliver et al. (2). Detector response is linear over 3 orders
of itud h tog! howing an EC-2 sample
extract is given in Figure 3 and quantitative results are pro-
vided in Table IIL.

The minimum detection limit (MDL) for chlorinated
benzenes at 3:1 S/N and ion of 32X corresponds to
approximately 15 pg for dichlorobenzenes and approximately
between 0.4 and 1.0 pg for the remaining chlorinated benzenes.
Calculated minimum detection values (MDL) are given in
Table IIL

Table IV. Recoveries of Chlorinated Benzenes from Lake Superior Sediment Using Soxhlet Extraction

chlorinated benzene spiked concn, recovery, RSD,
isomers Hg/g % %o

1,3-dichlorobenzene 1000 55.4 0.3
1,4-dichlorobenzene 1000 539 0.7
1,2-dichlorobenzene 1000 54.1 0.6
1,3,5-trichlorobenzene 100 67.9 15.8
1,2,4-trichlorobenzene 100 69.7 13.6
1,2,3-trichlorobenzene 100 72.0 14.2
1,2,3,5-tetrachlorobenzene 100 69.9 9.8
1,2,4,5-tetrachlorobenzene 100 69.4 12.2
1,2,3,4-tetrachlorobenzene 100 1.7 10.1
pentachlorobenzene 100 73.3 9.0

hexachlorobenzene 100 78.2 8.9

spiked conen, recovery, RSD, spiked concn, recovery, RSD,
“g/g % % »glg % %
100 48.1 1.2 10 345 43
100 50.2 1.2 10 3713 15
100 54.0 0.7 10 49.8 1.6
10 68.0 10.8 1 54.0 93
10 67.0 5.3 1 66.0 129
10 73.0 6.9 1 43.0 15.6
10 73.0 115 1 48.0 11.0
10 71.0 12.2 1 47.0 123
10 1.0 6.0 1 46.0 8.7
10 79.0 34 1 46.0 18
10 81.0 2.9 1 58.0 1.7
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Table V. Recoveries of Chlorinated Benzenes from Lake Superior Sedi Using Ul ic Extraction Method
chlorinated benzene spiked concn, recovery, RSD, spiked concn, recovery, RSD, spiked concn, recovery, RSD,
isomers HEg/g % % »g/g % % uglg % %

1,3-dichlorobenzene 1000 46.6 0.1 100 50.5 0.8 10 18.0 33
1,4-dichlorobenzene 1000 441 0.5 100 529 0.2 10 43.0 49
1,2-dichlorobenzene 1000 45.2 0.5 100 52.2 0.6 10 39.2 4.0
1,3,5-trichlorobenzene 100 61.7 0.5 10 71.0 9.8 1 32.0 17.5
1,2,4-trichlorobenzene 100 62.7 3.2 10 75.0 6.9 1 39.0 13.6
1,2,3-trichlorobenzene 100 63.8 3.2 10 72.0 84 1 52.0 9.2
1,2,3,5-tetrachlorobenzene 100 70.2 0.8 10 18.0 9.1 1 35.0 189
1,2,4,5-tetrachlorobenzene 100 71.3 0.1 10 79.0 6.2 1 37.0 13.8
1,2,34-tetrachlorobenzene 100 7.5 1.3 10 79.0 6.2 1 35.0 19.1
pentachlorobenzene 100 76.7 0.1 10 80.0 53 1 41.0 317
hexachlorobenzene 100 88.6 3.6 10 82.0 3.4 1 440 116

Table VI. Recoveries of Chlorinated Benzenes from Lake Superior Sediment Using Steam Distillation Method

chlorinated benzene spiked concn, recovery, RSD, spiked concn, recovery, RSD, spiked concn, recovery, RSD,
i % %

isomers ug/g % “g/8 % ug/g % %
1,3-dichlorobenzene 1000 75.9 0.6 100 71.3 2.1 10 73.8 1.4
1,4-dichlorobenzene 1000 80.9 0.6 100 932 2.0 10 71.8 B 1L
1,2-dichlorobenzene 1000 80.6 0.5 100 75.0 2.2 10 76.1 3.9
1,3,5-trichlorobenzene 100 89.3 20.8 10 75.0 33.2 1 66.0 17.3
1,2,4-trichlorobenzene 100 89.6 18.8 10 84.0 29 1 82.0 18
1,2,3-trichlorobenzene 100 90.5 14.6 10 84.0 2.9 1 79.0 5.4
1,2,3,5-tetrachlorobenzene 100 86.6 98 10 82.0 2.5 )] 89.0 10.2
1,2,4,5-tetrachlorobenzene 100 93.6 11.0 10 83.0 14 1 89.0 104
1,2,3,4-tetrachlorobenzene 100 90.8 89 10 88.0 254 1 84.0 5.0
pentachlorobenzene 100 90.5 1.0 10 80.0 123 1 84.0 94
hexachlorobenzene 100 7.5 4.2 10 82.0 15 1 80.0 16.6
Table VII. Analysis of Chlori d B from Hamil Harbour Sedi S les by Soxhlet Extraction, Sonification,
and Steam Distillation (n = 3)
concen found by concn found concn found by
steam distillation, by Soxhlet, sonification,
isomers ng/g dry wt RSD, % ng/g dry wt RSD, % ng/g dry wt * RSD, %

1,3-dichlorobenzene 31.0 3.6

1,4-dichlorobenzene 68.6 0.5 81.4 13.0 394 36

1,3,5-trichlorobenzene 2.9 34 4.5 19.2 2.8 39.4

1,2,4-trichlorobenzene 13.0 139 20.2 21.4 58 6.2

1,2,3-trichlorobenzene

1,2,3,5-tetrachlorobenzene 3.0 21.9 44 371 34 3.7

1,2,4,5-tetrachlorobenzene

1,2,3,4-tetrachlorobenzene

pentachlorobenzene 3.8 16.2 3.6 449

hexachlorobenzene 6.0 117 7.0 18.0 5.2 9.5

Table VIII. Comparison of Spiked Hamilton Harbour Sediment Analysis Using Three Different Techniques®

steam distillation Soxhlet extraction sonification
chlorinated benzene isomers 1 2 %o 1 2 % 1 2 %
1,3-dichlorobenzene 131.0 127.0 97 100.0 727 3 100.1 429 43
1,4-dichlorobenzene 168.6 149.5 89 181.4 112.0 62 1394 60.1 43
1,2-dichlorobenzene 100.0 88.9 89 100.0 66.4 66 100.0 458 46
1,3,5-trichlorobenzene 129 10.6 82 145 10.5 72 128 6.3 49
1,2,4-trichlorobenzene 23.0 19.1 83 30.2 23.0 76 15.8 7.3 46
1,2,3-trichlorobenzene 10.0 8.9 89 10.0 8.0 80 10.0 6.3 63
1,2,3,5-tetrachlorobenzene 13.0 11.2 86 14.4 10.7 74 134 75 56
1,2,4,5-tetrachlorobenzene 10.0 88 88 100 16 76 10.0 6.1 61
1,2,3,4-tetrachlorobenzene 10.0 8.3 83 100 8.8 88 10.0 6.8 68
pentachlorobenzene 13.8 11.6 34 13.6 12.5 92 10.0 74 74
hexachlorobenzene 16.0 144 90 17.0 140 82 15.2 9.1 60

1, spike + amount found in the sample (ng/g); 2, recovered amount (ng/g); %, percentage of the recovered amount. All samples were
spiked with mixture no. 1 (see Table I).

When i tal sediment ples are lyzed for Iculation for reporting data on a dry weight basis.
chlorinated benzenes, drying and grinding should be elimi- Data to define recoveries and accuracy for the Soxhlet
nated. A wet sediment sample (15 g) should be weighed for extraction, the sonification, and the steam distillation are

each analysis. Moisture content can be determined on a shown in Tables IV-VI. Three replicate samples and a blank
separate portion of the sample and incorporated into the of the prepared dry sediment (10 g each, dry weight) were



Figure 3. Hamilton Harbour sample (EC-2) chromatographed under
the identical conditions as Figure 2: (1) 1,3-dichlorobenzene; (2) 1,4-
dichior {3) 1,2-dict (C)]; di (5)
1,3,5-trichlor (6) 1,2,4-trict (7) 1,2,3+

benzene; (8) 1,2,3,5-tetrachlorobenzene; (9) 1,2,4,5-tetrachioro-
benzene; (10) 1,2,3,4-1
(12) hexachlorobenzene.

(11) pentact

extracted, concentrated, and analyzed according to the pre-
viously described procedures. Recoveries of chlorobenzenes
from spiked sediment samples averaged 55 £ 11% for the
Soxhlet extraction, 48 &+ 12% for the sonification—centrifu-
gation, and 81 % 12% for the steam distillation method.

To demonstrate the effectiveness of discussed preconcen-
tration methods and the gas chromatography with open tu-
bular column separation, we determined the concentrations
of chlorinated benzenes in Hamilton Harbour bottom sedi-
ment samples and the same sample spiked with 10 ug/g of
chlorinated benzenes. Results are given in Tables VII and
VIIL

In addition, a study of the recovery of the Hamilton
Harbour sediment spiked with 10 ug/g of chlorinated benzenes
was carried out by using three methods: Soxhlet extraction,
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sonification, and steam distillation. Results of these tests show
the superiority of the steam distillation procedure over the
other extraction procedures as far as bottom sediments are
concerned (Table VIII). Steam distillation produced good
recoveries after just 3 h of extraction time. The results of this
study show this technique to be the most efficient method
for recovery of chlorinated benzenes from bottom sediment
samples of different matrices and is the method of choice due
to its simplicity and time efficiency. Even at low concen-
trations, recoveries of chlorinated benzenes were over 82%.
In general, the recoveries obtained are significantly greater
than any of the other procedures tested.

The Soxhlet extraction procedure provided consistent re-
coveries at medium and higher concentrations with recovered
amounts in range of 66-92%. The lower efficiency is probably
due to the matrix variability. As was observed, the many
evaporation and preconcentration steps and solvent changes
could also be responsible for lower recoveries.

The sonification procedure did not provide quantitative
results. The volatile dichloro- and trichlorobenzene isomer
quantitation was not reproducible.

In conclusion, the steam distillation procedure appears
satisfactory for extracting chlorinated benzenes from bottom
sediment samples. Extracts can be directly used for deter-
mination of chlorinated benzenes by means of WCOT column
gas chromatography using an electron capture detector.
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Small precolumns packed with C18, PRP,, and catlon-ex-
change materials have been used for the on-line group sep-

1 1 tacknal

In the present paper both principles, pr
for on-line group separation and trace enrichment and
diode-array detection for peak and pattern recognition have
been bined in an aut ed LC system for the analysis

aration and trace enrich of sam-
ples. Thc umplc Is divided Into three malin groups: a

L P a d fraction ]

di larl pounds and certain polar substituted

uomauct and n third fraction com;lnlng polar anlllnu and

of 29 selected compounds in industrial wastewater.

EXPERIMENTAL SECTION
Applmml A Kontron (Zurich, walzerland) LC system

other polar bases. Each p tion Is q y

of two Model 410 pumps, equipped with a high

dwnatoguphdonn(:ﬂ lyth lumn with a hanol
gradient and detected by a dlodo-aruy UV-Vis detector.

Muitisignal plots and three-dimensk
mmdlomummmmmmnyannpomm
The is ized for

23 selected chomk:m ol particular lnlcru! Somo of these
compounds were found In the wastewater samples tested and
were quaniitated.

Industrial wastewater represents a very complex matrix,
containing organic pollutants over a wide range of polarity.

dy ic mixer and a pulse dampener, a MCS 670 Tracer valve
swm:hmg unit, and a Model 200 programmer was used (this setup
is shown in Figure 1). A HP 1040A (Hewlett-Packard, Palo Alto,
CA) diode-array UV-Vis detector was used with a HP 85 mi-
crocomputer, a HP 9121 dual disk drive, and a HP 7225 B plotter.
Chromatograms were also analog recorded on a W + W 900
(Kontron) recorder.

Reagents. HPLC-grade methanol, perchloric acid, potassium
acelate, acetic acid, and sodium oxalate were obtained from J.
T. Baker (Deventer, The Netherlands). EDTA was obtained from _
Sigma Chemicals (St. Louis, MO). All reagents but methanol were ™
of analytical grade. Demineralized water was purified in a Milli-Q
(Millipore, Bedford, MA) filtration system to obtain LC-grade
water for use in mobile phases and standard solutions. Eluents
were d d in an ultrasonic bath under vacuum.

There are several considerations for analyzing such !
to check efficiency of production processes, to control the
{unctlonmg of a wastewater treatment plant via fingerprinting
ques, and to maintain the stringent governmental rules
for the discharge of industrial effluents into surface water and
the envir I contamination with h dous materials.
The plexity of the ) le d ds high resolution of
the chmmamgrnphxc yst luding the 1

‘Twenty-nine pollutants were selected to be analyzed in the
wastewater samples (Table I). These solutes were of more than
90% purity and supplied by Fluka, Merck, and Aldrich.

Stationary Phases and Col Wi les were
preconcentrated on homemade 2 X 4.6 and 4 X 4.6 mm id.
stainless steel precolumns (12), which are also commercially
available from Chrompack (Middelburg, The Netherlands). The
were hand-packed with a microspatula, with 10 um

y
pretreatment. S handling of was frequently
done by liquid-liquid extraction (1, 2) but such procedures
made automation of the analysis more difficult. Recently, an
on-line extraction and evaporation procedure was described
for liquid chromntogmphy (3). but this system seems to be
rather I and trace enrichment via
precolumn techmquee is widely used in water (4) and biological
(5-7) analysis. Although many sample pretreatments are still
done with off-line disposable columns, the on-line techniques
will be favored because of the automation aspect.

We analyzed industrial effluents by liquid chromatography
with an on-line precolumn for trace enrichment (8) but the
system described could only deal with (a small group of)
specific ds. By bining different types of preco-
lumns, one should be able to handl
containing pollutants of very different polarities. Little et al.
(9) described a microprocessor controlled valve-switching unit
for d sample cl and trace enrichment in HPLC.
Such equipment is very suitable for automated group sepa-
ration and on-line trace enrichment on different types of
precolumns.

In tewat lysis, more sophisticated detection prin-
ciples such as diode-array UV-Vis detectors may be helpful
to search for particular pollutants in the samples and give a
first indication about the identity of the substances present.
If necessary, such detection techniques can be optimized to
yield high signal-to-noise ratios for some compounds of special
interest and/or can give information about peak inhomog-
eneity (10, 11). ’

slhca-based RP18 (Merck Darmstadt, G.F.R.), wnlh the spherical
10 um styrene—di copoly PRP, (Hamil Reno,
NV), or with the 13 um resin-based Aminex A5 (Blo-Rad Rich-
mond, CA) sulfonic acid cation exchanger. The analytical column
was a 25 cm X 4.6 mm i.d. stainless steel column prepacked with
8 um CP-Spher C 18 (Chrompack).

Procedures. Stock solutions of the selected pollutants were
prepared by weighing and dissolving them in methanol. These
solutions were diluted with LC-grade water adjusted to pH 3.0
to obtain standard solutions at the parts-per-billion level. The
wastewater samples were pretreated as follows: to 50 mL of
(acidic) wastewater were added 5 mL of a saturated sodium oxalate
solution, 0.75 mL of an EDTA solution (18 g/L), and 45 mL of
a 10" M perchloric acid solution (see also Table II). The final
solution was filtered over a 0.8-um membrane filter to remove
calcium oxalate (cf. ref 13) and adjusted to pH 3.0 with perchloric
acid, if necessary.

Breakthrough curves of the selected pollutants from the pre-
columns were recorded according to the procedure as outlined
in ref 14 with 250 ppb standard solutions (pH 3) at a flow rate
of 5 mL min™.

The automated precolumn group separation and trace en-
rich and the subseq on-line ient elution of the
precolumns were performed by use of the experimental setup given
in Figure 1. Five milliliters of sample was introduced via pump
C to the three precolumns in series. The first, C18 precolumn
trapped the nonpolar dye stuffs and other nonpolar solutes; the
second, PRP, precolumn trapped the more polar aromatics like
p-chloro- and p-nitrophenol and p-chloroaniline; the third, cat-
ion-exchange precolumn trapped the polar phenylenediamines
and other anilines. After this sample introduction the precolumns
were flushed in series with 10 mL of 10"* M perchloric acid to

0003-2700/85/0357-0806$01.50/0 © 1985 American Chemical Society
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of 29 Sel d Poll

on Short P 1

Table 1. Breakthrough Vol

Packed with Various Sorbents®

breakthrough volume (mL) on

RP 18, 10 ym PRP,, 10 um Aminex A5, 13 ym®

no. compound 2 X 4.6 mm id. 4 X 4.6 mmid. 4 X46mmid.
1 p-aminophenol 0 0 > 100
2 p-phenylenediamine 0 0 > 100
3 m-phenylenediamine 0 1 > 100
4 4-methyl-m-phenylenediamine 0 1 > 100
5 o-phenylenediamine 0 1 > 100
6 aniline 0 2 > 100
T p-anisidine 0 1 > 100
8 p-nitroaniline 1 10 > 100
9 3-amino-4-ethoxyacetanilide 1 7 > 100
10 o-anisidine 1 6 > 100
11 o-toluidine 1 3 > 100
12 picramic acid 2 > 100 -

13 p-chloroaniline 2 30 -

14 p-nitrophenol 1 25 -

15 3,5-dinitro-o-cresol 10 > 100 -

16 m-cresol 1 37

17 nitrobenzene 2 > 100 =

18 p-chlorophenol 2 12 -

19 p-chloronitrobenzene 3 > 100 =

20 pentachlorophenol > 100 - -

21 o-dianisidine 10 8 =

27 2-aminoanthraquinone >100 = =

23 3,%"-dichlorobenzidine 72 = -

24 3-amino-9-ethylcarbazole 50 - -

25 p-aminoazobenzene >100 = =

26 1-aminoanthraquinone >100 = =

27 p-dichlorobenzene 17 —= =

28 2-phenylaminonaphthalene >100 — ez

29 1,2,5-trichlorobenzene >100 - =

@ LC-water samples containing 250 ppb of test solute; pH adjusted to 3.0 with perchloric acid; sampling rate 5 mL min"

values (cf. ref 13). -, not determined.

!, *Maximum

TO DETECTOR

C 18 ANALYTICAL COLUMN

Figure 1. Expem\emalsenplorlheot»inemupamﬁmammw
enrichment of V, high p valve;
S, low pressure selector valve; M1, sample. M2, 107 M HCIO,; M3,
50% methanol; M4, 0.02 M HCIO,; M5, 10~ M HCIO,. Precolumns:
2 X 4.6 mm id. (RP18), 4 X 4.6 mm id. (PRP,), and 4 X 4.6 mm i.d.
(Aminex AS). Analytical column: 25 cm X 4.6 mm L.d. CP-Spher C18.

complete the desired group separation. Only the cation-exchange
precolumn could be flushed with 3 mL of 50% methanol as an
extra clean-up step.

Table II. General Procedure Using the Setup of Figure 1°

—-

precipitation and complexation of interferences by oxalate
and EDTA, respectively

filtration and adjustment to pH 3.0 (if necessary)

group ion and trace h on C18, PRP,, and
Aminex A5 precolumns (in series)

flushing the C18, PRP,, and Aminex A5 precolumns (in
series) with 10 M perchloric acid

further cleanup of the cation exchanger by flushing with 50%
methanol

6 backflush desorption from cation exchange fraction to C18
analytical column

backflush desorption from PRP, fraction to C18 analytical
column

deaorpuon from C18 precolumn to C18 annlyucal column

r ion of the 1 in series with 10 M
perchloric acid

eSteps 3-9 are fully d. The time-b
switching program is given in Table III.

w o

-

o

-

© o

d column

Next the ion-exchange precolumn was eluted on-line with the
methanol-potassium acetate (pH 6) gradient to the C18 separation
column. After the separation of this ion-exchange fraction, the
PRP, and, finally, the C18 precolumn were eluted. The preco-
lumns were regenerated on-line with dilute perchloric acid while
analyucal separations took pluce simultaneously. The entire

has been ized in Table II.

Sample introduction, column switching, solvent selection,
gradient elution, and start of detector and recorder were all
controlled by the Model 200 Programmer. The diode-array de-
tector was programmed to store four chromatograms (at 222, 390,
244, and 295 nm, respectively) and spectra (from 200 to 500 nm;
at the peak apex and the base line after each peak) on flexible
disk.

RESULTS AND DISCUSSION
Breakthrough Volumes. Table I shows the retention
behavior of the 29 selected pollutants on the various preco-
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Table I1I. Automated Procedure Using a Kontron Model 200 Programmer and a Kontron MCS 670 Tracer Switching Unit®

time, min call file no. event
0.00 88 reset
0.09 flow 1.5 % B 10  start pump A/B
0.1 81 start pump C
2.1 82 sample through C13
2.2 83 sample C18 + PRP,
23 84 sample C18 + PRP, + A5
4.0 86 switch to 10 M HCIO,
9.6 92 C18 bypass
9.7 93 C18 + PRP, bypass
10.5 86 switch to 50% MeOH
125 91 stop pump C
12.6 82
12.7 83
128 85
13.1 aux 8 dur 0.01 start detector
13.2 94 desorption A5
133 chart 2 start recorder
134 % B 30 step gradient
16.2 95 precolumns bypass
16.3 93
16.4 92
16.5 86 switch to 0.02 M HCIO,
16.6 81 start pump C

time, min call file no. event

18.5 84 regenerate A5 (30 ml)

28.6 86 switch to 10 M HCLO,
33.5 91 stop pump C

40.0 82

40.1 83

403 85

40.7 93 desorption PRP,

40.8 % B 50 dur 6 gradient

45.8 95 precolumns bypass

45.9 83

70.0 85

71.0 92 desorption RP 18

711 % B 80 dur 10 gradient

76.0 95 precolumns bypass

76.1 82

76.2 81 start pump C regenerate
91.2 91 stop pump C  §precolumns
105 % B 10 dur 10 reset gradient
149 flow 0.0 chart 0.0  stop pump A/B and recorder
150 end

¢Precolumns: 2 X 4.6 mm i.d. (RP 18), 4 X 4.6 mm i.d. (PRP,) and 4 X 4.6 mm i.d. (Aminex A5). Analytical column: 25 cm X 4.6 mm
i.d. CP-Spher C18; eluent, 0.1 M potassium acetate (pH 6.0) + methanol gradient (10-80%). Flow rates: pump A/B (gradient) 1.5 mL

min~}; pump C, 2.0 mL min™’.

lumns connected in series (see also Figure 1) at pH 3. The
samples are introduced through the precolumns in the order
C18-PRP,-Aminex A5. The nonpolar compounds (no. 20-29)
are trnpped on the C18 precolumn but the retention for p-
dichlor an idine is rather low. The o-di-
anigidine plus the chloro- and nitro-substituted aromatic
compounds (no. 12-19) are, on the other hand, well retained
on the PRP| material and can be preconcentrated on the PRP,;
precolumn. Of these, only 3,5-dinitro-o-cresol will also be
partly retained on the C18 precolumn and hence be present
in the C18 fraction. The remaining ll compounds (1-11)
which are polar anilines, can be ly rated
at pH 3 on the cation-exchange precolumn from relatively
large sample volumes (cf. ref 13). Of these, only nitroaniline
will have been partly absorbed on the PRP, precolumn.
To summarize, when the sample is pumped through the
series of precolumns in the order C18-PRP,-Aminex A5, a
certain percentage of the compounds from the PRP, and
Aminex A5 fraction will remain on the previous precolumns
(C18 and PRP,, respectively). When the precolumns are
flushed in series with 10 mL of 10-* M perchloric acid after
the sample introduction, the desired group separation can be
achieved. After this step, only p-nitroaniline and 3,5-di-
nitro-o-cresol appeared in more than one precolumn fraction.
Diode-Array Detection. Figure 2 shows a multisignal
chromatogram obtained with 5 mL of standard solution (pH

€

Lo
S
ko i

methanot

80%
A [50 e

10%

40 50 60 70 80
Time(mn) ——>
Figure 2. Muitisignal plot of a 5-mL standard solution containing 200
ppb of the selected pollutants from Table 1. Gradient elution with 0.1
M potassium acetate (pH 6.0) and methanol (10-80%) as Iindicated.

00 0 20 30 90 100

3.0) containing 200 ppb of each of the 29 poll of i

With the gradient profile, as included in this figure, acceptable
resolution was obtained. The first 28 min of the chromato-
grams cor d to the i h 1 (the polar
aniline fraction). The period between 28 and 58 min corre-
sponds to the PRP, precol (other polar aro-
matics) nnd the ﬁnnl period, from 58 to 90 min, to the C18
precol ds). Trace B, the chromato-
gram recorded at 222 nm, shows all peaks of interest and can
be regarded as a nonselective “total-peak chromatogram™. It
is clearly shown here that only p-nitroaniline (no. 8) and
3,5-dinitro-o-cresol (no. 15) appear in more than one fraction.

Trace C at 390 nm gives a very selective chromatogram, only
nitro tics and p b will appear. Traces
D and E (at 244 and 295 nm) give additional information. The

D at 222 (B), 390 (C), 244 (D), and 295 nm (E). Attenuation
was 0.2 aufs. Peak pond to the listed in
Table I.

polar anilines (no. 1-11) for instance will appear at these
lengths; their y maximum d 290 nm may
be an aid for group identification. At 244 nm, p-chloroaniline
(no. 13) will be relatively intense as compared to 222 nm which
is verified by trace D. The dichloro- and trichlorob (no.
27 and 29) show only a reasonable absorbance at low wave-
lengths; they appear only at 222 nm and not at one of the other
wavelengths investigated.
These examples show that multisignal plots obtained with
diode-array detectors can be used to give preliminary infor-
mation about the identity of the compounds present and such
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Figure 3. Spectrochromatogram of a part of the PRP, fraction from
the analysis of Figure 2. Spectra were memorized automatically at

the peak apex and at the base line after the peak. Conditions are given
in Figure 2.
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Figure 4. Spectrochromatogram of a part of the C18 fraction from
the analysis of Figure 2. Conditions are given in Figure 3.

profiles may be helpful for peak recognition in unknown
samples. Figures 3 and 4 represent spectrochromatograms
of some parts of the same run. In the PRP, fraction (Figure
3) the nitro compounds (no. 8, 14, and 15) are recognized by
their maxima at 400 nm. The picramic acid (no. 12) spectrum
is clearly shown and a good example for the validity and
usefulness of such plots for compounds with well-defined UV
spectra. As a further example, compounds no. 24, 25, 27, and
28 can be identified with the aid of the 3D plot of Figure 4.
Application to Real Samples. Figure 5 is a multisignal
plot obtained with a 5-mL industrial wastewater sample,
collected after a biological step in the water treatment plant.
The first part (the ion-exchange fraction) shows peaks at 222,
244, and 295 nm but not at 390 nm, indicating that there are
no nitroanilines present but many other polar anilines. The
spectrochromatogram of this region (Figure 6) shows the
similarity in the UV spectra of these compounds, hence
identification of these compounds is not possible via these
spectra. On the other hand, comparison of retention times
of polar anilines with the data obtained with well-defined
standard samples will give more information. m-
Phenylenediamine, aniline, and o-anisidine could be identified
in this way. The second and third part of the chromatogram
(PRP, and C18 fraction) contained only two peaks of the
pollutants of interest. p-Nitrophenol and 3-amino-9-ethyl-
carbazole were identified through their UV spectra. Spectra
of the other peaks did not resemble the 29 reference spectra
of the standard mixture, nor did their retention times.
Figure 7 was obtained by analyzing industrial wastewater
before the treatment. It should be noticed that the chro-
matograms in Figure 7 are plotted at a two times reduced
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Figure 5. Multisignal plot of a 5-ml industrial wastewater sample, taken
after a plant. C are given in Figure 2.
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Figure 6. Spectrochromatogram of a part of the Aminex A5 fraction
from the analysis of Figure 5. Spectra were memorized automatically
at the peak apex and at the base line after the peak. Conditions are
given in Figure 2.

sensitivity of the detector, indicating that the UV absorbance
of the pollutants is much higher before than after the biological
treatment step, as was to be expected. Again, the aniline
fraction was identified based on retention times and general
spectral information. No p-nitroaniline was present but

phenylenediamine, o-phenylenediamine, o-anisidine, and,
pecially, 4-methyl-m-phenylenedi and aniline were
present in relatively high concentrations. Unfortunately, there
were no known species in the PRP, fraction, but in the C18
fraction o-dianisidine and p-d’chlorob could be iden-
tified.

The compounds tentatively identified in the wastewater
sample which was collected after biological treatment (see
Figure 5) were quantitated by standard addition: 100 ppb
of the standard mixture was added to the wastewater sample
which was reanalyzed. The rations were calculated
from the relative peak heights with respect to the dilution
factor and are given in Table IV. The homogeneity of these
spiked peaks was tested in the same experiment by memor-
izing also spectra on the slopes of the peaks and by plotting
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Figure 7. Muttisignal plot of a 5-mL industrial wastewater sample taken
before a i plant. A was 0.4 aufs. Other

conditions are given in Figure 2.

Tnblc IV. Concentration of Identified Pollutants in
N

W after Biological Tr
compound concn, ppb
m-phenylenediamine 262
aniline 150
o-anisidine 286
p-nitrophenol 260
3-amino-9-ethylcarbazole 58

these spectra afterward overlapping each other. No peak
inhomogeneity was observed in this experiment. Other peak
homogeneity tests—such as ratio chromatograms—were ob-
structed by the background absorption of the mobile phase
below 240 nm (caused by the high acetate concentration)
which can lead to wrong conclusions about the peak homo-
geneity.
CONCLUSIONS

Precolumn technology offers the desired selectivity and
sensitivity needed for industrial wastewater analysis with
subsequent UV detection. Combination of different types of
precolumns, optimized for pollutants of special interest, gives
satisfactory group separations prior to the actual analysis.

Unattended analysis is possible and easily done by using a
time-based valve and solvent switching program.

The applicability of diode-array detectors to such complex
matrices has been demonstrated. The choice of selective
wavelengths and multisignal plotting may be an aid for a first
identification. In addition three-dimensional spectrochro-
matograms will give UV spectra and the possibility of iden-
tification for those compounds having characteristic spectra.
Of course systems like this can be made more powerful if more
compounds present in wastewater are being considered.
Spectra of unknowns can be compared automatically to ref-
erence data previously stored and peak inhomogeneity can
be checked. Although UV spectra alone can never give ab-
solute certainty about the identity of a compound, combi-
nation of selective sample handling with sophisticated detector
software will reach the point where there is reasonable cer-
tainty about the compounds of interest. Further extension
of this technique by including, i.e., functional group specific
detectors such as electrochemical (cf. ref 13) and reaction
detectors, should provide additional evidence without nec-
essarily having to resort to MS methodology.
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An approach to the of solute under gra- instru 1 delay volume. As the compl of these factors
dient elution conditions using numerical approximations on a increases, exact solutions become progressively more difficult
DEC VAX 11/780 p Is pi This app h to impl t. In addition, prog ing effort b ex-
eliminates the need for exact of the | y cessive when writing algorithms to handle any of a variety of
complex gradient Is. The p ped can be potential conditions within a single computer program. Due

used for any solvent composlllon vc solute capacity factor
or solvent composition vs. time relatlonships and are, there-
fore, universal In nature. Gradlent microbore HPLC In the

to the inflexibility of the existing solutions and the mathe-
matically intractable nature of other solutions for more com-
plex cases it was decided to develop an approach and cor-
programs which could more easily

reversed-phase mode was used to the

of the approach. The assumption of a quadratic dopondoncy

between In k’ and sol ition allowed for the

least-squares fitting of solute k k with a

number of experiments. By use of this approach and the
ponding FORTRAN program, pr of solute re-

tention under complex multiple-linear gradient shapes was

hieved with an y of better than 5%.

The chromatographic experiment is somewhat unique in
that more time and effort are normally invested in determining
the required experimental conditions than in interpreting the
resulting data. Research has thus been directed at finding
efficient ways to “optimize” an HPLC separation. Drouen et
al. (1) have characterized the two major optimization schemes
in HPLC as being either of the sequential simplex or of the
lattice type design. While automated optimization programs
of either design can be useful in finding adequate separation
conditions, it must be realized that a separation can be
“optimized” according to many different criteria. Thus, an
optimization scheme should be flexible to the specific demands
of a particular separation problem and not be user inde-
pendent, contrary to the philosophy being adopted by nu-
merous instrument companies in automated methods de-
velopment.

An alternative to the completely automated methods de-
velopment approach is to permit the scientist to use the
computer as an interactive tool, without the restriction of a
single optimization algorithm. In order to permit this, versatile
calculation procedures must be available. Jandera and
Churacek (2-11), Schoenmakers et al. (12-14), Snyder (15),
and others (16-18) have demonstrated that exact mathe-
matical solutions can be derived for certain gradient conditions
and that these solutions can predict the retention time of a

pound with good y. Such mathematical solutions
can then form the basis for subsequent optimization proce-
dures.

The problem with using exact mathematical solutions is that
the form of the solution depends upon a number of factors,
including the gradient shape and number of components in
the mobile phase, the function describing the capacity factor
(k") and mobile phase composition for each solute and the

handle the vanous conditions often used by the scientist
attempting to develop a separation.

The strength of the approach presented arises by the sep-
aration of the solute-solvent composition relationship from
the mathematics of the gradient integral. Complex equations
of this type are often most easily solved by using numerical
integration techniques. Such approximate solutions require
numerous calculations and therefore must run on relatively
fast computers. The reward for using approximate solutions
and larger computers is that a smgle program can handle

lex solute—sol relati ips as well as complex
isocratic and gradient elution conditions with reasonable
calculation time. This paper will report on the results obtained
with a program written to determine retention times for bi-
nary, ternary, quaternary, etc. gradient elution condi'.ions with
single or multiple linear gradient s based on limited
isocratic chromawgraphlc data. Multlple linear gradient
segments were chosen since these are widely used on com-
mercial HPLC instruments.

THEORY

Isocratic Data. The first step in deriving solutions for the
prediction of retention times for solutes eluted under gradient
conditions is to know the capacity factor, k’, for each solute
as a function of solvent composition. For the reversed-phase
mode of HPLC, using a binary solvent, a logarithmic function
of the following form can usually be assumed (18)

Ink’= AC, + BC,*+ D (1)

where A, B, and D are constants and C, is the concentration
of organic modifier which is generally given in volume percent.
For an ag solution ining two ic modifiers, the
relationship of sol position to k’can be expected to
be in the form

In k’ AC, + BC*+ DC, + EC2 + FC,C, + G 2)
where A, B, D, E, F, and G are constants. A cross term has

been included which varies as a function of both C, and C;.
By use of similar mathematical fitting, any number of organic

. modifiers can be used. Also, if a different function is followed,

as for example a reciprocal function as is often observed in
ion exchange, similar equations of the same general type can
be derived.

0003-2700/85/0357-0811$01.50/0 © 1985 American Chemical Society
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Once the expected relationship between k’ and organic
modifier is known, the values of the constant coefficients must
be determined by using a linear least-squares fit. The min-
imum number of data points required varies with the number
of terms in the equation being fit. A binary mobile phase
(single organic modifier) fit to eq 1 requires at least three
experimentally determined data points. Likewise, six and ten
data points are required for ternary and quaternary mobile
phases, respectively.

Calculation of Retention Times. Liquid chromatography
is often treated as a volume problem but is in fact funda-
mentally a length problem since the column length, L, is
a limiting parameter. All separations must be completed by
the time the compounds have traveled the length of the
column. Thus

L, = velocity of solute X retention time 3)

In the isocratic case the velocity may be assumed to be con-
stant and eq 3 becomes

Leat = Ubanatr 4)

where ty, is the retention time for a given solute and Uy, is
the linear velocity of that solute band. In gradient elution
the velocity is not constant, and the integral solution for eq
3 must be used which is given as

¢
L = J(‘) "Ulana dt (5)

where U'unq i8 the instantaneous velocity of the solute band
and the integration limits are from time = 0 to time = tg.

The velocity of a band can be found for the isocratic case
by first rearranging the often used expression for &’

tg = ty(1+ k) 6)

where ty is the elution time of an unretained solute. Uyapg
for elution under isocratic conditions can be calculated by
dividing the column length by tg (as given in eq 6) resulting
in

Uband = Leat/ (tu(1 + k) 7

Under gradient conditions where k’is changing throughout,
the instantaneous band velocity is of interest. From eq 7,

‘and €an be found in terms of the instantaneous k', k%, such
that

‘band = Lot/ (tm(1 + E'iny)) )

Thus the fundamental equation for gradient elution be-
comes

La= f] e/ (1 + kinsdta) dt ©)

Equation 9 reduces to eq 4 for isocratic cases where k', is
constant with respect to time.

With eq 9, it is in theory possible to solve exactly for the
retention time of any band knowing the instantaneous &’ of

the initial isocratic conditions before being overtaken by the
gradient front must be calculated. This delay has two sources.
First, due to a physical instrumental delay time, ¢p, the solute
band will move down the column at a velocity inversely
proportional to (1 + &%) (eq 7) while the gradient front travels
to the column head. Secondly, the solute band continues to
advance at the same rate until overtaken by the gradient
traveling at a rate equal to the mobile phase velocity, v, i.e.,
L/tn- Knowing the instrumental time delay of the solute
band allows for the calculation of a time correction, ¢
Simply stated the distance traveled by the solute band during
the instrumental delay plus the time until overtaken by the
gradient front in the column must be equal to the distance
traveled by the gradient front at the time the two are coin-
cidental, or

(Leat/ (tm(1 + BNt eor) + (Leat/tmtD) = (Leot/ tm)core
(10)

Solving eq 10 for ¢, gives
teore = (1 + kY /RNtp

The distance traveled by the solute band isocratically, L,
can be found by multiplying t,. as defined in eq 11 by Upna
as given in eq 7, yielding

L = (Leatk) [ty (12)

Knowing the time spent by the solute band traveling iso-
cratically and its position in the column when the gradient.
takes effect allows the calculation of the distance over which
the gradient will affect the solute since

Lio + Lgrag = Lea (13)

. (11)

Thus, Lg.,q can be substituted into eq 9 for L, to become
™ ’
L = j; [1/(k Du dt (14)

where
tg = teom t+ LR (15)

Solution of the Gradient Integral by Approximation.
An exact solution of eq 14 is often not possible under com-
plicated gradient profiles or when complex &’ vs. solvent
concentration relationships exist. It is easier, therefore, to
evaluate the integral in a stepwise manner by incrementing
the time by some small step (0.01 min for this study), calcu-
lating the corresponding k’ for the resulting time and then
calculating the length traveled during the time interval. The
sum of the time steps will equal ¢t when the sum of the
lengths traveled is equal to L. A continuous correction must
be made, however, since the actual time spent traveling and
the time corresponding to the gradient concentration which
the solute band encounters are generally not the same. The
reason for this difference is that the gradient concentration
at the band is dependent not only upon the time after which

a solute as a function of time. If, however, the i
k' vs. time relationship is mathematically complex or the
gradient shape is very complex, then an exact solution for tg
can be difficult if not impossible to derive.

An alternative to using exact mathematical solutions to eq
9 is to use numerical integration. Approximate solutions have
two major advantages. First, approximate solutions of eq 9
are always solvable, and second, the flexibility of approximate
calculations reduces the amount of programming effort and
program size necessary when multiple experimental conditions
are to be allowed.

Corrections for Gradient Delay. Several corrections are
necessary for the solution of eq 9 under actual experimental
conditions. First the distance traveled by the solute under

the gradient has started but also upon the position of the band
in the The simplest way to eliminate length from
the problem is to calculate a “gradient” time, t,, as well as an
actual time, t,, While the actual time interval is specified,
the “gradient” time interval, t;, can be calculated by using the
relationship

ty=t,— L,/u (16)

where L, is the length traveled by the solute band in the actual
time interval and u is the linear velocity of the gradient front.
Thus, the sum of the ¢, intervals is equal to the “gradient”
time seen by the solute band, and it is this time that must
be used to calculate the instantaneous capacity factors for the
stepwise integration.



Calculation of Bandwidths. The desire to calculate
chromatographic resolution in addition to solute retention time
requires estimation of the elution width for each solute. Under
isocratic conditions the calculation of bandwidth is
straightforward assuming that the number of theoretical plates
is constant for a given solute. The relationship between ty
(40 in time units) and the last capacity factor of the band
center as it from the col k, is found to be

Tw = (4ty(1 + k7)) /(NV?) 17

This is essentially identical with the derivations of Jandera
et al. (5) and Snyder et al. (15, 19) except that no “band
compression™ factor has been included. In practice it was
found that eq 17 describes the actual width of low molecular
weight solutes to an acceptable accuracy.

EXPERIMENTAL SECTION

Apparatus and Reagents. Five test solutes were used to
determine the accuracy of the predictive capabllmes of the de-
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Table I. Binary Isocratic Data

Retention Time*

solute 1 2 3 4
uracil 3.1 3.2 3.2 3.2
phenol 4.1 5.2 6.9 10.4
acetophenone 4.8 6.4 10.2 18.6
nitrobenzene 5.4 74 12.0 20.6

methyl benzoate 6.2 9.7 18.9 414

Mobile Phase Concentration

point no. % methanol
1 65.0
2 55.0
3 45.0
4 35.0

9 All times are in minutes. Al solvent compositions are in vol-
ume percent.

veloped program. They were uracil, phenol, ni-
trobenzene, and methyl benzoate. All compounds used were
reagent grade or better. HPLC grade (J. T. Baker, Inc., Phil-
lipsburg, NJ) methanol, acetonitrile, and tetrahydrofuran were
used as organic modifiers. Mobile phases were prepared volu-
metrically with double-distilled, deionized water and were sparged
with helium before use.

The chr hic syste; isted of a Brownlee MPLC
MicroPump (Brownlee Labs., Snm.a Clara, CA) using a nominal
150-uL packed-bed mmng chamber to ensure the reproducibility
of the gradi ration, a Rheodyne variable sample loop
injection valve (Rheodyne, Cotati, CA) Model 7413, set at 0.5 uL,
and a Kratos (Kratos Analytical Instruments, Ramsey, NJ) Model
SF 769 U.V. detector operating at 254 nm with a 0.5-uL flow cell.
The analog output of the detector was recorded with a Kipp &
Zonen, BD-40 series, strip chart recorder.

Laboratory-bonded octyl stationary phases were prepared with
either Whatman Partisil-10 10-um silica gel (batch no. 4116-100)
(Whatman Inc., Clifton, NJ) or Shandon MOS-Hypersil 5-um
spherical support (batch no. 10/899) (Shandon Products, Ltd.,
Cheshire, England). Both phases were bonded by refluxing 3 g
of silica gel with a 5-fold excess of chlorodimethyloctylsilane in
toluene, using 5 mL of pyridine as an acid scavenger. Reaction
was allowed to proceed at 65-70 °C for 24 h. Phases were then
washed in methanol, dried, and exhaustively end capped with
trimethylchlorosilane. Stationary phases were packed into 250
X 1 mm i.d. glass-lined columns by slurrying 300 mg of packing
into 3 mL of isopropyl alcohol, at a pressure of 10000 psi for
approximately 15 min, using acetone as the packing solvent (20).
The MOS-Hypersil bonded phase was used for the binary gradient
studies while the Partisil-10 bonded phase was used for ternary
and quaternary gradient experiments.

Computer programs were written in FORTRAN using a Digital
Equipment Corp. (Maynard, MA) VAX 11/780.

Procedure. Since the MPLC MicroPump is a dual-syringe
pump, only two solvent concentrations were used for ternary and
quaternary gradients. Solvent proportioning was made by the
pump in all cases to obtain the required isocratic data. The flow
rate throughout the entire study was kept constant at 50 uL./min.
In order to test the capabilities of the approach and corresponding
program, chromatographic evaluations were performed for binary,
ternary, quaternary, linear, and multiple linear gradients. The
instrumental delay volume was varied by injecting the solutes at
various times before and after the gradient was started

RESULTS AND DISCUSSION

Isocratic Data. As previously described, mobile phases
containing one modifier require at least three isocratic data
points to allow fitting the expected k’ vs. modifier

were generally found to vary by less than 0.2 min between runs
for a given isocratic solvent concentration. Given the excellent
reproducibility of retention times observed, single data points
at any given solvent composition were ly used for
the fitting of k’ vs. solvent composition data. Multiple ex-
periments could be performed for each composition if desired;
however, in practice this was not found to be necessary.
Binary Gradients. Retention data for a number of binary
gradients were ired and cc ed to predicted values.
The instrumental delay volume was determined to be 190 pL.
The actual and calculated retention times (along with the
percent difference) for a 10-min gradient from 35% to 65%
methanol are given in Table IIA. The same gradient was run
with a 290-uL instrumental delay simulated by injecting the
solutes 100 uL (2.0 min) before starting the gradient. The
retention data for this gradient are also given in Table 1IA.
The prog easily dated the varying instrumental
delays, allowing the scientist to evaluate quickly the effects
of such a delay.

Data were also acquired for binary multiple linear gradients.
The actual and calculated retention data for one of these
gradients are presented in Table 1IB. In this instance, only
the last two pounds, nitrob and methyl t
ever experienced the second segment of the gradients. The
actual and calculated retention values are again in excellent
agreement, demonstrating the accuracy of both the mathe-
matical approach and program. Total error in both the
generation of the gradient and computer calculations was
better than 2.1% for the demonstrated cases.

Ternary Gradient Systems. While the fitting of the
isocratic concentration vs. retention relationship is fairly
straightforward for mobile phases containing one modifier,
it becomes increasingly difficult as the number of modifiers
increase. Temary solvent systems contain two mdependent
and one d d and require at least six isocratic
data points to fit to eq 2.

Theoretically a well-designed multivariate experiment
should be used for determining the capacity factor response
surface for ternary and higher order systems. Experimentally,
however, such multivariate experiments can be extremely
difficult to perform due to instrumental and time limitations.
To demonstrate the approach of numerical integration for

tration curve. Methanol was used as an organic modifier to
test the capabilities of the program on binary gradi The
retention times of the five test solutes were determined under
four isocratic conditions (35%, 45%, 55%, and 65% metha-
nol). The retention data are given in Table I. Retention times

licated relati capacity factor and solvent
composition, as are typically encountered in ternary and
quaternary chromatographic systems, it was decided to acquire
data along a solvent “line” generated by allowing the binary
HPLC pump to proportion two ternary (or higher) reservoir
solvents to obtain the required number of isocratic data points.
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Table II. Binary Gradient Data®
A: Single Segment Linear Binary Gradient Profile
Conditions
solvents: methanol/water
gradient: 35.0:65.0 CH,OH:H,O to
65.0:35.0 CH,0H:H,0 over 10 min
solute obsd tg caled tg % difT
1. 190 uL Instrumental Delay
uracil 3.2
phenol 92 9.0 2.1
acetophenone 12.2 12.0 1.6
nitrobenzene 13.0 12:9 0.8
methyl benzoate 15.4 15.5 0.6
2. 290 uL Instrumental Delay
uracil 3.2
phenol 9.6 9.8 2.1
acetophenone 13.4 13:2 1.5
nitrobenzene 14.4 14.2 1.4
methyl benzoate 17.2 17.1 0.6

B: Multiple Linear Binary Gradient Profile
Conditions
solvents: metnaol/water
gradient: 35.0:65.0 CH,OH:H,0 to
50.0:50.0 CH,OH:H O over 5 min and
then 50.0:50. OCH OH:H, .0 10 65.0:35.0
CH,0OH:H,0 over 10 min

delay volume: 190 uL
solute obsd tp caled tg % diff
uracil 3.2
phenol 9.0 9.0 0
acetophenone 12.0 12.0 0
nitrobenzene 13.0 13.1 0.8
methyl benzoate 16.2 16.4 1.2

@ All retention times are in minutes.
sitions are in volume percent.

All solvent compo-

Table III. Ternary Isocratic Data

Retention Time (min)

compound 1 2 3 4 5 6
uracil 3.2 3.0 3.0 3.0 2.8 2.8
phenol 11.8 9.2 17 6.4 5.8 5.4
acetophenone 21.0 1560 119 94 82 76
nitrobenzene 294 216 168 128 110 9.7

methyl benzoate 410 266 193 140 11.8 104
Mobile Phase Concentration

point no. % acetonitrile % methanol
1 14.0 26.0
2 20.8 23.0
3 215 20.0
4 34.3 17.0
5 38.8 16.0
6 43.3 13.0

These isocratic data were then fit to expected k’ vs. solvent
composition relationships. Such “line” experiments have in-
herent mathematical limitations and instabilities of which the
user must be aware. A fit is being forced to a given rela-
tionship and this relationship may have no physical meaning;
therefore, useful results if any can only be expected within
the chosen boundry conditions. Furthermore, good fits may
exist between other, possibly less complicated relationships
and the expenmental data. However, the use of a solvent
“line” repr tical means to simulate the com-
plexity of a full surface map utilizing the available instru-
mentation.

HO

3% CHCN

(son cnyon \

o

AR

(oo ongn
o cHyon

O+ socratc pant \

CHyOH = CHyCN

Figure 1. Ternary solvent diagram Indicating mobile phase concen-
trations for isocratic data points.

¢ = calculoted a

o 5 10 5 20
MINUTES
Figure 2. Microbore HPLC of test solutes showing actual and calcu-
lated (c) retention times for a 10-min linear ternary gradient (conditions
listed in Table IVA) using a 190 uL instrumental gradient delay: column,
250 X 1 mm; laboratory bonded Partisll 10 Cg; flow rate, 50 ul min~;
detector, Kratos 769, fitted with a 0.5 L flow cell; wavelength, 254
nm,; sensitivity, 0.1 aufs; pump, Brownlee MPLC micobore gradient
pump; Injector, Rheodyne 7413 with a 0.5-uL injection loop.

Ternary gradients were run with aqueous solutions con-
taining methanol and acetonitrile as organic modifiers. A
solution of 50:10:40 acetonitrilezmethanol:water was used as
the high strength solvent while the low strength solvent was
a mixture of 5:30:65 acetonitrile:methanol:water. The pump
itself was used to proportion these two solvents for the isocratic
experiments. The ternary isocratic retention data are given
in Table III. Figure 1 illustrates by use of a ternary diagram
both the solvent compositions which are possible using the
solvents chosen for the reservoirs and also the points at which
isocratic data were acquired.

By use of the fitted ternary data, a 10-min gradient was run
from 14.0% methanol. The gradient was run with a 190-uL.
instrumental delay, producing the chromatogram shown in
Figure 2. The corresponding data are presented in Table IVA.
The gradient used is graphically illustrated in Figure 3.
Another 10-min, ternary gradient was run from 27.5% ace-
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Table IV. Single Segment Linear Ternary
Gradient Profiles

A.

Conditions
solvents: acetonitrile/methanol/water
gradient: 14.0:26.0:60.0 CH,CN:CH,OH:H,0 to
41.0:14.0:45.0 CH,CN:CH,OH:H,0 over 10 min
delay volume: 190 uL

solute obsd tg caled tg % diff
uracil 3.2
phenol 10.5 10.2 2.9
acetophenone 14.4 14.2 1.4
nitrobenzene 17.4 17.0 2.3
methy| benzoate 18.8 18.6 1.1
B.
Conditions
solvents: acetonitrile/methanol/water
gradient: 28.0:20.0:52.0 CH,CN:CH,OH:H,0 to
43.0:13.0:44.0 CH,CN:CH,OH:H,0 over 10 min
delay volume: 190 uL
solute obsd tg caled tg % diff
uracil 3.0
phenol 7.4 7.5 1.4
acetophenone 10.7 10.7 0
nitrobenzene 13.9 13.7 1.4
methyl benzoate 15.0 15.0 0
TEN MINUTE TERNARY GRADIENT
50 (uo'/. CHCN _ 410% CHN
260% CN3W 140% CNBOM
_—CHyCN
[ —
I3 =
& 30 =
&
g T —
a —
g
I" G CHOM
104
o - .5 T VO’
MINUTES
Figure 3. T inute ternary g for the chr g shown

In Figure 2, as entered into gradient generator.

tonitrile, 20.0% methanol to 43.3% acetonitrile, 13.0%
methanol with a 190-uL instrumental delay. The results for
this gradient are given in Table IVB. The results for the
ternary gradients clearly show that even though ternary
systems are mathematically and experi lly very pl
they can be handled with an accuracy exceeding 97%.
Quaternary Gradients. In order to test the applicability
of the p and instr ion under rig conditions,
quaternary solvent systems were investigated for both linear
and multiple linear gradient shapes. Quaternary gradients
have not been exploited fully, possibly because of the tre-
d lexity of such sol 8y A solvent
concentration line was again evaluated as opposed to the entire
response surface. It should be noted that quaternary and
higher order systems pose additional problem since their re-
sponse surfaces require four or more dimensions to visualize.
While a minimum of ten isocratic data points are necessary
to fit the equation for aq solutions ining three
organic modifiers, 11 data points were acquired. The high
strength mobile phase reservoir contained an aqueous 12.5%
tetrahydrofuran, 20.0% acetonitrile, and 12.5% methanol
solution and the low strength mobile phase was an aqueous
2.5% tetrahydrofi 2.5% itrile, and 25.0% methanol
solution. The 11 isocratic data points used are given in Table

18 CC

Table V. Quaternary Isocratic Data
Retention Time (min)

compound 1 2 3 4 5 6
uracil 3.1 3.0 3.1 3.0 3.0 29
phenol 170 158 148 138 130 120

acetophenone 210 184 170 158 146 134
nitrobenzene 354 324 300 276 256 235
methyl benzoate 430 382 344 310 282 254

Retention Time (min)

compound 7 8 9 10 11
uracil 32 32 2.8 3.0 3.0
phenol 1.7 112 100 9.4 88
acetophenone 130 123 111 10.2 96
nitrobenzene 223 207 190 166 156

methy! benzoate 238 21.7 198 169 160
Mobile Phase Composition

point % %o

no. tetrahydrofuran acetonitrile methanol
b 5.50 1.75 21.25
2 6.00 8.63 20.63
3 6.50 9.50 20.00
4 7.00 10.38 19.38
5 7.50 11.25 18.75
6 8.00 1213 18.13
4 8.50 13.00 17.50
8 9.00 13.88 16.88
9 9.50 14.75 16.25

10 10.50 16.50 15.00

11 11.00 17.38 14.38

Table VI. Linear Quaternary Gradient Data
A. Single Segment Linear Profile

Conditions
solvents: THF/acetonitrile/methanol/water
gradient: 6.0:8.6:20.6:64.8
THF:CH,CN:CH,OH:H,0 to 11.0:17.4:14.4:57.2
THF:CH,CN:CH,OH:H,0 over 20 min
delay volume: 190 uL

solute obsd tg caled tg % diff
uracil 3.0
phenol 14.2 14.2 0
acetophenone 15.8 16.2 2.5
nitrobenzene 24.1 23.6 2.1
methyl benzoate 25.4 25.0 1.6

B. Multiple Linear Quaternary Profile

Conditions

solvents: THF/aceto/methanol/water

gradient: 6.0:8.6:20.6:64.8
THF:CH,CN:CH,0H:H,0 t0 10.0:15.6:15.6:58.8
THF:CH,CN:CH,OH:H.O over 10 min and then
10.0:15.6:15.6:58.8 THF:CH ,CN:CH,OH:H,0 to
11.0:17.4:14.4:57.2 THF:CH,CN:CH,OH:H,0
over 10 min

delay volume: 190 uL

solute obsd ty caled ty % diff
uracil 3.0
phenol 13.8 13.6 1.4
acetophenone 15.2 15.2 0
nitrobenzene 22.4 21.7 3.1
methyl benzoate 23.5 229 2.6

V. Both linear and multiple-linear quaternary gradients were
run. The results for a 20-min gradient from 6.0% THF, 8.6%
acetonitrile, and 20.6% methanol to 11.0% .THF, 17.4%
acetonitrile, and 14.4% methanol with a 190-uL. instrumental
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TWENTY MINUTE QUATERNARY GRADIENT

8.6 % 17.4 % ACETONITRLE
20.6 % ———=L144 % METHANOL

[ 60 % 110 % TETI URAN

B,

ACETOMTRILE ~

VOLUME PERCENT
o

TETRAHYDROFURAN

[ 10 20

MNUTES

Figure 4. Twenty-minute quaternary g profile as entered into
the gradient generator.

delay are given in Table VIA. A graphical illustration for
this gradient is presented in Figure 4. Changing the in-
strumental delay had little effect on the accuracy of the
calculations.

Finally, a multiple linear quaternary gradient was run
consisting of a first segment from 6.0% THF and 8.6% ace-
tonitrile and 20.6% methanol to 10.0% THF, 15.6% aceto-
nitrile, and 15.6% methanol in 10.0 min followed by a 10.0-min
segment to 11.0% THF, 17.4% acetonitrile, and 14.4%
methanol. Like the previous quaternary gradients, the THF
and acetonitrile concentrations rise from the initial to the final
concentrations while the methanol concentration falls. The
results for the multiple linear quaternary gradient are pres-
ented in Table VIB.

The overall accuracy of the quaternary gradient experiments
was slightly worse than for the simple binary gradients, but
in no case was the error between predicted and observed more
than 6%. It was felt given the complexity of the system, that
these errors were sufficiently small for prediction purposes.

CONCLUSIONS
The algorithms derived using integration by parts on a
larger computer avoid the problems of attempting to derive
exact mathematical solutions to the gradient integral equa-
tions. Computation times are fast, even for complicated

gradient shapes and long elution times. Calculations required
at most only a few seconds. In addition, excellent flexibility
is achieved by using this computational approach, since vir-
tually any k’vs. solvent composition relationship can be ac-
commodated. The same type of flexibility is expected to be
found for different gradient shapes, especially those of unusual
profiles not readily described by any particular function.
Multiple linear gradients were utilized for this work, since most
new instruments construct gradients by linking linear seg-
ments. However, complicated gradients of any mathematical
form can be handled as readily with little programming effort.
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Pyrene was adsorbed on RP-2 and RP-18 surfaces and Iits
itation and d that pyrene has the

same photophysical pvopcrllu as In solution. By an analysis

of the fine of the it was p

to determine the polarity of the turlacos when they are sur-

by wat thanol and wat
(0-30% (w/w) organic solvent). It was found that with in-
creasing of methanol in the sok , there was

a decrease In the polarity of RP-2 and RP-18 surfaces. The
Influence of acetonltrile on surface polarity was found to be
more complex. A molecular model based on these resulis is
discussed.

It is generally acknowledged (I1-4) that there is a lack of
understanding of the mechanism of solute retention in re-
versed-phase liquid chromatography. One of the reasons for
this is that the knowledge of the physical nature of the
chemically modified aurface and its dependence of mobile-
phase position is lete

Many chromatographic studlm correlating changes in solute
retention with properties of the bonded phase have been
performed. The literature is overwhelming and a short review
is found in ref 3. A number of spectrometric techniques have
been used to provide information which complements these
chromatographic data. Besides infrared spectrometry (5, 6),
UV-visible spectrometry (7), photoacoustic spectroscopy (8,
9), and NMR (10-12) spectrometry, fluorescence spectrometry
is a technique which has been used, however, only to a limited
extent (4, 13, 14). Much of the spectrometric work to date
has been focused on the analysis of spectrometric data of the
chemically bound species. In this work, however, we are using
fluorescence spectrometry to examine pyrene molecules that
are adsorbed on the surface. The purpose is to investigate
the polarity of the chemically modified surface and its de-

on the ition of the sur ing solvent.

Durmg the last years a number of papers have appeared
dealing with the photophysical properties of organic molecules
adsorbed on solid surfaces. Pyrene is a molecule that has been
extensively used, and several studies of its photophysical
properties when adsorbed cn silica (15-18), aluminium oxide
(19), TiO, (20, 21), and montmorillonite (22) have been per-
formed. In some of these papers (15—19 21) the effect of
coadsorbed org les on the p physical properties
of pyrene is reported. Before dlscussmg these results it may
be useful to recall the pertinent photophysical properties of
pyrene in fluid solutions. The important processes are

P + hyy — P* (1)
P*—P + hy, (2)
P* + P = P,* (excimer formation) 3)

Py ~P+P+hy (@)

The emission spectrum of the monomer in solution shows a
significant fine structure (vibronic bands) and is situated in
the region 370-400 nm. On the other hand, the emission
spectrum of the excimer is a broad and structureless band
situated at ~470 nm. On solid surfaces one additional process
may be of importance, the excitation of a ground-state dimer
with a subsequent emission in the same region as the excimer
emission, i.e.

Py + hyy — Py* (5)
Py* — P, + hu,y (6)

In addition to this, there is another important feature of the
monomer emission that is extensively used in this work. It
was first found by Kalyanasundaram and Thomas (23) that
the intensities of the various vibronic bands show a strong
dependence on the solvent environment. The emission
spectrum consists of five major vibronic bands usually labeled
I-V in progressive order, i.e., the 0-0 band is labeled I etc.
In the presence of polar solvents, there is a significant en-
hancement in the intensity of the 0-0 vibronic band at the
expense of other bands. The ratio of the emission intensities
for bands III and I serves as a measure of solvent polarity.
We found, for example, that the I1I/I ratio was 1.63 in hexane
and 0.51 in H,0. It must be pointed out that no theory is
available for a quantitative explanation of this effect, but
qualitatively, the III/I ratio is a measure of the extent of
interaction between the solvent dipoles and the excited singlet
state of pyrene (23).

Some relevant results concerning the behavior of pyrene
adsorbed on solid surfaces, as obtained by others with
fluorescence spectrometry can be summarized as follows:

The monomer emission for pyrene adsorbed on silica (16,
17) is similar in detail to what is observed in solution, indi-
cating little perturbation by the oxide support. The monomer
emission for pyrene adsorbed on aluminum oxide is slightly
distorted (19) and on TiO, it is strongly distorted (20), in-
dicating a strong binding to the TiO; surface.

Formation of ground-state dimer is found on both silica (17)
and aluminum oxide (19), but not on TiO, (20).

Coadsorbed alcanols (17) and nonionic surfactants (18)
solubilize pyrene on the silica surface and the former increases
the intensity of excimer emission (17).

The I11/1 ratio for pyrene adsorbed on silica (16) and alu-
minum oxide (19) is characteristic of a polar environment and
coadsorbtion of alcanols increases the 111/ ratio. The III/I
ratio for pyrene adsorbed on silica modified with trimethylsilyl
chloride is characteristic of a nonpolar environment (16).

In this work it was shown that when pyrene was adsorbed
on RP-2 and RP-18 particles suspended in water, the emission
spectrum had the same characteristic as in fluid solutions. In
addition, no ground-state dimerization of adsorbed pyrene was

0003-2700/85/0357-0817$01.50/0 © 1985 American Chemical Society
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found in the concentration range studied. The polarity of
RP-2 and RP-18 surfaces in contact with water was found to
be comparable to the polarity of 1-octanol. However, when
methanol was gradually substituted for water, in the range
0-30% (w/w) methanol, there was a gradual decrease in
surface polarity for both RP-2 and RP-18 surfaces. However,
when acetonitrile was substituted for water, in the range
0-30% (w/w) acetonitrile, the behavior of surface polarity was
found to be more complex. An interpretation of the results
on the molecular level i is dlscussed

The preceding di rates that fluor
spectrometry is a useful tool in the examination of chemically
modified silica surfaces. Additional information concerning
the physical nature of these surfaces can be obtained from
quenchmg studies, the relative i ity of
emission, and fluorescence decay methods. Such studies are
currently in progress.

EXPERIMENTAL SECTION
Materials. LiChrosorb RP-2 and RP-18 (5 um) (Marck

Intensity
8
<

A
= N i
! A "
» n \\ Iy

ST S | -

= “ wavelengthom) -

Flguu 1. (A) Emisslon spectrum of pyrene adsorbed on RP-18.

2.01 mg of RP-18 particles/g of H,0, 0.15

Darmstadt, G.F.R.) were used. According to the
they have the following characteristics: RP-2, surface area (BET)
350 m?/g, surface coverage 5.5 X 10 mol/m? RP-18, surface area
(BET) 150 m?/g, surface coverage 3.3 X 107 mol/m2 Pyrene
(Kodak) was used as received, the purity was found, by LC
analysis, to be 99.5%. All the solvents used were of spectroscopic,
chromatographic, or analytical grade and were used without
further purification; in addition they were controlled with respect
to spectral impurities by UV-vis and fluorescence spectrometry.
Sodium tetradecylsulfate and CuSO,-5H,0 of analytical grade
(Merck) were used as supplied.

Fluorescence Studies. All fl spectra were
with a Perkin-Elmer Model MPF-3 scanning fluorescence spec-
trophotometer using an excitation and emission slit width of 2
nm (except when excitation spectra were collected with the
emission monochromator set at 470 nm, then the emission slit
width was 7 nm). A suspension of RP-18 was prepared by adding
2 or 8 mg of particles/g of H,0 and in most cases 0.5 mg of sodium
tetradecylsulfate/g of H,O to deionized water whereupon the
mixture was intensively shaken until all particles were suspended.
A suitable amount of pyrene dissolved in methanol (~1 X 102
M) was then added. The methanol concentration in the sus-
pension never exceeded 0.6% (w/w) In the experiments with
varying of methanol or itrile, the
was prepared in ~0.05 M or ~0.10 M CuSO‘ solution instead
of water. When methanol or acetonitrile is added to this sus-
pension, ﬂocculmon may occur, pamculurly when added to an

g e g

mg of sodum tetradecylsulfate/g of H,0, 1.88 X 10~ mol of pyrene/g
of RP-18. (B) Background spectrum, the peaks are unidentified.

amounts of RP-2 particles (0-10 mg of particles/mL of
methanol) were added, whereupon the emission intensity was
measured at both 373 and 383 nm. To investigate the influ-
ence of absorbance, the measurements were carried out in two
solutions containing different amounts of pyrene, the absor-
bances at 336 nm in these solutions were 0.11 and 0.45, re~
spectively. After a proper correction for the amount of light
scattered by the particles, it was found that the emission
intensity, for both wavelengths, was independent of the
particle concentration. The difference of absorbance of the
solutions was found to have no influence on the result. It is
worth pointing out that in the solution containing the lesser

ration of py and the highest concentration of
particles, the emission intensity from pyrene and the intensity
of the scattered light were approximately equal.

An explanation of the insensitivity of the corrected emission
intensity to particle concentration is the following: The
particles scatter the emitted light randomly in all directions,
but since the pyrene molecules emit randomly also in a non-
scattering medium, the emission intensity will be the same,
if the fraction of the incident light that is directly back-
scattered by the particles is negligible. In conclusion, the

RP-18 susp Th , to 8 tic armm in
the measurements of f1 ity, an elab d pro-
cedure was used. A i 1 2.5gofthe p was added

into a 10-mm quartz cell and approximately 125 mg of methanol
or acetonitrile was subsequently added with a Hamilton syringe
directly into the cell. All amounts were weighed on an analytical
balance. After each addition and between each measurement the
cell was put mlo an ullrasomc bath Ior 1 min. After this treatment
the y was d within 10-15 s at 373 or 383

nm. For each aolvem. ition, four were
performed in three different cells. So, by this procedure all the
measurements, with different methanol-water or acetonitrile-
water mixtures, were carried out with the same sample.

In addition, a suspension with exactly the same composition
as in the cells was centrifuged and the emission intensity at 383
and 373 nm of the supernatant was measured. The excitation
wavelength was 337 nm. All measurements were performed in
the right angle mode and a correction for the light scattered by
the particles was made by measuring a suspension of the same
composition, with the exception that pyrene was not added.

RESULTS AND DISCUSSION

Fluorescence Menuremenu in Highly Scanering
Media. All fl ts in this work
are carried out with right angle 1ll ination on

procedure that was used in this investigation, i.e., subtraction
of the intensity of scattered light by the particles and of
emission from the supernatant solvent, obtained through
centrifugation, is valid. However, care must be taken when
working with suspensions with such absorbances that the
emission intensity is not linearly related to concentration.

Emission and Excitation Spectra of Pyrene on RP 2
and RP-18 Surfaces. B of its i ing photophysical
properties and its strong hydrophobicity, pyrene is a sun.able
probe molecule in the study of hydrophobic surfaces. It is
seen in Figure 1 that the emission spectrum for pyrene ad-
sorbed on RP-18 has the same vibronic fine structure as that
in a solvent; for ison i spectra for pyrene in
various solvent.s can be found in ref 23. This indicates that
there is no strong binding between the pyrene molecule and
the RP-18 surface. The emission spectrum for pyrene ad-
sorbed on RP-2 has the same characteristics. Furthermore,
it is seen that, at this pyrene concentration, the formation of
excimers is small.

It has been shown by others (17, 19) that ground-state
dimers of pyrene may exist on solid surfaces. However, it is
possible to differentiate the monomeric state from the dimeric

that strongly scatter the incident hght. To validate such a
procedure, pyrene was dissolved in methanol and varying

state by an analysis of the excitation spectra with observation
in the monomer (383 nm) and excimer regions (470 nm). In
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Figure 2. Excitation spectrum of pyrene adsorbed on RP-18 (A) with
observation in the monomer region (383 nm) and (B) with observation
in the excimer region (470 nm). For composition of suspension, see
caption to Figure 1.

Figure 2 it is seen that the absorption peaks in the monomer
and excimer excitation spectra, for pyrene adsorbed on RP-18,
occur at the same wavelengths. The excitation spectra for
pyrene adsorbed on RP-2, observed in the monomer and ex-
cimer regions, overlap in the same way as they do with RP-18.
If ground-state dimers were present, the excitation spectrum
with observation in the excimer region should have been
red-shifted by 5-7 nm in relation to the excitation spectrum
of the monomer.

In summary, it has been shown that pyrene adsorbed on
RP-2 and RP-18 surfaces retains the same photophysical
properties as it has in solution. It has also been shown that
no ground-state dimers are formed under the conditions that
are used in this work.

Polarity of RP-2 and RP-18 Surfaces. It has been shown
that the relative intensity of peak III and peak I in the
emission spectrum of pyrene, the I11/1 ratio, can be used as
a measure of solvent polarity (23). Since the reported II1/I
ratios (23) are based on uncorrected spectra, we had to repeat
the measurements with our equipment. The obtained III/1
ratios are summarized in Table I, the reproducibility of the
reported values is £0.01. It is readily seen that the III/I ratio
correlates well with the chemists practical experience of solvent
polarity. The term “solvent polarity” has, however, no physical
definition. It can be shown that the effective polarity of a
molecule increases with increasing size of the ratio D?/a% T

where D is the per t dipole t, o is the collision
di k is the Bol and T is the absolute
temperature.

However, even this expression is unable to show the i
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Table I. Solvent Dependence of 111/1 Ratio for Pyrene
Monomer Fluorescence

solvent 111/1 ratio
water 0.51
acetonitrile 0.52
acetone 0.55
dichloromethane 0.68
methanol 0.69
trichloromethane 0.72
tetrahydrofuran 0.72
ethanol 0.78
1-propanol 0.84
2-propanol 0.89
1-butanol 0.92
1-hexanol 0.98
1-octanol 1.03
1-octanol (87.7 mol %) + n-hexane 1.07
1-octanol (74.5 mol %) + n-hexane 111
1-octanol (56.8 mol %) + n-hexane 116
1-octanol (49.6 mol %) + n-hexane 1.20
1-octanol (39.7 mol %) + n-hexane 1.26
1-octanol (24.8 mol %) + n-hexane 1.34
1-octanol (10.4 mo! %) + n-hexane 149
n-hexane 1.63

D
-n
6

2

050 1.00 150 lIN-ratio
Figure 3. [-In (D%/V)] vs. 11I/1 ratio for the soivents in Table I
(except n-hexane). Water, the alcohols, and octanol-hexane mixtures
(®); nonhydroxyiic solvents (O).

polar molecules into ideration. It is therefi ble -
to use the following expression for this mixture:

XD + X,D;? .
XV, + X,V, kT'VkT ™

where D, and D, are the permanent dipole moments of hexane
and octanol, respectively, X, and X, are their mole fractions
and V, and V, are the molar vol of h and octanol
respectively. In Figure 2 a plot of [-In (D*/V)] as a funcuon
of the III/1 ratio is p d for the sol and

in Table I (except for h ). Since the
is (room temperature), it is omitted in the “calcula-

in effective polarity that occurs in a molecule with an un-
symmetrical disposition of the polar group as in, e.g., alcohols
(24). Still it is a parameter with physical significance and it
is therefore interesting to correlate this parameter with the
/1 ratio. The term ¢® in the denominator is somewhat
inconvenient to use and will here be substituted by the molar
volume, V, of the solvent. To extend this correlation to
mixtures of hexane and octanol, the term D?/V must be
substituted by an expression that takes the dilution of the

tions together with Boltzmann's constant.

It is seen that a linear correlation is obtained between these
parameters for water, for the different alcohols, and for the
hexane—octanol mixtures. The nonhydroxylic solvents do not
fit the straight line (except for acetone) and this may be
explained by the high polarizability of THF, CH,Cl,, and
CHCI; and the low polarizabi]ity of acetonitrile. It must be

hasized that the correlation between [-In (D?/V)] and the
III/I ratio is an empirical correlation and, as such, it is not
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based on any physical insight into the influence of solvent on
the deexcitation process of the singlet excited pyrene molecule.
Despite this, it can be luded that it is possible to set up
a polarity scale based on the III/I ratio.

Since the RP-2 and RP-18 surfaces are not wetted by water,
the corresponding particles are not readily suspended in it.
Therefore, to lower the interfacial surface tension, the tenside
sodium tetradecylsulfate was added. The influence of the
tenside on the I11/I ratio was investigated by measurmg n for
different id ations. To susp
2.0 mg of RP-2 or RP-18/g of H,0, the total amount tenside
was varied between 0.023 and 0.63 mg/g of H,0 for RP-2 and
between 0.076 and 0.87 mg/g of H,O for RP-18. It has been
shown by us (25) that when the total amount of added tenside
corresponds to 1.03 mg/g of H,0 in a suspension containing
2.0 mg of RP-18/g of H,0, the concentration of sodium tet-
radecylsulfate in the surrounding water is equal to CMC (2.2
X 10° M (26)).

A

0.70

[ 10 20 30

% (wiw)
Figure 4. Dependence of 111/1 ratio for RP-18 on the composition of
the surrounding solvent in weight percent of organic modifier:
water-methanol mlxture (O), water-acetonitrile mixture (®). Initial

All these measurements were thus performed with
concentrations below CMC. It was found that these large
diffe in ation in neither case had no
effect on the III/I ratio, and it can be concluded that the
influence of the tenside on the polarity of the surface layer
is negligible.

In summary, it has been demonstrated that all requirements
for measurement of polarity of the RP-2 and RP-18 surfaces
are fullfilled.

So, the I11/1 ratios for these surfaces were measured in a
suspension containing 2.0 mg of particles/g of H;0, 0.15 mg
of tenside/g of H,0 (RP-18) or 0.38 mg of tenside/g of H,0
(RP-2), and 2.0 X 107 mol of pyrene/g of partlcles Aft,er
centrifugation of these the y of
the supernatant was measured. It was found that the emission
intensity was negligible of the supernatant from the RP-18
suspension but for RP-2 it contributed with ca. 30% of the
total emission intensity from the suspension. After proper
correction for this and for background scattering by the
particles, the III/I ratios are found to be 1.06 + 0.02 for RP-2
and 1.03 + 0.02 for RP-18. Examination of the data in Table
1 shows that the polarity of the RP-18, in contact with water,
is the same as for octanol while the RP-2 surface probably
has a slightly lower polarity. This is explained by the hlgher

of H,0-CH,OH mixture, 8.50 mg of RP-18/g
of H;0, 0.48 mg o' tenside/g of H,0, 1.30 X 10" mol of pyrene/g of
RP-18, 0.055 M CuSO,; H,0-CH,CN mixture, 8.09 mg of RP-18/g of
H,0, 0.45 mg of tenside/g of H,0, 1.15 X 10 mol of pyrene/g of
RP-18, 0.10 M CuSO,.

1.30
o
o= =TT T cHOH =

1.10. e

o
o
-]
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E]
0.90
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0.70

) 10 20 £

% (wiw)

Figure 5. Dependence of 111/1 ratio for RP-2 on the composition of
the surrounding solvent in weight percent of organic modifier:

surface coverage of hydrophoblc ps on RP-2 p
with RP-18, which consequently gives fewer silanol groups and
hydrogen bonded water molecules on the surface.

It is also interesting to investigate how the polarity of the
surfaces varies with the ition of the surrounding sol-
vent. Since methanol- and acetonitrile-water mixtures are
the most used solvents in reversed-phase liquid chromatog-
raphy, our work was focused on these mixtures. When these
solvents are added to the previous suspension, the concen-
tration of pyrene rapidly increases in the liquid phase and it
becomes inconvenient to correct for such high emi in-

water-methanol mixture (O), water-acetonitrile mixture (@). Initial

of H,0-CH,OH mixture, 8.91 mg of RP-2/g
of H,0, 0.51 mg of tenside/g of H,0, 0.74 X 10~ mol of pyrene/g of
RP-2, 0.054 M CuSO,; H,0-CH,CN mixture, 8.38 mg of RP-2/g of H,0,
0.47 mg of tenside/g of H,0, 0.78 X 10°° mol of pyrene/g of RP-2,
0.053 M CuSO,.

both RP-18 and RP-2 surfaces. On the other hand, methanol
has a similar effect on the polarity of RP-2 and RP-18 surfaces,
but the effect of acetonitrile differs slightly between them.
Due to fl lation in the ing cell, the reproducibility
of the I11/1 ratio in these measurements is lower than that
in solvents. Each point in the figures is based on measure-

tensities from the supernatant. It has, however, been shown
by us (25) that the Cu®* ion only partially quenches the
emission from pyrene molecules adsorbed on the RP-2 and
RP-18 surfaces. Thus, by making the suspension in CuSO,
solutions, the emission from pyrene molecules in the solution
is almost entirely q hed but the emission from pyrene
adsorbed on the surfaces is only partially quenched. In ad-
dition, the presence of Cu?* ion in the solution does not alter
the measured III/I ratio. Hence such a procedure is valid for

ts of the depend of surface polarity on the
composition of the surrounding solvent. The results from the
measurements with the RP-18 surface are shown in Figure
4 and with the RP-2 surface in Figure 5.

hat-

ments in three different systems with the same composition
and for every point four measurements with each system were
performed. From the ¢ distribution the 95% confidence limit
for the indicated mean value can be estimated to +0.05 for
the RP-18-acetonitrile system and +0.04 for the others.
The results of these measurements show that there is a large
difference between acetonitrile and methanol in their inter-
action with the RP surfaces. The results for RP-18 in contact
with methanol-water mixtures indicate that the methanol
molecules that enter between the long alkyl chains are hy-
drogen bonded to the free silanol groups on the surface. By
turning out the methyl group from the surface, the polarity
of the surface decreases. Since no increase in polarity was
d d when the concentration of methanol increases in the

It is readily seen that there are large diff
the influence of acetonitrile and methanol on the polarity for

solvent, the ration of freely ing methanol molecules




between the alkyl chains is probably very low. Several studies
have been performed concerning the selective adsorption of
acetonitrile and methanol on RP surfaces (2, 27). It is in-
teresting to compare this interpretation with the results from
RP-18-methanol isotherm measurements made by Slaats et
al. (27).

With the assumption that methanol is selectively adsorbed
on the surface, they found that the amount of methanol ad-
sorbed is 1.24 mmol/g RP-18 when the solvent contained
24.7% (w/w) methanol. Moreover it was found that with
higher concentration of methanol in the solvent, there was
only a small increase in the amount of adsorbed methanol

lecules. Since the ration of free silanol groups on
the surface probably is in the range of 0.8-1.6 mmol/g RP-18,
i.e., of the same magnitude as the concentration of adsorbed
methanol molecules, the results of Slaats et al. support the
above interpretation of our results. In summary, the majority
of the adsorbed methanol molecules are probably hydrogen
bonded to free silanol groups, and by turning out the methyl
group from the surface, the polarity of the surface decreases.

In the case of acetonitrile-water mixture in contact with
RP-18 the results show that the behavior is more plicated
than for methanol-water mixtures. For low concentrations
of acetonitrile in the solvent there is a decrease in surface
polarity. This indicates that the adsorbed acetonitrile mol-
ecules are hydrogen bonded to the silanol groups, and by
turning out the methyl group from the surface, the polarity
of the surface decreases, i.e., an identical mechanism as for
methanol-water mixtures. For higher concentrations, 14-28%
(w/w) of acetonitrile in the solvent, the polarity of the surface
layer increases which indicates that additional acetonitrile
molecules enter between the alkyl chains and that these are
more or less freely moving, which leads to an increase in
polarity of the surface layer. It is also in this case interesting
to compare the interpretation with the results from mea-
surement of the absorption isotherm for acetonitrile-water
solvent mixtures on RP-18 (27). It was found, with the as-
sumption that acetonitrile is selectively adsorbed, that for a
mixture containing 16.1% (w/w) acetonitrile, 1.72 mmol of
acetonitrile is adsorbed per g of RP-18. This amount is slightly
higher than the amount of available silanol groups on the
surface and in Figure 4 it is seen that the polarity of the
surface at this composition increases. When the concentration
of acetonitrile in the solvent is 29.8% (w/w), it was found that
3.01 mmol of acetonitrile is adsorbed per gram of RP-18 and
thus the amount of adsorbed acetonitrile greatly exceeds the
number of silanol groups, in contrast to the behavior of
methanol. It can be be concluded, therefore, that these results
also agree well with the above interpretation of our results.

The influence of the methanol-water mixture on the po-
larity of the RP-2 surface is seen to be similar as on the RP-18
surface and an identical explanation is suggested; i.e., the
adsorbed methanol molecules are hydrogen bonded to the
silanol groups. Unfortunately Slaats et al. (27) did not de-
termine the isotherm for methanol on RP-2 surface, so a direct
comparison cannot be made. For the RP-2 surface in contact
with acetonitrile-water mixtures, the results show an increase
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in polarity for all rations. H 3 the i is
very small for low ions of itrile in the solvent
which probably is due to a bination of hyd bondi

of the itrile molecules (d the polanty) and of
an increasing concentration of more or less freely moving
acetonitrile molecules on the surface (increase the polarity).
When the majority of the silanol groups are shielded by
acetonitrile molecules, additional acetonitrile molecules are
more or less freely moving and the polarity rapidly increases.
That the polarity of an RP-2 surface in contact with an
acetonitrile-water mixture is higher than the corresponding
RP-18 surface is in agr with the findings of Slaats et
al., who found that within this concentration range of solvent
the amount of acetonitrile adsorbed on RP-2 is about 25-30%
higher than on RP-18.
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Some of the pi d In high-per-
f liquid ch graphy (HPLC)/Fou-hr transform
Infrared spectrometry (FT-IR) can be alleviated through the
use of microbore HPLC (uNPLC) columns. An Interface
based on a and utilizing the
microsampling capabliity of diffuse reflectance (DR) FT-IR
has been designed for use with uHPLC. Detection limits
achleved with the Interface are about an order of magnitude
lovnr than those previously reported. Several dl"eunl mi-
L were studied and the
and disadvantages of each, with respect to the interface, aro
discussed.

Over the past decade, several authors have reported in-
terfaces between a high-performance liquid chromatograph
(HPLC) incorporating conventional 4.6 mm internal diameter
(i.d.) columns and a Fourier transform infrared (FT-IR)
spectrometer. Two fund tally different types of
HPLC/FT-IR interfaces have been developed. In the first
the effluent from the column is passed directly through a flow
cell (1-4), while the second approach involves the use of
solvent elimination techniques (5-7). In both approaches, the
high flow rate required for 4.6 mm i.d. columns (typically
about 1 mL/min) has represented a major limitation. When
flow cells are used, minor peaks elute at a concentration which
is well below the detection limit for P'I‘ IR absorptron spec-
trometry. This is partly b of r ittance
in the spectral regions where the solvent nbsorbs and partly
because only a very small fraction of each eluate is present

sociated with HPLC/FT-IR interfaces using flow cells. The
first yHPLC/FT-IR measurement using a flow cell was re-
ported by Teramae and Tanaka (16), in which a two-com-
ponent mixture was separated by size exclusion chromatog-
raphy (SEC) using CCl, as the mobile phase. Subsequently
Brown and Taylor (15) reported a normal phase uH.PLC/
FT-IR ement of phenols and dona
1m X 1mmid. PAC column using CDCI; as the moblle phase,
while Amateis and Taylor (17) used an amino bonded phase
microbore column for the separation of aromatic bases. In-
jected minimum detectable quantities for the stronger solute
bands were approximately 1 ug.

Because of the high density (1.48 g/mL) and viscosity (0.58
cP) of chloroform relative to hexane (0.66 g/mL and 0.32 cP,”
respectively), chloroform is not commonly used as a mobile
phase for normal-phase (NP) HPLC; indeed it can only be
used at all when rather polar molecules are to be separated.
It is much more common to use hexane, sometimes in con-
junction with a polar modifier such as methanol, 2-propanol,
or ethyl acetate, as the mobile phase for NP-HPLC. The
absorptivities of the major absorption bands of hexane and
each of the modifiers are significantly stronger than those of
chloroform at all wavenumbers above 850 cm™. A flow cell
with a shorter path length is therefore needed for hexane-
based mobile phases. Typical path lengths are 100-200 um
for hexane and 500 um for chloroform (18). As a result, the
detection limits for NP-HPLC/FT-IR using hexane as the
mobile phase are at least twice those found for chloroform.
The very polar solvents used for reverse-phase (RP) HPLC
absorb infrared radiation much more strongly than any of the
solvents listed above. Thus few RP-HPLC/FT-IR mea-
sur ts using flow cells have been reported. Recently,

in the flow cell at any mstant during the t. In
solvent elimination tech the ion of large vol

of solvent vapor presents an environmental hazard unless great
care is taken.

The develop of col of smaller cross-sectional area
has allowed the use of lower flow rates to achieve the same
linear velocity and approximately the same chromatographic
moluuon as 4.6-mm columns with the same packing (8-10).

b 1 have i | diameters between 0.25 and
2 mm, so that they operate with flow rates between 3 and 200
uL/min. The low flow rates required for microbore HPLC
(«HPLC) have permitted on-line mass spectrometry with
direct liquid introduction (11-13) and several other detection
systems which only operate at high efficiency when the flow
rate is significantly less than 1 mL/mln (14) It hea also been
noted (I15) that the use of exp less
prohibitive as the flow rate decreases. As a result of the lower
flow rates, the increased concentration of minor components,
and the possibility of using deuterated solvents, the use of

however, Jinno et al. (19) reported reversed-phase uHPLC/
FT-IR data using a flow cell, with a mobile phase of 90%
CD4CN and 10% D,0. Although much of the fingerprint
region of the spectrum was obscured, C—H and C=0
stretching modes could be observed.

The first uHPLC/FT-IR results using solvent elimination
techniques were also reported by Jinno and his co-workers
(20, 21). Applications both of SEC, using tetrahydrofuran as
the mobile phase, and normal-phase adsorption chromatog-
raphy, using hexane/dichloromethane mixtures, were reported.
In this work the column effluent was deposited on a KBr plate
which was slowly translated across the exit of the column.
Each eluate was deposited as a “buffer memory” on the plate.
After the ch gram was lete, the plate was simply
transferred to the spectrometer and transmittance spectra
were measured continuously across the region of the plate
where the peaks had been deposited. Detection limits are
usually between 100 ng and 1 ug, and no spectral region is

microbore HPLC also alleviates several of the problems as-

! Present address: Alcoa Technical Center, Alcoa Center, PA
15069.

b d by the sol
The use of microbore columns does, of course, present
several disadvantages for yHPLC/FT-IR measurements. The
principal problem is the capacity of the columns which is often
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equal to, or even less than, the detection limits of the spec-
trometer. Column capacity decreases in proportion to
cross-sectional area, thus the capacity of a 1 mm i.d. column
is 20 times less than that of a 4.6 mm i.d. column. These
columns are also to severe extracol band
broadening (22 23) and care must be taken to minimize dead

I if chr graphic resolution is to be maintained.

We believe that in view of the excellent microsampling
capability of diffuse reflectance (DR) infrared spectrometry,
the detection limits of the buffer memory uHPLC/FT-IR
technique could be reduced if the peaks could be efficiently
deposited on a powdered alkali halide in an analogous fashion
to the early HPLC/FT-IR interface reported by Kuehl and
Griffiths for 4.6 mm i.d. columns (5). In this paper we report
the measurement of uHPLC/FT-IR spectra using a device
based on this principle. Detection limits of less than 10 ng
can be achieved, which is over an order of magnitude less than
the capacity of 1 mm i.d. microbore columns.

EXPERIMENTAL SECTION

Chromatography. Three microbore columns of different
dimensions were used. These were a 1 mm i.d. X 500 mm long
stainless steel column packed with 10-um silica (Alltech Associates,
Waukegan, IL) and two poly(tetrafluoroethylene) (PTFE) columns
(0.5 mm X 120 mm and 0.35 mm X 150 mm) also packed with
10-um silica. These columns were fabricated at Toyohashi
University of Technology. A Gilson Model 302 pump, Kratos
Model SF 769 variable wavelength detector equipped with a 0.5-uL.
flow cell, and a Rheodyne 7413 injection valve equipped with a
1-uL loop were used with the Alltech column. All separations
on the PTFE columns were effected with a Familic 100 microb
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Figure 1. Plot of HETP vs. amount injected for (O) 500 mm X 1 mm
column, (A) 120 mm X 0.5 mm column and (O) 150 mm X 0.35 mm
column. The probe was nitrobenzene and it had k’ values of 1.25,
1.32, and 1.26, respectively. The mobile phase was 2% methanol
in hexane and the flow rates were close to the optimum linear velocity
for each column, 45, 15, and 6 uL/min, respectively.

the solvent evaporated rapidly. In this way the sample was
contained in the top millimeter of KCI powder, thereby maxim-
izing the sensitivity of the (24). Occasionally the
sample cups were heated both before and after deposition to
ensure complete evaporation of the solvent prior to the infrared
measurement. In practice this precaution was rarely found to
be

liquid chromatograph (JASCO International, Easton, MD).
Spectrometry. FT-IR spectra were measured with a Digilab

Model 296 interferometer, a medium range (vy;, = 600 cm™)
q

mercury telluride d (Infrared A i New
Brunswick, NJ), and an optical system for DR spectrometry which
has been described previously (24). Spectra were ired at a

y, and the spectra shown in this paper were all mea-
sured by preheating the cup but without the postheating step.

RESULTS AND DISCUSSION
Ifan HPLC/FT -IR interface is to be used to identify the

nominal resolution of either 4 cm™ or 8 cm™, and 64 or 256 scans
were signal averaged. Powdered KC] was used as the substrate
for sample deposition and also as the reference material. For most
measurements the optical system was not purged with dry air
because of a major and long-term problem with air dryers in our
laboratory, so that evidence of atmospheric water vapor is seen
in several spectra.

Solvents and Chemicals. Solvents were all HPLC Grade and
were obtained from Fisher Scientific. Stahl's test dye solution
was purch d from Alltech A i this is a three-component
mixture containing Butter Yellow, Indophenol Blue, and Sudan
Red, each present at 0.1% in benzene. All other chemicals were
Reagent Grade; their purity as estimated by HPLC was always
better than 95%.

uHPLC/FT-IR Interface. An interface designed for the
measurement of DR spectra of peaks eluting from mi

p of plex mixtures, the spectra of both major
and minor components must be able to be measured. The
capacities of the columns were determined by plotting the
height equivalent to a theoretical plate (HETP) against the
quantity of sample injected, as shown in Figure 1. For each
column, solutions of nitrobenzene in hexane were eluted by
using 2% methanol in hexane as the mobile phase. The k’
values for the nitrob peak d on the 1 mm, 0.5
mm, and 0.35 mm i.d. columns were 1.25, 1.32, and 1.26,
respectively. For all three columns, the limiting HETP for
low injected quantities was 30 um (i.e., about 3 particle di-
ameters). The column capacities, defined as the quantity
required to increase the HETP by 10%, were 230 ng, 23 ng,

d 14 ng, respectively. Sample capacities would be expected
to i iderably at higher values of k’and with smaller

columns was constructed. This interface was based on the
principle developed previously by Kuehl and Griffiths (5, 6) but
with several modifications to facilitate operation with the low flow
rates of uHPLC. The carousel comprised a light aluminum an-
nulus, 120 mm in diameter, in which 180 cups were drilled. Each
cup was 2.0 mm in diameter and 2.5 mm deep. In view of the
low flow rates i d, the sample ion step was elim-
inated. A 0.25 mm i.d. stainless steel capillary, which was bent
to an angle of 65° to the vertical, was attached to the end of the

1 A drop itor was ted at the exit of this tube;
it consisted of a light-emitting diode on one side and a photodiode
on the other. Only one drop was allowed to fall on each cup. After
each drop had fallen, the carousel was rotated by exactly 2° using
a stepping motor so that the next cup was in place to receive the
subsequent drop. From the drop rate and the flow rate of the
mobile phase, the size of each drop was calculated to be between
8 and 10 pL.

The best results both in terms of base line flatness and band
intensity were found when the KCI was tamped gendy mto each
cup rather than being loosely packed. Th | was

particle size packings.

The 1 mm i.d. column was used for the initial yHPLC/
FT-IR investigations since its capacity was so much larger than
that of either of the PTFE col A ch g of
Stahl's test dye solution, d with an ultraviolet d
is shown in Figure 2. Spectra of two of the components
(Butter Yellow and Indophenol Blue) are shown in Figure 3.
The difference in intensity of these two spectra illustrates the
well-known fact that HPLC/FT-IR detection limits depend
on both the nature of the analyte and its retention time. Not
only are the absorptivities of the stronger bands in the
spectrum of Butter Yellow somewhat greater than those for
Indophenol Blue, but under these chromatographic conditions
the full width at half height (fwhh) of the Indophenol Blue
peak is about 1.5 times that of the Butter Yellow peak. The
broader peaks can elute over several drops, so that although
equivalent amounts of sample were injected, the quantities

llected per cup may be quite different. Ideally gradient

under an infrared heat lamp so that when the solute was deposlted

elution techni should be applied to make the fwhh of all
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Figure 2. Chromatogram of Stahl's dye separated Into its three
components (a) Sudan Red, (b) Butter Yellow, and (c) Indophenol Biue
using a 500 mm X 1 mm 10 um silica gel column with mobile phase
of 2% methanol In hexane at a flow rate of 40 ulL/min.
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Figure 8. Spectra of 200 ng each of (a) Butter Yellow and (b) Indo-
phenol Blue measured at 4 cm™' resolution and with 64 scans (~30
8).

peaks identical throughout the chromatogram, but in practice
this goal is not readily achieved for xkHPLC.

Another major problem with d ts of uHPLC
eluates less than 100 ng is the fact that impurities and at-
mospheric absorption bands can lead to severe interferences
in the DR spectrum. ’I‘o illustrate the effect of these problems,
the spectra of d ts of tetraphenylporphyrin
injected into the chromat.ograph are shown in Figure 4.
Although the strongest bands below 1200 cm™ are still ob-
servable at greater than three times the noise level, lines in
the vibration-rotation spectrum of atmospheric water vapor
are beginning to obscure much of the spectral region between
1900 and 1300 cm™ when less than 75 ng of tetraphenyl-
porphyrin is in injected. (It should be remembered that these
measurements were made on a poorly purged instrument.)
Since one of the major advantages of FT-IR spectrometry over
other detection systems is its capability to identify unknowns,
it is important that no spectral region should be obscured,
whether by atmospheric interferences or by solvent bands.

‘The most crucial step in the interface is undoubtedly the
deposition of the analyte. The problems that can occur may
bed rated by ing ktHPLC/FT-IR spectra ob-
tained by using the 0.5 mm i.d. PTFE column and the 1 mm
i.d. stainless steel column. At the very low flow rates required
with the 0.5 mm column (typically 10 uL/min), it was found
to be very difficult to deposit the solute efficiéntly. Apparently
the eluent creeps up the outside of the stainless steel capillary
mounted at the end of the column. We believe that some of
the solvent evaporates, leaving a fraction of solute deposited’
on the outer surface of the capillary. It is also possible that
solutes having an appreciable vapor pressure can evaporate
along with the solvent.

To illustrate the difference in performance associated with
low flow rates, a mixture of nitrobenzene and 4-chloronitro-
benzene was separated by using the 1 mm and 0.5 mm col-
umns. The same mobile phase and linear velocity was em-
ployed for each separation. The spectra of 4-chloronitro-
benzene obtained during these runs are shown in Figure 5.
Spectra are not shown above 2000 cm™ for these molecules
in view of the low absorptivities of the aromatic C-H
stretching bands near 3050 cm™ and the lack of any other
fundamentals in the region between 2000 and 4000 cm™.
(Even poorer spectra were obtained when the 0.35 mm i.d.
PTFE column was used.) The results seem to indicate that
the higher flow rates which can be tolerated by the 1-mm
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Figure 4. Spectra of (a) 500 ng, (b) 125 ng, and (c) 75 ng of
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Figure 5. Spectra measured with 8 cm™* resolution and 128 scans
of (left) 10 ng and (right) 15 ng of 4 on

a 1.0 mm I.d. and a 0.5 mm i.d. column, respectively. The mobile
phase was 2% methanol in hexane and the flow rates were 35 ul/min
and 10 uL/min, respectively.

column improve the deposition characteristics, since a smaller
fraction of the solvent evaporates while each drop is being
formed. The signal-to-noise ratio of the spectrum of 10 ng
of 4-chloronitrobenzene is sufficiently good that we hoped to
be able to obtain a recognizable spectrum from 1 ng of thm
material. We were not able to achieve this goal, p

because of evaporation by the solute. Indeed evaporation of
the solute appears to be the fundamental limitation of
uHPLC/FT-IR for small molecules.

A conservative estimate for the dynamic range of the
#HPLC/FT-IR interface for the 1 mm column, i.e., the ratio
of the column capacity at low k’to the detection limit, is about
20:1. This is almost an order of magnitude better than that
of any yHPLC/FT-IR interface which has been reported
previously and is obviously the result of the significantly
decreased detection limits.

At this time we believe that we are in a position to judge
whether the use of microbore columns has extended the
usefulness of HPLC/FT-IR interfaces using solvent elimi-
nation techniques. For this purpose we may compare the data
obtained with the 1 mm i.d. microbore column reported in
this paper with the results obtained earlier with conventional
(4.6 mm i.d.) columns (5). Detection limits are about ten times
lower for the 1 mm column, while the capacity of the 4.6 mm
column is (4.6)?, i.e. 20, times greater. Thus the dynamic range
of the “conventional” HPLC/FT-IR interface is slightly
greater than that of the ytHPLC/FT-IR system. The chro-
matographic resolution of the two columns is about the same,
being determined by the particle diameter of the packing.
Thus in spite of the excellent detection limits reported in this
paper, the main pmctical advantage of the uHPLC/ FT-IR
interface over prevnous HPLC/ DR FT-IR systems is related
to the reduced ption

It is interesting to speculate on the application of the
technique described in this paper for microbore reverse-phase
HPLC. Certainly the use of KCl as a substrate is inappro-
priate for direct RP-HPLC/FT-IR measurements; substrates
which are insoluble in water, in particular diamond powder
(25, 26), would seem to be more suitable. Rapid elimination
of the solvent with a nebulizer (27) or thermospray (26) fol-
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lowed by depomuon of the solute on diamond powder has been

demonstmted using 4.6 mm i.d. RP-HPLC columns. An

hnique should be applicable for RP-uHPLC/

FT- lR af'.er relzmvely minor modlf cations. Similarly the

d by Kalasinsky et al. (28) in which water

in the culumn efﬂuent is reacted wnh 2,2‘-dxmethoxypropane

before elimination of the ining organic should
also be able to be scaled down for RP-uHPLC/P'I‘ -IR.

In summary, the use of the 1 mm i.d. columns with their
intermediate flow rates (20-50 uL/min) and intermediate
capacities (200-300 ng) appears to be the best compromise
in the construction of a simple yet sensitive HPLC/FT-IR
interface. This interface allows the detection of both major
and minor components eluting from this column and there

is little probl ing and disposing of the mobile phase
at these relatively low flow rates.
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Pulse Residence in Short Chromatographic Columns
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Department of Industrial and Environmental Health Sciences, Graduate School of Public Health,

University of Pittsburgh, Pittsburgh, Pennsylvania 15261

By a simple geometric construction the mean residence time
in linear chromatography is shown to be Independent of the
degree with which equilibrium Is attained. The general rela-
tionship Is that if a constant Input of m mol/s leads to a
steady-state accumulation of M moles in the column, the
mean residence time for a puise Input is M/m s. This leads
to simple calculations of the effects of Input and effluent
boundary conditions on the mean residence time. Although

an bk L the time,
ap dure is avallable to determine the time In
the ab of chemical Al The resld: times fol-

lowing Inputs into the moblle and stationary phases, respec-
tively, differ by a constant.

The calculation of pulse residence times in short chroma-
tographic columns would appear to be complex, for in a short
column severe inequilibrium may be expected between the
moving and stationary phases. Furthermore boundary con-
ditions at the inlet and outlet would, in view of the shortness
of the column, have a relatively greater effect. Yet for the
case of linear chromatography, many of these difficulties are
a mirage. It has been known for some time that the mean
residence time in a linear system—a system in which the
equilibrium and diffusion coefficients are independent of
concentration—should be absolutely independent of any rate
constants for mass transfer (1, 2). Yet research reports have
appeared in which it appeared that the mean residence time
was affected by mass transfer effects (3-5). Here we will
examine some specific les of holdup in linear ch -
tographic systems, showing precisely how mass transfer af-
fected the mean residence time. Finally a general procedure
will be developed which permits the mean residence time to
be determined without having to solve fully the partial dif-
ferential equations governing mass transfer within chroma-
tographic columns.

INEQUILIBRIUM BETWEEN MOVING AND
STATIONARY PHASES
Young (6) gave an exact solution to the simplest possible
model for interphase inequilibrium in a chromatographic
column. His partial differential equation assumes that the
mass transfer to and from the stationary phase is proportional
to the concentrations in each phase, viz.

oF
Er '“( - kg’) e

where F is the molar flux, defined as the moles per second
flowing past the point “x” at a time “¢t” (mol/s), Q is the uptake
of sorbate in stationary phase (mol/cm), « is the constant for
mass transfer from mobile to stationary phase (cm™), and k’
is the constant giving equilibrium uptake in the stationary
phase per unit flux of sorbate in the mobile phase. k’has units
of s/cm. By a mass balance the uptake of sorbate in the
stationary phase must be

t
oF
=- J: St @

Assuming the boundary condition of a pulse input of m moles
into the mobile phase at ¢ = 0, x = 0, the solution for the above
equations is

R mN -~u+u/n)( (i)m’)
F = me i) + (= e 1(2v(5) ) @

where t’= k'L, N = aL, L is the length of column (cm), I, is
the modified Bessel function of order 1, and 4(0) is the unit
delta function at time ¢ = 0. The purpose of giving the above
equation is to illustrate the effects of interphase mass transfer
under conditions of very poor mass transfer efficiency. Ineq
3, the number of theoretical plates, N, describes the kinetics
of mass transfer within the column. The greater the number
of theoretical plates, the more efficient the mass transfer. This
can be seen in Figure 1, which shows breakthrough curves
calculated for various values of N. In eq 3, the factor e™V3(0)
represents the fraction of the initial input that leaves the
column before passing at least once into the stationary phase.-
Normally this equation would be applied to columns for which
N > 100, and in these cases the fraction of the input that
passes through the column without being adsorbed at least
once is negligible. But suppose that N is equal to 0.5. In this
case 61% of the input passes through the column unadsorbed.
Yet, remarkably, the mean e time, ¢y, calculated from
the integral

ty= J;-tht/J;-th @

remains unchanged and, regardless of the value for N, is
precisely equal to t’. The importance of this calculation is
that it shows that interphase mass transfer resistance cannot,
ipso facto, alter the mean residence time. On first appearance
it would seem that this conclusion is belied by eq 4 of Galan
et al. (4), which predicts the mean residence time from an
equation containing rate constants. But the two rate constants
given are the forward and reverse rate constants which de-
termine an equilibrium coefficient. And in fact the mean
residence time depends on their ratio (or equilibrium coef-
ficient) and not to the degree to which equilibrium was at-
tained. This is just what Galan et al. want to demonstrate.

INTERPHASE DIFFUSION

Dispersion of an injected pulse occurs also from diffusion
in the mobile phase as the sorbate is transported across the
column. The high diffusion coefficients of sorbates in gases
make this effect especially important in gas chromatography
at low carrier gas velocities.

To determine the effect that dispersion in the mobile phase
has on the mean residence time, we begin with the partial
differential equation describing the combined effects of dif-
fusion and convection on concentration

oC _

ax?
where C is the concentration of sorbate (mol/cm?), D is the
diffusion coefficient for the sorbate in the carrier gas (cm?/s),

V is the interparticle carrier gas velocity (cm/s), equal to v/eA,
v is the flow of carrier gas (cm®/s), 4 is the cross-sectional area

aC aC
V; =(k + I)E (5)
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Figure 1. Br gh curves from having different mass
transfer efficiencies. Curves a, b, c, and d show, respectively,

igh curves calcul from eq 3, with N, the number of
theoretical plates, equal to 100, 20, 5, and 0.5, respectively. In the
text it is shown that in spite of the effect that the value of N has on
the shape of the breakthrough curve, the mean retention time Is in-
dependent of the value of N.

of column (cm?), ¢ is the fractional interparticle void volume,
and k is the equilibrium partition coefficient between moving
and stationary phases (dimensionless). The solution to this
equation, for a pulse input of m moles at time ¢t = 0 into a
seminfinite column (0 < x < =), with no mass transfer out
of the column (i.e., VC - D(3C/dx) = 0 at x = 0) is

12
- m _feNe)Y o (N/2LE /020 2 _
€Al + R)x(\ =t

esene [ (5 (2) " (5)) )

where N = Vx/2D and t’= (1 + k)x/V. The flux of sorbate
in the column, now determined by the combined effects of
convection and diffusion, is in general

F= (C V- DBC) ()
and in particular, from eq 6, the flux becomes
ﬂ(iVT’;)l/ze-w/zm:/n'/l—u'/n'l’l’ 8)

From eq 4 and 8 the mean residence time in this system is
now

ty=t )

Again the result is that the mean residence time is unaffected
by the rate constant describing mass transfer, in this case the
constant describing interparticle diffusion.

Others (7, 8) have used as the breakthrough curve under
these conditions the results calculated from a unit pulse
concentration input, i.e., C;.o = 6(0). It turns out that with
this input function the resultant equation for the concentration
is identical in form with eq 8, used above to describe the flux
following a pulse mole input. Further examination of this
result shows that instead of a finite mole input, the boundary
conditions now demand that there be an input of an infinite
number of moles, with all but an infinitely small fraction being
resorbed at the point of input. This is not a realistic model
of the results following a finite input into a column with
essentially no resorption at the point of input.

STEADY-STATE MODEL

There is a simple geometric construction that shows it is
reasonable to expect residence time to be independent of all
factors describing rates of mass transfer in the column. Figure
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EFFLUENT FLUX
FOLLOWING
CONSTANT INPUT

EFFLUENT FLUX
FOLLOWING PULSE
INPUT

A T

9 Time

Figure 2. b breakthrough curves ob-
tained from constant nnd pulse lnpuls See text for procedure used
to determine mean residence time from the geometrical relationship
between these curves.

2 shows two breakthrough curves describing mass transfer
within two identical columns, the difference being that the
lower curve resulted from a unit pulse input at time ¢t = 0
whereas the upper curve was from a constant input of one unit
per second, also starting at t = 0. Because (1) these columns
behave as a linear system and (2) the constant input is
mathematically the integral of the pulse input, then the output
from the constant input must be precisely the integral of the
output from the pulse input. From the integral/differential
relationship between the two curves, the width of the dif-
ferential strip, dF, in the upper curve is equal to the area of
the differential strip, Fd¢, in the lower curve. As the length
of the upper differential strip is equal to ¢, the area of this
differential strip must therefore be equal to ¢tFdt, which was
used earlier in eq 4 to define the mean residence time.
Therefore, the stippled area in the upper curve, which cor-
responds exactly to the value of the integral in eq 4, must equal
the mean residence time. By a mass balance this must also
be equal to the sorbate retamed in the column at steady state.
The 1 relati lated mass and
raldence time is that if followmg a constant input of m moles
per second of sorbate, M moles accumulate in the column at
steady state, then the mean time in the col for
a pulse input is M/m seconds. This allows us to use
steady-state retention in a column, which must be independent
of all rate constants, to determine exactly the mean residence
time of an injected pulse. All that is necessary is that mass
transfer within the column be described by linear partial
differential equations. This proof is still valid if the carrier
gas velocity and adsorption coefficients vary as a function of
positicn within the column.

Huang and Madey (3) give through a series of complex,
approximate calculations, results that state that the mean
residence time of a pulse in a linear system may be affected
by incomplete mass transfer. The general proof given above
shows that such a conclusion must be in error.

EDGE EFFECTS

Suppose the chromatographic column were not closed at

= 0, but instead were to extend infinitely in both the +x
and -x directions. We feel from experience that even if the
volume of the column in the upstream direction were infinite,
the residence time would remain finite, although somewhat
larger than if upstream diffusion were not permitted. Figure
3 shows the differences resulting from permitting upstream
diffusion. The simplest way to calculate the effect that this
has on the overall residence time is to use the steady-state
model developed in the previous section. At steady state the
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CONCENTRATION OF SORBATE

x:0
DISTANCE DOWNSTREAM FROM POINT OF
INJECTION

Figure 3. Effect of boundary conditions on spatial distribution of
sorbate. Both curves show the bined effect of and
ditfusion on a pulse of sorbate Injected earller at X = 0. For curve
A an impervious barrier was at X = 0, whereas for curve B no such
barrier existed.

partial differential equation in x and ¢ that described mass
transfer now reduces to the ordinary differential equation

d’c dC
Ddx1 - de =0 (10)
The general solution to this equation is
Vx
C-u+bexp(3) (11)

For positive values of x (i.. after the point of injection), b must
be equal to 0 to keep the solution finite and the obvious
solution for this half of the column is

C=m/v (12)

But for negative values of x, C must decrease to 0 with in-
creasingly negative values of x. Here then

m Vx
C= (;)exp(ﬁ) (13)

Integration gives the moles of sorbate upstream of the point
of injection as

M= m(1 + k)D 4)
v
In the previous section a direct relationship was established

between the moles retained at steady state and the residence
time for a pulse input. From this relationship the increased
residence time for a pulse input is

. L+ RD s
T )

As a sample calculation, if we take D = 0.1 cm?/s, V = 10
cm/s, and k = 1000, then diffusion upstream will increase the
observed residence time for a pulse input by 1.0 s, which is
small but perhaps d ble in some syst

Because Kucera (5) d an infini we would
expect that edge effects would contribute to his calculated
mean residence time, and in fact this is what his equations
show.

Theoretically the opposite effect—a decrease in residence
time—could occur if at the effluent end of the column a de-
tector were placed which acted as a perfect sink for the sorbate.

For such a case it turns out that the decrease in residence time
is exactly the same magnitude as the increase in residence time
given by eq 15.

IRREVERSIBLE CHEMICAL REACTION

The above relationships do not hold if there is an irre-
versible chemical reaction taking place with the sorbate as it
passes through the column. Such a chemical reaction reduces
the measured residence time by selectively removing those
molecules that otherwise would be retained the longest in the
column, thereby biasing the result toward those molecules
having shorter residence times. This effect can be illustrated
by an example. For a column filled with a homogeneous
spherical packing which not only adsorbs but also reacts ir-
reversibly in a first-order reaction with the sorbent, the res-
idence time of an injected pulse is reduced by a percent equal

to (9)
3k [ coth ¢ .
+ 7( F - csch ¢)
R =100§1- 7
a+pl1+ 128D coth¢ 1
e ¢ ¢?
(16)

where R is the percent reduction in residence time (dimen-
sionless), D, is the intraparticle diffusion coefficient (cm?/s),
d is the particle diameter (cm), 8 is the first-order reaction
constant (s7'), ¢ = (8d%/4D,)"/?, and D, V, and k are defined -
as before. A similar result was derived by Galan et al. (4).
Note that the percent reduction in residence time does not
depend on column length, although it does depend on other
factors including the reaction rate and the carrier gas velocity.

The simplest procedure for determining the “true” residence
time in the presence of an irreversible first-order chemical
reaction is to multiply the effluent at each time, ¢, by a cor-
rection factor, eV, such that the “corrected™ effluent has the
same mass as the input. Specifically, after finding the value
of A, such that the measured flux, following an input of m
moles, when integrated with e, gives

= (TeFQ) dt 17

m J; eMF(t) d an

the mean resid time in the ab: of ch 1 reaction
is then estimated as

= (TR dt 18

th= f, tF@®) dt/m (18)

This correction procedure has the effect of removing the bias
against the slower moving molecules.

STATE OF INJECTED SORBATE
It can make a difference if the sorbate is injected into the
stationary rather than the mobile phase. As an example, Perry
et al. (10) using the same differential equation for mass
transfer as Young, but assuming instead that the injected
material is added to the stationary phase, calculate the flux

to be
F= n:—’,ve'N“*“/""Iu[ ZN(%’)W] -

One noteworthy difference between this equation and eq 3
is that now there is no initial rapid movement in the mobile
phase (no 6(0) term). Instead there is an exponentially de-
creasing factor at x = 0 representing the transfer of the in-
jected sorbate into the mobile phase. The mean retention
time, as calculated from eq 4 and 19, is

ty=t'+t'/N (20)
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The second term results from the finite time required for the
injected sorbate to pass into the mobile phase.
For large values of N, Perry et al. suggest using the ap-
proximation
m(N /) 2e-NI-C/OME
Frorr——— (21)
2e1/4(¢ )3/
which under the same conditions should be an equally good
approximation to Young’s equation. But in a short column
where this approximation is not valid, differences brought
about by the state of the injected sorbate might be noted.
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Potassium Hydroxide Eluent for Nonsuppressed Anion
Chromatography of Cyanide, Sulfide, Arsenite, and Other Weak

Acids

Tetsuo Okada* and Tooru Kuwamoto

Department of Chemistry, Faculty of Science, Kyoto University, Sakyo-ku, Kyoto 606, Japan

Potassium hydroxide solution was found to be an effective
eluent for d anion chr tography. Polyvalent
lons, SCN-, and CiO,~, which are strongly retained by an an-
Ion—exchange resin, could not be quantitatively measured,

y was loo weak an eluent.
} ,lhls hod was applicable to the d Ination of
15 Inorganic monovalent anlons (F-, CI-, Cl0,", Br-, BrO,, I-,
10,7, NO;, NO,-, CN-, HS", CNO", BF, sllicate, arsenite).
The main advantage is that weak aclds of pK, > 7 (cyanide,
sulfide, arsenite, silicate, and phenol compounds) which

cannot be by fon aphy using
a ductivity d can be d ined by this h
The detection limits for cy sulfide, and were 0.1

ppm, 0.1 ppm, and 0.2 ppm (as As), respectively.

Since ion chromatography (IC) was introduced by Small
et al. (I) in 1975, it has been applied to the analysis of anions
and cations in various fields (2-6). To improve problems with
column efficiency and conductivity detection, other systems
for the anion analyses, such as ion-exchange chromatography
or reversed-phase chromatography with UV (7, 8), electro-
chemical (9-12), and atomic absorption spectrometric (13-16)
detectors, have been developed recently. However, IC using
a conductivity detector is still a powerful method for anion
analysis which has often proved difficult and tedious using
conventional analytical methods. IC has been applied to the
determination of organic (17) and oxo acids (18, 19) in addition
to some common inorganic anions (F, CI', Br-, NO,", NO;",
etc.). With suppressed IC, weak acids of pK, > 7 could not
be detected because the conductance of the effluent was
measured in a neutral or acidic solution (20). Nonsuppressed
IC using a basic eluent permitted detection of weak acids but
the determination of cyanide, sulfide, and arsenite has been
shown to be inadequate.

The authors previously reported the nonsuppressed IC of
anions using a potassium hydroxide eluent (3, 17, 21, 22). This
method has two advantages. First, it is sensitive because of
the large ion equivalent conductance of hydroxide ion, and
second, weak acids such as phenol (17) and silicic acid (21,
22) can be determined since the separation and detection are
carried out in a basic solution. Although this eluent is a weak
eluent relative to a carbonate eluent or organic acid eluents,
it can quantitatively elute monovalent anions. For example,
silicic acid which is essentially a tetravalent ion could be
determined, because it dissolved as the monovalent ion
(H;Si0y") in potassium hydroxide eluent (22).

In this paper, the npphcablhty of this method to t.he analysm
of some weak acids ( ide, sulfide, and ite) is d

EXPERIMENTAL SECTION

Apparatus. A Toyo Soda Model nonsuppressed ion chro-
matograph HLC-601 equipped with an anion exchange column
(50 mm X 4.6 mm i.d.) packed with TSKgel IC-Anion-PW (particle
size 10 & 1 um; capacity 0.03 £ 0.005 mequiv/g) was used.
HLC-601 consisted of a computer-controlled pump, conductivity
det,ecmr, asample mjecwr (100 uL), and an oven. Two separauon

were y. The flow rate was main-
tained at 1 mL/mm under a pressure of 15-25 kg/cm The
ivity d were set in an oven

regulated at 30 “C

Reagents. The eluent was prepared daily by dissolving ana-
Iytical grade potassium hydroxide in distilled deionized water and
deaerating it. Stock solutions (1000 ppm) of cyanide and sulfide
were prepared weekly by dissolving the analytical grade potassium
cyanide and sodium sulfide in water, respectively. Their working
standard solutions were prepared daily by diluting the stock
solutions with water. A silicate standard solution was prepared
according to the previous reports (21,.22). Stock solutions (1000
ppm) of the other inorganic anions were prepared by dissolving
their potassium or sodium salts, dried under vacuum at 110 °C
overnight if necessary, in water. Standard solutions of heavy metal
ions were prepared by dissolving the analytical grade reagents
of their nitrate or sulfate salts in water. Working standard so-

0003-2:100/8510357-0829$01.50/0 © 1985 American Chemical Society
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EN

Decreasing Conductance

Figure 1. Typical ion 0 of seven ganic anions: 1,
fluoride (1 ppm); 2, bromate (3 ppm); 3, chloride (5 ppm); 4, nitrite (3
ppm); 5, cyanate (3 ppm); 6, bromide (3 ppm); 7, nitrate (10 ppm). The
eluent was 1 mM KOH.

lutions were prepared by diluting the stock solutions with water
and were stored in plastic bottles.

RESULTS AND DISCUSSION

Figure 1 shows a typical ion chromatogram of seven anions
obtained with 1 mM potassium hydroxide as eluent. The first
large negative peak is the “dip peak” which is caused by sample
water, sample cations ion-excluded by the anion exchange
resin, and an eluent anion (OH") replaced by sample anions
(23). This peak often interfers with anions which elute rapidly.
For example, it restricts the linear range of the calibration
curves of fluoride and chloride (17) and interfers with the
analysis of silicic acid when the concentration of electrolyte
was ten times lager than that of an eluent (22). All elution
peaks were detected as negative peaks because of the large
ion equivalent conductance of hydroxide ion (198 ' cm? mol™!
at 25 °C). The analysis of some weak acids (cyanide, sulfide,
arsenite, etc.) by this method is discussed below.

Cyanide and Sulfide. Because of concern for the toxicity
of sulfide and cyanide, many analytical methods for their
determination have been investigated. Methods studied in-
clude the solid membrane ion selective electrodes using Agl
or Ag,S (24, 25), polarography (26, 27) or amperometry (28)
with Ag or Hg electrodes, and direct (29) or indirect spec-
trophotometry (30). Those methods using silver or mercury,
however, have the serious common disadvantages that some
ions (e.g., halide ions), which form complexes or insoluble salts
with silver and mercury, interfere with the determination and
that sulfide and ide fi ly interfere with the analysi
of each other. Therefore, a method is required that separates
cyanide and sulfide from each other and from interfering ions.

Since sulfide (pK, = 6.02, pK, = 14,0) and cyanide (pK,
= 9.32) are dissolved as monovalent anions at pH 10-11, they
can be quantitatively eluted and d d by
IC using the potassium hydroxide eluent. They eluted be-
tween chloride and nitrite and were completely separated from
the other anions (Br", NOy-, I, F-, etc.). Since it is possible
that chloride and nitrite will be present in a sample solution,
it is important that these four anions (Cl-, HS-, CN-, NO,")
are separated for accurate determination. Two separation
columns were connected in order to enhance efficiency. A
marked i in p! was avoided b the col
were short (50 mm long) and the packed resin was small and
spherical. The actual increase of pressure was below 10
kg/cm?. Figure 2 shows the variation of resolution between
pairs of anions eluting adjacently (Cl-HS-, HS—CN-,
CN™-NO;"), with the eluent concentration. The resolution
of CI-HS™ and HS-CN" hardly varied with changing the
eluent concentration, but that of CN-NO," was affected (the
resolution was 1.03 with 0.5 mM KOH and 0.46 with 3 mM
KOH). Figure 3 shows the separations of CI-HS", HS-CN",
and CN—-NO;" at various eluent rations. An i

]
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Figure 2. Variation of resolution between anion pairs eluting adjacently,
with the concentration or the eluent: A, CI-HS™; B, HS™-CN"; C,
CN"-NO,". Two sep were d and used.
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Figure 3. Separations of CI'-HS", HS™-CN", and CN'NO,™: eluent,
(A) 1 mM KOH, (B) 1.5 mM KOH, (C) 2 mM KOH, (D) 3 mM KOH;
sample, 5 ppm of each anion.

Table I. Anion Interference Study for Cyanide Ion®

anion ppm ratio (A"/CN") recovery, %
Ccr 1 103.8
5 103.3
Br 1 98.1
10 97.3
NO, 1 1025
5 109.0
NO; 1 100.3
10 98.8
S 1 106.0
2 115.6

¢Sample contained 5 ppm of cyanide ion. ®Eluent was 0.5 mM
KOH, 1.5 mM KOH for other cases.

in the eluent concentration increased the peak heights of these
anions but degraded the separations. These facts are also
shown in Figure 2. Therefore, as a result of the consideration
of the separation and the time required for the analysis, 1.5



Table II. Anion Interference Study for Sulfide Ions®

anion ppm ratio (A~/CN-) recovery, %
Cr 1 100.4
5 120.9
Br 1 105.8
5 99.4
NO; 1 102.5
5 98.6
NOy~ 1 102.1
5 99.4
CN- 1 97.8
2 93.5

2Sample contained 5 ppm of sulfide ion. Eluent was 1.5 mM of

Table I1I. Cation Interference Study for Cyanide Ion®

molar ratio
metal ion log? (M2?*/CN) concn, ppm  recovery, %

Hg(Ih 40.9 0.1 3.85 ¢
Co(II) 19.1 0.1 113 62.7
Ni(II) 30.2 0.1 113 35.5
Cu(ID 28 0.1 1.22 60.0
Pb(II) 10.3 0.1 3.98 95.5

0.5 19.9 80.6
Zn(1l) 168 0.1 1.26 101.7

1 12.6 97.3
Cd(In 17.1 0.1 2.16 102.3

2Sample contained 5 ppm of cyanide. ®Formation constant of
cyanide complex (literature value). “Small and distorted peak.

mM of KOH eluent was used for the following investigation.

Tables I and II show the interference of anions to the
analysis of cyanide and sulfide, respectively. All sample so-
lutions contained 5 ppm of cyanide or sulfide. The inter-
ference caused by chemical reactions in the sample solution
or the separator column, as occurred in the case of fluoride
interference with silicic acid (22), was not observed in either
case. Bromide and nitrate which were completely separated
from cyanide and sulfide did not interfere even if their con-
ceritrations were 25-50 ppm. However, 25 ppm of chloride
which did not interfere with the determination of cyanide,
caused an increase of 20% in sulfide recovery. Ten parts per
million of cyanide caused a decrease of 6.5% in sulfide re-
covery, and 10 ppm of sulfide also caused an increase of 15.6%
in cyanide recovery.

Table IIT shows cation interference with cyanide. Hg(II),
Cu(II), Co(II), and Ni(II) seriously interfered but Pb(II),
Zn(11), and Cd(1I) did not. Hg(I1l) markedly depressed the
cyanide peak and even 1.92 X 10> M of Hg(II) (molar ratio

of Hg to cyanide is 0.1) abolished it. The degree of the in- -

terference of metal ions (Hg > Ni > Cu > Co> Cd > Zn >
Pb) was related to the magnitude of the formation constants
of the cyanide complexes (Hg > Ni > Cu > Co > Pb = Zn
= Cd). The concentration of free cyanide in a sample solution
containing metal ions may decrease during IC analysis, because
cyanide complexes of metal ions are easily formed in a basic
solution. However, Pb(1I), Zn(II), and Cd(II), the cyanide
complexes of which are comparatively stable, did not depress
the peak height of cyanide. Considering these facts, free
cyanide must be measured by this method though its con-
centration may be slightly decreased by the formation of
cyanide complexes during IC.

As sulfide and heavy metal ions form insoluble salts, sulfide
measured by this method must be sulfide free. When only
heavy metal ions were injected into this system, they were
adsorbed as hydroxides by the anion-exchange resin. These
hydroxides were retained in the column and affected the
elution of cyanide and sulfide. Figure 4 shows the peak de-

ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985 « 831

l’._.d' injection,
| —
>

Time

Figure 4. Depression of cyanide peak by Cu?* retained Ly the resin.
5 ppm of cyanide was injected.

Table IV. Anion Interference Study for Arsenite Ion®

anion ppm ratio (A~/H,As05) recovery, %
97.7
70.1°
103.7
103.4
100.7
85.2°
98.8

10 102.5

silicate
F

Cr
1

R

arsenate

2Sample contained 5 ppm (as As) of arsenite. ®The peak was
broadened.

pression of cyanide by Cu(ll) remaining in a column. The
recovery of cyanide was 57% at the first injection after in-
jecting 5 ppm of Cu(II) and six injections of cyanide were
necessary in order to reach the original peak height.

Calibration curves for cyanide and sulfide were linear over
the ranges 0.5-5 ppm, respectively. The percent deviations
were 1.6% and 1.7% at 5 ppm cyanide and sulfide levels,
respectively. Each detection limit was 100 ppb (the detection
limit was defined as the concentration corresponding to twice
the value of the noise of the base line).

For chromatographic methods for cyanide and sulfide,
Rocklin et al. (11) determined parts-per-billion levels of these
anions with an amperometric detection system, but these
anions were determined with detection limits only in the
parts-per-million to sub-part-per-million range by the other
systems such as potentiometric (31) and coulometric detection
(12). Cyanide has also determined by the conductivity de-
tection after conversion to other detectable anions by the
following reactions (32, 33).

I, + HCN = H* + I + ICN
NaCN + 2H,0 = NH, + HCOO" + Na*

The italic anions were detected by conventional IC. In both
cases, parts-per-million levels of cyanide were detectable. The
present method has the following itemized advantages for the
determination of cyanide and sulfide compared with these
conventional methods.

(1) The procedure is simple and safe, because pretreatment
is unnecessary and cyanide and sulfide are always in a basic
solution.

(2) Other anions can be simultaneously determined.

(3) The sensitivity is satisfactory compared with the other
chromatographic methods.

Arsenite. Arsenate (pK, = 2.2, pK, = 6.9, pK; = 11.5),
which is a comparatively strong atid, can be detected by the
conventional IC (34), but arsenite (pK, = 9.2, pK, = 12.1, pKj3
= 13.4) has only been detected by an atomic absorption
spectrometric system (15, 16).

Arsenite eluted between fluoride and chloride using this
system. Table 1V shows the interference of anions in the
determination of arsenite. Silicate and chloride caused the
broadening of the arsenite peak and lessened the peak height,
when they were present in high concentration in a sample
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Figure 5. Separation of arsenic species. 5 ppm (as As) for each
anion.
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Figure 6. Fifteen anlons determined by the present method. The
eluent was 1 mM KOH

solution. Arsenite could be determined separately from ar-
senate which eluted with a Ionger ret.entlon time. Flgure 5
shows the ion of and

compounds were not investigated, but the separation of ar-
senite from organoarsenic species should be possible since
separation using the Dionex system and atomic absorption
spectrometric detection were reported by Ricci et al. (15). The
peak of was broadened and overlapped with the
“absent peak” of carbonate contained in the eluent as an
impurity (17, 23). Therefore, arsenate could not be determined
accurately by this system.

The calibration curve for arsenite was linear over the range
0.5-10 ppm (as As). The percent deviation was 1.8% at the
5 ppm As level. - The detection limit was 200 ppb, corre-
sponding to that of flame atomic absorption spectrometry (35).

Silicate. As mentioned in previous papers (21, 22), fluoride,
magnesium, and calcium ions interfere with the determination
of silicic acid. However, the interference of fluoride ion was
reduced by adding bonc acid to the sample solution and

from and calcium ions was elimi
by pretreatment with a H* form cation- exchange column. The
detection limit was 22 ppb (as Si). This method was practical
for the analysis of silic acid and applicable to its determination
in natural water.

Phenol Compounds. Phenol and its derivatives (cresols,
dimethylphenol, and ethylphenol) were detectable by this
system as already reported (17). Nitrophenols and picrate
were not eluted because of their strong adsorption on the

hange resin. A detailed investigation of phenol
eompounds was not carried out because UV detection is more
practical for these compound than conductivity detection.
However, a 10 M level of phenol compounds was detectable
by the present method. There was a possibility that phenol
compounds would interfere with the determination of inor-
ganic anions which should be detected by IC. However, the
interference was not serious for the determination of most
monovalent anions because the retention time of phenol, which
eluted most rapidly among the phenol compounds studied,
was longer than that of nitrate.

Comparison with Conventional IC. Figure 6 shows the
retention times of monovalent anions eluted with 1 mM KOH.
The quantitative peaks for SCN- and ClO;” were not obtained
because their elution was delayed by hydrophobic interactions

Table V. Anions Detected by Conventional IC Using
Conductivity Detector®

anions ref

F-, CI', Br, I', CIOy, BrOy,, 1047 CIO,", NO;",
NOjy, SCN-, CNO-, Ny, S0.*, SO,%, S;04*,
PO, PO,™, BF, CrO*, WO,*, MoO?",
Se(IV), Se(VI), As(V)

“Phenate, carbonate, and borate solutions were used for sup-

pressed IC (1, 18, 19). Phthalate, tartrate, and citrate solutions
were used for nonsuppressed IC (36-43).

1, 18, 19, 36-43

Table VI. Detection Limits and Linear Ranges of
Calibration Curves of Four Weak Acids

linear range
of
calibration
anion detection limit, (ppb)  curve, ppm
silicate 22 (as Si) 0.1-2.5
cyanide 100 0.5-5
sulfide 100 0.5-10
arsenite 200 (as As) 0.5-10
3
ws 3

Time, min

Figure 7. lon chromatogram of four weak acids: 1, silicic acid (1
ppm); 2, arsenite (5 ppm); 3, sulfide (5 ppm); 4, cyanide (5 ppm).

with the resin matrix (a polyacrylic acid resin was used for
this study). Similarly, polyvalent anions were not quantita-
tively eluted by this eluent. It is necessary to use a more
concentrated eluent to obtain quantitative elution of these
anions retained by the resin. However, the use of such an
eluent is impractical, since the noise of the base line increases
b of thei in the background cond ce. Table
V shows inorganic anions detected by the conventional sup-
pressed and nonsuppressed IC. Some polyvalent anions, which
were determined with difficulty by the present method, could
be measured by the conventional methods. However, 15 in-
organic anions eluting ahead of iodide could be determined
by the present method as shown in Figure 6. Above all, this
method has an advantage that four weak acids (cyanide,
sulfide, silicate, and arsenite) can be simultaneously deter-
mined, together with other inorganic anions without the need
for selective detection systems. Figure 7 shows an ion chro-
matogram of these four weak acids. The applicability of this
method will be i d by the plete separation of
cyanide and sulfide. Although arsenate is not quantitatively
measured as mentioned above, arsenite and arsenate can be
separately determined by the combined use of this method
and other methods (e.g., atomic absorption spectrometry) since
arsenite can be determined without interference from arsenate.
Table VI shows the detection limits of this method for these




four weak acids. These values will be improved upon by the
elimination of pulses from the pump, temperature deviation
in the oven, and the dissolution of carbon dioxide into the
eluent.

In conclusion, 15 inorganic anions, which included cyanide,
sulfide, arsinite, and silicic acid, could be determined with
detection limits in sub-part-per-million by the present method.
This method is practical to the analysis of anions which were
determined with difficulty by conventional methods and will
be applied to the anion analysis in wider fields.

Registry No. ClO;, 14866-68-3; BrO;", 15541-45-4; 10,,
15454-31-6; NOy, 14797-55-8; NO,, 14797-65-0; CN-, 57-12-5; HS",
15035-72-0; CNO", 661-20-1; BF ", 14874-70-5; H,Si0,, 18102-72-2;
H,As0;, 14102-45-5; S7, 18496-25-8; F-, 16984-48-8; CI°, 16887-
00-6; Br-, 24959-67-9; I, 20461-54-5; KOH, 1310-58-3.
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Electrokinetic Chromatography with Micellar Solution and

Open-Tubular Capillary
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bile. Although micelles are understood as dynamic

Fundamental characteristics of a new type of ct graphy
with micell lons of lonic surfactants were ined.
El kinetic ph In open-tubular caplllaries move
two pl q and micellar, with different velocities
and mleolnr solubliization op as the distrib

of solutes. mwum(m)mm-oos
de.XGSOmnhmdﬂclubowmonpbyodandﬂﬁl
dc voltages up to 25 kV were applled. Linear U

were observed b and velocities of
water, micelle, and any solute, but not between applied
voltages and the velocities. This discrepancy can be rea-
sonably Interpreted In terms of the temperature rise of the
solution In the tube resulting from Joule heating. Optimum
resolutions can be obtained when the capacity factor Is about
2, because retention times are limited between those of an
Insolubliized solute or water and a totally solubllized solute or
micelle. Observed dep of capacity factors on

structures with a liquid core (3), it may be possible in the
following discussion in this paper to depict micelles as a liquid
phase distinct from the surrounding agueous solution.

Among various t ilable in electrophoresis we
have employed free zone electrophoresis in open-tubular
capillaries (4, 5) because of its high efficiency in separation
and ease of instrumentation for continuous on-line detection.
In free zone electrophoresis with an open-tubular glass ca-
pillary, it has been reported (5) that the strong electroosmotic
flow of the electrolyte solution occurs in the tube to an extent
that even small, triply charged anions are carried toward the
negative electrode. This electroosmotic flow provides another
advantage of shortening the analysis time.

In this paper, we will first present some features of the
electrokinetic migration from the practical point of view, i.e.,
how electrokinetic velocities can be related to experimental
variables. Then some fundamental characteristics of this

can also be explained by the P rise. Th dy

technique as a chromatographic method will be described in
parison with conventiona! chromatography because the

namic parameters in micellar solubilization were p d

In ional liquid ch phy, the stationary phase
is immobilized in a column, while the mobile phase is per-
colated through the stationary bed. When a sample is added
to the top of the col ts of the le distribute
themselves between mobile and stationary phases in the ratio
of the capacity factor while mobile phase flows down con-
tinuously through the column. It is, however, not essential
in chromatography that one phase is rigidly fixed in the
column; the relative movement of two phases between whlch
a solute is distributed is satisf; y for the ch
separation. Thus, instead of the forced flow of the ‘mobile
phase through the stationary phase, any means of continuous
displacement between two phases can be utilized to constitute
a chromatographic system. The two phases need not always
he heterogeneous if any distribution process of a solute can
be held between them; they may be solvent and a pseudophase
like mlcelle, or even a molecule. In this paper we report a new
type of ch hic techni based on electrokinetic
migrations and the micellar solubilization phenomenon which
extends the scope of liquid chromatography to that of a ho-
mogeneous solution alone.

In a previous paper (I) we briefly described the results of
preliminary experiments and ndopued the term “electrokinetic

p " for this technique g to the suggestion of
a reviewer However, we ‘now prefer using the term

k h " b this obviously be-
longs to a branch of chromawgraphy. whu:h is probably close
to liquid-liquid partition ch (2) first
proposed to apply the mxcellar solublhzauon phenomenon to

y in bination with electrophoresis of an
ionic micelle nnd called this technique “solubilization
chromntography after the partition mechanism. When
P ly operating in the relative mi-

tion k the, and micellar phases, the aq
phase is considered to be stationary and the micellar phase

ic

limited range of retention times requires different expressions
of chromatographic parameters. Last, distribution coefficients
and thermodynamic parameters in micellar solubilization will
be discussed.

EXPERIMENTAL SECTION
A R and Proced The same

as described previously (1) was placed in a thermostated oven.
Although the oven was not equipped with a circulating fan, a fan
incorporated in a JASCO UVIDEC-100-II spectrophotometric
detector to dissipate the heat from a UV lamp served as a sub-
stitute. The solution was allowed to stand in the oven more than
1 night before use to equilibrate at the temperature. Sodium
tetradecyl sulfate (STS) supplied by Nikko Chemicals (Tokyo,
Japan) and sodium dodecylsulfonate purchased from Tokyo Kasei
Kogyo (Tokyo, Japan) were used as received. Compounds em-
ployed as solutes were of analytical-reagent grade and used without
further purification. Concentrations of test samples were arbi-
trarily adjusted to give suitable peak heights, and estimated to
be in the range from 0.1 to 1.0 mg mL! except for methanol and
Sudan III. About 1% of methanol was added to each sample
solution. Injection volume was about 2nL throughouv. the ex-
periment. Other d

and the experi p were
described in the previous paper (I).

RESULTS AND DISCUSSION

Electrokinetic Migration. The electrokinetic chroma-
togram shown in Figure 1 was obtained with a 0.05 M sodium
dodecy! sulfate (SDS) solution and a 0.05 mm i.d. X 500 mm
tube at 35 °C. All the solutes injected at the positive end of
the tube were detected with a UV photometer positioned at
the negative side. Methanol is regarded as an insolubilized
solute, i.e., as existing only in the aqueous phase, and Sudan
111 is assumed to be completely solubilized, i.e., to exist only
in the micellar phase. The assumed behavior of methanol was
justified by gel filtration chromatography with SDS solutions '
(6): The distribution coefficient of methanol between SDS
micelle and water was found to be 0.3 at 40 °C (7). The
validity of the use of a water-insoluble dye as a tracer of the
micelle has been discussed by Stigter and Mysels (8).

0003-2700/85/0357-0834801.50/0 © 1985 American Chemical Society
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Flgure 1. Electrokinetic chromatogram of some test samples: (1)
methanol, (2) resorcinal, (3) phenal, (4) p-nitroaniline, (5) nitrobenzene,
{6) toluene, (7) 2-naphthol, (8) Sudan 111; micellar solution, 0.05 M SDS
in 0.1 M borate-0.05 M phosphate butfer, pH 7.0; separation tube, 0.05
mm id. X 650 mm: length of the tube used for separation, 500 mm;
total applied voltage, ca. 15 kV; current, 26 pA; detection wavelength,
210 nm; temperature of oven, 35 °C.

Methanol is usually not detected by the absorption of UV light
but absorbs here due to the slight change of the refractive
index. The cylindrical cell employed in this work is susceptible
to the influence of refraction when it is irradiated at right
angles to the axis of the tube. Since other solutes are con-
sidered to be un-ionized under the conditions used, the re-
tention times of these solutes fall between those of methanol
and Sudan III as mentioned previously (1). The retention
parameters in this method will be discussed later.

Dependences of the migration velocities of these solutes on
the electrical field strength and the current were examined
under various applied voltages, and the results for methanol
and Sudan III are given in Figure 2. Similar dependences
as shown in Figure 2 were always recognized at different SDS
concentrations. The migration of the aqueous phase which
is indicated by the methanol band is interpreted to be brought
about by electroosmosis and, therefore, the velocity of the
methanol band should be essentially equal to the electroos-
motic velocity v.,. The Sudan III band is considered to rep-
resent the migration of the micelle as mentioned above. The
velocity of the micelle should be equal to the difference be-
tween electroosmotic velocity of the aqueous phase and the
electrophoretic one of the micelle, because the negatively
charged SDS micelle is subject to both effects in opposite
directions. The electroosmotic velocity is observed to be much
larger than the electrophoretic one for the SDS micelle under
the conditions employed.

Linear relationships were noticed between velocities of any
solutes and the electrical current but not between velocities
and applied voltages as shown in Figure 2 for methanol and
Sudan III. A similar deviation from linearity has been re-
ported by Jorgenson and Lukacs (5) and they suggested that
Joule heating is responsible for this deviation.

The theoretical work of Rice and Whitehead (9) on elec-
troosmotic flow in narrow cylindrical capillaries indicates that
when the reciprocal of the Debye-Huckel parameter, 1/x, is
much smaller than the radius of a capillary r, v, is described
by the classical formula (10)

Vgo = = 2‘E (1)

where « is the permittivity of the hquld, ¢ is the zeta potential,
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vimms™
Figure 2. D ities v of

0, ®
and Sudan 111 (O, l)mapphdvolhoa(«hshedha)andw(soﬁ
line). Conditions are the same as those given in Figure 1 except for
applied voltage and current.

n is the viscosity of the liquid, and E is the electrical field
strength. The negative sign means that when { is negative,
the liquid flow is toward the negative electrode (10). In the
case of the buffer solution employed in this study, 0.1 M
borate—0.05 M phosphate, pH 7.0, the value of 1/x is estimated
from electrolyte concentrations to be 0.8 nm, much smaller
than the radius of the tube, 50 um. Since the surface con-
ductivity may be neglected in this case, Ohm's law
ol
I 2

1rrzo' ( )
where [ is the length of the tube, o is the specific conductivity
of the liquid, and I is the current due to transport of charge
by the fluid, can be used to rewrite eq 1 into the expression

O =——l 3)

The specific conductivity o is given by Kohlrausch's law of
independent migration of ions

o= ?c)-zj)\j (4)

where cj, z;, and A; are the number of moles per unit volume,
charge number, and equivalent conductivity of the jth ion,
respectively. Here, A; can be related to the viscosity by the
combination of the Stokes-Einstein relation and the
Nernst-Einstein equation (11) as
zeF

=

Gxair] )
where e is the elementary charge, F is the Faraday constant,
and a; is the radius of the solute ion j. Combination of eq
3 with eq 4 and 5 gives
6esl a;
L rleF ? ;2 £ \al
One should note that 7 is not included in eq 6.
The dependence of v, on current and the applied voltage
V shown in Figure 2 may be explained in terms of the decrease
of n with increase of V or I. That is, if ;, z;, and a; are assumed
to be constant, v,, increases linearly with increase of / as
predicted from eq 6, but the deviation from linearity may be
predicted between v,, and V as a result of the change of n with
Vineq 1. The experimental results strongly support this view
and, in addition, indicate that the product of permittivity and
the zeta potential remains virtually constant regardless of E
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Figure 3. Dependence of current (solid line) and rise in surface tem-
perature, AT, of the tube (dashed line) on applied voltage; length of
the tube was 610 mm. Other conditions are given in Figure 2.

and I. The rise in temperature of the liquid in the tube by
Joule heating must be the reason for the decrease of n as the
applied voltage increases. In order to confirm this interpre-
tation, the surface temperature of the tube was measured with
a thermocouple under the same conditions as employed for
obtaining Figure 2. The rise in temperature observed
45 °C higher than the ambient temperature at 25 kV/610 mm
as shown in Figure 3, although the exact temperature was
uncertain because of the relatively large contact point (0.2 mm
0.d., of 0.1 mm o.d. alumel-chromel wire) compared with the
diameter of the tube, 0.2 mm o.d. The temperature rise was
proportional to the power dissipated per unit length of the
tube and amounted to about 2.8 °C mW-! cm for 0.05 M SDS
solution. Rather high temperature at the surface reveals that
heat dissipation is not efficient because of a low film coefficient
of heat transfer from the surface of the tube into the air.

The variation of current with the apphed volmge is also
illustrated in Figure 3. By considering the me in temperature
mentioned above, the nonli relati V and
I can also be understood from a viewpoi t of the alteration
in conductivity as a result of the viscosity change as predicted
from eq 5. It follows, therefore, that low viscosity at a high
voltage causes positive deviation in the plot of  vs. V as shown
in Figure 3.

By taking into account the sign of the migrating direction,
we can describe the velocity of the micelle vy, as

Ume = Ugo F Ugp ()

where v, is the electrophoretic velocity of the micelle. The
velocity v,, is given by

2¢¢
Upp = 3 f(xa) E (8)
where function f(xa) depends on the particle shape and, for

sphere of xa = =, is 1.50 and a is the radius of the particle
(10). It should be noted that the zeta potential in eq 8 is for

the micelle, while that in eq 1 is for fused silica. Substitution .

of eq 1 and eq 8 into eq 7 gives
== -th - -fzf(xa)} )

where subscripts 1 and 2 denote fused silica and micelle,
respectively. The observed movement of the methanol band
from the positive end to the negative means that {; is negative.
The fact that the Sudan III band moved in the same direction
as the methanol but with lower velocity implies that {; is lower
than {; in absolute value, because {; should also be negative
for the negatively charged SDS micelle. The linear relation-
ship of vy, vs. I and the nonlinear one of vy, v8. E as shown
in Figure 2 agree with the probable change of viscosity as
discussed above. Although the micellar size of an ionic sur-

o 10 20 30 4«0 50 60
17 pa

Figure 4. Velocities of solutes as a function of current. Solutes are
indicated by the same numbers as given in Figure 1. Conditions are
the same as those given in Figure 2.
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Figure 5. Reciprocal velocities of Sudan 111 (W) v,,.~' and methanol
(®) v, ' as a function of SDS concentration; applied voltage was 15
kV. Other conditions are given in Figure 1.

factant is reported to d with an i of temperature
(12), the observed linearity between v, and / or v,, and I
indicates that f(xa) may be regarded as unaltered in the
temperature range of 35-80 °C.

Velocities of the solutes v, are shown in Figure 4 as a
function of the current. All the solutes have linear dependence
but extrapolated values of v, at I = 0 do not coincide with zero.
These deviations seem to exceed the experimental error and
may be ascribed to the small variation of the zeta potential
for the micelle with temperature when the micelle contains

1 The ber of solutes solubilized into the micelle
is roughly estimated to be less than 5 to 10 molecules per
micelle under the condition shown in Figure 1 except for
Sudan III where less than one molecule is solubilized.

At a constant voltag lied, v, T d virtually con-
stant irrespective ol‘ the SDS concentration cgpg, while the
reciprocal of v, increased with an increase of cgpg as shown
in Figure 5. In this case, current was observed to increase
linearly with csps from 22 uA at 0.03 M to 45 pA at 0.15 M
as predicted from eq 2 and 4. Independence of v,o from Csps
suggests that the vi ty n approx
as expected from eq 1: The effect of the temperature rise by
increasing current on 7 is accidentally compensated by that
of increasing cgpg. Thus, the viscosity of the aqueous SDS
solution has been reported to increase linearly with the con-
centration (13). The constant v,, regardless of cgpg also
suggests that SDS has no effect on the zeta potential of the
glass/solution interface. The observed increase of vy, with
csps, i-e., the increase of the electrophoretic velocity, is in
contrast to the result of Stigter et al. (8) that the electro-
phoretic mobility of the SDS micelle decreases linearly with
the increase of csps. This discrepancy may be interpreted in
terms of differences in temperature rise by Joule heating, i.e.,
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Figure 6. of zones in the tube (A) and
(B) of the hy mixture of water, solute, and

micelle. Plate number, capacity factor of solute, and v/V e = 1/t
are arbitrarlly assigned as 14 000, 1, and 4, respectively.

2.8 °C mW ™! cm in this work and 0.2 °C mW-! cm in the case
of Stigter et al. (8, 14). Thus, in this work 5 happened to be
held nearly constant as described above but in the case of
Stigter et al. (8, 14) the increase of  with cgpg caused decrease
of v, as anticipated from eq 8.

Retention Parameters. The retention behavior charac-
teristic of electrokinetic ch t y has been d d

ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985 837

k- 1’"

o |

o

2

5 2

ix

o

20

) 200 400 600 800
Time /s

Figure 7. Logadﬁmnc capacity factor as a function of retention time
for y (solid line) and for concave

briefly in the previous paper (I). Flgure 6A sch ically
illustrates migrating zones of water, a solute, and the micelle
at the time t;, elution time of water, after a hypothetical
mixture of the three is injected at the left end of the tube.
Here, it is assumed that the zeta potential for fused silica has
the same sign as that for the micelle, and the absolute value
of the former is higher than the latter. The velocity v,,, which
is equal to l/t,, is presumed to be four times as large as the

elution in liquid chromatography from water to methanol (dashed line)
and from water to tetrahydrofuran (dotted line).

between the retention time and the capacity factor in this
method can be calculated from eq 11, and an example is shown
on a solid line in Figure 7, where the following conditions are
assumed: t, = 200 s, t,,. = 800 s, and tube length [ = 500 mm.
Similar relationship between the retention time for a concave

U in Figure 6A. Figure 6B displays the schematic ch
togram of the three zones observed with an imaginary detector
situated at length [ from the injection point. The number of
theoretical plates N is arbitrarily assigned as 14000. Ex-
perimentally, the retention time of water ¢, is measured with
methanol and that of the micelle ¢, with Sudan III as de-
scribed above. The most significant difference in this method
from conventional chromatography lies in the fact that the
range of retention times of electrically neutral solutes are
limited between t, and ¢, The chromatogram given in Figure
1 shows an example of the total range of retention.

The capacity factor k' defined by the ratio, ny./n,, where
R and n,g are the total moles of the solutes in the micelle
and in the aqueous phase, respectively, can be calculated (1)
from retention times by

= tp—to
i
= - ta/tm) a0
where tg is the retention time of the solute. Equation 10 can
be written in another form as

1+ k'

BR= T (G ek ah

In this paper, the capacity factor is given the symbol k’instead
of widely accepted k’in order to emphasize the difference in

the relationship of the ity factor to tg from the well-
known equation

tg = (1 + k)¢, (12)
The value of t,,./t, can be regarded as a to indi

the width of the total range of elution for electrically neutral
solutes. When ¢, becomes infinite, eq 11 is equivalent to eq
12. It should be stressed that the capacity factor of infinity
in this method implies that the solute stays in the micellar
phase at all times.

It is interesting to compare the retention behavior observed
in this method whose total range of retention is limited be-
tween to and ¢, with that ob d under the g elution
in ional liquid ch tography. The relationshi

elution and the capacity factor k,’in water under
reversed-phase ch raphy is calculated for two cases
according to the procedure described in the Appendix. The
result for a concave gradient from water to methanol (S = 3.0
(15)) is shown on the dashed line, and that for the case from
water to tetrahydrofuran (S = 4.4 (15)) is on the dotted line.
In both cases, column length and ¢, the retention time of an
unretained solute, are taken as the same value as the above
example, and ¢ as 600 s, that is, pure methanol or tetra-
hydrofuran reaches the exit of the column at 800 s. The
gradient shapes are chosen to give a curve close to that for
the above example: m = 2.1 in eq Al for water-methanol and
m = 3.0 for water—tetrahydrofuran. Although the curve for
electrokinetic chromatography is not in good agreement with
those for the concave gradlem.. it can be said that the rela-
hip b the y factor and the retention time
in electmkmeuc chromawgraphy is rough.ly approximated to
that in r phy with the concave
gradient elution techmque from water to methanol except for
solutes having larger capacity factors than 150 in water.
Resolution Equation, Effective Plates, and Peak Ca-
pacity. The following resolution equation can be derived by
considering eq 10 in the same manner (16) as in usual elution
chromatography:
1-to/tme

N2fa-1 Ez’
k.= T( « )(1 + E,’)(x + (co/em)i.') a3

Here, R, is the resolution, N is the plate number, and « is the
separation factor which is equal to k,’/k,". Owing to the last
term, the selectivity term in this chromatography is not in-
dependent of the capacity factor term in contrast to con-
ventional chromatography (16).

N2 -1 k'
R-‘T( % )(Iw) L

The last term in eq 13 reveals again the characteristic of this
method. The infinite value of ¢, reduces the last term of eq
13 to unity, and then eq 13 becomes equal to eq 14. To

1 the effect of &’ on resolution, the approximation, k,’
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Figure 8. Dep of (k") on ity factor k’. The values of

to/tm are given on each line.

= k,’ = k', is made for closely eluting peaks The function
f(R), the product of the last two terms in eq 13, is written as

’ 1-ty/t
A ( 3 )( of ) i
1+ R\ 1+ (to/tndk
The dependence of the function f(%) on k’is shown in Figure
8 for some different values of to/t,.. The value of zero for
to/tme corresponds to conventional chromatography, where the
larger capacity factor leads to the better resolution as generally
known. Large k' values, however, are unfavorable to obtain
good resolutions in this method because the last term in eq
13 approaches zero. The optimum value of &’ depends on the
ratio ty/t. as shown in Figure 8. The ratio ¢,/t,, remains
constant for an SDS concentration irrespective of V or I as
found from Figure 2 but decreases from 0.28 for 0.03 M SDS
to 0.18 for 0.15 M SDS as found from Figure 5. For example,
since o/t is about 0.22 for 0.1 M SDS solution, the optimum
range of kw ’lies between 0.84 and 5.4 which gives f(k) values
betweon 0.30 and 0.36. The maximum value 0.36 is found at
= 2.13. Although Figure 8 is calculated based on the as-
sumption k,’ = ky’, if we set 1.1 for ky'fky’ in the above ex-
ample, the range of &’ which gives the value higher than 0.30
for the product of the last two terms in eq 13 becomes 0.74
to 5.6 and the maximum value of the product increases to 0.37
at k,’ = 2.0. That is, the better resolution will be attained
for actual cases than predicted from eq 15 only from the
viewpoint of the last two terms in eq 13 in addition to the
selectivity term.

The smaller maximum value of f(k) than that of the term
k’/(1 + k) in eq 14, which may be close to unity, implies a
disadvantage of 'lhis method in view of maximum resolution.
However, the smaller value of this can be well compensated
by the large plate numbers, e.g., 250000 obtained for a 500

mm tube as will be di: dina per. The small

Table I. Comparison of Current, Velocities, and Capacity
Factors among Three Anionic Surfactant Solutions at
Constant Applied Voltage®

surfactant
R;;SONa® R, SONa® R,;SO;Na’

I/uA 446 414 41.0
Ugo/mm s7 2.67 2.62 2.50
Ume/mm 87! 0.685 0.769 0.674
Ugp/mm 57! 1.985 1.851 1.826
to/tme 0.257 0.294 0.270
Ea ‘(resorcinol) 0.158 0.207 0.155
k‘(phenol) 0.378 0.509 0.326
lg'(p-nilroaniline) 0.657 0.860 0.454
k’(nitrobenzene) 0.986 1.37 0.693
k’(toluene) 227 3.56 1.80
k’(2-naphthol) 3.79 5.74 3.35

2Electrical field strength, 308 V cm'!; concentration of surfac-
tant, 0.05 M; oven ure, 35 °C. ®Sodium dodecyl sulfate
(SDS). “Sodium Lelradec)l sulfate (STS). “Sodium dodecyl-
sulfonate.

from Table I that changes in ratio to/t,,. among three solutions
are mainly attributable to the changes in electrophoretic ve-
locities which depend on both surface charges and micellar
sizes as predicted from eq 8. The alteration of elution order
is not observed for listed solutes but values of k’ are signifi-
cantly different among three solutions. Since critical micelle
concentrations (CMC) of these surfactants are different, the
effect of the structural change of a surfactant molecule on the
capacity factor should be examined at the same micellar
concentration or with the distribution coefficient as discussed
below.

In regard to the resolution equation, the number of effective
plates N is given for this method as

B\2 to \?
N = N(;,,_—,;,) (1 = E;) (16)

To see the performance of this method, the maximum effecﬁve
plates per second is calculated by setting N = 250000, | =
mm, v,, = 2 mm s}, and ty/tn = 0.2 to give 148 s at k'
5.9. This suggests that the efficiency of this method is com-
parable to that of gas chromatography with open-tubular glass
capillaries.

Peak capacity is defined as the maximum number of peaks
that can be resolved within a specified range of retention time.
For cases in which peaks are to be separated with 44 resolu-
tion, where o is the standard deviation of the peak, under a
constant plate number N, peak capacity n is given according
to Giddings (17) as

Nll lmt
n=1+ F In T (17)
If we take the parameters again as N = 250000 and to/t . =
0.22, n becomes 190. _

Capacity Factor k’ and Distributi_on Coefficient K.

The d d of the capacity factor k’on electroosmotic

value of a to obtain R, = 1 calculated by eq 13 is 1.023 at k*
= 2.13 for N = 250000 and ty/t, = 0.22.
Since the capacity factor k’is proportional to the volume
ratio of a micelle to an aqueous phase, the k’value can be easily
dj d by changing the ration of a micelle to yield
an appropriate value for optimum resolution. The dependence
of k’on the concentration of a surfactant and temperature
will be discussed later in this paper. Any of the three pa-
rameters, k’, a, and to/t,,, may be altered by the structure
of a surfactant molecule. Examples of variations of these
parameters are given in Table I for three surfactant solutions
at 0.05 M along with current, v, U, and v,,. It is obvious

velocity v,, was observed to be remarkable as shown in Figure
9. _ The velocity v,, can be related to current as shown in
Flgure 2and, t.herefore a similar relationship obviously applies
between k’and I. The capacity factor &’ linearly decreased
with an increase of v, but slopes of these plots were different
from one another. The similar plots were obtained with other
concentrations of SDS and with other surfactant solutions.
In order to eliminate the effect of v,, or I on k', each line of
the plot was extrapolated to the intercept at v, = 0, and the
value of k’at v,, = 0 was designated ky". The capacn‘.y factor
ko’ may be taken as k’at the ambient temperature in the oven
thermostated at a constant temperature, because the tem-
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Figure 8. Dependence of capacity factor k’ on veloclty v,,. The
number on each plot corresponds to the solute shown in Figure 1;
concentration of SDS was 0.10 M. Other conditions are the same as
those In Figure 1 except for applied voltages.

perature of liquid in the tube should be higher than the am-
bient unless v,, is equal to zero as described above.

The capacity factor k' can be related to the distribution
coefficient K of a solute between micellar and aqueous phases
through

V,

mc

Vg

k=K

(18)

where V. and V,, are vol of micellar and aq
phases. Here, V. can be determined from a micellar con-
centration ¢, which is equal to the concentration of a sur-
factant ¢, minus CMC, and partial specific volume 0 of micelle,
and V,q can be regarded as the difference between the total
internal volume of the tube and V,,. Thus, the distribution
coefficient can be easily calculated from the capacity factor
in contrast to conventional chromatography.

Equation 18 means that k’is proportional to the phase ratio
Vime/ Vg Which is described as

Ve Bley =~ CMC)
Ve 1-0lcy—CMC)

(19)

When micellar concentrations are low, the denominator at the
right side of eq 19 may be approximated to be equal to unity,
ie.

k'~ Ki(c, — CMC) (20)

The plots of &y’ vs. concentration of SDS, cgpg, are given in
Figure 10. The linear relationship observed in these plots
implies that the distribution coeffici remain at
least at the SDS concentrations below 0.15 M. Similar linear
plots were recognized for STS and sodium dodecylsulfonate
solutions. .

Distribution coefficients at 35 °C calculated from slopes
of these plots are listed in Table II for three surfactants. It
is interesting to note that distribution coefficients are almost
the same between SDS and STS for less solubilized solutes
from resorcinol to nitrobenzene in Table 11 but significantly
different for toluene and 2-naphthol. On the other hand, the
situation is reversed between SDS.and sodium dodecyl-
sulfonate. These data indicate that distribution coefficients
of solutes partially soluble in water are more sensitive to the
change of the polar moiety of a surfactant molecule than to
that of the nonpolar moiety and that distribution coefficients
of solutes almost insoluble in water are sensitive to the length
of the alkyl chain. These facts suggest that solutes partially
miscible with water are solubilized by adsorption on the
micellar surface with orienting polar groups toward the
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Figure 10. Dependence of capacity factor ko’ on the concentrations
of SDS. Solutes are indicated by the same numbers as those in Figure
1.

Table I1. Distribution Coefficients at 35 °C Calculated
from Slopes of Plots kg’ vs. cgpg in Figure 10

distribution coefficient®

solute R;;SONa® R, SONa® R,,SO;Na?
resorcinol 21.6 20.8 27.7
phenol 52.1 52.3 56.1
p-nitroaniline 103 100 843
nitrobenzene 135 138 111
toluene 318 345 288
2-naphthol 656 789 698

¢ Partial specific volumes (&) at 35 °C used to calculate distribu-
tion coefficients are taken from Shinoda et al. (18): for SDS, ¢ =
0.8721 mL g'; for STS, & = 0.9019 mL g; for sodium dodecyl-
sulfonate, 0 = 0.8809 mL g™!. ®See Table I for abbreviations.

aqueous phase and nonpolar groups inside the micelle, and
that less water-soluble solutes are uptaken into the interior
of the micelle in agreement with the postulated modes of
incorporation (19). The differences in capacity factors of
fromr 1 to nitrob listed in Table I be-

tween SDS and STS are exclusively ascribed to the difference
in micellar volume, that is, differences in CMC and the partial
specific volume, because distribution coefficients are almost
the same between the two solutions. .

Intercepts of plots in Figure 10 extrapolated to k,"= 0 are
virtually concentrated at around 10 mM (averaged value 10.4
mM) and this concentration can be interpreted to be CMC
under these conditions. This value of CMC seems too high
in comparison with the reported value of 8.6 mM in water at
35 °C (20), since CMC is generally reduced with additions of
electrolytes (21). The values of CMC for STS and sodium
dodecylsulfonate at 35 °C found from similar plots as in Figure
10 are 2.2 mM and 12.1 mM. Reported values for STS in
water at 35 °C is 2.12 mM (20) and for sodium dodecyl-
sulfonate in water at 25 °C 8.1 mM (22). Thus, this method
seems not to be reliable to obtain CMZ.

Temperature dependence of the distribution coefficient can
be described as

AH®  AS°

InK=-—x+

" RT = R

where AH® is the enthalpy change associated with micellar
solubilization, AS® is the corresponding entropy change, and
R is the gas constant. Logarithms of distribution coefficients
determined from k,’ through eq 18 at different temperatures

(21)
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Table II1. Enthalpy, Entropy, and Gibbs Free Energy
Changes in Micellar Solubilization with SDS Solution®

AG°(35
AH°/kJ AS°/d °C)/kd
solute mol™! mol? K  corr coeff  mol™!
resorcinol -17 -30 0.990 -7.8
phenol -13 1.8 0.991 -11
p-nitroaniline -19 ~22 0.982 -12
nitrobenzene -10 8.5 0.953 -13
toluene -17 -5.7 0.792 -156
2-naphthol -20 -9.8 0.995 -17

20.1 M, pH 7.0. Calculated from distribution coefficients mea-
sured at four different temperatures: 31, 35, 40, and 45 °C.

Table IV. Estimated Temperature of the Solution from
Capacity Factor with Enthalpy and Entropy Changes
Listed in Table I1I°

solute k Teared/°C
resorcinol 0.29 59
phenol 0.72 68
p-nitroaniline 1.18 65
nitrobenzene 1.86 77
toluene 4.40 59
2-naphthol 6.78 68

2Solution, 0.1 M SDS, pH 7.0; electrical field strength, 308 V
cm; current, 61.4 uA; oven temperature, 35 °C. Values of CMC
and partial specific volume of micelle are taken as those at 35 °C
to estimate the phase ratio.

were plotted against the reciprocal temperature according to
eq 21 to give straight lines. The values of AH® and AS®
calculated from the above van't Hoff plots are listed in Table
111 for six solutes along with correlation coefficients of the plots
and Gibbs free energies AG® for micellar solubilization at 35
°C. Since the range of the temperature change is only 14 °C,
accuracies of these thermodynamic data may be low. There
were no available thermodynamic data in the literature con-
cerning micellar solubilization of these solutes with SDS.
These data will be helpful in understanding this phenomenon
and the present method may provide a useful technique to
determine these thermodynamic quantities as well as a high
resolution separation method.

Since the capacity factor should be constant irrespective
of the velocity v,,, we may assume that the decrease of k’with
an increase of v, or current is ascribed to the rise in tem-
perature resulting from Joule heating. On the basis of this
assumption, it is possible to estimate the temperature which
gives the k' value observed at any v,, or current by using eq
18 and 21 from values of AH® and AS® listed in Table III.
Thus, calculated temperatures of the solution corresponding
to the observed k' values at the oven temperature of 35 °C
under the applied field of 308 V cm™ are listed in Table IV.
Although the calculated temperatures are scattered between
59 and 77 °C, these discref ies may be ed for by
taking into account the fact that AH® and AS® are determined
over a narrow range of temperatures. The average value of
66 °C is close to the observed surface temperature of 65 °C.
The temperature gradient in the liquid and the wall of the
tube is estimated to be negligibly small from coefficients of
heat transfer in the solution and the wall of fused silica tubing.
The agreement between the calculated and actual tempera-
tures strongly suggests that the observed dependence of k‘on
the v, or current is attributable to the temperature rise by
Joule heating.

In lusion, the heat di tion in open-tubular capil-
laries is not efficient and, therefore, the effect of the tem-
perature rise of the solution by Joule heating should be taken

into account in the interpretation of experimental results.
Thus, since the capacity factor or distribution coefficient is
dependent on both current and applied voltage, it is desirable
to keep the energy dissipated per unit time constant
throughout a series of runs in order to eliminate the tem-
perature effects. The technique described here is the first
example of chromatography with a homogeneous solution
alone as the phases or entities between which the solute is
distributed. This concept of chromatography with a homo-
geneous solution and electrokinetic migrations can be readily
extended to the incorporation of the solute through some
specific interactions, e.g., complexation or clathration, by a
molecule differentially migrating from the surrounding solvent.
The greatest advantage of this technique as a new separation
method lies in its high efficiency because of the low axial
dispersion in open-tubular capillaries with the electroosmotic
flow and the electrophoretic migration of micelles and the
rapid establishment of the distribution equilibrium in micellar
solubilization. Band broadening in this method will be dis-
cussed in a separate paper.
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APPENDIX
The relationship between the retention time and the ca-
pacity factor in water under the concave gradient elution in.
reversed-phase liquid chromatography was calculated with a
personal computer as follows: The concave gradient shape
can be written as

o = (t/tc.)m (A1)

where ¢y, is the volume fraction of organic solvent B in the
mobile phase entering the column at time ¢ and ¢ is the time
from the beginning to the end of gradient at the inlet of
column. The dependence of logarithm of the capacity factor
k’on ¢y, is assumed as (15)

log k' = log k' — S¢y (A2)

where k,,’ is the capacity factor obtained in water. The pa-
rameter S is the value of the negative slope of plots of log k*
V8. ¢p.

In order to make numerical calculation possible, the gra-
dient shape was approximated by the stepwise elution with
1000 steps of equal change of ¢y, i.e., ¢y(i + 1) — ¢,(1) = 1/1000
for i = 1 to 1000. After setting an arbitrary value for m in
eq Al, time ¢; when the ith solvent enters the inlet of the
column is determined for ¢,(i) = i/1000 with eq Al. The
moving length of the mobile phase during the ith step, x,,(i),
is given as

X)) = ultipy - t) (A3)

where u is the linear velocity of the mobile phase. The ca-
pacity factor k;’of a given solute in the ith solvent is calculated
from eq A2. Since the velocity u,(i) of the solute in the ith
solvent is given by

u (i) = u/(1 + k) (A4)
the differential velocity v, (i) of the mobile phase relative to
u,(i) can be expressed as

vo(l) = u - u,() = ku/(1 + k) (A5)
\
The period 7,(i) that the solute spends iri the ith solvent is
described as
' 7)) = x()) /v () (A6)
Then, the distance x,(t) that the solute travels in the ith
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solvent can be calculated from eq A6 in combination with eq
A4 and A5 as

x,0) = u,(i)7,() = x,(0) /i’ (A7)
When the condition

Z::I.(i) =1 (A8)

where [ is the col length, is blished, the solute should
be eluted from the exit of the column. The retention time
ty can be written as

tp = ?f.(i) (A9)

When ¢ in eq Al is equal to tg, pure solvent B will begin to
enter the column, and the column will be entirely filled with
solvent B after {/u from t;. The concave gradient is con-
sidered to be completed at this time. A solute whose retention
time is equal to (¢ + !/u) is eluted at last while the gradient
elution is running, and k,’of the last eluting solute is regarded
as the maximum value. Thus, the relationship between ¢z and
k,'is calculated for k,’ from 0.1 to the maximum.

Registry No. SDS, 151-21-3; STS, 1191-50-0; resorcinol,
108-46-3; phenol, 108-95-2; p-nitroaniline, 100-01-6; nitrobenzene,
98-95-3; toluene, 108-88-3; 2-naphthol, 135-19-3; sodium do-
decanesulfonate, 2386-53-0.
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Rotating Arc Direct Current Plasma as an Emission Excitation

Source

L. Y. Hara' and M. L. Parsons*?

Department of Chemistry, Arizona State University, Tempe, Arizona 85287

A rolatlng arc direct current plasma syﬂum hu been de-

Plasma emission spectrometry has become one of the most
common methods to perform trace elemental analysis. The
inductively coupled plasma (ICP) and direct current plasma
(DCP) are used extensively in a varietly of applications.

Both excitation sources provide a high-energy environment
that ization and excitation. Detection limits and

ped and d as a sp p source
for atomic P y. Itop by forcing a
dc arc to rotate rep y on the surf. of a graphit
anode disk by k ing argon gas tang lly to the anode.
Sampl | Is Introd Into the pl Iy
through an orlfice In the grapl disk. Sp pic mea-

surements are made directly in the current carrying region of
the plasma. ﬂwdodgnol”isd‘vlcowulwoudiynm

Ined and eaeh g Hts

was The perf ﬂgwuoimodllorlhls
device showed linearity over 5 orders of magnitude. Tho
detectlon limits were ble to a

direct current pl for | Whllo turther
work Is required to y ch this device, this
dudyshomlhalllhu I tor g an alt

excitation source.

!Current address: Air Products and Chemicals, Inc., P.O. Box
538, Allentown, PA 18105.

2Current ad : The Los Alamos National Laboratory, CHM-1,
MS-G740, Los Alamos, NM 87545.

precision are nearly comparable. An area of common research
interest with the ICP and DCP is sample introduction. Many
studies have been performed to determine the means and
mechanism of sample introduction and droplet size (I).

One problem with the commercially available DCP
(Spectradet III, SpectraMetrics, Inc., Division of Beckman
Instruments, Andover, MA) is the comparatively inefficient
manner of sample introduction into the plasma. Only a few
p of the ple is d by the plasma (2).
If the analyte were forced du'ectly into the plasma, a higher
atom density should result, providing greater intensity for a
given concentration and lowering detection limits.

A DCP which addressed the problem of sample introduction
was first described by Rippetoe and Vickers (3) in 1972. They
observed that in dc arc methods, arc wander is inevitable.
Rather than trying to eliminate this, they tock advantage of

0003-2700/85/0357-0841$01.50/0 © 1985 American Chemical Society
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exhaust ovlllc-\

tangtnnal
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gas Inlet

Figure 1. Diagram of RA-DCP: Macor (dotted segment); graphite
(segment marked anode); brass (ruled segment); Viton (solid).

the “problem” of arc wander by permitting the discharge to
rotate reproducibily around a circular disk anode up to a rate
of 600 Hz.

An advantage to this rotating arc DCP (RA-DCP) system
was that the life of the electrode could be extended and in-
teraction between the sample aerosol (which was introduced
concentrically through the anode) and arc discharge was en-
hanced. This occurred because the arc rotation rate was
sufficiently rapid compared to the time required for an aerosol
particle to cross the interelectrode space. The analyte species
was constmined to trvel in a channel heated by the sur-

g high temperature arc It should be noted
however. thal desolvation and a nebulizer that operated with
low sweep gas flow rates were required to maintain this rapid
rotation.

An RA-DCP designed by Owen (4) was examined in this
study. It is a miniature version of that originally designed
by Margoshes and Scribner (5, 6). Though similar in design
to that of Rlppetoe and Vlckers (3), there are two major
diffe First, spect s were made
directly in the current carrylng portion of the plasma where
the highest energy exists. Second, the cathode is placed on
a vertical, rather than horizontal, axis. In this manner, the
upward gas flow will carry any ablated cathode material away
from the spectroscopic region. The evaluation of this RA-DCP
is the subject of this investigation.

EXPERIMENTAL SECTION

Apparatus. The housing of the RA-DCP was constructed of
Macor (trademark of Corning Glass Works, NY), a machinable
glass ceramic. The diameters of the exhaust and tangential gas
inlet orifices, position of tangential gas inlet, and geometry of the
housing were evaluated by varying the dimensions until a stable
plasma could be sustained for 3 h without undue wear or de-
struction.

The anode was constructed by modifying a graphite disklike
cylinder (National Spectroscopic, part number L4072, Cleveland,
OH) to a step-design, as shown in Figure 1. An anode design
described by Keirs (7) and an unmodified disk were constructed
and tested. Contamination from the machining process was

Table I. Apparatus Used

SpectraMeulcs Model 53020

power supply
ics, Inc., Andover, MA)

gas argon, welding grade (Airco Industrial
Gases, Murray Hill, NY)

Brooks Instruments Model 1335-8506A
with R-2-15-B tube (Brooks Instruments
Division, Emerson Electric Co., Hatfield,
PA)

sample introduction concentric glass nebulizer (constructed
according to Scott (8))

Cole-Parmer Model 7545-10 (Cole-Parmer
Co., Chicago, IL)

optics 8 cm focal length, 2.5 cm diameter quartz
focusing lens

Health Model EU 700-70 scanning
monochromator with 1180 grooves mm™
grating blazed at 2500 A (Schoeffel
McPherson, Acton, MA)

Health Model EU-701-30 photomultiplier
module; RCA 1P28A PMT (RCA Solid
State Division, Somerville, NJ)

flowmeters

peristaltic pump

monochromator

detector

electrometer constructed in-house

Varian Model 135-1 (Varian Instruments,
Palo Alto, CA)

constructed similar to that described by
Veillon and Margoshes (9)

chart recorder

desolvator

Table I1. RA-DCP Operating Conditions

applied current 75A
electrode gap 7 mm
gas flow rates:
tangential 3.3 L min™
carrier 1.8 L min™!

3.5 mL min™
1.5 mm above the RA-DCP housing

solution flow rate

height of observation

monochromator settings:
slit width 35 um
slit height 1 mm

measurement time constant 1s

removed by soaking the graphite in 7 M nitric acid, rinsing with
deionized water, and drying in an oven at 110 °C for 8 h.

The cathode consisted of either a pure tungsten (Specialty
Steels, Pittsburgh, PA), 2% zirconiated tungsten, or 2% thoriated
tungsten rod (Union Carbide, New York, NY) shaped to a 30°
tip with an electric grinder. Each rod was tested in 3.1 and 6.3
mm diameters.

The completed RA-DCP and housing with optimized dimen-
sions was then mounted on a brass base (Figure 1). To eliminate
continuum from the cathode, a mechanical occluder was placed
between the RA-DCP and focusing lens. The RA-DCP was placed
in a dc arc stand and measurements were made with the apparatus
summarized on Table I. Figure 2 shows a schematic diagram
of the RA-DCP system.

Reagents. Analytical reagent grade chemicals (Mallinkrodt
Chemical Works, St. Louis, MO) were dissolved to prepare 100
ug mL™ stock solutions by the method described by Smith and
Parsons (10). Lower concentrations were prepared by serial
dilution with distilled, deionized water.

Simplex Optimization. A simplex optimization similar to
that described by Deming and Morgan (11) was performed to
obtain parameter values for the best signal-to-noise ratio (S/N).

A 50 ug mL™! solution of Cu at the 3247.540-A emission line
was used to measure the S/N ratio while performing the opti-
mization. This was repeated with Mg, at the 2795.53-A line.

Table Il summarizes the optimized operating conditions of the
RA-DCP.
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Figure 2. Schematic of RA-DCP experimental system.

Procedure. Fifteen minutes prior to ignition, the heating
chamber of the desolvator was heated to 125 °C. The condenser
and arc stand jaws were cooled by a recirculating chilled water
bath maintained at 0 °C. The flow of argon gas was set to the
operating conditions; and when ready, the anode and cathode were
electrically contacted through the housing orifice with a graphite
rod mounted on a Teflon holder. The rod was qulckly removed
and the plasma was allowed to equnllbrate for 15 min. Dutxlled
deionized water was then introduced to the nebulizer to }
a base line.

Since the excitation source was not fully characterized, the best
analytical line for each element using the RA-DCP was determined
by scanning the five most intense lines as listed on the NBS tables
(12) within 5 A, while aspirating a 50 ug mL™! standard solution.
The line that resulted in the best S/N was chosen for subsequent
analytical work.

Arc Rotation Rate. The arc rotation rate was measured by
focusmg an enlarged image of lhe plasma onto a UDT-500UV

de (United D T logy, Culver City, CA). To
ensure that the rotating arc passed the detector only once per
revolution, a 1.0 mm X 1.5 mm slit was used to isolate a section
of the inverted cone image 1.5 mm above the housing. Thus, each
time a segment of the arc traversed 360° and passed this “window",
the photodiode received a pulse of radiation. The frequency of
the impulses was monitored with an Tektronix Model T912
storage oscilloscope (Tektronix, Inc., Beaverton, OR).

Performance Figures of Merit. An analytical calibration
was constructed by aspirating concentrations of 0.01, 0.05, 0.1,
0.5, 1.0, 5.0, 10.0, 50.0, 100, 500, and 1000 pg mL"! standard
solutions and recording each i ity. Linear least-square re-
gressions were performed for statistical analyses.

Detection limits were determined by aspirating a 0.5 ug mL™!
standard solution (with the exception of boron, mium, indium,
iron, lead, and p ium for which a ration of 10 ug mL™?
was used) and recordmg the signal and noise (background of the
blank ) at the 1 The
de!,ecuon limits were calculnted accordmg to IUPAC recom-

ions of a ion equivalent to a signal three times
the standard deviation of the blank

Analyses of Envir Gr
prepared by using the method described by Hulloway and Ka-
coyannakis (13). River water and sediment were obtained from
the Verde River located in Maricopa County, Arizona. An extract
of the sediment was obtained by the method described by Sinex,
Cantillo, and Heltz (14).

Comparison analyses of these samples were performed with
a Jarrel-Ash Model 965 Atom Comp ICP (Jarrel Division, Fisher
Scientific Co., Waltham, MA).

RESULTS AND DISCUSSION

Electrodes. Keirs previously reported that using a zirco-
niated tungsten (Zr/W) rod as a cathode enhanced plasma
stability. This was attributed to the arc “...completely en-
gulfing the tip of the electrode...” which prevented cathode
wander (7). Enhancement was not observed for our RA-DCP.
The Zr/W electrodes of both dimensions performed poorly.
Ignition was much more difficult since the arc traveled the
length of the electrode making the distance between the
cathode spot and the anode so great that the arc could not
be sustained.

A pure tungsten electrode was also tested, but an arc could
not be struck. The only electrode that initiated a stable
plasma consisted of Th/W. These observations may be ex-
plained by considering the work function of the constituent
elements of the electrodes. The work function increases in
the order of Th, Zr, and W. While the thorium and zirconium
make up only 2% of the electrode, this is sufficient to lower
the work function of the alloy. Thus, as was observed, ignition
would likely be easiest for the Th/W electrode. This con-
clusion is in agreement with the experiments of Scribner and
Margoshes (6).

It was also noted that a 3.0 mm diameter Th/W electrode
did completely engulf the tip as Keirs reported; however, the
rod was consumed rapidly. The 6.0 mm diameter Th/W
electrode provided the best stability by forming a bead of W
at its tip. Without the formation of this bead, the arc would
occasionally wander, causing spectrosccpic flares.

Of the three anode designs tested, the stepped design
functioned best. The anode with no alterations resulted in
consumption by the arc rotating on the edge of the inner
diameter wall. The truncated cone design resulted in an arc
that traversed down the cone until a stable RA-DCP no longer
existed nnd spectroscopxc measurements could not be made;
an of noise was p The d-design
anode permitted the arc to rotaw about a well- deﬁned flat
surface.
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Figure 3. Schematic of RA-DCP in operation.

Observations. The RA-DCP, after being allowed to sta-
bilize, features two unique characteristics. These are illus-
trated in Figure 3. First, the discharge arcs between the
cathode and rotates about the anode disk in a conical manner.
Second, a molten bead of thoriated tungsten (Th/W) is located
at the upper vertex of the cone.

To maintain the bead at one point, gas flow rates must be
carefully regulated A change in flow dislodges the bead and
y. Bead mo t ch the
resistance and power of the plasma. Consequently, stability,
excitation capabilities, and analytical performance are de-
graded.

It is important to maintain the cathode along the same
vertical axis as the anode. Failure to do so results in an
asymmetric plasma. This causes the molten bead to form at
locations other than the tip of the cathode, and electrode
consumption is uneven.

Spectroscopic measurements are made in the inner region
of the cone where advantages of the high temperature exci-
tation capabilities can be utilized. This observation region
differs from other DCPs in which measurements are made
outside the plasma where the continuum is not as intense. The
area of observation is limited to 1 mm? The excitation source
thus behaves as a point source where emission is concentrated.

Background Spectrum. An emission continuum is ob-
served between 2500 A and 7000 A; however, it appears to be
substantially less than with other DCP designs.

Hydroxyl rotational band spectrum between 3064 A de-
grading to 3245 A was observed as well as much of the ex-
pected Ar atomic line spectrum, since Ar was the inert gas
used to sustain the plasma. Its spectrum was observed pre-
dominantly at wavelengths greater than 4300 A. Interference
from this was not a severe problem, as the most useful region
oAf the spectrum for most elements lies between 2000 and 4000

reestablish t is

A carbon atom emission line at 2478.573 A was also observed
which can be attributed to the ption of the graphi
anode.

Some of the previous DCPs showed spectral interference
from the cathode material (3). Since tungsten emits over 1000
lines, this potentially presented a problem. No W emission
was observed with the RA-DCP because spectroscopic mea-

Cu
A A Ay
delanized "‘W
L
; . . R J
. 4 } + {
[ 15 30 a5 80

TIME (min)
Figure 4. Stability of RA-DCP using the Cu 1 3247.540 A transition.

Table I11. Detection Limits

RA-DCP, DCP (16),
element wavelength, A ug mL™! ug mL!
All 3961.520 1.0 0.002
Asl 2780.22 0.1 0.045
Bl 2497.733 0.28 0.005
Cdi 2288.002 0.03 0.008
Call 3933.676 0.001 0.0002
Crl 3593.49 0.44 0.002
Cul 3247.54 0.006 0.002
Inl 4101.76 10.0 0.038
Fel 3734.864 0.6 0.003
Pbl 3683.462 6.0 0.023
Lil 6707.76 0.02 0.002
Mg I 2795.53 0.0001 0.0002
Mn 1 4033.07 0.003 0.002
Kl 7664.907 0.36 0.015
Agl 3280.683 0.003 0.003
Nal 5595.924 0.003 0.002
Znl 2138.56 0.033 0.002
zone.

Stability of the RA-DCP. Figure 4 shows the signal from
the background emission of the Cu I line at 3247.540 A while
operating under optimum conditions and taken over a 1-h
period. The figure also shows a signal that resulted from
nebulizing a 10 ug mL™ Cu solution. The relative precision
of the signal taken every 5 min over a 1-h period was 3.2%,
which showed good short-term stability.

Arc Rotation Rates. Previous studies on an RA-DCP by
Rippetoe and Vickers suggested that arc rotation improved
source stability and sample interaction with the plasma by
maximizing the arc rotation rate (3). In this manner, the
analyte is frequently affected by the discharge while passing
through the excitation zone. Some of the factors that de-
termine arc rotation rate include gas composition, flow rates,
and use of a desolvator.

Argon gas was used in this study because of its inert
properties, low cost, and density. A density of 1.7837 g cm™
was well suited to provide an atmosphere to perturb the
discharge and cause it to rotate repeatedly. Use of helium,
with a density of 0.17847 g cm™3, was attempted, but rotation
could not be sustained even at maximum flow rates of 4.0 L
min!,

The arc rotation rate varied linearly with the tangential gas
flow, confirming Rippetoe and Vickers observations (3). In
this study, the total gas flow of 5.06 L min, arc rotation rate
of 250 Hz, and interelectrode gap of 7 cm permitted the an-
alyte to experience its effect for a period of 2.2 X 10 s or 0.55
times while passing through the discharge.

The arc rotation rate was observed to be a function of the
applied current. This linear relation observed was contrary
to what Rippetoe and Vickers had found (3). While it would
seem that arc rotation rate would depend only on gas flow
dynamics, this difference may be attributed to higher tem-
peratures arising from greater currents and electron density.

surements were made 4 mm below the cathode. Any ablated
cathode material was removed from the spectroscopic zone
by the upward gas flow. Thorium, present in 2% compeosition
in the cathode, did not emit any radiation in the observation

The i in ure causes a less dense media, higher
gas velocities, and, consequently, increased rotation rates.

Detection Limits. Table III lists the detection limits
obtained from this study as well as limits from a commercially
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Table IV. Linear Least Squares Regression of Analytical
Calibration Curves

element slope linear corr coeff
Ag 0.9255 0.9459
Al 1.3276 0.9962
As 0.9748 0.9937
B 0.9238 0.9994
Ca 1.0244 0.9988
Cd 1.0439 0.9976
Cr 0.8380 0.9983
Cu 2.3739 0.9962
Fe 0.9367 0.9949
In 0.8599 0.99%0
K 1.0562 0.9928
Li 1.0311 0.9983
Mg 0.9113 0.9895
Na 1.3333 0.9699
Zn 1.1181 0.9963

available DCP. In this study, to accommodate the fact that
there are diff due to instr and
researcher (15), two detection limits will be consxdered to be
comparable if their values agree within a factor of 5.

A comparison of the detection limits of the RA-DCP to the
commercially available DCP reveal that comparable results
are found for Ag, As, Cu, Mg, Mn, and Na.

For Ca, Li, K, and Zn detection limits for the RA-DCP were
an order of magnitude higher than those for the DCP, while
Al, B, Fe, In, and Pb showed poorer results. Optimization
was not performed for each element.

Spectral interferents can account for a poor detection limit
with Pb. In this case, the most sensitive line at 4057.807 A
could not be used because of an interferent at 4060.599 A from
argon. Use of the less sensitive line at 3683.462 A was required.
A higher resolution monochromamr could circumvent the
problem by giving the disp y to te the
two lines.

Analytical Curves. Analytical curves were obtained for
several elements. These curves showed good linearity, which
was confirmed by the correlation coefficient calculated from
a linear least-squares regression for log C = f(log I), as shown
in Table IV. Deviations from linearity at concentrations
greater than 100 ug mL™" because of self-absorption (which
frequently occurs in other atomic emission techniques) were
not observed.

The slope of the calibration curves varied from 0.8380 to
2.3739, indicating differing sensitivities. Theoretically, the
slope of this curve should be 1.0000. The deviation from
ideality may be attributed to lack of thermodynamic equi-
librium.

Analyses of Environmental Samples. River water,
sediment extract, and groundwater were analyzed with the
RA-DCP. The results are shown in Table V along with a
comparison of those obtained by an ICP. The data show
comparable results.

CONCLUSION

The performance of a RA-DCP has been evaluated with
respect to its utility as an excitation source in AES.

Table V. Analyses of Environmental Samples

con:entntlon.
ug mL™
sample element RA-DCP icp
river water Na 40 41
Mg 20 24
Ca 26 33
groundwater Na 406 408
Mg 0.1 0.09
Ca L1 13
sediment extract Na 5 79
Mg 275 271
Ca 400 395
Cu 1.2 1.7

The background spectrum was studied and found to consist
primarily of a relatively weak continuum, hydroxyl rotational
band spectra, and argon emission.

Examination of the performance figures of merit showed
linearity over 5 orders of magnitude. The detection limits were
determined to be comparable to a commercially available
instrument for several el Further optimization is
required for better detection limits. Stability measurements
showed a relative standard deviation of 3% over a 1-h period.
‘The results show that the RA-DCP has a strong potential as
a good spectroscopic excitation source.

Registry No. Al, 7429-90-5; As, 7440-38-2; B, 7440-42-8; Cd,
7440-43-9; Ca, 7440-70-2; Cr, 7440-47-3; Cu, 7440-50-8; In, 7440-
74-6; Fe, 7439-89-6; Pb, 7439-92-1; Li, 7439-93-2; Mg, 7439-95-4;
Mn, 7439-96-5; K, 7440-09-7; Ag, 7440-22-4; Na, 7440-23-5; Zn,
7440-66-6; H,0, 7732-18-5.
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Moderate-Power Helium Plasma as an Element-Selective
Detector for Gas Chromatography of Dioxins and Other

Halogenated Compounds

David L. Haas' and Joseph A. Caruso*

Department of Chemistry, University of Cincinnati, Cincinnati, Ohio 45221

A moderste-p helium mi discharge Is charac-
terized as an lective detector for the gas chro-

graphy of hak d comp. Plasma power and
gas flow are op d utllizing a ml of chiorinated di-
oxins and pesticid: Not surp gly, the lowest flows pos-

sible with the tangential flow torch produced the best sensi-
tivity. Unlike earlier solution nebulization work, the higher
pluma powon utllized led to poorer S/N. Multielement
chr are d ined at gths cor-

nsponam 1o the elemental emission available from specific

Table I. Components, Models, and Manufacturers for a
Moderate-Power MIP/GC System
manufacturer

component model or type

gas chromatograph 570 F&M Scientific

compounds. Detection imits and linear ranges are p:

In lddlﬂon to the quantllnllvo Impomnco of this technique,

L | ratlios (k g to emp ) are deter-

mined with high accuracy by using an off-line backgmund
h On-ine b I h

were also useful although Inferior to the off-lne method.
When no blckground correction is amploycd lhe accuracy
of the el | ratlo Is y deg:

During the last 20 years, the mi induced pl
(MIP) has b popular as an el lective detector
for gas chromatography (1, 2). Selectivity in the detection
of chromatographic eluents is gained since the He-MIP re-
sponds primarily to the elemental constituents of a compound,
rather than to the entire d. The el t-selective
capability of the microwave discharge allows more flexibility
in the determination of gas chromatographic eluents, vs.
electron capture and flame ionization detectors which respond

lectivity to all pounds or to a given class of com-
pounds.

tiel t deter! are facilitated by the utili-
zation of a polych for the sp ric determination
of many compounds. The grating of the polychromator dis-
perses radiation from the plasma along a focal curve, which
contains exit slits and photomultiplier detectors for emitted
radiation of the el of i Ideally, all el in
the periodic table could be determined simultaneously pro-
vided data ition could be perfc d at a rapid rate, and
a sufficient ber of detectors could be positioned within
the instrument. Ci ial Ar-ICP/polych t
claim the capability of determining many el imult
neously. Also, the time required for multielement determi-

3-way valve 2033 Carle Instruments
transfer block 120V, 85 W Chromalox
power supply
polychromator 66-000 1.5 m, Jarrell-Ash
1180 G/mm
stepper motor MO061-F608 Slo-Syn (McGraw Edison)
h Itipli 1P28 RCA
R426 Hamamatsu
amplifier itoe laboratory built
computer Intel-8080 64K laboratory built
micro
cavity TMyo internally laboratory built
tuned
generator 420-1, 600 W Micro-Now
tangential flow 8/6 od./id. laboratory built
torch quartz
helium 99.0% Wright Brothers
The elution of C-containi d a potential

source of error in multielement dewrmlnatlun, due to back-
ground shifts at the elemental line of interest caused by
ion from mol pecies such as CN, C,*, and CO.

Relatively poor selectivities for C vs. such elements as Cl and
Br have been attributed to this continuum shift (9). As a
C-containing compound enters the plasma detector, the
background continuum increases producing intensity at all
spectral lines. Since this intensity is not due to the element
of interest, “false peaks” in the chromatograms and nonlinear
response are common problems with determinations at ele-
mental lines other than carbon. To avert this problem, either
on-line (10) or off-line (8) backg d correction sch may
be employed. On-line background correction involves mon-
itoring the background intensity shift caused by C at all
spectroscopic lines when the el of i isnot p

This background response due to C is then subtracted from
the signal i ity when the el of interest is present,
to yield the net signal intensity (in area or peak height) for
the element. Off-line background correction can be performed
utilizing an oscillating refractor plate which shifts the spectra
on and off the emission lines of interest. Data collection, both
on-line and off-line, thereby allows calculation of net signal

nation of a sample is gready d vs. smgle h 1 or
slew-scanning Gas hi
(GC) separations have been reported utilizing both an Ar-ICP
(3) and He-MIP (4-8) in conjunction with polych tic
detection. In addition, the simul multiel ca-
pability of the He-MIP/polyck tor has allowed deter-
mination of el I ratios of ds eluting from a gas
chromatograph (4-7).

! Present lddress Umun Carbide Corp., P.O. Box 8361, South
Charleston, WV 2!

Many workers have employed the low-power He-MIP for
the determination of halogenated compounds. With the
availability of moderate-power microwave generators for
analytical work (11, 12), a moderate-power He-MIP is po-
tentially an attractive alternative as an excitation source for
GC detection. The object of this work is to charact.enze a

d power He disch as an el ive d
for f.he gas chromawgraphy of a vanety of halogenated com-
§ g the envir lly important dioxin
group.
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/
flow gas

Figure 1. Modified tangential flow torch/GC interface. A heated
transfer block prevents condensation of analyte in route to the plasma.

EXPERIMENTAL SECTION
Instr ion. The system sch ic di is similar

to that reported earlier (8). Experimental components and model
numbers are listed in Table I. The internally tuned r
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2,7-di COD 1,2,4-tri CDD

0}~ 0 ~0CL

Methoxychlor

1,2,3,4,-tetra COD

Citex BN-21 Citex BC-26

Figure 2. Chlorinated dioxins and pesticides.

concave grating where the radiation was dispersed along the
Rowland circle of the polychromator. A stepper motor controller
(8) oscillates the refractor plate to allow dynamic off-line back-
ground correction. The current of each photomultiplier is con-
verted to voltage and sent to the PMT data preprocessor which
“latches™ the data before it is sent to the ADC board of the 8080
microcomputer for digitization.

Sample Preparation and Procedures. 2,7-Dichlorodicxin
(2,7-di CDD), 1,2 4-trichlorodioxin (1,2,4-tri CDD), 1,2,34-

cavity (11) was ted on a gas ch hic oven (F & M
Scientific, Hewlett-Packard). To provide a means of venting a
solvent peak, a three-way valve (Carle Instruments, Model 2033)
was placed after the chromatographic column (!/, in. X 3 ft quartz
packed with 2% OV-101 on a silica support). The solvent peak
must be vented with a low-power He-MIP to avoid extinguishing
the plasma. At moderate power levels, the plasma was stable with
the introduction of relatively large amounts (ca. 5 uL) of organic
solvent. As might be expected, however, C background increased
dramatically and thus solvent venting was employed throughout
the investigation. During solvent venting, the plasma was
maintained with a tangential flow gas as discussed below.
Provisions were made to heat the tangential gas by passing it
through 30 ft of !/, in. stainless tubing before entry to the plasma.
To minimize peak broadening, all existing union and “T" con-
nectors were replaced with low dead volume fittings (Swagelok

fittings, Cincinnati Valve and Fitting, Cincinnati, OH).
'l'orch Desxgn and Chromatographic Interface. To avoid
position of the contai tube, it is critical that the
moderat&power plasma remain centered. To satisfy this re-
quirement, a torch was designed similar to the modified tangential
torch discussed recently (12, 13). The torch design and chro-
matographic interface are given in Figure 1. A !/,qin. X 0.010
in. stainless steel tube from the chromatographic column passed
through one end of a %/, in. “T" connector and into a threaded,
stainless steel insert placed within the discharge tube. This
ed insert is also threaded onto the low volume !/ 4 in. tubing

tetrachlorodioxin (1,2,3,4-tetra CDD, also given as TCDD in some
of the figures), Citex BC-26, Citex BN-21, Methoxychlor, and
hexachlorocyclohexane (BHC) solutions all were prepared by

ighing on a microbal the of d needed to
prepare a 10000 ppm stock solution, followed by dilution with
benzene or isooctane in a 10.0-mL volumetric flask. These com-
pounds were provided by the U.S. FDA. The dioxins also were
obtained from Chem Service, Inc. BHC was obtained from the
U.S. EPA. Diethyl phthalate (DEP) and dibutyl phthalate (DBP)
are liquids and were obtained through the U.S. EPA. They were
prepared by removal of the volume needed to produce a 10000
ppm stock solution, followed by dilution with benzene in a 10.0-mL
volumetric flask. Serial dilutions were then performed to obtain
desired solution ooneenlrauom. Five microliters of the nppmpmle
mixture was injected onto the ch graphic

SOFTWARE
Data manipulation was performed utilizing appropriate
software as discussed in an earlier work (8) but modified to
provide additional features to store the chromatographic data
on disk, recall of a chromatographic data set from the disk,
calculation of detection limits and elemental ratios, and output
of all calculations on the printer.

RESULTS AND DISCUSSION

(1) Plasma Power. A study was performed to determine
the effect of applied power to the helium discharge on the Cl

from the column, both securing the insert in position and all
its easy replacement. The stainless steel insert was drath-

signal i ity and signal-to-noise ratio of C and Cl in several

readed (four threads, 90° apart), with a thread depth of 0.020 in.
and a pitch of 3-1/4 turns/in. The threaded insert fits snugly
into a quartz discharge tube (8 mm o.d., 6 mm i.d.) which is
secured in the other end of the “T" connector. To dissipate
additional heat, the discharge tube was cooled by flowing N, gas
through an outer cooling tube. To prevent condensation of the
analyte as it is transported from the column to the plasma, the
quartz discharge tube was passed through an aluminum insert
(!/2in. 0.d., 8 mm i.d. X 3 in.) which was secured in a !/, in. hole
of an alummum heating block. Power for the heating blocks

(Chromlox, 120 V, 85 W) and ther ples were provid
the controls of the gas chromatograph.
Emission Lines. Four emission lines (ch ls) were availabl

for spectral observation. Namely C I at 247.9 nm; Br II at 470.5
nm; CI II at 479.5 nm; and H I at 656.3 nm. The H I line was
d with a red itive ph Itipli

R-446). The others were as descnbed previously (8).

Data Acquisition. The plasma image was focused through
a quartz lens (4 cm, 15 cm focal length, Ealing Optical) onto the
entrance slit of the polychromator. Emission from the plasma
passed through an oscillating quartz refractor plate and onto a

iplier (Hi

ted compounds. A test mixture containing 2,7-di
CDD, 1,2,4-tri CDD, 1,2,3,4-tetra CDD, Methoxychlor, Citex
BN-21, and Citex BC-26 was selected due to the environmental
significance of these compounds. Their structures are pres-
ented in Figure 2. All compounds except BN-21 contain
chlorine. Citex BC-26 contains both chlorine and bromine.
The mixture, consisting of 1000 ng (6.94 uL of 144 ppm) of
each compound was injected. Off-line b d correction
was used throughout the experiment. The resulting separation
is shown in Figure 3. Chromatographic operating conditions
for this separation are listed in Table IT
The effect of power on the signal intensity and signal-to-
noise ratio for C and Cl emission illustrates a similar trend,
as is illustrated in Figure 4 for C with a decrease followed by
a slower increase in intensity and signal-to-noise ratio for both
C and Cl, as power to the discharge is increased from 145 to
425 W (as measured at the generator). The noise on both
channels (elements) steadily increases with power, and thus
the optimal power level is the lowest (ca. 145 W) that could
be obtained with this generator/cavity configuration. Un-
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CHROMATOGRAPHIC PARAMETERS

2% Ov-101
Carbon
27 42.4- 12.3.-
4000 u " tetrs
o coo <oo
4 Methoaychior
| 4
n
1
£ 1ol :
. 100 + + + +
: 4 Chlorine
Y
0.
1.0 4.0 7.0

Time (min)

Figure 3. Gas chromatographic separation of chiorinated dioxins and
pesticides, 190 W He plasma.

Table 1. Moderate-Power He-MIP/GC Operating
Conditions Utilized in Optimizing Plasma Conditions and
Calculations of C/Cl Ratios

plasma calculation of
optimization  C/Cl ratios
Plasma Conditions
forward power 190 W 190 W
reflected power ow ow
He flow (tangential) 750 mL/min 750 mL/min
He flow (column) 25 mL/min 25 mL/min
GC Conditions
column size tfyin,x 31t Y, in.x 3 Mt
column packing 2% OV-101 2% OV-101
column flow 25 mL/min 25 mL/min
temp (injection port) 300 °C 300°C
temp (transfer block) 300°C 300°C
temp gradient time, temp, time, temp,
min 2 min °C
0 190 0 100
2 190 23 240
3 240 7 240
7 240
injection volume 6.9 uL 5.0 uLh

fortunately, the plasma would not center at 145 W, preferring
to cling to the wall of the discharge tube. To avoid etching
the containment vessel, 190 W was chosen for the remainder
of the studies as the plasma was easily centered at this power
level.

(2) Plasma Gas Flow. The identical separation discussed
above was utilized to determine the flow rate which yielded

POWER STUDY

Carbon Channel
750 mL/min He

204 S/N

a

T T 1
125 225 325 425

Power (W)

Figure 4. Power study on the C channel. Increased C signal-to-noise
ratio in the He plasma discharge was obtained at lowest powers. The
chlorine channel shows simllar trends.

FLOW STUDY
a4 C
R
1]
.
|
n
1
E o]
i
1
Y
14 £
4(')0 ' 12'00 ' 2300

mL/min He
Figure 5. Tangential flow study with C and Cl. Low flows provided
increased intensity and S/N on the C and Cl channels, 190 W He
plasma.

the discharge and thus to avoid degradation of the contain-
ment vessel. The remainder of the studies were run at this
flow.

(3) Chromatography. To investigate on-line vs. off-line
background correction, and background interference due to
C on the Cl channel, a test mixture was produced which
contained three chlorinated compounds (Lindane (BHC),
1,2,3,4-tetra CDD, and Methoxychlor) and two non-chlorinated
compounds (DEP and DBP). Chromatographic conditions
are listed in Table II. The chromatographic separation,

the greatest increase in C and/or Cl signal i ity and
signal-to-noise ratio in a 190-W He discharge. Again, relative
intensities for C and Cl responses were averaged over all
compounds and are depicted in Figure 5. Both C and Cl
responded similarly and showed increased intensity and S/N
(results not shown) with decreased flow. This phenomenon
is common with plasma sources and indicated a response
dependent upon analyte residence time in the discharge. A
tangential flow of 750 mL of He/min was needed to center

ing the C, Cl, and H channels, is presented in Figure
6.

(4) Detection Limits and Precision. Detection limits and
percent relative standard deviations for C and Cl were cal-
culated from averages of five replicates of the mixture de-
scribed below. A 5.0-uL injection, containing 500 ng of DEP,
500 ng of BHC, 500 ng of DBP, 360 ng of 1,2,3,4-tetra CDD,
and 440 ng of Methoxychlor, was used for all detection limit
and precision studies. The detection limits and precision for
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Table I111. Comparison of Detection Limits and Precision of
the Moderate vs. Low Power He-MIP/GC

element mod power mod power  low power (8)
(channels) (single)® (multiple)? (multiple)®
Detection Limits (pg/s)
€ 76 100 24
Cl 120 250 76
H ND* 50 ND
Precision (% RSD)
C 3.0 2.7 2.6
Cl 6.7 46 38
=Single el itoring. ®Multiel itoring. °ND,

not determined.

carbon, chlorine, and hydrogen determined in the moderate
power helium discharge are listed in Table III. Data are
compared for multielement acquisition using off-line correction
vs. single channel determination utilizing on-line background
correction. Detection limits were roughly 25 to 100% higher
with off-line vs. on-line correction. This appears reasonable
as the oscillating refractor plate allows less time for actual data
acquisition on a given channel. The direct comparison of
off-line vs. on-line correction (in the multielement mode) could
not readily be plished with the p instr ion

For comparison purposes, detection limits and precision values
determined in a low power helium discharge on the same
polychromator are also presented (8).

Detection limits for C and Cl determined in the moderate
power He-MIP are approximately 4 times higher than C and
Cl determined in a low-power He-MIP on the same poly-
chromator system (8). These increased levels of detection
might be attributed to several factors: (a) Helwm Flow Large
He flows are required to intain a ar-

within the d ge tube. Larger flows decrease
ﬂnalyte residence time in the discharge and thus produce
decreased signal intensity. The total He flow is 775 mL/min
(750 mL/min tangential flow + 25 mL/min column flow) in
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Response on Carbon Channel
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Figure 7. Carbon per of D Relative
intensity given on vertical axis. ‘I'hactﬂonneresponselsshihr

the moderate power system vs. 80 mL/min He flow (20
mL/min auxiliary flow + 60 mL/min column flow) for the
low power system (8). (b) Elevated Background Excitation
and Emission. It is possible that complete molecular frag-
mentation also occurs at the lower power levels (10, 14, 15).
If this is the case, then the higher power available from the
moderate power discharge may be further exciting the mo-
lecular background of the sample and thereby degrading the
S/N (resulting in higher detection limits). (c) Optical Cou-
pling. The optical coupling to the polychr was per-
formed with different lenses in the two studies (this work and
ref 8). The internally tuned cavity resonator possesses two
stubs which protrude from the face plate of the cavity, limiting
the focal length of the lens selected to focus the plasma image
at the entrance slit. A 4.0 cm diameter, 15 cm focal length
quartz lens was used vs. a 5.0 cm diameter, 10 cm focal length
quartz lens in the low power system (8). The smaller lens
limits the solid angle of light collected, allowing less light to
the polychromator.

Although it was initially anticipated that the detection limits
would be lowered with the use of higher plasma powers, the
data suggest that the lower power plasmas may be even better
suited for gas analysis and will allow high-quality analytical
results.

(5) Linear Dynamic Ranges. Single channel determi-
nations for C and Cl were performed utilizing duplicates of
5-uL. injections of the test mixture described above. The
refractor plate at the entrance slit was placed in a fixed
position, and thus no background correction was performed.
The C (247.9 nm) channel response of DBP, BHC, DBP,
1,2,3 4-tetra CDD, and Methoxychlor in a 190-W He-MIP (750
mL/min flow) per ng of compound and ng of C is presented
in Figures 7 and 8. The Cl (479.5 nm) channel response to
BHC, 1,2,3,4-tetra CDD, and Methoxychlor per nanogram of
compound and nanogram of Cl is similar to that given for C
so the figures are not reproduced here. Both channels dem-
onstrate linearity from 10 to 1000 ng of compound mjecud
Also a plot of i ity per of
to yield a constant slope when p]oued as mtenslty per na-
nogram of element. Thls universal response, regardleas of

d structure, i tes that reproducibl
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Flgure 8. Carbon response per nanograms of carbon. Relative in-
tensity given on vertical axis. The chlorine response Is similar.

CARBON INTERFERENCE ON CHLORINE
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BHC
\ Methoxychlor
|
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|
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Figure 9. Carbon background interference on the chlorine channel.
The chiorine channel was amplified 20-fold. Notice two “false peaks”
appearing on the Cl channel are caused by non-Cl containing com-
pounds.

tion of analyte occurs in the discharge. A plot of intensity
vs. nanogram of element with constant slope, regardless of
compound size or structure, is critical if elemental ratios are
to be calculated.

(6) Background Correction Schemes. A system utilizing
multiel data isition (with off-line correction) was
compared with single element data acquisition (with and
without on-line correction) for the determination of C/Cl
ratios. The first system utilized the multielement capabililim
of the polych j ion with an oscillating re-
fractor plate which fncxhtai.ed stepping “on and off” (ca. 0.2
nm) the spectrometric line of interest. Data acquisition was
synchronized so that off-line data (background) could be
dynamically subtracted from on-line data (background +
signal), resulting in a background corrected chromatogram.

The second system involved monitoring C and Cl ch 1

Response on Chlorine Channel

A DBP
e DEP
3000+
A
.
1500 0
A
T —
o 350 700
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Figure 10. Carbon on chiorii by I. Relative

is given on vertical axis.

Table IV. Elemental C/Cl Ratios and Percent Error in e
Determination®

single single multiele-
actual element  element ment
c/Cl no bkg on-line off-line
compound ratio corr bkg corr  bkg corr
BHC 1.00 0.95 (-5.0) 0.96 (-4.0) 1.00 (0)
1,2,3,4-tetra CDD 3.00 2.92 (-2.7) 3.00 (0) 3.02 (+.67)
Methoxychlor 5.33 4.89 (-8.3) 5.12(-3.9) 5.36 (+.56)

2Percent error in determination of actual C/Cl ratio is given in
parentheses.

former study (8). As C-containing compounds eluted from
the chromatograph into the plasma, the background intensity
increased due to molecular species such as CN, CO, C,*, etc.
The rise and fall in background emission, as the C-containing

pound eluted, produced a “false peak” on the Cl channel.
Thla effect is illustrated in Figure 9. Both DEP and DBP
(neither contain Cl) appear on the Cl channel. In addition,
it is reasonable to assume a slightly inflated Cl intensity for
compounds containing both C and CI due to the above cited
background shift. Background correction was performed by
monitoring the intensity on the Cl channel due to compounds
containing no Cl (DEP and DBP). In theory, intensity on the
Cl channel per nanogram of C can then be subtracted from
the Cl intensity to give a net Cl intensity corrected for the
background interference. A plot of intensity on the Cl channel
per of C(C ining compounds with no chlorine)
is given in Figure 10.

(7) Elemental Ratios. Elemental C/Cl ratios were cal-
culated with five replicates of the mixture described above.
Calculations using multiple channel acquisition were per-
formed with the software described above. Elemental ratio
calculations performed by monitoring the C and Cl channels
individually must first be corrected for the background in-
terference due to C on the Cl channel. Background correction
is performed by subtracting the amount of emission on the
Cl channel which corresponds to the amount (ng) of C in the
chr hic peak. El | C/Cl ratios as determined

individually with the identical polychromator used in the

by multiple channel acquisition with off-line correction, and
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single channel acquisition with and without on-line correction
are listed in Table IV. The percent error on determination
as compared with the actual C/Cl ratio is also presented.

Single channel determinations of the C/ClI ratio of BHC,
1,2,3,4-tetra CDD, and Methoxychlor are all lower than the
actual values for these compounds. As expected, the back-
ground interference due to C on the Cl channel does lead to
significant error on the determination of the C/Cl ratio of a
compound. This interference inflates the value of the Cl
intensity, resulting in low C/Cl ratios. Subtraction of the Cl
channel interference decreases the error in the determination
of these ratios.

Multiple channel analysis with off-line correction leads to
the determination of C/Cl ratios which are very close (<1%
error) to the actual elemental ratios of the compounds studied.
Here, C and Cl intensities are measured from a chromato-
graphic eluent at the same time, rather than from separate
chromatograms as in the above correction technique. The
more interesting ison of multich | determination
with off-line vs. on-line background correction of elemental
ratios is now being pursued.
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Improved Detection Limits in Inductively Coupled Plasma
Multichannel Spectrometry of Uranyl Nitrate Solutions by
Compensation of Nonrandom Background Fluctuations

Avraham Lorber,* Michael Eldan, and Zvi Goldbart

Nuclear Research Centre—Negev, P.O. Box 9001, Beer-Sheva 84190, Israel

D tion limits in dom (flicker) nolse dominated sig-

nals are directly proportional to the noise level in the signals.

However, the nonrandom nolu may be romovad by a rnalh—
oy that reg il

to g background m' licability of the
correction method to atomic ted by
an inductivel led (ICP) Is le:tcd lor the deter-

mination of lho delecllon limits of 20 analytes dissolved in
uranyl nitrate solutions. A direct-reading spectrometer com-
monly used for routine muiti atomic emi:

was employed. Up to 20-fold improvement in detection lmn
was achleved. Statistical measures were used to determine
which analytical ch | can be P d for and also
to d | hether a satisfactory correction could be
achleved during the analytical run.

The evaluation of the backg d contribution to the gross
analyte signal is a critical step in any analytical quantification.
The intense emission from atomic emission sources is also

q hack

responsible for their g ral interfe

that complicate the analyte signal determination. Continuum
and structured radiation from the source, spectral lines from
the matrix, and scattered light, all contribute to this spectral
interference problem. Blank subtraction will not give the
sought-for correction in atomic emission spectrometry, because
the blank and sample are not measured simultaneously.
Source fluctuations, drift, and sample to sample variations
all contribute to the uncertainty in the background corrected
(or “net”) analyte signal determination. Deterioration of more
than 1 order of magnitude in detection limits in “real samples”
is frequently encountered even without spectral overlap. A
commonly used method for background subtraction is ex-
trapolation of the value of the background at the analytical
wavelength from the background in its vicinity. This approach
is preferred over blank subtraction as it allows simultaneous,
or quasi-simul determination during the analytical
run, thus reducing the uncertainty in the net signal. Modern
multiel t analytical ap are equipped with both the
hardware (refractor plate fa.st scan drive, or array detectors)
and the software to perform this determination. However,
this method has two shortcomi (a) the analysis duration

0003-2700/85/0357-0851$01.50/0 © 1985 American Chemical Society
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is lengthened at least by a factor of 3 (except for array de-
tectors), and (b) determination of the background is com-
plicated when the matrix constituents contribute to the
spectrum in the vicinity of the analytical wavelength (or even
impossible when there is an overlap (1)).

A method that will combine the advantages of both blank
subtraction and simultaneous background determination will
result in better analytical performance. Weekly and Norris
(2) monitored one readout channel in a direct reading spec-
trometer, in order to correct background fluctuations at the
analytlcal wavelengths. Theu' method was based on the same

as the i method ie., that a change
in back di ity at the it length is ac-
compamed by a directly proportional change in background
at all analytical ch 1s. Thompson and Bank (3) used
several background monitor positions to calculate a regression
equat.lon for '.he backgmund intensity. Attempts m npply this
(4) were not ] in terms
of preclswn. Replacing the above with a correlation of the
analytical channel to the monitored one will greatly diminish
the disadvantage of the simple model. Schmidt and Slavin
(5) and Myers and Tracy (6) applied correlated monitoring
to spectra from inductively coupled plasma (ICP). Myers and
Tracy claimed that a high degree of correlauon occurs between
any two points in the plasma b d over the gth
interval from 200 to 760 nm. However, when matrix con-
comitants also contribute to the background at the analytical
channel, one monitoring channel will not suffice. Thus, the
benefits that may be gained by applying this method to “real
samples” are not clear.

Lorber and Goldbart (7) suggested a modification of the
internal reference method by a generalized one (GIRM). The
GIRM is based on simultaneous measurements of several
channels that respond differently to variations of parameters
of the analytical system. Temporal characteristics of the
monitored channels help to determine the fluctuations in the
background at the analytical channels. The method is ap-
plicable when the factors affecting fluctuations in the mon-
itored channels are the same as those affecting the analytical
channel's background. The method was applied to correct

detection (LOD) were determined from fresh multielement so-
luuom containing concentrations 1000 X LOD (in water).

P d Each isted of three ive
10-s integrations.

Calibration of the Response of the Background to Variations
in Plasma Parameters. A 0.5% solution (wt uranium) is used.
No internal standard is added to this solution, and the emission
signals from uranium and the plasma on monitored channels are
used. The calibration is accomplished by deliberately altering
all of the inst 1 system. The first measurement
is taken at the set point of the system, and the data obtained are
used for “blank subtraction” from the subsequent measurements.
The number of measurements should be greater than the number
of monitored channels. The data from the calibration are pro-
cessed by the singular value decompositon (SVD) (10), as described
elsewhere (9). The results of the calibration step are projection
matrices that include numerical values which are used for com-
pensation.

Compensation. At the first measurement a blank solution is
aspirated and the collected data are used for blank subtraction
from the subsequent standard and samples. The compensation
for background fluctuations at the ith channel is accomplished
according to

»
corrected background value = (I - 1) - Xz;;2;/(1 - 2;41)
=l
(¢4

All the symbols in the equation are as defined in ref 9. However,
this equation differs from eq 6 in ref 9 in that compensation is
carried out by subtraction rather than by division.

Calibration for the Response of “Net” Analyte Signals to
Concentration. After the compensated background is subtracted,
the calibration is performed by regression to a zero intercept curve.

Computation. Subroutines were written in FORTRAN IV,
and added to the original software that operates the JY48
spectrometer. Several modifications in the original program that
allow for real time compensation were also incorporated. The
SVDis d by SVDRS sub ine of Lawson and Hanson
(10). A Digital PDP 11/23 minicomputer was used.

RESULTS AND DISCUSSION

Selection of Monitored Channels. There are several
criteria that should be idered when deciding which
h 1 to select; (a) The monitored channel fluctuations

fluctuations in signals that were free from interfe (8).
The aim of the present work is to test the applicability of
GIRM to background fluctuation correction. GIRM performs
better in term of nonrandom noise removal than the internal
reference projection method (IRPM) (9). However, we make
use of IRPM as it allows real time compensation and there
is no need to add an internal reference element. In order to
demonstrate the usefulness of the method, we applied it to
the uranium matrix, whose spectral interferences are the most
severe in atomic emission spectrometry.

EXPERIMENTAL SECTION

Apparatus. A direct spectrometer, Jobin-Yvon Model
JY48, with 44 standard analytical channels and 4 external
channels, was used in this study. The spectrometer incorporates
a holographic grating ruled with 2550 grooves/mm, giving spectral
coverage from 160 to 410 nm, and is equipped with fixed slits with
widths of 37 um, resulting in a resolution of 0.014 nm. Twenty
six channels of the spectrometer were used. Two external channels
were used: a monochromator, Jobin-Yvon Model H20 located
at 595 nm, and an interference filter, Spectro-Film Inc, peak
wavelength 766 nm with bandwidth of 10 nm. The phot. 1

should not be affected by unexpected variations, such as
emission from an analyte that may be present in the solution.
(b) The fluctuations should be governed by nonrandom
(flicker) noise. This is ensured by selecting channels with
sufficiently high signals. (c) The factors that cause fluctuations
of the selected monitored channel must also affect fluctuations
in the analytical channels. The last criterion is a requirement
of the computation method. As the similarity between the
factors affecting the monitored set and the analytes increases,
the quality of the compensation will also increase. In mul-
tielement analysis the background of the various analytical
channels may be affected by several factors. In order to ensure
that the set of monitored channels will be able to compensate
for the various analytical channels, the factors affecting them
should be as large as possible. The fulfillment of the first two
criteria is quite obvious. However, the fulfillment of the last
criterion is achieved by examining the calibration data by
factor analysis techniques, as will be described.

In order to avoid the need to add internal reference material,
we selected ch Is so that the above mentioned three criteria

tipliers used were standard type Hamamatsu R300. All other
experimental facilities and operating conditions are given else-
where (8).

Reagents. Stock solutions were prepnred by dissolving pure

metals or reag (Sp grade, J hey) in dilute
acids (Supnpur grnde, Merck) and deionized dlstllled wn'.er
Uranyl sol 0.56% (wt ), were db

uranyl nitrate in a mixture of 5% (vol) “nitric acid. Analyte
solutions were stored as 1000 ug/g stock solutions. Limits of

will be met by the data from the uranium and argon emission
signals. TableIp the eight ch Is chosen to it
background fluctuations.

Calibration. For the purpose of calibration nine sets of
measurements are sufficient, of which the first serves as the
blank and the others for the determination of the fluctuations.
However, the amount of data will not allow smwmcal inference
regarding the ad y of the itored ch 1 set to the
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Table I. Monitored Channels and Their Projection Matrix®

wavelength, nm 361.384 326.990 316.340 318.341 385.958 404.442 766 595

361.384 (Sc II) 0.343 -0.062 -0.039 0.398 0.126 0.197 -0.073 0.040

326.990 (Sc I) -0.062 0.492 0.341 -0.185 0.272 0.118 0.079 -0.036

316.340 (Nb I1) 0.039 0.341 0.770 0.133 -0.166 -0.103 —0.054 0.025

318.341 (V II) 0.398 -0.185 0.133 0.612 -0.081 0.100 0.089 -0.049

385.958 (U II) 0.126 0.272 —0.166 -0.081 0.539 0.353 -0.014 -0.007

404.442 (Ar 1) 0.197 0.118 -0.103 0.100 0.353 0.274 -0.019 0.025

766 -0.073 0.079 -0.054 0.089 -0.014 -0.019 0.976 0.012

595 0.040 -0.036 0.025 -0.049 -0.007 0.025 0.012 0.993

°The signals of the itored ch Is are due to and argon
Table II. Correction Coefficient Values for the Listed Background Positions and Corr ding EIl in the Ch I's
Pasition
element and spectral monitored wavelengths, nm

position (nm) 361.384 326.990 316.340 318.341 385.958 404.442 766 595
Cr II, 205.552 —0.075 0.119 0.224 -0.031 -0.053 -0.081 0.052 0.014 0.909
B 1, 208.959 0.017 —0.050 -0.012 0.108 —0.038 -0.026 0.190 -0.067 0.939
Ni I1, 221.647 0.064 —0.106 -0.049 0.156 -0.046 -0.013 0.163 -0.049 0.920
Cd I, 228.807 0.053 —0.076 0.039 0.213 -0.086 -0.049 0.271 -0.096 0.820
Ba II, 230.424 0.142 -0.159 -0.014 0.287 -0.079 -0.008 0.173 -0.061 0.786
Co II, 236.379 0.028 0.159 0.417 0.125 -0.130 -0.073 0.086 -0.009 0.431
Al 1, 237.336 0.120 -0.182 -0.026 0.288 -0.071 -0.013 0.096 —0.034 0.221
Fe 11, 249.064 -0.039 0.168 0.365 -0.012 -0.055 —0.075 -0.124 0.059 0.743
Si [, 251.611 0.054 -0.107 -0.076 0.116 -0.028 0.018 0.088 -0.020 0.955
Mn II, 257.610 0.239 -0.170 0.035 0.386 -0.070 0.043 0.056 -0.024 0.558
Mg 11, 280.270 -0.022 -0.018 0.005 0.025 0.042 -0.029 -0.001 0.002 0.996
V 11, 310.230 0.013 0.277 0.263 -0.007 0.113 0.063 0.110 -0.053 0.231
Mo 1, 313.259 0.240 -0.028 0.133 0.344 0.015 0.091 0.043 -0.044 0.292
Cu I, 324.754 0.211 -0.026 0.158 0.330 -0.034 0.057 0.092 -0.044 0.263
As 1, 328.068 0.258 -0.091 -0.113 0.281 0.137 0.181 0.014 0.007 0.322
Ti 11, 334.941 0.254 -0.112 -0.040 0.349 0.046 0.122 0.102 -0.045 0.357
Zr 11, 343.823 0.038 0.220 0.388 0.067 -0.021 -0.008 -0.003 0.012 0.289
Ca II, 393.366 0.150 -0.186 -0.191 0.252 0.055 0.076 0.080 -0.029 0.777
Th 11, 401.913 0.230 —0.044 -0.174 0.206 0.256 0.223 -0.026 -0.000 0.418
Sr 11, 407.771 0.211 -0.013 -0.140 0.158 0.233 0.216 -0.054 0.055 0.268

determination of fluctuations in the background signals.
Twenty one measurements were taken, one served for blank
subtractions, eight monitored free drift, and the rest monitored
deliberate changes in plasma parameters. Four parameters
were varied: sample uptake rate (varying feed rate), incident
power, and plasma and aerosol carrier gas flow rates. Three
measurements were taken for each parameter, varying its value
up to 5%. Decomposition of the data matrix of order 20 X
8 (20 ts and 8 itoring ch 1s) by the sin-
gular value decomposition (10) gave the following singular
values; 0.5321, 0.2232, 0.0931, 0.0629, 0.0155, 0.0043, 0.0031,
and 0.0023. Application of abstract factor analysis resulted
in conflicting values for the number of significant factors.
When Malinowski's RELI and IND functions (11) were used,
five factors were obtained, while other methods resulted in
four factors. Five factors were chosen because the last three
singular values have very close values, which indicate that they
result from errors in the data matrix. Finding five factors does
not necessarily mean that the background signals are affected
by five different plasma parameters but merely that they are
described by five linear factors. In the case of a nonlinear
response to a variable variation, more than one factor will be
detected by abstract factor analysis.

The projection matrix obtained for the eight monitored
channels is presented in Table I. Details of how to construct
the projection matrix, together with a numerical example were
presented in ref 9. Projection matrices act as a filter upon
multiplication by a vector. When the vector is affected by
the same factors that affect the projection matrix, the resultant
vector will be the same. In actual measurements the vector
contains random errors, and its multiplication by the pro-

jection matnx will result in noise rejection. The value of each
off-di 1 t, when ed to the value of the el-
ement on the diagonal in the same row or column (they are
identical), reflects the correlation between these channels.
High correlation is indicated by i y the same
values. Low correlation is mdlcav.ed by relatwely low value
for the off-diagonal el pared to the el in the
diagonal. In extreme cases, when a channel is not correlated
to any of the other ch Is, the d 1 value approach
unity. Thus, it is obvious that both the channels located at
766 and 595 nm are not correlated to the others, because their
diagonal values are close to unity. The channels of Nb II, V
11, and U II exhibit unique response to the parameters of the

while bet of the i three is well explained
by fluctuations of the others. Even though monitoring of the
five above mentioned channels is sufficient, we monitored the
other three as well, in order to have sufficient degrees of
freedom to decide whether the observed fluctuations during
an analytical run are within the calibrated range.

Table II presents correction coefficients which are used in
eq 1 to compensate for nonrandom fluctuations in the ana-
lytical ch Is. The row cor ing for each ch 1is
taken from a projection matrix that is constructed from the
calibration data for the eight monitored channels, together
with the corrected analytical channel. The comparison of the
off-di el to the d 1 el is valid also for
the rows in this table. The dmgonal elements in Table II are
contained in the ninth matrix column. This comparison may.
give a quick indication of the validity of the calculation of the
amlyte 's background ﬂuctuauons by the monitored channels.

, & more lysis is obtained by applying
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Table II1. Variance Ratio for the Errors in the Computed
Background Values and Their Corresponding Intensities

intensity, variance
element counts ratio
Cr 1100 28.0
B 4400 23.0
Ni 10700 185
Cd 6700 110
Ba 11500 6.00
Co 238000 1.10
Al 16700 124
Fe 66 000 5.10
Si 37500 29.0
Mn 190000 3.60
Mg 277000 57.0
v 270000 0.50
Mo 187000 1.40
Cu 261000 0.90
Ag 397000 0.70
Ti 250000 0.20
Z: 298000 0.22
Ca 27000 6.30
Th 288000 3.50
Sr 342000 1.60

tools developed for the validation of hypothesis on data matrix.

In order to examine the validity of a set of monitored
channels to the calculation of background fluctuations in an
analytical channel, the difference between the calculated
fluctuations and the measured ones in this channel should be
calculated. When the random error in the channel is not
known in advance, as in our case, statistical inference to the
adequacy is obtained by the Fisher variance-ratio test (12).
Table III presents the variance ratios for the analytical
channels. The variance ratios were calculated from the cal-
ibration data of each channel by eq 29 of ref 12. The variance
ratio in our case is distributed as F(11,21) degrees of freedom.
A 95% significance level for the hypothesis that an analytical
channel can be corrected by the monitored channels is ob-
tained for a value of 2.1 for the variance ratio. In order to
explain high variance-ratio values, background intensity values
(arbitrary units) are also presented in Table III. Most
channels located at the low UV region exhibit low background
values, because background emissions resulting from both the

source and the uranium are low in this region. Thus, the main
cause for noise is random noise, which cannot be compensated
for by internal reference methods. The high variance-ratio
values for the channels of Fe, Si, Mg, and Ca may be explained
by fluctuations due to a signal from the corresponding ele-
ments that are present in the surrounding atmosphere and
in the torch.

Quality of Compensation. The IRPM, besides compen-
sating for background fluctuations, enables one to check at
each measuring interval whether the experienced fluctuations
are within the calibrated range. The check is done by sum-
ming the differences between the measured fluctuations of
the monitored channels and the results of multiplying them
by their projection matrix. The sum is distributed as x* with
degrees of freedom equal to the number of monitored channels
minus the number of factors from which the projection matrix
is constructed. A value of 0.1% RSD was taken for the ran-
dom noise in the channels. For the chosen set of eight
monitored channels whose projection matrix was constructed
from five factors, the degrees of freedom are three. Statistical
inference on the hypothesis that the experienced fluctpations
are describable by the calibrated factors with a 97.5% sig-
nificance level is obtained for x* < 9.35. The importance of
this statistical measure in multielement analysis, where one
cannot follow every channel’s fluctuation, is quite critical.
Error amplification, instead of compensation, may be obtained
when the system parameters differ from their value at cali-
bration.

The analysis of the quality of compensation was carried out
by deliberately changing the four plasma parameters in a range
of 10%. Tables IV-VII present the relative variation of the
various signals from the fixed parameters, as well as the x?
values. The results in the tables confirm the importance of
using the x? test. Inspection of Table IV, for example, shows
that regarding the absolute change in signals variation, of +5%
and -5%, results in approximately the same values. Never-
theless, the x? values succeed in determining that varying the
incident power by ~5% results in signal variations which are
outside the calibrated factors. The compensated signal values
show that this finding is indeed true. This effect is more
distinguished in Table V, where variation of +5% in the
nebulizing pressure caused relatively high signal variations

Table 1V. Deviation of Background Signals (%) Caused by Varying Incident Power to Plasma and the Remaining Noise
M

after Compensation by the IRP.

% change in incident power to plasma

-10 -5 +5 +10
element obsd corrected obsd corrected obsd corrected obsd corrected

Cr -24 4.0 -15 3.4 12 0.76 32 2.3
B -28 2.7 -18 1.8 12 -1.4 35 -2.6
Ni -29 2.1 -18 0.67 11 -2.1 34 -23
Cd -24 1.8 -15 1.5 11 0.15 30 0.41
Ba -25 15 -16 11 11 -0.07 31 0.64
Co -16 0.25 -10 0.45 70 0.32 18 0.58
Al -24 3.2 -16 1.9 13 1.7 34 3.6
Fe -18 1.6 -11 1.2 85 10 22 1.7
Si -28 0.64 -19 -0.51 12 -0.50 43 9.0
Mn -20 -0.93 -12 0.83 9.1 0.52 24 1.0
Mg -10 34 -5.3 29 8.6 1.6 17 0.78
v -9.2 -0.52 -5.8 -0.23 3.6 —0.12 9.4 -0.28
Mo -15 0.73 -9.5 -0.56 6.7 0.23 17 0.03
Cu -15 -0.28 -9.6 -0.08 6.1 -0.04 16 -0.20
Ag -12 -0.74 -1.6 -0.57 49 0.12 13 0.48
Ti -14 0.04 -8.8 0.10 6.1 0.19 16 0.16
Zr -12 0.32 -7.6 0.40 55 047 14 0.50
Ca -11 23 6.4 2.2 8.2 2.2 18 2.3
Th -8.0 1.5 -48 1.2 4.6 0.37 10 -0.14
Sr -8.1 -0.58 -5.1 -0.40 35 0.16 8.8 0.42
X2 18 16 8.4 18
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Table V. Deviation of Background Signals (%) Caused by Varying Nebulizing Pressure and the Remaining Noise after

Compensation by the IRPM

% change in nebulizing pressure

-10 -5 +5 +10
element obsd corrected cbsd corrected obsd corrected obsd corrected

Cr 15 16 8.0 -1.9 -14 3.0 -23 6.8
B. 12 -0.10 54 ~12 -13 -0.86 -21 -25
Ni 10 -0.80 49 -6.9 -13 -0.69 -22 -28
Cd 12 14 6.2 -4.4 -12 0.13 -21 -0.29
Ba 12 1.8 58 -1.6 -12 0.74 -21 0.44
Co T 1.2 4.2 0.3 -8.7 0.24 -15 047
Al 16 4.1 83 11 -14 0.97 -23 18
Fe 12 26 6.7 33 =11, 18 -20 3.7
Si 8.3 1.0 3.6 -5.2 -11 -3.1 -17 -5.9
Mn 9.0 2.4 5.1 1.8 9.2 0.51 -16 0.66
Mg 0.70 34 11 29 0.06 0.02 -1.5 -20
v -0.65 -0.40 -0.10 -0.68 -1.8 -0.10 -4.0 —0.56
Mo 38 0.41 20 0.26 -5.9 0.28 =11 0.38
Cu 3.6 -0.16 1.8 -0.31 -6.3 -0.14 =11 -0.41
Ag -1.0 0.11 -0.58 0.21 -16 -0.29 -3.3 -0.66
Ti 1.8 0.27 0.90 —0.16 -4.1 -0.05 -15 —0.42
Zr 34 0.19 19 0.20 -5.2 0.31 -9.7 0.21
Ca 0.8 1.7 0.83 0.79 —0.54 0.73 -2.2 -0.36
Th -3.5 0.7 -1.6 0.93 -1.8 0.43 2.2 0.45
Sr -3.7 -0.03 -1.8 0.47 14 0.00 1.9 -0.02
X2 22 60 7.9 26

Table VI. Deviation of Background Signals (%) Caused by Varying Cooling Gas Flow Rate and the Remaining Noise after

Compensation by the IRPM

% change in cooling gas flow rate

-20 -10 +10 +20

element  obsd corrected obsd corrected obsd corrected obsd corrected
Cr 31 5.0 13 —0.62 -13 -23 -23 -5.5
B 25 46 12 -0.65 -15 -0.25 -26 -10
Ni 6.5 46 42 1.2 -6.1 0.38 -11 -4.0
Cd 11 19 6.5 0.3 -9.7 0.47 -18 -39
Ba -0.1 19 1.5 1.0 -5.6 0.33 -14 -3.2
Co 4.6 0.49 3.6 0.34 -5.7 -0.33 -12 -13
Al -34 3.2 -0.2 13 -34 1.6 -9.6 0.01
Fe 4.8 -0.03 3.7 0.24 -5.8 0.56 -12 23
Si -12 22 -4.7 0.68 5.7 3.2 -9.0 13
Mn -5.6 13 -0.8 0.82 =27 0.67 -8.7 -0.14
Mg -14 32 24.8 0.68 44 3.2 34 5.3
v 11 -0.01 20 0.14 -36 -0.44 -8.1 -13
Mo -39 0.52 -0.14 0.30 -3.0 0.48 -8.1 0.6
Cu -2.6 0.12 0.45 0.31 -3.55 -0.16 -8.6 -0.81
Ag -89 0.28 -29 -0.10 0.27 -0.08 -3.3 -0.91
Ti -5.7 0.30 -1.0 0.42 -18 -0.02 -6.4 —0.87
Zr 11 0.12 19 0.16 -34 0.17 -7.9 0.22
Ca -13 18 -4.7 0.85 2.7 1.0 14 0.93
Th -9.8 1.2 -3.4 0.39 2.1 0.9 0.06 20
Sr -9.5 0.4 -33 —0.02 2.0 -0.02 -0.09 -0.48
x? 8.6 6.3 6.0 16

compared to -5%. Contrary to intuitive prediction, the x*

VII) cause all signals to vary in the same direction. Altering

test determines that the +5% variation may be handled. This
i -vn,y to the itude of signal variations is also seen
by comparison of Table IV to Tables V and VI. In Table IV,
although variation of +5% in incident power caused large
signal variations, the ion was ful. Much
smaller signal variations caused by altering the nebulizing gas
pressure to —10% and the cooling gas flow rate to +20%,
cannot be compensated.
When a single element analysis is performed one may find

a spectral wavelength whose bacl ion data may
describe well the fluctuation at t the analytical Waveleng-th
However, in multiel lysis several o

are a necessity. This can be seen from the tables. Variation
of incident power and uranium concentration (Tables IV and

both gas flow rates (Tables V and VI) does not muh. in the
same p Thus, it is obvious that multi
analysls is possible only through compensation by several
monitored channels.

For all variations presented in the tebles no error propa-
gation due to the computation method is observed, even for
channels for which the Fisher test showed that minor or no
compensation is possible. Comparison of the actual quality
of P ion to that predicted from the Fisher variance-
ratio values shows that this ratio succeeded to predict the
degree of compensation.

The compensation performance was also examined for free
drift. Table VIII presents results of two set of measurements
each of which was carried out for 2 h. The fluctuations ex-
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Table VII. Deviation of Background Signals (%) Caused by Varying Uranium Concentration and the Remaining Noise after

Compensation by the IRPM

% change in uranium concentration

-17 =T +2.6 +7.5
element  obsd corrected  obsd corrected  obsd corrected obsd corrected

Cr -14 15 -7.3 5.7 1.7 =12 59 -3.3
B -16 12 -7.1 3.3 L -1.3 5.8 -2.1
Ni -15 3.7 -1.0 13 1.0 -1.0 5.2 -1.7
Cd -16 4.2 -7.1 1.8 14 -0.8 5.5 -23
Ba -16 3.7 -6.7 1.7 1.70 -0.50 5.6 -1.6
Co -17 0.52 =71 0.31 1.5 -0.41 5.9 -0.81
Al -15 -0.48 -6.6 -0.10 1.2 —0.43 4.8 -0.46
Fe -17 33 14 14 1.9 -0.36 5.8 -2.0
Si -15 =54 -7.3 -28 0.60 —0.61 4.1 0.81
Mn -17 14 -7.4 0.44 2.3 0.13 5.7 -1.3
Mg -17 4.5 -6.3 22 2.8 -0.64 6.5 ~-1.7
v -17 -0.14 7.1 -0.12 21 -0.07 6.7 -0.07
Mo -17 2.0 -7.1 0.81 2.1 -0.27 6.6 -0.73
Cu -17 -0.28 -7.2 -0.20 20 -0.05 6.5 0.09
Ag -17 -0.19 =7.2 -0.21 22 -0.11 6.8 0.17
Ti -17 0.48 =11 0.13 2.1 -0.19 6.5 -0.24
Zr -17 -0.32 -7 -0.08 2.0 0.03 6.5 0.00
Ca -17 -2.8 =79 -1.8 1.7 -0.50 6.7 0.97
Th -17 2.8 -6.8 1.3 2.7 -0.14 7.1 -0.89
Sr -17 -14 -7.2 -0.72 24 0.10 7.0 —0.64
X 62 18 2.3 13

Table VIII. Free Fluctuations of Background Signals
Which Occurred during a 2-h Run and the Compensated
Results

low fluctuations high fluctuations

element obsd corrected obsd corrected
Cr 1.80 0.70 13 1.00
B 1.80 1.00 8.7 110
Ni 1.70 0.80 8.0 0.60
Cd 1.50 0.70 74 0.60
Ba 1.30 0.50 78 0.50
Co 0.90 0.20 48 0.15
Al 1.40 0.50 72 0.60
Fe 1.20 0.40 5.4 0.40
Si 2.20 2.20 71 0.80
Mn 1.00 0.30 59 0.20
Mg 0.70 0.50 3.7 0.70
A% 0.40 0.05 26 0.13
Mo 0.70 0.12 44 0.14
Cu 0.60 0.13 4.4 0.12
Ag 0.40 0.14 34 0.19
Ti 0.50 0.08 4.0 0.09
Zr 0.60 0.08 36 0.07
Ca 0.70 0.50 3.8 0.40
Th 0.50 0.11 2.5 0.30
Sr 0.50 0.08 2.3 0.11

perienced at one run were minor while at the second run they
were severe. From the results in the table it may be seen that
although the magnitude of the fluctuations differs largely from
set to set, the residual noise values are very similar.
Detection Limits. The detection limit of an analytical
signal is directly proportional to its noise level. In ICP
emission spectrometry a value of 1% RSD for spectral lines
above 230 nm is usually accepted (13). As may be seen from
Table VIII, noise levels of a signal vary from run to run.
Nevertheless, for comparison of detection limits obtained by
the IRPM to those obtained without correction, we used the
1% RSD convention. The RSD values of signals whose RSD
was larger than 1% (in the first column of Table VIII) were
taken for detection limit computation. A number three times
the RSD values was used to calculate detection limits. The
detection limits obtained are presented in Table IX. The
improvement in detection limits varies from 0 to 20-fold.

Table IX. Detection Limits (xg/g U, 0.5% wt Uranium in
Solution) Obtained without and with IRPM Treatment

with
without IRPM
element treatment treatment

Cr 12 4.5
B 13 7.0
Ni 24 11.0
Cd 5 2.3
Ba 8 2.9
Co 1 1.3
Al 62 22.0
Fe 8 2.6
Si 100 100.0
Mn 5 15
Mg 10 5.0
v 230 12,0
Mo 170 22.0
Cu 50 6.8
Ag 50 72
Ti 12 1.0
Zr 11 1.0
Ca 0.3 0.2
Th 220 25.0
Sr 2 0.1

There is no need to recalibrate the instrument when plasma
parameters are kept constant from run to run.

Registry No. U, 7440-61-1; Cr, 7440-47-3; B, 7440-42-8; Ni,
7440-02-0; Cd, 7440-43-9; Ba, 7440-39-3; Co, 7440-48-4; Al,
7429-90-5; Fe, 7439-89-6; Si, 7440-21-3; Mn, 7439-96-5; Mg,
7439-95-4; V, 7440-62-2; Mo, 7439-98-7; Cu, 7440-50-8; Ag,
7440-22-4; Ti, 7440-32-6; Zr, 7440-67-7; Ca, 7440-70-2; Th, 7440-
29-1; Sr, 7440-24-6; uranyl nitrate, 10102-06-4.
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Determination of Gallium in Sediment, Coal, Coal Fly Ash, and
Botanical Samples by Graphite Furnace Atomic Absorption
Spectrometry Using Nickel Matrix Modification

Shan Xiao-quan, Yuan Zhi-neng, and Ni Zhe-ming*

Institute of Environmental Chemistry, Academia Sinica, P.0. Box 934, Beijing, People’s Republic of China

A method has been developed for the determination of gallium
in environmental samples at the level of 0.0869-58 nug/g by
f atomic y using nickel
malrlx modification. The semmvny for determining galllum
was Improved by a factor of 6 In the presence of nickel as
comparad to lhal of pure galllum standard. The related
of effect is di The sup-
pression effect of perchloric acld on the determination of
galilum was probably due to the f lon of GaCl originating
from the condensed phase reaction at low HCIO, concentra-
tion and the vapor phase reaction would also be recognized
to occur at higher HCIO, concentration.

Gallium is not found as a major constituent of minerals and
is widely distributed in nature. The concentration of gallium
in silicate rocks is normally in the range of 10 to 100 ug/g (1).
The methods present in use for the determination of gallium
in rocks, ores, metals, and other inorganic materials have
included flame atomic absorption spectrometry after solvent
extraction (2) or anion exchange separation (3) and graphite
furnace atomic absorption spectrometry using conventional
graphite tube atomization (4), Zr-coating technique (5), metal
atomizer (6), or atomization from platform (7). In general,
graphite furnace atomic absorption spectrometry is sensitive
enough to be applicable to a variety of samples. However,
severe interferences are frequently encounterred. Pelosi and
Attolini (4) stated that gallium absorption signal was masked
by 1000- and 5000-fold ts of zinc and indium and se-
lective volatilization with thermal programming was unsuc-
cessful, and a solvent extraction procedure was employed to
determine gallium impurities in semiconducting materials.
Nakamura et al. (8) reported that nitric acid, hydrochloric acid
and phosphoric acid as well as a variety of common salts
seriously influenced the results. When EDTA was used, the
interference of hydrochloric acid and nitric acid was sup-
pressed completely and the interference of phosphoric acid
was suppressed partly. Koirtyohann et al. (9) investigated
the interfi effect of perchloric acid on the determination
of the group 3 elements ﬂnd 0.5 M HCIO, caused over 95%
reduction in peak absorbance for gallium. This supp

mostable products. Decomposition or release of this residual
product resulted in a gas-phase reaction which inhibited
atomization of gallium. This suppression effect was removed
by addition of a certain carbonate or ammonium sulfate.
Nevertheless, no molecular form of analyte escape was es-
tablished. In order to reduce such interferences or to match
the sample matrices, solvent extraction (6) or standard ad-
dition techniques (7, 4, 8) were frequently used in sample
analyses.

‘The purpose of the present study is to develop a method
for determining gallium in sediments, coal, coal fly ash, and
botanical samples by graphite furnace atomic absorption
spectrometry using nickel matrix modification. In the pres-
ence of nickel the tolerable charring ure for gallium
was raised to 1200 °C, and the sensitivity was improved by
a factor of 6 compared to that of aqueous gallium standard.
In addition, the interferrences from sample matrices were
greatly reduced. And the hanism of enh effect
of nickel on the determination of gallium and the interference
from perchloric acid was discussed.

EXPERIMENTAL SECTION

Apparatus. A Perkin-Elmer Model 4000 atomic absorption
spectrometer, equipped wnh a Model HGA-400 graphite furnace
and Model 056 chart was loyed for the
of gallium absorbances at a resonance lme of 287.4 nm under the
conditions of “gas stop” and “maximum power”. The spectral
bandwidth was set at 0.7 nm. A hollow cathode lamp of gallium
was operated at 15 mA. Deuterium arc backgmund correction
facility was used gh A ‘ZO-uL d mlcrohter pipet
fitted with d bl lypropy tips was employed to in-
troduce sample solutlon into the graphite tube atomizer.

Reagents. Gallium stock solution, 1000 ug/mL, was prepared
by dissolving 0.100 g of gallium (99.999%, Shanghai Chemical
Co., China) in 10 mL of 7 M nitric acid. The solution was boiled
to expel nitrogen oxide and diluted to 100 mL with deionized
water. Working standards were prepared by appropriate dilution
with 0.1 M nitric acid.

Nickel solution, 5 mg/mL, and ammonium sulfate solution,
25 mg/mL, were prepared by dissolving suitable amounts of nickel
nitrate and ammonium sulfate (analytical reagent grade) in de-
mineralized water.

All other chemicals used in this study were of analytical reagent
Lrade

effect persisted even though the furnace tube was heated far
above the boiling point of perchloric acid during the ashing
step. The authors assumed that the acid or one of its de-
composition products reacted with graphite to form ther-

Proced (1) D of Peach Leaves and Tomato
Leaves. The méthod used lo decompuse 300 mg of sample by
pressure d ition was basically the same as that given in
ref 10 except that 2 mL of 67% nitric acid, 1 mL of 72% perchloric
acid, and 1 mL of 35% hydrofluoric acid were used and the final

0003-2700/85/0357-0857$01.50/0 © 1985 American Chemical Society
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Table I. Experimental Conditions for Measurement of
Molecular Absorption

Ga0 GaCl NiCl,
analyte lugof Ga+ 0.5ugof Ga+ 20 ugof Ni+
50 ug of Ni 50 ug of Ni 20 uL of 0.1 M
+ 10 puL of HCIO,
0.2 M HCIO,
wavelength, 244.5° 248.1¢ 346.8°
nm
drying 110 110 110
temp, °C
ramp/hold-  1/30 1/30 1/30
ing
time, 8
charring 300 1100 250
temp, °C
ramp/hold-  1/30 4/30 1/30
ing
time, 8
vaporization varying varying varying
temp, °C
ramp/hold-  0/10 0/10 0/10
ing
cleaning 2650 - 2650 2650
temp, °C
ramp/hold-  1/6 1/6 1/6
ing
time, 8

From ref 11. ®From ref 12.

volume of sample solution was defined as 5.0 mL for the deter-
mination of gallium by graphite furnace atomic absorption
spectrometry.

(2) D position of Drainage Sediments, Coal, and Coal Fly
Ash. The method was similar to procedure 1 but the operation
of standing overnight was omitted before the pressure attack
procedure. In addition, the final content obtained by the pressure
decomposition method was transferred to a 50-mL volumetric flask
and diluted to the mark with 0.1 M nitric acid.

(3) Determination of Gallium. According to gallium content
in drainage sediment, coal, and coal fly ash, the digested sample
solution prepared by procedure 2 was appropriately diluted, 20
uL of the sample solution was introduced into the pyrolytically
coated graphite furnace along with the same volume of a mixture
of 1 mg/mL of nickel and 5 mg/mL of ammonium sulfate, the
sample was dried at 110 °C for 30 s, charred at 1100 °C for 30
s, atomized at 2400 °C for 5 s using “maximum power” mode, and
gallium absorbances were d under the ition of “argon
gas flow interrupted”. Finally the tube was cleaned at 2650 °C
for 5 s.

(4) Measurement of Molecular Absorption of GaCl, GaO, and
NiCl,. When the Perkin-Elmer Model 4000 atomic absorption
spectrometer was used for the measurement of molecular ab-
sorbance, the spectral bandwidth was set at 0.07 nm and a deu-
terium arc lamp or tungsten halide lamp was used as a continuous
light source. The wavelengths for measuring GaCl, GaO, and NiCl,
were 248.1, 244.5, and 346.8 nm (11, 12), respectively. The ex-
perimental procedures and the operation conditions are sum-
marized in Table I. First. the analyte solutions were introduced
into the graphite furnace followed by drying and charring and
then molecular nbsorpuon was measured at the vaporization stage
using “maximum power” and | gas stop” modes in order to make
the absorption. Finally a cl stage was employed

(5) Measurement of Appearance Temperature of Gullmm in
the Absence or Presence of Matrix Modifiers. The procedure
used for this purpose was the same as that described by Campbell
and Ottaway (13).

RESULTS AND DISCUSSION
Selection of Matrix Modifiers. In order to search suit-
able matrix modifiers, a variety of metal ions were tested. The
absorbance obtained by injecting 20 uL of 0.025 ug/mL of
gallium aqueous standard was set as unity, and the relative
absorbances of gallium in various matrix modifiers were

Table II. Comparison of Various Matrix Modifiers for
Gallium (20 pL of 0.025 ug/mL of Ga and Various Matrix
Modifiers)

tolerable

matrix concn, charring Tel

modifier as added mg/mL temp, °C absorbance
none 900 1.0
Zn** Zn(NO,), 1.0 900 4.1
e+ NH,VO, 1.0 900 5.6
Cr8* K,Cr,0; 1.0 900 6.8
Ba?* Ba(NO;), 1.0 1000 49
Sr*  Sr(NO,), 1.0 1000 4.9
Co?*  Co(NO,), 1.0 1000 5.7
Mo%*  (NH,)Mo;0,-6H,0 1.0 1000 5.3
AP* Al(NO,), 1.0 1000 5.8
Mg?*  Mg(NO,), 1.0 1000 6.5
Pd*  PdCl, 0.1 1100 4.7
Ca*  Ca(NOy), 1.0 1100 49
Niz*  Ni(NO,), 1.0 1200 6.1

b Lys-C peptide cleaved with trypsin.
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Figure 1. Effect of ashing and atomization temperature on the atomic

absorption for gallium in the absence or presence of nickel: (O) 0.8
ng of Ga; (@) 0.8 ng of Ga + 20 ug of Ni.

calculated, and all of these results are summarized in Table
II. As can be seen from the data, the sensitivity for deter-
mining gallium is slightly higher in the presence of chromium
and magnesium than in the presence of nickel. However, more
severe interferences are encountered using chromium and
magnesium since only lower charring temperatures were
tolerated. Considering the sufficiently high sensitivity for
determining gallium and the highest allowable charring tem-
perature of 1200 °C, only nickel was used in the remainder
of this study.

The effect of charring and atomization temperature on
gallium absorbances was examined, and the results are
schematically shown in Figure 1. The left-side branches refer
to the effect of charring temperatures on gallium absorbances
obtained under the optimum atomization temperature in the
absence or presence of nickel. The right-side branches refer
to the effect of atomization temperatures on gallium absor-
bances with or without addition of nickel under the optimum
charring temperature in each case. In the presence of nickel
the tolerable charring temperature for gallium could be raised
up to 1200 °C and the sensitivity improved by a factor of 6.
The appearance temperatures of gallium in the absence and
presence of nickel were 1100 and 1530 °C, respectively.

The hanism of the enh t effect of nickel matrix
modification on the determination of gallium is ascribed to
the formation of more thermostable solid solution and/or
alloys (14), thus resulting in reduction of analyte loss in
preatomization stage. In order to verify this assumption the
molecular absorption of GaO was measured following proce-
dure 4 and the results are shown in Figure 2. When no nickel
was added, the molecular absorption of GaO increased with
increasing vaporization temperature from 800 to 1300 °C,
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Figure 2. Effect of vapori. on the ab-

sorption of GaO in the absence or presence of nickel: (®) 1 ug of
Ga; (O) 1 ug of Ga + 50 pg of Ni.

040

Absorbance
o o
Now
o o

o
o

0
05 10 15 20
Concentration of Ni, mg/ml
3. D of the for 0.8 ng of galium on the

concentration of the nickel solution added (20 uL).

reached a maximum at 1300 °C, and then decreased with
further increase in temperature; there was a plateau over the
temperature range of 1600-2400 °C. However, a very small
absorption of GaO and very little change in the absorption
of GaO was observed when vaporization temperature was
varied over the above range if nickel was used as a matrix
modifier.

‘The stablilizing effect of nickel depended upon the amounts
added, and this is shown in Figure 3. When the charring
temperature of 1100 °C was used and 20 uL of various con-
centrations of nickel solution was added to the graphite
atomizer, the absorbance for 0.8 ng of gallium increased with
increasing nickel concentration from 0.02 to 0.5 mg/mL, then
a nearly constant absorbance was obtained over the range
0.5-1.5 mg/mL, and a slight reduction was observed with
further increase in nickel concentration. Therefore 20 uL of
1 mg/mL of nickel was used in the remainder of this study.

Study of Interferences. In order to examine the appli-
cability of the recommended method for the real pl
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Figure 4. Effect of HCIO, on atomic absorption of Ga and molecular
absorption of GaCl: atomic absorption, (O) 0.5 ng of Ga + 20 ug of
Ni + 20 uL of HCIO,, (®) 0.5 ng of Ga + 20 ug of Ni + 100 ug of
(NH,),SO, + 20 uL of HCIO,; molecular absorption, (A) 0.5 ug of Ga
+ 50 ug of Ni + 20 uL of HCIO,.
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molecular absorption of GaCl in the or of

sulfate: (@) 0.5 ug of Ga + 50 ug of Ni + 10 uL of 0.25 M HCIO,;
(0) 0.5 ug of Ga + 50 ug of Ni + 100 ug of (NH,),SO, + 10 L of
0.25 M HCIO,.

Figure 4 gallium atomic absorbances decreased with increasing
perchloric acid concentration even when nickel was employed
as a matrix modifier. However, no interference at 0.3 M HCIO,
and only a reduction of 7% in peak absorbance were observed
when excess ammonium sulfate was added. To elucidate the
mechanism of the suppression effect of perchloric acid on
gallium, the molecular absorption of GaCl was measured at
248.1 nm as a function of perchloric acid concentration or the
vaporization temperature using a deuterium arc lamp. The
results are shown in Figures 4 and 5, respectively. As the
concentration of perchloric acid increased, the absorption of

analyses, a series of experiments were undertaken to test the
interference effects of a variety of foreign ions. Twenty
milliliters of 0.020 ug/mL of gallium solution containing 1
mg/mL of nickel and 5 mg/mL of ammonium sulfate and the
same volume of various foreign ions was introduced to the
pyrolytically coated graphite furnace and procedure 3 was
followed. The interference effect of each foreign ion was
estimated by reference to the absorbance obtained by the same
amount of gallium standard. It was found that there were
no interferences from 0.05 mg/mL of Li* and F-, 0.10 mg/mL
of Fe®*, Sb%*, and Te®*, 0.25 mg/mL of K*, Na*, Mg?*, Cr5*,
BO,*, and SiO5*, 1.0 mg/mL of Sr?*, Mn?*, Co®*, Ca?*, Ba?*,
Zn?*, Cu?*, Pb?*, Cd**, Bi**, As®*, TI**, Se**, and V5*,
Since perchloric acid was frequently used in sample prep-
aration and its suppression effect on the determination of
gallium by graphite furnace atomic absorption spectrometry
was not fully elucidated, a series of experiments were con-
ducted to study the mechanism of perchloric acid interference
and to explain the reason of effectiveness of excess ammonium
sulfate in overcoming this interference. As can be seen from

GaCl i d while atomic absorption of gallium decreased.
This fact indicated that the suppression effect of perchl
acid was primarily due to the formation of GaCl by the fol-
lowing reactions:

1c

Ga(Cl0,); — Ga* + 3CI- + 60, )
HCIO, — CI* + OH + 3/,0, @
Ga* + CI* — GaCl &)

Similar reactions have been used to elucidate the mechanism
of perchloric acid interfe with the determination of in-
dium by flame atomic absorption spectrometry (15).
Koirtyohann et al. (9) reported that the interference effect
of perchloric acid persisted at very high temperatures. This
finding was confirmed in this study. Molecular absorbance
of GaCl increased with increasing vaporization temperature
from 1200 to 1800 °C and reached a maximum at 1800 °C
which was higher than the appearance temperature of 1530
°C for gallium in the presence of nickel. Contrastly, the
molecular absorbance of GaCl was remarkably reduced when
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Figure 6. Effect of vaporization temperature on the molecular ab-
sorption of NiCl,: (@) 20 ug of Ni + 20 uL of 0.1 M HCIO,.

excess ammonium sulfate was added although the trends
remain the same. The reason for the effectiveness of am-
monium sulfate in removing the interference of perchloric acid
was probably due to the following reaction which was recog-
nized to be a useful means of destroying perchlorate (16)

3CI0, + 8NH,* — 3CI" + 4N, + 12H,0 + 8H*  (4)

Therefore, no suppression effect was observed over the con-
centration of perchloric acid ranging from 0.0001 to 0.3 M,
but some reduction in gallium absorbance existed when the
concentration of perchloric acid exceeded this limit.

In addition to the analyte loss as GaCl, the less important
factor resulting in suppression effect in the presence of both
perchloric acid and nickel was the loss of nickel as NiCl, at
charring stage (Figure 6). Because the stabilizing effect of
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Figure 7. Comparison of HCIO, interference from two-troughs platform
(@) with that from the conventional platform (O): 0.5 ng of Ga + 20
ug of Ni + 10 pL of HCIO,.

Table 1I1. Recovery Study

amt amt Ga total Ga
weighed, Gain added, found,

recovery,
sample mg sample ug Hg HE %

81-101, 100 1.95 1.0 3.0 105

river 2.0 3.9 98

sediment

(China) 3.0 48 95
82-201, 100 2.81 1.0 3.75 94

coal fly ash 2.0 4.69 94

(China) 3.0 5.69 96
82-301, 200 0.078 0.050 0.128 100

peach 0.100 0.175 97

leaves

(China) 0.150 0.235 105

nickel depends on the t of nickel p in the hit,
tube (Figure 3), the nickel remaining after charring at 1200
°C was insufficient to stabilize gallium. If more nickel was
added, the suppression effect would become less severe (not
given in Figure 4).

Koirtyohann et al. (9) concluded that the interference of
perchloric acid was due to the gas-phase reaction when a
relatively high ion of p ic acid was used. It
is difficult to establish whether GaCl being lost during atom-
ization would have originated from condensed phase or vapor
phase interaction. In order to make this investigation, a
homemade platform with two troughs was used, the breadth
and depth of each trough were the same as those of the
standard platform while the length was only half that of the
standard platform. Gallium aqueous standard solution con-
taining nickel was added in one of the troughs and perchloric
acid of various concentrations was added in the other to avoid
the physical contact of the two solutions, or a mixture of the
two solutions was added in the single trough of a standard
platform. The solutions were dried under infrared lamp, the
platform was inserted into the graphite tube, and the normal
furnace cycle was run. The absorbances obtained by using
the above two types of plat.forms for galhum in the presence
or ab of perchloric acid were ed and the results
are shown in Figure 7. There is no interference over the

ration of perchloric acid g from 0.001 to 0.3 M
if the two-trough platform was used, although the suppression
effect was obvious when higher concentrations of perchloric
acid were added. However, the suppression effect was most
marked on the standard platform. It seems that the inter-
ference of perchloric acid on gallium determination was mainly
due to the condensed phase reaction, though the gas phase

Table IV. Determination of Gallium in Samples

gallium content, ug/g

informa-
amt tion
sample weighed, mg this work value lit. value
NBS SRM 100 58.7 58
1633a coal (0.2 mg/mL) 56.3
fly ash
82-201, coal fly 100 28.1
ash (China) (0.4 mg/mL) 283
NBS SRM 100 8.0 8.49
1632a coal (1.0 mg/mL) 8.3
GSD-8, 100 11.0 10.7
drainage (1.0 mg/mL) 11.0
sediment
(China)
81-101, river 100 19.5 22.0(7)
sediment (0.5 mg/mL) 185
(China)
NBS SRM 300 0.083 0.069 (17)
1573 tomato (60 mg/mL)
leaves
82-301, peach 200 0.375
leaves (20 mg/mL) 0.390
(China)

peach leaves, and then the entire procedure was carried out.
The recovery was estimated by reference to the calibration
curve constructed from gallium standards and an average
recovery of 94 to 105% was achieved (Table III).
Determination of Gallium in Real Samples. Since no
serious interfe were d and quantitative re-
coveries were obtained, the recommended method has been

rations of ic

reaction may also occur at higher
acid.

Recovery Study. Varied known amounts of pure gallium
standards were added to drainage sediments, coal fly ash, and

lied to the determinations of gallium in a variety of samples
omitting the standard addition method or any separation
procedures which were frequently used in the literature. The
results of sample analyses are summarized in Table IV, and
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a good agreement was obtained with the information values
reported by NBS or other workers (7, 17). The relative
standard deviation was 3.7% for 11 replicate determinations
of a drainage sediment in which gallium content was found
to be 10.8 ug/g.

Registry No. Ni, 7440-02-0; Ga, 7440-55-3.
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Determination of Formaldehyde with the Thermal Lens Effect

Jan A. Alfheim and Cooper H. Langford*

Department of Chemistry, Concordia University, 1455 de Maisonneuve, West, Montreal, Quebec H3G 1M8, Canada

The laser thermal lens analysis of formaldehyde Is reported.
Two systems were tested, the first using a single laser In
combination with a single diode detector and the second using
two lasers In Junction with a photodiode array di 5
The formaldehyde solutions were prepared for colorimetry
using the NIOSH hod based on opic acid. Im-
proved sensitivity over standard absorption techni Is ob-
served with enhancement factors up to 20.0 based on de-
tection of absorptivity as low as 9 X 10~* ecm™* which corre-
sponds to a concentration of 1.5 X 10 M. With collection
efficiency of 85% for sampling solutions, this supports faclle
detection of formaldehyde In the parts-per-billion region in ar.

Current interest in the quantitative analysis of form-
aldehyde stems from its potential as a human health hazard
(1). Formaldehyde polymers are used in the fabrication of
wood products and home insulation and are known to emit
low concentrations of formaldehyde into the surrounding
environment (2, 3). A recent trend in pollution analysis is
toward decrease of the sample volume by means of an increase
of analytical sensitivity. Thermal lens analysis is attractive
in this context because it “improves” classic and well-tested
methods.

Several methods to analyse formaldehyde have been de-
veloped (4-6) using both chromatographic and optical tech-
niques. A close ination of the p iline method (7)
has shown it to be pH dependent (8) and seriously effected
by SO, (9), thus limiting its potential.

In this study the NIOSH method for formaldehyde analysis
has been modified to improve its sensitivity from 0.1-2 ppm
to the parts-per-billion level where it can compete with GC
and HPLC methods (4-6). The modifications to technique
include diluting the chromotropic acid solutions 10-fold and
then analyzing the samples with a laser thermal lens (LTL)
spectrometer rather than a standard absorption spectropho-
tometer.

A thermal lens works on the principle that the passage of
a laser beam through a material with a finite optical absorption

generates thermal energy which heats the sample. The tem-
perature gradient causes a refractive index gradient. For a
Gaussian laser intensity distribution, a well-defined tranverse
gradient in the refractive index will be established. In most
materials dn/dt is negative and thus this gradient has the
same optical effect on the laser beam as a diverging lens.

It should be noted that a thermal lens is a function of true
absorption in the same fashion as other calorimetric techniques
and not absorption plus scattering as in transmittance tech-
niques. The intensity of the thermal lens effect is proportional
to the absorbed light energy.

LTL is a very sensitive method (10, 11) which has already
been used to measure pollutants in the micrograms per liter
and lesser regions in both liquid and gaseous samples (12, 13).

In keeping with the goal of minimizing apparatus com-
plexity, both simple single and more complex dual laser
systems were used in our experiments to evaluate their de-
tection capabilities for quantitative formaldehyde determi-
nation. The admittedly primitive single laser experiments
were performed to demonstrate that using the most basic of
components to design a system one can still obtain relatively
high sensitivity. The dual laser experiments were designed
to demonstrate the true potential of LTL as a means of trace
pollutant analysis, specifically formaldehyde. We
laboratories with one laser available to consnder using the
thermal lens effect.

EXPERIMENTAL SECTION

Instrument. Figure 1A shows a block diagram for the sim-
plified experimental setup. The optical train and Iasers were ﬁxed
to a workbench which was isol. buildi

d from ng vik

a three-ply “sandwich” consisting of a sheet of cork, a piece of
sheet metal, and a layer of sponge rubber. The Coherent CR-6
argon ion laser (A) was used to drive the Coherent CR-590 dye
laser (B) which was run at 150 mW at A = 600 nm. The power
was measured in front of the cell holder to account for power loss
due to reflections of p: ing optical ct The beam
was elevated to the height of the optical train by means of a dual
mirror system (C). The lens (D) which brought the light to & focus
has a focal length of 23 cm. A manual shutter (E) was used to
block the pump beam. The cell holder (F) was placed one confocal

0003-2700/85/0357-0861$01.50/0 © 1985 American Chemical Soclety
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A

Figure 1. Block diagram of the laser thermal Lensing systems. Part A shows the pinhole/single laser system. The pinhole (H) was placed 403
cm from the lens (D). Part B shows the modifications to the system including the addition of a second laser (L), an optical flat (G), Nichol prism

(H), and photodiode array (K).

distance (5 cm) beyond the focal point (10, 11). The cell used
was a Canlab blue label 1-cm square cell. A flat mirror in an
adjunmble mount (G) was used to direct the beam toward the

. The pinhole was 0.1 mm. The photodiode
detector (1) behind the pinhole (H) was linked to a Tektronix
oscilloscope (J) which had a Type 2A63 differential amplifier, and
a 2B67 time base with smgle sweep capabilities. The lens for-
mation was recorded at various sweep rales w record the initial
(Iy) and final steady-state (I.) i ies fi g the
laser beam shutter. The data were then read off the screen and
recorded.

Figure 1B is a block diagram of the dual laser thermal lens
system. It is comprised of the six first components of the sim-
plified system plus eight new additions. A Siemens 10 mW HeNe
laser (L) was used as a probe beam which was directed to and
aligned with the pump beam by means of a mirror (M) and an
optical flat (G). A polarizing Nicol prism (H) was used to reduce
the polarized pump beam intensity to prevent burning of the
ensuing filter and polarizer. A 630-nm cuttoff filter (I) separated
the pump and probe beams and a rotating film polarizer (J)
adjusted the probe beam intensity to maximize the signal from
the diode array without saturating the Reticon RL128G self-

ing linear photodiode array d (K). The signal from
the diode array was fed into a Processor Technology SOL com-
puter (N) via 8-bit ADC's for smrage purposes. The SOL was
interfaced with an IBM p which handled all
numerical manipulations. The IBM plotted the beam profile (see
Figure 2) and was programmed to fit a best Gaussian curve to
the experimental data and to calculate the (I, - 1..)/], values. A
further modification to the initial system was to switch from a
square cell to a cylindrical cell to decrease interferences due to
solution convection (14).
The f Idehyde stock solution was prepared by
dissolving 4 4703 g of sodmm formaldehyde bisulfite (Eastman
Chemicals) in 1 L of deionized distilled water. This solution was
sumdnrdlzad against iodine solutions with a atarch mdlcator

1s)~fc 1d
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Figure 2. Diagram of the HeNe beam profile and the computer-fitted
Gaussian profile as seen on the monitor. The signal axis is the scale
of 0.256 of the A/D converter. The abscissa is the diode number
referenced to the peak centre.

were prep;\red with doubly distilled H,SO, (American Chemicals)

Chromotropic acid (Fischer Chemi hyd

following the NIOSH method (15).




Procedure. All glassware was soaked in an H,SO,~HNO; acid
bath overnight and then rinsed with deionized distilled water
before use. The stock formaldehyde solutions were diluted
successively to obtain the desired concentrations. Samples pre-
pared following the NIOSH methodology were allowed to stand
overnight to ensure full color development although it was noted
that 1 h would have been sufficient (15). Before analyzing the
samples and blanks using thermal lensing, a further 10-fold di-
!u;iot)\ was required to reduce the sulfuric acid concentration (vide
infra).

All alignments and cell positions were optimized with a con-
centrated solution of formaldehyde (~10"° M). For the simple
system, the flat mirror (G) was adjusted until maximum intensity
was observed on the oscilloscope screen. Then the cell was moved
along the rail until the thermal lens effect was maximized. The
two-laser system d of the probe and pump beams
which was performed before each day's run to accommodate any
shift in the beams that might have occurred. This was accom-
plished by using the lens (D) which was on a horizontal and
vertical adjustable mount to shift the pump beam in the appro-
priate direction to maximize the thermal lens signal observed on
the monitor.

RESULTS AND DISCUSSION

Dovichi and Harris (16) noted that the sensitivity en-
hancement that can be realized for a particular laser power
is dependent on the thermooptical properties of the solvent
in which the sample is dissolved. Solvents that exhibit high
dn/dt and low thermal conductivity are desirable for the
thermal lens effect. In our experiments it was discovered early
that the blank (a mixture of chromotropic acid, sulfuric acid,
and water) created such a large lens that the pinhole detector
was unable to differentiate between dark signal and the /..
value. Since the blank solution was clear in color, it was
assumed that the effect was due in part to absorption by the
chromotropic acid and to a great deal of thermal convection
in the sulfuric acid.

Preliminary experimentation showed that a 10-fold dilution
of the blank was necessary to obtain a signal that was not
seriously affected by thermal convection (16). Thus a 10-fold
dilution of the color developed solutions of formaldehyde was
added to the procedure.

To achieve the maximum sensitivity our system was capable
of, the dye laser’s most stable wavelength which was closely
matched to the absorption maximum of the formaldehyde—
chromotropic chromogen (A, = 580 nm) was chosen. The
absorptivity of the chromogen at 600 nm was found to be 4.6
X 10 M! em™. A moderate power of 150 mW was found to
be sufficient to pump the samples. Indeed for any greater
power the convection problem would have reoccurred.

Our present two-1 system is modeled after the system
of Ishibashi et al. (13) in that the HeNe probe laser is not
focused before passing through the sample. Ishibashi et al.
discuss Sheldon's abherent thermal lens model (17) and
calculate enancement factors using his equations. They point
out that both the parabolic and abherent models predict linear
d d at lower rations. The similarity of the
two model's predictions for weak thermal lenses is further
discussed by Harris and Carter (18). The analytical curve for
formaldehyde from our data based on parabolic lens equations
gave the better straight line.

A concentration range of 1.5 X 107 M to 50 x 107 M
formaldehyde in water was studied using the single laser
system. Triplicate scans of eight samples at each concen-
tration were averaged, and the average values were used in
determining the enhancement factor. The dual laser system
was employed for analyzing a concentration range of 1.5 X
107 to 50 X 10”7 M. Triplicate scans of five samples at each
concentration were averaged and used in the enhancement
factor calculations. A detection limit of twice the standard
deviation of the blank, where the blank is averaged over all
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runs with all ations, for each sy was
calculated to be 22 X 107 M and 5.6 X 107 M, respectively.
This corresponds to absorptivity enhancement of 20.0 as
defined in ref 10.

Although the standard deviation of the blank value as
determined over all runs was quite large, the deviation of each
day's blank was much smaller and it was felt that the detection
limit reported above was not representative of the best per-
formance achievable. There are several values that lie below
the detection limit that appear to be significant. To determine
whether these points could be considered to reflect real signals,
they were compared to blanks prepared concurrently. At the
lowest concentration of 1.5 X 10® M a ¢ test indicated signal
significance at the 99.9% level. Thus, it was apparent that
higher sensitivity than quoted can be achieved with careful
control of blanks and the extra effort implied. However, we
have not been able to identify the specific chemical causes
of the day to day blank variation. This is a problem which
is not seen until the LTL technique is exploited because the
conventional absorbance measures (/) do not emphasize small
blank variations. Also, it should be pointed out that what can
be small blank variations in absorption experiments are
magnified by the enhancement factor, in our case 20-fold. A
referee suggested that the variation is due to the variation in
free formaldehyde in the lab entering the samples
on a day to day basis. This is a very plausible explanation
and we thank the referee.

Note that the addition of the second laser into our system
proved to be beneficial. The reduction in noise in the probe
beam allowed a large improvement in sensitivity.

As the system stands now, thermal lensing analysis of
formaldehyde is an attractive alternative to GC an HPLC
methods of analysis. GC and HPLC methods have been
reported to use from 30 to 500 L of air per sample (29, 30)
and/or sampling times from one (6) to several hours (5). Due
to the fact that LTL can detect very low concentrations in
solution, the of gas quired to detect the same
levels of formaldehyde is g'reatly reduced. With the 5.6 X 107

M “detection limit”, it would require only 8 L of gas sample
at STP to detect formaldehyde in the 10 ug/L region assuming
95% collection efficiency in the NIOSH system (I). If one
accepts the detection of 1.5 X 10® M as the statistics have
shown to be possible with extra effort in standardization, the
volume of sample gas required is reduced to less than 1 L to
detect less than 5 ug/L. This seems a practical target with
improved signal processing.

Registry No. Formaldehyde, 50-00-0.
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Determination of Structural Characteristics of Saturates from
Diesel and Kerosene Fuels by Carbon-13 Nuclear Magnetic

Resonance Spectrometry
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Two hyd bon fractl one malinly consisting
of n-alkanes and the other containing only branched plus
cyclic have been ted from each of a varlety
of diesel fuels (approximate boiling range 230-320 °C) and

I fuels (approximately 190-230 °C) using silica
ch graphy and urea The n-akane fractions
have been simply characterized by using He

NMR spectrometry, ylelding g rbon chaln | h

The branched plus cyclic saturates fractions have been
characterized by using the gated spin echo (GASPE) **C NMR
technique, which ylelds Individual *C NMR subspectra for
each CH,, group type (n = 0 to 3) and allows the fractional
abundances of CH, groups to be measured. These data have

range of the source fuels allows for a range in the number of
carbon atoms per molecule. For example, the diesel cuts
studied typically include C,, to Cg n-alkanes. Also the em-
pirical formulas of saturates components may take the form
of CHym+ for linear or branched saturates, or C,,Hym+1-5)
for cyclic saturates containing x rings. Finally, species with
the same molecular weight may be present in any of a number
of isomeric forms.

It is obvious that the identification of each and every
compound present in such a mxxture would be an exceedingly
difficult task, wh were applied. This is not
the objective in the present work. Rather, the intention is
to derive average structural information and to identify
submolecular structures. Conventional *C NMR spectrometry
has previously been applied to fossil fuel saturates (see, for
example, ref 1-7) but the structural inferences have been more

been employed in g and g a number of novel
9 [} which report on the extent of
hing and of ring In the fractl

Invnllgnlod. Speciral data are also used to Identify some
specific submolecular structures.

Achiov £y

ding of the structural characteristics

limited than those derived here This largely arises from the
lication of selected multiplet subspectral *C NMR
analysxs using the gated spin echo (GASPE) technique (8-10).
This procedure yields *C NMR subspectra for each CH, (n
= 0 to 3) group type. In a conventional *C NMR spectrum
of complex materials there is usually substantial overlap of
T due to C, CH, CH,, and CHj; groups leading to

of fossil fuel products is usually a difficult task, primarily
because such materials are generally complex mixtures of
compounds. This is certainly the case for the diesel fuels
(approximate boiling range 230-320 °C) and kerosene fuels
(approximate boiling range 190-230 °C) studied in the p

spectral congestion. This problem is alleviated with the
GASPE subspectral analysis. The accessibility of chemical
shift information is consequently enhanced. Further, by
identifying the CH, origin of individual resonances, the

P for structure elucldauonarenmproved Also, since

work. However, these fuels at least have the simplifying
characteristic that they consist almost entirely of hydro-
carbons. All of the samples examined here are also olefin free,
such that component species can be described as saturated
or aromatic. This article is concerned with the saturates class
of compounds. Saturates have been isolated chromato-
graphically from whole fuels, and have subsequently been
separated into two fractions, one nly
and the other containing branched plus cyclxc (naphthenic)
saturates.

Although the composition of n-alkane fractions is relatively
simple (see Figure 1, parts A and B) branched plus cyclic
saturates fractions are complex mixtures (Figure 1C). This
complexity derives from a number of factors. The boiling

Lhe method is ive the total abund of CH,, groups
can be obtained and these data facilitate the denvauon of
average structure information.

From the outset it has been recognized that for average
structure information to be credible, it is desirable that pa-
rameters devised should be as assumption-free as possible.
Also, as far as is possibl rage structure should
not derive from a tenation of ptions,
and measurements, that might lead to unacceptable accu-
mulated errors. These factors have been minimized in the
present work and the credibility and reliability of structural
interferences have been subjected to substantial scrutiny.

A total of nine diesel samples, six of which are petroleum
derived and three of which are synfuels, have been studied,
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Figure 1. Gas chromatography traces of (A) urea adducted saturates
from kerosene sample 10, (B) urea adducted saturates from diesel
sample 1, and (C) branched plus cyclic saturates from diesel sample
1. The major peaks in traces (A) and (B) are due to n-alkanes. The
minor peaks in traces (A) and (B) are due to branched alkanes, with
2-methyl and 3-methyl isomers being most abundant.

together with two kerosene samples, one each of petroleum
and synfuel origins. This work is part of a larger program
concerned with synfuels (i.e., fuels from nonpetroleum
sources). It is of interest to understand the differences in
compositions, structural characteristics, and properties of such
fuels. Other work in this area, concerning the structural
characteristics of diesel and kerosene aromatics, and the re-
lationship between fuel composition and properties, will be
published separately.

EXPERIMENTAL SECTION

Open Column Chromatography. Saturates were separated
from aromatics by elution with n-hexane on an open silica (Merck
Silica Gel 90, predried overnight at 300 °C) column. Hexane was
removed on a rotary evaporator. The procedure for separating
n-alkanes from branched plus cyclic saturates using area adduction
was based on that described in ref 11. Samples 9 and 11 (see
“Sample Origins”, below) were not treated with urea. '*C NMR
of the total saturates fractions, together with other considerations,
indicated that the n-alkane contents of these samples were very
low.

NMR Spectrometry. All spectra were recorded on a Bruker
WP-200 spectrometer (50.3 MHz '3C resonance frequency) at a
temperature of 300 K. Chemical shifts are reported relative to
internal tetramethylsilane. The gated spin echo (GASPE) 3C
NMR method has been described previously (8, 710). It consists
of a [relaxation delay]—x/2-r—=—71—[collect] 1*C pulse sequence
with 'H decoupling applied during the second r period and during
the data acquisition period. So-called conventional spin echo
(CSE) data (8), obtained using the same pulse sequence but with
'H decoupling applied during both r periods as well as the data
acquisition period, were also recorded. GASPE data were collected
for several 7 values (10) mummg J(CH) = 125 Hz. These time
d in data were bined to yield subspectra for each of C,
CH, CH,, CHj;, and CH + CH;, groups in the sample, in the
manner described in ref 10 rather than in the manner described
in ref 8 and 9.
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Figure 2. Inverse gated '*C NMR spectra of urea adducted saturates
from kerosene sample 10 (A and B) and diesel sample 1(C and D).
AandDara vertical of B and C, Peaks
labeled “a", “b", and “c" are ascribed to 2-methyl, mmamom
alkane isomers, respectively.

Samples were made up to approximately 50 wt % in CDCly
solution and contained approximately 0.45 wt % of tris(acetyl-
acetonato)chromium(III), Cr(AcAc),, relaxation reagent. A data
acquisition time of 1.64 s was used in conjunction with a relaxation
delay of 20 s. Under these conditions data are expected to be
quantitative (12), free from distortions due to relaxation and
nuclear Overhauser effects. Spectral integrations were carried
out on C, CHZ. and CH + CH,; GASPE subspecua with the total

closely approximating that found in the CSE
spectrum. Where intensities of individual resonances or groups
of resonances in a GASPE subspectrum were determined, areas
were estimated from an expanded plotted integration curve rather
than from peak print-out routines.

Other Methods. Gas chromatography was performed by the
BHP Petroleum Laboratory using an method for de-
termining simulated distillation curves. A 12m X 0.2 mm OV-101
fused silica WCOT column was employed with helium carrier gas
and an oven temperature of 50-270 °C programmed at 8 °C min!,
and detection was by FID. Hydrogen elemental microanalyses
were performed by the Analytical Laboratories, Elbach, West
Germany.

Sample Origins. Samples are given numerical designations
(1to 9 for diesels and 10 to 11 for kerosenes) in all tables. Samples
1 to 6 and sample 10 are straight run petroleum fuels, mostly of
Australian origins, as follows: samples 1 and 10, Gippsland Basin;
sample 2, Gippsland Basin/Ind ian crude blend; sample 3,
Cooper Basin; sample 4, Perth Basin; sample 5, Surat Basin;
sample 6, North West Shelf. Samples 7 to 9 and sample 11 are
synfuels. Their origins are as follows: samples 9 and 11, an-
thracene oil (a black coal tar product); sample 7, a brown coal
tar; sample 8, a shale oil. In all cases the svnfuels were obtained
by hydrotreating the above feedstocks, followed by distillation.

RESULTS AND DISCUSSION
n-Alkanes. The major features of the *C NMR spectra
of n-alkane fractions (Figure 2) are of trivial simplicity. Five
resonances are observed due to «CH; (14.3 ppm), 3CH, (23.0
ppm), yCH; (32.2 ppm), 5CH, (29.7 ppm), and «CH, (30.0
ppm) corresponding to an n-alkane structure formalized as
(aCHy)2(3CHy).(YCH)2(6CHy),(¢CH,),, where the label ¢ refers
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Table I. Characteristics of Urea Adduct (n-Alkane) Fractions

N = average chain length

rel abundance of branched alkanes®

sample 3C NMR H NMR GC* av % n-alkanes® 2-methyl 3-methyl other
Diesels
1 15.3 15.1 154 15.3 88 1.0 (1.0) 0.4 (0.4) 0.4 (0.4)
2 15.7 15.5 16.0 15.7 91 1.0 (1.0) 0.3 (0.4) 0.7 (0.8)
3 15.5 14.8 15.5 15.3 89 1.0 (1.0) 0.5 (0.4) 0.8 (0.7)
4 14.6 15.0 153 15.0 920 1.0 (1.0) 0.4 (0.5) 0.9 (0.7)
5 15.6 15.1 15.6 15.4 83 1.0 (1.0) 0.4 (0.5) 0.6 (0.7)
6 15.5 15.5 15.0 15.3 91 1.0 (1.0) 0.3 (0.4) 0.6 (0.8)
i 16.4 15.7 16.6 16.2 94 1.0 (1.0) 0.2 (0.3) 0.7 (0.7)
8 15.0 148 15.9 15.2 84 1.0 (1.0) 0.6 (0.7) 2.1 (2.0)
Kerosene
10 12.1 12.2 12.2 12.2 94 1.0 (1.0) 0.2 (0.2) 0.0 (0.0)
%GC, gas chromatography. ®From gas chromatograms. €From gas ch or, in p: from *C NMR. 4<0.1.
to CH, groups e or further from the «CHj; group. Clearly the
average n-alkane chain length, N, can be calculated from the
formula CHeCHs
Nc = 81(a,8,7,8,¢) / I(a,8,7,8) 1)
where I is the total *C NMR intensity due to the groups in
parentheses. Results are given in Table I and are compared
with values calculated straightforwardly from gas chromato-
grams of total saturates fractions and from 'H NMR spectra
of n-alkane fractions. The 'H NMR spectra of these fractions
show a well-resolved triplet at 0.88 ppm due to terminal CH, CH
groups and a low field peak centered at 1.27 ppm due to CH,
groups. Thus, by use of symbols for intensity analogous to
those in eq 1, it is readily appreciated that
N¢ = (3I(CH,) + 2I(CHy)}/1(CHy) 2) CH,
All methods give similar results, showing average chain lengths [¢]
of about 15-16 for diesels, and about 12 for the single kerosene
examined.
Closer scrutiny of the '*C NMR spectra of the n-alkane
fractions (Figure 2A,D) reveals the presence of very weak
additional resonances. These are due to branched alkanes. CHn
Peaks labeled “a” (at 39.4, 28.2, and 27.7 ppm), “b” (at 36.9,
34.7,19.4, and 11.5 ppm) and “c” (at 40.5, 37.4, 33.0, 27.4, 25.4, 0 £ 0 pom

and 19.9 ppm) are mainly due to 2-methyl 3-methyl, and other
b hed alkane i ively. These
follow from the discussion of bmnched alkanes to be given
later.
The source of these branched “impurities” in the n-alkane
fraction pmbably derives from the availability of straight-chain
in these molecules, of sufficient length to allow stable
urea clathrates to be formed (13). Gas chromatography
(Figure 1) shows that branched species are usually present
at about the 10 wt % level (Table I). The reason that the 3C
NMR peaks labeled “a” to “c” in Figure 2 are so weak, is that
most of the intensity associated with the straight chain por-
tions of such molecules are occluded by the strong n-alkane
intensity. If branched saturates in kerosene and diesel fuels
are assumed to contain about 12 and 16 carbon atoms, re-
spectively, on average, lhen the '*C NMR data predict welght

Figure 3. '*C NMR subspectra for the branched plus cyclic saturates
from diesel sample 3. The spin echo sp

resonances from all CH, groups and is labeled “CH,". The gated spin
echo (GASPE) subspectra are labeled according 10 the component
resonance types as “C", “CH,", “CH", “CH,;", and "CH + CH;".

spectrum with inverse gated proton decoupling.

While it has been noted that the GASPE method is more
sensitive to variations in J(CH) coupling constant values than
are some alternative subspectral methods for CH, group
identification (14, 15), this is not a problem for samples of the
sort studied in the present work, where J values are uniformly
close to 125 Hz. Indeed it is apparent from Figure 3 that

llent discri ion bet: CH,, types is achieved and
there is minimal cross contamination between subspectra.
This is particularly obvious in the C subspectrum where all
r except for two very weak peaks near 33 ppm,

p abt with the gas ch

Relative abundances of branched i are’

ing approxi ly 0.3% of total spectral intensity,

reported in Table I.

Branched Plus Cyclic Saturates. Selected Multiplet
(GASPE) Subspectra. An illustrative set of GASPE *C NMR
spectra for sample 3 is shown in Figure 3. It is common
practice (8-10) to calculate five subspectra corresp g to
C, CH,, CH, CH;, and CH + CHj, groups and to compare these
with the conventional spin echo spectrum, as shown in Figure
3. The latter is a close analogue of a conventional *C NMR

are effemvely nulled. These peaks are reliably attributed to
quaternary carbons.

Individual CH and CHj, subspectra are always of lower
quality than other subspectra. They may contain weak ar-
tifacts arising from strong CH, intensity, which are often
identifiable because they are of opposite sign in the two
subspectra (see intensity near 30 ppm). It is for this reason
that the higher quality CH + CH, subspectrum is calculated.



Table II. Data for Branched Plus Cyclic Saturates
Fractions

elemental % H

% 13C NMR intensity as content
CH, microana-
sample C CH CH, CH; GASPE lysis
Diesels

1 02 159 59.4 24.5 14.9 14.3

2 03 168 589 240 14.8 144
3 03 150 626 221

4 00 147 633 220 14.8 14.4

5 03 146 630 221 148 143

6 05 210 581 20.4 143 14.1
7 04 191 59.7 208

8 00 213 610 177 14.2 13.9
9 00 226 719 5.5
Kerosenes

10 00 159 56.7 274 15.1 14.4

11 1.2 182 712 9.4 13.7 13.3

The individual CH and CH; data are used solely as a quali-
tative indicator of the CH,, origin of intensity in the combined
CH + CHj, subspectrum, which is then used for integration.
The CH,, group distributions di ined for the b d plus
cyclic saturates samples are given in Table II.

Initial Average Structure Parameters. Concentration of
stoichiometry leads to the following empirical formulas for
saturated molecules, expressed in terms of CH, group abun-
dances:

n-alkane formula = [(CHj),][CH,],, 3)

branched saturate formula =
[(CH;),)[CH,CH3).[C,(CH;),),[CH,), (4)
aorb>0

cyclic saturate formula =
[CHI,[C,CH;},[C).[CH,CHy.[C,(CHy),)s[CHy)m (5)

a, b, x,y, 2> 0; x + y even integer

In all cases m > 0 and x, y, 2, @, b, and m are integers.
Stoichiometric constraints are implied for each term in
brack For le, the first bracketed term in eq 4 impli
that a branched alkane contains two CHj groups g
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4 ( A bheack:

CH; group, are all d term), as are C

hing sites, each d with two additional terminal
CHj groups (third bracketed term). Equation 5 can be related
to eq 4 in that the formation of each d ring is asso-
ciated with the loss of two hydrogen atoms. The presence of
one ring is inferred from the absence of the [(CHj),] term.
The presence of (x + y)/2 additional rings is implied by the
first two terms in eq 5 and the presence of z additional rings
is implied by the third term. Formulas 4 and 5 lead directly

to the exp for the age structure parameters BS,
Npg, and Ny

BS = N{C + CH} ©)

Ng = N¢f2C + CH} ()

Ng = 0.5N¢[2C + CH - CHy} + 1 8)

where N is the average number of carbon atoms per molecule,

BS is the ag ber of branching sites per molecule, Ng

is the ag ber of b hes per molecule, Ny, is the

average number of rings per molecule and C, CH, and CH,
are the fractions of carbon atoms present as C, CH, and CH,
groups, respectively. Equations 6 to 8 are valid for any mixture
of saturates, each of which may have any number of branches
of any length, any number of rings each of any number of
carbons, with any kind of branching site or ring junction site.
The meaning of these parameters can be appreciated by in-
spection of the examples in Figure 4.

To calculate average structure parameters from eq 6 to 8,
it is first vy to esti N, the ag| ber of
carbons per molecule. In the present work this value is taken
from the average N calculated for n-alkanes (Table I) for
samples 1-8 and sample 10. Although n-alkanes, branched
saturates, and cyclic saturates may not have identical average
numbers of carbon atoms per molecule, inspection of boiling
point data (16) suggests that this is sufficiently close to being
correct for the present purposes. For samples 9 and 11, for
which an n-alkane fraction has not been isolated, N¢ values
of 16 and 12, respectively, have been used as reasonable es-
timates. It will be seen from later discussion that samples
9 and 11 are structurally unique. Structural inferences are
not sensitive to the N values assumed. Calculated values of
average structure parameters are given in Table III for all
branched plus cyclic saturates samples studied.
Substructural A t of Pri t R It

ppa from Figure 3 that the *C NMR spectrum for the

to the terminal CH, groups in n-alk Also, CH branchi

is
h

sites, each necessarily associated witb an additional terminal

d plus cyclic saturates fraction of sample 3is char
acterized by the exi: of a mod

P

‘Table IIl. Structural Parameters for Branched Plus Cyclic Saturates Fractions

sample BS Ny Ny B/(B+C) C/(B+C) Ng(B)eq9 Np(B)eql0 Ny(C) Ng(C) Ng(C)
Diesels

1 2.5 2.5 0.37 0.63 0.37 21 2.2 3.2 1.0 32
2 217 2.7 0.48 0.64 0.36 2.0 2.0 41 13 34
3 23 24 0.50 0.67 0.33 1.6 2.0 4.1 15 3.0
4 22 22 0.45 0.62 0.38 1.5 1.7 33 1.2 29
5 2.3 23 0.47 0.66 0.34 15 1.6 3.9 14 3.2
6 3.3 34 112 0.52 048 14 1.6 5.5 23 28
@ 3.2 32 0.93 0.47 0.53 1.7 20 4.5 1.7 3.0
8 32 3.2 1.3 0.48 0.52 1.1 1.6 5.2 25 23

9 3.6 3.6 24 1.0 3.6 24 0.8

Kerosenes

10 19 19 0.30 0.63 0.37 14 14 29 0.8 2.9
11 2.3 25 17 1.0 25 1.7 11

2 All parameters calculated using CH, abundances in Table II and average N¢ values in Table I. For samples 9 and 11, N¢ values of 16
and 12, respectively, were used. BS, number of brnnchlng slm per molecule, Np, number of branches per molecule; Ng, number of rings per

rnolecule, B/ (B + C). frucnon of carbon atoms due to b

les; C/(B + C), fi of carbon atoms due to cychc molecules;

Ny(B), per b hed molecule; Np(C), b

of b hes per cyclic molecule; Nj(C), number of rings per cyclic

molecule; Ns(C), number of side chains per cyclic molecule. ®Assuming Ng(C) = 1.0.
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NUMBER

cafbon BS Ng  Ne
ATOMS

(A) J\/\/k/\/ 12 2 2 0
o I w o3 4 0
o OCg) = s 7

Figure 4. 1N with o p
values: BS, number of branching sites per molecule; Ng, number of
branches per molecule; N, number of alicyclic rings per molecule.
A quaternary carbon counts as two branches (for Ng) but only one
branching site (for BS). Expressions for BS, Ng, and Ny are given in
eq 6-8.

E__....J‘LJUWW.LJ_A___

50 30 10 ppom
Figure 5. GASPE CH + CH; "*C NMR subspectra for branched plus
cyclic from diesel 1(A), 4(B), 7(C), 8 (D), and 9
€.

peaks. Although it may not be obvious at the vertical scale
amplification used in this figure, significant spectral intensity
is also associated with a large ber of weak r

spread over the spectral width. These characteristics are
common to samples 1 to 8 and sample 10. In the following
discussion we are concerned only with the prominent peaks
and will seek to identify their structural origins. Samples 9
and 11 are unique and will be discussed in the section con-
cerned with “Reliability of Structural Inferences”.

Were there no constraints on the isomeric forms present,
these samples could contain a very large number of different
compounds. For example, there are over 4000 conceivable Cy5
(noncyclic) alkane isomers and over 360 000 isomers for Cy
alkanes (7). The relative simplicity of the prominent spectral
patterns in Figures 3 and 5 is therefore striking and is indi-
cative of a limited range of isomeric forms. The observed
patterns are reminiscent of the spectra of isoprenoids like
pristane and phytane, as has been noted previously for the
conventional spectra of petroleum and shale oil saturates (1,
2,6, 7). It is necessary to examine the data more closely,
however, before asserting the nature of branched alkanes
present.

In the following discussion, the possibility that prominent
spectral features are d with i id branched

P

o 1 e
/\/\/\ l_‘
*
n i (] LY a
AN #?
14 . ’
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= I L ‘| 1
PAASS o lo [T l .
i i 1 / l
s i B S At N S
: S I s = -
0 30 20 10 ppm

Figure 6. Assignment of major features in the CH + CH, GASPE °C
NMR subspectrum of the branched plus cyclic saturates from diesel
sample 1. Peaks are labeled with Roman numerals 1-V and with
symbols A or A for CH, groups and O for CH groups, in accordance
with the substructures shown to the left of the spectrum. Observed
chemical shifts are as follows: substructure I, (A) 22.7, 22.8 ppm,
(0) 28.1 ppm; substructure 11, (A) 11.5 ppm, (&) 19.3 ppm, (O) 34.6
ppm; substructure 111, (A) 14.5 ppm, (4) 19.8 ppm, (O) 32.7 ppm;
substructure 1V, (A) 19.8 ppm, (O) 33.0 ppm; substructure V, (a) 14.2
ppm.

alkanes is assessed by considering the compatability of ob-
served and expected spectral characteristics. An isoprenoid
branched alkane is taken as a molecule free of ring structures;
in which only monomethyl (rather than dimethyl or ethyl etc.)
branches are present, and where more than one branch is
present, branching sites are separated by three carbons (as
illustrated in Figure 4A). The number of carbon atoms per
molecule is not necessarily a multiple of five.

The following spectral characteristics are utilized for
spectral assignment in assessing the isoprenoid interpretation:
(i) the CH,, origin of resonances, as determined by the GASPE
method; (ii) the observed chemical shifts, as compared with
literature data for model compounds (1, 7, 18, 19), and (iii)
the intensity (peak area) relationships, as implied by the
stoichiometry of inferred substructures.

Criteria (i) and (ii) readily lead to the assignments of CH
+ CHj, subspectra in terms of just five substructural moieties
(I to V) as illustrated in Figure 6. The following stoichiometric
relationships for structures I to IV, have been tested, where
the nomenclature identifies resonances according to sub-
structure (viz., I to V), CH,, type (in brackets) and chemical
shift (ppm values).

I(CHy) = 2 X I(CH)

22.7 & 28.1 ppm
358 ppm PR
II(CH;) = II(CHy;) = II(CH)
1.5 ppm 193 ppm  34.6 ppm
III(CHy) = III(CH)
14.5 ppm 32.7 ppm
IV(CHy) + III(CHy) - III(CHy) = IV(CH)
19.8 ppm 19.8 ppm 14.5 ppm 33.0 ppm

Observed intensities are satisfactorily consistent with ex-
pectations. The 14.5 ppm CH; peak associated with sub-
structure I1I in Figure 6 is an exception. This is often of higher
intensity than its partially resolved companion CH peak at
32.7 ppm (Figures 5 and 6) and must therefore often include
intensity due to other substructures. With this exception, the
assignments are considered to be well-founded.

The CHj, subspectra are less easily treated. In Figure 7,
eight chemical shift regions are denoted A to H and plausible
substructures are illustrated. The relevant CH, group is
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Figure 7. CH, GASPE "*C NMR subspectrum of the branched plus
cyclic saturates from diesel sample 1. Eight chemical shift regions are
labeled as follows: A, 39.2 to 39.7 ppm; B, 36.7 to 37.6 ppm: C, 32.0
to 32.5 ppm; D, 29.6 to 30.3 ppm; E, 26.6 to 27.6 ppm; F, 24.6 to
25.0 ppm; G, 22.7 to 3.1 ppm; H, 19.4 to 20.4 ppm. Each region Is
associated with CH, groups marked by dots In the substructures -
lustrated. The chemical shift ranges for regions A to G are taken from
literature data (7, 78) for molecules containing the substructures il
lustrated. Peak posttions observed in the present work also fall within
the quoted ranges. The substructures lllustrated are defined by carbon
atom dispositions up to three carbons away from the CH, site in
question. Possible structural variants involving differences four or more
positions away from the CH, site in question are not necessarily il-
lustrated.

highlighted by a dot in each of the substructures, and other
carbon groups up to four carbons away are indicated by solid
lines. Often the CH, type, plus the chemical shift observed,
are not sufficient to dehneate possxble structural vanants after
the third carbon. The following stoichi ric requir
for CH, resonance intensities, particularly in relation to CH
+ CHj, resonance intensities, have been tested:
A(CH, = I(CH) + III(CH)
39.5-39.7
B(CH,) = II(CH) + III(CH) +2X% IV(CH)
37.3-37.6 34.6
C(CH, < G(CHg) < V(CHy
32.1-325 22.9-23.1 14.2

F1(CH,) < I(CH)

246 0r25.0 281

H(CH,) = III(CH)

19.9-20.4 32.7
The nomenclature is in the same format as that used for the
CH + CHj; subspectra above. Structure F1 is the upper
structure in region F shown in Figure 7 and is probably as-
sociated with the 24.6-ppm peak, rather than that at 25.0 ppm
(7). The above equalities and inequalities involve six of the
eight CH; chemical shift regions. Observed i ities are
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of the existence of a strict isoprenoid format in multiply
branched saturates.

The ber of branches per branched molecule, denoted
Ng(B), can be calculated from the prominent peak intensity
identified in Figures 6 and 7 using the relationship

Npg(B) = Nc(CHP)/2(CH,") 9)

where sup ipt P denot. peaks, and other
symbols are as used in other equauons A molecule containing
Np(B) isoprenoid branches must also contain |Nu(B) - 1} of
(CHy,F) groups, such that

Ng(B) = Nc{(CH,,F) /2 (CH,P)} + 1 (10)

Thus if prominent intensity is solely due to isoprenoids, Ng(B)
values from eq 9 and 10 should be identical. Results given
in Table III show that there is generally good agreement
between these two calculations, suggesting the predominance
of isoprenoid multiple branch interrelationships. It should
be noted, however, that eq 9 and 10 require integrations of
individual resonances in a complex spectrum. This procedure
is considerably more error-prone than the whole subspectral
integrations used to determine BS, Ny, and Ny. The (CHP)
and (CH,,F) resonances are particularly weak for sample 8,
such that the substantial discrepancy in the two calculated
Ny(B) values (1.1 and 1.6) observed for this sample, is regarded
as insufficiently reliable to be interpreted.

Assignment-Dependent Auerage Structure Parameters.
The proposition that pr ity can be largely as-
cribed to branched molecules requires further examination
with regard to possible contributions from n-alkanes and cyclic
saturates.

Prominent intensity is found in the spectra of branched plus
cyclic saturates at chemical shifts within 0.1 ppm of shifts
expected for n-alkanes (see Figure 3). However for diesel
n-alkanes the peaks at 30.0, 32.2, 29.7, 23.0, and 14.3 ppm
should be in the approximate ratio of 4:1:1:1:1 (Figure 2).
Thus, even if the total intensity at 30.0 ppm in Figure 3 was
assigned to n-alkanes, the contribution of n-alkanes to the
other chemical shift regions would be low. Thus any n-alkane
contribution to promi: spectral i ity is sufficiently low
to be ignored.

It is anticipated that some of the spectral intensity in the
vicinity of prominent peaks will be associated with cyclic
structures, even if this only derives from minor accidental
overlap. What is of concern here, however, is to judge whether
a substantial proportion of prominent intensity is associated
with cyclic molecules (plausibly deriving from branched side
chains/substituents). A simple calculation indicates that this
is improbable, at least for samples 1 to 5 and sample 10. For
these samples the average number of rings per molecule, N,
is calculated from the overall CH, group distribution to be
between 0.30 and 0.50 (Table III). This implies that minimally
(i.e., for the case where there is a single ring per cyz<lic mol-
ecule) between 70% and 50% of spectral intensity must be
due to noncyclic molecules. The integrated intensity due to
prominent peaks corresponds to between 62% and 67% of

satisfactorily consistent with expectations.
It is apparent that prominent spectral features can be i m-

total intensity (see eq 11 for B/(B + C) parameter). It is
mferred that the assignment of prominent peaks to branched

terpreted in terms of substructures i with i

It is inferred that branching is mainly of the monomethyl type
and, where more than one branch is present in a structure,
these are well separated. It is more difficult, however, to judge
whether molecules with more than one branch follow the strict
isoprenoid format, i.e., that branches are separated by three
carbons as in Figure 4A. Resonances of carbons in only two
of the substructures shown in Figures 6 and 7 report on the
interrelationship between consecutive branches. These are
the structures associated with region F in Figure 7. The CH,
intensity in region F, denoted (CH,,F), can be used as a test

les is r ble and this interpretation is also extended
to samples 6 to 8. If it is also that nonpromi
spectral intensity is due to cyclic structures (see later), a range
of additional average structure parameters can be devised.
Obviously the fractional abundance of branched molecul
B/(B + C), is simply obtained by spectral integration of
prominent peaks, according to

B/(B + C) = L(CH,")/Z(CH,) (11)

The fractional abundance of cyclic molecules is obtained by
difference




870 « ANALYTICAL CHEMISTRY, VOL. 57, NO. 4, APRIL 1985

c/B+C)=1-B/(B+ () (12)

The ber of b hes per branched molecule, Ng(B), can
be determined by using eq 9 or 10. Equation 9 is preferred
because the CH mt,ensny is in a less congested spectn:] region
than is the (CH,,F) i ity. The ber of b per
cyclic molecule, Ng(C), is calculated from
Ny(C) = (B + C)/C} Ny - N(B)[B/(B + C))}  (13)
The number of rings per cyclic molecule, Ng(C) is given by
Ng(C) = Ngl(B + C)/C} (14)

The meaning of Ny(B), Np(C), and Ng(C) is self-evident from
the earlier discussion of Ng and Ny (Figure 4). An additional
parameter, the number of side chains per cyclic molecule,
N5(C), can be calculated from

Ng(C) = Ng(C) - 2|Ng(C) - 1} (15)
This is simply a of the ber of b hes in cyclic
molecules in excess of those iated with ions be-

tween rings. Thus Ng(C) is unity for the structure in Figure
4C and would be equal to zero for decalin and two for di-
methaleveloh A v of calculated par i
given in Table 1L

Reliability of Structural Inferences. The current approach
to the elucidation of the structural features of branched and
cyclic saturates is novel. Many average structure parameters
have been introduced through a variety of expressions. It is
therefore of particular importance to consider the reliability
of structural inferences in some detail.

Various methods for the calculation of average structure
parameters for fossil fuel products have long been in use (see,
for example, ref 20-28). Such procedures invariably incor-
porate assumptions, Constraints on structural possibilities
may be built into these approaches, or it may be necessary
to assume that broad NMR chemical shift classifications are
quantitatively valid. There are two types of average structure
parameter devised in the present work. Equations 6-8 leading
to BS, Npg, and Ny for the total sample are virtually as-
sumption free. The prime requirement is an accurate mea-

of CH, abund and the deduction of a suitable

value of N, the average number of carbons per molecule. An
approximate cross-check of CH, data can be gained by con-
sideration of el tal hydrog: The weight percent
hyd can obviousl be lculated from CH, distributions.
Resul'.s for eight samples are compared with microanalytical
data in Table II. The NMR data suggest slightly higher
than the mi lytical data, though both

methods are consistent to within 0.7 wt %. The total range
of hydrogen contents deduced from GASPE NMR data for
ﬂ'Aese elghv. samples isonly 1.4 wt %. Itis expecled that

lysis, though in ri ble agr t with NMR,
is not an accurate test of deduced CH distributions.
The second set of structural devised, includi

B/(B + C),C/(B+0), NB(B) NB(C), Ng(C), and Ns(C), do
d on the ption that spectral intensity can be

bdivided into i and nonpromi features, largely
due to branched and cyclic molecules, respectively. A number
of observations support this spectral subdivision, though
definitive evidence on the quantitative validity of the pro-
cedure is not available. (i) As shown in the previous section,
assignment criteria are i with promi intensity
being largely due to branched molecules, though some con-
tribution from cyclics cannot be excluded. (ii) It was also
shown in the previous section that, for samples 1 to 5 and
sample 10, the minimum cyclic saturates intensity required
by Npg was in reasonable accord with that deduced by C/(B
+ C). Spectral subdivision is used to derive C(B + C) but not
Npg. (iii) Further, it is apparent from Table III that C/(B +
C) and Ny, values, for all samples, follow similar trends. (iv)

Table IV. Comparison of Diesel Sample Groupings®

range of parameter values

parameter group 1 group II group III
BS 2.2-2.7 < 32-33 < 3.6
N 22-2.7 < 3.2-34 < 36
Ny 0.37-0.50 < 0.93-1.3 < 24
C/(B+C) 033-037 < 048-053 < 1.0
Ng(C) 3.2-41 < 4.5-5.5 > 36
Nx(C) 1.0-1.5 < 1725 ~ 2.4
Ns(C) 29-3.4 ~ 23-30 > 0.8
Ng(B) 1.5-2.1 11-1.7

°Group I, samples 1-5; group 11, samples 6-8; group III, sample
9.

Samples 9 and 11 consist almost entirely of cyclics (see below).
These samples are characterized by a broad CH intensity
distribution between about 27 and 60 ppm. The prominence
of this spectral region for the samples studied (Figure 5)
follows the same trends as do calculated C/(B + C) values.

Having dealt with the question of assumptions, it is also
of value to investigate the credibility of calculated structural

ter values. Molecular weight limitations demand that
1 < Ng(B) < 4 for isoprenoids. All values calculated (Table
III) are within this range. Also, by definition, Nj(C) must
be 21. This is so for all but sample 10, where the measured
value of 0.8 is regarded as acceptable within experimental
error. Samples 9 and 11 provide a unique opportunity to
examine the credibility of structural parameter values, since
their mode of production has been studied in detail (ref 29,
and unpublished data). These samples were obtained by
hydrotreating an anthracene oil which consisted mainly of
two-ring aromatic and polynuclear aromatic species. The
anthracene oil feedstock contained less than one CHj, ter-
minated side chain per 30 aromatic carbon atoms, and analysis
of total hydrotreated products showed that CH; producing
reactions were of minor significance. The calculated param-
eters C/(B + C) ~ 1.0, Ng(C) = 2.4 (sample 9) or 1.7 (sample
11), and Ng(C) = 0.8 (sample 9) or 1.1 (sample 11), therefore
appear credible.

Diesel Sample Comparisons. Numerical investigations
suggest that the average structure parameters devised in the
present work are not unduly sensitive to plausible errors in
raw data. Such considerations indicate that the set of nine
diesel samples in Table III can be treated in terms of three
groups. Group I consists of samples 1 to 5, group II consists
of samples 6 to 8, and group III consists of sample 9. Com-
parisons between groups I, II, and III are summarized in Table
IV. The values of BS, Ng, Ny, C/(B + C), Ng(C), and Nx(C)
are consistently larger for group II than for group I. Group
11 is therefore more branched, contains more cyclic molecules,
and has more rings per cyclic molecule, than group I. Group
111, as discussed in the previous section, largely consists of
cyclic molecules, with 2.4 rings per molecule and 3.6 branches
per molecule, on average.

Ns(C) and Np(B) values do not follow such group trends.
All group I and II les show app tely three sub-
stituents per cyclic molecule, with the possible exception of
sample 8. Sample 9 shows a distinctively low Ng(C) value of
0.8. Most samples show 1.4 to 1.7 branches per branched
molecule. Samples 1 and 2 yield slightly higher values (2.0,
2.1) and sample 8 shows a distinctively low value (1.1). All
measurements indicate that Ng(C) > Ng(B).

CONCLUSIONS

It has been demonstrated that novel structural information
can be derived for saturates from diesel and kerosene fuels
using the GASPE C NMR method. For the approach to be
effective it is first necessary to isolate saturates from whole




Anal. Chem. 1985, 57, 871-875 871

fuel samples. In principle the NMR analysis could be applied
to a total saturates fraction. However, if n-alkanes are a major
component, it is probable that the accuracy of parameters
reflecting the presence and nature of branched and cyclic
saturates would be reduced. It is for this reason that in the
present work the major emphasis has been placed on a sep-
arate b hed plus cyclic saturates fraction. Saturates differ
in terms of branching and ring structures. It is believed that
these characteristics can be sufficiently well-defined using the
GASPE '*C NMR procedures to delineate clear differences
in the position of les obtained from different sources.
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d total reflect (ATR) and photoacoustic spec-
troscopy (PAS) are surf sensitive IR The
maximum analytical depths for both techniques were com-
pared for organic thin films by preparing poly
of known thick of polysty (PS) on poly(melhyl
methacrylate) (PMMA). Relallvo contributions of PS and
PMMA to the spectra (1601 cm™', 1732 cm™’, 3028 cm™’'
bands) suggest that ATR samples to a depth of <2 um while
the PAS analytical depth extends to 15-20 um. These values
are dependent upon optical and thermal properties of the

ple and | par. Hi , the g
{rends are ted to be applicable to organic thin films in
the optically p , th Iy thick gory.

Photoacoustic spectroscopy (PAS) is gaining acceptance as
a technique for the ch 1 characterization of solids. In-
frared spectrometry (IR) has long been employed to probe
molecular structure. Combined IR/PAS is, thus, extending
the types of molecular information which can be obtained
directly from solid samples. The theory for photoacoustic
spectroscopy has been reviewed by Rosencwaig and Gersho

(1, 2) and experimental details have been discussed by Ro-
sencwaig (3, 4). Both theory and experiment also have shown
that PAS is sensitive to the near surface region of solids.

The more traditional IR techniques for surface studies are
the various reflectance techniques, with attentuated total
reflectance (ATR) and diffuse reflectance being the most
common. However, both of these techniques suffer from
restrictions on sample type. ATR is very dependent upon good
and reproducible contact between the sample and the re-
flection element. Diffuse reflectance requires an optically thin,
highly scattering sample. In these respects, PAS offers several
advantages over ATR and diffuse reflectance techniques. The
sample to be analyzed is placed directly into the sample cell.
Thus sample morphology need not be altered in most cases,
in contrast to ATR and diffuse reflectance, and spectra of the
sample in its native state can be obtained nondestructively.
In sum, PAS offers the potential for obtaining IR spectra of
solid surfaces with a of sample prey ion and for
a maximum of sample types.

Infrared surface studies have potential utility in a wide
range of applications including adsorption, catalysis, and
thin-film chemistry. Since both ATR and PAS are sensitive
to a near-surface region of the sample, there exists a need to
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examine the relative surface sensitivities of these two tech-
niques. This is especially true in light of differing conclusions
reached in prior investigations (4-6), reflecting the influence
of the optical and thermal properties of the solid. Krishnan
(4) has stated that for samples of low thermal diffusivity, e.g.,
polystyrene, the depth of penetration for PAS is on the order
of 10-100 um for the modulation frequencies enceuntered in
a standard FT-IR instrument. Harrick (5) gives an equation
for the depth of penetration in ATR which yields a sampling
depth of approximately 1 um for polystyrene. Gardella et al.
(6), however, report that for a polyurethane polymer con-
taining polyether and poly(dimethylsiloxane), PAS samples
less deeply than does ATR.

In this study, polymer samples consisting of known thick-
ness films (0.5-19 um) of polystyrene (PS) on poly(methyl
methacrylate) (PMMA) were prepared. This enabled com-
parison of the effective sampling depths of ATR and PAS by
examining the relative spectral contributions of the two
polymers.

EXPERIMENTAL METHODS

All IR spectra were obtained with a Digilab FTS-14 Fourier
transform IR spectrometer. Spectra were transferred to a cus-
t designed Z-80 microf based mi puter (7) for
nnnlysls and data ipulation. All were collected at 8
cm™! resolution, with a mirror velocity of 0.15 cm s™'. PA spectra
were obtained with a Princeton Applied Research Model 6003
photoacoustic cell and a PAR 6005 PA amplifier. The output
from the PA amplifier was substituted for the deuterated triglycine
sulfate (DTGS) d signal when ph ic detection was
desired. The Digilab acquisition software and hardware were
modified so that either the PA or DT'GS detector could be selected
by the data system. Alternate PA and DTGS reference scans were
obtained to correct for the effects of source intensity and residual
CO, and H,0 in the PA data. Detectors normally were switched
every 20 scans. ATR spectra were acquired using a Harrick ATR
accessory and a 45° KRS-5 reflection element at normal incidence.
Photoacoustic spectra usually were acquired for 1000 scans vs.
300 for ATR spectra. All spectra were referenced to the DTGS
spectrum acquired alternately as described above. ATR spectra
then were ratioed to a blank KRS-5 crystal spectrum. PA peak
intensities were determined by measuring the height of the peak
above a base line drawn through the spectrum on either side of
the peak of interest.

All samples were prepared by spin coating (Headway Research,
Garland, TX, Model EC101) a PMMA film onto an 18 X 18 mm
glass slide from a 40% (w/w) solution of PMMA (Aldrich) in
toluene. The film was heated at 120 °C for approximately 5 min
to remove all toluene. PS (Aldrich) then was spin coated onto
the PMMA from a toluene solution ranging in concentration from
10 to 20% (w/w), depending on the PS film thickness desired.
The th:ckness of the polystyrene film was determined with a
p ter (Tencor Instr ts, Model Alpha Step 100). The
accuracy of the thickness measurement depends upon the film
thickness. The ATR sample thicknesses were estimated to be
+0.1 um while the thicker PAS samples were £0.5 um. The
variability in film thickness across the sample was found to be
approximately twice these values.

The central portion of each square sample had the most uniform
film thickness and was used to obtain the photoacoustic spectrum.
ATR spectra were obtained from the sample cut in half and
pressed against the KRS crystal. The PS thicknesses reported
are those of the actual samples used in the spectroscopic studies.

RESULTS AND DISCUSSION

PS and PMMA Spectra. Figure 1 shows the photoa-
coustic spectra of polystyrene and poly(methyl methacrylate)
films. As expected from the polymer structures, there are clear
differences between the spectra. PMMA has a sharp band
at 1736 cm™ due to C=0 stretching. This band will be used
to quantify the PMMA contribution to the PA or ATR spectra
of the PS-on-PMMA samples. The CH band at 841 cm™ could
potentially be used for this purpose. However, it is much
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Figure 1. Photoacoustic spectra of pure (A) polystyrene, PS, and (B)
poly(methy! methacrylate), PMMA, as free standing films. Spectra have
been normalized to a DTGS detected reference spectrum.

weaker than the C=0 band and is detected in PS. A series
of bands for PMMA also are present in the 1300-1100 cm™!
region due to C-O stretching modes. Although these bands
are more difficult to measure quantitatively because of spectral
overlaps, they can be used to qualitatively judge the PMMA
contribution to a spectrum. Polystyrene has several unique
bands which can be used to judge the PS contribution to a
PS-on-PMMA spectrum: the aromatic CH stretch (3028 cm™)
and the aromatic C=C stretch (1601 cm™). Thus, the above
spectral bands make it possible to determine if either PA or
ATR is sampling through the surface PS layer and, thus,
“seeing” the underlying PMMA. Because the parameters
which influence PA (u, the thermal diffusion length) and ATR
(A, the IR wavelength, and n, the sample’s index of refraction)
sampling depths vary across the spectrum, the wavelengths
of ratioed peaks should be as close together as possible. Thus,
a suitable choice for the PS-on-PMMA system is the C=0
stretch for PMMA and the aromatic C=C stretch for PS that
are within 135 cm™ for each other. It should be noted that
PA band intengities depend on modulation frequency which
is related to spectral wavenumber (f = 2Vv). Thus, the PA
spectra to be discussed are not photometrically accurate. Teng
and Royce (8) have presented a procedure, based on obtaining
two PA spectra at different mirror velocities, to obtain pho-
tometrically accurate PA spectra. This procedure could not
be applied here because of the spectrometer’s fixed mirror
velocity. The resulting lack of photometric accuracy will not
deleteriously affect the interpretation of the PS-on-PMMA
spectra to be presented. The PA intensity ratios of emission
peaks will be used only to estimate maximum sampling depths,
not to quantify the relative contributions of PMMA and PS
to each of the various PA spectra.

Sampling Depth—PAS. The photoacoustic spectra for
five different thicknesses of PS on PMMA are shown in Figure
2. As the thickness of the PS increases, an increase in
polystyrene features relative to those of PMMA is clearly
evident. The 3-um sample exhibits only weak polystyrene
features while the 19-um sample shows the absence of
PMMA's C=0 stretch at 1732 cm™, yielding a spectrum
virtually identical with that of pure PS (Figure 1). Table I
shows the peak intensities for the aromatic CH stretch and
aromatic C=C stretch bands of polystyrene ratioed to the
C=0 stretch of PMMA. These values reflect the increase in
PS character of the spectra as the polystyrene film thickness
increases. Since the C=0 stretch band of PMMA disappears
between the 16- and the 19-um sample, the maximum depth
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Figure 2. Photoacoustic spectra of five thicknesses of PS on PMMA.
Spectra have been normalized to a DTGS detected reference spec-
trum.

Table I. Peak Intensity Ratios for PA Spectra of
Polystyrene (PS) on Poly(methyl methacrylate) (PMMA)®

PS film 1(3028 em™/ 1(1601 cm™Y/
thickness, um 1732 cm™) 1732 ecm™)
3 0.36 0.20
73 0.67 0.45
10.5 0.78 0.70
16.5 2.0 2.34
19.0 >10 >10

23028 cm™!, aromatic CH stretch in PS; 1601 cm™, C=C stretch
in PS; 1732 cm™ C=0 stretch in PMMA.

sampled by PAS in this system is between 16 and 19 pm.

Sampling depth in PAS depends on both the thermal and
optical properties of the sample. Samples can be classified
as optically transparent or opaque and thermally thin or thick
(3, 4) depending on the relation between sample thickness,
thermal diffusion length, and optical path length. The ab-
sorption coefficients, g, for the major bands of PS (3025 cm™,
2927 cm™!) were determined to be approximately 500 cm™
based on transmission spectra of known thickness PS films.
The resulting optical path lengths for these bands, defined
as the reciprocal of the absorption coefficient, are approxi-
mately 20 um. Thus, all the polystyrene films examined in
this study are classified as optically transparent since they
are thinner than the optical path length. The thermal
property of concern in this analysis is the thermal diffusivity,
a, which is the thermal conductivity divided by the product
of sample density times specific heat. The thermal diffusion
length, p, is calculated from « and the modulation frequency

according to
2a \1/2
#= (_a) (1)
w

where w is the modulation frequency. In FT-IR, w is equal
to 4xvV where v is the wavenumber (cm™) and V is the mirror
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velocity (cm/s). By use of the value 1.3 X 10 cm?s™ (9) for
the thermal diffusivity of PS, the thermal diffusion lengths
for the bands of interest in this study are 6.7 um at 3028 cm™
and 9.3 pm at 1601 cm™.

Rosencwaig has divided possible samples into six classes
which depend on the relative magnitudes of the thermal
diffusion length and optical path length of the sample and
its thickness. For the samples used in this study, once the
PS film thickness is greater than the thermal diffusion length
of polystyrene, the sample is classified as being thermally thick
and optically transparent. For such a case, Rosencwaig (3)
and Krishnan (4) state that only the radiation absorbed within
the first thermal diffusion length contributes to the photoa-
coustic signal. Thus, features in the sample further than that
distance from the surface should be photoacoustically
“invisible™. However, the data presented here clearly indicate
that features as deep as at least twice the thermal diffusion
length can be detected. This is evident in the 16-um PS film
sample, where the C=0 stretch band of the PMMA substrate
is still present.

A maximum sampling depth in excess of 1 thermal diffusion
length may be understood by further examination of the
thermal processes occurring in the solid. The thermal diffu-
sion length, u, is a measure of the average, and not the
maximum, distance that heat produced in the sample will
move in one source modulation period. In discussing the
temperature profile in the photoacoustic cell’s fill gas as a
result of the periodic heating of the sample surface, Ro-
sencwaig (3) has shown that the time-dependent component
of the temperature attentuates rapidly to zero with increasing
distance from the sample surface. By a distance of 2x times
the thermal diffusion length (g) in the gas, the ac component
is fully damped out. This analysis for the gas also can be
applied to the temperature variation within the sample itself.
Thus, heat generated at a distance of more than 2xu in the
solid should not reach the surface of the sample and thus will
not contribute to the observed phot ic signal, as pointed
out by McClelland and Kmseley (10). Eummatmn of Ro-
sencwaig’s Figure 9.2 (3) for the temperature profile shows
that substantial heating may occur at distances only up to
about xu from the heat source. This is very consistent with
our observations for the PS films that indicate an estimated
maximum sampling depth on the order of 2-3 thermal dif-
fusion lengths. With the 16.5-um PS film data (Table I), the
estimated maximum sampling depth for the 3028-cm™ band
is 16.5 um/6.7 um = 2.5 thermal diffusion lengths and for the
1601-cm™ band is 16.5 pum/9.3 um = 1.8 thermal diffusion
lengths.

Sampling Depth—ATR. The ATR spectra obtained from
the 0.5-, 1.2-, 2.2-, and 3.9-um PS-on-PMMA samples are
shown in Figure 3. The figure demonstrates that the max-
imum analysis depth of ATR for this system is between 1.2
and 2.2 pum. The 1.2-uym sample has a weak but discernible
C=0 stretch band, which is completely absent in the 2.2-um
sample. Consistent with this much shallower sampling depth,
the ATR spectrum of the 0.5-um PS film exhibits all the major
spectral bands of PS, in contrast to the PA spectrum, where
the PS features are only barely visible (Figure 4).

Harrick (5) gives the following equation for the depth of
penetration in ATR:

A
enetration depth = ——————— 2)
L o 2x(sin? 6 — ny)'/?

where ), is the wavelength of light in the internal reflection
element (IRE), 6 is the angle of incidence, and ny, is the
refractive index ratio of sample and IRE. This equation
neglects changes in the index of refraction of the sample as
a function of absorbance and thus the true penetration depth
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Table II. Expected Range of PA Sampling Depths for Organic Polymers and Compounds®

thermal
sample diffusivity, cm?/s
polystyrene 1.3 %107

(1.2-1.5) X 10°*
(0.33-2.8) X 107

1.3 x 10°°
1.3 X 10 (av)
1.4 X 107 (av)

range of polymers®
range of compounds®

polystyrene
range of polymers
range of compounds

1.3 x 107

1.3 X 102 (av)
1.4 X 107 (av)

polystyrene
range of polymers
range of compounds

mirror

max sampling

band, cm™ velocity, cm/s depth, um
1601 0.15 18.6

1601 0.15 17.9-20.0
1601 0.15 9.4-27
4000-400 0.15 11.7-37
4000-400 0.16 11.7-37
4000-400 0.15 12.1-38.3
1601 0.6-0.05 10.1-32
1601 0.6-0.05 10.1-32
1601 0.6-0.05 10.5-33

thick

@ Assume optically transparent, thermally thick case: film

1/8, film thick u, and depth = 2u.

> .
b Polymers included are nylon (a = 1.3 X 1073 cm’/s) polyelhylene (a =1. 'l X 107%), PMMA (a = 1.2 X 107), polypropylene (a = 1.5 X 10-3),

and polystyrene (a = 1.3 X 107%). “C
chloride, ethanol, and ethyl ether.

d are gly

1, 1-octanol, anthracene, biphenyl, naphthalene, benzene, carbon tetra-

W
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Figure 3. ATR spectra of four thicknesses of PS on PMMA. Spectra
were obtained with a 45° KRS-5 crystal at normal incidence and were
normalized to a blank crystal spectrum.

may be slightly different from that calculated. For KRS-5
(n = 2.37) at 0 = 45°, eq 2 yields a penetration depth for the
evanescent wave in PMMA (n = 1.49) at 1732 cm™ of 1.2 pm.
This is the estimated depth at which the electric field has been
attentuated to 1/e of its original value. Thus, the maximum
ATR sampling depth should be greater than 1.2 um. This
conclusion is borne out by the results of Figure 3, where the
1.2-um PS sample still exhibits a readily visible C=0 stretch
band due to PMMA. Beyond a depth of approximately 2.4
p#m in polystyrene, the wave is expected to be
reduced in intensity to less than 20% (1/¢?) of its initial value.
No contribution from PMMA beyond this depth can be de-
tected.

A comparison of Figures 2 and 3 suggests that PAS samples
approximately an order of magnitude deeper than does ATR
for the PS films using typical FT/IR operating conditions.
However, some additional experimental control of relative
sampling depths is possible in ATR by changing the angle of
incidence, 0, or changing the index of refraction of the IRE.
The PAS sampling depth also can be varied by changing the
mirror velocity and hence the thermal diffusion length, as has
been mentioned by Vidrine (11). This procedure could not
be tried since the mirror velocity of the FTS-14 spectrometer

1724
2920 1250/
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Figure 4. Comparison of (A) PA and (B) ATR spectra for a 0.5-um
PS-on-PMMA film.

is fixed. A general overview of the influence of ATR and PA
experimental variables on sampling depths is presented in the
conclusions section.

Sensitivity. Figure 4 illustrates the relative surface spe-
cificity of ATR vs. PAS. ATR yields an identifiable PS
spectrum from the smallest film thicknesses (0.5 um) exper-
imentally available. The ph ic experiment requires
at least a 1.2-um sample to show detectable PS features. Thin
film samples on flat substrates are the ideal ATR samples but
are far from the ideal PAS samples due to their low surface
areas. A sensmv:t.y advant.age for PAS is realized when rough
or even powd are ined. For such cases, ATR
often ylelds little or no spectral information.

CONCLUSIONS

This study has shown that the maximum sampling depth
of photoacoustic spectroscopy for PS-on-PMMA is approxi-
mately 20 pum. For polystyrene, whose thermal diffusivity is
1.3 X 107 cm? 57, this depth corresponds to two to three
thermal diffusion lengths. ATR, on the other hand, samples
to an approximate depth of <2 um (for KRS-5 and n = 1.59).
Thus, in such circumstances the ATR sampling depth is
considerably less than that for PAS and can be understood
in terms of the thermal and optical properties of the sample.
However, Gardella et al. (6) obtained ATR and PA spectra
of Avcothane, a segmented poly(dimethylsiloxane)-poly-
ether-polyurethane block copolymer, and concluded that PA
samples less deeply than does ATR. As they point out, seg-
regation of the siloxane component to the air-polymer in-
terface is known to occur for Avcothane. However, studies
by Thomas and O’Malley (12) have demonstrated that the
surface structure which results from a copolymer of incom-
patible materials is composed of “isolated vertical domain
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Table 111. Expected Range of ATR Sampling Depths for Organic Polymers and Compounds

sample band, cm™ 0, deg
polystyrene 1601 45
range of polymers® 1601 45
range of compounds® 1601 45
polystyrene 4000-400 45
range of polymers 4000-400 45
range of compounds 4000-400 45
polystyrene 1601 75-45
range of polymers 1601 75-45
range of compounds 1601 75-45
polystyrene 1601 45
range of polymers 1601 45
range of compounds 1601 45

2Sampling depth = 1.5 X penetration depth.

max sampling

NRe ample depth,® um

2.37 1.59 2.8

2.37 1.49-1.59 1.9-2.8
2.37 1.35-1.65 1.5-5.1
237 1.59 1.1-11
237 1.52 (av) 0.85-8.5
2.37 1.43 (av) 0.68-6.8
237 1.59 0.90-2.8
2.37 1.52 (av) 0.87-2.1
2.37 1.43 (av) 0.83-1.7
2.37-4.0 1.59 0.64-2.8
2.37-4.0 1.52 (av) 0.63-2.1
2.37-4.0 1.43 (av) 0.61-1.7

5 Polymers included are nylon (n = 1.5), polyethylene (n = 1.51), PMMA (n = 1.49),

polypropylene (1.50), and polystyrene (1.59). Compounds included are glycerol (n = 1.475), 1-octanol (1.430), biphenyl (1.475), naphthalene
(1.400), benzene (1.501), carbon tetrachloride (1.46), ethanol (1.361), and ethyl ether (1.353).

structures”, leading to a laterally inhomogeneous surface where
one component is raised somewhat above the other. The
estimation of sampling depths from the copolymer surface is
more prone to sampling artifacts than an estimation from a
layered, smooth surfaced structure such as was used in the
present study.

The results for PS-on-PMMA are expected to be applicable
to a range of organic films. Table II shows the estimated
maximum PAS sampling depths as a function of various ex-
perimental parameters for PS as well as a selected group of
organic polymers and compounds. All the values in the table
assume that the sample falls into the optically transparent,
thermally thick class, i.e., sample thickness <1/8 and sample
thickness >u. The first part of the table demonstrates the
effect of thermal diffusivity on sampling depth. The latter
portions examine the effect of band position and mirror ve-
locity, respectively, over a typical range of values. The table
shows that, indeed, PS is a representative compound in terms
of its thermal properties. The range of predicted maximum
sampling depths for frequently encountered experimental
conditions is approximately 10-30 um. Values at the lowest

bers (appr 400 cm™) are somewhat higher.

Table III is a similar compilation of sampling depths for
ATR. Again, the effects of various experimental parameters
are examined. Polystyrene has a slightly higher than

absorption coefficient, 8, for the aromatic C-H stretch band
in PS (1601 cm™) is approximately 450 cm™. For a very
strongly absorbing band, such as the C=0 stretch in PMMA,
B can be on the order of 2000 cm™ (4), giving an optical
absorption length of 5 um. Thus, it is possible to have samples
where a weakly absorbing band is classified as being optically
transparent while a strong band is opaque. The effect that
this situation will have on the spectrum depends on the re-
lation between 1/8 and u. As long as u < 1/8, regardless of
the sample thickness, the PA signal will be proportional to
B and the band will be observed. If, on the other hand, 1/8
<p< ple thick one has ph ic saturation and
the PA signal becomes independent of 8. As Krishnan (4) has
noted, saturation can indeed occur in mid-IR/PA spectra and
affects relative peak heights. Thus, the value of 8 must be
considered in analyzing PA spectra and sampling depths.
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index of refraction and thus the ATR sampling depths cal-
culated for it are slightly larger than those for the averages
in the polymer or organic compound categories. The sampling
depth range estimated for the typical parameter values in an
ATR experiment is approximately 0.6-3 um. Values at the
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Infrared p tic sp were d from org
films on inorganic particulate adsorbents. Under favorable
conditions, including strong absorption bands and high surface
area sllica and alumina substrates, the detectlon sensitivity

of phot P ,.,b stimated to be 0.2 mono-
layon of an bed org d B of the
lecul on p by IR sp py, react
of adsorbed organic compounds may be ined In situ.
E les shown p ical tlons of sorbed
polynuci i pounds that are potentially important
in the pheric ch y of g d aero-
sols.

‘The photoacoustic effect (I) recently has been adapted to
photoacoustic spectroscopy (PAS) in the infrared (IR) region.
Irradiation with an IR source produces temperature and
pressure fluctuations in a closed sample cell resulting from
the nonradiative decay of vibrationally excited molecules. A
plot of pressure variation (photoacoustic emission) vs. IR
frequency often yields a result directly analogous to an ab-
sorption spectrum. McClelland (2) has recently reviewed
photoacoustic spectroscopy (PA) in detail.

The specific advantages that IR/PAS has over other IR
techniques for the study of fine particulate specimens are as
follows. Little or no sample preparation is necessary, in
contrast to attentuated total reflectance (ATR) and diffuse
reflectance. Thus, infrared spectra of the sample in its native
state may be obtained nondestructively. In addition, PAS is
not highly sensitive to light scattering effects. The range of
accessible samples extends from pure powders to submono-
layer films on particulate substrates. The amount of bulk
sample required can be as little as 2-3 mg. Thus, the IR/PAS
technique has potential utility in a wide range of particle
science applications including adsorption, catalysis, and thin
film chemistry.

This paper will ine the useful of the technique for
infrared surface studies by focusing on the characterization
of the reactivity of polynuclear aromatic hydrocarbons (PAH)
adsorbed on fine particulate substrates. Many of the PAH
compounds and their derivatives are potent mutagens and
ubiquitous air pollutants (3). Pitts (4) and others (5-8) have
shown that PAH can react photochemically and with O, and
NO; to form oxygenated and nitrated derivatives with mu-
tagenic properties significantly different from those of the
original compound.

Since the PAH are usually found associated with airborne
particulate matter and are presumably adsorbed on the
particle surface, PAH reactions with O3 and NO, as well as

to be examined in more detail. Photoacoustic spectroscopy
is well suited to this application owing to its surface specificity
and ability to accommodate particulate samples.

EXPERIMENTAL METHODS

Photoacoustic Spectroscopy. All IR/PAS data were ob-
tained with a Digilab FTS-14 Fourier transform IR spectrometer.
Spectra were transferred to a cust Z-80 pro-
cessor based mi p (9) for ion and data pro—
cessing. All spectra were collected at 8 cm™ resolution, with a
mirror velocity of 0.15 cm/s. A Princeton Applied Research Model
6003 photoacoustic cell was placed in the spectrometer’s sample
compartment to obtain spectra. The output from the PAR Model
6005 photoacoustic amplifier was substituted for the normal
deuterated triglycine sulfate (DTGS) detector. Photoacoustic
spectra normally were the result of 500-1000 scans. The spec-
trometer’s acquisition software and hardware were modified to
allow PA and DTGS spectra to be alternately collected (10). The
DTGS spectrum was used as a reference to compensate the PAS
spectrum for the effects of source intensity as well as residual CO,
and H,0 as suggested by Riseman (11) and Low (12). Unless
stated otherwise, all PAS data have been so compensated.

Sample Preparation. The particulate adsorbents used in this
study included a nonporous Cabosil M-5 fumed silica (Cabot Corp,
Billerica, MA) with a B.E.T. determined surface area of 220 m?/g
and particle size of a few tenths of a micrometer resulting from
the aggregation of the nanometer diameter primary particles.
Lichrosorb Si-60 silica (EM Laboratories, Elmsford, NY) with
a surface area of 550 m?/g and mean particle diameter of 5 um
and Spherisorb A5Y 5 um alumina (Phase-Sep, Happauge, NY)
with a suface area of 93 m?/g also were used. Pore size distri-
butions in the Lichrosorb and Spherisorb particles are not
available.

The PAH compounds (Aldrich) were adsorbed by wetting ~200
mg of particles with 15 mL of an approximately 102 M CH,Cl,
solution of the PAH, followed by evaporation of the solvent at
approximately 40 °C (13). Monolayer coverages of PAH were
estimated assuming that one PAH molecule covers 50 A? (13),
that all PAH were deposited on the particle surface, and that all
of the particle surface area was available for PAH adsorption.

The UV irradiation of particles was accomplished by dispersing
a sample from a cyclohexane slurry onto a glass microscope slide.
Only a small amount of nitroanthracene was extracted from the
particles by the cyclohexane. The di d sample was exposed
in ambient air to the light from a GE G8TS5 germicidal lamp held
10 cm from the slide. Particles were scraped from the slide and
used to obtain a photoacoustic spectrum. Subsequently, the
sample was extracted with CH;Cl, and the extract analyzed with
a Hewlett-Packard 5880A gas chromatograph equipped with a
12-m methylsilicone fused silica capillary column and a flame
ionization detector.

RESULTS AND DISCUSS]ON

The nblhty of IR/PAS to i b di
pamcles is demonstrated in Figure 1. Spectrum A is the

photochemical reactions will occur at the particle/atmosph
interface. Thus, the physicochemical characteristics of the
particle’s surface and the interaction of the PAH with it need

! Present address: Department of Chemistry, Marshall University,
Huntington, WV 25701.

d PA emission spectrum from Cabosil fumed silica.
The weak, sharp band at 3746 cm™ is due to the OH stretch
of non-hydrogen-bonded (lone) silanol groups. The very
strong, broad emission at approximately 1100 cm™ is due to
siloxane (SiOSi) stretching, while the band at 1632 cm™ is the
HOH bend of adsorbed water. Spectrum B is the same silica

0003-2700/85/0357-0876$01.50/0 © 1985 American Chemical Society
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Figure 1. Spectra of Cabosil fumed silica: (A) photoacoustic spectrum
of silica; (B) p spectrum after drying at 205 °C
for 1 week; (C) spectrum of silica pressed peliet

(plotted as absorbance).
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Figure 2. Comparative photoacoustic spectra of (A) Cabosil fumed
silica and (B) Lichrosorb Si-80 silica.

after being dried at 205 °C for 1 week. The very broad band
between 3700 and 3000 cm™, due to the OH stretch of ad-
sorbed water, is expected to decrease after extensive drying.
This decrease, viewed relative to the silanol band at 3746 cm™,
is evident. For comparison, spectrum C shows the trans-
mission spectrum obtained from a pressed pellet of pure
Cabosil, plotted in absorbance units. The bands at 3742, 3464,
1867, and 1628 cm™ clearly correlate with those observed in
the PA spectrum. Because of the very strong siloxane ab-
sorption below 1260 cm™, the transmission mode spectrum
offers little structural information below this wavenumber.
Cabosil silica also is a special case in that it readily forms clear
pellets suitable for transmission analysis. Many particulate
materials cannot easily be pressed into transmitting pellets
and, thus, transmission mode spectra are difficult, if not im-
possible, to acquire. Furthermore, in the process of making
a pellet, significant alteration of the sample may occur (14).

Subtle differences between two particulate adsorbents can
be seen in Figure 2, showing comparative photoacoustic
spectra of two different silicas. According to the manufacturer,
the fumed silica (Cabosil) has a larger number of hydroxyl
groups than does the Lichrosorb, and this is borne out by the
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Figure 3. Ph stic spectra of p on Cabosil

silica: (A) source compensated spectrum with inset at 5.5X vertical
scale; (B) spectrum A after blank silica background substraction; (C)
pure phenanthrene.

absence of a pronounced silanol band at 3742 cm™ in the
latter’s spectrum. Additional differences in the silica struc-
tures are suggested by the shape and position of the siloxane
absorption at approximately 1100 cm™. Both silicas are seen
to have a significant amount of adsorbed water.

The utility of PAS for the characterization of submonolayer
organic films on particulate samples is demonstrated in Figure
3. Phenanthrene (0.95 monolayer, 124 mg/g) was adsorbed
onto Cabosil silica. Spectrum A of Figure 3 is the source-
compensated PA spectrum of this sample, with the inset
showing a portion of the spectrum with the vertical axis ex-
panded 5.5X. Comparison of this spectrum with that of pure
phenanthrene (spectrum C) indicates that the phenanthrene
bands at 3055, 1528, 1497, 1454, and 1423 cm™ are identifiable
in the phenanthrene-on-silica spectrum. However, additional
phenanthrene bands at 1601 and 1350 cm™ are not exhibited
due to spectral overlap with silica features involving adsorbed
water and siloxane band emissions. To more clearly show the
phenanthrene features, it is possible to subtract a blank silica
spectrum from the phenanthrene-on-silica spectrum. The
result of performing such a background subtraction on
spectrum A of Figure 3 is shown by spectrum B. As s evident,
the removal of the silica features has enhanced the phenan-
threne features. Even though they are present in the initial
spectrum, the four phenanthrene bands between 1528 and
1423 cm™ more closely resemble the pure phenanthrene
spectrum after silica background subtraction. The bands at
1601 and 1350 cm™ due to phenanthrene, which were not
evident before background subtraction, aiso can be identified.
Because of the adsorbed phenanthrene, it was not possible
to fabricate a pellet of this sample suitable for obtaining a
conventional transmission spectrum. An ATR spectrum re-
vealed no features attributable to the PAH (15).

The quality of a PA spectrum also is very dependent on
the surface area exposed to the incident radiation. The PA
signal-to-noise ratio of surface sorbed molecules of a given
monolayer coverage on a given particle size substrate usually
will increase with the specific surface area available for ad-
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Figuwe 4. T and p spectra of S

in KBr: (A) transmission spectrum of pressed pellet; (B) photoacoustic
spectrum of pressed pellet; (C) photoacoustic spectrum of ground
pellet.

sorption. In other words, of two samples with the same
monolayer level of coverage, the one with the higher surface
area will have more adsorbate in the analytical volume and
yield the stronger PA signal. Similarly, smaller particle sizes
actually are advantageous in PAS due to their higher specific
surface area to volume ratios. This surface area effect is
demonstrated in Figure 4. An approximately 5% by weight
nitroanthracene-in-KBr pellet was prepared and its trans-
mission spectrum obtained (spectrum A). The pellet was Lhen

1520

1447 1369

2650 e
Figure 5. Photoacoustic spectra of S-nitroanthracene adsorbed on (A)
Cabosil silica (0.6 monolayer, 98 mg/g) and (B) Spherisorb alumina (0.9
monolayer, 62 mg/g).
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Figure 6. Photoacoustic spectra of ~1 monolayer $-nitro-
anthracene-on-sllica (A) before irradiation and (B) after 11 h of UV

placed in the PA cell and its phot: ic spectrum
(spectrum B). Finally, the pellet was ground with a mortar
and pestle to i its effective surface area. The PAS data
of the intact pellet show only very weak nitroanthracene
features. After the pellet was ground, however, the spectrum
(spectrum C) exhibits all of the nitroanthracene features ev-
ident in the transmission spectrum, clearly illustrating the
increase in spectral quality gained when the sample surface
area is increased.

Differences in the interactions of particle surfaces with an
adsorbed organic molecule are exemplified in Figure 5, which
compares 9-nitroanthracene adsorbed on Cabosil silica (A) and
Spherisorb alumina (B). Changes are observed in the position
of the antisymmetric NO stretch band. This band is at 1516
cm™ when the PAH is physically dispersed in KBr (shown
previously in Figure 4), at 1520 cm™ when adsorbed on the
silica and at 1528 cm™ when adsorbed on the alumina. These
band positions were confirmed to 4 cm™ by obtaining spectra
from several samples. The observed lower S/N of the alumina
spectrum can be at least partly attributed to its lower surface
area (93 vs. 220 m?/g), since the difference in milligram-
per-gram coverage (62 vs. 98) is smaller than the difference
in observed S/N The trend in band posmon is consistent

composition than when silica supported. One of the reasons
for this difference in photochemical stability may be the
strength of the nitroanthracene-sorbent surface interaction
as manifested by the position of the antisymmetric NO stretch
band in the PA spectrum. Hydrogen bonding alone would
not be expected to affect the position of the antisymmetric
stretch mode (17).

PAS, because of its nondestructive nature, also can be used
for the in situ study of the reactions of adsorbed organic
monolayers on particle substrates. Cabosil silica with about
1 monolayer (160 mg/g) of nitroanthracene was dispersed on
a glass slide and exposed to UV radiation for 11 h. Approx-
imately 2 mg of the irradiated sample was used to obtain a
photoacoustic spectrum. Figure 6 shows the photoacoustic
spectra of the sample, with a blank silica spectrum subtracted,
before and after irradiation. Before exposure, the antisym-
metric and symmetric NO stretches at 1516 and 1373 cm™,
along with other nitroanthracene bands, are clearly evident
(Figure 6A). The NO band can be detected at organic cov-
erages as low as 0.2 monolayer (33 mg/g). Since the amount
of sample necessary to obtain a spectrum from such a sample

with an increasing degree of hydrogen bondi ion of
the NO, group with either surface hydroxyl groups or adsorbed
water as the substrate is changed from silica to alumina. In
photodecomposition studies (16), nitroanthracene supported
on alumina has been found to be slightly more stable to de-

is appr ly 2 mg, the 1m detectable total t
of nitroanthracene in the sample cell is approximately 65 ug.
After UV irradiation, neither NO stretch band is detectable
and new bands at 1674, 1589, and 1335 cm™! are evident after
silica background subtraction (Figure 6B). These bands match
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Figure 7. Gas chromatograms of CH,Cl, extracts of UV Irradiated
ple: (A) before irr ; (B) after 11 h of irradiation.

those of anthraquinone, which is the expected major photo-
decomposition product of nitroanthracene in the presence of
oxygen (18). The pi of anthraqui and d

rence of nitroanthracene are confirmed by GC analysls of a
CH,CI, extract solution shown in Figure 7. Identification of
the extract components is based on a comparison of retention
times with those of authentic compounds. The major com-
ponent (~70%) of the extract is, indeed, anthraquinone, with
lesser (~15%) amounts of anthrone and unreacted nitro-
anthracene also present.

Unlike the GC experiment, IR/PAS allows for the in situ,
nondestructive monitoring of surface reactions, including
surface binding interactions that may alter the chemical state
or photochemical stability of the sorbed PAH. Although
several investigators have reported the use of PAS in the
UV-visible range for the study of surface monolayers (19-21),
this investigation establishes the utility of IR/PAS to char-
acterize the reactions of submonolayers of organic molecules
on high surface area particulate substrates.
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Angular Distribution X-ray Photoelectron Spectroscopy Studies
on Compacted Lead lon Selective Membrane Powders

Vaneica Young*' and Paul C. McCaslin'

Department of Chemistry, Texas A&M University, College Station, Texas 77843

Changes in the distribution of specles In the near surface
region of d lead ion selectl p %
as r led by | XPS, are reported.
ing electron mi hs of pellets pr at pi

ranging from a low of 7 I)/ln 210 a high of 15 000 Ib/in.? reveal
surfaces of almost und ted, sp with an
avorage diameter of 0.25 um. For uniraatad membranes,
lon XPS Is the stratiticatlon of the “near

in nitrogen at room temperature. XPS spectra were recorded at
takeoff angles of 18°, 38°, and 58° on a Hewlett-Packard 5950A
ESCA spectrometer equipped with an angular distribution probe
(Surface Science Model 259). In all cases, the takeoff angle is
the angle of observation of photoemission relative to the sample
surface. A computer system consisting of a memory upgraded
HP 9825A computer, a HP 9885 disk drive, a HP 9872S graphics
plotter, and a Teletype Model 43 teleprinter was used to control
data collection and storage and for subsequent data reduction.
All binding energies have been referenced to the ubiquitous hy-

surtace reglon of the surface layer of sph S |
electron micrographs of EDTA and HCIO, treated pellai.s ahow
that an erosion of the surfaces occurs and angular distribution
XPS analysis reveals the stratification of the “near surface"
reglon of the new surfaces. Promomelry has been used to

the pography of the pellets, and the data
have been used to assess the enod of roughness on XPS
Intensity ratios.

Lead ion sensors based on mixtures of lead sulfide and silver
sulfide have been described in the literature (1-11). There
are many variables present in the fabrication of lead ion se-
lective electrodes from such membranes. The membrane
powder may be formed by a variety of methods, e.g., copre-
cipitation of PbS and Ag,S by addition of a solution of Na,S
to a solution of Ph(II) and Ag(I) (2, 3), coprecipitation of PbS
and Ag,S by addition of a solution of Pb(II) and Ag(I) to Na,S
solution (5, 6), coprecipitation of PbS and Ag,S using H,S (1),
homogeneous coprecipitation of PbS and Ag,S using thiourea
(8), and mechanical mixing of PbS and Ag,S powders (7). This
list is by no means exhaustive. Secondly, the membrane may
be cast by different methods, e.g., cold pressing (2) and
pressure assisted sintering (11). Finally, the electrode can be
geometrically constructed as an ionic contact membrane
electrode or an all solid state electrode (12). There are dis-
crepancies in the reported behavior of these electrodes which
we feel can be ascribed to differences in the surface compo-
sition. We have previously reported the results of fixed angle
X-ray photoelectron spectroscopy (XPS) studies on mem-
branes cleaned by exposure to EDTA and HCIO, solutions
(2) and on membranes exposed to Cu(IT) and Zn(II) solutions
(13). Because previous studies (14) have shown that more than
the surface monolayer is involved in interaction with external
solutions, we have used angular distribution XPS (15-17) to
investigate nondestructively the chemical speciation in the
first 20 A of compacted Pb ISE membrane powders. This has
been done for untreated, EDTA treated, and HCIO, treated
membranes.

EXPERIMENTAL SECTION

The powders were prepared by ipitation of PbS and Ag,S
(L:1 mole ratio) from a solution conmmmg AgNOj, and Pb(NO,),
by addition of a solution of Na,S. The precipitate was filtered,
washed, and dried at 110 °C overnight. The powders were com-
pacted into 7 mm diameter pellets using a Quick Press. These
pellets were exposed to 1 mL of 0.01 F ammoniacal EDTA or 0.1
F HCIO; for 15 min, washed in a deionized water jet, and dried

! Present address: Departmem of Chemistry, University of Flo-
rida, Gainesville, FL. 326

drocarbon contamination peak at 285.0 eV. In addition, spectra
were recorded for a number of standards. Argon ion etched galena
crystals (Wards Natural Science Establishment, Inc.) were studied
to assess the reliability of theoretical sulfur to lead cross section
ratios. Spectra were also obtained for basic lead carbonate
(2PbCO3-Pb(OH),), lead carbonate, and lead sulfate. Pelletized
reagent grade powders of these latter standards were used.

The present peak fitting subroutine allows us to choose from
several different symmetrical line shapes (Gaussian, Lorentzian,
secant, parametrized Lorentzian, and parametrized secant). For
all data reported here, a Gaussian line shape function was used
for curve resolving. Atom ratios have been calculated from time
normalized intensity ratios. As shown previously, the exact
equation has the form

N.i 1,045 ME) F(E,E,) T(E,E,)

Ny Iy 00 ME) F(E,E,) T(E,E,)

where the subscripts x and y denote specific elements and the
subscripts i and j denote specific levels in x and y, respectively.
E; and E; are the respective kinetic energies of the phctoelcctron
Md E,is the analyzer pass energy, which is held constant in the
HP5950A spectrometer. Each term is defined as follows: N is
the number of atoms, I is the intensity, ¢ is the asymmetry
corrected photoionization cross section, A(E;) is the inelastic mean
escape depth, F(E,E,) is the electron-optical factor, and T(E;,E,)
is the analyzer transmission function. Equation 1 is derived from
the exact expression for photoelectron intensity given in ref 18,
where constant terms, such as the X-ray flux, cancel in the ratio.
Recently, Elliott et al. (19) have calculated sensitivity factors for
the HP5950 spectrometer. They have the form S,; =
o F(ELE)T(E,E,), so that eq 1 takes the form

Nu L ME) Sy,
N, ly,}\ (E) Sy

1

(2)

In order to employ this equation, electron mean escape depths
must be obtained from the literature or calculated by one of several
published general equations. Experimental works prior to 1983
have shown that the product of F(E,E,) T(E,E,) and A,(E;) cancel
each other (20), so that eq 1 takes the simpler form
Ny Loy 3
== ®
Ny Iyjou
Both eq 2 and 3 are applicable directly only if the spectra have
been recorded with identical window widths. If not, the equations
must incorporate the window width (W).
Nu 'xJ ME)) SyJ W,
N,, lyl A(E) S,. W.

N = ﬁ v _“2 (5)
N, yi I yi I Wy

Results obtained on the standard compounds will be used.to

(4)
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Figure 1. Scanning electron micvogaphs (450X) of Pb ISE membrane
pellets pressed at (a) 7 Ib/in.2 and (b) 15000 Ib/in.2

: =3 g
Figure 2. S (20 000X) of Pb ISE mem-
brane pellets pressed at(a) 7 Ib/ln 2 and (b) 15000 Ib/in.2.

determine whether eq 4 or eq 5 is used to analyze the data on
the Pb ISE membrane pellets.

In addition, pellets compacted with a Quick Press (7 1b/in.?)
and pellets compacted at 1000, 2000, 5000, 10000, and 15000 1b/in.2
using a 16 mm diameter KBr die (Beckman Model K-16) were
examined with a JEOL JSM-25 S 11 ing electron mi
Pellets pressed at 7 Ib/in.? and subsequently exposed to EDTA
or HCIO, for 15 min were also examined. Micrographs were
recorded at magnifications of 450X and 20000X and a particle
size distribution for each untreated sample was determined by
measuring the diameters of 27 particles. The topographies of these
samples were also determined with an Alpha-step 100 profilometer
(Tencor Instruments). The profilometer has an ultimate depth
resolution of 100 A and a lateral resolution of 50 A

RESULTS AND DISCUSSION

In order to correctly interpret the XPS results, it is nec-
essary that we know both the morphology and the topography
of the surfaces of the pellets. The surface morphology has
been investigated by use of scanning electron microscopy. In
Figure 1, we show scanning electron micrographs of a pellet
pressed at 15000 1b/in.? and one pressed at 7 Ib/in.? (450X).
The pellet pressed at 7 1b/in.? shows a more pronounced local
roughness than that pressed at 15000 Ib/in.? but the latter
pellet contains more pores. This is even more evident at a
magnification of 20000% (Figure 2). These results can be
understood as follows. In both compacting methods, the
pressure is applied linearly, but this means that the packing
is at least partially dependent on the eventual pellet density.
Since the mass to eventual volume was greater for the 7 Ib/in.?
pellet than for the 15000 1b/in.? pellet, the former is more
densely packed. In both cases, 80% of the surfaces of the
pellets consist of almost uniformly spherical particles. The
particle size distributions are shown in Figure 3 and are quite
similar for the two samples. The pellet pressed at 7 1b/in.?
has an average particle diameter of 0.23 £ 0.04 um, while that
pressed at 15000 lb/in.? has an average particle diameter of
0.25 £ 0.06 um. These results show that even a pressure of
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Figure 3. Particle size distribution for Pb ISE membrane pellets
pressed at (a) 7 Ib/in.2 and (b) 15000 Ib/in.2.

15000 lb/in.? is not sufficient to cause large interparticle
boundary regions at the surface. The main effect of increased
pressure in the range studied is to cause some distortion of
surface particles from spherical to ellipsoidal. Because the
electron mean escape depth is only 20 A (2), it is evident that
any surface technique which does not employ ion etching will
only reveal in part the composition of the surface layer of
particles. Nevertheless, such studies are relevant because it
is this layer of particles which is in intimate contact with the
external environment.

Since the SEM studies have revealed that the surfaces of
the pellets are microscopically rough and since it has been
shown that surface h infl XPSi ities (15,
17), it is important that we assess the effect of surface
roughness on the intensity ratios to be employed in eq 4 or
5. For an atomically smooth surface with a fixed analyzer to
sample geometry, an effective mean escape depth, A, can be
defined as

Ae = Asind (6)
In this case, the photoelectron intensity signal is given by

(21-23)
L)k - =
1(2)_1(‘4]; X(2) exp()")dz ™

where X(Z) is the depth dependent concentration, A is the
analyzed surface area, and K’is a constant which includes all .
of the instrumental factors. If we take intensity ratios and
perform an inverse LaPlace transform on the result, concen-
tration ratios are obtained. The problems encountered when
analyzing a rough surface are 2-fold. First of all, the area
analyzed is no longer the irradiated area, due mainly to the
effect of electron shading. Secondly, the angle of photoelectron
escpae with respect to a surface tangent, &, will vary across
the effective area, Ay, which is also a function of 6. In this
case, the photoelectron intensity is given by

INVSES ) ° S, %@ expl-z/x sin #) ddg dz (®)
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Figure 4. Proflometer topographs of a Pb ISE membrane pellet
pressed at 7 Ib/in.%.

where A, is the effective aperture area of the spectrometer.
From geometrical considerations, we find that

Ay=Asind (smooth surface) 9)
dA, = dA sin ¢ (rough surface) (10)
we then have
Ix(1/A,) =

K'L-J;mx(z) exp(-z /X sin ¢') sin ¢ dA dz (11)

If we assume that the depth profile is independent of the
roughness (i.e., at any point on the surface, if we go perpen-
dicular to a tangent at that point, we will obtain the same
profile), we can move x(z) outside of the inner integral

In(l/)\,,) =
K’ _j; “2(2) _j; exp(-z/A sin @) sin ¢ dA dz (12)

In general, a polycrystalline material will exhibit different
crystal facets at the surface and these facets may not interact
with the environment at the same rate or even to give the same
products. By analogy, one can infer that the packing ar-
rangement of colloidal size particles can affect the depth
profile at least at the very surface of the particles. The validity
of the above ption will depend on the functional form
of the topography. One expects the assumption to be valid
for smooth functions and to become increasing invalid as the
number of step-function discontinuities increases.

How does sin 8 vary with A over Ag(6)? To answer this
question, we must actually know the functional form of the
topography. In this paper, we show how profilometry can be
used to generate an average functional form for the topog-
raphy. In Figure 4, three 3 mm profilometer scans are shown
for a pellet pressed at 7 1b/in.2. As with any wave form, these
data can be sub]ected to harmonic analysis and

Table I. Comparison of sin 6 and (sin ¢) for Pellets
Pressed at 7 1b/in.?

0, deg sin 8 (sin &)
18 0.3090 0.3089
38 0.6157 0.6155
58 0.8480 0.8478

In essence, we can think of the analyzed area as a rectangular
“ruffled” potato chxp with the x direction going across | the

ridges and the y d and indep

of 6. Our integral equation can then be written as

In(1/A) = K'_[;'x(zxsin ¥ exp(-z/A sin #)) dz  (14)

where

Sada [ dx

Age A

CN=

In order to apply this equation, we must assume that we can
calculate an average value for sin #. This can be done by
numerical integration (Simpson’s rule, Gaussian quadrature).
For the 7 Ib/in.? pellet, an average of the three 3 mm profi-
lometer scans gives a peak-to-peak amplitude of 0.619 um and
a wavelength of 56.25 um. In Table I, we compare sin 6 to
the average value of sin ¢. It can be seen that the two values
are virtually the same. The reason for this occurrence is the
roughly 2 orders of magnitude difference between the am-
plitude and length. This diff is so large that the
surface appears to be smooth with respect to the angle of
photoelectron escape, regardless of the complexity of the wave
form. In such cases, the initial assumption is valid. Inci-
dentally, for a sinusoidal surface, the shading parameters to
be used as integration limits in the equation of the form

x
f dx (integrate over one wavelength) (15)
X

have been derived. By ex ive g rical iderations
we find that
A A
x = = cos™! [—‘— tan 0] (16)
27 Ta

27x
a < 2
Emnﬂsm(T)—x,=
a i 27x,
Etanl)sm v -x; - A (17)

Notice that photoelectron shading only occurs when
A no<1 (18)
wa :

Thus experimental values of A and a can be used to find the

corresponding  cutoff values. In this particular case, no cutoff
0 was found, indicating no shading. We conclude that

as a series of sine waves of varying amplitude and frequency.
We have made the rough assumption (15) that this wave form
can be represented as a amgle wave of amplitude and fre-
quency denved from averagmg the data. If we let x measure

1 to the si idal wave, then the depth, z,
can be related to x by the equation
a . | 2xx
z—2sm[A] (13)

where a is the peak to peak amplitude and A is the wavelength.

h

roug has a negligible effect on the intensity ratios for
untreated membranes. In Figure 5, we show smnnmg electron
micrographs for 7 1b/in.? pellets treated for 15 min with EDTA
or HCIO,. At 450X, it is evident that “boulders”, craters, and
crevices are now present on surfaces whose local roughnesses
are similar to that of the untreated pellet. Mathematically,
the topography can be modeled by imposing jump di

tinuities upon the sinusoidal topography of the untreated
pellet. At the present time, we are not able to treat these
systems by using profilometry because an entire surface to-
pograph would have to be obtained; i.e., we need to know the




Figure 5. graphs of EDTA treated Pb ISE
membrane pellets at (a) 450X and (b) 20 000X and HCIO, treated Pb
ISE membrane pellets at (c) 450X and (d) 20 000X.

g electron

average “boulder” size, the average crater size, the average
crevice size, and their respective densities. Qualitatively, we
can say that the contents of “boulders™ will occur with en-

tensities and t.he ts of craters and crevices
with diminished or even no intensity. Since the electron mean
escape depth is so much ller than the d of these
gross structures, the data at each angle will be affected to the
same extent.

It is important to establish the uncertainty in the intensity
ratios, because this will determine the uncertainty in the
calculated atom ratios. One way to ascertain this uncertainty
is to obtain standard spectra of some of the species to be

d in the sy studied. By comparing experi-
mental cross section ratios, d from the i ities of
the data assuming the bulk phase stoichiometry, with theo-
retical cross section ratios, we can assess both the reproduc-
ibility of the instrument and the uncertainty in the intensity
ratios. Ratios based on eq 5 are compared in Table II. The
theoretical ratios are calculated from the asymmetry corrected
Scofield photoionization cross sections (19). The Scofield
photoionization cross sections have a relative error of 0.1%
(24), while the asymmetry parameters have a relative error
of 1% (25). Thus the theoretical ratios are expected to have
a relative error of ~1%. For the experimental values we see
that the statistical uncertainty is small (three significant
figures allowable). The reprod
(two significant figures allowable). H
between experimental and theoreuml ratios varies mdely. For
the most part, we can account for the large discrepancies.
Because lead sulfate and the lead carbonate compounds are
insulators, an electron flood must be used to neutralize their
Volta potential. A much higher current (0.1 mA) must be used
than when these same substances are present as a thin
overlayer on a more conducting substrate. For example, galena
(band gap = 0.37 % 0.06 eV) containing a thin overlayer of
lead sulfate and lead oxide does not charge. The high floodgun
current can cause desorption of oxygen, carbon dioxide, and
sulfur oxides.

, the agr

ibility is a factor of 10 worse
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Table II. Experi 1 (E ion 5) and Th ical Cross
Section Ratios
ratio 1 h ical
983,/ Tpbcaty 0.125 (£0.002)° 0.135
0.117 (£0.001)®
0.118 (%0.001)°
us"/vs‘_ 162 (£0.02)° 1.04
142 (£0.02)
OPbiats )/ TPbiAtdy ) 115 (£0.01)° 0.949
119 (£0.01)°
132 (£0.05)¢
132 (£0.04)°
90,/ TPbiatsy 0.196 (£0.002)¢ 0.265
0.190 (£0.001)4
0.194 (£0.001)°
0c,/ Tpbiatyn 0.077 (£0.001)¢ 0.0906

0.0527 (£0.0005)°

@Ar* etched galena, § = 38°. ®Galena polished and sonically
washing in trichloroethylene, § = 8° (contains carbon and oxygen

contamination). ‘Lead sulfate. “Basic lead carbonate. *Lead
carbonate.
Table III. Experi 1 (E 4) and Th ical HP
5950 Sensitivity Ratios for Lead Sulfate
ratio experimental theoretical
55,/ Opbiatsyy 0.120 (£0.001)* 0.136
0.120 (£0.001)*
0.119 (£0.001)¢
98,/ T8y, 1.36 (£0.02)° 1.01
137 (£0.02)°
1.39 (x0.02)°
Opbutyn/Opbatsy 0992 (£0.008)° 0.829
1.00 (+0.01)*
1.06 (£0.01)
90,/ TPbiat ) 0.258 (£0.002)* 0.329
0.254 (£0.002)*

0.233 (£0.002)

@) calculated by method of Penn. ®A calculated by method of
Wagner. <A calculated by method of Seah and Dench.

In Table III, we compare experimental sensitivity factor
ratios calculated using eq 4 with theoretical sensitivity factors
for iead sulfate. No experimental A values can be found in
the literature, so we have calculated A ratios using three
different methods; the method of Penn (26), the method of
Wagner et al. (27) which gives a functional form equivalent
to the approxi method of Szaj et al. (28, 29), and the
method of Seah and Dench (3). The exact method of Szajman
et al. is not easy to apply, because it requires a knowledge of
the long wa gth dielectric resp function, ¢(w,0), and
the band gap of the compound. The important conclusion
which we can draw from Table III is that there is no im-

in the ag b i | and the-
oret.xcal ratios for the compounds studled here. Therefore,
we are justified in using the simpler equation to calculate atom
ratios. In this paper, atom ratios involving the elements sulfur
(S2), lead (Pb 4f;,), and silver (Ag 3d;») are calculated. The
results shown in Table II allow us to approximate a relative
uncertainty of ~11% in the intensity ratios and hence the
calculated atom ratios.

We were also i d in ascer the C, b g
energy for carbonate, since our previous assignment of the
288.1 eV C,, peak on Pb ISE membranes to basic lead car-
bonate (2) has been criticized as being too low. We find a C,,
binding energy of 288.3 eV for basic lead carbonate and 288.6
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146 144 142 140 138 136
BINDING ENERGY (eV)
Figure 6. Pb 4f levels for (a) untreated Pb ISE membrane pellets, (b)

EDTA treated Pb ISE membrane pellets, and (c) HCIO, treated Pb ISE
membrane pellets.

eV for lead carbonate. Such a high binding energy component
in the C,, spectrum of lead sulfate is absent. Since all of the
samples were prepared under identical conditions, it is unlikely
that this peak can be ascribed to an oxygen-containing hy-
drocarbon contaminant. These values are considerably lower
than the C,, binding energy observed for alkaline-earth car-
bonates (~289.6 eV) and probnbly reflect partial bond co-
y in these

In thn section, we present. the angular distribution XPS
results for the Pb ISE membrane pellets. The chemical
speciation is the same as that reported previously (2). In that
paper, the amount of Pb ox (this notation is used to designat
PbO which has undergo CO; and H,0 chemisorption) was
determined indirectly by material balance calculations. In
this paper, the Pb 4f;, level has been resolved into three
peaks. Representative spectra are shown in Figure 6 where
it is evident from the raw data that peaks are present at 137.6
eV and 139.5 eV. The inclusion of a third peak is justified
as follows. The C,, level shows a high binding energy com-

2618

co-58"

145 143 141 138 137

BINDING ENERGY (eV)

Figure 7. Pt 4f levels for Cu?* 0
peliets.

‘Table IV. Lead (137.6 eV) Plus One-Haslf Silver to Sulfide
Atom Ratios for Pb ISE Membrane Pellets

treatment 18° 38° 58°
none 1.0 11 0.9
EDTA 0.9 1.0 1.0
HCIO, 1.0 1.2 11

to each level gave lower x? values (a measure of the goodness
of fit) than did any two-peak fits.

The peak at 137.6 eV corresponds to the b energy
of lead in PbS, PbO, and Pb(OH), according to the literature
(32—41). If this peak is due to PbS, then we would expect the
ratio [Pb(137.6 eV) + Ag/2]/sulfide to be equal to unity. As
shown in Table IV, this is observed to be true within exper-
imental error for all the spectra. The fact that the observed
ratio is constant within £0.1 implies that sulfide ions are
homogeneously distributed in the near surface region of the
membranes. Therefore, we can investigate the distributions
of the various species by ratioing them to sulfide. Each

ponent at 288.2 + 0.1 eV indicating the p of
Smoe Ag;S has not been shown to undergo air oxidation,
must be iated with lead. Our XPS results for
the Pb 4f;); peak of lead carbonate and basic lead carbonate
are 138.1 eV and 137.8 eV, respectively. Pederson (31) re-
ported a Pb 4f;;, binding energy of 138.2 eV for the latter.
Thus we expect a lead peak somewhere in this binding energy
region. Further.evidence is based on the result obtained for
copper ion exchange on these pellets as demonstrated in Figure
7. InFigure 7a, we began by obtaining the best two-peak fit
to the Pb 4f;, level. The difference between the raw data
and fit revea.{ed a Gaussian peak with a maximum at 138.4
eV. In Figure 7c, it was not possible to generate the flat top
shown using two Gaussian peaks with binding ene

lculated ratio is divided by the corresponding value of the
ratio shown in Table IV to correct for variations observed for
[Pb(137.6 eV) + Ag/2]/S. The distributions are shown in
Figure 8. The error bars reflect a relative uncertainty of 11%.

For the untreated pellets, the distribution plots present the
average radial inhomogeneity at the “crust™ of a surface layer
of almost undistorted particles. Suppose we represent the
diameter of the average particle by a line segment of 100 mm,
then the depth probed into the surface of the particle by the
present study could be rep d by a line seg of length
0.9 mm. The present results show that lead segregation cannot
be entirely attributed to the preferential segregatlon of lead
sulfide oxidation products, b the int y of the PbS
t alone is greater than that expected for a 1:1 molar

TEY
of 137.6 eV and 139.5 eV, respectively. The three peak fits

mixture of PbS and Ag.S. This is a direct corroboration of
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Figure 8. Distribution of metal species on (a) untreated, (b) EDTA treated, and (c) HCIO, treated Pb ISE membrane pellets: (O) Pb 137.6 eV,

(O) Pb 138.4 eV, (@) Pb 139.5 eV, (X) Ag.

the suggestion of Heijne et al. (11) that coprecipitation of lead
and silver sulfides by the addition of Na,S to a solution of
soluble lead and silver salts leads to radially inhomogeneous
particles. The results also show that lead sulfate is richer in
the surface than is Pb ox. An O, peak appears at 533 6 eV

compounds is 2PbCO;Pb(OH), > PbSO, ~ PbS. Experi-
mentally, we find that all of the lead species are depressed
relative to the untreated and EDTA treated pellets. No lead
sulfide is observed at § = 18°; however lead sulfide increases
wn.h mcreasmg 6. Both Pb ox and lead sulfate decrease with

this may be attributed to either porous or

bound water (2, 42). A comparison of the intensity of this peak
at § = 38° (this corr ds to the photoemission angle of the
fixed geometry) to our previous results shows that the intensity
has been reduced by only 5%. This indicates that the primary
source of water is covalently bound water, since the pellet
pressed at 15000 1b/in.2, being more porous than that pressed
at 7 Ib/in.%, would show a much larger 533.6-eV peak if the
primary source of water were microporous. We believe that
the water is primarily associated with Pb ox. In fact, it would

g 6. This suggests that under the right experimental
condmons, the surface oxidation products can be completely
removed with perchloric acid.

CONCLUSIONS

Because of the particulate nature of Pb ISE membranes
prepared by cold pressing at 15000 lb/in.?, it is evident that
the bulk b ivity will depend on the
between silver sulfide domains in the bulk particles. SEM
resu.lts show large interparticle boundaries in this reglon,

be surprising if this did not occur since it has been d
strated that along some crystal planes of a metal oxide, hy-
droxyl dation (chemisorbed water) is not sterically
possible (43, 44). In these cases, coordination of the metal
cation by adsorption of a water molecule as a o-bonded ligand
can occur. Furthermore, surface hydration of oxides can occur
to a greater depth than the surface monolayer, as demon-
strated for some hematites (45-47).

For the EDTA- and HCIO,-treated pellets, several impor-
tant observations can be made. First of all, the high resolution
SEM micrographs reveal that the surface is composed of many
large, coalesced chunks of matter. This means that the original
surface layers of almost undistorted spheres have been lost.
This cannot occur by dissolution because Ag,S is not appre-
ciably soluble in either solution. It is evident that the solutions
destmy the small mterpamcle boundaries (composed pre-

ly of lead ) and that the silver-rich cores
adhere only weakly to the pellet and are lost by erosion. It
is not possible to ascertain how many layers are lost by this
mechanism. When a layer is reached where large interparticle
boundaries are present, material is lost primarily by dissolu-
tion. In 0.01 F basic EDTA, the order of solubilities of the
pure lead compounds in PbSO, > 2PbCO;-Pb(OH), > PbS.
Experimentally, we find that lead sulfate is significantly re-
duced and becomes essentially zero at 8 = 58°. However, Pb
ox is slightly elevated whille lead sulfide is decreased. This
may reflect differences in the rates of dissoution; both lead
sulfate and lead sulfide are cubic crystals while basic lead
carbonate, the major constituent in Pb ox, is hexagonal. In
0.1 F perchloric acid, the order of solubilities of the pure lead

with adeq bulk conductivity. These

function as ion sensors when ion interaction processes which
can occur at the surfaces are coupled to conduction p
which can occur in the bulk. Under normal conditions of
operation, ion interaction can only be coupled to ionic con-
ductivity. However lead segregation in the particles coupled
with small interparticle boundaries for the surface layer of
particles does not allow for adequate contact between silver
sulfide domains for the untreated membrane, hence the
membrane cannot function in an electrode. The corrosion

d do not p ion exchange at the surfaces because
all of the lead species are exchangers for Pb?*. The predom-
inant species will merely define the theoretical lower detection
limit for lead. It is evident that different treatments lead to

. different strauﬁcanons of the “crusts” of surface particles;

h Aioti

ions can be made. For example,
HNO, and H,SO‘ are strong acids, so we mlght expect that
they would be as effective as perchloric acid in removing
surface lead. However, KarChaudhari and Cheng (14) found
that with 0.1 F HNO;, it took 12 h to remove 50% of the
surface lead of a Pb ISE membrane and 1.0 F H,;SO, “showed
no promising results”. By contrast, 0.1 F perchloric acid is
quite efficient in removing surface lead after only 15 min.
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Detection of Gaseous Organophosphorus Compounds Using
Secondary lon Mass Spectrometry

Gary S. Groenewold and Peter J. Todd*

Analytical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

Molecular secondary lon mass spectrometry (SIMS) has been
Investigated for sensiivity and uledlvlty in the analysis of
Abund. analyte

chemical warfare agents and insecticides belong to this class
of compounds. Analytical methods for the detection of these
compounds must be sensitive and selective because the com-
ds exhibit high toxicity at low levels and they are found

lom were oburv-d whon lhe
compounds were admitted into lhc ueondary lon lourco.
where a matrix was under primary Ion bombardment. Tho
best matrix for the of di

(DMMP), trimethyl phosphate (TMP), and dluopropyl me-
thylphosphonate (DIMP) was determined to be poly-
phosphoric acid. The abundance of secondary analyte lons

in the environment as minor components of complex mixtures.
In addition, analysis must be rapid, since these compounds
hydrolyze quickly in the environment. Mass spectrometry
analysis of this class of compounds has been performed using
electron impact ionization (EI) and chemical ionization (CI)
(1-8), and a review of this work has been published recently
(9). Generally, electron ionization of organophosphorus

was observed to be linear with the Introduction rate of gase- d leads to extensive fr ation. In contrast, CI
oS y The k rate 7 '° d a3l resu.l—ts in substantially less fraugmentauon. and picogram
dgml-lo—nolu ratio In the y of Pl d detection limits for us ds have been
":*f":’ lons from DMMP was m.d to be ‘ X 107" mol estimated based on the CI experiments (7). However, neither
8 y more y o h observed by EI nor CI provides the selectivity required for the analysis
using SIMS "“" by using h I Ization mass of organophosphorus compounds; therefore, EI and CI mass
y. Ten ive of other com- spectrometry are usually used together with the slower

pound classes were |I|V““ﬂli0¢ In the same manner as the technlque of gas chromatography. When unknown gas
y protonated chre ble interferents are present, analysis

moloculnr lom were detected from amines only.

The detection and identification of volatile organo-
phosphonates and organophosphates is important b

is difficult if not unposmble (I). Secondly, gas chromatog-
raphy/mass spectrometry does not permit contintious analysis.
The goal of the present study is to develop a mass spec-
trometry ionization method that is selective for organo-
hosphorus ds and that would have sensitivity

0003-2700/85/0357-0886$01.50/0 © 1885 American Chemical Society
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Figure 1. diag of the and of
using a y ion mass sp y source.

Analyles (M) are admitted to the source via moloculnr leak and are
adsorbed onto the matrix, which Is located on the end of the probe.
Secondary ions (MH*) are then sputtered into the gas phase by the
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‘Table I. Secondary Ion Mass Spectrum of Polyphosphoric
Acid®

rel composi- rel

m/z abund, % tion m/z abund, % composition
31 22 p* 99 27 H,PO*
32 26 101 04
47 100 PO* 115 0.3
48 26 HPO* 127 0.6
49 1.7 128 <0.2
63 12 PO;* 129 <0.2
64 4.2 HPO,* 145 1.9 (HPO,)H,PO,*
65 19 H,PO,* 161 22  (HPO,H,PO,*
80 0.7 179 6.4 (HPOyH,PO*
81 2 H,PO;* 207 0.2
82 3.0 225 03  (HPO,),H,PO;*
83 05 241 07  (HPOy,H,PO,*
98 17 259 09  (HPO,),H,PO.*

“lons with m/z > 270 are not reported.

for this determination because it does not condense on cold spots

5-keV primary argon ion beam and mass

comparable to CI. Molecular secondary ion mass spectrometry
(SIMS) and fast atom bombardment mass spectrometry
(FABMS) are techniques which have the capability for spe-
cificity because the abundances of secondary ions produced
using these ionization techniques are known to be very sen-
sitive to interactions which occur between the analyte and the
matrix (10-12). Analyte introduction is a limitation of SIMS
and FABMS, and it has prevented these methods from being
used for dynamic (or real-time) analyses: typically, the analyte
must be dissolved in a matrix prior to introduction intq the
source.

In spite of the sample introduction limitation, there is no
a priori reason why SIMS or FABMS could not be used for
a real-time analysis of gas-phase pounds. Volatile i
have been introduced into a SIMS ion source, but onto solid
targets (13) or deposited onto metal targets at cryogenic
temperatures prior to ion bombardment (14). In addition,
gaseous oxygen introduced during ion bombardment of in-
organic samples is known to enhance the abundances of certain
metallic secondary ions (I5). Therefore, gas-phase analyte-
liquid matrix interaction is a reasonable expectation in mo-
lecular SIMS. In this report we describe experiments which
demonstrate the sensitive and selective secondary ionization
of volatile or; hosphorus compounds which have been
introduced to the SIMS source via a gas inlet system. Esti-

between the inlet system and the manometer and because it has
a molecul welght t.hat is similar to the organophosphorus com-
lar leak rate of 3.5 %X 106!

was determined wlth this procedure.

RESULTS AND DISCUSSION
Dimethyl methylphosphonate (DMMP), diisopropyl me-
thylphosphonate (DIMP), and trimethyl phosphate (TMP)

[ [}

H :
o0—k—0 CH30—P—0CHy

CH;

s OcHy

H
CHy0—P—0CHy
CHy

DMwP DIMP T™™F

were chosen as analytes because these compounds are similar
to chemical warfare agents, and because DMMP, DIMP, and
TMP are not lethal. Samples were initially analyzed as 5%
solutions (w/w) in three different matrices (glycerol, con-
centrated sulfuric acid, and polyphosphoric acid) to determine
which matrix would produce the most abundant secondary
ions. No secondary analyte ions were observed when 5%
solutions of DMMP and TMP in glycerol were irradiated by
the Ar* beam. In contrast, secondary analyte ions were ob-
served from the DIMP/glycerol solution. Generally, the
of y phorus ions increased as
the matrix was changed from glycerol to sulfuric acid to po-
lyphosphoric acid.
In addmon to enhancing the abund of d
horus ions, polyphosphoric acid prod low

hack 4

mated limits of detection and the analyte fi tion ob-
served in the present secondary ionization experiments have
been compared to chemical ionization results reported pre-
viously (7).

EXPERIMENTAL SECTION

Compounds used in this study were all analytical reagent grade
and were purchased from commercial sources, except for 10-
crown-2, which was a gift from Wayne E. Zeller (University of
Nebraska) The secondary ion mass spectrometer (1 6, 17) was

d at e and 8-keV ing vol'.age
The energy of the pnmary argon ions was 5 keV. The pnmury
ion beam current density was measured at 10 yA/cm? by using
a Faraday cup mounted on the end of a probe. The mass spec-
trometer was fitted with an all-glass heated inlet system (R. J.
Brunfeldt Co., Bartlesville, OK) which was operated at 200 °C.
Gaseous analytes were admitted to the source via molecular leak.
The analytes enter the source approximately 3 cm from the matrix
(i.e., probe tip), as shown in Figure 1.-

The inlet system was fitted with a capacitance manometer so
that the molecular leak rate constant could be determined by

ing the d inp with time for a known amount
of material injected into the inlet system. Acetophenone was used

in the mass spectrometer source (typi-
cally 2 X 10‘6 torr in our instrument, compared to 2 X 107
torr for glycerol). As a consequence of its lower vapor pressure
and lower evaporation rate, polyph ic acid persists on
the probe tip even after 2 h of continuous primary ion bom-
bardment. Polyphosphoric acid also has a lower mass spectral
background than does glycerol, principally because poly-
phosphoric acid lacks a hydrocarbon backbone. The series
of most abundant ions in the y ion mass spectrum
of polyphosphoric acid is represented by structure a, where
n=0,1,2,..(Table I). Two other important ion series in

HO-—P 0<<P—0>—
n=0,1,2,...

9
the spectrum arise from apparent loss of H,0 and 2(0OH) from
ions a. Other abundant ions in the secondary ion mass
spectrum correspond to PO* (m/z 47) and P* (m/z 31) We
emphasize that an ad of polyph ic
acid as a SIMS/FABMS matrix is the absence of intense peaks
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Figure 2. (DMMP + H)* (m/x 125) abundance vs. time. DMMP was
injected into inlet system at 1 min. DMMP was subsequently pumped
out of inlet system at 5 min.

over large portions of the mass spectrum. Therefore, small
quantities of analyte may be detected without interference
from the matrix background. For these reasons, poly-
phosphoric acid was the matrix chosen for this work.

To test the efficacy of molecular SIMS for analysis of va-
pors, gaseous DMMP (mol wt 124) was admitted at a constant
rate to the secondary ion source, where polyphosphoric acid
was under primary ion bombardment (Figure 1). The abun-
dance of m/z 125 (DMMP + H*) increased to approximately
half of its maximum value after only a few seconds (Figure
2). The rate of increase then slowed and the maximum ion
abundance was recorded approximately 2 min following
DMMP introduction. An analogous decay curve was observed
when the DMMP was evacuated from the inlet system. The
exponential profiles of the (DMMP + H)* abundance increase
and decrease are due either to DMMP pressure equilibration
in the inlet system or to DMMP adsorbing into the poly-
phosphoric acid. We cannot presently distinguish between
these possibilities. Similar increase and decay profiles were
observed for (TMP + H)*. Dramatic increase and decay
profiles were not recorded for (DIMP + H)* because the most
abundant analyte ions were overlapped with matrix ion (vide
infra). However, the response for DIMP is believed to be as
rapid as for DMMP and TMP.

Gaseous DIMP was also detected by using glycerol as a

matrix. However, polyphosphoric acid is preferred as a matrix -

in this case, because it has better matrix characteristics (vide
supra). In contrast to DIMP, gaseous DMMP and TMP were
not detectéd when using glycerol as a matrix.

A sensitive mass spectrometric analysis relies on detection
of ions which can be used for analyte identification. These
diagnostic ions will not be abundant if extensive analyte
fragmentation occurs. Therefore, analyte ion (M + H)*
fragmentation apparent in the SIMS spectrum was compared
to fragmentation observed in the methane CI experiments of
Sass and Fisher (Table II) (1). For DMMP and DIMP, less
fragmentation is observed by using CIMS than by using SIMS,
regardless of whether the analytes were introduced to the
SIMS source as a gas or as a solution with the matrix. The
increased fragmentation observed in SIMS may be the result
of condensed phase solvolysis reactions occurring in the po-
lyphosphoric acid. Side reactions between analyte and matrix
(12) or target (15) are a general consequence of the use of a
multicomponent solution for SIMS. Alternatively, the internal
energy distribution ch istic of y ionization,
which is presumably different from that characteristic of
specific CI conditions (1), may give rise to more pronounced
fragmentation (18).

Secondary ionization of DMMP and TMP introduced to
the source as gases results in slightly more fragmentation than
does secondary ionization of those compounds from homo-

Table II. Relative Abund (%) of Or hosphorus
Ions Resulting from Secondeary Ionization (SIMS) and
Chemical Ionization (CIMS)

Dimethyl Methylphosphonate (DMMP), mol wt 124

SIMS SIMS

5% DMMP  Gaseous DMMP  methane CIMS®

m/z  PPA matrix® PPA matrix® gaseous DMMP
125 100 86 100
95 4.9 9.0 nr¢
94 12 19 nrt
93 7% 100 nr¢
79 42 67 nre

Trimethyl Phosphate (TMP), mol wt 140

SIMS SIMS
5% TMP gaseous TMP methane CIMS
m/z PPA matrix® PPA matrix® gaseous TMP
141 100 100 na?
109 34 41
95 10 20
93 8.8 14
79 12 27

Diisopropyl Methylphosphonate (DIMP), mol wt 180

SIMS SIMS
5% DIMP gaseous DIMP  methane CIMS®
m/z  PPA matrix®*  PPA matrix® gaseous DIMP
181 0.85 1.5 75
139 0.85 4.7 100
125 0.66 2.3 48
97 7 100 85
43 100 30 nre
41 65 16 nr*
39 53 13 nrt
°Data from ref 1. ®PPA, pol horic acid. ©Abund not

reponed and is probably low "TMP not analyzed using methane
CIMS.

geneous DMMP /polyphosphoric acid and TMP/poly-
phosphoric acid solutions. One rationalization of these results
is that secondary ionization of an analyte introduced as a gas
involves molecules which are not completely solvated, either
because analyte surface concentration is too great or because
the surface residence time is too short for equilibrium to be
established. Reasonably, matrix-analyte interactions which
enhance production of abundant secondary (M + H)* ions
are reduced if analyte molecules are incompletely solvated.
Reduction in analyte solvation may result in the production
of secondary ions which have, on the average, more internal
energy than secondary ions produced from solvated analytes.
C q ly, more fr tation would be expected from
those secondary ions produced from only partially solvated
analyte molecules (18).

In contrast to DMMP and TMP, few characteristic ion are
observed from pnmary ion hnmbardment of the DIMP/
polyphosphoric acid sol These are ized
by abundant fragment ions at m/z 43, 41, and 39, as shown
in Table II. Ions which are characteristic of DIMP are more
abundant in the secondary ion mass spectrum when DIMP
is introduced as a gas. We believe that these observations are
evidence for acid solvolysis of DIMP which occurs in the bulk
of the polyphosphoric acid matrix.

The limits of detection were estimated for the three orga-
phorus c ds in order to compare secondary
fonization of gaseous analytes with other mass spectrometric
ionization methods, specifically CI. The limits of detection
were determined by injecting 1.0 uL of analyte into the inlet
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Figure 3. Partlal secondary lon mass spectrum (1 scan) of gaseous
DMMP, admitted to the mass spectrometer at a rate of 4.0 X 10~°
g/sec. The peak m/z 125 corresponds to (DMMP + H)*; m/z 127
is a background lon from the polyphosphoric acid matrix.

system and then acquiring a single mass spectrum. In these
experiments, a small fraction of the analyte injected enters
the secondary ion source at a constant rate. The constant
introduction rate conditions were used to estimate detection
limit because it was not possible to quickly admit small
batches of analyte to the instrument used in this study.
Since it is impossible to introduce instantaneously a known
quantity of sample, detection limits must be estimated based
on the secondary ion intensity vs. the introduction rate. A
signal-to-noise (S/N) value of 300 for the (DMMP + H)* peak
was observed in the mass spectrum (Figure 3) following the
injection of 1 uL of DMMP into the inlet system. A total of
1.6 X 10® g of DMMP entered the secondary ion source while
the (DMMP + H)* abundance was being measured. This
amount was calculated as the product of the (DMMP + H)*
peak width (typically 0.4 s), the t of DMMP injected
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F e 4. Secondary lon abundance vs. analyte leak rate. (DMMP +

H)* (m/z 125) was monitored for DMMP, (TMP + H)* (m/z 141) was
monitored for TMP, and (DIMP + H ~ 2C,Hy)* (m/z 97) was monitored
for DIMP.

(19). Further, this lack of DIMP response at greater intro-
duction rates may be due to saturation of the polyphosphoric
acid surface by DIMP and/or solvolysis of DIMP in the bulk
of the polyphosphoric acid matrix.

Experiments were performed to identify other classes of
compounds which could be 1ommd and therefore interfere with
the analysis of the p Benzyl

lcohol, ani: Idehyde, ace'.one 10—ctown-2 chloro-
benzene, toluene, n- mr.rotoluene, nnd benzonitrile were not
d dand p ly were not i d when admitted as
gases to the seconda.ry 1011 source. Low abundance protonated
molecular ions were observed when acetophenone was ad-
mitted to the secondary ion source. Abundant protonated

and the molecular leak rate constant (see Experimental
Section). We estimate the limit of detection to be 1.6 X 107!
g at a S/N value of 3 assuming a linear relationship between
secondary ion current and introduction rate (vide infra). This
estimated detection limit is comparable to the 2.0 X 107! limit
estimated using methane CI (1). The detection limit for TMP
was also estimated using this method at 2.2 X 107" g

The limit of detection estimated for DIMP was 2.9 X 107'°
g- The peak at m/z 97 was used in this determination, because
it was 60 to 70 times more abundant than (DIMP + H)*
(Table II). However, the use of m/z 97 for the detection of
DIMP has limitations, because a small background peak at
this mass arises from the polyphosphoric acid matrix. De-
tection of 2.9 X 10°1° g of DIMP was calculated to result in
a m/z 97 ion abundance which is 1.3 times greater than the
abundance of the background m/z 97. The background ion
clearly acts to prevent the detection of smaller quantities of
DIMP.

To test the suitability of secondary ionization for quanti-
tative detection and to further evaluate the sensitivity, analyte
ion abundance was plotted vs. the analyte introduction rate.
The plots for DMMP and TMP are linear over 2 orders of
magnitude, and they have approximately the same slope
(Figure 4). Therfore, quantitation for TMP and DMMP
should be possible by using y ionization. The DIMP
plot was linear over only 1 order of magnitude; leak rates
greater than 70 pmol/s did not cause the abundance of m/z
97 to increase proportionally. The slope of the DIMP plot
at leak rates less than 70 pmol/s was three times larger than
the slopes of the DMMP and TMP plots. The unusual be-
havior of DIMP is not understood at this time. We speculate
that the greater DIMP sensitivity observed at lower leak rates
may be due to greater surface activity of DIMP compared to
DMMP and TMP; this would be consistent with the leveling
of the m/2z 97 abundance at higher DIMP introduction rates

lecular ions were observed from both gaseous benzylamine
and gaseous phenylpropy‘ i It app that g
amines are the only I class of ds (besides the
h lytes) which can be analyzed by using
SIMS with a polyphosphonc acid matrix. We conclude from
this cursory study that secondary ionization of gaseous ana-
lytes has potential as a selective ionization technique if an
appropriate matrix is used.

CONCLUSIONS

G hosphorus pounds may be preferen-
tially ionized ‘and sensmvely analyzed by using SIMS with
a polyphosphoric acid matrix. Limits of detection that were
estimated by using SIMS were comparable to those estimated
using CI (7). We believe that sensitivity of secondary ioni-
zation could be improved by moving the analyte source en-
trance closer to the matrix. The hanism for the dary
ionization of these and other gaseous analytes is presently
unknown. Analyte basicity, matrix acidity, analyte-matrix
solubility, and analyte surface activity are factors which
probably have an important bearing on secondary ion abun-
dances. Experiments using matrices having different physical
and chemical properties may help to elucidate the relative
importance of t.hese factors in secondary ionization. Although
all possible interfe were not analyzed during the course
of this work, these first experiments point to unusual selec-
tivity for this ionization method.
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Negative Gold lon Gun for Liquid

Spectrometry

Charles N. McEwen*' and J. Ronald Hass

Laboratory of Molecular Biophysics, National Institute of Envi

North Carolina 27709

A source-mounted lon gun which produces Au- lons as the
primary bombarding particies In liquid SIMS Is described. The
Au" lon energy can be varled up to 20 keV utliizing the high
voltage feedthroughs lied with most high-perf.
magnetic Instruments. Liquid SIMS results obtained with the
gun are compared to results obtalned using Cs* and Xe™ lon
bombardment.

Liquid matrix secondary ion mass spectrometry (liquid
SIMS) and fast atom bombardment (FAB) mass spectrometry
are the methods of choice for the mass spectrometric analysis
of compounds considered nonvolatile or thermally labile by
electron impact or chemical ionization criteria. These methods
involve the use of ion guns to produce kiloelectronvolt particles
which bombard samples dissolved in liquid matrices. The
sputtered ion species often contain a substantial fraction of
intact molecular ions as well as diagnostic fragment ions.

A variety of ion guns are used, but the most common is the
saddle field gun which is offered commercially by several
manufacturers. This gun is too large to mount directly on the
ion source and thus requires that a source housing inlet port
be available with a line-of-sight to the sample probe.

The ion gun mounting problem was first overcome with a
source mounted miniature capillaritron gun (1). Subsequently,
source mounted cesium ion guns (2, 3) and a liquid metal ion
gun (4) have beeli reported, which in addition to eliminating
the necessity for a line-of-sight inlet port, also reduces the
instrument gas load during liquid SIMS operations.

Improvement.s in liquid SIMS ion guns have been claimed
for guns using more massive bombardmg particles. For ex-
ample, an order of d dary ion signal
is achieved by using singly charged mercury (5) or tri-
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methylpentaphenyltrisiloxane ions (6) as the bombarding
species instead of argon neutrals. However, the methods used
to produce these primary ions are complex. In the extreme,
0.2-15 um iron particles, accelerated using a van-de-Graaf
accelerator, were used to produce SIMS spectra of organic
materials (7).

A practical method of observing the effects of increasing
the mass of the bombarding particles on secondary ion yield
was recently described by Barofsky, et al. (4). These authors,
using liquid metal ion guns, found that the M + Na* ion of
stachyose increased in abund with the i of mass
of the bombarding primary particle. For example, Au* (m/z
197) gives ca. 5 times more signal than Ga* (m/z 69). Ad-
ditionally, the M + Na* signal from stachyose in glycerol
bombarded with Au* ions from a liquid metal ion gun is ca.
50 times more intense than the M + Na* signal obtained using
an Ar° beam from a saddle field gun.

The impressive results obtained with gold ion bombardment
led us to consider simple and reliable ways of producing
massive bombarding particles for liquid SIMS. Negatively
charged particles were preferred because, for magnetic sector
instruments operated in the positive ion mode, a wider energy
range is available for the bombarding particle for any given
feedthroughs or power supply. For example, with the ion
source operating at + 8 kV and the ion gun at =12 kV, the
negative primary ions will have 20-keV kinetic energy.

Sputter-type negative ion guns have been under develop-
ment for a number of years (9, 10). The ion gun described
here uses Cs* ion bombardment of a gold cone to sputter Au~
primary ions and is based on work by Middleton and Adams
(11). Higher intensity Au™ sputter ion guns have been designed
(12) but require additional complexity which was not con-
sidered y for this p y work.

This paper describes the construction of a source-mounted
ion gun capable of producing 20-keV Au- ions. The gun’s
operating characterisitcs and a comparison of the results
obtained during the sputtering of the polypeptide methio-
nin-enkephalin from a glycerol matrix using Au’, Xe*, and

0003-2700/85/0357-0890$01.50/0 © 1985 American Chemical Society
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Figure 1. Schematic of Au™ lon gun with focusing lens and Cs* ion
gun filament control unit. Lucite is a registered Du Pont trademark.

Cs* ion bombardment are di: d. An indi
is also made of Au™ and Au* ion bombardment.

EXPERIMENTAL SECTION

A cesium ion gun was mounted as described previously (3),
except that it was moved about 1 cm further from the sample
probe tip and was mounted in a Corning MACOR machinable
glass ceramic holder (Corning Glass Works, Corning, NY). A gold
cone ca. 5 mm diameter and 5 mm depth with a 1.5 mm hole in
the bottom was inserted between the Cs* ion gun and the sample
probe tip as shown (Figure 1). The ion source block (source walls)
was T d and a three-el lens was installed. (For a
description of the lens elements see ref 13). The Cs* ion gun,
the gold cone, and the lens elements form a straight line path to
the sample probe tip.

The Cs* ion gun (4) has been improved by using a 0.009 in.
X 0.0045 in. rhenium ribbon (A. D. MacKay Metals, Darien, CT)
i dofat fil. and by constricting the ion exit
end to about 2 mm with a thin layer of Sauereisen No. 1 cement
(Sauereisen Cements Co., Pittsburgh. PA). The schematic for
the filament control unit is also shown in Figure 1.

In operation the Cs* ion gun is connected to ion source potential
through a 100-kQ resistor. The front and back plates of the lens
assembly are connected directly to source potential, and the center
lens element is connected to a variable voltage power supply (13).
The gold cone floats at a negative potential with respect to the
ion source and can be operated from ground potential up to a
negative potential determined by the voltage characteristics of
the feedthroughs or the power supply limit. A 1-MQ resistor
inserted between the power supply and the gold cone virtually
eliminates arcing.

The gun assembly is attached to the ion source of a VG ZAB-2F
mass spectrometer. Typical operating conditions are +6 kV source
potential, +6.4 kV center lens element potential, and -10 kV gold
cone potential. the Cs* ion gun filament typically operates be-
tween 1 and 2 A, which is sufficient to produce a 10-30 uA Cs*
ion beam.

A 40 ng/uL methanol solution of methionin-enkephalin (United
States Biochemicals, Cleveland, OH) was loaded in the desired
amount onto a thin layer of glycerol containing oxalic acid on the
sample insertion probe. A comparison was made of the MH* ion
i ity of methioni kephali ing the magnetic sector
between m/z 570 and m/z 580 using either a Cs* ion gun (3), a
Xe* capillaritron ion gun (1) as modified in ref 13, or the Au™ ion
gun.

comparison
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m/z 574

Figure 2. Molecular ion region for 40 ng of methionin—enkephalin in
glycerol using Au™ ion bombardment.

RESULTS AND DISCUSSION

The Au™ ion gun had an initial delay period in which the
intensiy of the ion beam slowly increased as measured by the
sputtering yield from glycerol. After an hour or so of oper-
ation, the ion intensity stabilized and the gun could be started
with only the several second delay of the Cs* ion gun. The
increase in Au™ ion intensity is attributed to the time necessary
to achieve a steady-state cesium concentration on the surface
of the gold cone (12).

The ion current observed for the m/z 369 ion from glycerol
when using the Au ion gun is equivalent to the ion current
obtained from the same m/z 369 ion when operating the
focused Xe* capillaritron ion gun (13) under standard con-
ditions of 3-5 pA primary beam current. Higher equivalent
primary ion current can be obtained from the Au™ gun, but
with some instability due to arcing and at the expense of the
long-term operation of the Cs* ion component of the gun.

The Au~ ion gun was evaluated by using methionin-enke-
phalin in a glycerol matrix and comparing the results with
those obtained by using focused Cs* and Xe* ion guns in-
dividually optimized and alternately mounted in the same
position on the ion source (13). The mass spectrum of ca. 1
ug of methionin—enkephalin in glycerol is remarkably similar
for all of the ion guns, except for small differences in ion
intensities. These spectra compare closely with one obtained
on a different ZAB-2F using Xe® as the primary beam (7). As
expected, the charge of the bombarding particle had no ob-
vious influence on the appearance of the spectrum.

To determine if the detection limit could be lowered using
the more massive gold ion or the higher energy obtainable with
the negative particle, successive dilutions of methionin—
enkephalin in glycerol were placed on the probe. Figure 2
shows an example of the ion current obtained for the molecular
ion region of methionin-enhephalin loaded at 40 ng (70 pmol)
in glycerol and bombarded with 8-keV Au™ ions. The results
obtained with Au primary ions compare quite closely to those
obtained with the Cs* and Xe* ion guns. Thus, within ex-
perimental error (about a factor of 2) the minimum detectable
limit is the same for the three guns. A previous rough com-
parison of Cs*, Xe*, and Au* (from a liquid metal ion gun (4))
without focusing lens showed less than a factor of 2 difference
between the three guns in detection limit tests. Thus, one
can expect in the kinds of tests conducted here to find little
difference between Au* and Au™ ion bombardment.

In each case the factor governing the minimum detection
limit was the background chemical noise. Attempts to increase
the ion signal also increased the intensity of the background
peaks. In fact, operating at the lowest primary ion flux gives
the best signal-to-background ratio. thus, in the mass range
studied here, increasing the primary ion current beyond that
necessary for the detection of the compound of interest is
detrimental.

Increasing the Au™ ion energy from 8 keV to 20 keV also
resulted in a smaller signal-to-background ratio for the m/z
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574 ion of methionin-enkephalin even though the total sample
ion current increased. Because better extraction of the
sputtered Au™ ions from the gold cone of the ion gun is ex-
pected at higher extraction voltages, some of the increase in
background relative to signal may be due to the increased
primary ion flux. these results can be rationalized by assuming
the matrix signals Ited from pecific reactions of the
degradation products occurring from the dissipation of the
primary beam’s kinetic energy. Therefore, an increase in
either the primary beam energy or flux will result in increased
background signal.

These results are disappointing in that they suggest that
gains in detection of low and moderate molecular weight
compounds will likely be offset by increased matrix signals;
however at high mass, where matrix background is minimal
and signal intensity important, high-mass high-energy primary
ions may be useful in improving sensitivity. Thus, future
studies are aimed at determining if high energy Au~ ion
bombardment will lower the detection limit for high mass and
difficult to analyze compounds.
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Identification of Stereoisomers of Some Hexoses by Mass
Spectrometry Using Fast Atom Bombardment and Mass lon

Kinetic Energy

Germain Puzo,* Jean-Jacques Fournie, and Jean-Claude Prome
Centre de Recherche de Biochimie et de Génétique Cellulaires du C.N.R.S., 118 route de Narbonne,

31062 Toulouse Cedex, France

We present a molhod for the Identification of underivatized
idoh g MIKE lysis of their

alkali salt to a sugar solution to form cationized molecular ions
(M + cat)* by an attachment reaction between the mono-
haride and the alkali cation (3, 4).

solvated and cationized molecular lons (aldoh att-
matrix). These cluster lons have been generated by the FAB
Whmmge«dumumﬁeu

From their pectra (MIKE), mainly
two kinds of lons (aldoh t)* and ( i
cat)* are g The of these fr. nt lons
are ch of all p-aldoh stereol

Identification of the various ster of aldoh

by conventional mass spectrometry, EI/GC/MS, requires their
chemical derivatization (1).

The use of soft ionization modes with the “in beam” tech-
nique have permitted the analysis by mass spectrometry of
underivatized monosaccharides (1). Their mass spectra are

h ized by a small of fi t ions and abun-
dant pseudomolecular ions (M + 0) (where M is the mono-
saccharide investigated and O represents H*, NH,*, and alkali
cations). These ionization modes, but more particularly FD,
have been used for the purpose of molecular weight deter-
mination of sugars (2). To increase their ionization process
and the abund of their pseud lecular ions, some au-
thors have proposed, under FD conditions, the addition of an

More recently, Deutsch has shown that the use of KH,PO,
instead of KI or Nal under FD conditions enhances the
thermal fragmentation for a given value of the emitter current
permitting the identification of selected aldohexose isomers
(5). Observed differences in the relative abundance of the
fragmentation products were mainly attributed to the relative
proportions of the pyranose and furanose forms (5). However,
the use of this method as an analytical tool for monosaccharide
isomer identification seems difficult on a routine basis due
to the precision by which the temperature at the emitter
surface is controlled. Variation in this temperature will result
in lower ducibility of the frag ion abundances. An
alternative approach for the identification of underivatized
monosaccharides has been proposed by Rollgen et al. (6).
They induce the decomposition of the cationized molecular
ions (M + cat)*, generated by FD by collision with a gas
confined in a collision chamber located in the second field free
area of a reversed geometry mass spectrometer, and analyze
the fragmentations generated by scanning the electrostatic
analyzer (MIKE/CID). Differentiation of some mono-
saccharides by this method is “in principle” possible; however
the fluctuations in the abundance of the precursor ions during
their analysis does not allow unequivocal differentiation.

0003-2700/85/0357-0892$01.50/0 © 1985 American Chemical Soclety



Scheme I

(ﬂldoM:ou-ml)’ + matrix
a

{aldohexose -cul-mlr:xf —_—

solvated
cationized
aldohenocse
molecular lon

*
‘—————— (matrix-cat) + aldohexose
b

matrices used: glycerol and diethanolamine (DEA)
alkali caticns employed: Li*, Na*, k*, and Rb*

The production of ionic species from polar samples is more
easily performed by use of the FAB ionization technique (7,
8).

The use of the liquid matrix increases the lifetime and the

bund of ion production allowing high reproducibility of
MIKE/CID mass spectra. This ionization mode has been
particularly successfully applied ¢o the structural study of
polysaccharides (9). We have shown that one process for the
formation of cationi haride ions under
FAB conditions involves a desolvatation reaction from the
solvated cationized cluster ions (10). We have observed that
this dissociation process is mainly governed by the relative
cation affinity between the matrix and the sugar molecule (10).

In the present work, we have ined several aldoh
stereoisomers in an attempt to identify them from the uni-
molecular decomposition spectra of the corresponding ca-
tionized solvated cluster ions.

EXPERIMENTAL SECTION

The FAB mass spectra and FAB/MIKE spectra were per-
formed on a VG ZABZF mass spectmmeter A 0.5-uL matrix

(glycerol or diethanol. was d ited on the target with a
Mlcropettor SMl Polylabo. To this was added 0.5 L of a molar
of aldoh and05uLof01Mofanaqueous

solution of alkali iodide salt with 0.5-uL microcaps (Drummond).

MIKE spectra were recorded wn.h a scan speed of 30 s over
the energy range 8 kV, corr g to the t ission of the
main beam, and the energy value correspondmg to the trans-
mission of the ion b. In order to increase the peak height re-
producibility, the scan speed was reduced by a factor of 10 severnl
electronvolts before the energy cc g to the t
of ions a and b. Two MIKE's specun were recorded for each
sample loading on the target, the first after 10 s and the second
after 60 5. The values presented in Figure 2 and Table I are the
results of the average of these two measurements.

The above conditions were chosen because in the MIKE spectra
of isobaric ions of the precursor ions (aldohexose-cat-matrix)*,
a signal may be observed at the same mass as the (aldohexose—
cat)* in the ahsence of any aldohexose at the target surface. When
glycerol is used as matrix, this signal mrreeponds to less than 3%
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lecular decomposition of the (allose-Na*—glycerol) cluster ions.
In the same way as the unimolecular dissociation of a pro-
ton-bound dimer (B,~H-B,)* allowed the measurement of the
relative proton affinity of the B, and B, molecules (12), it could
be expected that the relative abundance of the ions a and b
reflected the relative cationic affinity of the hexose and the
matrix, thus allowing a differentiation between the different
hexose stereoisomers relative to their ability in complexing

DAUose (85:05cat Na)
. DGhucose(69:04cat:Na)

compared to the signal corresp to (aldoh cat)*. D 5 5 s
Howl;ver this percenf:ge 1ncreasee when DEA is used as matrix the nlkn!n cation. The ratm.s s_/ b obtained l.>y using glycerol
since the:abund of (al cat)* d as matrix and sodium or lithium as alkali cations for the
different aldohexoses investigated are summarized in Figure
RESULTS 2. It may be observed that the ratio a/b for talose and
The FAB mass spectra of the aldoh stereoi: s in ! going from Li* to Na*. However, this ratio
the presence of the alkali cations were quite similar for the mcreases when sodium replaces lithium for all the other al-
matrices used (glycerol, diethanol ). Mainly p d doh Moreover this ratio may be seen to be charac-
(aldoh + H)* and cati d (aldoh + cat)* mo- teristic of the stereoi . For i if we ider the

lecular ions and their solvated clusters (aldohexose + (H* or
cat*) + matrix) were formed. Fragment ions resulting from
the successive expulsion of one and two molecules of water
from the protonated species were also observed but in much

lower abundance.
Qah.

solvated cluster (aldohexose-Li*—glycerol), we observe a de-
creasing of the aldohexose-lithium affinity according to the
following sequence: talose > idose > galactose = mannose >
gulose > altrose > allose > glucose. Figure 2 also shows that
this sequenoe is not affected by the nature of the alkali cation

The competitive desolvation p shown in
I were investigated by examining the MIKE spectra of the
cluster (hexose-cﬂt’-matnx) ions in order to differentiate the

H the use of sodium allows a better differ-
enuauon between galactose and mannose, giving a more
complete sequence to that given above: talose > idose >

>g

various aldoh lyzed (for a p

communication, see ref 11). Figure 1 illustrates the pnncnple
of the method and shows the abundance of the ions a (al-
lose-Na*) and b (glycerol-Na*) occurring from the unimo-

> gulose > altrose > allose > glucose.
For the purpose of determining the influence of the matrix
in the aldohexose cationic affinity sequence previously es-
tablished with glycerol, we have also used diethanolamine
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Table 1. Values of the Ratios a/b of the Abundances of the
Tons a (aldohexose-cat)* and b (DEA—cat)* for cat = Na*,
K*, and Rb* Occurring from the Unimolecular Dissociation
of the (aldoxose-cat-DEA)* Cluster Ions Generated by the
FAB Ionization Model for All the p-Aldohexose
Stercoisomers

aldohexoses

investigated Na K Rb
D-talose 2102 2.20 £ 0.03 2003
D-idose 0.55 + 0.03 0.79 £ 0.02 09 £0.1
D-mannose 0.22 % 0.03 0.60 = 0.08 0.8 £ 0.1
p-altrose 0.21 + 0.01 0.57 £ 0.04 08 £0.1
n-galactose 0.15 £ 0.03 0.42 £ 0.05 0.7£0.1
D-gulose 0.10 % 0.02 0.15 + 0.03 0.1 £0.1
D-glucose 0.10  0.02 0.14 + 0.03 0.13 £ 0.05
D-allose 0.13 £ 0.02 0.13 + 0.03 0.13 £ 0.03

(DEA) which has a higher basicity than glycerol. Table I
summarizes the ratios a/b for the cationized ions a, (aldo-
hexose-cat)* and b, (DEA-cat)* occurring from the unimo-
lecular decomposition of the (aldohexose-cat-DEA)* cluster
ion. The following alkali cations have been investigated:
sodium (Na)*, potassium (K)*, and rubidium (Rb)*. Lithium
(Li)* has been excluded because it possesses a high affinity
for the DEA matrix. In the same way, cesium, which gives
a low amount of solvated cationized molecular ions, has not
been used.

Table I shows a pronounced decrease in the ratios a/b when
DEA is used instead of glycerol. For example when talose is
analyzed, this ratio decreases by a factor of 100. A similar
effect has been observed with a disaccharide (trehalose) and
has been explained in terms of matrix basicity (10). We
observe a similar alkali cation effect with DEA to that de-
scribed for glycerol. This corresponds to an increase in the
ratio a/b as the alkaline radii increases. However, for allose,
glucose, and talose, the ratio a/b remains almost constant.

From Table I a relative cationic affinity sequence for sodium
may be established: talose > idose > mannose = altrose >
galactose > allose = gulose = glucose. As previously described,
when glycerol is used as matrix, this sequence is not drastically
affected by the nature of the alkali cation used.

From an analytical point of view and for complete iden-
tification of the aldohexose stereoisomers, the DEA possesses
a too high cationic affinity compared to glycerol as a matrix.
Hence, when the aldohexose stereoisomers are solvated with
glycerol and cationized with sodium, their identification be-
comes unambiguous.

DISCUSSION
From these results, it may be observed that which ever alkali
cation is used (Li*, Na*, K*, Rb*) or which ever matrix is em-
ployed, glycerol or DEA, the aldohexoses talose and idose possess
the highest cationic atT nities. The fact that the cation affinity

for the ald not d lly affected by the
nature of the matrix could suggest that the conformation of the
ldoh in the (; cat-matrix)* cluster ion is not

drastically modified in the presence of the matrix. Consequently,
a structure in which the alkali cation is solvated by the aldohexose
and the matrix seems more likely compared to the following
structures (matrix-aldohexose—cat)*. However a pseudocyclic
structure (aldohexose—cat-matrix)* is also a possibility and may
be examined by the used of additional matrices of basicity in-
termediate to that of glycerol and DEA.

It should be important to establish a correlation between the
cyclic ring forms (furanose, pyranose), the configuration of the

anomer carbon of the different aldohexoses, and their ability to
retain the alkali cation. Their equilibrium is affected by the
temperature and the solvent. Thus, it is difficult to transpose
the values observed in the literature to those expected at the target
surface which is not temperature controlled. For example at 40
°C, talose, idose, and altrose possess the highest proportion of
the furanose form (13). For talose and idose if a correlation exists
between the proportion of furanose and pyranose forms and the
ability to retain the alkali cation, it may be difficult to validate
since mannose exists entirely in the pyranose form and has a
cationic affinity higher than altrose. A possible solution to this
could be obtained by ination of the ald methyl
glycoside in which the hydroxyl group linked to the anomeric
carbon atom has been methylated permitting the above equilib-
rium to be blocked.

It has been postulated by Angyal et al. (14) that the ability to
form a complex between an alkali cation and cyclitol is correlated
to the presence on an axial-equatorial-axial sequence of the vicinil
hydroxyls; this sequence is observed for talose, mannose, and
allose. From an examination of the ratios a/b given in Figure
2 and Table I, it is apparent talose agrees with the assumption
postulated above by Angyal et al.; however idose does not agree.

CONCLUSION

The present work shows the mass spectrometry applica-
bilities for the identification of stereoisomers of aldohexoses.
These compounds have previously been identified after their
derivatization by GC/MS. The proposed approach in which
hexose derivatization is avoid allows the identification of the
eight stereoisomers of aldohexose. Also, the versatility of this
method authorized its application to the determination of
anomeric configurations of, for example, methyl glycosides.

In a purely scientific sense, it seems important to define
the parameters which control the cation affinity of an aldo-
hexose. The correlation between aldohexose forms and their
ability to retain the alkali cation is not yet established. The
examination of simplified analogue models should permit
defining the arrangement of the hydroxyl groups which might
explain their different ability to retain the alkali cation.

Registry No. DEA, 111-42-2; Na, 7440-23-5; K, 7440-09-7; Rb,
7440-17-7; D-talose, 2595-98-4; D-idose, 5978-95-0; D-mannose,
3458-28-4; D-altrose, 1990-29-0; D-galactose, 59-23-4; D-gulose,
4205-23-6; D-glucose, 50-99-7; p-allose, 2595-97-3; glycerol, 56-81-5.
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Laser Desorption Mass Spectrometry of Nonvolatiles under

Shock Wave Conditions
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For transmisslon-type laser desorption mass spectrometers,
as the fally llable laser P mass
LAMMA 500, l(blhown!hata bination of 0
thickness and laser power density allows the uproduclblo
lection of a mode. The Irra-
diance of thick samples (~20 um) at high laser power den-
sitles (~10"" W cm™2), which does not lead to a perforation,
offers extremely soft lonization conditions. For these condi-
tions a model Is di ibed for the p hanism of
molecules from organic solids based on a nonthermal, shock
wave driven process leading to the release of mainly Intact
molecules from the solld sample surface.

Very soon after the laser had become available, the pos-
sibility of focusing its radiation to very small spot sizes and
of achieving high power densities in short time intervals—
yielding rapid heating of small sample volumes—called forth
the interest of mass spectroscopists to use it as an desorp-
tion/ionization source. In the past 20 years, and with in-
creasing tendency in the last 5 years, a large number of ex-
amples for the applicability of the laser desorption mass
spectrometry LDMS—especially for the analysis of organic
compounds—have been published (for review see ref 1 and
2). Mainly the construction of a modified laser focusing system
by Hill et al. (3) brougt iderable progress to the
development of a laser microprobe mass analyzer, which be-
came commercially available as LAMMA 500 (Leybold-Her-
aeus, Koln, FRG). Very soon the wide scopé of this
system—ranging from the sensitive tracing of elements and
even organic molecules in biological specimens to the pure
mass spectrometric application for the analysis of complex
biomolecules—could be demonstrated in a large number of
excellent papers (for review see ref 4 and 5). Considering the
relatively long history of LDMS, it seems striking that there
exists no unified model which would explain satisfactorily the
physical processes leading to the desorption of intact molecules
and fragments—or ions thereof—and with that of the structure
of the mass spectra obtained from these particles.

However, considering the diversity of instrumentation and
experimental design meanwhile used in laser desorption mass
spectrometry ranging in laser wavelengths from 249 nm to 10.6
um, in laser power density from 20 to 10> W cm, and in laser
spot diameter at the sample surface from less than 1 um to
4 mm (for review see Hillenkamp (6), the described situation
becomes understandable, especially when lakmg furthermore
into account the different laser pl g tries
(transmission- and reflectance-type instruments). Even with
the same instrument, the variation of just one parameter like
the irradiance or the sample thickness may require different
models for the description of the steps involved in ion for-
mation, as will be discussed below. A question of major
concern is whether the desorption process requires high tem-
peratures at the sample surface or not. In other words, does
the mechanism proceed thermally, that means here under
direct influence of the temperature in the desorption region,

or may other nonthermal mechanisms also lead to desorption.

But keeping in mind the above outlined situation con-
cerning the diversity of instr ion and ple handling,
it is not to be expected that there will by the one model
describing all experi al conditions. Kist ker (7-10),
Réllgen (11, 12), Cotter (13-17), and Heresch (18) favor a
thermal mode for their experi tal conditions: le on
bulk substrates and irradiation with moderately focused laser
beams at moderate laser power densities at the sample side.
However, as is pointed out in some cases (11, 18, 19), thermal
processes cannot explain sufficiently all observed phenomena.
Hillenkamp distinguishes between two different processes
occurring with different sample geometries (20). For bulk
solids, examined in a way described ahove, he assumes a
thermal mechanism. For thin films analyzed in a transmis-
sion-type instrument he suggests nonequilibrium processes.
This might be backed by the measured energy spreads of the
produced ions of up to 50 eV (21). Comparable values (up
to 25 eV) have also been reported by Hardin and Vestal (22).
Hercules proposed several processes occurring concurrently
at different distances from the laser spot (5). We suggested
a nonthermal shock-wave driven desorption process (23, 24)
to explain our findings that for a transmission-type instrument
best results with respect to simplicity and reproducibility of
spectra from organic ct ds could be obtained
at highest available laser power density (=10'"' W cm™) and
relatively thick samples (=20 um) not being perforated by the
laser beam.

In this paper we try to corroborate these first findings
experimentally. For this purpose we used various oligo-
saccharide samples to get information on the thermal stress
exerted on the desorbed molecules. Oligosaccharides are
known to be thermally labile—stachyose more than raffinose
and sucrose—and have been used repeatedly for similar ap-
plications (7-12, 18, 25). We found direct evidence for the
existence of at least two different desorption modes, thermal
and nonthermal, depending on laser power density and sample
thickness, which may even coexist under particular conditions.
The successful application of the described soft desorp-
tion/ionization conditions is demonstrated for some oligo/
polysaccharides containing up to 12 sugar units.

EXPERIMENTAL SECTION
Laser Desorpuon Mass Spectrometer The i mstmmem used
was the t type lase mass LAM-

MA 500 (Leybold-Heraeus, Koln FRG) The frequency quad-
rupled light of a Q-switched Nd-YAG laser (wavelength, 265 nm;
pulse duration, 10 ns) is focused onto the front surfnce ol‘ the solid
sample with a spot di; down to y 1 ym at
maximal power densities of 10" W cm™ (adjusmble o»er 3 orders
of magnitude by neutral filters and laser nmplll’er setting). The
ions produced on lhe pp slde (rear surface) of the freely
ded 1 ed by a TOF mass analyzer. The
sngmls from the ion deteclor (SEM) were digitized by a Biomation
8100 t ata 1g time of 50 ns and u'nnsferred
to a HP 1000 puter. A sch ic of the exper 1 setup
is given in Figure 1.
Samples. Sucrose, raffinose, stachyose, and y-cyclodextrin
were purchased from Sigma Chemicals (Minchen, FRG), the

0003-2700/85/0357-0895501.50/0 © 1985 American Chemical Society
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Figure 1. Schematic of the LAMMA 500 instrument.

highly purified octa- and dodecasaccharides isolated from bacteria
(Shigella flexneri) (26) were a generous gift from A. Lindberg
(University Hospital, Huddinge, Sweden).

Samples were prepared from aqueous solutions containing the
sugar and Nal or KI at a molar ratio of approximately 5:1.
Different amounts of these solutions were brought onto Form-
var-coated copper grids (mesh width 100 ym) and dried to give
thin layers homogeneous in thickness and consistency over the
distance of several meshes. This way layers of different thickness
could be achieved. The so prepared les were ted inside
the TOF analyzer with the supporting grid facing the laser (see
Figure 1, inlay).

Measurements. From sucrose, raffinose, and stachyose, layers
of thicknesses d, = 1 um and d, ~ 20 um were mass analyzed at
the laser irradiances of p, ~ 10° W ¢cm™ and p, ~ 10" W cm™
(32% objective, diameter of the spot of direct laser-sample in-
teraction =3 um). To account for the limited reproducibility of
the fragmentation patterns (mainly caused by variations in laser
performance and focusing) as well as of total ion intensities of
the spectra produced by each single laser pulse, 25 single spectra
were registered and averaged for each combination of sample
thickness and laser power density. With the sampling time of
50 ns the quasi-molecular peaks could only be registered if a
suitable delay time was chosen. For this reason the spectra do
not comprise the low mass region, which in each case showed
mainly high cation signals.

RESULTS AND DISCUSSION

Figure 2 gives the averaged positive ion LD mass spectra
of stachyose obtained under different experimental conditions.
Clearly, under the aspect of getting low-level fragment in-
tensity, i.e., the “softest™ desorption/ionization, the most fa-
vorable conditions are realized in spectrum 2a obtained from
a thick sample layer at highest laser power density and without
perforating the sample. The spectrum comprises only the
abundant quasi-molecular peak [M + Na]* at m/z 689 and
one low-intensity fragment peak C,gH3,0,¢Na* at m/z 527,
originating from unimolecular d position by cl ge of
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Figure 2. Positive ion LD mass spectra of a mixture of stachyose and
Nal {molar ratio ca. 5:1)—each spectrum representing the average
of 25 single spectra—obtalned for different sample thicknesses d and
laser power densities p: (a) d = 20 um, p =~ 10" W cm?, no
perforation of sample; (b) d =~ 1 um, p =~ 10° W cm"2, perforation of
sample; (c} d =~ 1 um, p =~ 10'' W cm™?, perforation of sample.
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a glycosidic bond and hydrogen transfer. It should be pointed
out that similar spectra were observed under these conditions
also when the laser beam was focused onto the supporting Cu
grid, resulting in an indirect energy input.
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Figure 3. Positive ion LD mass spectra of a mixture of raffinose and
Nal (molar ratio ca. 5:1y—each sp repr g g
of 25 single spectra—obtained for different sample thicknesses d and
laser power densities p: (a) d ~ 20 um, p = 10"* W cm™?, no
perforation of sample; (b) d =~ 1 um, p =~ 10® W cm?, perforation of
sample.

Spectrum 2b demonstrates the other extreme—low laser
power density and a thin sample layer—showing a high level
of fragmentation with peaks at m/z 527 (C,3H3,0,¢Na*), m/z
365 (C,,Hx»0,,Na*), and m/z 203 (C¢H,,0¢Na*), which again
stem from glycosidic bond ruptures. The quasi-molecular
peak, in this case, is reduced nearly to zero intensity, and
additional fragment peaks can be observed beside intensive
Nal-cluster peaks.

Spectrum 2c (Figure 2c) resembles the pattern of spectrum
2b in respect to the intensive fragments at m/z 203, 365, and
527 and the Nal cluster peaks. However, the intensity of the
quasi-molecular peak at m/z 689 is higher. This spectrum
seems to represent an overlap of the physical processes re-
sponsible for the patterns shown in Figure 2a,b. The appli-
cation of low laser power density to thick sample layers did
not lead to a detectable ion yield. Only in some cases weak
cation signals were registered.

A similar influence of the experimental conditions on the
fragmentation patterns as described for stachyose were ob-
served also for raffinose and sucrose (Figure 3, Figure4).
Beside the fragment ion peak at m/z 365 both spectra of
raffinose (Figure 3) exhibit additional intense mass peaks at
m/z 379 which could be shown to originate from ion formation
by alkali attachment. (The admixture of Csl instead of Nal
led to a corresponding shift of these peaks by 110 mass units).
Presently we cannot offer a verified explanation of the un-
derlying ion building processes. This is particularly difficult
because impurities of the raffinose could be definitely excluded
(applying extensive chemical analytical techni ), and for
the other sugars respective peaks—if at all—were observed
only at negligible intensities. The obviously little influence
of the experimental conditions on the patterns of the sucrose
spectra (Figure 4)—even for a thin sample excited by low laser
irradiance (Figure 4b) an intense quasi-molecular peak is
observed—may be explained by the comparably high thermal
stability.

Figure 5 shows the average of 45 positive ion LD mass
spectra of y-cyclodextrin obtained under the same experi-
mental conditions as those in Figures 2a, 3a, and 4a. This
spectrum does not comprise any fragment ion peaks.

If spectra of thermally labile substances like the investigated
sugar do not exhibit considerable fragmentation, a direct
influence of temperature can be excluded. This holds for the
spectra depicted in Figures 2a, 3a, and 4a which were obtained
from thick sample layers irradiated at the highest laser power
density without producing perforations. The desorption/
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Figure 4. Posttive ion LD mass spectra of a mixture of sucrose and
Nal (molar ratio ca. 5:1—each spectrum representing the average
of 25 single spectra—obtained for different sample thicknesses d and
laser power densities, p: (a) d = 20 um, p = 10"' W cm™, no
perforation of sample; (b) d = 1 um, p =~ 10* W cm2, perforation of
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Flgure 5. Positive ion LD mass spectrum of a mixture of y-Cyclodextrin
and Nal (molar ratio ca. 5:1), representing the average of 45 single
spectra (sample thickness d = 20 um, laser power density p = 10'"
W cm2, no perforation of sample).

ionization must proceed at a locus spatially separated from
the locus of direct laser-sample interaction. Since there is
experimental and theoretical evidence that the impact of a
laser beam as used in our experiments on a solid sample leads
to a temperature rise of up to some thousand degrees at the
surface within the laser pulse duration (8, 27-30), yielding
heating rates of approximately 10'! K s for a laser pulse width
of 10 ns. A direct influence of this high temperature would
inevitably lead to drastic fragmentation. In other words, the
desorption process as depicted in Figures 2a, 3a, and 4a must
be nonthermal. We have therefore postulated a process
triggered by a laser-driven shock wave (23, 24). The high
heating rate of ~10'"" K s within the thin surface layer of
direct laser-sample interaction well exceeds the limit of ap-
proximately 10° K s™! above which an explosive vaporization
(“phase explosion™) should occur (31), which may be accom-
panied by plasma generation. This thermal ablation produces
a shock wave which traverses the solid under energy dissi-
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Figure 8. Positive ion LD mass spectrum of a mixture of approximately
equal molar of y M,, an ide M,, and a

dodecasaccharide M, (both isolated from the bacterial species Shigela
flexneri (30) and of KI (sample thickness d =~ 20 um, laser power
density p ~ 10'' W cm™2, no perforation of sample).

pation. The principles of the thermod, governing this
vaporization are described in detail for metals in ref 32. It
must be emphasized, however, that quantitative calculations
for the organic substances under investigation can hardly be
done at present because of the lack of thermophysical data.
At the rear surface the shock wave leads to the desorption of
intact molecules (and possibly fr ts) and of alkali ions
via vibrational disturbance of the binding potentials. The
latter stem from impurities or from alkali salts added to en-
hance the quasi-molecular ion yield. In experiments with
relatively thick metal foils and organic layers (d =~ 30 pm)
which were covered on the back side with alkali salts, it could
be shown that the shock wave mode also leads to the de-
sorption of alkali ions from a solid, not perforated sample.
Gas-phase reactions between the neutral molecules and the
codesorbed alkali ions should lead to the formation of these
quasi-molecular ions (18, 33-35).

In contrast to the spectra produced by shock-wave-driven
non-thermal desorption, the patterns of the spectra in Figures
2b, 3b, and 4b, which were obtained from thin samples with
the laser beam perforating the layer at low irradiance, show
considerable fragmentation. A possible explanation for this
fragmentation is the thermal stress which is exerted on the
molecules being desorbed at the locus of direct laser—sample
interaction. However, other processes like fast collisional
dissociation, which might put additional stress on the mole-
cules (36), cannot be fully excluded.

The spectra described so far represent the extremes in the
experimental conditions: thick sample layers, high laser power
density and thin sample layers low laser power density, re-
spectively. A bination of these par (thin pl
layer, high laser power density) obviously leads to patterns
comprising features of both extremes (Figure 2c). From this
it may be concluded that under such conditions a combination
of the above described desorption modes may occur with
varying contributions to the overall ion yield. It seems rea-
sonable to assume that the two processes occur within the
same time scale but are laterally separated.

The shock-wave-driven desorption mode from organic solids
is favorable, especially for molecular weight determination.
This is clearly demonstrated with y-cyclodextrin in Figure 5,
which does not show any fragmentation in contrast to the
results of Cotter who observed a sequence of fragmentation
peaks (37)—besides the q lecular peak—under his bulk
analysis conditions. Such a high degree of fragmentation was
not obtained in our experiments even under the conditions
of high thermal stress.

Another example for this application is given in Figure 6.
Here, estimations of the molecular weight, based on bio-
chemical data, of a dodecasaccharide isolated from a bacterial
species (S. flexneri) were to be confirmed. For internal mass
scale calibration the unknown compound was mixed with
approximately equal molar amounts of stachyose and an oc-
tasaccharide of S. flexneri of already known structure and with
KI. The spectrum shows a very simple pattern with intense
quasi-molecular ion peaks of the three sugars at m/z 705, 1340,
and 1982 and two peaks each 104 mass units lower than the

respective quasi-molecular ions also showing alkali attachment.
At the moment it cannot be decided whether these peaks are
due to L i or, more likely, originate
from the chemical pretreatment.

After statements of Denoyer et al. (4) Heinen (19), Cotter
(37), and Simons (38), soft desorption/ionization should be
achieved for organic solids from thin samples under as low
a laser irradiance as possible for observation of ions. The
above examples, however, may serve as an experimental proof
that under the controlled conditions of high laser power
density and thick homogeneous sample layers in a transition
geometry a very soft desorption/ionization is realized.
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Reliability Ranking and Scaling Improvements to the Probability
Based Matching System for Unknown Mass Spectra
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Statistical evaluations of the effects of five matching param-
eters on the probabiiity of g a with the
probabllity baud matching (PBM) system have been made.

factors such as the “similarity index” (3) or “confidence (K)
value™ (4, 7) give only a qualitative indication of the probability
that the retrieved compound represents a correct answer. For
le, although a K value of 150 implies a higher match

Combining the resulting values found Iin hing an unk

spectrum makes it possible to rank d reference
p ding to the predicted match reliability. This
ranking sub lally imp the per of PBM, and
the rellabllity value Is lally helptul in iding the as-
sumption that the best hing sp repi the

correct compound when Its spectrum Is actually not In the
reference file. Quadratic scaling of the abundance values of
the P for sp 1 ditf, d
Instrumental variations, a critical problem In matching refer-
ence spect| Other imp Include a more effecti
ﬂagglng technique to remove spurlous reference peaks.

confidence than a value of 100, it does not directly indicate
whether the probability of a correct identification is 50% or
95%. This deficiency can cause a particularly serious problem
when the unknown compound is not represented in the ref-
erence file, as almost always the algorithm retrieves a “best”,
even though a poor, match We show here that the effect of
a variety of matchi di can be eval d statistically,
so that a combination of these can serve as a quantitative
measure of the predicted reliability of the match

A second serious problem for mass spectral mut-hing sys-
tems utilizing a comprehensive reference file is th variation
in peak abundances caused by mass discrimination and change

pplicatl with a clal GC/MS sy
have d d the | d effectl made possibl
by these PBM modifications.

Thousands of gas chromatograph/mass spectrometers
(GC/MS) are now used daily worldwide (I). A major ap-
plication is the identification of unknown compounds, which
in many laboratories results in the production of hundreds
of unknown mass spectra per day, making obvious the need
for computerized identification syst (2-16). For pl
representing complex mixtures, incomplete GC separation is
unavoidable (17, 18); for the resulting spectra which represent
more than one component reverse searching (only requiring
the peaks of the reference to be in the unknown) improves
retrieval performance (4-7). By far the most widely used
retrieval algorithm of this type appears to be probability based
matching (PBM) (4, 7). Although other search systems (3,
10-12) are valuable, when evaluated under various conditions
(7, 10, 12) none appears clearly superior to PBM. In the last
decade PBM has been used extensively by individual imple-
mentation (16), through computer networks (Cornell Com-
puter Services, Uris Hall, Ithaca, NY 14853) (19), and on a

cial GC/MS resulting in a variety of helpful
criticisms.

A major problem to many users, which appears to be com-
mon to all retrieval algorithms, is that the match ranking

in le concentration during the spectrum scan. As sug-
gested independently by Dromey (8), various methods of
tilting and scaling the unknown spectrum to compensate for
such spectral differences are investigated here. The PBEM
algorithm has also been modified to improve the “peak
flagging” which discards anomalous peaks in the reference
spectrum.

EXPERIMENTAL SECTION

Computers used include a DEC PDP-11/45 containing 56
kilobyte memory and 64 megabyte random-access disk storage,
an IBM 370,168 multiuser system, and the H/P-1000 computer
of the H/P 5985 GC/MS system. The data base was the expanded
Registry of Mass Spectral Data (Electronic Data Div., Wiley, 605
Third Ave., New York, NY 10158) containing 41429 different
spectra of 32403 different compounds, from which 2091 isotop-
ically labeled spectra were excluded. From those compounds in
the file represented by more than one spectrum (measured under
other experimental conditions) 900 were selected at random, with
the restriction that all spectra of the compound must have a
quality index (QI) = 0.5 (20). For each of these compounds the
spectrum of highest QI value was used to make up the list of
unknown spectra, which were excluded from the data base in
testing. Every odd-numbered spectrum of this list was used to
make up a second “odd" list of 450. The performances of these
two lists and of the PBM program versions were evaluated by
using recall/reliability plots (21, 22), which show the proportion
of correct answers which are retrieved as a function of the pro-
portion of retrieved answers which are correct. For the “odd™ list
poor PBM retrievals were used to correct obvious errors and delete

. 0003-2700/85/0357-0899$01.50/0 © 1985 American Chemical Soclety
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Table I. Predicted Reliability Values (%) for K Categories

molecular ion present

molecular ion absent

K 0 flags 1 flag 2 flags 3 flags 0 flags 1 flag 2 flags 3 flags
150 99.5 99.4 98.7 96.7 95.0 94.5 89.5 81.0
140 99.3 99.0 97.8 95.9 94.0 92.0 84.3 6.5
130 99.0 98.5 96.4 94.0 92.0 87.5 7.8 70.5
120 98.7 97.8 94.3 90.0 89.5 84.3 72.0 56.3
110 98.2 96.6 915 83.5 86.5 79.8 62.0 40.5
100 97.5 94.5 86.3 76.5 83.0 68.5 40.5 30.0
90 96.4 9L5 80.5 69.5 71.8 62.0 37.0 277
80 94.3 86.3 74.0 59.3 720 45.8 30.7 23.3
70 91.0 80.5 64.8 49.0 45.5 33.0 22.7 18.7
60 83.0 69.5 50.3 375 40.0 27.7 20.3 17.3
50 73.0 44.3 33.5 22.0 30.3 18.5 16.5 13.0
40 54.0 22.0 19.3 15.5 21.3 13.5 12.0 9.0
30 21.0 16.6 14.0 12.3 16.0 9.0 8.3 6.0
20 14.0 12.3 11.0 9.5 83 6.0 5.0 4.3
Table II. Predicted Reliability Values (%) for AK Categories
molecular ion present molecular ion absent
AK 0 flags 1 flag 2 flags 3 flags 0 flags 1 flag 2 flags 3 flags
0 97.56 97.0 94.5 91.0 91.0 89.5 80.7 75.0
10 96.5 85.8 91.0 87.0 88.7 85.3 75.0 68.7
20 91.0 83.8 76.3 70.7 15.0 64.3 56.0 50.0
30 8.7 68.5 62.3 55.3 59.5 45.7 38.3 32.0
40 68.5 52.0 48.0 32.7 473 29.7 26.8 19.7
50 58.0 40.3 323 243 345 23.0 19.5 15.0
260 45.0 30.5 24.3 21.3 25.5 18.7 15.0 115
the worst spectra; the final set contained 431 unknown spectra. 50 would be multiplied by 2035 or 1.19.
The matches were classified (7) as: (a) the identical compound “Scaling” optimizes the hing of peak abund by ad-

ora st,ereorsomer. designated as “class I", and (b) a compound

Jusung those of the teference -spectrum as a function of mass with
imize the s f- diff

which should give a very similar mass spectrum b its
structure is closely related to that of the unknown (“class IV").

From these ds were selected the 392 for the
current Wiley/ NBS file of 80000 spectra, the list of unknowns
and their class IV hes and is available from

Cornell for comparative evaluations.

The basic PBM matching algorithm (7) was modified with
tighter window tolerances, using £37% and £20% for peaks of
<9% and 29% abundance, respectively. To reduce the number
of low abundance artifact peaks used in the condensed spectrum,
the molecular ion isotopic peak of highest mass previously included
was removed and peaks of a apecrﬁc value of U + A (log base 2

" and *; di " values) (7) having abundances
<1% were chosen after higher abundance peaks. The correlation
(20) between the number of atoms in a molecule (N) and the
number of peaks in its mass spectrum was tried to determine the
number of peaks (p) in the condensed spectrum (13); neither p
= N/3+ 5 nor N/2 + 5 showed any improvement over the original
method (7).

Abundance Based Flagging. For the reference peak of mass
J of the condensed reference spectrum, the rho value p; is the ratio
of the abundance of that peak in the unk its abund

D ‘between them and the corresponding abundances of the un-
known (eq 1), where X, and R; are the abundances of the ith peaks

D =X[X;- (a+ bm; + em?R;]* (1)
to the unk and ref spectra, respectively, and

m is the m/z value. To minimize D (8D/da = 8D/db = aD/ac
= 0), eq 1 yields the linear system of eq 2, which is solved by

EmiR? EmPRpP EmpR?| [a ImPXR;
i i i i
ImiR? EmiR} ImPR}| |b} = |EmXR; (2)
i i i i
2R} ZmR?  EImiR?| |c ZXR;
i i i i
Gaussian eli ion. To the effect of contamination

of a peak by another component of the unknown, each reference
is scaled 5 times. On the nth scaling the n - 1 peaks of highest
contamination, as previously defined (7), are not used in com-
puting a, b, and c. In addition, the first flagged peak (if any) of
the i d match is ig d for n = 1-4 and the ﬁrst two for

in the reference. The first PBM calculation of the confidence
(K,) value uses the abundance window based on the minimum
rho (pni,) value (7). The second, third, and fourth confidence
values (K, K3, K,) are calculated by using as p;, the lowest p;
value of any peak for which the unknown has an abundance of
21% for Ky, 29% for K3, and 238% for K, (13). Replacing this,
now for the K,—K. calculations the new p value must be incre-
ted by a If p < 0.65, the new p must be
>50% (relative) larger; if p > 0.65, the new p must be 0.15 (ab-
solute) larger.
Spectrum Tilting and Scaling. If a reference spectrum
matches with K 2 10, the abund of the are
by ".llt.mg or “scaling” ded), and the Iti
spect.rum is remawhed agamst the reference. “Tilt" is a geo-
27am/2%, for which n can have positive
or negative values from 1 through 4 and Am is the mass difference
between the peak in question and the peak of lowest mass in the
unknown spectrum. Thus for n = +1 the abundance for Am =

n=5(h , the abund of such d or flagged
peaks are still scaled for matching). Scaling is limited to reference
spectra matching with a predicted reliability value (vide infra)
of 215% (also >30% of the fifth highest reliability value already
retrieved); for further scaling, the first must have increased the
predicted reliability by >10% absolute. i

Reliability Ranking. The algorithm was modified to predict
the probability that a retrieved reference is a correct match. This
reliability value, RL, is dependent on the values of K, AK (the
difference between the K value for a perfect match with the
unknown and the K value found), number of peak flagging op-
erations (0-3), whether the reference molecular ion was or was
not used in matching, and the tilt (n) factor. The collective effect
of these separate values on RL using the class 1V definition was
determined statistically (13) with the 431 unknowns (Tables 1
and II). For example, a smoothed plot of reliability vs. K value
showed 9.2% of matches with K = 98-102 and zero flags to be
incorrect, while matches of K = 98-102 with no molecular ion were
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Table III. Adjustments (%) Made to Predicted Reliability Values of Scaled Spectra

. 5 no. of

N \4 m,© RL,, RL,, std dev spectra
with(())ul scalliné; S = 29.0 67.5 6.1 1376

0 10  s55x10+ Tsxic a2 83 51 363
-150 <0 15107 0.22 all ’ )

0 1.0 6.8X10" 55x10°* <80 f25.5 55.0 27 994
-150 <0 55x10™* 1.5x 107 all
-150 <0 6.8x10* 55x10° 40-<80

0 . o 6.8x :o-: 5.5 }0-: >80 120 30.7 415 26 2087

o B X = 2.0 X 2 e

1.0 55 5.5% 10 0.22 all
-150 <0 6.8x 107 5.5x10™ >120 . ) _

1.0 55 6.8x10"" 5.5x10°¢ <80 }”~° 3.6 2.9 856
-150 <0 6.8x 107 5.5Xx10° 80-<120 )

1.0 56 6.8x10" 5.5x 107 >120 }3“ 27.2 6.4 480

“ Number of spectra giving maximum predicted reliability values for scale (S) values:
b For curve (V) values:
5.5 x107%,1106; 5.5 x 10°* to 1.5 x 107?,1307; 1.5 x 107 to 0.22, 1464.

1401; zero, 1029; >0 to 1.0, 530; 1 to 55, 1028.

<40, 777;40 to 79, 1666; 80 to 119, 1229; :>120, 1495.

-150 to -2.7, 1179; -2.7 to <0,
6.8x 10" to2.0x 10°,1290:2.0 x 10 * to
¢ For minimum/maximum mass (m,) values:

incorrect 85% more often than the average of all matches of this
K value, resulting in a predicted RL value of 83% for K = 100,
no flags, and no molecular ion. Matching a specific reference
spectrum gives a separate predicted RL value from K and AK,
the higher of which is used, up to a maximum value 10 units above
that from K. This value is adjusted for ult by subtracting from
the predicted RL value the followi: values: K, neg

tilt, 10 if K > 80, 20 if K < 80; K positive tilt, 8; AK, negative
tilt, 7, positive tilt, 3.

The recommended PBM system now uses quadratic scaling
(14) rather than tilting. The predicted RL value was found to
relate to the actual reliability found for the 431 unknowns as
follows: RL (%) = 0-5, 0; 40, RL,,; 80, RLy,; and 100, 100;
intermediate points are interpolated linearly. The values of RL,,
and RLg, depend (Table III) on the degree of scaling, which is
described by three factors: scale (S, eq 3), where U; is the U value
of the ith reference peak

S = LU - Ua4;

3)

U,, is the average U value of all reference peaks and A4; is the
change caused by scaling in the A value of the ith reference peak;
curvative (V), described by eq 4, which when combined with eq
1 yields eq 5; and my, the mass of the minimum or maximum of
the quadratic function.

2y /dx? /(1 + (dy/dx)?)*/?
= |2¢|/(4c®m? + 4cbm + b2 + 1)¥/2

RESULTS AND DISCUSSION

PBM Performance before Modification. The recall/
reliability performance of the subset of 450 “odd™ unknowns
agreed within £2%), on average, of that of the full set of 900
unknowns using K values and class I matching criteria (13),
justifying the use of the smaller subset of unknowns for testing
further modifications. The recall/reliability performance
found by Pesyna (7) using the same PBM algorithm with a
data base only 57% as large, but using unknowns selected by

)
(5)

80

o
o

Reliability

F
o

[ L L 1 PR B
o 20 40 60 80

Recall

100

Figure 1. Effect of abundance based flagging on PBM performance
(class 1V, K values, class I recall): A, results with original PBM (7);
O, with abundance based flagging; —, with a minimum increment of
Pmin In 8ach flagging (actually based on the difference between these
and the previous conditions run with slightly modified parameters) ( 74).
The separate data point values 20, 40, ..., 160 represent the minimum
K values included in determining the recall/reliability values.

performance of the retrieval algorithm itself.
Abundance-Based Flagging. Examination of condensed
spectra of correct answers not retrieved using the original
algorithm (7) showed some contained more than three artifact
peaks of low abundance which had been included in the
d d spectrum b they had high U values. An
artifact peak produces an unusually low (or zero) value of p.;
if after three flagging operations all artifact peaks are not
li ted, the resulting low py;, value prevents the match

average molecular weight, gave recall values which were on
average 8% higher (13). Correcting errors, which reduced the
450 to 431 spectra, approximately halved this discrepancy in
recall values. There also should be a larger possibility of error
caused by increasing the proportion of wrong answers in the
data base (15). The class I performance at low recall values
was much lower with the larger data base, reflecting (13) an
increased number of reference structures closely related to
those of the unknowns. Class IV matching criteria are de-
signed to be less sensitive to such deficiencies of mass spec-
trometry, and so are used here to be more sensitive to the

of other reference peaks of higher abundance. The new me-
thod removes all low p value peaks of <1% abundance in the
first flagging operation, those of <9% iz the second, and those
of <37% in the last flagging. This yields a significant im-
provement (Figure 1) in reliability at low recall values. This
is further increased (solid line in Figure 1) by instead forcing
Pumin to increase by 50% relative or, if >0.65, by 0.15 absolute
in each flagging operation.

Optimum p Value. An alternative method for setting the
level of the abundance window used in matching was un-
successful (14). The p value of each peak was used as py;, in
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Tabl. IV. Class IV Retrieved Spectra® of Highest K Value vs. Tilt Category

with tilting (tilt factors, n)

without

tilting overall 0 +1
match 2301 2353 707 346
mismatch 4208 4967 1077 469
reliability 35% 32% 40% 42%

+2

192
310
38%

+3 +4 -1 -2 -3 -4
146 113 301 259 136 153
219 218 693 665 691 625
40% 34% 30% 28% 16% 20%

< All spectra retrieved in each tilt category for which K > 20 and % contamination < 70.

L 7160

30

80

o
o

Reliability

Fy
o

20

o 0

Recall
Figure 2. Effect of tighter window tolerances and spectrum tilting or
scaling (class 1V, K values, class 1 recall): A, results with original PBM
(7): O, with tighter window tolerances; O, with tilting and tighter window
tolerances; —, with scaling and tighter window tolerances on basis
described in Figure 1 legend.

separate calculations to find the highest matching value. For
spectra of pure unknowns this lowered performance by a few
percent at >50% recall. Apparently this system allows ar-
tifically high p;, values which can improve the match of an
incorrect spectrum; this should be a more serious problem with
the spectra of mixtures.

Tighter Window Tolerances. Cleij, van't Klooster, and
van Houwelingen (12) show that basing abundance tolerances
used in matching on data reproducibility yields improved
performance. Figure 2 shows that the tighter window toler-
ances gave an improvement in reliability at low recall, but the
opposite effect at high recall values. At low recall values, for
which high K values are required, tighter window tolerances
exclude peaks from wrong answers more often than from
correct ones. On the other hand, at high recall values where
only a few peaks must be within the window tolerance, ref-
erence spectra which are correct answers must already be
badly sk d, so that tigh g the wind elim-
inates their peaks as often as those of incorrect spectra. Thus
methods to compensate for skewing were sought.

Spectrum Tilting. The relative abundances in a spectrum
can be skewed as a function of mass through instrumental
mass discrimination and through changing sample pressure
during the spectrum scan, a common problem in GC/MS.
Dromey (13) has independently suggested a procedure for
optimizing the degree of match for spectra of pure compounds,
but his method was not tested on a statistically large data set.
Similar approaches, tilting and scaling, are described here.
In the first the peak abundances in the unknown mass
spectrum were tilted by a factor of 2" every 200 mass units
(n = £1-4). For the best matches (highest K value) found
for any value of n, the zero and positive tilts show a

due to the greater importance which such negative tilting gives
to the low mass peaks, which are well-known (23) to provide
less specific structure information; other data (13) show that
the more specific high-mass peaks are preferentially removed
by flagging with negative tilting. A recall improvement of
~5% at higher recall values (Figure 2) was achieved by al-
lowing only tilting functions n = 0-3, no peak flagging for tilted
spectra, and tighter window tolerances. Note that changing
the unknown peak abundances by a factor of 16 every 200
mass units gives the best match for a surprising number (6%)
of correct answers, comparable to those for a factor of 8.
Quadratic Scaling. The quadratic skewing function,
which allows a minimum or maximum, produces an additional
improvement in recall of several percent (Figure 2) at >65%
recall, and so is used in the current PBM algorithm in place
of tilting. To compare the number of spectra giving the
highest RL values for different values of scale and curve
(footnote, Table III) with the corresponding tilt data (Table
1V), n = 1 tilt corresponds to V=24 X 10%and S = 1 or 2
(highly spectrum dependent). As found for tilting, both
positive and negative scale values over a wide range were
effective for a substantial proportion of spectra. The minimum
or maximum mass (mg) of the scaling functions found most
effective were centered around m/z 70 (14); this is consistent
with the maximum in relative abundance often shown by
quadrupole spectra as compared to spectra from magnetic
instruments. Maximum curvatures (V values) much higher
than achieved by the exponential tilting function were sur-
prisingly effective and appear to be the main reason for the
improved performance of scaling. Many values are much
larger than expected from differences in instrumental mass
discrimination and are more likely caused by scanning a
spectrum during a GC/MS run while going over the top of
the GC peak. This could also be caused by amplifier satu-
ration or even errors in transcribing sensitivity factors.
Reliability Ranking. The effect of the values of K, AK,
matching of the molecular ion, number of flagging operations,
and tilting on the actual reliability of the match was deter-
mined statistically with the 431 unknowns (Tables I and II).
Evaluating the degree of match with the resulting predicted
reliability (RL) value gave a very significant improvement in
PBM performance, especially at lower recall values (Figure
3). For example, the proportion of class I wrong answers at
20% recall has been reduced from 32% to 21 %, while the class
IV wrong answers have been reduced from 9% to 2%; this
last value was achieved previously only at 3%, not 20%, recall.
Comparison of the predicted reliability values (numbers next
to data points in Figure 3) and the actual reliability values
(Y axis position) for class IV matches also demonstrates this
reliability improvement (e.g., predicted reliability of 90% is
actually 96% correct); the predicted reliability values in the
final algorithm have been adjusted for this. An important part
of the improvement at low recall values is the incorporation
of ranking by AK values, which were shown originally (7) to
give much better predictions than K values at low recall. In
general the improvement results from better data weighting,
an d primary criterion of retrieval system performance

improved reliability except for n = +4, but the negative tilts
show substantially decreased reliabilities. This appears to be

(22). A; the highest recall values the reliability ranking makes
no difference in performance because exactly the same spectra,
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Figure 3. Effect of ranking retrieved spectrum by pr reliability

values (cl Iand 1V, ly, both with class I recall): O,
0, results with K value ranking with spectrum tilting (see Figure 2); A,
O, with reliability ranking. Algorithm did not include the minimum
increment of p,,, (Figure 1) and used tilting, not scaling (Figure 2).

and thus the same number of correct and incorrect answers,
were saved in both cases as both used a threshold value of K
= 20. This threshold has been changed to >10% RL in the
current PBM system. The original study (7) showed a sub-
stantial effect of the unknown's molecular weight on PBM
performance; this should also be incorporated into the relia-
bility ranking.

The effect of reliability ranking can be illustrated by the
results from an actual unknown supplied by D. Henneberg
as part of a test of different retrieval systems (10). Although
the unknown spectrum was that of 1-dodecene, the first
references retrieved by PBM without reliability ranking were
those of undecanol and 1-tridecene, K = 99 (Table V). Their
predicted class IV reliabilities are only 41% and 32%, lowered
by the failure to match the molecular ion and by the three
flagging operations. However, the unknown has a peak cor-
responding to the molecular ions of the 1-dodecene reference
spectra, and for three of these fewer flagging operations were
necessary. Thus the five best answers by reliability ranking
are now correct.

Two-Level PBM. An extensive effort was made to use
further data of the reference spectrum, not in the PBM
condensed spectrum, to improve the ranking of the best
matching compounds found in the original PBM search. A
variety of ways of assigning new uniqueness values to the peaks
of this small subset of spectra, followed by further PBM-type
matching, were unsuccessful in improving the PBM perform-
ance; the additional structurally significant peaks were ac-
companied by an offsetting number of artifacts or misleading
peaks (14).

Applicability of Reliability Ranking. These PBM im-
provements (except scaling) have been available for over 2
years on a commercial GC/MS system used in hundreds of
laboratories. Experienced users have generally recognized
these improvements as significant; some of their suggestions
have resulted in further improvements to be reported sepa-
rately. This concept has also been extended to the prediction
of the presence of specific substructures out of a list of 600
from unknown mass spectra using the “self-training inter-
pretive and retrieval system” (24). For other types of libraries
retrieval systems having several parameters indicating the
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Table V. K Value and Reliability Ranking for PBM
Matching of an Unknown Mass Spectrum of 1-Dodecene
(10)

retrieved compds, _confidence

class IV rank by
ranking by K values®  K*

AK reliability, % RL value

undecanol g99%ee 2] 41 9
1-tridecene 99ess 29 32 10
I-dodecene 90°*+ 23 87 2
I-dodecene 90**+ 23 87 3
I-dodecene 87°**+ 20 73 4
I-dodecene 87+ 16 94 1
5,6-methylenedecane 84* 23 55 6
6-methylheptanol 8leee 26 28 11
methylundecanethiol 80* 40 52 i
1-pentadecene 78%* 42 42 8
I-dodecene TreeaE 121 64 5

?The correct answer is in italics. The data base has 11 different
Cy;Hy compounds. ®The number of asterisks (*) indicates the
number of flagging operations; plus (+) indicates that the molecu-
lar ion was matched.

degree of match should also benefit by combining these into
a single value to provide a quantitative indication of the
probability that the retrieved file actually represents the
unknown.
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Multicomponent Mixture Analysis Using Room-Temperature

Phosphorimetry

Ebenezer B. Asafu-Adjaye, Jung Im Yun, and Syang Y. Su*
Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284

Room-temperature phosphorimetry (RTP) has been dem-
onstrated to be a technique of choice for assaying single-

A multicomp lysis without separation using
the hosph t i Is de-
scribed. Mlxlurn prnpuod from four or five ytical ref-
erence dards of toxic sub btained from the En-
vkmMMoeﬂonAmywnomdtorﬂhmdy The
oom- of each
of these compounda aro reported as well as the resulis of
analyses of these hetl The method of call-
bration curvu/wblracﬂon was used to determine two spec-
lly overl In

Several approaches have been extensively studied for the
analyses of multicomponent mixtures without separation using
fluoresecence detection. The approaches of line narrowing
(1), matrix isolation (2), and Shpol'skii solvent effect (3) have
been used to improve spectral resolution for mixture analyses.
The synchronous wavelength (4) and energy (5) scanning
techniques have been demonstrated to have improved selec-
tivity and minimized interference from scattering or other
analytes in the mixture. Multlcompunent mlxture analyses

p mixtures (15, 16, 18). There have been few in-
stances of qualitative analyses of multicomponent mixtures
using RTP. They include the use of synchronous scanning
(16), selective external heavy atom perturbation (16), and the
combination of substrate and heavy atom effects (19).

It is difficult to determine a multicomponent mixture due
to the broad nature of RTP spectra. Thus far, only one report
has applied RTP to quantitative multicomponent mixture
analyses (12). In this study, overlapping RTP spectra are
resolved by optimizing the conditions of added heavy atoms
and different sample substrates so that only one component
in a mixture then exhibits RTP. In an earlier study of the
analysis of naphthaleneacetic acid (NAA) in a mixture of six
pesticides all on P-81 (cationic exchange paper), only NAA
exhibited RTP (19). All seven compounds exhibited RTP
when placed on DE-81 (anionic exchanger paper). By selection
of different sample substrates and different added heavy
atoms, it is plausible that one component can be observed by
RTP in the presence of potentially interfering compounds.

Room-temperature phosphorescence of mixtures of four or
five model compounds were studied without separation. A

have also been accomphshed by the excitati natrix
(EEM) and rank annihilation or least- methods (6, 7).
Other methods such as the selective modulatinn (8) and the
selective excitation (9) approaches and the use of diode arrays
(10) and image detectors (11) have also been described. In
addition, total r temperature fl and phos-
phorescence (12) have recently been applied to mixture
analysis. Most of the above approaches have employed
polynuclear aromatic hydrocarbons as the model compounds
in mixture nnalyses

has not b a popular me-
t.hod due to the need for cryogenic equipment and optics, the
irreproducibility of the formation of the cooled matrix, and
the i i of the pling p (13, 14). The in-
troduction and devel t of room- ature phos-
phorescence (RTP) avoids the liabilities associated with low-
temperature measurements. RTP also provides better se-
lectivity than low-temperature phosph (LTP).
Progress in the development and appl:cauon of RTP has been
reviewed in two recent monographs (15, 16). However, RTP
is less sensitive compared to LTP. The RTP intensity of a
compound was found to be related to the strength of inter-
action b the pound and its envir t such as
ionic and hydrogen bonding between phosphors and sub-
strates (14, 17). A few compounds have been shown to interact
with substrates strongly enough to induce RTP. The nature
of the phosphor-substrate interactions that give rise to RTP
are, however, not yet fully understood. Factors other than
ionic and hydrogen bondings may also contribute to the RTP
inducement (14). Nonetheless, the differences in the RTP
inducing interactions between individual phosphors and
different substrates provide a means of achieving selectivity.
This paper describes a study that seeks to use this effect to
improve RTP selectivity for application to mixture analyses
without separation.

d was included to detect if there
is any quenching effect present in mixture analyses. The
structures of two of the five compounds studied are very
similar, namely, 1-naphthoic acid and 2-naphthoic acid. The
salt of 1-naphthoic acid, sodium I-naphthoate, has been
studied in detail (20). Substrate and heavy atom effects were
used to Ive the RTP resp of the ¢ ts in the
mixture. The method of signal subtraction using calibration
curves was also used for the analysis of two compounds whose
RTP responses overlapped (12). The RTP responses of the
five compounds and the results of the analyses of several
synthetic mixtures are also described.

EXPERIMENTAL SECTION

Apparatus. A Turner Model 430 spectrofluorometer (Se-
quoia-Turner Co., Mountain View, CA) and an improved version
of a luminescence sampling system (19) were used. Spectral
band-passes of excitation and emission monochromators were both
set at 60 nm. The sampling system had 20 circular depressions,
each 6.4 mm in diameter, on a copper disk to hold and position
the paper sample disks. A microdispenser (Drummond Scientific
Co., Broomall, PA) was used to deliver 2 uL of sample or heavy
atom solutions onto the paper sample disks. The same phos-
phoroscope controller and chopper were used as previously de-
scribed (19)

Reagents. The analytical refe dard les of
pesticides (see Table I) were obtained from the Envir al
Protection Agency (EPA) (Research Triangle Park, NC) and used
without further purification in preparing both individual and
mixture solutions for the study. Potassium iodide, potassium
chloride (Fisher Scientific Co., Fair Lawn, NJ), and lead acetate
(Mallinckrodt, St. Louis, MO) were of ACS analytical reagent
grade. Absolute ethyl alcohol was purchased from U.S. Industrial
Chemicals Co., New York. The pesticide and heavy atom solutions
were 'prepared in 1:1 ethyl alcohol/N ized water
(Barnstead, Sybron Co., Boston, MA) lnn exchange chromato-
graphic papers, DE<81 (anion) and P-81 (cation) (Whatman

0003-2700/85/0357-0904$01.50/0 & 1985 American Chemical Society
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Table I. Room-Temperature Phosphorescence Characteristics of Five Toxic Substances

compounds® structures

naphthaleneacetamide (4880) CHaCONN;

2-naphthoic acid (P772)

1-naphthoic acid (P771)

3,4-dimethoxybenzaldehyde (P358) o

1,2-diphenylhydrazine (P453)

Aex/ Ao heavy LOD; LDR¢
nm substrates atoms® ng (slope)

299/504 DE-81 I 0.26 400 (0.92)
299/504 P-81 Pb*
298/509 DE-81 ) 2.06 390 (0.97)
298/509 P-81 Pb*
304/514 DE-81 I 1.66 380 (0.94)
312/520 P-81 Pb** 126

325/480 DE-81 T e

335/480 P-81 Cr 25.6 400 (L.11)
(no RTP) DE-81 I

(no RTP) P-81 Pb?**

2EPA code numbers of the analytical reference standards included in this study are listed i in pamm.heses 5The concentmuons of both I

and Pb** heavy atoms are 1 M. ©Signal/noise = 3 is used for the limit of d
by dividing the upper linear range concentration by the LOD of that compound.

4 Linear dy range is calculated

¢ Very weak.

—?

RELATIVE INTENSITY

y el

560 als
WAVELENGTH (nm)

Figure 1. Spectra of mixture 4 and its pure components with curve
identification and 335
nm, on P-81 substrate using CI” as haavy atom: O, 3, 4-dlmelhoxy-
benzaldehyde (428 ng). —, mixture 4; A, 1-naphthoic acid (100 ng);
0, 2-naphthoic acid (105 ng): O, naphthaleneacetamide (87 ng); B,
1,2-diphenylhydrazine (102 ng); ®, blank (2 uL of 0.5 M KCl in 50%
athanol).

Chemical Separation Inc., Clifton, NJ), were used to prepare the
6.4 mm diameter paper sample disks.

Procedure. The p dure for obtaini hosph
spectra was the same as prevnously described (19). The compo-
sitions of various mixtures used in this study are given in Table

IL

RESULTS AND DISCUSSION
Room-Tempernture Phosphorescence Characteristics.

Table I gives the room- ure phosph char-
acteristics of the five compounds stud|ed All of the com-
pounds, except 1,2-di| 1t h d utilizing

some combination of solid subst.rate and heavy atom. Among
the other compounds, 3,4-dimethoxybenzaldehyde was the
only one that exhibited very weak RTP on DE-81 in the
p of I. Hi , its phosph was more i

on P-81 substrate in the presence of CI™ than the responses
observed for the other compounds and systems studied as

N |

RELATIVE INTENSITY

— =k !

WAVELENGTH (nm)

Figure 2. Spectra of mixture 1 and its pure components with curve
identification sy and studied,

nm, on P-81 substrate using I~ heavy atom: O, mphmmoam
(348 ng); —, mixture 1; O, 2-naphthoic acid (105 ng); O, 1-naphthoic
acid (100 ng); M, 1,2-diphenylhydrazine (102 ng); A, 3,4-dimethoxy-
benzaldehyde (107 ng); @, blank (2 uL of 0.5 MKI in 50% ethanol).

shown in Figure 1. The limits of de!ect.lon and linear dynamn:
ranges of the three organi p that exhibited useful
RTP signals for single-comp mixture analyses using the
DE-81 and I combination are reported. However, different
combinations of P-81 and heavy atoms provided different
degrees of selectivity for these three compounds as exemplified
by different shifts in excitation-emission wavelengths of some
of the substances. In addition “o these wavelength shifts, there
was also a drastic decrease in signal intensities for some
compounds as shown in Figure 2. With the same sensitivity
range, the RTP i ities of all the pounds except na-
phthaleneacetamide were reduced drastically when P-81
substrate and I” heavy atom were employed. Similar behavior
is shown in Figure 3, where signal intensities were virtually
the same as that of the blank except for those due to 1-
naphthoic acid and 3,4-dimethoxybenzaldehyde. It is this
selectivity, provided by different combinations of substrates
and heavy atoms, that was used for mixture analyses of the
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Table II. Concentrations of Various Compounds in the Mixtures

naphthalene- 1-naphthoic 2-naphthoic 3,4-dimethoxy- 1,2-diphenyl-
acetamide, acid, acid, b ldehyd: hydrazi
mixture ug/mL ug/mL ug/mL ug/mL ug/mL
1 174.0 50.0 52.5 53.5 51.0
2 87.0 50.0 52.5 53.5 51.0
3 435 50.0 52.5 53.5 51.0
4 435 50.0 52.5 214.0 51.0
5 75.0 156.0 79.0 80.0 0.0
6 75.0 78.0 79.0 80.0 0.0
! Table 111. Determination of Naphthalencacetamide in
Mixtures
>
:7-. amt of
= naphth'aleneacel-
E amide, ng rel rel std
sample® prepared exptl® error,* % dev,? %
-
E mixture 1 348 341.8 1.8 13.1
- mixture 2 174 186.6 7.2 3.2
H mixture 3 87.0 101.4 16.6 * 148
¢The determinations were carried out using P-81 as substrate
6‘)0 — 4‘50 and 0.5 M I as heavy atom at excitation/emission wavelengths of
WAVELENGTH (.-) 299/504 nm, respectively. ®Amounts calculated from calibration
curve of pure naphthal, ide and average of eight
Figure 3. Spectra of mixture 5 and its pure components with curve data points from eight different sample aliquots. ©Relative error =
identification sy and s studied, gth 312 (difference between experimental and prepared amounts/prepared
nm, on P-81 substrate using Pb®* as heavy atom: —, mixture 5; O, amount) X 100%. ¢Relative standard deviations (RSD) were cal-

3,4-dimethoxybenzaldehyde (160 ng); A, 1-naphthoic acid (312 ng);
0O, 2-naphthoic acid (158 ng); O, naphthaleneacetamide (150 ng); @,
blank (2 uL of saturated aqueous lead acetate).

components without separation.

Mixture Analyses. A study of the room-temperature
phosphorescence characteristics of various pesticides on dif-
ferent solid substrates and heavy atoms was carried out. It
was observed that RTP signal intensities were extremely low
or not different from the blank for all the substances except
naphthaleneacetamide, when P-81 and I” and excitation/
emission wavelengths of naphthaleneacetamide were used.
Hence, this combination of substrate and heavy atom made
it feasible to determine naphthal ide in the p
of the other components in the mixture without any need for
separation. Several synthetic mixtures were prepared for this
study, and their compositions are given in Table II. Results
of the determination of naphthaleneacetamide are shown in
Table III. Signal intensities obtained for the mixtures com-
pared favorably with those of the pure naphthaleneacetamide
of the same concentration as in the mixture. At concentrations
of naphthaleneacetamide of below ca. 50 ug/mL, the error
increased as the signal-to-noise ratio decreased. The standard
deviations also given in Table III were calculated from eight
data points acquired from different aliquots of the sample on
different sample disks. The magnitude of the standard de-
viations reported in Tables III, IV, and V for individual
mixtures is partly due to experimental constraints that re-
quired using sample paper disks with an area larger than the
cross-sectional area of the excitation beam in the present work
2n. Other sources of error include sample spotting error,

1 probl and variations in the time when
observations were made. It was also observed that there was
not any quenching effect arising from the nonphosphorescent
compound, 1,2-diphenylhydrazine, on the mixture analyses.
Mixtures 5 and 6, however, are exceptional and need a further
study.

In the 3,4-dimethoxybenzaldehyde determination in mix-
tures 3 and 4, a similar trend as described above was observed.
The determinations were made using P-81 as the substrate
and CI" as the heavy atom. Signal observation was made at

culated using eight data points for each sample in this table. -

Table IV. Determination of 3,4-Dimethoxybenzaldehyde in
Mixtures

amt of
3,4-dimethoxy-

benzaldehyde, ng rel ol std

sample® prepared exptl® error,” % dev,® %
mixture 3 107 100.2 6.4 149
mixture 4 428 399.1 6.8 17.2

“The determinations were carried out using P-81 substrate and
0.5 M CI' as heavy atom, at excitation/emission wavelengths of
335/480 nm, respectively. hAmounl. calculsled from calibration
curve of pure 3,4-dimethoxyb Id and r
of eight data points from eight different snmplc nllquols
“Relative error = (the difference between prepared and experi-
mental amounts/prepared amount) X 100. ¢Relative standard
deviations (RSD) were calculated using eight data points for each
sample in this table.

the characteristic wavelengths of 3,4-dimethoxybenzaldehyde.
The results are shown in Table IV.

Attempts to determine 1- and 2-naphthoic acids in mixtures
in a similar manner as above failed because of significant
contributions to the RTP signal by some of the other com-
ponents in the mixture. This was true even at higher con-
centrations of these two compounds. However, on using Pb?*
as the heavy atom with P-81 as the substrate, 1-naphthoic acid
was found to phosphoresce appreciably at the excitation/

th ima of 312/520 nm with a significant
contribution from only 3,4-dimethoxybenzaldehyde. A signal
subtraction method was therefore employed to obtain the
results shown in Table V. The method involved the acqui-
sition of calibration curves for both 1-naphthoic acid and
3,4-dimethoxybenzaldehyde at the same excitation and
emission wavelengths of 312 and 520 nm, respectively. The
concentrations of 3,4-dimethoxybenzaldehyde in the mixtures
were determined using P-81 and Cl™ at 335/480 nm as men-
tioned previously. The RTP signal intensities at 312/520 nm
corresponding to these concentrations were obtained from its




Table V. Determination of I-Naphthoic Acid in Mixtures

amt of 1-naphthoic
acid, ng

e s rel rel std
samples® prepared exptl®  errorf % dev. %
mixture 5 312 337.8 8.31 11.7
mixture 6 156 132.2 153 6.1

2 Amounts of 3,4-dimethoxybenzaldehyde in mixtures were first
obtained using the calibration curve of the cumpound with P- -81/
CI” as described in Table IV. Their cor g RT
with P-81/Pb%, at 312/520 nm, were subsequently obtained.
These were subtracted from the combined RTP signals of mix-
tures. The net signals and calibration curves of 1-naphthoic acid
on P-81/Pb?**, at 312/520 nm, were used to calculate the amounts
of the acid in this table. ®These were calculated using four data
points from four sample aliquots. “Relative error = (difference
between prepared and experimental amounts/prepared amount) X
100%.

calibration curve. These signal intensities were subtracted
from the appropriate total signals of the mixtures to obtain
the signal due only to 1-naphthoic acid. The concentration
of 1-naphthoic acid was then determined from its calibration
curve. As can be discerned from Table V, there was a close
correspondence between the calculated and true ra-
tions of 1-naphthoic acid. The differences observed may be
attributed to the fact that the calibration curve for 3,4-di-
methoxybenzaldehyde at those particular wavelengths
(312/520 nm) was not linear over the range of concentrations
used. This is not surprising since the excitation/emission

lengths for 3,4-dimethoxyb Idehyde occurs at 335/480
nm where a wider linear dynamic range is obtained.

The results of this study showed that RTP of components
in mixtures can be used for determinations by utilizing ap-
propriate substrates and heavy atoms at their individual
maximum wavelengths. Spectral deconvolution can often be
avoided in this instance although partial overlap still occurs
in some cases. Using this approach, one can obtain wider
linear dynamic ranges (LDR) and lower limits of detection
(LOD) of analyses by observing at their maximal excita-
tion/emission wavelengths. There are many solid substrates
and heavy atoms that can be used for this purpose. Cationic,
anionic, and neutral paper substrates, polymer-salt substrates,
and inorganic compound crystal, powder, and plate substrates,
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as well as anionic and cationic heavy atoms are among the list
(IG). The drawbacks of this approach include that only

horescent pounds in a mixture can be determined
and those components which still are overlapped spectro-
scopically will present difficulties. The results presented here,
together with an earlier report (19), indicate that by using an
appropriate combination of substrate and heavy atom, it is
possible to assay multi mixtures without prior
separation.
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Background Detection and Correction in Multicomponent

Analysis

D. W. Osten and B. R. Kowalski*
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The multicomponent linear additive model Is frequently usad

these different techniques has been developed and is the

in analytical y for the ysis of p subject of the remainder of this work. This approach assumes
na ﬂﬂﬂ" le. The p of cted all but one of the pure component spectra are known by the
In the mixture, which affect the measured response, results analyst. The one unknown spectrum is the spectrum of the
e d t le backg d. A hod haa composite sample background, and includes all of the sample
been developud 1o test for the pr of a backg comp ts not identified by the analyst.

Interferent during the quantitation step of a multicomponent THEORY

lysis. If a background Is detected, quantitative estimates
of the desired ly i can be obtained by
applying | chemically and physicall Ingful con-

straints. Two distinct qunmnaﬂon methods which are known
as the p dicul; jection and the ext vertex pro-

P

Jection lechnlquos. havo been proposed.

The multicomponent linear additive model is often used
by analytical chemists in the analysis of mixture samples. In
applying this model to the analysis of a complex mixture, the
analyst must make the assumption that the measured re-
sponse, for example, the absorbance spectrum of a mixture
sample, is a function of only the known components in the
sample. This requires knowledge of not only the desired
analytes but also all potential interferents.

Least-squares regression is perhaps the most frequently
used method of estimating the concentrations of several
components in a mixture sample. This method will yield the
best estimates, in terms of smallest squared errors, of the
analyte concentrations provided calibration spectra for all the
sample components are included in the analysis. Warner and
co-workers (1) observed that least squares fitting techniques
can be strongly affected by not accounting for all the sample

p ts. They prop ive least squares and
linear programming as alternative methods if some of the
components are not known. Leggett (2) used nonnegative least
squares and simplex optimization to overcome the problem
of negative molar absorptivities or concentrations. Gayle and
Bennett (3) concluded that if the incorrect model was used,
for example, necessary calibration spectra were missing during
the quantitation step, conventional least squares, nonnegative
least squares, and linear programming will all yield incorrect
results. Haaland and Easterling (4) approached the problem
of unknown in a mixture ple by selecting only
the spectral regions which provided the best agreement to the
available calibration spectra.

The method of self-modeling curve resolution proposed by
Lawton and Sylvestre (5) and the similar approach of Martens
and co-workers (6, 7) are based on the chemically meaningful

ptions that both resp m ts and analyte
concentrations must be nonnegative. This approach has the
advantage of not requiring that the analyst know the pure
component spectra nor the actual ber of p

The mathematical model used with this hybrid approach
is the multicomponent linear additive model. The.response
of the mixture is measured at P different sensors, e.g.,
wavelengths. At each sensor, the response can be expressed
as

N T
= Xeky+ ek (1)
i=1 j=1

foralll=1,.., P

where r is the response of the [th sensor due to the N known
analytes present at concentrations, ¢;, and T interferents
present at concentrations, c¢;, with sensitivity coefficients, k;
and kj, respectively. Neither the concentrations nor the
spectra, equivalently the p sensitivity coefficients, of the T
interferents are known. However, their composite effect on
the response of the /th sensor can be defined as

r
fi= Zciky 2)
j

foralll=1,..,P

By a simple substitution, eq 1 can be written as
N
r=Xeky+fi 3)
i=1

foralll=1,..P

where f; is the sample or volume dependent background. The
model may also be expressed in vector notation as
r=cK+f 4)
where r is a column vector with length P containing the
ed mixture resp , ¢ is a column vector with length
N of unknown analyte concentrations, f is a column vector
of length P containing the background contribution, and K
is the N X P matrix of sensitivity coefficients. The only
assumptions made with this model are that each sensor re-
sponds linearly to all of the components over the concentration
range of interest and that no constant or instrumental back-
ground is present.
‘The approach to be described is a quantitation method only.
It does not address the question of calibration. It is assumed
the matrix K has been obtained by an acceptable method. In
l, if matrix effects are absent, then any of the ap-

which influence the ed mixture resp However,
applying curve resolution directly to the problem of quanti-
tating several known analytes in the presence of unsuspected
interferents does not make use of the known calibration
spectra of the desired analytes. A hybrid approach combining

0003-2700/85/0357-0908801.50/0

proaches suggested by Kaiser (8) will be satisfactory. If matrix
effects are present, then standard additions or the GSAM (9)
approach should be used. It should be noted that if a sample
background is present during the calibration step, then the
correct K matrix will be obtained if a method based on dif-
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ferential responses, i.e., standard additions, is used. In order
to statistically test for the presence of interferents in the
mixture spectrum, it is further assumed that the uncertainities
in each of the sensitivity coefficients are known. This as-
sumption places no limitation upon the analysis aside from
requiring the analyst to perform replication during the cali-
bration step.

An attempt to solve eq 4 by direct application of least-
squares regression is destined to fail. The required solution
for the concentration vector ¢ will yield

= (v - f)K'(KK')! (5)

Since the vector of background responses, f, is unknown, an
infinite number of solutions for the concentration vector, ¢,
are obtained. Only if all elements of f are known or they are
all identically equal to zero does a unique solution for ¢ exist.
Assuming f is exactly the null vector is equivalent to assuming
a sample background does not exist.

In the present model, each pure component spectrum and
mixture spectrum can be considered as a single point in a
P-dimensional measurement space, where each axis in this
space represents the response measured with a single sensor.

g that all calibration and mixture spectra are nor-
malized to constant area, any mixture spectrum composed of
only the N desired analytes is a linear combination of the N
pure component spectra, and since any N noncollinear points
are sufficient to define an (N — 1)-dimensional hyperplane,
all mixtures composed of only these analytes must lie on the
same (N - 1)-dimensional hyperplane. Additionally, since the
N pure spectra are linear combinations of themselves, they
must also lie on this hyperplane. A mixture spectrum which
is composed of some or all of the N desired analytes plus one
or more interfering components will normally not fall on this
(N - 1)-dimensional hyperplane. The exception occurs if the
composite response due to the interferents can be expressed
as a linear combination of the desired analytes. Therefore,
the problem of identifying if interferences are present is
equivalent to determining if the point representing the
measured response of the mixture lies on or off the (N -
1)-dimensional hyperplane defined by the pure analyte
spectra.

In actual practice, all experimental measurements, both
those made during the calibration step and those made when
obtaining the spectrum of the mixture, will be effected by
noise. The noise causes a degree of “thickness” to the (N -
1)-dimensional model. The problem of determining if a
particular mixture spectrum contains unsuspected interferents
is ultimately a statistical question. This problem can be stated
as: Given a mixture point, whose location is known with some
uncertainty, and a (N - 1)-dimensional hyperplane, whose
location is also somewhat uncertain, is the distance from the
mixture point to the hyperplane defined by the pure com-
ponent spectra statistically significant?

Test for U ted C s. Assume that the
calibration matrix, K, has been obtained and the analyst
wishes to quantitate a measured mixture spectrum r, but is
unwilling to that a ple back d is absent. Each
row of the K matrix is in effect the spectrum composed of
P points, of a single analyte. Define a new matrix X, such
that the first N rows of X are exactly the elements of the
matrix K and the N + 1 row of X contains the measured
response of the mixture. Next, define an analogous matrix
U, such that each el u;j, of Uc ins a ) €.8.,
one standard deviation, of the uncertainty in the corre-
sponding element, x;;, of the matrix X. The first N rows are
simply the uncertainties in the sensitivity coefficients, i.e., the
P point spectra, and the N + 1 row contains the uncertainties
in the d mixture resp The di ions of X and
U are N + 1 by P columns.
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The first step is to normalize X, such that each spectrum,
i.e., each row, has the same area. Since the elements of X
represent responses, e.g., absorb of a ch |
nent, all elements in X are by definition equal to or greater
than zero. Normalization of the response and uncertainty
matrices is accomplished such that the sum of the responses
in each spectrum is equal to one.

a; = qu (6)
j=1
foralli=1,.,N+1
X = x;/0; )

for all i,j (computer division)

The uncertainty matrix must be normalized by using the
same factor to prevent altering the relative uncertainty of the
spectra in the P-dimensional measurement space.

u;; = u;;/a; (8)
for all i,j

Next, the data matrix is centered by subtraction of the mean
response of each sensor for the N desired analytes.

N
X = (I/ngij )
i=
forallj=1,..,P
2y =Xy —% (10)
for all i,

Since mean centering represents a translation in the P-di-
mensional measurement space, it is not necessary to perform
this operation on the uncertainty matrix.

The second moment matrix, X’X/N, is then calculated
using only the first N rows of the scaled, centered data matrix,
X. Since the centering was based on only the pure component
spectra and the second moment matrix was caiculated using
only these spectra, the rank of this moment matrix cannot
be greater than N - 1. Diagonalization of this matrix
gives rise to the matrices E and V, such that

(XX/N)V = EV (11)

where V is a P X P matrix containing the eigenvectors of the
moment matrix and E is a diagonal matrix containing the P
eigenvalues. This modified moment matrix results in N -1
nonzero eigenvectors, which are sufficient to exactly reproduce
the N pure component spectra.

The scaled and centered mixture spectrum, Xy, is pro-
jected by

Sn+1’ = Xyn'V (12)

where V is the P X (N - 1) matrix of eigenvectors of the
modified moment matrix. The mixture spectrum is then
predicted from the N -1 eig tors and the just 1
factor scores by

Xne1 = VSne (13)

The difference between the predlcted and nctual mixture

representations in the P-di t space is
calculated as

h = xXn4 — Xner (14)

where h is the vector of residual differences observed. The
sums of the squared elements of the original mixture spectrum
and the residuals are calculated as

P
Sm = Z;Imn.iz (15)
=
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P
8§ = Z"NHJ2 (16)
j=1

These values are compared and if the residual vector is found
to contain more than 1 X 10°% of the original variance
present in the mixture spectrum, then the residual vector, h,
is normalized to a length of one and augmented onto the
projection matrix, V, as

vin = hj/sM? an
foralli=1,..,P

where vjy represents the jth element in the Nth column of
V. This threshold may be adjusted. Its purpose is to avoid
selecting a residual vector arising solely from computational
round off error as the final rotation vector. If the residual
vector is smaller than this test value, then the mixture
spectrum must be a linear combination of the N pure com-
ponent spectra, hence the sample background is absent. The
matrix V is no longer a matrix of eigenvectors. However, the
columns of V are still orthogonal and V may be used as a
rotation matrix. The P X N rotation matrix V is then used
to project the entire scaled, centered data matrix, X, from the
P-dimensional measurement space into a N-dimensional
feature space. If S is defined to be the coordinates of X in
the projected space, then S is given by

S =XV (18)

where X and V are the data matrix and the adjusted eigen-
vector matrix defined above. The first N rows of S contain
the factor scores representing the pure component spectra in
the N-dimensional feature space. The N + 1 row of S is the
rotated representation of the mixture spectrum. The un-
certainty in the factor scores can be obtained by an identical
rotation performed on the matrix U, which yields

W =UV (19)

where W is the uncertainty matrix in the N-dimensional ei-
genvector space. The problem of measuring the distance from
the mixture spectrum to the (N - 1)-dimensional hyperplane
containing all mixtures composed of the N desired analytes
has been reduced from a geometrical problem in P space to
a somewhat simpler problem in the smaller dimensional N
space.

The statistical problem of determining if the distance from
the ideal mixture model, defined by the hyperplane, to the
measured mixture response is significant requires evaluation
of the uncertainty in the various measurements. The ad-
vantage of using this particular rotation is apparent when the
background test is attempted. The (N - 1)-dimensional hy-
perplane defined by the N pure component spectra is now also
defined by the first N - 1 vectors of the rotation matrix. The
projection axis for the orthogonal projection of the mixture
spectrum onto the hyperplane defined by the calibration
standards is simply the Nth vector in the rotation matrix, V.
The distance from the mixture spectrum to its projected image
is obtair ' directly from the factor score for the mixture
spectrur : a the Nth projection vector, which is simply the
Nth element in the N + 1 row of the matrix S. Since the
distance from the mixture to the ideal model along each of
the original P measurement axes contributes positively to the
observed distance along the final rotation vector in the N
dimensional feature space, it is necessary to scale the observed
distance by the square root of the ber of
The scaled distance is observed distance divided by the square
root of P.

In this situation, the scaled distance between the mixture
point and the hyperplane is the difference to be tested with
respect to the uncertainty in the location of the mixture point

and the uncertainty in the hyperplane directed along the
measurement axis. In order to use a t test for the comparison
of two mean values, the analyst must know the difference
between the mean values, the standard deviations of the
means, and the number of measurements which have been
made. In the current problem, careful consideration of the
available degrees of freedom leads to the conclusion that the
number of degrees of freedom associated with each spectrum
is approximately proportional to the number of sensors em-
ployed. Making measurements with a large number of sensors
allows the normal distribution, instead of the ¢ distribution,
to be used without causing the introduction of a large error
into the statistical background test. The two-sided Normal
test for comparison of two mean values is given by Nattrella
(10). The test statistic, u, is calculated an

u = 2y_qn((ap?/np) + (o5®/np))'"? (20)

where z,_(,/s is the value of the Normal distribution for a
selected probability, a, o, and oy are the uncertainties in the
locations of the mixture point and the model, i.e., the projected
image of the mixture, and n, and ng are the number of
mixture and calibration spectra measured, respectively. The
test statistic, u, is calculated based on an assumption that the
noise is randomly distributed. However, the rotation operator
which has been described will always select the final rotation
vector to maximize the correlation between the vector and the
residual response of the mixture not fitted by the calibration
spectra. If the observed mixture spectrum contained only the
desired analytes and random noise, a randomly selected final
rotation vector would be expected to span all of the residual
variance for a few sensors, some of the residual variance for
most of the sensors, and none of the residual variance for some
of the sensors. Overall, this vector would span only a portion
of the residual variance of the mixture arising from random
noise in the analytical measurement. On the average, half of
the residual variance would be explained by a randomly se-
lected final rotation vector. The rotation method used
maximized the correlation between the final rotation vector
and the residual variance. Therefore, this vector accounts for
all of the residual variance in the mixture spectrum. This
causes the scaled distance used in the background test to be
twice as large as would be expected. If the scaled distance
between the mixture point and the model, defined by the
hyperplane, is greater than two times v, then the mixture is
significantly different than the model, i.e., a sample back-
ground is present.

Quantitation. Assuming that an unsuspected spectral
background has been uncovered by this approach, the question
then arises of selecting the best method for obtaining estimates
of the desired analyte concentrations. It was shown earlier
that if the background spectrum is not known, then direct
quantitation is not possible.

The general problem of quantitating an N-component
mixture sample, which has been shown to contain an un-
identified background component or composite background,
can be most easily understood by first considering the simpler
problem of quantitating a three-component mixture, e.g. two
analytes plus background. In this case, the two pure analyte
spectra are initially present in the calibration matrix, K.
Therefore, when the data matrix X is formed, it will have three
rows and P col After normalizing each row to constant
area and mean centering, the three spectra are projected from
the P-dimensional measurement space into a two-dimensional
feature space. The orthogonal rotation method which has been
described will result in a matrix S of the form

s, 0
s= |5, O (21)
s!i s):



Figure 1. The positions of the two pure spectra, A and B, the mixture
spectrum, X, and the constraint lines defining the nonnegative response
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Figure 2. The image X' of the mixture point is obtained by projection
of the rotated mixture point, X, along the axis drawn from the pure

region for the analysis of a hypothetical two analyte plus or
mixture. The shaded region indicates the allowed region within which
the pure spectra of the background component must lie.

where s;; = -s;;. The points (s;, 0) and (s;,, 0) are the lo-
cations of the two scaled pure analyte spectra. Proper
quantitation of the two desired analytes in the mixture
spectrum requires that an estimate of the location of the
background spectrum be made. Two additional constraints
derived from the methods used for multicomponent resolution
can be applied (5). These ions are: first, only non-

negative responses are allowed; and second, only ive

ar SpH . C, onto the line segment AB connecting the two
pure analytes.

coordinates, (s, s;3), of the point representing the mixture
spectrum are given by
s = (x; - %)V, (23)
s = (x; - %)V, (24)

Since the two pure spectra, the background spectrum, and
the mixture spectrum have all been normalized to constant
area, the mixture spectrum can be expressed as a linear

quantities of each component are permitted.

The first constraint, nonnegative responses, can be used to
form a bounded region within which any physically meaningful
spectrum, including the pure background, must be located.
Since each spectrum has been centered prior to being pro-
jected, the nonnegativity constraint requires ¢, and ¢, be se-
lected such that

£+ ey + Uy 2 0 (22)

forallj=1,..P

where ¢, and ¢, are the scalars which define the location of
an arbitary allowed spectrum in the two-dimensional space.
The shape of the entire feasible region can be obtained by
recognizing that eq 22 actually provides P separate inequality
relationships, each of which defines an allowed half plane. The
intersection of these P half planes is the allowed region within
which any nonnegative spectrum must fall.

The second constraint obtained from multicomponent
resolution, nonnegative quantities of each component, requires
that the observed mixture spectrum be a linear combination
of the pure analyte and background spectra. Since each of
the spectra have been normalized to constant area, this re-
striction implies that the mixture spectrum must lie inside
the triangle defined by the two analyte spectra and the
background spectrum. The region of the two-dimensional
feature space which satisfies both of these constraints is shown
in Figure 1.

Quantitative resolution of the mixture spectrum into the
response due to each of the pure analytes and the response
due to the background can be accomplished by an extension
of the method described by Sharaf and Kowalski (11, 12) for
quantitating two component curve resolution mixtures. The
matrix S contains the locations of the two pure analytes and
the mixture points in 2-space. If these points are labeled as

A, B, and X for analyte 1, analyte 2, and the mixture point, -

respectively, then A = (s};, 0), B = (s3;, 0), and X = (s3,, s30).
Assume the true spectrum of the background is at point C,
where C = (sqy, 5p2). Now, define X’ as the image of X pro-
jected onto the line segment AB along axis XC, as shown in
Figure 2. The projected image, X', is located at ((sy;5p2 —
$32501)/ (S02 — 829), 0). For a given normalized spectrum, x;, the

combination of the pure component and background spectra.
If a, B, and vy are defined as the fraction of the mixture
spectrum due to the background, analyte 1, and analyte 2,
respectively, then the following relationships must hold:

X3 = axy + fx; + vx, (25)
a+f+y=1 (26)
where x, is the spectrum of the pure background. Addi-
tionally, any spectrum must also satisfy
x; = x+5;,V, +5,V, (27)
Rearrangement of eq 25, 26, and 27 results in
su Vi +s3Vy =
(asgy + Bsyy + ¥50) Vi + (asg + Bsya + v522) Vo (28)

This vector equation implies that these relationships must
also hold

sy = asqp + Bsyy + vsy (29)
and
S32 = asgy + fs1y + s (30)

Equation 27 placed no restrictions on the location of the points
representing the pure component spectra. Recall that the
rotation matrix employed resulted in the matrix S having a
form such that s,, = s, and s;, = s = 0. This allows eq 29
and 30 to be rewritten as

s = asqp + Bsy - ysn (31)
and
S32 = aspy (32)

From eq 32, it is immediately apparent that a, the fraction
of the mixture response due to the background component,
is simply given as

= s3/50 (33)
Solution of the system of three equations in three unknowns
represented by eq 26, 31, and 32, results in
soa(s1y + $31) = sga(s01 + s11)
g =
2509811

(34)
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So2(s1y = S31) — S32(So1 = $11)
= 021511 a1 32501 11 (35)
2502511

A modified approach may also be used for calculating the
fractional responses. Since the points X, X', and C are col-
linear, it can easily be shown that

_(XX)
T (CX)

where (i,j) represents the Euclidean distance between the
points i and j. Any point, including X', which lies along the
line segment AB in Figure 2 can be considered as two-com-
ponent mixtures composed of only the analytes 1 and 2.
Sharaf and Kowalski (14) proved the fraction of the mixture
response due to a single component was related to the relative
positions of the mixture and the two pure component spectra.
In this situation, a portion of the mixture response has already
been found to be caused by the background component:
therefore the line segment AB represents the fraction of the
remaining response due to the two desired analytes A and
B. If X’ is selected by the method described above, then
assume

(36)

a

(B,X")
(A,B)
where 1 - a is the fraction of the mixture response not due
to the background component. After substitution of eq 33

or 36 into this relationship, calculation of the distances based
on the known positions of A, B, and X’ yields

B=(1-a) (37)

_ Soa(su + 831) = Sg2(s01 + 511)

(38)
2502811
This is exactly the value obtained for 8 by the original de-
rivation. Quantitative resolution can now be accomplished.
The concentration of analyte 1, expressed relative to the
concentration of the calibration standard and corrected for
the background interferent, is given by
. Bans
fraction analyte 1 = TL (39)
1

where a, and ayy, are the original areas of the calibration
spectrum of analyte 1 and the area of the mixture spectrum,
respectively. The concentration of analyte 2 is found by an
analogous relationship

fraction analyte 2 = (40)

YAN+1
a
The quantitation described assumed that the location of

the true background spectrum, C, was known. As is the case

with other forms of multicomponent resolution, the exact
location of C is not known, only a bounded region which must
contain C is available. Conceivably, the location of the pure
background spectrum might be the same as the location of
the mixture spectrum: this situation would imply that the
observed mixture was composed of entirely background and
all of the desired analytes were absent. At the other extreme,
the background spectrum might be as far from the mixture
spectrum as possible. In the absence of any further infor-
mation regarding the background, two different projection
methods have been developed: perpendicular projection and
extreme vertex projection. Neither of these projection
methods will totally correct for the effects of the background
components; however, they do provide a method of estimating
the magnitude of the background response. These projection

methods are illustrated in Figure 3.

The perpendicular projection method is based on an as-
sumption that the spectrum of the background is approxi-

Figure 3. The perpendicular (solid line) and extreme vertex (dashed
line) projections for the estimation of the fraction of the mixture re-
sponse due to the background component.

mately equally similar to both of the pure component spectra.
This method will minimize the distance between the point
representing the mixture spectrum and its projected image.
The point used as an estimate of the pure background spec-
trum is obtained from the intersection of the perpendicular
projection axis and the outer bound, i.e., the nonnegative
response constraint.

The extreme vertex projection method is based on an as-
sumption that the spectrum of the mixture is primarily due
to the desired analytes. This projection minimizes the esti-
mate of the fraction of the mixture response resulting from
the background component. The point used as an estimate
of the pure background is selected to minimize the « calculated
by eq 36. It can easily be shown that this point must occur
at a vertex of the constraint polygon. The term, extreme
vertex projection, selected when this method was first de-
veloped, is not precisely correct since the most distance vertex
from the mixture point is frequently but not necessarily always
the vertex which minimizes a.

The two methods discussed for estimating the fraction of
the mixture response due to the background have been de-
scribed in detail for the case of a two analyte plus background
mixture. The algorithms may be directly extended into higher
dimensions. The perpendicular projection and extreme vertex
projection methods retain the same physical interpretations
in higher dimensional situations. After estimation of the
location of the background spectrum, the quantitation of an
N component mixture can be accomplished by an extension
of the geometrical approach described in eq 36 and 37.

EXPERIMENTAL SECTION

The absorption of visible or ultraviolet radiation, as described
by the Beer-Lambert law, is a analytical lication of
the multicomponent linear additive model. Two separate ex-
perimental systems were investigated. All computations and
simulated mixture experiments were performed on the Depart-
ment of Chemistry VAX 11/780 computer.

Metal Ions in Aqueous Solution. Visible absorption spectra
of four calibration and eight mixture samples were recorded every
2.0 nm from 350 to 850 nm with a Kontron UVIKON Model 820
UV /visible spectrophotometer equipped with a Kontron Model
48 thermoprinter. All subsequent data analysis was accomplished
by using a subset of 20 wavelengths selected every 24 nm from
850 to 394 nm. Stock solutions were prepared by dissolving the
appropriate metal salt in 4% nitric acid. Calibration standards
and synthetic mixture samples were prepared by dilution of the
stock solutions. The metal salts used and the concentrations of
the corresponding calibration standards, in grams of salt per
milliliter of solution, were as follows: Cry(SO,)3nH,0, 6.275 X
107 g/mL; Ni(NO,)»6H,0, 4.391 X 107 g/ml; Co(NO3),-6H,0,
4.384 X 10"? g/mL; and Cu(NOy),-2!/,H,0, 8.757 X 10 g/mL.
The compositions of the mixture samples are given in Table I.
Each synthetic mixture contained equal amounts of chromium
and nickle with varying amounts of cobalt and/or copper added
to simulate the backg d I




Table I. Concentration of Individual Metal Ions, Expressed
in Terms of Amounts Relative to the Corresponding
Calibration Sample, in Eight Mixture Samples Used for
Visible Absorption Spectrophotometry

mixture Cr Ni Co Cu
1 1.00 0.50 0.00 0.00
2 1.00 0.50 0.10 0.00
3 1.00 0.50 0.20 0.00
4 1.00 0.50 0.40 0.00
5 1.00 0.50 0.00 0.10
6 1.00 0.50 0.00 0.20
7 1.00 0.50 0.10 0.20
8 1.00 0.50 0.20 0.10

Table II. Six Groups Comprising the Second Simulated
RNA Mixture Data Set

group analyte 1 analyte 2 background
A adenylic guanylic cytidylic
B adenylic cytidylic guanylic
C cytidylic guanylic adenylic
D adenylic guanylic uridylic
E adenylic uridylic guanylic
F cytidylic guanylic uridylic

Simulated Mixtures of RNA Constituents. Two different
sets of RNA mixture absorption spectra were simulated by using
18 analytical wavelengths spaced every 4 nm from 220 to 288 nm.
The first data set, used for evaluation of noise and replication
effects, consisted of 120 mixture samples. Each mixture was
composed of equal amounts of adenylic and cytidylic acid, to which
was added a selected amount of guanylic acid as a simulated
background component. The background component was added
so that the fraction of the mixture response due to the background
ranged from zero to 8.0% at ten selected levels: 0.0, 0.2, 0.5, 1.0,
1.5, 2.0, 3.0, 4.0, 6.0, and 8.0%. The calibration spectra and the
mixture spectrum were obtained by averaging either 5, 10, or 20
simulated replicate measurements. Each individual measurement
was perturbed by adding random noise at one of four selected
levels. The noise was modeled as a normal distribution with a
mean of zero and relative standard deviation of 0.5, 1.0, 2.0, or
4.0% RSD. The standard deviation calculated from the simulated
replicate experimental measurements was used to estimate the
experimental measurement uncertainty. A second data set, used
to evaluate the effects of varying the relative amounts of each
analyte and the amount and identity of the interfering background
constituent, consisted of 210 mixture samples. All of the cali-
bration and mixture spectra in the second data set were the
average of five replicate measurements to which 1.0% RSD noise
was added. The 210 mixture samples were further subdivided
into six groups of 35 samples each, which varied in the identity
of the two components included as desired analytes and the
component selected to act as the background component. The
compounds comprising these six groups are shown in Table II.
Within each group of 35 mixtures, the two analytes were present
in seven different quantities relative to each other. These levels
ranged from ten units of analyte one per unit of analyte two, to
one unit of analyte one per ten units of analyte two: 10:1, 5:1,
2:1, 1:1, 1:2, 1:5, and 1:10. At each of these levels the fraction of
the response due to the background component was varied in five
steps: 0.5, 1.0, 2.0, 4.0, and 8.0%. Each of the 330 simulated
experiments was repeated 20 times. The results for the 20 sets
of estimated analyte concentrations were averaged.

RESULTS AND DISCUSSION

The objective of the aqueous metal ion experiment was
2-fold: first, to determine if the presence of a simulated
background component could be detected; and second, to
evaluate the performance of the two projection methods in
correcting for the background response. The spectra of the
calibration solutions and the mixture samples are shown in
Figures 4 and 5. Each mixture spectrum, except mixture
number 1, is dependent not only on the chromium and nickel
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Figure 4. Pure spectra of agueous metal ion calibration solutions: (a)
chromium ion, (b) nickel ion, (c) cobalt ion, and (d) copper ion.

analytes but also on the added background constituent. It
would be difficult if not impossible for the analyst to determine
which mixtures were not adequately represented by the
two-component model by observing the mixture spectrum
alone. The eight mixture samples were then quantitated by
three methods: ordinary least-squares regression, and rotation
from a 20-dimensional measurement space to a two-dimen-
sional feature space followed by the perpendicular projection
and extreme vertex projection techniques. The results ob-
tained are summarized in Table III. As expected, ordinary
least-squares regression gives no indication of the presence
of the background component and results in estimated con-
centrations which are significantly in error. Comparing the
ordinary least-squares results for successive mixtures indicates
that the errors in the concentration estimates appear to be
correlated. Additionally, the errors appear to be dependent
on the identity, consequently also the spectrum, of the
background interferent. In mixtures 2-4, where cobalt is the
background component, the chromium estimate is always high
and the nickel estimate is always low. When copper was added
as an interferent, e.g., mixtures 5 and 6, the reverse occurs,
the chromium estimate is low, and the nickel is biased high.
In mixture 8, in which both copper and cobalt were added,
the estimates for both expected analytes are too high indi-
cating that the ordinary least-squares method may overesti-
mate both analytes due to its inability to assign a portion of
the total response to the background component. There was
some improvement in the results obtained when the two
projection methods were used. The perpendicular projection
method performed best for mixtures 7 and 8. In these mix-
tures, which contained both added cobalt and copper, the
background response affected almost the entire spectral region.
Quantitation of mixtures 2-4 and 5-6, which contained either
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analytes is in error. The extreme vertex projection appeared
to perform well for all eight mixture samples. This can be
explained by recognizing that the pure spectra of these four
metal ions are fairly unique. For each metal there is a spectral
region in which that metal ion has the dominant effect on the

T B of these unique spectral regions the two-
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Figure 5. Absorption spectra of mixtures 1-8 (labeled A to H, re-

) for the metal lon samples described in Table 11. In mixtures
2-8, containing an added background, the dotted line Indicates the
response which would be observed for the same mixture in the ab-
sence of the background component.

dlmensmnal representations of the metal ion spectra are found
close to the outer bound.

Zscheile and co-workers (13) used four RNA constituents
to evaluate the instability of the solution obtained for three-
and four-component mixtures by ordinary least-squares re-
gression. More recently, Kalivas (14) performed simulated
GSAM experiments using these four compounds. Zscheile et
al. observed that the quantitative results obtained for a
three-component mixture of adenylic, cytidylic, and guanylic
acids were markedly better than the results obtained for a
four-component mixture composed of the three above com-
pounds and uridylic acid. They postulated that this im-
provement was due to the close linear relationship between
the absorption spectra of adenylic and uridylic acids. Simu-
lated experiments were performed with these compounds in
order to: first, determine the effects of the measurement noise
and measurement replication on the detectability of a simu-
lated background component; second, evaluate the effect of
the uniqueness of the background response on its detectability;
and third, evaluate the successfulness of the perpendicular
and extreme vertex projection methods over a wide range of
mixture samples.

Simulated Data Set 1. Figure 6 illustrates the dxstance
in the two-dimensional feature space from the point repre-
senting the mixture spectrum to the line segment drawn be-
tween the two pure analyte spectra, representing the ideal
two-component model, as a function of the percent added
background. The measured distance, e.g., average score of
the mixture on the second rotation vector, was found to be
related to the amount of background present. When the

Table III. Amounts of Chromium and Nickel Found in the
Mixture Samples by Qunnlintlon Using Ordinary Least
( <

Sq S), Per di T (PP), and the
Extreme Vertex Projection (EVP) Methods®
mixture OLS PP EVP
1 Cr 1.000 0.992 0.995
Ni 0.504 0.500 0.501
2 Cr 1.098 1.039 1.023
Ni 0.482 0.463 0.501
3 Cr 1.192 1.069 1.035
Ni 0.458 0.425 0.504
4 Cr 1.398 1.138 1.078
Ni 0.410 0.367 0.506
5 Cr 0.930 0.831 1.017
Ni 0.640 0.568 0.503
6 Cr 0.834 0.695 1.004
Ni 0.778 0.612 0.504
7 Cr 0.928 0.776 1.041
Ni 0.743 0.591 0.495
8 Cr 1.109 0.977 1.055

Ni 0.582 0.524 0.497

°In all cases the correct amounts of chromium and nickel are
1.000 and 0.500 units, respectively.

added cobalt or added copper, was not as accurate. This was
postulated to be caused by the fact that the spectral back-
ground was affecting only a portion of the mixture spectrum,
hence the assumption underlying the perpendicular projection
method that the background is about equally similar to both

p age of ther due to the background component
was greater than approximately twice the measurement noise,
this distance was linearly related to the amount of background
present. At background levels below about half of the mea-
surement noise, the distance appeared to be virtually inde-
pendent of the added background. The background level at
which the departure from linearity was observed depended
not only on the measurement noise but also on the number
of simulated replicate measurements. In all 120 mixtures, the
uncertainty in the position of the ideal two-component model,
calculated from the estimated uncertainties in the calibration
spectra, along the axis of the second rotation vector was found
to depend on both the measurement noise and the number
of replicat. ts. For simulated mixtures obtained
from five replicate measurements, the added background is
not detected until the percentage of the response due to the
background is greater than two times the noise level. Simu-
lated mixtures of 10 replicate measurements allow detection
of the noise at twice the noise level. If 20 replicate mea-
surements are made, a background component with a response
as low as half of the noise level may be successfully detected.

Simulated Data Set 2. The average errors in the esti-
mated quantities of analytes 1 and 2 for the entire set of 210
simulation mixtures and three subsets, by compound group,
by relative amounts of analytes, and by amount of background
added, are summarized in Table IV. Over all 210 mixtures
the perpendicular projection method provided the lowest
average error: the next best results were obtained using the
extreme vertex projection technique; and the poorest results
were ‘obtained from ordinary least-squares regression. No
underlying relationship could be distinguished which related
the magnitude of the errors in the analyte estimates to the
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Table IV. Average Percentage Error in Analytes 1 and 2 When Quantitation Is Performed by Ordinary Least-Squares
Regression, Perpendicular Projection, and Extreme Vertex Projection Methods

OLS PP EVP
anal. 1 anal. 2 anal. 1 anal. 2 anal. 1 anal. 2
all 210 2.10 9.56 0.11 7.47 2.04 8.05
compd group
A -10.99 21.52 -13.34 19.22 -6.49 16.01
B 7.90 3.83 5.96 2.03 3.46 6.60
¢ -3.86 15.33 -5.713 12.93 -3.31 13.08
D 11.13 1.04 9.36 -0.53 9.65 0.56
E 10.87 1.48 9.11 -0.22 10.43 0.74
F -2.48 14.17 -4.68 11.37 -1.53 11.18
rel amt
10:1 -0.65 28.53 -1.66 25.83 -1.33 29.48
5:1 0.71 15.56 -1.41 13.25 -1.17 14.65
2:1 0.88 7.74 -1.00 5.97 -0.70 5.95
1:1 1.16 5.20 -0.70 3.31 -0.07 3.16
1:2 1.65 3.93 -0.19 2.05 1.10 1.78
1:5 3.45 3.11 1.51 1.15 5.01 0.78
1:10 6.18 2.86 4.24 0.88 11.42 0.51
background
0.5% 0.36 1.43 -0.70 0.41 -0.13 0.38
1.0% 0.64 2.94 -0.54 1.83 -0.29 1.85
2.0% 1.30 591 -0.19 4.50 1.07 4.72
4.0% 2.68 12.18 0.40 9.87 2.97 10.70
8.0% 5.51 25.35 1.58 20.71 6.16 22.59
Table V. Summed Absolute Values of the Percentage Error for 36 Simulated Mixtures (20 Averaged Replicate
Measurements) from Data Set
measurement noise
0.5% 1.0% 2.0% 4.0%
background PP EVP PP EVP PP EVP PP EVP
0.2% 0.12 0.05 0.60 0.47 1.36 1.20 3.88 3.21
0.5% 0.35 0.45 0.43 0.25 0.86 0.69 3.52 2.79
1.0% 0.95 1.19 0.69 0.90 0.53 0.42 1.96 1.48
1.5% 1.70 2.00 1.40 1.65 1.07 0.87 1.02 0.68
2.0% 2.08 2.65 2.10 2.46 1.38 1.62 1.89 0.26
3.0% 3.44 4.22 3.30 3.96 2.67 3.13 1.95 1.67
4.0% 4.66 5.65 4.68 5.63 391 4.68 3.02 347
6.0% 7.31 8.67 713 8.60 6.65 8.01 6.02 7.08
8.0% 9.87 11.78 9.82 11.67 9.45 11.28 8.60 10.12

correlation between the two-analyte spectra or to correlation
between the analyte and background spectra; i.e., no clear
compound group effect was evident for the six analyte-
background combinations attempted. It was noted, however,
the relative performance of the three quantitation methods
was consistent. For example, compound group B, which
yielded the best results by ordinary least-squares regression,
also yielded the best results for the two projection methods.
The poorest results for all three methods occurred with com-
pound group A. For all three quantitation methods, the
summed percentage error for the two analytes was larger for
the mixtures of unequal amounts of analytes, e.g., 10:1 or 1:10,
than for mixtures of near equal amounts. In mixtures com-
posed of unequal amounts of analytes, the larger percentage
error generally corresponded to the analyte present in the
smaller amount. For all levels of added background, the errors
obtained from ordinary least-squares regression were larger
and more biased high than the corresponding perpendicular
or extreme vertex projections. This was expected since the
two projection methods subtract a portion of the initial re-
sponse prior to quantitation of the two analytes. While in
many cases the improvement was easily observed, the overall
errors with the perpendicular projection or the extreme vertex
projection are smaller but still significant. The perpendicular
projection method provided better results than the extreme
vertex projection method if more than 1.0% background was

present. For mixtures containing 0.5 or 1.0% background,
extreme vertex projection gave slightly better results. Since
the noise level in the second data set was fixed at 1% for all
of the mixtures, the first data set, which contained four dif-
ferent noise levels, was reexamined in order to determine
whether the shift in the projection method providing the most
accurate results was related to the noise level. Table V shows
the results for the same nine mixtures taken from the first
data set at four different noise levels. These data substantiate
the conclusion that the perpendicular projection method is
more accurate if the percentage of the response due to the
background is greater than the percent measurement noise.
The extreme vertex projection method provides more accurate
results if the percent background response is less than the
noise level. This occurs because in cases where the background
is less than the noise, the distance from the mixture point to
the ideal model, as shown in Figure 6, is independent of the
background response and either projection method is over-
correcting for the background response. The extreme vertex
projection method is designed to minimize the fraction of the
total response due to the background component, hence in
this situation it overcorrects by the least amount and provides
slightly better results. .

The initial objectives of this investigation were 2-fold. First,
to develop a method which would provide the analyst with
a means of detecting the presence of unsuspected interferents
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Figure 6. Scaled distance from the observed mixture spectrum to the ideal model as a function of the background added (O, 5 replicate
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background can be detected. The RSD of the nolse in me simulated mixture is (A) 0.5%, (B) 1.0%, (C) 2.0%, and (D) 4.0%.

during a multicomponent analysis. Second, to provide a means
of obtaining estimates of the desired analyte concentrations
if an unsuspected interferent was found. The methods which
have been proposed have combined approaches based on
multicomponent calibration, quantitation, and resolution
methods.

The simulated experimental data collected for mixtures of
RNA constituents indicate that a background test based on
estimating the model uncertainty from the measurement error
can be used to test for the presence of unsuspected interferents
during a multicomponent analysis. Figure 6 suggests an overall
limit to the detectability of background interferents. These
results imply that the level at which a background response
can be detected depends on the noise and the number of

replicate measurements. Simulations performed with higher
levels of noise, e.g., 2.0 and 4.0% RSD, illustrate the problems
caused by a small number of replicate measurements. The
model uncertainty in the two-dimensional feature space de-
creases noticeably when the number of replicate measurements
is increased from 5 to 10 and finally to 20 repetitions.
Over a wide range of samples the perpendicular projection
method provided more accurate results than ordinary least-
squares regression. The extreme vertex projection method
also gave improved results, but unless the background com-
ponents possessed unique spectral features this method did
not pérform as well as the perpendicular projection approach.
Recalling that the perpendicular projection method was based
on the assumption that the background was approximately
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equally similar to each of the desired analyte spectra may allow
a further improvement in this method. The individual sensor
loadings into the perpendicular projection axis, equivalently
the final rotation vector, indicates the sensors which are the
most highly correlated with those features of the mixture not
fitted by the calibration spectra. If the analysis is overdet-
ermined with respect to the number of sensors employed, then
elimination of those sensors which load most strongly into the
final rotation vector may result in decreasing the overall effect
of the background components on the mixture response. This
suggests an additional criteria which might be useful for op-
timizing the sensor selection in a multicomponent analysis.
While both of these two quantitation approaches provided
improved results, significant errors may still occur. The
problem of background detection increases as more known
analytes are present due to the increased likelihood that the
background can be modeled as a linear combination of the
analytes. These difficulties imply that identification of all
sample components, both desired analytes and interferents,
affecting the measured response is still a worthwhile goal for
obtaining the most accurate analytical results.
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An d lytical t for the ion of
hydrogen peroxide (H,O,) In the liquid phase has been de-
veloped. The chemistry of this technique Is based on the
reaction of H,0, with horseradish peroxidase and p-
hydroxyphenylacetic acld (POPHA). The resulting reaction
forms the fluorescent dimer of POPHA. By use of conven-
tional fl limit of
1.2 X 10* M (0.4 ppbm) H,0, Is obialnod for a 1.5-mL
aqueous sample. The coefficient of variation Is 0.66% at 1.8

detection t 4 1
a

analytical method for H,0, (5, 6) provided the first approach
for determining H,0, at the 10 nM level in precipitation. The
luminol technique has been modified by adapting hemin as
a catalyst (7). Recently a scopoletin based enzyme technique
has been used for the determination of H,0, in precipitation
samples (8).

Interferences were observed in the luminol technique ap-
plied to atmospheric precipitation samples collected during
autumn in Boulder, CO. The interference was detected by
the persistence of a positive signal for H,0,, even though the

X 10° M (53 ppbm). The lytical chemical tion re-
sponds stolchlometrically to both H,0, and organic hydro-
peroxides. To clserh'nhalo H,0, from organic hydroperoxides,
a novel dualch i Ical flow sy has been devised
to separately determine total hydroperoxides and organic
hydrop The of H,0, Is determined by
the difference between these two moaluromcnu. The sys-
tem has been tested lvely for p lal

ple had been treated with the enzyme catalase. The
selective decomposition of H,0, by catalase has been used
earlier to identify H,0, in atmospheric samples (9)
tal
2H,0, ——+ 9H,0 + 0, )

Peroxidase is another enzyme characterized by selectivity
toward hydroperoxides. In the presence of a hydrogen donor

commonly found In environmental aqueous samples, and none
has been observed.

Hydrogen peroxide rapidly oxidizes bisulfite ion in water
at pH values below 4.5, and therefore is currently believed
to contribute significantly to the generation of sulfuric acid
in atmospheric precipitation (I, 2).

Studies on H,0; in precipitation samples have been limited
by the availability of sensitive analytical techniques. Early
studies on H,0, in precipitation were conducted usmg io-
dometric techni (3, 4). The luminol chemil

lecule such as p-hydroxyphenylacetic acid (POPHA) the
enzyme peroxidase catalyzes the reduction of H,0, via the
following reaction (10):

CH,CO0H CHCOOH CH,COOH
PEROXIDASE
2 +H0p ————— ) (@
OH [} OH

The dimeric product fluoresces with a peak excitation
wavelength of 320 nm and peak emission wavelength of 400
nm (10). The stoichiometry of reaction 2 indicates that for
every hydroperoxide (-0-O-H) bond broken, one dimer is
formed. The fluorescence of this dimer is therefore directly

0003-2700/85/0357-0917$01.50/0 © 1985 American Chemical Society
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Figure 1. T AutoAnaly pump and flow system.

proportional to the peroxide concentration.

An automated analytical technique based on the selectivity
of the two enzymes, catalase and peroxidase, has been de-
veloped in order to provide a highly specific method for at-
mospheric samples. In addition, comparative analyses of H;0,
in cloud water were conducted between the luminol method
and the present technique at Whiteface Mountain, NY.

The technique utilizes a dual channel flow system and dual
cell fluorometer which provides simul ly the fluc
signal resulting from the peroxidase reaction (eq 2) and an
analytical blank derived from the catalase reaction (eq 1). The
chemical reagents are identical in both channels, except for
the addition of catalase to the second channel which destroys
the H,0, before the addition of POPHA.

The catalase analytical blank is provided for two reasons:
first, the reaction of some organic hydroperoxides and POPHA
will also be catalyzed by peroxidase; second, fluorescent or-
ganic substances could ivably occur in polluted rain
which might interfere with the fluorescence signal of the
POPHA dimer.

It should be pointed out that only insignificant catalase
blank signals (e.g., less than 1% of the H,0, signal) have been
observed in precipitation samples collected at Boulder and
Denver, CO, or in cloud water samples collected at Whiteface
Mountain, NY. The Henry's law coefficients of both me-
thylhydroperoxide and peroxoacetic acid are so much lower
than that of H,0, that significant scavenging of these organic
substances from air by cloud droplets or rain is not likely (11).

EXPERIMENTAL SECTION

A detailed descnpuon of the reagents ls gwen in Table I. The
flow system is op d with a Tech t I peristaltic
pump. The pump manifold is comprised of standard AutoAna-
lyzer pump tubes and components (Figure 1). Since reagent
addition and timing are critical, the use of Technicon flow-certified
pump tubes is advisable.

The sample (1.5 mL) is loaded, using a glass syringe with a
Teflon plunger, into a sample injection valve and split equally
betweon the two channels. The sample channel is initially seg-

d with air bubbles in order to mail sharp
gradients along the stream.

The sample conditioning reagent (Table I) is then added.
Potassium hydrogen phthalate buffer adjusted to pH 6.5 maintains
the sample in the appropriate pH range for both the catalase and
peroxidase reactions. The buffered reagent also contains ED'T'A
to prevent possible interferences by metal ions.

Table I. Reagent Concentrations Used

Sample Conditioning Reagent
0.35 M KHPhthalate®, adjusted to pH 5.5
8.4 x 10* M tetrasodium EDTA®

Sample Conditioning Reagent with Catalase
0.35 M KHPhthalate, adjusted to pH 5.5
8.4 X 10™* M tetrasodium EDTA

490 o units of catalase/mL* of reagent

Fluorescence Reagent

0.35 M KHPhthalate, adjusted to pH 5.5

8.0 X 10 M p-hydroxyphenylacetic acid®

8 purpurogallin units of peroxidase/mL reagent

Base
0.4 M NaOH/

2Potassium hydrogen phthalate, Fischer Scientific Co. P-243.
Adjust pH using 10 N NaOH. *Sigma Chemical Co., ED 4SS.
<Sigma Chemical Co., Stock C-100. ¢Kodak (Eastman Kodak Co.),
Lot No. C8B. *Sigma Chemical Co., Stock P8375, Type V1. /J.T.
Baker Co.

The fluorescence reagent (Table I) next joins the sample stream.
The POPHA must be purified before use by recrystallizing from
aqueous solution. Activated charcoal is used in the recrystalli-
zation to remove impurities. All other reagents can be used as
received. The fluorescence reagent can be kept for several days
and should be discarded when either the base line becomes un-
steady or significant degradation of the linearity of response is
observed.

NaOH (Table I) is then added to the sample stream. The
fluorescence quantum yield of the POPHA dimer diminishes
below pH 9.0 but remains at a maximum above pH 10.0. The
addition of NaOH maintains the reaction stream at pH 10.0 or
higher permitting analysis of samples as acidic as pH 2.0 without
measurement artifact.

The reaction stream passes through a five-turn, 2 mm i.d. glass
mixing coil after the addition of each reagent.

The second sample channel is identical with the first, except
that the sample conditioning reagent contains catalase in addition
to the other constituents. The catalase used was obtained from
Sigma Chemical Co. This material, obtained from bovine liver,
is doubly crystallized and suspended in water containing 0.1%
thymol with an indicated activity of 35300 Sigma units per mg
of protein. One Sigma unit of catalase activity will decompose
1.0 X 10® mol of H,0,/min at pH 7.0 at 25 °C, while the con-
centration of H,U, talls from 10.3 X 10 to 9.2 X 10°° mol/mL
of reaction mixture.
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Figure 2. Optical diagram for the dual beam fluorometer.

H,0, standards were prepared by serial dilution of a stock H;0,
standard. The H,0, concentration of the stock standard is de-
termined by titration with KMnO,. A 1% H,0, standard is
prepared by dilution of commercially available 30% H,0,. The
1% standard is preserved by the addition of 5 X 10° M sodi

SECONDARY |
INTERFERENCE
FILTER 400 am 0

PHOTOMULTIPLIER TUBE

N

of about 3 X 10 M, it is sufficient to cahbmte with H,O,. For

stannate. Stock H,0, solutions prepared in this manner are found
to decay at a rate of about 1% per month. Working st

hxgher ions, or for org ides of higher
weight, calib with the spectf' ic compounds are
necessary. Exeept in the case of peroxoacetic acid the rate of the
is slower for these compounds and
at higher conoentrauons under the described conditions of the
dard d test i ! ion may lead to nonlinearities.

are prepared daily. Glassware to be used for the first time in
preparing H,0, standards should be washed with soap, rinsed,
and allowed to soak in deionized water for several days with
frequent water changes.

To calibrate the catalase channel all traces of catalase must
be removed from the system. This is nccompllshed by replacing
the catalase reagent with 0.1 N HCI and running the flow syslem

the

An optical diagram of the dual-beam fluorometer is shown in
Figure 2. The instrument is ised of two fl units
with a common excitation source. Both beams are identical in
terms of the optical and electronic components.

The fluorometer is designed using an H85A3/ UV mercury arc
lamp as the excitation source and H
upber tube for fluorescence detection. Since the opucal system

for a few minutes. The strong acid will d
instantly. After the removal of the catalase, water is set in place
of the catalase reagent and the channel calibrated with H;0; in
the regular manner.

In analytical work with H,0, it is important that all solutions
be prepared from water that is free of bacteria as well as ionic
impurities. In these studies, solutions were prepared from water
purified by a cartridge deionization and organic removal system
(Millipore Corp). The resistance of the final water was greater
than 1.8 X 107 Q. Bacteria may be present in cartridge deionization
systems which rapidly decompose H,0,. It is important that a
filter to remove bacteria be present on the outlet of the cartridge
system and that the system be cleaned frequently.

Methyl hydroperoxide, ethyl hydroperoxide, and n-propyl
hydroperoxide used to test the method were synthesized by the
pmeedure of Rlche and Hltz (14). These peroxides were purified

and washings with water. Technical
grade tert-| butyl hydroperoxide was obtained from Mallinkredt.
Peroxoacetic acid, 40%, was purchased from FMC Corp, Buffalo,
NY. Methyl hyd l'rh and ic acid were individ-
ually d by using iod ic techni (15).

To use the instrument for the quantitative dawrmmatlon of
methyl hydrop ide and p ic acid up to ions

is designed to be used specifically with the peroxidase/ POPHA
reagent system, interference filters mt.her l.han monochromaton
are used to isolate the excitation and

and 400 nm, respecuvely The optical system is rigidly mounled
on an aluminum base plate.

The instrument is designed for use on an aircraft in measuring
cloud water composition. The unit can be mounted into a
standard electronic rack panel. The weight of the instrument is
22 lbs, and its dimensions are 18 X 10 X 15 in. It requires 120
w at 115 V. For the complete fluorometer unit two chassis are

one the and the reagent flow
system while the second contains the signal processing electronics
and the readout unit.

The electronics system, shown in Figure 3, is comprised of two
identical high voltage/electrometer units for detection and am-
plification of the fluorescence signals, and a common system
monitor to track the high voltage power supplies and the excitation
lamp output.

The sensitivity of the two optical channels is adjusted by
changing the high voltage'applied to the photomultiplier tubes.
In this manner the signal output from each detector can be ad-
justed to be equivalent for a given peroxide concentration. The
high voltage applied can be read out at the system monitor.
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Figure 3. Signal processing system for the dual beam fluorometer.

The ph Tent repi the fluor signal is am-
plified with an analog electrometer. Current suppression from
10 to 107 A is provided if suppression of high backgroun
is necessary. To reduce the noise in the signal output, a low pass
filter, 0.1 Hz frequency cutoff, can be switched into the circuit
following the electrometer. At low signal levels or high suppression
currents this filter will reduce the high frequency noise in the
output. At higher signal levels the filter can be switched out for
improved response times. The signal output is 0-1 V full scale.
Further details on fabrication of the f1 ter are available
from the authors.

RESULTS AND DISCUSSION

By use of the reagent concentrations given above, the de-
tection limit is 0.4 ppbm. At 1.56 X 10 M H,0, the standard
deviation is 1.02 X 10 M, equivalent to a coefficient of
variation of 0.7%.

Plots of peak height vs. concentration are linear with con-
centration up to about 1.8 X 10° M or 0.6 ppm H,0,. Most
values we have measured at Boulder, CO, or Whiteface
Mountain, NY, are below this concentration. Above this value

the curve b slightly li
We have adjusted the ration of reagents to accom-
date H,0, ations from 1.1 X 10 M (0.4 ppbm)

to 1.5 X 10 M (5000 ppbm) in order to eliminate the need
to dilute samples during field ts. At tra-
tions above 0.6 ppm, the calibration points have been readily
fitted by a quadratic regression equation with a correlation
coefficient of 0.9998.
A considerable effort was made to discover the cause of the
i ity at higher trations. A likely cause in the
case of fluorometry is the attenuation of exciting radiation
in the path of the beam as a result of absorption by higher
concentrations of absorbing molecules. However, dilution of
the solutions of the dimer of POPHA by a factor of 10 did
not alleviate the nonlinearity. Another possibility is a de-
creasing yield of dimer from the higher concentrations of H,0,.
However, no improvement was observed after increasing the
concentrations of POPHA or peroxidase, changing the pH,
or increasing reaction time. The possibility that the buffer,
present in relatively high ration, interferes ch 11
with the reaction was disproved since using Tris, glycine,
ammonia, or borax buffers in lieu of potassium biphthalate
gives a similar effect. Reaction involving enzymes frequently
become nonlinear after the initial stages. However, reducing
the reaction time in the automated test by a factor of 4 did
not ameliorate the problem. Given the fact that the analytical
precision did not decrease at the higher H,0, concentrations
in spite of the slight nonlinearity, no further efforts were made.
The peroxidase channel will yield a signal for organic hy-
droperoxides as well as for H,0,. Dialkyl peroxides do not
give a signal. Since catalase does react slowly with some
organic hydroperoxides, it is necessary to establish the con-

ditions under which the H,0, is completely removed by the
catalase while organic hydroperoxides are left unreacted to
provide an accurate analytical blank.

Methyl hydroperoxide, ethyl hydroperoxide, n-propyl hy-
droperoxide, tert-butyl hyd ide, and per tic acid
were investigated. Only methyl hydroperoxide exhibited an
appreciable reaction with catalase under the conditions of the
automated test. If MeOOH is destroyed by too much catalase,
the background signal is too low, and the difference between
the signals of the two channels would indicate a spuriously
high H;0, value. On the other hand, incomplete destruction
of the H,0, by too little catalase would yield too high a
background signal, and a final H,0, value which is spuriously
low. To investigate the effect of these two compensating
errors, the rates of conversion of MeOOH and H,0, by catalse
under the recommended instrumental conditions were studied.
At 22 °C and a constant 40-s reaction time, the rates of loss
of MeOOH and H,0, were studied as a function of catalase
concentration. The following expressions describe the rates
occurring specifically under the conditions of the automated
instrument:

(H202) nat
_—= 1.7+ 0.1) X 108 ! A
In 00 [-( 0.1) ](catalase)(At)

(MeOOH) ot

" (MeOOH)em
[-(0.072 % 0.008) X 10%](catalase)(At)

where (catalase) is activity of catalase as Sigma units per liter
and At is time as seconds.

Catalase reacts 24 times faster with H;0, than with MeOOH
under the conditions of the automated methods. To minimize
errors introduced by MeOOH, we use a concentration of 2 ppm
catalase protein in the reaction mixture. The catalase in the
reagent reservoir is 8 times more concentrated to compensate
for the dilution factor, indicated in Figure 1, to a final activity
of 70600 Sigma units per liter.

The application of the above empirical rate expressions yield
the following errors in H;0, determination for the worst case
in which the organic peroxide is entirely MeOOH and is
present at the indicated percentages of total hydroperoxide:

% MeOOH 0% 5% 10% 20%
% H,0, error -0.82% +0.13% +1.2% +3.5%

These small errors represent maximum errors to be ex-
pected from this source, since in actual practice the back-
ground signal in atmospheric samples will probably not rep-
resent MeOOH exclusively. MeOOH is the only organic
peroxide likely to be present in atmospheric samples with
sufficient reactivity with catalase to cause a problem.

When operated at higher pH values, e.g., using Tris buffer
adjusted to pH 8.6, the test is affected by the adduct of
formaldehyde and bisulfite ion (hydroxymethanesulfonic acid).
Normally, bisulfite ion will not coexist with H,0, in precip-
itation samples. However, the adduct of formaldehyde and
bisulfite ion can coexist with H,O, at pH 5 (12). The hy-
drolysis rate increases with pH (13) and when the adduct
encounters the buffer at pH 8.6 it releases sufficient bisulfite
to interfere with the formation of the dimer. The adduct at
5 X 10 M reduces the signal of H;0, (5.6 X 10 M) by 6%.
This interference was eliminated by first adding formaldehyde
(1 X 10"2 M) to the sample stream through a 0.16 mL min™!
pump manifold tube. With formaldehyde present, the adduct
at 1.5 M X 107 causes no interference in the measurement
of H,0, at either 1.5 X 10 or 1.5 X 107 M H;0,. Running
the test at pH 5.5, as described in the Experimental Section,
eliminates the interference by hydroxymethanesulfonic acid
and therefore the need to introduce formaldehyde reagent.



Table II. Sample Deterioration Tests

[H,0,],

date pH M decay/hours % loss per h
4/7/82 5.3 2.90 -80%/48 1.7
5/4/82 5.9 25.7 -26%/5 5.2
2nd Determination -100%/5 20
5/11/82 5.5 3.20 -52%/5 10.4
5/12/82 5.4 -30%/24 1.3
7/27/82 5.5 24.7 -80%/16 5.0
2nd Determination -100%/24 4.2
7/28/82 5.5 3.1 -27%/16 1.7
7/29/82 12.6 -22%/16 1.4
8/4/82 28.8 -100%/16 6.3
6/9/83 3.1 -21%/0.75 28.0
2nd Determination -34%/1.2 28.0
6/14/83 -7%/1.8 3.9
2nd Determination -10%/2.1 4.8
average® 5.6+ 8.1

2 Not including replicate determinations.

There is no significant change in sensitivity at the lower pH.
Both negative and positive interferences were tested by
adding known quantities of substances to standard solutions
of H,0,. We have not found interfrences by commonly oc-
curring atmospheric trace constituents. Ferrous ion and hy-
d i tend to elimi the H,0, signal by reaction with
H,0,. A jum, p dium, ferric, and
ions had no effect. lodide, bromide, chloride, phosphate,
nitrate, and benzoate ions had no effect. Formaldehyde,
methanol, glyoxal, acetone, methylamine, dimethylamine,
methyl ethyl ketone, toluene, benzene and peroxyacetylnitrate
had no effect.

Nitrite in neutral solution shows neither a positive nor
negative interference. However, below pH 3.0, nitrite ion
chemically reduces H,0, (17). Bisulfite ion below pH 4.6 also
rapidly reacts with H,0, in the sample.

By far the greatest source of error is loss of H,0, with time
in collected samples. We have found that glass and Teflon
containers, though superior to other types, still do not prevent
significant loss of H,0,. The addition of common preserva-
tives for H,0, such as sodium stannate and acetanilide to
samples of precipitation does not prevent appreciable loss.
Refrigeration of samples does appear to have a beneficial
effect, but by no means eliminates the problem.

Sample deterioration clearly is a major problem. Data
indicating the problem for samples collected at Boulder and
then refrigerated are given in Table II. Since the duration
of precipitation events may be several hours or more, a
technique for fixing H,0, concentrations is badly needed.
Similarly, the collection of cloud water samples by aircraft
with subsequent analysis at laboratories several hours later
can introduce a large loss of H,0,. Since the dimer of p-
hydroxyphenylacetic acid formed in this test is stable for
several days, we have been exploring the possibility of forming
the dimer by immediately reacting the H,0, with reagent
stored in the sample collection vessel. At the present time,
this approach appears successful and will be discussed in a
later paper.

In standard addition studies it is necessary to work rapidly
and to the H,0, ration in the original sample
immediately before each addition. In ambient precipitation
samples H;0, can decay rapidly. If the data are not corrected
for this H,0, decomposition, a false bias in the standard
addition data will appear. Matrix effects have not been ob-
served in samples at Boulder or Denver, CO. However, it is
impossible to evaluate the peroxidase H,0, analytical tech-
nique for all of the differing sample matrix conditions which
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Figure 4. Intercomparison between the luminol method and the
peroxidase enzyme technique on cloud water samples collected at
Whiteface Mountain, NY. Upper line represents least-squares re-
gression fit; lower line rep: perfect agr tests.
The ordinate equals luminol results (ppbm) and the abscissa equals
enzyme results (ppbm). Concentration range is zero to the median
H,0, value.

may be d. Itisr ded that the standard
addition be conducted on a portion of the precipitation sam-
ples collected in each sampling program.

As part of testing this technique, measurements of H,0,
in 284 cloud water samples at the peak of Whiteface Mountain
were made simul ly using the luminol and enzyme
systems. The data indicated that the percentage difference
between the luminol and enzyme methods is a function of
peroxide concentration and that at values below 1.5 X 107
M H,0; (0.5 ppm) the discrepancies can be quite large. The
median concentration of H;0, by the enzyme method was 5.4
X 10 M (0.18 ppm).

A paired sample ¢t test applied to the 284 comparisons
indicated that the two techniques are statistically different
at a significance level less than 0.001. Including all data pairs
(maximum observed H,0, = 3815 ppbm) the regression
equation relating the two data sets is

luminol (H;0,) = 1.01 enzyme (H,0,) + 71.05 (3)

with a correlation coefficient of 0.98. Clearly the correlation
using the entire concentration range was reasonably good.

The median value of H,0, by the enzyme technique was
183 ppbm. By use of only data points below the median value,
the regression equation becomes

luminol (H,0,) = 1.5 enzyme (H,0,) + 48.58 (4)

with a correlation coefficient of 0.86. The 95% confidence
limits of the correlation coefficient were 0.81 and 0.90 using
the Fisher Z transformation. The lower line in Figure 4 in-
dicates the plot anticipated for perfect agreement between
the two methods, and the upper line shows the actual linear
regression represented by eq 4. The data show a tendency
for the luminol signal to be higher than the enzyme signal.
Catalase was added to samples to destroy H,0, prior to testing
by the luminol method. However, only a portion of the signal
was eliminated. The residual signals were comparable to the
differences between the H,0, concentrations indicated by the
two analytical tests, suggesting a positive interference in the
luminol method.
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Determination of Acidity Constants by Solvent Extraction/Flow
Injection Analysis Using a Dual-Membrane Phase Separator
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The absorbances of both the organic and aq ph in
a sol lon/flow | i lysls sy are sl
it ! i d. Acldlty are d ined

from dralght line plots relating the ratio of peak areas In the
q and organic ph A,/A, to the hydrogen ion
activity of the aqueous phase. Theoretical equations de-
scribing this relationship for both HA and BH* charge type
acids are derived and verifled experimentally using 3,5-dI-
methylphenol (pK, = 10.09 =+ 0.01) and p-toluldinium lon
(pK, = 5.28 %+ 0.01). The distribution coefficient of the
les Is also Ined during the exper-
iment. SOmo dvantages to using the
dualmembrane device ovor the single-membrane device are
discussed.

The use of solvent extraction for determining acid-base
dissociation constants (I-7) is particularly attractive for
compounds that have low solubility in water and whose two
conjugate species have the same absorption spectrum. For
such compounds, the low solubility precludes accurate pK,
determinations by potentiometric titration in water, and the
similarity of spectra precludes the use of the spectrophoto-
metric technique. However, the labor and time involved
diminish the attractiveness of batchwise solvent extraction
for this purpose.

Continuous extraction systems employing rapid phase
separation make it possible to perform solvent extraction
measurements much more rapidly and conveniently and
therefore make pK, determination by solvent extraction more
attractive (8). Solvent extraction/flow injection analysis (FIA)
employing either one or two porous membranes as phase
separators has been shown to give precise, accurate, and very
rapid analytical determinations of drugs in pharmaceutical
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tablets (9, 10). In the present paper we use a solvent ex-
traction/FIA technique employing two membrane phase
separators which allows simult spectrophotometric
monitoring of concentration in both the aqueous and organic
phases. Equations are derived which relate peak areas in the
organic and aqueous phases to hydrogen ion activities in the
aqueous phase and which permit the determination of acidity
constants of both HA and BH* charge type acids. Validity
of the equations is experimentally demonstrated using 3,5-
dimethylphenol and p-toluidinium ion as test acids.

THEORY

The relationship between sample peak area in the organic
phase A, and the hydrogen ion concentration in a solvent
extraction/FIA system has been derived for a BH* type acid
in earlier papers from this laboratory (9, 10). In the present
paper, we are concerned with determining a “mixed” acidity
constant which incorporates the concentrations of the pro-
tonated and deprotonated sample species and the activity of
the hydrogen ion.

The equation relating peak areas in the organic phase with
hydrogen ion activity in the aqueous phase can be written as

bfneg KpKa
AD P N (W1 = T R (1)
Fian+ FK, + FKK,

Here b is the path length of the spectrophotometer flow cell,
f is a response factor which relates the absorbance from the
detector to a count rate on the integrator, n is the moles of
sample injected, ¢g,, is the molar absorptivity of the sample
in the organic phase, Ky is the distribution coefficient of the
conjugate base B, K, is the acidity constant of BH*, F, and
F, are flow rates of the aqueous and organic phases, respec-
tively, and ay is the hydrogen ion activity in the aqueous
phase. This equation is similar to eq 4 in ref 10 if the “system
constant” in that paper is defined as K = fbeg ;.
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A similar expression can be derived for sample peak area
in the aqueous phase, A,, taking into account both absorbing
species, B and BH*

@ bf'n(ep K, + eppe 1an)

*  Fau+FK, + FKgK,

where b’ is the path length of the flow cell in the spectro-

h ter used to itor the aq phase, f’is the re-

sponse factor for the aqueous phase detector and integrator,

and e, and egyy- , are the molar absorptivities for the neutral
and protonated p pectively, in the

phase.
The denominators of eq 1 and 2 are the same so that di-
viding eq 2 by eq 1, yields the following simple expression:

A, bfep, bf'egys.a
Ay OMeB0 | BN
A, bfegKp bfeg KKy

When the le is injected into reagent buffers of various
pH, and peak areas are simultaneously measured in the or-
ganic and aqueous pahses, a plot of A,/A, vs. ay should yield
a straight line. It is then possible to determine the acidity
constant for BH* from the slope, S,, and intercept, I;, of the
plot as well as the molar absorptivity ratio of the protonated

2)

3)

and deprotonated pl in the aq phase
I, eButa
+ =5 e 4)

The distribution coefficient of the neutral conjugate species
B can also be calculated by using K, and the data collected
for the organic phase. As discussed previously (10), eq 1 can
be linearized by taking the reciprocal of both sides so that a
plot of 1/A4, vs. ay should be linear. The distribution coef-
ficient Ky can be calculated from the following expression:

S;FoK,
where I, and S, represent the intercept and slope, respectively,
of the plot of 1/A4, vs. ay.

An equation can be derived also for an HA type acid which
relates sample peak area in the organic phase, A, to the

aqueous phase pH, assuming that HA is the only extractable
species

Kg = (5)

_ bfneya Kuatu
" Fay + FK, + FKyaay

where ey, , is the molar absorptivity for the neutral form of
the sample species in the organic phase and Ky, is the dis-
tribution coefficient of the neutral species HA. Likewise for
the aqueous phase
i@ b'f'nlena an + ea- oK) @
* " Fay + F.K, + FKyaay

where ¢4, and ¢,-, are the molar absorptivities of the pro-
d d

(6)

tonated P ) ies, respectively, in the
aqueous phase. Dividing eq 7 by eq 6 yields the following:
A, - bf‘HA,- + l b’l ‘A'.AKA ®

A, bfennoKua  an bfernKua

A plot of A,/A, vs. 1/ay should yield a straight line from which
can be calculated the acidity constant, K,

S; €HAx

I:I ‘Aa

K,=—

9)

where S; and I; represent the slope and y intercept, respec-
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Figure 1. Diagram of the solvent extraction/FIA instrument used for
pK, determinations; see text for details.

tively, of the plot of A,/A, vs. 1/ay. Finally, to measure Ky;,,
eq 6 can be linearized by taking the reciprocal of both sides,
viz.

$ F, + F Ky, 1 F.K,

Ay bfneypKua  ay bfneys Kua

A plot of 1/A, vs. 1/ay should yield a stright line with slope,
S, and y intercept, I,, from which the distribution coefficient
can be calculated using the expression

LF,K,-S/F,
S,

EXPERIMENTAL SECTION

Apparatus. A diagram of the solvent extraction/FIA system
used in the pK, determination is shown in Figure 1. Its design
is similar to that of a previously described instrument (10) with
the main difference bemg v.hm there is only one aqueous solvenL
Sol flows are mai d via
The organic phase is cyclohexane which is conmmed ina glass
bottle inside an aluminum pressure cylinder. The six reagent
buffers and water are held in seven glass conunners mslde a
multireagent al p 'yl p ly
(10).

Valve V, is a six-port rotary valve (part no. R6031V6, Labo-
ratory Data Control) used to select any one of six reagent buffers.
Valve V, is a three-port slider valve (part no. CAV 3031, LDC)
which allows selection of either buffer or a water wash. All tubing
is made of Teflon, whith 0.3 mm i.d. tubing used whenever it is
desirable to minimize sample band broadening or to provide
increased resistance to flow and 0.8 mm i.d. tubing used in the
rest of the system.

The sample is injected via an automatic sample injection valve
V; (part no. SVA-8031, LDC) into the reagent stream, which is
a buffer of known pH. This injection valve contains a *dummy™
loop of equal size to the injection loop, so that the flow rate of
aqueous reagent is the same in both the load and inject positions.
The reagent stream is split at T, into two parallel branches which
are reunited at T, to facilitate mixing between the sample and
the buffer and to reduce refractive index effects (see Results and
Discussion). The aqueous phase joins the cyclohexane stream
at tee-fitting Ty (part no. CJ-3031, LDC) and the resulting two-
phase flow passes through the extraction coil, C.

The aq phase is d from the organic phase at the
end of the extraction coil via a dual b phase
as described in a prevmus paper (10). The extraction coil and
phase separator are dina ure bath,
shown as dashed lines in Figure 1. ’I"he absorbance of the organic

phase is itored with spect S, (Spectroflow
Momu)r 757, Kratos Ana.lyuml Imuumen'.s) while lhe absorbance

(10)

Kua = an

of the q phase is d with spect S,
(Vari ricd , Varian). The sngnals from S1
and S2 are l‘ed to two ck lsofa digital i (VISTA CDS

401, Varian) to obtain peak areas. The signals are also monitored
as peaks on recorders (not shown). A peristaltic pump, P (Gilson
Instruments, Ville-Belle, France), is used on the outlet lines to
ensure accurate flow control (9, 10).

The apparatus was modified for determination of molar ab-
sorptivity ratios of the p d and dep d sample
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species in the aq phase by d ing T, from T3 and
disconnecting the b phase sep M, l:rom the
aqueous phase detector, S,, and then directly connecting T, to

S,.

2All pH measurements were made with a glass and calomel
electrode pair using an Accumet Model 525 pH meter (Fisher
Scientific Co.).

R Water was d lized, distilled, and finally
distilled from alkaline permanganate. Analytical grade cyclo-
hexane was purified by passage through a silica gel column
containing a sintered glass frit at the outlet. Reagent buffers of
pH 9.60, 9.70, 9.80, 9.90, 10.00, and 10.11 and ionic strength 0.10
were prepared by adding enough NH,Cl to yield a final concen-
tration of 0.10 M and enough to
yield the desired pH in a final volume of 1000 mL. Reagent buffers
of pH 4.61, 4.78, 5.02, 5.22, 5.42, and 5.63 and ionic strength of
0.10 were prepared by adding enough sodium acetate to yield a
final concentration of 0.10 M and enough glacial acetic acid to
yield the desired pH in a final volume of 500 mL. 3,5-Di-
methylphenol (Aldrich Chemical Co.) and p-toluidine (B.D.H.
Chemicals) were both 99+ % pure as reported by the manufnc
turers. Sample solutions of 3,5-dimethylphenol and p-tol
contained 0.10 M NaCl

For the determination of molar absorptivity ratios, reagent
buffers of pH 2.0, 12.0, and 12.6 were prepared by appropriate
dilution of a solution of concentrated HCI or NaOH with H,0
until the desired pH was reached.

Molar Absorptivity Determination. Molar absorptivity
ratios for the protonated and deprotonated sample species in the
aqueous phase were measured with the same spectrophotometer
and wavelength setting as those used for the acidity constant
determination.

‘The molar ahsorptivity ratio, eya o/ €s-, for 3,5-dimethylphenol
was determined by preparing two sample solutions, both 3.0 X
10 M in 3,5-dimethylphenol but one adjusted to pH 2.0 with
HCI and the other adjusted to pH 12.6 with NaOH. These
samples were injected into an HCl or NaOH reagent of the same
pH and peak areas were measured for six replicate injections.
Important instrument parameters were as follows: flow rate, 0.7
mL/min; wavelength, 281 nm; volume injected, 44 yL; sampling
frequency, one injection per minute; N, pressure, 20 psig. The
flow rates differed slightly (0.01 mL/min) for the two reagents
so that peak areas were corrected to a constant flow rate of 0.690
mlL/min as previously described (9).

The molar absorptivity ratio, egye ./ €p ., for p-toluidine was
determined similarly by using 5.0 X 10* M p-toluidine sample
solutions—one adjusted to pH 2.0 with HCl and the other adjusted
to pH 12.0 with NaOH. Changes in the instrumental parameters
were as follows: flow rate, 0.5 mL/min; wavelength, 260 nm. Here
too a small correction was made to peak areas as a result of slightly
different flow rates of the two reagents (9).

Calibration Curves. These were measured with the apparatus
shown in Figure 1. Samples were all 0.10 M in NaCl to reduce
refractive index effects (see Results and Discussion). Calibration
curves for 3,5-dimethylphenol were obtained at a wavelength of
281 nm by injecting samples ranging in concentration from 8 X
10° M to 8 X 10* M into an ionic strength 0.10, pH 9.80
NH,3/NHC! buffer. Calibration curves for p-toluidine were ob-
tained at a wavelength of 260 nm by injecting samples ranging
in concentration from 4 X 10 M to 1.4 X 10™ M into an ionic
strength 0.10, pH 5.11 acetic acid/sodium acetate buffer. The
organic and aqueous phases were monitored simultaneously and
peak areas were measured for each sample injected.

Acidity Constant Determination. The acidity constant of
3,5-dimethylphenol was determined by injecting a sample solution
that was 4.0 X 10 M in 3,5-dimethylphenol and 0.10 M in NaCl
into reagent buffers of various pH. The reagents were ionic
strength 0.10 NH;/NH,Cl buffers that ranged in 0.1 increments
of pH from pH 9.6 to pH 10.1. Additionally, a sample that was
0.10 M in NaCl was injected into each reagent buffer to serve as
a blank. The extraction coil was made long enough to ensure that
extraction equilibrium was attained, and the extraction coil and
phase separator were thermostated to 25.0 = 0.1 °C. Both the
organic and aqueous phases were monitored simultaneously, and
peak areas were measured for each sample injected. The pH of
the aqueous effluent was measured for each buffer used to ensure

that no change in pH occurred during the extraction/FIA pro-
cedure.

Important instrument parameters for the acidity constant
determination of 3,5-dimethylphenol were as follows: wavelength
for both detectors, 281 nm; extraction coil, 200 cm; volume in-
jected, 44 uL; sampling frequency, one injection per minute; N,
pressure, 40 psig; total cyclohexane flow rate, F,, 2.5 mL/min;
total aqueous flow rate, F,, 2.2 mL/min; cyclohexane flow through
the membrane, F,, 0.9 mL/min; aqueous flow through the
membrane, Fy,, 1.1 mL/min.

The acidity of the p-toluidinium ion was determined
in a similar manner using a sample solution that was 1.0 X 102
M in p-toluidine and 0.10 M in NaCl. The reagents were ionic
strength 0.10 acetic acid/sodium acetate buffers that ranged in
0.2 pH increments from pH 4.6 to pH 5.6. The phase separator
and extraction coil were thermostated at 20.0 % 0.1 °C. Instrument
parameters that differed from those listed above for 3,5-di-
methylphenol were as follows: length for both d 260

m; F,, 2.1 mL/min; F,, 1.0 mL/min.

RESULTS AND DISCUSSION

Two ds, 3,5-dimethylphenol and idine, were
chosen to test the method for HA and BH* charge type acids,
respectively. Although our discussion will pertain mainly to
the use of a dual- brane phase sef to itor both
the organic and aqueous phases, two single-membrane phase
separators each designed as previously (9) and placed in series
could be used instead.

Experimental Conditions. In the design of the experi-
ment for the determination of the acidity constant of a par-
ticular compound, several factors should be taken into account.
The first is the choice of the organic solvent. In order to
accurately measure peak areas in both the organic and aqueous
phases, for reagent pHs in the vicinity of the expected pK,
of the sample, it is necessary that the distribution coefficient
for the sample be neither too large nor too small. The value
of Ky, or Ky should be between approximately 1 and 10,
although this will depend on the molar absorptivities of the
sample species in the two phases.

The derivation presented in the theory section assumes that
dimerization of the sample in the organic phase and ion-pair
extraction of the sample with components present in the buffer
are negligible. If they are not, the equations must be modified
to take them into account. Dimerization of the sample in the
organic phase is more likely to be encountered at higher
concentrations and when the sample is polar and the organic
phase is nonpolar. This problem may be avoided by keeping
the sample concentration low. In the present case a prelim-
inary check for dimerization was made via Beer's law plots
for 3,5-dimethylphenol and p-toluidine in cycloh using
the Cary 118 spectroph over the ration ranges
of interest. For the former compound a plot of absorbance
at 281 nm vs. concentrations from 4 X 10° M to 8 X 10* M
was linear with a zero intercept. For the latter compound a
plot over the concentration range 4 X 10° M to 1 X 10° M
made at 287 nm was linear with zero intercept.

The absence of ion-pair extraction of 3,5-dimethylphenolate
(A") and of p-toluidinium (BH*) was checked by seeing if
detectable concentrations of these are extracted into cyclo-
hexane from 0.10 M NaCl solutions adjusted to pHs where
either A~ or BH* were the only species present in significant
amounts. In batch extractions, with absorbances of the cy-
clohexane phases measured on the Cary 118 spectrophotom-
eter, no detectable 3,5-dinitrophenol was extracted from an
aqueous phase at pH 12.6 and no detectable p-toluidine was
extracted from an aqueous phase at pH 2.0.

When mutual solubility of the aq and
is significant, the phases should be preequlllbrnwd before they
are used in the solvent extraction/FIA system. Preequilib-
ration of the phases will not affect the value of the acidity
constant determined but may affect the value of the measured
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Table 1. Acidity C Determination by Sol E: ion/FIA
compound trial no. slope (£% RSD)® y intercept?® pK,
3,5-dimethylphenol 1 4.49 X 107 (£1.3%) 2.71 £ 0.10 10.08 # 0.01,°
. 2 4.49 X 107 (£1.1%) 2.84 + 0.08 10.10 # 0.015°
p-toluidinium 1 4.31 X 10° (£0.73%) 6.17 £ 0.08 5.30 £ 0.01,
2 4.10 X 10° (£0.77%) 6.16 % 0.09 5.27 % 0.01;%

° Percent relative standard deviation. *U are 95%

e

limits. T

= 25.0 % 0.1 °C and ionic strength = 0.10.

¢Temperature = 20.0 0.1 °C and ionic strength = 0.10. *Uncertainties are one standard deviation.

Table 11. Distribution Coefficient Determination by Solvent Extraction/FIA

) distribution
compound trial no. slope (% RSD)* y intercept® F,, mL/min F,, mL/min coefficient’
3,5-dimethylphenol 1 4.75 X 1078 (£2.1%) (2.14 £ 0.02) x 108 2.50 2.18 2.4 % 0.2¢
2 4.60 X 1078 (£4.3%) (2.16 + 0.03) x 10 2.49 222 24 02
3 4.94 X 10716 (£2.2%) (2.16 + 0.02) x 10 2.57 2.26 22+ 0.2

p-toluidine 1 0.700 (£0.47%) (1.669 % 0.009) x 107 2.50 212 32029
2 0.648 (£0.63%) (1.72 £ 0.01) X 10 2.60 2.12 33+ 02

¢ Percent relative standard deviation. ®Uncertainties are 95% confid limits. “T ure = 25.0 + 0.1 °C and ionic strength = 0.10.

dTemperature = 20.0 % 0.1 °C and ionic strength = 0.10. ¢Uncertainties are one standard deviation.

distribution coefficient (11). In the present case the phases
were not preequilibrated since the solubility of cyclohexane
in water is only 0.006% at 25 °C and the solubility of water
in cyclohexane is 0.01% at 20 °C (12).

Salt was added to the sample solutions injected for two
reasons. Most importantly, an inert electrolyte is added to
ensure constant ionic strength th hout the
profile of the sample zone and to match the ionic strength of
the sample zone to the surrounding buffer. It additionally
served to reduce refractive index effects, as discussed in the
next section.

Unlike a spectrophotometric determination of acidity
constants, it is not necessary that the molar absorptivities of
the protonated and deprotonated sample species in the
aqueous phase be different at the wavelength chosen. It is,
of course, also not necessary to have both spectrophotometers
set to the same wavelength.

1t is desirable to choose the pH of the buffers to be in the
vicinity of the inflection point of the peak area vs. reagent
pH plot for the sample (10). For distribution coefficients in
the suggested range of 1 to 10, this inflection point will occur
within about one pH unit of the sample pK,.

Refractive Index Peaks. Peaks can occur in flow injection
analysis as a consequence of a difference in refractlve index
b the ple plug injected and the sur ng
stream. The effect is characterized by adjacent positive e and
negative peaks as the sample passes through the flow cell. The
refractive index peak is superimposed upon the absorbance
peak for the sample and may affect peak heights and shapes,
especially for samples of low absorbance. Various authors have
noted this effect (13-15) and Betteridge et al. (15) have given
a detailed lysis of the ph as it pertains to flow
injection analysis.

In the present study refractive index peaks occurred in the
aqueous phase. It was found, in general that the area of the
positive portion of the refractive index peak is equal to the
area of the negative portion. Thus, there is no net contribution
to the peak area for the absorbance peak of the ple. If,

to the sample. While this did not completely match the
refractive indexes, it brought them much closer together and
greatly reduced the size of the refractive index peaks. The
size and shape of the refractive index peaks were routinely
monitored by injecting 0.10 M NaCl into each reagent, in place
of the sample. Their small size and the fact that the positive
and negame poruons were of equal area resulted in no

bl in ing ple peak areas for the sample
concenlrallons employed.

Molar Absorptivities. Accurate ratios for the molar ab-
sorptivities of the two conjugate species in the aqueous phase
are required in eq 4 and 9. These were measured by a flow-
injection technique, without solvent extraction, as described
earlier, in which the ratio of peak areas obtained at low pH
and at high pH is equal to the ratio of molar absorptivities.
For 3,5-dimethylphenol ¢4,/ €,-, at 281 nm was 0.500 % 0.005,
while for p-toluidine egy+ ./ €, at 260 nm was 0.353 % 0.006.

Calibration Curves. Equations 1 through 11 assume a
linear relationship between integrator sxgnal and concentra-
tion. This was checked for 3,5-dimethylphenol and p-toluidi
for both the organic and aqueous phases using the solvent
extraction/FIA system. The plot of peak area for the organic
phase vs. concentration of 3,5-dimethylphenol injected was
linear with relative standard deviation (RSD) for the slope
0f 0.28%. The y intercept and its 95% confidence limits were
64.0 = 64.8 in arbitrary integration units. A similar plot for
the aqueous phase was linear also with a RSD for the slope
of 0.46%. The y intercept and its 95% confidence limits were
-3038.0 * 4218.6.

The plot of peak area for the organic phase vs. concentration
of p-toluidine injected was linear with a RSD for the slope
0f 0.74%. The y intercept and its 95% confidence limits were
9.4 + 881.4 in arbitrary i ion units. The corresp
plot for the aqueous phase was a straight line with a RSD for
the slope of 1.2%. The y intercept and its 95% confidence
limits were 1556.8 + 6631.5.

The zero y intercepts of the calibration plots for both

however, the sample absorbance peak is small compared to
the refractive index peak, the observed peak shape will be
distorted, preventing proper integration by an electronic in-
tegrator. This imposes a limit on sample detection.

One way to get around this problem is to match the re-
fractive index of the sample and reagent carrier stream. In
the present case, the ionic strength of the sample solution was
matched to that of the reagent stream by adding salt (NaCl)

pounds in the aq phase shows that the underlying
refractive index peaks do not have a net effect on sample peak
areas.

Acidity Constants. The acidity constant for 3,5-di-
methylphenol was determined from plots of 4,/A, vs. 1/ay.
The experiment was run twice and peak areas obtained were
based on an average of six replicate injections of sample into
each buffer. The slope and y intercept values of the plots
along with the calculated pK,'s and d errors are re-
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ported in Table I. The linearity of the plots is evidence for
the validity of the equations for HA charge type acids. The
average value of the pK, for 3,5-dimethylphenol at an ionic
strength of 0.10 and temperature of 25 °C was 10.09 % 0.01,.
The stated uncertainty is one standard deviation and includes
the computed error in determining the slope, y intercept, and
molar absorptivity ratio as well as an estimated error due to
the calibration of the pH meter used to measure the pHs of
the reagent buffer solutions. Literature values for the acidity
constant of 3,5-dimethylphenol at 25.0 °C determined spec-
trophotometrically and corrected for activity coefficient effects
to zero ionic strength are 10.20 (16) and 10.19 (I17). For
comparison purposes if we correct our pK, value to zero ionic
strength by calculating the activity coefficient via the Davies
equation (18), we obtain a pK,° value of 10.20.

The acidity constant for the p-toluidinium ion was deter-
mined from duplicate plots of A,/A, vs. ay. The results are
reported in Table I. The linearity of the plots is proof of the
validity of the equations for BH* charge type acids. The
average value of the pK, for the p-toluidinium ion at an ionic
strength of 0.10 and a temperature of 20.0 °C was 5.28 + 0.01;.
Literature values determined at 20 °C and an ionic strength
of 0.1 are 5.44 (19), 5.21 (20), and 5.159 (21). Since the lit-
erature values show considerable variation, we can only say
that our value is well within the range of reported values.

Distribution Coefficients. The distribution coefficients
for B and HA between cycloh and the buffers
can be calculated from eq 5 and 11, respectively. However,
since the experiment was optimized for determination of
acidity constants, the pH region examined is not the best for
accurate measurement of Ky and Ky,. The slopes and y
intercepts of the plots, the total flow rates of the aqueous and
organic phases, and the calculated distribution coefficients
and computed errors are reported in Table II for replicate
trials. The uncertainties are one standard deviation and they
include the error in the slope and y intercept, in the acidity
constant, in the total flow rates of the organic and aqueous
phases, and in the calibration of the pH meter.

Comments. Although this discussion has dealt with the
determination of acidity s using data collected from
both the organic and aqueous phases, it is possible to deter-
mine them by monitoring peak areas in only the organic phase.
Equation 10 indicates that for an HA acid, a plot of 1/A4, vs.
1/ay; should give a straight line. If the system constant, ey, .bf,
is measured in a separate exp and values are

course important to use the same detector and integrator
settings as for the acidity constant determination. The system
constant is determined from the relation A = nK/F, (9).

Similarly for a B base, eq 1 can be rearranged to describe
a linear relationship between 1/A, and ay (10). The product
KgK, can be calculated from the intercept and K, from the

slope of that plot, if te values are d for g bf,
F,, F, and n.
The disadvantage of the two-; brane method described

in this paper, compared to the one membrane method is that
two spectrophotometric detectors are necessary in the former.
However there are some distinct advantages to measuring
peak areas in both phases. It is not necessary to know the
flow rates, the number of moles of sample injected, the ex-
traction constant, or the system constant. It is also not
necessary that the phases be preequilibrated or that the flow
rates be constant from one injection to the next. These
conclusions become evident upon examination of eq 3, 4, 8,
and 9 in which none of the above appears, either explicitly
or implicitly. The net effect is that very accurate values for

acidity can be obtained. Work is presently under
way to allow both the aqueous and orgamc phases to be
monitored using the refe and ple ch Is of a single
spectrophotometric detector.
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Electrochemistry and Reverse Pulse Polarographic
Determination of 1,2-Dibromo-2,4-dicyanobutane

Marek Wojciechowski' and Janet Osteryoung*

Department of Chemistry, State University of New York at Buffalo, Buffalo, New York 14214

The el hemical red of the antib agent 1,2-
dibromo-2,4-dicy (DBDCB, Tekt. ) at mercury
lectrodes In f Is | Ig by a variety of tech-
niques. pulse y shows that the stoi-
hi y of this two-elect quires the liberatk
of two bromide lons and an organic prod of position
CgNH, per mol of reactant. An elect lytical method

The cyanide group is known in organic chemistry as a very
strong electron-withdrawing functional group. Thus, halo-
genated alkyl nitriles are reduced at more positive potentials
than corresponding alkyl halides. Electrochemical behavior
of monohalogenopropionitriles on mercury electrodes in
aqueous solutions has been investigated by Feoktistov and
Zhdanov (20). The pound $-chloropropionitrile did not

tor the determination of DBDCB based on reverse pulse po-
larography Is described and used to determine the solubllity
of DBDCB In water. The solubliity of DBDCB In water cal-
culated from five analyses is 0.164% (standard deviation
0.010%) for a 5-ms puise time or 0,158% (standard deviation
0.004%) for a 50-ms pulse time.

The subject of electroreduction of halogenated organic
molecules is as old as modern electrochemistry. The first
report on the electrochemical cleavage of the carbon-halogen
bond was published in 1938 by Plump and Hammett (7). It
was followed by numerous mechanistic studies which have
been summarized in several review articles (2-9).

In general, organic halides undergo irreversible cathodic
reduction with formation of halide ions and, often more than
one, organic products. The mechanism of the process, as well
as the structure of intermediates and products, depends on
the molecular structure of the reacting compounds and the
reduction conditions, i.e., the nature of the solvent and
electrolyte, the electrode material and potential, and the time
scale of the experiment. It has been shown by several groups
of investigators that mercury electrodes (4, 6-16), or other
metallic electrodes, e.g., lead or tin (4, 17-19), often participate
in reduction of organic halides. In many studies involving
mercury electrodes, organomercury species have been detected
among the intermediate or final products. The lower the
energy of the carbon-halogen bond and the greater the energy
of the metal-carbon bond, the greater is the probability of
formation of organometallic compounds. Yields of organo-
metallic products usually decrease if the electrolysis potential
is changed to more negative values.

When alkyl halides are considered, reduction is easier if
fewer carbons are in the chain, if chlorine is replaced by
bromine or bromine is replaced by iodine, or if the molecule
contains an electron-withdrawing group (8-substituents have
the strongest effect). Moreover, the reactivity of halogenated
hydrocarbons increases when more than one halogen atom is
substituted on a single carbon or on adjacent carbons. Vicinal
dihalides are more easily reduced than comparable geminal
halides. In contrast with geminal halides which are reduced
stepwise, molecules having two halogens on vicinal carbons
lose both halogens in a single two-electron step which leads
to the formation of an olefin. Further reduction of the olefin
requires higher energy and often is not possible in an elec-
trochemical experiment.

! Present Address: Department of Chemlstry. Umversn.y of Ma-
ryland Baltimore County, Catonsville, MD 212

reduce at the dropping mercury electrode, whereas §-bro-
mopropionitrile exhibited a two-electron wave. On the other
hand, g-iodopropionitrile exhibited two one-electron waves.
The first wave was attributed to formation of a radical un-
dergoing fast dimerization to yield an electroinactive dimer.
The second, more negative wave generated propionitrile. A
different mechanism involving formation of stable organo-
mercury intermediates has been postulated by Rifi (6). Jura
and Gaul presented results of polarographic and coulometric
studies of polychlorinated propionitrile and derivatives in
EtOH/H,0 solutions (21).

In this publication we report on electrochemical reduction
of 1,2-dibromo-2,4-dicyanobutane (DBDCB) at mercury
electrodes in acetonitrile. DBDCB is an example of a vicinal
dihalide in which the carbon-halogen bond is highly activated
by adjacent nitrile groups. This makes DBDCB a very strong
oxidant. In 1982 DBDCB was introduced by Merck & Co.,
under the trade name Tektamer, as an antibacterial agent
(biocide, slimicide). Its activity as a preservative of aqueous
systems is comparable with the activity of organomercury
compounds, but its lower toxicity makes it more suitable for
the food industry (22, 23). DBDCB attracted us for two
reasons. Firstly, we expected very high electrochemical activity
of DBDCB, particularly on mercury electrodes. Secondly, we
were interested in developing an electrochemical method of
determination of DBDCB which could compete with the gas
chromatographic method, the only method recommended for
DBDCB by its manufacturer. Recently we published the
results of our studies of electrooxidation of mercury in the
presence of halide ions in acetonitrile (24-27). It was suggested
there that the mercury-halide ion processes could play an
important role in mechanistic studies of electroreduction of
halogenated organics, and, moreover, they could be applied
in analysis of these compounds. This work emphasizes both
aspects. Knowledge of the mercury oxidation reactions helped
us in better understanding the processes involved in cathodic
reduction of DBDCB in acetonitrile (this solvent was chosen
because of poor solubility of DBDCB in water). With respect
to describing the reduction process, our central aim was to
establish quantitatively the stoichiometry of the cathodic
reaction by using reverse pulse voltammetry. An analytical
method for determination of this compound, based on reverse
pulse polarography, is proposed.

EXPERIMENTAL SECTION

The compound 1,2-dibromo-2,4-dicyanobutane (DBDCB) was
obtained from Merck (98% purity; trade name Tektamer 38) and
was used without further punﬁcauon Tetraethylammomum
perchl (TEAP), tetraethyl de (TEAB), and
mercuric bromide were purified and solutions prepared and
standardized as described previously (25). Acetonitrile (AN) was

0003-2700/85/0357-0927501.50/0 © 1985 American Chemical Society
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Figure 1. Dc polarograms for 0.5 mM solution of DBDCB in aceto-
nitrile: curve 3, after addition of 0.2 M phenol; curve 4, AN contalning
10% EtOH; curve 5, AN contalning 10% MeOH. The supporting
electrolyte was 0.09 M TEAP. Drop time was 0.5 s. Dotted line 11s
the background.

from Burdick & Jackson (UV grnde) Water was dlstllled and
repurified with a Millipore Milli-Q Sy . All other ch

were at least ACS grade. Unless specified otherwise all voltam-
metric experiments were performed with a computer-controlled
pulse-voltammetric instrument bnsed upon a Digital Equipment
Corp. PDP-8/e mini and de interface. The
system has been describ d elsewh (28). Ad ing mercury
electrode (DME) had the following characteristic: natural drop
time 7.85 s (measured in AN at the OCP and 84 cm height of the
mercury column); flow rate, 0.813 mg s™.. Drop time of the DME
was controlled by an EG&G PARC Model 172 drop knocker
controlled by the computer. Experiments with a static mercury
electrode were carried out with an EG&G PARC Model 303 static
mercury drop elecu-ode (SMDE). The medium drop size (0.0182
cm? area) was used. All potentials were measured and are reported
against an Ag/Ag* electrode (Ag/0.01 M AgNO; and 0.1 M TEAP
in ANJ|0.1 M TEAP||solution). The supporting electrolyte used
in this work was TEAP (0.1 M in AN) unless otherwise specified.
Solutions were deoxygenated with argon (repurified to remove
traces of oxygen and saturated with AN). Experiments were
carried out at 25.0 °C.

Cyclic staircase voltammetry (CSCV) of DBDCB in AN was
performed in an argon atmosphere containing <2 ppm H,;0 and
<1 ppm O; (Vacuum Atmospheres drybox with a MO-40-1H
dry-train control system). A hanging mercury drop electrode
(HMDE) (Metrohm Model E-410; 0.022 cm? area) or a glassy-
mrb(t:m disk electrode (GCDE) (IBM; 5 mm in diameter) was used
for CSCV.

y of DBDCB on mercury (a
mercury pool electrode; ca. 8 cm?) was carried out as described
before (27). Dc polarography was used in situ to monitor changes
in composition of the solution during the course of electrolysis.
All voltammetric curves shown in this work are displayed with
the current scale increasing upward and with the potential scale
increasing to the right. Therefore anodic waves appear above the
zero-current line and grow from the left to the right.

RESULTS AND DISCUSSION

Dc Polarography. Dc polarography experiments in AN
showed that the reduction of DBDCB on mercury occurs in
two main steps. As shown in Flgure 1 (curve 2) the first step
a pl poorly d wave. ’I‘ha iting current

of this wave, ed at —0.78 V, i d proportionally
to the concentration of DBDCB (Figure 2, curve 1) and was
not affected by proton donors. The second step gave two
overlapping waves beginning at -2.4 V. The total limiting
current was not proportional to the concentration (Figure 2,
curve 2). I of the ration of DBDCB caused
larger separation and variation of the height ratios of the
overlapping waves. The addition of protic substances to the

5
;
,
a
b i
. # 1
1
; ‘
e e.2 Q-4 Q-8 e-8 1-Q
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Figure 2. Concentration on the height of the first and the
second wave shown in Figure 1 (curve 2): curve 1, current measured
between 0.00 V and -0.78 V; curve 2, cwrent measured between
-2.14 V and -2.78 V. Drop time was 1.0 s. DBDCB was present in
0.1 M TEAP/AN solution.
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Figure 3. NPP and RPP polarograms obtained in 0.5 mM solution of
DBDCB in 0.1 M TEAP/AN: delay time, 0.5 s; 5 ms pulse duration;
E,-0.1V(1),-0.9V (2, 3),-1.8 V (4), -2.52 V (5), or -2.82 V (6).
Dotted lines were obtained In a solution without DBDCB.

solution substantially changed the process. In the presence
of phenol, ethanol, or methanol only a single, well-shaped wave
was obtained, with E,;;, -2.43 V, -2.40 V, or -2.39 V, respec-
tively. (The more positive of the overlapping waves in ace-
tonitrile had E,; at -2.50 V.) The height of this wave is almost
the same as the total height of the wave at -0.5 V. All these
facts suggest the participation of protons in the mechanism
of the second process. The rate of the process is controlled
by availability of protons in the solvent. In the presence of
a sufficient concentration of a proton donor the process be-
comes diffusion controlled.

The first reduction step is not affected by proton donors.
Although the E,; of the ccrresponding wave shifts toward
more positive potentials with addition of these substances,
this is caused by a ch of the refe ial rather
than invol t of protons in the p (Notetheslmxlar
changes in the E, , value of the more negative wave in Figure
1)

Normal and Reverse Pulse Polarography. Figure 3
shows the normal pulse polarographic (NPP) and reverse pulse
polarographic (RPP) curves obtained in an acetonitrile solu-
tion of DBDCB (0.5 mM). The NPP curve (curve 1) exhibits
a reduction wave deformed by a maximum and another poorly
defined wave at -2.4 V. The shape, position, and height of
the d wave is not ch d if the initial potential (E;;)
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Figure 4. NPP and RPP polarograms obtained in 0.5 mM solution of
DBDCB in 0.1 M TEAP + 0.02 M phenol/AN. All the experimental
conditions were the same as shown in Figure 3.

is set at —0.9 V, which corresponds to the plateau of the first
reduction wave (curve 2). This indicates that products of the
electrolysis at ~0.9 V do not adsorb on the electrode surface
and do not und any ch ] transft ion which could
alter the second process. The same was observed in the so-
lution containing phenol (Figure 4, curves 1 and 2). The
presence of phenol affects the second process as in dc po-
larography.

The RPP curves recorded in acetonitrile (Figure 3, curves
3-5) show a single anodic wave with E, , equal to -0.60 V. The
shape, position, and height of this wave remains constant when
E,, is shifted from the limiting plateau of the first wave to
the limiting plateau of the second wave. This clearly indicates
that the only electroactive product of the reduction of DBDCB
was generated in the first step, i.e., on the limiting plateau
of the more positive reduction wave.

On the basis of the literature summanzed above on the
cathodic reduction of hal d inds, we
assumed that free bromide i mns had to be among products of
the reduction of DBDCB and that the reduction could not
be reversible. On the other hand, we knew that free bromide
ions cause anodic oxidation of mercury at the potentials where
the RPP wave was observed for DBDCB. And indeed, pulse
polarographic experiments with solutions containing Br~ (1
mM) or HgBr, (0.5 mM) gave exactly the results we expected,
namely, voltammograms identical with those of Figure 3 for
the more positive process (see, e.g., Figures 6 and 7 of ref 25).
Moreover, comparison of the RPP wave obtained in DBDCB
solutions with and without phenol (Figures 3 and 4, curves
3 and 4) rules out any participation of protons in the first
reduction process.

The above results suggest the reduction of DBDCB in the
potential range corresponding to the plateau b the first
and the second wave follows the reaction

oN cN N N
HL—C—CH,—CH, + 2¢” e H,C=C—CH,—CH, + 28~

r Br

m
Furthermore the RPP wave at E, ;; = —0.60 V corresponds to
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ganic product 2,4-dicy 1-but. It should be noted that
blishing the stoichiometry does specify the composition
of the organic product as CgN,Hg. According to reactions 1
and 2 the ratio of the limiting currents of the NPP and RPP
waves should be 3:2 (assuming no significant difference in
diffusion coefficients of DBDCB and Br"). For Figure 3, curve
1, the current at -1.1 V, measured with respect to the back-
ground line, is 15 A, and for curve 3 the current at 0.4 V,
measured vs. the background line, is 10 uA. Thus the ex-
perimental ratio is exactly that predicted.

The height of the RPP wave was proportional to t,/2 (pulse
time) at constant t, (delay time at E,,), and to ¢,'/8 at constant
t,, as well as to concentration of DBDCB This unequivocally
proves that reaction 1 is controlled by diffusion of DBDCB.

In the presence of proton donors the limiting current of the
second wave DBDCB is diffusion controlled and corresponds
to a second two-electron step (cf. curves 3, 4, and 5 in Figure
1 and curve 1 in Figure 4).

The NPP wave obtained when E;, was placed at the plateau
of the first reduction wave (Figure 4, curve 2) corresponds to
a two-electron reduction of the organic product of reaction
1. By analogy with other systems the second wave in the
presence of protons probably corresponds to reduction of the
double bond of the first product in a two-electron, two-proton
process.

The RPP polarograms with E,, at the plateau of the second
reduction wave exhibited an additional anodic wave (Figure
4, curve 5) with E, , of -0.35 V. This wave is caused by anodic
oxidation of mercury in the presence of phenoxide ions formed
from phenol molecules as a result of the proton abstraction
by reaction at E;;,. Similar anodic waves, although at different
potentials, were observed on RPP polarograms obtained in
DBDCB solutions containing ethanol or methanol. In this
case anodic depolarization of mercury was caused by ethoxide
and methoxide ions. Karabinas et al. (29) have reported on
an analogous arodic process involving CH;0 ions formed
during the electroreduction of some organic compounds on
mercury in methanol.

Without an addition of proton donor (according to speci-
fications of the manufacturer, the solvent used in this study
contains only ca. 0.01 M water), the second reduction step of
DBDCB has a more complicated mechanism (cf. curve 2 in
Figure 1 and curves 1 and 2 in Figure 3). RPP experiments
with E;, = -2.82 V produced a small anodic wave with E,
=-1.33 V (Figure 3, curve 6). We believe that this wave is
due to the anodic oxidation of mercury in the presence of
hydroxide ions generated at E;,. Kolthoff and Coetzee (30)
reported on the anodic oxidation of mercury with OH" ions
in acetonitrile. They gave the E, , value as -0.9 V vs. SCE.
This would correspond with the potential ca. -1.20 V vs. the
Ag/Ag* electrode used in our work. From our experience we
know that hydroxide ions are very unstable in acetonitrile and
the position of the anodic wave is strongly affected by the
concentration of water in the solvent. Considering these facts
our conclusion regarding the RPP wave with E, , =-1.33 V
seems to be reasonable. Moreover, this wave can be observed
only at very short pulse times (for example, in a 0.5 mM
solution of DBDCB the wave is not present for pulse times
50 ms and longer). The formation of hydroxide ions at -2.82
V indicates that the trace water present in the solvent serves
as a proton donor in the second reduction stage of DBDCB.

the reaction (cf. ref 25)
Hg + 3Br~ — HgBry™ + 2¢” (2)

Our main interest in reaction 1 was to determine accurately
the stoichiometry with respect to electrons and bromide ions.
We did not attempt to identify specifically the suggested

Detailed further investigation of the mechanism of the second
reduction process of DBDCB in dry acetonitrile was beyond
the scope of this work.

Although reaction-1 is responsible for the current measured
at the plateau of the first wave, the question remained of what
reactions occur at more positive potentials. During the course

of this work we discovered that y d chemically
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Figure 5. NPP and RPP polarograms of the first reduction step of
DBDCB (0.2 mM) in (0.1 M TEAP SMDE was used
with a 2 s delay before pulse was applied. Puise times were 5 (1, 1a),
20 (2, 2a), or 50 ms (3, 3a). Dc polarogram for the same delay time
is shown as curve 4. E,, was 0.2 V (curves 1-3) or -1.0 V (curves
1a-3a).

with DBDCB with formation of a gray precipitate covering
the mercury surface (cf. discussion below on constant potential
coulometric experiments). Moreover, the results of cyclic
voltammetry on a glassy carbon electrode (cf. cyclic voltam-
metry section below) proved that mercury was involved in the
first step of DBDCB reduction. Examining, for example, the
shape of the first wave on curve 2, Figure 1, provides additional
indications about adsorption involved in the process. It can
be seen that the reduction is initiated at a potential of ca. 0.2
V and a trace wave and the main wave with a very poorly
shaped foot are obtained. It was clear that NPP experiments
with E;, in the range 0.1 to —0.3 V (see the maximum on curve
1, Figure 3) were reflecting elect istry of the prod
generated on the electrode surface rather than the electro-
chemistry of DBDCB itself.

In further investigation of this process we used a static
mercury drop electrode (SMDE), which better suited studies
involving surface reactions or adsorption than a DME elec-
trode with growing surface area. Using double potential step
chronocoulometry in a 0.2 mM DBDCB/AN solution, we
found that neither chemical reaction nor charge transfer was
occurring at 0.2 V. Therefore we chose this potential for E;,
in the NPP experiments on the SMDE. The NPP curves
obtained in the same solution are dispiayed in Figure 5 (curves
1-3). It is obvious now, that the first reduction process of
DBDCB contains actually two major steps. The more negative
wave (E,, = -0.62 V for 5 ms pulse) corresponds exactly with
the anodic wave present on the RPP curve (curves 1a-3a):
This reduction wave arises from the final reduction of DBDCB
to the unsaturated dinitrile and free bromide ions (cf. reaction
1). The height of this wave decays as t,'/2, as expected for
a diffusion controlled process.

We know from our earlier studies (25) that free bromide
ions cannot exist on the mercury electrode surface at potentials
more positive than —0.4 V. In this range mercury is oxidized
and the products are adsorbed. Thus, it seems reasonable that
at the plateau between the two NPP waves (Figure 5) the
following reaction takes place:

T
.wzcl—cl—c:-c!—cnz + 2Hg + 27 =
Br Br

CN CN

3H,C=C—CH,—CH, + 2HgBry™ (3) .

CURRENT
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Figure 6. Cyclic vottammetry of DBDCB on glassy carbon electrode

(GCE) and on ging mercury (HMDE) in aceto-
nitrile. The solution was 0.5 mM in DBDCB and 0.1 M in TEAP. The
scan rate was 0.63 V s

‘This reaction was inhibited by adsorption of HgBr;™ on the
electrode surface (e.g., the height of the first wave decayed
with increasing pulse time much faster than expected for a
diffusion controlled process).

Double potential step chronocoulometric (DPSCC) exper-
iments with DBDCB showed unequivocally that HgBry~
(formed at -0.3 V) adsorbed on mercury up to a monolayer
completely stopping reaction 3.

In the potential range positive of 0.1 V, where in the
presence of bromide ions mercury is oxidized to Hg,Br,, re-
action 4 must be considered.

CN CN TN CN
nz([:—(];—cnz-—cu2 + 2Hg — HZC T—-cnz—cnz —
Br Br Ig [
Br Br
CN CN

HC=C—CH,—CH, + HgpBr, (4)

Using DPSCC we observed two facts. Firstly, there was no
significant charge transferred if the mercury drop was ex-
truded at —0.05 V. Secondly, reduction of Hg,Br, accumulated
on the surface was detected if the potential was stepped to
-1.0 V. Analysis of the DPSCC data for different times (0.5
s to 12 s) spent at —0.05 V gave the rate of the chemical
reaction of DBDCB on mercury surface equal to 5.2 X 107!
mol 57! cm™? (in moles of DBDCB per unit surface area of
mercury). The rate of a similar reaction between HgBr; (in
solution) and mercury at —0.05 V (Hg,Br, was also formed)
was 2.9 X 107 mol 5™ em~ (in moles of HgBr,), which appears
to be more than 5 times larger than that for DBDCB. Neither
of these two chemical processes was controlled by diffusion
of reactant. This seems reasonable considering the fact that
the Hg,Br, layer on mercury was constantly growing.
Finally it should be stated explicitly that although we were
not able to detect experimentally organomercury interme-
diates, they cannot be ruled out from the mechanism of the
cathodic reduction of DBDCB on mercury electrodes. The
chemical reaction of DBDCB with mercury is dlsamsed below
Cyclic Vol ry. Cyclic vol d in
a DBDCB solution with a glassy carbon electrode (GCE) or
with a hanging mercury drop electrode (HMDE) are shown
in Figure 6. The curves feature a striking difference in the
position and shape of the first, more positive, reduction peak.
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Figure 7. Comparison of CV voltammograms obtained In 0.2 mM
DBDCB (dotted lines) and in 0.2 mM HgBr, solutions in 0.1 M TEAP/AN.
The electrode was SMDE. The initial potential was 0.2 V for curves
1and 2 or -1.0 V for curves 3 and 4. A 2 s delay at Initial potential
was used and the scan rate was 0.25 V s~'.

On GCE the broad, irreversible reduction peak (I,) has E, =
-1.38 V whereas on HMDE the first peak has E, = -0.58 V.
This huge difference proves the catalytic effect of mercury
on the first reduction process of DBDCB. The second re-
duction process was not affected by the electrode material.
In the absence of proton donors this process gave rise to two
overlapping peaks with E, = -2.54 V and -2.67 V. The same
two peaks were obtained in solutions after the chemical re-
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Figure 8. Dc polarograms (DME, 1.0 s drop time) during the electrolysis

of 1.0 mM DBDCB solution at mercury pool electrode: curves 1, before

the electrolysis; curves 2, after the electrolysis at -0.9 V; curves 3,
after the electrolysis at -2.82 V.

and insoluble Hg;Br, (darkening of the precipitate was caused
by slow disproportionation with formation of metallic mercury
on Hg,Br; particles). This conclusion is based on the fact that
after the reaction the more positive polarographic wave of
DBDCB was absent and the waves at -2.47 V and -2.62 V

ined almost unchanged. Thus, reaction 4 above appears
to be responsible for the ch 1 reduction of DBDCB by
mercury. Although it was practically impossible to reduce the

duction of DBDCB with mercury, or after the electrolysis of
DBDCB at a mercury electrode at 0.9 V. The peak observed
at GCE at —1.38 V was not present under these conditions.
It proves the same product, i.e., unsaturated dinitrile, is
produced in the first reduction step on both GCE and mercury
electrodes, as well as in the chemical reduction with mercury.
If water or other proton donor was added to acetonitrile, only
one two-electron irreversible wave was observed at E, = -2.50
V.

Comparison of the CV experiments carried out in solutions
containing DBDCB or HgBr, at the same concentration is
shown in Figure 7. In both cases the curves in the potential
range below —0.35 V are very similar. This proves the for-
mation of two bromide ions per molecule of DBDCB. The
anodic peaks correspond to the oxidation of mercury in the
presence of released Br~ ions. There was no evidence for
electrochemical regeneration of DBDCB. The difference
between the reduction of HgBr, and DBDCB can be observed
at potentials above —0.35 V. At potential +0.2 V, HgBr, reacts
with mercury with deposition of Hg,Br, on the surface of the
electrode (note the stripping peak for Hg,Br, at 0.2 to -0.3
V). The same potential prevents, however, mercury from
reacting with DBDCB. The small reduction peak (E; ca. 0.0
V) on curve 1 can be attributed to reduction of organomercury
product of reaction between mercury and DBDCB at +0.2 V,
that adsorbed on the electrode, inhibiting further reaction.
Larger scan rates caused a significant increase of this peak
together with shift toward more negative potentials. This is
in good agreement. with results of pulse polarographic ex-
per d in the previous part.

C Potential C y. During preparation for
coulometric experiments we observed that mercury was easily
(chemically) oxidized by DBDCB. In quiescent solutions a
darkish precipitate covered the surface of the mercury pool
inhibiting further reaction. If the precipitate was
removed from the surface by means of vigorous stirring or
ultrasonic vibration (under open circuit potential conditions)
DBDCB was completely converted into unsaturated dinitrile

electroch lly, addition of bromide ions caused
immediate solubilization of Hg;Br; according to the reaction

Hg,Br, + Br- = HgBr;~ + Hg (5)

Reduction of HgBry~ generated in the above reaction was
detected polarographically. After the reaction with mercury
in the absence of Br~ ions there was no polarographic wave
present in the potential range more positive than -0.7 V.

B of the passivation of the y pool electrode,
electrolysis of DBDCB solutions required the following pro-
cedure. A 30-mL portion of 0.1 M TEAP/AN (supporting
electrolyte) was introduced into the cell containing the Hg
pool. After deaeration a ~0.90 V potential was applied to the
Hg pool electrode and a sample of the DBDCB solution was
injected into the cell through the opening in the cell top
(during the injection only an insignificant amount of the air
entered the cell). The solution was constantly bubbled with
argon and the Hg pool electrode was intensively stirred with
a magnetic stirring bar. The electrolysis of 32.0 umol of
DBDCB at —0.90 V required 5.76 C of charge. This corre-
sponds to 93.3% of the charge calculated for two-electron
reduction. During the entire electrolysis no precipitation was
observed. Free Br™ ions were detected with the DME (oxi-
dation of mercury, Figure 8). Except for a current offset the
more negative reduction waves were not changed by the
electrolysis. Almost the same electrolysis yield for reduction
of DBDCB at —0.90 V (94.6%) was obtained in a solution
initially containing Br~ ions (TEAB). As was expected,
electrolysis at —2.82 V of the product of electrolysis at —0.90
V gave n lower than 2 (0.8 to 1). This suggests that the
complete reduction was not possible under the conditions of
limited availability of p in the sol

Reverse Pulse Polarographic Method for Determina-
tion of DBDCB. We have shown above that under the
conditions of a dc polarographic experiment the limiting
current of the first reductxon wave is controlled by diffusion
of DBDCB. The red duced two bromide ions
per molecule of DBDCB, and there was no indication of ad-
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Figure 9. RPP and Dc polarograms of DBDCB In acetonitrile or in

acetonitrile containing 9% water (dotted lines). A 1.0 s delay time was

used for the DME electrode. E, was -0.9 V; pulse time was 5 (1, 1a),

20 (2, 2a), or 50 ms (3, 3a). Curves 4 and 4a represent the dc

experiment.

sorption of the final products. However, due to adsorption
of the intermediates and kinetic complications of their re-
duction, the current signal could not be enhanced by using
normal pulse voltammetry. The normal pulse voltammor-
grams (E;, = -0.1 V, potential pulses changmg to more neg-
ative potentials) exhibited and therefore could not
be used analytically. Also the dc polarographic curves were
poorly shaped. Our study proved that the reduction of
DBDCB on mercury is completely irreversible and none of
the products can be reoxidized. On the other hand, bromide
ions produced at the limiting plateau were suitable for sen-
sitive and quantitative detection.

The mercury electrode can be anodlcal]y oxidized in the
p of free | ide ions. In itrile this p is
diffusion controlled and can be monitored with the pulse
polarographic technique (25). Thus, if a mercury electrode
is held at a potential where DBDCB is reduced, and the
bromide ions are generated with the rate controlled by dif-
fusion, and if potential is pulsed in the positive direction, the
resulting anodic current should be proportional to the bulk
concentration of DBDCB. Typical anodic curves (obtained
for different pulse times) in this reverse pulse polarographic
experiment are shown in Figure 9. Additions of water (up
to 10 vol %) caused significant shift of the wave toward more
positive potentials. This, however, did not affect the shape
of the wave, although a slight decrease of the height caused
by smaller diffusion coefficient was observed. Calibration
curves for 5 and 50 ms pulse durations are plotted in Figure
10.

As expected, they are linear in a wide range of concentration
(0.01-1.0 mM). The linearity of calibration curves was not
changed when water (up to 10%) was present in acetonitrile.
Also the presence of dissolved oxygen did not interfere with
the reverse pulse wave if the initial potential was more positive
than the potential of the reduction of oxygen. The value E;,
= —0.8 V was the optimum for this purpose.

We applied this method for determination of the solubility
of DBDCB in water. A saturated aqueous solution of DBDCB
was filtered, and a 25, 50, or 75 uL sample was diluted with
a 5-mL portion of 0.1 M TEAP in acetonitrile containing 10%
H;0. Quantitation was done by using the standard addition
method with the 0.05 M solution of DBDCB in acetonitrile

LOG (1.pA)

"-<1~u S e P v 9.8 -2.6 -8-4 -9.2 -8.88.2
LOG (CONC- + M1

Figure 10. log RPP and dc limiting current (DME) vs. concentration.

DBDCB solutions were prepared in 0.1 M TEAP/AN. Lines 1 and 2

are from RPP experiments (delay time, 1.0 s; £,, = -0.9 V; puise ime

was 5 ms (1) or 50 ms (2)). Drop time in the dc experlmenls was 1.0

s (3)or 0.5 s (4).

or 50 ms pulse time, respectively. The standard deviation was
0.010% or 0.004%, respectively.

These results show the very good precision and sensitivity
of the method.
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Distribution of Electrochemical Activity on Graphite—Epoxy

Surfaces

Royce C. Engstrom,* Michael Weber, and Jane Werth!

Department of Chemistry, University of South Dakota, Vermillion, South Dakota 57069

The technique of IonQophorosln was used to lpa!lally resolvo

the distribution of elect tivity on
prepared from app ly 1:1 of powd
and g epoxy. El h | activity was found
to reside In Irregularly shaped areas having dimensions
d in tens of Active regk were sep-
arated from one another by regions of low actlvity having
simlilar di The | activity was found
to be lated with pically oburved gray areas

on the graphite—epoxy surface, which appear to be aggre-
gates of graphite particles.

A number of carbon-based composite materials have been
used to prepare solid electrodes for voltammetry. Carbon-
paste electrodes have been in use for years, prepared by mixing
graphite powder with Nujol oil or some other organic binder
(1, 2). Rigid, polishable composite electrode surfaces have been
prepared from a mixture of graphite and Kel-F (3-5) or
graphite and epoxy (6-9). In these composite preparations,
a heterogeneous electrode surface must result, consisting of
regions of electrochemically active graphite and regions of
inactive binder. Heterogeneous electrodes show peculiar
electrochemical behavior atiributable to nonlinear diffusion
toward active regions (10-14). Using the theory of Gueshi et
al. (10), Weisshaar and Tallman estimated the dimensions of
active regions on Kel-F-graphite surfaces to be 2-15 um (5).
Landsberg and Thiele estimated that their carbon-paste
electrodes had active regions with diameters of 11-38 um (11).
A detailed description of the distribution of electrochemical
activity on the electrode surface would be beneficial in the
interpretation of results obtained with composite electrodes.
Furthermore, composite electrodes have been used to pre-
concentrate analytes prior to electrochemical detection by a
mechanism that may involve the binder material (15, 16).
Knowledge of the spatial relationship between regi of

epoxy-impregnated reticulated vitreous carbon (RVC-epoxy),
it was demonstrated that regions of electrochemical activity
as small as 10 um could be detected and that the size and
shape of an individual active region could be defined with a
resolution of 10 um. Briefly, the technique of iontophoresis
involves electrophoretic ejection of an electroactive species
from a micropipet onto a microscopic area of an electrode
surface. The electrode, pomed at a potential capable of
electrolyzing the ejected a faradaic current
whose amplitude is taken as a measure of the electrode activity
in the immediate vicinity of the micropipet tip. By moving
the micropipet with a micropositioner, we can record the
faradaic response as a function of position on the electrode
surface, thereby generating a “map” of surface activity.

In the present work, the technique of iontophoresis has been
applied to the study of graphite-epoxy electrode surfaces. The
distribution, size, and geometna of electroactive reglons on
the surface have been elucidated and related to
surface structure.

EXPERIMENTAL SECTION

Apparatus. The instr ion system for i ic
characterization of electrode surface heterogeneity has been de-
scribed previously (17). The system provides for controlling the
potential of the working electrode, positioning the micropipet over
the electrode surface with an accuracy of approximately 2 um,
ejecting the electroactive specles from the micropipet onto the
electrode surface, measunng the transient faradaic response
current, and t. ferring the data to a i der. Mi
tip diameters of under 1 um were filled with a solution of 0.5 M
potassium ferrocyanide, and ferrocyanide ions were ejected by
selecting the appropriate polarity of ejection current. The working
electrodes were held at 0.5 V vs. the saturated calomel electrode
so that ferrocyanide ions were oxidized upon being éjected onto
the electrode surface.

Graphite-epoxy electrodes were prepared by mixing
powder (~1 um particle size) with a nonoonductmg epoxy (Eputek
320, Epoxy Technology, Billerica, MA) resulting in a thick paste
that was 45-50% graphite by weight. After the paste was

P

binder material and regions of electrochemical activity may
help in the design and optimization of such preconcentration
schemes.

We have reported on the use of iontophoresis for mapping
electrochemical activity on surfaces with a spatial resolution
in the micrometer range (17). By use of model heterogeneous
electrodes prepared from small-diameter platinum wires or

! Present address: School of Medicine, University of South Da-
kota, Vermillion, SD 57069.

thoroughly mixed, a length of 7 mm diameter glass rod was packed
to a depth of about 1 cm with the graphite-epoxy mixture, and
a length of copper wire was inserted iiito the mixture for the
purpose of making electrical contact. After the mixture was cured
for 2 h at 80 °C, the graphite—epoxy surface was sanded flat and
then polished on successively finer emery papers followed by a
slurry of 0.3 um alumina (Fisher Scientific, St. Louis, MO). The
electrode was fitted into the cell which was designed to be held
in the stage of a microscope, so that positioning of the micropipet
over the electrode surface could be observed under the microscope.

For purposes of comparison, a glassy carbon electrode was
prepared from Tokai glassy carbon, grade 30s (International

0003-27€0/85/0357-0933$01.50/0 © 1985 American Chemical Society
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50 uA

B 20 uA

SOuA

Figure 1. Cyclic of 5mM

1 M potassium chloride at (Aj glassy carbon, (B) RVC-opoxy. and (C)
graphite-epoxy electrodes: cathodic limit, -0.2 V; anodic limit, 0.6 V;
scan rate, 50 mV/s.

Minerals and Chemical Corp., New York). An epoxy-impregnated
RVC electrode was prepared as previously described (17, 18). Both
of these electrodes were polished with the same procedure as used
for the graphite—epoxy electrodes. The reference electrode was
a saturated calomel electrode and the auxiliary electrode was a
platinum wire. Cyclic voltammograms were taken with a Model
CV-1B (Bioanalytical Systems, West Lafayette, IN) and an X-Y
recorder (Model 2000, Houston Instruments, Austin, TX).

Reagents. The micropipet filling solution (0.5 M potassium
ferrocyanide) and the supporting electrolyte (0.10 M potassium
nitrate) were prepared with reagent grade chemicals and distilled,
deionized water.

Procedure. The working electrode was placed into the elec-
trochemical cell, the cell was filled with supporting electrolyte,
and a potential of 0.5 V was npplled to the working electrode
With the aid of the mi itioner and the
cropipet was moved to within a few micrometers of the elect.mde
surface. Final vertical posmomng of the micropipet was done
by jonall epplymg an ion current pulse and monitoring
the I ient until a of sufficient
amplitude was obumed. It is estimated that the micropipet can
be placed within 3-5 um of the surface in this manner. Once the
micropipet was in position, an ejection was made (typically 1000

nA for 300 ms), the daic t ded, and the coor-
dinates of the mi ition noted. The position was then
mcremented along the electrode surface, repeating the ejection
and g the fi p By plotting the umplllude
of the faradai against pet p P
a map of electrode surface activity. Both di ional maps
(a smgle etrmght-lme pass over a section of the electrode) and
| maps (multiple passes back and forth over the

surface, incrementing in both the X and Y dimension) were
obtained.

RESULTS AND DISCUSSION

Cyclic Voltammetry. Figure 1 shows cyclic voltammo-
grams taken in a solution of 5 mM potassium ferrocyanide
and 1 M potassium chloride at glassy carbon, RVC-epoxy, and
graphite-epoxy electrodes. The glassy carbon electrode ex-
hibited the peak-shaped anodic and cathodic currents ex-
pected for a smooth, uniformily active electrode of ordinary
dimensions. In contrast, the RVC-epoxy electrode, with its
array of well-defined, but ir larly shaped active regions,
showed currents that more closely resemble plateaus than
peaks. As described by Sleszynski and Osteryoung (18), the

Response Amplitude

L L i
(o] 200 400
Distance, um
Figure 2. Faradaic ion-
tophoresis of (A) glassy carbnn. (B) RVC—epoxy. and (C-E) various
applied

regions on grapl epoxy 0.5 V. Each
data point represems a 10-um interval.

RVC-epoxy electrodes behave as ensembles of individual
electrodes of very small di so that nonli diffusion
toward active regions gives rise to increased mass transport,
resulting in “steady-state” currents. The graphite-epoxy
electrodes gave voltammograms that were qualitatively similar
to the RVC-epoxy electrodes, indicating the heterogeneous
nature of the graphite—epoxy electrodes. (The graphite-epoxy
electrodes did give noticeably less reversible voltammograms.)
The following results characterize the heterogeneity of the
graphite-epoxy surfaces.
Iontophoresis. The distribution of electrochemical activity
on the three types of electrodes was studied by performing
ic i of the surfaces.
Figure 2 shows the plots of faradaic response amplitude as
a function of micropositioner setting at (A) glassy carbon, (B)
RVC-epoxy, and (C) several regions on graphite-epoxy elec-
trodes. The glassy carbon profile shows a relatively uniform
activity as expected, the response showing no significant trends
over the 350-um distance examined. A similar-sized region
on the RVC-epoxy surface showed two distinct regions of
activity with widths of approximately 50 ym each. The
boundaries between active and inactive regions were well-
defined, just as they are under microscopic examination. The
profiles of the graphite—epoxy surfaces showed definite spatial
variation of electrochemical activity, but the variations were
not as clearly delineated as those on the RVC-epoxy electrodes.
On the graphite-epoxy surfaces, the regions of increased ac-
tivity had dimensions ranging from 80 um to 130 um, and the
regions of activity were separated from one another by dis-
tances of 50 um to 150 um. Transitions from regions of high
activity to regions of lower activity were not as abrupt as those
on RVC-epoxy, and the regions of activity did not all exhibit
the same level of faradaic response. It is likely that the regions
of activity on the graphite-epoxy surface possess varying
degrees of microscopic roughness due to the granular nature
of the graphite that comprises the graphite—epoxy substrate.
The geometries of active regions on the graphite-epoxy
surfaces were determined by developing two-dimensional maps
of faradaic response. Several areas on the electrode surface
were chosen at random for characterization. The resulting
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Figure 3. Two-dimensional lontophoresis of various regions on gra-
phite-epoxy surfaces. Each square represents a 10-um interval in
each direction. Responses greater than half the maximum response
are shaded.

maps of electrochemical activity are shown in Figure 3 in
“digitized” form, where each box represents one data point,
spaced at 10-um intervals in both directions. Points that
generated a response greater than or equal to an arbitrarily

chosen cutoff value are shown as shaded boxes. Points gen-’

erating a response less than the cutoff value are not shaded.
This method of presentation permits ready visualization of
the shapes of the active regions. The plots show that the
regions are lrregularly d, with di din
tens of micrometers in all directions.
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Table I. Responses Generated at Gray and Black Regions
of Electrode Surface

response, arbitrary units

black region gray region
region 1 31 (2)° 49 (3)
region 2 10 (2) 25 (3)
region 3 38 (2) 47 (1)

®Value in parentheses is the standard deviation obtained from
three to five measurements.

whether the micropipet tip was over a gray or black region.
Consequently, the results, which are summarized in Table I,
indicate a higher degree of reproducibility was observed in
Figure 2. For each of the three boundary regions studied, the
gray areas generated significantly higher responses to ionto-
phoretic ejections than did the black areas.

To ensure that the higher responses from gray regions did
not arise simply because gray regions might be physically
elevated over black regions, and therefore closer to the mi-
cropipet tip, the flatness of the surface was determined. The
distance between micropipet tip and electrode surface could
not be directly d by mi ination. How-
ever, it was possible to note the vertical micropositioner setting
at that point where the micropipet tip touched the surface,
because the tip would bend slightly as it dragged on the
surface. The elevations of black and gray regions, respectively, .
in units of micrometers with the standard deviations in
parentheses (n = 3), were 351 (1) and 349 (2) for region 1, 376
(2) and 374 (1) for region 2, and 345 (1) and 351 (2) for region
3. At the 95% confidence level, there was no significant
difference in the elevation of black and gray regions.

CONCLUSIONS

In the mixing of graphite and epoxy, it appears that the
graphite particles clump together, resulting-in an electrode
surface with a heterogeneous distribution of electrochemical
activity, similar to the model that has been proposed for
Kel-F-graphite electrodes (5). Regions having a high density
of graphite appear gray and exhibit a relatively high level of
electrochemical activity, while regions having a low density
of graphite appear black, the color of the epoxy binder, and
exhibit low or no electrochemical activity. The dimensions
of both types of regions are of the order of tens of micrometers
and therefore are of dimensions that affect diffusional patterns
during cyclic vol ry experi The resp profiles
shown here suggest that approxi ly half of the g ric
area of the graphite—epoxy surface is electrochemically active.

Registry No. C, 7440-44-0; graphite, 7782-42-5.
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Flow Injection and Liquid Chromatography Detector for Amino
Acids Based on a Postcolumn Reaction with Luminol

Allan MacDonald' and Timothy A. Nieman*

Department of Chemis_try, University of Illinois, 1209 West California Street, Urbana, Illinois 61801

A detector for amino acids Is based on luppfndon of chem-
Ilumlnucom (CL) in the Co(1I)-luminol-p y
The two ive p I Al
dby CL. F g the Co(II)
Is added to the effiuent. The stream then enters a micropo-
rous membrane cell where an alkaline luminol/peroxide so-
lution Is added. The CL emission Is proportional to the free
Co(I1) concentration. When an amino acld elutes, it com-
plexes Co(11) and reduces the free Co(11) concentration; the
CL Inlonsl‘ly then drops and a peak resulis. Delecllon limits
depend upon the of the I con-
stants, and range from 0.004 to 20 nmol In flow Injection
mode. Precision Is 1-4%. Compared to the classical nin-
hydrin reaction, this method is faster, can be run at room
, can d ! dary amino aclds without
varylng the reaction or has instr
tion, and, In favorable cases, has lower dolocllon limits.

As evldenced by reoent reviews (I-7), there is much interest
ind (CL) techni for detection
in order w Lake advantage of the sensitivity the method can
provide. As a lack of selectivity has been the major limitation
of CL based determination, it has naturally been suggested
that CL be applied for detection of separated species. A few
examples exist for the use of the luminol (3-aminophthal-
hydrazide) reaction as a detector for metals separated as their
chloro complexes on a strong anion exchange column (8-11).
One of these approaches measured Zn and Cd by suppression
of the Co(II)-enhanced luminol reaction (11).

There are also a few examples of solution CL as an HPLC
detector for organic species (12-21). Direct reaction with
lucigenin has been used for detection of ascorbic acid and
dehydroascorbic acid (12). Energy transfer from peroxyoxalate
CL reactions to fluorescent analytes has been the basis for
several other detection schemes (13-19). An early example
of this method is the detection of dansylated amino acids using
bis(2,4,6-trichlorophenyl) oxalate and H,0, as the fluorescent
excitation reaction (13). Another detector (20) was a spray
detector based on energy transfer from O,(!Ag) generated by
reaction of hypochlorite with hydrogen peroxide at pH 10. In
addition to liquid-phase detection, gas-phase chemilumines-
cent reactions have been employed for detection of HPLC or
GC separated species (22-28).

Our i has been to develop a CL d for amino
acids in flowing streams such as in an HPL.C detector. Metal
ion chelators such as citrate and EDTA are known to cause

! Present address: Clorox Technical Center, P.O. Box 493, Plea-
santon, CA 94566.

suppression of metal ion enhanced luminol CL (29). Also,
amino acids have been detected in a static system by sup-
pression of Cu(Il)-enhanced luminol CL (30, 31). Our system
monitors the CL from a steady flow of Co(lII) reacting with
luminol and hydrogen peroxide in a alkaline solution. If an
amino acid is injected into the Co(II) stream, some of the
Co(Il) is complexed and decreased CL light intensity results.
The injected slug of amino acid analyte then results in a
negative peak, and the analyte concentration may be deter-
mined from the size of that peak.

EXPERIMENTAL SECTION

Instrumental Methods. Figure 1 shows a schematic of the
flow system used for HPLC detection. The flow system used for
flow injection analysis was identical with the system in Figure
1 with the exception of the column being removed. The mobile
phase was pumped by an Altex 110 pump, equipped with a pulse
dampener (Anspec H1302), followed by a Rheodyne 7010 injector
with a 20-uL sample loop. The mobile phase was then mixed in
a tee-mixer with a Co(II) solution which was delivered from a
pressurized reservoir (ca. 5 psi). A short delay loop followed before
the solution was mixed with the precombined luminol/H;0,/KOH
solution in the flow cell. The luminol/H,0,/KOH reagent solution
was also delivered from a pressurized reservoir (Ominfit glass
reagent reservonr bottles). The llght mtensn.) produced was

ed by a H R372 Itiplier tube. Flow

of reagent solutions was controlled with Nupro metering valves

and was monitored using flowmeters (Fisher and Porter or Ma-
nostat).

The flow cells used in the course of these studies were mi-
croporous membrane flow cells developed previously in this group
(32, 33).

Separations were performed on a Whatman Partisil 10 SCX
column using a mobile phase of 0.01 M acetic acid /sodium acetate
buffer at pH 5.5 with a flow rate of 1.0 mL/min.

Reagents and Solutions. Luminol (Aldrich), amino acids
(ICN pharmaceuticals, National Biochemical, Mallinckrodt, or
Sigma), and all other reagents (Analytical Reagent Grade) were
used without further purification.

‘The luminol/H,0,/KOH reagent solution composition was 10
mM luminol, 20 mM H,0,, 35 mM KOH, and 1 yM EDTA. This
solution was stable for about 1 week. Solutions of Co(II) were
prepared by serial dilution from a stock solution of 10 M Co-
(NO3)6H,0. Solutions of KOH were prepared from Acculute
solutions (Anachemia).

Water purified by a Continental Millipore Milli-Q system was
used for all solutions.

RESULTS AND DISCUSSION
Figure 2 illustrates the theory of the mechanism of the
response of this detector. If only plexed Co(Il) enh
the Juminol reaction, then the emission intensity would vary
as the concentration of uncomplexed Co(II). In the presence
of a chelating ligand the fraction of free Co(Il) is given by the
ligand ration and the plex formation

0003-2700/85/0357-0936$01.50/0 © 1985 American Chemical Society
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Figure 1. Block diagram of flow system.
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Figure 2. Hypothetical plot of free Co(11) concentration as a function
of ligand concentration.

regardless of the initial concentration of Co(II). In terms of
light intensity, a negative peak from the background intensity
is observed due to the complexation of some of the Co(II) by
the analyte. For the purpose of this discussion, the penk is
discussed in positive terms in that ared
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Figure 4. Normalized histidine working curves for several stock Co(II)

as peak height or peak area. The maximum ligand -
tration which can be measured by peak height is that ligand
concentration which causes the free Co(II) concentration at
the center of the analyte band to drop below the detection
limit for Co(II) under these conditions. As the ligand con-
centration is lowered, the working curve should follow the
curve defined by a plot of fraction of Co(II) remaining vs.
ligand concentration. This curve is nonlinear; it is sigmoidal
if the ligand concentration axis is logarithmic. The ligand
detection limit is determined by the smalleet change in free
Co(II) ration which is

Reagent Optimization and Composition. Figure 3 shows
the effect of the stock concentration on the working curve for
histidine. As the stock concentration of Co(Il) is increased
from 1 nM to 100 nM, the working range, measured by peak
height, increases. The detection limit is about the same using
10 nM and 100 nM Co(II). The data for histidine concen-
trations below 2 X 10 M using 1 nM Co(II) are not shown
as they were indistinguishable from the noise in the back-
ground intensity.

These data can be explained in terms of the theory de-
scribed above. The maximum measurable concentration (by
peak height) should decrease with decreases in stock Co(ll)

background intensity was proportionately larger, causing a
degraded detection limit. To summarize, the ligand working
curve should have a wider working range but similar detection
limits with i ing Co(IT) ration. This theory agrees
with the data in Figure 3.

Three other matters related to the stock Co(II) concen-
tration should be noted. First, the peaks are wider for lower
stock Co(II) concentrations at high ligand concentration. This
behavior is predicted by our model in that, as mentioned
above, the detection limit for Co(Il) is a larger fraction of the
lower stock concentration and therefore a wnder portion of the
analyte peak will cause S d, the

bsolute level of the resid hghl,orthathghtremmnmgaﬁer
virtually all (99.9%) of the Co(ll) is complexed, is constant
because it is due to a combination of stray light and the CL
emission due to reagent impurities and the leaching of the flow
comp ts by the r As the stock Co(II)
concem.rauon decreases, the absolute level of the signal de-
and therefore the residual light level becomes larger
relative to the signal. Third, if the free Co(II) concentration
controls the CL intensity and if the fraction of free Co(II) is

concentration. As the stock Co(II)
the fraction of this concentration which represents the de-
tection limit of Co(II) increases; therefore, the ligand con-
centration at which the maximum peak height is reached is
lowered.

If the noise in the background light intensity were pro-
portional to this intensity and the Co(II) working curve were
linear, the minimum detectable change in Co(II) concentration
would be independent of the stock Co(II) concentratiop. By
use of 10 and 100 nM Co(II) these conditions are apparently
upheld because the observed detection limit for histidine was
approximately the same. With 1 nM Co(II) the noise in the

ration is d

dent on ligand ration, then the relative peak
helght (relative to the maxnnum observed at high ligand
ration) should be i dent of stock Co(II) con-
centration. Figure 4 shows the data of Figure 3 replotted as
relative peak height. It can be seen that this hypothesis is
supported.

Figure 5 shows a plot of the ratio of [H;0,] to [luminol] vs.
the peak CL intensity observed using 1 nM Co(Il). This
experiment was performed on a four-channel stopped flow
instrument which automatically prepared dilutions of stock
soluuons (34). The results show that, a]though there is a shght

on the absol rations of luminol and
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Figure 5. Optimization of [H,0,]/[luminol] ratio: luminol concentration
is (@) 1, (0) 2, (A) 3, (A) 4, and (X) 5 mM.

hydrogen pemx.lde, the ratio of the two concentrations is more
important in obtaining CL. Optimizing the back-
ground light intensity is |mpon.ant as the sensitivity of the
method i with b ity if the Co(II) flow
is held constant. Therefore the H,0;:luminol ratio in the stock
solution was 20 mM:10 mM. The absolute concentrations
chosen were higher than those shown in Figure 5 as the stock
solution would be diluted hy the other reagents and the mobile
phase. The optimal KOH concentration or flow rate was
found empirically.

Delay Length. The effect of the length of the delay be-
tween the point where the eluent and the cobalt are mixed
to the point where these are mixed with the CL reagent so-
lution was observed. Two competing effects were anticipated.
The first effect was that band broadening would increase with
delay time, thus diluting the sample. The second effect was
that mixing of the analyte and the cobalt would be improved
by increasing the delay length and that these solutions would
have a longer time to react with each other before reacting
with the reagent solution. Working curves for five amino acids
were prepared using delay times ranging from 1.4 to 6.5s8. The
results for these experiments showed a slight decrease in
analytical signal at the longest delay time. At the shorter delay
times no discernible pattern was present. With delays below
1 8, the signal decreases. With no delay (just the 0.05 s in the
mixer and connector to the flow cell) the signal is only one-
third of that obtained with a 1 s or longer delay.

Relative Response of Amino Acids. As further assurance
that a complention mechanism was in effect, the relative
responses of a series of amino acids were measured. The amino
acids chosen and the logarithm of the highest order formauon
constant with cobalt were as follows: S-alanine, 3.58;
acid, 8.46; a-alanine, 8.48; glycine, 11.0; and histidine, 119 (35).
Figure 6 shows the results. In general, detection of the amino
acids follow their formation constants. The only exception
was that detection of glutamic acid was worse than would be
predicted from its formation constant, especially compared
to a-alani ic acid is much more acidic than

a-alanine. Samples of 10° M a-alanine and 10~ M glutamic
acid were adjusted to pH 7 and tested. The results were then
the same for both amino acids. Detection of histidine is much
more sensitive than the other amino acids, even considerably
better than glycine which has a similar formation constant
with Co(II). However, histidine is a tridentate ligand which
could give it a kinetic advantage over the other amino acids
tested which were bidentate ligands. This result agrees nicely
with results obtained by Haapakka (36) when he examined
t.he effect of denticity of ngands on the inhibition of cobalt

d elect of luminol. He
found inhibition in the order EDTA > iminodiacetic acid >
glycine.

100}~ 1
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Figure 8. Working curves for five amino acids: (O) histidine, (®)
glycine, (X) a-alanine, (O) S-alanine, (W) glutamic acid.
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Figure 7. Comparison of peak height (O) and peak area (@) working
curves.

Peak Height vs. Peak Area. The working curves shown
above were nonlinear with a limited pseudolinear working
range. Figure 7 compares the working curve for histidine
obtained using peak area with the curve obtained using peak
height. As we have previously mentioned, there is a funda-
mental limitation of the working curve due to the fact that
there is a detection limit for Co(II). The dramatic increase
in linear worlnng range using peak area is probably somewhat
duetoi | band broad However, even
in the ab of band broadeni the portion of the peak
width for which the free Co(II) concentration is below the
detection limit increases at high analyte concentrations, and
results in a wider peak with a flat top. From these data it
can be seen that the increase in dynamic range from about
1 order of magnitude to over 3 orders of magnitude more than
outweighs any difficulty in obtaining peak areas when quan-
titative results are required.

Selection of Chromatographic Mobile Phase. As with
all postcolumn reaction schemes, the selection of a mobile
phase which is compatible with the detection reaction is a
critical step in the development of the method. The con-
straints that the Co(II)-luminol reaction system for detection
of amino acids imposes upon the selection of the mobile phase
are that a noncomplexing buffer of low buffer capacity should
be used. A standard method for separation of amino acids
is to elute them from a strong cation exchange column using
citrate buffers, pH, and ionic strength appropriate for specific
applications (37). Citrate buffers are incompatible with CL
detection for two reasons. First, citrate complexes Co(II) (log
ke = 25.3) (35), thus competing with the amino acid com-
plexation of Co(ll). Second, the buffer is acidic while the CL
reaction of luminol is optimized at a pH closer to 11 or 12.
Although a polymeric column is often used in ion exchange
separation of amino acids (38, 39), a silica-based Partisil
column was available in the lab so it was used in this case.
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ed across the b (33); there is a large pH
change from the mobile phase to the reaction zone. Second,
the reagent flow rate would be regulated by the
80 that the flow rate would be more stable than that regulation
which could be obtained using the needle valves alone. Third,
the reagent flow rate could be made very small (0.1 mL/min)
to minimize both sample dilution and reagent consumption.
The microporous membrane cell used in the work described
was about 0.12 X 1.48 X 1.59 cm and was measured to contain
about 85 uL. On the basis of resolution considerations a
smaller cell would be desirable. A new cell was constructed
with dimensions about 0.12 X 0.12 X 1.59 cm and was mea-
sured to contain about 20 xL. To accommodate the smaller
cell the pressure on the reagent reservoir was increased from
10 psi to about 18 psi. Even at this pressure, the flow of
reagent through the microporous membrane was reduced.
Use of the smaller volume cell results in lower CL emission

Figure 8. Sample chromatogram: (1) glycine, 10 nmol, (2)
2 nmol, (3) arginine, 10 nmol; mobile phase, 0.01 M acetic acid/acetate
buffer at pH 5.5, 1.0 mL/min.

Table I. Detection Limits for Amino Acids by
Chemiluminescence

ities, but on a relati baaisthepeakheighuamvim:ally
unch d. Lower i ities would be predicted due to the
smaller volume of emitting solution viewed by the detector.
Exact predictions of expected signal levels are complicated
by different reagent flow rates and residence times between
the two cells. The reduced cell volume had no effect on the
working range.

CONCLUSIONS

Compared to ninhydrin detection, this chemiluminescence
detection approach is faster and takes place at room tem-
perature without thermostating. Since detection is based on
complexation, secondary amino acids are detectable without
modification of the detection reaction or instrumentation, as
is necessary with both the ninhydrin and o-phthalaldehyde
schemes (39). The instrumentation is simple as no light source
or wavelength discrimination device is required.

As the detection limit for amino acids by this method is
fundamentally determined by the magnitude of the formation
constant of the amino acid with Co(II), changing the metal
ion used to produce CL could alter detection limits. Both
Cu(II) and Ni(II) enhance luminol CL and have larger for-
mation constants with amino acids (35); the detection limit
for Co(II) is lower than those for either Cu(II) or Ni(II),

amino acid detection limit, nmol
Acidic
hydroxyproline 1
aspartic acid 20
glutamic acid 1
Neutral
glycine 0.4
a-alanine 0.4
$-alanine 2
cystine 0.01
valine 1
phenylalanine 2
Basic
lysine 0.4
histidine 0.004
arginine 0.04
In order to use the Partisil 10 SCX col it is y

to use an acidic mobile phase as aqueous solutions of pH >7.5
will dissolve the silica. An acetate buffer is acceptable for this
CL detection scheme because log K; for a Co(Il)-acetate
complex is only 1.9 (35).

Figure 8 shows a test chromatogram of glycine, histidine,
and arginine. The conditions used are described in the figure

One could also consider using this CL detection
scheme wnh a metal ion like Fe(lll) whlch has higher for-
mation s with ligands than does
Co(II); one then should be able m detemine species like
carboxylic acids, ket or ph

Registry No. Co(NOs),, 10141-05-6; hydroxyproline, 51-35-4;
upan.m acid, 56-84-8; glutamic acid, 56-86-0; glycine, 56-40-6;

caption. Of the amino acids tested, only histidine and
were retained under these conditions. Table I gives detection
limits for a number of amino acids by this detzctlon method
all values were d without the ch

As illustrated earlier in Figure 7, the working range is about
1 order of magnitude if peak heights are used and over 3 orders
of magnitude if peak areas are used. The precision is '/,%
at large peak heights, 2'/,% at ge peak heights, and
4'/,% at low peak heights.

Flow Cell Considerations. The choice of a flow cell for
CL detectors involves a trade-off. In order to obtain a
measurable amount of light, a large volume of reacting solution
must be viewed by the photomultiplier tube. C q ly,

56-41-7; S-al 107-95-9; cystine, 56-89-3; valine,
72-18-4; phenylalanine, 63-91-2; lysine, 56-87-1; histidine, 71-00-1;
arginine, 74-79-3; luminol, 521-31-3.
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Laser-Induced Fluorescence Spectrometry of Aromatic
Hydrocarbon Derivatives in Vapor-Deposited Parent Molecule

Matrices

Charles F. Pace and Jon R. Maple*

Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131

The lytical utllity of n lo e parent
matrix for the ch of mi of hy-
drocarbon derlvatives by fluorescence detection has been

assessed, using a p yp g of chloro-
hthal In a naphthal ma!rlx. By vapor deposition
of the ples and the hthal matrix, it has been dem-

onstrated that good precision, low detectlon limits, and high-
and pectra can be ob-
tained. Chi hthak can be detected at low ar
levels from a Iwo—photon excltation spectrum, while the two-
photon excitation bandwidths are about 1 cm™' (fwhm) and
are virtually Independent of the position of substitution when
the parent molocdc matrix is used. With UV (single photon)
limits have been reported
and each chloronaphlhahm In a 10-component mixture can
be y d without fi from

datectl

hydrocarbons in low-temperature Shpol’skii (i.e., n-alkane)
frozen solutions (4). The fluorescence peaks are sharp enough
to distinguish individual AHDs, such as methyl derivatives
of phenanthrene, chrysene, pyrene, benz[a]anthracene, ben-
zo[a]pyrene, and benzo[h]quinoline (5-8). Moreover, the high
selectivity of laser excited Shpol'skii spectrometry (LESS)
minimizes the need for fractionation of complex samples and
retains the high sensitivity ed with fluor de-
tection (4, 7-9). Nevertheless, there are many examples of
situations in which the Shpol'skii effect does not occur and
the excitation and emission bands of individual AHDs in
complex samples cannot be resolved. This is often the case
when a substituent on a parent compound is highly polar, as
in the case of monohydroxyl derivatives of naphthalene (10)
and pyrene (1) or carboxyl derivatives of benzo[a]pyrene (12),
for example. Furthermore, there are no reports in the liter-
ature of observations of the Shpol'skii effect for many envi-

the other P ts of the The 9% precision of
the quantitative measurements Is limited only by the stabliity
of the laser excitation source.

There is a considerable interest in developing highly se-
lective analytical methodologies which are capable of precisely
characterizing the ition of envir lly hazardous
materials which contain a complex variety of aromatic hy-
drocarbon derivatives (AHDs). The interest in individual
AHDs is due in large part to the fact that the carcinogenic
or mutagenic nature of an aromatic compound is strongly
affected by the number, position, and identity of substituents
on the parent molecule (1-3). Since there is an enormous
number of possible derivatives for each aromatic hydrocarbon
and amoe trace conoemmtmns of AHDs are often highly toxic,

ic, or a suitable analytical methodology
must be highly selective and sensitive.

Fluorescence methods which utilize the Shpol'skii effect are
particularly attractive because of the high-resolution
fluorescence spectra that result from preparing many aromatic

lous AHDs, including hydroxyl, chloro, and
bromo derivatives of naphthalene, biphenyl, dibenzofuran,
and dibenzo-p-dioxin. Thus, it is highly desirable to find
low-temperature matrix materials in which these and many
other AHDs exhibit high-resolution excitation and emission
spectra so that the high selectivity and sensitivity advantages
of LESS can be retained.

We have recently advocated the usage of aromatic hydro-
carbon crystals for the analysis of AHDs in situations where
a suitable Shpol'skii matrix cannot be found (13, 14). By the
choice of an aromatic hydrocarbon matrix material with a
molecular size matched to the AHDs of interest, the AHDs
can be incorporated into well- def’ ned sites or vacancies in the
crystal, thereby minimizing i broadening. For
example, met.hylnaphthalene (MN) denvallves prepared by
normal freezing in durene crystals exhibit high-resolution
excitation and emission lines at low temperatures (13, 14).
Moreover, even though the MN 0-0 transition energies are
closely spaced, each MN in a complex mixture can be iden-
tified from a two-photon excitation (TPE) spectrum (14).
Both the TPE and the selective excitation methods are highly
sensitive and have resulted in subpicogram detection limits
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for MNs. In addition, both methods have been demonstrated
to be suitable for the identification of individual MNs in a
raw shale oil prepared in a durene crystal without utilizing
any preseparations.

An important problem limiting the analytical applications
of cryogenic fluorometry is that there is no known matrix
material which results in sharp spectral features for many
AHDs of interest. We suggest that the parent molecule is a
good matrix choice for AHDs. We will test this hypothesis
by using a naphthalene matrix for chloronaphthalene (CN)
derivatives, which are wide-spread pollutants of our envi-
ronment and which have chemical and physical properties
similar to PCBs (15). One reason that the parent molecule
may be expected to be a suitable matrix material is that it
is approximately the same size and shape as its derivatives,
as required for minimizing inhomogeneous broadening. An-
other advantage of the parent molecule is that the S, state
is generally more energetic than for its derivatives. As a result
the derivatives can be selectively excited without introducing
matrix fluorescence interference. An additional advantage
of the parent molecule is that it is generally available from
commercial sources. Finally, it is possible that the parent
molecule will be a suitable matrix for a wide variety of its
derivatives, in contrast to a durene matrix which is apparently
suitable only for methylated (and possibly fluorinated)
naphthalenes.

Besides finding a suitable low-temperature aromatic matrix
material, there are several other problems that limit the
analytical usefulness of aromatic matrices. For example, we
have previously observed a wide range of up to 6 orders of
magnitude in the limits of detection for MNs prepared by
normal freezing in durene (I/4). The formation of analyte
microcrystals and limited solubility of analyte in the host
material can also be problematic. In an attempt to solve or
limit these problems, the usefulness of vapor deposition (i.e.,
matrix isolation) sample preparation procedures will be ex-
plored. The matrix isolation procedure involves codepositing
a vaporized mixture of sample and matrix onto a cold surface
and, in the case of rare gas and n-alkane matrices, is char-
acterized by a wide linear dynamic range and good precision
(9, 16). Solubility problems are of course entirely circum-
vented.

In order to characterize the usefulness of a parent molecule
matrix, several different spectrometric procedures could be
used. Two of these are selective excitation of fluorescence from
the analyte and TPE. A comparison of these two methods
for CNs in a naphthalene matrix will be useful, since the only
comparison of these two procedures made to date is the MN
in durene results (14). An alternative spectrometric procedure
involves taking advantage of the X-trap emission which occurs
when guests (i.e., analytes) are placed in lattice positions in
an aromatic host. For example, when 2-chloronaphthalene
(2-CN) is placed in a naphthalene crystal, phosphorescence
is observed from an X-trap, which is a naphthalene molecule
which has been displaced or misoriented by a neighboring
2-CN molecule (17). The X-trap phosphorescence peaks are
very narrow and the emission wavelengths are sensitive to the
identity of the guests incorporated in the crysv.al. Although
we have observed X-trap emission from vapor deposited CNs,
no attempt has been made to utilize this phenomenon
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cryostat

Figure 1. Deposmon apparatus used to vapor deposit chioro-
napt matrix. See text for description.

Pfaltz and Bauer, and 2-CN and all disubstituted CNs were
purchased from Ultra Scientific. All chemicals were used as
received, except for naphthalene, which was zone refined with
an apparatus built in our laboratory. A description of this ap-
paratus and the zone refining proced is given elsewhere (14,
18). HPLC grade acetone (Fisher Scientific) was the solvent for
all stock solutions.

Sample Preparation. A few of the samples have been pre-
pared by normal freezing. The sample and 50 mg of naphthalene
were placed in a capillary tube which was then sealed. The sample
was melted and lowered by a motor out of an oven at a rate of
1 cm/h. The crystal was removed from the capillary tube and
glued to the copper cold finger of a closed cycle refrigerator (Air
Products, Model CSA-202A).

Unless specifically stated otherwise, all samples have been
prepared by vapor deposition, using a modification of the matrix
isolation procedures (8, 9, 16) utilized for aromatic hydrocarbons
placed in rare gas or Shpol'skii matrices. The deposition apparatus
is diagramed in Figure 1 and the parts are labeled with letters.
The naphthalene matrix material is placed in a 0.25 in. o.d. glass
tube (part a) that is attached to an ultratorr male connector (part
¢, made by Cajon Co., Macedonia, OH). The vaporized naph-
thalene passes through 0.125 in. o.d. stainless steel tubing, a shutoff
valve (part e), and then more stainless steel tubing before being
deposited on the cold finger (part h) of the refrigerator at the spot
marked with an i. In order to slide the stainless steel tubing
through the ultratorr union (part d, Cajon Co.), the inside of this
union was widened by drilling. The O-rings inside the ultratorr
union prevent leakage of air into the vacuum area inside the
refrigerator shroud. The sample is placed in a 0.125 in. o.d. glass
tube (part b). Before the sample and matrix material are va-
porized, all parts (except for parts a and b) of the apparatus are
heated to 60 °C by heating tape. The stainless steel tubing inside
the vacuum area is electrically heated with insulated nichrome
wire (part g). A small ac voltage is applied to this nichrome wire
via the electrical feedthroughs (part f). The apparatus may be
moved in and out of the ultratorr union and the tip (of the stainless
steel tubing) is placed about 1 mm from the copper cold finger.

The first step in preparing a deposit was to heat the apparatus
and to inject 30 uL of a 0.1 mg/uL naphthalene solution into the
matrix tube (a) and the sample solution into the sample tube (b).
The acetone solvent in the sample tube was carefully evaporated,
while no attempt was made to remove the solvent in the matrix
tube. Both the sample and matrix tubes were frozen by liquid
nitrogen prior to applying a vacuum to remove air. The next step
was to place the matrix tube in a water bath held at 32 °C (al-
though any temperature in the range 30-35 °C works well). This
temperature was sufficient to maintain a naphthalene vapor flow
rate wl'uch wns high enough to prevent the aggregatlon of solute
of too low of a matrix to solute ratio. When

However, the exciting possibility of usmg X-trap emi to
identify nonﬂuorucmg lecules (e.g., br hthall
nitronaphthal d dibenzo-p-dioxins, etc.) by

high-resolution phosphorescence spectrometry will be evalu-
ated elsewhere.

EXPERIMENTAL SECTION

Reagents. Naphthalene, 1-fluoronaphthalene (1-FN), and
1-CN were purchased from Aldrich, while 2-FN was obtained from

the cold finger temperature was lowered to 240 K, the valve (part
e) was opened and the naphthalene vapor immediately started
sticking to the cold finger. The acetone solvent would not freeze
at 240 K and was d from the refri After about
1 min the naphthalene matrix formed a spot a few millimeters
in diameter and almost l mm thick. At this time the hqund
nitrogen trap was d, and the ambi e of the
atmosphere warmed the aample tube to near room temperature
in less than a minute. Then, the sample tube was rapidly heated
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Figure 2. (a) Two-photon excitation and (b) laser-induced fluorescence
(Aex = 320.1 nm) spectra of 2 api vapor d in

n-pentane. (c) Two-photon and (d) lase fluores-
cence ()\.. = 324.4 nm) spectra of 2-chloronaphthalene vapor de-

. DCM laser dye dissoived In methanol was used
to oblaln the two-photon excitation spectra.

to evaporate any of the CN sample still in the tube. The vaporized

two sharp peaks at 640.3 nm and 641.8 nm correspond to the
TPE 0-0 wavelengths for 2-CN molecules residing in two
distinctly different environments in the n-alkane polycrys-
talline lattice. The broad hump underneath the two sharp
peaksmduem. o-phot itions of 2-CN molecul,

residing in a multitude of other sites in the matrix. This
interpretation of this spectrum is substantiated from spectra
similar to the LIF spectrum of 2-CN in Figure 2b. The
320.1-nm excitation wavelength that was used for this spec-
trum corresponds to (one photon) excitation of the 2-CN
molecules residing in the site giving rise to the sharp two-
photon peak at 640.3 nm in Flgure 2a. LIF spectm obtamed
at other gths within the i g
0-0 absorption band resulted in spectra similar to the one in
Figure 2b, but the peaks were shifted in energy by an amount
equal to the tmnsmon energy difference. The extent of in-

h br ifested by the TPE spectrum
of 2- CN in Figure 2a is similar to Lhat observed for 1- CN but
is far in excess of the t of i

observed for l-methyhmpht.halene and Z-methylnnphthalene
which are virtually the same size and shape as 1-CN and 2-CN,
respectively. ’
Although energy selected spectra, such as the one in Figure
2b, exhibit well-resolved fluorescence peaks, it is not generally
possible to selectively excite a single CN (in a multicomponent
sample) because the inhomogeneously broadened absorption
bands of the CNs extensively overlap. Furthermore, it is not
poss:ble to obtain sharp energy selected LIF spectra for each
CN in the aame n-alkane matrix. Evidently, the extent of
d in a Shpol'skii matrix is very sen-

sample and naphthalene mixed in about 5 cm of tubing before
freezing onto the opaque deposit. The total deposition time for
the matrix and sample was 2 min and the sample was located in
an area (about 1 mm X 1 mm) on the tip of the deposit. The
temperature of the deposit was lowered to 10 K prior to spec-
troscopic observations.

In order to prepare CNs in a Shpol'skii matrix, the matrix tube
of the us was replaced by an bly (8, 9) that allows

n-alkane vapor to flow ata conlxolled rate. The sample deposition
procedure was exactly the same as when a naphthalene matrix
was used, except that the copper cold finger was mumtamed at
100K for the deposit. This d p d in
the of inh broad of the CN
absorption bands.

Instrumentation. The excitation source was an excimer laser
(Lumonics TE-861T) pumped dye laser (Quanta Ray PDL—lE)

sitive to the position of the chloro substituents. A similar
observation has been made for chloroanthracenes (19). Thus,
because of extensive inh and hc
broadening, we have luded that a Shpol'skii matrix is of
very limited usefulness for the multicomponent analysis of
chlorinated AHDs.
The TPE spectrum in Figure 2¢ of 2-CN in a vapor-de-
posn.ed nuphthalene matrix md)cates that lnhomogeneous
has been ized and that it is possible for
vapor depuslted aromatic matrices to result in high-resolution
spectra comparable to the results that can be obtained by
conventional methods (i.e., normal freezing) for preparing
guest molecules in a crystalline aromatic host. The two peaks
at 647.7 nm and 648.8 nm are the 0-0 peaks for 2-CN mole-

Laser output in the 620660 nm and 640-680 nm !
ranges was obtained with DCM laser dye dissolved in methanol
and Me,SO, respectively. One photon, UV excitation was achieved
by frequency doubling the dye laser output. with an nngle—tuned
KDP crystal. The dye laser ind was d
by a 0.64-m grating monochromator (Instruments SA HR-640),
which was set at a band-pass of about 0.1 nm. The fluorescence
was detecwd by an RCA 8350 photomultiplier tube and the signal
d by a gaf prior to collection and storage
by aPDP-11/23 hbonwry computer. TPE npectra were obtuned
by scanning the dye laser 1 hs with the p
tube placed directly in front of the sample. Filters which passed
hght.mthealHOOnmwn engthmngewemphcedonﬂxewbe.
With this exper all CN fl wave-
lengths were ulmulmneoualy detected by the tube. TPE spectra
were not corrected for the effect of decreasing luser power near

cules residing in the two possible positions in a naphthalene
lattice (17). Both peaks have a bandwidth of 1.1 cm™ and
the peak wavelengths are identical with the peak wavelengths
of 2-CN prepared by normal freezing in a naphthalene crystal.
The only significant difference between the TPE spectra of
2-CN in matrices prepared by normal freezing and vapor
deposition is the site distribution. For example, the peak
height ratio of the TPE peaks at 647.7 nm and 648.8 nm is
about 1.9 in Figure 2c, while the same ratio is about 0.17 when
the normal freezing sample preparation method is employed.
This indicates that the sample preparation method can affect
the tendency of a CN molecule to occupy the two possible
lattice positions. =

The sharp TPE and laser-induced fluorescence (LIF)
shown in Figure 2, parts c and d, respectively, can only

the ends of the dye tuning range. Further i
the instrumentation and data collection is given elsewhere (13,
14, 18).

RESULTS AND DISCUSSION

We have investigated the usefulness of Shpol'skii matrices
for the analysis of CNs, since the literature concerning the
spectroscopy of chlorinated AHDs in Shpol'skii matrices is
very hmnbed In the TPE spectrum in anure 2a the inho-

dening of 2-CN in n-p is evid The

be obtained when the deposition temperature (i.e., the tem-
perature of the surface upon which the sample is deposited)
exceeds 230 K. Lower deposition temperatures result in an
amorphous solid and the TPE and LIF spectra of CN guests
and the naphthalene matrix are excessively broadened. In
contrast, Shpol'skii matrices are usually deposited at the
lowest possible temperature and then are annealed (8, 9).
Annealing does not produce spectral sharpening for vapor
deposited naphthalene or CN guests, regardless of the de-



Table I. S, Origins for Chloronaphthalenes

compound 0-0 wavelength, nm
1-fluoronaphthalene 318.6
2-fluoronaphthalene 319.1, 320.1
1-chloronaphthalene 322.0
2-chloronaphthalene 323.9, 324.4
1,2-dichloronaphthalene 328.7
1,4-dichloronaphthalene 327.9
1,5-dichloronaphthalene 332.6
1,8-dichloronaphthalene 329.6, 332.9
2,3-dichloronaphthalene 3216
2,7-dichloronaphthalene 321.9
-23
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Figure 3. Two-photon excitation spectrum (obtained with DCM in
Me,SO solvent) of ten-component mixture consisting of 10 ng of each
substance listed in Table [: 1, 1-chioronaphthalene (1-CN); 2, 2-CN;
1,2, 1,2-dichloronaphthalene (1,2-DCN); 1,8, 1,8-DCN; 2,3, 2,3-DCN;

2,7, 2,7-DCN. The 2,3-DCN peak has been attenuated by a factor of
1.9.

position or annealing temperature. Apparently, naphthalene
molecules are frozen at random orientations when the de-
position temperature is below 230 K and the molecules are
unable to reorient into favorable lattice positions when the
temperature is raised. The difference in annealing effects upon
n-alkane and aromatic matrices is presumably due to the
structural rigidity of aromatic hydrocarbons.

A ten-component mixture containing 10 ng of each com-
pound listed in Table I was deposited in a naphthalene matrix.
‘I'he 'I'PE spectrum of this mixture is depicted in Figure 3.
‘The broad band emission underneath the TPE peaks is mainly
due to background emission from the matrix and drops in
intensity at the long and short wavelength ends of the spec-
trum because of the declining dye laser power. The 0-0 TPE
peaks occur at exactly twice the (one photon) 0-0 wavelengths
tabulated in Table I and are all highly resolved (ca. 1 cm™!
fwhm bandwidth). 'I‘his indicates that the extent of both

and i broadening is relatively
insensitive to the position of the chloro substituents on the
parent molecule when the parent molecule matrix is utilized,
in contrast to the situation with a Shpol'skii matrix. This is
clearly a very important advantage in using a parent molecule
matrix for AHDs.

Four compounds cannot be detected from the TPE spec-
trum in Figure 3. Both 1-FN and 2-FN can be detected by
TPE at the 10-ng level when DCM laser dye is dissolved in
methanol but cannot be distinguished in Figure 3 because of
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Figure 4. Laser-induced fiuorescence spectra of ten-component
mixture consisting of 10 ng of each substance listed in Table 1. Se-
lective excitation wavelength for (a) 1-chioronaphthalene (A, = 322.0
nm), (b) 2-chloronaphthalene (A, = 324.4 nm), (c) 2-fluoronaphthalene
(Aex = 320.1 nm), (d) 1,2-dichloronaphthalene (A,, = 328.7 nm), (e)
1,5-dichloronaphthalene (A,, = 332.6 nm), and (f) 2.3-dichloro-
naphthalene (A,, = 327.5 nm).

the low laser power below 641 nm. 1,4-Dichloronaphthalene
(1,4-DCN) has an anomalously large (one and two photon)
detection limit, presumably due to an unusually low quantum
yield of fluorescence. Because a naphthalene crystalline solid
has C; site symmetry, the S, — S, two-photon transition will
be forbidden by parity selection rules for all centrosymmetric
naphthalene derivatives (14). This is the reason why the TPE
0-0 band for 1,5-DCN cannot be seen in this spectrum and
this is an example of a disadvantage in using a parent molecule
matrix when employing excitation scans to characterize a
sample. A high energy vibronic band would have to be used
to identify a molecule with a symmetry forbidden 0-0 tran-
sition, but the high energy vibronic band would often be
obscured by the intense excitation peaks of the parent mol-
ecule matrix.

Each of the 10 components in the mixture (used to obtain
the TPE spectrum in Figure 3) was selectively excited by (one
photon) excitation of a 0-0 wavelength. Six examples of these
LIF spectra are displayed in Figure 4. In each case the
component which was selectively excited could be readily
identified and peaks due to fluorescence from other compo-
nents could not be discerned. For example, compare the pure
compound and selectively excited fluorescence spectra of 2-CN
in Figures 2d and 4b, respectively. Of all of these 10 com-
ponents, 1-FN, 2-FN, 1-CN, and 2-CN would be expected to
be the most difficult to selectively excite, since the 0-0 ab-
sorption bands for these compounds might overlap with vi-
bronic absorption bands of the disubstituded CNs, which have
lower energy 0-0 transitions. From the example of Figure 4a—
(for 1-CN, 2-CN, and 2-FN), it can be seen that there was no
significant overlap of the absorption bands. The relative
strength of the phonon wings for some of the disubstituted
CNs can be seen in the selectively 2xcited LIF spectra of
1,2-DCN and 1,5-DCN in Figure 4d,e and are characteristic
of the DCNs in which at least one chloro substituent was
located on the transverse axis of the naphthalene molecule.
The phonon wings in the LIF spectra of DCNs with both
substituents on the longitudinal axis (e.g., 2,3-DCN and 2,7-
DCN) were significantly less intense, as can be seen in the
selectively excited fluorescence spectra of 2,3-DCN in Figure
4f.
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Quanuunve Results. The TPE detection limit was de-
fined as the t of sub d “wobtmnaO-Opeak
height equal to two times the standard deviation of the noise.
The 330-pg TPE detection limit measured for 2,3-DCN was
far greater than the subplcogmm TPE detectlon limits ob-
tained for some MNs prepared by normal freezing in d
(14). The reason for such a large difference is the slgmﬁcant.ly
greater amount of trap emission (20) occurring from the vapor
deposited matrix. The TPE detection limita for the other CNs
were not determined but can be estimated from comparisons
of the peak heights in the TPE spectrum in Figure 3. As this
spectrum indicates, the TPE detection limits do not in general
vary by much more than an order of magnitude. This is in
contrast to the MN results, which were obtained by using
normal freezing sample preparations and which resulted in
TPE detection limits ranging from less than 0.1 pg to 100 ng.
The elimination of a wide range in detection limits is an
important analytical advantage in using vapor d ition

techniques. Although the detection limits for CN samples
prepared by normal freezing in naphthalene crystals have not
been determined, we have noticed that large amounts (i.e.,
micrograms) of CNs must be used to detect TPE peaks in
these crystals and the detection limits are probably at least
3 orders of magnitude higher than those that can be obtained
by vapor deposition. This clearly is another very important
advantage for using the vapor deposition procedure. However,
this may not always be an advantage since there are some
guest-host systems, such as the MNs in durene, in which lower
detection limits may be achieved by normal freezing.

The LIF detection limits obtained by UV excitation have
not been determined, but we note that the 339.7-nm 2-CN
peak had a S/N ratio of 40 when 1 pg of 2-CN was deposited.
This indicates that the CN LIF detection limits are 3 to 5
orders of magnitude lower than the TPE detection limits, in
contrast to the 1 to 2 orders of magnitude difference reported
for the MNs in durene crystals. The reason for such a large
discrepancy is probably due to the greater amount of trap
emission from the vapor deposited matrix. This background
trap emission is structureless and extends to lengths as
long as ca. 420 nm. Since the h tor discrimi
against this background emission, while the TPE technique
does not, trap emission may be largely responsible for the large
differences in TPE and LIF detection limits.

In order to assess the linear dynamic range that can be
obtained for CNs in a vapor-deposited naphthalene matrix,
varying amounts of 2-CN were deposited along with 2 ng of
2-FN, which was used as an internal standard. Laser exci-
tation at 324.4 and 320.1 nm was used for 2-CN and 2-FN,
respectively, and the fluorescence peak heights at 330.0 and
325.6 nm, respectively, were measured. A log-log plot of the
weight of 2-CN vs. the fluorescence intensity ratio (2-CN/2-
FN) is shown in Figure 5. This plot is linear from 10 pg to
100 ng of 2-CN and has a correlation coefficient of 0.998. A
nonlinearity was observed below 10 pg, but this turned out
to be due to the presence of 2-CN impurity in the 2-FN in-
ternal standard. Since the slope is 0.52, the 2-CN fluorescence
m!ensn'.y does nul vary lmea:ly with the weight that was
d A ity beh has been
observed for metal ions placed in inorganic crystals (21). The
reason for this nonlinearity may be due to an energy transfer
process wherein the electronic energy of excited 2-CN mole-
cules is transferred to neighboring X-traps. Additional ex-
periments will be requued to further elucidate the observed
2-CN fluor i y dep

Various factors which can affect the precision of our mea-
surements have been studied. For these precision studies 30
ng of 2-CN was deposited six times along with 10 ng of 2,3-
DCN, which was used as an internal standard. Laser exci-
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Figure 5. Analytical curve for 2. lene vapor
d in a naphthalene matrix. The Internal standard is 2-fluoro-
naphthalene

tation at 324.4 nm and 327.5 nm was employed for 2-CN and
2,3-DCN, respectively. In all cases the peak heights that were
used in calculations were the average of four measurements.
The greatest source of error appears to be caused by variations
in the relative fluorescence peak intensities. For example, the
ratio of the 2-CN to 2,3-DCN peak heights (at 330.0 and 336.2
nm, respectively) exhibited a relative standard deviation of
18% for the six deposits. In contrast, when the sum of the
two 2-CN peak heights at 330.0 and 339.7 nm was divided by
the 336.2-nm 2,3-DCN peak height, the relative standard
deviation was 13%. Variations in the relative peak heights
of 2-CN could be caused by fluorescence polarization effects.
That is, the 2-CN molecules may be frozen into preferred
orientations that are not reproducible from deposit to deposit.
Variations in the site distribution of 2-CN molecules could
not be detected. For example, the sum of the two 0-0 TPE
peak heights of 2-CN was divided by the 2,3-DCN 0-0 TPE
peak height and the relative standard deviation of 9% for six
deposits was exactly the same as the corresponding precision
when only one of the 2-CN 0-0 peak heights was used. The
9% precision that was d is the same as the average
relative standard deviation for multiple measurements of a
given peak and is limited by a drifting laser power. The good
precision of our measurements is comparable to the results
obtained by matrix isolation when rare gas and Shpol'skii
matrices are employed (8, 9, 16).

We have tested a new strategy for characterizing complex
mixtures of AHDs. By use of a low-temperature matrix
consisting of aromatic hydrocarbons with a molecular size and
shape which is matched to the AHDs of interest, spectral
broadening is minimized and the peak absorptivity and em-
issivity are maximized. This i or entirely eli
the need for complex fractionation procedures while at the
same time allowing the discrimination of very similar AHDs.
An important advantage of a parent molecule matrix is that
its usage results in very sharp spectral features for its deriv-
atives and the sharpness is virtually independent of the
position of substitution. Furthermore, as will be demonstrated
elsewhere, high resolution emission and excitation spectra can
be obtained for a wide variety of substituent species (including
polar substituents) when the parent molecule matrix is used.
As previously mentioned, nonfluorescing AHDs can also be
identified by observing X-trap emission, rather than analyte
fluorescence. We are currently investigating this application
of aromatic hydrocarbon matrices since it could significantly
increase the applicability of emission spectrometry to AHDs.
Another important advantage of a parent molecule matrix is
that it is potentially applicable to a number of environmentally
hazardous AHD:s in which high resolution emission or exci-
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tation spectra have never been reported. In particular, this
would include hydroxyl, chloro, and bromo derivatives of
naphthalene, biphenyl, dibenzofuran, and dibenzo-p-dioxin.
Of course, the general applicability of a parent molecule has
not been pi , but the preliminary results reported here
for CNs are highly encouraging. Finally, we note the dem-
onstration herein that AHDs can be prepared by vapor de-
position in an aromatic matrix without sncriﬁcing the reso-
lution of emission and excitation peaks is very important,
because it a]lows the analytical chemmt to bypass cnhcal
thermody such as insolubility and unf
dlsmbuuon coeff' icients, which are encountered in conven-
tional preparations of aromatic crystals. With vapor depos-
ition of the sample, good precision, high resolution, and low
detection limits can simultaneously be obtained.

Registry No. 2-Chloronaphthalene, 91-58-7; 1-fluoro-
naphthalene, 321-38-0; 2-flucronaphthalene, 323-09-1; 1-chloro-
naphthalene, 90-13-1; 1,2-dichloronaphthalene, 2050-69-3; 1,4-
dichloronaphthalene, 1825-31-6; 1,5-dichloronaphthalene, 1825-
30-5; 1,8-dichloronaphthalene, 2050-74-0; 2,3-dichloronaphthalene,
2050-75-1; 2,7-dichloronaphthalene, 2198-77-8; naphthalene, 91-
20-3.
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CORRESPONDENCE

Optimized Field-Flow Fractionation System Based on Dual Stream

Splitters

Sir: The cardinal rule for increasing separation speed (as
well as resolution) in field-flow fractionation (FFF) is to reduce
as far as possible the mean thickness [ of the cloud of particles
compressed against the accumulation wall of the FFF channel.
This rule, known since 1973 (1), can be deduced from the
following limiting equation for the time, ¢, needed to generate
one theoretical plate

t,=42/D (1)
where D is the particle diffusion coefficient. A separation

requiring N plates for adequate resolution therefore requires
a time of Nt,, which equals

t = 4NI?/D 2)

Jeatiod 4

of ¢ on [ and demonstrating
the desxrabnlnty of minimizing { (1, 2).

In resp to this lusion, experi tal FFF is often
operated with ! values in the range 1-10 um. For typical
channels of about 0.25 mm (250 um) thickness, this means
that the sample layer is very thin compared to the channel,
and that the sample therefore occupies only a small fraction
of channel cross section, as illustrated in Figure 1.

In order to avoid a substantial degradation of resolution,
the total experimental time for a run usually includes, along
with the above time Nt,, (see eq 2) for separation, a period
in which flow is halted to allow for sample relaxation at the
beginning of the run (3). This stop-flow time is governed by
the relaxation time 7, which can be expressed as the longest

distance (usually channel thickness w) the particles must
traverse to form the steady-state cloud divided by the field-
induced velocity U

r=w/U 3)
However, since ! = D/U, U can be replaced by D/, giving
=lw/D 4)

showing that 7 is also reduced by minimal [ values, again
emphasizing the importance of reducing I.
With the help of eq 1, we find
T 1 5)
t, 4 4
where A = [/w. This equation shows that waiting without flow
time 7 for relaxation the same t of time as
that required for generating (1/4)) plates. For example, if
the retention parameter A ~ 102, 7 is ~25 times longer than
t,. Since FFF is highly selective, adequate separation power
may be provided by anywhere from 20 to 1000 plates, de-
pending on the resolution required This is seen by noting
that with N plates, unit resolution can be gained between
species whose relative difference AM/M in molecular weight
is given by (4)

AM 4
= (6)
M NV2S
where the selectivity S approaches unity for sedimentation
FFF and values somewhat lower for most other FFF tech-
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Sample - f
wne

Figure 1. Approximate scale model demonstrating the extreme thin-
ness of a desirable sample cloud (in this case with / = 4 um) compared
to channel thickness w (here 240 um). For these dimensions, the
sample is carried downstream one-tenth as fast as the average carrier

velocity, R = 0.1.

niques. Thus when low resolution (large AM/M) is adequate,
the stop-flow time needed for relaxation may be about as long
as the actual separation time.

For clarification, we point out that the minimal-/ rule may
seem anomalous because the velocity V of a particle zone is
approximately proportional to [ as shown by the limiting
equation (5)

V= 6—l(u) = 6A\(v) (7)
w

where (v) is the average carrier velocity and w the channel
thickness. This equation suggests that small I's spawn small
V's and thus retard elution through the FFF channel. How-
ever, under optimized conditions, the reduction in ! (say 2-fold)
will be accompanied by a large (8-fold) increase in (v), and
thus, by eq 7, a substantial (4-fold) increase in zone velocity
YV and a corresponding (4-fold) reduction in separation time
t, in agreement with eq 2. (These conclusions stem from the
fact that N = LwD /24 (v); with a fixed N needed for sepa-
ration, we observe that (v) will change in proportion to .)
The minimal-/ rule can be implemented by increasing the
field strength S. (Quantity S can be equated to centrifugal
leration in sedi tation FFF, t ure gradient in

ion in
thermal FFF, etc.). However, carried to the extreme, in-
creasing S and decreasing [ values lead to several complica-
tions, including increasing particle-wall interactions, and, as
1 approaches the particle diameter, the onset of steric effects
(6). We also encounter concentration problems as we attempt
to crowd sufficient particles for d bility into i ingly
thin clouds. Thus, in fact, there is an optimum working range
for ! that repl: the absolute goal of minimal /. However,
this range can be forced toward the smallest possible values
by a judicious choice of experimental conditions.

While the cardinal rule of seeking small ! values must un-
derlie any serious effort to gain maximum speed, the rule needs
modification, interpretation, and extension to account for the
various complicating factors as noted above and for the fact
that many samples consist of particles having a wide size
distribution.

With respect to the latter problem, different particles in
a sample may have ! values differing by several orders of
magnitude; not all of these {'s can simultaneously lie in the
optimal range. Various programming methods have been
proposed to partially offset this problem (7, 8). For example,
with field programming, one ideally starts with an S value
sufficiently high to optimally separate the small particles. The
value of S is then lowered so that successively larger particles
come into the optimal range, each size effectively taking its
turn at optimal migration. One problem with field program-
ming is that in the course of each particle’s wait, during which
it has a suboptimal /, it may migrate anomalously due to steric
effects or possibly adsorb on the wall (8). Another probl

_ o—Flompestie
X

fioLm Strecm sclter
i
Somce Somgie
a oyt
Lyrpe Sampe
fattway e
Figure 2. Sch i of FFF with stream splitter at

both inlet and outlet.

is that when the field strength is changed rapidly to get quickly
through the particle size range, particles are unable to diffuse
rapidly enough to maintain the steady-state value of . While
corrections for this secondary relaxation have been developed
recently (9), they cannot be readily applied to complex samples
having particles of various densities and shapes.

An alternative to field progr ing is flow progr
(10), in which the field is held constant while the flow i is
increased. With this program, small particles with large I's
that take a long time, t,, to generate a plate (see eq 1) are
displaced through the channel slowly to gain adequate plates.
Larger particles with small I's, which move very slowly at first
due to both small  and small (v) (see eq 7), are, in their turn,
eluted rapidly by the increasing (v). However, if the largest
particles have I's too small for normal migration, anomalous
results will be found. In other words, flow programming
promises to work well over a given range of [ values, but the
practical magnitude of that range is probably limited.

It has been suggested that a combination of field and flow
programming might be most effective to avoid the above
problems (8). However, the use of any degree of flow pro-
gramming leads to another complication: variable flow tends
to destabilize the detector signal.

A number of the above difficulties can be ameliorated by
using a system having stream splitters. First of all, we focus
on the use of a channel with a split outlet. The split outlet
system is one (see Figure 2) in which the carrier near the
accumulation wall carrying the particle cloud is split away
from the larger particle-free stream occupying the remainder
of the channel (17). With this system, the sample is greatly
concentrated in the outlet stream and more easily detected,
relieving one of the above problems: the delicate bal
between detectability and sample concentration.

1t is furthermore proposed that the substream containing
the sample be withdrawn at a constant flow level using an
“unpump” (12) for flow control. In this way, flow program-
ming can be utilized such that the flow variability shows up
only in the waste stream, hindering detectability in the sample
substream.

It is additionally proposed that the system have a “stream
splitter” at the inlet. This “splitter” would have the same basic
structure as the outlet splitter, but with flow entering instead
of leaving, it would serve to merge two streams into one. The
lower stream would contain the sample, and the upper stream
would provide a sheath of pure carrier to confine the sample;
with streamlined convergence the sample would be held in
a thin layer near the accumulation wall, requiring little time
for relaxation. Thus, if the sample-containing stream carried
the fraction « of the total flow, the sample would emerge into
the channel contained in a thin lamina of thickness aw. This
thickness would replace w in eq 3 and 4, giving

aw _ alw

L D (8)

Thus, if only one-tenth (a = 0.1) of the total flow entered
through the sample inlet stream, r would be reduced to
one-tenth of its previous value, and the stop-flow procedure
used to accommodate relaxation would only take one-tenth
as long. Furthermore, with decreasing a, it would become
ingly feasible to bypass the stop-flow procedure entirely;
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not only does 7 reduce in propomon to a, but the saventy of
the distortion resulting when d to

should make the dual stream splm.er system useful for

flow (3) would be lessened by the reduced veloclty of the
wall-hugging lamina containing the sample. With the stop-
flow eliminated, the procedure would be faster and much
simpler and would be readily automated for repetitive sam-
pling. (Instead of requiring the coordination of injection with
the stopping and restarting of flow at the beginning of each
cycle, one would only need repetitive injection into the steady
sampling stream.)

In addition, the inlet splitter could be used to shorten the
time needed to establish gradients across the channel in hy-
perlayer FFF (13). For example, in sedimentation hyperlayer
FFF, the density modifier (and possibly the sample) could be
introduced through the lower (outer) stream, thus greatly

ducing the tithe 'y to establish a steady-state density
gradient and to realize normal sample migration.

In summary, the dual stream splitter system proposed here
should reduce the duration of, or eliminate the need for, stop
flow with any of the subtechniques of FFF. At the same time,
with proper flow control applied to the sample substream at
the outlet, the system should readily accommodate any com-
bination or sequence of nonprogrammed and programmed
operation including both field and flow programming, thus
giving much better control over optimization. Along with these
advantages, the system would provide a means for concen-
trating the sample to improve detectability and to reduce
sample load requirements. These concurrent advantages

simplifying, and 1g up most app
of FFF. The should be especially ad for
samples requiring maximum speed and frequent repetmon
LITERATURE CITED
(1) Giddings, J. C. Sep. Sci. 1973, 8, 567.
(2) Giddings, J. C.; Martn, M.; Myses. M. N. J. Crvomatogr . 1878, 158,
(3) Yang, F. J; Myers, M. N.; euangs J. C. Anal. Chem. 1977, 49, 655.

. Chem. 1974, 48,

. Anal. Chem. 1984, 56, 2093.
/. Chem. 1984, 56, 1461.
.; Joelimer, J. F.; Dickinson, T. H.; Myers,

E‘

345.
(13) Giddings, J. C. Sep. Sci. 1983, 18, 765-773.
dJ. Calvin Giddings
Department of Chemistry
University of Utah
Salt Lake City, Utah 84112

RECEIVED for review S ber 14, 1984. Accepted D b
26, 1984. This project was supported by Public Health Service
Grant GM 10851-27 from the National Institutes of Health.

Pulsed Semiconductor Laser Fluorcmetry for Lifetime Measurements

Sir: Laser fluorometry is quite useful for ultra'.race annlyms

solvent polanty is reponed ancl lt.s pownunhty for use m

and for characterization of the
the expense of the laser and the complexity of its operatlon
limit practical applications. A recently developed semicon-
ductor laser has the advantage of being much smaller and less
expensive, and it may readily be installed in a commercml

1

e ion of ydrophobicity is d
EXPERIMENTAL SECTION
Apparatus. A block di of the laser fl is shown

in Figure 1. 'I'he light source is a pulsed semiconductor laser
(H ics, Picosec Light Pulser, C1308), which has

spectrometer. Photoacoustic spectrometry (1), coi
spectrophotometry (2-4), fluorometry (5), and thermal lens
spectrophotometry (6) have been demonstrated using a con-
tinuous wave ductor laser. A icond laser can
be operated in a pulsed mode (7), but it has not yet been used
for the purpose of spectrometry. When short electric pulses
are d to the ductor laser, pi d laser pulses
can be obtained although the peak power is low. This laser
can be pulsed rapidly, so that it may be advantageous as a
light source for time-correlated photon counting fluorometry.

Most molecular fluorescence studies are carried out in the
ultraviolet and visible regions. A short-chained polymethine
dye has strong absorption and emission bands in the visible
region and has been used for characterization of a micelle (8)
and of a liposome (9) by ing the fluor: lifetime
and quantum yield. Extending the double-bond conjugation
by increasing the number of methylene groups in the chain
results in a polymethine dye which has a very strong ab-
sorption band in the near-infrared region (800-900 nm). To
the best of our knowledge, no study has been reported using
time-resolved fluorometry in the near-infrared region. This
is apparently due to the lack of a good light source and
photodetector for use in this wavelength region.

In this study, we present the lifetime measurement of a
polymethine dye in various solvents utilizing a novel pulsed
semiconductor laser in a time-correlated photon counting
system. A relationship between the fluorescence lifetime and

a pulse width of 136 ps and a peak output power of 1.3 W. The
laser was usually operated at a repetition rate of 10 kHz. Laser
emission (wavelength 823 nm, bandwidth 3 nm) was directed to
a conventional quartz sample cuvette with an optical fiber and
a lens (focal length (FL), 7 mm; 10 mm i.d.). The fluorescence
emission was collected with a lens (FL 31 mm, 28 mm i.d.) and
then passed t.hrough an mtexference filter (Dltnc 15-20785, 19
mm id., t 850 nm, t ion at 830 nm
0.3%), and a color filter (Toshiba V-R63, 630 nm cutoff). The
fluorescence signal is finally focused by a lens (FL 60 mm, 28 mm
i.d.) onto the photocathode of a red itive p Itiplier
(Hamamatsu R 928, 185-930 nm), which was typxcally operated
at 1500 V. The output signal was fed sequentially to a constant
fraction discriminator (Ortec 583), a time-to-amplitude converter
(Ortec 457), and a multichannel analyzer (Norland Ino-tec IT-
5300). The synchronous output signal (4 V, 100 ns) from the
semiconductor laser was delayed and inverted by using a pulse
generator (Hewlett-Packard 8013B) and fed to a constant fraction
discriminator (Ortec 473A). The fluorescence lifetime was cal-

lated by a micr p (Sord M223 Mark III).

Reagents. The polymethine dye 3,3"-diethyl-2,2"-(4,5:4',5"-
dibenzo)dithiatricarbocyanine iodide (NK 427) was obtained from
Nippon Kanko-Shikiso Kenkyusho and was used without further
purification. Guaranteed grade organic solvents were obtained
from Kishida Chemical Co. and were used as received. The water
was doubly distilled and deionized.

RESULTS AND DISCUSSION
Time Resolution. The time profile of the laser pulse as

0003-2700/85/0357-0947$01.50/0 © 1985 American Chemical Society
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Figure 1. Block diagram of experimental apparatus for measurement
of fluorescence lifetime.
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Figure 2. Excitation time profile of laser pulse recorded by present
fluorometric system.

measured by the present laser fluorometer is shown in Figure
2. 'The full width at the half maximum (fwhm) is 480 ps.
Since pulse width of the semiconductor laser is 136 ps and
the time resolution of the electronics is even shorter, the
observed time resolution is assumed to be limited by the
transit time spread (T'TS) of the photomultiplier. Further
optimization of the experimental conditions might improve
the resolution to 200 ps (10). For example, a microchannel
plate photomultiplier has shorter TTS (11), but a transmission
type photocathode is not available for this type (the available
range is 300-840 nm). A cross-field photomultiplier (TTS =
30 ps (12)) may be more advantageous due to better time
resolution (228 ps (13)) and high sensitivity in the near-in-
frared region (300-900 nm) but is rather expensive. An av-
alanche photodiode operated in a single photon counting mode
has very short T'T'S and is sensitive out to 1100 nm (silicone
diode) or 1570 nm (germanium diode). A time resolution of
70 ps has already been achieved by using the avalanche
photodiode (14). A passively mode-locked semiconductor laser
is reported to have a very short pulse width of 5.1 ps (15). We
believe that a laser fluorometric system consisting of a
mode-locked semiconductor laser and an avalanche photodiode
incorporated into a time-correlation photon counting system
would be quite attractive for the measurement of picosecond
fluorescence decay.

Fluorescence Lifetime of Polymethine Dye. The
fluorescence decay curve and the fluorescence intensity were
measured for NK 427 without deaeration of the sample so-
lutions; deaeration caused little effect in these parameters.
Since the time resolution of the fluorometer was not neces-
sarily sufficient, the fluorescence lifetime (1) was estimated
by using the simple equation (A% + 7% = A?) where A is the
decay time obtained from the profile of the laser pulse (A;
= 320 ps) and A, is the observed lifetime for the sample. By
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Figure 3. Fluorescence characteristics of polymethine dye: (A)
fluorescence lifetime, (B) fluorescence quantum yield; (a) 2-methyl-1-
propanol, (b) acetone, (c) ethanol, (d) methanol, (e) ethylene glycol, (f)
water:methanol 3:7, (g) water:methanol 1:1. The lifetime measurement
was carried out at 30 °C.

this procedure the fluorescence lifetime was corrected about
10% for the sample with the shortest lifetime in this study.
A deconvolution procedure would be necessary in order to
obtain rigorously quantitative results. The error in data fitting
to a single exponential decay curve was about 7% in the worst
case and less than 1% in the best case. The fluorescence
quantum yield was calculated by dividing the integrated
fluorescence intensity by the absorbance of the sample solu-
tion. As depicted in Figure 3A, the fluorescence lifetime
decreases with increasing dielectric constants of those solvents
which contain an OH group. A correlation coefficient in fitting
to a linear curve was —0.987. Acetone deviates from the line,
possibly due to the relatively small hydrogen-bonding inter-
action of the dye and solvent molecules. The fluorescence
quantum yield (Figure 3B), shows a similar dependence upon
dielectric constant. However, a correlation coefficient was
-0.730, and it was difficult to fit the data to the line. The
deviation observed when ethylene glycol was the solvent is
due to rapid decomposition of NK 427, which is not stable
in this solvent. Fluorescence lifetime as measured by time-
correlated photon counting fluorometry is not affected by
gradual sample decomposition, which is a serious problem in
the time-gated signal measurement of the decay curve, and
is therefore preferable to quantum yield for the evaluation
of fluorescence characteristics of the sample molecule. The
present results show that fluorescence quenching increases
with increasing solvent polarity, as the solute-solvent inter-
action increases. This result suggests that a polymethine dye
could possibly be used as a hydrophobic probe, although NK
427 itself could not be directly combined with biochemical
polymers such as proteins. The NK 427 dye was selected
initially since it is strongly fluorescent and has been previously
used as a laser dye. More than 2000 dyes in this group are
commercially available (16), so that a suitable dye for bio-
chemical polymer studies should be identifiable by screening
of this class of dye molecules. A few polymethine dyes have
already been used as molecular probes in order to elucidate
the characteristics of protein, but all of these studies have been
performed by using excitation in the visible region (17). We
expect that a similar approach should be possible in the
near-infrared region. The fluorometry system developed and
presented above would provide a powerful analytical technique
for obtaining information about the microenvironmental hy-
drophobicity of proteins.
Registry No. NK 427, 20682-18-2.
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Laser Photodissociation/Tandem Mass Spectrometry of Synthetic

Porphyrins: A Structural Probe

Sir: Structural determination of peripherally modified
porphyrins generally requires confirmation from several in-
strumental methods—mass spectrometry, NMR, and ab-
sorption spectrometries. Electron ionization mass spectrom-
etry provides molecular weight and structural information
unless the porphyrin is intractable or it contains labile side
chains or “tails”. Field desorption mass spectrometry can
provide molecular weight information on such troublesome
species, but it usually does not yield structural information.
Recently, we reported the usefulness of the desorption ioni-
zation mass spectrometry methods—fast-atom bombardment
(FAB), desorption chemical ionization, and “in-beam” electron
ionization for molecular weight and side-chain determinations
of intractable synthetic prophyrins (I, 2). Generally, FAB gave
the most significant structural and molecular weight infor-
mation for the various synthetic compounds studied, relative
to the other two desorption ionization methods. Although
FAB yielded molecular weight information, other abundant
molecular adduct ions resulting from sample reactions with
the thioglycerol matrix and sample/matrix impurities were
observed in the spectra of the porphyrins. These adduct ions
could confuse the identification of a compound.

Tandem mass spectrometry methods (3, 4) could be used
to dissociate each of the various suspected molecular parents
ions, which would include adduct ions, etc., in order to confirm
the authenticity of the actual molecular ion. Collisional ac-
tivation of the mass-selected ions results in the deposition of
a range of internal energies, where the average excitation
energy is dependent on the collision energy (5) and the number
of collisions (6). This nondiscrete energy deposition may result
in nonselective fragmentation of the ions of interest. Fur-
thermore, collision-induced dissociation of mass-selected ions
at the same nominal mass-to-charge ratio (low-resolution
tandem mass spectrometry) could confuse the interpretation
of the resulting composite daughter ion mass spectrum.

Photodissociation of mass-selected ions results in an ad-
ditional degree of selectivity (6-8). A discrete energy or range
of energies can be d ited into the lected ion by
photoexcitation. This discrete excitation results in both
molecular-specific and bond-selective photodissociation es-

pecially when the molecular ions are produced with low in-
ternal energies. FAB has been shown to produce ions with
relatively low internal energy (9), and the low degree of
fragmentation observed in FAB spectra is indicative of such
low internal-energy ions.

This paper reports preliminary mass spectrometry/mass
spectrometry (MS/MS) results on the photodissociation of
a series of synthetic porphyrin molecular ions produced by
FAB. The photodissociation mass spectra of one series of
“tailed” porphyrins yielded information on the structure of
the “tail”. The photofragment spectra of a series of meso-
substituted tetraphenylporphines gave information on the
meso substituent. Adduct ions of the porphyrin molecules
did not yield significant photofragment mass spectra. One
example is given of photodissociation of a porphyrin molecular
ion isobaric with an interfering glycerol cluster ion, which
illustrates the selectivity of the method over collisional-ac-
tivation techniques.

EXPERIMENTAL SECTION

A reverse-g try, double-fa mass spectrometer
(ZAB-2F, VG Analytical, Ltd., Manchester U.K.) was used as a
mass-analyzed ion kinetic energy spectrometer (10). The in-
strument was modified to allow coaxial ion/photon beam overlap
in the second field-free region of the mass spectrometer, similar
to that reported elsewhere (11). An argon ion laser (Spectra
Physics Model 171-18) was operated at 10 or 20 W (~2-mm beam
diameter) in the multiline mode (457.9-514.5 nm; 2.7-2.4 eV),
and phase-sensitive detection was acc lished by hanicall;
choppmg the laser beam (2.5 kHz) and deleclmg the signal with
a lock-in amplifier.

The residence time of the fast ion beam in the photodissociation
region is on the order of several micros.conds resulting in a very
low phov.on fluence (107 J/cm2) which is much less than that

d for multiph p (1J/em?). Therefore,
the pholodlssocmuon processes reported here are single-photon
pr Ad of multiph events can be found

elsewhere (12, 13).

Mass-analyzed ion kinetic energy spectrometry (MIKES)
photofragment spectra of the porphyrin molecular ion {({M + H]*
and M*.) were averaged by using a multichannel analyzer with
16 to 64 spectra depending on the signal-to-noise ratio. Repetitive

This article not subject to U.S. Copyright. Published 1985 by the American Chemical Society
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Figure 1. Selected synthetic porphyrins studied by desorption ionization mass spectrometry. The first series, compounds 1-6, are functional
derivatives of deuteroporphyrin IX. The second series, compounds 7—12, are meso-substituted pseudo-tetraphenylporphines: 1, zinc deuteroporphyrin
IX dicarboxylic acid; 2, iron deuteroporphyrin IX 6(7) methy! ester (3) imidazolepropylamide; 3, deuteroporphyrin IX 6(7) methyl ester 7(6)(histidine
methyl ester); 4, deuteroporphyrin IX 6(7)-(histidine methyl ester) 7(6)-(histidine methyl ester); 5, zinc deuteroporphyrin IX 6(7) methyl ester
7(6)-(histidine methyl ester); 6, iron deuteroporphyrin IX 6(7) methyl ester 7(6)-(histidine methyl ester); 7, meso-tetra(o -aminophenyl)porphyrin;
8, zinc meso -tetra(o -aminophenyl)porphyrin; 9, meso-tetra(a,a,«,a-0 -pivalaminophenyl)porphyrin; 10, iron meso-tetra(a,«,a, -0 -pivalamino-
phenyl)porphyrin; 11, capped porphyrin (ref 14); 12, tetra(N-methylpyridinium iodide)porphyrin.

samples were run (four spectra per sample) to collect sufficient
data. The molecular ions of the porphyrins were obtained by
fast-atom bombardment using a thioglycerol matrix as described
previously (I, 2).

The synthetic porphyrins (Figure 1) were surplus from an earlier

study (1, 2), and they were prepared as described therein. Only
those photodissociation product ions that dominated the daughter
ion spectra (>10% of the base peak) will be discussed. All losses
reported are with respect to the molecular ion, and «, 8, and y
cleavages are with respect to the carbonyl group on the “tails”



(R or R’ as specified).

RESULTS AND DISCUSSION

Porphyrin Photodissociation Mass Spectra. Deutero-
porphyrin IX Derivatives. The base peak in the photodis-
sociation mass spectrum of this series of “tailed” porphyrins
(Compounds 1-6, Figure 1) was a result of photoinduced
B-cleavage to the carbonyl group containing the R’ function-
ality (loss of CH,COR’). Generally, the major fragmentations
were similar to those reported for the FAB spectra (2). The
first compound, zinc deuteroporphyrin IX dicarboxylic acid,
also gave an abundant fragment (27%) resulting from a y-
cleavage (R equals R’), and the second compound, iron{I1I)
deuteroporphyrin IX 6(7) methyl ester (3) imidazolepropyl-
amide, likewise gave an abundant (70%) §-cleavage (loss of
CH,COR). Compound 2 was the only one out of the five
compounds containing an imidazole terminus (compounds
2-6) where a fragment ion corresponding to the loss of the
imidazole terminus (20%) was observed.

Compounds 3, 4, 5, and 6, which form a pseudohomologous
series, showed various a, 8, and vy cleavages in rather low
abundances (20-30%). The spectrum of the iron-containing
member of the series (compound 6) was obtained at 10 W laser
power, while the metal-free and zinc-containing members
required a higher power (20 W) to detect photodissociation
products. Compound 3, deuteroporphyrin IX 6(7) methyl
ester, 7(6)-(histidine methyl ester) has been observed to un-
dergo disproportionation and recombination in the matrix (1)
resulting in the abundant deuteroporphyrin IX 6(7)-(histidine
methyl ester) 7(6)-(histidine methyl ester) species (compound
4). The photodissociation mass spectrum of this species (10
W laser power) resulted in two abundant (100%) product ions
from 8 and v cleavages of the R’ “tail”. All three compounds
gave the loss of the R’ moiety.

Meso-Substituted Tetraphenylporphine Derivatives. The
loss of one meso-substituent (anilino group) dominated the
photodissociation mass spectra of compounds 7 and 8, and
the loss of ammonia (85% and 25%) also was observed. The
plcket fence porphyrms (compounds 9 and 10) of this

series (compounds 7, 8, 9, and 10) both
ylelded the loss of the “pickets” (R groups) as the base peak.
A single R group loss dominated for the metal-free porphyrin,
and the losses of both one and two R groups were the base
peaks for the iron-containing porphyrin. The loss of a tert-
butyl group was observed in high abundance (60%) for com-
pound 9. The iron meso-tetra(a,a,a,a-0-pivalaminophenyl)-
porphyrin required high laser power (20 W) to obtain the
photodissociation mass spectrum. This compound 10 also gave
the fragments [M - R - t-Bu]* and [M - NHR]*, which were
not observed in the FAB mass spectrum (2). In contrast, the
[M - t-Bu]* species was the most abundant ion in the FAB
mass spectrum.

The capped porphyrin (compound 11) gave a weak photo-
dissociation mass spectrum with three intense (~100%)
fragments that corresponded to the loss of OH, CO, and CO,
from the molecular ion.

The letra(N~methylpynd|mum iodide)porphyrin (tetra-
quarternary salt), d 12, gave a molecul
parent ion at m/z 678, corresponding to [M - 41]* (2). The
photodissociation mass spectrum of this species was the most
intense of all the porphyrins studied. The two observed
photofragments corresponded to [M - CHj3)* and [M -
NHCH;,J*.

Photoselectivity—Mixture Analysis. Our earlier study
on the FAB of synthetic porphyrins demonstrated the ability
of FAB to give abundant molecular ions from these intractable
species (1, 2); however, very abundant adduct ions were also
observed. These adduct ions in the molecular ion region, some
of which could not be identified, could confound the identi-
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fication of an unknown species or the verification of a synthetic
product. The photodissociation mass spectrum of each of the

pect ions in the molecular ion region will yield characteristic
spectral information, which establishes the identity of the true
molecular ion. As a first example, an interference ion in the
FAB spectrum of compound 4, 14 mass units ahove the mo-
lecular ion, which could correspond to a homologue of com-
pound 4, did not yield photofragments. Clearly, based on the
expected photo 8-cleavages from the tailed porphyrins (es-
tablished in the previous section), this [M + 14]* species is
unrelated to the synthetic porphyrin of interest. (This does
not rule out the possibility that the [M + 14]* 1s some por-
phyrin reaction product or adduct ion.) Also, the unidentified
adduct ion observed in the FAB spectrum of compound 7,
corresponding to [M + 149]* gave a photofragment at [M -
44]*, which is not structurally indicative of a compound 7
porphyrin-related species, similar to the previous examples.
These two results illustrate how the photodissociation tech-
nique combined with FAB can be used to confirm the identity
of the true molecular ion.

Ions that are isobaric with an ion of interest also can in-
terfere in a mass spectrometry/mass spectrometry experiment
especially with low-resolving power spectrometers (triple
quadrupole or MIKE spectrometers). For example, the pro-
tonated molecule of compound 8, zinc meso-tetra(o-amino-
phenyl)porphyrin, has the same nominal mass as the glycerol
cluster ion [(C;HgO3)sH]*. The collision-induced dissociation
(CID) MIKES spectrum of compound 8 gives abundant
fragment ions from the loss of the NH, species (40%), the loss
of one (100%) and two (25%) anilino groups (C;HNH,), and
the loss of an anilino and NH, species (25%) (see Figure 2A).
The n = 8 glycerol cluster gives a series of daughter ions due
to the loss of (C;Hg0), for n = 1-7. The loss of (C3H0), »
from the n = 8 glycerol cluster ion gives fragment ions that
coincide with the nominal mass of the anilino loss fragments
of compound 8, [M - (C¢H,NH.), ,]*. A CID/MIKES spec-
trum of a porphyrin/glycerol mixture (glycerol >> porphy-
rin/thioglycerol is shown in Figure 2B. The presence of the
glycerol cluster ion fragments (n = 5, 6, and 7) dominates this
spectrum. The kinetic energy release of the glycerol fragment
ions (n = 6 and 7) are must less than the isobaric porphyrin
product ions. This can be seen by comparing the peak widths
of the fragment ions in Figure 2A,B. The porphyrin is only
a minor component of the mixture used to obtain the CID/
MIKES spectrum shown in Figure 2B. Figure 2C,D shows
the photodissociation MIKES spectra of the porphyrin and
porphyrin/glycerol mixture. Glycerol photofragments were
not observed in a sepérate experiment on the photodissociation
of the glycerol cluster isobaric ion, because the glycerol cluster
ion does not photodissociate at the wavelengths used in our
experiments. Although the photodissociation mass spectrum
of the mixture (Figure 2D) is weak, the major features of the
spectrum obtained from the pure compound are observed; for
example, the similar kinetic-energy release of the porphyrin
photofragments. The signal-to-noise ratio could be improved
by signal averaging for a longer period of time. This rather
simple, but practical example encountered in our studies
demonstrates the potential for selective dissociation by pho-
ton/ion interactions. Also, the combined technique of
FAB/photodissociation/MS/MS will allow the study of the
gas-phase ion spectroscopy and energetics of such intractable
compounds.

As a point of contrast it is worth commenting on the sim-
ilarity of the CID and photodissociation MIKES spectra of
the porphyrin discussed with respect to Figure 2. The average
collisional excitation energy has been determined to be ap-
proximately 2.4 eV (6). This collisional energy is at the low
end of the range of (multiline) photoexcitation energies
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Figure 2. The CID/MIKES and photodissociation/MIKES spectra of
the molecular lon (m/z 737) of p 8, zinc
gly and of the m/z 737 spedes in
a g'ycerollthioglycerol mixture: (A) CID/MIKES spectrum of the
porphyrin in a thioglycerol matrix; (B) CID/MIKES spectrum of the m/z
737 species. A small percentage of the porphyrin/thioglycerol sample
was admixed with glycerol. The glycerol [(CsHg)gH]* (m/z 737) cluster
ion is with the porphy lon. The gly cluster
daughter lons are also isobaric with some of the porphyrin daughter
ions, which could confuse interpretation of the mass spectrum; (C)
Photodissociation/MIKES spectrum of the porphyrin in a thioglycerol
matrix; (D) Photodissociation/MIKES spectrum of the m/z 737 species
from the glycerol-porphyrin/thioglycerol mixture, which is due only to
of the porp (Ina we
were not able to detect any lonic photofragments from the glycerol
cluster lon at m/z 737).

(2.41-2.71 eV) used in these studies. Therefore, similar
daughter ions and kinetic energy releases from the porphyrin
in the CID and photodissociation spectra are observed.
However, the collisional activation energy can exceed the
2.71-eV photoexcitation maximum, which implies that the
onset for the fragmentation of the glycerol cluster ion lies
above 2.7 eV.

CONCLUSIONS

This rather spectroscopically limited laser/mass spectro-
metric study demonstrates the concept and potential of ion
photodissociation to characterize selectively complex and in-

tractable molecules of biological importance ionized by the
new desorption ionization techniques. The use of a tunable
photon source will enhance selectivity and sensitivity because
the photodissociation can be performed at a wavelength
specific for the compound of interest and having an optimal
photon absorption cross section, thus leading to enhanced
photofragmentation. Further investigation of the ion pho-
todissociation spectra of the porphyrins over a continuous
range of wavelengths would allow the direct comparison of
the ion spectra and the electronic absorption spectra. This
would provide insight into the ion structure and the dynamics
of ion/photon interactions and the electronic structure of the
molecular ions.
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Unbiased Generalized Standard Addition Method

Sir: During the last decade there has been a lot of interest
in the quantitative analysis of multicomponent data. This

puters which are now interfaced to analytical instruments.
Recently, a method for multicomponent analysis using

is due to our increased ability to collect multi length data

standard additions of more than one analyte, component of

and to handle the required matrix transformations on com-

0003-2700/85/0357-0952$01.50/0

interest, was developed. This method is called the generalized
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standard addition method (GSAM) (1-4), which is able to
detect and correct for spectral interferences, matrix effects,
and drift.
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suggested separating the matrix Q into two terms, as follows:

Q = AQ + qgi". In doing this separation, one presupp

that qq is equal to §, which is the BLUE of the vector of initial
le r

‘The computational procedure of the GSAM is posed
of two steps. A matrix of linear howing
the contribution of analytes to sensor responses is computed
at the first step. To compute this matrix, the initial response
of the unknown sample is subtracted from the response data
matrix. The determined matrix is used at the second step
to compute the concentrations in the sample. Unfortunately,
the subtraction of initial from the matrix
results in biased estimates of the concentrations in the un-
known sample. This point is well illustrated by referring to
the quantitation of an unknown, using one-dimensional
(regular) standard addition. To estimate the unknown con-
centration, the response of the analytical sensor is plotted
against the number of moles added to the unknown. The best
straight line is fitted to these points and extended back to
intersect the abscissa. The point where the intersection occurs
is the initial number of moles of unknown. The best straight
line fit to measured responses will yield the “best linear un-
biased estimate” (BLUE) of the unknown. Unlike the one-
dimensional standard addition, the multidimensional GSAM'’s
quantitation results are not BLUE. This follows from the
subtraction of initial response from the response matrix. In
the one-dimensional method, this is equal to enforcing the
straight lint to pass through the initial sample response. In
the rest of this note, this argument will be clarified and a
technique that allows the achievement of BLUE for the
multidimgnsional GSAM is presented.

THEORY

Probem Formulation and Notation. Boldface capital
letters are used for matrices, e.g., X, superscript T for
transposed matrices, e.g., X7, boldface small characters for
vectors, e.g., X, and X, and italic lower case characters for
scalers, e.g., x. Superscript + denotes the pseudoinverse, e.g.,
X*. The symbol (x|X) designates a partitioned matrix.

There are m (i = 1, ..., m) sensors, n (j = 1, ..., n) standard
additions, and p (k = 1, ..., p) analytes. The matrix Q which
is of the order m X (n + 1) is the matrix of instrumental
responses multiplied by the total volume. C is the matrix of
number of moles of analytes and is of order p X (n + 1). The
matrix A of order m X p connects the two matrices by

0 Qi - Qin @, @, - Gy
Qe Qi -~ @an a,, @, . ayp
% o .
dm.o 9m, - 9m.n Gn.y Gm,; - Gmp
:I.l) cl.l ! L‘I."
€5 Cim s Cim
: (1)
Cpo Cp - Cpon
or
Q=AC

The first columns q, and ¢, are the vectors of initial sample
concentration and response. The matrix C may be written
as C = AC + ¢,jT where j is a vector with n + 1 elements all
of which are units. AC is the added concentrations matrix.
Now eq 1 is read as

Q = A(AC + ¢ii") (2)
which is a equation (b of the multiple, Ac,,
of two unknown quantities) and its solution requires the use

of iterative methods. In order to overcome this difficulty,
Saxberg and Kowalski (1), in their formulation of the GSAM,

When this assumption is made, eq 2 may be separated into
two equations

AQ = A AC (3a)
q = Acy (3b)

Equation 3a is solved first to find A which in turn is used by
eq 3b to quantify the unknown number of moles. It is obvious
that both A and ¢, are biased due to the assumption g, = qo-

Solution of the Unbiased GSAM. In order to get a BLUE
and yet avoid the time-consuming solution of a nonlinear
matrix equation, it is suggested here to use a nonzero intercept
model. The matrices involved will be redefined as A* = (ajA),
C* = (jIACTMT, and the matrix Q remains unaltered. Now,
eq 1 may bae rewritten as

@, G, - ap b UES (SPeTRa—" 1
G0 Gy - Gyp 0 acy, ACin
Q= x (4)
Im.0 Om,. - Gmp 0 Acp ACp.n
or
Q = A*C*

The benefit of using the nonzero intercept model is removing
¢, from eq 4 which allows quantitation of A by linear methods.
It is also obvious that a, is equal to o which is now inserted
into

Go = 89 = Acp (5)

to obtain a BLUE of the analyte amounts.

It may be noted that the solution of a nonzero intercept
model does not require a solution of matrices of order greater
by one than the zero intercept model, and thus an additional
sensor is needed (in contrast to what is claimed in ref 5).
Rather, a transformation that allows the solution of matrices
with the same order as the zero intercept model can be used
(6). The solution of eq 5 is presented in the Appendix.

Frank et al. (2) applied the partial least-squares method
(PLS) to the GSAM. They found that the results obtained
by PLS were superior in terms of noise rejection to those
obtained by conventional least squares. The superiority of
quantifying by the PLS is well explained by the fact that in
the PLS method the initial responses are also used in esti-
mating the constants matrix.

Jochum et al. (3) and Moran and Kowalski (4) derived
expressions to describe the effect of random experimental error
on the GSAM. The derivation of the error estimates was
complicated by the fact that the original computation is made
by two steps. By use of the unbiased GSAM this difficulty
is avoided as the second step does not introduce error. Thus
error estimate by either of the methods (condition number
(3) or variance matrix (4)) is much simpler.

APPENDIX

Solution of the Unbiased GSAM. According to the
least-squares approach, eq 4 is right multiplied by (jJACT) to
obtain the normal equation

")
QGjach = (ﬂolA)(A—C )(JIAC") (6)
After the multiplications are performed, eq 6 results in two

matrix equations
Qj = ay(n + 1) + A ACj 7
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Q=a,"+AAC (8)
The mean of the responses for each sensor is defined by
n+l
Gi= Xaiy
J=1
Thus, the vector of mean responses, q, is computed by
Qj
L Gy 9)
The mean ¢ of added analyte concentrations is also given by
. ACj
Ei= e (10)
Now, it is observed that eq 7 may be written as
a, = q- Ac (11)

When this value of a, is inserted into eq 8, the following
equation is obtained:

Q-aj" = A(AC - ¢j") (12)
Defining Q = Q - gi* and AC = AC - ¢j" which are zero mean

matrices of responses and concentrations, respectively, eq 12
is now written

Q=AAC (13)

whose solution is

A=QacCt (14)
Quantification of the sample is performed by
G = Acy (15)

Since @, = a,, the value of a, from eq 11 is inserted into eq
15, to get

q=A(c +¢) (16)
and finally
c,=Atg-¢ (17)
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Square Wave Voltammetry at Electrodes Having a Small Dimension

Sir: Square wave voltammetry is a large amplitude dif-
ferential technique in which a wave form composed of a square
wave superimposed on a staircase is applied to the working
electrode (1, 2). Current measurements are made near the
end of the pulse in each square wave half cycle; the difference
of these two currents, when plotted vs. staircase potential,
yields a symmetrical, peak-shaped net current voltammogram.
The simplicity and fidelity of this net current response as an
indicator of analyte properties under conditions which com-
plicate conventional voltammetric methods are the subjects
of this paper.

The trend towards smaller sample sizes, in situ analysis,
and detection in flowing streams makes it harder to use
analytical voltammetry under the customary boundary con-
ditions of planar semiinfinite diffusion. This in turn severely
limits the ability of traditional voltammetric techniques (i.e.,
differential pulse and cyclic voltammetry) of electroanalysis
to quantitate and characterize analytes. The time scale of
differential pulse voltammetry (minutes) makes it impractical
for many applications, especially those which require con-
temporaneous, rather than retrospective information. Cyclic
voltammetry is limited at low analyte concentrations by
charging currents, and the shape of the voltammogram de-
pends on the mode of diffusion. Under conditions of non-
planar diffusion the well-known peaked response tends toward
an S-shaped wave (3) while for restricted diffusion it tends
toward a symmetrical peak (4). Ideally what is desired is a
method which preserves quantitative information in a simple
peak-shaped response invarient in shape regardless of the
electrode geometry, time scale of the experiment, or mecha-
nism of mass transport. Our experiences with pulse methods
in a variety of experimental situations suggest that square
wave voltammetry possesses these attributes and hence will

be very useful in many modern applications of voltammetry
to quantitative analysis.

Figure 1 shows a direct comparison of cyclic staircase and
square wave voltammetry used at identical scan rates with
a planar reticulated vitreous carbon electrode and a reversible
redox couple. The results for staircase voltammetry are very
nearly the same as those for cyclic voltammetry and become
identical as the staircase amplitude approaches zero at con-
stant scan rate. Nonplanar diffusion is known to make a
significant contribution to the total current measured under
these conditions with this type of electrode (5). Note that the
staircase voltammogram is severely distorted from the re-
versible shape afforded by ordinary linear diffusion and offers
no easily quantifiable features (6). On the other hand the
square wave voltammogram offers a prominent symmetrical
peak with a characteristic position, width, and height. Unlike
the result for staircase voltammetry, the peak shape is inde-
pendent of the quantity r/(Dt)'/? where r is a characteristic
dimension of the electrode, D is the diffusion coefficient of
the reacting species, and ¢ is a characteristic time of the ex-
periment. (When r/(Dt)'/? >> 1 only. planar semiinfinite
diffusion is observed.) For practical purposes the peak po-
tential coincides with the half wave potential of the redox
couple, the peak width indicates the effective number of
electrons transferred, and the peak height is a measure of
analyte concentration. Hence, voltammetric analyses and
measurements are greatly simplified by the use of the square
wave wave form. Its usefulness for rapid surveys of electro-
chemical properties should also be obvious.

Many other types of electrodes which exhibit nonplanar or
restricted diffusion on the time scale of the experiment yield
simple peak-shaped volt. ams. Included in this group
are an embedded thin wire cross section (microdisk), exposed
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Figure 1. Reticulated vitreous carbon electrode (Normar Industries,
4 X 1, 100; ct. ref 5), 45 um equivalent radius, 1.0 M KCI, 0.5 mM
potassium ferrocyanide, pH 2.68: (A) square wave voltammogram,
10 Hz, 10 mV step height, 50 mV ampitude (r/(Dt)2 = 0.7); (B) cyclic
staircase voltammogram, 10 Hz, 10 mV step height (r/(Dt)"/? = 0.5).
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E,V vs Ag/Ag"
Flgun 2. Square wave voltammograms obtained with various mi-

(A) g (8 um di . 50
Hz rI(DI)"’ = 0.8); (B) exposed graphlta fiber (8 um diameter, 900
um length, 50 Hz, r/(Dt)"2 = 0.8); (C) e gokl wire (50 um
diameter, 1800 um length, 60 Hz, r/(Dt)"? = 5.6). The step height
was 5§ mV and the square wave amplitude was 50 mV. The reference
electrode was Ag/0.01 M AgNO;, 0.1 M LIiCIO, in acetonitrile. The
analyte was 1.0 (A, B) or 0.5 (C) mM ferrocene in 0.1 M LiCIO, ace-
tonitrile solution. Dotted lines denote forward and reverse currents.

thin wire (circular cross section), exposed graphite fiber
(bilobal cross section), embedded thin foil cross section (line),
mercury thin film on planar glassy carbon, and an LED
electrode. The LED electrode is an extreme example of a
poorly defined microgeometry. It was prepared by drilling
a small hole through a common light emitting diode (LED)
indicating lamp and using the cross section of the severed chip
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connector wire as the working electrode. Detailed theoretical
and experimental investigations of the first five geometries
listed above are presently in progress in our laboratories.

Some typical experimental results are shown in Figure 2.
In spite of the skewed form of the forward and reverse currents
(dotted lines), the symmetry of the net current peak is retained
in each case. The amount of skewness of the forward and
reverse currents is a complex function of wave form and
diffusion field and is beyond the scope of this paper. The
difference in peak height between curves A and B (a factor
of 400) is due largely to using as an electrode the surface area
of a cylinder instead of its relatively small cross section.
Enhanced peak currents are also observed when thin metallic
wires (curve C) are employed as electrodes instead of graphite
fibers. Hence, the use of simple exposed fibers or wires with
square wave voltammetry appears to be an attractive alter-
native to use of multielement arrays of microdisks with cyclic
voltammetry.

These result,s suggest that the shape of the net current
volt itive to the curvature and boundaries
of the dlffuslon field around the electrode. This is an espe-
cially useful feature of square wave voltammetry since the
diffusion fields around many practical microelectrodes fre-
quently cannot be precisely controlled or reproduced. Also,
some easily constructed and economical electrodes, 25 um
diameter platinum wires, for example, are much more effec-
tively used with square wave than with cyclic staircase vol-
tammetry. A peak-shaped response is always obtained re-
gardless of the length or shape of the wire. For these reasons
we expect that the use of microelectrodes with square wave
voltammetry will lead to improved electrode designs and in-
creased experimentation on the microdimensional scale.
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Constrained Calibration Curves: A Novel Application of Lagrange Multipliers in

Analytical Chemistry

J. J. Leary* and E. B. Messick!

Department of Chemistry, James Madison University, Harrisonburg, Virginia 22807

The generation and use of calibration curves have always
been important aspects of analytical chemistry, and numerous
papers have appeared in this journal concerning various
least-squares curve fitting techniques and their applications.
However, no reference has been made to a general approach
for fitting equations to data when the physical reality of the
situation dictates that the curve pass through one or more
given points. Calibration curves, for example, often are known
to pass through points such as (0, 0), (100, 100), (100, 1), or
(1, 1). The special case of a curve passing through the origin
is often treated by constructing the mathematical model
without the inclusion of a constant term that would provide
an estimate of the y intercept. The general case of forcing
an equation to pass through a specific point or points is
conveniently treated via the use of one or more Lagrange
multipliers (I). The use of Lagrange multipliers to simplify
constrained maximization or minimization problems in physics
and physical chemistry is well doct ted (2-5); however,
the application of this very powerful and easy to use technique
has, to date, not been applied to problems within the realm
of analytical chemistry. The main goal of this manuscript is
to illustrate how the use of Lagrange multipliers can sup-
plement the more traditional least-squares curve fitting
procedures. The concept of degrees of freedom when de-
scribing the variability of data around a calibration curve is
also discussed.

The approach to be used is general, but it will be illustrated
with reference to a specific example. Table I provides a set
of data that was obtained in an experiment designed to de-
termine the volume percent ethanol in ethanol-water mixtures
using a gas chromatograph equipped with a thermal con-
ductivity det (6). The independent variable is volume
percent ethanol, and the experimentally determined response
is the ratio (area ethanol/(area ethanol + area water)) X 100.
The data are definitely nonlinear, but because the slope is
changing slowly and no inflection points are apparent, the goal
will be to fit a second-order polynomial through the data
without using weighting factors. Furthermore, the curve is
to be constrained to pass through the points (0, 0) and (100,
100), pure water and pure ethanol, respectively.

The general second-order polynomial is given by eq 1, and
eq 2 summarizes the function that would normally be mini-
mized via the method of least squares. The importance of

¥y = ap + ayx + ax? 1)
N
Q= _Z’wily.-(data) - yi(curve)]?

N
Q= EwiIYi = (ap + ayx; + ax))? 2)

incorporating the w;'s (weighting factors) into least-squares
probl has been di d (7, 8). To proceed from eq 2,

! Present address: Merck, Sharp and Dohme, Elkton, VA 22827.

Table I
vol. % area % for vol. 7% area % for
ethanol ethanol peak ethanol ethunol peak
10 8.16 60 49.4
20 15.9 70 59.7
30 22.7 80 70.6
40 3L5 90 83.6
50 39.8

it would be necessary to obtain or to calculate the weighting
factors. However, the procedure for the least-squares mini-
mization of Q is essentially the same irrespective of the values
of the w;'s; therefore, all points will be given w; values equal
to one. This simplification allows maximum attention to be
focused on the use of Lagrange multipliers, and eq 2 simplifies
to eq 2a.

Q = Zlyi— (ap + ayx; + ax))? (2a)
C1 and C2 summarize the constraints that are to be imposed.
Cl=0=ay+a; X0+a,X0? (3)

C2 = 100 = gy + a, X 100 + a, X 100? (4)

A new function (¥) is constructed from eq 2a—4 by using the
Lagrange multipliers « and 8.

F=aXxXxCl+8xC2+@Q (5)

The minimum of the function F is determined by taking

partial derivatives with respect to the parameters a, a;, and
a,, and setting the resulting equations (6-8) equal to zero.

oF /da, =
05a + 0.58 + apN + a,2x + a,2x*> - Ly =0 (6)
aF/da, =
Oa + 508 + agx + ;2 x% + a,2x* - Lxy =0 (7)
aF /da, =

Oa + 50008 + aprx? + a,2x% + a,2x* - Tx%y =0 (8)

Equations 6-8 and the constraining eq 3 and 4 are solved
simultaneously. 'Matrix methods are probably the simplest
approach for solving such systems of linear equations; however,
many other methods are possible. Depending upon the me-
thod used to solve the set of equations, the Lagrange multi-
pliers may remain undetermined. It is for the latter reason
that they are sometimes called undetermined multipliers. The
previously mentioned five equations are solved simultaneously
using the data in Table I, and the ay, a,, and a, values obtained
are recorded in Table II. The corresponding values of the
Lagrange multipliers are « = 7.79 and 8 = -9.11.

The treatment used in this paper assumes that all of the
uncertainty appears in the experimentally determined re-
sponse and that there is no uncertainty associated with the
independent variable. This is normally a valid assumption
for calibration curves generated by using carefully prepared

0003-2700/85/0357-0956$01.50/0 © 1885 American Chemical Society
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Table II
data
used constraints ag 10a,
a none 2.72 5.57
b none 1.69 5.61
a c 0.00 5.88

10%;, N df. SD
3.73 9 6 0.508
4.00 11 8 1.39
4.12 9 8 199

°All data taken from Table I. ®Data from Table I plus the points (0, 0) and (100, 100). <Equation forced through points (0, 0) and (100,
100).

standards. In such cases the standard error of estimate is given

by
(d -y 2 \1/2
SD = ([y.( ata) d:’(curve)] ) ©

‘The numerator of eq 9 is normally accepted; however, con-
troversies arise when attempting to specify the number of
degrees of freedom (d.f.). In any statistic designed to quan-
titate the degree of variability in a set of data, the number
of degrees of freedom will equal the number of data points
that can be thought of as being independent (9, 10). For
example, this definition accounts for the use of N - 1 deg

statistic as a measure of the correctness of a mathematical
model. Comparison of the standard error of estimate values
recorded in Table IT might lead to the conclusion that the
unconstrained calibration curve is the best model, and the
doubly constrained curve is the worst. Normally the best
mathematical models are those based upon well-established
theories (e.g., Beer's law). In the special case where the correct
mathematical model is known to be a polynomial but the order
of the polynomial is unknown, statistical tests exist that
provide information concerning the order of the polynomial
(13). In the absence of adequate theory upon which to base
a model, the best h probably involves the use of

of freedom in the calculation of the variance of a data set if
the experimentally determined mean has been used as the
measure of the central tendency, while N degrees of freedom
are used in the calculation of variance if the population mean
is available and is used. Equation 10 can be used to determine
the number of degrees of freedom in eq 9.

df.=N~-P+C (10)

where N is the number of data points, P is the number of
parameters being determined, and C is the number of con-
straints (C < P). The validity of eq 10 is best illustrated by
using two extreme cases. First, if there are no constrains, the
degrees of freedom will equal the number of data points minus
the number of parameters being determined. This is true
because it can be shown that once the parameters are known,
the y values of any P data points can be calculated using (1)
the corresponding x values, (2) the equations for the partial
derivatives of the function with respect to the parameters
(which have been set equal to zero), and (3) the x and y
coordi of the N — P data points. Therefore,
once the parameters are known, only N — P of the data points
remain independent, and thus, there will be only N - P degrees
~of freedom. The second case is one in which the number of
constraints (C) equals the number of parameters (P); the
constraining equations can be used by themselves to calculate
the parameters. Therefore, because none of the data need
be used to debermine the calibration curve parameters, all N
data points remain i dent, giving N d of freed

A single Lagrange mulnpher can be used to force a straxght
line to pass through the origin. Equation 10 shows that there
will be N - 1 deg of freed iated with statistics
designed to quantitate the variability of experimental data
around such a curve. The deg of freed iated with
this special case were mistakenly listed as N - 2 by Strong
in a recent publication (11), and although Ellerton (12) noted
the correct value of N - 1, he did not discuss the reason for
specifying this ber of deg of freed

Table II izes the poly | coefficients and some
statistics associated with three of the many possible calibration
curves that can be generated employing the data in Table I
and, in the second case, the points (0, 0) and (100, 100). For
each curve the degrees of freedom have been calculated using
eq 10, and the standard errors of estimate have been calculated
using eq 9. A real data set, as opposed to a simulated one,
was used because it illustrates a third and final point of this
paper. Namely, it is dangerous to attempt to use any single

sense followed by a ful of the in-
dividual residual values [y;{data) - y;(curve)] (14). Exami-
nation of the residuals associated with all three examples
included in Table II indicates that there are systematic errors
associated with each of the models (many positive residuals
followed by a series of negative residuals), meaning that better
models could almost certainly be constructed. However, since
the standard error of estimate is less than 2%, approximately
the precision inherent in the data set given in Table I, any
of the models might be adequate. Although the doubly con-
strained model has the largest standard error of estimate, it
is the only one of the three that reflects the conditions that
must be satisfied at the two points that are known a priori.
The example used to illustrate the use of Lagrange mul-
tipliers for constraining calibration curves involved only a
single independent variable. H , the method is general,
and any number of Lagrange multipliers can be used to
constrain equations in any number of independent variables
as long as the number of constraints being imposed does not
exceed the number of parameters being determined.
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Microdetermination of Nitrogen In Organic Compounds by the Sodium

Fusion—-Spectrophotometric Method

Ernest J. Breda

E. I. du Pont de Nemours & Company, Inc., Beaumont Works, P.O. Box 3269, Beaumont, Texas 77704

In the absence of the preferred Dumas nitrogen apparatus
or the more sophisticated nitrogen analyzers, a micro-Parr
bomb can serve to determine microquantities of nitrogen in
organic compounds.

The sample or compound, either solid or nonaqueous liquid,
is decomposed by fusing with metallic sodium in a sealed
nickel bomb (7). The nitrogen is converted to sodium cyanide.
The excess sodium is decomposed with absolute ethanol. The
solution is adjusted to pH 7.1-7.2 with dilute hydrochloric acid

0.2 mL of Chloramine-T solution was added to each flask and
stoppered. The mixture was swirled several times and allowed
to stand 1 to 2 min. From a pipet, 5 mL of mixed pyridine/
pyrazalone solution was added and diluted to 25 mL with water,
stoppered, and mixed by inverting several times. The solution
color was allowed to develop for 25-30 min and the absorbance
measured at 615 nm in 1-cm cells. The absorbance was plotted
on the ordinate vs. micrograms of nitrogen in 25 mL on the
abscissa of natural coordinate paper. Lower concentrations of
yanide were measured in longer path cells.

and analyzed for cyanide by the Chloramine-T and mixed
pyridine/pyrazolone reagent method (2, 3). The absorbance
of the blue color formed is measured with a spectrophotometer
at 615 nm. The amount of cyanide found is converted to the
equivalent nitrogen in the compound.

Sodium fusion is used in classical chemistry for the qual-
itative identification of mtrogen m organic compounds Of
course some stable comp 1
by this technique. With a mlcm—Parr bomb on hand and in
the interest of expedience, the sodium fusion technique was
tried for quantitative nitrogen estimation in some research
compounds. Surprisingly, some fairly decent results were
obtained on some known compounds by this means.

The method is not as rapid as desired but it is handy,
simple, and economical. As with any micro or semimicro
method, this procedure is sensitive to technique. Compounds
must contain carbon and be essentially free of moisture.

EXPERIMENTAL SECTION

Apparatus. The sodium fusion bomb was the same as de-
scribed by Lohr, Bonstein, and Frauenfelder (1, except that the
collar was made of Type 304 stainless steel. Other details were
the same. The bomb was tested and utilized as described in the
reference. It was held in a cast iron clamp behind a safety shield.
The bomb was heated wn.h a Tlrrell gas burner.

A icro or five-pl was used to weigh approx-
imately 100 mg of )| ining small ts of nitrogen
or a microbalance to wengh 4 to 6 mg of pure compounds.

A Becl Model DU spectroph with 1-cm and 10-cm
matched cells was used for absorbance measurements. However,
any equivalent instrument will suffice.

A pH meter equipped with a thin combination glass and calomel
electrode was used to measure pH.

Reagents. All reagent solutions were prepared from reagent
grade chemicals and distilled water and stored in glass or poly-
ethylene bottles.

Other materials were as follows: sodium spheres, !/,5to '/,
in. diameters (Matheson, Coleman and Bell No. CB 1035), stored
under kerosene; ethyl alcohol, absolute; hydrochloric acid/water,
1/3 by volume; hydrochlonc acid, 0.1 N; sodium hydroxide, 0.1
N; Chl ion, 1% aq pyridine, 1-phenyl-3-
methyl-5-p lone solution, prepared as m ref 2; bl.s(pyruzolone)
Enstmnn No. 6969; mixed pyridine/p solution, prep
as in ref 2; stock potassium cyanide solution, prepared as in ref
2,1 mL =1 mg of CN~ (approximately), analyzed by the Liebig
titration method against silver nitrate (4), solution loses strength
gradually and must be rechecked every week; d
cyanide solution, dilute 10 mL of the stock KCN solution to 1
L with water, 1 mL = 10 ug of CN~ (approximately); working
standard KCN solution, dilute 10 mL of standard KCN solution
to 100 mL with water, 1. 00 mL = 1.0 ug of CN~ or equwalent to
0.54 ug of N ( pare daily; dard silver nitrate
solutxon, 0.0192 N, prepnred and standardized as in ref 2.

Calibration. From a pipet 1- to 6-mL amounts of working
KCN standard solution were transferred to separate 25-mL
volumetric flasks and diluted to 15 mL with deionized water. Then

Prepnnmon of Snmple Weigh by difference on a semimicro
appr! ly 0.1 g of ple in a long stemmed glass
weighing tube or weighing boat and place the sample into the
bomb cylinder. Dry a pellet of sodium between pieces of filter
paper and place the pellet on top of the sample in the bomb and
seal the bomb. Tighten the plug with a wrench while-holding the
bomb in a vise. Place the sealed bomb in the cast iron clamp and
hold it at an angle of approximately 45° from the horizontal. Heat
the bomb over a Tirrill burner for 15 min. During 10 min of the
heating time, the lower 1- to 2-cm portion of the bomb cylinder
should be at a cherry red heat. CAUTION: The heating of the
bomb should be conducted behind a safety shield. Conduct the
sodium elimination and pH adjustment in a hood. After heating,
allow the bomb 1o cool under a jet of air. Remove the bomb from
the clamp and wash with distilled water. Dry off with a filter
paper and discard the paper and washings.

Open the bomb carefully and remove the gasket. Any material
adhering to the gasket is washed with distilled water into a 100-mL
beaker containing 5 mL of absolute ethyl alcohol. Add absolute
ethyl alcohol dropwise to the bomb cylinder to destroy the excess
sodium as indicated by the evolution of gas. When no further
evolution of gas is visible, carefully pour the contents of the bomb
into the beaker containing the ethanol and the washings from the
gasket and wash off the edges of the bomb cylinder with dropwise
addition of ethanol. Again, add alcohol to the bomb cylinder to
destroy any residue of sodium. Repeat the operation if necessary
until all sodium is destroyed. Finally, wash out the bomb and
the sides of the bomb with a fine spray of water from a wash bottle.
The volume of the solution in the beaker should be approximately
20-25 mL. Place the beaker in a dish containing ice water.
Carefully neutralize the solution in the beaker with 1/3 hydro-
chloric acid/water to near a pH between 7.1 and 7.2 using a pH
meter. Approach the pH 7.1-7.2 region from the high side using
0.1 N hydrochloric acid to make small adjustments in pH. Should
the pH drop below 7, readjust with 0.1 N sodium hydroxide. Use
a glass rod for stirring the solution during pH adjustment.
Transfer the solution including any unburned carbon into a 50-
or 100-mL volumetric flask depending on the level of nitrogen
content present. Dilute the solution to the mark with water. Allow

* the carbon to settle in the flask before sampling.

Determination of Nitrogen as Cyanide. Transfer a suitable
aliquot (usually 5 or 10 mL) of the sample solution to a 25-mL
volumetric flask and treat as in the preparation of the calibration
curve. From the calibration curve read the nitrogen content in
25 mL corresponding to the observed absorbance of the solution
at 615 nm in the appropriate cell. Calculate the parts per million
of nitrogen content of the sample.

Analysis of Pure Ni C d aglass
tube, accurately weigh 4 to 6 mg of sample by dxfference Place
the sample into the bomb cylinder and treat as above under
Preparation of Sample. After adjustment of pH to 7.1-7.2, transfer
the solution to a 1-L volumetric flask. Dilute to 1 L with distilled
water. Analyze a 5- or 10-mL aliquot of the solution the same
as in the Determination of Nitrogen as Cyanide. Calculate the
percem. nitrogen.

_e of N from graph X aliquot factor

10 X mg of sample

0003-2700/85/0357-0958801.50/0 © 1885 American Chemical Society



Table 1. Analyses of Pure Nitrogen Compounds

% nitrogen

type of N
compound caled found deviation linkage
acetanilide,* CZH,NO  10.36  10.33 ~-0.03 amide
10.22 -0.14
10.48 +0.12
1045  +0.09
10.20 —0.16
10.12 —0.24

p-carbomethoxybenz- 7.82° 7.80 -0.02 amide
amide, CgHgNO;

770 —0.12

7.69 -0.13
tris(hydroxymethyl)- 11.44° 9.84 -1.72 amine
methylamine,®

CH,NO,
988  -1.68
p-nitroaniline,* 19.88¢ 20.12 4+0.24 amine and nitro
CeHgN;0,
20.08  +0.20

dimethylglyoxime,* 24.13 23.82 -0.31 oxime
C(H(N,0,

23.92 -0.21
disodium ethylene- 7.45¢ 7.50 +0.05 amine
diaminetetraace-
tate dihydrate,/
Na;CoH;N;0g
2H,0
7.35 -0.10
7.30 -0.15
methyl 8.60° 865 +0.05 nitrile
p-cyanobenzoate,
C,H,NO,
8.73 +0.13
8.45 -0.15
methyl 7.65¢ 7.52 -0.13  nitro
p-nitrobenzoate/
7.40 —0.25
potassium nitratef 13.86 0.05 potassium salt
KNO,
0.08
KNO; + benzoic 13.86  1.37
acid®
1.50
sodium nitrate,” 16.48 0.05 sodium salt
NaNO,
0.05
NaNO, + benzoic 1648 265
acid®
3.00

9Reference standard, Eastman Kodak. ®Theoretical. ¢Eastman
Kodak, reagent grade. ¢Calculated from purity. *Eastman Kodak,
ACS reagent. /Aldrich Chemical, reagent grade. #Fisher Certified
standard. *Fisher Certified ACS reagent.

RESULTS AND DISCUSSION

Table I shows data on the recoveries of nitrogen as cyanide
when essentially pure compounds were analyzed. The es-
sential requirement for this analysis is that the sample must
contain carbon to form the cyanide. In the analysis of non-
carbon compounds, a substance such as benzoic acid or other
easily decomposable non-nitrogen carbon compound must be
added to make the analysis work. Since a truly non-carbon
organic type d was not ilable’ or found, the
chemistry was not studied as to what happens in the absence
of carbon. One can only speculate on a possibility being the
formation of free nitrogen which we know will not analyze like
cyanide. Several organic nitrogen compounds with different
N linkages were analyzed on a high spot basis. With one
exception all the tested compounds gave good recoveries of
nitrogen.

ANALYTICAL CHEMISTRY, VOL. 67, NO. 4, APRIL 1985 « 959

Tris(hydroxymethyl)methylamine, C,H,,0;Ny, gave rather
poor recovery (see data). The reason for this is not known
at present without more detailed study. It is possible that
this pound did not d pletely at the condi-
tions of the test. It may also be that some species other than
cyanide formed or something that affected the color formation
in the Chloramine-T/pyridine/pyrazolone test. A remote
possibility may be that the compound was not as pure as
represented. No separate purity analysis was made on any
of the compounds tested since they were represented to be
essentially of reagent grade quality. The melting points were
determined and found to be at or approximately those re-
ported for the pure compounds. Purities were accepted as
represented and nitrogen contents calculated on the purity
basis. The known compunds were all dried before analysis.
Those with melting points above 100 °C were dried at 100-102
°C in an oven for 1 h and then kept in a P,0; desiccator.
Compounds with melting points below 100 °C like methyl
p-nitrobenzoate, mp 94-96 °C, were dried over P,0; in a
vacuum desiccator at 35 °C for 24 h.

Two inorganic compounds, potassium nitrate and sodium
nitrate, were fused and analyzed. As expected, no cyanide
formed. The brucine method for nitrates (5) showed nearly
all the nitrate present in either case. Fusing the same nitrate
compounds with benzoic acid present showed about 10-16%
of the nitrate converted to cyanide. The rest of the nitrogen
remained intact as the nitrate. This behavior raised the
question of what happens if an organic nitrate compound is
fused with sodium, but this was not tested. ’

In one case—acetanilide—the repeatability of the analysis
was tested. The variation of the results was approximately
that of the pyridine/pyrazalone method for cyanide or about
2 parts in 100 parts.

A note of caution should be observed. Both sodium and
cyanide are extremely hazardous substances. The analyst
must wear appropriate safety equipment. The hands should
be covered with surgical or thin PVC gloves in handling the
cyanide solutions. Exercise care when working with metallic
sodium, it should not come in contact with an aqueous wet
sample nor should excess bits and pieces of sodium be dis-
carded indiscriminately. Pieces of sodium must be returned
to the kerosene layered storage bottle. Alternately destroy
unusable pieces of sodium carefully by placing them in ab-
solute ethanol, 1-propanel, or 1-butanol until all evolution of
gas ceases, then flush away with water.

Registry No. Na, 7440-23-5; acetanilide, 103-84-4; pcarbo—.
methoxyb ide, 6757-31-9; tris(hyd hyl)mett .
77-86-1; p-nitroaniline, 100-01-6; dimethylglyoxime, 95-45-4; di-
sodium ethylenediaminetetraacetate dihydrate, 6381-92-6; methyl
p-cyanobenzoate, 1129-35-7; methyl p-nitrobenzoate, 619-50-1;
nitrogen, 7727-37-9; chloramine T, 127-65-1; pyridine, 110-86-1;
pyrazolone, 39455-90-8.
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Vacuum-Actuated High-Vacuum Glass Valve

C. A. M. Brenninkmeijer*' and M. L. Louwers

Louwers Hapert, Hapert, The Netherlands

Glass has once been the major construction material for
vacuum systems. In the course of time, metal has replaced
glass in the construction of larger vacuum systems. None-
theless, for smaller vacuum systems glass use is frequently
up-to-date, mainly because of its low cost, inertness, and
transparency. In certain instances, such as the manipulation
of corrosive gases, the application of glass is required. How-
ever, because of the recent trend toward automation, the
nonavailability of automatic glass stopcocks or valves may
exclude some present and future applications of glass.

A wide range of glass valves, from the greased stopcock type
to modern O-ring valves is presenty available. As has been
discussed (1) operation of these valves with motors or pneu-
matic cylinders is not straightforward except for certain types
of O-ring valves. The vacuum seals in these O-ring valves are
based on the slight compression of Viton O-rings and little
friction is involved. Consequently, these valves could be fitted
with a small p tic cylinder, enabling remote control and
automation (2). Although this solution proves satisfactory,
a simple concept has led to a new type of automatic glass valve
with additional advantages.

The new automatic glass valve is shown in Figure 1. When
the chamber in the knob of the valve is evacuated to 0.1 bar
or less, air entering through the vent indicated will push the
butyl rubber membrane upward, thus moving the plunger to
the opened position. When air is readmitted to the chamber,
spring action will force the plunger into the closed position.
The chamber is vacuum sealed by means of the membrane
itself, and will hold vacuum for several hours. The outer edge
of the membrane is squeezed tight between the two sections
of the knob. The inner seal of the membrane with the glass

_vacuum
connector
chamber

___helical
7 spring

/ ring

membrane

-—vent

glass
plunger

= O-rings

1

50mm

Figure 1. Cross section of O-ring glass tap with vacuum actuator.
Materials used were Delrin or PVC for knob and ring, butyl rubber for
and 1 mm steel for the spring.

plunger is obtained by its tight fit in the 1 mm diameter hole
in the membrane. The plastic ring on the plunger also pro-
motes a tight seal at this place. The main function of the
plastic ring, however, is to prevent the membrane from
snapping over the flange of the plunger. Because of the 20
mm diameter ring a force of at least 30 N is exerted on the
plunger upon applying vacuum in the closed position. The
counter-acting springload in this position is 10 N and after
subtracting also the force exerted on the plunger when the
side opening of the valve is at vacuum, 14 N or more results,
which is sufficient to always open the valve. During the
withdrawal of the plunger the force of the spring increases
to20 N. H , the di of the b of 28 mm,
combined with a thickness of 0.7 mm, ensures a complete
opening of the valve. The chamber in the knob is connected
by a thin silicone rubber tube via a three-way solenoid valve
to a suitable vacuum supply. This vacuum of 0.1 bar or less
can either by supplied by a volume of several liters, which is

! Present address: Institute of Nuclear Sciences, DSIR, Lower
Hutt, New Zealand.

evacuated repeatedly, or any small vacuum pump. Water jet
pumps are unsuitable because of the risk of corroding the
spring.

The vacuum actuated glass valve has some additional
convenient properties. First of all, besides the described mode
of operating, manual operation remains possible by turning
the knob. Another feature is that the valve closes upon loss
of power. Moreover, the actuator is small and lightweight.
The vacuum actuated glass valves have proven to operate
satisfactorily over many thousands of cycles.
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