


Introducing the CHN-O Rapid for Automatic
Carbon, Hydrogen, Nitrogen Analysis

P.O. BOX 863 JOLIET. ILLINOIS 60434 TELfX 723421 UAR JOL

The CHN-O Rapid is the latest design in
automated C.HN 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
clentedly large dynamic range. minimizing
errors due to sample inhomogeneity.

Pre-weighed samples are automatically
inUoduced from the 49 position sample
carousel into the analyzer. There. they
are combusted in an oxygen sueam at
temperatures up to I 050·C ( 1922°FJ.
Effident reductlon. absorption and
desorption systems allow measurements
with an accuracy of ±O. J5% absolute.

An I-I-P I50 Touchsaeenl> computer
handles all data manipulations from
sample weight inuoductlon 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 Touchsaeenl> 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 ciynamic range:
C: 5x 10-' to J5 mg absolute
H: I x10-' to 1.5 mg absolute
N: I x I 0-' to 7.0 mg absolute

• On-site installation and start-up
assistance

• Full one year warranty

Inc.
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1Woways to usewhat maybe
the best GC oven everbuilt.

has been designed to be a fully stand-alone system.
It not only acquires the data, it processes it on the
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.

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 S6650~*

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

rli~ HEWLETT
~~ PACKARD

Circle 96 for Ih...... CIrcle 97 to ha"" an H'~ conIaCt you.
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And More Resources to Serve
Nobody gives you more in laboratory filtration

products than Gehnan. Products that increase
efficiency along with your confidence.

Like our Acro~ disposabl~ 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 broades~

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

We also think of the little things. Like a magnetic
filter fwUJel that works without clamps or frostra .
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
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Circle our reader service
number for the nell; Second
Edition of The Filter Book...
your personal guide to the
finest selection of micro­
filtration membranes and
laboratory products. Free!

network of distributors in the industry: nearly 1500
professional service representatives. Or. if you
hoose, you'D find us in the filtration section of YOUI'

favorite dealer catalogue. We letyou decide what you
want in service.

Selection. Confidence. Convenience. Nobodys
working harder to help you than Gehnan.,

YourLab in the Way You Want



Briefs

Neutral Reactions In Gas Chromatography/Chemical
Ionization Mass Spectrometry 786

Schiff base deri""8tives of aldehydes and ketones Rre
formed on a GC column usin~ NH 3 as carrier ~as and
dete<:ted using CIMS. Postcolumn addition of NH 3 or
CH3NH:? also produces neutral producL<; that can he
detected by CIMS.
Patrick Rudewicz and 8urnab}' Munson-. Department or
Chemistry, Unh'ersity of Delaware. New~rk. Del. 19;16

•4.110/. Chem., Si (/985)

Gas Chromatography/Mass Spectrometry
Determination ot Water·Soluble Primary Amines as
Their Pentafluorobenzaldehyde Imlnes 790

A lO·ppb detection limit is achieved for seven primary
alkyl amincs in D.5-mL samples of tap, river, and oil shale
process waters.
Michael J. Avery· and Gregor A. Junk, U.S. Department uf
Energy, Am~ l.aboratory, Ame~, Iowa 50011

Anal. Chem .• 5i (19&5)

Rapid and Precise Method lor the Measurement 01
Vapor/Liquid Equilibria by Headspace Gas
Chromatography 793

An automated headspace GC is described for the
determination of vapor/liquid equilibria, including vapor
pressure and infinite·dilution activity coefficients.
Precision of measurement is often better than 0.5%.

Abu) HU55Am and Peter W. Carr-, Department of Chemistry.
Smith and Kalthuff Hall. Unh"ersity uf Minnesota, Minneapolis.
Minn. 55455 Anal. Chem., 5711985)

Determination 01 Chlorinated Benzenes In Bottom
Sediment Samples by WCOT Column Gas
Chromatography 801

Extraction efficiencies of steam distillation,
ultrasonication, and soxhlet extraction are compared. An
integrated analytical procedure for quantitation by high·
resolution GC is presented.
F. J. Onuska- and K. A. Terry, Natiunal Water Research
Institute, Canada Centre for Inland Waters. Burlington, Ontario,
Canada L7R 4A6 Anal. Chern., .i7 (/98.5)

• Corresponding author
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Industrial Wastewater Analysis by Liquid
Chromatography with Precolumn Technology and
Dlode·Array Detection 806

Precolumns packed with CUlo PRPIo and cation exchange
resin are used for on·line group separation and trace
enrichment of complex samples. Multisi~nal plots arc used
1.0 obt.ain preliminary compound identificatiun.
M.W.F. NieJen, UA.Th. Brinkman, and H. W. Frci-,
Department of Analytic-al Chemistry. Free Uni\·e~ity.
De Boelelasn 108:1. lOBI HV Amsterdam. The Netherlands

Anal. Cltem., 57' 1985)

Computer·Based Numerical Integration lor the
Calculation 01 Retention Times In Gradient
High·Performance Liquid Chromatography 811

The programs can be used for solvent COJnIJOsition \'s.
either solute capacity factor or time. Accuracies average
better than 5% for complex gradients using microbore
HPLC.
Slcrling A. Tomellini and Richard A. Hartwick-, Department
of Chemistry. Rutgers Uni\'ersity, P.O. Anx 9:19, Pi!Ocataway, N.J.
08854, and Hugh B. Woodruff, Merck Sharp & Dohme Research
Laboratories, P.O. Box 2000. Rahway, N..), Oi065

Anal. Chl·m .. 57 (J985)

Polarity 01 Chemically Modified Silica Surfaces and Its
Dependence on Moblle·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 8 more complex innucnce Oil surface
polarity. A molecular model based on these result.s is
discussed.
JaD Stahlberg-, Astra Pharmaceutical Productiun AB. Quality
Control, S-151 85 SOOerlilje, Sweden, and Mats Alm.:ren,
Institute of Physical Chemistry, P.O. Box !i:i:!. S·j51 21 Uppsuln.
Sweden Anal. Chern., 57 (19&5)

Interface 01 a Microbore Hlgh·Performance Liquid
Chromatograph with a Dilluse Reflectance Fourier
Translorm Inlrared Spectrometer 822

Delection limits of 10 ng of injected material are obtained.
Several different microhore columns urc studied, ond the
relative advantages and disadvantages of each with respect
to the interface are discussed.
Cbriatinc M. Cooroy and Peter R. GriCCith.. - ,Department of
Chemistry, University of Cali furnia, Hiverl)idc. Calif. 92521, and
Kiyokatsu JinDo, School of Materials Science, Tuyohoshi
University of Technology, Toyuhnshi 440, JOJmn

A,Ia/' Cllenl., 57 (J~5)



SAVE 53%
" ... il packs mor~ imponQII/ and r~liobI~ doUJ berwUII two C01l~rs

lhall allY o/~r publicO/ioll of ilS kind. ••
ClllliiiJI CIrnnistry

"This cliusic "'ork is a 'musl' for sci~lI/islS ond ~"giM"S ill most
fi~lds."

The mosl recem edition of !he CRe HandbooIc of CMmistry
and Physics is being offered for a limiled lime only at less !haD
half price - !hal's $35.00 off !he regular price of .$64.95

Each year Th~ Handbook is reviewed and revised by an illler­
nalional panel of aulhorities, placing il among !he most completc
and up-Io-date references available 10 scientists worldwide.

You'll quickly find what you're looking for in !his compre­
hensive resource of over 2300 pages of graphs, IlIbles, formulas,
and propeny information.

NOWONLY$29.95
------------------------- ORDER FORM ------------------------

Rush me the 65th Edition of the CRC Handbook of Chrmislry and PhJSics for onl) 529.95' (r<gu1atly $64.95).
To qualify for this special offer. each onIc:r should:
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Briefs

Pulse Residence In Short Chromatographic
Columns 826

Influence of inter· and intraparticle mass transfer, input
and effluent boundary conditions, and chemical res.ctions
on mean residence time are discussed.
Dwight W. Underhill, Department of Industrial and
Environmental Health Sciences, Graduate School of Public
Health, University of Pittsburgh. Pittsburgh, Pa. 15261

Anal. Chrm .. 57 (I9B5)

Potassium Hydroxide Eluent tor Nonsuppressed Anion
Chromatography of Cyanide, Sulfide, Arsenite, and
Other Weak Acids 829

Fifteen inorganic monovalent anions are determined with
detection limits of 22-200 ppb.
Tcuuo Okada- aDd Tooru Kuwamoto. Department of
Chemistry, Faculty of Science. Kyoto University, Sakyo-ku,
K)'oto 606, Japan Anal. Chern., 57 (J98S)

Electrokinetic Chromatography with Micellar Solution
and Open-Tubular Capillary 834

Aqueous and micellar pbases are displaced differentially by
electrokinetic phenomena, and solutes are distributed
between the two phases by micellar solubilization.
Shiecfu Terabe-. Koji Otsuka, aad Teiichi Ando, Department
of Industrial Chemistry. Faculty of Engineering. Kyoto University,
Sakyo·ku. Kyoto 606, Japan Anal. Chern., 57 (1985)

Rotating Arc Direct Current Plasma as an Emission
Excitation Source 841

The source operates by forcing a de arc to rotate
reproducibly on the surface of 8 graphite anode disk. Argon
gas is introduced tangentially to the anode. Detection
limits are comparable to those obtained using a
commercially available dc plasma.
L. Y. Bara and M. 1- Panou-, Department of Chemistry,
Arizona State University, Tempe, Ari7_ 85287

Anal. Chern., 57 (19851

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

Multielement chromatograms are obtained by monitoring
wavelengths corresponding to the elemental emission of
specific compounds. EJementaJ ratios are determined using
an off-line background correction scheme.
David L. Hau aDd Joseph A. Caruso-, Department of
Chemistry, University of Cincinnati, Cincinnati, Ohio 45221

Anal. Chern., 57 (1985)

Improved Detection Limits In Inductively Coupled
Plasma Multichannel Spectrometry of Uranyl Nitrate
Solutions by Compensation ot Nonrandom 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 Eldaa, and Zvi Goldbart, Nuclear
Research Centre-Negev, P.O. 8oJ: 9001, Beer·Sheva 84190,
Israel Anal. Chern., 57 (1985)
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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
Modillcation 857

Detection limits at the nglg level arc obtained, A
mechanism explaining the observed improvcd sensitivity in
the presence of Ni and suppressed sensitivity in the
presence of HelD, is discussed.
Shan Xiao-quBn, YUBa Zhi·ncng, and Ni Zhe·ming-,lnstilute
of Environmental Chemistry, Academia Siniea, P.O. Box 934,
Beijing, People's Republic of China Anal. Chern., 57 t1985)

Determination of Formaldehyde with the Thermal
Lens Ellect 861

A 20·fold improvement in sensitivity over standard
absorption techniques is observed. A formaldehyde
concentration of 1.5 X 10-8 M is detected.
Jan A. Alfbeim and Cooper U. Langford-. Department of .
Chemistry, Concordia Uni\'ersit)', 1455 de Maisonneuve, West,
Montreal, Quebec H3G 1MB, Canada Anal. Chern., 57 (1985)

Determination of Structural Characteristics of
Saturates from Diesel and Kerosene Fuels by
Carbon-13 Nuclear Magnetic Resonance
Spectrometry 864

Gated spin echo 13C 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 Bnd Brian E. Smith-. The Broken Hill
Proprietary Co., Ltd., Melbourne Research Laboratories, 245
Wellington Road, Mu)gra\'c, Victoria, Australia 3170

Anal. Ch('m., 57 (/985)

Comparison of Photoacousllc and Allenuated 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 arc an order of magnitude less than
those for PAS.
Da.niel A. Saucy, SteveD J. Simko, aDd Richard W. Linton-,
Kenan Laboratories of Chemistry, DeJ)srtment of Chemistry,
University of North Carolina, Chapel Hill, N.C. 27514

Anal. C/a'nt., 57 (1985)

Surface Reactivities of Polynuclear Aromatic
Adsorbates on Alumina and Silica Particles Using
Infrared Photoacoustlc 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 monnlnyers of
adsorbed organic compound.
Daniel A. Saucy. George E. CabanUis, and Richard W.
Linton-, Department of Chemistry, University of North Carolina,
Chapel Hill. N.C. 27514 Anal. Ch,·rn .• 57 (1985)



The first devices for direct sampling and switching
of fused silica columns are now available from Valco
and leading International dealers.

AND

NEW FOR HPLC The most advanced "user friendly" HPLC sample
Injection and switching valves.

ne.t Intemal vo.......
HPLC valve

to tum HPLC
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Fermentation Analysis
in 60 seconds with
Immobilized Enzymes

Detennination of ethanol or specific sugars has
never been 50 fast, easy and accurate!

The YSI Model 27 uses immobilized enzymes
to provide specific. reproducible detenninations
of ethanol, dextrose, sucrose, lactose, lactate,
fructose or slarch in a wide variety of sample
matrices. Sample preparation is simple and no
distillation is required. Measurements are spe­
doc with readout directly in mg/d1. Analysis time
is only 60 seconds. Color, turbidity and volatiles
do not interfere.

The ModeJ 27 takes lhe drudgery and guess·
work out of ethanol or sugar determinations. It's
also easy to operate and cost effident. 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.

sa.1IIIIc DlwIIIoa
Yallow SJNIip laan_ ca.

YoIlow Sprillp, Oblo 45387 USA. 513-767-7241
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BrIefs

Angular Dlstrlbullon X-ray Photoeleclron
Spectroscopy Studies on Compacted Lead Ion
selective Membrane Powders 880

The effects of EDTA and HelD, on the subsurface
distribution of corrosion and substrate species are
reported. Surface topography of powder pellets is studied,
es are the data used to assess the effect of roughness on
XPS intensity ratios.
Vaneica Younge and Paul C. McCaslin. Department of
Chemistry, Texas A&M University, College Station, Tex. 77843

Anal. Client., 57 (/985)

Detection of Gaseous Organophosphorus Compounds
Using secondary Ion Mass Spectrometry 888

Gaseous analytes are introduced onto a polyph05phoric
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.
37831 Anal. Chern., 57 (1985)

Negallve Gold Ion Gun for Liquid Secondary Ion Mass
Spectrometry 890

The construction and operating characteristics of the ion
gun are described. The Au- ion energy can be varied up to
20 keY using the high.voltage feedthroughs supplied with
most high-performance instruments.
Charles N. McEwen- and J. Ronald Ha88, Laboratory of
Molecular Biophysics, National Institute of Environmental Health
Sciences, Research Triangle Park, N.C. 27709

Anal. Chern., 57 (1985)

ldentlflcallon of Stereolsomers of Some Hexoses by
Mass Spectrometry Using Fast Atom Bombardment
and Mass Ion Klnellc Energy 892

Two kinds of cationized ions, (aldohexOSI-cat)+ and
(matrix-cat)+, are generated. The abundances of these
fragment ions are characteristic of all D-aldohexose
stereoisomers.
Germain puzo-. Jean..Jacquei Fournie, and Jean·Claude
Prome, Centre de Recherche de Biochimie et de Gbnetique
CeUulaires du C.N.R.S., 118 route de Narbonne, 31062 Toulouse
Cedes. France Anal. Chern., 57 (1985)

Laser Desorpllon Mass Spectrometry of Nonvolallles
under Shock Wave Condillons 895

High-laser-power densities and thick sample layers
produce extremely soft desorption-ionization conditions
leading to abundant quasimolecular peaks and low-level
fragmentation.
Bullo Lindner and Ulrich Seydol-. Forschungsinstitut Bontel.
Parbllee 1-40. D·2061 Bonte!, Federal Republic of Germany

Anal. Chern., 57 (1985)
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Reliability Ranking and Scaling Improvements to the
Probablllly Based Matching System for Unknown
Mass Spectra 899

A weighted combination of matching parameters that
predicts directly the probability that 8 retrieved answer is
correct, along with quadratic scaling of abundance values,
significantly imprO\'es matching performance.
Barbara 1. Atwater, Douglu B. Stauffer. and Fred W.
McLafferty-. Chemistry Department, Cornell University,lthaca.
N.Y. 14853, and Da\'id W. Peterson, Scientific Instrument
Division, Hewlett·Packard, 1501 California Avenue, Palo Alto.
Calif. 94304 Anal. Chem .. 57 (1985)

Multlcomponent Mixture Analysis Using Room-
Temperature Phosphorlmetry 904

Four phosphorescent toxic compounds are determined by
RTP without prior separation. The method of calihration
and subtraction is used to determine two spectroscopically
overlapping compounds in mixtures.
Ebenezer B. AsaCu·Adja)·e. Jung 1m Yun, and Syang Y. Su·.
Department of Chemistry, Virginia Commonwealth University,
Richmond, Va. 23284 Anal. Chern., 57 (1985)

Determination of Ar.ldlty Constants by Solvent
Extraction/Flow Injection 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 FOlley and Frederick F. Cantwell-. Department of
Chemistry, University of Alberta, Edmonton, Alberta, Canada
T6G 2G2 Anal. Chcm., 57 (1985)

Automated Fluorometrlc Method for Hydr0gen
Peroxide In Atmospheric Precipitation 917

Hydrogen peroxide is reacted with horseradish peroxidase
and p-hydroxyphenytacetic acid (POPHA) to form a
fluoreacent dimer of POPHA. A deU!ction timit of
1.2 X /O-s M with a RSD of 0.7% is obtained for a 1.5-mL
aqueous sample.
Allan L. Lazrus-. Gregory 1. Kok. Sonia N. Gitlin, and John
A. Lind. National Center for Atmospheric Research. P.O. Box
3000, Boulder, Colo. 80307, and Scott E. McLaren, Atmospheric
Science Research Center, 1400 Washington Avenue. Albany, N.Y.
12222 Anal. Chem., 57 (1985)

Background Detection and Correction In
Multlcomponent Analysis 908·

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)
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LABORATORY INTERFACE PERIPHERALSUBSYSTEM

AUTOMATE SPECs. GCs. GEL SCANNERs
for less than 52000

including
comput.r and disk drive

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

CHROMATOGRAPHV SOFTWARE - Auto or manual peak
detection ana Integration. Store and retrieve SC<ln on floppy.

16 BIT ACes - Four independent channels 01 16 bit ADCs giving
1 part in 65000 re~lution throughout AOe span. (Other mfgrs.
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reJectIon. FUll-scale sensitivities of 10 mv 1010 volts ,]voilabJe.
DIGITAL I/O - 24 lines of dlgitallnpuljoulpul included.
CAe CHANNELS - Optional analog output with lUll-scale volt­
agel. of 1 10 15 volts for controlling devices or data output,

HIGH RESOLUTION - VERSATILE
COMPLETE - 4 channels of ADC witn digital
I/O and chromatography software for only

$1185.
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205 Weaver Street I Carrboro, N.C. 27510

(9191929·5001 for more information
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S~tygases
have never been compressed

like this before.

atheson-
Gas Products

World Leader In SpecIalty~ &E~

CIlCl.E 138 ON READeR SERVICE CARO

You'D want to
look over our selection
of more than 2,000 equipment
items from regulators, Bowmeters, and
hand trucks, to custom engineered gas handling
systems.

And you'D want to coosuIt our "Gas Data
Book," and our other teclmicaI and safety
publications.

Call or write, today.
Our new brochure may be condensed, but it's sliD
a great mind expander. For your free copy, or to
contact a Matheson representative for a complete
analysis of how our products, services, and
infonnation can helpyour unique process or
experiment, just call 1-201~-4100. Or write:
Matheson Gas Products, Inc., P.O. Box 1587,
Secaucus, l'{J 07094.

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

In it, you'D find out how to judge a gas by
looking at the cylinder.

How our qual­
ity equipment can
actua1ly make
an inferior gas
perform better.

How our
designers work
with their ears.

Why every­
one-including our
competitors-romes
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'D want to look through our
208-page catalog ofgases and
gas mixtures.



OMA III
The OMA III family Is the culmination Of over ten
years experience In building and using optical
multichannel analyzers.

The Madel 1460 OMA III Is our own 68000 based
system processor designed specifically for ex·
tremely rapid parallel spectral data aCQuisition,
analysis and presentation.

Our Model 1461 Detector Interlace 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
capability.

n.~Gc.G
<:-.;:rpRINCETON APPLIED RESEARCH

PO 60X 1~6!l • PRINCETON. NJ~. U S.A • &l\l.'.~·21 I I • TELEX 84).6(»
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Electrochemistry and Reverse Pulse Polarographic
Determination of 1,2-Dlbromo-2,4-dlcyanobutane

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. CGN2H6, per
mole of rcact.o.n t.
Marek Wojciecbowski and Janel OstcT}'Oung·, Depurtment of
Chemistry, Slate University of New York at Buffillu. Buffalo. N. Y.
14214 Aunt. Chetll., 57 (I9S5l

Distribution of Electrochemical Activity on
Graphite-Epoxy Surfaces 933

Iontophoresis is used to determine that elcct.rochcmicul
activity is concentrated in 80-130-,.,,01 irregularly shaped
regions of aggregated graphite.
Royce C. Engstrom-, rt1ichael Weber, and Jane Werth,
Department or Chemistry, University ur South DClkuta.
Vermillion, S.D. 57069 Arlol. Chem .. S7 (19.%)

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

The detector is based on suppression of chemiluminescence
in the copper(II)-luminol-peroxidc 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 or
Chemistry, University or Illinois, 1209 West Calirornin Street.
Urbana. III. 61801 Arlol. ehem .. 57 (1985)

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

Chloronaphthalenes are detected allow-nanogram levels
from two-photon excitation spectra. Advantages of a low­
temperature parent molecule matrix nnd of sample
preparation by vapor deposition are discussed.
Charles 10'. Pace and Jon R. Maplc·. Department or Chemistry,
University or New Mexico. Albuquerque. N.M. 871:11

Arlal. Chem .• 57 (1985)



• Allows control of the aluminum content during the steel making~.
• Fast .••Acld soluble aluminum content Is obtained while thenI Is stili

time to adjust the chemistry of the meh.
• Easy sample preparation using the LECO.Olskpln.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 dilterent analyses.

The two·cabinet Instrument Includes a
corroslon·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 avai~, and the
only laboratory facilities required are 115 or
230 VAC power, ni1rogen or 8J9Oll 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 thla new LECO.'MtnJment. CllII or write todayl
eLt,l LECO CORPORATION

~ 3000 Lakeview Avenue
&.~.MI~~

LECOlt ~~~~~~1
lei",,: 729411
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C18 HPLC COLUMN PROVIDES
EFRCIENT SEPARATIONS.

American Burdick and Jackson's model ODS LC Column
defjyers guaranteed quaJity and performance for Reverse
Phase Uquid Chromatography. Developed to meet B&J
internal quality control requirements, it features:
• Fully endcapped monomeric C18 bonded phase 5 "M
~pherica' silica

• Rngertight endlittings included
• Rigorous Quality cootrol testing
• Choice of t'NO column sizes for specific applications.
For a free technical bulletin complete with typical
applications-contact American Burdick.! Jackson.
1953 South Harvey Street Muskegon, 1.11 USA 49442.
Phone: 616 721;-3171

am:: a-ican ......ckIJackson Slbsldla,.,oIAmel~n
::: HOSPIUISupplyCorporJ1IOn
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OptimIzed Field-Flow Fractionation Syatem Beaed on
Dual Slream Splitters 945
J. Calvin Gidd.inc... Department of Chemistry, Univenity of
Utah, Salt Lake City, Utah 84112 Anal. Chern., 57 (1985)

PuI8ed Semiconductor Laser Fluorometry 'or Llfetlma
Measurements 947
Totaro lma.saka. Ald.nori Yoshitake, Kaoru Hirata. Yuji
Kawabata, and Nobuhiko bhibuhi·. Faculty of Engineering,
Kyushu University, Hakozaki, Fuk.uoJr.a 812. Japan

Anal. Chern., 57 (1985)

Laser Photodlssoc:latlonlTandam Ma88 Spectrometry
of Synthetic Porphyrins: A Structural Probe . 949
ElaiD. K. Fukuda aDd J ...ph E. Camp.....•• Naval Research
Laboratory, Chemistry Division, Washington, D.C. 20375·5000

Anal. Chern., 57 (1985)

Unbiased Generalized Standard AdditIon Method 952
Avraham Lorber, Nuclear Research Centre-Negev, P.O. Bol: •
9001, Beer·Sheva 84190,1&rael Anal. Chern., 57 (1985)

Square Wave Voltammetry at Electrodes Having a
Small Dlmenslon 954
John O'Dea. Marek Wojciechowski, aDd Janet Otteryounc·.
Department of Cbemistry, State University of New York at
BulTalo, Buffalo, N.V. 14214, and Koichl Aold, Department of
Electronic Chemistry, Tokyo Institute of Technology, Nagauuta,
Midori·ku, Vokahama 227, Japan Anal. Chern., 57 (1985)

AIds 'or Analytical Chemists

Constrained Calibration Curves: A Novel Application
of Lagrange Multipliers In AnalytIcal Chemistry 956
J. J. Leary- aDd E. B. Meuick. Department of Chemistry, Jamt:8
Madison Univel'8ity. Harrisonburg, Va. 22807

Anal. Chern., 57 (1985)

Microdetermination 0' Nitrogen In Organic Compounds
by the Sodium Fusion-Spectrophotometric Method

956
Ernest J. Bred.&. E. I. du Pont de Nemours & Company, Inc..
Beaumont Works, P.O. Box 3269, Beaumont, Tex. 77704

Anal. Chern., 57 (1985)

Vacuum Actuated High-Vacuum GlaBS Valve 960
C~ BrenniDkmeijer· aDd M.L. Louwen. Louwen Hapert,
Haper<, The Netherland. Anal. Chern., 57 (1985)





If you haven't looked at

LEEMAN
you haven't looked at

ICP

....

In three short years, we've brought a
state-of-the-artICP 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.
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Letters

Column efficiency measurement

Sir: The authors of "Column Efficien·
cy Measurement" (Bidlingmeyer, Bri­
an A.; Warren. F. Vincent, Jr. Anal.
Chern. 1984,56.1583-96 A) made a se­
rious omission in their Table II, Ileal·
culation methods for column efficien­
cy used by LC column suppliers."

Brownlee (now 8 Division of Ap·
plied Biosystems) was not mentioned.
and although Brownlee is not current·
lya 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 8 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 tbat none
of the other column manufacturers
provide accurate column efficiencies. a

This is surprising, because data sys­
tems that will automatically perform
these calculations are available for rei·
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 8 feel
for the range of methods used. Pr..·
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 u none of the other column manu­
facturers provide accurate column ef­
ficienci..... as Dr. Oucbi writes. The
situation is that a variety of calcula·
tion methods are used and that some
of these are potentially less accurate
when used wlder adverse conditions.
As stated in the text. "If the test peak
is truly Gaussian. each of the calcula­
tion methods will give the 8IUIle (effi­
ciency] results." In this sense, every
method is Ilcorrect" for calculating
plate counts. Howevert each has par­
ticular strengths and weakn...... and
it is important that 8 user recognize
tbis and use each method appropriate­
ly.

Brian A. Bidlingmeyer
F. Vincent WarreD

Waters Chromatography Division
of Millipore

MapleSt.
Milford. Masa. 01757





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

FixH" 1: Com/JuwrduplllJo//J/ll11 l'i,w("'!'/HT)
and $jdr dtvatiolf (IM«rJ, ;"du-.ori"loHIDmo·
bi/~ luralion (ruJ). lighting y[nJ;f/fU fLIL5J,
and lIiminx positimr (EYEj.
FigMTr 2: Fuur AuA1coJqr ,,,flZtU, showing tht
5Qnu view ufItn tJlikmwbilr as harkgJ1l1t11d and
litltling rMngr.

Wi';"TH AUTOCOLOR, users
W~ 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 pennit the user to \~ew

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 fonn 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, sucll
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.

'l1E LIGHTING model deter·.1 ~'ines the intensity of the reo
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 reo
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·
troIs 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 fle.xible clay model:

General Motors

•
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THE
MAN
BEHIND
THE
WORK
David Warn is a Senior Staff Re·
search Scientist in the Computer Sci·
ence Department at the General
. '[otors 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 reo
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.



Short or Long Term

NEW ANALYTICAL
INSTRUMENTS

• Gas, Liquid and Ion Chromatographs
• GC/MS Systems
• IR, FTIR, UVNIS, Fluorescence

and AA Spectrophotometers
• Thermal Analyzers
• And MORE!

IMMEDIATE AVAILABILITY
From Our Extensive Inventory

CALL US AT
800-437-9701
415-572-4115

United States
Analytical Instruments

I ~ 2988 Campus Drive
" San Mateo, CA 94403

A U.S. Leasing Company
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Report
H. Steffen Peiser
National BU'eau of S_lretlted)
Washington, D.C. 2023<4

How
Good
Rrethe
Standard
Rtomic
Heights?

It is now more than 20 years since
Edward Wichers asked: "How Good
Are the New Atomic Weights?" in the
title of a IlEPORT 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
alomic mass of 12 u for the carbon is0­
tope of mass number 12 (A,(I'C) = 12
exactly). Among chemists. \Vichers
himself bad 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 discover)" of the iso·
topes of minor and variable abun­
dance in nalural oxygen. To carry out
the conversion to the new scale, Ca­
meron and \Vichers found it necessary
to carry out an element-by-element
review of the significant original lit­
eeature. They recalculated most atom­
ic weights and their uncertamties,
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
ie weights are not all constants of na­
ture. It is thus appropriate to assign
an atomic weight to n 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

Standard Atomic Weighta, 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 "Elem.ent
by Element Review of Their Atomic
Weights" (4). It is therefore appropri­
ate to ask the same Question Wichers
asked: How good are tbey now? [n this
simplified discussion, [ am cbiefly 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, I

would like to go one step farther back
in history to the limits of living mem­
ory-to 1920 when Frank W_ Clarke
(5) completed the element-by-element
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,(O)
= 16. For our purposes, the latter,
which alone is used in Table I, offers a
fair comparison. because the present
value for A,(O) is very close to 16.
\Vhere differences in element names
are involved, Table I uses the modem
name.

Some atomic weigbts in the 1920 ta­
ble agree well with current values. but
otbers show unacceptable differences.
\Vhich are more nearly correct? Ifwe
could have asked Clarke: "How good
are your values?" I do not know wbat
answer we would ha\'e received. How­
ever, in 1967, on my election to ICAW,
I did ask that question with respect to
the then-current values. The surpris~

ing answer was: "'Vhen 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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93.277
14.008

191.07

18.000

96.03
144.24
20.2
58.878

1110 ....

140.88
102.93
85.434

101.85

150.40
45.1
79.188
28.255

108.88
31.011

195.21
39.097

107.8882(3)
22.98977
87.82
32.068(8)

40.9077
102.9055
85.4878(3)

101.07(2)

150.38(3)
44.95591
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28.0855(3)

,__

180.9479
127.80(3)
158.9254
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so-
Sodium (natrium)
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1__

AlumIIun 28.88154 27.039

AntImony (1tibIurn) 121.75131 120.08

Argon 39.848 39.9

AIIenIc 74.9218 74.9511- 137.39 137.38

BeryUlum 9.01218 9.093- 208.9804 208.08

Boron 10.811(5) 10.912

IIronOne 79.904 79.923

CUIIIum 112.41 112.38

C8Iclum 40.078(4) 40.090

Corbcn 12.011 12.003

Certum 140.12 \40.21
<:esium 132.9054 132.81

ChIor1ne 35.453 35.480
Q1romIum 51.9981(8) 52.038

Cobalt 58.9392 5l!.958

~ 83.548(3) 83.581
DyspooIum 182.80(3) 182.5

EtbIum 187~3), 187.8

151.96 152.07
18.998403 19.011

157.25(3) 157.01
89.723(4) 70.10

72.59(3) 72.50

196.9685 197.21
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184.9304 183.4

Hydrogon 1.0078

indium 114.87

IoclIne 128.93

IridIlm 193.04
<...... 55.833
KIyplIln 82.9

I.lIllIwUn 138.90

l.e8d 201.10

IJOIkm 8.937

I.&lIIIIIum 175.0

~ 24.296
Mongonooe 54.949
Mercwy 200.90

·F/gInoIn__--In..pr..-.gdlgll- .. unoortIIInly ..--....

time, that policy diffe", 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, ) 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,(A1).

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 10'. With very
little added uncertainty, these then

give us directly the atomic-weight val·
ues of the 20 mononuclidic elements:
Be, F, Na, AI, P, Sc, Mri, Co, As, Y,
Nb, Rh,), Cs, Pr, Tb, Ho, Tm, Au, and
Bi. We can boldly label any difference
between the significant figures quoted
by Clarke and current values 8S errors
by Clarke (Table 11). 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
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Mike Pickering is a leading
manufacturer of high-purity
reagents for fluorescence detec­
tion of amino acids. He knows
his f1uorometers. So when Mike
started using our 121 Fluoro­
meter, we were anxious lO hear
what he thought of it. This
is what he had to say:

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

I used to use and recommend
Gilsons SpecLralglo fluorometer.

The 121 is even beuer-easier
lO 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

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

In short. the III is the best
fluorometer I've used"

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

Gibon Mt'lIk<11 Eln:tluun hll:_ Bwt n lOOO W Ikhhllc. MKkJldun. WI HS6,l USA. "ttl: Ml8I816·15~1 Of 8()().1«'-~7
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No other laboratory shaker is more accurate
or provides faster results than the

Burrell Wrist-Action T Shaker
"you expect 'aot, accurale results
from your laboratory shaker, Ihere's
only one shlker Ihat duplicates true
_I-aellon shaking, The Burrell
Wrist-Action Shaker.

Here's why.

The Burrell Wrist-Action Shaker
duplicates 8 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 consistsnt 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 on or inter·
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 'orty 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 atory.

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~actionshaker
available.

--BURRELL CORPORATION
SCIENTIFIC INSTRUMENTS
AND LABORATORY SUPPLIES
2223 FIFTH AVENUE. PITISBURGH. PA 15219
Telephone 4121471·2527

AU THE FEATURES OF THE BURREll WRIST-ACTION SHAKER ADD UP TO THE MOST VERSATilE SHAKER AVAILABLE.
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OF Iri~__lri"'..-.adlul.

Table II. Clarke', atomic weights of elements now known to be
mononuclldlc '

ity of isotopic composition being dis­
covered. The atomic weighta of the
&even qualifying elements are now
confidently thougbt to be reliable to
I... than I part in Ill'. These highly
reliable atomic weights are compared
with the 1920 and 1961 values in
Table III.

- ,..,.... 1MSw....

28.0Be(1)" 28.0855(3)
39.102 39.0983(1)
51>9lMl(1) 51.9"1(8)
85.47 85.4878(31

107,870(3) 107.8882(3)
188.2 186.207(1)

2O'l.03 204.37 204.383(11

- __ AAe, ..... - _AAe, .....
Be 9.093 +81 NIl 93.277 +371
F 19.011 +13 Rh 102-93 + 2
No 23.003 _-+13 I .128.93 + 3
AI 27.039 +57 -Cs 132.81 - 10
P 31.011 +37 Pr 140.88 - 3
Sc .45.1 + 1 Tb 159.20 +27
MIl 54.949 +11 Ito 183.4 - 15
Co 58.958 +23 Tm 188.5 - 4
As 74.9~ +34 Iw 197.21 + 24
Y ..' 89.33 +42 BI 208.06 - 92

, .. v· •
Table ilL PolynucUdlc el8rilenls with lItlll'ldaril atomic welghta of
hlG/1 preclllon b...cI on calibrated mass speCtrometry

to niobium, which Clarke himself sus­
pected of being contaminsted by tan­
talum. No for the current Table of
Standard Atomic Weights (3), it is un­
likely that even one of the mononucli­
die 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.

Element. with atomic weights
datermlned by calibrated MS

Cameron and Wichers already were
fully aware of the remarkable accuracy
of the atomic weights of mononuclidic
elementa determined by physical
methods. These were indeed constanta
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 determine
atomic weights of some polynuclidic
elements with greatly enhanced preci.
sian by comparison with synthetic
mixtures of almost pure isotopes. Of
special interest here are those ele­
ments that have also been subjected to
extensive mineral surveys without any
appreciable credible natural variabil-
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Effects from radioactivity and olher
anomalle. In lsoloplc abundance.

Unfortunately. most of the other
elementa with stable or quasi-stable
isotopes are much more uncertain and,
therefore. of greater justifiable con­
cern to most chemista. Nuclidcs with
half-liycs greater than 4 X lOS years
are called quasi-stable (4). Radioac­
tiye decay of the.. 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 element.s. Because of nalure'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
daughter element is produced over
geologic time in only one of its iSo·
topes. Take the e.ample of rubidium;
the less common of ita two isotopes,
87Rb. decays by the loss of a beta par­
ticle to 87Sr. 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_ Oyer the eons on dry
land. the rubidium now produces
strontium isotope with an anomalous
atomic weight. Strontium-8? 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, analysta are called
upon to analyze the most unusual
specimens, too; and they are apt to
take the published IUPAC yalues for
the atomic weighta without a thought
for tbe footnotes. Alternatiye 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 progre..... artificially in­
duced anomalies in isotopic composi­
tion will become more widespread.
Consequently, analysta are alao facing
samples with inadvertent or undis·
closed cbanges in isotopic composi­
tion. Of cou.... the IUPAC table was
neyer meant to be applicable to such
altered specimens. but such samples
represent a potential pitfall to ana­
Iysta. Fission product palladium, if it
enters the market in metallo-organic
compounds. will have an atomic

indexed by Chemical Abstracts
Service since 1967.

Plus, over 100 additional
databases covering medicine,
pharmacology, energy, industry,
engineering, materials, patents
and trademarks. The informa­
tion you need to do your job.

All available instantly, from
your desktop terminal or per­
sonal computer. With no monthl y
minimums or initiation fees.

To learn more about this
revolutionary tool for chemists,
contact DIALOG Marketing,
3460 Hillview Ave., Dept 25,
Palo Alto, CA 94304. Call
800/227-1927 (800/982-5838
in CaliL).

see us ill ACS Conference, Booth II's 707-709_
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lbday.
the problem Isn't howto collect information.

it'S howto find It.

290 B.C.
'ft) cope with a need to collect Information.

man ueates the UbraryatAlexandria.

In ancient Egypt, an infor­
mation problem was solved
when the world's knowledge
was organized in the
Alexandrian library.

Today, irs no longer possible
to store all needed information
in a single place. How do you
gather the information you need
from Ihousands of sources?

The solution is DIALOG,'"
the world's largest scientific and
technical databank. For over a
decade we've been providing
online access to chemical
information.

To millions of journal
articles, conference papers,
technical reports, and palents
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all "normaln terrestrial sources of the
elements and their compounda. Ad·
mittedly, II 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 req\lired
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 awmic weights
of these 11 elements cannot be tahu­
lated nearly as precisely as those of
the mononuclidics. No improvement
in experimental measurements could
increase appreciably the precision of
the tabulated value of one oUhese II
elements. A change could result only
from a change in convention or in defi­
nition of the tabulated IUPAC stan­
dard atomic weights. Unlike the group
of mODonuclidic elements, this group
of 11 is sure to grow as experimental
accuracies and knowledge of isotopic
compositional variability improve.
Only occasionally an element might
alao 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
aUows 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 eval"ated by CAWIA. It spares
no effort in trying to provide all reli·
able precision in atomic-weight values
but, if in doubt, tends tii be conserva·
tive and avoids unnecessarily frequent
changes. The commission criteria of
reliability might be expressed as fol·
lows:

• 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" ia lesa than I in
100.)

Os
weight of 105.90, instead of the tahu·
lated 106.42. Lithium depleted of 6Li
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 8 common laboratory
source of hydrogen.

Elements w"h variable Isotopic
composilion In common sources

Thus, the example of 87Sr points out
one of the greatest problems of estab·
lishing standard atomic weights: All,
except the mononuclidic elements, 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. Uocertainties
in the experimental determination of
the absolute atomic·weight values
tend to oversbadow the differences
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.
Perbaps in another 40 yeanl, if a
REPORT of 6imilar title is published
in ANALYTICAL CHEMISTRY, more
precisely tabulated standard atomic
weighta 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 poliBible for
IUPAC to adhere to the principle that
the atandard awmic weights apply to

CALL TOLL FREE:
800-521-1720

800-482-3452 in Michigan
800-237-1017 in Canada
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as Altex. J. T. Baker. Brownlee.
Hamilton. J & W. Kratos. LD.C..
S.G.E .• Upchurch. Valco.
Whatman...hundreds of suppliers
of high quality separation
products.

Contact us now for your
catalogs and see tor yourself all
the new state-of-the-art
products Anspec offers to make
your work in chromatography
easier than ever.

~ANSPEC
cel@0UUil[;)Gllil)J;!fllil@0

P. O. Box 773() DAmArbol'. MI48107
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NO
CHARGE?

no problem
for Zetasizer II
In studies of flocculation and
colloid stability, the region close
to the zero point of charge is the
most critical. It is in precisely
this region of low mobility that
other electrophoresis systems
are least accurate and most

difficult to use.

With its high frequency
optical modulator, the Malvern
Zetasizer II solves this problem,
allowing you to measure
mobility and zeta potential with
uncompromising accuracy right
across the range.

Measurements are simple, fast
and operator-independent and
Zetasizer It also gives you
built-in submicron particle size
capability.

learn more about the potential
of Zetasizer II in your laboratory.

~
Malvern Instruments Inc

187 Oaks Road
Framingham

MA 01701, USA
Telephone: (617) 626 0200

Telck: 311397

Ii
• It is exceedingly unlikely that any
randomly selected sbelf sample, min·
eral specimen, or industrial product
will have an atomic weight outside tbe
range indicated in the IUPAC table.
(My personal interpretation of "ex·
ceedingly unlikely" is tess than 1 in
100,000.)

When we talk of accuracies, we refer
to the difference between a measured
and a "true" value. Tbe concept of a
"true" atomic weight becomes diffuse
for elements with variable composi­
tion. You never know whether you
bave found specimens exhibiting the
maximum as well as the minimum of
an atomic weight range. You also won­
der whetber you should average the
known extremes for tbe 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 bydrogen. Hydrogen atoms
on the average are Iigbtest in tbe Iabo·
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
wisb to take an average for the entire
Earth. Given that we cannot sample
the core, the uncertainty for the over·
all average would become far greater
tban if we BOught to average over all
reasonably deliverable specimens.
Sucb considerations spoil the notion
of 8 "true" atomic weight for polynu­
clidic elements.

Atomlc-welghtllmltallons from
experimental uncertaInties

Most annoying is tbe estimated un·
certainty in standard atomic weights
tbat is not caused by natural variabil·
ity but by experimental unce.minty BO
large that it equala or overshadows the
uncertainty of good chemical analyt.
ical measurements. These cases, in

which the atomic·weight data limit
the analytical accuracy, are shown in
Table IV. Standard reference materi·
a1s cannot belp, and it is surprising
that BO little bas 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 weigbt (that of tin), and the basis
for that challenge was questionable
and bas since, in the Iigbt of much
more reliable measurements, been
found to luive 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.

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 overcsti·
mating the uncertainties and ranges to
keep the reliability of tabulated data
inviolate.

My own impression is that CAWIA

Table IV. Elements whose
standard atomic weights are
estlmeted to be uncertain by
0.015% or more arising from
experimental uncertainty- -.-

n 0.063%
HI 0.017%
'In 0.031%
Ge 0.041%
So 0.038%
Ru 0.020%
5b 0.025%
Te 0.024%
Xe 0.023%
Nd 0.021%
8m ·'0.020%
Gel 0.019%

Dr 0.018%
Er 0.018%
Vb 0.017%
H1 0.017%
W 0.018%
08 0.053%
Ir 0.018%
PI 0.015%
Hg 0.015%
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No more manual and reconllng titl'Btions...

Mettler's new DL20 titrator
gets down to specifics
Designed for ellicient rouline analysis,
the DL20 permits exact repetition of
specific titrations with speed, accuracy
and reliability-even after a Change in
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Practk:el
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touch of a burton. Quick sample change,
rapid rinsing of the titration head, easy
puah -button operation and short titra­
tion lime assure high productivity.

Mettler's rugged DL20 is extremely
cornpact. rt can be set l4' anywhe<e-in
research or quably conlrollabs-even
out in Ihe production area.

PrecIH «td .conomal
Mettlef burettes can dispense even the
smallest increments precisely. Repro­
ducible results are achieved with very
small sample quantllies and reagents
can be used sparingly. With a price of
$4,950, the DL20 is a good investment.

For more i-llorrnalion on the new DL20
CompaotTitrator,lhe DL40RC alt­
purpose and DL18 Karl Fischer titrators,
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has recently steered well between
Scylla and Charybdis, so that an over­
all condemnation cannot be levcled
that it has either withheld reliable
atomic·weight data or betrayed the
chemists' trust in the reliability of the
data. Anyone making 8 critical judg­
ment probably needs to analyze data
for one element at 8 time. and for that
the evidence will typically be scant. It
is conceivable that CAWIA may have
to correct onc or even se\'eral standard
atomic weights beyond the presently
indicated uncertainty range. This is
not likely, and I hope tbat 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, 8 major natural
SOUTce of which seems to have an
anomalous atomic weight, which is un·
der active investigation. PoBadium
might then join the group of 11 ele·
ments whose variability in nature pre­
vents the tabuJation of the full num­
ber of significant figures justified by
experimental accuracy. This is typical
of t.he trend to be expected in the
years ahead. With existing conven­
t.ions for the IUPAC Table of Stan­
dard Atomic Weights, t.he 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 At.omic
Weights-as long as t.hey 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 t.hey imply, but
the worst of these values are no better
than is indicated. This is not quite
good enough for t.he Lest chemical
analyses, which for more and more
elements can be improved by deter­
mining the sample atomic weight.
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Bu~aWaters-Ion Chromatograph,
anCi get more than iustan instrument.

Eight anions determined allow ppb
1.",,1, (Al, by simply changing .Iuents
on the some column, you con also deter­
mine silicate and C)'Onide (8).

CIRCI.£ 232 ON READER SERVICE CAAO

I.f- "... I. SoOJ" '-2.(0.-' OJ'" 2 (I" 4_
J CI- 20'" , CN" 10_
4 NO, ..... ~.Bt· 10_,... ..... oS. NO)' "-6 NO," ..... 6 cal") "-7.HPO. 60 ... 7.SO.-' so_
8.SO.- J .....

In·depth applications develop.
ment... responsive customer
support and service... 20 years
of chromatography expertise. The
some qualities that established
our world leadership in HPLC are
a port of every Waters ILC Series
lon/Liquid Chromatograph.

The result of our commitment
is advanced Ion Chromatography
capobilities. Now you con change
selectivity without switching
columns- just by changing eluents.
Routinely quantitate ions at sub­
ppb levels. Analyze a wider
range of ions without added sys­
tem complexity (no expensive
post-column chemistries required).

Our worldwide support network
includes a dedicated group of ion
chromatographers and over 300

o

A

Minutes

10 0 10 15 20

Minute'

technical, soles and field servioe
personnel. Together, they have
provided onswers for a brood spec­
trum of application problems.

To learn more about how Waters
Ion Chromatography expertise
can go to work for you. please call
the Ion Chromatography Hotline
at (617) 478-2000, ext. 2500. In
Canada, call 1-800-268-4881. Or
write to the Ion Chromatogrophy
Group, Millipore Corporation,
Waters Chromatography Division,
34 Maple Street, Milford, MA
01757.

MILLIPORE
Wolers Chromatography Division

ANAlYTlCAL CHEMISTRY, VOL. 57. NO.4. APR1. 1985 • lUI.



~ ONLINE
INFORMATION WORKSHOP

'2" .....~YTJCAI. ClEMISTRY. VO\.. 57. NO.4. APRIL 1985



uv DETECTION­COl.UMN:
f'oaIol>hoto~ 3dCc.
IIAMPLE:'.~.
2.~.3._

~......_.

For less than $5,500,
our new 3DTM HPLC System is an amazing
breakthrough in LC technology.
Only from Perkln·Elmer

A complete HPLC System-the
Series 100 pump. 7010 injector. a
P·E 3x3 C18 cartridge column, R·50
recorder and the new TriDet'"
trifunctional detector-all for the
amazingly low price of $5,460."
The 3D HPLC System is an excellent
tool for teaching, quality control,
screening-for any laboratory where
quality technology is required on a
limited budget.

3 detectors In one
The central focus of the new

3D HPLC System is the patented""
lrifunctional TriDet detector. UV,
Fluorescence and Ion Conductivity

detection are all built into a single
compact unit. For multiple, simulta·
neous detection, or to have three of
the most often used LC detection
modes at your fingertips, the flexibility
of the 3D HPLC System can't be
beat. Even if your only application is
Ion Chromatography or if you only
require the UV function, the 3D HPLC
System is still a great value.

It's very e.sy to use
The 3D HPLC System is a joy

to operate. As the workhorse in a
quality control lab, the mainstay of
a therapeutic drug monitoring lab. or
the first LC in a college chemistry lab,
the 3D HPLC System sets up easily,

and runs reliably, day after day.

For complete information on this
highly economical new system, talk
to your Perkin·Elmer representative.
Or, for literature. please call
1-800-762·4000.
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"" Patent Pending
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Focus

ACareer 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 8 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,
Ubut 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 propoaal, how to write a paper,
or how to respond in 8 variety of situa­
tions."

Gary Hieftje, professor of analytical
chemistry at Indiana University,
agrees with Blount that young assis­
tant professors without postdoctoral
experience are at a substantial diaad­
vantage. "It might seem like an advan·
t8ge," says Hieftje. "because you get
to start on your career earlier. But you
won't have time to sit hack and decide
what you're going to write your first

few grant proposals on, and that
slower start can mean the death knell
when 8 tenure decision comes along."

Some aay 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
himselfrecently 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 profesaor.

According to an analytical chemist
who declined to be identified, gener­
oua funding levels for analytical chem­
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 jealouay on the part of non­
analytical-chemistry professors. "I

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 int6 aca·
demia directly from graduate school
are placed at 8 major disadvant.age."

UnfortunatelY,low postdoctoral sal­
aries tend to deter graduating PhD
chemists Crom seeking postdoctoral
appointments and, hence, from seek­
ing academic careers in general. "I
think we should pay our postdoes 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 .....ants 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 thouaand 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."
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Focus-Michael Parsons offers another
start1ing statistic: In his 17 years at
Arizona State, all but two of his PhD
students who went into industry start­
ed out at 8 higher salary than Parsons
was earning at the time.

Although the aalary 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 catio of industrial to academic
starting salaries is about 1.8, but he
contends that academic and industrial
aalaries 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 impor·
tant factor discouraging people from
pursuing academic careers.

Another negative for those consider·
ing 8 career in academia is the pros­
pect of fighting for grants. Obtaining
grants simply requires more effort and
morc 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 thaI'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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Focus

througb other means, such aa graduate
courses on the prof...ionalaapec1B of
chemistry."

Neverthel.... young people do con·
tinue to look forward to careera in
teaching. an indication that the aca­
demic life offera many countervailing
benefits and rewards. Ulagree there
would be a deereaae in Balary," admits
one analytical chemist in government
who is currently interviewing (or an
academic position and wbo requested
anonymity. "But if you live on a col­
lege campus aa part of an academic
environment, the cost of living is going
to be lower in most cases, 80 you can
put up with a little bit I... aalary. I've
beard that the academic Balaries 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'lI pay your Bala·
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 Balary is not
that different,-but I admit I could be
in for a big surprise." .

This Bame individual. who is prob­
ably representative of many young
academic bopefuls. 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
aay-you're going to take a low Balary
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. IIAcademia ofeers
the freedom to do long-term funda­
mental research instead of working on
sbort-term project- and product.relat·
ed problems. I think the trade-offs are
worth it. It's like starting your own
busin When you start your own
busin you bave to work a lot hard·
er. usually for fewer rewards at first.
But if you make it, you can surpass
what other people bave been making
all along."

In tbe fmal analysis;perhaps the
most stimulating aapect of academic
life is helping students to develop
their talents and abilities and watch­
ing as they thrive in their chosen sci·
entific careers-whether academic, in·
dustrial. or governmental. Aa 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.





Focus

Electrophoresis Improves
AccuracyofPatemityTesting

Recent research in electrophoresis
of isoenzymes, serum proteins, and
DNA fragments is making it possible
for forensic scientists to more accu­
lately evaluate paternity in cases of
disputed parentage. Paternity tests
are designed 1.0 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,
be is included in 8 population of men
who could be the biological father.

Paternity testing methods can be
hroadly classified inl.o 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 typing and electrophoresis
(especially isoelectric focusing) have
only recently been applied 1.0 paterni­
ty testing.

Josepb Melvin, codirector of the Pa­
ternity Testing Laboral.ory at the Ed­
ward W. Sparrow Hospital in Lansing,
Mich., and author of a book chapter
on paternity testing (I), 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 tbough
blood testing excluded him as the fa­
ther. In 1950, however, the U.S. Su­
preme Court estahlished a legal prece­
dent by allowing blood test results to
be introduced as evidence. "The con­
temporary legal development of genet­
ic testing 1.0 exclude paternity," Mel­
vin explains, "stems from introduction
in 1975 of (Title IV-DJ of the Social
Security Act, which requires states
that receive federal support for Aid
for Dependent Children 1.0 attempt 1.0
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
proteim 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
determined by antigen typing and
electrophoresis of serum proteins. The
data obtained are used 1.0 statistically
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.

Separation of red-cell isoenzymes
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 arnpholytes. Proteins focus on
their isoelectric point, and any protein
molecules that diffuse away are
pushed back 1.0 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 1.0 further in­
crease the resolving power of this

technique. Because of its superior re­
solving power, isoelectric focusing has
revealed previously unknown genetic
variations in several proteins (2).

Melvin uses one of the polymorphic
serum proteins, phosphoglucomutase
(PGM), 1.0 illustrate how the ability of
isoelectric focusing 1.0 subdefine ge­
netic markers provides an advantage
ovel conventional electrophoresis. The
various forms of PGM can be resolved
into tluee phenotypes using conven­
tional electrophoresis on starch, agar­
ose, or polyacrylamide. Ollsoelectric fo­
cusing of this enzyme," Melvin writes,
"increases the number of phenotypes
observed from three to ten, thus in­
creasing its usefulness in paternity
testing."

Restriction endonucleascs, enzymes­
that recognize unique strlngs of nu­
c1eolides in DNA and snip the DNA
into fragments wherever these strings
occur, are also being used 1.0 deter­
mine paternity, although these meth­
ods are slill 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 arlicle (3) describes the ef­
forts of two researchers at the Univer­
.ity of Wales Institute of Science and
Technology 1.0 use RFLPs 1.0 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 1.0 similar DNA pieces and
show up as a dark band on an eleclro­
phoretic gel. Each individual has a dif­
ferent banding pattern or "genetic fin­
gerprint." Breeders should be able 1.0
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
phisms and computer technology will
make it possible 1.0 positively identify
the biological father of any person un­
less the alleged father has an identical
twin (4). Shaw writes, "Motherhood
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OfficeTesting Lab
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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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(1) Melvin, JOItph. in "Forensic Science

Handbook, Part II": Saleratein, Ricbard,

IT there is any lingering doubt that
an increasing number of clinical and
diagnoetic tests are being performed
in physicians' in-office laboratories on
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Chern. 1985.57, 3S-39 Al, the appear­
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ness of in-office and in-home testing
VB_ laboratory testing, and tbe latest
market surveys in the field.

In the first issue of the newsletter,
Ronald H. Laessig of the Wisconsin
State Laboratory of Hygiene ..plains
that reservations among physicians,
laboratory professionals, and regula·
tors about the quality of in-office lest
results are now misplaced. lDdustry
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-

erable effort on the quality assurance
of test results,

Laesaig eoplains that "The technol­
ogy developed and succesafully mar­
keted in 1986 and beyond will not only
have to deliver quality results to the
physician; it will [also] bave 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 tcadi·
tional pitfalls and labor of teating.
Laessig points out that demand for in­
office testing is driven, in part, by de·
mands from patients for more rifi­
cient health care delivery: "Patients
are less willing to return for 8 second
visit because the physician is awaiting
a laboratory result on 8 specimen sent
elsewhere."

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.
Boo 4546, Anaheim, Calif. 92803 (714·
497-3522).

S.A.B.
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AlALE
OFFOUR

CHEMISTS
ot too long ago,four chemists were

working infO'ur labs.
AU four encountered analysis problems:

thefirst chemists problem concerned metals, the
seconds had to do with organic ions, the thinis
involved r:mino Ofids, r:nd thefourthS was with
common znorganzc amons.

While our chemists pondered their
anal),sis problems, a commO'll solution was
alread), waitingfor them...

Request Reader Servia #41



'We do a lot of work
for cliems in the food and
pharmaceutical industries,
Na[urall>: we depend
on LC and Gc. But there
are cases where tht'se tech­
niques won't scpar..lle
and detect the compo­
nents we're analyzing.

~For example. many
organic amines arc diffi­
cult [0 chromalob,,"ph.
\Ve'\'e found that a Dionex
Ion Chromatograph is all
easy solution 10 this
tough problem.

"In this case. our
Dionex enabled us to
detcnninc an amine
impurity in an antibiotic.
something we couldn't do
wilh silica-based columns
and UV detection.

"Highly complex
samples. like milk, ha\'e
alwa)" been a problem.
Our Dionex is able to
det.ect organics in milk
with better selectivity
and sensitivity~"

N-Mctl,,·IPyIToI.idill('(NMI")
in an Anllbiottc
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"The ionic organics
1 was analyzing

hadrw
chronwplwres and

were diJfU:ult to
chromatograph.
Conventional

HPLC just couldn't
dn the job."
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"My sample load and
research needs are such
that AA and ICP alone
aren'[ sufficient. \\~
needed to increase the
efficiency of our electro­
less nickel plating solu­
tions for the manufacture
of magnetic storage media,
Of particular importance
were transition metals:
lead. cadmium. cobalt.
copper. and nickel.
HO\\"C\'er, monitoring
hypophosphite and
organic acid concentra­
lions was crucial too.
To my delight, I discovered
that a Dionex system can
analyze all of these and
speciate metals and
other ions according La
their oxidation states.

·Our Dionex virtually
eliminated the old inter­
ference problems and
gave us the sensiuvity \\'e
needed to improve our
production yields. Now
\,'e even do OUT routine
wastewater samples on
our Dionex:'

The Metals
Story

"1had to analyze a
variety oftransition
metals at extremely
low concentration
levels. Interferences

were always a
problent

Sample Nam., Electrol•••
Nickel Bath .32
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"I need to determine
amilW acids,

carbohydrates, and
anwns I1l m),

samples, I got tired
ofrunningfrom

instrument to
instrument:'

"To get all three profiles,
we had to run samples
through a series of proce­
dures on several dilferel1l
instruments. OUf expen­
sive dedicated amino acid
analyzer could only do
part of the job,

,
"

"Now I can do it all­
automatica1~'if I want­
on a single instrument:
a Dione" Ion Chroma­
tograph,

"Our Dionex gives us
excellent resolution of
amino acids in record
time. and we can switch
to carbohydrates or anions
at the touch of a bulton~

"In our lah we have
to arudyu a variety
ofcommon anions

in a large
number ofsamples,
and it always has to
be done )'eSterday."

"M)' specialty is water
anal)'.is. and I\'e tried
every method: wet chern­
istn~ amomaoc ut.ratof'S.,

ion~selecti\'e electrodes.
I\'e e\'en moorted an
HPLC with an ion
exchange column and
a conductivit), detector,

My Diona Ion Chroma­
tograph ~CS them all

"With our high sample
load, "'e simply couldn't
cope without unatleflded
sample preparation,
analysis. and data reduc­
tion, We get all of those
from our Dionex systems,
with consislent accuracy­
it doesn't mat.ter whether
we're analyzing sub-pan­
per-billion concmtrations
in ultra-pure water or
percentage-level concen­
trations in turbid solutions.
Our chromatograms
.peaIe. for tbenlseMs."

'0"
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DIONEX
THE COMMON SOLUTION

Dionex systems
are soLving louf!:h
problems m alI
areas ofanalytical
chemistry. Turn your
analysis probLems into
success stories:

Metals
Analysis
Dionex lets )'OU deter­
mine transition metals.
metal complexes, and
mono- and divalent
cauons at trace- and high
percent-level concentra­
tions. directly from acid nr
alkaline digests or brines.
even in the presence of
other major metal con­
stituents. \bu can also
speciale metal oxidation
states such as Fe2+/Fc'·
and Cr"'Cr'·.And with
Dionex automatic precol­
umn concentration, ),ou
can analyze as man)' as
nine metals in a single
run al concentrations
below pans-per-billion,

Organic
Aruilysis
H igh-efficiency
Dionex ion exchange
resins are revolution­
izing organic ion sep­
arauons, Our unique
ion det.eetion syst.ems

allow trace quantitation
of amines. organic acids.
sugar alcohols, carboh)'­
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 columl15 on
a Dionex for your rou­
tine HPLC work as well.

AminoAcid
Analysis
New high-speed pellicular
ion exchange resins com~
bined with metal-free
illSlrumentation make
Dionex Ion Chromatog­
raph), more versatile,
faster, and more reliable
than other amino acid
analysis systems. You
gel high I)' specific ion
exchange separation with
aUlOmatic posl-.<:olumn

derivatii".ation alld your
choice ofanion or calion
exchange modes. In addi­
tion, ),ou can use your
Dionex s),stem to analyze
inorS-.tnic ions, transition
mctals, and organic ions
as well as amino acids­
all in a single instrumenl.

Inorganic
Analysis
Dionex Ion Chromatog­
raph), has made tedious
wet chemical analysis
methods obsolete. Fur­
lherrnore, single-columll
techniques simply can't
match the performance
and versatility ofa Dionex.
Thanks to advanced
membr.tne-based detec·
lion technologies.. Dionex
guarantees sub-ppb sen­
sitivit)' and the highest
specificit), for all common
aniol15. Dionex technolob'Y

also gives you high preci­
sion analysis for assaying
complex solUlions such as
plating baths. Kraft liq­
uors. foods. and paints.

Automation
Impro,'e ),our lab's pro<
ducti,'it)' b), adding the
convcnience and consis­
tent accumc)' of lJionex
automation. \Vith multi­
mode switching. yOll

can go fomt organics to
mctals to anions at the
touch of a button, Add
the Autolon 30n COIll­
puter for Illultiple­
instrument camrol imd
you can further incrcasc
your lab's productivity
and sample throughput.

Dioncx brings true
automation to chroma­
lOb",.phy-in sample
preparation. unattended
anal)'Sis, and data
handling.

For the complete stof):
or for a demonstration,
conlact your nCilrcst
Dionex rcpresentative
or call us direct.

DIONEX
THE ION EXPERTS

Iwea.IL
(312) 773-6850

AtJanta.GA
(404) 953-8981

Houston.TX Diano: (UK) Ltd.
(713) 847-5652 farnborougb. Hants

~)~'9't.J600 f<;2~~)n~41346

Requat Reader Servia 1141

DionexGmbH
""" Germany
06150-3047

Semsa,S.A.
Boulogne, fr.mcc
(1)6216666

Dioncx S.d
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INTEGRATE.COMMUNICATE
ORCHESTRATE.

IMPROVE YOUR
PERFORMANCE

WITH THE RIGIIT
INSTRUMENT
Spectra·Physics integrators

perform solo, as multi·channel
data systems, or as system
controUers for LCs or GCs.

Ifyou require an entry· level
integrator, our new SP4290 can
give you manyofthe features our
leading integrators have at the
lowest price yet to come from
Spectra·Physics. Plus a !Wo·year
warranry.

For a little more, the SP4270
can provide you \\~th BASIC
and communication \\~th the
IBM PC XT \~a IABNET,' our
local area network. Or you may
opt for the virtuoso performance
of the SP4200, \\~th irs host
ofsophisticated features.

Cau Spectra·Physics today
and ask for the brochure describ·
ing aU t11ree integrators. In
California: (408) 946·9682, in
Texas: (713) 688·9886, in New
Jersey: (201) 981·0390.
EIse\vhere: (800) 253·8324.
Spectra·Physics, 3333 North First
Street, San Jose, C:llifornia 95134.

SI' SI' 51'
IllTE8Il1TE 42tO 4210 ..
Wide PmI!tIPIolIor Yes lOS I'll
5lII6O Hz Dala 5aaloIiIII lOS lOS lOS
5eanI CIl;mel ClillDa
TrwIIlIsRowDmlD_XT No lOS I'll
~ No No I'll
COIIII..-:&Tt
~Poak& Yes Yes YesSampleNolnos
_ColiIlriIilIl Yes Yes lOS
FuI~&lEOs No No Y1s
X·Y~Propo No No lOS

0llCIIUTUTE
BASIC No lOS lOS
LAIINET!RS-232 .. ClillDa lOS
Cumnll~

Ttmed e.ents ~ Y1s
GPC._ No No Yes
~LNSCM

Banory-... No No lOS
P!ice" lUlU 12_--

C~ClE 188 ON READER SERVK:E CARO

~ Spectra-Physics
THE PERFORMANCE LEADER IN AUTOMATED CHROMATOGRAPHY
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V.rsatlllty. rellabllity.
multl-eompoDeDt capabllity.
aimpllcity-cmd DOW Speed.
The list of attributes of
voltammetry is growing. Our
new Model 309 AulolD4t1c
Voltammetric Electrode (A.V.E.),
together with the new Model 319
Sample Changer, permits rapid
deaeralion and unattended
sample handling. The radically
new A.V.E. design can be
manually operated to enhance the
capabilittes of any of our
Polarographic Analyzers-or it
c4n be controlled by our Model
384B microprocessor·based
analyzer (with the additional
speed 01 Square Wave

Voltammetry) to achieve new
levels of hands-oll, high through·
put analyttcal capability.

A UDlque approach 10
stream.liDiDg the cmalysts
An ingenious nebulization
lechnique both deaerates and
transports Ihe sample solution to
the measurement chamber in a
matter of seconds (conventional
purging techniques require four
to eighl minutesl). The measure­
ment chamber incorporates OUf

Static Mercury Drop Electrode
which has been perlecled over
the past six years 10 give reliable
performance with outstanding
sensitivity and reproducibility.

Find oul how the latesl
advancement in voltammetry Cdn
be put to work in your lab. Write
or call our Applications Group
for more details.

EUROPEAN HEADQUARTERS. EGlG INSTRUMENTS. IONGSwtCK HOUSE. SUNNINGHILL
ASCOT. BERKSHIRE, ENGLAND 8L5 78J eNG-WIt. TELEX: l4IIIO. FAX: 0190 23141
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News

th Annual Summer
Symposium on
Analytical €hemistry

About ClarkMln Unlv....1ty

Clarkson University illocated in
Potsdam, N.Y., halfway belwftn the
Adirondack Mounrai... and the Thou·
aand liland. region of the SI. Law­
rence Rivar. It baa altudenl popula­
tion of 4500, and ir. deparl.menl of
chemiltry i. compriaed of 15 faculty
membera and 40 graduate .tudenr.. It
iI alao the site of Ihe ("'tilute of Col­
loid and Surface Science, which ",ill be
hoaling an lolaroational Symposium
of Colloid and Surface Chemiltry
(.ponsored by the ACS Dh'won of
Colloid and Surface Chemialry) at
Clarbon Univeraily following the
Summer Sympoaium. from June 23
to 28,198&.

Travel

Poudam can be reached by car or
Greyhound bus. or by air to Ogdeno­
burg, Montr..l (Dorval). or Syracuae.
Tranlportation Crom theM airports
can be arranged. provided that tha
Conference Center al Clarklon Uni­
versity is notified atla..t a weak he­
Cafe arrival.

Houaing is available in modern rNi­
dence halls on \be Clarkaon Univeraity
campus or at local motels. Residence
hall ratea are $13 per night for a sin·
gle·occupancy room and $17 per nighl
Cor. double-occupancy room. All
rooms bave a heth shared between Iwo
rooms. Children 10 and under may
stay in the raaidence haUl for half
price. Linena. pillows. and tDwelt are
furniabed. There is ample fr.. parking
adjacent to the reoidence hall. The
Clarkson University rMidence hall
uaed for this Summar Sympoaium ia
within several bundred yards of the
Science Cenler, where aUlecturM will
he held. Local molals are 'I, to 10
mile. [rom the univ.nily, No trans­
portation trom motels to Clarkson will
he provided. Requaata for haUling
ahould he made on the attached to';'·

•

raceiV"
A university r a board~

package price is available. which io­
c1udaa housing coats plus aU meaIa'
(rom Monday Diehl ..
Thursday lunch (e
Wednaaday night
included in \be reci& feol. Spa­
cial package ratoo are $70 per pe.-
for a siagle room and $,)6 per parso.
for a double room. .

. R....rallon and IpKlalga~

Recistration will take pia.. io th.
Educational RNOUfCM Center 01
Clatlmon Univenity OD Monday, JUAe
17. from 4 P.~l. to 8 P.M.. 00 Tuaaday.
June 18, from 8 A.M. 10 2 P."'.. and DO
Wednaaday, Jun. 19. fr... 9 A.M. to
12 noon. A reception will he held al
7 P.M. on Monday. June 17. The r"'­
tralio. feo of $110 iocludaa adm..i..

ANALYTlCAl CHEMISTRY. VOL .57, NO.4. APN.. lN6 • to A



to all technical sessions, symposium
materials. the reception, and the
Wednesday night banqueL 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 aelIY"'es

Intramural athletic facilities,
swimming pool, tennis courts, canoes,
paddle tennis, and racquetball courts
are available to all registrants. Golf
courses are in the vicinity; Lake Placid
is 8 70·minute drive; Remington 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 6568).

Symposium formal

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

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

FundomenI.1 TechnIqu..

E. Matijevic, Presiding
8:30 Welcome and Introductory

Statements .
8:45 XPS in Combinatioo 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 Electfonic Materials
June 18-20,1985 Clarkson University, Potsdam, N.Y.

Phone _

Transportation

o Car 0 Bus 0 Airplane
Airport _

Airline and f1ighl number _

Dala and time of arrivall _Zip _Slale _

Name (Prinl)
TiUe _

Instilulion _

Address

Cily _

o I will arrange my own housing
o Plesse send me a molellisl

o I requesl room and meals al the university from Monday
to Thursday al the special package rale of:

o Single room plus meals-$70/person
o Double room plus meals-$56/person

o Roommale _

o Assign me a roommale

o I requesl room only allhe university for, the following
nights (no meals): _

o Single-$I31nighl
o Double-$17/nighl

o
o

Relurn this form wilh check made payable to"Clarkson University" for the 10lal amounl due 10: Doris Frazer, Conference and
Information Center, Clarkson Universily, Potsdam. N.Y. 13676. For further information. call 315·268-6647.
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N~ a low-cost FT-IRpricedand
designedfor thefirst-time F'CIR USei':

Advanced capabilities
at a surprisingly

modest price.
Nicolet's new SOXB now offen you
e1eg:mt ease-of-use with the same
proven productivity and
performance as all of Nicolet's
world-leading PT-IR specuometerS
- all al a remarluIbly lowprlu!

Standard 5DXB benefits
and features:
• Excdlcnt 1CIWtIYJty, rdbbUIty.

perfOI'lll3llCe from !be aU-_
SDXB optical bc:ad1l111d
hIgb-cDCf1rY air-cooled so....,.,.

• rut, accante, ..enad1e opecuaJ
proceu.... from Nicolet'. pn>'t'CD,
powerful computer with
oophJotIcUed yce ....Y·1<MIK
software.

• Superb color lP"'PbIa from a
bJab-opee4 blP-raoJudoa
dJopJay, proridlDa IuWU
InfonaadoD aAd COD'I'cn1eDl aoer
Iateractloa.

Unprecedented
ease-of-use

for the first-time
Fr-IR user.

lcolet's SOXB eases the transition
up from dispersive IR to Fr-IR by
providing complete spectral
processing from a simple IIIClJU

software system with dela1Jed
"HELP" and advice information.
The SOXB offen the most
comprehensive tutorial mesuges of
any FT-IR - plus fully vc:natik,
stream1IDed programmabl1lty for the
experienced Fr-IR specuoscopisl.

SDXB grows to meet
your future neeils.

You an se1ect cuended capabWIla
to t2ilor the SDXB to your needs­
now orhi IbefulrIn.
• IIJIbeol ocnoId'I'tIy MerdelccIon.

• AadJ1aI'y ........UIGiJNi •
wIth~
beam d1ftcdy coaaa:IO to
maID bc:ad1 few dediClIIed opecIa1
appJlcatloaa aa:aoorIa.

• II1JIb-apacirf W1DcIIacer dIoI<.
• Ad'I'aDced raearc:Ia-Fade SX

softwllre.

• AU toto_
New NIcolet 5DXB: T'be best vaJw
In FT-lR today, wUb~for
yourfulrIn applkallons. Please
pboneor wrl~kJdayfor~
Information.



News- Tuesday AHemoon

Swface StUCO.. wtth laMrs

H. Helbig, Presiding

1:30 Surface-Enhanced Raman
Spectroscopy. R. P. Van Duyne,
Nortbwestern 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. I.
Mciver, 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

Surface CharacterlzaUon of Catatyllc
Materials

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
trocataJysis. Phil Ross, Lawrence
Berkeley Laboratory

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
nenIB of the emf of an electrochemical
ceU. 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

Wednesday AHemoon

M~y at Suriac••

T. Fleisch, Presiding

1:30 Atomic Imaging of Sur­
faccs by High.RcsolutioD Electron
Microscopy. L. D. Marks, Northwest·
ern U

2:15 Atom Probe and Field Ion
Microscope Microanalysis of Sur­
faccs. T. T. Tsang, 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

Surface Characterlzallon of Electronic
Male,lal,

D. Denley, Presiding

9:00 Surface Science of Elec­
tronic Materials. S. \ViIliams, 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

evaluated values for the absolute po­
tential of the standard hydrogen elec·
trode in water and in a few other pro­
He 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, Dipartirnento di
Chimica Fisica ed Elettrochimica, Via
Venezian 21, 1-20133 Milano, Il&ly.
Those interested in making comments
can obtain a copy of the document
from the American Chemical Society,
P.O. Box 3330, Columbus, Ohio 43210.

Hansch to Receive Meggers
Award

Theodor Hiinsch 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

CIAQ..E 133 ON READER SERVICE: CARD
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prize of $1000,8 silver medal, and 8 ci·
tation are included in the award,
which Hansch wiu receive at the 1985
Optical Society of America annual
meeting, to be held Oct. 15-19 in .
Washington, D.C.

Hiinsch 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 l88er 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 8 mi!·
lion years old has been successfully
tested by scientists at Oak Ridge Na·
tional Laboratory (ORNL). The sys­
tem, known as a rare gas atom

News~ _-

counter, extends the capabilities of
resonance ionization mass spectrom·
etry to include counting single atoms
of krypton-SI. 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-SI in a
liter of groundwater removed from a

NOW
available

in two
sizes!

;1,/. ;:IlIi:IJJ;;,".fJ,//s..
j ......

You can order SWAK in either
50cc or NEW 250cc tubes.

• Contains TFE to
lubricate threads during
make-up, preventing
galling and seizing

• Seals to pipe working
pressure

• Vibration and shock­
proof

• Temperature range:
- 65°F to 350°F (- 53°C
t01BO°Cj

• Handy, built-in
applicator

• Compatible with a
wide variety of fluids
and gases

• Long shelf life
• Available from your
local Authorized Sales &
Service Representative

<::j~<=>~
CAJON COMPANY
9760 Shepard Road, Macedonia, Ohio 44056
C!"~YIIUls.w:.Co'''f9lU.I--..:IK.4U
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Linking Value to Performance.

Perfect Quality LC.

Introducing 5himacIzu's lui spectrum of....... IRC Systems.
For full value HPLC systems, ask for the

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.

For further information, please contact
Shlmadzu Sclenllflc Instnmenta, Inc.
7102 Riverwood Drive, Columbia, MD 21046, U.SA
Phone: (301) 997-1227

Shlmadzu (Europa) GmbH
Acker Strasse 111,4000 Dusseldorf, F.R. Genmany
Phone: (0211) 666371 Telex: 08586839

Shlmadzu CorporllUon. Intematlonlll MartteUng DIY.
Shinjuku-Mitsui Building, 1-1. Nishishinjuku 2-ehome.
Shinjuku-ku. Tokyo 160, Japan
Phone: Tokyo 03-34&-5641
Telex: 0232-3291 SHMDT J.

~~SI-IIMADZU
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INTERFERENCES
IN FURNACE

ATOMIC ABSORPTION
A Thing of the Past ...

Allied Analytical Systems offers an approach to fur­
nace atomic absorption that takes the worry out of
fumace interferences. Our new system is based on the
following:
• The NEW fU55 m'· 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 ahotter temperature environment.
• The IL FASTA<:-U 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.
• 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.
• Video graphic; for visualization of uncorrected and
background corrected signals.

send in coupon for FREE applications
information on our total AA system.

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 fl8C81 year 1986 budget proposal
sent by the president to COngr....
This budget request is $4 million I...
than the bureau's fl8C81 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
menlB ($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), computer sciences and technol­
ogy ($5 million), flEe research ($5.1
million), and equipment replacement
($3.3 million). Hearings on this budget
proposal began the first week in
March.

NAM'

COMPANY
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o 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

Call for Papers

1986 Winter Conference on Pluma
Spectrochemistry
Lahaina, Maui, Hawaii. Jan. 3-10,
1986. The conference will feature de­
velopments in atomic plasma spectro·
chemical analysis by inductively coup­
led plasma, dc plasma, and microwave
plasma excitation sources. Papers de­
scribing original work in atomic plaa·
ma Bpe<:trochemistry applications,
fundamentals, and instrument devel­
opment are being solicited. Title and
SO-word abstract are due July I, 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).

ZIPSTATE

[fLU'HONE

<fTY

ADD!ESS

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

-JAIIIED Analytical
~ Systems



Linking Value to Performance.

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-eomponent analysis methods
mean high-precision quantitation. And the
error-free scanning speed of 2400nmlmin
means you can scan the full range, 1100 to
200nm and display the spectrum, in roughly 25
seconds.

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

For further information, please contact
Shlmadzu SclenUflc: Instruments, Inc.
7102 Riverwood Drive, Columbia, MD 21046. U.S.A.
Phone: (301) 997-1227

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

ShImacIzu Corpor8tlon, Inlllm8llon8l ....lIng Dlv.
Shinjuku-Mitsui Building, 1-1, Nishishinjuku 2-ehOme,
Shinjuku-ku. Tokyo 160, Japan
Phone: Tokyo 03-346-5641
Telex: 0232-3291 SHMDT J.

@~SHIMADZU
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News

Meetings

The {ollowing meetings are newly list­
ed in ANALYTICAL CIIEMISTRY.
Other 1985 meetings are listed in the
January, February, and A/arch is­
sues.

• Analytical Techniques in Water
Pollution Control. May 2-3. Cincin­
nati, Ohio. Contact: Water Pollution
Control Federation, 2626 Pennsylvo.
nio Ave., N. IV., IVashington, D.C.
20037
• Chemometric8 Research Confer·
enee. May 2(}"'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
• Electron Microscopy and Analy­
.is Group Conference. Sept. 2-5.
Newcastle upon Tyne, U.K. Contact:
Meetings Officer, Institute of Physics,
47 Belgrave Square, London SIVI X
8QXU.K.
• Analytical Laboratory Manag­
ers Association Annual Confer·
ence. Oct. 17-18. Argonne, Ill. Con­
tact: Dave Green, Argonne Nat ional
Laboratory, 9700 S. Coss Ave., Bldg.
205, Argonne,lli. 60439
• 5tb Danube Symposium an
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,
U.S.S.R.
• First Beijing Conference and Ex~

hibition on Instrumental Analysis.
Nov. 1f>-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. IV. Pontius, AIVIVA.
6666 IVest Quincy Ave., Denver, Colo.
80235

For Your Infonnation

Colleges and universities that sub·
scribe to Cbemical Ab.tractB 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 I P.M. eastern standard
time on Saturdays. Participants must
establish a deposit account of at least
$200 with CAS. Usage fees will be cal-





____________ Slole' ZIP _

The most complete listing of
college chemistry f(1culties in
the U.S. and Canada

A marketing report entitled "The
Bioscience Instrumentation 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 p"rice
for this report is Sl100; however, 8

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).

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

Three new publications are available
from the ACS. The first, "Less Is
Better," discusses the waste manage­
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.
Sincle 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).

News

At this year's national meeting of the
American Association Cor 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.

COLLEGE
CHEMISTRY
FACULTIES

SIXTH EDITION

CALL TOLL FREE1~747
(for credit card orders).

write. or mail coupon below.

American Chemical Society Distribution OfIce 1155 Sixteenth Street. NoN.
Washington. DC 20036

P1eose send copies of COLLEGE CHEMISTRY FACULTIES
@ $34.00. On prepaid orders. ACS pays shipping and handling charges.

multi-purpose reference. COLlEGE CHEMISTRY
FACULTlES is an important tooi 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. deportment 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 Conada. COLlEGE CHEMISTRY FACULTlES lists the current
affiliations and major teaching fields of over 18.CXXl faculty
members.

Stale-by-state listings make it easy for students and faculty to find
chemistry deportments 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 FACULTlES
is available in time for the fall semester. Order now and keep your
informalion up-to-date. Soflcover. 8'12" x 11". 204 poges...S34.00

C Payment enclosed (pOyable 10 American Chemical Society)
C Bill me L~Bill company

Charge my :l MasterCord I. VliA :.--. Barclay Cord L ACCESS

Cord" _ Inlerbank /I ---;;I,"'._"'~=-t"'~"'o"'~"'".l;-----
Expiralion 0018 Signolure _
Name _

COmpany/Orgonilotioo _

Address TelephoneNumber _
BiJlingAddress _

City
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Integrated solutions
from ffiM Instruments.

Our formula for solving anaIyticailaborntory
problems is a simple one.

\le carefully study your current and fulure
application requirements. 1lJen, we work with you 10

develop a solution that addresses your analytical
lahomtory needs-in the most efficient, cost-dTectioe
manner possible.

\le call this an integrated solution. Because it
brings together all the necessary components that
allow )UU to chamelerize, purify or quantify more
producti,e1y than e\er before. A solution that
integrates the latest advances in instrument
technology with the high bels of seJVice and support
associated with IBM.

Family of Products. \le offer you a full
family of spectrometers (NMR, EPR and FTIRl,
speclrophotorneters (UVlVis) and chromatographs
(1£ and GC). Plus powerful, real-time .,omputers
designed specifically for Ihe laborntory.

But our quality products are only part of the
formula. \le also ha,e expert applications scientists,
customer service engineers and marketing
representati,-es.

Expertise and research. When you sit
down with us to discuss yuur anaI)'tical problems, you
will he talking with someone who speaks your
language. Who knows yuur application. Its chemislr)<
Its technology: And its critical requirements. Who
can back yuu up wilh support centers, labornlories,
methods analysis, equipment recommendations,
documentation. tmining and service. Who can
support yuu with expertise that is second to none. .

AIKI who knows how to wurk with yuu to develop
the best solution for )uur application problem... an
intcl,Tdted solution.

Call or "'rite us today. If)uu W"OUld like 10

find out how our fonnula for integrated solutions can
work in yuur labomtory~ callus at 1-&lO-243-7054
(in Conneclicut. 1-&lO-952-1073), or write IBM
Inslnllnents, Inc.. Orchard FUrk, P.O. Box 332,
Danbury. cr 06810.

=- -~_~ Instruments
=.=.:=~= Inc.

CIRClE 104 ON READER SERVICE CARD



ION ANALYSIS PROBLEMS?

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

Call or write us today.
Our Appllcallons Support
Group Is at your service.

--~
QulkChem'"

Process
Monitor

LACHATINSTRUMENTS
10500 N. Port Washington Road
Mequon, WI 53092
Phone (.14)241-3872
Telex: 26·9681
Innoyalors In Ion analvsls

mandalions will follow. We want to be certain that the
correct Ion analysis system 15 suggested for your
application.

And ... because Lachst Is a leading manufacturer
of both flow Injection and Ion chromatographic analyzers
tor laboratory and on·llne applications, you can be
assured that our Applications Support Group will
provide the proper solution to your
Ion analysis problems.

No two laboratories or chemical manufacturing
processes arB alike. sample matrices, concentration
ranges and analytes may vary Bven between companies
analyzing the same types of samples.

That's why, at Lachal, we begin wilh a Iota'
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 understand your problem, our system recorn·

QuikChem'" Automated Ion Analyzer
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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,
.i)1dustrial chemistry labs.
students and teachers 8S well as
college and high school counselors
and libraries. I t provides:

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

2. Index of faculity members
names.

3. Index of institutions.
Soft cover. 8V," x 11".204
pages...S34.00

;, College
Chemistry
Faculties
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n EGJ:.G ORTEC
~~ We put x-my nuorescence to work.
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The Choice You Can Believe In
The D 500 X-ray Diffraction System
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FOXY'" matches fraetlcns to your chromatogram-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-dlglt display, and logical programming
make It all easy to do.

You can't beat an Iseo fraction collector for
reliability. capability. or price. And you can't match the
Iseo 3-year warranty. Phone toll-free (800)228-4250 for
our complete catalog. Or write
ISeO, P.O. Box 5347. Lincoln,
NE 68505.

All four let you enter fraction size by time, drop,
volume - even directly In ml II you have an Iseo WIZ
peristailic pump. Iseo fraction collectors are cold room
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 III Is our fraction collector for big Jobs. It
can hold 25 mm (70 mil) tubes, and carries up to 380
smaller tubes.

Retriever II Is the Iseo medlum-capaclty 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 stili going strong after 15 years!

Budget
Cygnet Is by far the least expensive fraction collector
you can buy. Yet It stili has all the basic features
Including drop counting. Stainless steel reels hold 100
tubes In a big range of sizes.

FOUR FRACTION COLLECTORS AREN'T TOO Y
IF YOU'RE TRYING TO PLEASE 98,579 SCIENnSTS.

Smart



New Products

Surface analyzer

Model 4175 Rutherford backscatlering
surface analyzer provides routine non­
destructive s..-face and depth analyses
01 any element from U to U within
0.001 % to 1% atomic detection limits.
nIlXnishes quantitative results withou1
calibration standards, and data acquisi­
tion is complete in less than 15 min per
sample. Generallonex Corp. 405

GC
Model 3000's microprocessor controls
temperature and detector electronic
lunctions and is compatible with most
data-handllng systems. Options Include
subamblent oven temperatlXe control,
up to fOll" detectors (thermal conductlv­
ny, llame ionization, helium Ionization,
universal plasma ionization, thermionic
electron capt...e, llame photometric,
and chemiluminescent nitrogen), and
capillary capability with on-column or
splil-splltiess operation, Antak 406

nterCaJc acqulres. 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 ClKrently require about 1~ h to perform manually are completed In less than
2 min. HP Genenchem 403

Hydrogen safety system

HS5-4 consists 01 one central "nit,
placed anywhere in the lab, and from
one to four satellite units thet are
placed near a GC. Satellites continu­
ously meas...e Hz 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
to that GC is shul 011; operation of the
other GCs continues uninterrupted.
Chrompack 407

X-ray fluorescence

Extra II total...eflection X...ay fluores­
cence TXRF system consists 01 an
X...ay generator, SI(U) detector, and a
compuler-based analyzer system for
process control and data analysis. It
can detect elements In the plcogram
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. Sclntag 408

UV-VIS spectrophotometer

UV 160 has a scanning speed 01 2400
nmlmln over the entire 200-1100-nm
wavelength range. Other features In­
clude full-wavelength-<ange baseline
correction within 1 min, lull spectral
manipulation, no baseline drill, wide
range of quantitative lunctlons, and
modular convenience. Shlrnadzu 409

Multiport stream switch

MUST, designed 10 allow easy column
swilchlng In HPlC, permits heart cul,
stripper, and backflush configurations.
Two six-way hlglrpressure valves are
activated Independentiy, either manual­
ly or by a timer, and optional six-way
solvent seleclor valve and manual In­
jector are available. Spark Holland 411

Data-handling system

Labtec Is a dedicated hardware and
soltware system lor food and feed labo­
ratories, It consists of a central unit to
which one or more satellite units can
be linked and Interlaced to balances
and analyllcal Instruments. Sottware
roullnes 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 lilted lIema,
circle the appropriate numbers on one
of our Readers' Service Carda
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Mettler Thermal Analysis.
Gets you from problem to
solution...every time.
A mNwrlnf1and 1Iftlua/1on
.ys/em aU In one.
Atlast, your thermal analysis problems
can be solved completely-down to
the digital result-with one compact.
inexpensive system. The Meltler
TA3000 with powerful, new features.

Forget cumbersome manual and
external computer data manipulation.

Instead, simply help yourself to
indisputabte, clear numeric interpre­
tation of the measuring curve.

New. The TC10A P_r.
The heart of Mettler's TA3000, the
TC10A, Is the evaluation and control
cllflter 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 meuurlng moduIM.
The DSC30 is the only DSC cell
designed for lull range work: -170'C
to +600·C. It provides lXlsurpassed
baseline stabiUly and temperature
control. The My electronic TMA40,
with static and dynamic load capabity,
features 4.5 nm resolution. It even
measures absolute sample thickness.
Utilizing Meltler's M3 microbalance,
the TG50 assures easy, stable and
accurate measurements.

New. PenoneI CClIIIIPlItW......
Should you need greater storage
capacity. either tor adcitionaI methods
or later data retrieva~ the TA3000
supplies a bidirectional RS232C port.

N_. RUfItI«i metaI..-:
There's even an extraordi1aciy rugged
metal sensor tor measuing accuacy
in the harshest test conditions.

The TA3000 is everything you~
for thEll'mal analysis. See it by~ ,
(609) 448-3000. Meltler Instn.ment
Corporation. Box 71, Hightstown, NJ
08520. You'll be glad you did.
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GC

Model 9630 offers an optional mulflpur·
pose second column oven that makes
posslbla simultaneous mulflple analy.
S8S that cannot be accomplished with
two or more separate GCs. It can be Ilt­
ted with Injectors, detectors, and heat­
Ing blocks controlled by the host GC.
Subemblent oven temperature control
and data system are available. IBM In-
struments 410

GCdetector

Flame photometric detector lor the Sllr
me 2000 GC Is sensitive to subnano­
gram quanlllles of sulfur and phospho­
rus compounds. If Is also highly selec­
tlvelor these compounds. If Is 10,000
limes less senslflve to hydrocarbons
than to sulfur compounds. Appllcallons
Include analysis of sulfur- or phospho­
rus-<:ontalnlng pesllclde residues and
monitoring of ambient air and lurnace
stacks. Perldn-elmer 413

Ozone monitor

Model 727-3, which Is based on the UV
absorpllon technique of ozone determl·
nation, measures ozone specifically;
common gases occurring In ambient air
will not Interfere. Electronic circuitry
automallcally monitors and controls UV
source drill and corrects Instrument
span over each sample-relerence
measurement cycle. Digital readout 01
0.01 to 9.99 ppm Is prOVided. Mast De­
velopment Co. 414

New Products

........ _otory cy_ lor liquid-liquid
extrectlons Is available In 2-, 5-, 10-. and 50­
rrL sizes. n consists 01 a lower mixing cham­
ber and a plston-reservo~ with an axial chan­
nel. Six piston strokes equal 40 separatory
IUMeI shakes. Aft'" phase separation 1he
_ phase can be poured Into a container,
and 1he low", phase Is held In 1he Mlxxor by
capillary eHec1. Udex TechnologJes, Inc. 401

. I r
lJ~g~~~1~ ~jj,~~.l_
; packing materlilJs, it is {low:
+~b~ to.separateiliopoly-
.: ~rs in I)'ljl)!J,tllS l!sing existing. ~ .
: HPLC equipm~nl '

. • prei)aCked'COlumnsfor­
-separations of peptides,'pro-'
teins and polynui<leoti.c!es.

• Avai!abJe. il1 C. or Co fUlly
endcapped bonded phases.

-·i· Ext:eJlent recoveries..

call or write for our tree Wide­
.', Pore literature.

SEE US AT F~EB
BOOTHS 1343-1345

~rSHANDONKJl
rj-llhindon Solithem InItrIJlMnti,lnc.
ti~j.:-Y 515l-BroadStreet, Drawer <&3 •

~. 5>. 'sewlekley.PA1S143 .

?f'~'800i245:621i il" P~41:zi74;-84(0)
;,6' ~ f. • .
~l..""'"",,~. __'.•_



DIGILAB FT-IR: RFSEARCH GRADE
PERFORMANCE IN THREE NEW CONFIGURATIONS

When you buy one of the three new FrS 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.r-------------------------------------,I Name Title: I
I Affiliation: I
I I
I Street & No.: I

: City & State: Zip: Telephone: ( :

I Applications: I

L~~e~e~d~:..a~~~'!.o~~ei:~o~et~~50...:.=~~=~~~=__J
~.- •• DIgI"'"
~ Division CIRClE 20 ON READER salVICE CARD



New Products

GC
Model 412 GC. designed for the analy­
sis of naphtha-type samples, can sepe­
rate paraffins, naphthenes, and aromat­
Ics. " analyzes components by carbon
number below the 200 ·C boiling point
and also analyzes components up to
275 ·C In the baoktlush mode. Handling
at CO, Is eliminated by a Tenox trap.
Packard Instrument Co. 415

Chemicals

3He

"He Is available In Isotopic purities
ranging from 99.9 % up to 99.9995 %
or better. Applications Include low-tem­
perettl'e physics, laser gas mixtures.
and use In neutron detection equip­
ment. Cambridge Isotope laborato-
ries 417

SRM
SAM 1586. Isotopically Labeled and Un­
labeled Priority Pollutants In Methanol.
can be used to test methods requiring
the combined use at GC/MS and isoto-

pically labeled Internal standards. It Is
composed of two solutions: one con~

talnlng 10 priority pollutants at "g/g
levels In methanol and the other con­
taining the same compounds labeled
with deulerlum or carbon-13 at approxi­
mately the same concentrations In
methanol. NBS 418

RM
RM 8409, Simulated Rainwater. Is de­
signed to ski in the analysis of acidic
rainwater by providing a stable, homo­
geneous material as 8 control standard.
It consists of two 5o-mL solullons pre­
pared by dissolving hlgh-purlty salts and
acids In hlgh-purity distilled/deionized
water. Nominal pH ot Leveilis 4.3; that
of Level II is 3.6. Acidity, specific con­
ductance, and nominal concentrations
of several major anions and cations are
provided. NBS 416

Software

Data acquisition and analysis

RS/l. BBN's data analysis system. In­
cludes data management and analysis,

curve fitting. statistics. graphics, model­
Ing. and reporting. Labtech Notebook Is
Laboratory Technology's peckage for
data acquisition, monitoring, end real­
time control. The systems have been
Integrated and run on the IBM PC XT
and AT. BBN Sottware Products Corp.
and Laboratory Technologies Corp.

420

IR spectrometry

Spectraflle Is menu driven. runs on the
Apple II+/lle mlcrocompuler. and will
Interface with any IR spectrophoto­
meter that has an RS-23 or IEEE Inter­
face. I: provides Instrument control and
allows data acquisition, storage. recall,
and post-run analysis of spectre. Hey-
den Datasystems 421

Spectrophotometers

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

CIHCLE 16 ON READER SERVICE CARD
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Pour It on
and Clean It Up with prepSep·· solid Phase Extraction Columns

PrepSep column'. unique conical shape lets you pour
your sample directly into the large 10mL sample reservoir.
Parmits easy sample addition and large sample volume.
Made of polypropylene, with 300mg of salected packing
sandwiched between two 20fLlTl pore size polyethylene
frits.
Fael, eaey extraction and elution of pesticides, dyes.
parabens. phthalale eslers, and many other organic com·
pounds. Speed up sample cleanup for HPLC, GC. TLC.
and UV analysis. withouljeopardizing separations. They
replace many preparative lechnlques, even tedious liquid·
liqUid extraellons.
Six verull1e pac:klnge: FIVe are bonded·phase silica: Coo
C., C.., cyano, and amino. The sixth is pure uncoated sil·
lca gel. All are 40fLlTl particle size. Packing type is conveni·
entiy marked on upper rim of each column.

Three convenient ways to achieve fast flow: 1. Connect
PrepSep column to a syringe via tubing and use the syr.
inge's plunger to draw eluenl through the packing. 2. Insert
PrepSep column into a vacuum box to pull the eluent
through the packing, into a test tube. 3. Place PrepSep c0l­
umn into a centrifuge tube. Use centrifuging speed and
time to control rate and amount of sample flow through the
packing.
Each PrepSep column Is Individually A8Jed for pr0tec­
tion against contamination and moisture. They',. IIl8Xp8Il­
sive enough to be truly disposable. e11l1l1nabng ClOSS'
contamination and messy cleanups.
For more Information, includIng extrec1ion procedures
and analytical results using PrepSep columns. use Reader
Service Number. Or write Fisher ScientifIC. 711 Fo<bes
Ave.• Pitisburgh. PA 15219.

QLIED ~:rtiflc



Manufacturers'
Literature

HPLC soIlware. Brochure describes the
Data Mast.... HPLC system software
with combined gradient control and data
analysis functions. Anatysls functions
Include real-time and post-run quantlli­
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

Teknl'lent News. Volume I 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 Si02 inlerface. effects
of primary ion energy and angle of inci­
dence on yield. and profile distortions In
SIMS depth profiling. Atornika. Inc. 427

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

UV-VlS opectrophotometer. Data sheet
details the Lambda lA Instrument,
which is designed specllically for quan­
titative applications and offers t1vee 0p­
erating modes, nine memory locations,
and integration of absorbance value. In­
strument specifications are listed along
with available accessories. Perkin-
Elmfll" 429

HOIVlletalllc salety containers. L1tera­
twe describes use, capacity, and di­
mensions of Type I and Type II cans,
oval cans, plunger cans, dispenser
cans, disposal cans, and corrosives
cans. 4 pp. Justrlte Manufacturing Co.

430

Elemental analyzer. Brochure de­
scribes the Erbe Model 1106 analyzer,
which can perform 50 CHN. O. and S
determinations in 6 h. A schematic dia­
gram of the system is shown together
with detailed explanations 01 operating
principles. the instantaneous combu&­
tion-reduction system, detector, aut~
sampler. chromatographic columns.
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 lon-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 multlchaMel _ctrum 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. Tracer Northem 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 OF. It also points out when
metal or plastic fittings are appropriate,
and describes straight-tIvougtt and
automatic shutoff couplings, special
manlfQlds. and multiple mountings that
can handle up to 10 flexible lines in a
single connector. 28 pp. Colder Prod-
ducts Co. 434

Preparative Le. L1t....ature features an
industrial system for process purifica­
tion using both HPLC and LC at flow
rates up fa 100 Uh. The completely
automated pump, detector operation,
and mlcroprocessor-based fraction col­
lection peckage can be self-contained
on a mobile LC bench. Isea 435

For more Information on lIoteclllema,
circle the appropriate numbe.. on one
01 our Reader.' Service Carcll .

1lHI Wescan Ion Analyzer. NO.8 fea­
tures articles on pharmaceutical analy­
sis, acid and plating beth analysis. pulp
and paper analysis. and tips on column
and eluant selection. 8 pp. Wescan In-
struments, Inc. 438

CatalogS

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

Plaotlcware. catalog includes a guide
to the structure and properties of reg.
Ins. a chart of the chemical resistance
of plastic resins, and a guide to the use
and care of plastlcware. 96 pp. Cole-
Parmer 439

Specially gal8. and equipment. De­
scriptions, Illustrations. and specifica­
tions for pure. mixed, and electronics
gases are featured. Also detailed are
equipment and Instrumentation used In
GC. basic and Industrial research, cali­
bration procedures. and gas handling.
192 pp. Airco 440

1995 price lIot. catalog is divided into
sections covering products for ctvoma­
tography, HPLC and IC. electrophoresis
and molecular biology, and assays. 256
pp. Bio-Rad 441

FT-IRIIR acceuorle•. Brochure in­
cludes IR solid-. liquid-. and gas-sam­
pling accessories, IR reflectance de­
vices. microsampllng devices. acces­
sory kits, and a gUide to material
selection. 17 pp. Janos Technology 442

Separation supplle•• catalog olfers a
complete line of hardware and supplies
for HPLC, GC, TLC, column chromatog­
raphy, electrophoresis. and tissue cul­
ture. American Laboretory Supply Co.,
Inc. 443

Chamlcal•• 1985 catalog features 1400
new products, Including chemicals. lab
equipment, liqUid-liquid extractors,
models, carbon-13 labeled compounds,
and NMR supplies. 40 pp. Aldrich
Chemical Co. 444
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Your Choice.
The world's first trut~ dedlCated LCIMS §Y.l!tem is here. It integrates the best of Kratos MS Wlth the best 01 Kratos

LC via a unique Ihermospray interlace. The Kratos MS 25 RFA also comes In a dedicated GC/MS or an
integrated LC/GCIMS version. All with MS lac/ltltes no! normally Iound
in other routine systems. And all come
with an automahon package second

10 none in power and speed. The
OS 90 color data system

controls all instrument parameters.
gives you convenient menu

operahon and easy to read. full color reports.
If the concept 01 integration in LCIMS or GCIMS or both.~~.

New dediCIJt.d you must look into the MS 25 RFA. Ask for our new color brochure or a demo. New_
LCIMS 25 RFA Your choice. Kratos AnalytICal. 170 Williams Qnve. Ramsey. NJ 07446. GCIMS 25 RFA

MS 25-the alternative with magnetism.
CIRClE 120 ON READER SERvtee CAN)
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tered uses, violatiollB are encountered
that demand confirmation of a par­
ticular residue by masa spectrometry
(MS).

We describe a recent domestic situ·
ation in which s.now peas from a large
number of individual growers in the
same area in California were found to
contain acephate. These findings. re·
veaJed an unregistered use of ace·
phau. i.•.• no legal residue level had
been established for snow peas. Und.r
such circumstances, a scientifically
8upportable analytical deurmination
of this residue is necesaary if regula­
tory action is to be considered. Prima·
ry detection of the residue was made
via GC with a name photometric de­
tector for ph06phorua (FPD-P) fol­
lowed by confirmation via GCIMS us­
ing ammonia chemical ionization (el)
and single ion monitoring (SIM).

Acephau (O,8-dimethylacetyl­
ph08phoramidothioate) (1) (Figur. I)
is 8 popular sy8temic insecticide wide·
ly uaed in the U.S. (more than three
million pound8 per year) in controlling
a broad spectrum of arthropod pesta
of plant.. i"oliar studieJl on acephate in
the cotton planl h8\'e revealed the rna·

CONFIRMAt:ION OF ILLeGAL
pest:lCIDe ReSIDues

There can be no
doubt that chemical
technology hlIlI
greatly advanced the
world's standard of
living while simulta·
neously introducing
a potential threat to

the health of society. Tbelegat. intelli­
gent application of insecticides and
fungicides to curb infestations and
thereby increase crop yields accounts
for a multibillion-dollar induatry. In­
temive legislative activity over the
put two decades hlIlI dramatically in­
creased the role of analytical cbemis­
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 DC analYlii is usually ac·
etone ext-raction and methylene chlo­
rid. partitioning followed by gas chrn­
matography (Ge) on varioua
stationary phases (nonpolar, semipo­
lar, and polar) with various detectors
(P, 5, N, Cl, ele.). During such regula­
tory analysis of the nation'8 food sup­
ply to en8ure compliance with regia-
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jor metabolite (9%) to be methamido·
phos (O,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 (Le., cholinester·
nse-inhibiting compounds), the other
metabolites pose no such threat.

Tolerances have been established
for acephate on various raw agricul.
tural commodities at concentration
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. AI·
lhough 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 acephale 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 acepbate
(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

figure 2. Gas chromatogam of snow
pea extract using FPO-P detector, ace­
phate, 0.13 ppm and melhamidophos,
0.02 ppm

CH~S,p.;:l-O

CH30 ..... 'NHCOCIt3,

AcephalI •
(I),

I.,

~S'~.;:l-O ,

.1tO ..... 'NHCOCIl3

Flgur. 1. Structures of acephate and Its metabolites
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Scheme 1. Proposed fragmentation pathway of acephale under CI 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 indio
cawd 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
selected to enhance the relative abun·
dance of the 1M + HI+ ions for such
low molecular weight compounds. In

t-NH.
CH3S'p......OH

CIf3O ...... ' NH2

"w160

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 mlz 184
and 201 represent the ions 1M + HJ+
and 1M + NH,!+, respectively. Howev·
er, the ions appearing at mlz 143 and
160 deserve special comment.

Empirically each represents a twin
proton transfer with loss of the
CaCH, group after protonation or ad­
duct formation with INH,I+ (Scheme
I). This proton transfer is common
under electron impact conditions for

"w143

..' --:j:H
CIl3S, ,;011

. CH30./
P
'NH2

"w136

;.."'\:~~o,
CI\3O/P'N~

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 8 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 (Om to 0.05 ppm) bad obvi­
ously been sprayed with acepbate at
least one week before harvest. In 88
samples, no acephate was detectable
below the instrumental level of detec­
tion (0.001 ppm).

Acepbate bas been sho!,," by otber
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 acepbate to methamidophos for 25
samples with detectable levels of
methamidopbos was approximately
3.0 with the range of ratios from a low
of 1 to a high of 9.5.

It bas already been shown that the
expected concentration level of meth­
amidophos is about 9% of the ab-

.. 100 (8) 42..•.

j
.~

.-. . i .~; :) 94.,

., .,
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:1
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rI- M + NH.)'
'-S-' 159
I . ".
1;_0
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' .
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Figure 3. CI mass spectra of acephate with (a) methane as
reagent gas. (b) ammonia as reagent gas

Figure 4. CI mass spectra of melhamldophos with (a) methane
as reagent gas, (b) ammonia as reagent gas
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-KEITHLEY

transducetS: thermocouples, strain
gauges and RTDs; pulse counting;
4-21rrnA current loop input and output;
direct switchin and sensing of AC
and DC p<M-er~; and programma­
ble excitation for transducers. All with
full soEtware support_

. A BACKED BY
ft. KEITHLEY

SUPPORT, TOO.
We haven't provided a complete

solution unless we provide com·
plete support. And we do. Your Series

500 comes with a one-~ full war·
ranty and 90 days' free software coun­
se~. Most imP!""'"t. Keithley DAS
provides you WIth a taD-free applica­
tions hal line, for the times you need a
helping hand.

fur a demonstration or more informa·
tion. call us toll·free all.aD-552·ms.
In Massachusetts call6J1.4n.77lll.
Or write us al Keithley DAS,
349 Congress Street, llosron. MA D22lO.
fur literature on the Series 500.

circle Reader Service Number 118.

A ALL THIS, BACKED
• BY KEITHLEY
()I 1111 lTV.
~the Series 500 is Keithley's

~~::':n~~I~g
surement expertise. We

designed it to provide the
least noise, tfie highest
accuracy and the greal­
esl theimal stability of
any PC-based data
acquisition system.

Choose from IS analog and diltital 1/0
modules; isolated and non-isolated
analog input; direct connection of

A A CHOICE OF
• FUNCTIONS.

With the Series 500, you can
choose from a larger1ibrary •
of plug-in function cards
than any other
company
offers.

WHY IS OUR WORI<STATION
DATA ACQUISITION SYSTEM

• THE COMPLETE SOLUTION?

Keithley VAS' s.ri.. SOO workstation data acquisition sys­
tnn is thL camp/de solution to yOUT conlTollUUI mauure­
I1Imt needs, present and future. E_ a basic configuration
pruoiiks enough power and capacity for most 19b and ~st

bench applications. As your needs becomegrenter, you can
set it up to perform mOn! compla or varied operations laler
on. The kLy is: you conJigurr il for your _ds, whmeuer
you_dto.

A "\£~Pl~~e~~sup.ft. ports the PCs most commonly
used in lab and R&D work: the IBM PC,
pc.)(Tand Portable PC; the Apple U+
and De; and the Compaq Portaole. We
even support the 8087 coprocessor.

A ACHOICEOF
• SOFTWARE.

Our Soft500 package was written to
give beginners the accessibility and
ease of use they need to get results, yet
it also offers more experienced users
the depth and extra facilities necessary
for more complex applications. Facili­
ties like high-speed sampling, data
storage, graphICS, statistical analyses
and memory-mapped 1/0 for hillh.
speed data transfer. Our unique Inter·
rupt-driven architecture allows data
acquisition in the background and
simultaneous real-time analysis, control
and display in the foreground. What's
more, with our new PlusSOO interface,
you can also connect IEEE-488 instru­
ments to your PC and put the same
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Figure 5. 81M chromatograms for (a) acaphate reference standard, (b) snow p8a ex­
tract con1alnlng O.5-ppm acaphate

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 tbe Food and
Drug Administration (FDA) to initiate
seizure of such shipments considered
adulterated, to seek an injunction
against further shipments, and to in­
voke criminal penalties against the
firm and sometimes the individuals
responsible for the adulteration.
Historically about 3% of the Burveil·
lance samples examined contained il­
legal residues.

Enforcement is exercised through
three main avenues. In cases where
the sampled commodity BtayS in the
state of origin, the results are commu­
nicated to state officials for intrastate
regulatory action. [n 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·
tion acquired about specific growers
and shippers is invaluable in monitor­
ing future shipments from the same
produce fields.

ion at mlz 94 represented the loss of
SCH3 already observed under EI oon­
ditions. This ion was the homologue of
mlz 136 observed for acephate.

Residue confirmation

To match the sensitivity of the
FPD-P detector used for primary de­
tection of acepbate and methamido­
ph08, the snow pea extracts were ex~

amined by single ion monitoring using
ammonia CI conditions. In the case of
acepbate the ions chosen for analysis
were mlz 143, 184, and 201 and for
methamidophos, mlz 142 and 159.
Figure 5 illustrates the ion profiles ob­
tained for 8 typical snow pea extract
containing acephate at. the O.5·ppm
level. Although the retention time and
relative ratios are consistent with the
presence of acephate, the broadening
of the profile for mlz 143 could be ex­
plained by the presence of metabolite
(III) 881M + HJ+. No evidence for the
preseoce of metabolite (IV) could be
found. In a similar manner, the pres­
ence of methamidoph05 was con~

firmed by observing ion profiles for
mlz 142 and 159 at tbe correct reten·
tiontime.

-j
500
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400 500
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presents the most interesting example
of rearrangement while the electro­
philic species [NH,]+ is stiUattached
to the molecule. Sucb reactions are
rare and demonstrate the feasibility of
an Sg2 mechanism with tandem rear­
rangement. To date, no 8uch examples
of tbig extension of the SE2 reaction
with concurrent double·proton trans­
fer bave been reported. The remaining
ion in the spectrum of acephate under
methane CI conditions was at mlz 136
(Figure 3) corresponding to the loss of
SCH3·

In the case of methamidophos, the
ammonia Cispectrum (Figure 4) ex­
hibited only ions oorresponding to 1M
+ HI+ and 1M + NH,]+ at mlz 142
and 159, respectively. However, under
methsne CI conditions an additional

. '.' ... =.. ~:'.

.~ .'\ '.

..\.~\ . . mIz 201

, ~·~f.··t:·'~~~ :')' i'. It, ii~~ I .#

,", ',' ;'~ .,. ~ ,:

. tk~\:C:""":'" '...'
" ,'.., _143

. • . (>;..{'pl,.;"';., j j " OJ <7"'j=; ," ,1~1

simple organopbos­
pborus oompounds.
However, such 00­
bavior under CI oon­
ditions merits dis­
cussion. The site of
initial protoostion
or adduct formation

by [NH.] + to permit such proton
transfers must be viewed as occurring
at the pbosphorus site. A1thougb 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=O bond is not 88
clear. The most probable source under
CI oonditions would be the reagent
gas.

Observance of tbe ion at mlz 160
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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 analy1ical parameters.

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

Analy1ical conditions and control functions can be
changed at any time by the simple touch of a bunon.

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

Modular louch pad front panel and dIverse flow
panel provide maximum flexibility.

Modular flexibility - to fit
y2!!!. 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, analy1ical
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 analy1ical 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.

g'§'g
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To change attenuation on Electrometer Channel B to
64, simply touch: I"""el

~ (in Channel B section)

Selling 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 all
GC functions. Front panel LEOs reveal system status.
The alphanumeric display provides meaningful mes­
sages to aid in both programming and trouble shooting.
Microprocessor electronics are housed in replacealble
circun boards for ease of service.

Manipulating GC functions has never been SO easy.
Chromatographic parameters may be changed with as
lillie 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 10
WC, simply touch.

~~001 ENTER

Now you can have direct
control of GC functions.

Components
~he o~en.. FW-- ~t.:~~~
m~~~~~I~x~b~~~n~~:~~:. 2. SpliVSplitless
lion and placement of inlets, Packed Column Injeclots
columns, valves and detectors. 3. Rash vaporization
Oven size specifications are 35.0 4. On-colUllVl

em wide X24.9 em high X22 em ~=80:~=~
deep (13.8 in. x 9.8 in. x 8.8 in.) the versatility needed 10 rmet today'.
with a volume of 19522 cm3 demanding analytical tasks. AD 8 de-
(1190 in.3). lectors are compatable with packed '"
Total microprocessor control provides accurete, repro- capillary columns.
ducible chromatography and activation of sampling and 1. TCD 5. FPD
column switching valves. Temperature control software 2. AD 6. TlD/Cl;1D
gives precise heating rates and very rapid cooldown :: ~~Do ~: ~o
(25O·C to 50 ·C in just 3.5 minutes). COmIOld with 8lJloSar11*n,~ valVes. colun'n SW1tching

Component flexibility makes naasy 10 pick a system to fil your valves. dala syslems and _ ........... the ANTEK 3000
application. Accommodate from 1to 4 Injactors and detactors has the versatilty to put you in Iolal cenlrol.
with 1 to 4 packed columns or up to 4 capillary columns. Options °New detedor. see .

Model 136-2V AutoaampJer =".k.8Il~w;:::" SwflchIng Eight_ available

Graphic representation of interaction of the
chromatographsr, interface,
microprocessor and GC.
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ANTEK3000

Specifications

F1~~~~~:~mit:Sulfur <10"'0 g/sec.
Phosphorus <10-12 glsec.

Range: Sulfur >1lJ3
Phosphorus >1lJ5

Thermionic Ionization (TID)
Minimum Detectable Umit: 1 x 10"3 gN/sec. (azobenzene)

5 x 10-" gP/sec. (malathion)
Unearity: 2 x 1lJ5 for N

Electron Capture (ECD)
MInimum Detectable Umrt: 0.1 picogram Aldrin
Dynamic Range: >10' for Aldrin
Cell Volume: 180 ul
Operating T""'f'8rature: up to 320 'C

CI1e~~G,:,;:~~:;m6rthane
Type: f'yro-chemiluminescent, totally specific

Mi~m~r:nrog:ectableUmi!: <1 nanogram N
Dynamic Ronge: >1lJ5

Detector Controllers
Electrometer

Used with: FlO, HID, UPID, TID

T~~: ~~"3: ~~~t~~u~~~e=~~~I input
sensitivity: 5 x 10.13 amperes/millivolt
Anenuator: Binary from 1 to 1024 and infinity.
Auto Zero: Standard
Drift: <10 IJ.v/month at constant temperature.
Output: Recorder 0 -1 mV

Compu1er 0 - 1 V
0-10V

Constant Current Power Supply
Used With: TCD, FPD

~P~i~~~lfai3n~:dt~~I::ti~~:~~~~~100X amplification
Attenuator: Binary from 1 to 1024 and infinity
Auto Zero: Standard

Hi~J~;'3~~: ~~~~u~~g~~PD
Range: 0 to 1200 votts DC in 1 volt increments
Polarity: + and -
StabHlIy: bener than 0.002%

AIowSyatem
Carrier:

1) manual flow control
2) optional flow controller with pressure guage
3) optional digilel flow controller

Air/H.:
On/off valves with adjustable metering valves

Filters:
1) optional particulate Mers
2) optional HzO/Hydrocarl>on filters

Power Requirements
115 VAC 60 Hz 2200 watts
230 VAC SO/50 Hz 2200 wans

Phyalclll .
Heogh!: 43.2 em (17.0 m.)
W1dlh: 78.2 em (30.8 In.)
Depth: 53.3 em (21.0 in.)
Weight: 61 kg (135100.)

Column Oven
SIze: Height 24 9 em (9.8 In )

Wodih 35 0 em (13.8 In )
Deplh 22.4 em (8 8 ,n.)

Volume: 19522 em" (1190 I"")
Copecily: up to four 30 It. melell'o" 00 ooIumns or;

up to four 10 It. gloss V." 00 ooIumns or;
up to lour 100 m capillary ooIumns.

Tempereture Renge: 5 'C _ embient to 425 'C. -99 'C to

~CR::~~tn3.5minut8S.
Column 0-..........,.... Con1rol
MiItiUneer Tempereture Progrem: 6 steps

Delay Times: 0 to 650 min. in O. 1 min.
Increments

Ramp Roles: 0 to2O'C/mln.ln O.l'C/mln.
lnaements_1-

Temperature Renge: Ambient to 425 'C
SIx Independent isothermei zones are available:

two Injector, two detector and two auxiliary.--Storage 016 melhods for exact reproduction of
eneJyticai paremo18rs.

TImedE_
Eight pnograrnmable events for valve switching or

actuation of other accessories.
Injeclora
Rash vaporization, cool and heated on-column.

~ .. and V.", for packed column.
CooI~n-column and spltt,lsplitless for capillary columns.
Det8cIora
Thermal Conductivity (TCD)

Sensitivity: 11/,v/ppm (5 x 1lJ3 mV·ml/mg) butane at 300 ma,
120 ·C, He carner.

MInimum Detectable Uml!: 3 x 10-'0 g/ml butane.
Unearity: >1lJ5, butane.

Power SUpply: constant ament. 0 to 300 rna In 1 rna increments.
filament protect.

A~~"Za't.oo;'Mil'!1 volume 30 /'1

Sensitivity: >0.015 coulomOO/g C
~;:m~~ ~~~mrt: 4 x 10.12 g/sec.

N~~ x 10-14 amperes
He7,~=~~';lI~t Dual/Differential

Generally LJcensed: No specific license required.
Minimum Deleclable Umrt: <20 ppb N.

<10ppbCO.
<10 ppb CH.

Unearity: >10'
Ionization Source: 190 me 3H
Power Supply: 0 to 1200 VDC In 1 volt Increments
EJectrometer: Single or Dual/DIfferential

Universal Plasma Ionization (UPID)
GeneraRy LJcensed: No specific license required.
Minimum Deleclable Uffirt: <100 ppb for permanent gases and

light hydrocarbons
Unearity: >1lJ3
Ionization Source: 190 me 3H
Power Supply: 0 to 1200 VDC In 1 vol1lncrernents
Eledrometer: Single or DuaI/Differenbal

ANTEKiNSTRUMENTS. INC
ANTEK INSTRUMENTS, INC.
6005 North Freeway
HOus1On, Texas n076-3998
713/691·2265
TWX; 910 881-1792

ANTEK INSTRUMENTS, GmbH
Wachold8rstrasse 7
D-4ooo Dusseldorf 31 (BRD)
Telefon (0203) 74325/6
Telex: 8588297
Answerback; ANDU D

0Copyrig" AIUI<~,Inc. 1985
Printed In USA
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3 important reasons to invest in a
PACKARD GC NETWORK
• Operational Simplicity and

Security
Centralized network control on ttle 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!

mUNITED
TECHNOLOGIES
PACKARD
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PACKARD INSTRUMENT B.V.
POBox 519/2600 AM DelftlThe NelheftanOs

PACKARD INSTRUMENT INTERNATIONAL 5.A.
RenggerSfrasse 3iCH·8038 ZurICh/SWItzerland

PACKARD INSTRUMENT COMPANY, INC.
2200 WSf'6fWIlle RoadlOowners Grove. IL 605151U.SA..



Acloser look at the MTS800 Multi-TItration System

Radiometer presents the new MTSSOO Multi-Titration System.

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

RADIOMETER~

COPENHAGEN~
Analytical Instruments Division

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 MTSSOO speed up work without
compromising accuracy.

The MTSSOO'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 III helps
you detect even the weakest equivalence points.

For all the facts ask for
our free brochure. Call toll free,

1-800-321-9484. In Ohio, please
call 1-216-871-8900.

We're as sensitive
about titration as you are

WORLD HEADOUARTERS: RADIOMETER NS. EMDRUPVEJ 72, DK2400 COPENHAGEN, DENMARK
IN THE U.S.: RADIOMETER AMERICA. INC.. 811 SHARON DRIVE, WESTLAKE, OH 44145
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Books

Useful Text for the Beginning Electroanalyst

laboratory Technique. In Electroana­
Iytlcal Chamlalry. Peter Kissinger. WIl­
liam Heineman. Eds. xv + 751 pp. Mar­
eel Dekker. 270 Madison Ave.. New
York. N.Y. 10016. 1984. $34.75

Reviewed by Fred Amon, California
In.!titute of Technology. Diuision of
Chemistry and Chemical Engineer­
ing. Room 127-720. Pasadena, Calif.
91125

Editors Kissinger and Heineman
and the illustrious group of authors
they have as....mbled have made a ma­
jor contribution to electroanalytical
chemistry with the appearance 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 coUection, as stated in
the preface, do a good job of conveying
the flavor of the book:

"... this book was conceived in 1970
... to provide 8 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 pedagogical com­
ponent."

"The emphasis of this book is en·
tirely on analytical and mechanistic
(homogeneous), kinetic (homogen­
eous), and synthetic (laboratory scale)
applications..,

"The organization of the book noW>!
from principles through methodology
to applications. tI

This book differs from most of its
predecessors in studiously and un­
apologetically eschewing mathemat­
ical derivations as much as posaible_ 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 cellB. 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

understanding from readers who have
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 grsduate-Ievel intra­
ductal')' 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
sentially all dynamic electroanalytical
techniques with pedagogic insights
and an arresting style uncommon to
most previous monographs on elee­
troanalytical chemistry. For example,
a derivation of Fick'. 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 tendeney to
expound upon them at the alightest
provocation. Fortunately the 'chemist
using eleetrode 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 electroanalysia: 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 almospheres,
electron spin resonance. photochemis­
try, conductance, and digital simula­
tion. Illustrative examples are used in
discU&Sions of organic electrode reae·
tion mechanisms. transition metal
electrochemistry, analysis of pharma.
ceuticals, applications of electro·
chemical detectors to chromatogra·
phy, electrochemical preconcentra·
tion, and constant·current
coulometry.

I have already found this book high-

Iy useful in assisting students and col­
leagues in trying out an unfamiliar
electrochemical technique beause the
descriptions provided are both clear
and encouraging. The book deserves
the popuJarity with whicb it will un­
doubtedly be received_ My advice to
fellow electrochernists is to buy two
copies-<>ne 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 oearch of the
answers that they've heard the book
caD provide.

SmaD Bore LIquId Chromalogr""'"
Columna: Thalr PropertIea and u...
Raymond P.W. Scott, Ed. xIII + 271 pp.
John Wiley & Sons. 605 ThIrd Ave..
New York, N.Y. 10018. 1984. $48.50

Reuiewed by Ricluud Hartwick, De·
partment of CMmistry, Rutgers Uni­
uersity, New Brunswick, N.J. 08S03

"Small Bore Liquid Chromatogra­
pby Columns" is a timely addition to
the Chemical Analysis Series, edited
by one of the founders of the field of
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iii union CiIHEn
First choIce for

STOPPED FLOW
reaction analysIs

~ 0

Union Giken apparatus achieves a
dead time as short as 'h millisecond
for measurement of fast reactions.
Gas pressure is directly applied to
the surface of the reaetan ts 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
the measured results and automatically
calculates the rate constanL

Tho RA-415 RAPID SCAN AlTACH.
MENT monitors the change in absorp­
tion spectrum durinv the reaction.

Other attachments are available for
T·jump, p·jump, fluorescence and
flash photolysis.

"microbore" HPLC. All 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 Ld. There is still no general
consensus on the nomenclature of
HPLC using columns smaller than the
current standard of 3-S·mm i.d.
Scoll's suggestion is probably a good
one, except that the term microbore in
connection with I-mm-Ld. columns is
already so well established in the lit·
erature that a change at this late date
is probably ill-advised. Besides, small
bore is still 8 comparative, rather than
an absoJute, term and may in severaJ
years represent "conventional" or
even usemipreparative" LC, depend­
ing on how far the trend toward min­
iaturization continues.

The book sets out with a deliberate
bias in that it deals almost exclusively
with 1-2-mm-i.d. column technology,
as implied by the title. The extensive
literature on packed fused-silica col­
umns of several hundred micrometers
Ld. is not addressed. This is not neces­
sarilya weakness, because the book
gains a certain strength from limiting
its focus to one specific column type.
However, this is mentioned for the
sake of the reader who might expect a
comprehensive treatise on aU aspects
of microbore column technology.

The book consists of 11 chapters,
with the first six focusing on the the·
ory and instrumentation of small-bore
columns, whereas Chapters 7-11 re­
view particular applications of these
coJumns. In general, the information
contained in the chapters is useful to
the practicing chromatographer. The
flrllt 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 hy a single author of all the
instrumental theory covered could
have .trengthened this aspect of the
work. In fairness, however, such cohe­
siveness is virtualJy 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 cbapters on applications do a
good job of covering I-mm-i.d. column
technology. Some of the more exciting
work in narrow-bore instrumentation,
such as laser-based detectors, i. not

adequateJy covered, since much of this
is being done with packed fused-silica
columns. Also, the field of LCIMS,
which seems destined to become one
of the primary driving forces for the
trend toward micro·LC, is only super­
ficially mentioned. A full ch.pter 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
I-mm-i.d. columns are covered. A
chromatographer needing 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 st.arting up a I-mm-i.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.
columns. As with any rapidly advanc­
ing field, some materiaJ 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
columns and the role they play in
the development of HPLC separations.

Regulatory Compllanca Monllorlng by
Atomic Absorption Spectroscopy. Sid­
ney Katz, Stephen Jennlss. vII + 278
pp. Verlag Chemle International, 303
N.W. 12th Ave., Deerfield Beach, Fla.
33441. 1983. $37.50

Reuiewed 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.­
ologiet:l used for the analysis of envi­
ronmental 58.II1ples. 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
eraJ discussion on some practical as­
pects of aromic 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
the monitoring methods for air, water,
solid-type .amples, and tissue analy-....

(continued on p. 587A)
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Nowinuuve
is6ways.

EDAX DIDO-LX.
EDAX(!) answers your microanalytical

needs with proven Application
Software in EDS, EELS, diffraction, WEDAX.

stage control and .i
particle detection;
and with Software
that provides pre­
cise beam control
in SEM and STEM.
EDscanTil 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.

User-definable ~~'"::.."'::-sl-:-":

Dynamic Function Keys
for one-keystroke ease

of operation. And the
Dynastatlc Display

,~!II==iiii~~:: for smooth automaticvertical scaling change and
easy-te-read spectral display.

System 910Q-LX. The proven answer to your
microanalytical needs.

Ask about It. Contact EDAX
at (312) 634-0600.
ECON ••'''Id.~II'ldEOtcan•• '''''kolEOUlntllll''lMlDf'oll.lnc.

EOAX INTERNATIONAL. INC.. P.O. Box 135. Prairie Vifm. IL 60069 FlRST ..-1l1llCRQUW."'"
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Treatyourselftoroutine
chromatographicanalysis!

* I so~X'aplli c * Peak
con our- plots integr-ation

* 3-D plots * Peak pur-ity

* Peak

* Cllr-oMa togr-aMs identi£ication

* Spectr-a

* Spectr-al
over-lay

* OptiMized S/N

* NO~Malized enllanceMen t
spect~a

Automated diodearraydetectiongets )'Ourworkdonefuster and more reliably
Save time, trouble and guesswork. Your existing Drive a cursor through colour coded isograms,
HPLC system can now be completely automated and you'll instantly access optimal chromato-
for maximum QC productivity. Peak purity control grams. Now go ahead for peak integration. Track
and positive component identification is all yours again and you'll generate optimal spectra. This is
at the touch of a button! the kind of routine analysis you've always wanted,

Using LKB's Rapid Spectral Detector and always needed. It will even fmd you peaks you
Wavescan software, your ffiM XT/AT is powered might have missed in the noise!
to store multiple runs, however short or long. And From storage to hard colour copy, Wavescan auto-
fast access storage gives you the analytical control mates diode array detec·
no other system offers. Manipulate raw data for tion to give your HPLC
more information, greater detail and increased a big boost in output.
certainty-you'll run every sample just once! Now give your analysis

Wavescan equips you with multiple display for- work the breakthrough
mats, powerful deconvolution and sophisticated it deserves. Go on, treat
derivative techniques. Lets you explore the whole yourself. Get in touch
chromatographic landscape without missing a with LKB. You'll be glad
single peak! you did!

LKB·Produkter AB, Box 305, 8-16126 Bromma, Sweden. Tel. H6 (8) 98 00 40, telex 10492

t:::::.\~1~~~~~;:~=~~6~a.;4~:~S::(~6~26e-~~.::ic:~1(~)~64:ao~:'~~J:)1::~ ~f
Rome (06) 399033· 8tockholm (08) 98 00.f0· Tokyo (03) 293-6141 . Turku (0211 878 III

V1ea.n. +.(3 (222) 92 1607· Wuhinl10n (301) 963 3200· Zoeterm..r (079) 3192 01 HI
Over 80 quali6ed repreMblat.h·" throu,bout the world.
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Glenn E. Schweitzer end John A.
5entoluclto. Editors
U.S. Environmental Protection
Agency

Undertlnes the concern and need tor
Improved method. of environmental
Nmpllng. Survey. the problema ot
collecting representative umpl..,
ensuring Ihe chemlcellnlegrity 01

::~~I~~~~~j~~n~n~~~Ir;::r:'
contamination lit••. examln•• the
Importanteopec" 01 designing end

~~~~.e:.~~g'~rfr:~~~::t:umrf·~c.
..mpH"g tor haurdOUI wa.t••.
Looka Into the experiences of fed....1

j~I~:~::n••~r;::tZ:~~g~~c and
several aucceu'ul field programs tor
Nmpllng dloxln,lead. and cyanide.

CONTENTS
Hazardous Waste: QuestIOnS and Issues hom
the Field· Uses 01 Environmental Testing In
Human Heallh Risk Assessment· Assessing
Cyanide Contamination from an Aluminum
Smelter. 2.3.7,8-Teuachklrodibenzo-p<hollin
Sampling Methods. Field Measurement 01
PQtyc:hlofinaled Biphenyls in Soil and Sed..
menl Using 8 Por1ab1e Gas Chromatograph •
Using Geostalistlcs in As.ses.sing lead C0n­
tamination near Smelters· Lead LevelS in
Blood 01 Children Around Smelter Sites In
Dallas· An Approach to Interdl$(.lpllnary
Design of Multilactor Ellperiments • Statistical
Methods in Environmental Sampling. Soil
Sampling Quality Assurance and the Impor·
tance 01 an EllP'otatory Study. Ouality
Assurance lor Measurement Program· New
ways 01 Assessing Spalial Distributions 01
Pollutants· Detecting E~valedConlamlna·
lion by Comparison wilh Background

Ba.sed on. wOfl(shop sponsoredby the ACS
CommJrreo on Environmental Improvement.
the U.S. EnvltonmetltaJ Protection Apenc)( and
the Un1vefsJty 01 Nevada-Lu v.o.s

ACS Symposium serleS No. 267
144 pages« 1984) Ck)thbound
LC 84-20480 ISBN ().8412.()884.()
US&C8nada$34.t5 Ellpor1S41.t5

Ordef'rom:

~tZl~~=I&oe~,'l
1'55 SllllMnlh I'.,~.
Wuhlnllton, DC 200n
or CALL TOLL FAE.E ~424-1747
and UN your VilA.....tetCafd.
0' Am.tIc.an Ell."..8 cr.ctlt card.

Books-The methods included are not limit·
ed to thOle published by the U.S. En­
vironmental Protection Agency (EPA)
and the National 11UItitute for Occupa­
tional Serety 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 fealure 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
analysta in presenting the required de­
\.ails of official methodology with a
brief statement on the purposes of
regulatory compliance monitoring.
The book is ""-'y to read and for the
most part accomplishes ita goal. As
with all tata a few typographical er­
rors do appear as in the table on regu­
latory limita (p. 4). where the drinking
water maximum contaminant level
concentrations for cadmium and sele·
nium are incorrect, and chromium is
listed as a hexavalent measuremenL
Also, important sentences from the in­
troduction to the EPA chelation ex·
traction procedur~ (p. 65) as weU 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 8 resource. How·
ever, the reader should not substitute
its use for original referenced material
from which the methods have been ex·
tracted. The reader musl 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 consulted for appropriate changes
as they develop.

Books Received

The Analyills 01 Pla..lcs. T.R. Cromp­
ton. Ix + 445 pp. Pergamon Press.
Maxwell House. Fairview Park. Elms­
ford. N.Y. 10023. 1984. $49.50

Official Methode 01 Analysis altho As­
soclellon aI Official Analytical Chem­
I.... 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.
nonmembers)

How to select
LC finers
to maximize
resolution.

A column inlel "Iter IS usually
necessary to capture contaminating
particles. yet this filter may eaSIly
impair resoulion if not wisely selected.

Rheodyne's Tech Note 6 reports
experiments measuring how much
filters of various sizes and flow geom­
etry aHecl the resolution achieved
by columns of several sizes.

The newer miCrobore columns and
short 4 6·mm columns prove 10 be
most sensitive to ""er performance
If therr resolution is to be preserved.
an Inlet filler With very little sample
dispersion must be used.

The Tech Note helps Ihe reader
seleclthe optimum filler for his appli­
cation: one wilh little enough sample
dispersion to preserve resolution. yel
large enough capacity to prevenl a
rapid rise in backpressure.

Send for Tech Note #6
For a copy free of charge contact

Rheodyne. Inc.. P.O. Box 996.
Cotati. California 94928. U.S.A.
Phone (707) 664-9050.

~
RHEOD!lNE
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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 Perl<in-Elmer's tumkey
software, and a personal computer
with the most extensive library of
compatible software ever developed.

Low~faet_n

Lambda Array 3840 brings you
urvnatched 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.

OptlC81 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.

It. new turnkey aottw.,.
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 Per1<in·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 lhem 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 (BOO) 323·7155, (in Illinois, call
(312) 88HJ770) and we will help you
make the decision. Or contact one of
the offices below.
Per1<in-Elmer Corp.. Analytical Instruments
Main Avenue. (M5-12). Norwalk. CT 06856
U.SA Tel (203) 762·1000. Telex 965-954

80denseewerk Perkin·Elmer &Co., GmbH.
Postlach 1120. 7770 Ueberlingen. Federal
Republic 01 Germany. Telex: (07551) 811

Perkin·Elmer Ltd.. Post Office lane.
81eaconslield. Bucks, HP9 1CA. England.
Tel: 81eaconslield (049 46) 6161

PERKIN-EL.MER
The science and computer company.

Where solutions come firs!.
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DO ese Nobel laureates
Have inChmmon?

They have all published articles
in thejournals of the American ChemicalSoci~

• Analytical Chemistry

• Chemical &
Engineering News

• CHEMTECH
• Environmental Science

& Technology

• Accounts of Chemical
Research

• Biochemistry

• Qemjcal Reviews

• Industrial & Engineering
Chemistry-Process Design
and Development

• Industrial & Engineering
Chemistry-Product R&D

• Industrial & Engineering
Chemistry-Fundamentals

• lnorganic 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
o,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.

£
'V"

Send orders or inquiries to:

1155 Sixteenth Street. N.W.
Washington. D.C. 20036 U.S.A.

Cable Addness: jlECHEM
Telex: 440159 ACSPUI or

892582 ACSPUBS
U.S.A. Call toll free: 800-424-6747



PHILIPS ANALYTICAL GAS CHROMATOGRAPHY

Scientific &
Analytical Equipment
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The Perfect"lO"

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 wa)'s:

1 Issue b)' issue, )'ou build a
• personal desktop library of

advanced research.

2 You get more pages of
• scholarly excellence in

Analytical Chemistry than
anywhere else in the field.

3 Analytical Chemistry
• publishes only the best in

original rCSC'.lrch-each paper
published has been subjOCted to
ri~dpeer·reriewby~~

authoritlc:s.

5 Analytical Chemistry is
• where the experts publish

and where the experts go for
information.

6 Analytical Chemistry's
• vast informational resources

will help you amicip:ne an)'
developing technologies or
methodologies that are Iikel)' to
inlluence your functions.

7 Its broad scope prOVides
• 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.

S Practical, hands on
• information is yours ... our

new column, Ale Interface,
rranslates the intricate world of
compulers and relates II to you
and your work.

latest in product and Iiter:nure
resources. Simply use the re:ider
service card for qUick access to
morc information.

10 And, you'll receive two
• special BONUS issues

each 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!
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Fonnal Reports
Service Reports
Letter Reports

Proposals
Support Material
Directions and

Instructions

Chemists are often judged
by the papers they write

PRACTICAL
TECHNICAL
WRITING
SHOWS HOW TO WRITE TECHNICAL PAPERS
WITH EASE, CLARITY AND CONFIDENCE •

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 infonnation and

instructions.

TliE 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 govemment 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, govemment 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.

TliECOST:

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, 1D-day
trial offer. Call TOLL FREE 1-800-424-6747
(Cred~card orders only) or mail coupon..---------------------------------------,
: ACS AucUo eou,... :
, 1165 SIxteenth Stteet. N.W., Wllhlngton, D.C. 20036 I
I .

: Ptease send me Practical Technical Writing Courses@S265.00
I Please send__ additional manuals at a total cos1 of;:- _

o 881C1ayCan:J

....... : City Stale~__Zlp---l 4
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Indispensable for industry
and academia alike.
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JOURNAL OF THE AMERICAN CHEMICAL SOCIETY
Allen J Bard. Ed tOt. Un -IefSJty 01 TeJ(BS
Most quoted b,weetoy JOUrnal of the v. dest pass ble ~r~ 0
research wonc.ers and Sh.:del'\1S Hl 8 areas of chemtslry 0IMf

UI CaNJdc (urope CounbIM
M.m", $ 61 5 96 St2i 5161
HOn.lMmbe' S299 $"34 5367 S399

ACCOUNTS OF CHEMICAL RESEARCH
Joseph f Bunnell Ed tor. Unlve(~tt 01 Ca fom a Santa Cruz
Monlhty publicatIOn oUenng short Cf tlCa revtews v.r nen by
seleo .SIS active III the researCh deSCnbed OINt

u.s Conodo luto~ ~

Member $ 22 S 26 S 28 S ,.
Honm.~, S 96 $102 $102 $105

s~
5216
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Instrumentation
Stanlord L. Smith
Departments 01 Chemistry and Rad;,,1ogy
University of Kentucky
Lexington. Ky. 40506-0055

.uclearMa.netlc
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Figure 1. The basic principle 01 Imaging
When the magnetic: tlead strength V8Iies syslemllUcal1y across an ob)ect. the lesonance frequency 01 a
~oup 01 nuc~lls dlteetly ,alated to their position

Proton nuclear magnetic resonance
(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 I). The Larmour equation

w=-yB

says the resonance frequency (w) is
proportional to the field atrength (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. Imagera apply
a relatively strong linear gradient, 6.G.
to the sample in a controlled manner,
ao w depends on the location of the
nuclei relative to the gradient. Con~
version of frequency to distance is
trivial Cor modern computerized
equipment. The signal at any given
frequency is still dependent on the
concentrations of the nuclei and their
reluation times, T 1 and T2. 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 aimplest 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 alice ia encoded in two dimen·

sions. Slice thickness is determined by
two factora, the slope of the gradient
and the width of the rf pulse. Figure 2
illustrates the general principle. Since
-y for I H is 4250 Hz/gauss, a gradient
of 0.1 gauss/em produces a variation of
425 Hz over a distance of I em. The

pulse width, PW, of the exciting rf
produces modulation of the carrier.
giving a band of frequencies with
bandwidth liP\¥. For PW = 2 ms the
bandwidth is 500 Hz. Only nuclei in a
slice about 1.1 em thick centered on
the resonance point, B. + tlG, will be

0003-2700/85/0357·595A$Ol.50/0
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Figure 2. Slice selection
Combination of a field 17adlenl to produce a distribution 01 resonanco frequen­
cies and excitation of only a narrow band 01 Irequendes by the rf pulse ex­
ettes only the spins In 8 narrow region-In this case a slice -1 em thick

Figure 4. Slice thickness is determined by the combination of
the gradient slope and the rl pulse width and can be changed
by varying either one (In this case changing the slope is illus­
trated)
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Figure 3. The location of a slice can be changed by applying a
de offset to the field gradient; this could also be accomplished
by moving the rf carrier

Figure 5. Spatial encoding within a slice is accomplished by
applying a phase-encoding gradient and then a frequency or
"read" gradient to the sel of polarized spins in the slice
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flipped by this 10ft rf pulae. If the gra­
dient is turned off and the receiv.r
turned on at this point, a singl. signal
is observed from the nucl.i in the re­
gion .xcited. Aa shown in Figures 3
and 4 the location of a slice can be
changed by applying a dc off..t to the
gradient, and the thickn... of the slice
can be varied by changing eith.r the
gradient slope or the rf pulae width.
Orientation of th. slice relative to the
sample (or the magnet) coordinalea
depends on wheth.r th. slice ..Iection
gradient is applied with the %, y, or z
gradient coil.

Spatial encoding within th. slice is
accomplished in 8 manner identical to
that used for high. resolution 2D spec­
troscopy. A simplified picture of this
is given in Figure 5. FoUowing slice se·
lection all the spins in the slice have
been flipped. The slice ..Iection gradi­
ent is turned off, and a second orthogo­
nal gradient (G,) is turned on for a
filed time period (I,). Nuclei preceaa
at different frequencies, depending on
their position relative to this second
gradient. In the eumple all spins in
column a have prec...ed through a
given phase angle. Spins in column b
are in 8 stronger field and have pre-
c...ed through a larger phase angle,
ele. 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 (ree induction
decay (FlO) is acquired in which spins
in row 1 move at one frequency. spins
in row 2 move at a greater frequency,
ele., which provides the final spatial
encoding along the % 8%is. The process
is repeated as oflen as desired for in­
crementally increasing values of the
phase-encoding gradienL A typical ex­
periment might obtain an FlO of 256
or 512 data points for each of 128 dif­
ferent phase·encoding gradients. The
result is a two-dimensional data seL

In a conventional high-resolution
2D experiment the raw data are 8

function of two time periods, an evolu­
tion time (tf') and 8 detection time
(Id). Double Fourier transformation
(FT) yields the conventional 2D spec­
trum with two frequency axes,.,.,

8(1" Id) -- 8(w" Wd)

In 2D FT imaging the spins move at
different frequencies during evolution
and d.tection because of the strong
gradient appli.d rath.r than from in­
trinsic chemical shift or coupling dif·
f.rences (which at the pre..nttime in
current equipment are much smaller
than th. eff.cts of the gradients). In
this case it is convenient to keep t.
fixed and incre... th. slope of the
pha..·.ncoding gradi.nt rath.r than

OurMICRO/IR System runs
transmittance or reflectance
spectra on samples as small
as 10 microns.

Integrated into the power­
ful Qualimatic Ff-IR spectro­
meter,our MICROIIR System
features a microscope with a
horizontal stage up to 6' x 6;
a turret of objectives (4x, 32x)
for easy sample location and
uncompromised performance.

Cassagrainian optics, and an
integral, permanently aligned
0.25 mm MCT detector.

Send today for our
MICRO/IR System Brochure
to BIO-RAD, Digilab Divi­
sion, '237 Putnam Avenue,
Cambridge, MA 02139. Or
calI (800) 225-1248.
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Figure 6. The imaging sequence for single-slice 20 FT Imaging

Figure 7. The Imaging sequence lor multlsllce Imaging
In the upper sequence (idenUCal to F9'f1 611he data lOt one 611ce 8fe encoded. The second sel of pulses
and ""adients for this slice dllfefs In the rncqUtude of the pha..s&-encodlng ",adHtn1 (red asterisks). The
second sUce sequence Is the same as the first. except that a different alice k>Catlon Is selected (blue as­
terisks)
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increasing tr by incrementa as is done
in 20 FT apectroscopy. Thus, a aignal
that is a function of two gradients is
doubly Fourier tranaformed to a aignal
that is a function of two frequencies
tbat are related to apatial distancea

."1"
S(G.,G,)-

IS(w.. w,)J - S(D.. D,)

Unlike a 2D spectrum, which con­
tains information at only 8 few loca­
tions, an image usually contains inten­
sity information at all possible points.
This is most conveniently diaplayed as
a picture in which the white (or the
red end of a color acale) indicates high
intensities and black (or blue) indi­
r.ales low intensities, father than as 8

stack plot or contour plot used in 2D
spectroscopy. It is, of course, possible
to obtain plots or digital readouts of
the intensity vaJues for any desired
row, column, or selected set of volume
elements (voxels) represented in the
picture.

Resolution in an image is, in princi·
pie, 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 sman samples
suggest that horizontal resolution of
--100 #J.m 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 experlment it is necessary to
wait for a period of time (related to
T 1) to permit recovery of equilibrium
magnetization before repeating the se­
quence. This repeat or recycle time, in
is typically 0.5-2.0 s for biological,
samples having T I '. of 0.1 to 2-3 s. As
a result it takes 2-10 min to acquire
the raw data for 8 single slice image.
Processing and display using array
processors require a few minutes or
less. An obvious extension, common
on all imagers, is to use the time dur·
ing which the apins in the first slice
are recovering to obtain data from a
different alice location that was left
undiaturbed by the firat aequence. Aa
shown in Figure 7, the timing and Be·
quence are identical in an respects ex­
cept that the aecond alice selection
gradient ia given a de offaet to aelect
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FIgure 8. The Imaging sequence to( 30 FT Imaging
A hard rf pulse procb::es excttatlon 01 all the spins kl the~. and two dif­
ferent phase-encodIng~ are applied before the read grad5ent

spins at a different location. This ap­
proach is known as multislice imaging
and permits 2-<12 slices to be obtained
in the time previously required for a
single slice. (Obviously the number of
slices potentially obtainable is limited
by t,.) At present multislice imaging is
the most efficient method used.

True 3D FT imaging is accom­
plished hya conceptually simple ex­
tension of the 2D method (Figure 8). A
hard (Le., narrow width) rf pulse is ap·
plied to polarize all spins in the sam­
ple. A gradient is applied to produce
phase encoding along one axis (z). It is
turned off, and an orthogonal gradient
(y) is turned on to produce a second
phase encoding along that axis. Final­
ly, a read gradient orthogonal to the
previous two (x) i. turned on along
with the receiver, and 8 Fill is ae·
quired. The prooe.. is repeated with
the same value of the z gradient, but
an incrementally different value of the
y gradient. Mter a suitable number of
y gradient .tep. have been performed
a new incrementaHy different value of
the z gradient is appJied and, again, 8

set of y increments is run. The final
result is a 3D data ..t that can be Fou­
rier transformed three times and can·
verted to distance information

IT'
S(G" Gy , Gz )--+

[S(w" wy , wz ))- S(D" Dy , Dz )

Acquisition and processing of 3D
images requires an hour or 80 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
more information is acquired than can
practically be displayed and examined
with present equipment.

Conoideration of the relationohip
between 2D FT .peclroscopy, 2D FT
imaging, and 3D FT imaging leado to
an underBtanding of how chemical
.hift imaging can be accompli.hed.
The only requirement 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 ..­
Quence is to insert a variable evolution
time, tel in the sequence Wh06e func­
tion is identical to that of te in con­
ventional 2D spectroscopy. For exam·
pie, during a time period following

slice ..lection by a BOft rf pulse and a
gradient, individual spino will preC088
at different frequencies depending on
their chemical shifts (and coupling),
producing phase encoding. After that
time period, .patial phase encoding
and read gradients produce .patial en·
coding exactly as before. The prOC088
i. repeated for an incrementally dif·
ferent tt" exactly as is done in 20 spec­
troscopy. Triple Fourier transforma·
tion produces 8 data set in which one
of the dimensions is chemical shift in­
formation and the other two are spa­
tial information

Conceptually, extension to four- or
five-dimensional acquisition is ob­
vious elthough the practical feasibility
of such experiments remains to be
demonstrated.

It .hould be noted in closing thi.
saction 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 1 (spin lattice), and T 2
(spin--5pin) relaxation times.

Present commercial imagers detect
only hydrogen, but satisfactory imeges
have been obtained using other nuclei
such as 19F, 31p, and 23Na. Signal av­
eraging, the UBUal solution to low-sen­
sitivity concentration problems, is rel­
atively ineffective. During imaging the
SIN ratio incre.... with "vii (n = the
number of 8C8DS) rather than vii as in
one-dimensional averaging. Imaging
with nuclei other than 1H obviously
has considerable potential, and the
next generation of equipment is being
designed to be multinuclear. However,
for the immediate future, sensitivity
approaching conventional spectrosco­
py cannot be expected. Carbon·13 and
ibN 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 i. obtainable,
controlling the inten.ity, are the spin
lattice (T,) and .pin-spin (T2) relaxa­
tion times. Practical imaging presently
require. that T2 be at least a few milli­
.econde. T, and T 2 .hould not exceed
a few ..cond•. <Recall that T2 5 T,.)
These values are typically found in
Iiquido or liquidlike .olid., but not in
cry.talline or rigid .olids. For exam·
pie, aqueous solutions, viscous liquids
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• Sample Form
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• DyumlcRup
PPM 10 10015
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na SampIea

• Auab*11me
AU EIemeaII SiIm"-'Y.
in MiDuIeI
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Flgwe 10. The signal available lollowlng a 90' pulse decays rapidly as a function 01
both natlnl T2 processes and experimental conditions such as lleld Inhomogeneity,
as Illustrated at the beginning 01 this Ilgure
AppIbtion of. 180° pulse at some time t f~JowIng the inIUal 80° puIM reverHI Ihese experimental .1­
tectl" produces an echo (m a time 2r an. the 90° puIM) lhat is dimWahed onty by the nab,ral T, pro­
c:eIMI. A ser1es of 180°~ known .. • Cerr-PwceU sequence <:en be \IMd to obtain • Mr6es 01
ec::hoeIlhBt can be~ at any time in the N11Lra1 deeey ClIVe, IUCh U 81 the point Illustrated In
F9Jre 11

sequence and its timing. In conven­
tional pulse FT spectroscopy a time
?;5T, is required between the rf pulses
to permit complete recovery of mag­
netization (Figure 9), If a sample con·
tains species with different Tl's and
the recycle timet t,., is less than five
times th. loniest T I value, the inten­
siti.. of all the lines in a spectrum are
distorted; those with short TI's are en­
hanced and those with longer TI's are
diminished. The t, recycle time in the
imaging sequences (Figures 6, 7t and
8) produces exactly the same effect in

sucb as glycols, and soft solids sucb as
lard or grease give excellent images.
Materials sucb as polymethyl methac­
rylate and wood do not, but "liquid"
regions or inclusions in such materials
do, Materials witb suitable T, and T 2
values also bave reasonably narrow
spectral lines obviating the problems
implicit in the very wide powder pat·
terns cbaracteristic of rigid solids,

Within the above limita, intensity
dsta are determined in an image ex­
actly tbe same way they are in a con·
ventionalspectrum-by the rf pulse

We're
• •giving

away·
ourenlire
product

line.

It's all in our
free Special Gases &

Equipment Calalog. IIlisls and
describes pure, mixed and elee·
Ironic gases Irom Argon to Zenon.
Plus allihe regulalors, ftowmelers,
instrumenlation, fittings, cylinders
and other gas handling equipmenl
you'll ever need. To get your free
copy of eve')1hing we sell, JUSI fill
out the informalion below and mail.
Name _

Tille .
Company "-__
Add,ess _

City Stale _
Zip PhoOf _

Aireo Special Gases, 575 Moonlain Avenue
Murray Hill. New J"",,07974
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figure 11. Spin-spin (T2) relaxation curves for two different species
When acquisiUon of the FD Is delayed, the megnttl.de 01 the acquired signa! depends on the spin-spin Ie­
Iu.aUon time constant

an image as it does in a conventional
spectrum. In an image a brigbt or
high-intensity voxel corresponds to a
site with a relatively short T, value
that bas recovered considerable mag'
netization during t,. as compared to a
dark (low intensity) voxel that bas
not. (This assumes, of course, that the
concentration in the two voxels is sub­
stantially the same.) The unique fea·
ture of tbe 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.1f Tl 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° - T}a-acquire saturation recovery
Tl measurement sequence of conven­
tional spectroscopy. Greater dynamic
range and image contrast Bre obtained
by applying a ISO" inverting pulse fol­
lowed by a time interval before begin.
ning the imaging sequence. This is
identical to the (lSO" - T - 90") in­
version-recovery T 1 measuring se­
quence of conventional spectroscopy.
and such 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 (Fill) 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. is accomplished by the for·
motion of spin echoes. In either con­
ventionalspecUoscoPY or imaging, ini­
tial detectable magnetization is pro­
duced by a 90" pulse. IT after some
time 1 a ISO" pulse is applied, the in·
strumental effects on the signal decay
are reversed and magnetization is re­
focused, reaching a maximum at a
time 1 after the 1SO"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
imaging sequences normally include at
least one ISO" rf pulse and actually
detect an echo rather than the initially
produced Fill. The primary reason is
to correct for various instrumental ef·
fects that decrease signal intensity
during the time period between the

initial 90" pulse and the time the reo
ceiver is turned on, but selection of
the echo time (21 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
eumple, four images corresponding to
echo times, I., of 30, 60, 90, and
120 IDS 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 11a voxel in which the T2'S are
long will still give appreciable signal
(and hence appear relatively bright) at
longer echo times whereas a voxel in
which the Tis are short will have a
very weak signal (and hence appear
darker).

In summary, the operator can select
single-slice, multislice, or 3D spatial
encoding. 10 the former cases the
plane of the slice can correspond to
whatever gradient is used for slice se·
lection. Within any spatial encoding
scheme the operator can select t, and
I. (and also the options of inversiop­
recovery and Carr-Purcell sequences).

A sufficiently long tr and a short t~

will produce images in which contrast
or intensity depends primarily on con­
centration. A long t,. and longer t~ pro­
duce T. weighted images. A shorter I,
and short I. 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 I and T2 value corresponding
to each voxel. An image can then be
presented in which the intensity in
each voxel corresponds to the numeri­
cal value of T I or T 2. 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,)
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 conc-entration, T I , and T 2

effects.

Instrumentallon

Imaging equipment is divided into
three groups. Whole-body medical im­
agers have large magnets with a l·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 exper;.
mental instruments operate at 1.5 T
or 2.1 T, but only the lower field in·
struments are presently approved for
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There's more in a new
Model 8300 Gas Chromatograph
than meets the eye!

of operation. automated bleed
compensation, real time graphicsl
data handling and the AS-83OO
autosampler - these new features
maintain the Model 8300 as the
world's most advanced. yet
friendly gas chromatograph.

Why not see for yourself?

For tunlle< infO<TT\8lion please contael:
PeOOn-EJmer Corp.• AnaIyticalInslno1w1ls.
Main Ave. (MS-12). NofwaIk. CT 06856
U.SA Tel: (203) 762-1000.
Pe<1<in-Elmer Ud.. Post Office Lane.
Beaconsfield. Bucl<s HP9 1QA. England
Tel: Beaconslield (04946) 6161.
Bodeoseewert< Perl<in-E1mer & Co.. GmbH.
Poslfach 1120. 7770 Uebelfingen. Fedetal
Republic 01 Germany. Tel: (07551) 811.

Combined with the other unique
features of the Model 8300 - ease

A data handling option provid·
ing re-integration of raw data
in addition to real time
graphics and data handling.

D Electronic pressure readout of
capillary column head pres­
sure up to 100 psi - ideal for
the whole range of columns
from micro-bore to wide bore.

D Four ramp temperature pro­
gramming with column oven
ranges covering -8O"C to
+SOOOC with liquid nitrogen or
carbon dioxide accessories.

Our 1985 Model 8300 appeanl D
no different from last year'a
model - but take a closer lookl
It now offera even greater
versatility and performance.

New features include:
D The PTV (Programmable

Temperature Vaporiser) for
capillary chromatography­
an outstanding new spliU
splitless injector allowing cold
injection from syringe or auto­
sampler, with major improve­
ments in analytical precision
and greater security with ther·
mally labile substances.

PERKIN-ELMER
The science ll!ll! computer company.

Where solutions come first.
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Mapping
Strategies in
Chemical
Oceanography

Alberto Zlrino, Editor
Naval Ocean Systems Center
For the 'Irat time-I practical over.
view of the novel and recent 8~
preaches In ocean mapping technol·
ogy. Focuses on environmental
applk:lltlona IS well •• on methods
used for chem~l.ndbiological m8p­
ping of the mlnoe environment. Dis­
cu.... the Interdisciplinary character
01 method development, sampling,
deta collection, and analysis.
Presents the experience. 0' well­
known authoritiealn developing and

~::Ar~~~~::n~r::~~I~:~I~~OI~'~~:~
Ing martne assessments.

CONTENTS
New Problems lor Chemical Oceanographers
• Flow-Injection Analysis 'Of Seawater Micro­
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human investigations. Several low­
field (0.15 T and 0.3 T) instrumenIB
are available that use permanent mag·
neIB. Most of the magneIB 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 TI's and Tis.

The large open bore of these mag­
nets leads tQ a number of instaHation
siting problems. For example, for a
l.O-T solenoid, a fringe field of 5 gauss
or more extends out 37 ft from either
end of the magnet along the field ""is
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 broadeast 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 t<> conventional
NMR spectrometers. The rf power re­
quirements are substantially greater­
typically several kilowatlB compared
t<> 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 st<>red and trans­
ported as pictures so photographic re­
production and processing equipment
are required. The wta1 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 realJy hybrid
units. The magnets are superconduct­
ing solenoids with e 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""ielly for a 4.7-T unit) and
installation problems similar to those
of the whole-body uniIB. 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-

creased rf power, and frequently a oee­
ond display device. 0l>crationally
these units are multinuclear 8lMlctrorn­
eters that also do multinuclear imag­
ing. Such units orc also known 08 topi­
cllispectrometers bccauRe they pcrmit
in vivo spectroscopy using surfncc
coil!. In many respects thesc nrc per­
haps the most versatile irtltrumcnts
available today because they combine
the capability to do most modern
spectroscopy experiments nnd multi·
nuclear imaging with a magnet having
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 uniIB. The cost for
these kinds of instrumenIB (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 was
NMR microscopes. Because spectrom­
eter magnets have very small bores
(5--9 cm), only very small objeclB can
be imaged. Sensitivity can be quite
high, and resolution of 100 I'm 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. Atthe 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
w add imaging capability w a new
spectrometer system that already in­
cludes an array processor and suffi­
cient mass storage.

Chemical applications 01 Imaging

As noted earlier, chemical, as op­
posed to biochemical or physiological,
applications of imaging are essentially
nonexistent. Therefore, this is a dis­
cussion of possible or potential appli­
cations. Basically, 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 801vents) int<> plostics
and fiber producIB hl1ll 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 producIB can be followed
without sacrificing the sample. For ex·
ample, we have observed hole size and
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At last, for solids and liquIds:

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 interlacing 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
cuit to compare the MSL to
anything else available today.

Now, if you want to comblne
performance, convenience and
ease of use with analytical _.
satility and the power of wide­
line NMR, ask for details on
the new MSL Series.

Bruker Instruments. Inc..
Manning Parle, 811_, MA 01821.

,..-__.., In Europe: Bruker GmbH,
SillHNslreilen, 0-7512
m..inst.tten 4, W. G«m.ny.

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
o 20 NMR In Liquids and

Solids
o MAS (Magic Angle Spin­

ning) with Variable
Temperature

o Wide Line FT
o Multipulse Line Narrowing

(MREV-8, BR-24, etc.)
o ADRF/ARRF Experiments
o Multiple Quantum NMR
o NMR Diffusion

Measurements
o NMR Imaging
o In·vlvo Spectroscopy
o NQR (Nuclear Quadrupole

Resonance)
o Ferromagnetic

Resonance

The new MSL Series spectrometer
covers the complete range of
linewidths from 0.2 Hz up to 1 MHz.

NMRpower
•spanning

seven
orders of
magnitude.
~...L.-.....L-
I ,lldlllhlh, ~J
IL _

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 80ft polymers (above
the glass transition temperature).
foams. solid fuel elements. gels. ele..
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 Dot give 8 signal) in 8 soCt
matrix (which does give a signal) can
be observed as the presence of"black
holes."

Because T 1 and T2 are sensitive to
the presence of paramagnetic species
(such as 0,. free radicals. and many
metal species), the presence, distribu·
tion, and concentration of such mate­
rials is "reported" byobser/ed T, (or
T 2) variations of signals from IH or
'9F intrinsically present in the sample
of interest or added as reporter mole­
cules. '9F tags offer the potential to
follow dynamic chemical and bio­
chemical processes in 8 manner anato­
gouo to that 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 bed3. and the like could be ex­
amined. Multinuclear studies with
NMR microscopes will permit analysis
of seeds. tablets. pellets, ele. Problems
associated with the mixing, storage.
application. and curing of coatings
sucb as paints. varnishes. and adhe­
sives are another area of potential in­
teresL All of these areas and many
more can be addressed with existing
commercially available equipment..

The future is even more speculative.
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.

Addlllonal reading

Hinshaw, W. S.; Lent, A. H. "An introduc­
tion to NMR Imaging: From the Block
Equation to the Imaging Equation,"
Pro<./EEE 1983.7/.338.

Ljunggern, S...A Simple Graphical Repre·
sentation of Fourier-Based Imlllting
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.,

Ed.; Academic Preaa: New York, N,Y"
1982.

Partain, C. L.; James, A. E., Jr.; Rollo.

~~~(~:R;'r~:i~~,~~.I1H~c
Saunders: Philadelphia, Pa., 1983.

Wit.cof,ki, R. L.: Karataedt, N.: Partain,
C. L. Eds. "NMR Imaging: Proceedi"ia
of an International Symposium on Nu­
clear Magnetic Resonance Im~ing";

~ak~r~:::~lJ::~~~ ~~~nn~~lem.
N.C., 1982.

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 methuds.

How much Hydrogen In fuel? OlIln
seeiII? Fl\\ln loodatuff8? The
N8WP'1.'I4000 provides the anawm
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quality control and coet..flllClMl
production throughout IndU8lry.
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The dataA:ontrol station that
thinks likea chromatographer,
now thinks like a lab manager, too.
TheWaters

N

840.

Now get expanded capability
for HPlC. GPC, IC and GC data
reduction. The Waters 840 has
set a new standard for eose and
sophistication in HPLC data man­
agement and system cantrol- 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, past-run
statistical analysis, and more.

Plus, new multi-instrument soh­
wore allows data acquisition from
up to 4 different systems and
16 detectors simultaneously.

HP1.C HI'tC

GC~1
1C--840 840--HPlc

I~V""~:!
GC--840 840--HI'IC

1C"/1 I\'GPC
HI"1.C GC Ie GC

The Walers 840 gives you virtu­
ally unlimited communications
capabilities, including ETHERNET­
campatibility for high speed data
transfer. No maNer 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 slore
months of row data, and reprocess
it in seconds. At the some time you
con also watch your separations
as they run, or use the screen to set
up new methods, or perform other
camputer tasks such as word
processing.

See the new power of the
Waters 840. Call now: (617)
478-2000, or write Millipare,
Waters Chromatography Division,
34 Maple 5t., Milford, MA 01757.

MILLIPORE
Waters Chromologrophy Division

nl*llNl:l ,.o'--V,I...ooclk-........lool~o.COOpo<D!...... IJAX ptc .....O'>d~fN(DloO<l ...... """'_... I'odoo.....f~.""O'9,tQJE"".p<,.."IColJ>O'QllOfl
'oVo....llI~.dW_.!._''"'.''<><Mmof~loIMAlJOj)Ot.CO'poIO'''''' C 198.1 M;.11,pcw.Clllp""......."
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Whyit paystobuygas equipment
made byAir Products.

City _

Company _

Addr<SS _

Nall1(' Tillt' _

system and safety requirements. For a copy of our Specialty Gas
A fuJI line of specialty gases. A and Equipment Catalog, simply use

full line of compatible gas·handling the coupon. OrcaIJ (215) 481·S:!5'.
equipment. All from one dependable Canadian address: Air Products,:!09<
supplier-with over 80 stocking loea· Steeles Avenue East, BramplOO,
tions-to make your job a lor easier. Ontario L6T 1A7.
r-----------------------------,

Air Products an<! Chemicals, Inc. I
~~:~~n~~~t8105 I
Please send me )'our oomplelt catalog &nd price bst. 1

I
I
I
t
t
I

Stat. z,p____ I. I

~;=~;2·~~_":_ ~!-~~J

Few gas suppliers actually make the
equipment they sell.

At Air Products, we design and
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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-ohlivious to the methods used hy 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 importmlt continuing topics on the agenda was that of
dealing with authors. Not surprisingly, problems encountered are not
unique to anyone 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 etbical obli­
gations of editors, authors, and reviewers. The publication of these
guidelines, which is expected shortly, sbould 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-gh'ing 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 tbe feeling that they are all alone in the world.l
am happy to report that ANALYTICAL CHEMISTHY 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 Ionization
Mass Spectrometry

Patrick Rudewicz and Burnaby MUD.on-

Department of Chemistry, University of Delaware, Newark, Delaware 19716

Th..... 01 NH, "' I CIrri., gIl Ind "' I ..Ig.nt g.. pro­
due.. n.ut,,1 ...cllo", ...Iw.... NH, Ind clrbanyl com­
pound. 10 glve bltlc produclt which er. delected by NH,
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"hero, or ...... Poolcolumn addition 01 NH. or CH.Nli, 1100
gl... neutral product. which can'" del.ct.d by NH. CI.
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by Ihe InJecllon of an ..... _ely anor"" -.on
01 the ..m..... O"",,olumn ...ctlono a.. 1100 oboerved by
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The ammonia chemical ionization (NHa el) moss spectra
of certain aldehydes and ketones contain ions corresponding
to protonoted Schiff bases or imines which are also isobaric
with the molecular ions. The mechanism of fonnation of the
imines has not been c1esrly established. An early report
indicated that aldehydes but not ketones formed protonated
imines in 8 two-step process involving a neutral gas phase
reaction between ammonia and the aldehyde to fonn the imine
and subsequent proto118tion of the imine by NH/ (1). In a
later study, however. the ammonia Cl spectrum of cycJ<r
hexanone was reported to contain the protonated imine
formed not by 8 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 m... spectra of 3·keto bile acid derivatives are formed by
the two-step process of neutral reaction with NH, followed
by protonation by NH.+ (31. Protonated imines were not
observed with 7-keto or 12-keto bile acid derivatives.

\Ve 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 spectrometer and are protonated under
ammonia CI conditions. Alcohols, ethers, and esters do not
react with ammonia in neutral on-column reactions to give
detectable products under ammonia CI conditions.

These on-column reactions with NH3 as the carrier gas are
very similar to experimente in reaction chromatography which
have been reported previously (4,51. In reaction chroma­
tography, compoundB having a particular fWlctionaJ group may
be completely removed from the chromatogram (subtractive.
chromatography) (6) or converted to volatile derivatives (peak
shifting) (7) by precolumn. on-column, or poatcolumn reac­
tions. Pyrolytic and catalytic reactions have also been em­
ployed (8, 9). On·column hydrogenfdeuterium exchange re­
actions have been carried out using Carbowax columns pre'
treated with deuterium oxide (10). Somewhat more recently,
reaction chroJilatography has been combined with maas
spectJometry 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 21-4928 mass

spectrometer (Hewlett·Packard 21MX computer, Du Pont data

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 99.990/0 min).
The electron energy was 75 eV and the emission current wag 250
pA. 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 1/4
in. glass column, pscked with 3% SP-21OO on 80/100 mesh Su­
pelcoport. The performance of the column before and after
aproximately 8O.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 separation of 2,4.dimethylaniline and naphthalene in a pro-­
grammed temperature experiment was 1.2 before and 1.2 afu:r
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
8S the GC carrier gas and the reactive gas was introduced via a
Swage}ok tee placed directly behind the GC column.

UESULTS AND DISCUSSION
The ammonia CI mass spectrum of acetophenone is shown

in Figure I. This spectrum was obtained from. GC/CIMS
experiment with He as the carrier gas in the gas chromato­
graph and ammonia a8 the CI reagent gas in the mass spec·
trometer source: PlHe) = 0.07 torr; P(NH,) = 0.46 torr; t =
175 ·C. In this .peetrum there are essentially no ions at mlz
120, neither CsHsO+ from acetophenone nor CsH1oN+ 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 .mall amoWlt of solvated adduct, (M
+ N2H,)+, and small traces of (M + H)+ ions. This .pectrum
agrees with earlier work (1). The reaction time for neutral
acetophenone with ammonia within the source of the mass
spectrometer is not known; however, experiments under aim·
ilar conditions with another instrument (CEC-llO) 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 name ionization detector lFIO) and with the mass
spectrometer give nu indications of significant peak broadening
due to retention within the source of the mass spectrometer.

\Vith ammonia as a GC carrier gas, acetophenone forms an
imine in a condensation reaction in the gas chromatograph

C.H.COCH, + NH3 - C.H.C(NHICH, + H 20 (II

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.(NH31,+ + C.H.C(NHICH, -
C.H,C(NH2ICH! + (x + I)NH3 (21

Precise mass measurements show that the ion at m/z 120 in
these experiments is CSH 1oN+' Dot the molecular ion for
acetophenone, CsHsO+. Not all of the acetophenone is con­
verted to the imine and the unreacted acetophenone elutes
and forms an adduct ion, (M + NH.I+, at mfz 138. Selected
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Figwe 1. Ammonia GC C I 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 NH3: source temperature. 175°C.
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Figure 2. Single ion traces for the protonaled Imine of acetophenone.
mlz 120. and the adduct lOll for the unreaeted acetophenone. mlz
138. using ammonia as the GC carrier gas and the CI reagent gas.

ion monitoring shows that the imine and the unreaeled ace·
tophenone have different chromatographic peak profiles,
Figure 2. The ratio of the areas of the two peaks is an
indication of the eXlem.ive 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-heif{ht that are significantly wider than the
half-widths of the peaks for the unreacted ketones and which
have retention times that arc sligohtJy 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 un reacted 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 CI 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 CI reagent gas. With
5-nonanone. for example, with ammonia as the GC carrier gas
and the CI reagent gas, the ratio of (M + NH. - H20)+ /(M
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Figure 3. (a) Single km traces for the (M + NH..r'" adduct kms of (1)
cyck>hexanone, (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. (b) Single Ion traces for the (M + H)+ Ions of
imine derivatives with NH, 01 (1) cydohexanone, (2) acetophenone. and
(3) 2-octanone. He is the GC carrier gas with postcolurnn i1troduetlon
of ammonia for reaction and as the CI reagent gas.

+ NH t )+ 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. - H20)+ ions are detected.
Consequently, under our conditions, the ovenvhelming amount
of (M + NHt - H20)+ 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 ratioo of the ion currents. (M + NH.)+/(M + NH. - H20)+.
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 8) 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 WlSilnnized glas.., 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
posteolumn experiments. Consequently, we consider 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 equimoJar
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
neutral reaction of ammonia with cycJohexanone is much
faster (approximately a factor of 10) than the reaction of
neutral ammonia with 2-octanone or with acetophenone. The
data from the on-column experiments do not provide 80 direct
a comparison, but they also indicate a greater reactivity of
ammonia with cyclohexanone than with 2-octanone or ace­
tophenone. One cannot determine the extent of conversion
for aldehydes because the ammonia CI sensitivity for the
unreacted aldehyde is too low to provide reliable daLo.
However, poateolumn experiments, like those of Figure 3,
indicate a slightly higher reactivity for ammonia with hexana}
than with cyclohexanone.

The poatcolumn 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 ()f:curs in the gas phase or in the liquid
coating of the supporL One preliminary experiment indicated
an increase in the extent of conversion of acetophenone to the
imine for on-column reactions using 8 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 condensation of acetophenone and ammonia
requires an aluminum chloride catalyst and a 4-h reaction time
at ISO DC (14).

The diones, 2,4·pentanedione and 2,3·pentanedione, pri.
manly condense with ammonia at one carbonyl site, since
essentially none «0.2%) of the protonated diimine is noted
for 2,4-penLanedione and no more than 3% of the protonated
diimine ia noted for 2,3-penLanedione. 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 mlz 114, the majority of the
ionization for the compound occurs at mlz 96. The precise
mass for this ion is 96.081, CeH1oN+. The occurrence of this
ion can be explained by a cyclization of 2,5-hexanedione with
ammonia to give 2,5-dimethylpyrrole, which is aubsequently
protonated in the source of the mass spectrometer

CH3COC,H,COCH3 + NH3 - C.HaN + 2H,O (3)

C.HaN + NH,(NH.): - CsH,oN+ + (x + l)NH3 (4)

In the condensed phase, 2,5-dimethylpyrrole ia formed by the
condensation of 2,5-hexanedione with ammonia (15).

Two problems exiat with the use of a polar carrier gas like
ammonia. There is a small amount of ammonia in the
chromatographic column which ia .luted 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 ooe uses methane or isobuLane as the reagent gas. Another
problem was that after extended ammonia use, peaks corre­
spooding 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 columna.

One method of avoiding the adsorption and desorption
problema which also mainLains the chromatogrphic integrity
of the aample 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 hexaDal and
cyclohexanone were much faster than the reaction with ace·
wphenone. Since (M + H)+ ions were observed for all of these
Schiff bases, their proton affinities must be greater than the
proton affinity of metbylamine, 214.1 kcal/mol (16). Sensi­
tivities of the carbonyl compounds with methylamine are quite
low. The present experiments in GC/CIMS with poatcolumn
introduction of reactive gases which also serve as the CI
reagent gnses are similar to those reported previously on the
postcolumn exchange of labile hydrogens using CH,OH and
CH30D 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 reasonable chromatography for the samples
and their derivatives. With He as the carrier gas, Schiff bases
can be formed from carbonyl compounds by the injection of
a large amount of a low molecular weight amine after the
injection of the carbonyl compounds. For example, injection
of 5 ilL of n-propylamine immediately after the injection qf
0.02 JJL of benzaldehyde results in an on-column conversion
of roughly 30% of the aldehyde to the corresponding suh­
stituted imine, as shown by the FID chromatographic trace
in Figure 4a. The imine is protonated in the mass Rpec­
trometer as before

C,H,CHO + C,H,NH, - C,H5CH=NC3H, + H 20 (5)

C.H5CH=NC3H, + NH,(NH3J: -
C.H,CHNHC3H! + Ix + I)NH3 (6)

The reaction time between the amine and the ald~hydc, es­
timated from the width of the ('hromatographic peak for
propylamine, is approximately 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 1M + NH,)+ ion and the imine as the
(M + H)+ iOIl. The very large difference in relative sensitivities
of the two detectors is indicated by comparison of the two
traces: ammonia CI is obviously very insensitive for aldehydes.
Under similar conditions acetophenone gives less than 0.1 %
conversion.

Other examples of reaction chromatography were tried in
chemicalJy similar systems. Injection of a large amount (5 pL)
of acetone onto the column immediately after the injection
of a mixture of n-hexylamine, dia11ylamine, and tripropylamine
gave a small, but readily detectable, amount of the imine from
n-hexylamine detected on both the FlO 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 amincs.

More dramatic results were achieved by using acetic an­
hydride as the on-column reagent with amines. Figure Sa
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 Fill trace for the 88JDe
mixture when a large amount (5 pL) of acetic anhydride was
injected onto the column immediately after the injection of
the amine mixture. Essentially quantitative removal of the



ANALYTICAL CfEMISmV, VOL. 57, NO.4, APRIL 1985 • 70

Flgwe 4. (a) FlO trace for 0.04 ,.t of benzaldehyde followed by a 5-,.t
injection of n-propylamlna: (1) n-propylamlne. (2) benzaldehyde. (3)
imine; mol wt 147. (b) Single km traces for (2) the (M + NH.)+ for
benzaldehyde and (3) the (M + H)+ for the imine. mlz 148.

primary and secondary amines is noted on the Fill trace and
also in the ammonia GC elMs 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 ~-diethyI8niline.

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, 8uch analyses may be possible
for systems like these since the kinetics of simple elimination
reactions have been studied on chromatographic colwnns using
gas/solid chromatography (19).

In conclusion, ammonia, when used as a GC carrier gas as
well as a CI reagenl gas, reacta with ketones and aldehydes
to form imines which are more basic than ammonia and arc
easily detected by their (M + H)+ ions. Since ammonia CI
sensitivity is greater for nitrogen·containing compounds than
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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 sample injection. On-column reaction chroma·
tography can also be combined with ammonia CI to charac­
terize mixtures of amines.

Registry No. NHa•7664-41-7; methylamine, 74-89-5; acetone,
67-64-1; acetic anhydride, 108-24-7; acetophenone, 98-86-2; cy­
c1ohcxanone, 108-94-1; 2-octanone, 111-13-7; aniline, 62-53-3;
m·toluidine. 108-44·1; N-ethylaniline. 103-69·5; dibenzylamine.
103-49-1; bcnzuldehyde, 100-52-7; propylamine, 107-10-8.

LITERATURE CITED
(1) Hunt. D. F. In "Advances in Mass Spectrometry"; West, A. R.. Ed.;

Appled ScMince Publishers: london. 1974; Vol. 6.
(2) Tabel, J. C.; Fralsse, D. Orp. Mass Spectrom. 1981. 16,45-47.
(3) DeMark, B. A.; KMiIn. P. D. J. UpidRas. 1981,22,166-177.
(4) Perry, S. O. Ctromatogr. Rev. 1187. 9,1-22.
(5) Harris. W. E. J. Chromatogr. Sci. 1175. 13.514-515.
(6) Sugi. A.; Harada, K. J. Chromatogr. 1911, 206. 4Ss-491.
(7) James. A. T.; Martin, A. J. P. BJochem. J. 1158. 63. 144.
(8) Kosa, W. C.; MacGee. J.; Rama~an.S.; Webber. A. J. J. Chro·

rnatogr. ScI. 1979, 17,177-187.
(9) Beroza. M. Anal. Chern. 1982, 34. 1801-1811.

(10) Senn. M.; FUchter, W. J.; Burlngame. A. L. J. Am. a.m. Soc. lIU.
87, 680-6S1.

(11) Mkaya. A. I.; Smetanln. V. I.; lailOO. V. G.; Antonova. A. V.; Presta·
kov, N. S. Orp. Mas.s Spectrom. 1183. 18.99-104.

(12) Gofeo. A. Ph.D. Thesis. University 01 De&aware, Newatk. DE. 1975.
(13) Reeves, R. L In "The ChemIstry of the Carbonyl GrOl4l"; Petal,S.,

Ed.; Interscience: New Yen. 1986; Chapter 12.
(14) Strain, H. H. J. Am. Chem. Soc. 1930, 52. 820-823.
(15) Norman. R. o. C. -Prln_ 01 Organic S_". I'nd ad.: Chapn'en

and Hal: london. 1978; Chapter 10.
(16) Uas, S. G.; Uebman. J. F.; levin, R. D. J. Phys. Chern. ReI. Data. In

pr....
(17) Blum, W.; Schlu'npt. E.; uehr. J. G.; RIchter, W. J. TetrahBdronLett.

1978, 7. 565-568.
(18) Andors, M. W.; Mamerklg. G. J. Anal. Chern. 1982, 34. 730-733.
(19) Matsen, J. M.; Harding. J. W.; Magee. E. M. J. Phys. Chern. 1185.

69. 522-527.

Figure 5. (a) FlO trace for amlne mixt....e of (1) pyridine. (2) aniline,
(3) m-toluldine. (4) N-ethylanillne. (5) N.N-diethylaniline. and (6) ell­
benzyIan*le. He Is the GC carrier gas. (b) FlO trace of anWle _
after on-column dertvatlzatlon with acetic anhydride: (1) pyridine. (a)
acetic anhydride. (5) N .N-diethylaniine. (h) N-e~-jlhenylacetarr«le.
(e) N-phenylacetamlde. (d) aceto-m-Ioluldlde, and (e) N.N-dibenzyl­
acetamide.
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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. Vepartment of Energy, Ames Laboralory. Ames, Iowa 50011

Primary aliphaUc amine. preaenl al Irace lavel. In waler
aample. were converted 10 imine derlvaU.e. ualng penla­
nuorobenzaldehyde. The derivaUve. were extracted Inlo
hexane and mea.ured by combined hlgh-re.olullon gal
chrom.lography/ma.. apactrome'ry ualng munlple Ion mono
Ilorlng. The delectlon IImll of Ihl. melhod lor delermlnlng
amln.. wa. 10 ppb for 0.5-mL aampl.. of lap. river, and 011
ahale proc... watera•.

The determination of primary aliphatic amines present in
various liquids is an important problem. These compounds
can be found in biological fluids, environmental samples, and
industrial process streams, usually in aqueous solutions and
often at trace levels. Amines are difficult to extract from water
and are not ensily chroJnatographed due to their polarity.
Prev;ous determinations of amines present in waler have
utilized three approach..: (I) direct gas chromatographic (Ge)
analysis of the aqueous samples; (2) concentration 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 (1-3) 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 measuremenl Purging the compounds
from water onto a Cu(Il) absorher 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 concent.rate im­
purities leading to possible false positives or high results.

Amines have been derivatized to fluoroacetates (9), boron
chelates (10), and m-toluamides (11) to improve 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
amin.. in water with reagenta such as o·phthaladehyde (I2),
dinitronuorobenzene (13, 14), and 2-methoxy-2,4-diphenyl­
3(2HJ-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. Pentafluorohenzaldehydc (PFB) has been
reported as a selective reagent for primary amines (16), but
the derivatizations were performed in ethanol rather than
water sampl...

A new procedure has heen developed, in this laboratory,
to determine trace levels of primary aliphatic amines in
aqueous solutions. ]t involves the direct derivatization of the
amin.. present in the water sample using PFB to fonn imin..
of the amines. The procedure requires minimal sample ma-

nipulation and if> 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 inlerferE'nces.

EXPERIMENTAL SECTION
Reagents. Amines and amine hydrochlorides were obtained

from FJuka Chemical Corp. (Hauppauge, NY), pentaOuoro­
benzaldehyde from PCR (Gainesville, FL), organic-free water from
J. T. Baker (Phillipsburg, NJ), pesHcide grsde he,ane 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. AU 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 Ame:;, IA.
waLer system. River water was sampled from the North Skunk
Hiver at a point approximately 1 mile north of the Ames city limits
and was centrifuged to remO\'"c particulate matter. Process water
from a simulated in situ oil shale retort prucedure was obtained
from the Laramie Energy Technology Center.

Derivatization Procedure. A 0.5-roL aqueous ~l8mple was
rnlxed in a 5-mL Reacti-vial (Pierce Chemical Co., Hockford, IL)
with 1 mL of acetonitrile containing 40 ,.,.g 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 15 s. No further treatment
of the hexane solution was necessary to achieve a detection limit
of 10 ppb.

If detection limits below 10 pph were desired, a larger sample
size and slightly modified procedure were required. For example,
methylamine at a concentration of ) 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 (If PFB. Five
milliliters of organic-free waler wa.C! 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' INCaS 2300 data system was used for sl1 imine
analyses. The GC/MS was operated in the electJ:on impact mode
using full scan (m/z 45-400) or multiple-ion-monitoring (m/z 57
+ 208 + 222) detection. The instrument was fitted with a 30 m
X 0.25 mm i.d. DB5 (J&W, Rancho Cordova, CAl fused silica
capillary colwnn which was led directly into the mass spectrometer
ion source; helium was the carrier gas at 24 em/s linear velocity
at 45°C. For each run, 1.8,.,.L of hexane extract was injected
splitless at 45°C for 30 8. 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.

Masl( 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); ethylamille,
208 (100), 181 (24), 194 (12), 223 (7), 161 (7), 117 (7), 104 (7),93
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F9Jr. 2. Mass spectrum 01 the pentafluorobenzaldehyde imlne of
Isobutylamine.
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FIgure 1. Mass chromatograms (mlz 57 + 208 + 222) o'dorlvalized
amino samples. NLmborod peaks refer to tho pootalluoroboozaldol1yde
imlnes of (1) methylamine. (2) ethylamlne. (3) ten-butylamine. (4)
n-propylamlne. (5) sec-butylamine. (6) isobutyIamIno. (7) n-butylamlne.
and (8) n-pentylamlne.

(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 (II), 194 (Il), 180 (10); isobuty1amine,
208 (100). 181 (23).209 (20), 161 (4), 190 (4), 180 (4), 55 (3), 130
(3); 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
(6l, 56 (3), 161 (3),58 (3), 111 (2),196 (I); n-pentylamine, 208
(100),181 (77),250 (45), 190 (45), 209 (30), 194 (18),222 (13), 55
(13).

RESULTS AND DISCUSSION
Dcrivatization. One of the reasons for derivatizing al·

kylamines is to improve their chromatographic behavior. A
mass chromatogram of standard imine derivatives, shown at
the Inp of Figure I, 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 pg. Electron impact mass spectra of
imine derivatives of alkylamines are dominated by a-cleavage
as illustroted below for penlafluorobenzaldehyde n-butylimine.

~F5CH=Nl-rcHi-Q3H1 -- ~F5CH=~=CH2 + .C 3H1

If the a-poeition of the amine is unsubstituted, the base peak
will be mlz 208. illustrated by the mass spectrum of penta­
nuorobenzaldehyde isobutylimine in Figuze 2. The addition
of a methyl group at the a-position increases the base peak
In mlz 222 as shown in Figure 3. The tert-butyl isomer, with
bolh a-positions occupied by methyl groups, produces mlz
236 with a relative abundance of 20%. The base peak for the
tert·butyl isomer, mlz 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 informalion about the alkyl groups of the parent

>....
en
z
w....
~

M/Z
Figure 3. Mass speetn.m of the pentaftuorobenzaldehyde imine of
soc-butytamlne.

primary amines. Primary aromatic &mines, 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. umeacted PFB would have In 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 sample 2:1 with acetonitrile, very poor conversion
to the imine was realized. Full-scan 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 tbose for the
n-alkyl isomers.
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FIgln C, Mass chromologroms (mlz 208) of dor1vatlzod samples of
5 nt. each 0' (A) rlYer water and (8) rfver water spiked with 1 ppb
methytamlne.

Methodology Tests, The derivatization of n·butylamine
to pentafluorobenzaldehyde n·butylimine 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
with no sample transfers or manipulations being necessary
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
manipulation, leading to poorer precision and more chances
for sample contamination, and an increase in extract volume,
necessitating a volume reduction step.

The accuracy and reproducibility of the PFB derivatization
scheme were delermined by spiking the target compounds into
tap water and river water at levels ranging from 50 ppb to 10
ppm. Quantitative values obtained for seven compounds were
within :10% of the lrue 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
alllhat is required is to add easily obtainable amines or amine
salta to the 88IDple. In addition, this method correcta 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 waler is shown at the bottom of Figure

Tablc I. Determination or Aminc. Present in a Shalc Oil
Retort Water

concn, ppm

PFB GC steam
amine derivali18tion direct- distillation-

methyl 14.3 13 10
ethyl 10.2 11 9
n-propyl 5.7 4 4
n-butyl 1.6 2 2
s('C'-butyl 1.4 NO' NO
iso-butyl 0.8 NO NO
n-penlyl 2.2 NO NO

-Taken from refG. bNol determined.

L The selectivity of the method is illustrated by the clean
base line. The peaks not identified are probably due to iso­
mers of pcntylarnine for which standards were not available.
Quantitative values for six arnines present in the sample were
determined nnd nre compared to published values in Tnble
L

CONCLUSION

The sensitivity and selectivity described in this report
suggest that this procedure for determining primnry nmines
is generally applicable to environmental waters, wastewaters,
and process streams and is particularly well·suited to bioOuids
and homogenized tissues where only small sample sizes are
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 Hu.um aod Peter W. Carr·

Department of Chemistry, Smith and Kalthoff Hall, Uniuersity of Minnesota, Minneapolis, Minnesota 55455

Thb work deocrlbe. a davlc. designed to aUow the rapld
measurement 01 vapor/llquld equElrIa, lncIudlng vapor pr_
.... and ooIute acllvlly coeIfIcIenls, In an automated t_
baled on a conv.ntlonal ga. chromatograph. Varlouo cor­
r.ctlon 'act.". needed to converlll1. anaJy1lcal Blgnal (peak
area) to th. !l.aked th.rmodynamlc quantll'•• hav•.be.n
d.v.loped. I.n g.n.ral, activity co.lllc1ent. at low conc.n­
tratlon (mole "'ractlon .... then 0.01) ... In good agreement
wllh Ill.ratur. valu•• (ca. 2%). Similarly, vapor pr...ur••
can be measured wUh good accuracy. The preclaJon o'
mea...ement Is allen belt.r ll1an 0.5 %. The major lImltatlon
In ll1e accuracy 0Ill1e method appears to be ll1e lack 01 high
quailly .xperlmental ga. phase vlr\al coelliclents.

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 0, 2). There are
many possible chromatographic approaches to the determi­
nation of such phase transfer equilibria, including the dynamic,
static (3), and saturation or stripping methods (4). The most
common and thermodynamically well·defmed 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, Le., 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 measuree the column c;lead 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 8 correction made
when significanL 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 parameters, i.e., vapor pressures,
stationary phase density, and activity coefficient, are all
temperature dependent). Finally, to obtain infinite dilution'
activity coefficients, the solutes must be injected at quite low
concentration to avoid nonlinear 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'l'.) (9). Additional

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 controllers
and ovens of commercial equipment or designed their own
system. A nontrivinladvantage of the method is the possibility
of obtaining the solute-carrier gas virial coefficient by varying
the pressure drop across the column via a change in the now
rate (11). The retention time of a peak can be used to measure
the thermodynamic retention only when the peak is symrnetric
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 headspece
method is more readily amenable to the measurement 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: (I) rapid analysis of samples; (2) accurate
temperature control of snmples (better than ,1,0.01 'C); (3)
abiHty 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 designed is shown schematically in
Figure 1. In order to allow high sensitivity and analysis of
complex mixtures of gases, a commercial temperature pro­
grammed capillnry (macrobore) gas chromatograph was used
as the analyzer. Preliminary work indicated 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 commercial headspace analyzers transfer the sample
by over pressuring the sample and timing the flow of gas from
the sample chamber to the column. A vacuum 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
~L). Commercial headspace analyzers also employ some type
of septum which may be attacked by the solvent or imbibe
sample. This potential problem was avoided wherever pas·
sible, thus, with one exception, a system with only Klass or
metal components was designed.

Headspace analysis has a number of significant advantages
over the use of conventional classical measurement approaches
(13). First, the solvent need not be degassed nor must more
volatile impurities be removed since these can be easily scpo.
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fig•• 1. A achemaUc diagram of the experimental setup.

arated from the sample in the capillary column. Obvioualy,
the solvent muat be sufficiently pure that it, and not impurities
in it, establish the activity coefficient of the solute. This i88ue
is distinct from the pressure meaaurement problem involved
when there is a 8f1lall amount of a voJatile liquid in 8 much
less volatile solvent. Second, one can work at extremely low
concentrations and can simultaneously study several solutes
provided that they can be separated. In general, nonchro­
matographic methods for the measurement of activity coef­
ficients require a series of etudies to be carried out over 8

considerable range in composition and the data extrapolated,
sometimes over 8 wide interval, to obtain infinite dilution
activity coefficients. In contrast, the sensitivity and detection
capabilities of B chromatographic system are 8uch that one
can easily work at solute concentrations ~here Henry's Jaw
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 desired resolution. The
method requires much le88 ma.terial than recirculation stills
(14) and equilibrium can be established quite rapidly provided
the liquids are not excessively viscous since small cells (less
than 20 mL) can be ,used. A comprehensive review of a
number of nonchromatographic methods for the study of
vapor/liquid equilibria can be found in ref 16 and 16. Where
applicable, such techniques can have extremely high accuracy
and precision. The headspace method and apparatua de­
scribed here cannot achieve the same degree of certitude 88

the c1MSical methods. In contrast they are far le88 cumber­
some and can produce reasonably reliable data in far I... time.

The cbief drawbacks of headspace methoda in comparison
to dynamic chromal<lgraphic methods are the need to calibrate
the detector response, the requirement of detector linearity
over the range of concentrations to be studied, and the need
for information on gu·phase compres8ibilities to correct the
analytical data (peak area) to pre88ure.

This work describes an apparatua and the theoretical
correction factors which allow the convenient measurement
of a number of important vspor/liquid propertiea.

EXPERIMENTAL SECTION
Chemicals. n-Alkanes (n-pentane through n-decane) were

obtained from Aldrich Chemicol Co. Prior to use they were passed
through silver nitrate impregnated activated silica to remove
unsaturated hydrocarbons and stored over phosphorus pentoxide.
n-Octadecane (purity 99~) W88 obtained rrom Alfa Chemicol 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

Table I. Critical Dimen.ion. of the G.. Tran.fer Line.

inside
tranafer line diameter, in. volume, ~L

S-V3 0.01 16
V3-VI om '2.6
VI-V4 om 33
V4-V2 0.04 202
V3-GB om 26
V3-TC om 16
sample loop 0.02 20

were kept over molecular sieve (5 A). Ethanol and octanol were
Gold Label grade reagents rrom Aldrich Chemical Co.

Appar.tul. A schematic diagram of the experimental setup
is shown in Figure I. The hesdspoce ansIyzer W88 designed around
an Hp·5790A (Hewlett-Packard InRtrument Co.) capillary gas
chromatograph (GC), equipped with a gas sampling valve (V4)
and a four-port valve (V2). The gas sampling \'slve (V4) was
connected to &nother four-port valve (VI) (Model AH-6-CV-9H7A,
Valco Instrumehts. Inc.• Houston, TX) and to a I6-porl sample
selection valve (V3) (Model CSDt6T, Valco Instruments, Inc.,
Houston, TX). The valves are housed in two heated boxes at 8

temperature of 150 °C (:1::2 Ge). The sample cells are glass vessels
(volume ca. 12 mL) connected via glass-metal seals to 1/4 in. to
1/ 16 in. zero dead volume Swage10k stainless steel fittings and
placed in a water bath (WB), the temperature of which is con­
trolled by 8 PTC-40 temperature controller (Tronane Inc., Provo,
UT). The temperature of the water bath is constant with a
tolerance of :1::0.001 "'C. Temperature measurements were per-.
formed with a calibrated thermometer (ASTM·56C, Fisher Sci­
entific Co.). Two of the ports from the i6-port selection valve
are reserved for a thermostated cell (TC) (volume ca. 60 mL) and
a g.. bulb (GB). The thermostated cell is used for studies in which
an accurately known amount of 8 liquid can be added by means
or a precalibrated sutoburet (AB) (Model ABU-II, Radiometer,
Copenhagen, Denmark), Water is circulated around the thee­
moststed cell by a water pump (WP), immersed in the wster bath.
To hold standards, a large gas bulb of accurately known volume
is fitted with a "mininerC' Teflon valve for sample introduction
and a Teflon needle valve for evacuating the bulb. All gas transfer
lines are heated to ISO °C. Heating is provided by an insulated
nichrome wire heater. The gas transfer lines are 1/ 16 in. o.d.
precleaned nickel tubing (grade 200, Alltech Associates). Oi·
menaions of the transfer lines are listed in Table I. The transfer
line from the sample cell is inserted some distance into the cell
80 that vapor can be sampled from near the liquid surface. The
transfer lines from VI 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 (PC). A vacuum on the order of 0.5 torr of Hg can be
generated in 2 min. Atmospheric pressure is monitored by a
barometer (B) (Model G-4400, Gilmont Instruments, Inc., New
York). A high-pressure air tank is used to supply the necessary
pressure for the actuation of valves VI, V4, and V2. This tank
can also be used to pressurize the sample if necessary, by using
the m&n08tat (MT) (Model C-2200, Gilmont Instruments, Inc.,
New York) snd two needle valves (NV) (Type CPI, Parker
Fluidics).

Helium. which serves as the carrier gas, passes through a
moisture trap (MT) &nd an oxygen trap (OT). Hydrogen and air
for the flame ionization detector (FID) pass through a charcoal
trap (Model HC-2445, Supelco, Inc.). Precision pressure regu!awrs
(Perkin-Elmer Corp, Norwalk, CT) maintain a stable now 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 interrsced to an integrator (lG) (HP-3390A). Au·
tomation of the system is provided by a microcomputer (Me)
(Model TS·1000, Timex Corp.) interfaced to a controller board
(CB) (Model BB-I, Byte Back Co.). Valves VI, V2, the GC, the
integrator,-and the autoburet are actuated at precise time settings
by the computer. All reasonable precautions have been taken
to ensure stable and reproducible responses. This is essential
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where

m

In ,pi = (2Iv) L.yjRii - In Zmi, (6)
j-i

where I! is the molar volume of the mixture and ZmU is the
compressibility of the mixture. Z"", can be related to the viriaI
coefficiente by the equation

Zmi' = 1 + PBmi,1RT (7)

(8)

(12)

(11)Pi = CjRTZmis

Combining eq 9-11, we get

Pi = (Ail AGs)CGSRTZmi,

and Bmis is the mixture virial coefficient. Equation 5 along
with eq 6-8 Bre the basis for the thermodynamic correction
for the nonideality of gases.

Caa. 1: Uae or Gaa Standard. To apply eq 5 to the
headapace 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 Cj of sample gas by the equation

Ai = k V'oopCi (9)

and for the gas staudard (GS)

AGS = k VloopCGS (10)

where k is 8 constant response factor and Vloop is the volume
of the·sample loop. The partial pressure of i in the headapace
can be related to the vapor-phase concentration by the
equation

where Zmis is due to solute i, solvent, and the air present in
the headapace. Since CGS (known from the weight of standard
and volume of the bulb) is the analytical concentratinn of the
solute in the standard gas bulb, no assumption regarding
nonideality of gases in the standard is required. By definition
Pi = YiP, then eq 5 can be combined with eq 12

In "Ips = In (AiCGsl AGSXi) :r In (RTZmi,1 PiP) +
In (,piNt) - [v,'{P- P,O)IRTj (13)

F4uation 13 relates the activity coefficient of solute i to the
peak areas Ai and AGS when a gas standard of known com·
position is used.

Case II; Use or Pure Liquid Standard in Presence or
Air. The situation is much more complicated when the pure
liquid vapor ia used as the standard. For a pure liquid (LS)
in the preaence of air, the peak area will be

Al.S = k V'oopCl.S (14)

Combining eq 9 and 14 we obtain

fraction, and Ii' ia the fugacity of pur. liquid i. Similarly, in
the vapor phase, tPj is the fugacity coefficient, Yi is its mole
fraction, and P is the total pressure. For pure i

It = Ptfi>t exp[v.'<P - Pt)/RTj (4)

where tP/~ is the fugacity coefficient of pure i which corrects
for the deviation of the saturated vapor pressure, PiG, from
ideal gas behavior, the exponential term accounte for the effect
of applied pressure, and Vjl is the molar volume of pure liquid
i. Combining eq 1-4, w. obtain eq 5 (18)

In "Ii = In (YiPIXiP,) + In (,pil,pt) - [vi(P - Pt)/RTj
(5)

Gas-phase fugacity coefficients ,p, can be approximated at low
pressure by the virial equation of stale truncated after the
second virial coefficient

because high anaIyticalaeeuracy and precision are needed to detect
the small differences in the thermodynamic measurements of
interest.

Sample PreparatioD. For the measurement of the vapor
pressure of a pure liquid, approximately 2 mL of the liquid is
transfened 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 "mininerf' valve. Weighing accuracy was
better than 0.01 'f•. To avoid 1088 of volatile hydrocarbons (e.g.,
pentane) the 88mples were kept in 8 refrigerator. Rapid con·
densation (solidification) of n·octadecane at room temperature
(ca. 25 °C) prevents the use of a gaslight syringe for transferring
such samples. During transfer, the closed samples in octadeeane
were melted in a water bath and about 2 mL of the stock is
immediately transferred to a headapace vial by uaing 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
lest 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
resulta with the more volatile solutes.. Other binary mixtures were
also prepared by weighing the components in a gl88s vial fitted
with a "mininerC' valve.

For the study of the vaporjliquid equilibria of the dioxane­
acetonitrile system, one of the components waa 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 heaclspace was
sampled for GC analysis.

Procedure. Sampling Procedure. To sample the headspace,
the transfer lines VI to V2 are evacuated. for 2 min and then valve
V2 is closed and VI is opened for 30 s to allow the sample vapor
to fill the 2()."L sample loop ohalve V4. Valve VI is then closed
and the gas sample is immediately injected into a wide bore high
capacity fused silica capillary column (HP Series 530 IJ 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 foUaws: He flow, 21.4 mLjmin; 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 °Cjmin.

Standard Preparation. Details of the standard preparation
and calibration procedure have been described elsewhere (J n.
Briefly, gas standards (multicomponent or single component) are
prepared in a large (-12 L) gas bulb (GB), of precisely known
volume, by injecting a known weight of standard sample and
allowing it to evaporate completely. The weight of the liquid must
be low enough to avoid saturation 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 calibration.
Both techniques are applied whenever necessary. Experimentally,
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
nonidealityeven though in most cases the corrections are small
«10%). .

At equilibrium, the fugacitiea of any solute must b~ equal
in the liquid and vapor phases

Ii = It (1)

At a given temperature the fugacitiea in the liquid and vapor
phase are functions of only the composition, concentration,
and presSure as followa:

Ii = "IiXJt (2)

N' = fi>iYiP (3)

where 'Yi is the activity coefficient of species i, Xi is its mole
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Ci = CLSAJALS (IS)

Table 11. Effcct of Sample Residence Time on Peak Areas

Table ]11. Effect of Volume of the Sample Vessel on the
Peak Areas ot n-Hcxane in Vapor/Liquid Equilibriumo

1934
1947
1922
19GO

:1l14
3105
3107
3124
31·12
3144

3123 uv

0.5% RSD

peak area X 10-3•
arb. units

c 0 06

peak area X 10-3, orb. uniLs

volume ratiu
vapor jliquid

11.00
1.00

80.00
1.7

n b 0

12.00
12.00
81.00
81.00

o
7

15
30
60

300

residence time: s

1.00
6.00
1.00

30.00

volume, mL

liquid sample total cell

• Sample is the vapor above air-saturated n-hexane at 25 ·C.
Transfer line temperature is 150 ·C.

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; 8 ballast volume the same or less
than that of the transfer line showed almost no transfer «I '!'o)
of the gas aample.

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 noL 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 w~en the volume of the vapor

",'"
~~~-::--"---~-~,,-o. ...

Z 50 00 zoo 400
VI OPENIN:3 TIME (SfC)

FIgure 2. Peak area of pentane (0). hexane (V), and octane (0) as
a function of Vl opening time; s~utk>n, ca. 10-3 M each in n-octa­
decane at 30°C.

1940 av

0.73% n..C;O

·Split vent flow, 385 mLjmin; column. 12 m O.llJm methyl "ili­
cone. In another experiment, the vapor pressure of toluene was
measured in a 12 mL, 30 ml. (stainless steel), and 8 81 ml. sample
vessel. The values of pO obtained was in excellent agreement with
the literature value with a relative accuracy beller than 1%.

(16)

We know

where Pi· is the vapor pressure of the liquid in the presence
of air and Zm[l· is the compressibility under the same con­
ditions. The compressibilities Zmh: and ZmiJ* refer to the
sample condition and not that in the sampling loop. Com­
bining eq II, 15. and 16. we obtain

Pi = Pio(AJALSHZmi,/Zmi.0) (17)

To obtain Pi·, we must consider the vaporlliquid equilibrium
of the liquid standard in the presence of air. ]f we assume
that the solubility of air in the pure liquid is negligible, then
for pure liquid

(;' = I;" = P;"4>io exp[v/(P - P;")/R71 (18)

For the vapor phase

Ii = 4>ioPio (19)

where Pi- = YiP and tjJj* is the fugacity coefficient of pure vapor
in the presence of air. Combining eq 18 and 19 we obtain

po = P;"(4);" /4>io) exp[v,'(P - P;")/R71 (20)

Equation 20 corrects the true (aaturated liquid vapor) pressure
(P,O) to that which should be observed in the presence of air
at total pre88ure P. Combining eq 5, 17, and 20, the activity
coefficient based on 8 liquid standard can be calculated as

"YiLS = (AJ ALSxiH4>J4>ioHZmi,/Zmi.0) (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 ¢i!tfJj· and Zmil/Zml.· 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 understand we have 88Sumed the detector
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 Experiments. 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 asaesaed. AB shown
in Figure 2, transfer of the sample to the aampling valve is
almost instantaneous and does not change by more than 0.5'10
when VI is open from 5 to 300 s. This indicates that the gas
aample moves very rapidly into the transfer line. It is poasible
to calculate the linear velocity of a gas, when there is a pressure
difference (I atm in this work) between valve VI and V2 by
using the POlseuille equation. Such calculations. show that
flow at a rate of ca. 500 ~L S-I through a O.OI-in. i.d., 135 cm
long tube will require O.ls to reach the other end of the tube.
We have chosen 8 30-60 s VI open period for convenience.
Once the gas sample is in the transfer line, Le., when VI and
V2 are closed, there should be no movement of the gas by
diffusion or by pressure variation. This was confirmed, Le.,
the peak area did not change by more than 0.5'10 as a function
of residence time (see Table II). Figure I and Table II show
that a representative 88D1ple of the gas phase is in the aample
loop.

It is also critically important that the ballast volume, i.e.,
the volume between V4 and V2 (202 ~L) be sufficiently large
compared to the sum of the volume of the transfer line and
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...;'r----,---------,

o I~ 2.0 Z5 y;)

RUN NO.

F1gwe 3. Effect of temperatl..r8 var1aUon of the transfer line between
sample and oven on the peak areas of p....e octane vapor: temp. (a)
33 ·C, (b) 77 ·C. and (c) flushed at 77 ·C. Each point (e) indica....
8 single run,

1\
f '

10

4(J

468.2 464.5
465.2 464.2
463.1 463.9
467.3 463.9
463.5 464.6

465.5 464.2

e/o RSD 0.43 0.07

G Time between runs varied from 3 to 22 min.

Table IV. Effect of Repressul'ization with Air on the
Sample Peak Arca of OctaneG

peak area X 10.3, arbitrary units

no air readmitted air readmitted

Table V. Perturbation or Vapor/Liquid Equilibrium or
n·OctaneG

peak mLof peak
mLofair area x lOS, headspace area x 10.3,

injected arh. 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

aSample volume and headspace volume are 2 and 10 mL. re­
spectively, with 3 to 5 min interval bet.....een runs.

Table VI. Port to Port Reproducibility or Multipart
Selection Valve

peak area X 10-3, peak areo x 10-3•

port no. of hexane port no. of hexane

38.11 13 3841
3636 15 3836
3879 16 3B68
3803
3833 QV 3840

3836 % RSD 0.54

sampled is nearly equal to the headspace volume. In the
present apparatus only 20 ~L of the 25O-~L gas sample is
injected onto the column. Since the total volume of gas
sampled is insignificant compared to the headspace volume
(l~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 cetl 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 fmal preliminary check of the system, the temperature
of the transfer line from tbe top of the sample cell to the
bottom of the valve box oven was varied while the rcst of the
transfer lines were maintained at ISO °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

disconnected and a vacuum applied to the tubing until no
octane poak 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 exc~lIent agreement
with the literature value (Olo error = -{).20/0). To avoid ad­
sorption and condensation problems, we have used precleaned
nickel tubing and a transfer line temperature of 1l~150 ·C.
At this elevated temperature, the tubing must be carefutly
thermally insulated to avoid temperature nuctuations in the
water both. It should be noted, however, that one of the
functions of the ballast volume is to draw enough sample from
the cell 80 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 (A;) to that of the gas standard (Acs>
are listed. At least three different concentrations of gas
standards were used for calibration. For example the highest
AdAGS 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-<1 M) was prepared. This calibration
yielded a straight line through the origin (intercept = (0.035
± 0.025) X 10-' 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 pressure and the volume of the sample
loop (20 ~L). the upper limit of the dynamic range is never
reached in headapace analysis. Therefore. the detector (FID)
is never "overloaded" in this work.

It is clear from Table VII that the precision of tbe mea­
surement (% RSD) is considerably better than is the accuracy.
Because the gas phase is nonideal and the measurements are
made with air in the sample cell, eq 20 was used to correct
the observed vapor pressure. The primary data heeded for
correction of the observed vapor pressure are the second virial
coefficient, BII , for the pure compound and the cross·virial
coefficient, 8 12 , where 2 is the co-gas, which is primarily ni­
trogen in this case. For nonpolar hydrocarbons B11 and 8 12
can be calculated from the correlation of Pitzer and Curl (19).
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Table VII. Mealured Vapor Prellure or Pure Liquid. at 298.16 K

p' (Upll), p. (con),' pO (Anloine): 'loeum

compounds A;/AGS' aIm ,"0 RSD60 aIm aIm cxptl-Ant. corr-Ant.

pentane 38.60 0.6890 0.1 0.6798 0.6743 +2.2 +0.8
hexane 3.80 0.2043 0.3 0.1992 0.1990 +2.6 +0,1
heptane 11.37 0.0603 0.2 0.0588 0.0601 +0.3 -2,1
octane 6.92 0.0183 0,1 0.0179 0,0183 0.0 -2.1
benzene 12.56 0.1255 0,4 0.1231 0.1252 +0.24 -1.7
toluene 2.28 0.0374 0.6 0.0366 0,0374 0.0 -2.1
nitromethane 2.04 0.0470 0.3 0,0464 0.0469 +0.21 -1.0
acetunitrile 3.99 0.1176 0.4 0,1145 0.1136 +3.5 +0.8
methyl ethyl ketone 6.87 0.1219 0.3 d 0,1187 +2.7 d
dioxane 4.02 0,0459 0.3 0,0451 0,0463 +0,8 -2.6
ethanol 2.96 0.0812 0.2 d 0,0788 +3.0 d

"Peak area fatio of sample to ga8 standard for the highest gas standard cnncenlratioru•. b Percent relative standard deviation ur ot Icast
ten me8iurements. r Corrected experimental vapor pressure using eq 20. II Accurate 8 12 values were not availahle. r Antoine values ohtained
by using Antoine constants A, B, and C (22).

Table VIII. Me..uremenl or Infinite DlIutioD Activity Coefficient of Some n-Hydrocarbonli in n-Octadecanc at 303.16 K

compounds (;) A;{AUJ' x, l,'" % RS[)I l,"( l,"'d (lit.) % error

A. MiJ:lures of all Solutes + n-Octadecane

pentane 0.0157 0.0195 0.805 0.12 . 0,817 0.854 -4,2
heune 0.0140 0.0167 0.838 0,36 0,845 0.869 -2,8
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 MiJ:lures of One Solute + n-Octadecalle

pentane 0,0151 0,0191 0.794 0.13 0.805 0,85-1 -5,7
henne 0.0125 0.0151 0,831 0.18 0,844 0,869 -2.9
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' -1.2

• Peak areu ratio of solute; to the liquid atandard. 'Uncorrected valuefl based on 1',• .c Aj/{AI.'\~i). 'Thermodynamically corrected values
(eq 21). "See ref 23.• Extrapolated value obtained from a plot of In It vs. carbon number. 'Percent relative standard deviation of replicate
run~. A minimum of 13 replicate analyses ia included.

and the neceS88J'y values for critical constants are obtained
from Ihe literature (20). Although it is more difficult to
estimate the second viria1 coefficient of polar gases, empirical
correlations have been established (21). The agreement be­
tween experimental values and values using the Antoine
equation (22) is excellent and the overall absolute error i. 1.2'10
in comparison to that between corrected and Antoine values
(1.7%). Therefore the correction factors are smaH for no­
nassociating compounda (i.e., hydrocarbon) and somewhat
larger for strongly associated compounda. However, for many
practical purposes, the thermodynamic correction factor can
be neglected. Although we have taken the Antoine equation
vapor pressure (PO) as the correct absolute value, occasionally
the literature values for po can deviate as much 88 6% from
the Antoine value. Therefore it is important to measure the
vapor pressure of pure componenta for any vapor/liquid
equilibrium studies.

Inspection of Table VII doea not indicate any correlation
between the accuracy of the measured vapor pressure and the
ratio of sample area to standard area. This Bubstantiates our
belief that detector nonlinearity is not the dominant source
of the reBidual anBlytical error.

The present technique for the measurement of vapor
presaure ia only limited by the lower limit of the FlO's dy­
namic range, in other words, the vapor pressure of a liquid
that can be measured (with a 2o-~L sample loop) for which
the Bignal ia at least three tim.. the atandard deviation of the
background which amounts to ca. 3 X 10-7 atm for decane.
For leaa volatile Iiquida one can use a large sample loop, but
care must be taken not to perturb the vapor/liquid equilib­
rium by withdrawing excessive amounts of sample. For low
volatile liquids, conventional vapor pressure measurements

are difficult due to the removal of all gases llnd isomers of
similar volatility. Headspace techniques are nut subject to
such problems. They are very flexible and limited only hy
the ability to accurately standardize the system.

Direct Measurement or Infinite Dilution Activity
Coefficients. Since we were able to meRsure the vapor
pressure of pure liquids; the measurement of infinite dilution
activity coefficient h·) of solutes was also assessed. The
results are compiled in Table VIII. In Table VIllA Ihe 'Y.
of several alkanes (n-pentane to n-octane) in n-octadccane are
given when all solutes were present as a mixture in the solvent
at the indicated mole fraction. In TBbie VIIIB, the 'Y. of some
solutes are given for binary mixtures of that solutc and fl­

octadecane. All 1'. values are obtained with a relative precL'iion
better than 1%. Thermodynamically corrccted "'( ... are ob­
tained by applying eq 21 based on pure liquid standards uf
the solute. Because the detector linearity has been checkcd
for n-hydrocarbons (17) over a wide range of concentration
and the vapor pressures of n-hydrocarbons have becn mea­
sured with excellent accuracy us-ing 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 thert!forc 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 1'. compared well to
values calculated using the Flory-Huggins equation where the
interaction parameter was taken to ~ a linear function of the
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Table IX. Infinitely Dilute Activity CoeCficienti or Some Other Binary Mixture.

solute solvent temp, K ..,r- ..,t(lit.) % error rer

benzene toluene 298.16 0.984' 0.99 -{l.6 26
benzene methanol 303.16 7.17 7.18& 26
benzene water 303.16 2402' 2422 0.8 27
toluene methanol 303.16 9.97 10.8 26
toluene octanol 298.16 2.11 2.19 -3.6 24
acetonitrile dionne 298.16 1.52O'~ 1.542 -1.3 25
dioxane acetonitrile 298.16 1.31()'~ 1.330 -1.5 25
nilromethane octanol 298.16 8.58 8.52 +0.7 24

1II Baa.ed on pure Liquid standard using -rt = A;j(AuXi)' II Temperalure was 308.1 K. tThermodynamic and analytical corrections based on
eq 21 were applied. aValucs obtained from extrapolation of -rt as Xi - O.

volume fraction of the solute. Using the same equations the
ratio for pentane .,..-VlIlIAI/'''''-VIIII(B) was found to be within 1%
of the calculated values. Because the error in "y. is the largest
for pentane, we attribute Ihis to Ihe 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 10-3 can he easily mea·
sured by headspace capillary GC, but difficulties in tbe ac­
curate preparation of the sample, due to the high volatility
of the solutes, limits the technique. However, literature values
show 'f/r"to be greater than 1.01 wben the mole fraction of
solute exceeds 0.04 and 0.05 for pentane and hexane or hep­
tane, respectively. Therefore, our l' values are essentially in
the infinite dilution region. The results show that 1'. 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 "y. values for a variety of solute--solvent
systems can be studied. The agreement between measured
and literature values is excellent. Thermodynamic and ana­
lytical corrections for some of the systems could not be done
because B1I and B I2 values for those systems were not
available. It should, however, be remembered that both
thermodynamic and analytical correction terms become im­
portant when "y. is close to unity.

We have also meosured oy. for a series of n-alkylbenzenes
(benzene to n-butylbenzene) in a series of methanol-water
mixtures (28). For this system the mole fraction of n-alkyl­
benzenes ranges from 10-3 in pure methanol to lW:O 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 "Y. (which is the quantity
related to the excess free energy of solution). Even at very
low mole fractions of the alkylbenzenes (ca. 10-<-10-7) in
water-rich mixed solvents, the gas-phase concentration of the
solute is high enough to measure peak oreas 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, it is possible to
measure 1'. quite accurately and simultaneously for a number
of solutes in a single solvent (volatile or nonvolatile) as long
as solute-solute interactions are negligible in comparison to
the 6Olule--solvent interactions, essentially in the Henry's law
region. Work is under way (29) in this laboratory to measure
"'Y. of six Rohrschneider solutes (3) in a large number of
solvents and compare Ibe results with Iheoretically obtained
values (30).

Vapor/Liquid Equilibria of p-Dioune-Acetonitrile
MIxtures. Headspace GC has been applied to 8Olu~lvent

0.'

0.'

,..- 0.3

=
0.' y

0.'

0
0 '.0

Figure 4. Activity coefficients ¥s. mole fractJon 01 dioxane (0) in
dioxane-acetonitrile te) mlxtW"B at 298.16 K.

Table X. Second Virial Coefficients (ems mol-I) of
Dioxane-Acetonitrile-Nitrogen Systems at 298.16 K

dioxane acetonitrile nitrOGen
(I) (2) (3)

dioxane (1) -1717 -2734 -159
acetonitrile (2) -2734 -3713 -140
nitrogen (3) -159 -140 -4.34

systems that show both positive and negative deviations from
Raoult'slaw, 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 "Y. This system is nearly an ideal mixture.

The measured oy of p-dioxane (component 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 Zmil of eq 13. From
eq 7 it can be seen that Zmi.. is related to B'l and "he mole
fraction of the components in the gas phase. For dioxane­
acetonitrile and nitrogen (component 3) in the gas phase, Bmi<.
can be written as

Bmi.. ;;; Yl2B Il + ylB22 + ylR33 + 2YIY2B12 +
2)',y,B13 + 2y,)',B" (22)

The second virial coefficients Bil and Bjj are listed in Table
X. In the intermediate composition range, all terms in eq
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Table XI. Comparison of Activity CoefOcient of
Acetonitrile in Diounc Ba~ on Liquid and Gas Standard
.t 298.16 K

XCH,cN y(GS)' -Y{LS)' I%~I' y (iiI.)

0.7186 1.051 1.074 2.1 1.0~1

0.6lJ37 1.092 1.116 2.1 1.067
0.5021 1.136 1.161 2.1 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 2.2 1.419

o.ol------70E--------j
~

-]= -0.2

-0.4 -Based on eq 13. !tBased on eq 21. tl~%1 = I(Yr.s - "Y1.sl/oyu, x
1001·

0.2 0.4 0.6 Q.8 1.0

Mole F,actlon of Dioxane

FIgure 5. Test 01 thermodynamic consIstency of dioxane {O)-seeto­
nllrUe (e) system by using the Glbbs-Ouhem equation (eq 23).

21 are significant. To calc~late Zmil' B jj and !Jij have to be
known accurately while the gas-phase composition is aceu·
fately measured by the use of hcadspace GC. Since no ex·
perimental values of Bi; and Bjj 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 onc 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 Zmir.. Since
4Jj is also related to Buand Zmi., similar conclusions can also
be drawn for the third term in eq 13, altbough in the term
t/J;/¢jO some of the error! cancel. Comparing the second and
third terms in eq 13, the second term is larger than the third
term, Note, however, the correction tenns become somewhat
significant when "y of the solute approaches unity. This is one
of the reasons why acetonitrile-dioxane is a good test system;
another is that the "y values llre not very variable «40%) over
the entire composition range.

The data in Figure 4 have been tested for thermndynamic
consistency by using the integrated Gibbs-Duhem equation

ISo In l1'II1',) dx, = 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 "y. values are in excellent agreement with the lit­
erature values (see Table IX) and none of the l' values at other
compositions are more than 5% in error. It is well-known (33,
34) that if accurate "y. are available, the two parameters in
ex~ressiol19 for the excess Gibbs energy, i.e., the van Laar (35),
W,lsoll (36), and UNIQUAC (37) equations can be ohtained
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. Ba.'led on the two sLandards,
the "y of acetonitrile and dioxane are compared in Table XI.
The two standards are in good agreement (2%) considering
the different nature of the correction terms involved. Finally,
we conclude that in the middle composition !'ange. accurate
l' values for systems in which both solute and solvent are
volatile can be obtained if accurate experimental B jj and B jj

values are obtained.
In view of the excelJent 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

involved. Work is under way to achieve that goal.

CONCLUSION
This work shows that headspace gas chromatographic

methods can be used for the precise « I %) and accurate
(typically 3%) measurement of vapor/liquid equilibria in a
wide variety of systems (pure component. vapor pre.ssure,
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 nonideaJ mixtures). ­
Operationally the methndology is quite rapid and flexible. It
does not have the extremely high accura.cy «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
systems and establishing experimental data bal:les for cocre·
lating molecular properties (30).
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Determination of Chlorinated Benzenes in Bottom Sediment
Samples by wcor Column Gas Chromatography

F. I. Onuska· and K. A. Terry

National Water Research Institute, Canada Centre for Inland Waters, Burlington, Ontario, Canada L7R 4A6

EXPERIMENTAL SECTION

Table J. Standard Mixture. Uacd (or Quanlitalion

Both blank and environmentally contaminated sediments were
investigated to study recoveries.

The efficiency of the extraction techniques for recoveries
was determined by using open tubular column (WCOT) gas
chromatography and electron capture detection (ECD). All
chlorinated benzenes can be detected in bottom sediment
samples at low microgram-to-kilogram levels. Before applying
this methodology to bottom sediment samples. the methods
were validated for accuracy, precision, and minimum delection
limits for individual chlorinated benzene isomers.

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 ubtained from RFR Corp.,
Hope, RI. The specific isomers and their concentration in these
solutions are given in Table I.

It should be noted that the concentrations of dichlorobentenes
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 Pc) was spread

mixture 2,
pg/.L

25
25
25
5
5
5
5
5
5
5

10
1
5

mixture 1.
isomer pgl jJL

1,3·dichlorobenzene 100
l,oJ·dichlorobenzene 100
1,2-dichlorobenzene 100
1,3.S·trichlorobenzene 10
1,2,4-trichlombenzene 10
1,2,3·trichlorobenzene 10
1,2,3,S-tetrachlorobenzene 10
1,2.4,5-tetrachlorobenzene 10
1,2.3,4·tetrachlorobenzene 10
pentachlorobenzene 10
hexachlorobenzene 10
hexachlorethane
hexachlorobutadiene

An Integrated anatytJcal procedwlt lor determining chlorinated
benzene conlamlnanls that enables quanlHatlon 01 individual
Isome.. as low as 0.4 jlg/kg In sedlmenl samples has been
cleveloped. Preparation of the sample can be performed by
uslng one 01 t1v.. technlq..... namely. So_t extraction and
ultrasonic eJ<1ractlon or steam distillation. Chlorinated benz·
enes are then cheracterized and quantHled by open tu~ular

column gas cltromatography with electron capture detecllor_
Recoveries ollndlvldual cltlorlnated benzene iIomefS at t1v..
cIHIerenl levels Irom two cIHIerenl types 01_. one low
and one high In organic mailer. were evaluated. AIlhough al
threo methods are quanlHatlve. the ateam dl8lJ1latJon method
was found to be the mOlt efficient for the determination, In­
solar as time and slmplleHy are concerned. Data presented
Indicate that detection IImHs 01 this method are 0.4 to 10
jlg/kg 01 Individual chlorobenzene isome... Chlorobenzene
recovery from boUom sediment sample. at concentration
levels between 1 and 100 jlg/kg Is 86 ± 14%.

The occurrence of chlorinated benzenes in environmental
systems has created concern about environmental chemicals,
regarding the fate and transport of these contaminants 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 Ions annually in the United States (1). Infor­
mation on their wxicity (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 reporta 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 ~bjective was to evaluate the
efficiency of the exhaustive steam distillation method (9) VB.

Soxhlet and ultrasonic extraction followed by centrifugation.

0003-2700J65/0357..()801$Ol.50JO Cl 1985 American Chemical Society
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NIElSON- KR"l'GER DlSTUATIQN
APPARATUS

Flgur. 1•. Nielson-Kryger steam dlstllaUon apparatus with an a(i.
sorption adaptor.

evenly in a large ahallow gless dish and allowed to eir-dry at room
temperature in 8 contaminant--free ares. The sample was stirred
and mixed ocxasoiona1ly during drying to break it into .ma11 pieces.
Thia proceas was continued until the sample appeared visually
dry and free flowing. The dried 88IDple was then manually ground
to a fine powder with 8 mortar and pestle. This homogenized
sample W88 used as 8 blank becaU&e it contained no chlorobenzenes
as was det.ermined by the analysis.

Two environmentally contaminated sediment. were used:
Hamilton Harbour (74.6% weter) and an EC-2 sediment 88lDple.
The EC-2 sample was a mixture of the Hamilton Bay sediment
and 8 Lake Ontario sediment was used 88 8 standard reference
(2).

Splkin, Procedure. Ten grams of blank sediment was added
to the utraction vesaelj 10 mL of organic+free water was added
to wet the aample. The appropriate spike was then added and
the sample swirled to mix it 88 evp.nlyas posAible. The vessel was
then .ealed and ellowed to equilibrate for 10 h.

Similarly, 10 g of wet sediment from Hamilton Harbour W88

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 elaewhere (10). Equilibration time was 10
h.

Apparalu.. Soxhlet Extractor. The apparatus includes a
500-mL round·bottom flaak, heeting mantle with variable voltege
control, Soxhlet extractor (l()(~mL capacity), and a Liebig
water·cooled condenser.

SonifierlCeli Duruplor. The apparatus, from Ultrasonics Inc.,
MOdel W-350, includes the following: power .upply, 120 V, 5 A,
60 Hz, output power 350 W to the converter, frequency of 20 kHz,
continuous and intermittent duty cycle; com'erter with 95%
efficiency in converting electrical energy to mechanical vibrations
(20 cm long X 62.5 mm diameter); Sonabox enclosure for de­
creasing cavitation sound; hom, standard distruptor horn of ti·
tanium aUoy (17.5 em long X 19 mm diameter) and high gain
diaruptor hom (6.25 an X 19 mm diameter); cooling bath, ground
ice in a 1-L beaker; centrifuge, 2000 rpm at 10°C by Intemation
Refrigerated, Model PR·6, or equivalent.

Steam Duti/Iotion ApporotlU. A Nielson-Kryger di.tiJlation
apparatus aveileble from ACE Gless Co., Vineland, NJ, W88 used
with a Tenax trap made from a disposable pipet with silanized
gless wool plug and epproximately 1 g of BO/IOO me.h Ten..
followed by another short silanized glass wool plug as shown in
Fieurel.

Estraction at Bedimenu. (1) Soxh/et Extraction Method.
A 25-mm layer of solvent extracted Celite was placed in an ex-

traction thimble. A 10 g equivalent of sediment was placed over
the Celite. A 300 mL volume of n·hexane-acetone (1:1) pluo 50
mL of 2,2,4·trimethylpentane (iaooctane) and .ome 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 witQ 2 x 25 mL n-hexane
rinsings to a l000·mL separatory funnel. One hundred milliliters
of organic·free water was added and the separatory funnel was
shaken lightly. The aqueous layer was transferred to a 5OO·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
anhydrous Na:zS,O. in a suction fUtration funnel.

The lOOQ-mL sep81atory funnel was rinsed two times with 25
mL of n·heune and the extract was passed through the anhydrous
Na~O•. 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 FlorisH column chromatography
cleanup. The standard FlorisH column cleanup procedure was
used for Soxhlet extracted samples. Since the samples were
analyzed solely for chlorinated benzenes, only the 200 -IIlL of
n-hexane eluate was collected and concenlrated in a rotary
evaporator. [sooctane (10 roL) was added as a keeper before the
preconcentration step by rotary evaporation in each extraction
method. In addition to the FlorisH 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 column gas chromatography and electron
capture detector (ECD).

(2) Ultrasonic E:rtraction. A 10-g dry weight equivalent of
sediment was plaoed in a 200-mL centrifuge bottle. Approximately
160 mL of n-heuno-acetone (1:1) was added to the sample. The
bottle was then placed into an ice bath on an adjust.able stand.
The purpose of the ice was to minimize losses by volatilization.
In areas where the sediment was badly contaminated with sulfur,
the use of mercury was necessary and was added to the final
organic extracL The sample was then sonified for 3 min at 50%
duty cycle and output 5, with the mouth of the boltle butted up
againat the base of the horn. After this time, the horn was rinsed
with 2 mL of hexane-acetone into the extracL The bottle was
then capped and centrifuged at 2000 rpm at 10 ·C for 3 min. The
solution W88 then decanted into a l000·mL separawry funnel
where 100 mL of organic-free water was added to the comhined
extracts and shaken for 1 min with venting at 2O-s intervals. The
aqueous portion was drained into a secondary separatory funnel
(500 mL capacity) and extracted with two 60·mL portions of
benzene. The combined organic extracts were dried through a
5-cm column of anhydrouo Na,sO. in an Alihn mter into 8 500-mL
round·bottom flask. Vacuum was appJied only after all of the
solvent had apparently passed through. The sample was con­
centrated to 5 mL of isooctane by rot.ary evaporation at 35-40
°C under aspirator vacuum.

(3) Steam Distillation. An equivalent of 10 g of dry sediment
was weighed and quantitatively transferred into a lOOO·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 g1aaB wool which was then joined to the
flask on the top of the condenser as shown in Figure I. An asbestna
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 condense the steam containing the volatile
organics. After 3 h, the hexane was drained out from the with·
drawal tube by opening the stopcock. The n-hexane was dried
through sodium sulfate. The Tenax column was washed with 10
roL of n-hexane and was combined with the dried n-hexane from
the condenser. This volume was made up to 10 mL with i.sooctane.
No cleanup or FJorisil was required, but if sulfur cont.amination
W88 evident, mercury was added to the extract.

G.. Chromatneraphic A....ly..... All GC/ECD analyses were
performed with a Varian Vista 8000 gas chromatograph equipped
with the .plitl... injector as described earlier (2). We used open
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Table JI. Retention Times, Relative Retention Times. and
HeSPODR Facto... lor Chlorinated Benunes OD Carbo"as
20M WCOT Column-

resporae
chlorobenzene retention rei retention conen, factor,

isomer time,min time pg/pL counta/pg

1,3·di· 5.90 0.227 25 290
hexachloroethane 6.21 0.239 1 690
I,~·di· 6.52 0.251 25 155
1,2·di- 7.42 0.266 25 135
huachloro- 7.82 0.301 6 355

butadiene
1.3,S·tri- 8.06 0.310 5 1010
1,2,4-tri- 11.17 0.430 6 1070
1,2,3-tri- 13.29 0.512 5 1205
1,2,3,S-tetra- 14.72 0.567 5 1690
1,2,4,5-telra- 15.02 0.578 5 1440
l,2,3,4-tetro- 18.28 0.704 5 1650
pentachlorobenzene 20.82 0.802 5 1965
henachlorobenzene 25.97 1.000 10 1900

"Column and cunditions described in the Lext earlier using
Hewlett-Packard instrument.

- Data were ealeulaLed from (our replicate samples using cool
on-column injection.

Table III. Replicate An.IYles or Chlorinated Benzenes in
EC-2 Sediment, Sample Estracts and Their Minimum
Detection Limits-

tubular column chromatography and 50 m x 0.25 mm i.d. Car­
bowax 20M coated on fuaed silica capill8Jy (d, = 0.2 pm) having
207000 effective plates for hexachIorobenzene as h' = 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 prol,'1'amming to 180 °C at 4 DC/min. The final
temperature was held for 5 min. The injector temperature was
200 DC, the detector temperature was 350°C, and the flow rate
of :\.2 mL/min was employed to sweep the septum. The detector
makeup gas was nitrogen at 30 mL/min. Splitless time was 35
s.

Quantitation and Data Collection. Data were reported on
a Spectra Physics reporting integrator, Model SP-4100. The

",.

figura 2. ~_ 01 cI1IoMalad benzanes 00 !he Carbowax 20M
WCOT colutm (50 m X 0.25 mm I.d.): colutm al 75 ·C '01' 2 min
programmed at .. GC'''''' to 180 GC and held at ftnaI temperalu'e 'or
5 mln; attenuator at 64X.

WCOT column chromatographic peaks were identified by using
a method of relative retention time matching (RRT). This also
allowed summing ..l~ peak .........ignable to the homologues
of chlorinated benzenes similar to the method reported for the
quantilation of PCBs (I3).

RESULTS AND DISCUSSION
A gas chromatogram of the chlorinat.ed 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 i. linear over 3 orders
of magnitude. A chromatogram showing an EC·2 681Dple
extract is given in Figure 3 and quantitative results are pro­
vided in Table 1Il.

The minimum detection limit (MDL) for chlorinated
benzenes at 3:1 SIN and attenuation of 32X correspond. to
approximately 15 pg for dichloroben7.enes and approximately
between 0.4 and 1.0 pg for the remaining chJorinat.ed benzenes.
Calculated minimum detection values (MDL) are given in
Table 1Il.

MOL, pg/kg

1.5
0.7
1.0
0.8
0.8
0.5
0.5
0.5
0.4
0.4

amt found,
pg/pL

4.7 ± 0.1
20.6 ± 0.3
7.1 ± 0.1

12.3 ± 0.1
0.9 ± 0.1
1.7 ± 0.1

23.8 ± 0.2
13.7 ± 0.2
20.9 ± 0.2
93.8 ± 0.3

199.5 ± 1.7

1,3·di·
hexachlorobutadiene
1,3,5-tri-
1,2.4-tri-
l,2,:\-tri­
l,2.3.5-tetra­
l,2,4,5-letra­
1,2,3,4·tetra·
penta-
heu-
total

chlorohenzene

Table IV. .Recoverie. of Chlorinated Benzenes from Lake Superior Sediment Usinl SOJl:hlet EKtractlon

chlorinated. benzene spiked conen, recovery, RSO, spiked. conen, recovery, RSO. spiked conen, recovery, RSO,
isomers "gIg % % "gIg % % pg/g % %

1,3-dichlorobenzene 1000 55.4 0.3 100 48.1 1.2 10 34.5 4.3
l,4-dichlorobenzene 1000 53.9 0.7 100 50.2 1.2 10 37.3 1.5
l,2-dichlorobenzene 1000 54.1 0.6 100 54.0 0.7 10 49.8 1.6
l,3,S·trichlorobenzene 100 67·.9 15.8 10 68.0 10.8 I 54.0 9.3
l,2,4-triehlorohenzene 100 69.7 13.6 10 67.0 5.3 I 66.0 12.9
1,2,a·trichlorobenzene 100 72.0 14.2 10 73.0 6.9 I 43.0 15.6
1,2,3,S-tetrachlorobenzene 100 69.9 9.8 10 73.0 U.S I 48.0 11.0
1,2.4,S-tetrachlorobenzene 100 69.4 12.2 10 71.0 12.2 I 47.0 12.3
1,2,3,4-tetrachlorobenune 100 71.7 10.1 10 77.0 6.0 I 46.0 8.7
pentachloroberuene 100 73.3 9.0 10 79.0 3.4 I 46.0 7.8
hexachlorobenz.ene 100 78.2 8.9 10 81.0 2.9 I 58.0 1.7
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Table V. Reeoveriea or Chlorinated Benune. trom Lake Superior Sediment V,ia, Ultr••onic ExtnclioD Method

chlorinated benzene spiked conen, recovery, RSD, spiked conen, recovery, RSD, spiked conen, recovery, RSD,
i50mers pg/g 'lb 'io pg/g 'io 'io pg/g 'io 'io

It3-dichlorobenzene 1000 46.6 0.1 100 50.5 0.8 10 18.0 3.3
1.4·dichJorobenzene 1000 44.1 0.5 100 52.9 0.2 10 43.0 4.9
1.2-dichlorobenzene 1000 45.2 0.5 100 52.2 0.6 10 39.2 4.0
1.3,S-trichlorobenzene 100 61.7 0.5 10 71.0 9.8 I 32.0 17.5
l,2,4-trichJorobenzene 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 8.4 1 52.0 9.2
l,2,3,5.tetrachlorobenzene 100 70.2 0.8 10 78.0 9.1 1 35.0 18.9
1.2,4.~tetr8chlorobenzene 100 71.3 0.1 10 79.0 6.2 I 37.0 13.8
l,2,3.4-tellachlorobenzene 100 71.5 1.3 10 79.0 6.2 1 35.0 19.\
pentachlorobenzene 100 76.7 0.1 10 80.0 5.3 I 41.0 31.7
he.uchJorobenzene 100 88.6 3.6 10 82.0 3.4 1 44.0 11.6

Table VI. Recoveriel ot Chlorinated BeozeDet (rom Lake Superior Sediment Usin, Steam DistillatioD Method

chlorinated benzene spiked conen, recover)', RSD, spiked conen, recovery, RSD, spiked conen, recovery, RSD,
isomers pg/g % % pg/g % 'io pg/g % 'io

1,3-dichlorobenzene 1000 75.9 0.6 100 71.3 2.1 10 73.8 1.4
l,4-dichlorobenzene 1000 80.9 0.6 100 73.2 2.0 10 71.8 2.3
l,Z-dichlorobenzene 1000 80.6 0.5 100 75.0 2.2 10 76.1 3.9
l,3.S-trichlorobcn:tene 100 89.3 20.8 10 75.0 33.2 1 66.0 17.3
l,2,4·trichlorobenune 100 89.6 18.8 10 84.0 2.9 1 82.0 7.8
l,2,3-trichlorobenzene 100 90.5 14.6 10 84.0 2.9 1 79.0 5.4
l,2.3,5-tetrachlorobenzene 100 86.6 9.8 10 82.0 2.5 1 89.0 10.2
1,2,4,S-tetrachlorobenzene 100 93.6 11.0 10 83.0 1.4 1 89.0 10.4
l,2,3,4-tehachlorobenzene 100 90.8 8.9 10 88.0 25.4 1 84.0 5.0
pentachlorobenzene 100 90.5 1.0 10 80.0 12.3 I 84.0 9.4
heuchlorobenzene 100 87.5 4.2 10 82.0 7.5 1 80.0 16.6

Tablo VII. ADalYIII or Chlorinated Bonzenet Crom Hamilton Harbour Sediment Samples by Soxhlet Extraction, Sonification,
and Steam Di.tUlatioD (0 • 3)

conen found by conen found conen found by
steam distillation, by Soxhlet. Bonification,

180mers ng/g dry wt RSD, 'io ng/g dry,,~ RSD,% "gIg dry wt RSD,'io

1.3-dichlorobenzene 31.0 3.6
l,4-dichlorobenzene 68.6 0.5 81.4 13.0 39.4 3.6
l,3,5--trichlorobenzene 2.9 3.4 4.5 19.2 2.8 39..1
1,2,4-trichlorobenzene 13.0 13.9 20.2 21.4 5.8 6.2
l,2.3-trichlorobenzene
l,2,3.5-tetrachlorobenzene 3.0 21.9 4.4 37.1 3.4 3.7
l,2,4,S-tetrachlorobenzene
1.2,3,4-tetrachlorobenzene
pentar.hlorobenzene 3.8 16.2 3.6 44.9
hexachlorobenzene 6.0 11.7 7.0 18.0 5.2 9.5

Table VUI. Compari,oD o( Spiked HamUtoD Harbour Sediment Analy.i. Using Three Different Techniques-

steam distillation Soxhlet extraction sanification

chlorinated benzene isomers 'lo 2 'io 'Y.

1.3-dichlorobenz.ene 131.0 127.0 97 100.0 72.7 73 100.1 42.9 43
l,4-dichlorobenzene 188.6 149.5 89 181.4 112.0 62 139.4 60.1 43
l,2-dichlorobenzene 100.0 88.9 89 100.0 66.4 66 100.0 45.8 46
l,3,5-trichlorobenzene 12.9 10.6 82 14.5 10.5 72 12.8 6.3 49
1,2,4-trichlorobenzene 23.0 19.1 83 30.2 23.0 76 15.8 7.:1 46
l,2.3-trichlorobenzene 10.0 8.9 89 10.0 8.0 80 10.0 6.3 63
l,2,3,5·tetrachlorobenzene 13.0 11.2 88 14.4 10.7 74 13.4 7.5 56
l,2,4,5·tetrachlorobenzene 10.0 8.8 88 10.0 7.6 76 10.0 6.1 61
1,2,3,4-tetrachJorobenzene 10.0 8.3 83 10.0 8.8 88 10.0 6.8 68
pent.achlorobenzene 13.8 11.6 34 13.6 12.5 92 10.0 7.4 74
hexachlorobenzene 16.0 14.4 90 17.0 14.0 82 15.2 9.1 60

-I, spike + amount found in the sample (ng/g); 2, recovered amount (ng/g); C/o, percentage of the recovered amount. AU samples were
spiked with mixture no. 1 (see Table I).

When environmental sediment samples are analyzed for
. chlorinated benzenes, drying and grinding should be elimi­

nated. A wet sediment sample (15 g) should be weighed for
each analysis. Moisture content can be determined on a
separate portion of the sample and incorporated into the

calculation for reporting data on a dry weight basis.
Data to define recoveries and accuracy for the Soxhlet

extraction, the sonification, and the steam distillation are
shown in Tables IV-VI. Three replicate samples and a blank
of the prepared dry sediment (10 g each, dry weight) were
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Figure 3. Hamlnon Harbour sample (EC-2) chromatographed undar
the identical conditions as Figura 2: (1) 1.3_obenzana; (2) 1.4­
dichIor_nzana; (3) 1,2_obenzane; (4) hexachlorobutadiene; (5)
1.3,5-trlchlorobanzana; (6) 1,2.4-trichlorobanzane; (7) 1.2,3-trichloro­
benzene; (8) 1.2,3.5-tetrachlorobenzene; (9) 1.2.4.5-tetrachloro­
benzene; (10) 1.2,3.4-tetTachiorobenzene; (11) pentachlorobenzene;
(12) hex8chlorobenzene.

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
teatian 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 ~g/g of
chlorinated benzenes. Results are given in Tables VII and
VIII.

In addition, a study of the recovery of the Hamilton
Harbour sediment spiked with 10 ~g/g of chlorinaWd benzenes
was carried out by using three methods: Soxhlet extraction,
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aonification, and steam distillation. Results ofth... tests show
the superiority of the steam distillation procedure over the
otber 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 6lHl2%. 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 chiorinaWd benzenes by means of WCOT column
gas chromatography using an electron capture detector.
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Industrial Wastewater Analysis by Liquid Chromatography with
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SmaU prlcolumna packld wllh Cll. PRP,. and c.l_x­
oh.nge m.llrt... haYI blln uead lor Ihl _ group .....
....lIon .nd Iraca Inrlclvn.nt oIlndustrtll walll••llr ••m­
pili. ThI aempII .. clvtdld InIo tina main groupo: • lracUon
9OfII.lnlng nonpolar c:ompouncIa, • aacond Iractlon cont.lnlng
mldlum pol.rtty cornpounde .nd clrl.ln polar oub.IHutld
...om.UcI, and • third Ir.ctlon conlllnlng polar .nUlnI. and
othar polar b_. Each pracol...... Ir.ctlon .. oubaIqUlnlly
cllromalogrephld on • Cl1 .neIyllcal column with • maIhenol
...dllnl .nd d11lC1ad by • dl_.".y UV-VIo dellClor.
......... ploIa end__... apacbocl.'.lIalogr...

.... _ 10 gallnlorrnlllon abouIlhlldInIIIy oIlhI poIuIento
pr.lIllI. ThI cornplllily .utomalad .yllim .. opllmlzad lor
21 lllacIad _all 01 perlJcul.r Inllrlll. Soml 01 IhllI
compoundo W.I lound In \hi wllliwalar oampIIo IlIlad and
warl quenlllalld.

Industrial wastewater represents 8 very complex matrix,
containing organic pollutants oYer 0 wide lange of polarity.
There are Beveral considerations for analyzing 8uch samples:
to check efficiency of production processes, to control the
fWldioning of 8 wastewater treatment plant via fingerprinting
techniques, and to maintain the stringent governmental roles
for the discharge of industrial emuenIB into surface wswr and
the environmental contamination with hazardous materials.

The complexity of the sample demand. high resolulion of
the chromatographic syswm including the necessary sample
pretrestment. Sample handling of waswwawr was frequently
done by liquid-liquid extraction (I, 2) but such procedures
made automation of the analysis more difficult. Recently, an
on·line extraction and evaporation procedure was described
for liquid chromatography (3), but this syswm seems 10 be
rather complex. Nowadays, cleanup and trace enrichment via
preoolumn wehniques is widely used in wawr (4) and biological
(5-7) analysis. Although many sample pretreatmenIB are still
done with ofr·line disposable columns, the on·line wchniques
will be favored because of the automation aspecl.

We analyzed industrial emuenIB by liquid chromatography
with an on· line precolumn for trace enrichment (8) but the
system described could only deal with (a small group 00
specific compounds. By comhining difrerenttypes of preco­
lumns. one should be able to handle waswwawr samples
containing pollutanlB of very different polarities. Little et al.
(9) described a microprocessor controlled valve-swit.ching unit
for automarod sample cleanup and trace enrichment in HPLC.
Such equipment is very suitable for automawd group sepa·
ration and on-line trace enrichment on different types of
precolumns.

In wastewater analysis, more sophisticated dewetion prin·
ciples such as diode·array UV·Vis dewetors may be helpful
to search for particular pollutanIB in the samples and give a
first indication about the identity of the substances present.
If necessary, such dewction wchniques can be optimized to
yield high signal·t.o-noise rati,," for some compounds of special
interest and/or can give information about peak inhomog-
eneity (10, 11). .

In the present paper both principles, precolumn technology
for on-Hne group separation and trace enrichment and
diode·array detection for peak and pattern recognition have
been combined in an automated LC system for the analysis
of 29 selected compounds in industria) wastewater.

EXPERIMENTAL SECTION
Apparatus. A Kontron (ZOrich, Switzerland) LC system

consisting of two Model 410 pumps. equipped with a high·pressure
dynamic mixer and a pulse dampener, a MCS 670 Tracer valve
switching unit, and a Model 200 programmer W85 used (thi5 setup
is shown in Figure I). A HP 1040A (Hewlett-Psckard, Pslo Alto,
CAl diode-array UV·Vis detector was used with a HP 85 mi­
crocompuwr, 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
acetate, acetic acid, and sodium oxalate were obtained from J.
T. Baker (Devenler, The Netherlands). EDTA was obtained from
Sigma Chemicals (St, Louis, MO). AU reagenUl 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 degassed in an ultrasonic bath under vacuum.

Twenty-nine pollutants were selected to be analyud in the
wastewater samples (Table I). These solutes were of more than
90% purity and supplied by Fluka, Merck, and Aldrich.

Stationary Phases aDd Columns. Wastewater samples were
preconcentrated on homemade 2 X 4.6 and 4 X 4.6 mm i.d.
stainless steel precolumns (12), which are al80 commercially
available from Chrompack (Middelburg. The Netherlands). The
precolumns were hand-packed with a microspatula, with 10 ~m
silica·based RPIS (Merck, Darmstadt, G.F.R.l, with the spherical
10 pm styrene-divinylbenzene copolymer PRP1 (Hamilton, Reno,
NV). or with the 13 I'm resin-based Aminex A5 (Bio-Rad, Rich­
mond, CAl sulfonic acid cation exchanger. The analytical colwnn
was a 25 em x 4.6 mm i.d. stainless steel column prepacked with
S pm CP·Spher C IS (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 85 follows: to 50 mL of
(acidic) wastewater were added 5 mL of a saturated sodium uule
solution, 0.75 mL of an EDTA solution (1S gIL), and 45 mL of
a 10-3 M perchloric acid solution (see also Table II). The final
solution W85 filtered over a O.S-pm membrane filter to remove
calcium oulaw (cf. ref 13) and adjuswd to pH 3.0 "ith 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 now rate
of 5 mL min-I. .

The automated precolumn group separation and trace en·
richment and the subsequent on-line gradient elution of the
precolurnns 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, CIS precolumn
trapped the nonpolar dye stuffs and other nonpolar solutes; the
second, PRP1 precolumn trapped the more polar aromatics like
p-ehloro- and p·nitrophenol and p-chloroaniline; the third, cat­
ion·exchange precolumn trapped the polar phenylenedinmines
and other anilines. After this sample introduction the precolumns
were nushed in series with 10 mL of 10-3 M perchloric acid to
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Table I. Breakthrough Volume. of %9 Select.ecl Pollutant. OD Short PrecolumDI Packed with Varioul SorbeDt.-

breakthrough volume (roL) on

no. compound
RP 18,10 11m PRP It 10 11m Amine:l A5. 13 ",rob

2 X 4.6 mm Ld. 4 X 4.6 mm Ld. 4 X 4.6 mm i.d.

I
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

p-aminophenol
p-phenylenediamine
m-phenylenediamine
4~methyl·m-phenylenediamine

a-phenylenediamine
aniline
p-anisidine
p-nitroaniline
3-amino-4-ethoxyacetanilide
o-anisidine
a-toluidine
picramic acid
p-chloroaniHne
p-nitrophenol
3,5-dinitro-o-cresol
m-cresol
nitrobenzene
p-chlocophenol
p-chloconitrobenzene
pentachlorophenol
o-dianisidine
2-aminoanthraquinone
:3.3'-dichlorobenzidine
3-nmino-9-ethylcarbazole
p-aminoazobenzene
l-aminoanthraquinone
p·dichlorobenzene
2-phenylaminonaphtbalcne
1,2,S-trichlorobenzene

o
o
o
o
o
o
o
1
1
1
I
2
2
I

10
1
2
2
3

> 100
10

>100
72
50

>100
>100

17
>100
>100

o
o
I
I
1
2
I

10
7
6
3

> 100
30
2ij

> 100
37

> 100
72

> 100

78

> 100
> 100
> 100
> \00
> 100
> 100
> 100
> 100
> 100
> 100
> 100

.. LC·water samples containing 250 ppb of test solute; pH adjusted to 3.0 with perchloric acid; sampling rate S mL min-I. !o Maximum
values (cr. ref 13). ~ -, nol determined.

f9n 1. ExpennentaJ ll8tl4> for the on-Ino~ sep8lBtlon and traoa
elVlctvnent of wastewater samples: V, high preSSU'e swttcNng vatve;
S. Jow pressure seklctor valve; M1. sample: M2. 10-3 M HCKl..; M3,
50% methanol; M4. 0.02 M HClO,; MS. 10·' M HCIO,. Precolomns;
2 X 4.6 mm I.d. (RPI6). 4 X 4.6 mm I.d. (PAP,), and 4 X 4.6 mm I.d.
(Amlnex AS). AnalytIcal coItnw1: 25 em X 4.6 mm I.d. CP-Bpher C16.

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 Selup or Figure I·

precipitation and compleution of interferences by oxalate
and EDTA, respectively

filtration and adjustment to pH 3.0 (if necessary)
group separation and trace enrichment on C18. PRPI, and

Aminex AS precolumns (in series)
flushing the C18. PRP1• and Aminex AS pre\.'Olumns (in

series) with 10-3 M perchloric acid
further cleanup of the cation exchanger by flushing with 50%

methanol
backflush desorption from cation exchange fraction to CI8

analytical column
backflush desorption from PRPI fraction to C18 analytical

column
desorption from CI8 precolumn to C18 analytical column
regeneration of the precolumns in series with 10-3 M

perchloric acid

.. Step.lJ 3-9 are fully automated. The time-based column
switching program is given in Table Ill.

Next the ion-exchange precolurnn was eluted on-line with the
methanol-potassium acetate (pH 6) gradient to the CI8 separation
column. After the separation of this ion-exchange fraction. the
PRP1 and, finally, the CiS precolumn were eluted. The preco­
lumns were regenerated on-line with dilute perchloric acid while
analytical separations took place simultaneously. The entire
procedure has been summarized 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 III. Automated Proeedure U.iDI. Kontron Model 200 Prol'rammer and. Koatroa Mea 670 Trac.,r Swllchlng Unit-

event time, min call file no. event

reset 18.5 84 regenerate A6 (30 ml)
stan pump AlB 28.5 86 Iwitch to 10.3 M HCLO t

start pump C 33.5 91 slop pump C
sample through cia 40.0 82
sample CIS + PRP t 40.1 83
sample CI8 + PRP, + A5
switch to lO~3 M HCIOt 40.3 85
CI8 bypaaa 40.7 93 desorption PRP1

CI8 + PRP, bypaaa 40.8 % BOO dur 6 Kradient
switch to 50~ MeGH 45.8 95 precolumns bypasa
stop pump C 45.9 83

70.0 85
71.0 92 desorption RP 18
71.1 % B 80 dur 10 gradient

start detector 76.0 95 precolumn~ bypass
desorption AS 76.1 82
start recorder 76.2 8t stRrt pump C } regenerate
step gradient 91.2 91 atop pump C precolumns
precolumns bypllSll 105 % B !Odur 10 reset gradient

149 now 0.0 chart 0.0 atop pump AlB and recorder
150 end

call file no.time, min

0.00 88
0.09 now 1.5 % B 10
0.1 81
2.1 82
2.2 83
2.3 84
4.0 86
9.6 92
9.7 93

10.5 86
12.5 91
12.6 82
12.7 83
12.8 85
13.1 BUX 8 dur 0.01
13.2 94
13.3 chart 2
13.4 '70 B 30
16.2 95
16.3 93
16.4 92
16.5 86 switch to 0.02 M HCIO,
16.6 8\ start pump C

• Precolumn8: 2 x 4.6 mm i.d. (RP 18),4 x 4.6 mm i.d. (PRP1) and" x 4.6 mm Ld. (Aminex A5). Analytical column: 25 cm x 4.6 mm
i.d. CP·Spher CIB; eluent. 0.1 M potassium acetate (pH 6.0) + methanol gradient 00-80%). Flow rates: pump A/B (t:radienl) 1.5 mL
min·'; pump C, 2.0 mt.. min-I.

lumos connected in series (see also Figure 1) at pH 3. The
samples are introduced through the precolumns in the order
CIB-PRP,-Aminex AS. The nonpolar compounds (no. 2(}-29)
are trapped on the CI8 precolumn but the retention for p.
dichlorobenzene and Q·dianisidine is rather low. The o-di­
anisidine plus the chloro- and nitro-substituted aromatic
compounds (no. 12-19) are. on the other hand, well retained
on the PRP I material and can be preconcenlrated on the PRP,
precolumn. Of these. only 3.5-dinitro-o-creaol will also be
partly retained on the CI8 precolumn and hence be present
in the CI8 fraction, The remaining 11 compounds (1-11)
which aTe polar anilines. can be successfully preconcentrated.
at pH 3 on the cation-exchange preeolumn from relatively
large sample volumes (cf. ref (3). Of th.... 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 CIB-PRP,-Aminex A5. a
certain percentage of the compuunds from the PRP, and
Aminex A6 fraction will remain on the previous precolumns
(C18 and PRP.. respectively). When the precolumns are
flushed in series with 10 mL of 10-3 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-crcresolappeared in more than one precolumn fraction.

Diode-Array Detection. Figure 2 shows a multisignal
chromatogram obtained with 5 mL of standard solution (pH
3,0) containing 200 ppb of each of the 29 pollutants of interesL
With the gradient prome. as included in this fIgUre. acceptable
resolution was obtained. The first 28 min of the chromato­
grams correspond to the ion-exchange precolumn (the polar
aniline fraction). The period between 28 and 58 min corre­
sponds to the PRP, precolumn (other medium polar aro­
matics) and the final period. from 58 to 90 min. to the CI8
precolumn (nonpolar compounds). 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
i. clearly shown here that only p-nitroaniJine (no. 8) and
3.5-dinitro-o-cresol (no. 15) appear in more than one fraction.
Trace C Qt 390 nm gives a very selective chromatogram, only
nitro aromatics and p·aminoazobenzene will appear. Traces
D and E (at 244 and 295 om) give additional infonnation. The

[ :~:: m~tn~~30'"
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Flguro 2. MultJslgnaI plot of 0 5-rTi. standard solution containing 200
ppb of the ...lected pollutants from Table 1. Gradient elution with 0.1
Mpotassium acetate (pH 8.0) and malhenol (10-80%) as Indicated.
Ootection at 222 (B), 390 (e), 244 (D), and 295 om (E). Attenuation
was 0.2 aufs. Peak numbers correspond to the compounds Itsted In
Table l.

polar anilines (no. 1-11) for instance will appear at these
wavelengths; their secondary maximum around 290 om may
be an aid for group identification. At 244 nm. p-chloroaniJine
(no. (3) will be relatively intense as compared to 222 om which
is verified by trace D. The dich1oro- and trichlorobenzene (no.
27 and 29) show only a reasonable absorbance at low wave­
lengths; they appear only at 222 om 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. SpeetroclYomatogram of a part of the PAP, fraction from
the analysis of Figure 2. Spectra were memorized automatically at
the peak apex and at the base h after the peak. COIdtions 81a !t'an
In Figura 2.

Figure 4. Spectrochromatogram of a part of the C 18 fractJon 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 PRPI fraction (Figure
3) the nitro compounds (no. 8, 14, and 15) are recognized by
their lIUIJ[ima 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-defmed UV
spectra. AB 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 CI8 fraction) contained only two peaka of the
pollutants of interest. p.Nitrophenol and 3-amino-9-ethyl.
carbazole were identified through their UV spectra. Spectra
of the other peake did not resemble the 29 reference spectra
of the standard mixture, nor did their retention times.

Figure 7 was<>btained by analyzing industrial wastewater
before the treatment. It should be noticed that the chro­
matograms in Figure 7 ara plotted at a two times reduced
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figure 5.~ plot of a 5-nt. _ wastawater saJ!1ll&. taken
after a bicJk)gical treatment plant. Conditions are given in FIg....e 2.

FIgur. 8. Spectrochromatogram of a part of the ArOOex A5 fraction
Irom the analysis of Figur. 5. Spectra wore memorized automatlcaly
at the peak apex and at the base line aN", the peak. Conditions 81.
given In Figure 2.

sensitivity of the detector, indicating that the UV absorban~
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
m-phenylenediamine. a-phenylenediamine, o-anisidine, and,
especially, 4-methyl-m-phenylenediamine and aniline were
present in relatively high concentrations. Unfortunately, there
were no known species in the PRP1 fraction, but in the C18
fraction o-dianisidine and p-d":chlofobenzene 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 concentrations were calculated
from the relative peak heights with respect to the dilution
factor and are given in Table IV. The homogeneity of thesa
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. MullJslgnaJ plot of a 5-fri.lndustrlal wasteweter 68fl1lIo taken
before a biological treatment plant. Attenuation was 0.4 auts. Other
conditions are gIven 10 Figure 2.

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 multiaignal plotting may be an aid fora 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 thia 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, comhi·
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, Le., functional group specific
detectors such 8S electrochemical (cf. ref 13) and reaction
detectors, should provide additional evidence without nec·
eS58rily having to resort to MS methodology.
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Table IV. Concentration of Identified Pollutant. in
Wastewater after Biological Treatment

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 poUutBnLs of special interest, gives
satisfactory group separations prior to the actual analysis.

these spectra afterward overlapping each other. No peak
inhomogeneity was observed in this experiment. Other peak
homogeneity tests-such ft8 ratio chromatograms-were ob­
structed by the background absorption of the mobile phase
helow 240 nm (caused by the high acetate concentration)
which can lead to wrong conclusions about the peak homo­
geneity.

compound

m-phenylenediamine
aniline
o-anisidine
p-nitrophenoJ
3-arnino-S-ethylcarbazole

conen, pph

262
150
286
260

58
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where A, B, and D are constants and C1 is the concentration
of organic modifier which is generally given in volume percent.
For an aqueous solution containing two organic modifiers, the
relationship of solvent composition to k' can be expected to
be in the form

In k' = AC, + BC,' + DC, + EC,' + 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 C5D be used. Also, if s 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.

THEORY

!socratic 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, h', for each solute
as a function of solvent composition. For the reversed-phase
mode of HPLC, using a hinary solvent, a logarithmic function
of the following form can usually be assumed (18)

instrumental delay volume. As the complexity of these factors
increases, exact solutions become progressively more difficult
to implement. In addition, programming effort becomes ex·
cessive when writing algorithms to handle any of a variety "r
potential conditions within a single computer program. Due
to the inflexihility 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
responding computer programs which could more easily
handle the various conditions often used hy 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 grsdient 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 single program can handle
complex solute-solvent relationships 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 hi·
nary, ternary, quaternary, etc. gradient elution conditions with
single or multiple linear gradient segments based on limited
isocratic chromatographic data. Multiple linear gradient
segments were chosen since these are widely used on com·
mercia! HPLC instruments.

(1)In k'= AC, + BC,' + D

An approach to tha calculation or IOluIe retention uncIer gra­
dient elution conditions using numerical approximations on a
DEC VAX 111780 computer Is presented. This approsch
eliminates the need lor exact IOlutlons 01 tha Inherently
complex gradlentlnlegrala. The programs developed can be
used lor any solvent composilion va. IOlute capacity lactor
or solvent composition va. time relationships and are, there­
lore, universal In nature. Gradient microbore HPLC In the
raversed1lh888 mode was used to demonstrate the accuracy
oItha approach. The al8Umpllon 01 a quadratic dependency
betwaen In k' and solvent composition allowed lor the
Ieast-squares lIlllng 01 solute Isocratlc ralentlon with a minimal
numbar 01 experiments. By uae 01 thla approach and the
corresponding FORTRAN program, prediction 01 IOluta re­
tenllon under complex multlple-llnear gradient shapes was
achieved with an accuracy 01 be«er than 5 %.

The chromatographic experiment is somewhat unique in
that more time and effort are nonnally 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. Drauen 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
('nnrlition~, 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
siugle optimization algorithm. In order to permit this, vel1l8tiJe
calculation procedures must be available. Jandera and
Churacek (2-11), Schoenmakers et al. (12-)4). Snyder (15),
and others (16-18) have demonstrsted that exact mathe­
matical solutions C5D be derived for certain gradient conditions
and that these solutions can predict tl)e retention time of a
compound with good accuracy. Such mathemstical 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? snd mnbile phase composition for each solute and the
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The distance traveled by the solute band isocraticaUy. L....
can be round by multiplying t~ as defined in eq II by Ub.nd

as given in eq 7t yielding

L"" = (Loolk?/tM (12)

Knowing the time spent by the solute band traveling isoM

cratically and its position in the column when the gradient~

takes errect allows the calculation of the distance over which
the gradient will affect the solute since

L"" + L,"d = Lool (13)

Thus, Lrrad can be substituted into eq 9 for Leul to become

the initial isocratic conditions before being overtaken by the
gradient rront must be calculated. This delay has two sources.
First, due to a physical inatrumental delay time, tn. the solute
band will move down the column at a velocity inversely
proportional to (l + k? (eq 7) while the gradient rront travels
to the column head. Secondly. the solute band continues to
advance at the same rate until overtaken hy the gradient
traveling at a rate equal to the mobile phase velocity, U, i.e.,
Lrol/im• Knowing the instrumental time delay or the solute
band allows for the calculation of a time correction, tcon'

Simply stated the distance traveled hy 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 coinM

cidental. or

(L~I/(tM(I + k?)toon) + «LroJltM)tO) = (Lool/tM)toon
(10)

• (11)

Solving eq 10 for tC'Ofr gives

t ron = «(I + k?/k?to

(6)

Once the expected relationship between k' and organic
modifier is known. the ",alues 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 I requires at least three
experimentally determined data points. Likewise. six and ten
data points are required for ternary and quaternary mobile
phases, respectively.

Calculalion or Retention Times. Liquid chromatography
is often treated 88 8 volume problem but is in fact funda­
mentally 8 length problem since the column length, Lcoh is
8 limiting parameter. AU separations must be completed by
the time the compounda have traveled the lenglh or the
column. Thus

Lool = velocity or aolute x retention time (3)

In the isocratic case the velocity may be assumed to be con­
stant and eq 3 becomes

Lrol = Vb..dta (4)

where tR is the retention time for 8 given solute and Ub.nd is
the linear velocity or 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

Lool = SoI'V'b..d dt (5)

where U'band is the instantaneous velocity of the solute band
and the integration limits are from time = 0 to time = tRo

The velocity or a hand can be round ror the isocratic case
by first rearranging the often used expression for k'

where tM is the elution time of an unretained solute. UbasJd
{or elution under isocratic conditions can be calculated by
dividing the column lenglh by ta (as given in eq 6) resulting
in where

L".d = So"'(1/(k'+ 1)]u dt (14)

(7) (15)

Thus the rundamental equation ror gradient elution be­
comes

Under gradient conditions where h' is changing throughout,
the instantaneous band velocity is of interest. From eq 7,
V'bond can be round in tenos or the instantaneous k'. k'..." such
that

(16)

where L. is the leng1h traveled hy the solute hand in the actual
time interval and u is the linear velocity or the gradient rront.
Thua. the aum or the I, intervals is equal to the "gradient"
time aeen by the solute hand, and it is this time that must
be used to calculate the instantaneous capacity ractors for the
stepwise integration.

Solution or the Gradient Integral by Approximation.
An exact solution of eq 14 is often not possible under comM

plicated gradient profLIes or when complex k' vs. solvent
concentration relationships exist. It is easier, therefore, to
evaluate the integral in a stepwise manner by incrementing
the time hy some small step (0.01 min ror this study). calcu­
lating the corresponding k' for the resulting time and then
calculating the leng1h traveled during the time interval. The
sum or the time steps will equal ta' when the sum or the
lengths traveled is equal to Lrnd• A continuous correction must
be made, however, since the actual time spent traveling and
the time corresponding to the gradient concentration which
the solute hand encounters are generally not the asme. The
reason for this difference is that the gradient concentration
at the hand is dependent not only upon the time after which
the gradient has atarted but also upon the position or the hand
in the column. The aimplest way to eliminate length rrom
the problem is to calculate a "gradient" time. tr as well as an
actual time. t.. While the actual time interval is specified,
the "gradient" time interval. tr can be calculated by using the
relationship

(9)

(8)

Equation 9 reduces to eq 4 for isocratic cases where k 'hUll is
constant with respect to time.

With eq 9. it is in theory possihle to solve exactly ror the
retention time of any band knowing the instantaneous k' of
a solute as a runction or time. Jr, however, the instantaneous
k I VB. time relationship is mathematically complex or the
gradient shape is very complex, then an exact solution ror la
can be dirflcult ir not impossible to derive.

An alternative to using exact mathematicalsolutioDS to eq
9 is to use numerical integration. Approximate solutions have
two major advantages. First, approximate solutions of eq 9
are always solvahle, and second, the flexibility of approximate
calculationa reduces the amount or programming efrort and
program size necessary when multiple experimental conditions
are to be allowed.

Corrections ror Gradient Delay. Several corrections are
nocesaary ror the solution or eq 9 under actual experimental
conditions. First the distance traveled hy the aolute under



ANALYTICAl CHEMISTRY, VOl. 57, NO.4, APRIL 1985 • '13

Retention Time-

Table I. Binary bocratic nataCalculation oC 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 asswning that the number of theoretical plates
is constant for a given solute. The relationship between tw
(4. in time units) and the last capacity factor of the band
center as it emerges from the column, k'L. is found to be

solute

uracil
phenol
acetophenone
nitrobenzene
methyl benzoate

3.1
4.1
4.8
5.4
6.2

3.2
5.2
6.4
iA
9.7

3.2
6.9

10.2
12.0
18.9

3.2
10.4
\8.6
20.6
41.4

Mobile Phase Concentration

- All limes are in minutes. bAli soll/enl compositions are in vol·
ume percent.

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 subsequently 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 acquired and compared to predicted values.
The instrumental delay volume was determined to be 190 ~L.

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 rIA. The same gradient was run
with a 290-JJL instrumental delay simulated by injecting the
solutes 100 ~L (2.0 min) before starting tbe gradient. The
retention data for this gradient are also given in Table lIA.
The program easily accommodated the varying instrumental
delays, allowing the scientist to evaluate quickly the effects
of such a delay.

nata were also acquired for binar)' multiple linear gradients.
The actual and calculated retention data for one of these
gradients are presented in Table lIB. In this instance, only
the last two compounds, nitrobenzene and methyl benzoate,
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. Ternary solvent systems contain two independent
and one dependent variables and require at least six isocratic
data points to fit to eq 2.

Theoretically a well-designed multivariate experiment
shouJd 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
complicated relationships between capacity factor and soh'ent
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.

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 aDd Reagenls. Five test solutes were used to
determine the accuracy of the predictive capabilities of the de­
veloped program. They were uracil, phenol, acetophenone, oi·
trobenzenc, 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-distiUed, deionized water and were sparged
with helium before use.

The chromatographic system consisted of a Brownlee MPLC
MicroPump (Brownlee Labs., Santa Clara, CA) using a nominal
150-~L packed-bed mixing chamber to ensure the reproducibility
of the gradient concentration, a Rheodyne variable sample loop
injection valve (Rheodyne, Cotati, CAl Model 7413, set at 0.5 ~L,

and a Kratos (Kratos Analyticallnstnunents, Ramsey, NJ) Model
SF 769 V.V. detector operating ot 254 nm with a O.5-~L now cell.
The analog output of the detector was recorded with a Kipp &
Zonen, BD-40 series, strip chart recorder.

Loboratory-lxmded octyl stationary phases were prepared with
either Whatman Partisil-IO l().~m silica gel (batch no. 4116-1(0)
(Whatman Inc., Clifton, NJ) or Shandon MOS-Hypersil 5·~m
spherical support (batch no. 10/899) (Shandon Products, Ltd.,
Cheshire, England). Both phases were bonded by reflu.s:ing 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-IO 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 8 dual·syringe
pump, only two solvent concentrations were used for ternary and
quaternary gradients. Solvent proportioning was mode by the
pump in all cases to obtain the required isocratic data. The flow
rate throughout the entire study was kept constant at 50 ~L/min.

In order to test the capabilities of the approach and corresponding
program, chromatographic evaluations were perfonned for binary,
ternary, quaternary,linear, and multiple linear gradients. The
instrumental delay volume W83 varied by injecting the solutes at
various times before and after the gradient wsa 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 concen­
trat.ion curve. Methanol was used as an organic modifier to
test the capabilities of the program on binary gradients. The
retention times of the five test solutes were determined under
four iaocratic conditions (35%,45%,55'1'., and 65% metha­
nol). The retention data are given in Table I. Retention times

point no. % methanol

65.0
55.0
45.0
35.0
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Table II. Binary Gradient Dalao

A: SillJ.::lt· SCj.!mcnt Linear Binary Gradient Profile

2.1
1.6
0.8
0.6

9.0
12.0
12.9
15.5

Conditions
soh'cots: methanol/water
~radien" 35.0:65.0 CH,Oll:H,O to

65.0:35.0 CHJOH:HJO over 10 min

solute ousd In calcd In % difi

1. 190.uL Instrumental Delay
3.2
9.2

12.2
13.0
15..1

uracil
phenol
acetophenone
nitrobenzene
Illethyl benzoate

2. 290.u L Inslruml'nlaJ Delay
urnciJ 3.2
phenol 9.6 9.8 2.1
ltcctophcnone 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 Profilt·
Conditions

solvents: metnaol/water
gradient: 35.0:65.0 CHJOH:H:O to

50.0:50.0 CHJOH:HJO ov('r 5 min and
then 50.0:50.0 CH,OH:H,O to 65.0:35.0
CH}OH:H,O over 10 min

delay volume: 190.u L

Figure 1. Ternary solvent diagram Indicating mobile phase concen~

tratlons for Isocratic data points.

c o calculallld'lIl

solute oiJsd In calcd In % diff

uracil 3.2
phl'nol 9.0 9.0 0
acetophenone 12.0 12.0 0
nitrobenzene 13.0 13.1 0.8
methyl benzoate 16.2 16.·1 1.2

a All retention times nrp. in minutes.
sitions are in volume percent.

All solv('nt compo·

Retention Time (min)

These isocratic data were then fit to expected k' VB. solvent
composition relationships. Such "line" experiments have in~

herent mathematical limitations and inatabilitiea of which the
user must be aware. A fit is being forced to 8 given rela~

tionahip and this relationship may have no physical meaning;
therefore, useful reaulta if any can only be expected within
the chosen boundry conditiona. Furthermore, good fita may
exist between other, poaaibly leas complicated relationships
and the experimental data. However, the use of a solvent
"line" represented a practical means to simulate the com~

plexity of a full surface map utilizing the available instru­
mentation.

Mobile Phue Concentration

10 15 20

M:NUTES

Figure 2. Microbore HPLe of test solutes showing actual and calcu­
lated (c) retellUon times for 8 1G-min lnear ternary gradient (conditions
listed In Table IVA) using a 190 pl instrumental gadient delay: colurm,
250 X 1 mm: laboratory bonded Partisll 10 ell; flow rate, 50 I-tl mln~l:

detector. Kratos 769, fitted with a 0.5 I-tl now cell; wavelength. 254
om: sensitivity, 0.1 8ufs; pump, Brownlee MPLC micobore gradient
pump; Injector, Rheodyne 7413 with a O.5-plInJectlon loop.

Ternary gradients were 'run with aqueous solutions con~
taining methanol and acetonitrile as organic modifiers. A
solution of 50:10:40 acetonitrile:methanol: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 i.socratic
experiments, The ternary isocratic retention data are given
in Table Ill. Figure 1 illustrates by use of. 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 !I)-min gradient was run
from 14.0% methanol. The gradient was run with a 190-pL
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-

26.0
23.0
20.0
17.0
15.0
13.0

% methanol

3.0 2.8 2.8
6.4 5.8 5.4
9.4 8.2 7.5

12.8 11.0 9.7
14.0 11.8 10.4

14.0
20.8
27.5
34.3
38.8
43.3

% acetonitrilepoint no.

compound

uracil 3.2 3.0 3.0
phenul 11.8 9.2 7.7
ocetophenone 21.0 15.0 11.9
nitrobenzene 29.4 21.8 16.8
methyl benzoate 41.0 26.6 19.3

Table lIl. Teraary hoeratic Data
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Table IV. Single Segment Linear Ternary
Gradient Profiles

A.

Table V. Quatenauy boeratic nata

Retention Time (min)

B.

Conditions
solvents: acetonitrile/methanol/wate~

gradient: 14.0:26.0:60.0 CH,CN:CII,OH:H,O to
41.0:14.0:45.0 CH)CN:CH.10H:H)O over 10 min

delay volume: 190 IJ L

solute obod tR calcd tR % diff

uracil 3.2
phenol 10.5 10.2 2.9
acetophenone 14.-1 14.2 1.4
nitrobenzene 17.4 17.0 2.3
methy I benzoate 18.8 18.6 1.1

Conditions
solvents: acetonitrile/methanol/water
~radient: 28.0:20.0:52.0 CH,CN:CH,OH:H,O to

43.0: 13.0:44.0 CH,CN:CH,OH:H,O over 10 min
delay volume: 190.uL

2.9
12.0
13.4
23.5
25.4

3.0
13.0
14.6
25.6
28.2

3.1 3.0
14.8 13.8
17.0 15.8
30.0 27.6
34.4 31.0

point % 'l', %
no. tetrahydro(uran acetonitrile methanol

1 5.50 7.75 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 12.13 18.13
7 8.50 13.00 17.50
8 9.00 13.88 16.88
9 9.50 t4.75 16.25

10 10.50 16.50 16.00
II 11.00 17.38 14.38

compound 10 II

uracil 3.2 3.2 2.8 3.0 3.0
phenol H.i 11.2 10.0 9.4 8.8
acetophenone 13.0 12.3 tl.l 10.2 9.6
niuoben:.ent 22.3 20.7 19.0 16.6 15.6
methy: benzoate 23.8 21.7 19.8 16.9 16.0

Mobile Phase Composition

Retention Time (min)

compound

uracil 3.1 3.0
phenol 17.0 15.8
acetophenone 21.0 18.4
nitrobenzene 35.4 32.4
methyl benzoate 43.0 38.2

TEN "'....Ol( I(RNAR'( GRADIENT

(140% CH§toI_.(410% CH,CN

260% CH,OH 140",," CH,OH

solute obod t R calcd tR %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

'0

Figure 3. Ten-mlnute ternary gradient tor the chromatogram shown
In Figure 2. 89 entered Into gradient generator.

tonitrile, 20.0% methanol to 43.3'70 acetonitrile, 13.0%
methanol with a 190-jlL instrumental delay. The results for
this gradient are given in Table lYE. The results for the
ternary gradients clearly show that even though ternary
systems are mathematically and experimentally very complex,
they can be handled with an accuracy exceeding 97'70.

Quaternary Gradient•• In order to test the applicability
of the program and instrumentation under rigorous 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
mendous complexity of such solvent systems. A solvent
concentration line was again evaluated as oppoaed 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 aqueous solutions containing three
organic modifiers, II data points were acquired. The high
strength mobile phase reservoir contained an aqueous 12.5%
tetrahydrofuran, 20.0'70 acetonitrile, and 12.5% methanol
solution and the low strength mobile phase was an aqueous
2.5% tetrahydrofuran, 2.5'70 acetonitrile, and 25.0% methanol
solution. The 11 isocratic data points used are given in Table

,
lollPIUTES

---~_.

'0

Table VI. Linear Quaternary Gradient nata

A. Single Segment Linear Profile

Conditions
solvenls: THFlacetonitrile/methanol/water
gradient: 6.0:8.6:20.6:64.8

THF:CH,CN:CH,OH:H,O to 11.0:17.4:14.4:57.2
THF:CH,CN:CH,OH:H,O over 20 min

delay volume: 190 Il L

solute obsd tR calcd tR % dirr

uracil 3.0
phenol 14.2 14.2 0
aceto(lhenone 15.8 16.2 2.5
nitrobenune 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,OH:H,O to 10.0:15.6:15.6:58.8
TIIF: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,O to
11.0: 17.4: 14.4 :57.2 THF:CH,CN:CH,DH:H,O
over 10 min

delay volume: 190 ilL

solute obod ' R calcd tR %dill

uracil 3.0
phenol 13.8 13.6 1.4
acetophenone 15.2 15.2 0
nitrobenzene 22.4 21.7 3.1
methyl benzoale 23.5 22.9 2.6

V. Both linear and multiple-linear quaternary gradients were
run. The results for a 21}-min gradient from 6.0% THF,8.6'l1>
acetonitrile, and 20.6% methanol to 11.0% .THF, 17.4'l1>
acetonitrile, and 14.4% methanol with a 190-jil. instrumental
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TWENTY MINUTE QUATERNARY GRADIENT

[

6.0 % --[11.0 % TETRAHYOROfLffAN
8.6 %-- 17. 4 'Y. AC£TONTRLE

20.6 '"-- ,.... % METHANOL

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 I 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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Figur. 4. Twenty-mInute quaternary gradient profile 85 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, 8 multiple linear quaternary gradient was run
consisting of B 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.Q-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 cnse 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

10
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The emission spectrum of the monomer in solution shows a
significnnt 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 run. On solid surfaces one additional process
may be of importance, the excitation of a ground-state climer
with a subsequent emission in the same region as the excimer
emission, i.e.

P, + hvo - p,' (5)

p,. - P, + hl'J (6)

In addition to this, there is another important feature of the
monomer emission that is extensively used in this work. It
WIlS first found by KalyanllSundaram and ThomllS (23) that
the intensities of the various vibronic hands 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 III/I ratio WIlS 1.63 in hexane
and 0.51 in H,D. It must be poinu.d out that no theory is
available for a quantitative explanation of this effect, but
qualitatively, the 111/1 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 TiD, it is strongly distorted (20), in­
dicating a strong binding to the Ti02 surface.

Fonnation of ground-stau. dimer is found on both silica (17)
and aluminum oxide (19), but not on TiD, (20).

Coadsorbed alcanols (17) and nonionic surfactants (lB)
solubilize pyrene on the silica surface and the former increases
the intensity of excimer emission (l7).

The III/I ratio for pyrene adsorbed on silica (16) and alu­
minum ox.ide (19) is characteristic of a polar environment and
coadsorbtion of alcanols increllSes the IllfI 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

Pyrene waa adsarbed on RP-2 and RP-18 surfacea and na
excnallon and emlaalon speclra showed lhat pyrene haa the
aame pholophyalcal properllea as In solution. By an analyllls
ot the line structure ot the emlaIon spectrum n was po_
to determine the poIarny of the aurfacea when they are sur­
rounded by water-methanol and water-aeetonttrle mixtures
(0-30% (w/w) organic salvent), II waalound that wnh in­
creasing concentration of mathanolln the SOlvent, there wal
a decrease In lhe polarity or RP-2 and RP-18 surfaces. The
Inlluence of acetonllrlle on surface polarity waa round to be
more complex. A molecular model baaed on these rasutts la
dlacuased,

It is generally acknowledged (1-4) 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 surface and its dependence of mobile·
phase composition is incomplete.

Many chromatographic studies 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 (B,
9), and NMR (lQ-12) spectrometry, fluorescenoe spectrometry
is a u.chnique which has been used, however, only to a limited
extent (4, 13, 1-1). 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·
pendence on the composition of the surrounding solvent.

During the last years n 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 litudies of its photophysical
properties when adsorbed cn silica (15-18), aluminium oxide
(19), TiD, (20, 21), and montmorillonite (22) have been per­
formed. In some of these papers (15-19, 21) the effect of
coadsorbed organic molecules on the photophysical properties
of pyrene is reported. Before discussing these results it may
be useful to recall the pertinent photophysical properties of
pyrene in fluid solutions. The important processes are

P + hvo - P' (1)

p. - P + hVI (2)

p. + P '" p,. (excimer formation) (3)

p,' - P + P + hv, (4)

0003-2700/85/0357~817S01.50/0 ~ 1985 /tmerlcan Chemical Society
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found in the concentration range atudied. The polarity of
Rp.2 and RP·18 surfacea in contact with walAlr was found to
be comparable to the polarity of I-octanol. However, when
methanol was gradually substituted for water, in the range
0--30% (w/w) methanol, there was a gradual decresse in
aurface polarity for bolh RP·2 and RP·18 surfaces. However.
when acetonitrile was substituted for water, in the range
(f-30'r, (w/w) acewnitrile. the behavior of surface polarity was
found to be more complex. An interpretation of the results
on the molecular level is discussed.

The preceding discussion demonstrates that fluorescence
spectromeLry is 8 useful tool in the examination of chemically
modified silica surfaces. Additional information concerning
the physical nature of these surfaces can he obtained from
Quenching studies, the relative intensity of monomer-excimer
emission, and fluorescence decay methods. Such studies are
currently in progress.

EXPERIMENTAL SECTION
Materials. LiChro80rb RP·2 and Rp·18 (5 ~m) (Merck,

Darmstadt, G.F.RJ were used. According to the manufacturer
they have the following charscteristics: RP·2, surface area (BET)
350 m2/r.. surface coverage 5.5 X 10-6 mol/m2; RP·18, surface area
(BE1') 150 m'l/g, surface coverage 3.3 X 10-6 mol/m2• Pyrene
(Kodak) was used as received. the purity was found, by LC
analysis, to he 99.5'1',. All the solvents used were of .pectroscopic,
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 teuadecylsulfate and CuSO,,·5H20 of analytical grade
(Merck) were used as supplied.

Fluorescence Studies. All fluorescence spectra were obtained
with 8 Perkin-Elmer Model MPF-3 scanning fluorescence spec­
trophotometer using an eJ.citalion 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 W83 prepared by adding
2 or 8 mg of particles/g of H,o and in mOBt cases 0.5 109 of sodium
letradecylsulfate/g of H20 to deionized water whereupon the
mixture was inteJl8ively shaken until all particles were suspended.
A suitable amount of pyrene dissolved in methanol (-1 X 10-3

M) Wag then added. The methanol concentration in the sus·
pension never exceeded 0.6% (w/w). ]n the experiments with
varying concentrations of methanol or acetonitrile, the suspension
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, flocculation may occur, particularly when added to an
Rp·18 suspension. Therefore, to minimize systematic errors in
the me8Burementa of fluorescence intensity, an elaborated pro­
cedure was used. Approximately 2.5 g of the suspension W83 added
into a lo-mm quartz cell and approximately 125 mg of methanol
or acetonitrile was subsequently added with a Hamilton syringe
directly inw lhe cell. All amounts were weighed on an analytical
balance. After each addition and between each measurement the
cell was put into an ulu880nic bath for 1 min. After this treatment
the emission intensity was measured within 10-15 s at 373 or 383
nm. For each solvent composition, four measurements were
performed in three different celli. So. by this procedure all the
measurements, with different methanol-water or acetonitrile-­
water mixtureli, were carried out with the same sample.

]n addition, a suspension with exactly the same compoaition
88 in the cells was centrifuged and the emiuion intensity at 383
and 373 nm or the supernatant was measured. The excitation
wavelength was 337 nm. All meuurementa were performed in
the right angle mode and a correction for the light scattered by
the particles was made by measuring 8 suspension of the &arne
composition, wHh the exception that pyrene was not added.

RESULTS AND DISCUSSION

Fluore.cence Mealurements In Highly Scattering
Media. AU fluorescence intensity me..urementa in this work
are carried out with right angle illumination on suspensions
that strongly acatter the incident light. To validate auch a
procedure. pyrene w.. dissolved in mathanol and varying

I
I
I

i
tV

'-

Figure 1. (A) Emlssk>n spectrum 01 pyrene adsorbed on RP·18.
ComposltJon of suspension: 2.01 mg of RP.18 partlcles/g of H,O, 0.15
mo of sodium tetradecylsul1ate/g of ~O. 1.88 X 10-e mol of pyrene/g
of RP-18. (6) 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. ]t is
worth pointing out that in the solution containing the lesser
concentration of pyrene 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 8 non­
scattering medium, the emission intensity will be the same,
if the fraction of the incident light that i. directly back·
scattered by the particles is negligible. In conclusion, the
procedure that was used in this investigation, Le., subtraction
of the intensity of acattered 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.

Emil.ioD and Excitation Spectra of Pyrcnc on RP-2
and RP·18 Surfaces. Because of its interesting phowphysical
properties and its strong hydrophobicity. pyrene is a suitable
probe molecule in the study oi hydrophobic surfaces. It is
seen in Figure 1 that the emission spectrum for pyrene ad­
sorbed on RP·18 has the same vibronic fine sLructure as that
in a solvent; for comparison, emission spectra for pyrene in
various solvents can be found in ref 23. This indicates that
there ia 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
excimere is small.

It h.. been ahown 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
atate by an analysis of the excitation apectra with observation
in the monomer (383 nm) and excimer regions (470 nm). In
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Table I. SolveDt DependeDce or 111/1 Ratio ror Pyrene
Monomer Fluorescence

'00

"

"
10

"
1>

~
:£

solvent

water
acetonitrile
acetone
dichloromethane
methanol
trichloromethane
tetrahydrofuran
ethanol
I-propanol
2-propanol
I-butanol
I-beunol
J-octanol
I-octanol (87.7 mol '¥o) + n-henne
J-octanol (74.5 mol ~) + n-bexane
J-octanol (56.8 mol '¥oJ + n-hexane
J-octanol (49.6 mol 'Yo) + n-hexane
J-octaool (39.7 mol '¥oJ + n-hexane
J-octanol (2".8 mol ~) + n-hexane
J-octanol (10.4 mol '¥o) + n-hexane
n·hexane

III/I ratio

0.51
0.52
0.55
0.68
0.69
0.72
0.72
0.78
0.84
0.89
0.92
0.98
t.03
t.07
Ltl
Lt6
t.20
t.26
t.34
t.49
t.63

(7)

O~"'-:-------::"'!:"""""-Wav-e-Ie-n-g-th-,-nm-"':MO:!:'"---:!:"

Flguro 2. Excitation spec!nJm of pyrene edsorbod on RP·18 (A) with
observation In the monomar reglon (383 nm) end (8) wl1h observation
In the ejll;clmer region (470 nm). For composition of suspens5on, see
caption to Figure 1.

Figure 2 it is seen that the absorption peaks in the monomer
and excimee excitation spectra, for pyrene adsorbed on RP-18,
occur at the same wavelengths. The excitation spectra for
pyrenc adsorbed on RP-2, observed in the monomer and ex­
cimer regions, overlap in the same way 88 they do with RP-18.
If ground-state dimera were present, the excitation spectrum
with observation in the excimee 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 88me 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 Surface8. It has been shown
that the relative intensity of peak m and peak I in the
emission spectrum of pyrene, the III/I ratio, can be used as
a measure of solvent polarity (23). Since the reported III/I
ratios (23) are based on uncorrected spectra, we had to repeat
the measurements with our equipment. The obtained III/I
ratios are summarized in Table I, the reproducibility of the
reported values is ±0.01. It is readily seen that the m/I ratio
correlates well with the cbemists practical experience of solvent
polarity. The term -solvent polarity" has, however, no physical
definition. It can be shown that the effactive polarity of a
molacule incr..... with increasing size of the ratio D'/ crkT
where D is the permanent dipole moment,. q is the collision
diameter, k is the Boltzmann constant, and T is the absolute
temperature.

However, even this expression is unable to show the increase
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 tberefore interesting to correlate this parameter with the
IIJ/I ratio. The term cr in the denominator is somewhat
inconvenient to use and will here be substitutad by the molar
volume, V, of the solvent. To extend this correlation to
mixtures of he..ne and octanol, the term D'/ V must be
substituted by an expression that tak.. the dilution of the

~l-"'----"""l.oo-----''''~-III-Il''''''-·
Flguro 3. [-In (D'/V)) vs. III/I ratio lor the solvents In Table I
(except n-llexane). Watar, 1110 alcohols. and DClIlnoHlexano _
(e); nonhydroxyllc solvents (0).

polar molecules into consideration. It is therefore reasonable .
to use the following e:lpression (or this mixture:

X,D,' + X,D,' 1 D' I
X,V, + X,V, kT = V kT

where D, and D, are the permanent dipole moments of beuno
and octanol, respectively, X, and X, are their mole £ractiom
and VI and V, are the molar volumes of hemne and octano!,
respectively. In Figure 2 a plot of [-In (1)2/ Vl) as a function
of the III/I ratio is pr..ented for the solvents and solvent
minurea in Table I (except for hexane). Since tha tempersture
is constant (room temperature), it is omitted in the calcula­
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 tbe straight line (except for acetone) and this may ~
explained by the high polarizability of THF, CH,CI" and
CHCI, and the low po!arizability of acetonitrile. It must be
emphasized that the correlation between [-In (D'/Vl) and tha
IIIII ratio is an empirical correlation and, as such, it is not
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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 flocculation in the measuring cell, the reproducibility
of the 111/1 ratio in these measurements is lower than that
in solvents. Each point in the figures is based on measure­
ments in three different systems with the same composition
and for every point four measurements with each system were
perforroed. From the t 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 by­
drogen bonded to the free silanol groups on the aurface. By
turning out the methyl group from the surface, the polarity
of the surface decreases. Since no increase in polarity was
detected. when the concentration of methanol increases in the
solvent, the concentration of freely moving methanol molecules

O.70~0------"'10"""-'-'-(W-/W-I--:20:::------::30

0.90

1.10

0.70~0----""0"""-"-(-WIW-I---C20~-----::30

Agwe •. Dependence of 111/1 ratkJ for RP-18 on the composition of
the surrounding soNent In weight percent of organic modifter:
water-methanol mlxllxe (O). water-acetonitrile mixture (.). Initial
compositioo of suspensions: H,O-CH,OH mixture. 8.50 mg of RP·18/g
of H20. 0.48 mg of tenskie/g of H20. 1.30 X 10'" mot of pyrene/g at
RP-18, 0.055 MCuSO,: H,O-CH,CN mixture. 8.09 mg of RP:18/g of
H20. 0.45 mg of tenskte/g at H20. 1.15 x 10-tl mol of pyrene/g of
RP-18, 0.10 MCuSO,.

FIgure 5. Dependence at II11I ratio tor RP·2 on the composltlon of
the surrounding solvent In weight percent of organic modifter:
water-methanol mlxllM'8 (0). water-acetonitrile mlxtlM'e (.). IntUal
composItIoo of suspensions: H,O-CH,OH mixture. 8.91 mg of RP-2/g
of H,O. 0.51 mg 01 tanside/g of H,O, 0.74 X 10" mol of pyrane/g of
RP-2, 0.054 MCoSO,: H,(l-Oi,CN lTixture. 8.38 mg of RP-2/g of H,O,
0.47 mg ot tenside/g of H20, 0.78 X 10-8 mol of pyrene/g of RP·2.
0.053 M CuSO,.

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 concluded that it is possible to ...t up
a polarity scale based on the III/I ratio.

Since the RP·2 and RP·18 surfaces are not wetted by waler,
the corresponding particles are not readily suspended in it.
Therefore, to lower the interfacial surface tension, the tenside
sodium letradecylsulfate was added. The influence of the
tenside on the III/I ratio was investigated by measuring it for
different t.enside concentrations. To suspensions containing
2.0 mg of RP-2 or RP-18/g of H20, the total amounttenside
was varied between 0.023 and 0.63 mg/g of H20 for RP-2 and
between 0.076 and 0.87 mg/g of H20 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 H20 in a suspension containing
2.0 mg of RP·18/g of H 20, the concentration of sodium tet·
radecyloulfale in the surrounding water is equal to CMC (2.2
X 10-' M (26)).

All these measurements were thus performed with tens ide
concentrations below CMC. It was found that these large
differences in tenside concentration in neither case had no
effect on the III/I ratio, and it can be concluded that the
influence of the tenside on the poJarity 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 III/I ratios for these surfaces were measured i~ 8

auspension containing 2.0 mg of particles/g of H20, 0.15 mg
of tenside/g of H20 (RP-IS) or 0.38 mg oftenside/g of H20
(RP·2), and 2.0 X 10" mol of pyrene/g of particles. After
centrifugation of these suspensions, the emission intensity 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. 300/, of the
total emission intensity from the suspension. After proper
correction for this and for background scattering by the
particles, the "'/1 ratios are found to be 1.06: 0.02 for RP-2
and 1.03: 0.02 for RP-18. Examination of tbe data in Table
I 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 higher
surface coverage of hydrophobic groups on RP-2 compared
with RP·18, which consequently gives fewer siJanol groups and
hydrogen bonded waler molecules on the surface.

It is aloo interesting to investigate how the polarity of the
surfaces varies with the composition of the surrounding sol­
vent. Since methanol- and acetonitrile-water mixtures are
the most used solvents in reveroed·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 8uch high emission in·
!ensities from the supernatant. It has, however, been shown
by us (25) that the Cu2' ion only partially quenches the
emisslon from pyrene molecules adsorbed on the Rp·2 and
RP·18 surfaces. Thus, by making the auspension in CuSO,
solutions, the emission from pyrene molecules in the solution
is almost entirely quenched but Lbe emission from pyrene
adsorbed on the surfaces is only partially quenched. In ad·
dition, the presence of Cu2' ion in the solution does not alter
Lbe measured III/I ratio. Hence such a procedure ia valid for
measurementa of the dependence 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 aurface in Figure 5.

It is readily seen that there are large differences between
the influence of acetonitrile and methanol on the polarity for



between the alkyl chains is probably very low. Several studies
have been performed concerning the selective adsorption of
acetonitrile and methanol on RP surfsc.. (2, 27). It is in·
teresting to compare this interpretation with the results from
RP·I8-methanol isotherm measurements made by Slaats et
al. (27).

With the assumption that methanol is selectively adsorbed
on the surface, they found tbat the amount of methanol ad·
sorbed is 1.24 mmolJg RP·18 when the solvent contained
24.7'7. (w(w) methanol. Moreover it was found that with
higher concentration of methanol in the solvent, there was
onlv 8 small increase in the amount of adsorbed methanol
moieculcs. Since the concentration of free silanol groups on
the surface probably is in the range of 0.8-1.6 mmol(g RP·18,
Le., of the same magnitude as the concentration of adsorbed
methanol molecules, tbe results of Slaats et aI. 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 bebavior is more complicated
than fur methanol-water mixtures. For low concentrations
of acetonitrile in the solvent there is a decrease in surface
polarity. This indicates that tbe adsorbed acetonitrile mol·
ecule. 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 16.1'70 (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 similsr 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 aI. (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 contsct
with acetonitrile-water mixtures, the results show an increase
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in polarity for all concentrations. However, the increase is
very small for low concentrations of acetonitrile in the solvent
which probably is due to a combination of hydrogen bonding
of the acetonitrile molecules (decrease the polarity) 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 agreement with the findings of 81asts et
sl.t 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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Som. 01 the problema convnonly encountered In hlQh1ler.
lonn.nce liquid chrom.togr.phy (HPLC)/Fourler Iranalarm
Intr.red apsctromelry (FT.IR) can be ....Iated Ihrough lhe
use 01 mlcr_. HPLC (I'HPLC) columna. An Interf.ce
baaed on • sol••nl .llmlnallon lechnlqu. .nd utIlWng lhe
mlcrosampllng c.p.blllly of dllluse r.,Iect.nc. (DR) FT-IR
h.. ....n designed lor Il88 wllh I'HPLC. Del.ctlon Ilmlll
.chle.ed wIIh the Interface are .bout .n order of magnllucle
low.r Ih.n those pre.lou", reported. se.er.1 dIII.renl ml­
crobore columna w.r. Itudled and Ihe relall•• ad.entages
and ....dv.ntagea of eech, wIIh reepect 10 the Interf.ce, ere
dllcu..ed.

Over the past decade, several authors have reported in­
terfaces between 8 high·performance liquid chromatograph
(HPLC) incorporating conventional 4.6 nun internal diameter
(i.d.) columns and a Fourier transform infrared (FT·IR)
spectrometer. Two fundamentelly different types of
HPLC/FT-IR interfaces have been developed. In the first
the emuent 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 (typica!ly
about I mL/min) has represented a major limitetion. When
now cells are used, minor peaks elute at a concentration which
is well below the detection limit for FT-IR absorption spec·
trometry. This is partly because of reduced transmittence
in the spectral regions where the solvent absorbs and partly
because only a very small fraction of each eluate is present
in the flow cell at any instant during the measurement. In
solvent elimination teclmiques, the generation of large volumes
of solvent vapor presents an environmental hazard unless great
care is taken.

The development of columns of smaller cross-sectional area
has allowed the use of lower flow rates to achieve the same
linear velocity and approximately the same chromatographic
resolution as 4.6-mm columns with the same packing (8-10).
Microbore columns have internal diameters between 0.25 and
2 nun, so that they operate with flow rates between 3 and 200
"L/min. The low flow rates required for microbore HPLC
lItHPLC) have permitted on·line mass spectrometry with

. direct liquid introduction (11-13) and several other detection
8ystems which only operate at high efficiency when the flow
rate is significantly less than 1 mL/min (14). It has also been
noted (15) that the use of expensive solvents becomes 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
microbore HPLC alao alleviates severa! of the problems as.

I Present addreaa: Alcoa Technical Center, Alcoa Center, PA
15069.

sociated with HPLC/FT-IR interfaces using flow cella. The
first "HPLCfFT-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 CCI, as the mobile phase. Subsequently
Brown and Taylor (15) reported a normal-phase "HPLC/
FT-lR measurement of phenols and amines separated on a
1 m X 1 mm i.d. PAC column using CDCI, 58 the mobile 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 f.I.g.

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.
]t is much more common to use hexane, sometimes in con­
junction with a polar modifier such as methanol, 2-propanol,
or ethyl acetete, as the mobile pbase 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 em-I. A flow cell
with a shorter path length is therefore needed for hexane­
based mobile phases. Typica! path lengths are 100-200 jim
for hexane and 500 jim for chloroform (18). As. result, the
detection limits for NP-HPLCfFT.1R 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-HPLCfFT-IR mea­
surements using flow cells have been reported. Recently,
bowever, Jinno et a!. (19) reported reversed-phase "HPLC/
FT-IR data using a flow cell, with a mobile phase of 90%
CD,CN and 10% D,O. Although much of the fingerprint
region of the spectrum was obscured, C-H and C=O
stretching modes could be observed.

The first "HPLC/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/dichlorometbane mixtures,·were reported.
In this work the column effluent was deposited on a KBr plate
which was slowly translated acroas the exit of the column.
Each eluate was deposited as a "buffer memory" on the plote.
After the chromatogram was complete, the plate was simply
tranaferred 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 "g, and no spectral region is
obscured by the solvent..

The USe of microbore columns does, of course, present
severa! disadvantages for "HPLC/FT-IR measurements. The
principal problem is the capacity of the columns which is often·
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AMOUNT INJECTED (1'\9)

Figure 1. Plot of t£TP \/S. amount Injoc1ed 'Of (0) 500 mm X 1 mm
column, (.0.) 120 mm X 0.5 mm column and (0) 150 mm X 0.35 mm
collAnn. The probe was nitrobenzene and It had k' values 01 1.25.
1.32, and 1.26, respaetlvely. The mobile phase was 2% methanol
In hexane and the now rates were close to the optinlm Inear veloctty
for each column. 45, 15, and 6 J'Umln. 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 measurement (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 necessary, and the spectra shown in this paper were all mea­
sured by preheating the cup but without the postheating step.

RESULTS AND DISCUSSION

If an HPLC/FT·IR interface is to be used to identify the
components of complex 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 aample injected, as shown in Figure 1. For each
column, solutions of nitrobenzene in hexane were eluted by
using 2'Yo methanol in hexane as the mobile phase. The k'
values for the nitrobenzene peak separated on the 1 mm, 0.5
rom, and 0.35 rom 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 Ilm (i.e., about 3 particle di­
ametera). The column capacities, defined as the quantity
required to increase the HETP by 10%, were 230 ng, 23 ng,
and 14 ag, respectively. Sample capacities would be expected
to increase considerably at higher values of k'and with smaller
particle size packings.

The 1 mm Ld. column was used for the initialllHPLC/
FT·JR investigations since its capacity was so much larger than
that of either of the PTFE columns. A chromatogram of
Stahl's telt dye solution, measured with an ultraviolet detector,
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-JR detection limits depend
on both the nature of the anaIyte 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 dropa, so that although
equivalent amounts of aample were injected, the quantities
collected per cup may be quite different. Ideally gradient
elution techniques ahouid be applied to make the fwhh ofall

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 Ld. column
is 20 times less than that of a 4.6 mm Ld. column. These
columns are also susceptible to severe extracolumn band
broadening (22, 23) and care must be taken to minimize dead
volume if chromatographic 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 IlHPLC/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·!R interface reported by Kuehl and
Griffiths for 4.6 mm i.d. columns (5). In this paper we report
the measurement of IlHPLC/FT·!R 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 Ld. microbore columns.

EXPERIMENTAL SECTION

Chromatography. Three microbore columns of different
dimensions were used. These were a 1 mm Ld. X 500 mm long
stainless steel column packed with 10."", silica (Alltech Aasociatel,
Waukegan, IL) and two poly(tetrafluoroethylene) (PfFE) columns
(0.5 mm x 120 mm and 0.35 mm X 150 mm) also packed with
lO~lolm silica. These columns were fabricated at Toyohashi
University of Technology. A Gilson Model 302 pump, Kraws
Model SF 769 variable wavelength detector equipped with a 0.5-~
flow cell, and a Rheodyne 7413 injection valve equipped with a
1-IolL loop were used with the Alltech column. All separations
on the P'l'FE columns were effected with a Familic 100 microbore
liquid chromatograph (JASCO International, Easton, MO).

Spectrometry. FT-lR spectra were measured with a Digilab
Model 296 interferometer, a medium range (Vmin = 600 cm-I)

mercury cadmium tellurid€ detector (Infrared Associates, New
Brunswick, NJ), and an optical system for DR spectrometrY which
has been described previously (24). Spectra were acquired at a
nominal resolution of either 4 em-lor 8 em-I, and 64 or 256 scans
were signal averaged. Powdered KCI was used as the substrate
for sample depoeition and also 88 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, 80 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 purchased from Alltech Associates; 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%.

IlHPLC/FT·IR Interrace. An interface designed for the
measurement of DR spectra of peaks eluting from microbore
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 "HPLC. The carousel comprised alight aluminum an­
nulus, 120 mm in diameter, in which 180 cups were driHed. Each
cup was 2.0 mm in diameter and 2.5 mm deep. In view of the
low flow rates involved, the sample concentration step was eUm·
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
column. A drop monitor was mounted at the exit of this tubej
it consisted of alight-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 ilL.

The best results both in terms of base line flatness and band
intensity were found when the KCI was tamped gently into each
cup rather than being loosely packed. The carouael was preheated
under an infrared beat lamp so that when the solute was deposited
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FJgw8 2. Chromatogram or Stahl'a dye separated into Ita three
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fig... 3. Spectra 01 200 ng ..ell of (a) Butler Yellow and (b) Indo­
phenol_ lI1088U'ed al4 em-' resolution and with 84 acana (~30
a).

peaks identical throughout the chromal<lgram, but in practice
this goal is not readily achieved for IlHPLC.

Another major problem with depolliting amounts of IlHPLC
eluates Ie.. than 100 ng is the fact that impurities and at­
mospheric absorption bands can lead to severe interferences
in the DR spectrum. To illustrate the effect of th... problems,
the spectra of decreasing amounts of tetraphenylporphyrin
injected into the chromatograph are shown in Figure 4.
Although the strongest banda below 1200 em-I 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 em-' when Ie.. than 75 ng of tatraphenyl·
porphyrin is in injeCted. at should be remembered that th...
measurements were made on 8 poorly purged instrument.)
Since one of the major advantages of FT-m spectrometry over
other detection systems is its capability to identify unknowns,
it is important that no spectral region should be obscured,
whether by 8t~ospheric interferences or by solvent bands.

The most crucial step in the interface is undoubtedly the
deposition of the analyte. The problems that can occ..r may
be demonstratad by comparing IlHPLC/FT-IR spectra ob­
tained by using tjle 0.5 mm i.d. PTFE column and the I mm
i.d. stain1ess steel oolumn. At the very low flow rates required
with the 0.5 mm column (typically 10 ilL/min), it was found
to be very difficult to deposit the solute emciently. Apparently
the eluent creeps up the outside of the stain1ess steel capiJlary
mounted at the end of the column. We believe that some of
the solvent evaporates, leaving a fraction of solute deposited
on the outar 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 fates, a mixture of nitrobenzene and 4·chloronitro­
benzene was separatad by using the I mm and 0.5 mm col­
umns. The same mobile phase and lineal velocity was em·
played for each separation. The spectra of 4·chloronitro­
benzene obtained during these runs are shown in Figure 5.
Spectra are not shown above 2000 em-I for these molecules
in view of the low absorptivities of the aromatic C-H
stretching bands near 3050 em-I and the lack of any other
fundamentals in the region between 2000 and 4000 em-I.
(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 ratas which can be tolerated by the I-mm
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FIgure'" Spectra o' (aI500 ng, (b) 125 ng, and (e) 75 ng o' Ielraphenylporphyrtn (Injected), m..sured with 4 em-I resolution and 256 scans
.1tAir _ from a 120 nm X 0.5 nm 10 I'fO aIIca gel PTFE column using a 90:10 chIoroform:acatone moblIe phase.
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lowed by depooition of the solute on diamond powder baa been
demonstrated using 4.6 mm' i.d. RP·HPLC columns. An
analogous technique should be applicable for RP-"HPLC/
IT·m after relatively minor modifications. Similarly the
technique developed by KaJaainsky et aL (28) in which water
in the column effluent is reacted with 2,2'-dimethoxypropane
before elimination of the remaining organic solvents should
also be able to be scaled down for RP·"HPLC/IT·IR.

In summary, the use of the 1 mm i.d. columns with their
intermediate flow rates (20-50 "L/min) and intermediate
capacities (200-300 ng) appears to be the best compromise
in the construction of a simple yet sensitive HPLC/IT-m
interface. This interface allows the detection of both major
and minor components eluting from this column and there
is little problem evaporating and disposing of the mobile phase
at these relatively low flow rales.

Agure S. Spectra meas..-ed with 8 an-1 resolution and 128 scans
of lien) 10 ng and (right) 15 ng of 4-chIoronltJobenzona separated on
a 1.0 mm I.d. and a 0.5 nm I.d. column. raspactlvely. The mobile
phase was 2% methanol n hexane and the IIow rates _e 35 ..u­
and 10 i,tUmln, respecttvely.

column improve the deposition characteristics, si~ce 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 this
material. We were not able to achieve this goal, presumably
because of evaporation by the solute. Indeed evaporation of
the solute appears to be the fundamental limitation of
"HPLC/IT.IR for small molecules.

A conservative estimate for the dynamic range of the
"HPLC/IT·!R interface for the 1 mm column. i.e.• the ratio
of the colwnn capacity at low k'to the detection limit. is about
20:1. This is almost sn order of magnitude better than that
of any "HPLC/IT·IR interface which has heen reporte<!
previously and is ohviously 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/IT.!R interfaces using solvent elimi·
nation techniques. For this purpose we may compare the data
obtained with the 1 mm Ld. 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)'. Le. 20. times greater. Thus the dynamic range
of the 'conventional" HPLC/IT-IR interface is slightly
greater than that of the "HPLC/IT·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 practical advantage of the "HPLC/IT·!R
interface over previous HPLC/DR·IT·!R systems is related
to the reduced solvent consumption.

It is interesting to speculate on the application of the
technique described in this paper for microbore reverse-phase
HPLC. Certainly the use of KCI as a substrate is inappro­
priate for direct RP·HPLC/IT·!R 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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(1)

By • ompIa geomeltIc -.uetJon the ....... r8lldenca tme
In 11n••r chromatography Ie ohown to be Inde~ 01 the
degree wHh which equllbrtum Ie .tt.lned. The U-r.1 rala­
Ilonlhlp Ie th.t H • conat.nt Input 01 m moll. ...da 10 •
....dy·...I. .ccumul.tIon 01 M mol.a In the column, Ih.
mean r",danc. tlm. lor • pulee Input Ie M1m a. ThIe I.ade
10 almple calculllilona 01 the aIIecta 01 Input .nd elftuant
boundary condlIlona on the ....an r......nc. lima. Although
an Irr......... c:hamIcaI r.actIon raduc:aa the r8lldenca tme•
• proc.dur. Ie •••Hable 10 d.tarmlna the r......nce tme In
the _nce 01 chemlc.1 r••ctJon. The r.old.nca tmea Iol­
lowing Inputs Into the mobil••nd ...llonary ph..... rnpec·
11••ly, dlll.r by • conat.nt.

The calculation of pulse residence times in shorl chroma­
tographic columns wauld appear'" be complex, for in a ahort
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 theae diflicultiea 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
constanta for m... transfer (I, 2). Yet reaearch reporta have
appeared in which it appeared that the mean reaidenee time
was affected by maaa tranafer effecta (3-5). Here we will
examine some specific examples of holdup in linear chroma­
tographic systems, showing precisely how mass transfer af­
fected the mean reaidenee time. Finally a general procedure
will be developed. which permita the mean reaidence time to
be determined without having to aolve fully the partial dif­
ferential equations governing mass transfer within chroma­
tographic columna.

INEQUlLIBRIUM BETWEEN MOVING AND
STATIONARY PHASES

Young (6) gave an exact aolution to the aimpl..t possible
model for interphase inequilibrium in a chromatographic
column. His partial differential equation 888umes that the
m... transfer to and from the atationary phase is proportional
to the concentrations in each phase, viz.

~ = -"(F- 9.)iix k'
where F is the molar flux, defined as the molea per aecond
flowing paat the point "x" at a time "t" (mol/a), Q is the uptake
of lOrbate in atationary phase (mol/cm),,, is the constant for
m... transfer from mobile to atationary phase (cm-'), and h'
is the constant giving equilibrium uptake in the atationary
phase per unit flux of sorbate in the mobile phase. h'has unita
of s/cm. By a m... balance the uptake of aorbate in the
a"'tlonary phase muat be

i 1iiF
Q =- - dt

o iix

Assuming the boundary condition of a pulse input of m moles
into the mobile phase at t = 0, % = 0, the solution for the above
equations is

F = me-N6(O) + mN e-NII+(,jl1)1 (2N(i)I/') (3)
(tO l /' 't'

where t' = k'L, N = aL, L is the length of column (em), II is
the modified Beasel function of order I, and 0(0) is the unit
delta function at time t = O. The purpose of giving the above
equation is to illustrate the effects of interphase mass t~ansfer

under conditions of very poor mass transfer efficiency. In eq
3, the number of theoretical plates, N, descrihea the kinetica
of mass transfer within the column. The greater the number
of theoretica.l plates, the more efficient the mass transfer. This
can be seen in Figure I, which shows breakthrough curves
calculated for various valuea of N. In eq 3, the factor e-No(O)
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
onee is negligible. But auppose that N is equal to 0.5. In thia
case 61 % of the input p...ea through the column unadsorbed.
Yet, remarkably, the mean reaidence time, t h, calculated from
the integral

(4)

remains unchanged and, regardle~ of the value for N, is
precisely equal to l '. 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 aeam that this conclusion is belied by eq 4 of Galan
et 01. (4), which predicts the mean residence time from an
equation containing cate constants. But the two cote 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) alld 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 eapecially 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 deacribing the combined effecta of dif·
fusion and convection on concentration

vii'C _ V~ =(k + l)~ (5)
iix' iix at

where C is the concentration of sorbale (mol/cm3), D is the
diffusion -Coefficient for the sorbate in the carrier gas (cml/s),
V is the interparticle carrier gas velocity (cmfs), equal to v/ tA,
v is the flow of carrier gas (em3/a), A is the cross·sectional area
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FJgure 1. BreakUvough curves from columns having different mass
trans'er efficlendes. Curves a, b, c, and d show. respectively,
breakthrough curves calculated from eq 3, whh N, the number 0'
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 0' N has on
the shape of the breakttvough clSVe, the mean retenUon time is 10-.
dependent of the value 0' N.

of column (cm2), ( 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 l = 0 into a
seminfinite column (0 < x < CD), with no mass transfer out
of the column (i.e., VC - D(oC/ox) = 0 at x = 0) is

C = m {(2Nl')1/2e_(N/21(t'/t)I/t....(t/t'IIJ211_
,A(l + k)x "t

Newerfc [(~t(UY' + (~t)]) (6)

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='A(CV-D~) (7)

and in particular, from eq 6, the flul: becomes

F = !E.(Nt')1/2e-<N/2IW/t11/2....<t./t>IJ2J1 (8)
t 2..t

From eq 4 and 8 the mean residence time in this system is
now

(9)

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 n unit pulse
concentration input, i.e., C.I'_O = 0(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 amall fraction being
resorbed at the point of input. This is nol a realistic model
of the results following a finite input into a column with
essentially l'!0 resorption at the point of input.

STEADY-STATE MODEL

There is a simple geometric construc"tion that shows it is
reasonable to expect residence time to be independent of all
facto'" describing rates of mass transfer in the oolumn. Figure
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Flgur. 2. Geometric relationship between breakthrough curves otr
talned 'rom constant and pulse Inputs. See text tor procedu'e used
to determine mean resk1ence time from the geometrical relatlonsNp
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 \\'8S from a constant input of one unit
per second, also starting at t = O. 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.trip, Fdt, in the lower curve. As the length
of the upper differential .trip i. equal to t, 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
responda 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 retained in the oolumn at steady state.
The general relationship between accumulated mass and
residence time is that if following a constant input of m moles
per second of sorbate, M moles accumulate in the column at
steady state, then the mean residence time in the column for
a pulse input is M / m seconds. This allows us to use
steady-state retention in a oolumn, 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 8S a function of
positicn within t.he column.

Huang and Madey (3) give through a series of compl..,
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
x = 0, but instead were to extend infinitely in both the +x
and -x directions. \Ve 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
diffu.ion. The simplest way to calculate the effect thatthi.

. 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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figure 3. Effect of boondary condltIons on spallal dJstrlbutlon of
sorbsts. Both curves show the combined effect of convection and
diffusion on 8 pulse of sorbsts Injected earUer at X = O. For cLIVe
A an mpervkHJs barrier was at X = O. whereas for curve B no such
barrie< existed.

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 Ii 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 8 homogeneous
spherical packing which not only adsorbs but also reacts ir­
reversibly in a tirst·order reaction with the sorbent, the res­
idence time of an injected pulse is reduced by a percent equal
to (9)

partial differential equation in % and I that described mass
transfer now reduces to the ordinary differential equation

But for negative values of x, C must decrease to 0 with in·
crcasingly negative values of x. Here then

For positive values of x (i.e. 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

The general solution to this equation is

C = a + b exp( ~ )

C = mlu

(10)

(11)

(12)

where R is the percent reduction in residence time (dimen·
sionless), Dp is the intraparticle diffusion coefficient (em:.!Is).
d is the particle diameter (cm), fJ is the first-order reaction
constant (S-I), '" = (f3cf'/4Dp)"'. and D, V, and k are defined ­
as before. A similar result was derived by Galan et at (4).
Note that the percent reduction in residence time does not
depend on column length. although it does depend un other
factors including the reaction rate and the carrier gas velocity.

The simplest procedure for det.ermining the "true" residence
time in the presence of an irreversibJe first-order chemical
reaction is to multiply the effluent at each time, t, by a cor­
rection factor. e}J. such that the "corrected" efnuent has the
same m85S as the input. SpecificaHy, after finding the value
of A, such that the measured nux, following an input of m
moles, when integrated with eU

• gives

Integration gives the moles of 80rbate upstream of the point
of injection as

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 l' pulse input is

(17)

(18)

the mean residence time in the absence of chemical reaction
is then estimated as

This correction procedure has the effect of removing the bias
against the slower moving molecules.

F= mNe-NII+ll"')I/ [2N(!..)1"] (19)
t' 0 t'

STATE OF INJECTED SORBATE
]t can make a difference if the sorhate 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 injec~cd

material is added to the stationary phase, calculate the nux
to be

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

Ih 0= I' + 1'1N (20)

(13)

(14)

(15)
(1 + k)D

1,= --v>--

m(1 + k)D
M = ---'--v>---'--

AJJ a sample calculation, if we take D = 0.1 cm'/s, V = 10
em/s, and k = 1000, then diffusion upstream wiu increase the
observed residence time for a pulse input by 1.0 5, which is
small but perhaps detectable in some systems.

Because Kucera (5) assumed an infinite column, we would
expect that edge effecta 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 Wllr!' p1aoed which acted as a perfect sink for the sorbate.
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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 a1. suggest using the ap­
proximation

meN /'X')l/2e-Nll-(t/t1I/2J2

F ~ 2t l / 4(t')'/4 (21)

which under the 88me 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, Kyato University, Sakyo-ku, Kyoto 606, Japan

Potassium hydroxIde solutIon was round to be an eHective
eluent lor nonsuppressed anion chromatography. Polyvalent
Ions, SCN-, and CIO.-, which are strongly retained by an an­
lon-exchange resin, could not be quantitatively measured,
because potassium hydroxide was too weak an eluent.
However, this method was applicable to lhe determination 01
15 Inorganic monovalent anions (1:-, cr, CIO" Br', BrO" 1-,
10" NO" NO" CN", HS-, CNO-, BF.-, silicate, arsenlle).
The main advantage Is thaI weak acids 01 pK. > 7 (cyanide,
suillde, arsenlle, slilcale, and phenol compounds) which
cannot be detected by convenllonallon clvomatography uA>g
a conductivity deleclor can be delermlned by this method.
The detection IImIls lor cyanide, B<MIde, and arsenite were 0.1
ppm, 0.1 ppm, and 0,2 ppm (as As), respecllvely.

Since ion chromatography (lC) 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 (I3-16)
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 (I 7) and oxo acids (I8, 19) in addition
to some common inorganic anions (F", CI-, Br-, N02-, N03-,

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 Ie 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 (I7) and silicic acid (21,
22) can be determined since the separation and detection are
carried out in a basic solution. Although this eluent is 8 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,SiO.-) in potassium hydroxide eluent (22).

In this paper, the applicability of this method to the analysis
of some weak acids (cyanide, sulfide, and arsenite) is discusaed.

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 Ld.) packed with TSKgellC-Anion-PW (particle
size 10 ± 1 J,tm; capacity 0.03 ± 0.005 mequiv/g) was used.
HLC·601 consisted of a computer-controlled pump. conductivity
detector, a sample injector (100 ilL), and an oven. Two separation
columns were connected, if necessary. The flow rate was main­
tained at 1 mL/min under a pressure of 15-25 kg/cm2• The
separator columns and a conductivity detector were set in an oven
regulated at 30 Ile.

Reagents. The eluent was prepared daily by dissolving ana­
lytical grade potassium hydroxide in distilled deionized water and
deaerating iL 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 salls in water. Working standard so-

0OO3--2700i85/0357.0829$01.50/0 1tl1985 AmeriCan Chemical Sodety



830 • ANAlYTICAl ClEMISlRY, VOL. 57, NO.4, APRIL 1986

Figwe 1. Typical k>n ctvomatogram 01 seven Inorganic ank>ns: 1.
fluoride (1 ppm); 2, bromate (3 ppm); 3, chIo<lde (6 ppm); 4, ntt,lt. (3
ppm); 6, cyenal. (3 ppm); 8, bromide (3 ppm); 7, nltrat. (10 ppml. Tho
eluent was 1 mM KOH,

Jutiona 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 I mM potassium hydroxide as eluenL 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 nuoride and chloride (I7) and interfers with the
analysis of silicic acid when the concentration of electrolyte
was ten times lager than thot of an eluent (22). All elution
peaks were detected 88 negative peaks because of the lorge
ion equivalent conductance of hydroxide ion (1980-1 cm2 mol-I
ot 25 DC). The onalysis of some weak ocids (cyanide, sulfide,
arsenite, etc.) by this method is discu88ed 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 80lid membrane ion selective electrodes using AgI
or Ag,s (24,25), polorography (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., bolide ions), which form complexes or insoluble salts
with silver and mercury, interfere with the determination and
thot sulfide and cyanide frequently interfere with the anolysis
of each other. Therefore, a method is required that separotes
cyanide and sulfide from each other and from interfering ions.

Since sulfide (pK, c 6.02, pK, = 14.0) ond cyanide (pK.
= 9.32) are di880lved as monovolent anions at pH 10-11, they
can be quantitatively eluted ond detected by nonsuppre88ed
IC using the potassium hydroxide eluent, They eluted be­
tween chloride and nitrite and were complewly ..paroted from
the other anions (Br-, NO,-,1-, F", etc.). Since it is po88ible
that chloride ond nitrite will be present in 0 sample solution,
it is important thot these four anions (CI-, HS-, CN-, NO,-)
are separated for accurate determination. Two separation
columns were connected in order to enhance efficiency. A
marked increase in pressure was 8voided because the coJumns
were short (50 mm long) and the packed resin was small and
spherical. The octuol increase of pre88ure was below 10
kg/cm2• Figure 2 shows the variation of resolution between
pairs of anions eluting odjacenUy (Cl--HS-, HS--CN-,
CN--NO,-), with the eluent concentrotion. The resolution
of CI--HS- and HS--eN- hardly varied with changing the
eluent concentration, but that of CN--NO,- was offected (the
resolution was 1.03 with 0.5 mM KOH and 0,46 with 3 mM
KOH), Figure 3 shows the separations of Cl--HS-, HS--eW,
and CN--N02- at various eluent concentrations. An increase

0'

, 2 ,
Conccnlr.tion 01 KOH • mM

figure 2. Variation of resolutlon between anion paws eluting adjacently,
wIth the concentration of the eluent: A, C'--HS-; B, HS--CW; C.
CN--N02-. Two separaUon columns were connected and used.

M'
2minHS-

f!( 1'"SJV(-

~ A ~

A A ~

A A ~
-------"

Time

F~Ule 3. 5eparaUons of Cr-HS-. HS--CW, and CWN02 -: eluent,
(A) 1 mM KOH, (B) 1.5 mM KOH, (C) 2 mM KOH, (01 3 roM KOH;
sample, 5 ppm 01 each ank>n.

Table I. Anion Interference Study (or Cyanide Ion"

anion ppm ratio (A-jCN-) reco\'ery, %

CI- 1 10;1.8
5 103.3

8r- t 98.1
10 97.3

N02-b t 102.5
5 109.0

NO,- 1 100.3
10 98.8

S· t 106.0
2 115.6

• Sample contained 5 ppm of cyanide ion. • Eluent was O.!j 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
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anion

Br-

NO,­

NO,-

CW

ppm ralio (A-/CW) recovery, %

100.4
120.9
105.8
99.4

102.5
98.6

102.1
99.4
97.8
93.5

Timl'

figure 4. Depression of cyanide peak by Cu2+ retained t:y the resin.
S ppm of cyank!e was in}ected.

o Sample contained 5 ppm of 8ulfide ion. Eluent was 1.5 mM of
KOH.

Table III. Cation Interference Study for Cyanide lonll

molar ratio
metal ion 10gb (M"/CN) concn, ppm recovery, 0/0

Hg(1I) 40.9 0.1 3.85 ,
Co(ll) 19.1 0.1 1.13 62.7
Ni(1I) 30.2 0.1 1.13 35.5
Cu(III 28 0.1 1.22 80.0
Ph(ll) 10.3 0.1 3.98 95.5

0.5 19.9 80.6
Zn(l!) 16.8 0.1 1.26 101.7

1 12.6 97.3
Cd(II) 17.1 0.1 2.16 102.3

1I Sample contained 5 ppm of cyanide. b Formation constant of
cyanide complex (literature value). t 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 determinatiop. 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"10
in cyanide recovery.

Table III shows cation interference with cyanide. Hg(II),
Cu(II), Co(ll), and Ni(II) seriously interfered but Pb(II),
Zn(II), and Cd(1I) did not. Hg(ll) markedly depressed the
cyanide peak and even 1.92 x 10-' M of Hg(1I) (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(II), 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-

Table IV. Anion Interference Study Cor Arsenite lonG

anion ppm ratio (A-/H 2As03-) recovery, %

silicate 1 97.7
5 70.1'

F- 1 103.7
5 103.4

Cl- 1 100.7
10 85.2'

arsenate 1 98.8
10 102.5

1I Sample contained 5 ppm (as As) or arsenite. b 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"10 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. (J1) 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
(J2). Cyanide has also determined by the conductivity de­
tection after conversion to other detectable anions by the
following reactions (32, 33).

I, + HCN = H+ + /- + ICN

NaCN + 2H,O = NH3 + Heaa- + 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 itemi7.ed advantages for the
determination of cyanide and sulfide compared with these
conventional methods.

(I) The procedure is simple and safe, because pretrealment
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, rK, = 6.9, pK, = 11.5),

which is 0 comparatively strong atid, can be detected by the
conventional IC (34), but arsenite (pK, = 9.2, pK, = 12.I,·pK,
= 13.4) has only been detected by an atomic absorplion
spectrometric system (l5, 16).

Arsenite eluted between fluoride and chloride using this
system. Table IV 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 8 sample
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anions ref

Table V. Anionl Detected by ConvenlioaallC Using
Conductivity Detector--

Table VI. Detection Limit. and Linear Range. or
Callbration Curve. or Four Weak Acid.

0.1-2.5
0.5-5
0.5-10
0.5-10

22 (asSi)
100
100
200 (lUI As)

silicate
cyanide
sulfide
ar1lcnite

F", cr, Br-, 1-, CIO,', BrO.-, 10,', CIO.-, NO,-, I, 18, 19,36-43
NO,-, SCN-, CNO-, N.-, SO,", SO,", 5,0,",
POl-, P033~. BF.-, crO.2., WO.2., MOO.2-,
SellV), Se(VI), AB(V)

. • Phenate. carbonate, and borate 8olutions were used for sup­
pressed IC (1, 18, 19). Phthalate, tartrate, and citrate solutions
were used (or nonsuppressed IC (36-43).

linear range
of

calibration
anion detection limit. (ppb) curve, ppm

FIgW'. 7. Ion ctvomatogram of four weak acids: 1, silicic acid (1
ppm); 2, arsenna (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 quantitB­
tively eluted by this eluent. It is necessary to use 8 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
because of the incr.... in the background conductance. Tahle
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 he determined
by the present method as shown in Figure 6. Above all, this
method has an advantBge 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 increased by the complete separation of
cyanide and sulfide. Although arsenate is not quantitBtively
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 spe<;trometry) since
arsenite can be determined without interference from arsenate.
Table VI shows the detection limits of this method for these

f
..(111 ',ps
, I ' •.~)
jL.l.--J"-
, It!

,
32.5 13F,·
37.1 I"
49".2 SCN-
495 CIO,·

figure e. Fifteen anions determined by the present method. The
eluent was 1 mM KOH.

solution. Arsenite could be determined separately from 8r·
senate which eluted with a longer retention time. Figure 5
shows the separation of arsenite and arsenate. Organoarsenic
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. (I5). The
peak of arsenate WSA broadened and overlapped with the
"absent peak" of carbonate contained in the eluent as an
impurity (17,23). Therefore, anenate could not be determined
accurately by this system.

The calibration curve for arsenite was linear over the range
0.5-10 ppm (SA As). The percent deviation was 1.8'1'. at the
5 ppm As level. .The detection limit was 200 ppb, corre­
sponding to that of flame atomic absorption spectrometry (35).

Silicate. AB mentioned in previous papers (21, 22), fluoride,
magnesium, and calcium ions interfere with tha determination
of silicic acid. However, the interference of fluoride ion was
reduced by adding boric acid to the sample solution and
interference from magnesium and calcium iOM was eliminated
bY pretreatment with a H+ form cation-e>:chnnge column. The
detection limit was 22 ppb (as Silo This method was practical
for the analysis of silic acid and applicable to its determination
in natural water.

Phenol Compounds. Phenol and its derivatives (creaols,
dimethylphenol, and ethylphenol) were detectBble by this
system SA already reported (I 7), Nitrophenols and picrate
were not eluted because of their strong adsorption on the
anion·exchange resin. A detailed investigation of phenol
compounds 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 detectBble
by the present method. There was a po88ibility that phenol
compounds would interfere with the determination of inor·
ganic anions wbich should be detected by IC. However, the
interference was not aerious for the determination of most
monovalent anions because the retention time of phenol, which
eluted moot rapidly among the pbenol compounds studied,
was longer than that of nitrate.

Comparison with Conventional IC. Figure 6 shows the
retention times of monovalent anions eluted with I mM KOH.
The quantitBtive peaks for SCN- and CIO.- were not obtained
because their elution was delayed by hydrophobic interactions

F1gIw. 5, 5epara1lon of arsenic specles. 5 ppm (as As) for aach
anion.

o 10- 20 30
Tirnc • min.



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 me~hod 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. CIO,-. 14866-68-3: BrO,-. 15541-45-4: 10,-.
15454-31-6: NO,-. 14797-55-8: NO,-. 14797-65-0; CN", 57-12-5: HS-,
150.15-72-0; CNO-, 661-20-1: BF.-, 14874-70-5; H,.'liO,-, 18102-72-2:
H,AsO,-, 14102-45-5: S-, 18496-25-8: r, 16984-48-8: Cl-, 16867­
00-6; Br-, 24909-67-9; 1-. 20461-54-5; KOH, 1310-58-3.
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Electrokinetic Chromatography with Micellar Solution and
Open-Tubular Capillary

Shigeru Terabe,' Koji Otluka, and Teiichi Ando

Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Sakyo-ku, Kyoto 606, Japan

FuncIIrIW'UI _aclerllllca 01 a new type 01 chromalograPhY
wtIh mlcallar IOlutlona 01 ionic Ila'facla.... w.,••••mln....
Electrokinetic phenomena In. open-Iubular capllla"" mo.a
Iwo pha.... aqUloUi and mlcallar. with dlllarant .etoelll••
_ mlceIar IOIubIIuIIon oper_ II \he dIIIrtbulIon proceu
0I1OIuI... SodUn docIecyI ..... (SDS)·aaluIlonI _ a 0.05
mn Lei. X 850 mn _ IIIca 1_ Will employ'" and high
de .0II1gII up 1o 25 kV w.,a applied. Unaar raiallolllhlpo
w.r. olIN..... bltWIIn c.rent and mlgr.llon ••loeII... 01
w.l.r. micelle. and .ny 1Olut., but nol belw..n appll.d
.011.11'" and Ih•••Iacme.. Thl. dllcr.pancy can b. r.a­
IOnably Int.rpr.I... In termo 01 the I.mperalur. rI.. 01 th.
lOIu11on In th. lube rHUlllng Irom Joul. h.allng. Optimum
I'IIOlu\lonI can be obI_ when \he c:apaclty lactor II about
2, beea r.I.ntIon IImeI ar. 1Im1l... belw..n lhole 01 an
1nIokdz 1OluI. or wal., _ a totely _ ... 1OluI. or

mlceIIe. 0bMrv... d.p.nd.nc. 01 c:apacIly Iaclorl 011 c:urrenI
can allo be ••plalned by the I_peratur. rill. Thermody­
namic param.t... In mJc.llar lOIublllzallon w.r. pr•••nt....

In ronventionalliquid chromatography. the .tationary phase
is immobilized in a column, while the mobile phase is per­
colated through the Btationary bed. When a sample is added
w the top of the column, componenla of the sample distribute
themselvea between mobile and stationary ph.... in the ratio
of the capacity facwr while mobile phaBe nows down con­
tinuously through the column. It is, however, not essential
in chromatography that one phase is rigidly fi.ed in the
column; the relative movement of two phases between which
a solute is distributed is satisfaewry for the chromawgraphic
separation. Thus, instead of the forced now of the mobile
phase through the stationary phase, any means of continuous
displaoement between two phaaea can be utilized wconstitute
a chromaWgraphic system. The two phasea need not always
be heterogeneous i(any distribution process of a solute can
be held between them; they may be solvent and a pseudophase
like micelle, or even a molecule. In this paper we report a new
type of chromatographic technique based on electrokinetic
migrations and the mioellar solubilization phenomenon which
extends the scope of liquid chromatography to that of a ho­
mogeneous solution alone.

In a previous paper (1) we brieny described the resulta of
preliminary e.periments and adopted the term "electrokinetic
separation" for this technique according to the suggeation of
a reviewer. However, we now prefer using the term
"electrokinetic chromatography" because this obviously be­
longs w a branch of chromaWgraphy, which is probably close
to Iiquid-liquid partition chromatography. Nakagawa (2) fUllt
proposed to apply the micellar solubilization phenomenon w
chromatography in c6mbination with electrophoresis of an
ionic micelle and called this technique "solubilization
chromatography" after the partition mechanism. When
electrophoresis is exclusively operating in the relative mi­
gration between the aqueous and mioellar phaaea, the aqueous
phase is considered to be stationary and the micellar phase

mobile. Although micelles are understood as dynamic
structures with a liquid core (3), it may be possible in the
following diacusaion in this paper to depict mioeUea as a liquid
phase distinct from the surrounding aqueous solution.

Among various techniques available in electrophoresis we
have employed free zone electrophoresis in open-tubular
capillaries (4, 5) because of ila high efficiency in separation
and ease of instrwnentation for continuous on-line detection.
In free zone electrophoresis with an open-tubular glass ca­
pil\ary, it has been reported (5) that the strong eleclroosmotic
now of the electrolyte Bolution occurs in the tube w an e.tent
that even small, triply chargeq anions are carried toward the
negative electrode. This electroosmotic flow provides another
advantege of shortening the analysis time.

In this paper, we will first present some features of the
electrokinetic migration from the practical point of view, Le.,
how electrokinetic velocities can be related to experimental
variables. Then some fundamental characteristics of this
technique as a chromawgraphic method will be described in
comparison with conventional chromatography because the
limited range of retention times requires different es:pressions
of chromaWgraphic parameters. Last, distribution coefficienla
and thermodynaroic parametefll in micellar solubilization will
be discUBsed.

EXPERIMENTAL SECTION
Apparatus, Reacent8, and Procedure. The same apparatus

88 described previously (1) was placed in a thermosta.ted oven.
Although the oven was not equipped with a circulating fan, a fan
incorporated in a JASCO UVIDEC-loo-n speclrophotometric
detector w disaipate the heat from 8 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 dodecylsulfonste purchased from Tokyo Kasei
Kogyo (Tokyo, Japan) were used as received. Compounds em­
ployed 88 solutea 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-l except for methanol and
Sudan III. About 1'1, of methanol wa., added to each sample
solution. Injection volume was about 2 nL throughout the eJ:­

perimenL Other reagents and the experimental procedure were
described in the previous paper (1).

RESULTS AND DISCUSSION
Electrokinetic Migration. The electrokinetic chroma·

togram shown in Figure 1 was obtained with a 0.05 M sodium
dodecyl sulfate (SDS) Bolution and a 0.05 mm Ld. X 500 mm
tube at 35 'C. All the solutes injected at the positive end of
the tube were detected with a UV phowmeter positioned at
the negative side. Methanol is regarded as an insoJubilized
8Olute. i.e., as existing only in the aqueous phase, and Sudan
III is assumed to be completely solubilized, i.e., w e.ist only
in the micellar phase. The assumed behavior of methanol was
justified by gel filtration chromaWgraphy with SDS solutions'
(6): The distribution coefficient of methanol between SDS
micelle ahd 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 Myaels (8).
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o~ = - "r;'; 1

The specific conductivity t1 is given by Kohlrausch's law of
independent migration of ions

q = 7ChAj (4)

where e is the elementary charge, F is the Faraday constant.
and OJ is the radius of the solute ion j. Combination of eq
3 with eq 4 and 5 gives

o = - 6.il L~ I (6)
.-0 reF j CjZl

One should note that ~ is not included in eq 6.
The dependence of 11~ on current and the applied voltage

V shown in Figure 2 may be explained in terms of lbe decrease
of 1'/ with increase of Vor I. That is, ifCj' Zj, and OJ are assumed
to be constant. VItO increases linearly with increase of 1 as
predicted f'om eq 6, but the deviation from linearity may be
predicted between u~ and Vasa result of lbe chailge of q with
V in eq 1. The experimental results strongly supportthi. view
and, in addition, indicate that lbe product of permittivity and
the zeta potential remains virtually constant regardless of E

E=_I_I
"rq

where I is the length of the tube, q is lbe 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

Figur. 2. Dopendonco 01 migration velocities v 01 methanol (0. e)
and Sudon III (0. II) on eppled voltage (dashed 100) and CUTent (sold
line). COnditions are the same as those given In FIgU"8 1 except for
applied voltage and clnent.

1'/ is the viscosity of the liquid, and E is the electrical field
strength. The negative sign means that when t is negative,
lbe liquid flow is toward the negative electrode (10). In lbe
case of the buffer solution employed in tbis study, 0.1 M
borate-{).05 M phosphate, pH 7.0, lbe value of 1/« is estimoted
from electrolyte concentrations to be 0.8 nm, much smaller
than the radius of the tube, 50 IJ.m. Since the surface con·
ductivity may be neglected in this case, Ohm's law

where Cj, Zj, and Aj are the number of moles per unit volume,
charge number, and equivalent conductivity of the jth ion.
respectively. Here, 'A j can be related to the viscosity by the
combination of the Stokes-Einstein relation and the
Nernst-Einstein equation (11) as

zl~F

Aj = 6"aj~ (5)

Figure 1. Electrokinetic chromatogram of some test samples: (1)
methanol. (2) resorcinol. (3) phenol. (4) p-nllJoanilno. (5) nitrobenzene.
(6) toluene. (7) 2-naphthol. (6) Sudon Ill; Il'lcoIar_. 0.05 M 50S
In 0.1 M borate-0.05 M phosphate buff.... pH 7.0; soporotlon tlbo. 0.05
mm I.d. X 650 mm; length of the tube used for separaUon, 500 nun;
total applied vottage, ca. 15 kV: anent, 26 p.A; detection wavelength.
210 om; temperat168 of oven, 35 DC.

Methanol is usually not detected by lbe aboorption 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 Drc con·
sidered to be un·ionized under the conditions used, the re­
tention times of these solutes fall between those of methanol
and Suden III as mentioned previously (I). 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 shuwn in Figure 2 were always recognized at different SDS
concentrations. The migration of the aqueous phase which
is indicated by lbe methanul 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 Sudsn III band is considered to rep·
resent the migration of the micelle 83 mentioned above. The
velocity of the micelle shuuld be equal to the difference be­
tween eJectroosmotic 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/•• is
much smaller than the radius of Ii capillary r, Veo is described
by the classical formula (10)

.i
o.o=--;;E (1)

where ( is the permittivity of the liquid, i is lbe zeta potential.

I
I J 5 ]0002.U
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figure 4. Vekx:itJes 01 solutes 8S a function of CUl'Tsnt Sotutes are
Indicated by the same numbsn. 8S given In FIg~e 1. CondItions are
the same as those given in Figure 2.

Figur. 5. Reciprocal veloc1ties of Sudan I II (II) vme_1 and methanol
(.) ...~-1 8S 8 function 01 50S concentration: applled Yottage was 15
kV. Other c.ondnJons are given In FigLl'8 1.

factant is reported to decrease with an increase of temperature
(12), the observed linearity between Um, and I or u•• and 1
indicates that {(Ka) 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 u, at 1 = 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
solutes. The number of solutes solubilized into the micelle
is roughly estimated to be Ie.. than 5 to 10 molecules per
micelle under the condition shown in Figure 1 except for
Sudan III where Ie.. than one molecule is solubilized.

At a constant voltage applied. Veo remained virtually can·
stant irrespective of the 8DS concentration Cgos. while the
reciprocal of Vmc increased with an increase of eSDS as shown
in Figure 5. In this case, current was observed to increase
linearly with C50S from 22 /loA at 0.03 M to 45 /loA at 0.15 M
as predicted from eq 2 and 4. Independence of u'" from CSDS

suggests that the viscoeity ~ remains approxima~y unchanged
as expected from eq I: The effect of the temperature rise by
increasing current on f1 is accidentally compensated by that
of increasing csos' Thus, the viscosity of the aqueous SDS
solution has been reported to increase linearly with the con·
centration (13). The constant u.. regardless of Csos also
suggests that SDS ha. no effect on the zeta potential of the
glass/sulution interface. The observed increase of um.-' with
Csos, i.e., the increase of the electrophoretic velocity, is in
contrast to the result of Stigler et aI. (8) that the electro­
phoretic mobility of the SDS micelle decreases linearly with
the increase of Csos' This discrepancy may be interpreted in
tenns of differences in temperature rise by Joule heating, Le.,

0.150.10

C50S 'M

0.05

--
>

'E
E

>.
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: •
.0 : 40
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60 30 ~
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20 M-- 10.. -.~.,.. ......-...
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FIgln 3. Dependence 01 CUTelll (8OId h) end rlse In surface lem­
peral..... AT. 01 the Wbe (deBhed line) on applied voltage; length of
!he tube wa' 810 mm. Other condIlIons are gtven In FiglKe 2.

and I. The rille in temperature of the liquid in the tube by
Joule heating must be the reSBOn for the decrease of ~ as the
applied voltage incre..... 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 rille in temperature observed reached
45·C higher than the ambient temperature at 25 kV/610 mm
as shown in Figure 3, although the exact temperature was
uncertain bocaUlle of the relatively large oontact point (0.2 mm
o.d., of 0.1 mm o.d. a1umel-chromel wire) compared with the
diameter of the tube, 0.2 mm a.d. The temperature rise was
proportional to the power di••ipated 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 .urface revea1B that
heat diasipation is not efficient boca""" of a low film coefficient
of heat transfer from the .urface of the tube into the eir.

The variation of current with the applied voltage is alao
illustrated in Figure 3. By considering the rille in temperature
mentioned above, the nonlinear relationship between V and
I can alao be understood from a viewpoint of the alteration
in conductivity .. a reault of the viscosity change as predicted
from eq 5. It follows, therefore, that low viBCosity at a high
voltage causes positive deviation in the plot of 1vs. Vas shown
in Figure 3.

By taking into account the sign of the migrating direction,
we can describe the velocity of the micelle Vmt'. as

vmc :::: Ueo + v.p (7)

where u•• is the electrophoretic velocity of the micelle. The
velocity V,p is given by

2'1
u•• = 3r;' {(Ka) E (8)

where function {(Ka) depends on the particle shape and, for
sphere of II'Q = co, is 1.50 and a. is the radius of the particle
([0). It should be noted that the zeta potential in eq 8 i. for
the micelle, while that in eq 1 i. for fUlled silica. Substitution '
of eq 1 and eq 8 into eq 7 gives

um< = - ~{II - ~1:J(Ka)}E (9)

where subocripts 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 I. is negative.
The fact that the Sudan III band moved in the same direction
.. the methanol but with lower velocity implies that 12 is lower
than II in absolute value, becaU8e 12 should also be negative
for the negatively charged SDS micelle. The linear relation·
ship of v_ va. I and the nonlinear one of Um< va. E as shown
in Figure 2 agree with the probable change of viscosity as
discUSBed above. Although the micellar size of an ionic sur-
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Here. R. is the resolution, N is the plate number, and a is the
separation factor which is equal to h2 'IhI'. Owing to the last
term, the selectivity term in this chromatography is not in­
dependent oC the capacity factor term in contrast to con·
ventional chromatography (16).

= NI/2(~)(---..!'.'.-)
R. 4 a 1 + k'

The last term in eq 13 reveals again the characteristic of this
method. The infinite value of t= reduces the last term of eq
13 to unity, and then eq 13 becomes equal to eq 14. To
evaluate the efCect oC h' on resolution, the approximation, kl '

F.... 7. Logarithmic capactty factor 8S a toocUOn of retention time
Ill< electrokilotic chromatogaphy (sold h) and Ill< concave~
elution illiquid chromatography from water to melhanol (dashed Ina)
and from water to tetrahydrofuran (doned 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: to = 200 s, t= = 800 s, and tube length I = 500 mm.
Similar relationship between the retention time for 8 concave
gradient elution and the capacity factor k.,' in water under
reversed-phase chromatography is calculated Cor 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 tetrahydzofuran (S = 4.4 (/5)) is on the dotted line.
In both cases, column length and to. the retention time of an
unretained solute. are taken as the same value as the above
example, and lG 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 Cor
the above example: m = 2.1 in eq A1 for water-methanol and
m 3: 3.0 Cor water-tetrahydroCuran. Althouyh the curve Cor
electrokinetic chromatography is not in good agreement with
those Cor the concave gradient. it can be said that the rela­
tionship between the capacity Cactor and the retention time
in electrokinetic chromatography is roughly approximated to
that in reversed-phase chromatography with the concave
gradient elution technique Cram 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 681Ile manner (16) as in usual elution
chromatography:

NII'(a-1)( h, )( 1-tO/tm, )
R. = -4- ----;;- 1 + h, I + (to/t=)h,' (13)

(ll)

(12)

(10)

tR = (1 + k?to

where tR is the retention time of the solute. Equation 10 can
be written in another form 88

1 + h'

2.8·C mW-l cm in this work and 0.2·C mW-' em in the caae
of Stigtcr et al. (8. 14). Thus, in this work ~ happened to be
held nearly constant as described above but in the case of
Stigter et al. (8. 14) the increase of ~ witb cSD6 caused decrease
of u,p as anticipated (rom eq 8.

Retention Parameters. The retention behavior charac­
teristic of electrokinetic chromatography has been diacuBBed
briefly in the previous paper (I). Figure 6A schematically
illustrates migrating zones of water, a solute, and the micelle
at tbe time to, elution time of water, after a hypothetical
mixture of the three iB injected at the left end of the tube.
Here, it is 8SBumed that the zeta potential for fused silica has
tbe 681Ile sign as that for the micelle, and the absolute value
of the former is higher than the latter. The velocity 0_ which
is equal to I/to, is presumed to be four times as large as the
Om, in Figure 6A. Figure 68 displays the scbematic chroma·
togram of the three zones observed with an imaginary detector
situated at length I from the injection point. The lIumber of
theoretical plates N is arbitrarily assigned as 14000. Ex·
perimentally, the retention time of water to is measured with
methanol and that of the micelle t= 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 t~ The chromatogram given in Figure
1 shows an example of the total range of retention.

The capacity factor h'defined by the ratio, """In",. where
"me and n.q are the total moles of the solutes in the micelle
and in the aqueous phase. respectively, can be calculated (I)
from retention times by

_ tR - to
k' = -,,-"'-,--'-.....,.

to(1 - tR / tm,)

In this paper, the capacity factor is given the symbol h' instead
of widely accepted k' in order to emphasize the difference in
the relationship of tbe capacity factor to tR from the well­
known equation

The value of t=ltocan be regarded as a parameter to indicate
the width of the total range of elution for electrically neutral
solutes. When tm< becomes infmite, eq 11 is equivalent to eq
12. It should be stzessed that the capacity factor of infmity
in this metbod 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 tm< with that obtained under the gradient elution
in conventional liquid chromatography. The relationship
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1·0~--------------"'= Table J. Comparilon at Current, Velocilie•• and Capacity
Factors among Three Anionlc Surtactant SoluUon. at
Con.tant Applied Vohaae'"

08

o.

(16)

surfactant

RI,sO,Na& R"SO,Nac RI,sO,Nad

I/"A 44.6 41.4 41.0
u.../mm S-I 2.67 2.62 2.50
vmc/mrn 8.1 0.68.> 0.769 0.674
v.p/mm 8-1 1.985 1.851 1.826
~/t., 0.257 0.294 0.270
_'(resorcinol) 0.158 0.207 0.155
~'(phenol) 0.378 0.509 0.326
~'(p-nilroaniline) 0.657 0.860 0.454
~ 1nitrobenzene) 0.986 1.37 0.693
k1toluene) 2.27 3.56 1.80
k'(2·naphthol) 3.79 5.74 3.35

from Table I that changes in ratio to/ till(" among three soiutions
are mainly attributable to the changes in electrophoretic vc­
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 t.hese 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 act discus.~d
below.

In regard to the resolution equation. the number of effective
plates N tll is given for this method 8S

( k' ),( to )'
N.rr = N 1 + k' 1 - 1

m
, .

.. Electrical field strength, 308 Vern-I; concentrat.ion of surfac·
tant, 0.05 M; oven temperature, 35 °C. &Sodium dodecyl sulfate
(SDS). t Sodium tctradecyl sulfate (STS). d Sodium dodccyl­
sulfonate.

To see the performance of this method, the maximum effective
plates per second is calculated by setting N =250000,/ =500
mm, ON ;:; 2 mm S-I, and to/t mc ;:; 0.22 to give 1485-1 at h';:;
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 pcaks
that can be resolved within a specified range of retention time.
For cases in which peaks are to be separated with 40 resolu­
tion, where a is the standard deviation of the peak, under a
constant plate number N, peak capacity n is given according
to Giddings (/7) as

Nl/2 t me
n = 1 + - In - (17)

4 to

If we take the parsmeters again as N = 250000 and tolt m, =
0.22, n becomes 190.

Capacity Factor k' and Distribution Coefficient K.
The dependence of the capacity factor kJ on electroosmotic
velocity VfO was observed to be remarkable as shown in Figure
9.. The velocity Uto can be related to current as shown in
Figure 2 and, therefore, a similar relationship obviously applies
between k'and I. The capacity factor k'linearly decreased
with an increase of Veo• but slopes of these plots were different
from one another. The similar plots were obtained with other
concentrations of SOS and with other surfactant solutions.
In order to eliminate the effect of Uto or I on k', each line of
the plot was extrapolated to the intercept at u~ =0, and the
value of k' at Veo ;:; 0 was designated ko'. The capacity factor
ho'may be taken as k' at the ambient temperature in the oven
thermostated at a constant temperature, because the tern·

(15)

= k2' = k', is made for closely eluting peaks. The function
Ilk?, the product of the last two terms in eq 13, is written as

k _ (~)( 1- to/tm, )

I( ? - I + k' I + (to/tm,)k'

'~

,.
figure 8. Dependence of f(k') on capacity factor k'. The values of
t oItme are given on each line.

The dependence of the function I(k? on k'is shown in Figure
a for Borne different values of lo/t mc. The value of zero for
lo/I~ corresponds to conventional chromatogrsphy, where the
larger capocity 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 approachea zero. The optimum value of k' depends on the
ratio to/tmc 8S shown in Figure 8. The ratio to/tmc remains
constant for an SDS concentration irrespective of V or I as
found from Figure 2 but decr..... from 0.28 for 0.03 M SOS
to 0.18 for 0.15 M SOS as found from Figure 5. For example,
aince 10/1 is about 0.22 for 0.1 M SOS solution, the optimum
range of Ii-lies between 0.84 and 5.4 which gives I(k? values
between 0.30 and 0.36. The maximum value 0.36 is found at
k' = 2.13. Although Figure 8 is calculated based on the as­
sumption hi' = k2', if we set 1.1 for k2'IhI' in the above ex­
ample, the range of k' 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 tha maximum value of the product incre.... to 0.37
at k,' = 2.0. That is, the better resolution will be attained
for actusl 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 I(k? than that of the term
k'/(I + k? in eq 14, which may be close to unity, implies a
disadvantage oC"this 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 discussed in a separate paper. The smallest
value of a to obtain R, = 1 calculated by eq 13 is 1.023 at k'
= 2.13 for N = 250000 and lo/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
adjusted by changing the concentration 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 discu...d later in this paper. Any of the three pa·
rameters, k', a, and io/!"", 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, vf(I' Vmc' and v.p ' [t is obvious
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\\'hen micellar concentrations arc low. the denominator at the
right side of eq 19 may be approximated to be equal to unity,
Le.

Figure 9. Dependence of capacity factor k' on velocity veo" The
number on 8ach plot corresponds to the solute shown in Figure 1:
concentration of 50S was 0.10 M. Other conditions are the same as
those In Figure 1 except for appUed vottages.

(21)

0,15005

.lH. .lS·
InK =- RT + R

solute R,,sO.Natt R14SO.Nab R1,s°lNa'

resorcinol 21.6 20.8 27_,
phenol 52.1 52.3 56.1
p-nitroanilinc 103 100 8·D
nitrobenzene 135 138 III
toluene 318 345 288
2-naphthol 656 789 698

;,p

Table II. Di.tribution Coefficients at 35°C Calculated
Crom Slopes DC Plots ieo' vs. CSDS in Figure 10

Rowe 10. Dependence 01 capacity factor k0' on the concentrations
of 50S. Solutes are Incicated by the same nu'T'Ibefs as those in Figu'e
1.

where :lH0 is the enthalpy change associated with micellar
solubilization. aso is the corresponding entropy change, and
R is the gas constant Logarithms of distribution coefficients
determined from ko' through CQ 18 at different temperatures

distribution coefficient4

01 Partial specific volumes fD) at 35°C used to calculate distribu­
tion coefficients are taken from 5himxta et a!. (18); for SDS. 0 =
0.8721 mL g-I; for 51'S. v = 0.9019 mL g-I; for sodium dodecyl­
sulfonate. 0 =0.8809 mL g-I. '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
solutes from resorcinol to nitrobenzene listed in Table I be­
tween SOS and S1'S are exclusively ll:iCribed 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 iio' = 0 are
virtually concentrated at around 10 mM (averaged value lOA
mM) and this concentration can be interpreted to be CMC
under these conditions. This value of CMe 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 S1'S and sodium
dodecylsulfonate at 35 ·C found from similar plnLs 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 dodec)'l­
sulfonale in water at 25·C 8,1 mM (22). Thus. this method
seems not to be reliable to obtain eMf.::.

Temperature dependence of the distribution coefficient can
be described as

(18)

(20)

(19)

,:.

15

10

ii' '" Ko(c., - CMC)

.::.. L

k'=K
Vmc
V,q

where Vme and V Itq are volumes of micellar and aqueous
phases. Here, Ville can be determined from a micellar can·
centration Crne" which is equal to the concentration of a sur·
factant Col minus CMC, and partial specific volume 0 of micelle,
and Vaq can be regarded 8S the difference between the total
internal volume of the tube and Vme-- 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
Vmr/ Villi which is described 8S

Vm< o(c., - CMC)

V,q = 1 - o(c" - CMC)

perature of liquid in the tube should be higher than the am­
bient unless Veo is equal to zero 85 described above.

The capacity factor k' can he related to the distribution
coefficient K of a solute between micellar and aqueous phases
through

The plots of ho' vs. concentration of SOS. C!'ms. are given in
Figure 10. The Jinear relationship observed in t.hese plots
implies that the distribution coefficients remain constant at
least at the SOS concentrations below 0,15 M, Similar linear
plots were recognized for STS and sodium dodecylsulfonate
solutions.

Distribution coefficients at 35°C calcuiated from slopes
of these plots are listed in Table 11 for three surfactants. It
is interesting to note that distribution coefficients are almost
the same between SOS and STS for less solubilized solutes
from resorcinol to nitrobenzene in Table II but significantly
different for toluene and 2-naphthol. On the other hand, the
situation is reversed between 80S. 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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GO.1 M, pH 7.0. Calculated from distribution coefficients mea·
sured at four different temperatures: 31,35,40, and 45°C.

Table III. Enthalpy, Entropy, and Gibb. Free Energy
Change. in Micellar SolublllzatloD with SDS Solution"

Table IV. E.timated Temperature DC tbe SolutIon Crom
Capacity Factor with Enthalpy and Entropy Changes
Li.ted in Table 111'1

solute

resorcinol
phenol
p-nitroaniline
nitrobenzene
toluene
2-naphthol

80Iule

-17
-13
-19
-10
-17
-20

-30
-7.8

-22
8.5

-5.7
-9.8

corr cooff

0.990
0.991
0.982
0.953
0.792
0.995

TaJoJ/'C

AG'(35
'C)/kJ
mol-I

-7.8
-11
-12
-13
-15
-17

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 effecta. 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
diatributed. 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 solvenL
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.

Then, the distance x.(i) that the solute travels in the ith
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and discussions about the temperature effects in electrokinetic
migrations.

(Al)

(A6)

(A3)

where <Pb is the volume fraction of organic solvent B in the
mobile phase entering the column at time t and tG is the time
from the beginning to the end of gradient at the inlet of
column. The dependence of logarithm of the capacity factor
h' on <t>b is assumed aa (15)

log h'; log hw' - 8<t>b (A2)

where hw' is the capacity factor obtained in water. The pa­
rameter S is the value of the negative slope of plots of Jog h'
vs. <Pb'

In order to make numerical calculation possible, the gra·
dient shape was approximated by the stepwise elution with
1000 ateps of equal change of <t>", i.e., <t>b(i + I) - <I>.(i) ; 1/1000
for i ;:; 1 to 1000. After setting an arbitrary value for m in
eq AI, time ti when the ith solvent enters the inlet of the
column is determined for oJ>b(i) ; i/1OO0 with eq AI. The
moving length of the mobile phase during the ith step, xm(i),
is given as

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

the differential velocity "JD(i) of the mobile phase relative to
u.(i) can be expressed 8S

vm(i) ; u - u.(i) ; hi'u/O -t; hi~ (A5),
The period T.(i) that the solute spends in the ith solvent is
deacribed aa

where u is the linear velocity of the mobile phase. The ca·
pacity factor hi' 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/(l + hi~ (A4)

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

°Solution. 0.1 M SDS, pH 7.0; electrical field strength, 308 V
em-I; current, 61.4 jJ.A; oven temperature. 35°C. Values of CMC
and partial specific volume of micelle are taken as those at 35 °c
to estimate the phase raLio.

were plotted against the reciprocal temperature according to
eq 21 to give atraight lines. The values of AH' and AS'
calculated from the above van't Hoff plota are Iiated in Table
1Il for aix aolures along with correlation coefficienta of the plata
and Gibbs free energies AGO 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 aolubilization of these aolutes with SDS.
These data will be helpful in understanding this phenomenon
and the present method may provide a uaeful technique w
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 thia
8S.'\umption, it is possible to estimate the temperature which
gives the k' value observed at any VI&O or current by using eq
18 and 21 from values of Allo and ASo listed in Table III.
Thus, calculated temperatures of the solution corresponding
w the observed k'values at the oven temperature of 35 'C
under the applied field of 308 V cm-I are listed in Table IV,
Although the calculated temperatures are acattered between
59 and 77 'C, these discrepanciea may be accounted for by
taking into account the fact that All' 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 frorr. coefficienta of
heat transfer in the aolution and the wall of fuaed silica tubing.
The agreement between the calculated and actual tempera·
tures strongly auggesta that the observed dependence of k' on
the UN or current is attributable to the temperature rise by
Joule heating.

In conclusion, the heat dissipation 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
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solvent can be calculated from eq A6 in combination with eq
A4 and A5 as
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(A9)

(A8)
;

Lx.(i) = I
1

;
la = LT.(i)

1

When I in eq Al is equal to IG, pure solvent B will begin to
enter the column, and the column will be entirely filled with
solvent B after flu from t G• The concave gradient is con­
sidered to be completed at this time. A solute whose retention
time is equal to (tG + Iju) is eluted at last while the gradient
elution is running. and k.' oC the last eluting solute is regarded
as the maximum value. Thus, the relationship between ta and
k....' is calculated for kw ' from 0.1 to the maximum.

Registry No. SDS. 151-21-3; STS, 1191-50-0; resorcinol,
108-46-3; phenol, 108-9:>-2; p-nitroaniline, 100-01-6; nitrobenzene,
98-95-3; toluene. 108-88-3; 2-naphthol, 135-19-3; sodium do­
d~(;anesulfonate. 2386-53-0.

Rotating Arc Direct Current Plasma as an Emission Excitation
Source

L. Y. Bara l and M. L. ParsoDI':

Department of Chemistry, Arizona State University, Tempe, Arizona 85287

A rolallng arc direct current plasma ayatem has been d.
veloped and evaluated as a apectroacoplc e.cttatlon source
lor elomlc emlulon opectrometry. It operates by lorclrlg a
de arc to rotate reproducibly on the surface of a graphite
anode _ by~ argon gas tangentlaIy to the anode.

Sample aerolOl la Introduced Into the plasma concentrically
through an Orllice In the graphne dlak. Spectroscopic mea­
__are made clrectly In the current carrytng region of

the plaoma. The dHIgn of thIa device was lhoroughly e.am­
Ined and eaell parameter aIlectlng lis ana/ylIcaI performance
wao evaluated. The performance ligures of merll lor this
device showed Nnearlly over 5 orders 01 magnitude. The
cIelectlon Ilmna ware comparable 10 a COIMI8rctally available
direct currenl plasma tor Mveral elementa. While tUrlher
work Is required to completely ellaractertze _ device, this
study shows that n haa potential lor bacomIng en anemate
e.cttellon source.

I Current address: Air Producu and Chemicals, Inc., P.O. 80.
538, Allentown. PA 18105.

'Curreotaddresa: The Loa Alamos National Laborstory, CHM-l,
MS-G740, Loa AIam... NM 87545.

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 variety of opplications.

Both excitation sources provide a high-energy environment
that ensures atomization and e.citstion. Detection limits and
precision are nearly comparable. An area of common research
interest with the rCP and DCP is sample introduction. Many
studies have been performed to determine the means and
mechanism oC sample introduction and droplet oi"e (I).

One problem with the commercially available DCP
(SpectraJet III, SpectraMetrirs, Inc., Division of Beckmon
Instruments, Andover, MA) is the comparatively inefficient
manner of sample introduction into the plasma. Only a few
percent of the sample is actually consumed by the plasma (2).
If the analyte were forced directly into the plasma, a higher
atom density should result, prO\'iding greater intensity for a
given concentration and lowering detection limits.

A DCP which addressed the problem oC sample introduction
Was first described by Rippetoe and Vickers (3) in 1972. They
observed that in de arc methods, arc wander is inevitable.
Rather than trying to e!iminaw this, they took advantage of
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power supply

gs.

nowmeters

SpectroMetries Model 5:1020
(SpectraMetrics, Inc., Andover, MA)

argon, welding grade (Airco Industrial
Gases, Murray Hill, NY)

Brooks InstrumenlB Model 1335·8500A
with R·2·15·B tube (Hrook8 Instruments
Division, Emerson Electric Co., Hatfield.
PAl

I
baa. sample introduction concentric glass nebuliz.er (constructed

according to Scott (8»

Table II. RA-DCP Operating Conditions

remo\'ed 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 8 pure tungsten (Specialty
Steels. Pittsburgh. PAl, 2<;'. zirconiated tungs"'n. or 2<;'. thoriated
tungsten rod (Union Carbide, New York, NY) shaped to 8 300

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 8 brass base (Figure 1). To eliminate
continuum from the cathode, a mechanical occluder was placed
between the RA·DeP and focusing lens. The RA-DCP was placed
in a dc nrc 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, SL Louis, MO) were dissolved to prepare 100
IJg mL-I 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 (J 1) was performed to
obtain parameter values for the best signal·to-noise ratio (S/M.

A 50 IJg mL-l solution of Cu at the 3247.540·A emission line
was used to measure the 81N ratio while performing the opti·
miution. This was repeated with Mg, at the 2795.53·A line.

Table II summarizes the optimized operating conditions of the
RA-DCP.

applied current
electrode gap
goa flow rates:

tangential
carrier

solution flow rate
height of observation
monochromator settings:

slit width
slit height

measurement time constant

II: i1:111"'1"1"'1'1"'"11,"'111"11"'11II carrier

I I 1111 111111 nIIU-:IIIIIU;;- gas Inlet

Flgur. 1. Diagram of RA·DCP: Mocor (dotted sagment); graphl1a
(segment marked anode); brass (ruled segment); Vlton (solid).

the "problem" of arc wander by permitting the discharge to
rotate rcproducibiJy around a circular disk anode up to 0 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 ore discharge was en­
hanced. This occurred because the afC rotation Tate was
sufficiently rapid compared to the time required for an aerosol
particle to crOllS the interelectrode space, The analyte species
was constrained to lrve) in a channel healed by the sur­
rounding high temperature arc column. It should be noted
however. that desolvation and 8 nebulizer that operated with
low sweep gas flow rates were required to maintain this rapid
rotation.

An RA·DCP designed by Owen (4) was exemined 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 Rippetoe and Vickers (3), there are two mejor
differences; First, spectroscopic measurements were made
directly in the current carrying portion of the plasma where
the highest energy exists, Second, the cathode is pieced on
a vertical, rather than horizontal, axis. In this manrier, the
upward gas flow will carry any ableted cathode material away
from the spectroscopic region. The evaluation of this RA·DeP
is the subject of this investigation.

EXPERIMENTAL SECTION

Apparatus. The housing of the RA-DeP 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 U072. Cleveland,
OH) to a step-design, as shown in Figure I. An anode design
described by Keirs (7) and an unmodified disk were constructed
and tested. Contamination from the machining process was

peristaltic pump

optics

monochromator

detector

electrometer

chart recorder

desolvator

Cole--Parmer Model 7545·10 (Cole·Parmer
Co., Chicago, ILl

8 cm focal length, 2.5 cm diameter quartz
focusing lens

Health Model EU 700·70 scanning
monochromator with llSO grooves mm- l

grating blazed at 2500 A (Schoeffel
McPherson. Acton, MA)

Health Model EU·701·30 photomultil)lier
module; RCA II'28A I'MT (IlCA Solid
State Division, Somerville. NJ)

constructed in·huuse

Varian Model 135·1 (Varian Instruments.
Palo Alto. CAl

constructed similar to that described by
Veillon and Margo!lhe!l (9)

7.5 A
7 mm

3.3 L min-\
1.8 L min'\
3.5 mL min-\
1.5 mm above the RA·DCP housing

35~m

lmm
I,
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Figur. 2. Schematic 01 RA-OCP experimental system.

Procedure. Fifteen minutes prior to ignition, the heating
chamber of the desolvator was heated to 125 DC. The condenser
and arc stand jaws were cooled by 8 recirculating chilled water
bath maintained at 0 DC. The now of argon gas was set to the
operating conditions; and when ready, the anode and cathode were
electricaUy conUicU!d through the housing orifi"" with a graphite
rod mounted on 8 Tenon holder. The rod was quickly removed
and the plasma was allowed to equilibrate for 15 min. Distilled,
deionized water was then introduced. to the nebulizt'f to establish
a base line.

Since the excitation source was not fully characterized, the best
analytical line for each element using the RA·DeP was determined
by scanning the five most intense lines as listed on the NBS tables
(12) within 5 A, while aspirating 8 5O",.g mL-' standard solution.
The line that resulted in the best SIN was chosen for sub8equent
analytical work.

Arc Rotation Rate. The arc rotation rate was measured by
focusing an enlarged image of the plasma onto a UDT-500UV
photodiode (United Detector Technology, Culver City, CAl. 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 rone image 1.5 mm above the housing. Thus, each
time a segment of the arc travenled 360° and passed this "window',
the photodiode received a pulse of radiation. The frequency of
the impulses was monitored with an Tektronix Model 1'912
storage oscilloscope (Tektronix, Inc., Beaverton, OR).

Performance Figures or 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 "g mL-1 standard
solutions and recording each intensity. Linear least-square re­
gressions were performed for statistical analyses.

Detection limits were determined by aspirating a 0.5 pg mL-1
standard solution (with the ex""ption of boron, chromiwn, indiwn,
iron,lead, and potassium for which a concentration of 10 pg mL-1
was used) and recording the signal and noille (background of the
blank measurement) at the wavelength previously selected. The
detection limits were calculated according to IUPAC recom­
mendations of a ooncentration equivalent to a signal three times
the standard deviation of the blank.

Analyses or Environmenta) Samples. Groundwater was
prepared by using the method d..cribed by Holloway 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 deacribed by Sinex,
CantilJo, and Heitz (14).

Comparison analyses of these samples were performed with
a Janel-Ash Model 965 Atom Comp ICP (Janel Division, Fisher
Scientific Co., Waltham, MAl.

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·DeP.
The Zr/W electrodes of both dimensions performed poorly.
Ignition was much more difficult since the arc traveled the
lenglh 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 teated, but an arc could
not be struck. The only electrode that initiated a stable
plasma consiated ofTh/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, thia ia 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 diameler Th/W
electrode provided the beat stability by forming a bead of W
at ita tip. Without the formation of this bead, the are would
occasionally wander, causing spectrosccjlic 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 waU. The truncated cone design resulted in an are
that traversed down the cone until a stable RA-DeP no longer
existed and spectroscopic measurements could not be made;
an excessiva amount of noille was preaenL The stepped-design
anode permitted the arc to rotate about a well-defined fiat
surface.
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Flgur. 3. Schematic of RA..{)CP in operation.

Observations. The RA-DCP, after being allowed to sta­
bilize, features two unique characteristics. These orc 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 (ThjW) 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
reestablishment is necessary. Bead movement changes the
resistance ond 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 Crom other DCPs in which measurements ore made
outside the plasma where the continuum is not as intense. The
area of observation is limited to 1 mm2• 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 appesrs 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 grester than 4300 A. Interference
from this was not 8 severe problem, as the most useful region
of the spectrum for most elements lies between 2000 and 4000
A.

A carbon atom emission line at 2478.573 A was also observed
which can be attributed to the consumption of the graphite
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 tbe RA·DCP because spectroscopic mea­
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% composition
in the cathode, did not emit any radiation in the observation

TIME (mIn)

F~ur. 4. Stability of RA-DCP using the Cu I 3247.540 A transition.

Table Ill. Detection Limits

RA·DCP, DCP (16),
element wavelength, A pg mL-1 ;.ig mL-t

All 3961.520 1.0 0.002
Ad 2780.22 0.1 0.045
III 2497.733 0.28 0.005
Cd I 2288.002 0.03 0.1)08
Ca 11 3933.676 0.001 0.0002
Cr I 3593.49 0.44 0.002
Cu I 3247.54 0.006 0.002
In I 4101.76 10.0 0.0:18
Fe I 3734.864 0.6 0.003
Pb I 3683.462 6.0 0.023
Lil 6707.76 0.02 0.002
Mg11 2795.53 0.0001 0.0002
Mn I 4033.07 0.003 0.002
KI 7664.907 0.36 0.015
Ag I 3280.683 0.003 0.003
Nal 5895.924 0.003 0.002
Zn I 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 I-h
period. The figure also shows a signal that resulted from
nebulizing a 10 lAg mL-1 eu solution. The relative precision
of the signal taken every 5 min over a l·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-3

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 rotaliun
could not be sustained even at maximum flow rates of 4.0 L
min-I.

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- i , arc rotation rate
of 250 Hz, and interelectrode gap of 7 cm permitted the an·
a1yte 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.
The increase in temperature causes a less dense media, higher
gas velocities, and, consequently, increased rotation rates.

Detection Limits. Table III lists the detection limita
obtained from this study as well as limits from a oommercially



Table IV. Linear Lea.t Square. Regre••ion of Analytical
Callbrat ion Curves

element slope linear corr coeff

Ag 0.9255 0.9459
AI 1.3275 0.9962
As 0.9748 0.9937
B 0.9238 0.9994
C. 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 0.9990
K 1.0562 0.9928
Li 1.0311 0.9983
Mg 0.9113 0.9895
N. 1.3333 0.9699
Zn 1.1181 0.9963

available DCP. In this study, to accommodate the fact that
there are differences due to instruments, techniques, and
researcher (I5), two detection limits will be considered to be
comparable if their values agree within a factor of 5.

A comparison of the detec1ion limits of the RA-DCP to tbe
commercially available DCP reveal that comparable rcsults
are found for Ag, As, Cu, Mg, Mn, and Na.

For Ca, Li, K, and Zn detection limits for the RA-DeP were
an order of magnitude higher than those for the DCP, while
AI, B, Fe, In, and Pb showed poorer results. Optimization
was not performed for each element.

Spectral interferents can account for a poor detection limit
witb Pb. In this case, the most sensitive line at 4057.807 A
could not be lL'led because of an interferentat 4080.599 A from
argon. Use of the less sensitive line at 3683.462 A was required.
A higher resolution monochromator could circumvent the
problem by giving the dispersion necessary to separate 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 = {Oog I), 88 shown
in Table IV. Deviations from linearity at concentrations
greater than 100 ~g 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 .ooסס.1 The deviation from
ideality may be attributed to lack of thermodynamic equi­
librium.

Analyses or Environmental Sample.. River water,
sediment extract, and groundwater were analyzed with the
RA·DCP. The results are shown in Table V along witb a
comparison of those obtained by an ICP. The data show
comparable results.

CONCLUSION
The performance of a RA-DCP baa been evaluated with

respect to its utility as an excitation source in AES.
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Table V. AnalYles of Environmental Samples

concentration.
pgmL-'

sample element RA·DCP ICP

river water Ns 40 41
Mg 20 24
Cs 26 33

groundwater Na 406 408
Mg 0.1 0.09
Cs J.l 1.3

sediment extract Ns 75 79
Mg 275 271
Cs 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 elements. Further optimization is
required for better detection limits. Stability measurements
showed a relative standard deviation of 3'70 over a l-h period.
The results show that the RA-DCP has a strong potential ..
a good spectroscopic excitation source.

Registry No. AI, 7429·90-5; As, 7440-33-2; B, 744()'42-8; Cd,
744().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,O, 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 JOloph A. Caruso·

Department of Chemistry, University of Cincinnati. Cincinnati, Ohio 45221

A modar61.-powar heIum mlcrowa.a dIscIlarga Is charac­
larlzed al an _nl-Mlac:ll.a dalaclor lor lha gal chro­
matography 01 halogenaled compounda. Jltaama power and
gao IIow ara opllmIzed ulIIzlng a mlxtura of c:llIorlrnIled dl­
oxlna and palllclda.. Not aurprlllngly, lhe IowHlllowl po.
albia wHh lha langenllal IIow lorch produced lhe bell .....1­
II.Hy. Unllka aarller IOlullon nebulization work, Iha hlghar
p1uma powa,. ulJUzed lad 10 poorar SIN. MuHlalamanl
chromalogranw ara dalarmlnad at ...eral wa.aIanglha cor­
ralflOtd>g 10 lha aIamanlal arnIIaIon a."_ from apacIIIc
compouncII. Dalac:lIon limite and har rangaa ara~ad.
In adcIIllon to lha quantHallYa Imporlanca 01 this technique,
alarnanlal ralloa (laadlng 10 arnpIrlcal 10fTI1IIla1) ara datar­
mlnad wllh high accuracy by ualng an oIl-llna background
conac:llon achama. On-Ina backgrcJ<lllCl COfracllon achamaI
wara allO uulul aHhough Inlarlor 10 Iha olI.jJna malhod.
Whan no background corracllon II amployad, Iha accuracy
01 Iha alamanlal rallo II conaldarably dagraded.

During the last 20 yeara, the microwave-induced plasma
(MIP) has become popular as an element-lelective detector
for gas chromatography II, 2). Selectivity in the detection
of chromatographic eluents is gained lince the H..MIP re­
sponds primarily to the elemental constituents of a compound,
rather than to the entire compound. The element-selective
capability of the microwave discharge allows more flexibility
in the determination of gas chromatographic eluents. vs.
electron capture and flame ionization detectora which respond
nonselectivity to all compounds or to a given class of corn·
poundl.

Multielement determinationa are facilitated by the utili­
zation of a poIychromator for the apectrometric determination
of many compounds. The grating of the polychromator dis­
peraes radiation from the plasma along a focal curve, which
containa exit llits and photomultiplier detectora for emitted
radiation of the elements of interest. Ideally, all elements in
the periodic table could be determined aimultaneously pro­
vided data acquisition could be performed at a rapid rate, and
a lufficient number of detectora could be positioned within
the instrument. Commercial Ar-ICPlpolychromator systems
claim the capability of determining many elements limulta­
neously. Alao, the time required for multielement determi­

-nation of a sample is greatly decreased VB. single channel or
a1ew-scanning monochromator systems. Gas chromatographic
(GC) separations have been reported utilizing both an Ar·ICP
(3) and He-MIP (4-8) in conjunction with polychromatic
detection. In addition, the simultaneous multielement ca­
pability of the H..MIPlpolychromator has allowed deter­
mination of elemental ratios of compounds eluting from a gas
chromatograph (4-7).

1Preaent address: Union Carbide Corp., P.O. Box 8361, South
Charleaton, WV 26303.

Table I. Components, Models, and Manufacturers (or a
Moderate-Power MIP/GC System

component model or type manufacturer

gas chromatograph 570 F&M Scientific
3-woy valve 2033 Corle Instruments
transfer block 120 V, 85 W Chrumalox

power supply
polychromator 6&-000 1.5 m, .Jarrell-Ash

1180 G/mm
stepper motor M061-F608 Sio-Syn (McGrAW Edilmn)
photomultiplier IP28 RCA

R426 Hamamalsu
amplifier itoe laboratory buill
computer 1nlel-8080 64K laboratory built

micro
resonant cavity TMolO internally laboratory built

tuned
generator 420-1,600 W Micro-Now
tangential flow 8/6o.d./i.d. laboratory built

torch quartz
helium 99.0% Wright Brothers

The elution ofC-containing compounds presents 8 potential
source of error in multielement determination, due to back­
ground shifts at the elemental line of interest caused by
emission from molecular species such as CN, C2", and CO.
Relstively poor selectivities for C VB. such elemenls as CI and
Br have been attributed to this continuum shifl (9). As a
C-containing compound enters the plasma detector, the
background continuum increases producing intensity at aU
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) background correction schemes may
be employed. On-line background correction involves mon­
itoring lhe background intensity shift csused by C at all
spect..roscopic lines when the element of interest is nut present.
This background responae due to C is then subtrscted from
the signal intensity when the element of interest is prescnt,
to yield the net signal intensity (in area or peak height) for
the elemenL Off-line beckground correction can be performed
utilizing an oscillating refractor plate which shifts the spectrs
on and off the emission lines of interest Data collection, both
on-line and off-line, thereby allow. calculation of net signal
intensity.

Many workera have employed the low-power He-MIP for
_ the determination of halogenated compounds. With the

availability of moderat~power microwave generators for
analytical work (11, 12), a moderate-power He-MIP is p0­

tentially an attractive alternative lUi an excitation source for
GC detection. The object of this work is to characterize a
moderate-power He discharge as an element-selective detector
for the gas chromatography .,f a variety of halogenated com­
pounds, including the environmentally important dioxin
group.
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SOFTWARE

Data manipulation was performed utilizing appropi"iate
software as discussed in an earlier work (8) but modified to
provide additional features to store the chromatographic data
OD disk, recall of a chromatographic data set from the disk,
calculation of derection limits and elemental ratios, and output
of all calculations on the printer.

cn.ll BC-2S

1.2.3,4,-1.1" coo

cu •• BN-21

1,2,4-lrl COD2,7-dl coo

".Iho.)'chlor

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 hefore it is sent to the ADC board of the 8080
microcomputer for digitization.

Sample Preparation and Procedures. 2,7-DichlorodiGxin
(2,7·di CDD>. 1.2,4·trichlorodioxin (I,2,4·tri CDD>, 1,2,3,4­
tetrachlorodioxin (l,2,3,4-tetra CDD. also given as TCDD in some
of the figures). Citex BC·26, Citex BN-2l, Methox)'chlor, and
hexachlorocyclohexane (BHC) solutions all .....ere prepared by
weighing on a microbalance the amount of compound needed to
prepare a 10000 ppm stock solution, followed by dilution with
benzene or isooctanc in a 10.O·mL ....olumetric flask. These com·
pounds were provided by the U.S. FDA. The dioxins also were
obtained from Chern Service. Inc. BHe .....alt obtained from the
U.S. EPA Diethyl phthalare (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 ""ith benzene in a 10.Q.mL
volumetric flask. Serial dilutions were then performed to obtain
desired solution concentrations. Five microliters of thc appropriate
mixture was injected onto the chromatographic column.

RESULTS AND DISCUSSION

(I) Plaama Power. A study was performed to determine
the effect of applied power to the helium discharge on the CI
signal intensity and signaJ·to-noise ratio of C and CI in several
halogenated compounds. A test mixture containing 2,7-di
COD, 1,2,4·tri COD, 1,2,3,4·tetra COD, Methoxychlor, Citex
BN·2I, 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 "L of 144 ppm) of
each compound was injected. Off·line background correction
was used throughout the experiment. The resulting separation
is shown in Figure 3. Chromatographic operating conditions
for this separation are listed in Table II

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-t.o-noise ratio for both
C and CI, 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·

Figure 2. Chlorinated dioxins and pesticides.

Figure 1. Modified tangential flow torch/GC interface. A heated
transfer block prevents condensaUon of anatyte n route to the ptlsma.

EXPERIMENTAL SECTION
Instrumentation. The system schematic diagram is similar

to that reported earlier (8). Experimental componen18 and model
numbers are listed in Table I. The internally tuned resonant
cavity (l J) was mounted on a gas chromatographic oven (10"' & M
Scientific. Hewlett·Packard). To provide a means of venting 0

solvent peak, 8 three·way valve (Carle Instruments, Model 2033)
was placed after the chromatographic column (II. in. X 3 ft qwutz
packed with 2% OV-lOl on a silica support). The solvent peak
must be vented with a ]ow.power He-MIP to avoid ntinguishing
the plasma. At moderate power levels. the plasma was stable with
the introduction of relatively large amounts (ca. 5 pL) of organic
801venL 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 now gas as discussed below.
Provisions were made to heat the tangential gas by passing it
through 30 ft of I/Sin. stainless tubing before entry to the plasma.
To minimize peak broadening, all existing union and "TR can·
nectors were replaced with low dead volume fittings (Swagelok
fittings, Cincinnati Valve and Fitting, Cincinnati, OH).

Torch Design and Chromatographic Interface. To avoid
decomposition of the containment tube, it is critical that the
moderate·power plasma remain centered. To satisfy this reo
quirement, a torch was designed similar to the modified tangential
torch discusscd recently (12, 13). The torch design and chro­
matographic interface are given in Figure 1. A 1/ 16 in. X 0.010
in. stainless steel tube from the chromatographic column passed
through one end of a !l/16 in. '1'" connect.or and into a threaded,
stainless steel insert placed within the discharge tube. This
threaded insert is also threaded onto the low volume 1/16 in. tubing
from the column, both securing the insert in position and allowing
its easy replacement. The stainless steel insert was quadrath­
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 N2 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
(1/:z in. o.d., 8 mm i.d. X 3 in.) which was secured in a 1/2 in. hole
of an aluminum heating block. Power for the heating blocks
(Chromlox, 120 V, 85 W) and thermocouples were provided with
the controls of the gas chromatograph.

Emission Lines. Four emission lines (channels) were available
for spectral observation. Namely C lat 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
monitored with a red·senaitive photomultiplier (Hamamal8U
R·446). The othe... were as described previously (B).

Data Acquisition. The plasma image was' focused through
a quartz lens (4 em, 15 em focal length, Ealing Optical) onto the
entrance 81it of the polychromator. Emission from the plasma
passed through an oscillating quartz refractor plate and onto a
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CHROMA TOGRAPHIC PARAMETERS POWER STUDY
2' OV-101

Carbon Channel

750 mL/mln He

Carbon

425325225125

10

Power (W)
figure 4. Power study on the C channel. Increased C signal-to-nolse
fatlo In the He plasma discharge was obtained.at lowest powers. The
chlorine channel shows similar trend~.

FLOW STUDY

20 SIN

7.04.01.0
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... ·21

Time (min)
Flgur. 3. Gas chromatographic separation or chlorinated dioxi"ls and
pestJcldes, 190 W He plasma.
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o
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Table 11. Moderate-Power Hc·MIP/GC Operating
Conditions Utilized in Optimizing Plasma Conditions and
Calculations of C/Cl Ratios

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
the greatest increase in C and/or Cl Bignal intensity and
aignaJ-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 CI
responded similarly and showed increased intensity and S/ N
(results not shown) with decreased flow. This phenomenon
is common with plasma sources and indicated 8 response
dependent upon analyte reBidence time in the discharge. A
tangential flow of 750 mL of He/min was needed to center

GC Conditions

20001200400

2

4

3

rnL/min He
F~ur. 5. Tangential flow study with C and CI. Low flows provided
Increased Intensity and S IN on the C and CI 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 VB. off-line
background correction, and background interference due to
C on the CI channel, 8 test mixture was produced which
contained three chlorinated compounds (~indane (BHC),
1,2,3,4-tetra CDD, and Methoxychlor) and two non-chlorinated
compounda (DEP and DBP). Chromatographic conditions
are listed in Table 11. The chromatographic separation,
monitoring the C, CI, and H channels, is presented in Figure
6.

(4) Detection Limit. and Precision. Detection limits and
percent relative standard deviations for C and CI were cal­
culated from average. of five replicates of the mixture de­
scribed below. A 5.Q.jtL 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

190W
OW
750 mL/min
25 mL/min

cniculntion of
C/C! ralios

190W
OW
750 mL/min
25 mL/min

II. in. x 3 ft 1/. in. X 3 fl
2% OY·IOI 2% OY-IOI
25 mLfmin 25 mL/min
300'C 300'C
300"C 300'C

time, temp, time, temp,
min 'c min 'c

0 190 0 100
2 190 2.3 240
3 240 7 240
7 240

6.9"L 5.0"L

plasma
optimi7.3tion

Plasma Conditions

forward power
reflected power
He flow (tnni:cntinl)
He flow (column)

column size
column packing
column flow
temp (injection port)
temp (transfer block)

temp gradient

injection volume
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Figure 6. Separation of cI1lorinaled and nonchlorinaled pr1o<tty p0llu­
tants. Respoosas on !he C. 0. aoo H channels are nclcated. Relative
Intensities are given on the vertical axis.

Table III. Comparison or DetectioD Limits and Precision or
the Moderate VI. Low Power He-MIP/GC

element mod power mod power low power (8)
(channels) (single)" (multiple)b (multiple)b

Detection Limits (pg!s)

C 76 100 24
CI 120 250 76
H NO' 50 ND

Precision (0/0 RSD)

C 3.0 2.7 2.6
CI 6.7 4.6 3.8

"Single element monitoring. b Multielement monitoring. 'ND,
not determined.

carbon, chlorine, and hydrogen determined in the moderate
power helium discharge are listed in Table Ill. Data are
compared for multielement acquisition using off·line correction
VB. 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 I... time for actual data
acquisition on a given channel. The direct comparison of
off-line vs. on-line correction (in the multielement model could
not readily be accomplished with the present instrumentation.
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 CI determined in the moderate
power He-MIP are approximately 4 times higher than C and
CI 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) Helium Flow. Large
He flows are required to maintain 8 centered plasma ar·
rangement within the discharge tube. Larg.r nows decrease
analyte residence time in the discharge and thus produce
decr....d signal intensity. The total H. now is 775 mLjmin
(750 mLjmin tangential now + 25 mLjmin column now) in

ng compound

F~ur. 7. Carbon response per nanograms ot compound. Relative
intensity given on vertical axis. The cNorine response is sinWar.

the moderate power system VB. 80 mLjmin He now (20
mL/min auxiliary flow + 60 mL/min column flow) for the
low power system (8). (b) Elevated Background E,citation
and Emission. It is possible that complete molecular Crag·
mentation alao occurs at the lower power levels (10,14, 15).
If this is the case, then the higher power available from tbe
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 polychromator was per­
formed with different lenses in the two studies (this work and
ref 8). The internally tuned cavity resonator poaaessea two
stuba 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 diaraeter. IS cm focal length
quartz lens was used VB. a 5.0 em diaraeter, 10 cm focal length
quartz lens in the low power system (8). The amalIer lena
limits the solid angle of Iigbt 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 CI were performed utilizing duplicates of
5-I'L injections of the test mixture described above. Tbe
refractor plate at the entrance slit was placed in a fued
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 M.thoxychlor in a I!JO.W He-MIP (750
mLjmin now) 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 CI is similar to that given for C
80 the figures are not reproduced here. Both channels dem­
onstrate linearity from 10 to 1000 ng of compound injected.
Also a plot of intensity per nanograra of compound collapses
to yield a constant slope when plotted as intensity per 08'

nograra of el.ment. This universal response, regardl... of
compound structure, indicates that reproducibl. fragmenta-
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Figur. 8. Carbon response per nanograms of carbon. Relative In­
tenstty given on vertical axis. The chk>rine response is similar.

CARBON INTERFERENCE ON CHLORINE

DEP DBP

.He

2 3 4 5 6

time (min)
Figur. e. Carbon background Interference on the chlorine channel.
The chlorine channel wa5 ampUfled 2D-fold. NotJca two "falss peaks"
appearing on the CI channel are caused by non..cl containIng com­
pounds.

tion of analyte occurs in the discharge. A plot of intensity
vs. nanogram of elemen~with constant slope, regardless of
compound size or structure, is critical if elemental fatios Bre
to be calculated.

(6) Background Correction Schemes. A system utilizing
multielement data acquisition (with off-line correction) was
compared with single element data acquisition (with and
without on-line correction) for the determination of C/CI
ratios. The fIrSt system utilized the multielement capabilities
of the polychromator in conjunction with an oscillating re­
fractor plate which facilitated stepping -on and ofr (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 channels
individually with the identical polychromator used in the

ng Carbon

F5gure 10. Carbon response on chlorine channel. Relative Intensity
is given on vertJcaI axis.

Table IV. Elemental C/CI Ratio8 and Percent Error in
DeterminationG

single single multifile-
actual clement element ment
C/CI no bkg on-line off·line

compound ratio corr bkg corr bkg cort

BHC 1.00 0.95 (-5.0) 0.96 (-4.0) 1.00 (0)

1.2.3,4-tctro COO 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)

G Percent error in determination of actual etC) fotio 13 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 8S eN, co. C2+, etc.
The rise and fall in background emission, as the C·containing
compound eluted. produced a -false peak- on the Cl channel.
This 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 CI 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
C) channel per nanogram of C can then be subtracted from
the CI intensity to give a net CI intensity corrected for the
background interference. A plot of intensity on the Cl channel
per nanogram of C (C-containing 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 CI channels
individually must first be corrected for the background in­
terference due to C on the CI 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
chromatographic peak. Elemental C/Cl ratios as determined
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/CI ratio is also presented.

Single channel determinations of the C/CI 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 CJ channel does lead to
sif{nificant error on the determination of the C/Cl ratio of 8

compound. This interference innates the value of the CI
intensity, resulting in low C/C) ratios, Subtraction of the CI
channel interference decreases the error in the determination
of these ratios.

Multiple channel analysis with off-line correction leads to
the determination of e/Cl fatios which are very close «1 %
error) to the actual elemental ratios of the compounds studied.
Here, C and Cl intensities 8Te measured from 8 chromato­
graphic eluent at the same time, rather than from separate
chromatograms as in the above correction technique. The
morc interesting comparison of multichannel determination
with off·line VB. 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-Shevo 84190, Israel

Detecllon limit. In nonrandom (flicker) nolle dominated~
na" are dlreclly propo<tlonal \0 the nolle level In the tignall.
However, the norvandom nolle may be removed by a math­
_alleal technique that require. dedlcallng ..veral cfIanne..
to monnorlng background fIucluallonl. The eppIcablIlly of the
correction method 10 atomic eml8llon apectra generated by
an Inductively coupled plasma (ICP) .. telled for the deter­
mlnallon of the delectlon limn, 01 20 analyte. dlaeolved In
..anyl nllrate .olutlon.. A drect..eadlng spectromeler com­
monly used for routine mt.«1eIemenl atomic emIIaIon analylls
wa, employed. Up 10 20·fold Improvement In detection ImIl
wa. achieved. SlatlllJcal mea,uret were used 10 determlne
which analytical channel can be compensated lor and ello
10 delermlne whether a latll/actory correction could be
achieved during the analytical run.

The evaluation of the background contribution to the gross
analyte signal is a critical step in any analytical quantification.
The intense emission from atomic emission sources is also

responsible for their greatest drawback-spectra1 interferences
that complicate the analyte signal determination, Continuum
and structured radiation from the source, spectral lines from
the matrix, and scattered light, aU contribute to this spectra!
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 ""rrected
(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 bJank subtraction as it allows simultaneous,
or quasi-simultaneous. determination during the analytical
run, thus reducing the uncertainty in the net signal, Modern
multielement analytical apparatus are equipped with both the
hardware (refractor plate, fast scan drive, or array detectors) .
and the software to perform this determination. However,
this method has two shortcomings: (a) the analysis duration
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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 wiU combine the advantages of both blank
subtraction and simultaneous background determination wiU
result in better analytical performance. Weekly and Norris
(2) monitored one readout channel in 8 direct reading spec­
trometer, in order to correct background fluctuations at the
analytical wavelengths. Their method was based on the same
assumption as the internal reference method, i.e., that a change
in background intensity at the monitored wavelength is 8e­
oompanied by a directly proportional change in background
at all analytical channels. Thompson and Bankston (3) used
several background monitor poeitions to caleu1Bte a regression
equation for the background intensity. Attempts to apply this
ooncept to microwave plasmas (4) were not successful in terms
of precision. 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 Myera and Tracy (6) applied correlated monitoring
to spectra from inductively ooupled plasma ((CP). Myers and
Tracy claimed that a high degree of oorrelstion occurs between
any two points in the plasma background over the wavelength
interval from 200 to 760 om. However, when matrix con­
oomitants also oontribute to the background at the analytical
channel, one monitoring channel wiU 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 (GlRM). 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 Ouctuations in the
background at the analytical channels. The method is ap·
plicable when the factors affecting Ouctuations in the mon­
itored cbannels are the aame 88 those affecting the analytical
channel'a background. The method was applied to correct
fluctuations in signals that were free from interferences (8).
The aim of the present work is to test the applicability of
GffiM to background Ouctuation oorrection. GlRM performs
better in term of nonrandom noise removal than the internal
reference projection method ((RPM) (9). However, we make
use of IRPM as it aUowa real time compensation and there
ia no need to add an internal reference elemenL In order to
demonstrate the usefulness of the method, we applied it to
the uranium matrix, whose spectral interferences ar~ the most
severe in atomic emission spectrometry.

EXPERIMENTAL SECTION
Appantu•• A direct reading 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 roled with 2550 grooves/mm, giving spectral
ooverage from 160 to 410 om, and is equipped with fIXed slits with
widths oC 37 pm, resulting in a resolution of 0.014 ·nm. Twenty
aUt channels of the spectrometer were used. Two external channels
were UlIed: a monochromator, Jobin·Yvon Model H2O located
at 595 DID, and an interference filter, Spectra-Film Inc, peak
wavelength 766 DID with bandwidth of 10 nm. The photomul.
tipliers used were standard type Hamamatsu RJOO. All other
experimental facilities and operating conditions are given else­
where (8).

Reaceat•• Stock solutions were prepared by dissolving pure
metals or reagente (Specpure grade, Johnson-Matthey) in dilute
acids (Suprapur grade, Merck) and deionized distilled water.
Uranyl solutions, 0.5% (wt uranium), were prepared by dissolving
uraayl nitrate in a mixture of 5% (vol) nitric acid. Analyte
solutions were stored 88 1000 #g/g stock solutions. Limits of

detection (LOD) were determined from fresh multielement sa.
lutions containing concentrations 1000 X LOD (in water).

Procedure. Each measurement consisted of three successive
10-s integrations.

Calibration of the Response of the Background to Van'aaons
in Plasma Parameters. A 0.59'0 solution (wt uranium) is used.
No internal standard is added to this solution, and the emission
signals Cram uranium and the plasma on monitored channels are
used. The calibration is accomplished by deliberately altering
all parameters of the instrwnentalsystem. The fll'St 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·
ceased by the singu1ar value deoompositon (SVD) (10), 88 described
elsewhere (9). The results of the calibration step are projection
matrices that incJude numerical values which are used for com·
pensation.

Compemtation. At the first measurement 8 blank solution is
aspirated and the collected data arc used Cor blank subtraction
from the subsequent standard and samples. The compensation
for background fluctuations at the ith channel is accomplished
according to

p

corrected background value = (liR - 1) - ~zjjii/(1 - Zjp+l)

'0'
(I)

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 lor the Response of "Net" Anolyte Signals tg
Concentration. After the compensated background is subtracted,
the calibration is perfonned by regres8ion 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 Cor real time compensation were also incorporated. The
SVD is computed by SVDRS subroutine of Lawson and Hanson
(10). A Digital PDP 11/23 minicomputer was used.

RESULTS AND DISCUSSION
Selection or Monitored Channell. There are several

criteria that should be considered when deciding which
channel to select; (a) The monitored channel fluctuations
should not be affected by unexpected variations, such as
emission from an analytc that may be present in the solution.
(b) The Ouctuations should be governed by nonrandom
(nicker) noise. This is ensured by selecting channels with
sufficiently high signals. (c) The factors that cause Ouctuations
of the selected monitored channel must also affect Ouctuations
in the analytical channels. The last criterion is a requirement
of the computation method. AJ; the similarity between the
factors affecting the monitored set and the anaIytes 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 cbannels, the factors affecting them
should be as large as possible. The fu1fiUment of the first two
criteria is quite obvious. However, the fulfillment oC 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 channels so that the above mentioned three criteria
wiU be met by the data from the uranium and 'argon emission
signa!a. Table I presents the eight channels chosen to monitor
background Ouctuations.

Calibration. For the purpose of calibration nine sets of
measurements are sufficient, of which the first serves as the
blank and the othera for the determination of the Ouctuations.
However, the amount of data will not aUow statistical inference
regarding the adequacy of the monitored channel set to the
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Table I. Monitored Channel. and Their Projection Matri~

wavelength, om 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 (Nh II) 0.039 0.341 0.770 0.133 -0.166 -0.103 -0.054 0.025
318.341 (V III 0.398 -0.185 0.133 0.612 -0.081 0.100 0.089 -0.049
385.958 (V II) 0.126 0.272 -0.166 -0.081 0.539 0.353 -0.014 -0.007
404.442 (Ar I) 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

oThe signals of the monitored channels are due to uranium and argon emission.

Table II. Correction Coefficient Values Cor the Listed Background Position. and Corre,poDding Elements in the Channel'.
Position

element and spectral monitored wavelengths, om

position (om) 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 I, 208.959 0.017 -0.050 -0.012 0.108 -0.038 -0.026 0.190 -0.067 0.939
Ni II, 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
B. II, 230.424 0.142 -0.159 -0.014 0.287 -0.079 -0.008 0.173 -0.061 0.766
Co II, 236.379 0.028 0.159 0.417 0.125 -0.130 -0.073 0.066 -0.009 0.431
AI I, 237.336 0.120 -0.182 -0.026 0.288 -0.071 -0.013 0.096 -0.034 0.221
Fe II, 249.064 -0.039 0.168 0.365 -0.012 -0.055 -0.075 -0.124 0.059 0.743
Si 1,251.611 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 II, 280.270 -0.022 -om8 0.005 0.025 0.042 -0.029 -0.001 0.002 0.996
V II, 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 I, 328.068 0.258 -0.091 -0.113 0.281 0.137 0.181 0.014 0.007 0.322
Ti II, 334.941 0.254 -0.112 -0.040 0.349 0.046 0.122 0.102 -0.045 0.357
Zr II, 343.823 0.038 0.220 0.388 0.067 -0.021 -0.008 -0.003 0.012 0.289
C. II, 393.366 0.150 -0.186 -0.191 0.252 0.055 0.076 0.080 -0.029 0.777
Th II, 401.913 0.2.10 -0.044 -0.174 0.206 0.256 0.223 -o.Q26 -0.000 0.418
Sr II, 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.....our 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 measurements and 8 monitoring channels) 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 erron; in the data matrix. Finding five facton; 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 analysia.

The projection matrix obtained for the eigbt monitored
channels ia presented in Table J. Details of how to conatruct
the projection matrix, together with a numerical emmple 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 matrix will result in noise rejection. The value of each
off·diagonal element, when compared to the value of the el·
ement on the diagonal in the same row or coJumn (they are
identical), reflects the correlation between these channels.
High correlation is indicated by approximately the same
values. Low correlation is indicated by relatively Jow value
for the off-diagonal elements compared to the elements in the
diagonal. In extreme cases, when a channel is not correlated
to any of the other channels, the diagonal value approaches
unity. Thus, it is obvious tbat both the channels located at
768 and 595 om are not correlated to the others, because their
diagonal values are close to unity. The channels of Nb n, V
II, and U II exhibit unique response to the parameters of the
systems while behavior of the remaining three ia well explained
by fluctuationa of the others. Even though monitoring of the
five above mentioned channels is sufficien~ we monitored the
other three as well, in order to have sufficient degrees of
freedom to decide whether the observed fluctuationa 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 channels. The row correspondin~ for each channel is
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-diagonal elements to the diagonal element ia valid also for
the rows in this table. The diagonal elements in Table U are
contained in the ninth matrix column. This comparison may.
give a quick indication of the validity of the calculation of the
anaIyte's background fluctuations by the monitored channels.
However, a more accurate analysis ia obtained by applying
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Table III. Variance Ratio for the Errorl in the Computed
Background Values and Their Corre.ponding Inlen.iti"

intensity, variance
element counta ratio

Cr 1100 28.0
B 4400 23.0
Ni 10700 18.5
Cd 6700 11.0
Ba 11500 6.00
Co 238000 1.10
AI 16700 12.4
Fe 66000 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.
]n order to examine the validity of 8 set of monitored

channels to the calculation of background fluctuations in an
analytical channel, the difference between the calculated
fluctuations and the me88ured 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 teat (12).
Table III presenta the variance ratios for the analytical
channels. The variance ratios were calculated from the cal­
ibration data of each channel byeq 29 of ref 12. The variance
ratio in our C88e is distributed .. F(II,2I) degrees of freedom.
A 95% aignificance level for the hypothesis that an analytical
channel can be corrected by the monitored channela 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 unital are also presented in Table III. Most
channela 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 8 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 channela and the resulta of multiplying them
by their projection matrix. The sum is distributed as x2 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 fluctJ.lations
are describable by the calibrated factors with a 97.5% sig­
nificance level is obtained for x2 < 9.35. The importance of
this statistical m'easure 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 W88 carried out
by deliberately changing the four plasma parameters in a range
of 10%. Tables IV-Vll present the relative variation of the
various signals from the fixed parameters, as well as the x2

values. The results in the tables confirm the importance of
using the x' teat. Inspection of Table lV, for example, shows
that regarding the absolute change in signals variation, of +5%
and -5%, results in approximately the same values. Never­
theless, the x2 values succeed in determining that varying the
incident power by -5% results in signal variations which are
outaide 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 IV. Deviation of Background Signala (cy,,) Cauaed by Varying Incident Power to Plasma and the Remaining Noise
.fter Compen••tion by the IRPM

% change in incident power to plums

-10 -5 +5 +10
element obsd corrected obsd corrected obsd corrected ohad 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 -2.3
Cd -24 1.8 -15 1.5 11 0.15 30 0.41
Ba -25 1.5 -16 1.1 11 -0.07 31 0.64
Co -16 0.25 -10 0.45 7.0 0.32 18 0.58
AI -24 3.2 -16 1.9 13 1.7 34 3.6
Fe -18 1.6 -11 1.2 8.5 1.0 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 3.4 -5.3 2.9 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 5.1 -0.04 16 -0.20
Ag -12 -0.74 -7.6 -0.57 4.9 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.•0 5.5 0.47 14 0.50
Ca -11 2.3 -1l.4 2.2 8.2 2.2 18 2.3
Th -8.0 1.5 -4.8 1.2 4.6 0.37 10 -0.14
Sr -8.1 -0.58 -5.1 -0.40 3:5 0.15 8.8 0.42

x' 18 16 8.4 18
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Table V. DevIation or Backrround Sipall (~) Cauted by Varylnl Nebullzllll' Pre••ur, and tbe RemainlDI' Noile after
ComPGDlatioD by the IRPM

% change in nebuJizing preasure
-10 -; +5 +10

clement obad

Cr 1;
B 12
Ni 10
Cd 12
B. 12
Co 7.7
AI 16
Fe 12
Si 8.3
Mn 9.0
Mg 0.70
V -0.6;
Mo 3.8
Cu 3.6
Ag -1.0
Ti 1.8
Zr 3.4
C. 0.8
Th -3.5
Sr -3.7

x' 22

corrected

1.6
-0.10
-0.80

1.4
1.8
1.2
4.1
2.6
1.0
2.4
3.4

-0.40
0.41

-0.16
0.11
0.27
0.19
1.7
0.7

-0.03

cbod

8.0
;.4
4.9
6.2
;.8
4.2
8.3
6.7
3.6
;.1
1.1

-0.10
2.0
1.8

-0.;8
0.90
1.9
0.83

-1.6
-1.8

80

corrected

-1.9
-12

-6.9
-4.4
-1.6
0.3
1.1
3.3

-;.2
1.8
2.9

-0.68
0.26

-0.31
0.21

-0.16
0.20
0.79
0.93
0.47

obad

-14
-13
-13
-12
-12

-8.7
-14
-11
-11

9.2
0.06

-1.8
-5.9
-6.3

-16
-4.1
-;.2
-0.54
-1.8

1.4

7.9

corrected

3.0
-0.86
-0.69

0.13
0.74
0.24
0.97
1.8

-3.1
0.51
0.02

-0.10
0.28

-0.14
-0.29
-0.05

0.31
0.73
0.43
0.00

obod

-23
-21
-22
-21
-21
-1;
-23
-20
-17
-16

-1.5
-4.0

-11
-11

-3.3
-7.5
-9.7
-2.2

2.2
1.9

26

corrected

6.8
-2.;
-2.8
-0.29
0.44
0.47
1.8
3.7

-5.9
0.66

-2.0
-0.56
0.38

-0.41
-0.66
-0.42
0.21

-0.36
0.45

-0.02

Table VI. Deviation of Background Sipa•• (%) Cauted by VaryiDI Cooling au Flow Rate and the Remaininc Noise .rter
CompeDiiatioD by the IRPM

% change in cooling gas now rate

-20 ~o +10 +20

element ohl;d

Cr 31
B 25
Ni 6.5
Cd 11
B. -0.1
Co 4.6
AI -3.4
Fe 4.8
Si -12
Mn -5.6
Mg -14
V 1.1
Mo -3.9
Cu -2.6
Ag -8.9
Ti -;.7
Zr 1.1
C. -13
Th -9.8
Sr -9.;

x' 8.6

corrected

5.0
4.6
4.6
1.9
1.9
0.49
3.2

-0.03
2.2
1.3
3.2

-0,01
0.52
0.12
0.28
0.30
0.12
1.8
1.2

-0.4

obad

13
12
4.2
6.5
1.5
3.6

-0.2
3.7

-4.7
-0.8
24.8
2.0

-0.14
0.45

-2.9
-1.0

1.9
-4.7
-3.4
-3.3

6.3

corrected

-0.62
-0.65

1.2
-0.3

1.0
0.34
1.3
0.24
0.68
0.82
0.68
0.14
0.30
0.31

-0.10
0.42
0.16
0.65
0.39

-0.02

obod

-13
-15

-6.1
-9.7
-5.6
-5.7
-3.4
-5.8

5.7
-2.7
4.4

-3.6
-3.0
-3.55
0.27

-1.8
-3.4

2.7
2.1
2.0

6.0

corrected

-2.3
-0.25
0.38
0.47
0.33

-0.33
1.6
0.;6
3.2
0.67
3.2

-0.44
0.48

-0.16
-0.08
-0.02
0.17
1.0
0.9

-0.02

oOOd

-23
-26
-11
-18
-14
-12
-9.6

-12
-9.0
-8.7

3.4
-8.1
-8.1
-8.6
-3.3
-6.4
-7.9

1.4
0.06

-0.09

16

corrected

-5.5
-10

-4.0
-3.9
-3.2
-1.3
0,01
2.3
1.3

-0.14
5.3

-1.3
0.6

-0.81
-0.91
-0.87

0.22
0.93
2.0

-0.48

compared to -5%. Contrary to intuitive prediction, the x2

rest detennines that the +5% variation may be handled. This
insensitivity to the magnitude 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 compensation was successful. 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 flOd
a spectral wavelength whose background fluctuation data may
describe well the fluctuation at the analytical wavelength.
However, in multielement analysis several monitored cbannels
are a necessity. This can be seen from the tables. Variation
of incident power and uranium concentration (Tables IV and

VII) cause all signals to vary in the same direction. Altering
both gas flow rates (Tables V and VI) does not result in the
same phenomenon. Thus, it is obvious that multielement
analysis is possible only through compensation by several
monitored channels.

For all variations presented in the t.Pbles no error props·
galion due to the computation method is observed. even for
channels for whicb the Fisher test showed tbat minor or no
compensation is possible. Comparison of the actual quality
of compensation to that predicted from the Fisher variance­
ratio values shows that this ratio succeeded to predict the
degree of compensation.

The compensation perfonnance was also examined for free
drift. Tnble 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 or Backgrouod Signal. (llJ'Cl) Cauaed by Varying Uranium Concentration and the Remaining Noise aCtcr
CompensatioD by the JRPM

9'0 change in uranium concentration

-17 +2.6 +7.5

element ob,d corrected obsd corrected obsd corrected ohad corrected

Cr -14 15 -7.3 5.7 1.7 -1.2 5.9 -3.3
B -16 7.2 -7.1 3.3 l.I -1.3 5.8 -2.1
Ni -15 3.7 -7.0 1.3 1.0 -1.0 5.2 -1.7
Cd -18 4.2 -7.1 1.8 1.4 -0.8 5.5 -2.3
Ba -16 3.7 --6.7 1.7 1.70 -0.50 5.6 -1.6
Co -17 0.52 -7.1 0.31 1.5 -0041 5.9 -0.81
Al -15 -0.48 --6.6 -0.10 1.2 -0043 4.8 -0046
Fe -17 3.3 -704 104 1.9 -0.36 5.8 -2.0
Si -15 -504 -7.3 -2.8 0.60 -0.61 4.1 0.81
Mn -17 104 -7,4 0044 2.3 0.13 5.7 -1.3
Mg -17 4.5 -6.3 2.2 2.8 -0.64 6.5 -1.7
V -17 -0.14 -7.1 -0.12 2.1 -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 2.0 -0.05 6.5 0.09
Ag -17 -0.19 -7.2 -0.21 2.2 -0.11 6.8 0.17
Ti -17 0.48 -7.1 0.13 2.1 -0.19 6.5 -0.24
Zr -17 -0.32 -7.1 -0.08 2.0 0.03 6.5 0.00
Ca -17 -2.8 -7.9 -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 -104 -7.2 -0.72 204 0.10 7.0 -0.64

X' 62 18 2.3 13

Table VIII. Free Fluctuation. DC Background Signals Table IX. Detection Limits (,LII/g U, 0.5% wt Uranium in
Which Occurred during 8 2·b RUD and the Compensated Solution) Obtained without aod with IRPM Treatment
Re.ults

with
low fluctuations high fluctuations without IRPM

eJement obsd corrected ob,d corrected element treatment treatment

Cr 1.80 0.70 7.3 1.00 Cr 12 4.5

B 1.80 1.00 8.7 l.I0 IJ 13 7.0

Ni 1.70 0.80 8.0 0.60 Ni 24 11.0

Cd 1.50 0.70 704 0.60 Cd 5 2.3

Ba 1.30 0.50 7.8 0.50 Ba 8 2.9

Co 0.90 0.20 4.8 0.15 Co 7 1.3

Al lAO 0.50 7.2 0.60 Al 62 22.0

Fe 1.20 0.40 5.4 0040 Fe 8 2.6

Si 2.20 2.20 7.1 0.80 Si 100 100.0

Mn 1.00 0.30 5.9 0.20 Mn 5 1.5

Mg 0.70 0.50 3.7 0.70 Mg 10 5.0

V 0.40 0.05 2.6 0.13 V 230 12.0

Mo 0.70 0.12 404 0.14 Mo 170 22.0

Cu 0.80 0.13 404 0,12 Cu 50 6.8

Ag 0040 0.14 304 0.19 Ag 50 7.2

Ti 0.50 0.08 4.0 0.09 Ti 12 1.0

Zr 0.60 0.08 3.6 0.07 Zr 11 1.0

Ca 0.70 0.50 3.8 0040 Ca 0.3 0.2

Th 0.50 0.11 2.5 0.30 Th 220 25.0

Sr 0.50 0.08 2.3 0.11 Sr 2 0.1

perienced at one run were minor while at the second run they
were 8evere, From the results in the table it may be 8een that
although the magnitude of the fluctuationa differs largely from
set to set, the residual noise values are very similar.

Detection Limits. The detection limit of an analytical
aignal is directly proportional to its noise level. In ICP
emission spectrometry 8 value of 1% RSD for spectral lines
above 230 nm is uaually accepted (13). Aa may be 8een from
Table VIII, noise levela of a aignal vary from run to run.
Nevertheleas, for comparison of detection limits obtained by
the !RPM to thooe obtained without correction, we used tbe
1% RSD convention, The RSD values of 8ignala whose RSD
was larger than I % (in the fir8t column of Table VIII) were
taken for detection limit computation. A number three times
the RSD values was uaed to calculate detection limits. The
detection limits obtained are presented in Table IX. The
improvement in detection limits varies from 0 to 20-fold,

There is no need to recalibrate the instrwnent when plasma
parameters are kept constant from run to run.

Regi8try 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; AI,
7429·90·5; Fe, 7439·89·6; Si, 7440·21-3; Mn, 743~·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 Xiaa-quan, Yuan Zbi-neng, and Ni Zhe-ming·

Institute of Environmental Chemistry, Academia Sinica, P.O. Box 934. Beijing, People's Republic of China

A method has been developed for the delennlnatlon at g""'"
In environmental samples at the level 01 0.089-58 I'g/g by
graphite furnace atomic aboorpllon ~ometry ualng nickel
matrix modlflcetlon. The sensltlv"y lor determining gallium
was improved by a lector of 6 In the presence of nickel as
compared to that of pure gallium standard. The related
mechenlsm of enhancement effect .. dRcUased. The sup­
pre..Jon effect of perchlorlc acid on the determln.tlon of
g.m.... was probably due to the formation at GaCI originating
from the condensed phase reaction at low HCIO. concenlra­
tlon and the vapor phase reaction would also be recogniZed
to occw 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 ~g/g (I).
The methods present in use for the determination of gallium
in rocks, ores, metals, and other inorganic materials have
included name 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 sign.1 was masked
by 1000- and 500Q-fold amounts 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.
Nakamur. et aI. (8) reported that nitric .cid. hydrochloric acid
and phosphoric acid as well 05 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 p.rtly. Koirtyohann et .1. (9) investig.ted
the interference effect of perchloric acid on the detennination
of the group 3 elements lind 0.5 M HCID, caused over 95%
reduction in peak absorbance for gallium. This suppression
effect persisted even though the furnace tube was heated f.r
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-

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 (1, 4,8) were frequently used in sample
analyses.

The purpose of the present study is to develop. method
for determining gallium in sediments, coal, coal ny ash, and
botanical samples by graphite Curnace atomic absorption
spectrometry using nickel matrix modification. In the pres­
ence of nickel the tolerable charring temperature for gallium
was raised to 1200 OCt 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 machanism of enhancement 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 with a ModeL HGA-400 graphite furnace
and Model 056 chart recorder, was employed for the measurement
of gallium absorbanees at a resonance line 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
wa!\ operated at 15 rnA. Deuterium arc background correction
facility was used throughouL A 2O-IAL Eppendorf microliter pipet
fitted with disposable polypropylene tips was employed to in­
troduce sample solution into the graphite tube atomi1.er.

ReageDts. Gallium stock solution. 1000 l'fo/rnL, was prepared
hy dissoh'ing 0.100 g of gallium (99.999%, Shanghsi 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 mgjmL, and ammonium sulfate solulion.
25 rng/mL. were prepared hy dissolving suitahle amounts or nickeL
nitrate and ammonium sulfate (analytical reagent grade) in de­
mineralized water.

All other chemicals used in this study were of anal}1icaJ reagent
grade.

Procedures. (1) Decomposition of Peach Leaves and Tomato
Leaves. The method used to decompose 300 mg of sample by
pressure decomposition was basically the same as that given in
ref 10 except that 2 mL or67% nitric acid, 1 rnL or72% perchloric
acid, and 1 mL of 35% hydrofluoric acid were used and the final
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Table I. Ezperlmcntal Conditionl tor Mea.urement ot
Molecular Ablorption

GaO GaCI NiCI,

analyte 1 pg o(Ga + 0.5"gofGa+ 20 J.lg of Ni +
50 IJg of Ni 50pg ofNi 20 pL of 0.1 M

+ 10 pL of HCIO.
0.2 M HCIO.

wavelength. 244.5° 248.1" 346.8'
nm

drying 110 110 110
temp, DC

ramp/hold· 1/30 1/30 1/30
inK
time,s

charring 300 1100 250
temp,OC

ramp/hold. 1/30 4/30 1/30
ing
time, 8

vaporization varying varying varying
temp,OC

romp/hold- 0/10 0/10 0/10
ing

cleaning 2650 2650 2650
temp,OC

ramp/hold- 1/6 1/6 1/6
ing
time. 8

.. From ref 11. II From ref 12.

volume of sample solution was defined as 5.0 mL for ,he deter­
mination of gallium by graphite furnace atomic absorption
spectrometry.

(2) Decomposition 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, Ille final canrent obtained by Ille preaaure
decompoeition method was transferred to 8 5()..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 Oy ash, the digested sample
lKllution prepared by procedure 2 was appropriately diluted, 20
~L of the sample solution was introduced into the pyrolytica1ly
coated graphite furnace along with the same volume of a mixture
of I mgfmL of nickel and 5 mgjmL 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 "ma.rimum power" mode, and
gallium absorbances were measured. under the condition of "argon
gas flow interrupted". Finally the tube was cleaned at 2650 °C
for 5 s.

(4) Measurement of Molecular Absorption of GaCI, GaO, and
NiCI2• 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
teriwn arc lamp or tungsten halide lamp was used 88 a continuous
light 8Ourte. The wavelengths for measuring GaCl,GaO, and NiCI,
were 248.1, 244.5, and 346.8 nm (1 1,12), 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 foHowed by drying and charring and
then molecular absorption was measured at the vaporization stage
using "maximum power" and "gas sl.op" modes in order to make
the absorption. Finally a cleaning stage was employed.

(5) Measurement of Appearance Temperature of Gallium in
the Absence or Presence of Matrix Modifiers. The procedure
used for this purpose was Ille same as tllat described by Campbell
and Ottaway (13).

RESULTS AND DISCUSSION
Selection of Matrht Modifiers, In order to search suit·

able matrix modiflem, a variety of metal ions were reared. The
absorbance obtained by injecting 20 pL of 0.025 pgjmL of
gallium aqueous standard was set as unity, and the relative
absorbances of gallium in various matrix modifiers were

Table II. CompariloD o( Various Matrix Modifiers (or
Gallium (20 ~L o( 0.025 ~g/mL o( Ga aDd Various Matrix
Modifiers)

tolerable
matrix conen, charring Tel

modifier as added mgfmL temp,oC absorbance

none 900 1.0
ZnH Zn(NO,), 1.0 900 4.1
V" NH,VO, 1.0 900 5.6
Crlll+ K2Cr20 7 1.0 900 6.8
BaH Ba(NO,j, 1.0 1000 4.9
Sr2+ Sr(NO,), 1.0 1000 4.9
Co2+ Co(NO,), 1.0 1000 5.7
M0 6+ (NH.l,Mo.,O,,·6H,O 1.0 1000 5.3
A13+ AI(NO,l, 1.0 1000 5.8
Mg2+ Mg(NO,), 1.0 1000 6.5
Pd2+ PdCI, 0.1 1100 4.7
Ca2+ Ca(NO,), 1.0 1100 4.9
Ni2+ Ni(NO,), 1.0 1200 6.1

b Lys.C peptide cleaved with trypsin.
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F5gure 1. Effect of ashlng and atomization temperature on the atomic
absorption for gallium In the absence or presence of nickel: (0) 0.8
ng 01 Ga; (e) 0.8 ng 01 Ga + 20 ~g 01 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
derermining gallium and the highest allowable charring tem­
perature of 1200 °e, only nickel was used in the remainder
of this atudy.

The effect of charring and atomization temperature on
gallium absorbances was examined, and the results are
schematically shown in Figure I. 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
Ille 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 nic;kel were 1100 and 1530 °e, respectively.

The mechanism of the enhancement 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 absorptioJ.l of GaO was measured following proce­
dure 4 apd the resulta 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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Figura 3. Dependence 01 the absorbance for 0.8 ng of gallilrn on the
concentraUOn of the nickel soluUon added (20 pL).

reached a maximum at 1300 °e, and then decreased with
further increase in temperature; there WQS 8 plateau over the
temperature range of 1600-2400 °e._ However,8 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 8 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 J,lL 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 mgjmL. then
8 nearly constant absorbance was obtained over the range
0.5-1.5 mgjmL. and a slight reduction was observed with
further increase in nickel concentration. Therefore 20 ~L of
1 mgjmL 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 sample
analyses, a series of experiments were undertaken to test the
interference effects of a variety of foreign ions. Twenty
milliliters of 0.020 ~gjmL of gallium solution containing 1
mgjmL of nickel and 5 mgjmL of ammonium sulfate and the
same volume of various foreign ions was introduced to the
pyrolyticaUy 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 tbere were
no interferences from 0.05 m.jmL of Li' and 1"'.0.10 mgjmL
of Fe'+' Sb'+, and Tes,. 0.25 mgjmL of K+, Na+, Mg2+. C.....
80,3-. and SiO,'-. 1.0 mgjmL of S"+' Mn2+. Co'+, Ca". Sa".
ZnZ\ Cu2+, Pb2+, Cd2+, Bi3+, AS3+. TP\ SeH , and V6+.

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
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F5gur. 5. Relationship between vaporization temperature and the
moIocUar absorption of GoClIn the absence or pteS8lICe of anmonUn
sulfata: (e) 0.5 ~g of Ga + 50 ~g 01 Ni + 10 ~L of 0.25 M HCIO.;
(0) 0.5 ~g of Ga + 50 ~g of NI + 100 ~g of (NH.l,SO. + '0 jl1. of
0.25 M HCIO•.

Figure 4 gallium atomic absorbances decreased ",ith increasing
perchloric acid concentration even when nickel was employed.
as a matrix modifier. However. no interference at 0.3 M HClO,
and only a reduction of7% 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 GaCI was measured at
248.1 nm as a function of perchloric ocid 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 increasro., the absorption of
GaCI increased while atomic absorption of gallium decreased.
This fact indicated that the suppression effect of perchloric
acid was primarily due to the formation of GaCI by the fol­
lowing reactions:

Ga(ClO,), - Ga' + 3CI- + 60, (1)

HCIO, - CI' + OH + '120, (2)

Ga' + CI' - GaCI (3)

Similar reactions have been used to elucidate the mechanism
of perchloric acid interference with the determination of in·
dium by name atomic absorption spectrometry (I5).

Koirtyohann et aI. (9) reported that the interference effect
of perchloric acid persisted at very high temperatures. This
finding was confirmed in this study. Molecular absorbance
of Gael 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 GaCI was remarkably reduced when
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Flgwo 7,~ of HClO. nterf...once from two-trOlJ!11s p1atlonn
(e) with that from lI1e conventional p1a1form (0): 0.5 ng of Ga + 20
",g of Ni + 10 ",l of 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
W88 probably due to the following reaction which was recog­
nized to be a useful means of destroying perchlorate (I6)

3CIO,- + 8NH: - 3CI- + 4N, + 12H,O + 8H+ (4)

Therefore, no suppression effect was observed over the can·
ceotration of perchloric acid ranging from 0.0001 to 0.3 M t

but some reduction in gallium absorbance existed when the
concentration of perchloric acid exceeded this limit.

In addition to the anaJyte 1088 88 GaCl, the less important
factor resulting in suppression effect in the presence of both
perchloric acid and nickel was the loss of nickel aa NiCI, at
charring atege (Figure 6). Because the stabilizing effect of
nickel dependa on the amount of nickel present in the graphite
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 concentration of perchloric acid was used. It
is difficult to eatebliah whether GaCI being loot during atom­
ization would have originated from condensed ph88e or vapor
phase interaction. In order to make this investigation, a
homemade platform with two troughs W88 used, the breadth
and depth of each trough were the aame 88 those of the
standard platform while the length W88 only half that of the
atandard platform. Gallium aqueous atandard solution con­
taining nickel W88 added in one of the troughs and perchloric
acid of various concentrations was added in the other to avoid
the physical contect of the two solutions, or a mixture of the
two solutions W88 added in the aingle trough of a atandard
platform. The solutions were dried under infrared lamp, the
platform W88 inserted into the graphite tube, and the normal
furnace cycle was run. The absorbances obtained by using
the above two typea of platforma for gallium in the presence
or absence of perchloric acid were compared and the results
are shown in Figure 7. There is no interference over the
concentration of perchloric acid ranging from 0.001 to 0.3 M
if the two-trough platform W88 used, although the suppression
effect was obvious when higher concentrations of perchJoric
acid were added.. However, the suppression effect was most
marked on the atandard platform. It seems that the inter­
ference of perchloric acid on gallium determination W88 mainly
due to the condensed ph... reaction, though tbe gas ph88e
reaction may alao occur at higher concentrations of perchloric
acid.

Recovery Study. Varied known amounts of pure gallium
atandards were added to drainage sediments, coal fly 88h, and

Table 111. Recovery Study

amI amtCa total Ga
weighed, Ga in added, found, recovery,

sample mg sample Pg .g .g %

81-101, 100 1.95 1.0 3.0 105
river 2.0 3.9 98
sediment
(Chins) 3.0 4.8 95

82·201, 100 2.81 1.0 3.75 94
coal Oy 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
(Chins) 0.150 0.235 105

Table IV. Determination of Gallium in Samples

gallium content, IJg/g

informa-
amI tion

sample weighed. mg this work value lit. value

NBSSRM 100 58.7 58
1633a coal (0.2 mg/mL) 56.3
fly ash

82·201, coal fly 100 28.1
ash (China) (004 mg/mL) 28.3

NBSSRM 100 8.0 8049
16328 coal (1.0 mg/mL) 8.3

GSD-8, 100 11.0 10.7
drainage (1.0 mg/mL) 11.0
sediment
(Chins)

81-101, river 100 19.5 22.0 (7)
sediment (0.5 mg/mL) 18.5
(China)

NBSSRM 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% W88 achieved (Table III).

Determination or Gallium in Real Samples. Since no
serious interferences were encountered and quantitative re­
coveries were obtained, the recommended method has been
applied 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 t and
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a good agreement was obtained with the information values
reporUld by NBS or other workers (7, 17). The relative
standard deviation was 3.7% for II replicaUl deUlrminations
of a drainage sediment in which gallium content was found
to be 10.8 "gig.

Registry No. Ni. 7440-02-0; Ga. 7440-55-3.
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Determination of Formaldehyde with the Thermal Lens Effect

Jan A. Alfbeim and Cooper H. Langford-

Department 01 Chemistry. Concordia University, /455 de Maisonneuve, West, Montreal, Quebec H3G / MB. Canoda

The laser thermal lena analy'" ollormaldehyde Is reported.
Two ayl1ema were tel1ed, the lirat ualng a olngle laHr In
c:oorbInallon wHh a &Ingle _ detector and the second uaIng
two la.ers In conjunction with a photodlode anay detector.
The lormaldehyde oolullono were prepared lor colorimetry
uolng the NIOSH method b8led on chromotroplc acid. Im­
proved sel1l/llvlty over alandard absorption techniques Is ol>­
Hrved wHh eMancement lactors up to 20.0 baled on d.
taction of abaorptlvHy aa low 81 9 X 10-6 em-' which con.
&pOnds to a concentration 01 1.5 X 10-6 M. WHh collection
elllclency 01 95% lor aamplng solutions, IhJa IUpporla laclle
detec1lon ofl~yd8 In the parta-per.- region In air.

Current interest in the Quantitative analysis of form­
aldehyde sUlms from its poUlntial as a human health hazard
(I). 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 examination of the pararosaniline method (7)
has shown it to be pH dependent (B) and seriously effecUld
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 parls-per-billion level where it can compeUl with GC
and HPLC methods (4--6). The modifications to le<:hnique
include diluting the chromotropic acid solutions Ill-fold and
then analyzing the samples with a laser thermal lens (LTL)
spectrometer rather than a standard absorption spectropho­
tometer.

A thermal Jen9 works on the principle that the passage of
a laser beam through a maUlrial with a fmile optical absorption

generaU!s thermal energy which heats the sample. The Ulm­
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
maUlrials dnldt is negative and thus this gradient has the
same optical effect on the laser beam as a diverging lens.

It should be noUld that a thermal lens is a function of true
absorption in the same fashion as other calorimetric techniques
and not absorption plus scatUlring as in trlt11S1Ilittance le<:h­
niques. The inUlnsity of the thermal lens effect is proportional
to the absorbed light energy.

LTL is a very sensitive method (10.11) whicb 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 sysUlm one can still obtain relatively
high sensitivity. The dual laser experiments were designed
to demonstraUl the true potential of LTL as a means of trace
pollutant analysis, specifically formaldehyde. We encourage
laboratories with one laser available to consider using the
thermal lens effect.

EXPERIMENTAL SECTION

Instrument. Figure lA shows a block diagram for the sim­
plified experimental setup. The optical train and lasers were f1X.ed
to a workbench which was isolated from building vibrations with
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 (AI was used to drive the Coherent CR-590 dye
Jaser (B) which was run at ISO mW at X= 600 nm. The power
was measwed in front of the cell holder to account for power lass
due to reflections of preceding optical components. The beam
was elevaUld to the height of the optical train by means of a dual
minor Bystem (e). The lens (D) which brought the light to s focus
has a focal length of 23 em. A manual shutter (E) was used to
block the pump beam. The cell holder (F) was placed one confocal
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were pre~red with doubly distilled H~O.fo (American Chemicals)
following the NIOSH method (/5).

Agure 2. Diagram 01 the HeNe beam prolile and the compu1er-fitted
Gaussian profile as seen on the monitor. The signal axis Is the scale
01 0.256 01 the AID converter. The abscissa ~ the cliode number
referenced to the peak centre.

.bl_

F5gwe 1. BkH::k diagram of the laser thermal lensing systems. Part A shows the pinhole/single laser system. The pinhole (H) was placed 403
em 'rom the lens (0). Part B shows the modifications to the system IncludIng the addrtion of a second laser (L), an optical flat (G), Nichol prism
(HI. and phOlodlode array (K).

di8tance (5 em) beyond the focal point (10, II). The cell u8ed
was a Conlab blue label I-em square cell. A nat mirror in an
adjustable mount (G) waa used to direct the beam toward the
pinhole detector. The pinhole was 0.1 mm. The photodiode
detector (I) bebind the pinhole (H) was linked to a Tektronix
OSCiIJ08COpe (Jl which had a TYpe 2A63 differential amplifier, and
8 2867 time base with single sweep capabilities. The lens for­
mation was recorded at various sweep rates to record the initial
(Ioland final 8teadY'8talA! (1.) inlA!n8itiea following opening the
laser beam shutler. The data were then read off the 8creen and
recorded.

Figure 18 is a block diagram of the dual laser thermal lens
system. [t 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 nat (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) 8eparalA!d
the pump and probe beams and a rotating film polarizer (J)
adjusted the probe beam intensity to maximiu the signal from
the diode array without saturating the Reticon RL128G self­
scanning linear photodiode array detector (K). The signa) from
the diode array was fed into a Processor Technology SOL com­
pUlA!r (N) via 8-bit ADC'8 for 8torage purpose8. The SOL was
interfaced with an IBM personal computer which handled all
numerical manipulations. The IBM plottA!d the beam profile (see
Figure 2) and was programmed to fit a best Gaussian curve to
the experimental data and to calculate the (/0 - /.ll/o 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).

Reagents. The formaldehyde stock solution was prepared by
dissolving 4 4703 g of 80dium formaldehyde bi8ulfilA! (Ea8tman
Chemicals) in 1 L of deionized distilled water. This solution was
standardized against iodine solutions with a starch indicator.
Chromotropic acid (Fischer Chemicals)-formaldehyde solutions



Procedure. AU glasaware was BOaked in an H,sO,-HNO, acid
bath overnight and then rinsed with deionized distilled water
before usc. The stock formaldehyde 801utions were diluted
successively to obtain the desired concentrations. Samples pre­
pared following the NIOSH methodology were allowed to .tand
overnight to enswe full color development although it was noted
that 1 h would have been sufficient (15). Before analyzing the
samples and blanks using thermal lensing, 8 further l()'Cold di·
lution was required to reduce the 8uJfuric acid concentration (vide
infra).

All alignments and cell positions were optimized with 8 can·
centrated solution of formaldehyde (-10-& M), For the simple
system, the flat mirror (G) was adjusted until maximum intensity
was observed on the oscilJoscope screen. Then the cell was moved
along the fail until the thennallens effect was maximized. The
tw~laser8)'Btem required alignment 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
thennallens effeeL In our experiments it was discovered early
that the blank (0 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 1_
value. Since the blank solution was clear in color, it was
assumed that the effect was due in part Ul absorption by the
chromotropic acid and to Ii great deal of thermal convection
in the sulfuric ocid.

Preliminary experimentstion showed that a I()'fold dilution
of the blank was necessary to obtain a signal that was not
seriously affected by thermal convection (16). Thus a I().fold
dilution of the color developed aolutions 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 (Xmas = 580 nm) was chosen. The
absorptivity of the chromogen at 600 nm was found to be 4.6
X 10' M-I cm-'. 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-laser system is modeled after the system
of Ishibashi et a1. (13) in that the HeNe probe laser is not
focused before passing through the sample. Ishibashi et a1.
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
dependence at lower concentrations. The similarity of the
two model's predictions for weak thermal lenses is further
discussed by Harris and Carter (I8). The analytical curve for
fonnaldehyde from our data based on parabolic lens equations
gave the better straight lin•.

A concentration range of 1.5 X 10-7 M to 50 X 10-7 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
10-8 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 sample concentrations, for each system was
calculated to be 22 X 10-7 M and 5.6 X 10-7 M, respectively.
This corresponds to absorptivity enhancement of 20.0 as
defined in ref 10.

Although the standard deviation of the blank value ..
determined over all TUns was quite large, the deviation of each
day'a 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 concurrenUy. At the
lowest concentration of 1.5 X 10~8 Mat 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 (1) 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 2Q...foJd. A
referee suggested that the variation is due to the variation in
free formaldehyde in the lah environment 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 amount of gas sample required to detect the same
levels of fonnaldehyde is greatly reduced. With the 5.6 X 10-7

M "detection limit", it would require only 8 L of gas sample
at STP to detect formaldehyde in the 10 "g/L region assuming
95% collection efficiency in the NIOSH system (I). If one
accepts the detection of 1.5 x 10-8 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 pg/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

David J, COOklOD aDd BriaD E. Smith-

The Broken Hill Proprietary Co., Ltd., Melbourne Research Laboratories, 245 Wellington Road, Mulgrave, Victoria.
AU8tralia 3170

Two ..luratecl hydrocarbon fraction.. one mainly conlllling
01 11·..._ and the other containing only branched plus
cyclic ..tural... hava been aeparatecl from aach of a vllltety
of dIeMl lual, (approxlmata boling range 230-320 ·CI and
kero....a lua" (approximately 110-230 ·CI ullng IIl1ca
chromatography and urea clalhraUon. The ",,",na tracllOlll
hava been limply characterlzad by uIlng convantlonal "c
NMR epactrometry, ylaldlng avaraga carbon chain langth..
The branched plUl cyclic ..twata, Iractlon, hava been
dlaractartzecl by UIIng the gated "*' echo (GASPEI "c NMR
technique, whlch yleldl individual "c NMR lublp8clra IOf
aach CH. group type (II = 0 to 31 and alloWI tha fractional
abundanc.. 01 CH. groupe to be",.-..cL '"""" dati hava
been empIoyeclln deviling and calculating a IIl.I1Iber 01 novel
av.,age _wa par_t." which report on the axtant 01
branching and occurrance 01 ring atructural In the IracllOlll
Inv8lllgatecl. Spectral dati ara al80 UIecIto IcIanUfy I0Il18
8p8Clf1c 1Uhm0lecular Ilructur...

Achieving an understanding of the structural characteristics
of f088il fuel products is ususUy s difficult wk. primarily
because such materials are generally complex mixtures of
compounds. This is certainly the case for the diesel fuels
(approximste boiling range 23(}-320 ·CI and kerosene fuels
(approximate boiling range 190-230 ·CI studied in the preoent
work. However, these fuels at least bsve the simplifyirig
cbaracteristic that they consist almost eDtirely of bydro­
earbol\8. AU of the 88IDples examined here are also olefm free,
such that component species can be described as saturated
or aromatic. This article is concerned with the saturates class
of compounds. Saturates have beeD isolated chromato­
grsphically from whole fuels, and have subsequently been
separated into two fractiono. one containing mainly n-a1kanes
and the other containing branched plus cyclic (nsphtheDicl
saturates.

A1thougb the composition of n-alkane fractions is relatively
simple (see Figure 1, parts A snd BI branched plus cyclic
saturates fractions are complex mixtures (Figure 1C). Tbis
complexity derives from a number of fscLors. Tbe boiling

range of the source fuels allows for 8 range in the number of
carbon atoms per molecule. For example. the diesel cuts
studied typically include CIl Lo Ct, n·slkanes. Also the em­
pirical formulas of saturates components may take the form
of Cm H:z",+2 for linear or branched saturates, or Cm H2(m+l-:z)

for cyclic saturates containing x rings. Finally, species with
tbe same molecular weight may be present in sny of s number
of isomeric forms.

It is obvious that the identification of each and every
compound present in such a mixture would be sn exceedingly
difficult wk, whstever techniques 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
h.. previously been applied to fossil fuel saturates Csee, for
example, ref 1-71 but the structural inferences have been more
limited than those derived bere. This largely arises from the
preoent application of selected multiplet subspectral''C NMR
analysis, using the gated spin echo (GASPE) technique (8-10).
This procedure yields I3C NMR subspectra for each CH. (n
= 0 to 31 group type. In a conventional 13C NMR spectrum
of complex materials there is us\lally substsntial overlap of
resonances due to C, CH, CH" and CH, groups lesding to
spectrsl congestion. This problem is alleviated with the
GASPE subspectral analysis. The accessibility of cbemical
shift information is consequently enhanced. Further, by
identifying the CHn origin of individual resonances, the
prospects for structure elucidation are improved. Also, since
the method is quantitstive the total sbundances of CH. groups
can be obtsined and these dats fscilitste the derivation 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 possible, average structure parameters should
not derive from 8 concatenation of expressions, assumptions,
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, hsve been studied,
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F1gure 1. Gas chromat0{J'8phy traces of (A) WeB adducted sat....ates
from kerosene sample 10, (B) ....ea adducted sah.rates from diesel
sample 1, and (C) branched plus cyclic sah.ates from diesel sample
1. The major peaks In traces (A) and (B) are due to n-alkanes. The
minor peaks in traces (A) and (8) are due to branched alkanes, with
2-methyl and 3-melhyl Isomers being most abundant.

together with two kerosene samples, one each of petroleum
and synfuel origins. This work is part of 8 larger program
concerned with synfuels (Le., fuels from nonpetroleum
sources). It is of interest t.o 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
MSample Origins", below) .....ere not treated with urea. 13C 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 13C resonance frequency) at a
temperature of 300 K. Chemical shifts are reported relative to
internal tetramethylsilane. The gated spin echo (GASPE) 13C
NMR melhod has been described previously (8, 10). Il consists
of a Irelaxation deJay)-r/2-1'-'-1'-lcollect] 13C 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 lhe same pulse sequence bUl wilh
IH decoupLing applied during both T periods as well as the data
a<Xjuisition period, were also recorded. GASPE data were collected
for several T values (10) assuming J{CH) = 125 Hz. These time
domain data were combined to yield subspectra for each of C,
~H, CH2, CH3, and CH + CH3 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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Fig.... 2. Inverse gated IJc N~ spectra oflJea addocted sablates
from kerosene sample 10 (A and B) and diesel samp&e 1 (C and 0).
A and 0 are vertical expansions 0' B and C. respeetivety. Peaks
labeled "a". "b". and "c" are ascribed ti) 2-methyt. 3-methyt. and other
alkane Isomers. respectively.

Samples were made up to approximately 50 wt % in CDCI,
solution and contained approximately 0.45 wt % of tris(acetyl­
acetonato)chromiumUII), Cr(AcAch, relaxation reagenL A data
acquisition time of 1.64 s was used in conjunction ....ith a relaxation
delay of 20 s. Under these conditions data are expected to be
quantitative (J2). free from distortions due to rel818tion and
nuclear Overhauser effects. SpectraJ integrations were carried
oul on C, CH" and CH + CH, GASPE subspectra, with the total
integrated intensity clOS(!ly 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 in-house method for de­
termining simulated distillation curves. A 12 m X 0.2 mrn OV-I01
fused silica WCOT column was employed .....ith helium carrier gas
and an oven temperature of 50-270 °C programmed at 8 °C min-I,
and detection was by FlO. Hydrogen elemental microanalyses
were performed by the Analytical Laboratories, Elbach. West
Germany.

Sample Origins. Samples are gi\··en numerical designations
(I to 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/Indonesian 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 ori~ins are as follo......s: samples 9 and 11, an·
thracene oil (a black coal tar product); sample 7, a brown coal
tar; sample 8, a shale oil. In aU ca..es the s:,"'J1fuels were obtained
by hydrntreating the abo,,·c feedstocks, follo .....ed by distillation.

RESULTS AND DISCUSSION
n -Alkanes, The major fealures of lhe I3C NMR speclra

of n-alkane fractions (Figure 2) are of trivial simplicity. Five
resonances are observed due to aCH, (l~.3 ppm), /lCH, (23.0
ppm), 'l'CH, (32.2 ppm), oCH, (29.7 ppm), and .CH, (30.0
ppm) corresponding to an n·alkane structure formalized as
(a{;H:J,(,BCH~hCH~,(OCH~,(.CH,)"where the label. refers
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Table I. Characteri.tic. of Urea Adduct (D -AlluDe) Fractious

Nc = average chain length rei abundance of branched alkanesC

umple "CNMR 'HNMR Gc- BV % n·alkanes" 2-methyl 3·methyl other

Die8els

1 15.3 15.1 15.4 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 15.3 15.0 90 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 15.6 15.0 15.3 91 1.0 (1.0) 0.3 (0.4) 0.6 (0.8)

16.4 15.7 16.6 16.2 94 1.0 (1.0) 0.2 (0.3) 0.7 (0.7)
15.0 14.8 15.9 15.2 84 1.0 (1.0) 0.6 (0.7) 2.1 (2.0)

Ker06ene

10 12.1 12.2 12.2 12.2 94 1.0 (1.0) 0.2 (0.2) 0.0' (0.0)

• Ge, gas chromatograph)'. b From gas chromatograms. rFrom gas chromatograms or, in parentheses, from I'C NMR. "<0.1.

to CH, groups. or further from the aCH, group. Clearly the
average n-a1kane chain length, Nc, can be calculatro from the
formula

where I is the total 13C 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 speetra
of n-a1kane fractions. The 'H NMR spectra of these fractions
show a well-resolved triplet at 0.88 ppm due to terminal 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 I, it is readily appreciated that

Nc = 131(CH,) + 21(CH,)1/1(CH,) (2)

Nc = 81(a,f3;r,6,<l /1(a,f3;r,6) (I)
CH+~

CH~3~JJ~
CH Jl~_--J'--_

CH~
All methods give similar results, sbowing average chain lengths
of about 15-16 for diesels, and about 12 for the single kerosene
examined.

Closer scrutiny of the 13C NMR spectra of the n-alkane
fractions (Figure 2A,D) reveals the presence of very weak
additional resonances. Thes. are due to branched alkanes.
Peaks labeled "a" (at 39.4,28.2, and 27.7 ppm), "b" (at 36.9,
34.7, 19.4, and U.5 ppm) and "c' (at 40.5, 37.4, 33.0, 27.4, 25.4,
and 19.9 ppm) are mainly due to 2-methyl, 3omethyl, and other
branched alkane isomers. respectively. These assignments
foUow from the discussion of branched alkanes to be given
later.

The source of these branched "impurities" in the n-alkane
fraction probably derives from the availability of straight-<:hain
segments in these molecules, of sufficient length to allow stable
urea clathrates to be formed (13). Gas chromatography
(Figure I) shows that branched speeies are usually present
at about the 10 wt % level (Table I). The reason that the "c
NMR peaks labeled "a' to "c' in Figure 2 are 80 weak, is that
most of the intensity 8S8OCiatro with the straight chain por­
tions of such molecules are occluded by the strong n-a1kane
intensity. If branched saturates in kerosene and diesel fuels
are assumed to contain about 12 and 16 carbon atoms, re·
speetively, on average, then the "c NMR data predict weight
percent abundances consistent with the gas chromatographic
measurements. Relative abundances of branched isomers are"
reported in Table J.

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 subspeetra corresponding to
C, CH" CH, CHJ , and CH + CH, groups and to compare these
with the conventional spin echo spectrum, 88 shown in Figure
3. The latter is a close analogue of a conventional "c NMR

C _

50 30 lJppm

Figwe 3. ''c Ntvt:l subspectra lor the branched plus cyclic saturates
from diesel sarJ'lP'e 3. The convenUonal spin echo spectrum contains
resonances from all CH" groups and Is labeled "CH" ". The gated spin
echo (GASPE) subspectra are labeled accordmg to the component
resonance types as "C", "CH2", "CH", "C~", and "CH + CH3'·.

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 subspectra) methods for CHn 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
excellent discrimination between CHn types is achieved and
there is minimal cross contamination between subspcctra.
This is particularly obvious in the C subspectrum where all
resonances except for two very weak peaks near 33 ppm.
representing approximately 0.3% of total spectral intensity.
are effectively nulled. These peaks are reliably attributed to
quau:rnary carbons.

Individual CH and CH3 subspectra are always of lower
Quality than other subspectra. They may contain weak ar·
tifacts arising from strong CH2 intensity. which are often
identifiable because they are of opposite sign in the two
subspect"ra (see intensity n~ar 30 ppm). It is for this rcason
that the higher quality CH + CH, subspectrum is calculated.



Table II. nata for Branched Plus Cyclic Saturatn
FractioDs

elemental If" H
% lac NMR intensity &I content

CH. microana-
sample C CH CH, CH, GASPE l)'Iis

Diesels

0.2 15.9 59.4 24.5 14.9 14.3
0.3 16.8 58.9 24.0 14.8 14.4
0.3 15.0 62.6 22.1
0.0 14.7 63.3 22.0 14.8 14.4
0.3 14.6 63.0 22.1 14.8 14.3
0.5 21.0 58.1 20.4 14.3 14.1
0.4 19.1 59.7 20.8
0.0 21.3 61.0 17.7 14.2 13.9
0.0 22.6 71.9 5.5

Kerosene.

10 0.0 15.9 56.7 27.4 15.1 14.4
11 1.2 18.2 71.2 9.4 13.7 13.3

The individual CH and CH, data are used 801ely as a quali­
tative indicator of lbe CH. origin of intensity in the combined
CH + CH, subspectrum, which is then used for integration.
The CH. group distributions determined for lbe branched 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" «CH,lzIlCH,lm (3)

branched saturate formula"
«CH,),IICH,CH,I.[C,(CH,lzl.ICH,lm (4)

a or b > 0

cyclic saturate formula"
rCH]x[C,CH,I,fC],ICH,CH,I.[C,(CH3),].ICH']m (5)

a, b, X, y, z, > 0; x + y even integer

In all cases m 2: 0 and x, y, Z, 0, b, and m are integers.
Stoichiometric constraints are implied for each term in
brackets. For example, the fust bracketed term in eq 4 implies
that a branched alkane contains two CH3 groups analogous
to the terminal CH, groups in n-alkanes. Also, CH branching
sites, each necessarily associated with an additional terminal
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CH, group, are allowed (oecond bracketed term), as are C
branching sites, each associated wilb two additional terminal
CH3 groupe (third bracketed term). Equation 5 can be related
to eq 4 in that the formation of each saturated ring is asao­
ciated wilb the 1088 of two hydrogen atoms. The presence of
one ring is inferred from the absence of the [ICH,),] term.
The presence of (x + y)/2 additional rings is implied by the
first two terma in eq 5 and the presence of z additional rings
is implied by lbe third term. Formulas 4 and 5 lead directly
to the expressions for the average structure parameters 85,
N., and N R

as = NciC + CHI (6)

N. = Nc!2C + CHI (7)

NR = 0.5Ncl2C + eH - CH,I + 1 (8)

where Nc is the average number of carbon atoms per molecule,
BS is the average number of branching sites per molecule, N.
is lbe average number of branches per molecule, NR is tbe
average number of rings per molecule and C, CH, and CH,
are lbe frections of carbon atoms present as C, CH, and CH,
groupe, respectively. Equations 6 to 8 are valie for any mixture
of saturates, each of which may bave 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 fmt necessary to estimate Nc, the average number of
carbons per molecule. In lbe present work this value is taken
from the average Nc calculated for n-alkanes (Table 1) for
samples 1-8 and sample 10. A1lbough n-alkanes, brancbed
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
whicb an n-alkane fraction bas not been ianlated, Nc values
of 16 and 12, respectively, bave been used as reasonable ....
timates. It will be seen from later discussion that samples
9 and 11 are structurally unique. Structural inferences are
not sensitive to lbe Nc values assumed. Calculated values of
average structure parameters are given in Table III for all
branched plus cyclic saturates samples studied.

Substructural Assignment of Prominent Resonances. It
is apparent from Figure 3 that lbe I3C NMR spectrum for lbe
branched plus cyclic saturates fraction of sample 3 is char­
acterized by lbe existence of a moderate number of prominent

Table III. Structural Parameters for Branched Plu. Cyclic Saturate. Fraction.

sample BS N. N. B/(B + C) C/(B + C) N.(B) eq 9 Ns(B) eq 10 Ns(C) N.(C) Ns(C)

Diesels

1 2.5 2.5 0.37 0.63 0.37 2.1 2.2 3.2 \.0 3.2
2 2.7 2.7 0.48 0.64 0.36 2.0 2.0 4.1 1.3 3.4
3 2.3 2.4 0.50 0.67 0.33 1.6 2.0 4.1 1.5 3.0
4 2.2 2.2 0.45 0.62 0.38 1.5 1.7 3.3 1.2 2.9
5 2.3 2.3 0.47 0.66 0.34 1.5 1.6 3.9 \.4 3.2
6 3.3 3.4 1.12 0.52 0.48 1.4 1.6 5.5 2.3 2.8
7 3.2 3.2 0.93 0.47 0.53 1.7 2.0 4.5 1.7 3.0
8 3.2 3.2 1.3 0.48 0.52 1.1 1.6 5.2 2.5 2.3
9 3.6 3.6 2.4 1.0 3.6 2.4 0.8

Ker08enes

10 1.9 1.9 0.30 0.63 0.37 1.4 1.4 2.9 0.8 2.9'
11 2.3 2.5 1.7 1.0 2.5 1.7 1.1

.. AU parameters calculated using CH" abundances in Table 11 and average Ne values in Table I. For samples 9 and It, Ne Y.lu~ of 16
and 12, respectively, were used. as. number of branching lites per molecule; Nat number of branches per molecule; NR. number of nnp per
molecule' B/(8 + C), fraction of carbon atollUl due to branched molecules; e/(B + C). fraction of carbon atoma due to cyclic molecules;
Na(B), n'umber of branches per branched molecule; N 8 (C), number of branches per cyclic molecule; NR(C), number of rings per cyclic
molecule; Ns(C), number of side chains per cyclic molecule...Assuming NR(C) = 1.0.
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flguro 6. Assignment ot maJo< 'aatures In the CH + CH, GASPE "c
NMR subspectrum of the branched plus cyclic sattxates from diesel
sample 1. Peaks are labeled with Roman numerals I-V and with
symbols .b. or A for CH3 groups and C for CH g-oups, In accordance
with the substructures shown to the left of the spectrum. ObSfH'Ved
chemical shifts are as foUows: substructure J, (A) 22.7, 22.8 ppm,
(0) 26.1 ppm; substruct...e II. (A) 11.5 ppm, (/0) 19.3 ppm, (0) 34.6
ppm; substruCI...s.III, (A) 14.5 ppm, (/0) 19.8 ppm, (0) 32.7 ppm;
.lbstruct.... IV, (/0119.8 ppm, (0) 33.0 ppm; substructure V, (/0) 14.2
ppm.
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Observed intensities are satisfactorily consistent with ex­
pectations. The 14.5 ppm CH3 peak associated with sub­
structure III 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 CH, subspectra are less easily treated. In Figure 7,
eight chemical shift regions are denoted A to H and plausible
substructures are illustrated. The relevant CH2 group is

alkanes is assessed by considering the compatability of ob­
served and expectlld 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
illustratcd 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) tbe observed chemical shifts, as compared with
literature data for model compounds (I, 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 a..ignments of CH
+ CHasubspectra in terms of just five substructural moieties
(I to V) as illustrated in Figure 6. The foUowing 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(CH,) = 2 X I(CH)
22.7 & 28.1 ppm
22.8 ppm

Il(CH3) = Il(CH3) = II(CH)
11.5 ppm 19.3 ppm 34.6 ppm

III(CH3) III(CH)
14.5 ppm 32.7 ppm

IV(CH3) + III(CH3) - III(CH3) =' IV(CH)
19.8 ppm 19.8 ppm 14.5 ppm 33.0 ppm

........R
OF BS Ns NRCAR9JI<

AT()4S

fA)~ 12 0

IBI~ 14 0

lei o----ccrD 23

~
_B--'o..J,)',UJ~Ll

_C~jlJJll_

D__~~ul

~vJJJJJ~J___
50 JO 1Qppm

Flgur. 5. GASPE CH + CH, "c NMR .ub.peetra fo< branched plus
cyclic ..t..ale. 'ra<n diesel ..mplea 1 (A), 4 (B), 7 (C). 6 (0), and 9
(E).

Figur. 4. lIustraUve struetlJ"es wtth average struetllsl parameter
values: as, number of branching &!tes per molecule; N s. number of
branches per molecule; N AI number 0' alicyclic rings per molecule.
A quaternary carbon counts 8S two branches (for No) but only onB
branching she (for as). Expressions for as. N 8- and N R ara given In
eq 6-6.

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 number of weak resonances
spread over the spectral width. These characteristics are
common to samples I 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".

\Vere there no constraints on the isomeric forms present,
these aampleo could contain a very large number of different
compounds. For example, there are over 4000 conceivable C15
(noncyclic) alkane isomers and over 360000 isomers for Coo
alkanes (17). 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 Corms. The observed
patterns are reminiscent oC the spectra of isoprenoids like
pristane and phytane, as has been noted previously for the
conventional spectra of petroleum and shale oil saturates (I,
2, 6, 7). It is necessary to examine the data more closely,
however, before 888erting the nature of branched alkanes
present.

In the foUowing discussion, the possibility thet prominent
spectral features are associated with isoprenoid branched
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Flgur. 7. CH~ GASPE lSC NMR subspectrum of the branched plus
cycle saturales from diesel sa~ 1. EJglt chemical shift regions are
labeled as loIows: A, 39.2 to 39.7 ppm: B, 36.7 to 37.6 ppm: C, 32.0
to 32.5 ppm: 0, 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. Eech rogion is
associated with CH2 groups marked by dots In the substruetwes n­
kJstrated. The chefrkaJ shift ranges lor regions A to G are taken from
Nterature data (7. 18) for r1lOJecules containing the substructures II-­
Iustrated. Peak posItio<Is observed In the present wor1< also tal within
the quoted ranges. The slt>sb'uctlles IJustrated are defined by carbon
atom dlsposttlons up to three carbons away 'rom the CH2 site In
question. Possibae strueb.ral variants i1vofvi1g differences 'OlI' or more
positions away 'rom the CH2 site in question are not necessarily II-­
lustrated.

highlighted by 0 dot in each of the substructures, and other
carbon groups up to four carbons away are indicated by solid
lines. Often the CHn type, plus the chemicel shift observed,
are not sufficient to delineate possible structural variants after
the third carbon. The following stoichiometric requirements
for CH2 resonance intensities, particularly in relation to CH
+ CHa resonance intensities, have been tested:

A(CH,) = I(CH) + IIl(CH)
39.5-39.7 28.1 32.7

B(CH,) = U(CH) + IIl(CH) + 2 X IV(CH)
37.3-37.6 34.6 32.7 33.0

C(CH,) < G(CH,) < V(CH3)

32.1-32.5 22.9-23.1 14.2

FI(CH,) < I(CH)
24.6 or 25.0 28.1

H(CH,) = m(CH)
19.9-20.4 32.7

The nomenclature is in the same format as that used for the
CH + CH3 subspectra abovo. Structure FI 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 CH2 chemical shift regions. Observed intensities are
satisfactorily consistent with expectations.

It is apparent that prominent spectral features can be in­
terpreted in tenns of substructures consistent with isoprenoids.
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 lI5SOCiated with region F in Figure 7. The CH,
intensity in region F, denoted (CH2,F), cen be used os a test
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of the existence of a strict isoprenoid format in multiply
branched saturates.

The number of branches per branched molecule, denoted
N.(B), can be calculated from the prominent pe.k intensity
identified in Figures 6 and 7 using the relationship

(9)

where superscript P denotes prominent peaks, and other
symbols are as used in other equations. A molecule containing
N.(B) isoprenoid branches must also contain \N.(B) - 11 of
(CH"F) groups, such that

Nn(B) = Nc!(CH"F)/DCH:lI + I (10)

Thus if prominent intensity is solely due to isoprenoids, Na(O)
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, Na, and NH• The (CHP)
and (CH2,F) resonances are particularly weak for !i8.mpte 8,
such that the substantial discrepancy in the two calculated
Na(B) values (1.1 and 1.6) observed for this sample, is regarded
as insufficiently reliable to be interpreted.

Assignment-Dependent Average Structure Parameters.
The proposition that prominent intensity can be largely as­
cribed to branched molecules requires further examination
with regard to poosible contributions from n-a1kanes 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 11.3 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-a1kane
contribution to prominent spectral intensity 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/substituentsl. A simple calculation indicetes that this
is improbable, at least for samples I to 5 and sample 10. For
these samples the average number of rings per molecule. N lt,

is calculated from the overall CHn group distribution to be
between 0.30 and 0.50 (Table lll). This implies that minimally
(Le., for the case where there is a single ring per cydic 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 6717Cl of
total intensity (see eq 11 for 8/ (B + C) parameter). It is
inferred that the assignment of prominent peaks to branched
mole<:ules is reasonable and this interpretation is also extended
to samples 6 to 8. If it is also assumeci that nonprominent
spectral intensity is due to cyclic structures (see Inter), 8 range
of additional average structure parameters can be devised.

Obviously the fractional abundance of branched molecules.
B/(8 + C), is simply obtained by spectral integration of
prominent peaks, according to

8/(8 + C) = L(CH:)/L(CHn) (II)

The fractional abundance of cyclic molecules is obt.ained by
difference
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C/(B + C) = 1 - BI(B + Cl (12) Table IV. Comparilon of Dietel Sample Grouping,O

The number of branches per branched molecule, Nu(B), can
be determined by using eq 9 or to. Equation 9 is preferred
because the CH intensity is in a less congested spectral region
thsn is the (CH"F) intensity. The number of branches per
cyclic molecule, Na(C), is calculated from

Na(C) = I(B + Cl/CiINa - Na(Bj[BI(B + CJJI (13)

The number of rings per cyclic molecule, NR(C) is given by

NR(C) = NRI(B + C)/CI (14)

The meaning of Na(B), Na(C), and NR(C) is self-evident from
the earlier discU88ion of No and NR(Figure 4). An additional
parameter, the number of side chains per cyclic molecule,
Ns(C), can be calculated from

Ns(C) = Na(C) - 2INR(C) - 11 (15)

This is simply a measure of the number of branches in cyclic
molecules in excess of those associated with connections be·
tween rings. Thus Ns(C) is unity for the structure in Figure
4C and would be equal to ,.ero for decal in and two for di­
methylcyclohexane. A summary of calculated parameters is
given in Table III.

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 Borne 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 &-8 leading
to BS, No, and NR for the total sample are virtually as­
sumption free. The prime requirement is an accurate mea·
surement of CH. abundances and the deduction of a suitable
value of Nc, the average number of carbons per molecule. An
approximate cross-check of CH. data can be gained by con­
aideration of elemental hydrogen content The weight percent
hydrogen can obviously be calculated from CH. distributions.
Results for eight samples are compared with microanalytical
data in Table 11. The NMR data suggest slightly higher
hydrogen contents than the microanalytical data, though both
methods are consistent to within 0.7 wt %. The total range
of hydrogen contents deduced from GASPE NMR data for
these eight samples is only 1.4 wt %. It is expected that
microanalysis, though in reasonable agreement with NMR,
is not an accurate test of deduced CHn distributions.

The second set of structural parameters devised, including
B/(B + C), C/(B + Cl' Na(B), Na(C), NR(C), and Ns(C), do
depend on the assumption that spectral intensity can be
subdivided into prominent and nonprominent feature:!, 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 consistent with prominent 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 NRwas in r.asonable accord with that deduced by C/(B
+ C). Spectral subdivision is used to derive C(B + Cl but not
N R. (iii) Further, it is apparent from Table 111 that C/(B +
C) and NRvalues, for all samples, follow similar trends. (iv)

range of parameter values

parameter group I group II group III

BS 2.2-2.7 < 3.2-3.3 < 3.6
N8 2.2-2.7 < 3.2-H < 3.6
N R 0.37-0.50 < 0.93-\.3 < 2.4
G/(B + G) 0.33-0.37 < Oo48-Q.53 < 1.0
NR(C) 3.2-4.1 < 4.5-5.5 > 3.6
NR(C) \.0-1.5 < \.7-2.5 204
Ns(C) 2.9-3.4 2.3-3.0 > 0.8
N8(B) \.5-2.1 1.1-\.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 brond 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 Cf(B + C) values.

Having dealt with the Question of assumptions, i" is also
of value to investigate the credibility of calculated structural
parameter values_ Molecular weight limitations demand that
1 < Na(B) < 4 for 'isoprenoids. All values calculated (Table
III) are within this range. Also, by definition, NR(C) must
be ~1. This is so for all but .ample 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
hydrotrcnting an anthracene oil which consisted mainly of
two-ring aromatic and polynuclear aromatic species. The
anthracene oil feedstock contained less than one CH3 ter­
minated side chain per 30 aromatic carbon atoms, and analysis
of total hydrotreated products showed that CH3 producing
reactions were of minor significance. The calculated param­
eters C/(R + C) - 1.0, NR(C) = 2.4 (sample 9) or 1.7 (sample
11), and Ns(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 111 can be treated in terms of three
groups. Group] consists of samples 1 to 5, group]] consists
of samples 6 to 8, and group III consists of sample 9. Com­
parisons between groups I, n, and 111 arc summarized in Table
IV. The values of BS, No, NR, C/(B + C), Na(C), and NR(C)
are consistently larger for group II than for group 1. Group
II is therefore more branched. contains more cyclic molecules,
and has more rings per cyclic molecule, than group 1. Group
]ll, 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 Na(B) values do not follow such group trends.
All group 1 and II samples show approximately three sub­
stituents per cyclic molecule, with the possible exception of
sample 8. Sample 9 shows a distinctively low Ns(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 Na(e) > NR(B).

CONCLUSIONS
[t has been demonstrated that novel structural information

can be derived for saturat.es from diesel and kerosene fuels
using the GASPE I3C NMR method. For the approach to be
effective it is first necessary to isolate saturates from whole
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fuel samples. In principle the NMR analysis could be applied
to 0 total saturates fraction. However, if n-alkanes are B 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 resson that in the
present work the major emphasis has been placed on 8 sep­
arate branched plus cyclic saturates fraction. Saturates differ
in terms of branching and ring structures. It let believed that
these characteristics can be sufficiently well-defined using the
GASPE "c NMR procedures to delineate clear differences
in the composition of samples obtained from different ROurces.
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Comparison of Photoacoustic and Attentuated Total
Reflectance Sampling Depths in the Infrared Region

Daniel A. Saucy. Steven J. Simko, and Richard W. Linton·

Kenan Laboratories of Chemistry, Department of Chemistry. University of North Carolina.
Chapel Hill. North Carolina 27514

Atlentuated total rellectance (ATR) and photoacoustlc apec­
troscopy (PAS) are ourface-sansilive IR techniques. The
maximum analytical depths lor both techniques were com­
pared 'or organic thin lllma by preparing polymers conallling
01 known thlckne..ea of polystyrene (PS) on poly(methyl
methacrylate) (PMMA). Relative contributions of PS and
PMMA to the spectra (1601 cm-'. 1732 cm-'. 3028 cm-'
banda) auggeIlthat ATR sampleato a depth 0' <2 I'm while
the PAS analytical depth extends to 15-20 1"". Thesa values
are dependent upon optical and thermal properties 0' the
sample and Ina1rumental parameters. However, the general
trenda are expected to be applicable to organic thin fUms In
the optically tranaparent, thermally thick category.

Photoacoustic spectroscopy (PAS) is gaining acceptance as
a technique for the chemical characterization of solids. In·
frared spectrometry (lR) has long been employed to probe
molecular s·tructure. Combined IHjPAS is, thus, extending
the types of molecular information which can be obtained
directly from solid samples. The theory for photoacoustic
8pectroscopy has been reviewed by Rosencwaig and Gersho

(J, 2) and experimental details have been discussed by Her
sencwaig (:J, ",). Both theory and experiment also have shown
that PAS is sensitive to the near surface region of solids.

The mure 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 cuntact between the sample and the re­
flection element Diffuse reflectance requires an uptically 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 must cases.
in contrast to ATR and diffuse reflectance, and spectra of the
sample in its native state can be obtained nundestructi·..ely.
In sum. PAS offers the potential for obtaining IR spectra of
solid surfaces with a minimum of sample preparation and for
a maximum of sample types.

Infrared surface studies have potential utility in a wide
range of applications including adsurption. 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 aolid. Krishnan
(4) has stated that for samples of low thermal difflJSivity, e.g.,
polystyrene, the depth of penetration for PAS is on the order
of 10-100 pm for the modulation frequencies encountered in
a standard FT·rR instrument. Harrick (5) gives an equation
for the depth of penetration in ATR which yields a sampling
depth of approximately 1 pm for polystyrene. Gardella et al.
(6), however, r~port 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 pm) 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 8 Digilab FTS·14 Fourier
transform IR spectrometer. Spectra were transferred to 8 ellS­

lorn-designed Z-80 microprocessor based microcomputer (7) for
analysis and data manipulation. All spectra were collected at 8
cm- I resolution, with a mirror \'elocity of 0.15 cm 8-1. 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 (D1'GS) detector signal when photoacolIStic detection was
desired. The Digilab acquisition software and hardware were
modified 80 that either the PA or DTGS 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
CO2 and H20 in the PA data. Detectors normally were switched
every 20 scans. ATR spectra were acquired using 0 Horrick ATR
accessory and 0 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.

AU samples were prepared by spin coating (Headway Research,
Garlsnd, TX, Model ECIOIl a PMMA film onto an 18 x 18 mm
glsss slide from a 40% (wjw) 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 207, (wjwl, depending on the PS film thickness desired.
The thickness of the polystyrene film was determined with a
profilometer (Teocor Instruments, Model Alphs Step 100). The
accuracy of the thickness measurement depends upon the film
thickness. The ATR sample thicknesses were estimated to be
%0.1 jJ.m while the thicker PAS samples were %0.5 jJ.m. 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 unifonn
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 I shows the photoa­
coustic spectra of polystyrene and poly(methyl methacrylata)
rums. As expected from the polymer structures, there are clear
differences between the spectra. PMMA has a sharp band
at 1736 em-I due toC~ 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 em-I could
potentially be used for this purpose. However, it is much

Figure 1. Photoacoustic spectra of pure (A) polystyrene. PS. and (B)
poIy(melhyl melhacrylala), PMMA, as free slanding fims. Spectra have
been normalized to a DTGS detected reference spectrum.

weaker than the C=O band and is detected in PS. A series
of bands for PMMA also are present in the 13QO-IIOO em-I
region due to C-D 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 em-I)
and the aromatic C=C stretch (1601 em-I). 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 (p, the thermal diffusion length) and ATR
(A, the lR 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 auitable choice for the PS-on-PMMA system is the C=O
stretch for PMMA and the aromatic C=C stretch for PS that
are within 135 cm-1 for each other. It should be noted that
PA band inten~itiesdepend on modulation frequency which
is related to spectral wavenumber ({ = 2V,,). Thus, the PA
spectra to be discussed are not photometrically accurate. Teng
and Royce (8) have presented a procedure, based on ohtaining
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 ofPS on PMMA are shown in Figure
2. As th~ thickness of the PS increases, an inc.rease in
polystyrene features relative to those of PMMA is clearly
evident. The 3'pm sample exhibits only weak polystyrene
features while the 19·IlID sample shows the absence of
PMMA's C=O stretch at 1732 em-I, yielding a spectrum
virtually identical with that of pure PS (Figure I). Table I
shows the peak intensities for the aromatic CH stretch and
aromatic C=C stretch bands of polystyrene ratioed to the
C~stretchof PMMA. These values reflect the increase in
PS character of the spectra as the polystyrene film thickness
increases. Since the C=O stretch band of PMMA disappears
between the 16- and the 19-pm sample, the maximum depth
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113028 em-I. aromatic CH stretch in PS; 1601 em-I, C=C stretch
in PS; 1732 em-I C~ stretch in PMMA.

Agw-. 2. Photoacoustlc spectra of five thk:knesses of PS on PMMA.
Spectra have been normaUzed to a DTGS detected reference spec­
trum.

Table I. Peak Inten.ity Ratio. for PA Spectra of
Polyatyrcoc (PS) 00 Poly(methyl methacrylate) (PMMA)O

PS film /(3028 em-II /(1601 cm-II
thickness, ,urn 1732 em-I) 1732 em-I)

(2)penetration depth = 2,,(sin' 8 _ n,,')'/'

velocity (cm/s). By use of the value 1.3 x 10-3 cm' s-' (9) for
the thermal diffusivity of PS, the thermal diffusion lengths
for the bands of interest in this study are 6.7 I'm at 3028 em-'
and 9.3 I'm 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 aboorbed within
the firat 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-~m PS film
sample, where the C=O stretch band of the PMMA subetrate
is still present.

A maximum sampling depth in excess of 1 thermal diffusion
length may be undentood by further examination of the
thermal processes occurring in the solid. The thermal diffu­
sion length, lA, 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, R..
sencwaig (3) has sbown that the time-dependent component
of the temperature attentustes rapidly to zero with increasing
distance from the sample surface. By a distance of 2.. times
the thermal diffusion length (,.) 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 2...". in the
solid should not reach the surface of the sample and thus will
not oontribute to the oheerved pholoacoustic signal, as pointed
out by McClelland and Kniseley (/0). Examination of R..
sencwaig's Figure 9.2 (3) for the temperature profile shows
that substantial heating may occur at distances only up to
about rll 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 16.5-1'fD PS ftlm data (Table I), the
estimated maximum sampling depth for the 302S-em-' band
is 16.5 I'm/6.7 I'm = 2.5 thermal diffusion lengths and for the
1601-cm-1 band is 16.5 I'm/9.3 I'm = 1.8 thermal diffusion
lengths.

Sampling Depth-ATR. The ATR spectra obtained from
the 0.5-, 1.2-, 2.2·, and 3.9-l'm 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 I'm. The 1.2-l'm sample has a weak but discernible
C=O stretch band, which is completely aheent in the 2.2-l'm
sample. Consistent with this much shallower sampling depth,
the ATR spectrum of the O.5-l'm PS ftlm 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:

h,

0.20
0.45
0.70
2.34

>10

0.36
0.67
0.78
2.0

>10

3
7.3

10.5
16.5
19.0

sampled by PAS in this system is between 16 and 19 I'm.
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, P, for the major bands of PS (3025 em",
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 I'm. 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,l', is calculated from a and the modulation frequency
according to

(I)I'=(~)'/'

where w is the modulation frequency. In FT-JR, w is equal
to 4...V where. is the wavenumber (em-I) and V is the mirror

where h, is the wavelength of light in the internal reflection
element (IRE), e is the angle of incidence, and "" 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 aboorbance and thus the true penetration depth .



874 • ANAlYTICAL CtEMISTRY, VOL. 57, NO.4, APRIL 1885

Table n. Expected Range or PA Sampling Depth. (or O.....nic Polymers and Compound.D

thermal mirror max sampling
sample diffusivity, cm2js band. cm-1 velocity, ernls depth, pm

polystyrene 1.3 X 10-3 1601 0.15 18.6
range of poJymeNlb (1.2-1.5) X 10"' 1601 0.15 17.9-20.0
range of compoundst (0.33-2.8) X 10-3 1601 0.15 9.4-27

polystyrene 1.3 X 10" 4000-400 0.15 11.7-37
range of polymers 1.3 X 10-3 (av) 4000-400 0.15 11.7-37
range of compounds 1.4 x 10-3 (8\') 4000-400 0.15 12.1-38.3

polystyrene 1.3 x 10-3 1601 0.6-0.05 10.1-32
range of polymers 1.3 X 10-3 (8\') 1601 0.6-0.05 10.1-32
range of compounds 1.4 X 10-3 (av) 1601 0.6-0.05 10.5---33

-Assume optically transparent. thermally thick case: film thickness < l/fJ, film thickness> II. and maximum sampling depth = 2", .
• Po)ymcni included are nylon (n = 1.3 X 10-3 em2js), polyethylene (n = 1.3 X 10-3), PMMA (et = 1.2 X 10-3), polypropylene kr = 1.5 X 10-3),

and polystyrene (n = 1.3 X 10-3). tCompounds included are glycerol. I-octanol. anthracene, biphenyl, naphthalene, benzene, carbon tetra­
chloride. ethanol, and ethyl ether.

FIgura 3. ATR spectra 01 tour thicknesses of PS 00 PMMA. Specua
were obtained wtth 8 "5° KR5-5 crystal at normal incidence and were
normalized 10 a blank crystal spectrum.

may be alightly 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- l of 1.2 ~m.

This is the estimared depth at which the electric field has been
attentuared 10 1Ie of its original value. Thus, the maximum
ATR sampling depth sbould be greater than 1.2 ~m. This
conclusion is borne out by the resulta of Figure 3, where the
1.2-~m PS sample still exhibits a readily visible C=O stretch
band due 10 PMMA. Beyond a depth of approximately 2.4
~rn in polystyrene, the evanescent wave is expected to be
reduced in intensity 10 less than 20"10 (l/e2) of ita 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 deepet 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 aampling depth also can be varied by changing the
mirror Vl!locity and hence the thermal diffusion length, as has
been mentioned by Vidrine (J 1). This procedure could not
be tried aince the mirror velocity of the FTS-14 spectrometer

em"

Flgur. 4. Comparison 01 (A) PA and (Bl ATR spectra lor a O.5-~m

PS-on-PMMA film.

is fixed. A general overview of the influence of ATR snd 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 sn identifiable PS
spectrum from the smallest film thicknesses (0.5 ~m) exper­
imentallyavailable. The photoacoustic experiment requires
at least a 1.2-~m sample 10 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 sensitivity advantage for PAS is realized when rough
or even powdered samples are examined. For such cases, ATR
often yields little or no spectral information.

CONCLUSIONS
This study has shown that the maximum sampling depth

of phot08coustic spectroscopy for PS-on-PMMA is approxi­
mately 20 ~m. For polystyrene, whose thermal diffusivity is
1.3 X 10-:1 cm2 S-I, this depth corresponds to two to three
thermal diffusion lengths. ATR, on the other hand, samples
to an approximate depth of <2 I'm (for KRS-5 and n = 1.59).
Thus, in sucb 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
aamples less deeply thim 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 incorn·
patible materials is composed of "isolated vertical domain
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Table Ill. Expected Ranle or ATR Sampling Depth, tor Orc.aie Polymer. and Compound.

mn sampling
sample band. em-I 8. deg n'RE "......P. depth,- pm

polystyrene 1601 45 2.37 1.59 2.8
range of polymersb 1601 45 2.37 1.49-1.59 1.9-2.8
range of compoundlc 1601 45 2.37 1.3&-1.65 1.&-5.1

polystyrene 4lJOO-.400 ~5 2.37 1.59 1.1-11
range of polymers 4000-400 45 2.37 1.52 (av) 0.85-8.5
range of compounds 4000-400 45 2.37 1.43 (av) 0.69-6.8

polystyrene 1601 75-45 2.37 1.59 0.90-2.8
range of polymers 1601 75-45 2.37 1.52 (av) 0.87-2.\
range of compounda 1601 75-45 2.37 1.43 (av) 0.83-1.7

polyatyrene 1601 ~5 2.37-4.0 1.59 0.64-2.8
range of polymers 1601 45 2.37-4.0 1.52 (av) 0.63-2.1
range of compounds 1601 45 2.37-4.0 1.43 (8\') 0.61-1.7

-Sampling depth = 1.5 x penetration depth. bPolymers 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), l·octanol (1.430), biphenyl (1.475), naphthalene
(1.400), benzene (1.500, 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 result.. for PS-on-PMMA are expectOO to be applicable
to a range of organic films. Table II shows the estimated
maximum PAS sampling depths as 8 function of various ex­
perimental parameters for PS a8 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 Ihick class. i.e.• sample thickn... <1/(3 and sample
thickness >1'. The first part of the table demonstrates the
effecl of thermal diffusivity on sampling deplh. The laU"r
portions examine the effect of band position and mirror ve­
locity. respectively. over a Iypical range of values. The table
shows that, indeed, PS is 8 representative compound in terms
of its thermal properties. The range of predicted maximum
sampling depths for frequently encountered experimental
conditions is approximately 10-30 I'm. Values at the lowest
wavenumbers (approaching 400 em-I) are somewhat higher.

Table III is a similar compilation of aampling depths for
ATR. Again, the effects of various experimental parameters
are examined. Polystyrene has a slightly higher than average
index of refraction and thus the ATR sampling deplhs cal­
culaU!<! 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 I'm. Values at the
lowest wavenumbers (approaching 400 cm- I ) are somewhat
higher.

Comparing Ihe ATR and PAS sampling depth ranges
suggest.. that ATR consistently samples I... deeply than does
PAS. a conclusion supported by our experimental results. In
addition, the variation in sampling depth over a given
wavenumber range is greater for ATR than for PAS because
of different proportionalities to the band wavenumber. Thus.
PA and ATR spectra can exhibit differences in relative peak
intensities even in a thiek film sample.

The assumplion of optical transparency made for the PAS
calculations deserves some further discussion. The optical

absorption coefficient, fJ, for the aromatic C-H stretch band
. in PS (1601 cm-') is approximately 450 em-I. For a very

strongly absorbing band. such as the C=O streich in PMMA,
(3 can be on the order of 2000 cm-' (4). giving an optical
absorption length of 5 I'm. Thus. it is possible to hsve samples
where a weakly absorbing band is classified as being optically
Iransparent while a strong band is opaque. The effect that
this situation will have on the spectrum depends on the re­
lation between 1/(3 and 1'. As long as I' < 1/(3. regardless of
Ihe aample thickness. the PA signal will be proportional to
(3 and the band will be observed. If, on the other hand. 1/(3
< I' < sample thickn.... one has photoacoustic saturation and
the PA signal becomes independent of (3. As Krishnan (4) has
noU!<!. aaturation can indeed occur in mid-ffi/PA spectra and
affects relative peak height... Thus. the value of p must be
considered in analyzing PA spectra and sampling depths.
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Surface Reactivities of Polynuclear Aromatic Adsorbates on
Alumina and Silica Particles Using Infrared Photoacoustic
Spectroscopy

Daniel A. Saucy. George E. Cabaniss,1 and Richard W. Linton-

Department of Chemistry, uniuersit), af Narth CarD/ina, Chapel Hill, North Carolina 275/4

Infrarad photoacoultlc opeelra were obtained Irom organic
IIIms on Inorganic particulate edsorbents, Under tavorable
condllJonl, Inc:Iudklg Itrong absorpUon bands end high surf_
araa silica and alumina substrates, the detection ..nllllvHy
01 photoacOUllIc spectroscopy Is estimated to be 0.2 mono­
laya,. 0' an adsorbed organic compound. Becau.. 01 tha
molecular k1Iormallon provkled by IR spectroscopy, reaellona
01 adsorbed organic compounds may be examined In sHu.
Examples shown Involv. photochemical reaellons 01 sorbed
polynuclear aromatic compounds that are pot-..y Imporlanl
In the atmospheric chemistry of combustion generated _0­

sols.

The photoacoustic effect (I) recently has been adapted to
photoacoustic spectroscopy (PAS) in the infrared (JR) region.
Irradiation with on IR source produces temperature and
pressure fluctuations in 8 closed sample cell resulting from
the nonradiative decay of vibrationally excited molecules. A
plot of pressure variation (photoacoustic emission) VB. IR
frequency often yields 8 result directly analogous to an abo
sorption spectrum. McClelland (2) has recently reviewed
photoacoustic spectroscopy (PA) in detail.

The specific advantages that JRfPAS 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 i... native
slate may be obtained nondestructively. In addition, PAS is
not highly sensitive to light scattering effec.... 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 IRfPAS
technique has potential utility in a wide range of particle
science applications including adsorption, catalysis, and thin
film chemistry.

This paper will examine the usefulness 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 pollutan'" (3). Pit... (4) and others (5-8) have
ahown that PAH can react phowehemically and with 0, 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 0, and NO, as well II
photocbemical reactions will occur at the particlefatmosphere
interface. Thus, the physicochemical characteristica of the
particle's surface and the interaction of the PAH with it need

I Present address; Department of Chemistry, Marshall University,
Huntington, WV 25701.

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 JR/PAS data were ob­

tained with a Digilab FTS-14 Fourier transfonn IR spectrometer.
Spectra were transferred to a custom designed, Z-80 micropro­
cessor based microcomputer (9) for manipulation and data pro­
cessing. AU spectra were coUected at 8 cm- I resolution, with a
mirror velocity 01.0.15 emfs. 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 \\Iere the result of 500-1000 scans. The spec­
trometer's acquisition software and hardware were modified Lo
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 85 residual CO2
and H,O as suggested by Riseman (1I) and Low (12). Vnless
stated otherwise, all PAS data have been so compensated.

Sample Preparation, The particulate 8dsorbent.~ used in this
study included a nonporous Cabesil M·5 fumed silica (Cabot Corp,
Billerica, MA) with a B.E.T. detennined surface area of 220 m'jg
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 m2/g and mean particle diameter of 5/Jm
and Spherisorb A5Y 5 pm alumina (Phase-Sep, Happauge, NY)
with a suface area of93 m2/g also were used. Pore size dist:-i­
butions in the Lichr080rb and Spherisorb particles are not
available.

The PAH compounds (Aldrich) were adsorbed by wetting -200
mg of particles with 15 mL of an approximately 10-' 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 A2 (13),
that all PAH were deposited on the particle surface, and that all
of the particle surface area was available for PAH adsorption.

The VV irradiation of particles was at"COmplished 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 dispersed sample was exposed
in ambient air to the light from a GE G8T5 germicidal lamp held
10 em from the slide. Particles were scraped from the slide and
used to obtain a photoacoustic spectrum. Subsequently, the
sample was extracted with CH2CJ2 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 DISCUSSION
The ability of IRfPAS to examine submicrometer diameter

parlicles is demonstrated in Figure 1. Spectrum A is the
uncorrected PA emission spectrum from Cahosil fumed silica.
The weak, sharp band at 3746 cm-I is due to the OH stretch
of non-hydrogen-bonded (lone) silanol groups. The very
stroni: broad emission at approximately 1100 cm-1 is due to
ailoxone (SiOSi) stretching, while the band at 1632 cm-I is the
HOH bend of adsorbed water. Spectrum B is the same silica
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A

fig.... 3. Photoacoustlc spectra of phenantIYene adsorbed on CallosI
siUca: (A) SOU'ce compensated spectrum with Inset at 5.5X vertical
scale; (B) spectrum A after blank silica background substraction: lc)
pure phenanltYene.

absence of a pronounced silanol band at 3742 cm-1 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 em-I. Both silicas are seen
to have a significant amount of adsorbed water.

The utility of PAS for the characterization of submonolayer
organic filins on particulate samples is demonstrated in Figure
3. Phenanthrene (0.95 monolayer, 124 mg/g) was adsorbed
onto Cabosil silica. Spectrum A of ~'igure 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 em-' are identifiable
in the phenanthrene-on~silicaspectrum. However, additional
phenanthrene bands at 1601 and 1350 cm- l 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·silicaspectrum. The
result of performing such a background subtraction on
spectrum A of Figure 3 is shown by spectrum B. As is 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- I more closely resemble the pure phenanthrene
spectrum after silica background subtraction. The bands at
1601 and 1350 cm- l due to phenanthrene, which were not
evident before hackground 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-

A

FIgure 1. Spectra of C8bos11 tumod.-ca: (A) photoacoustlc spec1nJm
of untreated sWca; (8) photoacousUc spectrum after crying at 205 °c
for 1 wee!<; IC) transmission spectrum of _eated silica pressed pelot
(plotted as absorbance).

Flgur. 2. Comparattve photoacoustlc spectra of (A) C8bosll fumed
sHlca and (B) Uchrosorb St-aO 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
CahosH, plotted in absorbance units. The bands at 3742,3464,
1867, and 1628 em-I clearly correlate with those observed in
the PA spectrum. Because of the very strong siloxane ab·
sorption below 1260 em-I. the transmission mode spectrum
offers little structural information below this wavenumber.
Cahosil silica also is a special case in that it readily fonns 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 compllrative photoacoustic
spectra of two different silicas. According to the manufacturer,
the fumed silica (CabosH) has a larger number of hydroxyl
groupo than does the Lichrosorb, and this is borne out by the
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Figure 8. Photoacoustlc spectra of ..... 1 monolayer 9-nitro­
antlYacene--on-sUIca (A) before Irradiation and (8) after 11 h of lJV
irradiation.

figure 5. Photoacoustlc spectra of 9-nitroanttYacene adsorbed on (A)
Cabosil slIica (0.6 monolayer, 98 mglg) and (8) 5pherisorb alumna (0.9
monolay.... 62 mglg).

o

©(©
o

noo r_m"'

A

B
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composition than when silica supported. One of the reasons
for ihis difference in photochemical stabililY may be the
strength of the nitroanthracene-sorbent surface interaction
as manifested by the position of lhe antisymmelric 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 ita 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 nilroanlhracene 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 .tretches at 1516 and 1373 cm- I •

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
is approximately 2 mg, the minimum detectable total amount
of nitroanthracone in the sample cell is approximately 65 I'g.
AfterilV irradiation, neither NO stretch band is detectable
and new band. at 1674. 1589, and 1335 cm- I are evident after
silica background subtraction (Figure 6B). These bands match

FIgurw 4. Transtrission and photoecoustlc spectra of lklItroan1lYaceoe
In KBr: (A) transmission Spec1Jum of pressed polloI; (B) photoacoustic
spectrum ot pressed peKet; (C) photoacousUc spectrum 01 ground
pellet.

sorption. In other words, of two samples with the same
monolayer Jevel 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 fatios. 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 then
plaoed in the PA cell and ita pholDacoustic spectrum measured
(spectrum B). Finally. the pellet was ground with a mortar
and pestle to increase ita effective surfaoe area. The PAS data
of the intact pellet show only very weak nitroanthracene
features. After the pellet was ground. however, the spectrum
(spectrum C) exhibita 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 ~nitroanthracene adsorbed on Cahoeil 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-I when adsorbed on the
silica and at 1528 em-I when adsorbed on the alumina. These
band positions were confonned to 204 em-I by obtaining spectra
from several samples. The observed lower SIN of the alumina
spectrum can be at least partly attributed to ita lower .urface
area (93 va. 220 m'/g). since the difference in milligram­
per-gram coverage (62 va. 98) is smaller than the difference
in observed SIN. The trend in band position is consistent
with an increasing degree of hydrogen bonding interaction 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 .upported
on alumina has been found to be slightly more stable to de-
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Figure 7. Gas ctYomatograms of CH2Clz extracts of UV Irradlated
sample: (A) before irradiation; (B) aher 11 h of Irradiation.

those of anthraquinone, which is the expected major photo­
decomposition product of nitroanthracene in the presence of
oxygen (I8). The presence of anthraquinone and disappea­
rence of nitroanthracene are confirmed by GC analysis of 8

CH2Cl2 extract solution shown in Figure 7~ Identification of
the extract components is based on 0 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, IRjPAS 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 (I!J-2J),
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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(I)

(2)

(3)

(4)

(5)

Changes In the distribution 01 species In the near surlace
region 0' compacted lead Ion selective membrane poWders,
as revealed by angular distribution XPS, are reported.
SCamlng _on micrographs 01 peIleIs pressed at pre.......

rangng lrom a low of 7 1I1In.' to a high 01 15 000 1I1In.' reveal
surlaces 01 almost undlstorted, compacted spheres wUh an
ayerage diameter ot 0.25 p.m. For untreated membrane.,
anguler distribution XPS reveals the stratNlcatlon 01 the "near
lurlace" region 01 the surlace layer 01 spheres. Scanning_on micrographs of EDTA and HCIO. treated pellell show
that an erosion of the surtac.. occurs and angular distribution
XPS analysis reveallthe Itratlflcatlon 01 the "near surlace"
region 01 the new surlacel. Profllometry hal been used to
measure the surlace topography 01 the pellets, and the data
have been uled to allell the eflect 01 roughnell on XPS
IntenlUy ratlol.

Lead ion sensors based on mixtures of lead sulfide and silver
sulfide have been described in the literature (1-1 ll. 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., capre­
cipitation of PbS and Ag,8 by addition of a solution of Na,8
to a solution of Pb(II) and Ag(l) (2,3), caprecipitation of PbS
and Ag,8 by addition of a solution of Pb(II) and Ag(1) to Na,8
solution (5, 6), coprecipitatian of PbS and Ag,S using H,8 (ll,
homogeneous coprecipitation of PbS and Ag~ using thiourea
(8), and mechanical mixing of PbS and Ag,8 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 (1 ll. 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 HClD, solutions
(2) and on membranes exposed to Cu(Ii) 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 HClD, treated
membranes.

EXPERIMENTAL SECTION
The powders were prepared by coprecipitatian of PbS and Ag,s

(1:1 mole ratio) from a solution containing AgNO, and Pb(NO,),
by addition of a solution of Na2S. 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 om F ammoniacal EDTA or 0.1
F HCI04j for 15 min, washed in a deionized water jet, and dried

I Present address: Department of Chemistry, University of Flo­
rida, Gainesville, FL 32611.

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 photocmission relative to the sample
surface. A computer system consisting of a memory upgraded
HP 9825A computer, a HP 9885 disk drive, a HP 98728 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
drocarbon contamination peak at 285.0 eV. In addition, spectra
were recorded for a nwuber of standards. Argon ion etched galena
crystals (Wards Natural Science E.stablishment, Inc.) were studied.
to assess the reliability of theoretical sulf4r to lead cross section
ratios. Spectra were also obtained for basic lead carbonate
(2PbCO,-Pb(OH),), lead carbonate, and lead .ulfate. 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 I~.i O"yj Xy(Ej ) F(Ej,E.) T(Ej,E.)

Nyj = I: -;.:; A,(E,) F(E,,E.) T(E,,E.)

where the subscripts x and y denote specific elemenL'i and the
subscripts i and j denote specific levels in x and y, respectively.
E j and cj are the respective kinetic energies of the photoelectron
and E. is the analyzer pass energy, which is held coust..ant in the
HP5950A spectrometer. Each term is defined as follows: N is
the number of atoms, I is the intensity, u is the asymmetry
corrected photoionization cross section, MEi ) is the inelastic mean
escape depth, F(Ei.E.) is the electron-optical factor, and 1'(Ei,c".)
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 01. (19) have calculated sensitivity factors for
the HP5950 spectrometer. They have the form SI.i =
C1~.iF(Ei,E.)T(El>E.), so that eq 1 takes the form

N lj [~.i >"y(Ej ) Sy.i

N).j = I;,; XJlfEi ) ~

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. Experiment..al works prior to 198.1
have shown that the product of F(E,,E.)T(E,,E.) and },,(E,) cancel
each other (20), so that eq 1 takes the simpler form

NI,i [1.i C1y,1

Nyj = I:;:
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).

N,; I" Ay(Ej ) S,J W,

N~.i = I;,; XJl(EJ Sll.l Wy

N~.i [ ....IO"y.1 WJl

Ny; = ~~Wy

Results obtained on the standard compounds will be used. to

0003-2700/85/0357.0880$01.50/0 @ 1985 American Chemical Society



ANALYTICAL CHEMISTRY. VOl. 57. NO.4, APRIL 1985 • 881

FREQUEUCY

19-21 22-~ 26­
PARTICLE SIZE

PARTICLE SIZE DISTRIBUTJOH

1~ooe PS I PELLET

F1gon 1. SCarrilg electron n-b"lJ"aphs (450X) of PI> lSE membrane
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FREOUEUCY

A. = Asin '0 (6)

In this case, the photoelectron intensity signal is given by
(21-23)

I(k) = K'A So- Xl,) exp ( ~) dz (7)

where X(Zl 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, 8', will vary across
the effective area, AR, which is also a function of 9. In this
case, the photoelectron intensity is given by

IR(l/A.) = K' f- f x(,) exp(-'/A sin 11') dAa dz (8)J o JAIl(II

1"-17 18-21 22-25 26-~ 38 3~ 3-4-3
PARTICLE SIZE -:HICRONS x 100)

PARTICLE SIZE DISTRIBUTION .

Flgure 3. Parlide size distribution tor Pb ISE membrane pellets
pressed at (a) 7 Ib/ln.' and (b) 15000 Ib/ln.'.

15000 Ib/in' is not sufficient to ceuse 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 bas been
shown that surface roughness influences XPS intensities (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 atomiceIIy smooth surface with a fixed analyzer to
sample geometry, an effective mean escape depth, A,. can be
defined as

determine whether eq 4 or eq 5 is used to analyze the data on
the Pb ISE membrane pellets.

In sddition. pellets compscled with a Quick Press (7 Ib/in.')
and pellets compsclod stlOOO. 2000, 5000. 10000. and 15000 Ib/in'
using 8 16 mm diameter KBr die (Beckman Model K-16) were
examined with a JEOL JSM·25 S n scanning electron microscoPe.
Pellets pressed st 7 lb/in' and subsequently exposed to EDTA
or HCIO.. for 15 min were also examined. Micrographs were
recorded at magnifications of 450X and 20 000x and 8 particle
size distribution for each untreated sample was determined by
measuring the diameters of 27 particles. The topographies of these
samples were sIso determined with an Alpha-step 100 promometer
(Tencor Instruments). The profilometer has an ultimate depth
resolution of 100 A and 8 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 usc of scanning electron microscopy. In
Figure I, we show scanning electron micrographs of a pellet
pressed at 15000 lb/in.' and one pressed at 7 lb/in.' (450X).
The pellet pressed at 7 lb/in.' shows a more pronounced local
roughness than that pressed at 15000 Ib/in' but .tbe latter.
pellet contains more pores. This is even more evident at a
magnificetion of 20000X (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 7Ib/in.'
pellet than for the 15000 Ib/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 at7 lb/in'
has an average particle diameter of 0.23 ± 0.04 ~m, while that
pressed at 15000 Ib/in.' has an average particle diameter of
0.25 ± 0.06 ~m. These results show that even a pressure of

10

6

7 P$I PELLET

iii!
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Table J. Comparison at SiD 8 aDd (sin 8') tor Pellets
Pressed. at 7 Ib/in.'

I R(1/>'.) = K'S.-%(z)(Sin 0' exp(-z/>' sin 0'» dz (14)

In essence, we can think of the analyzed area as a rectangular
"ruffled" potato chip with the %direction going across the
ridges and the y direction remaining constant and independent
of O. Our integral equation can then be written as

0.3089
0.6155
0.8478

(sin 0')sin D

0.3090
0.6157
0.8480

O. deg

18
38
58

I­
I
19
W
I

where

WIDTH

figure 4. Profilometer topographs of a Pb lSE membrane pel~t

pressed at 7 Ib/ln.2.

where Ao is the effectiv"e aperture area of the spectrometer.
From geometrical considerations, we find that

Ao = A sin 0 (smooth surface) (9)

dAo = dA sin 0' (rough surface) (10)

we then have

I R(I/>'.) =

K' r- r %(z) exp(-z/>' sin 0') sin 0' dA dz (11)Jo JAil,,,

If we assumc that the depth profile is independent of the
roughness (Le.• at any point on the surface, if we go perpen­
dicular to 8 tangent at that point, we will obtain the same
profile), we can move %(z) outside of the inner integral

IR(I/>',) =

K' r-%(z) r exp(-z/>' sin 0') sin 0' dA dz (12)
Jo JAMi"

f ..",dA f dx
( ) = --:4;;;;;- -11.-

In order to apply this equation, we must assume that we can
calculate an average value for sin (Y. This can be done by
numerical integration (Simpson's rule, Gaussian quadrature).
For the 7 IbJin.' pellet, an average of the three 3 mm profi­
lometer scans gives a peak-to-peak amplitude of 0.619 pm and
a wavelength of 56.25 pm. In Table I, we compare sin 0 to
the average value of sin 0'. It can be seen that the two values
are virtually the SlUIle. The reason for this occurrence is the
roughly 2 orders of magnitude difference between the am­
plitude and wavelength. This difference 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

f." ... d% (integrate over one wavelength) (15)
"

have been derived. By extensive geometrical considerations,
we find that

(13)

Thus experimental values of A and 0 can he used to find the
corresponding 0 cutoff values. In this particular case, no cutoff
owas found, indicating no shading. We conclude that
roughness has a negligible effect on the intensity ratios for
untreated membranes. In Figure 5, we show scanning electron
micrographs for 71bJin.' pellelB treated for 15 min with EIITA
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 he modeled by imposing jump discon­
tinuities upon the sinusoidal topography of the untreated
pellet. At the present time, we are not abla to treat these
systems by using profilometry because an entire surface to­
pograph would have to he obtained; i.e., we need to know the

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 cate 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
prome at least at the very surface of the particles, The validity
of the above assumption will depend on the functional form
of the topography. One expects the assumption to be valid
for smooth functions and to become increuing invalid as the
number of step-function discontinuities increases.

How does sin 0' vary with A over AR(O)? To answer this
question, we mustactuaUy know the functional form of the
topography. In this paper, we show how profilomeLry can he
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 at7IbJin.'. AI! with any wave form, these
data can he subjected to harmonic analysis and represented
as a series of sine waves of varying amplitude arid frequency.
We have made the rough 8BSumption (I5) that this wave form
can be represented as a single wave of amplitude and fre­
quency derived from averaging the data, If we let %measure
distances pafallelto the sinusoidal wave, then the depth, z,
ean he related to % by the equation

a . [2.-:<]z=2 sm A

where a is the peak to peak amplitude and A is the wavelength.

A [ A ]Xl = 2; COs-I ;; tan 0

a (2)"%,)2 tan 0 sin A - %, =

a (2)r%1)2 tan 0 sin A - %, - A

Notice that photoelectron shading only occurs when

~tenO~l
..a

(16)

(17)

(18)



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
hanced intensities and the contents of craters and crevices
with diminished or even no intensity. Since the electron mean
escape depth ia so much smaller than the dimensions 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
encountered in the system studied. By comparing experi­
mental cross section ratios, calculated from the intensities 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 n. 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 ClIo. For the experimental values we see
that the statistical uncertainty ia small (three significant
figures allowable). The reproducibility is a factor of 10 worse
(two significant figures allowable). However, the agreement·
between experimental and theoretical ratios varies widely. For
the most part, we can account for the large discrepancies.
Because lead aulfate and the lead carbonate compounds are
insulators, an electron flood must be used to neutralize their
Volta potential. A much higher current (0.1 mAl must be used
than when these same aubstances are present as a thin
overlayer on a more conducting substrate. For example, galena
(band gap = 0.37 : 0.06 eV) containing a thin ove.rlayer of
lead aulfate and lead oxide does not charge. The high Iloodgun
current can cause desorption of oxygen, carbon dioxide, and
sulfur oxides.
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Table II. ExperJmental (Equation 5) and Tbeoretical Cro••
Section Ratios

ratio experimental theoretical

Cl82p!ClPbW7/V 0.125 (%0.002)' 0.135
0.117 (%0.001)'
0.118 (%0.001)'

'0,)'" 1.62 (%0.02)' 1.04
1.42 (%0.02)'

t1PbI,4t7/J)!t1PbC4rda/v 1.15 (%0.01)' 0.949
1.19 (%0.01)'
1.32 (%0.05)'
1.32 (%0.04)'

ClO~!ClPbC411/V 0.196 (%0.002)' 0.265
0.190 (%0.001)'
0.194 (%0.001)'

t1C.jIJPbI,417/a) 0.077 (%0.001)' 0.0906
0.0527 (%0.0005)'

°Ar+ etched galena. t1 = 38D
• "Galena poli8hed and lOoica1ly

wuhing in trichloroethylene, B z; 8° (contains "..arbon and oxygen
contamination). C Lead sulfate. It Basic lead carbonate. • Lead
carbonate.

Table III. ExperimeDtal (EqaatioD 4) aDd Tbeoretical HP
5950 Sensitivity Ratios tor Lead SuUate

ratio experimental theoretical

lJs,..!t1n(411{1) 0./20 (%0.001)' 0.136
0.120 (±D.001)'
0.119 (%0.001)'

•...1·.. 1.36 (%0.02)' 1.0/
1.37 (%0.02)'
1.39 (%0.02)'

apbI,41,/V!ClPbI,4d.s/:tl 0.992 (%0.008)' 0.829
1.00 (%0.01)'
1.06 (%0.01)'

t1o,J apbC.4l7/V 0.258 (%0.002)' 0.329
0.254 (%0.002)'
0.233 (%0.002)'

.'\ calculated by method of Penn. • >.. calculated by method of
Wagner. '.\ calculated by method of Seah and Deneb.

In Table III, we compare experimental sensitivity factor
ratios calculated using eq 4 with theoretical sensitivity factors
for lead sulfate. No experimental Avalues 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 a1. (27) which gives a functional form equivalent
to the approximate method of Szajman 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 wavelength dielectric response function, ,(w,O), and
the band gap of the compound. The important conclusion
which we can draw from Table III is that there is no im­
provement in the agreement between experimental and the­
oretical ratios for the compounds atudied here. Therefore,
we are justified in using the simpler equation to calculate atom
ratios. In this paper, atom ratios involvir.g the elements sulfur
(8".), lead (Pb 4f",), and silver (Ag 3d.tV 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 interested in ascertaining the C" binding
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 flOd a Ct.
binding energy of 288.3 eV for basic lead carbonate and 288.6
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Tabla IV. Lead (137.6 eV) Plus ODe·HaIr Silver 10 Sulfide
Atom Ratios (or Pb ISE Membrane Pellets

01 NOI NO ENERGY (eV)

FJgwa 7. PI 41 levels lor cu>+ exchanged _ ..tad Pb lSE membrana
pallets.

to each level gave lower x' values Ca measure of the goodness
of fit) than did any two-peak fits.

The peak at 137.6 eV correaponds to the binding 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 [PbCI37.6 eY) + AgJ2J1sulfide to be equal to unity. Af.
ahown in Table IV, this is obaerved to be true within exper­
imental error for all the spectra. The fact that the observed
ratio is constant within ::1:0.1 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
calculated ratio is divided by the correaponding value of the
ratio abown in Table IV to correct for variations obaarved for
[Pb(l37.6 eV) + AgJ2I1S. The distributions are shown in
Figure 8. The error hers renect 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 rom,
then the depth probed into the surface of the particle by the
preaent study could be represented by aline segment of length
0.9 rom. The present results abow that lead segregation cannot
be entirely attributed to the preferential aegregation of lead
aulfide oxidation products, because the intensity of the PbS
component alone is greater than that expected for a 1:1 molar
mixture of PbS and Ag';>. This is a direct corroboration of

Bt NOt NO ENERGY (eV)

figure I. Pb 41 _ lor (a) un1rBBtad Pb ISE membrane pelats. (b)
EDTA treated Pb ISE mambrana peIate. and (c) HClO, treated Pb ISE
membrana pelats.

eV for lead carbonate. Such a.high binding energy component
in the C" spectrum of lead sulfate is abaant. Since all of the
aamples were prepared under identical conditions, it is unlikely
that this peak can be 88cribed to an oxygen-containing hy­
drocarbon contaminant. These values are considerably lower
than the C,. binding energy obaerved for alkaline-earth car­
bonates (-289.6 eV) and probably reflect partial bond co­
valency in these compounds.

In this section, we preaent the angular distribution XPS
results for the Pb ISE membrane pellets. The chemical
speciation is the aarne 88 that reported previoualy (2). In that
paper, the amount of Pb ox (this notation is used to designate
PbO which baa undergo CO, and H,O chemisorption) W88
determined indirectly by material balance calculations. In
this paper, the Pb 4f", level baa been resolved into three
peaks. Representative spectra are abown 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
aa followa. The C" level abowa a bigh binding energy com­
penont at 288.2 ± 0.1 eV indicating the presence of carbonate.
Since Ag';> baa not been abown to undergo air oxidation,
carbonate must be BBlIOCiated with lead. Our XPS reaclts for
the Pb 4f", peak of lead carbonate and baaic 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 BOmewhere in this binding energy
region. Further.evidence is baaed on tha reault obtained for
copper ion exchange on t.heae pellebi 88 demonatrated in Figure
7. In Figure 7a, we began by obtaining the beat two-peak fit
to the Pb 4f", level. The differeno"between the raW data
and fit revealed a Gauaaian peak with a maximum at 138.4
eV. In Figure 7c, it W88 not poaaible to generate the flat top
abown using two Gauaaian peaks with binding energy maxima
of 137.6 eV and 139.5 eV, reapectively. The three peak fits

treatment

none
EDTA
HeIO.

IS'

1.0
0.9
1.0

38'

I.l
1.0
1.2

58'

0.9
1.0
1.1
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Figure 8. Distribution at metal species on (a) untreated, (b) EDTA treated. and (c) HOIO. treated Pb ISf membrane peIets: (0) Pb 137.8 aV.
(0) Pb 138.4 aV. Ie) Pb 139.5 aV. (X) A9.

the suggestion of Heijne et aI. (11) that coprecipitation oflead
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 0 .. peak appears at 533.6 eV;
this may be attributed to either microporous or covalently
bound water (2. 42). A comparison of the intensity of this peak
at 0 =38° (this corresponds to the photoemission angle of the
fixed geomeLry) to our previous results shows that the intensity
has been reduced by only 5'10. This indicates that the primary
source of water is covalently bound water, since the pellet
pressed at 15000 lb/in'. 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 8880Ciated with Pb ox. In fact, it would
be surprising if this did not occur since it bas been demon­
strated that along some crystal planes of a metal oxide, hy­
droxyl accommodation (chemisorbed water) is not sterically
possible (43, 44). In these cases, coordination of the metal
cation hy adsorption of a water molecule as a a-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. Finlt of all, the high resolution
SEM micrographs reveal that the surface is composed of many
1aIge, coalesced chunks of matter. This means that the original
surface layers of almost undistorted spheres have been lost.
This cannot occur hy di880lution because Ag,S is not appre­
ciably soluhle in either solution. It is evident that the solutions
destroy the small interparticle boundaries (composed pre­
dominately of lead species) and that the silver-rich cores
adhere only weakly to the pellet and are lost by erosion. It
is not possihle to ascertain how many layers are lost by this
mechanism. When a layer is reached where 1aIge 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 PhSO. > 2PbCO,·Pb(OHj, > PhS.
Experimentally, we find that lead sulfate is significantly re­
duced and becomes ....ntially zero at 0 = 58°. However, Pb
ox is slightly elevated whille lead sulfide is decreased. This
may renect differences in the rates of dissoution; botb 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

compounds is 2PbCO,.Pb(OH), > PhSO. - 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 e= 18°; however lead sulfide increases
with increasing O. Both Pb ox and lead sulfate decrease with
increasing O. This suggests that under the right experimental
conditions, 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 ;:515000 lb/in.', it is evident that
the bulk membrane conductivity will depend on the contact
between silver sulfide domains in the bulk particles. SEM
results show large interparticle boundaries in this region,
consistent with adequate bulk conductivity. These membranes
function as ion sensors when ion interaction processes which
can occur at the surfaces are coupled to conduction processes
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
products do not prevent 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 stratifications of the "crusts" of surface particles;
however no general predictions can be made. For eumple,
HNO, and H,sO. are strong acids, so we might 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 Ion Mass Spectrometry

Gary S, Groenewold and Peter J, Todd"

Analytical Chemistry Division, Oak Ridge Notional Laboratory, Oak Ridge, Tennessee 37831

-... oecondary Ion mau opecIlomelry (SIMS) .... been
Investlgaled lor HnaIllvlty and HlecllvRy In the analyals 01
gaHOIlS organophoapllorus compound., Abundant analyl.
Ion. were _v.d when the g_ organophosphorus
compound. were admitted Into the secondary Ion IOUrc.,
where a matrix wa. und.r primary Ion bombardm.nt, The
beat matrix lor the detectJon 01 dimethyl melhylphoap/lonat.
(DMMP), trlm.thyl phosphal. (TMP), and cIIIaopropyl m.
thylpho.phon.t. (D1MP) wa. d.l.rmln.d to b. poly­
phoaphorlc aclcl. The abundanc. 01 secondary analyla Ion.
was observed to be ".ar wtlh the Introduction rat. 01 gaM­
OUI analyl., The Inlrocluctlon ral. neceaary 10 produce a 3:1
aIgnaI-ICHlOlae raUo In lhe Inl.nally 01 Hcondary prolonaled
molecular Ions from DMMP was ealImaled 10 be 4 X 10-11 mol
.-', &.-antlaly more analyt. Iragmentatlon II -.w.d by
IlIing SIMS than by UIIng methene ch.mIcallonlzatlon rna..
spectrometry, Ten compound. r.pr.HntaUV. 01 olher c0m­

pound c1..... w.r. Inv.llllgaled In lhe ...... mann.r a. Ih.
organic phosphonal••; charact.rIallc secondary prolonal.d
molecular Ion. w.r. d.l.cl.d Irom amln•• nnly.

The detection and identification of volatile organo­
ph08phonates and organophosphates is important because

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·
pounds exhibit high toxicity at low levels and tbey are found
in the environment as minor oomponents 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 ha. been published reeently
(9). Generally, electron ionization of organophosphorus
compound leads to extensive fragmentation. In contrast, CI
results in substantially less fragmentation~' and picogram
detection limits for organophosphorus compounds have been
estimated based on the CI experiments (I). However, neither
EI nor CI provides the selectivity required for the analysis
of organophosphorus compounds; therefore, EI and CI mass
spectrometry are usually used together with the slower
technique of gas chromatography. When unknown gas
chromatographic inseparable interferents are present, analysis
is difficult if not impossible (I). Secondly, gas cbromatog­
raphy/rnass apectrometry does not permit continuous analysis.

The"goal of the present study is to develop a rna.. spec·
trometry ionization method that is selective for organo·
phosphorus compounds and that would have sensitivity

0003-2700/85/0357-0888$0'.50/0 iC 1985 American ChomIc:aI SocIety



SfPTUM~

Figwa 1. Schematic diagram 01 the InlJoduction and Ionlz.atJoo 01
gaseous~ using a secondary Ion mass spec1r0m81Jy 1lOU'C8.

Analytes (M) are admltted to the so....ee vla molecular ktak 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
~eV primary Broon Ion beam and subsequently mass analyzed.

EXPERIMENTAL SECTION
Compounds used in this study were all analytical reagent grade

and were purch88ed from commercial sources, except for 10­
crown-2, which was a gift from Wayne E. Zeller (University of
Nebraska). The secondary ion mass spectrometer (16. 17) was
operated at ambient temperature and 8-keV accelerating voltage.
The energy of the primary argon ions W88 5 keY. The primary
ion beam current density W88 measured at 10 IlA/cm2 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 00 the souroe via molecular 1881<.
The analytes enter the souroe approximately 3 em from the matrix
(i.e., probe tip), as shown in Figure 1.-

The inlet system was fitted with a capacitance manometer 80

that the molecular leak rate constant oould be determined by
monitoring the decrease in pressure with time for a known amount
of material injected inw the inlet system. Aoewphenone was used

T••01NP

/-0-1-0-<
CH,

0 ....

~
CH)O-~-oc~

CO"

g

the spec1nlm arise from apparent loss of H20 and 2(OH) from
ions a. Other abundant ions in the secondary ion mass
spectrum oorrespond to PO' (m/z 47) and P' (m/z 31). We
emph..i,e that an advantageous f~ature of polyphoaphoric
acid as a SIMS/FABMS matrix is the absence of intense peaks

-Ions with mlz > 270 are not reported.

for this determination because it does not condense on cold spots
between the inlet system and the manometer and because it has
a molecular weight that is similar to the organophosphorus com·
pounds studied. A molecular leak rate constant of 3.5 X 10'" 5-1

was determined with this procedure.

RESULTS AND DISCUSSION
Dimethyl methylpbosphonate (DMMP), diisopropyl me­

thylphosphonate (DIMP), and trimethyl phosphate (TMP)

were chosen as anaIytes because these compounds are similar
00 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 polypbosphoric acid) 00 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 o~
served from the DIMPIglycerol solution. Generally, the
abundance of seoondary organophosphorus ions increased as
tbe matrix was changed from glycerol 00 sulfuric acid 00 IX>'
Iypbosphoric acid.

In addition to enhancing the abundances of seoondary
organophosphorus ions, polyphosphoric acid produces low
background pressure in the mass spectrometer source (typi·
cally 2 X lO'" torr in our instrument, compared to 2 X 10-6
wrr for glycerol). As a oonsequence of its lower vapor pressure
and lower evaporation rate, polyphosphoric acid persists on
the probe tip even after 2 h of continuous primary ion bom·
bardmenL Polypboaphoric acid also bas a lower m.... spectral
background than does glycerol, principally because poly·
phosphoric acid lacks a hydrocarbon backbone. The series
of most abundant ions in the secondary ion mass spectrum
of polyphosphoric acid is represented by structure a, where
n = 0, I, 2, ... (Table n. Two other important ion series in

?~ +~ t.HO-P-O p-o H
6H bH n~O.I.2. •...
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rei composi- rei
mlz abund, % tion mlz abund, '¥o composition

31 22 P' 99 27 H,PO,+
32 2.6 101 0.4
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,JH,PO,'
65 19 H,PO? 161 2.2 (HPO,lH,PO,'
80 0.7 179 6.4 (HPO,lH,PO,'
81 26 H,PO,+ 207 0.2
82 3.0 225 0.3 (HPO,j,H,PO,'
83 0.5 241 0.7 (HPO,l,H,PO,'
98 1.7 259 0.9 (HPO,l,H,PO,•

Table I. Secondary Ion Ma.. Spectrum of PolypbOlpborlc
Acid'

MA"
ANALYSIS

..'

'ROBE

oomparable 00 CI. Molecular secondary ion mass spectrometry
(SIMS) and fast awm 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 00 interactions which occur between the anaIyte and the
matrix (J(}-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 anaIyte
must be dissolved in 8 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 oompounds. Volatile organica
have been introduced into a SIMS ion source, but onto solid
targets (J 3) 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 00 enhance the abundances of certain
metallic secondary ions (15). 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 organophosphorus compounds which have been
introduced to the SIMS source via a gas inlet system. Esti·
mated limits of detection and the analyte fragmentation ob­
served in the present secondary ionization experiments have
been compared to chemical ionization results reported pre­
viously (I).
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OhlMP

INJECTED INTO

l~[T STST[1ot

MlNUT£S

Fig... 2. (OMMP + H)+ (mix 125) abundance VI. tme. DMMP was
Injectad Inlo Inlel syslam al 1 min. DMMP was subsaquenUy pumped
out 0' 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 ressons, poly­
phosphoric acid was the. matrix chosen for this work.

To test tho emosoy of molecular SIMS for analysis of va­
pors. gaseous DMMP (mol wt 124) was admitted at a oonstant
cate to the secondary ion source, where polyphosphoric acid
was under primary ion bombardment (Figure 1). The abun­
dance of mlz 125 (DMMP + H+) increased to approximately
half of its maximum value after only a few seconds (Figure
2). The cate 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 tho 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 prof11es were
observed for (TMP + H)+. Dramatic increase and decay
profiles were not recorded for (D1MP + H)+ because the most
abundant analyte ions were overlapped with matrix ion (vide
infra). However, the response for D1MP is believed to be as
rapid as for DMMP and TMP.

Gaseous DIMP was also detected by using glycerol. as a
matrix. However, polyph08phoric acid is preferred as a matrix·
in this case, because it has better matrix characteristics (vide
supra). In oontrast to D1MP, gaseous DMMP and TMP were
not detecled when using glycerol as a matrix.

A sensitive mass specU'ometric analysis relies on detection
of ions which can be used for analyte identification. These
diagnostic ions will not be abundant if extensive analyte
fragmentation occur.. Therefore, analyle ion (M + H)+
fragmentation apparent in the SIMS spectrum was oompared
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 analyles 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 analyle and matrix
(12) or target (15) are a general consequence of the use of a
multioomponent solution for SIMS. Alternatively, the internal
energy distribution characteristic of secondary 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 Abundances (%) or Organophosphorus
Ions Resulting (rom Secondary Ionization (SIMS) and
Chemical Ionization (elMS)

Dimethyl MeLhyJphosphonate (DMMP). mol wt 124

SIMS SIMS
5% DMMP Gaseous DMMP methane CIMsa

mIl PPA matrix lr PPA matrix lr gaseous DMMP

125 100 86 100
95 4.9 9.0 nr'
94 12 19 nr'
93 75 100 m'
79 42 67 nr'

Trimethyl Phosphate (TMP). mol "'1. 140

SIMS SIMS
5%TMP gaseous 'I'MI' methane CIMS

mIl PPA matrix~ PPA matrix lr gaseous TMP

141 100 100 na"
t09 34 41
95 10 20
93 8.8 14
79 12 27

Diisopropyl Melhylphosphonate (DIMP), mol ..... t ISO

SIMS SIMS
590 DIMP gaseous DIMP methane CIMsa

mil PPA mBt~ixlr PPA malrixlr gaseous DIMP

181 0.85 1.5 75
139 0.85 4.7 100
125 0.86 2.3 48
97 7.7 100 85
43 100 30 nr'
41 65 16 nr'
39 53 13 nr'

aData from ref 1. Ir PPA, polyphosphoric acid. r Abundance not
reported and is probably low. "TMP not analyzed using methane
elMS..

geneous DMMPIpolyphosphoric acid and TMPIpoly­
phosphoric acid solutions. One rationalization of these results
is tliat secondary ionization of an analyte introduced. os 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-anolyte interactions which
enhance productiqn of abundant secondary (M + H)+ ions
are reduced if analyte molecules are incompletely solvated.
Reduction in ana)yte solvation may result in the production
of secondary ions which have, on the average, more internal
energy than secondary ions produced from solvated analytes.
Consequently, more fragmentation would be expected from
those secondary ions produced from only partially solvated
analyte molecules (18).

In wntrast to DMMP and TMP, few characteristic ion are
observed from primary ion bombardment .of the DIMPI
polyphosphoric acid solution. These samples are characterized
by abundant fragment ions at mlz 43, 41, and 39. as shown
in Table II. Ions whict> 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
nophosphorus compounds in order to compare secondary
ionization of gaseous analytes with other mass spectrometric
ionization methods, specifioslly CI. The limits of detection
were determined by injecting 1.0 ilL of analyle into the inlet



mlz

Figure 3. ParUal secondary Ion mass spectrum (1 scan) of gaseous
OMMP. admitted to the mass spectrometer at a rate of 4.0 X 10-1

g/sec. The peak m/z 125 corrosponds to (DMMP + H)+; mlz 127
Is a background Ion from the polyphosphorlc 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 instantaneou.~ly 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 tbe
injection of 1 ~L of DMMP into the inlet system. A total of
1.6 X 10'" g of DMMP entered the secondary ion SOUlce 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 amount of DMMP injected,
and the molecular leak rate constant (see Experimental
Section). We estimate the limit of detection to be 1.6 X 10-11

g at a S/N value of 3 assuming alineoz relationship between
secondruy ion current and introduction rate (vide infra). This
estimated detection limit is compazable to the 2.0 X 10-11 limit
estimated using methane CI (1). The detection limit for TMP
was also estimated using this method at 2.2 X 10-11 g.

The limit of detection estimated for DIMP was 2.9 X 10-10

g. The peak at m/z 97 was used in this determination, because
it was 60 to 70 times more abundant than (D1MP + H)+
(Table II). However, the use of m/z 97 for the detection of
D1MP has limitations, because a small background peak at
this mass arises from the polyphosphoric acid matrix. De­
tection of 2.9 X 10-10 g of D1MP 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
c1eozly acts to prevent the detection of smaller quantities of
D1MP.

To test the suitability of secondary ionization for quanti·
tative detection and to fuztber evaluate the sensitivity, analyte
ion abundance was plotted VB. the analyte intzoduction rate.
The plots for DMMP end TMP oze linear over 2 ozders of
magnitude, and they have approximately the same slope
(Figure 4). Therfore, quantitation for TMP end DMMP
should be possible by using secondary 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 lazger 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 compozed to
DMMP and TMP; this would be consistent with the leveling
of the m/z 97 abundance at higher DIMP intzoduction rates

backOfound
noise (X32)

.~

(DMMP+ HI+

125 I~D
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~e C. Secondary Ion abtrdance YS. analyte kWt rate. (OMtJP +
H) (m/z 125) was monitored for DMMP. (ThU' + H)+ (m/z 141) was
monhored for TMP, and (OI'-P + H - 2C,H,t (m/z 97) was monitored
'0< DIMP.

(19). Further, this lack of DIMP response at greater intro­
duction rates may be due to ..tUlation of the polyph08phoric
acid sUlface by DIMP and/or solvolysis of DIMP in the bulk
of the polyphosphoric acid matriL

Experiments were performed to identify other classes of
comp<>WJds which could be ionized and therefore interfere with
the analysis of tbe organophospborus compounds. Benzyl
alcohol, anisole, benzaldehyde, acetone, 1O-crown-2, chloro­
benzene, toluene, n·nitrotoluene, and benzonitrile were not
detected and presuznably were not ionized when admitted as
gases to the secondary ion SOUlce. Low abundance protonated
molecular ions were observed when acetophenone was ad­
mitted to the secondary ion source. Abundant protonated
molecular ions were observed from both gaseous benzylamine
and gaseous phenylpropylamine. It appeOl8 that gaseous
amines oze the only general class of compounds (besides the
organophosphorus anaJytes) which can be analyud by using
SIMS with a polyphosphoric acid matrix. We conclude from
this cursory study that secondruy ionization of gaseous 80a­
Iytes has potential as a selective ionization technique if an
appropriate matrix is used.

CONCLUSIONS
Gaseous organophosphorus compounds may be preferen­

tially ionized and sensitively analyzed by using SIMS with
a polyph08phoric acid matzix. Limits of detection that were
estimated by using SIMS weze compazable to those estimated
using CI (I). We believe that sensitivity of secondary ioni­
zation could be improved by moving the analyte source en·
trance closer to the matrix. The mechanism for the secondary
ionization of these and other gaseous analytes is presently
unknown. Analyte basicity, matrix acidity, analyte-matrix
solubility, and analyte surfaee activity oze factors which
probably have an important bearing on secondary ion abun­
dances. Experiments using matzices having different physical
and chemical properties may help to elucidate the relative
importance of these factors in secondary ionization. Although
all possible interferents 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 Ion Gun for Liquid Secondary Ion Mass
Spectrometry

Charles N. McEwen"' and J. Ronald Hass

Laboratory of Alolecular Biophysics, National Institute of Environmental Health Sciences, Research Triangle Park,
North Carolina 27709

A lOurc......aunled Ion gun which produce. Au' lona a. the
prmary bombarding part!clea In Iquld SIMS Is cIHaIIed. The
Au' Ion energy can be varied up to 20 keV ulUlzlng the high
voUage leeclthroughl supplied wUh moll hlgh-perlonnance
magnetic InIlrumenla. Uqukl SIMS 'SlUIta obtained wUh the
gun are compared to 'SlUU. obtained ualng C.+ and Xe+ Ion
bombardment.

Liquid matrix secondary ion mass spectrometry (liquid
SIMS) and fast atom bombardment (FAB) mass specUometry
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 v~riety 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 beeH reported. which in addition to eliminating
the necessity for a line-of-sight inlet port, also 'educes the
instrument gas load during liquid SIMS operations.

Improvements in liquid SIMS ion guns have been claimed
for guns using more massive bombarding particles. For ex­
ample, an order of magnitude increase in secondary ion signal
ia achieved by using singly charged mercury (5) or trio

1Present address: Central Research and Development Depart­
ment. E. [. du Pont de Nemours and Co., Experimental Station
Wilminston. DE 19898. •

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 Jlm iron particles, accelerated using a van-de-GraBf
accelerator, were used to produce SIMS spectra of organic
materials (7).

A practical method of observing the effects of increasinK
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 abundance with the increase of mass
of the bombarding primary particle. For example. Au+ (mlz
197) gives ca. 5 times more sign~l than Ga+ (mlz 69). Ad­
ditionally, the M + Na+ signal from stachyose in glycerol
bombarded with Au+ ions from a liquid metal ion gun is C8.

50 times more intense than the M + Na+ signal oblained 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
instnunents 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 develoi>~

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 necessary for this preliminary 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
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FJgure 1. Schematic of Au- Ion gun with tocuslng lens and Cs· ion
gun tiJament control unit. Lucite ts a registered Ou Pont trademark.

Cs+ ion bombardment are discussed. An indirect comparison
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 (Coming Glass Works, Coming, 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 I). The ion source block (source walls)
was removed and a three-element 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)
instead of 8 tungsten filament, and by constricting the ion exit
end to about 2 mID 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 lQO-kO resistor. The front and hack 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 calle 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 I-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
poumtial, +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 JJA Cs·
ion beam.

A 40 ng/,.L methanol solution of methionilH!nkephalin (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
intensity of methionin-enkephalin scanning the magnetic sector
between mlz 570 and mlz 580 using either a Cs+ ion gun (3), a
Xe· capillarilron ion gun (I) as modified in ref 13. or the A\e ion
gun.
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Figure 2. Molecular Ion region for 40 ng at melhionin--enkephalln 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
atiun, the ion intensity stabilized and the gun could be started
with only the several second delay of the Cs· ion gun. Th~

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 mlz 369 ion from ~lycerol

when using the Au- ion gun is equivalent to the ion current
obtained from the same mlz 369 ion when operating the
focused Xe· capillaritron ion gun (13) under standard con­
ditions of 3-5 p.A primary beam currenL 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
Jig 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 Xeo as the primary beam (I). As
expected, the charge of the bombarding particle had no ob­
vious inOuence 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
shoYt"S an example of the ion current obtained for the molecular
ion region of metbionin-enbephalin loaded at 40 ng (70 pmol)
in glycerol and bombarded with 8-keV Au- ions. The resulta
obtained with Au· primary ions compare quite closely to those
obtained with the Cs· and Xe· ion guns. Thus, within eX 4

perimental error (about a factor of 2) the minimum detectable
limit is the same for the three guns. A previous rough com4

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 wns 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-w-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.

Incr.asing the Au· ion energy from 8 keY to 20 keY also
resulted in a smaller signal-to-background ratio for the mlz
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574 ion of methionin-enkepha1in 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 .ignal may be due to the increased
primary ion nux. theBe results can be retinna1ized by 888uming
the matrix signals resulted from nonspecific reactions of the
degradation produclB occurring from the diBBipation of the
primary beam's kinetic energy. Therefore, an increase in
either the primary beam energy or nux will r..u1t in incre888d
beckground .ignal.

Th... re.u1ta are disappointing in that they .ugg..t that
gains in detection of low and moderate molecular weight
compound. will likely be off.et by increaBed matrix .igna1s;
however at high mass, where matrix background is minimal
and.igna] intenoity importBnt, 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 m888 and
difficult to analyze compound•.
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Identification of Stereoisomers of Some Hexoses by Mass
Spectrometry Using Fast Atom Bombardment and Mass Ion
Kinetic Energy

Germain Puzo,* Jean-Jacques Fournie, and Jean-Claude Prome

Centre de Recherche de Biochimie et de Genetique Cellulaire. du C.N.R.S., 118 route de Narbonne,
31062 Toulouse Cede%, France

We presenl a _\hod lor the ldentlltcatlon of ...derlvallzed
aklohex.,.. Ilereolsomera involving MIKE anary. 01 their
oolvated and catlonlzed molecular Ions (aklohexose-<:at+­
malrtx). n- cluIler Ions have been geMrated by the FAa
ionization mode UIIng glycerol or__as malrlc...

From their ..-.euw -..elation opec:tra (MIKE), mainly
two kIndI 01 callonlzed Ions (akIohex0M-<8t)+ and (matrbc­
cal)+ are _aleeL The abundances 01U-Ir~ Ions
are cha,acterlllic 01 an D-a~x.,.. atereolsomera.

Identification of the various stereoisomers of aJdoheJ:oses
by oonventional mass .pectromeUy, EI/GC/MS, requireB their
chemical derivatization (l).

The u.e of soft ionization mod.. with the "in beam" tech­
nique have permitted the analy.is by m885 .pectromeUy of
underivatized mon088ccharides (I). Thei, m8S8 .pectra are
characterized by a .mall aroount of fragment ions and abun­
dant p.eudomolecular ion. (M + 0) (where M i. the mono­
880charide inv..tigated and 0 representa H+, NH/, and alkali
cationo). Th... ionization mod.., but more particularly FD,
bave been uaed for the purpo.e of molecular weight deter­
mination of sugars (2). To increase their ionization process
and the abundance of their p..udomolecular ion., .ome au­
thoro have propooed, under FD oonditions, the addition of an

alkali salt to a sugar solution to fonn cationized molecular ions
(M + cat)+ by an attachment reaction between the mono­
saccharide and the alkali cation (3, 4).

More recenUy, Deutsch h88 shown that the use of KH,PO.
instead of Kl or Nal under FD conditions enhances the
thermal fragmentation for 8 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 monoeaccharide
isomer identification seems difficult on a routine basis due
to the precision by which the temperature at the emitter
surface is controHed. Variation in this temperature will result
in lower reproducibility of the fragmentation·abundances. An
alternative approach for the identification of underivalized
monosaccharides has been proposed by Rollgen et al. (6).
They induce the decomposition of the cationized molecular
ion. (M + cat)', generated by FD by collision with a gas
confmed in a oollision charober located in the ..cond 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
88ccharides 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 e 1985 American Chemical Society
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matrices used: c;lyctrol and dierhanolamint I OEA I
alkali caliens employed: Lit, Na·, K+, and Rb·

Scheme J

(aldohuose~cat-mct'ilt - (aldOhtlose-eatl+ + matrix

olLIU.l,1 c.4110H
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zoo

(Qycllfot_Ha)"

-C.'~ .....-_--"-
f90'. 1. MIKE spectrum lalose-Na-9Yc<Wol)+ cuter Ion __ted
by FAB.

Flgure 2. Values of the ratios alb of the abundances of the ions a
l_xos&-<:al)' ard b (gIyceroI-cat)+ ,-.eng from tho _
dissociation of the (aldohexOS<H:at-glycerol)+ cluster Ions __ted
by the FAB Ionization mode for aU tho Doaldohexose ste,eolsonw1I.

lecular decomposition of the (allose-Na+;:lycerol) cluster ions.
In the same way as the unimolecular dissociation of a pr~

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 affmity of the hexose and the
matrix, thus allowing a differentiation between the different
hexose stereoiaomers relative to their ability in complexing
the alkali cation. The ratios alb obtained by using glycerol
as matrix and sodium or lithium as aIka1i cations for the
different aldohexoaes investigated are summarized in Figure
2. It may be observed that the ratio alb for taIose and
galactose decreases going from Li+ to Na+. However, this ratio
increases when sodium replaces lithium for all the other al·
dohexoses. Moreover this ratio may be seen to be charac­
teristic of the stereoisomer. For instance, if we consider the
solvated cluster (aldohexose-Li+;:lycerol), we observe a de­
creasing of the aldohexose-lithium affinity according to the
following sequence: taIose > idose> galactose ~ mannoae >
gulose> altrose> allose> glucose. Figure 2 also shows that
this sequence is not affected by the nature of the alkali cation
present. However the use of sodium allows a better differ­
entiation between galactose and mannose, giving a more
complete sequence to that given above: talose > idose >
mannose > galactose >. 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

,
(mat,ix~catJ + aldohexose

·..·....Lcatianbu
aldollllO..

1II01.CIII0,101l

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
abundance of ion production allowing high reproducibility of
MIKE/em mass spectra. This ionization mode has been
particularly succeasfully applied to the structural study of
polysaccharides (9). We have shown that one proceas for the
formation of cationized molecular disaccharide ions under
FAB conditions involves a desolvatation reaction from the
solvated cationized cluster ions (10). We have observed that
this diBSociation process is mainly governed by the relative
cation affinity between the matrix and the sugar molecule (10).

In the present work, we have examined several aldohexose
stcreoisomers in 8n attempt to identify them from the uni­
molecular decomposition spectra of the corresponding ca­
tionized solvated cluster ions.

RESULTS
The FAB mass spectra of the aldohexose stereoisomers in

the presence of the alkali cations were quite similar for the
matrices used (glycerol, diethanolamine). Mainly protonated
(aldobexose + H)+ and cationized (aldohexose + cat)' mo­
lecular ions and their solvated clusters (aldohexose + (H+ or
cat+) + matriJ:) 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.

The competitive desolvation processes shown in Scheme
I were investigated by examining the MIKE spectra of the
cluster (hexOlle-<'8t+-matrix) ions in order to differentiate the
various aldohexose stereoiaomers analyzed (for a preliminary
communication, see ref I I). Figure 1 illustrates the principle
of the method and shows the abundance of the ions a (aI­
los....Na+) and b (glycerol-Na+) occurring from the unim()-

EXPERIMENTAL SECTION
The FAB m... spectra and FAB/MIKE spectra were per­

formed on a VG ZAB2F mass spectrometer. A 0.5-$oIL matrix
(glycerol or diethanolamine was deposited on the target with a
Micropettor 8MI Polylabo. To this was added 0.5 ~L of a molar
aqueous solution of aldohe:r.ose and 0.5 $oiL of 0.1 M of an aqueous
solution of alkali iodide salt with O.5-~L microcaps (Drummond).

MIKE spectra were recorded with a scan speed of 30 s over
the energy range 8 kV, corresponding to the transmission of the
main beam, and the energy value corresponding to the trans­
mission of the ion b. In order to increase the peak height reo
producibility, the scan speed was reduced by a factor of 10 several
electronvolta before the energy corresponding to the transmission
of ions a and b. Two MIKE's spectra were recorded for each
sample loading on the target, the first after 10 s and the second
after 60 s. 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-matris:)+,
8 signal may be observed at the same mass as the (aldohexose­
cat)+ in the absence of any aldohexose at the target surface. When
glycerol is used as matrix, this signal corresponds to 1... than 3%
compared to the signal corresponding to (aldohexose-cat)+.
However this percentage increases when DEA is used as matris:
since the abundance of (aldohes:ose-cat)+ decreases.
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Table I. Value. or the Rallo. alb or the Abundances of the
Ions a (aldohezo.e-cat)+ and b (DEA-eat)+ tor cat = Na+,
K+. aad Rb+ Occurring trom the Unlmolecular Dillociation
of the (aldoll:ole-eat-DEA)+ Clulter Ion. Generated by the
FAD IonizatIon Model Cor All the D·Aldohexo.e
Slercollomers

aldohexoses
investigated Na K Rb

o-talose 2.1 ± 0.2 2.20 ± 0.03 2.0 ± 0.3
o-idose 0.55 ± 0.03 0.79 ± 0.02 0.9 ± 0.1
[)·mannose 0.22 ± 0.03 0.60 ± 0.08 0.8 ± 0.1
o-altrose 0.21 ± 0.01 0.57 ± 0.04 0.8 ± 0.1
n-galact08e 0.15 ± 0.03 0.42 ± 0.05 0.7 ± 0.1
D-gul08C 0.10 ± 0.02 0.15 ± 0.03 0.1 ± 0.1
o-gIUC08C 0.10 ± 0.02 0.14 ± 0.03 0.13 ± 0.05
1>-81108c 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 alb for the cationized ions a. (nldo­
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 8 high affinity
for the DEA matrix. ]n the same way, cesium, which gives
a low amount of solvated cationiud molecular ions, has not
been used.

Table I shows a pronounced decrease in the ratios alb when
DEA is used instead of glycerol. For example wben telose is
analyzed, this ratio decreases by a factor of 100. A similar
effect has been observed with a diseccharide (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 alb 88 the alkaline radii increases. However, for allose,
glucose, and talose, the ratio alb remains almost constant.

From Table] a r~18tive cationic affinity sequence for sodium
may be established: talose > idose> mannose = altrose>
galaet08e > allose =gulose =glucose. AB previously described,
when glycerol is used as matrix, this sequence is not drasticelly
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 cetionic 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 resulta, 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 aldohex0Be8 taJose and idose pos....
the highest cationic affinities. The fact that the cation affinity
sequence for the aldohexoses is not drastically affected by the
nature of the matrix could suggest that the conformation of the
aldohexose in the (aldohexuse-cat-matrix)+ cluster ion is not
drastically modified in the presence of the matrix. Consequently,
a structure in .....hich the alkali cation is solvated by the aldohexose
and the matrh: 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 aldohexoscs. and their ability to
retain the alkali cation. Their equilihrium is affected hy the
temperature and the solvent. Thus, it is difficult to transpose
the values ob6erved in the literature to th06e expected at the target
surface which is not temperature controlled. For example at 40
°e, talose. idose. ond altrose possess the highest proportion of
the furanose form (13). For tal06e and idose if a correlation exists
het.....een 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 examination of the aldohexose 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 bet.....een 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 alb given in Figure
2 and Table I, it is apparent talose agrees with the assumption
postulated above by Angyal et a!'; however idose does not agree.

CONCLUSION

The present work shows the mass spectrometry applica­
bilities for the identification of stereoisomers of nJdohexoses.
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. Tbe
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, 744lJ.23-5; K, 744lJ.09-7; Rb,
7440-17-7; u·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-gluoose, 5lJ.99-7; n-allooe, 2595-97·3; glycerol, 56-81-5.
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For Iransmlulon-type la18' deaorpUon rna" sp.ctrom.t....,
a. the commercially available '- mIc:roprobe ...... analyzer
LAMMA 500, K Ie ohown that a ouKable comblnatlon aI oampIe
thlckne.. and la..r power denoRy aUow. the reproducible
.electlon ot a denned deaorptlonllonlzatlon mode. The Irra­
dlance ot thick .ample. (""20 I'm) at high la..r power den­
oRle. (""10" W em-2 ), which doe. not lead to a perforation,
otte.. extremely aott Ionization condKlona. For theae condi­
tion. a model I. deacrlbed lor the deaorptlon mechanlam 01
molecule. Irom organic aollds ba..d on a nonthonnal, ahock
wave driven proce•• leading 10 the relea.. 01 mainly Intact
molecule. Irom the aolld .ample aurlace.

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 w use it as an desorp­
tion/ionization source. In the past 20 years, and with in­
creasing tendency in the last 5 years, 8 large number of ex­
amples for the applicability of the laser desorption mass
spectrometry LDMS-especinlly 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 Hillenkamp et al. (3) brought considerable 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 scopO 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 histcry of LDMS, it seems striking that there
exists no unified model which would explain satisfactorily the
physical processes leading tc 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 tc 10.6
",.10, in laser power density from 20 to 1012 W cm-2, and in laser
spot diameter at the sample surface from less than 1 pm to
4 mm (for review see Hillenkamp (6), the described situation
becomes understandable, especially when taking furthermore
into account the different laser-sample-detector geometries
(transmission- and refiecto.nce-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 nonthennal mechanisms also lead to desorption.
But keeping in mind the above outlined situation con­

cerning the diversity of instrumentation and sample handling.
it is not to be expected that. there will by the one model
describing all experimental conditions. Kistemaker (7-10),
RoUgen (J I, 12), Coller (13-17), and Her..ch (18) favor a
thermal mode for their experimental conditions: sample 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 (J 1,18, 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 above, he assumes a
thermal mechanism. For thin films analyzed in 8 transmis­
sion-type instrument he suggests nonequilibrium processes.
This might be backed by the measured energy spreads of the
produced ions of up tc 50 eV (21). Comparable values (up
tc 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 fmdings that for a transmission-type instnunent
best results with respect tc simplicity and reproducibility of
spectra from complex organic compounds could be obtained
at highest available laser power density (~IO" W cm-2) and
relatively thick samples (~20 I'm) 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 tc be thermally Iabile-;tachyose 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 noothermal, 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 Desorption Mass Spectrometer_ The instrument used

was the transmission-type laser microprobe mass analyzer LAM­
MA 500 (Leybold·Heraeus, Koln, FRG). The frequency quad·
rupled light of a Q,sVoitched Nd-YAG laser (wavelength, 265 nm;
pulse duration, 10 os) is focused onto the front surface of the solid
sample with 8 spot diameter down to p,proximately 1 lAm at
maximal power densities of 10" W cm-2 (adjustable over 3 orders
of magnitude by neutral filters and laser amplifier setting). The
ions produced on the opposite side (rear surface) of the freely
suspended sample are registered by a TOF mass analyzer. The
signals from the ion detector (SEM) were digitized by. Biornation
8100 transient recorder at a sampling time of 50 ns and transferred
to a HP 1000 computer. A schematic of the experimental setup
is given in Figure 1.

Samples. Sucrose. raffinose, stachyose, and y-cyclodextrin
were purchased from Sigma Chemicals (MOnchen, FRG). the
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Figure 1. Schematic of the LAMMA 500 Instrument.

a glycosidic bond and hydrogen transfer. It should be pointed
out that similar spectra were obser\'ed under these conditions
also when the laser beam was focused onto the supporting eu
grid, resulting in an indirect energy input.
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Agur. 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-obtaIned for different sample thicknesses d and
laser power densltles p: (a) d:=::: 20 J.lm, p <::::: lO" W cm-2

, no
perforation of sample; (b) d <::::: 1 J.lm, p =:: 108 W cm- 2

• perforation of
sample; (c) d =:: 1 IJm. p <::::: 1011 W cm-2, perforation of sample.

highly purified acta· and dodecasaccharides isolated from bacteria
(Shigella flexner;) (26) were a generous gift from A. Lindberg
(University Hospital, Huddinge. Sweden).

Samples were prepared from aqueous solutions containing the
sugar and Nsf or Kl at a molar ratio of approximately 5:1.
Different amounts of these solutions were brought onto Form­
var-coated copper grids (mesh width 100 J.lm) 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 samples were mounted 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 l =::: 1IJm and d2 :::o. 20 IJrn were mass analyzed at
the laser irradiances of PI =:: 108 W cm-2 and P2 <::::: 1011 \V cm-2

(32X objective, diameter of the spot of direct laser-sample in­
teraction =::3 IJm). 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 rcgil.tered 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, Le., 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 1M + Na)+ at mlz 689 and
one low-intensity fragment peak C18H"OI6Na+ at mlz 527,
originating from unimolecular decomposition by cleavage of
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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 t.o some thousand degrees at the
surface within the laser pulse duration (8, 27-30), yielding
heating rates of approximately 1011 K S-I 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 28, 3a, and 4a must
be nonthermal. We have therefore postulated a process
triggered by a laser-driven shock wave (23, 24). The high
heating fate of :::::1011 K S-1 within the thin surface layer of
direct laser-sample interaction well exceeds the limit of ap­
proximately lQ9 K S-1 above which an explosive vaporization
("phase explosion") should occur (31 l, which may be accom­
panied by plasma generation. This thermal ablation producea
a shock wave which traverses the solid under energy dissi-

FIgure 3. Positive ion LO mass spectra or a rnbcture of rafflnose and
Naf (motar ratio ca. 5:1)--each spectrum representing the average
of 25 si1g~ spectra-obtained fOf diHerent sampie thicknesses d and
laser power denslUes p: (a) d ;::::: 20 Ilm, p ::::: 10" W cm-2• no
perforation of samp~: (b) d;::::: 1 pm, p::::: 10' W cm-2• perforation of
sampkt.

Spectrum 2b demonstrates the other extreme-low laser
power density and a thin sample layer-showing a high level
of fragmentation with peaks at mil 527 (C18H"O,oNa+), mil
365 (C12H"OIlNa+), and mlz 203 (CJiI20,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-c1uster peaks.

Spectrum 2c (Figure 2c) resembles tbe pattern nf spectrum
2b in respect to the intensive fragments at mil 203, 365, and
527 and the Nal cluster peaks. However, the intensity of the
quasi-molecular peak at mlz 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 mil 365 both spectra of
raffinose (Figure 3) exhibit additional intense mass peak, at
mlz 379 which could be shown to originate from ion fonnation
by alkali attachment. (The admixture of CRI 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 techniques), and for
the other sugars respective peaks-if at aU-were observed
only at negligible intensities. The obviously little influence
of the experimental conditions on the patterns of the sucrose
spectra (Figure 4)-..ven 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·
menta! conditions as those in Figures 2a, 3a, and 4a. This
spectrum does not comprise any fragment ion peaks.

Ifspectra of thermally labile substancea 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 28, 3a, and 4. which were obtained
from thick sample layers irradiated at the highest laser power
density without producing perforations. The desorptionl
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Flgln 8. _Ion LD mass spectn.m of a rrixtu'a of awoxl'nataly
equal molar amounts of stachyose MI' an octa6acchatide M2• and 8
dodacasaccharida M, (both _tad from the bacterial spacIas S/l!1OlIl
Il8xMrl (301 and 01 KI (sample IhIckne.. d ~ 20 ~m, laser power
densJly p ~ 10" W em-', no perforalJon 01 sample).

pation. The principles of the thermodynamics 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 fragmental 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 ~m)

which were covered on the hack oide with alkali saito, 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 (lB, 33-35).

In contrast to the opeetra produced by shock·wave-driven
non-thermal desorption, the patterns of the spectra in Figures
2b, 3b, and 4b, which were obtained from thin oamples with
the laser beam perforating the layer at low irradiance, show
considerable fragmentl\tion. A possible explanation for this
fragmentation is the thermal stress which is exerted on the
molecules being desorbed at the locus of direct laoeNl8mple
interaction. However, other processes like fast collisional
dissociation, which might put additional stress on the mole­
cules (36), cannot be fully excluded.

The opectra deocribed 80 far represent the extremes in the
experimental conditions: thick sample layers, high laser power
density and thin sample layers low laser power density, re­
opectively. A combination of thooe parameters (thin oample
layer, high laser power density) obviously leads to patterns
comprising features of both extremes (Figure 2c). From this
it may be concluded that under ouch conditions 8 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 oceur within the
same time ocale but are laterally separated.

The shock·wave-driven desorption mode from organic oolids
is favorable, especially for molecular weight determination.
This is clearly demonotrated with y-cyclodextrin in Figure 5,
which docs not show any fragmentation in contrast to the
results of Cotter who ohoerved a sequence of fragmentation
peaks (37)-besides the quasi.molecular peak-under his bulk
analyois conditions. Such a high degree of fragmentation was
not obtained in our experimente even under the conditions
of high thermal stress.

Another ..ample 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
specieo (S.llexneri) were to be confirmed. For internal mass
scale calibration the unknown compound was mixed with
approximately equal molar amounta of stachyose and an oc­
tasaccharide of S.II."neri of already known structure and with
KI. The spectrum shoWB a very simple pattern with intense
quasi-molecuIar ion peaks of the three ougars at mlz 70S, 1340,
and 1982 and two pesks each 104 m8S8 unita lower than the

respective quasi-molecular ions also ohowing alkali attachment.
At the moment it cannot be decided whether these peaks are
due to laser-induced fragmentation Of, more likely, originate
from the chemical pretreatment.

After statemento of Denoyer et al. (4) Heinen (19), Cotter
(37), and Simons (38), 80ft desorption/ionization should he
achieved for organic soHds from thin sampJes under as Jaw
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 laoer 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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Statlslk:al evaluations althe effects 01 live matching param­
eters on the probabllly 01 r_vIng a correct answer wHh the
probabUlly based matching (PBM) system have been made.
COI11bInk1g the reoWUng values lound In matcl*1g an ...known
speelrum makes n possible to rank retrieved relerence
spectra according to the predicted match rellabllny. This
ranking substantially Improves the performance 01 PBM, and
the rellabllny value Is especially helplul In avoiding the as­
sumption that the best matching spectrum represents the
coneel compound when ns speelrum Is aelually nol In the
relerence flle, Quadratic scaling 01 the abundance values 01
the unknown compensates lor spectral dIIIerences caused by
Instrumental variations, a crtllcal problem In matching reler­
ence speelra, other Improvements Include a more effective
"Ilagging" technique to remove spurious relerence peak..
Extensive applications with a commercial GC/MS syalem
have demonstrated the Increased elfectlvenesa made possible
by these PBM modllications.

Thousands of gas chromatograph/mass spectrometers
(GC/MS) are now used daily worldwide (1). 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 systems (2-16). For samples
representing complex mixtures, incomplete GC separation is
unavoidable (17,18); for the resulting spectra wbich 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 nther search systems (3,
10-12) are valuable, when evaluawd under various conditions
(7,10,12) none appeara 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, Itbaca, NY 14853) (19), and on a
commercial GC/MS systems, resulting in a variety of helpful
criticisms.

A major problem tn many usera, which appeara tn be com·
mon tn all retrieval algorithms, is that the match ranking

factnra 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
example, although a K value of 150 implies a higber match
confidence than a value of 100, it does not directly indicate
whether the probability of a correct identification is 50% or
950/0. This deficiency can cause a particularly serious problem
when the unknown compound is not represented in the ref­
erence me, as almost always the algorithm retrieves a-best",
even though a poor, match. We show here that tbe effect of
a variety of matching indicatnra can be evaluawd statistically,
so that a combination of these can serve as a quantitative
measure of the predicwd reliability of the match

A second serious problem for mass spectral m;;tl:hing sys·
tems utilizing a comprehensive reference me is t1". variation
in peak abundances caused by mass discrimination and change
in sample concentration during the spectrum scan. As sug·
gested independently by Dromey (8), various metbods of
tilting and scaling the unknown spectrum tn compensate for
such spectral differences are investigated here. The PBM
algorithm has also been modified to improve tbe "peak
flagging" which discards anomalous peaks in the reference
spectrum.

EXPERIMENTAL SECTION

Computera used include a DEC PDP.ll/45 containing 56
kilobyte memory and 64 megabyte random-access disk storage,
an IBM 370/168 multiuser system, and the H/P-lOoo computer
of the H/P 5985 GC/MS system. The data bsse 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) 2: 0.5 (20). For each of these compounds the
spectrum of highest QI value was used to make up the Hst of
unknown spectra, which were excluded from the data base in
testing. Every odd-numbered spectrum of this1ist 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 (2/, 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
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Table I. Pndlcted ReUablllty VaJuea ('ll» for KCateroriea

molecular ion prNent molecular ion absent

K o flags 1/1ag 2 nap 3/1ags onags 1 nag 2 nags 3 nags

150 99.6 99.4 98.7 96.7 96.0 94.6 89.6 81.0
140 99.3 99.0 97.8 96.9 94.0 92.0 84.3 76.6
130 99.0 98.6 96.4 94.0 92.0 87.6 77.8 70.6
120 98.7 97.8 94.3 90.0 89.5 84.3 72.0 66.3
110 98.2 96.6 91.6 83.6 86.6 79.8 62.0 40.6
100 97.6 94.6 86.3 76.6 83.0 68.6 40.5 30.0
90 96.4 91.5 80.5 69.5 77.8 62.0 37.0 27.7
80 94.3 86.3 74.0 69.3 72.0 45.8 30.7 23.3
70 91.0 80.6 64.8 49.0 45.6 33.0 22.7 18.7
60 83.0 69.6 50.3 37.6 40.0 27.7 20.3 17.3
50 73.0 44.3 33.5 22.0 30.3 18.5 16.6 13.0
40 64.0 22.0 19.3 16.5 21.3 13.5 12.0 9.0
30 21.0 16.5 14.0 12.3 16.0 9.0 8.3 6.0
20 14.0 12.3 11.0 9.6 8.3 6.0 5.0 4.3

Table II. Predicted ReliablUt)' Value. (ere) for MCCalegoriel

molecular ion present molecular ion absent

<lK o/lags 1 nag 2 nags 3 nags oflags 1 flag 2 nags 3 nags

0 97.6 97.0 94.5 91.0 91.0 89.5 80.7 76.0
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 75.0 64.3 56.0 60.0
30 78.7 68.6 62.3 66.3 69.6 46.7 38.3 32.0
40 68.6 62.0 48.0 32.7 47.3 29.7 26.8 19.7
50 68.0 40.3 32.3 24.3 34.6 23.0 19.6 16.0

~60 46.0 30.6 24.3 21.3 26.5 18.7 16.0 11.6

the worst spectra; the final set contained 431 unknown spectra.
The matchea were clasaified (7) as: (a) the identical compound
or a stereoisomer, designated 88 "class ]", ond (b) 8 compound
which should give a very similar mass spectrum because ita
structure is c10aely related to that of the unknown ("class IV").
From these compounds were selected the 392 unknowns for the
currenl Wiley/NBS file of 80000 speclra; lhe list of unknowns
and their chua IV matches and mismatches is available (rom
Cornell for comparative evaluations.

The basic PBM matching algorithm (7) was modified with
tighter window tolerancea, using :37% and :20% for peaks of
<9% and ~9% abundance, respectively. To reduce the number
of low abundance artifact peaks uaed in the condensed apectrum,
the molecular ion isotopic peak of high..t maaa previoualy included
was removed and peaks oC a specific value of U + A (log base 2
"uniqueness" and "abundance" values) (7) having abundances
<1 % were choaen after higher abundance peake. The correlation
(20) between the number of atoma in a molecule (N) and the
number of peaks in ita maaa apectrum waslried to determine the
number of peake (p) in tha condensed apectrum (13); neither p
a N /3 + 6 nor N/2 + 5 ahowed any improvement over the original
method (7).

Abundance Baaed Flagging. For the reference peak of mesa
j of the condensed reference spectrum, the rho value Pj is the ratio
of the abundance of that peak in the unknown to ita abundance
in the reference. The first PBM calculation of the confidence
(K I ) value uses the abundance window baled on the minimum
rho (p....) value (7). The aecond, third, and fourth confidence
values (K2• K3• K..>are calculated by using 88 PIDUI the lowest Pj
value of Bny peak Cor which the unknown haa aD abundance of
~1% for K" ~9% for K" and ~38% for K. (13). Replacing thia,
now for the K2-K.. calculations the new p value must be inere·
ment.ed by a minimum amount. If p < 0.65, the new p must be
>50% (relative) larger; if p ~ 0.65, the new p must be 0.15 (ab­
aolute) largar.

Spectrum Tlltin, and Scaling. If a reference apectrum
matches with K ~ 10, the abundancea of the unknown are adjusted
by ·tilting" or "scaling" (recommended), and the reaulting
spectrum is rematched &gainst the reference. ""Tilt" is 8 geo-­
mebicaIskewing function 2"~/200. (or which n can have positive
or negative val"", from 1 through 4 and 11m ia the m8B8 difference
between the peak in queation and the peak of loweat mesa in the
unknown apectrum. Thus for n = +1 the abundance for ~m =

50 would bc multiplied by 2""', or 1.19.
. "Scaling" optimizes the matching of peak abundances byad­
justing those of the reference spectrum as a function of mass with
a quadratic polynominal to minimize the sum-of-square8 difference
D between them and the corresponding abundances of the un­
known (eq I), where X, and R, are the abundancea of the ith peaks

D = ~IX, - (0 + bmi + cm,')R,]' (I),
common to the unknown and reference spectra, respectively, and
m ia the m/z value. To minimize D (IiD/lio = liD/lib = liD/lic
= 0), eq 1 yields the linear system of eq 2, which is solved by

[

fnl"Ri' fnliR,' fnliRi] [] [fl1liXiR']
;mjR/ fm/R/ :=n1/R/ b.:; 7m,.l(jRj -(2)

TR ;! ;m;R/ 7m/ R / c 7X';R;

Gaussian elimination. To minimize 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, 88 previously defined (7), are not used in com­
puting 0, b, and c. In addition. the first 11aggcd peak (if any) of
the nonsealed match is ignored for n = 1-4 and the first two for
n = 5 (however, the abundances of such contaminated or nagged
peaks are still acaJed for matching). Scaling is limited to reference
spectra matching with a predicted reliability value (vide infra)
of ~16'l'o (also >30% of lhe fifth highest reliability value already
retrieved); for further scaling, the first must have increased the
predicted reliability by > 10% absolute. ,.

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, t:J( (the
difference between the K value for a perfect match with the
unknown and the K value found), number of peak nagging op~

erations (~3), whether the reference molecular ion was or was
not uaed in matching, and the tilt (n) factor. The collective effect
of these separate values on RL using the class IV definition was
determined atalistically (13) wilh the 431 unknowns (Tablea I
and 11). For example, a smoothed plot of reliability vs. K value
ahowed 9.2'l'. of matches with K = 98-102 and zero 11aga to be
incorrect., while matchea of K = 98-102 with no molecular ion were
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Table In. Adjustments (90) Made to Predicted Reliability Values of Scaled Spectra

5562.9·13.6

no. or
RL., ilL,. sld dc'" spectra

29.0 67.5 6.1 1376
42.7 66.3 7.7 479
34.2 58.3 5.1 565

}25.5 55.0 2.7 994

\30.7 41.5 2.6 2087

m,eVbS·

without scaling
o 1.0 1.5 X 10" 0.22 .11
o 1.0 5.5x1O-· 1.5X10·' .11

-150 <0 1.5 X 10" 0.22 all
o 1.0 6.8 x 10" 5.5 X 10-' <80

-150 <0 5.5 X 10" 1.5 X 10-' all
-150 <0 6.8 X 10-' 5.5 X 10-' 40-<80

o 1.0 6.8 X 10" 5.5 X 10-' >80
1.0 55 6.8 X 10-' 5.5 x 10" 80-<120
1.0 55 5.5 x 10" 0.22 all

-150 <0 6.8 X 10-' 5.5 X 10" >120 }
1.0 55 6.8 x 10-' 5.5 X 10-' <80 17.5

-150 <0 6.8xl0·· 5.5x1O-· 80-<120 }
1.0 55 6.8 x 10" 5.5 X 10-' > 120 22.2 27.2 6.'1 ·180

a Number of spectra giving maximum predicted reliability values for scale (8) values: - 150 to -2.7. 1179; - 2.7 to <0,
1·101;zcro, 1029;>Oto 1.0,530:1 to 55, 1028. b For curve (V) values: 6.8x 10'· t02.0x 10'" 1290;2.0x 10'" to
5.5 X 10-", 1106; 5.5 X 10-" to 1.5 X 10·', 1307; 1.5 X 10" to 0.22,1464. t' For minimum/maximum mass (mOl) valup.s:
<40,777; 401079,1666; 8010119,1229;" 120, 1495.

incorrect 85% more often than the average of all matches of thia
K value, resulting in 8 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 6K.
the higher of which is used, up to a maximum value 10 units above
that from K. This value is adjusted for tilt by subtracting from
the predicted RL value the foUowing absolute values: K, negative
till, 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
(/4) rather than lilling. The predicted RL value was found to
relate to the actual reliability found for the 431 unknowns as
follows: ilL ('!o) = 0-5,0; 40, RL..; 80, RL.,; and 100, 100;
intermediate points are interpolated linearly. The values of RL..o
and RL", depend (Tahle III) on lhe degree of scaling, which is
described hy lhree factors: scale (8, eq 3), where lli is the U value
of the ith reference peak

so

?: 60

; 40

20

6 :.160

/} e

8 = DUi - U••)~i
i

(3)

'00so20 40 60
Recoil

FIgure 1. Effect of abundance based flagging on PaM performance
(class IV, K values, class I recal): A, results with original PIlM (7);
O. with abundance based flaggk\g; -, wtth a minimum increment of
p~ In each nagging (aetuaUy based on the difference between these
and the previoos coodtIons "" wi1h slg\1ly mcxiflCd palametersl (14~
The separate dala pOOl values 20, 40, .... 160 represent the minirTun
K values included in detemuning the recaU/reliability values.

V,v is the average V value of all reference peaks and M j is the
change caused hy scaling in the A value of the ith reference peak;
cUTVative (V). described by eq 4, which when combined with eq
1 yields eq 5; and mo. the mass of the minimum or maximum of
the quadratic function.

V = Id'y/dx'I/\l + (dy/dx)'J'/2 (4)

V = 12cl/(4c'm' + 4cbm + b' + 1)'/' (5)

RESULTS AND DISCUSSION
PBM PerCormance beCore Modification. The recall/

reliability performance of the subset of 450 "odd" unknowns
agreed within 202%, 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
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, renecting (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 80 are used here to be more sensitive to the

performance of the retrieval algorithm itself.
Abundance-Based Flagging. Examination of condensed

spectrR 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
condensed spectrum because 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
eliminated, the resulting low Pmin value prevents the match
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% i.., the second, and those
of <37% in the last nagging. This yields a significant im­
provement (Figure 1) in reliability at low recall \'alues. This
is further increased (solid line in Figure 1) by instead forcing
P.... 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 P,,"n in
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Tabl. IV. Cia.. IV Retrieved Spectr.- of Hi,he.t K Value 'no Till Category

-4

153
625

20%

-3

136
691

16%

-2

259
665

28%

301
693

30%

with tilling (tilt (acton, n)

+2 +3 +4 -1+1o\'erall
without
lilting

mat<h 2301 2353 707 346 192 146 113
mismatch 4208 4967 1077 469 310 219 218
reliability 35% 32% 40% 42% 38% 40% 34%

• All spectra retrieved in each Lill category for which K > 20 and % contamination < 70.

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 byal·
lowing only tilting functions n ~ 0-3, no peak flagging fur 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
IV), n = 1 tilt correspond. to V =2.4 X 10-' and S = 1 OF 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 (mo) of the scaling functions found most
effective were centered around mjz 70 (14); this is consistent
with the maximum in relative abundance often shown hy
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 value. of K, !;}{,

matching of the molecular ion, number of nagging operations,
and tilting on the actual reliability of the match was deter­
mined statistical1y 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% reca11 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 value~ (numbers next
to data points in Figure 3) and the actual reliability values
(Y axis position) for class IV matches al50 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 IlK values, which were shown original1y (7) to
give much better predictions than K values at low recall. In
general the improvement results from better data weighting,
an accepted primary criterion of retrieval system performance
(22). At the highest recall values the reliahility ranking makes
no dlfference In performance because exactly the same spectra,

'00eo

'"o "0
o· -6~' 40

o •
c 2

o.p,
2~'

20

ao

!: 60

20

"c.
'" 40

40 60
Recoil

FIgure 2. Effect of tighter window towances and spectrum titling or
sca~ (class IV. K valJes, class I recal): A, results with original PBM
(7~ 0, with tlght8< wkldow tolerances; 0, with tII>1g and tigltar wkldow
tolerances; -, with scaling and t~ter window toktrances on basis
described In Fig.... 1 legend.

separate calculations to find the higheet matching value. For
epectra of pure unknowns this lowered performlUlte by a few
percent at >50% recall. Apparently this syotem allowe ar·
tifically high Pmin values which can improve the match of an
incorrect spectrum; this should be a more serious problem with
the spectra of mixtures.

Tighter Window Tolerance•• 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 skewed, so that tightening the window tolerances elim­
inates their peaks as often as those of incorrect apectra. 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 (J3) 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 = :101-4). For the best matches (highest K value) found
for any value of n, the zero and positive tilts show a somewhat
improved reliability except for n = +4, but the negative tilto
show subotantially decreased reliabilities. This appearo to be
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~ 40

undecanol 99'" 21 41 9
l·tridecene 99'" 29 32 10
J-dodecene 90"+ 23 87 2
l·dodecene 90"'+ 23 87 3
J·dodecene 87···+ 20 73 4
I-dodecene 87+ 16 94 I
5,S-methylenedecane 84' 23 55 6
S-methylhepumol 81'" 26 28 11
methylundecanethiol 80' 40 52 7
I-pentade<:ene 7S" 42 42 8
I-dodeccflc 77···+ 21 64 oS

retrieved compds, confidence class IV rank by
ranking by K values- K" ~ reliability, ~ RL value

Table V. K Value aad RcUablllty aaakiag ror PBM
Matching or an Unknown Ma.. Spectrum of I·Dodeceae
(10;
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· 120 roo 0 0 0

80 t:. 4 97 t.. 0. 80-0
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° 0--70
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40 ...
0 '-2010'

;;
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Flgur. 3. Effect of ranklng retrieved SpeC1rum by predtcted reliability
values (classes I and IV, respectively, both with class I recall): 0,
0, results with K value ranking with spectrum tilting (sao F1gu'e 2); I,,,
0, with reliabiUty ranking. AIgorIttvn did not Include the minimum
Increment of Prr*! (Figure 1) and used lilting. not scaling (Bgtxe 2).

and thus the same number of correct and incorrect answers,
were saved in both cascs es 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 pert of a test of different retrieval systems (10). Although
the unknown spectrum was that of l-dodecene, the first
references retrieved by PBM without reliability ranking were
those of undecanol and I-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
nagging operations. However, the unknown has a peak cor­
responding to the molecular iOlis of the ]·dodecene reference
spectra, and for three of these fewer nagging 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 perfonn­
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
yenrs 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

G The correct answer is in italics. The data base has 11 different
Cl2 H24 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.

ACKNOWLEDGMENT

\Ve are grateful for stimulating discussions with R. G.
Dromey. R. G. Ellis, K. S. Haraki. J. K. Mun. J. W. Serum.
and R. Venkataragh8van and to PBM users, too numerous
to be named here, for valuable suggestions.

LITERATURE CITED
(1) Burlingame. A. L.; Whitney. J. 0.: Russell, D. H. Anal. Chom. "84.

56,411R.
(2) Smith. D. H. "Compu1er-Asslsled Struetwe Elucidation"; American

Chemical Society: Washington. DC, 1977.
(3) Hertz. H. S.; HIles. R. A.; BiemaM. K. Anal. Chern. 1971.43, 68L
(4) McL.allerty, F. W.; Hertel. R. H.; ViDwock, R. D. Org. Msss Spectrom.

1In~. 9, 690.
(51 Abramson. F. P. Anal. Chern. 1175. 47. ~5.

(61 Gronneberg. T. 0.; Gray. N. A. e.; Eginton. G. Anal. Chern. 1975. 47.
415.

(7) Pesyna, G. M.; Venkataraghavan. R.; Oayrlnger. H. G.: Md....allerty. F.
W. Anal. Ch6m. 1171, 48. 1362.

(8) [)romey. R. 0. Anal. Chim. Acta '.7•. "2. 133.
(9) Atwater, e. L; McLafferty. F. W. Anal. ChcMJ. 1179. 51.1945.

(10) HeMebefg. D. Adv. Mass Spectrorn. 1110. ab. 1511.
(11) Oomokos, L.; Henoeberg. D.; WiemaM. B. Anal. Chim. Acr. liU.

150.37.
(121 OeiJ. P.; van't Klooster, H. A.; van Houwelingen. J. C. Anal. Chim.

Acta "83. 150. 23.
(131 Atwater, e. L. Ph.D. Thesis. Comel University, 1980.
(14) Stauller, O. e. Ph.D. Thesis. Cornell Univefsity. 1984.
(15) Mclafferty. F. W.; Stauffer. D. e. Int. J. Mass Spectrom. 101'1 Proc.

188',58,139.
(16) Shackelford. W. M.: Kline. O. M.; Faas. L.: Kurth. G. Anal. awn. Acta

1883. 146, 15.
(17) Rosenthal. O. Anal. Chem. "82. 54. 63.
(18) Davis. J. M.; Giddings, J. C. Anal. Chem. 1983. 55. 418.
(19) Milne. G. W. A.; Hellef, S. R. J. Chern. [nf. Comput. Sci. 1980.20.

204.
(20) Speck, D. D.; Venkawaghavan. R.; Mclafferty. F. W. arg. Mass

Spocrrom. 1178, '3.209-213.
(21) Mclafferty. F. W. Anal. O'ttIm. 1177.49. 1441-1443.
(22) Sanon, G. "Au1omalic; Information OfganJz3lion and Retrieval";

McGraw-Hill: New York. 1968.
(23) McLafferty. F. W. "Inlerpretation of Mass Spectra"; 31d ed.; University

Science Books: MiU Valley, CA. 1980; pp 79-84.
(24) Harakl. K. S.: Venkataraghavan, R.; McLafferty. F. W. Anal. Chern.

1111.53.386-392.

RECEIVED for review August 8. 1984. Accepted December 26,
1984. This work was supported by the Industry/University
Cooperative Research Program of the National Science
Foundation. Grants CHE-79 10400 and -8303340.



804 AnsI. Ch8m. 18as, 57, 904-907

MUlticomponent Mixture Analysis Using Room-Temperature
Phosphorimetry
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A muIIlcompanent mlllura anlllyBla wKhoul ..parallon uBlng
lhe room-temparatura phosphoraocanca lachnlqua .. de­
ocrtbad. Millur.. prepared Iram lour or flve analytleal ral­
erenee standards olloxle lUimancatl obtained Iram lhe E...
vIronmanIaI Protac:llon Agency were uaad lor IhIo otucIy. The
room-temparalure phosphorascanca characlerlotlca 01 each
01 the.. compounds are reported as we. as Ihe rasuK. 01
analy... 01 Ihe.e .ynthellc mixture.. Tha melhod 01 call­
brallon curval!8Ubtracllon was uaad to determine Iwo apac­
Iroocoplcally overlapping compounds In mixture••

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. Multicomponent mixture analyses
have also been sccomplished by the excitation-emission-matrix
(EEM) and rank annihilation or least·squares methods (6, 7).
Other methods such as the selective modulation (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 room-temperature fluorescence and phos­
phorescence (12) have recently been applied to mixture
analysis. Moot of the above approaches have employed
polynuclear aromatic hydrocMbons as the model compounds
in mixture analyses.

However, phosphorescence has not become a popular me­
thod due to the need for cryogenic equipment and optics, the
irreproducibility of the formation of the cooled matrix, and
the inconvenience of the sampling process (13, 14). The in·
troduction and development of room·temperature phos­
phorescence (RTP) avoids the liabilities associated with low­
temperature measurements. RTP also provides better se·
lectivity than low-temperature phosphorescence (LTP).
Progress in the development and application 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 between the compound and its environment such as
ionic and hydrogen bending between phosphors and sub­
strates (14, 17). A few compounds have been shown to interact
with substrates strongly enougb to induce RTP. The nature
of the phoophor-substrete 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.

Room-temperature phosphorimetry (RTP) has been dem­
onstrated to be a technique of choice for assaying single­
component 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. 'rhus far, only one report
has applied RTP to Quantitative multicomponeJ1t mixture
analyses (12). In this study, overlapping RTP spectra are
resolved by optimizing the conditions of added heavy atoms
and different sample substrates 60 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 allan P-81 (cationic exchange paper), only NAA
exhibited RTP (19). All seven compounds exhibited ~TP

when placed on 0E-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
nonphoophorescent compound 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, I-naphthoic acid and 2·naphthoic acid. The
salt of I-naphthoic acid, sodium I-naphthoate, has been
studied in detail (20). Substrate and heavy atom effects were
used to resolve the RTP responses of the components in the
mixture. The method of signal subtraction usjng 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 spectroOuorometer (Se­

quoia-Turner Co., Mountain View, CAl nnd 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 nun in diameter, on 8 copper disk to hold and position
the paper sample di.~kB. A microdispenser (Drummond Scientific
Co., Broomall, PAl was used to deliver 2 ~L 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).

Reagentl. The analytical reference standard samples of
pesticides (see Table I) were obtained from the Environmental
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. Absoluta 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/Nanopure deionized water
(Barnstead, Sybron Co., Boston, MA). Ion exchange chromato­
graphic papers, 0E-81 (anion) and P-81 (cation) (Whatman

0003-2700/85/0357.Q904S01.SO/0 C 1985 American ChomicaJ Society
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Table I. Room-Temperature Pholphorelcence Characteri.tici of Five Toxic Sub.tanceli

A../A_. heavy LOD,' LOR'
compounds" 61ruclurell nm substrates atomsb ng (.Iope)

naphthaleneacetamide (4880)
OOC~H' 299/504 DE-81 I' 0.26 400 (0.92)

299/504 P·81 Pb2+

2·naphthoic acid (P772) OO-COOH 298/509 DFr81 I' 2.06 390 (0.97)

298/509 P·81 Pb2t

l·naphthoic acid (P7711 coo. 304/514 DE-81 I' 1.66 380 (0.94)

00
312/520 P·81 Pb2+ 12.6

3,4·dimethoxybenzaldehyde (P358) CHO 325/480 DE·BI I'

c$-OCH'OCH,
©JHHHH--© 335/480 P·BI CI' 25.6 400 (1.11)

1,2·diphenylhydrazine (P453) (no RTP) DE-BI I'

(no RTP) P·BI Ph'·

II EPA code numbers of the analytical reference standards included in this study Rre listed in parentheses. tiThe concentrations of both l-
and Pb2+ heavy aloms are 1 M. t Signal/nolse :0= 3 is used for the limit of detection (LOD) calculation. d Linear dynamic range is calculated
by dividing the upper linear range concentration by the LOD of that compound. 'Very weak.

WlYEUIGTH(••)

F~ur. 1. Spectra of mixture 4 and Its PW8 components with CU'V8
IdentlllcaUCln symbols and amoonts S1lded. excitation wavelength 335
nm. on P-81 substrate using cr as heavy atom: O. 3.-kilmethoxy­
benzaldehyde (428 ng); -. mi><1ure 4; 4, l-naphtholc acid (100 ng);
D, 2·naphthoic acid (105 ng); O. naphthaleneacetamide (87 ng); ••
1.2-<liphenyhydrazine (102 ng); e. blank (2 pL of 0.5 M KCi in 50%
ethanol).

Chemical Separation Inc., Clifton, NJ). were used to prepare the
6.4 mm diameter paper sample disks.

Procedure. The procedure for obtaining phosphorescence
spectra was the same 85 previously described (19). The compo­
sitions of various mixtures Used in this study are given in Table
II.

RESULTS AND DISCUSSION

Room-Temperature Phosphorescence Characteristics.
Table I gives the room-temperature phosphorescence char­
acteristics of the five compounds studied. All of the com­
poWlds, cxceptl,2·diphenylhydrazine, phosphoresced utilizing
some combination of solid substrate and heavy atom. Among
the other compounds, 3,4·dimethoxybenzaldehyde was the
only one that exhibited very weak RTP on DE·81 in the
presence of 1-. However. its phosphorescence was more intense
on P·81 substrate in the presence of CI' than the responses
observed for the other compounds and systema studied as

5
::
!!!

450
WlYEllIGTHI ••)

Figure 2. Spectra of mixture 1 and Its pure components with CU"Ve

idenUflcaUCln symbols and amoonts studied. excitation wavelength 299
rvn. 00 P-lll StJbslnlte usklg 1- heavy stom: O. naphlhaleneace_
(348 ng); -. milrtu"e I; D. 2-naphthoC acid (105 ng); O. l-naphthoic
acid (100 ng); •• 1,2-<liphenyihydrazlne (102 ng); 4. 3,4-<limethoxy·
benzaldehyde (107 ng); e, blank (2 pL of 0.5 M KI in 50% ethanol).

shown in Figure J. The limits of detection and linear dynamic
ranges of the three organic compounds that exhibited useful
RTP signals for single-component mixture analyses using the
DE-81 and 1- combination are reported. However, different
combinations of P·81 and heavy atoma 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 '.0 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 intensities of all the compounds except D8­

phthaleneacetamide were reduced drastically when P·81
substrate and 1- 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 I·
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 or Varioul Compounds in the Mixture.

naphthalene- l·naphthoic 2·naphthoic 3,4-dimethoxy- l,2·diphcnyl·
acetamide. acid. acid, benzaldehyde, hydrazine,

mixture "g{mL "g{mL "g{mL "g{mL "g{mL

174.0 SO.O 52.5 53.5 51.0
87.0 SO.O 52.5 53.5 51.0
43.5 SO.O 52,5 53.5 51.0
43.5 SO.O 52.5 214.0 51.0
75.0 15(;.0 79.0 80.0 0.0
75.0 78.0 79.0 80.0 0.0

FJgur. 3. Spectra of mixture 5 and Its pure components with curve
kienUflcation symbols and amounts studied. excitation wavektngth 312
nm, on P-81 substrate using Pb2+ as heavy atom: -. mlxture 5; 0,
3,4·,MlOlhoKybenzaldehyde (160 nO); .0., 1-naphlholc acid (312 nO);
0. 2-naphtholc ecld (158 no); 0, naphthaleneacetamlde (150 no); ••
blank (2 IJL 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
WQS observed that RTP signal intensities were extremely low
or not different from the blank for an the substances except
nephthaleneacetamide. when P-81 end ,- and excitation/
emission wavelengths of naphth8leneacetamide were used.
Hence, this combination of substrate and heavy atom made
it feasible to detennine nephthaleneacetamide in the presence
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 Teble 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 ~g/mL. the error
increased as the signal-t.<>-noise ratio decreased. The standerd
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
(21). Other sources of error include sample spotting error,
sample alignment problems, 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 determinetion in mix­
tures 3 and 4, a similar trend as described above was observed
The determinations were made using P·81 as the aubstrate
and CI- as the heavy atom. Signal observation was made at

Table III. Detcrmination of NBphthBleneacctamide in
Mixturcs

14.9
17.2

rei std
dev,d %

6.-1
6.8

100.2
399.1

107
428

amtof
3.4-dimcthoxy-

benzaldehyde, ng rei

prepared exptl" error,f %

amtof
naphthaleneacet-

amide, ng rei rcl std
sample ll prepared exptl" error,c C/Cl dev,d %

mixture 1 348 341.8 1.8 13.1
mixture 2 174 186.6 7.2 3.2
mixture 3 87.0 101.4 16.6 14.8

miJl:ture 3
mixture 4

liThe determinations were carried out ul)ing 1'-81 as substrate
and 0.5 M 1- as heavy atom Ilt excitation/emission wavclengths of
299/504 nm, respectively. "Amounts calculated from calibration
curn of pure naphthaIencacetamide and represent avera~e of eif{ht
data points from eight different sample aliquots. f Relative error =
(difference between eJl:perimentnl and prepared amounts/prepared
amount) X 100"/0. dRelative standard dClliations (RSD) were cal­
culated using eight datn poinLll for each sample in this tllble..

liThe determinations were carriNi out using P-81 substrate and
0.5 1\.1 CI- as heavy atom, at excitation/emission wavelengths of
335/480 nm, respectively. "Amount calculated from calibration
curve of pure 3,4-dimethoxybenzaJdehyde and represents average
of eight data points from eight differenl sample aliquots.
f Relative error = (the difference between prepnred and experi­
mental amounts/prepared amount) X 100. d Relative standard
deviations (RSDJ were calculated using eight data points for each
sample in this table.

Table IV. Determination or 3,4-Dimethoxybenzaldehyde in
Mixtures

the characteristic wavelengths of 3,4-dimethoxyhenzaldehyde.
The results are ahown in Table IV.

Attempts to detennine 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 can·
centrations of these two compounds. However, on using Pb2+
as the heavy etom with P-81 as the substrate, I-naphthoic acid
was found to phosphoresce appreciably at the excitation/
emission wavelength maxima of 312/520 nm with a significant
contribution from only 3,4-dimethoxybenzaldehyde. A signol
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 et 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 CI- at 335/480 nm aa men­
tioned previously. The RTP signal intensities at 312/520 nm
corresponding to these concentrations' were obtained frQm ,ita

450
WAVEUNGTH 1••1600



Table V. Determination or l·Naphthoic Acid in Mixture.

amt of l-naphthoic
acid, ng rei relstd

samplcso prepared exptlb error,' 9Cl de....b 9Cl

mixture 5 ~12 ~37.8 8.31 11.7
mixture 6 V'>6 1~2.2 15.3 6.1

a Amounts uf 3,4-dimethoxyben:l8ldehyde in mixtures were first
ohtained using the calibration cur...e of the compound with P-SI/
CI- as described in Table IV. Their corresponding RTP intensities
with P-St/PbH-. at 312/520 nm, were 8ubsequently obtained,
These were subtracted from the combined RTP signals of mix­
tures. The net signals and calibration curves of I-naphthoic acid
on P-SI/Pb'·, at 312/520 nm. were used to calculate the amounts
of the acid in this table. bThese were calculated using four data
points from four sample aliquots. C Relati...e 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 I-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 concentra­
tions of I-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
wavelengths for 3,4·dimethoxybenzaldehyde 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 stiU occurs
in some cases. Using this approach, one can obtain wider
linear dynamic ranges (LOR) and lower limits of detection
(LOO) of analyses by observing at their maximal excita­
tion/emission wavelengthCJ. 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 wen as anionic and cationic heavy atoms are among the list
(16). The drawbacks of this approach include that only
phosphorescent compounds 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 multicomponent mixtures without prior
separation.
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Background Detection and Correction in Multicomponent
Analysis

D. W. Ostcn and B. R. Kowalski'

Laboratory for Chemometrics, Department 01 Chemistry, Uniuersityof Washington, Seattle. lVashington 98195

these different techniques has been developed and is the
subject of the remainder of this work. This approach assumes
all but one of the pure component spectra are known by the
analyst. The one unknown spectrum is the spectrum of the
cumposite sample background. and includes all of the sampIc
components not identified by the analyst.

THEORY
The mathcmatical 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

The muhlcomponent Mnear addhive model I. Irequenlly used
In analytical chemlslry lor the analysis 01 several component.
In a single aampIe. The pre_re 01u~ed component.
In the mixture, which aff.ct the measured response, relUn,
In a volume dependent aample background. A method ha.
been developed to lest lor the pre.ence 01 a background
Interlerent during tha quantltatlon step 01 e mullicomponent
analysis. II a background 18 detected. qUanlhatlve eatlmatea
of tha desired analyte concentration. can be obtained by
applying ..veral chemically and phy.lcally meaningful con­
walnto. Two dJslJnct quanlftatlon_. which are known
a. the perpendicular proJec1lon and the extreme verte. pre>­
jectlon techniques. have been proposed. N Tr, = L.c,kil + L.cjkjl

i-I j-I
(I)

The multicomponent linear additive model is often used
by analytical chemists in the analysis of mixture Silmples. In
applying this model to the analysis of 8 complex mixture, the
analyst must make the assumption that the measured re·
sponse, for example, the absorbance spectrum of a mixture
Hample, is a function of only the known components in the
sample. This requires knowledge of not only the desired
analytes but also aU 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 (I) observed that least squares fitting techniques
can be strongly affected by not accounting for all the sample
components. They proposed nonnegative 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) concludcd that if the incorrect model was used,
for example, neressary 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 components in a mixture sample 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
assumptions that both response measurements 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 number of components
which influence the measured mixture response. However,
applying curve resolution directly to the problem of quanti­
tating several known anaJytes in the presence of unsuspected
interferents does not make use of the known calibration
spectra of the desired analytes. A hybrid approach combining

for an I = 1..... P

where rf is the response of the It.h sensor due to the N known
analytcs present at concentrations, Ci, and T interferents
present at concentrations, ci' with sensitivity coefficients, kil
and kill 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 lth sensor can be defined as

T
I, = L.ch, (2)

j-I

for all I = 1, ._.• P

By a simple substitution, eq 1 can be written as
N

r, = L. c,kil + I, (3)
i-I

for alii = 1, ... P

where II is the sample or volume dependent background. The
model may also be expressed in vector notation as

r' = c'K + f' (4)

where r is a column vector with length P containing the
measured mixture response, c is a column vector with length
N of unknown analyte concentrations, r 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.
11 does notaddr... the question of calibration. [t is assumed
the matrix K has been obtained by an acceptable method. In
general, if matrix effects are absent, then any of the ap­
proaches suggested by Kaiser (8) will be satisfactory. If matrix
effects are present, then standard additions or the GSAM (9)
approach should be used. [t should be noted that if a sample
background is present during the calibration step, then the
correct K matrix will he obtained if a method based on dif-
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ferentiaJ responses, i.e., standard additions, is used. In order
to statistically test for the presence of interferents in the
mixture spectn1m, it is further assumed that the uncertsinities
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 c will yield

The first step is to normalize X. such that each spectrum.
Le., each row, has the same area. Since the elements of X
represent responses, e.g., absorbances, of 8 chemical compo­
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.

p

Gi; LXij (6)
j-l

c' ; (r' - (,)K'(KK't' (5) for all i ; 1•...• N + 1

forallj; I •...• P

(8)

(7)

(14)

(13)

(12)

(10)

The difference between the predicted and actual mixture
representations in the P-dimensional measurement space is
calculated as

where V is the P x (N - I) matrix of eigenvectors of the
modified moment matrix. The mixture spectrum is then
predicted from the N - 1 eigenvectors and the just calculated
factor scores by

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
Xj; (I/NlLxij (9)

"-1

where h is the vector of residual differences observed. The
sums of the squared elements of the original mixture spectn1m
and the residuals are calculated as

p

Sm ; LXN+'} (15)
j-l

for all i.j

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 dats matrix,
X. Since the centering was based on only the pure component
spectra and the second moment matrix was calculated using
only these spectra, the rank of this moment matrix cannot
be greater than N - I. Diagonalization of this moment matrix
gives rise to the matrices E and V, such that

(X'X/NlV ; EV (11)

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.

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 mooified 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, XN+h is pr~

jected by

Since the vector of background responses, (, is unknown, an
infinite number of solutions for the concentration vector, c,
are obtained. Only if all elements of f are known or they are
all identically equaJ to zero does a unique solution for c exist.
Assuming r 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.
Assuming that all calibration and mixture spectra are nor·
molized to constant area, any minure spectrum composed of
only the N desired analytes is a linear combination of the N
pure component spectra, and since any N noncollinear points
arc sufficient to define an (N - I)-dimensional hyperplane.
all mixtures composed of only these analytes must lie on the
same (N - I)-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 morc interfering components will normally not fall on this
(N -I)-dimensional hyperplane. The exception occurs if the
composite response due to the interferents can be expressed
as a linear combination of the desired onalytes. 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 ­
I)-dimensional hyperplane defined by the pure analyte
spectra.

In actual practice, all experimental measurements, both
th06e 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
I)-dimensional model. The problem of determining if a
particular mixture spectn1m 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 - I)-dimensional hyperplane, whose
Jocation is also somewhat uncertain, is the di!\tance from the
mixture point to the hyperplane defined by the pure com­
ponent spectra statistically significant?

Test for Unsuspected Components. Assume that the
calibration matrix, K, has been obtained and the analyst
wishes to quantitate a measured mixture spectrum, r, but is
unwilling to assume that a sample background is absenL Each
row of the K matrix is in effect the spectrum, composed of
P poinis. of a single analyte. Derme 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
VI such that each element, Ujjl of V contains a measure, e.g.,
one standard deviation, of the uncertainty in the corre­
sponding element, XI)' of the matrix X. The first N rows are
simply the uncertainties in the sensitivity coefficients, Le., the
P point spectra. and the N + 1 row contains the uncertainties
in the measured mixture response. The dimensions of X and
U are N + 1 by P columns.
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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 factot scores can be obtained by an identical
rotation performed on the matrix U, which yields

These values are compared and if the residual vector is found
to contain more than 1 X 10-3% of the original variance
present in the mixture spectrum, then the residual vector, h,
is normalized to 8 length of one and augmented onto the
projection matrix, V. as

UjN = h j /s,"' (17)

for all i = 1..... P

where U"N represents the jth element in the Nth column of
V. Thi; threshold may be adjusted. Its purpose is to avoid
selecting a residual vector arising solely from computational
round off error 8S the final rotation vector. If the residua)
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 8 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 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 - I)-dimensional hyperplane
containing all mixtures composed of the N desired analyt.es
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 - I)-dimensional hy­
perplane defmed by the N pure component spectra is now also
defmed 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 dista~ce from the mixture spectrum to its projected image
is obtair ~ directly from the factor acore for the mixture
apectrUl: n the Nth projection vector. which is simply the
Nth elem.nt 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 poeitively to the
obaerved distance along the final rotation vector in the N
dimensional feature space. it is neceaaary to scale the obaerved
distance by the square root of the number of sensors employed.
The scaled distance is observed distance divided by the square
root of P.

In this situation, the scaled distance between the mixture
point WId the hyperplane is the difference to be tested with
respect to the uncertainty in the location of the mixture point

(21)

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 t 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 NattreUn
(10). The test statistic. u. is calculated an

u = Zl-la/,)«uA'/n,) + (uB'/n.»'!' (20)

where 21-(0/2) is the value of the Normal distribution for a
selected probability, a, rJA, and rJn are the uncertainties in the
locations of the mixture point and the model, Le., the projected
image of the mixture, and nA and nB 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 operaoor
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 analyt.es and random noise. a randomly selected flllal
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 u, then the mixture is
significantly different than the model, Le., 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 fm;t considering the simpler
problem of quantitating a three-componen\.mixture, e.g. two
analytes plus background. In this case, the two pure analyt.e
spectra are initially present in the calibration matrix, K.
Therefore. when the data matrix X is formed. it will have three
rows and P columns. 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

(16)

(19)w =UV

p

Sr = "LhN+ll
j-I
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V,

and

(31)

(33)

(30)

(29)

and

Equation Z1 placed no restrictions on the location of the pointe
representing the pure component spectra. RecalJ that the
rotation matrix employed resulted in the matrix S having a
form such that 521 = -511 and SIZ =522 = O. This allows eq 29
and 30 to be rewritten as

(32)

From eq 32, it is immediately apparent that a, the fraction
of the mixture response due to the b8c~groundcomponent,
is simply given as

Solution of the system of three equations in three unknowns
represented by eq 26, 31, and 32, results in

S..(SII + S3\) - s,,(so, + 511)
{J = 2s"," (34)

coordinates, (SiI' 512), of the point representing the mixture
spectrum are given by

Sil = (x; - xlV, (23)

S;, = (x; - xlV, (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
combination of the pure component and background spectra.
If a, {J, and..,. are defmed as the fraction of the mixture
spectrum due to the background, analyte I, and analyte 2,
respectively, then the following relationships must hold:

x, = a"o + {Jx, + 1'X, (25)

a+{J+1'=1 ~m

where "0 is the spectrum of the pure background. Addi­
tionally, any spectrum must also satisfy

X; = x + 'i1V, + s;,V, (27)

Rearrangement of eq 25, 26, and 27 results in

S31 V l + S32V 2 =
(asol + {J'II + 1's2l)V, + (as", + {JSI2 + 1's",)V. (28)

This vector equation implies that these relationships must
also hold

FIgure 2. The Image X' 01 the mlxt.... point is obtained by projection
of the rotated mixture point. X. ak>ng the axis drawn from the p4X8
background spec1nrn. C. onto the Ina segment AB ccmec1lng the two
pure anatytes.

(22)

Figure 1. The posnloo. 01 the two pu-. spectre. A and B. the rOOd....
spec1nrn. X. and the coostr"," lines del'lW1g the nonnegatlv. response
regoo for the anatys!s of 8 hypothetical two a08tyte plus background
rmctura. The shaded region indicates the slowed region wltNn which
the pure spectra 01 the background component must lie.

where Sit = -5210 The points (SI1' 0) and (8211 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 assumptions are: first, only non·
negative responses are allowed; and second, only nonnegative
Quantities of each component ore 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 fl and f2 be se·
lected .uch that

forallj = I ..... P
where tl and t2 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 dermes 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 ana)yte 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 l.

Quantitative resolution of the mixture spectrum into the
response due to each of the pure analytes and the response
due to the background can he accomplished by an extension
of the method described by Sharaf and Kowalski (J1. 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 I. analyte 2. and the mixture point•.
respectively. then A = (5".0). B = (.".0), and X = (5". S,,).
Assume the true spectrum of the background is at point C,
where C = (501,50'2)' Now, define XI 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 «.,,5.. ­
s""o,)/(S.. - "",l. 0). For a given normalized spectrum. X;. the



(35)
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502(511 - 531) - 532(501 - SII>

'Y = 280""

A modified approach may also be used for calculating the
fractional responses. Since the points X, XI, and C ore col­
linear, it can easily be shown that

"

(X,X')
Ci = (C,X')

(36)
x "

, A

(40)

where (iJ) 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 8S two-com­
ponent mixtures composed of only the anaJytes 1 and 2.
Sharaf and Kowalski (I4) 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, 8 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

(37)

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

80,(8" + 8J1) - 832(80' + 8 11 )

{J = 280,s" (38)

This is exactly the value obtained for {3 by the original de­
rivation. Quantitative resolution can now be accomplished.
The concentration of analyte I, expressed relative to the
concentration of the calibration standard and corrected for
the background interferent, is given by

fraction analyte 1 = {JaN+' (39)
a,

where 01 and 0N+I are the original areas of the calibration
spectrum of onalyte 1 and the area of the mixture spectrum,
respectively. The concentration of analyte 2 is found by an
analogous relationship

fraction analyte 2 = YON+la,
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
aumption 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 al1alytes. 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 backg!'oWld is selected to minimize the a 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 o.

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 snme 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 visiblc or ultraviolet radiation, as described

by the Beer-Lambert law, is a common analytical application of
the multicomponent linear additive model. Two separate ex·
peri mental systems wert: 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 spect.ra
of four calibration and eight mixture samples were recorded evcry
2.0 nm from :150 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 selecte(t"'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 mi.xture 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: Cr2(SO...):tTlH20, 6.275 X
10-' g/mL; Ni(NO,),·6H,O, 4.391 X 10-' g/mL; Co(NO,),'6H,O,
4.384 X 10-' g/mL; and Cu(NO,),·2' /,H,O, 8.757 X 10-' g/mL.
The compositions of the mixture samples are given in Table I.
Each synthetic mixture contained equal amounls of chromium
and nickIe with varying amounts of cobnlt and/or copper added
to simulate the background component.
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Table III. Amount. of Chromium and Nickel Found in the
Mixture Sample. by QUBntitatioD V,ing Ordinary Lealt
Squares (OLS), Perpendleular Projection (PPl, and the
Extreme Vertex Projection (EVP) MethodiC!

mixture OLS PP EVP

Cr 1.000 0.992 0.995
Ni 0.504 0.500 0.501

Cr 1.098 1.039 1.023
Ni 0.482 0.463 0.501

Cr 1.192 1.069 1.035
Ni 0.458 0.425 0.504

Cr 1.398 1.138 1.078
Ni 0.410 0.367 0.506

Cr 0.930 0.831 1.017
Ni 0.640 0.568 0.503

Cr 0.834 0.695 1.004
Ni 0.778 0.612 0.504

Cr 0.928 0.776 1.041
Ni 0.743 0.591 0.495

Cr 1.109 0.977 1.055
Ni 0.582 0.524 0.497

-In all cues the correct amounts of chromium and nickel are
1.000 and 0.500 unilll, respectively.

added oobalt or added oopper, was not as accurate. This was
postulated to be caused by the fact that the epectral back-
ground was affecting only a portion of the mixture epectrum,
hence the aeeumption underlying the perpendicu1ar projection
method that the background is about equally similar to both

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
response. Because of these unique spectral regions the two­
dimensional representations of the metal ion spectra are found
close to the outer bound.

Zscheile and co-workers (I3) used four RNA constituents
to evaluate the instability of the solution obtained for three­
and four~componentmixtures by ordinary least~squares re·
gression. More recently, Kalivas (14) performed simulated
GSAM experiments using these four compounds. Zscheile et
al. observed th'at 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 I. Figure 6 illustrates the distance
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
percentage of the response 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 replicate measurements. 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·
Iated mixtures of 10 replicate measurements allow detection
of the noise at twice the noise level. If 20 replicate mea­
sW"ements are made, 8 background component with a response
as low as half of the noise level may be succeasfully 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 anaIytes, 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 beat results were obtained using the
extreme vertex projection technique; and the poorest results
were ·obtained from ordinary least-squares regreBSion. No
underlying relationship oould be distinguished which related
the magnitude of the errors in the analyte estimates to the
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during a multicomponent analysis. Second, to provide a means
of obtaining estimates of the desired analyte concentrations
if an W1Suspected interferent was found. The methods which
have been proposed have combined approaches based on
multicomponent calibration, quantitation, and resolution
methods.

The simulated experimental data coUeclod 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 W1SUSpected interferents
during a multicomponent analysis. Figure 6 suggests an overaU
limit to t....e 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, iUustrate 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 posse88ed unique spectral features this method did
not perform as weU as the perpendicular projection approach.
Recalling that the perpendicular projection method was based
on tbe 888umption that the background was approximately
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equally similar to each of the desired anaIyte spectra may sIIow
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 miJ:ture 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 oversll 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 8 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.

LITERATURE CITED

817

Automated Fluorometric Method for Hydrogen Peroxide in
Atmospheric Precipitation

Allan L, La,rus,· Gregory L. Kok, Sonia N, Gitlin, and John A. Lind

Notional Center for Atmospheric Research, P.O. Box 3000, Boulder, Colorado 80307

Scott E. McLaren

Atmospheric Science Research Center, 1400 Washington Avenue, Albany, New York 12222

An automated analyUcal technique to, the determination of
hydrogen peroxide (H,O,) In the liquid pha.. hu been •
veloped, The chemistry 01 thla technique la bal8d on the
reaction 01 H,O, wllh horoeradlah peroxldaae and p­
hydroxyphenylacetlc acid (POPHA). The reaull1ng reectlon
lorms the tluorescent dlmer 01 POPHA. By use 01 conven­
tional lIuorescence detection technlquea a detection limit of
1.2 X 10" M (0,4 ppbm) H,O, la obtaIned lor a 1.5-mL
aqueous sample. The coelIIclenl 01 variation Is 0.88% at 1.8
X 10" M (53 ppbm). The analytical chemical reaction re­
sponda alolchlometrlcally to both H,O, and organic hydro­
peroxides. To cIIscrlmInate H,O, from organic hydroperoxlclea,
a novel dual-chennel chemical now ayatem has been de_
to ..parately determine total hydroperoxldea and organIc
hydroperoxldea. The concentration of H,O, Is determined by
the dillerence between the.. two measurementL The ays­
tern has been tealed extenalvely lor potential Interferences
commonly 1000d In envlronmentala~ umplea, and none
haa been observed.

analytical method for H,O, (5, 6) provided the first approach
for determining H,O, 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 H20 2 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,O" even though the
sample had been treated with the enzyme catalase. The
selective decomposition of H20 2 by catalase has been used
earlier to identify H,O, in atmospheric samples (9)

2H,0,~ 2H,0 + 0, (1)

Peroxidase is another enzyme characterized by selectivity
toward hydroperoxides. In the presence of a hydrogen donor
molecule such as p-hydroxyphenylacetic acid (POPHA) the
enzyme peroxidase catalyzes the reduction of H20 2 via the
following reaction (10):

(2)

@J§CooH
PEROXIDASE.CHlCOOH

Z [8J' H,O,

OH 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 (-a-O-H) bond broken, one dimer is
formed. The fluorescence of this dimer is therefore directly

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,O, in precipitation samples have been limited
by the availability of sensitive analytical techniques. Early
studies on H20 2 in precipitation were conducted using icr
dometric techniques (3, 4). The luminol chemiluminescence

0003-2700/85/0357-0917$0'.50/0 e ,9S5 American ChomIcaI Socloly
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figure 1. Technk:on AutoAnalyze( pump manifold and now 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,O,
in cloud water were conducted between the luminal method
and the present technique at Whiteface Mountain, NY.

The technique utilizes a dual channel flow system and dual
cell fluorometer which provides simultaneously the fluorescent
signal resulting from the peroxidase reaction (eq 2) and an
analytical blank derived from the cata1ase reaction (eq 1). The
chemical reagents are identical in both channels, except for
the addition of cata1ase to the second channel which destroys
the H,O, 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 conceivably 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 signa/B (e.g., I... than 1% of the H,O, 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,O, that significant scavenging of these organic
substances from air by cloud droplets or rain is not likely (I1).

EXPERIMENTAL SECTION
A detailed description of the reagen18 is given in Table J. The

flow system is operated with a Technicon AutoAnalyzer 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 lubes is advisable.

The sample (1.5 mL) is loaded, using a glasa syringe with a
Teflon plunger, into 8 sample injection valve and split equally
between the two channels. The sample channel is initially seg­
mented with air bubbles in order to maintain sharp concentration
gradients along the stream.

The sample conditioning reagent (Table 1) is then added.
Potassium hydrogen phthalate buffer adjusted to pH 5.5 maintains
the sample in the appropriate pH range for both the catalase and
peroxidase reactions. The buffered reagent also contains BUTA
to prevent possible interferences by metal ions.

Table I. Reagent ConcentratloDs 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 a units of cotolascjmL' of reagent

Fluorescence Reagent
0.35 M KHPhthslste, sdjwted to pH 5.5
8.0 x 10-3 M p-hydro:r.yphenylacetic acidd

8 purpurogaJlin units of peroxidasef/mL reagent

Base
0.4 M NaOH'

.. Potassium hydrogen phthalate, Fischer Scientific Co. P·243.
Adjust pH using 10 N NeOH. II Sigma Chemical Co., ED 485.
'Sigma Chemical Co., Stock C·100. dKodak (Eastman Kodak Co.),
Lot No. CBB. 'Sigma Chemical Co., Stock PB375, Type V!. 'J.T.
Baker Co.

The fluorescence reagent (Table I) next joins the sample stream.
The POPHA must be purified before usc by recrystallizing from
aqueous solution. Activated charcoal is used in the recrystalli­
zation to remove impurities. All other ree.genls can be used as
received. The fluorescence reagent can be kept for Reversl 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 }0.0. 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
Sign:a Chemical Co. This material, obtained from bovine liver,
is doubly crystalJized and suspended in water containing 0.1 %
thymol with an indicated activity of35300 Sigma units per mg
of protein. One Sigma unit of catalase activity will decompose
1.0 X 10" mol of H,O,/min at pH 7.0 at 25 'C, while the con·
centration of H2U2 lalls from to.a X 10..(; to ~.~ x JU-o:. moljmL
of reaction mixture.
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Flgwe 2. Optical diagram for the dual beam fluorometer.

H,o, standards were prepared by serial dilution of a stock HA
standard. The H 20 2 concentration of the stock standard is de­
termined by titration with KMnO.. A 1% H 20 2 standard is
prepared by dilution of commercially available 30% H20 2• The
1% standard is preserved by the addition of 5 x 10-6 M sodium
stannate. Stock H,O, solutions prepared in this manner are found
to decay at 8 rate of about 1% per month. Working standards
are prepared daily. Glassware to be used for the fllSt time in
preparing H 20 2 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 accomplished by replacing
the catalase reggent with 0.1 N HCI and running the flow system
for a few minutes. The strong acid will denature the catalase
instantly. After the removal of the catalase, water is set in place
of the catalase reagent and the channel calibrated with H20 2 in
the regular manner.

]n analytical work with H20 2 it is important that all solutions
be prepared from water that is free of bacteria as well as ionic
impurities. ]n 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 10'1l. Bacteria may be present in cartridge deionization
systems which rapidly decompose H 20 2• ]t 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
procedure of Riche and Hitz (14). These peroxides were purified
through repeated extractions and washings with water. Technical
grade tert-butyl hydroperoxide was obtained from MaJJjnluodt.
Peroxoacetic acid, 40%, was purchased from FMC Corp, Buffalo,
NY. Methyl hydroperoxide and peroxoacetic acid were individ­
ually 8888yed by using iodometric tecbniques (15).

To use the instrument for the quantitative determination of
methyl hydroperoxide and peroxOBcetic acid up to concentrations

of about 3 X 10-6 M. it is sufficient to calibrate with "lOt- For
higher concentrations, or for organic bydroperoxides oC higher
molecular weight, calibrations with the specific compounds are
neceuary. Except in the case of peroxoacetic acid the rate of the
peroxidase-catalyzed reaction is slower for these compounds and
at higher concentrations under the described conditions of the
automated test incomplete reaction may lead to nonlinearitiea.

An optical diagram of the dual-beam fluorometer is shown in
Figure 2. The instrument is comprised of two fluorometer 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 Hamamatsu R268 photomul­
tiplier tube for fluorescence detection. Since the optical system
is designed to be used specifically with tbe peroxidase/POPKA
reagent system, interference ftlters rather than monochromaton
are used to isolate the excitation and emissions wavelengths. 320
and 400 run, respectively. The optical system is rigidly mounted
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 Ibs, and its dimensions are 18 x 10 x 15 in. It requires 120
W at 115 V. For the complete fluorometer unit two chasais are
required: one contains the fluorometer and the reagent flow
system while the second contains the signal processing electronics
and the readout uniL

The electronics system, sbown in Fi&ure 3, is comprised of two
identical high voltage/electrometer units for detection and am­
plification of the fluorescence signals, and a common aystem
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 pbotomultiplier tubes.
]n 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.



820 • ANAlvTlCAL CHEMISTRY. VOl. 57. NO.•• APRIL 1985

Figure 3. Signal processing system for the dual beam fluorometer.

The photocurrent representing the fluorescence signal is am­
plified with an analog electrometer. Current suppression from
10-" to 10-< A is provided if suppression of high background signals
is necessary.' To reduce the noise in the signal output, 8 low pass
filter, 0.1 Hz frequency cutofr, 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 fluorometer ace 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,O, the standard
deviation is 1.02 X 10"" M. equivalent to a coefficient of
variation of 0.7%.

Plots of peak height VB. concentration are linear with con­
centration up to about 1.8 X 10-6 M or 0.6 ppm H,O,. Most
values we have measured at Boulder, CO, or Whiteface
Mountain, NY. are below this concentration. Above this value
the curve becomes slightly nonlinear.

We have adjusted the concentration of reagents to accom­
modate H,O, concentrations 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 measurements. At concentra­
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
nonlinearity at higher concentrations. 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 posaibility is a de­
creasing yield of dimer from the higher concentrations of H,O~
However, no improvement W88 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 concentration. interferes chemically
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,O, concentrations
in spite of the alight nonlinearity. no further efforts were made.

The peroxidase channel will yield a signal for organic hy­
droperoxides as well as for H,O,. Dialkyl peroxides do not
give a signal. Since catalase does react slowly with some
organic hydroperoxides, it is necessary to establish the can·

ditions under which the H,O, 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 hydroperoxide. and peroxoacetic acid
were investigated. Only methyl hydroperoxide exhibited an
appreciable reaction with catalase under the conditions of the
automated teat. H 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 H20 2 value. On the other hand, incomplete destruction
of the H,O, by too little catalase would yield too high a
background signal. and a final H,O, value which is spuriously
low. To investigate the effect of these two compensating
errors. the ratea of conversion of MeOOH and H,O, by catalse
under the recommended instrwnental conditions were studied..
At 22°C and a constant 40-s reaction time, the rates of loss
of MeOOH and H,O, were studied as a function of catalase
concentration. The following expressions describe the rates
occurring specifically under the conditions of the automated
instrument:

(H,O,)rm'"
In (H,O')initW = [-(1.7 ± 0.1) X 1O-<j(catalase)(Ll.t)

(MeOOH)final

In (MeDOH)ini,i'"
[-(0.072 ± 0.008) X to-<j(catalase)(Ll.t)

where (catalase) is activity of catalase as Sigma units per liler
and 6t is time as seconds.

Catalase reacts 24 times f..ter with H,O, than with MeOOH
under the conditions of the automated methods. To minimize
errors introduoed by MeOOH, we use a coocentration 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 I. to a final activity
of 70600 Sigma units per liter.

The application of the above empirical rate expressions yicld
the following errors in H20 2 determination for the worst case
in which the organic peroxide is entirely MeOOH and is
present at the indicated percentsgcs of tots! hydroperoxide:

% MeOOH 0% 5% 10% 20%

%H 20 1 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
fonnaldehyde and bisulfite ion (hydroxymethanesulfonic acid).
Normally, bisulfite ion will not coexist with H20 2 in precip­
itation samples. However. the adduct of formaldehyde and
bisulfite ion can coexist with H,O, at pH.5 (/2). Thc hy­
drolysis rate increases with pH (/3) 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,O, (5.6 X 10-6 M) by 6%.
This interference was eliminated by first adding formaldehyde
(1 X 10-' M) to the sample stream through a 0.16 mL min-'
pump manifold tube. With formaldehyde present, the adduct
at 1.5 M X 10-6 causes no interference in the measurement
of H,O, at either 1.5 X 10-< or 1.5 X 10-7 M H,O,. Running
the test at pH 5.5, as described in the Experimental Section,
eliminates the interference by hydroxymethanesu)fonic acid
and therefore the need to introduce formaldehyde reagent.
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Figure 4. lntercomparlson between the luminal method and the
peroxida$8 enzyme technique on ckMJd water samples colected at
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may be encountered. It is recommended 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 H2~
in 284 cloud water samples at the peak of Whiteface Mountain
were made simultaneously using the luminal 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 10-5
M H,O, (0.5 ppm) the discrepancies can be quite large. The
median concentration of H,O, by the enzyme method was 5.4
x 10-<1 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,O, = 3815 ppbm) the regression
equation relating the two data sets is

luminol (H,O,) = 1.01 enzyme (H,O,) + 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,O, by the enzyme technique was
183 ppbm. By use of only data points below the median value,
t.he regression equation becomes

luminol (H,O,) = 1.5 enzyme (H,O,) + 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 Fi3her Z transformation. The lower line in Figure 4 in­
dicates the plot anticipated {or perfect agreement between
the two methods, and the upper line shows the actual linear
regression represented by eq 4. The data show 8 tendency
for the luminol signal to be higher than the enzyme signal.
Catalase was added to samples to destroy H,o, prior to testing
by the luminol method. However, only a portion of the signal
was eliminated. The residual signals were comparahie to the
differences between the H,O, concentrations indicated by the
two analytical tests, suggesting a positive interference in the
luminol method.
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Table II. Sample Deterioration Testa

[H,O,I,
date pH ~M decay Ihours % 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 3.5 -7%/1.8 3.9
2nd Determination -10%/2.1 4.8
avernge a 5.6, 8.1

Q 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 20 2- We have not found interfrences by commonly oc·
curling atmospheric trace constituents. Ferrous ion and by­
droquinone tend to eliminate the H,O, signal by reaction with
H20 2- Ammonium, potassium, sodium, ferric, and manganous
ions had no effect. Iodide, 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. Howevert below pH 3.0, nitrite ion
chemically reduces H,O, (17). Bisulfite ion below pH 4.6 also
rapidly reacts with H,O, in the sample.

By far the greatest source of error is loss of H,O, with time
in collected samples. We have found that gl888 and Teflon
containers, though superior to other types, still do not prevent
significant loss of "202. The addition of common preserva­
tives for H20 2 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 H20 2 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 H20 2• Since the dimer of p.
hydroxyphenyiacetic 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,O, 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 measure the H20 2 concentration in the original sample
immediately before each addition. In ambient precipitation
samples H,O, can decay rapidly. If the data are not corrected
for this H,O, 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 peroxidasa H,O, analytical tech·
nique for all of the differing sample matrix conditions which
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Determination of Acidity Constants by Solvent Extraction/Flow
Injection Analysis Using a Dual-Membrane Phase Separator

Lynette F088cy and Frederick F. Cantwell·

Department of Chemistry, University af Alberta, Edmonton, Alberta, Canada 7'6G 2G2

(1)

The absorbancaa 0/ both Iha organic and aquaoua pha.a. In
a solvanl axtractlon/llow injection analysl••y8l8m ara sI­
muHaneoualy mon"ored. Acld"y conatant. ara d8tannlnad
Irom alralgbl Una pIota ralallng lhe r.tIo 0/ peak ara.. In the
.quaou. .nd org.nlc ph..... A.'A., 10 the hydrogen Ion
aellv"y 01 Iha .queou. ph.... Theor.tlc.1 aquatlons de­
scribing this raiallonallip lor both HA .nd BH+ ch.rge Iype
.cld••ra darlvad .nd verlliad experlment.Uy ualng 3.5-<11­
mathylphenol (pK. = 10.09 ± 0.01) .nd p-toluldlnlLllllon
(pK. = 5.28 ± 0.01). Tha distribution coalllciant 01 Iha
neutr.1 conJug.ta apecla. I••Iso obt.lnad during tha axpar­
lm.nt. Some dI.tlnct pr.ctlc•••dv.nt.ga. to u.lng Iha
duaJ-membrana device Ovar the alngI<Hnembrane davlca .re
dlacuued.

The use. of solvent extraction for determining acid-base
dissociation constants (1-7) 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. detennination by solvent extraction more
.ttractive (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

tablets (9. 10). In the present paper we use a solvent ex­
traction/FIA technique employing two membrane phase
separators which allows simultaneous 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
phose Ao, 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

bfn'B,){BK.
A o = ' ..

F.QH + F.K. + F,){"K.

Here b is Lbe path length of the spectrophotomotcr 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, (8.0 is the molar absorptivity of the sample
in the organic phase, Kg is the distribution coefficient of the
conjugate base B, K. is the acidity constant of BH+, F. and
Fo are flow raLeS of the aqueous and organic phases, respec­
tively, and aH is the hydrogen ion activity in the aqueous
phase. This equation is similar to eq 4 in ref 10 if Lbe "system
constant" in that paper is defined as K = /b(B.o'
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(2)

(3)

(6)

1 F. + F.KHA 1 F.K.
A;; = bfn'HA..,KHA + ;;;; bfnEHA..KHA (10)

A plot of 1/A. va. l/aH should yield a strightline with slope,
S., and y intercept,l... from which the distribution coefficient
can be calculated using the expression

[.F.K. - S.F.
K HA = S.F. (ll)

EXPERIMENTAL SECTION
Apparatus. A diagram of the solvent extraction/FlA system

used in the pK. determination is shown in Figure 1. Its design
is similar to that of a previously described instrument (10) Ytith
the main difference being that there is only one aqueous soJvent.
Solvent flows are maintained via constant N2 pressure pumping.
The organic phase is cyclohexane which is contained in a glass
bottle inside an aluminum pressure cylinder. The six reagent
buffers and water are held in seven glass containers inside a
multireagent aluminum pressure cylinder described previously
(10).

Valve V. is a six-port rotary valve (part no. H6031V6, Labo­
rato<y Data Control) used to select anyone of six reagent buffers.
Valve V, is a three-porl slider valve (part 00. CAV 3031, LDC)
which allows selection of either buffer or a water wuh. AU tubing
is made of Teflon. wbith 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
V3 (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 T1 into two parallel branches which
are reunited at T2 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 T3 (part no. CJ-3031, LDC) and the res\dting tw~

phase flow passes through the extraction coil, C.
The aqueous phase is separated from the organic phase at the

end of the extraction coil via a dual·membrane phase separator
as described in a previous paper (10). The extraction coil and
phase separator are immersed in a constant temperature bath,
shown as dashed lin.. in Figure 1. The absorbance of the organic
phase is monitored with spectrophotometer SI (Spectroflow
Monitor 757, Krstas Analytical Instruments) while the absorbance
of the aqueous phase is monitored with spectrophotometer ~
(Varichrom photometric detector, Varian). The signals from 8l
and S2 are fed to two channels of a digital integrator (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 now control (9, 10).

The apparatus was modified for determination of molar ab-­
sorptivity ratios of the protonated and deprotonated sample

tively, of the plot of A./Ao VB. 1/au. Finally, to measure KUA'
eq 6 can be linearized by taking the reciprocal of both sides,
viz.

Flgwe 1. Diagram of the sofvent ttxtraction/FIA Instrument used tor
pK. determinations; see text for details.

A similar expression can be derived for sample peak area
in the aqueous phase, A.. taking into account both absorbing
species, B and BH+

A _ b'{'n(·OAK• + 'OWAOH)

• - F.o H+ F.K. + F.,KoK.

where b' is the path length of the flow ceU in the spectro­
photometer used to monitor tbe aqueous phase, f' is the re­
sponse factor for the aqueous phase detector and integrator,
and Ea.. and Eaw.. are the molar absorptivities for the neutral
and protonated sample species, respectively, in the aqueous
phase.

The denominators of eq 1 and 2 are the same 50 that di-
viding eq 2 by eq I, yields the foUowing simple expression:

A. blrED.. blrEsH·..
- = --- + °H---­
A. bf.o..,Ko bf.o..K.Ko

where S3 and 13 represent the slope and y intercept, respec·

A = bfn·HA..KHAaH
• F.aH + F.K. + F.KHAaH

where EHA.o is the molar absorptivity for the neutral form of
the sample species in the organic phase and K HA is the dis·
tribution coefficient of the neutral species HA. Likewise for
the aqueous phase

b'{'n('HAAoH + 'A'AK.)
A. = F.o H+ F.K. + F.,KHAoH (7)

where EHA.. and EA'.. are the molar absorptivities of the pro­
tonated and deprotonated sample species, respectively, in the
aqueous phase. Dividing eq 7 by eq 6 yields the foUowing:

A. b'f"HAA 1 b'f"A,fi.

A. = bf'HA..KHA +;;;; bf'~HA (8)

A plot of AJA. VB. l/oH should yield a straight line from which
can be calculated the acidity constant, K.

K = ~ 'HAA (9)
• /3 EA-..

When the sample 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. va. aH should yield
a straight line. It is then possible to determine the acidity
constant for BH+ from the slope, Sit and intercept,l10 of the
plot as weU as the molar absorptivity ratio of the protonated
and deprotonated sample species in the aqueous phase

K == ~ EDH+.. (4)
• 51 Ea..

The distribution coefficient of the neutral conjugate species
B can alao be calculated by using K. and the data coUected
for the organic phase. As discussed previously (JO), eq 1 can
be linearized by taking the reciprocal of both sides so that a
plot of 1/A. vs. aH should be linear. The distribution coef·
ficient K B can be calculated from the following expression:

[,F. - S,F.K.
K B = S,F.K. (5)

where I, and S, represent the intercept and slope, respectively,
of tbe plot of 1/A. vs. aH'

An equation can be derived alao for an HA type acid which
relates sample peak area in the organic phase, Ao, to the
aqueous phase pH, assuming that HA is the only extractable
species



'U • ANAlYTICAl CHEMISlRY, VOL 57, NO.4, APRIL 1.85

species in the aqueous phase by disconnecting T 2 from T 3 and
dhu~onnecting t.he membrane phase separator, M, from the
aqueous phase detector, 8 2• and then directly connecting T 2 to
S,.

All pH measurements were made with 8 glass and calomel
electrode pair using an Accumet Model 525 pH meter (Fisher
Scientific Co.).

Reagents. Water was demineralized, distilled, and finally
distilled from alkaline permanganote. AnaJytical grade cyclo·
hexane was purified by passage through a silica gel column
containing 8 sintered Klass Crit 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 hy adding enough NH4;Cl to yield a final concen·
tration of 0.10 M and enough concentrated aqueous ammonia to
yield the desired pH in a final volume of 1000 mL Reagent buffers
"f 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
rinnl concentration of 0.10 M nnd enough glaciaJ acetic acid to
yield the desired pH in a final volume of 500 mL. 3,5-Di­
melhl'lphenol (Aldrich Chemical Co.) and p-toluidine (B.D.H.
Chemicals) were both 99+ % pure as reported by the manufac­
turers. Sample solutions of 3.5-dimethylphenol and p-toluidine
contained 0.10 M NaCI.

For (he determination of molar absorptivity ratios, reagent
huffen. of pH 2.0. 12.0, and 12.6 were prepared by appropriate
dilution of 0 solution of concentrAted He) or NaOH with H20
until the desired pH was reached.

Molar Absorptivity Determination. Molar absorptivity
ratios fnr the protonated and deprotonated 68mpJe species in the
aqueous Jlha~ were measured with the same spectrophotometer
and wavelength Metting as those used for the acidity constant
det.erminntion.

The molar absorptivity ratio. (HA.~./t.A·.. for 3.5-dimethylphenol
waR determined by preparing two sample solutions, both 3.0 X
)0-' M in :l,Ii-dimethylphenol but one adjusted to pH 2.0 with
HCI and the other adjusted to pH 12.6 with NaOH. These
l4ltmple... werp injected into on Hel or NaOH re~ent of the same
pH and peak areas were measured for six replicate injectiolls.
Important instrument parameters were as follows: flow rate, 0.7
mL/min; wavelength, 281 nm; volume injected, 44 IJL; sampling
frequency, one injection per minute; N2 pressure. 20 psig. The
flow rates differed slightly (0.01 mL/min) for the two reagents
Foo that peak areas were corrected to a constant now rate of 0.690
mL/min us previously described (9).

The molnr absorptivity ratio. ~DW../(8... 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 a.~ fo!l()Wf.; flow rate, 0.5 mL/mini wavelength, 260 nm. Here
too a small correcl.ion was made to peak areas 88 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 aJl 0.10 M in NaCI to reduce
refractive index effects (see Results and Discussion). Calibration
cun·es fur :J,5.dimethylphenol were obtained at a wavelength of
281 nm by injecting samples ranging in concentration from 8 X
1O·~ M to 8 X 10" M into an ionic strength 0.10, pH 9.80
NH3/NH.CI huffer. CaHbration curves for p-toluidine were ob­
tained nl a wavelength of 260 nm by injecting samples ranging
in conrentration from 4 X 10" M to 1.4 X 10-3 M into an ionic
strength 0.10. pH !dl acetic acid/sodium acetate buffer. The
orgnnic Rnd aqueous phases were monitored simultaneously and
peak areas were measured for each sample injected.

Acidit}, Constant Determination. The acidity constant of
3,f>.dimelhylphenol was determined by injecting a aample solution
that was 4.0 X 10-< M in 3,5-dimethylphenoland 0.10 Min NaCI
into rea~ellt buffers of variou8 pH. The reagents were ionic
strength 0.10 NH,/NH,CI buffers that ranged in 0.1 incrementa
of pH from pH 9.6 to pH 10.1. Additionally, a sample that was
0.10 M in Noel was injected into each reagent buffer to serve as
8 blank. The extraction coil was made long enough to ensure that
ext.raction equilibrium was attained, and the e:r.traction coil and
phase separator were thermostated to 25.0:i: 0.1 ce. Both the
organ!c and aqueous phases were monitored simultaneously. and
peak area8 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 e:r.traction/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 ~L; sampling frequency, one injection per minute; N2
pressure, 40 psig; total cyclohexane now rate, Fo• 2.5 mL/min;
total aqueous flow rate, F.. 2.2 mL/min; cydohexane flow through
the membrane, Fmp' 0.9 mL/min; aqueous flow through the
membrane, Fm.a. 1.1 mL/min.

The acidity constant of the p-toluidinium ion was determined
in a similar manner using a sample solution that was 1.0 X 10--3
Min p-toluidine and 0.10 M in NaCI. 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 thennc::-.tated at 20.0 :::t: 0.1 °C. Instrument
parameters that differed from those listed above for 3,5-di­
methylphenol were as follows: wa\'elength for both detectors, 260
nm; F., 2.1 mL/min; Pm.., 1.0 mL/min.

RESULTS AND DISCUSSION
Two compounds, 3,5-dimethylphenol and p-toluidine, were

chosen to wst the method for HA and BH+ charge type acids,
respectively. Although our discussion will pertain 'mainly to
the use of a dual-membrane phase separator to monitor both
the organic and aqueous phases, two single-membrane phase
separators each designed as previously (9) and placed in series
could be used inatead.

Experimental Conditions. In the design of the e:r.peri.
ment for the determination of the acidity constant of a par­
ticular compouna, 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 K HA or Kg should be between approximately 1 and 10,
although thia will depend on the molar absorptivitics 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 cyclohexane using
the Cary 118 spectrophotometer over the concentration 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 8 zero intercept. For the latter compound a
plot over the concentration range 4 X 10-5 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 eX~J'acted into cyelc­
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 absorbaDces of the cy­
c10hexane 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 aqueous and organic solventa
is significant, the phases should be preequilibrated 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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Tab!e t. AcidIty Constant Determination by Solvent Extraetion/FIA

compound trial no. ,lope (:"!o RSD)' y intercept· pK;

3,5-dimethylphenol 4.49 X 10'10 (:1.3"!o) 2.71: 0.10 10.08 ± 0.01/
4.49 X 10-10 (:1.1%) 2.84 : 0.08 10.10:: O.01 3(

p·toluidinium 4.31 X 10' (:0.73%) 6.17: 0.08 5.30 ± 0.01/
4.10 X 10' (:0.77"!o) 6.16: 0.09 5.27 ± 0.01 3<1

oPercent relative standard deviation. "'Uncertainties are 95% confidence limits. 'Temperature = 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.

Table 11. Distribution eocrnclent Determination by Solvent Extraction/FIA

distribution
compound trial no. ,lope (:% RSD)' y intercept· Fo' mL/min F•. mL/min roerticient'

3,5·dimethylphenol 4.75 X 10-10 (:2.1"!o) (2.14: 0.02) X 10-' 2.50 2.18 2.-1: 0.2'
4.60 X 10-10 (%4.3%) (2.16 : 0.03) X \0-' 2.49 2.22 2..1 ± 0.2"
4.94 X 10-10 (:2.2"!o) (2.16: 0.02) X 10-' 2.57 2.26 2.2 ± 0.2"

p.toluidine 0.700 (:0.47'7.) (1.669: 0.009) X 10-' 2.50 2.12 3.2: 0.2"
0.648 (:0.63'1.) (1.72: 0.01) X 10-' 2.60 2.12 3.3: U.:!"

oPercent relative standard deviation. ·Uncertaintics are 95% confidence limi18. (Temperature = 25.0:i: 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 c..e the ph....
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 w.. added to the sample solutions injected for two
reasons. Most importantly, an inert electrolyte is added to
ensure constant ionic strength throughout the concentration
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 ph..e be different at the wavelength chosen. It is,
of course, also not necessary to have both spectropholometers
set to the same wavelength.

It 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 I 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 refractive index
between the sample plug injected and the surrounding reagent
stream. The effect is characterized by adjacent positive and
negative peaks .. 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 shap...
especially for sampl.. of low absorbance. Various authors have
noted this effect (13-15) and Betteridge et aI. (15) have given
a detailed analysis of the phenomenon .. it pertains to flow
injection analysis.

In the present study refractive index peaks occurred in the
aqueous phase. It w.. 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
10 the peak area for the absorbance peak of the sample. If,
however, the sample absorbance peak is sman 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. ]n
the present case, the ionic strength of the sample solution w..
matched to that of the reagent stream by adding salt (NaCI)

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
monilored by injecting 0.10 M NaCI inlo each reagent. in place
of the sample. Their small size and the fact thaI the posilive
and negative portions were of equal area resulted in no
problems in measuring sample peak areas for the sample
concentrations 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 obtaioed at low pH
and at high pH is equal to the ratio of molar absorptivities.
For 3.f,·dimethylphenol.HN1.... at 281 nm was 0.500: 0.005.
while for p-toluidine '8M'.1 '8. at 260 nm was 0.353 : 0.006_

Calibration Curves. Equations 1 through 11 assume a
linear relationship between integrator signal and conc..-enlra­
tion. This was checked for 3,&-dimelhylphenol and p-Ioluidine
for both the organic and aqueous phases using the solvent
extraction/FlA system. The plot of peak area for the organic
phase vs. concentration of 3,S·dimethylphenol injected was
linear with relative standard deviation (RSO) for Ihe slope
of 0.28"1•. The y intercept and its 95% confidence limits were
64.0 ± 64.8 in arbitrary integration units_ A similar plot for
the aqueous ph..e w.. linear also with a RSO for the slope
of 0.46%. The y intercept and ita 95% confidence limits were
-3038.0 ± 4218.6.

The plot of peak area for the organic phase VB. concenuation
of p-toluidine injected was linear with a RSO for the slope
of 0.74"1•. The y intercept and its 95% confidence limits were
9.4 ± 881.4 in arbiUary integration units. The corr..ponding
plot for the aqueous phase w.. a straight line with a RSO 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 fur both
compounds in the aqueous phase shows that the underlying
refractive index peaks do not have a net effect on sample peak
areas.

Acidity Constants. The acidity conS/ant for 3,5-di­
methylphenol w.. determined from plots of A,IA. "s. I/0H'
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 computed errors are re-
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ported in Table J. The linearity of the plata is evidence for
the validity of the equations for HA charge type acids. The
average value of the pK. Cor 3,S-dimethylphenol at an ionic
strength of 0.10 and temperature of 25 ·C was 10.09 ± 0.01,.
The stated uncerllUnty is one standard devistion 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'
traphatometrioally and corrected for activity coefficient effects
to zero ionic strength are 10.20 (I6) and 10.19 (I7). For
comparison purposes if we correct our pK. value to zero ionic
strength by calculating the activity coefficient via the Davies
equation (I8), we obtain a pK: value of 10.20.

The acidity constant for the p-toluidinium ion was deter­
mined from duplicate plata of A./A. vs. 0H' The resulta are
reported in Table J. The linearity of the plata is proof of the
validity of the equations for BH+ charge type acids. The
overage value of the pK. for the p-toluidinium ion at an ionic
strength of 0.10 and a temperature of 2O.0·C was 5.28 ± 0.013,

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 Band HA between cyelohexane and the aqueous 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 K B and K HA• The slopes and y
intercepta 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 constants 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/A. vs.
l/OH should give a straight line. If the system constant, 'HJv,bf.
is measured in a separate experiment and accurate values are
obtained for F., F., and n, a value for K HA can be calculated
from the intercept and K. can be calculated from the slope
of that plot. The system constant is determined by using a
single phase FIA system by injecting a sample of known
concentration (dissolved in the organic phase) into a stream
of the same organic phase. The injection valve is placed close
to the detector of interest to minimize band broadening, and
peak areas are measured for each sample injected. It is of

course important to use the same detector and integrator
settings as for the acidity constant detennination. The system
constant is determined from the relation A = nK/F. (9).

Similarly for a B base, eq I can be rearranged to describe
a linear relationship between 1/A. and 0H (10). The product
KaK. can be calculated from the intercept and K. from the
slope of that plot, if accurate values are measured Cor {B.obl,
F., Fo' and n.

The disadvantage of the two-membrane 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 preequilibratcd 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 constants can be obtained. Work is presently under
way to allow both the aqueous and organic phases to be
monitored using the reference and sample channels of a single
spectrophotometric detector.
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The electrochemical reduction 01 the antibacterial agent 1,2­
dlbromo-2,4-dlcyanobutane (OBOCB, T.ktamar) at m.rcury
.I.ctrod.s In acton"rll. II In••lllgat.d by a .arl.ty olt.ch­
nlqu.l. R•••r.. pul.. .oltamm.try shOWI that th. 1101­
chlometry oIthll two-electron reduction requlr.. the liberation
01 two bromld. lonl and an organic product 01 compolltlon
C,HIl, per molecule 01 r.actant. An eleclroanalylJcal method
tor th. d.t.rmlnatlon 01 OBOCB bal.d on r...... pulse p0­

larography II delCrlb.d and used to d.t.rmln. the lolublllty
01 OBDCB In wat.r. Th. solubll"y ot OBDCB In wat.r cal­
culat.d trom II•• analYI.1 II 0.164% (Itandard d••latlon
0.010%) lor a 5-mI puIIa tme or 0.156% (standard devlltlon
0.004 %) lor a 50-ms pulsa tlma.

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 (I). 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
metalIic 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 (,B-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 whicb 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.

I Present Address: Department of Chemistry, University of Ma­
ryland Baltimore County, Catonsville, MD 21228.

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 compound iJ·chloropropionitrile did not
reduce at the dropping mercury elettrode, whereas ,B-bro­
mopropionitrile exhibited a two--electron wave. On the other
hand, ~-iodopropionitrileexhibited 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,O 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 DBOCB 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). DBOCB 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 DBOCB which could c'Ompete 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 OBOCB in acetonitrile (this solvent was chosen
because of poor solubility of DBOCB 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 coml><'und, based on reverse
pulse polarography. is proposed.

EXPERIMENTAL SECTION
The compound 1.2·dibromo-2,4·dicyanobutane (OBDeB) was

obtained from Merck (98% purity; trade name Tektamer 38) and
was used without further purification. Tetraethylammonium
perchlorate (TEAP). tetraethylammonium bromide (TEAB). and
mercuric bromide were purified and solutions prepared and
standardized as described previously (25). Acetonitrile (AN) was

0003-2700/85/0357-0927$01.50/0 e 1985 American CherrkaJ Sodety
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Figure 3. NPP and RPP polarograms obtained In 0.5 mM solution of
OBOCB In 0.1 MTEAP/AN: delay Ume. 0.5 s; 5 ms pulse d...atlon;
E. -0.1 V (1), -0.9 V (2. 3), -1.8 V (4), -2.52 V (5), or -2.82 V (8).
Dotted lines were obtained In a solution without OBOCB.

figure 2. Concentration dopendonco on lI1e hoIght of tho hI and lI1e
second wave shown In Figure 1 (clIVe 2): cuve 1, current mea5lXed
between 0.00 V and -0.78 V; curve 2. current meast6ed between
-2.14 V and -2.78 V. Drop time was 1.0 s. OBDeS was present In
0.1 MTEAP/AN solution. •
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solution substantially changed the procesa. In the presence
of pheno~ethanol, or methanol only a single, well·shaped wave
was obtained, with Ell' -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
facta suggest the participatioll of protons in the mechanism
of the second proceas. 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 reductioll step is not affected by proton donors.
Although the E'I' of the corresponding w,ave shifts 'toward
more positive potentials with addition of these subotances,
this is caused by a change of the reference potential rather
than involvement of protons in the process. (Note the similar
changes in the E'I' 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 rnM). The NPP curve (curve I) exhibits
a reduction wave deformed by a maximum and another poorly
defined wave at -2.4 V. The shape, position, and height of
the second .wave is not changed if the initial potential (E,.)

figure 1. OC polarograms for 0.5 mM solution 01 OBOCB In aceto­
nitrile: curve 3, after addltlon 01 0.2 Mphenol; curve 4, AN containing
10% EtOH; curve 5, AN containing 10% MaOH. The supporting
electrolyte was 0.09 MTEAP. Drop Ume was 0.5 s. Dotted Uno 1 Is
lI1e background.

from Burdick & Jackson (UV grade). Water was distilled and
repurified with a Millipore Milli.Q System. All other chemicals
were at least ACS grade. Unless specified otherwise all voltam·
metric experiments were performed with 8 computer·controlled
pulse-voltammetric instrument based upon 8 Digital Equipment
Corp. PDP-8fe minicomputer and homemade interface. The
system has hoen descrihed elsewhere (28). A dropping mercury
electrode (DME) had the following characteristic: natural drop
time 7.85 s (measured in AN at the OCP and 84 ern 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. Experimenta with 8 static mercury
electrode were carried out with an EG&G PARC Model 303 static
mercury drop electrode (SMDE). The medium drop size (0.0182
ern' area) was used. All potentials were measured and are reported
agoinst an Ag/Ag+ electrode (Ag/O.Ol M AgNOs alld 0.1 M TEAP
in ANIIO.l M TEAPllso!ution). 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,O and
<1 ppm 0, (Vacuum Atmospheres drybox with a MO·4().lH
dry·train control system). A hanging mercury drop electrode
(HMDE) (Metrohm Model &410: 0.022 em' area) or a glassy·
corban disk electrode (GCDE) (ffiM; 5 mm in diameter) was used
for CSCV.

Constant potential coulometry of DBDCB on mercury (a
mercury pool electrode; ca. 8 ern') was carried out as described
hofore (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 stepe. As shown in Figure 1 (curve 2) the first step
produces a complex. poorlyahaped wave. The limiting current
of this wave, measured at -0.78 V, increased proportionally
to the concentration of DBDCB (Figure 2, curve 1) and was
not affected by proton donors. The second step gave two
ovsrlapping waves beginniug at -2.4 V. The total limiting
current was not proportional to the concentration (Figure 2,
curve 2). Increase of the concentration of DBDCB cauaod
larger separation and variation of the height ratios of the

.overlapping waves. Ths addition of protic subotances to the
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organic product 2,4-dicyano-I-butene. It should be noted that
establishing the stoichiometry does specify the composition
of the organic product as CeN2H6• 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
I, the current at -1.1 V. measured with respect to the back·
ground line, is 15 IJA, and for curve 3 the current at -0 4 V
measured VR. the background line, is 10 IJA. Thus th~ ex~
perimental ratio is exactly that predicted.
. The height of the RPP wave was proportional to 1.-1/ 2 (pulse

time) at constant td (delay timE: at Em), and to td
lJ6 at constant

t p, as we~ as to concentration of DBDCB. This unequivocally
proves that reaction 1 is controlJed 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 tW<relectron 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 platesu of the second
reduction wave exhibited an additional anodic wave (Figure
4, curve 5) with E l / 2 of -{l.35 V. This wave is caused by anodic
oxiqation of mercury in the presence of phenoxide ions formed
from phenol molecules as a result of the proton abstraction
by reaction at Em. 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 byethoxide
and methoxide ions. Karabinas et al. (29) have reported on
an analogous anodic process involving CH30- ions formed
during the electroreduction of some organic compounds on
mercury in methanol.

\Vithout an addition of proton donor (according to speci­
fi,cations 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 I and curves I and 2 in Figure 3). RPP experiments
with Em = -2.82 V produced a small anodic wave with E1J'l

= -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 El / 2 value as -{l.9 V vs. SCE.
This would correspond with the potential ca. -1.20 V vs. the
Ag/Ag+ electrode used in our work. Froin our experience we
know that hydroxide ions are very WlStable 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 witb El / 2 =-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.
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' I 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 mercury reacted chemically

(2)

················· .. ·_ ....7···..············

~ 1-----

Hg + 3Br· - HgBr3 + 2e-

Flgur... NPP and RPP poIarograms obtained In 0.5 mM solution 01
DBDCB in 0.1 M TEAP + 0.02 M phenol/AN. Aillhe experimental
conditIons were the same as shown in Figure 3.

is set at -{l.9 V. which corresponds to the plateau of the first
reduction wave (curve 2). This indicates that producta of the
electrolysi. at -{l.9 V do not adsorb on the electrode surface
and do not undergo any chemicaJ transformation which could
alter the second process. The same was observed in the 80­

lution containing phenol (Figure 4, curves I and 2). The
presence of phenol affects the second process 8S in de po­
larography.

The RPP curves recorded in acetonitrile (Figure 3, curves
3-5) sbowa .ingle anodic wave with E l / 2 equal to -{l.GO V. The
shape, position, and height of this wave remains constant when
E in 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 prixluct of the reduction of DBDCB
was generated in the first step, Le., on the limiting plateau
of the more positive reduction wave.

On the basis of the literature summarized above on the
cathodic reduction of halogenated organic compounds, we
assumed that free bromide 'ions had to be among producta 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 ob.erved for DBDCB. And indeed, pulse
polarographic experiments with solutions containing Br- (l
mM) or HgBr, (0.5 mM) gave exactly the resulta 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.

Tbe above resulta suggest the reduction of DBDCB in the
potential range corresponding to the plateau between the first
and the second wave follows the reaction

11I

Furthermore the RPP wave at E l / 2 = -{l.GO V corresponds to
the reaction (cf. ref 25) .

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 tbe suggested
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Figure e, Cycle volt8mmetry 01 DBDCB on glassy eo,bon electrode
(GCE) and on hanging IT18t'cury dropping electrode (HMOE) In acolo­
nltrDe. The solution was 0.5 mM In DBOCB and 0.1 M In lEAP. The
scan rate was 0.63 V 5-'.

This reaction was inhibited by adsorption of HgBr3- on the
electrode surface (e.g., the height of the first wave decayed
with increasing pulse time much faster than expected for 8

diffusion controlled process).
Double potential step chronocoulometric (DPSCC) exper·

iments with DBOCB showed unequivocally that HgBr,·
(formed at -{l.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 Hg2Br2. re­
action 4 must be considered.

Using OPSCC 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 OPSCC date for different times (O.5
s to 12 s) spent at -{l.05 V gave the rate of the chemical
reaction of DBneB on mercury surface equal to 5.2 x 10-11

mol S-l cm-2 (in moles of DBDCB per unit surface area of
mercury). The rate of a similar reaction between HgBr2 (in
solution) and mercury at -{l.05 V (Hg,Br, was also formed)
was 2.9 X 10.10 mol s·' cm-' (in moles of HgBr,), which appears
to be more than 5 times1arger than that for OBDCB. Neither
of these two chernice! processes was controUed by diffusion
of reactant. This seems reasonable considering the fact that
the Hg2Br2 layer on mercury was constantly growing.

Finally it should be steted 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 OBOCB on mercury electrodes. The
chemical reaction of OBDCB with mercury is discussed below.

Cyclic Voltammetry. Cyclic volLsmmograrns obtained in
a OBOCB solution with a glossy carbon electrode (GCE) or
with a hanging mercury drop electrode (HMOE) are shown
in Figure 6. The curves feature a striking difference in tho
position and shape of the first, more positive, reduction peek.

IN IN
Hi-I-CH,-CHz

19 r
Br Br

CN eN

I I
'7C=C-CH2-Ct12 + HQ2Br2 (4)

+ 2Hq -

CN CN
I I

Hzi-i-CH,-CHz
Sr Sr

CN CN

I I
3"zC=C-CH,-CHz + 2H9B,,' (3) .

Figure 5. NPP and RPP polarograms 01 the fhl reducUon step of
OBOCB (0.2 mM) l1acet_ (0. I M TEAP _I. SMlE was used
wtth a 2 5 delay before pulse was applied. Pulse tines were 5 (1, 18),
20 (2, 20), Of 50 ms (3, 30). Dc polarogram 'Of the some daley time
is &hown 8S curve 4. E~ was 0.2 V (curves 1-3) or -1.0 V (curves
10-30).

with DBDCB with formation of 8 gray precipitate covering
the mercury surface (cf. discussion below on constant potentiel
coulometric experiments). Moreover. the results of cyclic
volLsmmetry on a glassy carbon electrode (cf. cyclic volLsm·
metry section below) proved that mercury was involved in the
first step of OBDCB reduction. Examining, for example, the
shape of the first wave on curve 2, Figure I, provides additional
indications about adsorption involved in the process. It can
be seen that th~ reduction is initiated at a potential of co. 0.2
V and a trace wove and the moin wave with a very poorly
shaped foot are obteined. It was clear that NPP experiments
with E in in the range 0.1 to -{l.3 V (see the maximum on curve
I, Figure 3) were reflecting electrochemisLry of the products
generated on the electrode surface rather than the electro­
chemistry of OBDCB itaelf.

In further investigation of this process we used a static
mercury drop electrode (SMOE), which better suited studies
involving surface reactions or adsorption than a DME elec­
trode with growing surface area. Using double potentie! step
chronocoulometry in a 0.2 mM OBOCB/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
in the NPP experimenta on the SMOE. 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
OBDCB contains actually two major steps. The more negative
wave {E", = -{l.62 V for 5 ms pulse) corresponds exactly with
the anodic wove present on .the RPP curve (curves la-3a).
This reduction wave arises from the fmel reduction of OBDCB
to the unsaturated dinitrile and free bromide ions (cf. reaction
I). The height of this wove decays as t.."', 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 potentiels
more positive than -{l,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: .

CN CN

I I
3H,C-e-CHz-<:H, + 2H9 + 2,- .... -

I I
8< B,
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Figura 7. Comparison of CV voltammograma obtalnad In 0.2 mM
OBDCB (dotted Inas) and In 0.2 rrM HgIlr, llOOtIons In 0.1 M lEAP/AN.
The e'eetrode was SMOE. The Inhlal potential was 0.2 V for CtxV8S

1 and 2 or -1.0 V for curves 3 and 4. A 2 s delay at Inhlsl potentlal
was used and the scan rate was 0.25 V S-1.

On GCE the broad, irreve...ible reduction peak (/,) has E. =
-1.38 V whereas on HMDE the fi...t 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 dono... 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
duction ofDBDCB 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 fi...t 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 aoetonitrile, only
one two--electron irreversible wave was observed at E p = -2.50
V.

Comparison of the CV experiments carried out in solutions
containing nBnCB or HgBr2 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 I can be attributed to reduction of organomercury
product oCreaction 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 negalive potentials. This is
in good agreement with results of pulse polarographic ex·
periments discussed in the previous part.

Conotant Powntial Coulometry. During preparation for
coulometric experiments we observed that mercury was eaoiIy
(chemically) oxidized by DBDCB. In quiescent solutions a
darkish precipitate covered the surface of the mercury pool
inhibiting further reaction. If the precipitate was mechanically
removed from the aurface by me8J18 of vigorous stirring or
ultrasonic vibration (under open circuit potential conditions)
DBDCB was completely converted into unsaturated dinitrile

F1gura 8. Dc poIarogams PIE. 1.0. '*<>p time) cimg !he~
of 1.0 mM DBOCB _ at morcuypool~: CUV85 1. before
the electrolysls; ClItVes 2. aner the aIec1rolysls at -0.9 V; CutVe5 3.
an", the electrolysls 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
remained almost unchanged. Thus, reaction 4 above appears
to be responsible for the chemical reduction of DBDCB by
mercury. Although it was practically impossible to reduce the
suspension electrochemically, addition of bromide ions caused
immediate solubilization of Hg2Br2 according to the reaction

Hg,Br, + Br· '" HgBr3· + Hg (5)

Reduction of HgBr3- 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.

Because of the passivation of the mercury pool electrode,
electrolysis of DBDCB solutions required the following pro­
cedure. A 3().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 ","01 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 deweted with the DME (oxi·
dation of mercury, Figure 8). Exoept for a current olIset the
more negative reduct-ion 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 s 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 I). Tnis suggests that the
complete reduction was not posSible under the conditions of
limited availability of protons in the solvent.

Reveroe Pul.. Polarographic Method for Determina­
tion of DBDCB. 'We have shown above that under the
conditions of a de polarographic experiment the limiting
current of the fi...t reduction wave is controlled by diffusion
of DBDCB. The reduction process produced two bromide ions
per molecule of DBDCB, and there was no indication of ad·
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Flgufo t. RPP and Dc polarograms ot DBOCB In acetonitrile or In
aoalOOltrIo containing 9% water (dolled lines). A 1.0 s delay time was
used for tho llME eIectJOde. E. was -0.9 V; pulse time was 5 (1, 1a),
20 (2, 2a), or 50 ms (3, 3&). Curves 4 end 4a represent tho de
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 (Eu. = -0.1 V, potential pulses changing to more neg­
ative potentials) exhibited maxima and therefore could not
be used analytically. Also the dc polarographic curves were
poorly shaped. Our 8tudy proved that the reduction of
DBDCB on mercury is completely irreversible and none of
the products can be reoxidized. On the other hand, bromide
ion8 produced at the limiting plateau were suitable for sen­
sitive and quantitative detection.

The mercury electrode can be anodically oxidized in the
presence of free bromide ions. In acetonitrile this process is
diffusion controlled and can be monitored witb 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
re8ulting anodic current should be proportional to the bulk
concentration of DBDCB. Typical anodic curve8 (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 6 and 60 rna 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 wail 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 pceitive
than the potential of the reduction of oxygen. The value Eu.
= -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
waa fUtered, and a 26, 50, or 76 ,.L sample was diluted with
a 6-mL portion of 0.1 M TEAP in acetonitrile containing 10%
H.o. Quantitation waa done by using the standard addition
method with the 0.05 M solution of DBDCB in acetonitrile
serving aa a standard. The reverse pulse polarographic <DME)
&can was run from E 1n = -0.77 V with pulse duration of 6 or
60 1IllI. The solubility of DBDCB in water calculated from
the results of five analy... was 0.164% or 0.158% for 6 ma

-1·(; -)." -I·" -I",! -Of·1l '''.6 -9·" -liI.Z -e.Be.z
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Flgur. 10. bg RPP and de limttlng clMTent (OME) VS. concenb'aUon,
DBDCB solutions were prepsred In 0.1 M TEAP/AN. Lines 1 and 2
are from RPP experiments (delay time, 1.0 s; E. =-0.9 V; pulse time
was 5 ms (1) or 50 ms (2)). Drop time In tho de experiments was 1.0
sW~Us~ .

or 60 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'

Deportment of Chemistry, University of South Dokota, Vermillion, South Dakota 57069

Tha technlqu. of lonlophor.... W8I UI8d to opatlaJly r.ooIv.
tha distribution of .lectrochemlcal activity on .I.ctrod••
prepared from approximately ':1 mlxlurea GI graphlt. powder
and nonconducting epoxy.~ actIvtty W8I tOU1d
10 rasld. In Irregularly .hapad araa. having dlmenalona
mea.ured In I.ns of mlcrom.tera, Actlv. reglona w.r......
arated from ona anolh.r by reglona of low activity having
similar dlm.nIIona. Th••I.ctrochemlcal activity W81 tound
to be aaaocial.d with mlcrolCoplcalty _ ..ed gray .r•••
on the graphll.....poxy IUllac., which appear to be aggre­
gat•• ot graphlt. parllcl••.

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 Crom 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 attributable to nonlinear diffusion
toward active regions (10-14). Using the theory oC Gueshi et
al. (10), Weisshaar and Tallman estimated the dimensions of
active regions on Kel-F-ographite surfaces to be 2-15 ~m (5).
Landsberg and Thiele estimated that their carbon-paste
electrodes had active regions with diameters oC 11-38~m (11).
A detailed description of the distribution of electrochemical
activity on the electrode surface would he beneficial in the
interpretation of results obtained with composite electrodes.
Furthermore, composite electrodes have been useq to pre­
concentrate analytes prior to electrochemical detection by a
mechanism that may·involve the binder material (15, 16).
Knowledge oC the spatial relationship between regions of
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 beterogeneous
electrodes prepared from small-diameter platinum wires or

I Present address: School of Medicine, University of South Da­
kota, Vermillion, SO 67069.

epoxy-impregnated reticulated vitreous carbon (RVC-epoxy),
it was demonstrated that regions of electrochemical activity
as small as 10 ~m could be detected and that the size and
shape of an individual active region could be defined with a
resolution of 10 }lm. Briefly, the technique of iontophoresis
involves electrophoretic ejection of an electroactive species
from 8 micropipet onto a microscopic area of an electrode
surface. Tbe electrode, poised at a potential capable of
electrolyzing the ejected species, generates 8 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 oC graphite-epoxy electrode surfaces. The
distribution, size, and geometries of electroactive regions on
tbe surCace have been elucidated and related to microscopic
surface structure.

EXPERIMENTAL SECTION
Apparatus. The instrumentation system for iontophoretic

characterization of electrode surface heterogeneity has been de.
scribed previously (J n. The system provides for contro1ling the
potential of the working electrode, positioning the micropipet over
the electrode surface with an accuracy of approximately 2 jlm,
ejecting the electroactive species from the micropipet onto the
electrode surface, measuring the transient faradaic response
current, and transferring the data to a recorder. Micropipetll with
tip diameters -of under 1 }lm 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 VB. the saturated calomel electrode
so that ferrocyanide ions were oxidized upon being ejected onto
the electrode surface.

Graphite-epoxy electrodes were prepared by mixing graphite
powder (-1_ particle size) with a nonconducting epoxy (Epotek
320, Epoxy Technology, Billerica, MAl resulting in a thick paste
that was 45-50% graphite by weight. Mter the paste was
thoroughly mixed, a length of7 mm diameter glass rod was packed
to a depth of about 1 cm with the gTaphite-epoxy mixture, and
a length of copper wire was inserted bto the mixture for the
purpose of making electrical contact. After the mixture was cured
for 2 h 8t.80 ·C, the grsphite-1>poxy surface was sanded flat and
then polished on successively finer emery papers followed by a
slurry of 0.3 _ alumina (Fisher Scien\ific, 5t. Louis, MOl. The
electrode was fitted into the cell which was designed to be held
in the stage of a microscope, 80 that positioning of the micropipet
over the electrode surCace could be observed under the microsoope.

For purposes of comparison, a glassy carbon electrode was
prepared Crom Tokai glassy carbon, grade 308 (International

ooo~27CO/8510357-D933$Ol.5010 C> 1985 Amorican CllomIcaI SocIo1';
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F9n 2. Faradaic response amplitudes for the one-dinensk>nal k>n­
tophoresls of (A) glassy carbon, (8) RVC-epoxy, and (C-E) varlous
ragions on graphn&-epOxy alectrodes; applied potentlaJ. 0.5 V. Each
data POW'lt represents a 1Q.jJ.m Interval.

RVC-epoxy electrodes behave as ensembles oC individual
electrodes oC very small dimensions. 80 that nonlinear diffusion
toward active regions gives rise to increased mass transport,
resulting in "steady-state" currents. The grsphite-epoxy
electrodes gave voltarnmograms that were qualitatively similar
to the RVC-epoxy electrodes. indicating the heterogeneous
nature oC the graphile-1lpozy electrodes. (The graphite-epoxy
electrodes did give noticeably less reversible voltarnmograrns.)
The Collowing results characterize the heterogeneity oC the
graphite-epoxy surfaces.

Iontophoresia. The distribution oC electrochemical activity
on the three types oC electrodes was studied by perCorming
one-dimensional iontophoretic mappings of the surfaces.
Figure 2 shows the plots oC Caradaic response amplitude as
a function oC micropoaitioner setting at (Al glassy carbon, (B)
RVC-epozy, and (C) several regions on graphite-epoxy elec­
trodes. The glaaay carbon profile shows a relatively uniCorm
sctivity .. expected. the response showing no significant trends
over the 350-jJ.m distance examined. A similar-sized region
on the RVC·epoxy surface showed two distinct regions of
activity with widtha oC approximately 50 pm each. The
boundaries between active and inactive regions were well­
defmed, just 85 they are under microscopic examination. The
promes oC the graphile-1lpozy surfaces showed defmite spstial
variation of electrochemical activity, but the variations were
not .. clearly delineated .. those on the RVC-epoxy electrodes.
On the graphile-1lpoxy aurCaces. the regions oC increased ac­
tivity had dimensions ranging Crom 80 pm to 130 pm. and the
regions of activity were separated from one another by dis­
tancea oC 50 pm to 150 pm. Transitions Crom regions oC high
activity to regions of lower activity were not .. abrupt as those
on RVC-epoxy, and the regions oC activity did not all exhibit
the same level of Caradaic response. It is likely that the regions
oC activity on the graphile-1lpoxy surCace possess varying
degrees of microscopic roughness due to the granular nature
of the graphite that comprises the graphile-1lpoxy substrate.

The geometries oC active regions on the graphile-1lpoxy
aurfaces were determined by developing tw<>-dimensional mapa
of faradaic response. Several areas on the electrode surface
were chosen at random for characterization. The resulting
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FIgura 1. Cycle voltammograma ot 5 mM potassium ferrocyanldo In
1 M potassium chloride at (Ai glassy carbon. (8) RVC-epoxy. and (C)
gaphlta-epoxy electrodes: calhoclc limit, -0.2 V; anodic ImIt, 0.8 V;
scan rate. 50 mV/s.

Minerals and Chemical Corp.• New York). An epoxy-impregnated
RVC electrode was prepared as previously deaaibed (17, 18). Both
oC these electrodes were polished with the same procedure as used
(or the graphite-epoxy electrodes. The reference electrode was
8 saturated calomel electrode and the auxiliary electrode was 8

platinum wire. Cyclic voltammograms were taken with a Model
CV-IB (Bioanalytical Systems. West Lafayette. IN) and an X-Y
recorder (Model 2000. HOUllton Instrumenta, Austin, TX).

ReagenU. The micropipet filling solution (0.6 M potassium
Cerrocyanide) 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 8upporting electrolyte.
and 8 potential of 0.5 V was applied to the working electrode.
With the aid of the micropositioner and the microscope, 8 mi­
cropipet was moved to within a few micrometerB of the electrode
surface. Final venical positioning of the micropipet was done
by occasionally applying an ejection current pulse and monitoring
the resultant faradaic transient until a response of sufficient
amplitude was obtained. It is estimated that the micropipet can
be placed within 3-5 pm oC the aurCace in this manner. Once the
micropipet was in position, an ejection was made (typically 1000
nA for 300 ma), the faradaic transient recorded, and the coor­
dinates of the micropipet position noted. The poeition was then
incremented along the electrode surface, repeating the ejection
and recording the faradaic response. By plotting the ampJitude
oC the Caradaic response against micropipet poaition. we developed
a map of electrode surface activity, Both one-dimensional maps
(a single straight·line pass over a seCtion of the electrode) and
two--dimensional maps (multiple p888e8 back and forth over the
surface, incrementing in both the X and Y dimension) were
obtained.

RESULTS AND DISCUSSION

Cyclic VolLammetry. Figure I shows cyclic voltamm<>­
grams taken in a solution of 5 mM potassium ferrocyanide
and I M potaasium chloride at glaasy carbon, RVC-epozy. and
graphile-1lpoxyelectrodes. The glassy carbon electrode ex­
hibited the peak-shaped anodic and caLhodic currenta ex­
pected Cor a smooth. uniformily active electrode of ordinary
dimenaiona. In contrast, the RVC-epoxy electrode. with ita
array of well-defined, but irregularly ahaped active regions,
showed currenta that more closely reaemble plateaus than
peaks. As described by Sleszynaki and Osteryoung (I8), the
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Table I. RetPODIeI Generated at Gray aDd Black Region.
oC Electrode Surface

i'.
:,

~.

response, arbitrary unita

black region gray region

:.;
';11
"
J'.'

region 1
region 2
region 3

31 (2)'
'10 (2)
38 (2)

49 (3)
25 (3)
47 (I)

r:, " ;:
·Value in parentheses is the standard deviation obtained from

three to five measurementa.

whether the micropipet tip was over 8 gray or black region.
Consequently, the results. which are summarized in Table I•
indicate 8 higher degree of reproducibility was observed in
Figure 2. For each of the three boundary regions studied, the
gray areas generated significantly highp.r 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
cropipettip, the flatness of the surface was determined. The
distance between micropipet tip and electrode surface could
not be directly measured by microscopic examination. 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 (I) and 349 (2) for region I, 376
(2) and 374 (I) for region 2, and 345 (I) 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 8 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 micromete1'8
and therefore are of dimensions that affect diffusional patterns
during cyclic vollJlnunetry experiments. The response prom..
shown here suggest that approximately half of the geometric
area of the graphite-epoxy surface is electrochemically active.

Regiltry No. C, 744().44·0; graphite, 7782·42-5.
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Figwo 3. TwQ-djlllOflslonallonlophorosls 01 various regions on ora­
phlte-ePOXY sLl1aces. Each square represents a 10-~m Interval In
each c1reetJon. Responses greater than half the maximum response
are shaded.

maps of electrochemical activity are shown in Figure 3 in
"digitized" (orm, where each box represents one data point.
spaced at to-I'm intervals in both directions. Pointa 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 sbow that the
regions'are irregularly shaped, with dimensions measured in
tens of micrometers in all directions,

Activity-Structure Relationship. Under microscopic
examination, the graphite-epoxy surface exhibits gray regions
and black regions, with boundaries between the regions
showing up with varying degrees of clarity. In an effort to
define which were the electrochemically active regions, the
micropipet was made to traverse across the boundaries be­
tween gray and black regions. Near each boundary, several
iontophoretic ejections were made over the gray area and then
over the adjacent black area. The regions chosen for this
experiment were ones whose boundaries were particularly
weU-defined, so that a clear decision could be made as to
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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 Chemistry, University of //Iinois, 1209 West California Street, Urbana, //Iinois 61801

A delector lor amino ecIda to b.aed on ouppr_on 01 chem­
I_ac.nc. (CL) In Ih. Co(IIj-lumlnol-peroxlde oystem.
The achem. In.oI••• Iwo """c_•• poIIcoIumn r••ctlonl.
c:ompIex.1Ion 1001owed' by CL FoUowlng th. column, Co( I I)
to .dded 10 Ih. eIIlu.nt. Th. str••m lhen enlers a m1cropc>­
rou. m.mbr.n. c.1l wh.r••n .Ik.lln. lumlnol/p.roxld. 10­
lutlon I••dded. Th. CL .mlllion Is proportlon.1 10 Ih. Ir..
CoUI) conc.ntr.Uon. When.n .mlno .cld .luI••, " com­
plex" Colli) end reduc8lthe tree Colli) conc:entr.Uon; the
CL Inl.....ly Ih.n drop••nd • pe.k r.ouII.. D.lectlon IImlll
d.pend upon th. m.llnllud. 01 the complex 'orm.11on con­
st.ntl, .nd r.ng. Irom 0.004 10 20 1111101 In Ilow Injection
mod., PrecloJon Is 1.... %. Comp.red 10 Ih. cl.lllc.1 nIn­
hydrin reaction, Ihl. m.lhod I. I.st.r, c.n b. run .1 room
lemper.lur., c.n delermln...cond.ry amino .cld. w"houl
.arylng lhe re.ctlon or InIIrument. h•• IImjller Instrum.nla­
lIOn, .nd, In I••orable c..... h•• Iow.r d.lectlon Ilmlll.

As evidenced by recent reviews (1-7), there is much interest
in developing chemiluminescent (CL) techniques for detection
in order to take advantage of the sensitivity the method can
provide. As a lack of aelectivity has been the major limitation
of CL based determination, it has naturally been suggested
that CL be applied for detection of aeparated species. A few
examples exist for the use of the luminol (3·aminophthal­
hydrazide) reaction as a detector for metals aeparated as their
chiaro complexes on a strong anion exchange column (8-1 J).
One of these spproaches measured Zn and Cd by suppression
of the Co(lI)-enhsnced luminol reaction (11).

There are also s 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 peroxyoxalete
CL reactions to fluorescent analyles has been the basis for
aeveral other detection schemes (13-19). An early example
of this method is the detection of dansylated amino acids using
bis(2.4,6-trichlorophenyl) oxalete and H,O, as the fluorescent
excitation reaction (13). Another detector (20) was a spray
detector based on energy transfer from 0,(1tog) generated by
reaction of hypochlorite with hydrogen peroxide at pH 10. In
addition to liquid-phase detection, gas-phase chemiJumines­
cent reactions have heen employed for detection of HPLC or
GC separated species (22-28).

Our interest has been to develop a CL detector for amino
acids in flowing streams such as in an HPLC detector. Metal
ion chelators such as citrate and EDTA are known to cause

I Present addreu: Clorol: Technical Center. P.O. 801493. Plea­
asnlan, 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(II)-enhanced luminol CL (30,3I). Our system
monitors the CL from a steady flow of Co(1I) reacting with
luminol and hydrogen peroxide in a alkaline solution. if an
amino acid is injected into the Co(II) stream, some of the
CollI) is complexed and decreased CL light intensity resulls.
The injected slug of amino acid analytc then results in a
negative peak, and the analyte concentration may be deter­
mined from the .ize of that peak.

EXPERIMENTAL SECTION
Instrumental Methods. Figure 1 shows 8 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
phose was pumped by an Altex 110 pump, equipped with a pulse
dampener (Anspec H1302), followed by a Rheodyne 7010 injector
with 8 2o-#oiL sample loop. The mobile phase was then mixed in
8 tee-mixer with 8 Co(ll) solution which was delivered from a
pressurized reservoir (ca. 5 psi). A short delay loop followed before
the solution was mixed with the prcoombined )uminol/H,O,/KOH
solution in the flow cell. The luminol/H,O,/KOH reagent solution
was also delivered from a pressurized reservoir (Ominfit.. glass
reagent reservoir bOllles). The light intensity produced was
monitored by a Hamamatsu R372 photomultiplier tube. Flow
of reagent solutions was controlled with Nupro metering valves
and was monitored using Oowmetera (Fisher and Porter or Ma­
noslat).

The now cells used in the course of these studies were mi­
croporous membrane now cells developed previously in this group
(32,33).

Separations were performed on a WhatmaD Partisil 10 sex
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 SolutioDs. Luminal (Aldrich), amino acids
(leN pharmaceuticals, National Biochemical, Mallinckrodt, or
Sigma), and sll other reagents (Analytical Reagent Grade) were
UBed without further purification.

The luminol/H,O,/KOH reagent solution composition was 10
mM luminol;20 mM H,O,. 35 mM KOH, and 1~M EDTA. This
solution was stable for about 1 week. Solutions of Ca{11) were
prepared by. serial dilution from a stock solulion of 10-3 M Co­
(NO,),.6H,O. Solutions of KOH were prepsred from Acculute
solutions (Anachemia).

Waler 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. H only uncamplexed Co(ll) enhances
the lumirlol reaction, then the emission intenaity would vary
as the concentration of uncomplexed Co(II). In the preaence
of a chelating ligand the fraction of free Ca(ll) is given by the
ligand concentration and the complex (ormation constants,

0003-2700/85/0357-0938$01.50/0 e 1985 Amei1can Chen*:aJ Sodety



_=} MINIMlIol b. (ColIn) MEASlJ'ABL£

Figure 1. Block diagram of 'Iow system.
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Figwo 2. Hypo1he1ica1 plot 01 free Co(II) concentralioo as a lunction0' Ugand concentration.

regardless of the initial concentration of Co(lD. In terms of
light intensity, a negative peak from the backgroWld intensity
is observed dueto the complexation of BOrne of the Co(ll) by
the analyte. For the purpose of this discussion, the peak is
discussed in positive terms in that measurements are described
as peak height or peak areo. The maximum ligand concen­
tration which can be measured by peak height is that ligand
concentration which causes the free Co(I1) concentration at
the center of the analyte band to drop below the detection
limit for Co(ll) Wlder these conditions. AB the ligand con­
centration is lowered, the working curve should follow the
curve defined by a plot of fraction of Co(lI) remaining VB.

ligand concentration. This curve is nonlinear; it is sigmoidal
if the ligand concentration axis is logarithmic. The ligand
detection limit is determined by the smallest cbange in free
Co(ll) concentration which is measurable.

Reagent Optimization and ComPosition. Figure 3 shows
the effect of the st<>ck concentration on the working curve for
histidine. As the steck concentration of Co(ll) is increased
from 1 nM to 100 nM, the working range, measured by peak
heighi, increases. 'The detection limit is about the same using
10 nM and 100 nM Co(ll). The data for histidine concen­
trations below 2 X 10-<; M using I nM Co(lI) are not shown
as they were ind:stinguishable from the noise in the back­
ground intensity.

These date can be explained in terms of the theory de­
scribed above. The maximum measurable concentration (by
peak height) ahould decrease with decreases in steck Co(lI)
concentration. AB the steck Co(ll) concentration is decreased,
the fraction of this concentration which represents the de­
tection limit of. Co(ll) increases; therefore, the ligand con·
centration at which the maximum peak heigbt is reached is
lowered.

If the nois.in the backgroWld light intensity were pro­
portional to this intensity and the Co(ll) working curve were
linear, the minimum detectable cbange in Co(lI) concentration
would be independent of the steck Co(II) concentratiop. By
use of 10 and,lOO nM Co(1I) these conditions are apparently
upheld beceUBe the observed detection limit for histidme was
approximately the same. With I nM Co(lI) the noise in the
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background intensity was proportionately larger, causing a
degraded detection limit. To summarize, the ligand working
curve sbould bave a wider working range but similar detection
limits with increasing Co(II) concentration. This thtory agrees
with the date in Figure 3,

Three other matters related to the steck Co(1I) concen­
tration ahould be noted. First, the peaks are wider for lower
stock Co(ll) concentrations at high ligand concentration. This
behavior is predicted by our model in that, as mentioned
above, the detection limit for Co(lI) is a larger fraction of the
lower stock concentration and therefore a wider portion of the·
analyte peak will cause maximum suppression. Second, the'
absolute level of the residuallighl, or that light remaining after
virtually all (99.9%) of the Co(lI) is complexed, is constant
becaUBe it is due to a combination of stray light and the CL
emission due to reagent impurities and the leaching of the flow
system components by the reagents, As the steck Co(m
concentration decreases, tbe absolute level of the signal de­
creases, and therefore the residual light level becomes larger
relotive to the signal, Third, if the free Co(1I) concentration
controls the CL intensity and if the fraction of free Co(ll) is
dependent on ligand concentration, then the relative peal<
height (relative to the maximum observed at high ligand
concentration) should be independent of steck Co(lI) con­
centration. Figure 4 shows the datu 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,O,I to [luminol] VB.

the peak CL intensity observed using 1 nM Co(ll). This
experiment was performed on 8 lour·channel stopped flow
instrument which automatically prepared dilutions of stock
solutions (34). The results show that, although there is a slight
dependence on the absolute concentrations of luminal and
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[H20,) I(LUMINOL)

.,..... 5. Op_tIon of [H,o,)/[ILrmoI) rallo: Ut*'<>I conoentratlon
Is (e) I, (0) 2. (6) 3, (A) 4, and (X) 5 mM.

hydrogen peroxide, the ratio of the two concentrations is more
importent in obtaining maximum CL. Optimizing the back·
ground light intensity is important as the sensitivity of the
method increases with background intensity if the Co(ll) flow
is held constant. Therefore the H,o,:luminol ratio in the swek
solution was 20 mM:I0 roM. The absolute concentrations
chosen were higher than those shown in Figure 5 as the stock
solution would be diluted by 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 witb tbe CL reagent so·
lution was observed. Two competing effects were anticipated.
The fll'1lt effect was that band broadening would increase with
delay time, thus diluting the sample. The second effect was
that mixing of the anaIyte and the cobalt would be improved
by increasing the delay length and that these solutions would
have 8 longer time to react with each other before reacting
with the reagent solution. Working curves for five amino acids
were prepared using delay tim.. ranging from 1.4 to 6.5 s. The
results for these experiments showed a slight decrease in
anaIyticalsignaJ at the longest delay time. At the shorter delay
times no discernible pattern was present. With delays below
1 s, the signal decreases. With no delay Gust the 0.05 s in the
mixer and connector to the flow cell) the aignal is only on..
third of that obtained with a 1 s or longer delay.

Relative Reaponlle of Amino Acids. As further assurance
that a complexation mechanism was in effect, the relative
responses of a aeries of amino acids were measured. The amino
acids chosen and the logarithm of the highest order formation
constant with cobalt were as foUows: Il-alanine, 3,58; glutamic
acid, 8.46; a·alanine, 8.48; glycine, 11.0; and histidine, 11.9 (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 tban would be
predicted from its formation constant, especially compared
to a-alanine. H""""ver, glutamic acid is much more acidic than
a·alanina. Samples of 10'" M a·alanine and 10-3 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 acidst 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 othar amino acids
tested which ware bidentste ligands. This result agrees nicely
with results obtained by Haapakka (36) when he examined
the effect of denticity of ligands on the inhibition of cobalt
enhanced ele<:trogenerated chemiluminescence of luminol. He
found inhibition in the order EDTA > iminodiacetic acid>
glycina.

iAMINO ACID! IM1

FIgur. 8, WO<klng curves for five amino acids: (0) histidine. (e)
giycina. (X) a-alanlne, (0) /l-alanlna. (III glvtamlc ecid.
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1000
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F1gur.7, Comparison of peak height (0) and paak area (e) 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 thst
there is a detection limit for Co(ll). The dramatic increase
in linear working range using peak area is probably somewhat
due to increased diffusional band broadening. However, even
in tbe absence of band broadening, the portion of the peak
width for which the free Co(ll) 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
outweigha 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 8 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(I1)-luminol reaction system for detection
of amino acids impoees upon the selection of the mobile phase
are that a noncomplexing buffer of low bum" 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(ll) (log
k, = 25.3) (35), thus competing with the amino acid com·
plexation of Co(lI). Second, the buffer is acidic while the CL
reaction of luminol is optimized at a pH closer to 11 or 12.
AlthQugh 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 80 it was used in this case.
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Figura a. sample c1vomaIOlTam: (1) glycine. 10 nmol. (2) histidine.
2 nmoI, (3) argi'IIne, 10 nmoI; mobile phase. 0.01 M acetic acldlacetale
buffer al pH 5.5. 1.0 I1Vmln.

Table I. Detection Limits (or Amino Acid, by
Chemiluminescence

amino acid detection limit, nmol

Acidic

hydroxyproline I
aspartic acid 20
glutamic acid I

Neutral

glycine 0.4
a-alanine 0.4
p·alanine 2
cY8tine 0.01
valine 1
phenylalanine 2

Basic

IY8ine 0.4
histidine 0.004
arginine 0.04

In order to use the Partisil 10 SCX column, it is necessary
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(ll)-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 fJgUle
caption. Of the amino acids tested, only histidine and uginine
were retained under these conditions. Table I gives detection
Iimita for a number of amino acids by this detection method;
all values were measured without the chromal<lgraphic column.
As illustrated earlier in Figure 7, the working range is about
1 order of magnitude if peak heighta are used and over 3 orders
of magnitude if peak areas are used. The precision is '/2%
at large peak heighta, 21/2''10 at midrange peak heighta, and
41/2''10 at low peak heighta.

Flow Cell Considerationa. The choice of a flow cell for
CL detectors involves & trade-off. In order to obtain a
measurable amount of light, a large volume of reacting solution
must be viewed by the photomultiplier tube. Consequently,
the flow cell dead volume is relatively large. However, the
larger the dead volume is, the greater is the dilution of sample
due to band broadening.

The microporous membrane cell had been developed in our
group for chemiluminescence detection in flowing streams and
applied to determination of metal ions (32), glucose (33, 40),
and cholesterol (41), The cell offers several advantages for
this present work. First, a stable pH gradient could be
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maintained acrOlIlI the membrane (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 membrane
so 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 as ilL. 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 ~L. 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 microporoU8 membrane was reduced.

Use of the smaller volume cell result!; in lower CL emission
intensities, but on a relative basis the peak heighta are virtually
unchanged. Lower intensities 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 residfnce 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 therm08tating. Since detection is based on'
complexation, secondary amino acids are detectable without
modification of the detection reaction or instrumentation, as
is necesaary 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 Com), changing the metal
ion used to produce CL could alter detection limits. Both
Cu(lI) and Ni(lI) enhance luminol CL and have larger for­
mation constants with amino acids (35); the detection limit
for Co(I1) is lower than those for either Cu(lI) or Ni(II),
however. One could also consider using this CL detection
scheme with a metal ion like Fe(IIl) which has higher for­
mation constants with oxygen containing ligands than does
Co(II); one then should be able to detemine species like
carboxylic acids, ketones, or phenols.

Regi.try No. Co(NO,J" 10141·lJ5.6; hydroxyproline, 51-35-4;
aspartic acid, 56-84-8; glutamic acid. 56-86-0; glycine, 56-4lHi; .
a-alaoine, 56-41-7; ,6-alanine, 107·95-9; cystine, 56-89-3; valine,
72-IS4; pheoylalanine, 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 Molecu.le
Matrices

Cbarles F. Pace and Jon R. Maple'

Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131

Th••nalytlcal utlilly 01 a low-t.mperatur. par.nt mol.cul.
matrix lor th. charact.rlzatlon 01 mlxtur•• 01 aromatic hy­
drocarbon d.rlvatlv•• by lIllOr••c.nc. detection hal be.n
a...888d, ualng a prototype .yll8m conalallng 01 chloro­
naphthal..... In a naphthal.ne maltlx, By vapor d.poaltlon
01 the samples and the naphth....ne matrix, II hal bean dam­
OMlratad that good praclalon, low detacUon ImIla, and hlgh­
r880lullon axcllatlon and fluoraac.nc. apactra can be ob­
t_ ChIor~can be dalactad at low nanogram
lav.1a Irom a two-pholon axcllallon apactnm, whlla the two­
photon axcllatlon bandwidth. are about 1 cm-' (Iwhm) and
are virtually Independent 01 tha poaltlon 01 aubatllutlon when
the par.nt moIacuIa matrix Ia uaad, With UV (IIngia photon)
axcllatlon aubplcogram d.tactlon limits hava bean r.portad
and aach chloronaphlh_ In a 10-<:omponant mIxt..a can
be HlacUvaly axcllad wllhoullluoraacanca Inlarlaranca from
th. olhar compon.nt. 01 the mlxtura. Tha 9 % praclalon 01
th. quantllaUva m.....ramant. Ia BmIlad only by the lIabUIly
01 the la..r axcllatlon IOwca,

There is 8 considerable interest in developing highly se­
lective analytical methodologies which are capable of precisely
characterizing the composition of environmentally hazardous
materials which contain a complex variety of aromatic hy­
drocarbon derivative9 (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 since trace concentrations of AHDs are often highly toxic,
carcinogenic, or mutagenic, a suitable analytical methodology
must be highly selective and sensitive.

Fluoreacence methods which utilize the Shpol"skii effect are
particularly attractive because of the bigh-resolution
fluorescence spectra that result from preparing many aromatic

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[aJanthracene, ben­
w[o]pyrene, and benwlhJquinoline (5-8). Moreover, the high
selectivity of laser excited Shpal"skii spectrometry (LESS)
minimizes the need for fractionation of complex samples and
retains the high sensitivity associated with fluorescence de­
tection (4, 7-9). Nevertheless, there are many examples of
situations in which the Shpol'skii effect dues 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 polaT, as
in the case of monohydroxyl derivatives of naphthalene (10)
and pyrene (11) or Cllrboxyl derivatives of bemo[o]pyrene (I2),
for example. Furthermore, there are no reports in the liter­
ature of observations of the Shpol'skii effect for many envi­
ronmentally hazardous AHDs, including hydroxyl, chIaro, and
bromo derivatives of naphthalene, biphenyl, dihenzofuran,
and dibenzo-p-dioxin. Thus, it is highly desirable to find
low·temperature matrix materials in which these and mnny
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 (or the analysis of AHDs in situations where
a suitable Shpol'skii matrix cannot be found (1:J, 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·defined sites or vacancies in the
crystal, thereby minimizing inhomogeneous broadening. For
example, methylnaphlhalene (MN) derivatives prepared by
normal freezing in durene crystals exhibit high-resolution
excitation and emission lines at low temperatures (/3, 14).
Moreover, even though the MN 0-0 transition energies are
closely spaced, each MN in 8 complex mixture can be ideo·
tified from a two-photon excitalion (TPE) spectrum (14).
Both the TPE and the seleclive excitalion methods are highly
sensitive and have resulted in subpicogram detection limits
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for MNs. In addition, both methods have been demonstrated
I<l be suitable for the identification of individual MNs in a
raw shale oil prepared in 8 durene crystal without utilizing
any presepafations.

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
AHOs of interest. We suggest that the parent molecule is a
good matrix choice for AHOs. 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 I<l PCBs (I5). One reaaon that the parent molecule
may be expected to be a suitable matrix material is that it
is approximately the S8me 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 8 result
the derivatives can be selectively excited without introducing
matrix fluorescence interference. An additional advantage
of the parent molecule is that it is generally avaiJable 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 fmding a suitable low-temperature aromatic matri.x
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 (14). The formation of analyte
microcrystals and limited solubility of analyte in the host
material can also be prnblematic. 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-alknne 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 eNs 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 pIeced 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 crystal. Although
we have observed X·trap .mission from vapor deposited CNs,
no attempt has been made to utilize this phenomenon.
However, the exciting possibility of using X·trap emission to
identify nonnuorescing molecules (e.g., bromonaphthalenes,
nitronaphtholenes, halogenated dibenzo-p·dioxins, etc.) by
high·resolution phosphorescence spectrometry will be evalu­
ated elsewhere.

EXPERIMENTAL SECTION

Reagents. Naphthalene, I·fluoronaphthalene (l-FN), and
I·CN were purchased from Aldrich, while 2·FN waa obtained from
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Figur. 1. Deposltk>n apparatus used to vapor deposit chiaro­
naphthalenes in a naphthalene matrix. See text tor description.

pfaltz and Bauer, and 2~CN and all disubstituted eNs were
purchased from Ultra Scientific. All chemicals were used 88

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 procedures is given elsewhere (14.
18). HPLC glade 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 ouL of tin oven at a rate of
1 cm/h. The crystal was removed from the capiUary tube and
glued to the copper cold finger of 8 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 defXl5ition apparatus
is diagramed in Figure 1 and the parts are labeled with letters.
The naphthalene matrix material is placed in a 0.25 in. a.d. glass
tube (part oj thet is attached to an ultratorr male connector (part
c, made by Cajon Co., Macedonia, OH). The vaporized naph­
thalene passes through 0.125 in. o.d. stainless steel tubing, s shutoff
valve (part e), and then more stainless steel tubing before being
deposited on the cold fmger (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 mauix 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 O. The apparatus may be
moved in and out of the ultratorr wUon and the tip (of the stainless
steel tubing) is placed about 1 mm from the copper cold finger.

The first Rtep in preparing a deposit was to heat the apparatus
end to inject 30 ~L of a 0.1 mg/.,L 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 maui:r. 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 temperatwe in the range 30-35 °C works well). This
temperature was sufficient to maintain a naphthalene vapor flow
rate which was high enough to prevent the aggregation of solute
molecules because of too low of a matri:r. to solute ratio. When
the cold finger temperature waalowered 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 evacuated from the refrigerator. After about
1 min the naphthalene matrix formed a spot a few millimeters
in diameter and almost 1 mm thick. At this time the liquid
nitrogen trap was removed, and the ambient temperature of the
atmosphere warmed the sample tube to near room temperature
in less than a minute. Then, the sample tube was rapidly heated
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figura 2. (a) Two-photon ""cllallcn lIIld (b) _.-.cad t'uorescenca
(A.. = 320.1 nm)~ o' 2-d>1oronaphlhaJena vapor doposned In
n-pentana. (c) Two-photon axcltatlon and (d) Ia_~nducad fIuora..
canca (A.. = 324.4 nm) spoCll'a o' 2-<:hlo<onaphthalana vapor de­
posIIad In naphthaIana. DCM Ias8r dya _ In ma1hanoI was usad
to obtain lila lwo-t>hoton axcnatlon apectra.

RESULTS AND DISCUSSION

We have investigated tha uoefuln... of Sbpol'akii matrices
(or the analyois of CNs, since the Iiteratur. conc.rning tbe
apectroscopy of chlorinated AHDs in Shpol'skii matricea is
v.ry limited. In the TPE spectrum in Figure 20 the inho­
mogeneoua broad.ning of 2-CN in n-pentaDe is evid.nt. Tb.

to evaporate any of the CN sample still in the tube. The vaporized
sample and naphthalene mixed in about 5 cm of tubing before
freezing onto the opaque deposit. The total depoaition time for
the matrix and sample w.. 2 min and the sample w.. locoted in
an area (about I mm x I 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'akii maw, the maw tube
of the apparatus w.. replacod by an ....mbly (8, 9) that allows
n·alkane vapor to flow at a controlled rate. The sample d.position
procedure was exactly the same as when 8 naphthalene matrix
w.. used••xcopt that the copper cold fing.r w.. maintained at
100 K for the d.posit. This d.position temperature resulted in
the minimum amount of inhomogeneous broadening of the eN
absorption bands.

InltrumentatloD. The excitation source was an eJ:cimer laser
(Lumonics TE-86IT) pumped dye laoer (Quanta Ray PDIrIE).
Laaer output in the 62(H)6() om and 640-680 nm wavelength
ranges w.. obtained with DCM laaer dye disaolved in methanol
and Mo,SO, ....pectively. One photon. UV excitation was achieved
by frequency doubling the dya laaer output with an angle-tuned
KDP crystal. The dy.laaer induced fluoresconce w.. dispersed
by a O.64-m grating monochromator (Instruments SA HR-640),
which w.. eet at a band-pa88 of about 0.1 nm. The fluorescence
was detected by an RCA 8650 photomultiplier tube and the signa!
was prooeaaed by a gatad integrator prior to collection and storage
by a PDP-ll/23 laboratory computer. TPE apectza were obtained
by scanning the dye 1aaer wavelengths with the photomultiplier
tube placed directly in front of the sampla. Filters which paaoed
light in ths 31&-400 om wavelength range were placed on the tube.
With thla experimental COn£lgUration all eN fluorescence wave­
langths were simultaneously d.tected by the tube. TPE apectra
were not corrected for the effect of decreasing laser power near
the ends of ths dye tuning range. Furth.r information concerning
the instrumentation and data collection is given elsewhere (13,
14.18).

two sharp peaks at 640.3 DID and 641.8 DID correspond to the
TPE lHl wavelengths for 2-CN molecules residing in two
distinctly diff.r.nt .nvironments in the n-slkane polycrya­
tallin. lattic.. The broad hump underneath the two sharp
peaks is due to two-photon lHl transitions of 2-CN mol.cules
residing in a multitude of other sites in the matrix. This
interpretation of this apectrum is subetantiated from apectra
similar to tbe LlF sp.ctrum of 2-CN in Figure 2b. Th.
320.I-nm excitation wavelength that waa uoed for this spec­
trum corr.sponds 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 Figure 20. LlF spectrs obtained
at other wavel.ngths within the inhomogeneously broadened
0-0 absorption band resulted in spectra similar to the one in
Figure 2b, but the peaks were shifted in en.rgy by an amount
equal to the transition energy difference. The extent of in·
homogeneous broadening manifested by the TPE apectrum
of 2-CN in Figure 20 is similar to that observed for I-CN but
is far in excess of the amount of inhomogeneous broadening
obs.rved for l-methylnaphtha1.ne and 2-methylnaphthalene.
which are virtually the same siz. and ehape es I-CN and 2-CN,
respectively. .

Although energy selected spectra. such es 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 eNs extensively overlap. Furthermore, it is not
possible to obtain sharp energy selected LIF spectra for each
CN in the same n-alkane matrix. Evidently, the extent of
homogeneous broadening in a Shpol'skii matrix is very sen­
sitive to the position of the chIoro substituents. A similar
observ.tion hes been made for chloroanthracenes (19). Thus.
because of extensive inhomogeneous and homogeneous
broadening. w. have concluded that a Shpol'skii matrix is of
very limited usefulness for the multicomponent analysis of
chlorinated AHDs.

The TPE spectrum in Figure 2c of 2-CN in a v.por-de­
posited naphthalene matrhl: indicates that inhomogeneous
broad.ning hes been minimized and that it is possible for
vapor depoaited aromatic matrices to result in high-resolution
spectra comparable to the results thst can be obtained by
conventions! methods (i.e., normal freezing) for preparing
guest molecules in a crystalline aromatic host. The two peaks
at 647.7 nm and 648.8 om are the lHl peaks for 2-CN mole­
cules residing in the two poasible positions in a naphthal.ne
lattice (17). Both peaks have a bandwidth of l.l cm- l and
the peak wavelengths are identical with the peak wavelengths
of 2-CN prepared by normal. freezing in a naphthalene crystal.
The only significant differ.nc. betwe.n the TPE spectra of
2-CN in matrices pr.pared by normal freezing and vapor
deposition is the site diatribution. For .xample, the peak
height ratio of the TPE peaks at 647.7 nm and 648.8 nm is
about 1.9 in Figure 20. while the same ratio is about 0.17 when
the normal fre.zing sample pr.paration method is employed.
This indicates that the sample preparation method can affect
the tendency of a CN molecule to occupy the two possibl.
lattice positions. '.

The sharp TPE and laser-induced fluorescence (LIF)
spectra shown in Figure 2. parts c and d. respectively. can only
be obtained when the deposition temperature (i .•.• the tem­
perature of the aurface 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 naphthal.n. matrix are ••c...ively broaden.d. In
contrest. Shporakii matrices are usually deposited at the
lowest possibl. temp.rature and then are ann.aled (8. 9).
Annealing does not produc. spectral sharpening for vapor
deposited naphthalene or CN guests, regardless of th.de-
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Table I. 8. Origiu. tor Chloronaphthaleue.
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Wavelength (nmj
F'awoe 3. Two-photon excitation spectrum (obtained wtth DCM in
Me,sO solvent) of ter><:omponent mixtu"e conslsting 01 10 ng of each
substance listed In Table I: 1. l-chlo.-onaphthalene (1-CN); 2. 2-CN;
1.2. 1.2-dichloronaphthalene (1.2-OCN); 1.8. 1.8-OCN; 2.3. 2.3-OCN;
2.7. 2,7~N. The 2.3-OCN peak has beer. 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 differenre 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 depoeited in a naphthalene matrix.
The TPE 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 (H) TPE
peaks occur at exactly twice the (one photon) (H) wavelengths
tabulated in Table I and are all highly resolved (ca. I em-I
fwhm bandwidth). This indicates that the extent of both
homogeneous and inhomogeneous 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 8 Shpol'skii matrix. This is
clearly a very important advantage in using a parent moleeule
matrix for AHDs.

Four compounds cannot be detected from the TPE spec­
trum in Figure 3. Both I·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

compound

}·Ouoronaphthalene
2-0uoronaphthalene
l-chloronaphthaJene
2-chloronaphthalene
l,2-dichloronaphlhalene
l,4-dichloronaphlhalene
l,S-dichloronophthalene
l,a-dichloronaphthalene
2,3-dichloronophthalene
2.7-dichloronaphthalene

-2.3

11.9

665

Q-() wavelength, nm

318.6
319.1.320.1
322.0
323.9.324.4
328.7
327.9
332.6
329.6. 332.9
327.5
327.9

640

!

IJ1L-", Il-:lt\!J. .1 1
:."_' _1._ .).1••

US .. .. •• US ..

LI~J",
I

1.1,1
: I

I

;J.lU\.!c_,
U5 .. ... .. .. -

Flgure 4. LBser...Jnduced fluorescence spectra of ten-<:omponent
mixture consisting of 10 ng 01 each substance listed in Tab5e 1. ~
1eetIva exclla_ wavelength for (a) l-cil1oronaphthalene (J... = 322.0
rvn). (b) 2-cil1oronaphlhalene (J... = 324.4 rvnl. (c) 2-lUlronaphlhalene
(X•• = 320.1 nm). (d) 1.2_onaphthalene (A" = 328.7 nm). (e)
1.5-dlchloronaphthalene (A" = 332.6 nm). and (f) 2.3-<llchloro­
naphthalene (A,. = 327.5 rvn).

the low laser power below 641 nm. 1,4-Dichloronaphthalene
O.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 Cj site symmetry, the So - 8 1 two-photon transition will
be forbidden by parity selection rules for all centrosymmetrie
naphthalene derivatives (14). This is the reason why the TPE
0-0 band for 1,5-DeN 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 ha,·e to be used
to identify a molecule with 8 symmetry forbidden 0-0 lran·
sit ion, 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 comper
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 lhese 10 com­
ponents. I-FN. 2-FN. I-CN. and 2-CN would be expected w
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 disubslituded CNs. which have
lower energy 0-0 transitions. From the example of Figure 4a-c
(for I-CN. 2-CN. and 2·FN). il can be seen that th.re was no
significant overlap of the absorption bands. The relative
strength of the phonon wings for some of the disubstituted
eNs can be seen in the selectively ~xcited LIF spectra of
1.2-DCN and I.S-DCN in Figure 4d.e and are characteristic
of the DeNs in which at least one chloro substituent was
located on the transverse axis of the naphthalene molecule.
The phonon wings in the L1F speclra of DCNs wilh both
substituents on the longitudinal axis (e.g.• 2.3-DCN and 2.7·
DeN) 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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Q;"'nlilative Retult•• The TPE detection limit w.. de­
fined as the amount of substance needed to oDtain a (H) peak
height equal to two times the standard deviation of the noise.
The 33O-pg TPE detection limit measured for 2,3·DCN was
far greater thsn the subpicogram TPE detection limits ob­
tained for some MNs prepared by norma! freezing in durene
(14). The reason for such a large difference ;a the significantly
greater amount of trsp emission (20) occurring from t.'le vapor
depceited matrix. The TPE detection limits for the other CNs
were not determined but can be estimated from comparisons
of the peak heights in the TPE spectrum in Figure 3. AB this
spect.ruro 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 an~ which resulted in
TPE detection limits ranging from less than 0.1 pg to 100 ng.
The elimination of 8 wide range in detection limits is an
important analytical advantage in using vapor deposition
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 he used to detect TPE peaks in
these crystals and the detection limits are probably st 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 depceition procedure. However,
this may not always be an advantage since there are some
guest-host SystelDB, 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 SIN ratio of 40 when 1 pg of2·CN was deposited.
This indicates thst the CN LlF 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 depceited matrix. This background
trap emission is structureless and e:r.tends to wavelengths as
long as ca. 420 nm. Since the monochromator discriminates
sgainst 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 vspor-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 e:r.ci­
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
intensity does not vary linearly with the weight that was
deposited. Analogous nonlinear intensity behavior 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 i. transferred to neighboring X·traps. Additional ex­
periments will be required to further elucidate the observed
2·CN fluorescence intensity dependence.

Various factors which can 8Ifect 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. Anatytk:al caUbraUon curve for 2..cNoronaphthalene vapor
deposited In a naphthalene mabix. The Internal standard Is 2.fluor~

naphthalene.

tation at 324.4 nm and 327.5 om was employed for 2·CN and
2,3·DCN, respectively. In all cases the peak heights ~hat were
used in ca.lculations 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 (st 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 om 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 tbat are not reproducible from depceit to depceiL
Variations in the site distribution of 2-CN molecules could
not be detected. For example, the sum of the two (H) TPE
peak heights of 2-CN was divided by the 2,3-DCN (H) TPE
peak height and the relative standard devistion of9% for six
deposits was exactly the same as the corresponding precision
when only one of the 2-CN (H) peak heights was used. The
9% precision that was measured 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, spectrsl
broadening is minimized and the peak absorptivity and em­
issivityare maximized. This minimizes or entirely eliminates
the need for comple:r. fractionation procedures while at t.he
same time allowing the discrimination of very similar AHDs.
An important advantage of a parent molecule matri:r. is that
its usage results in very sharp spectral features for its deriv­
atives and the sharpness is virtually independent of the
pceition of substitution. Furthermore, as will be demonstrated
elsewtJ,ere. high resolution emission and e:r.citati~n spectra can
be obtained for a wide variety of substituent species (including
polar substituents) when the parent molecule matrix is used.
As previously mentioned, nonnuorescing AHDs can also be
identified by observing X-trap emission, rather than analyte
fluorescence. We are currently investigating this application
of a~omatichydrocarbon matrices since it could significantly
increase the spplicability 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 AHDs in which high resolution emission or e:r.ci-
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tation spectra have never been reported. In particular, this
would include hydrozyl. chloro. and bromo derivatives of
naphthalene, biphenyl, dibenzofuran, and dibenzo.p-diozin.
Of course, the general applicability of a parent molecule has
not been proven, 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 sacrificing the reso­
lution of emission and excitation peaks is very important,
because it allows the analytical chemist to bypass critical
thennodynamic problems, such as insolubility and unfavorable
distribution coefficients, which are encountered in conven·
tiona! preparations of aromatic crystals. With vapor d~pos­

ition of the sample, good precision, high resolution, and low
detection limits can simultaneously be obtained.

Registry No. 2-Chloronaphthalene. 91-58-7; I-nuoro­
naphthalene, 321-38-0; 2-nuoronaphthalene, 323-09-1; I-chloro­
naphthalene, 90-13-1; 1,2-dichloronaphthalene, 2050·69-3; 1,4­
dichloronaphthalene, 1825-31-6; 1,5-dichloronaphthalene, 1825­
:JO.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

where D is the particle diffusion coefficient. A separation
requiring N plates for adequate resolution therefore requires
a time of Nt p , which equals

t = 4NI'/D (2)

Sir: The cardinal rule for increasing separation speed (as
well as resolution) in field-flow fractionation (FIT) is to reduce
as far as poasible the mean thickness I of the cloud of particles
compressed against the accumulation wall of the FFF channel
This rule. known since 1973 (I), can be deduced from the
following limiting equation for the time, t p, needed to generate
one theoretical plate

showing 8 quadratic dependence of t on I and demonstrating
the desirability of minimizing I (I, 2).

In response to this conclusion, experimental FFF is often
operated with I values in the range 1-10 I'm. For typic.1
channels of abnut 0.25 mm (250 I'm) 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 croBS section, as illustrated in Figure 1.

In order to avoid a substantial degradation of resolution,
the total ezperimental time for a run usually includes, along
with the above time Nt p (see eq 2) for separation, a period
in which now is halted to allow for sample relazation at the
beginning of the run (3). This stop-flow time is governed by
the relaxation time 1', which can be expressed as the longest

(5)

(6)
:lM 4
Ai= N'l'S

where the selectivity S approaches unity for sedimentation
FFF and values somewhat lower for most other FFF tech-

=~=I
t p 41 4A

where A= Ifw. This equation sho",; that waiting without now
time T for relaxation consumes the same amount of time as
that required for generating (1/4A) plates. For example, if
the retention parameter>. -- lO'~\ T is -- 25 times longer than
lp. 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 gain~d between
species whose relative difference aM/ M in molecular weight
is given by (4)

distance (usually cbannel 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 I = DfU, U can be replaced by Dfl, giving
T = Iw/D (4)

showing that T is also reduced by minimal I values, again
emphasizing the importance of reducing I.

With the help of eq I, we find

(I)t p = 41'/D

0003-2700/85/0357·09"5$01.50/0 ltl 1985 American Chemk:al Soclety
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figaro 1, Appto.Jmale scale model demooslraling !he extreme thln-
.... 01 a _ S8IT1lie cloud (il Itjs case with I = 4 sun) ",,"-ad

to channel thk*ness w (here 2-40 Ilm). For these dlmensk>ns, the
earT'4*t is carried downstream a.ternh 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-l rule may
seem anomalous because the velocity CV of a particle zone is
approximately proportional to I as shown by the limiting
equation (5)

FJgur. 2. Sch8matlc diagram or FFF channel with stream splitter at
both Inlel 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 I. 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 programming is flow programming
(10), in which the field is held constant while the flow is
increased. With this program, small particles with large /'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 rs, which move very slowly at first
due to both small I and small (0) (see eq 7), are, in their turn,
eluted rapidly by the increasing (0). However, if the largest
particles have fs too smaU for nonnal migration, anomalous
result.q will be found. In other words, now programming
promises to work well over a given range of I values, but the
practical magnitude of that range is probably limited.

It has been suggested that a combination of field and now
programming micht be most effective to avoid the above
problems (8). However, the use of any degree of flow pio­
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 (I 1). With this system, the sample is greatly
concentrated in the outlet stream and more easily detected,
relieving one of the above problems: the delicate balance
between delectability and sample concentration.

It is furthermore proposed that the substream .contAining
the sample be withdrawn at a constant flow level using an
"unpump" (12) for now control. In this way, now program·
ming can be utilized 8uch that the flow variability shows up
only in the waste stream, hindering detectability in the sample
substream.

It is additionally proposed that the system bave 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 a 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
T= U=V (8)

Thus, if only one-tenth (a = 0.1) of the total now entered
through the sample inlet stream, T 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
increasingly feasible to bypass the stop-flow procedure entirely;

(7)

[

!

'Y = ~(O) = 6>-(0)
w

where (v) is the average carrier velocity and w the channel
thickness. This equation suggests that small/'s spawn small
'Y's and thus retard elution through the FFF channel. How·
ever, under optimized conditions, the reduction in I (say 2-fold)
will be accompanied by a large (8-fold) increase in (0), and
thus, byeq 7, a substantial (4·fold) increase in zone velocity
'Y and a corresponding (4·fold) reduction in separation time
t, in agreement with eq 2. (These conclusions stem from the
fact that N = LwD/241'(0); with a fixed N needed for sepa·
ration. we observe that (v) will change in proportion to 1-3.)

The minimal·1 rule can be implemented by increasing the
field strenglh S. (Quantity S can be equated to centrifugal
acceleration in sedimentation FFF. temperature gradient in
thermal FFF, etc.). However. carried to the extreme, in­
creasing S and decreasing I values lead to several complica·
tions, including increasing particle-wall interactions, and, as
/ approaches the particle diameter, the onset of steric effects
(6). We also encounter concentration problems as we attempt
to crowd sufficient particles for detectability into increasingly
thin clouds. Thus, in fact, there is an optimum working range
for / that replaces the absolute goal of minimall. However,
this range can be forced toward tbe smallest p088ible values
by a judicious choice of experimental conditions.

While the cardinal rule of seeking small I 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 I 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
tum at optimal migration. One problem with field program·
ming is that in the course of each particle's wait, during which
it bas a suboptimal I, it may migrate anomalously due to steric
effects or poasibly adsorb on the wall (8), Another problem
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not only does T reduce in proportion to cr, but the severity of
the distortion resulting when relaxation is coupled to ongoing
flow (3) would be lessened by the reduced velocity 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
eyele. one would only need. repedtive 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
reducing the time necessary to establiah a steady-state density
gradient and to realize normal sample migration.

In aummary, the dual stream splitter system proposed here
should reduce the duration of, or eliminate the need (or. stop
flow with any of the subtachniques 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 8 means for concen·
trating the sample to improve detectability and to reduce
sample load requirements. These concurrent advantages

should make the dual stream splitter system useful for
streamlining, simplifying, and speeding up moet applications
of FFF. The system should be especially advantageous for
samples requiring maximum speed and frequent repetition.
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Pulsed Semiconductor Laser Fluorometry for Lifetime Measurements

Sir: Laser fluorometry is quite useful for ultratrace analysis
and for characterization of the sample molecule. However,
the expense of the laser and the complexity of its operation
limit practical applications. A recently developed semicon­
ductor laser has the advantage of being much amaIIer and 1...
expensive, and it may readily be installed in a commercial
spectrometer. Photoacoustic spectrometry (1), conventional
spectrophotometry (2-4), fluorometry (5), and thermal lens
spectrophotometry (6) have been demonstrated using a con­
tinuoUB wave semiconductor laser. A semiconductor 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 applied to the semiconductor laser. picosecond 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 measuring the fluorescence 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 nove) pulsed
semiconductor laser in a time-correlated photon counting
system. A relationship between the fluorescence lifetime and

solvent polarity is reported and its potentiality for use in
evaluation of microenvimnmental hydrophobicity is discussed.

EXPERIMENTAL SECTION
Apparatul. A block diagram of the laser fluorometer is shown

in Figure 1. The light source is a pulsed semiconductor laser
(Hamamatsu Photonics, Picosec Light PuIser, CI308), which has
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 col1ected with a lens (FL 31 mm, 28 mm i.d.) and
then passed through an interference filter (Ditric 15-20785, 19
rom i.d., transmission maximum 850 nm, transmission at 830 run
0.3%), and a color filter (Toshiba V-R63, 630 nm cutofO. The
fluorescence signal is finally focused by a lens (FL 60 mm. 28 mm
i.d.) onto the photocathode of a red-sensitive photomultiplier
(Hamamatsu R 928, 185-930 nm), which was typically operated
at 1500 V. The output signal was fed sequentially to a constant
fraction discriminator (Ortec 583), a time-t~amplitude converter
(Ortec 457), and a multichannel analyzer (Norland Ino-tec IT­
5300). The synchronous output signal (4 V, 100 os) from the
semiconductor laser was delayed and im'erted by using a pulse
generator (Hewlett-Packard 80138) and fed to a constant fraction
discriminator (Orlec 473A). The fluorescence lifetime was cal­
culated by a microcomputer (Sord M223 Mark III).

(l"agents. The polymethine dye 3.3'-diethyl·2.2··(4.5:4',5'­
dibcnzo)dithiatricarbocyanine iodide (NK 427) was ohtained from
Nippon Kank~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
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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-fB.St-atom bombardment
(FAB), desorption chemical ionization, and -in-beam" electron
ionization for molecular weight and side~chaindeterminations
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 ae·
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 dep<l6ition 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 Oow·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 deposited into the mass-selected ion by
photoexcitation. This discrete excitation results in both
molecular-specific and bond~selectivephotodissociation 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 porph}Tin 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 glyccrol cluster ion, which
illustrates the selectivity of the method. over collisional-ac­
tivation techniques.

EXPERIMENTAL SECTION

A rc\'erse-geometry, double-focusing mass spectrometer
(ZAB-2F, VG Analytical, Ltd., Manchester U.K.) was used as a
mass-analyzed ion kinetlc energy spectrometer (JO). 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 (l1), An argon ion laser (Spectra
PhysiC>! Modell7l-18) was operared at 10 or 20 W (-2-mm beam
diameter) in the multiline mode (457.9-5l4.5 nm; 2.7-2,.,1 eV).
and phase-sensitive detection was accomplished by mechanically
chopping the laser beam (2.5 kHz) and detecting the signal with
8 lock· in amplifier,

The re3idence time of the fast ion beam in the photodissociation
region is on the order of several micros...conds resulting in a very
low photon fluence (lO~3 Jjcm2). which is much less than thllt
generally required for muitiphoton processes (I J/cm'l. Therefore,
the photodissociation processes reported hf're are single-photon
processes. A discussion of multiphoton events can be found
elsewhere (/2, 13).

Mass-analyzed ion kinetic energy spectrometry (MIKES)
photofragment spectra of the porph)Tin molecular ion ((M + HJ"
and M+·) were averaged by using 8 multichannel analyzer with
16 to 64 spectra depending on the signaJ-to-noise ratio. Repetitive
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(R or R' 8S specified).

RESULTS AND DISCUSSION

Porphyrin Photodissociation Ma.. 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
{i-<!leavagc to the carbonyl group containing the R' function·
a1ity (loss of CH,COR'j. Generally, the major fragmentations
were similar to those reported for the FAB spectra (2). The
first compound, zinc deuteroporphyrin lX dicarboxyJic acid.
also gave an abundant fragment (27%) resulting from 8 "'(.

cleavage (R equals R'), and the second compound, iron(lll)
deuteroporphyrin IX 6(7) methyl ester (3) imidazolepropyl·
amide, likewise gave an abundant (70%) ,B-c1eavage (loss of
CH,COR). Compound 2 was the only one out of the five
compounds containing an imidazole terminus (compounds
2-6) where 8 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. IJ. and l' cleavages in father low
abundances (20-30% I. 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 WI to detect photodissociation
products. Compound 3, deuteroporphyrin IX 6(7) methyl
ester, 7(6Hhistidine methyl ester) has been observed to un·
dergo disproponionation 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 photoclissociation mass spectrum of this species 00
W laser power) resulted in two abundant (100%) product ions
from fJ and "y cleavages of the H' "tail", All three compounds
gave the loss of the R' moiety.

Meso·Sublttitutcd 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 (85'7, and 25%) also was observed. The
"picket-fence" porphyrins (compounds 9 and 10) of this
pseudohomologous series (compounds 7, 8, 9, and 10) both
yielded 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 pOrph}Tin. The loss of a tert·
hutyl group was observed in high abundance (60%) for com·
pound 9. The iron me.~o-tetra(a,a,a,a-o-piva1aminophenyl)·

porphyrin required high laser power (20 W) to obtain the
photodissociation mass spectnun. This compound 10 also gave
the fragments 1M - R -I-Bur and 1M - NHRr, which were
not observed in the FAB mass spectrum (2). In contrast, the
[M - t-BuJ+ species was the most abundant ion in the FAB
mass spectrum.

The capped porphyrin (compound II) 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 tetra(N·methylpyridinium iodide)porphyrin (tetra·
quarternary ammonium salt), compound 12, gave a molecular
parent ion at m/z 678, corresponding to 1M - 41/+ (2). The
photodissociation mass spectrum of this species was the most
intense of all the porphyrins ·studied. The two observed
photofragments corresponded to 1M - CH,J+ and 1M ­
NHCH,r·

Photoselectivity-Mixture Analysis. Our earlier study
on the FAB of synthetic porphyrins demonstrated the ahility
of FAB to give abundant molecular ions from these intractable
species (J, 2); however, very abundant adduct ions were also
observed. These adduct ions in the molecu1ar 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 8 synthetic
product. The photodissociation mass spectrum of each of the
suspect ions in the molecular ion region will yield characteristic
spectral information, which establishes the identity of the true
molecular ion. As a first example, 8n interference ion in the
FAB spectrum of compound 4, 14 mass units ahove the mo-­
lecular ion, which could correspond to n homologue of com­
pound 4, did not yield photofragments. CleMly, based on the
expected photo ,B-cleavages from the tailed porphyrins (es·
tablished in the previous section), this 1M + 141+ species is
unrelated to the synthetic porphyrin of interest. (This does
not rule out the possibility that the [M + 14)+ is some por­
phyrin reaction product or adduct ion.) Also, the unidentified
adduct ion observed in the FAB spectrum c.f compound 7,
corresponding to (M + 149t ga\'~ a photofrngment at [M ­
44J+, 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 inl~resl also can in­
terfere in a mass spectrometry/mas.c;; spectrometry experiment
especially with low-resolving power spectrometers (triple
quadrupole or MIKE spectrometers). For example, the pro­
tonated molecuJe of compound 8, zinc meso-tetra(o-amino­
phenyI)porphyrin, has the same nominal mass as the glycerol
cluster ion [(C3Hs0 3)sHJ+, The collision-induced dissociation
(ClD) 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"H,NH,), and
the loss of an anilino and NH2 5pecies (25%) (see Figure 2A).
The 11 ;:; 8 glycerol cluster gives a series of daughter ions due
to the loss of (C,H,O). for n = 1-7. The loss of (C,HsOl..,
from the n ;:; 8 glycerol cluster ion gives fragment ions that
coincide with the nominal mass of the anilino loss fragments
of compound 8, 1M - (C,H,NH,Iu!+. A ClD/MIKES spec­
trum of a porphyrin/glycerol mixture (glycerol» porphy·
rin/thioglyct!rol is shown in Figure 28. The presence of the
glycerol cluster ion fragments (n = 5,6, and 71 dominates this
spectrum. The kinetic energy release of the glycerol fragment
ions (n = 6 nnd 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 obsen'ed in a seplirate 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. Altho1..1gh 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
lon/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 photodissociatinn MIKES spectra of
the porphyrin discussed with respect to Figure 2. The average
collisional excitation energy has been determined to he ap­
proximately 2.4 eV (6). This collisional energy is al the low
end of the range of (multiline) photoexcitation energies
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F1gur.2. The CID/MIKES and pholodissoclation/MIKES spectra 01
the molecular ion (mlz 737) of compound 8, zinc I7l8so~tetra(o­

amklophenyl)po<phyrln, In thloglycaroland ollhe m/z 737 species in
a g1ycerol/thloglycerol mixture: (A) CID/MIKES spectrum of the
porphyrin In a thIoglyceroi matrix: (B) CID/MIKCS spectrum 01 the m/z
737 species. Asma' percantage of the porphyrIn/thloglyceroi sample
was adnUed with glycarol. The glycerol 1<c,HeJ.Ht (mlz 737) cluster
100 Is isobaric with the porphyrin molecular 100. The 9lycerol clusler
da~ter 'ens are also lsobaric with some at the porphyrin daughter
ions. which could contuse Interpretation of the mass spectrum; (C)
PholodJssociation/MIKES spectrum of the porphyrin in a thloglycarol
matrix; (0) PhotodlssociationlMlKES spectrum 01 the m/z 737 species
ITom the glyC8fol;>arphyrin/thIogIycerol mixture. which Is due only 10
the phoIodissociation of the porphyrin. (In a separate experiment. we
were not ab&e 10 detect any k>nlc pholotragments from the glycerol
cluster 100 al mlz 737).

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 8 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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(2.41-2.71 eV) used in these studies. Therefore, similar
daughter ions and kinetic energy releases from the porphyrin
in the cm 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.

1 Presanl address: Celanese Resa8rCh Co., Summit. NJ 07901.
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CONCLUSIONS

This rather spectroscopically limited laser/mass spectro­
metric study demonstrates the concept ond potential of ion
photodissociation to characterize selectively complex and in-
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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
is due to our increased ability to collect multiwavelength data
and to handle the required matrix transformations on com-

puters which are now interfaced to analytical instruments.
Recently, a method for multicomponent analysis using
st8.ndard additions of more than one analyte, component of
interest, was developed. This method is called the generalized
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or

Q =AC

The first columns qo and Co are the vectors of initial sample
concentration and response. The matrix C may be written
as C = dC + coF where j is a vector with n + I elements all
of which are units. .6.C is the added concentrations matrix.
Now cq 1 is read as

C'
q •. 1 "") C°1,1 .")ql.O ql,l qJ.1I a l • 1 a:.) a l • p

qm.1l .:::: l", ..
X

qm,o qm.• °m.J Om.p

C
<".,. .,")C1,o C),. C).1I

~1"O
(1)

CII. 1 cp .,.

(5)

APPENDIX
Solution of the Unbiased GSAM. According to the

least·squares approach. eq 4 is right n::ultiplied by UldCT) to

obtain the normal equation

QUldCT) = (!lolA) ( ~~ )U1dCT) (6)

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 Icast·squares method
(PLS) to the GSAM. They found that the results obtained
by PLS were superior in terms of Doise 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 origina1 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.

or

Q = A"C"

The benefit of using the nonzero intercept model is removing
Co from eq 4 which allows quantitation of A by linear methods.
It is also obvious that 80 is equal to Qo which is now inserted
into

dQ = A dC (3a)

qo = Aco (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 Co are biased due to the assumption q. = q.,.

Solution of the Unbiaaed 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 redefmed as A" = (adA).
C" = UldCT)T. and the matrix Q remains unaltered. Now.
eq 1 may bae rewritten as

suggested separatir.g the matrix Q into two terms. as follows:
Q = dQ + qoiT • In doing this separation. one presupposes
that CIo is equal to q. which is the BLUE of the vector of initial
sample response.

When this assumption is made. eq 2 may be separated into
two equations

c-
al,. .,") (' I.

....... ~.,) '"o~.o a~.l O:,p 0 ')'C.,I

Q = :

a.... ,. x ~°"'.0 Om,l !),cp .• .::iCp . n

(2)Q = A(dC + CoiT)

standard addition method (GSAM) (1-4). which is able to
detect and correct (or spectral interferences, matrix effects,
and drift.

The computational procedure of the GSAM is composed
of t.wo steps. A matrix of linear response constants showing
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 response from the response 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
multidim~nsionalGSAM is presented.

THEORY
Probem Formulation and Notation. Boldface capital

letters are used for matrices. e.g., X, superscript T for
transposed matrices, e.g., XT. boldface small characters for
vectors, e.g., x, and Xo, and italic lower case characters for
scalers. e.g.• x. Superscript + denotes the pseudoinverse. e.g.•
X'. The symbol (xiX) designates a partitioned matrix.

There are m (i = 1 m) sensors. n (j = 1..... n) standard
additions. and p (k = 1 p) analytea. 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 analytea and is of order p X (n + I). The
matrix A of order m X p connects the two matrices by

After the multiplications are performed. eq 6 results in two
matrix equations

which is a nonlinear equation (because of the multiple. Aco.
of two unknown quantities) and ita solution requires the use
of iterative methods. In order to overcome this difficulty.
SaXberg and Kowalski (1). in their formulation of the GSAM. Qj = !lo(n + 1) + A dCj (7)
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Q = aoiT + A ~C
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(8) (14)

The mean of t.he rcspomiCS for each sensor is defined by
.+1

ij;= L,qij
J-I

Quantification of the sample is performed by

iIu = Ac. (15)

Since iio = So, the value of 80 from eq 11 is inserted into cq
15, to get

Thus. the vector of mean responses, Q, is computed by

Qj
q=-­

n + I
(9) and finally

q = A(c. + c) (16)

The mean c of added analytc concentrations is also given by

~Cj

c = n + I (10)

Now, it is observed that eq 7 may be written as

au = q - Ac (11)

When this value of Du is inserted into cq 8, the following
equation is obtained:

(12)

Defining Q = Q - qjT and ~C = ~C - cjT which are 7-ero mean
matrices of responses and concentrations, respectively, eq 12
is now written

(17)
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whose solution is

Q = A ~C (13)
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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 mode 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 vollammogmm.
The simplicit.y and fidelity of this net current response as an
indicator of analyte properties under conditions which com­
plicate conventional vol tam metric 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 semiinfinitc diffusion. This in turn severely
limits the ability of traditional volt.ammetric techniques (Le.,
differential pulse and cyclic voltammetry) of eJectroanalysis
to quantitate and characterize analytes. The time scale of
differential pulse \'oltammetry (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 U!nds towanl
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
8 planar reticulated vitreotLc; carbon electrode and a reversible
redox couple. The results for staircase voltammet.ry are very
nearly the same as those for cyclic voltnmmetry and become
identical as the staircase amplitude approaches zero at con·
stant scan rote. Nonplanar diffusion is known to make a
significant contribution to the total current measured under
these conditions with this type of electrode (5). NoU! 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 voltammograrn offers n 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)I/2 where r is a characteristic
dimension of the electrode, D is the diffusion coefficient of
the reacting species, and l is a characteristic time of the ex­
periment. (When r/(DOI/' » I 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, vol tammetric 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 t~me scale of the experiment yield
simple peak-shaped voltammograms. Included in this group
are an embedded thin wire cr<16S section (microdisk), exposed
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E, V vs seE

F9Jr. 1. Reticulated vitreous carbon electrode (Normar Industrkts,
• X 1, 1()(); cl. reI 5), .5 I'm equlvelent redius, 1.0 M KCI, 0.5 mM
potassium terrocyanide, pH 2.68: (A) square wave vottammogram,
10 Hz, 10 mV step heIglt, 50 mV IlIT1lIftude (r/(Dr)'" = O.n (6) cycic
sle'case voItelTVTlOlP'em, 10 Hz, 10 mV step heIglt (r/(Dr)'" = 0.5).

thin wire (circular cross section), exposed graphite fiber
(bilobal cross section), embedded thin foil croes section (line),
mercury thin film on plenar glassy carbon, and an LED
electrode. The LED electrode is an extreme example of n
poorly defined microgeometry. It was prepared by drilling
a small hole through a common light emitting diode (LED)
indicating lamp and using the croes section of the severed chip

RECEIVED for review July 26, 1984. Resubmitted December
20.1984. Accepted December 20,1984. This work was sup­
ported by the National Science Foun<lation under Grant No.
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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 betwep.n curves A and B (a factor
of 4(0) 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
voltammetrj.

These results suggest that the shape of the net current
voltammogram is insensitive to the curvature and boundaries
of the diffusion field around the electrode. This is an espe­
cially useful feature of square wave voltammetry since the
diffusion fields around many practical microelectrooes fre­
quently cannot be precisely controlled or reproduced. Also,
some easily constructed and economical electrodes, 25 IlID

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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Flgur. 2. Square wave voltammograms obtained with various mi­
croelectrode geometries: (A) grephlte m1crodisk (8 I'm diemeter, 50
Hz, r/(Dr)'" = 0.8); (6) exposed grephne flber (8 I'm diameter, 900
I'm length, 50 Hz, r/(Dr)'" = 0.8); (C) exposed gold wire (50 I'm
dlemeter, 18()() I'm length, 60 Hz, r/(Dr)'" = 5.6). The step height
was 5 mV and the square wave IlIT1lIftude was 50 mV. The reference
e~etrode was Ag/O.01 M AgN03• 0.1 M UCIO.. In acetonitrile. The
enelyle wes 1.0 (A, 6) or 0.5 (C) mM lerrocene In 0.1 MUCIO. ece­
tonitrile soMkm. Dotted lines denote forward and reverse c.....ents.
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Constrained Calibration Curves: A Novel Application of Lagrange Multipliers In
Analytical Chemistry

J. J. Leary' and E. B. Mellick l

Department o{ Chemistry, James Madison University, Harrisonburg, Virginia 22807

The generation and usc of calibration curves have always
been important aspec'" of analytical chemistry, and numerous
papers have appeared in this journal concerning various
Jeast-squares curve fitting techniques Jlnd their applications.
However, no reference has been made to 8 general approach
for fitting equations to data when the physical reality of the
situation dictates that the curve pass through one or more
given poin"'. Calibration curves, for example, often are known
to pa88through points such as (0, 0), 000, 100), 000, 1), or
(1, 1). The special case of 8 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 (1). The use of Lagrange multipliers to simplify
constrained maximization or minimization probJems in physics
and physical chemistry is well documented (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
tennine the volume percent ethanol in ethanol-water mixtures
using a gas chromatograph equipped with a thermal con­
ductivity detector (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
cbanging slowly and no inflection poin'" 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 pa88through the poin'" (0, 0) and (100,
1(0), pure water and pure ethanol, respectively.

The general second-order polynomial is given by eq I, and
eq 2 summarizes the function that would normally be mini­
mized via the method of least squares. The imporlance of

Y = 00 + 0l'x + o,x' (I)

N
Q = LW'[Yi(data) - Yi(curve)l'

jcl

N

Q = LW,[y, - (00 + 0l'xi + o,x;'»)' (2)
i-I

incorporating the wis (weighting factors) into least-squares
problems has been discussed (7,8). To proceed from eq 2,

I Present addreu: Merck, Sharp and Dohme, Elkton, VA 22827.

Table I

vol. % area % for vol. 9c area % (or
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 31.5 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 Qis essentially the same irrespective of the values
of the w/s; therefore, all points will be given Wi 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 = L[Yi - (00 + 0l'x, + o,'x;'»)' (2a)

Cl and C2 summarize the constraints that are to be imposed.

Cl = 0 = 00 + 01 X 0 + 0, X 0' (3)

C2 =100 =00 + 01 X 100 + 0, X 100' (4)

A new function (Jo) is constructed from eq 2&-4 by using the
Lagrange multipliers a and p.

F = a X Cl + P X C2 + Q (5)

The minimum of the function F is determined by taking
partial derivatives with respect to the parameters 00. 010 and
02. and setting the resulting equations (6-8) equal to zero.

dF/doo =
0.5a + 0.5p + ooN + olL,X + o,L,X' - LY = 0 (6)

dF/do1 =
Oa + 50P + OoL'x + OIL,X' + O,L,X3 - L,XY = 0 (7)

dF/do, =
Oa + 5000P + 0oL,X' + 0IL,X' + o,L,X' - L,X'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, ihe Lagrange multi·
pliers moy 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 lJo, °h and 0, values obtained
are recorded in Table II. The corresponding values of the
Lagrange multipliers are a = 7.79 and {3 = -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
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Tablen

data
used constraints 00 lOa, 1()3a2 N d.r. SD

none 2.72 5.57 3.73 9 0.508
none 1.69 5.61 4.00 11 1.39
c 0.00 5.88 4.12 9 1.99

• All data taken (rom Table I. b Data from Table I plua the pointa (0. 0) and (tOO, 100). C Equation forced through points (0. 0) and (tOO,
100).

stimdards. In such cases the standard error of estimate is given
by

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 degrees
of freedom in the calculation of the variance of 8 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.

dt=N-P+C (~

where N.is the number of data. points, P is the number of
parameters being determined, and C is the number of con·
straints (e S; Pl. The validity of eq 10 is best illustrated by
using two extreme cases. Fil'8t, if there are no constrains. the
degrees of freedom will equal the number of deta points minus
the number of parameters being determined. This is true
because it can be shown that once the parameters are known,
the Yvalues of any P data points can be calculated using (I)
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
coordinates of the remaining 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 (el 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 determine the calibration curve parameters, all N
data points remain independent, giving N degrees of freedom.

A single Lagrange multiplier can be used to force a straight
line to pass through the origin. Equation 10 shows that there
will be N - I degrees of freedom associated with statistics
designed to quantitate the variability of experimental data
around such a curve. The degrees of freedom associated with
this special case were mistakenly listed as N - 2 by Strong
in a recent publication (I I), and although Ellerton (12) noted
the correct value of N - I, he did not discuss the reason for
specifying this number of degrees of freedom.

Table II summarizes the polynomial coefficients and some
statistics aaaociated with three of the many possible calibration
curves that can be genera1'!d employing the data in Table I
and, in the second case, the points (0, 0) and (100, 1(0).•'or
each curve the degrees of freedom have been calculated using
eq 10, and the standard errors of estimate have been calculated
uaing 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

_ (IY;(data) - y;(curve)]' )1"
SO - d.f. (9)

statistic as a measure of the correctness of 8 mathematical
model. Comparison of the standard error of estimate values
recorded in Table II 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 th... 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 tbat
provide information concerning the order of the polynomial
(13). In the absence of adequate tbeory upon which to base
a model, the best spproach probably involves the use of
common sense foUowed by a careful examination of the in·
dividual residual values (Y,(dsta) - 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 tbe 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. However, 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 conslraints being imposed does not
exceed the number of parameters being determined.
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Microdetermination of N"rogen In Organic Compounds by the Sodium

Fuslon-Spectrophotometrlc Method

Ernest J. Breda

E. I. du Pont de Nemours & Compony, Inc., Beoumont Works, P.O. Box 3269, Beoumont, Texas 77704

In the absence of the preferred Dumas nitrogen apparatus
or the more sophisticated nitrogen analyzers, 8 micro-Parr
bomb can serve to determine microquantities of nitrogen in
organic compounds.

The sample or compound, eiUJer solid or nonaqueous liquid.
is decomposed by fusing with metallic sodium in • se.led
nickel bomb (I). The nitrogen is converted to sodium cyanide,
The e..... sodium is decomposed with .bsolute ethanol. The
solution is .djusted to pH 7.1-7.2 with dilute hydrochloric acid
and analyzed for cyanide by the Chlor.mine-T .nd mixed
pyridine/pyrazolone reagent method (2,3). The absorbance
of the blue color formed is measured with a spectrophotometer
.t 615 nm. The amount of cyanide found is converted to the
equivalent nitrogen in the compound.

Sodium fusion is used in c1.ssical chemistry for the qual­
itative identification of nitrogen in organic compounds. Of
course some stable compounds are incompletely decomposed
by this technique. With a micro-Parr bomb on hand and in
the interest of expedience, the sodium fusion technique was
tried (or quantitative nitrogen estimation in some research
compounds. Surprisingly, Borne fairly decent results were
obtained on BOrne 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
muat contain carbon and be essentially free of moisture.

EXPERIMENTAL SECTION

Apparatul. The sodium fusion bomb was the same as de­
scribed by Lahr. Bonstein, and Fr.uenfelder (I), e.cept 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 safcty shield.
The bomb was he.ted with a Tirrell gas burner.

A aemimicro or five-place balance was used to weigh approx­
imately 100 mg of sample containing small amounts of nitrogen
or a microbalance to weigh 4 to 6 mg of pure compounds.

A Beckman Model DU spectrophotometer with 1-= and llkm
matched cells was used for absorbance measurements. However,
any equivalent instrument wiU 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 .nd distilled water and stored in glass or poly­
ethylene bolOes.

Other materials were as follows: sodium spheres. 1/18 to 1/.
in. diameters (Matheson, Coleman and Bell No. CB 1035), stored
under keraeene; ethyl alcohol, absolute; bydrochloric .cid/water,
1/3 by volume; hydrochloric .cid, 0.1 N; sodium hydroxide, 0.1
N; Chloramine-T solution, 1% aqueous; pyridine, l-phenyl-3­
methyl·5-p)'llWllone solution, prepared as in ref 2; bis(pyrazolone),
Eastman No. 6969; mixed pyridine/pyrazolone solution, prepared
as in ref 2; stock potassium cyanide solution, prepared as in ref
2, I mL = I mg of CN- (.pproxim.tely), analyzed by the Liebig
titr.tion method sgainst silver nitrate (4), solution loses strength
grsdually and must be rechecked every week; standard potassium
cyanide solution, dilute 10 mL of the stock KCN solution to I
L with w.ter, I mL = 10 pg of CN- (.pproxim.tely); working
standard KCN solution, dilute 10 mL of standard KCN solution
to 100 mL with water, 1.00 mL = 1.0 pg of CN- or equiv.lent to
OM,.g of N (.pproximately), prepare daily; standard silver nitrate
solution, 0.0192 N, prepared and standardized as in ref 2.

Calibration. From. pipet I- to 6-mL amounts of working
KCN standard solution were transferred to separ.te 25-mL
volumetric flasks and diluted to IS mL with deionized water. Then

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 w.ter.
stoppered, and mixed by inverting several times. The 801ution
color was allowed to develop for 25-30 min and the absorbance
measured at 615 nm in l·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
cyanide were measured in longer path cells.

Preparation of Sample. Weigh by difference on a semimicro
balance approximately 0.1 g of sample in a long stemmed glass
weighing tube or weighing boat and place the sample into the
bomb cylinder. Dry 8 pellet of sodium betwecn pieces of filter
paper and place the pellet on top of the sample in the bomb and
se.1 the bomb. Tighten the plug with. wrench while'holding the
bomb in a vise. Place the sealed bomb in the cost iron clamp and
hold it at an angle of approximately 45° from the horizontal. Heat
the bomb over 8 ']'irrill 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. cherry red he.L CAUTION: The he.ting of the
bomb should be conducted behind. safety shield. Conduct the
sodium elimination and pH adjustment in a hood. Mter heating,
allow the bomb to cool under a jet of air. Remove the bombJrom
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
.dhering to the gasket is washed with distilled w.ter into. l()().mL
beaker containing 5 mL of .bsolute ethyl alcohol. Add .bsolute
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 fme 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 sidc using
0.1 N hydrochloric acid to m.ke small.djustments in pH. Should
the pH drop below 7, readjust with 0.1 N sodium hydroxide. Use
a glass rod for stirring the 801ution during pH adjustment.
Transfer the solution including any unburned carbon into a so·
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 (usu.lly 5 or 10 mL) of the sample solution to. 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 abso~pance of the solution
at 615 nm in tbe .ppropri.te cell. Calculate the parts per million
of nitrogen content of the sample.

Analysis of Pure Nitrogen Compounds. In a glass weighing
tube, accurately weigh 4 to 6 mg of sample by difference. Place
the sample into the bomb cylinder and treat as above under
Prepar.tion of Sample. After adjustment of pH to 7.1-7.2, transfer
the solution to. I-L volumetric flask. Dilute to I L with distilled
water. Analyze a 5- or 10-mL aliquot of the solution the aame
as in the Determination of Nitrogen a.e Cyanide. Calculate the
percent nitrogen.

% N = :...pg::....-o_f_N_f"'ro;:-m::-=g:...r•...:p_h-;x_a_li-;q_Uo_t_f_._cto_r
10 x mg of sample
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Table J. Analy.e. of Pure Nitrogen Compounds

% nitrogen type of N
compound calcd found deviation linkage

acetanilide," CsH"NO 10.36 10.33 -0.03 amide
10.22 -0.14
10.48 +0.12
10.45 +0.09
10.20 -0.16
10.12 -0.24

p,cfUbomethoxybenz- 7.82' 7.80 -0.02 amide
amide, C9HgN03

7.70 -0.12
7.69 -0.13

tris(hydroxymethyl)- 11.44' 9.84 -1.72 amine
methylamine,'
C.HuNOa

9.88 -1.68
p-nitroaniline,· 19.88' 20.12 +0.24 amine and nitro

C6H6N20 2
20.08 +0.20

dimethylglyoximc,"' 24.13 23.82 -0.31 oxime
C.H.N20 2

23.92 -0.21
disodium ethylene- 7.4Sd 7.50 +0.05 amine

diaminetetraace-
tate dihydrate,!
Na2CloHI4N';l:°S'
2H,O

7.35 -0.10
7.30 -0.15

methyl 8.60' 8.65 +0.05 nitrile
p-cyanobenzoate,!
C"H7N02

8.73 +0.13
8.45 -0.15

methyl 7.65d 7.52 -0.13 nitro
p-nitrobenzoatel

7.40 -0.25
potassium nitrate,' 13.86 0.05 potassium salt

KNO,
0.08

KN03 + benzoic 13.86 1.37
acid"'

1.50
sodium nitrate,h 16.48 0.05 "odium salt

NoNO,
0.05

NaN03 + benzoic 16.48 2.65
acidt

3.00

"Reference standfUd, Eastman Kodak. bTheoretical. (Eastman
Kodak, reagent grade. dCalculated from purity. "'Eastman Kodak,
ACS reagent. I Aldrich Chemical, reagent grade. ' Fisher Certified
standard. h 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 compound was not available' 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. 57, NO.4, APRIL 1985,....·

Tris(hydrozymethyl)methylarnine, C"HnO,N" gave rather
poor recovery (see data). The reason for this is not known
at present without more detailed study. It is possible that
this compound did not decompose completely 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-Tjpyridine/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 ware
determined and found to be at or approximately those reo­
ported for the pure compounds. Purities were accepted as
represented and nitrogen contents calcuJated on the purity
basis. The known compunds were all dried before analysis.
Those with melting points above 100 °C were dried st 100-102
°C in an oven for 1 h and then kept in a P 20 6 desiccator.
Compounds with melting points below 100°C like methyl
p-nitrobenzoate, mp 94-96 °e, were dried over P20S 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 (.;) 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 r.aution 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 slorage boltle. Alternately destroy
unusable pieces of sodium carefully by placing them in ab­
solute ethanol, I-propanol, or I-butanol until all evolution of
gas ceases, then flush away with water.

Registry No. Ns, 7440-23-5; sce!anilide, 103-84-4; p-carbo-.
methoxybenzamide, 6757-31-9; tris(hydroxymethyl)methylamine, .
77-86-1; p-nitrooniline, 100-01-6; dimethylglyoxime, 95-45-4; di­
sodium ethylenedisminetetrasce!ate dihydrate, 6381-92-6; methyl
p-cyanobenzoate, 1129-35-7; methyl p-nitrobenzoate, 619-50-1;
nitrogen, 7727-37-9; chloramine T, 127-6S-I; pyridine, 110-86-1;
pyrazolone, 39455-90-8.

LITERATURE CITED

(1) Lohr, L. J.; Bonsteln. T. E.; Frauenlelder,l. J. Anal. ChMn. 1153. 25.
1115-1117.

(2) "Standard Methods lor the examination 01 Water and Wastewat.·.
13th eel.; Amerk:an Pubic Hearth Aasociatlon: New York. 1971; pp
402-403. 404-406.

(3) Epstein. J. Ind. Eng. Chern .• Anal. Ed. 11147. 19.272-274.
(4) Kolthoff. 1. M.; SandeD. E. B. "TextbOOk of Quantitative Inorganic

Analysis". revised 00.: MacMUlan: New York. 1943.
(5) "Standard Methods for the Examinatio.', 01 Wat. and Waste Water",

13th eel.; American Public Health Association: New York. 1971; pp
461-464.

RECEIVED for review November 16, 1984. Accepted January
10, 1985.



1.0 AnsI. Chern. 1185, 57, 960

Vacuum-Actuated High-Vacuum Glass Valve

C. A. M. Brenninkmeijer·' and M. L. Louwers

Louwers Hopert, Hopert, 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·dale, 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
nons\'oilability of automatic glass stopcocks or valves may
exclude some present ond futufe 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 (I) operation of these valves with motors or pneu­
matic cylinders is not straightforward except for certain types
of Q-ring valves. The vacuum seals in these D-ring valves SIC

based on the slight compressio!l of Viton O-rings and little
friction is involved. Consequently, these valves could be fitted
with a small pneumatic cylinder, enabling remote control and
automation (2). Although this solution proves satisfactory,
a simple concept has led to 8 new type of automatic glass valve
with additional advantages.

The new automatic glass valve is shown in Figure 1. \Vhe"
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. \\-'hen air is readmitted to the chamber,
spring action will force the plunger into the closed pO!iition.
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
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
anapping over the nange 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
6ubtracting 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
withdrawaJ of the plunger the forcc of the spring increases
tD 20 N. However, the diameter of the membrane 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 severa) liters, which is

I Present addreaa: Institute of Nuclear Sciences, DSIR, Lower
Hutt, New Zealand.

vacuum
~ connector

r~~r~.-~::~~a~er
• spring

_ _ rmg

I membrane
"-venl

glass
plunger

.- a-rings

50mm

Figure 1. Cross section of <>-rIng glass tap with vacuum actuator.
Materials used were Delrln 0( PVC for knob and ring, butyl rubber for
membrane, and 1 rTVTl steel for the spring.

evacuated repeatedly, or any small vacuum pump. Water jet
pumps are unsuitable becausc 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. MorcO\.'cr, 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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